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Chapter 1

Rationale thesis
In the past century, worldwide life expectancy has significantly increased, with the 
primary cause of death shifting from infectious diseases to non-communicable 
diseases. As a consequence, the world’s population is aging rapidly, and improving 
the quality of life of the elderly is becoming more important. Poor metabolic health, 
due to bad lifestyle habits such as excessive energy intake and reduced physical 
activity, has been associated with a high risk of chronic metabolic diseases, such as 
diabetes, cardiovascular disease and cancer. With advanced age, the accumulation 
of age-related damage further increases the risk of frailty and the development of 
these chronic diseases. Several metabolic pathways, such as IGF1-insulin, mTOR, 
and FGF21 have been identified as important targets to improve ageing-mediated 
metabolic health. Manipulation of these targets can extend longevity and reduce the 
risk of metabolic diseases in various preclinical animal models. Reduced expression 
of mTOR and reduced circulating IGF1 levels have been associated with an induction 
of autophagy, increased stress resistance, and reduced tumour formation. Similarly, 
increased Klotho expression and hepatic FGF21 levels improve insulin sensitivity and 
protect against diet-induced obesity. Dietary interventions, such as caloric restriction 
and protein restriction, exhibit similar beneficial effects, possibly by affecting these 
metabolic targets. However, despite recent advantages to extend lifespan, there are 
no good strategies to improve metabolic health at an advanced age. Importantly, the 
interaction between age-related changes in metabolic flexibility and the beneficial 
effects of these dietary interventions is poorly understood. This thesis addresses 
this interaction by determining the effects of genetic-, pharmacological- and dietary 
interventions on glucose and lipid homeostasis in the context of advanced age.
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The impact of ageing on human society

The world’s population is increasing rapidly, as a result of increased birth rate, 
reduced child mortality, and extended lifespan. Currently, the life expectancy of many 
developed countries exceeds the age of 80, with an increase in the average lifespan by 
nearly 10 years in the last 50 years [1]. However, older people of today are not healthier 
than their parents at the same age [2]. Generally, over 70% of all people over the age of 
60 suffer from at least one (chronic) disease, such as arthritis, cardiovascular diseases, 
diabetes or cancer [3,4]. Due to the unique nature of ageing and the complexity of these 
chronic diseases, it proves difficult to improve the quality of life in elderly people. In 
general, ageing is associated with a loss of organ integrity, due to a disrupted balance 
of cell death and cell replacement [4]. Accumulation of age-associated cellular changes 
causes organ dysfunction and increases the risk of metabolic diseases. However, 
also lifestyle factors associated with ageing, such as physical inactivity and excessive 
food intake, increase the risk of obesity, and thereby reduce metabolic health. As a 
result, approximately one-third of the population develops obesity by the age of 60-70 
[5]. Together with obesity, ageing increases the risk for comorbidities such as non-
alcoholic fatty liver disease (NAFLD), diabetes type 2 (T2D), cardiovascular disease, 
neurodegenerative diseases, and cancer, thereby reducing the quality of life. Due to 
the complexity of these metabolic interactions, a single solid therapeutic strategy has 
not yet been identified. 

Hallmarks of ageing and its potential to improve lifespan
Ageing can be broadly defined as the time-dependent functional decline that affects 

living organisms. As a result of the progressive loss of physiological integrity, leading to 
impaired function, organisms experience an increased vulnerability to pathologies and 
death [6]. The rate of ageing is controlled by a wide range of evolutionary conserved 
genetic pathways and biochemical processes. Currently, the ageing research field 
acknowledges 9 fundamental processes, called hallmarks of ageing (Figure 1), each 
undermining the functional capacity of the cell and influencing metabolic processes [6].

A total of four primary hallmarks of ageing are considered to be factors that cause 
damage thereby affecting cellular integrity (Figure 1). To maintain life, DNA stability 
and proper transcription and translation are essential. Over time, exogenous and 
endogenous threats, such as DNA replication errors and reactive oxygen species 
(ROS) are continuously challenging DNA stability. If not corrected, the accumulation 
of damage will cause genomic instability [6]. Mice with a deficiency in the DNA 
repair mechanisms exhibit a premature ageing phenotype with a shortened lifespan, 
demonstrating the importance of DNA-damage repair systems during cell division [7]. 
Currently, nicotinamide mononucleotide (NMN), a precursor of the cofactor NAD+ is 
studied extensively for its ability to boost the cell’s DNA repair system, and is a promising 
therapeutic tool to decelerate ageing [8]. The telomeres, regions of repetitive nucleotide 
sequences at chromosome endings, are highly susceptible to age-related deterioration. 
Telomeres act as a defense mechanism to protect genetic information from damage 
during DNA replication, but telomere attrition jeopardizes the DNA stability and limits 
therefore the proliferative capacity of the cell [6]. Furthermore, the functional capacity 
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of the cell is affected by age-induced changes in transcriptional activity. Epigenetic 
alterations, such as histone modification, DNA methylation, or chromatin remodelling, 
change the accessibility of the genetic material leading to aberrant gene expression, 
reactivation of transposable elements, and genomic instability [9]. Tight regulation of 
DNA demethylation or deacetylation by members of the sirtuin family prevent damage 
and have been associated with extended longevity [6]. Finally, protein homeostasis (or 
proteostasis) is essential to maintain cellular integrity. Loss of proteostasis will lead to 
increased accumulation of misfolded proteins, which will affect the cell’s functionality 
[6]. Targeting these misfolded proteins for breakdown could be a major step forward in 
tackling age-related diseases. Clinical trials are ongoing to target amyloid aggregates, 
thereby taking the first step into the cure against Alzheimer [10,11] 

In addition to the primary hallmarks, three hallmarks are indicative of the adaptive 
response to primary damage in order to maintain cellular functioning (Figure 1). To 
protect against nutrient scarcity, nutrient-sensing pathways signal to promote catabolic 
processes and liberate stored energy [6]. However, when chronically activated due 
to nutrient overload or ageing, deregulated nutrient sensing can accelerate ageing 
and metabolic dysfunction by disturbing the balance between anabolic and catabolic 
signalling. Caloric restriction has been associated with extended longevity and 
improved metabolic health by reducing the activity of nutrient-sensing pathways 
[12,13]. Similarly, mitochondrial dysfunction occurs as a result of a disturbed balance 
of signalling [6]. Reactive oxygen species (ROS; metabolites that are generated during 
oxidative metabolism) are also important signalling agents that activate mitochondrial 
oxidation. However, during ageing, ROS levels can exceed their original homeostatic 
purpose and consequently aggravate damage to mitochondrial function [14]. The 
mitohormesis theory proposes that mild mitochondrial poisons, such as metformin, 
trigger a stress resistance to improve mitochondrial function, subsequently improving 

Figure 1: Hallmarks of ageing; functional interconnections. Ageing is characterized by nine different 
processes that undermine the functional capacity of the cell to integrate in metabolism, thereby affecting 
the whole body to function. Primary hallmarks are focused on processes that occur on a cellular 
level, while antagonistic hallmarks mitigate the damage but eventually become deleterious if chronic. 
Integrative hallmarks affect connected organ systems and are ultimately responsible for the functional 
decline associated with ageing. Lopez-Otin et al. 2013.
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metabolic health and longevity [6]. Furthermore, a protective mechanism called cellular 
senescence, a permanent form of growth arrest which minimizes the negative effects 
of accumulation of cellular damage, is affected by ageing [6]. By inducing a stable 
cell cycle arrest, these cells would normally be marked for clearance. However, in the 
course of ageing, the turnover of senescent cells becomes inefficient. Senescent cells 
are characterized by their enlarged size, irregular cell shape and production of a wide 
range of secretory peptides (senescence-associated secretory phenotype, SASP) 
which negatively influence other cell types and are associated with the development 
of age-related diseases [6,15]. Stimulating senescent cells to enter apoptosis, using 
“senolytics” have been used as an approach to rejuvenate aged animals and extend 
longevity [16,17]. Recent data indicate that this approach might also be effective in 
humans as a first small clinical trial has reported preliminary results alleviating patients 
of pulmonary fibrosis from their symptoms by senolytics [18].

The last two hallmarks of ageing integrate several of the primary and antagonistic 
hallmarks, thereby affecting entire cell systems and organs (Figure 1). Stem cell 
exhaustion unfolds as a consequence of multiple types of ageing-associated damages 
in progenitor and stem cells. Most vulnerable are the hematopoietic system as well as 
the intestinal barrier. Due to the high turnover of these cells, DNA damage is rapidly 
passed on [6]. Similarly, altered intercellular communication unfolds due to damage in 
neuronal or endocrine communication. Changes in the composition of the extracellular 
environment or defects in the neurohormonal signalling cascade can induce a state of 
chronic low-grade inflammation [6]. Currently, the wider effects of this ageing-induced 
inflammation (inflammageing) are extensively studied, and its precise consequences 
are still under investigation [19].

Overall, these nine hallmarks of ageing contribute to the decline of metabolic organs, 
thereby affecting the metabolic flexibility and marking ageing as one of the biggest risk 
factors for metabolic diseases. The search for therapeutic targets to delay the age-
related decline will become an important strategy to target age-associated metabolic 
diseases. 

Age-related declined in metabolic flexibility
A decline in metabolic flexibility (i.e the process of adapting to nutrient availability 

and switch between different fuel substrates) makes every organism prone to develop 
several metabolic diseases. To maintain energy homeostasis despite every-day 
fluctuations in nutrient availability, metabolic organs need to be able to adapt based 
on communication via endocrine cues. Postprandially (i.e. following a meal), insulin is 
secreted by pancreatic β-cells in response to a rise in glucose (Figure 2). As a result of 
the increased insulin-glucagon ratio, insulin-sensitive organs are stimulated to increase 
glucose utilization (white adipose tissue (WAT), heart and muscle) and reduce glucose 
production (liver), leading to a decrease in blood glucose levels [20]. Chronic exposure 
to insulin however attenuates the responsiveness of these tissues, leading to insulin 
resistance in non-healthy obese or elderly humans. In addition, metabolic flexibility 
is necessary during overnight fasting to keep energy levels up. A drop in glucose 
levels dampens insulin secretion and stimulates glucagon production (Figure 2). The 
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insulin-glucagon ratio decreases, thereby activating WAT, liver and muscle to switch 
from glucose utilization towards fatty acid oxidation. Glycogen storage in the liver is 
depleted as a result of stimulated glycogenolysis and lipolysis in white adipose tissue 
is stimulated to produce fatty acids as an energy source. In the liver, ketone bodies are 
produced upon prolonged fasting as brain fuel until new nutrient intake reaches the 
circulation [20].

However, the insulin-glucagon ratio is not the only driver of metabolic flexibility 
responding to fluctuating blood glucose levels, it involves an adaptative response to 
many other factors being secreted by different organs (Figure 3) [20]. As the organ 
first in contact with available nutrients, the stomach and intestine send out several gut-
derived factors to stimulate insulin secretion and regulate glucose levels, such as GLP1, 
Ghrelin and GIP. Via these secreted factors, communication with peripheral tissues 
stimulates satiety, hepatic glucose production, and peripheral glucose-uptake [20]. In 
turn, adipose tissue, liver and muscle can also secrete cytokines to act in the regulation 
of energy homeostasis. Adipocyte-derived factors (adipokines), such as adiponectin 
and leptin, provide signals in response to changes in energy storage [21]. Adiponectin 
levels increase postprandially to act as an insulin-sensitizer by suppressing glucose 
production in the liver and activating skeletal muscle [20]. However, the secretion of 
adiponectin dampens when lipid content in white adipose tissue is chronically high and 

Figure 2: Fasting and feeding responses in several metabolic tissues as a result of fluctuating 
insulin-glucagon ratios. As a result of high glucose levels postprandially, high insulin levels activates 
liver, heart, muscle and adipose tissue to take up glucose from the blood for storage or oxidation. Fasting 
reduces blood glucose levels, which subsequently lowers insulin levels and activates metabolic tissues 
to release stored energy from liver (glycogen) or adipose tissue (triglycerides), and rely on fatty acid 
oxidation. Adapted from Smith et al. 2018.
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Figure 3: Circulating factors that are involved in metabolic flexibility. Gut-derived peptides are 
secreted immediately after food intake to regulate insulin production and satiety. To maintain energy 
homeostasis, different tissue secrete other factors such as adipokines, batokines, myokines, hepatokines. 
All contribute to metabolic health by acting paracrine or endocrine in events of exercise or obesity. GLP1: 
glucagon-like peptide 1, GIP: gastric inhibitory polypeptide, FGF21; fibroblast growth factor 21, ANGLT4; 
angiopoietin-like 4, BMP8b; bone morphogenic protein 8b, NRG4; neuroregulin 4, IL6; interleukin 6, IL15; 
interleukin 15, BAIBA; β-aminoisobutyric acid. Adapted from Smith et al. 2018.

therefore, low levels of adiponectin are associated with obesity and insulin resistance. In 
contrast, high adiponectin levels in centenarians are associated with insulin sensitivity 
and elevated plasma levels of high-density lipoprotein (HDL) cholesterol, indicators of 
a beneficial metabolic phenotype [21]. In contrast to adiponectin, expansion of adipose 
tissue due to chronic lipid storage stimulates leptin production to act as a satiety signal 
and reduces food intake [20]. Conversely, a decrease in leptin levels will increase 
appetite to ensure sufficient available energy and is, therefore, one of the problems 
leading to poor adherence to a caloric restricted diet [21].Together, the adiponectin-
leptin ratio is used as a biomarker of adipose tissue dysfunction [22]. Furthermore, 
energy homeostasis is regulated by adipokines produced by the brown adipose 
tissue (BAT). BAT-derived factors (batokines), such as FGF21, BMP8b, NRG4 and 
IL6, are involved in the regulation of body temperature and energy expenditure via 
thermogenesis [23]. These batokines increase blood flow, sympathetic activity, and 
hyperplasia of brown adipocytes to improve the thermogenic capacity of BAT [23]. 
Recently, several batokines have also been identified as endocrine factors, signalling 
to the liver, white adipose tissue and brain [23]. NRG4 has been found to attenuate 
hepatic lipogenesis while IL6 can improve insulin secretion and BMP8b might influence 
the sympathetic nervous system [23]. Similarly, liver-derived factors (hepatokines), 
such as Fertuin-A, FGF21 and ANGPLT4, regulate whole-body metabolic flexibility in 
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conditions of glucotoxicity and lipotoxicity [24]. As a result of their function as regulators 
of insulin sensitivity, hepatokines are considered as potential targets for the treatment 
of cardiovascular disease and NAFLD [20]. FGF21 has recently been discovered as 
a signalling molecule underlying the beneficial effects of protein restriction and an 
FGF21 analogue improved dyslipidemia in clinical trials with obese human subjects 
with T2D [24]. Finally, skeletal muscle-derived factors (myokines), such as myostatin, 
IL15, meteorin-like and myonectin, act as a communication signal for skeletal muscle to 
regulate whole-body metabolism during exercise [20]. Exercise reduces myostatin and 
myonectin levels to inhibit muscle atrophy and stimulates the production of meteorin-
like and IL15 to improve glucose tolerance and stimulate fatty acid oxidation in muscle, 
adipose tissue and liver [25]. During ageing, the secretion of myostatin is elevated, 
thereby further contributing to muscle wasting [25]. Similarly, the protective effects of 
β-aminoisobutyric acid (BAIBA) against the development of metabolic diseases are lost 
with age. Together, age-related changes in myokines confound the effects of exercise 
in the elderly [25].

Overall, the interplay between adipokines, myokines, and hepatokines is important 
to control whole-body energy homeostasis in conditions of fluctuating nutrient intake, 
temperature changes and exercise [21,23–25]. These factors are of great value to 
support metabolic flexibility as key players in a complex inter-organ crosstalk (Figure 
3). Altered expression levels and functionality of these factors will therefore contribute 
to the progressive deterioration of metabolic flexibility. While the endocrine function of 
these circulating factors gains interest as therapeutic targets or biomarkers of disease, 
the direct impact of ageing is still largely unexplored. 

Age-related muscle dysfunction and sarcopenia
One of the biggest problems among elderly people is the loss of functional muscle 

mass. Sarcopenia (involuntary loss of muscle mass) and dynapenia (loss of muscle 
strength) are two of the most common age-associated changes in muscle performance, 
leading to frailty, hospitalization and death [26,27]. Lean muscle mass generally 
contributes to 50% of total body weight in young individuals but decreases to 25% 
at the age of 75 years [27]. On average, muscle mass starts to decline with ~0.6% a 
year around the 4-5th decade of life [28]. Stressors like infections or bone fractures are 
speeding up this decline as the loss of acute muscle mass often cannot be completely 
compensated after recovery [29]. As a result of skeletal muscle loss, basal metabolic 
rate decreases by 30% between the ages of 20 and 70 years [27]. 

The sarcopenic phenotype is characterized by a reduction of muscle mass and 
quality, changes in protein synthesis, ectopic fat accumulation in muscle, and altered 
mitochondrial function. In healthy individuals, synthesis and breakdown of muscle protein 
are in a dynamic equilibrium. However, this equilibrium is disturbed in aged muscle due 
to elevated muscle protein breakdown and a reduction in protein synthesis [27,28]. 
Inadequate dietary protein intake, even for a short period, can result in substantial loss 
of muscle mass synthesis [27]. Branched-chain amino acids (BCAAs) have been shown 
to increase muscle protein synthesis, but the sensitivity of older muscles to detect low 
doses of amino acids, especially BCAAs, is often blunted. To reduce the risk of protein 

149201_Dommerholt_BNW.indd   16149201_Dommerholt_BNW.indd   16 28-04-2021   19:0528-04-2021   19:05



17

General introduction

1
shortage in the elderly muscle, a high-protein diet is often given to stimulate a robust 
synthetic response and promote the formation of muscle protein over time [29]. 

Age-associated mitochondrial dysfunction is another important factor driving 
muscle ageing and sarcopenia. In the elderly, reduced walking speed is associated 
with reduced mitochondrial capacity. Both mitophagy and mitochondrial biogenesis 
are reduced in aged muscle, leading to giant mitochondria with irregularly spaced 
cristae, which are highly susceptibility to ROS formation [30,31]. A sedentary lifestyle 
significantly contributes to the progression of sarcopenia through various mechanisms 
of mitochondrial dysfunction [30]. Exercise in elderly people is especially important to 
stimulate the antioxidant defence and enhance the oxidative function of mitochondria. 
Therefore, even though the muscles of the elderly are more resistant to exercise, 
physical activity in older adults can still increase lean muscle mass and improve 
strength [28]. 

Redistribution of WAT and development of obesity 
Ageing is also associated with major changes in adipose tissue quantity, location as 

well as function [32]. As a result of hormonal changes and diminished subcutaneous 
WAT (scWAT) function, total adipose distribution shifts towards visceral WAT (vWAT) 
(i.e. belly fat) during adulthood [21,33]. Whereas scWAT function is associated with 
insulin sensitivity, vWAT is associated with chronic inflammation and lipotoxicity (i.e. 
cytotoxicity as a result of an accumulation of toxic lipid metabolites and fatty acids). 
At old age, due to adipocyte dysfunction, ectopic lipid accumulation (i.e. storage of 
lipids in non-adipose tissue) further contributes to low-grade inflammation and insulin 
resistance [21,34]. Age-associated redistribution of adipose tissue is, therefore, a risk 
factor for several metabolic diseases. 

White adipocytes contain large cytoplasmic lipid droplets to store metabolic energy as 
lipids. Healthy scWAT acts as a buffer to store the daily influx of lipids. By doing so, lipids 
are safely stored as triglycerides (TGs), side effects of high glucose levels are avoided 
and ectopic fat accumulation is prevented [33]. For this reason, a decline of scWAT 
function has a negative impact on metabolic homeostasis and lifespan. Moreover, beige 
adipocytes, residing in subcutaneous white adipose depots, can be induced in conditions 
of cold exposure or physical exercise to activate thermogenesis. In contrast to white 
adipocytes, beige adipocytes have a high number of mitochondria, multiple small lipid 
droplets, and high expression levels of uncoupling proteins to generate heat. Increased 
levels of thermogenesis in scWAT results in a negative energy balance with a favourable 
impact on overall metabolism, which makes the recruitment of beige adipocytes an 
appealing approach to prevent and possibly treat obesity [33,35]. Ageing, however, is 
associated with diminished lipid handling, defective thermogenesis, and impaired de 
novo adipogenesis in scWAT [36,37]. Increased lipid storage in scWAT is accompanied 
by a decrease in thermogenic capacity, reflected by decreased expression of the key 
thermogenic marker uncoupling protein 1 (UCP1) [36] and a reduced ability to maintain 
constant body temperature in response to cold exposure [37]. It is hypothesized that 
lipotoxicity alters mitochondrial function and thereby diminishes scWAT function, but 
little is known about the mechanisms underlying these age-related effects [32]. 
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Simultaneously, as a result of increased lipid load, vWAT expands by both 
hyperplasia (increase in the number of adipocytes) and hypertrophy (increased 
volume of adipocyte). Whereas hyperplasia is associated with insulin sensitivity and 
metabolic control, hypertrophy is associated with altered adipokine secretion, chronic 
low-grade inflammation, and impaired insulin sensitivity [21,38]. Depending on gender, 
depot, body mass index, and age, the ratio of hyperplasia and hypertrophy varies. With 
age, the capacity to undergo hyperplasia reduces as the ability of progenitor cells to 
differentiate into preadipocytes declines. The aged adipocytes become hypertrophic 
and dysfunctional, thereby increasing the risk of becoming senescent [21]. As stated 
before, senescent cells can modulate their surroundings through the production of a 
wide range of proinflammatory cytokines (SASPs). In adipose tissue, these factors 
further inhibit preadipocyte differentiation and maturation, and attract immune cells, 
leading to a low-grade inflammatory response [34,39]. A low number of senescent 
cells is already sufficient to cause persistent dysfunction to the adipose tissue and to 
jeopardize the metabolic health of the elderly [39]. 

Reduced BAT activity and age-related energy expenditure
In contrast to white adipocytes, brown adipocytes derive from a Myf-5+ myogenic 

lineage rather than from adipogenic progenitors, which defines their role in energy 
balance and body temperature [35]. Brown adipocytes are characterized by the 
presence of multiple small cytoplasmic lipid droplets and a high number of mitochondria 
[40]. As a result of their morphology, brown adipocytes oxidize fatty acids for heat 
production through uncoupled respiration. Brown adipose tissue is especially abundant 
in newborns and changes in brown adipose tissue already appear after puberty, with 
a major reduction of the supraclavear BAT size. Loss of BAT plateaus around the sixth 
decade of life [40]. Cold-stimulated BAT activity is rarely detected in individuals over 
the age of sixty, which explains why the elderly have a decreased ability to tolerate cold 
temperature and control body temperature [41]. Several factors are associated with 
an age-related BAT decline, including loss of mitochondrial function, impairment in the 
sympathetic nervous system, and alterations in endocrine signals and inflammation 
[40]. Furthermore, ageing and obesity are associated with whitening of BAT, in which 
the adipocytes gain a white adipocyte phenotype with enlarged lipid droplets as a 
result of increased lipid uptake and dysfunctional mitochondria [40]. Insulin resistance 
in aged and obese individuals further impairs BAT function by stimulating apoptosis 
and damaging progenitor cell populations [35]. Interventions to sustain the functional 
properties and induce activation of brown adipocytes could potentially reduce 
hypertrophied WAT and subsequently improve energy metabolism in the elderly [35].

Hepatic dysfunction, cellular senescence and liver disease
As a central metabolic organ with a wide range of functions, including detoxification, 

regulating lipid and glucose metabolism, protein synthesis, and production of bile acids, 
the liver is also affected by a wide range of age-related alterations. Specific age-related 
changes in the liver include increased hepatocyte size and number of binucleated cells, 
a reduction in mitochondrial number, decreased blood flow, and increased thickening 
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of the endothelial cells [42–44]. However, ageing is not directly associated with the 
development of steatosis as the occurrence of steatosis in mice fed a high-fat diet was 
similar between different ages [45]. The higher prevalence of NAFLD in elderly people 
is likely the result of chronic overexposure to nutrients, physical inactivity, and age-
related changes in lipid metabolism [42]. As a result of insulin resistance, the normal 
lipid balance in the liver is disturbed resulting in the accumulation of hepatic lipids. In 
contrast, the progression of NAFLD in the full spectrum of liver diseases (nonalcoholic 
steatohepatitis (NASH), fibrosis, and cirrhosis) is believed to be associated with age-
associated low-grade inflammation [42,45]. Accumulation of fat in the liver attracts 
macrophages, further induces hepatic insulin resistance, alters hepatokine secretion 
and stimulates cellular senescence. As a part of this phenomenon of ‘’inflammageing’’, 
both hepatocytes and macrophages exhibit deficits in mitochondrial function, linked 
to a decline in autophagy and production of pro-inflammatory molecules [44]. The 
production of pro-inflammatory molecules subsequently links to the progression 
of NASH, fibrosis and chirrosis. Furthermore, advanced age is associated with a 
reduction in the regenerative potential as a result of an increased number of senescent 
cells. These senescent cells further enhance the vulnerability of aged livers to acute 
injury [44]. As only one-third of aged hepatocytes can enter the cell cycle after liver 
resection, a strategy to remove senescent cells could provide means to improve the 
regenerative capacity of liver donors [43]. However, it is not known whether ageing is 
directly associated with induced senescence in hepatocytes. 

Age-related insulin resistance and the burden on islets
As discussed before, proper insulin signalling is important to maintain metabolic 

flexibility during feeding and fasting. However, it’s been long known that ageing is 
associated with insulin resistance and glucose intolerance [46,47]. Age-related 
mitochondrial dysfunction, hormonal changes, oxidative stress, and increased 
inflammation affect metabolic organs such as liver, muscle and adipose tissue, leading 
to defective insulin signalling [48,49]. Whether ageing directly contributes to insulin 
resistance remains debatable as many factors, such as increased adiposity, changes 
in diet, and physical inactivity make a direct correlation difficult [5,48]. The result is, 
however, that muscle, liver and adipose tissue fail to respond adequately to insulin, and 
islets are burdened to increase insulin secretion to meet the requirements for proper 
insulin function [50]. When increased insulin secretion cannot be maintained, these 
elderly people will develop T2D as a result of β-cell failure [50]. In pre-diabetic islets, 
age-related impairment of β-cell secretory capabilities has been strongly correlated to 
mitochondrial number and function, as well as other factors such as reduced expression 
of the glucose transporter GLUT2 and the β2-adrenergic receptor, accumulation of 
advanced glycation endproducts (AGE’s), impaired Ca2+ handling, reduced response 
to GLP-1 stimulation and reduced expression of β-cell-specific transcription factors 
such as PDX-1 [48]. Several factors appear to play a role in the development of β-cell 
failure, such as genetic susceptibility, oxidative- and endoplasmic reticulum (ER) stress, 
inflammation, amyloid accumulation, and DNA damage [51]. In response to β-cell loss 
after an insult or insulin resistance induced by obesity, aged islets have little capacity to 
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improve β-cell function, which results in a high risk to develop age-related T2D [50]. As 
adult human β cells are largely postmitotic, they need to survive throughout the adult 
lifespan of the organism [52]. β-cell maturation reaches a maximum during adulthood 
as human β-cell proliferation is highly burdened by rapid telomere shortening [48]. The 
flexibility of the islets is strongly reduced when the age-related loss of EZH2 and BMI1 
insufficiently inhibits p16 expression. High p16 levels subsequently suppress cell cycle 
checkpoints Cyclin D and Cdk, and thereby challenge β-cell regeneration therapies 
[48,50]. 

Whole-body metabolic flexibility during ageing
Altogether, several age-related changes, such as hyperinsulinemia, ectopic lipid 

accumulation, adipose tissue redistribution and muscle mass deterioration, affect 
metabolic flexibility simultaneously. Age-related mitochondrial dysfunction, cellular 
senescence and altered cellular communication have been associated with insulin 
resistance and chronic low-grade inflammation, subsequently associating ageing with 
metabolic failure (Figure 4). The interconnection of these processes makes it difficult 
to pinpoint the direct effects of ageing on certain metabolic diseases. Especially, since 
ageing has been associated with changes in lifestyle such as physical activity and 
dietary habits, the direct effects of ageing remain not completely understood. 

Figure 4: Metabolic decline as a result of age-associated changes. Cellular processes such as 
mitochondrial dysfunction, cellular senescence and disturbed nutrient-sensing negatively affect the 
function of metabolic organs, such as muscle, liver, pancreas and adipose tissue.

149201_Dommerholt_BNW.indd   20149201_Dommerholt_BNW.indd   20 28-04-2021   19:0528-04-2021   19:05



21

General introduction

1
Achievements of dietary interventions on metabolic health and longevity

In the 1930s, McCay et al. discovered that growth retardation due to dietary restriction 
resulted in an extended lifespan and improved metabolic health in rats [53]. It was, 
however, not until the 1980s, that research on extending lifespan by dietary restriction 
regained interest. With the use of new synthetic diets that limited growth retardation 
by vitamin deficiencies, it was shown that reduced food intake affected lifespan in a 
bell-shaped manner, with the highest effects on longevity and metabolic health at a 
40% caloric restriction (CR) [54–56]. However, poor adherence to a CR diet reduces its 
effectiveness, which motivated several groups to look for specific dietary components 
responsible for the effects of CR on lifespan and healthspan. Recently, the beneficial 
effects of CR on lifespan have been linked to reduced intake of protein, BCAAs, and 
methionine, rather than total energy intake [57–59]. Along the same line, several distinct 
and overlapping effects on metabolic health, flexibility during ageing and longevity have 
been found by a ketogenic diet, as well as time-restricted feeding.

Caloric restriction and metabolic health benefits
Since the original finding in the ’80s, the effects and mechanisms of CR have been 

studied in a wide range of model organisms. CR extended longevity in organisms 
ranging from yeast to rodents, with trending results in non-human primates, suggesting 
evolutionary conserved mechanisms among species [12]. Furthermore, beneficial 
effects on metabolic health were found in several higher model organisms such as mice 
and non-human primates. These benefits include reduced adiposity, improved insulin 
sensitivity, decreased production of growth factors and anabolic hormones, decreased 
levels of oxidative stress and DNA damage, and decreased plasma concentrations 
of inflammatory cytokines [60]. As a result, CR protects against cancer, diabetes, 
hypertension, obesity, cardiovascular disease and age-related neurodegenerative 
decline, subsequently improving healthspan and lifespan [12]. However, a comparative 
meta-analysis showed that CR is nearly twice as effective in model organisms compared 
to non-model species such as fish, dogs and several species of insects [61]. Along the 
same line, CR does not affect the lifespan to the same extent in several mouse strains 
and it even shortens lifespan in many hybrid species [62,63]. Whereas C57Bl/6 mice 
benefit greatly from CR, DBA/2 mice seem unresponsive in regards to longevity and 
glucose tolerance [64]. Whereas these strains differ in many ways, including average 
lifespan, regulation of body weight and basal metabolic rate, it is hypothesized that an 
improvement of an energy disbalance is required for the CR-induced beneficial effects 
[63,65]. For C57Bl/6 mice and many other mouse strains, control animals (slowly) gain 
weight over time as a result of a positive energy balance. In these mice, CR restores 
energy balance by matching caloric intake to energy expenditure, resulting in reduced 
adiposity and body weight back to juvenile levels [65,66]. Using ad libitum-fed mice as 
a control group might therefore not be a correct strategy when comparing the effects of 
CR between different strains of mice. 

Similarly, several CR studies conducted in monkeys have found a favourable outcome 
on metabolic health, including lower adiposity, increased insulin sensitivity, favourable 
lipid profiles, and increased levels of adiponectin [67,68]. CR reduced mortality as a 
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result of reduced cancer and diabetes incidence, but the data on lifespan extension was 
inconclusive. Differences between studies indicate that the age when CR is initiated, 
the severity of CR and the strain/genetic background of the animals determine the 
magnitude of disease prevention or delay [69]. In human studies, CR remains the 
cornerstone in the prevention and treatment of obesity and its complications [70]. In 
overweight humans, CR favourably changes body weight, body composition, glucose 
homeostasis, and serum risk factors for cardiovascular diseases [70]. In line with the 
improvements in glucose homeostasis, short-term 25% CR resulted in a significant 
reduction in subcutaneous adipocyte size and deposition of lipid in the liver. Long-
term CR in healthy volunteers resulted in elevated serum adiponectin levels and 
reduced inflammation that was associated with healthy adipose tissue [70]. However, 
calorie-restricted individuals also displayed metabolic adaptations to reduce total daily 
energy expenditure by lowering the resting metabolic rate, and exhibited exaggerated 
hyperglycemia to a glucose load [71,72] Unlike CR in rodents, circulating levels of insulin-
like growth factor (IGF1), cortisol, sex hormones and growth hormone (GH) secretion 
were not altered in humans [73]. Reduced efficacy of CR due to poor adherence to the 
diet could explain some of the discrepancies between mice and men [74]. 

Protein restriction, not caloric intake, dictates metabolic health
To find a dietary intervention with high adherence to it, the effects of macronutrient 

restricted diets were compared to CR. Diets low in protein but substituted with 
carbohydrates, generated the longest lifespan in several species [75]. Long-term 
dietary protein restriction (PR) without reducing total caloric intake extended longevity 
and improved metabolic health similar to caloric restriction [59]. In contrast to CR, 
animals on PR were not restricted in their food intake and even resulted in increased 
food intake. The protein leverage concept suggests that protein-sensing pathways 
register a shortage of amino acids, and therefore stimulate food intake [75]. 

Furthermore, a reduced protein diet, ranging from 5-10% of total energy intake, 
resulted in weight loss, improved glucose tolerance, and increased energy expenditure 
in rodents [76,77]. A low protein diet slows down weight gain over time and restores 
metabolic health in diet-induced obese mice [77]. In contrast to CR, the reduction of 
total fat mass has a lower contribution to the effects on body weight [76,78]. Body 
composition analysis suggests that PR slows the gain of lean mass in young mice 
[77], depending on the severity of protein restriction and the starting age of the 
animals. Whereas PR does not consistently change total fat content, it does affect 
the morphology and functionality of subcutaneous fat depots [78]. Protein restriction 
increases fibroblast growth factor 21 (FGF21) levels that can activate brown and white 
adipose tissue [76,79]. Increased levels of UCP1, as well as an increased number 
of cells with multiple lipids droplets, have been demonstrated by PR, suggesting an 
increased browning of white adipose tissue and elevated thermogenesis [78,79]. 

Human studies also associated reduced dietary protein intake with changes in 
metabolic health and longevity. PR significantly decreased body weight and fat mass, 
but to a lesser extent than caloric restriction [77,80]. Effects on fasting glucose and 
insulin levels remain controversial, depending on the length and severity of the diet 

149201_Dommerholt_BNW.indd   22149201_Dommerholt_BNW.indd   22 28-04-2021   19:0528-04-2021   19:05



23

General introduction

1
[77,81]. However, improved insulin sensitivity has been suggested as a result of the 
elevated levels of the insulin-sensitizing hormone FGF21 and reduced secretion of 
IGF1 after PR [76,77,80,81]. A retrospective cohort analysis in humans between the 
ages of 50 and 65 found that protein restriction is associated with a reduction in IGF1, 
cancer, diabetes, and overall mortality [82,83] Together these results indicate the 
potential of PR as an anti-ageing strategy. 

Amino acid restriction as a signal for metabolic health
To further specify the beneficial effects of reduced protein intake, restriction of 

specific amino acids were investigated for their effects on longevity and metabolic 
health. Studies in humans demonstrated that protein source, rather than the amount 
of protein is important [83,84]. While there are many differences between animal- and 
plant-derived proteins, the latter tend to be low in methionine [84]. Especially vegan 
diets have been associated with a favourable impact on the risk of cancer, coronary 
disease, and diabetes as a result of low concentrations of sulfur-containing amino 
acids (i.e. cysteine and methionine) [85,86]. The lifespan-extending effects of dietary 
restriction can be explained by low methionine intake in which methionine restriction 
(MR) delays all causes of death and subsequently extends lifespan in rodents by 
30-35% [87–91]. MR mice displayed many of the CR-induced endocrine alterations, 
such as reduced levels of IGF1, insulin, glucose, and thyroxine (T4), and exhibited 
reduced body weight and adiposity [88,89,92]. MR induces hepatic insulin sensitivity 
and prevents the progression of hepatic steatosis of ob/ob mice [93,94]. A short-term 
MR, at 12 months of age, reverses the negative effects of ageing on body mass, 
adiposity, physical activity, glucose tolerance, and insulin resistance [95]. Also, MR 
reduced levels of oxidative stress, even when it was implemented at old age [96,97]. 
Similar to protein restriction, mice on an MR diet exhibited increased levels of hepatic 
FGF21 as well as increases in energy expenditure and UCP1 expression in both brown 
and white adipose tissue [95,98]. MR-induced browning of scWAT was characterized 
by increased mitochondrial content, size, and cristae density, as well as increased 
expression of TCA-cycle enzymes pointing to an increased oxidative capacity of the 
adipose tissue [99]. The browning of WAT was also accompanied by decreased leptin 
and increased adiponectin, suggesting that the remodelling of the adipose tissue plays 
a significant role in the overall increase in metabolic flexibility by MR [92,99,100]. 

Next to the effects of methionine, branched-chain amino acids (BCAA; leucine, 
isoleucine and valine) have become important players in the PR-induced metabolic 
effects. The plasma of protein-restricted animals and humans contained significantly 
decreased BCAA levels, while other essential AA were elevated [59,77]. In addition, 
circulating BCAA levels are positively associated with obesity, insulin resistance, and 
T2D in both rodents and humans [101,102]. A BCAA-restricted diet improved body 
weight and insulin sensitivity, without affecting caloric intake [77,103]. Similarly, 
glucose tolerance was improved by a BCAA-restricted diet, in contrast to diets low 
in other essential amino acids [77]. Long-term exposure to high BCAA diets led to 
hyperphagia, obesity, and reduced lifespan, whereas BCAA restriction in a Western-
type diet resulted in a rapid reduction in fat mass and restoration of glucose tolerance 
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[101,104]. So far, restriction of a single BCAA improved metabolic health ineffectively 
and inconclusively. Leucine restriction (LR) was shown less effective compared to MR 
in regards to glucose homeostasis [77,105]. In contrast to PR and MR, hepatic FGF21 
expression and energy expenditure were not affected in BCCA- or leucine-restricted 
mice [77,105] suggesting that amino acids influence metabolic health through both 
distinct and overlapping mechanisms. Whether restriction of any of the branched-chain 
amino acids affects mammalian longevity remains to be determined [101,106].

Health benefits of beta-oxidation by a ketogenic diet
Originally, the ketogenic diet (KD) was developed to treat children with refractory 

epilepsy, but recently it gained interest as a dietary tool to manage T2D. Especially in 
obese children, a KD for 6 months accomplished significant weight loss and improved 
insulin sensitivity [107]. The human KD consists of very low carbohydrate (~3%) and 
high fat (90%) content, forcing the body to oxidize free fatty acids rather than relying on 
glycolysis for energy production [108]. Compared to CR, a KD promotes satiety signals 
to improve adherence to the diet and reduces body weight more efficiently. However, the 
effect of KD on glucose metabolism in animal models remain controversial [109,110]. 
The KD improved insulin sensitivity and energy expenditure at first, but mice on a 
KD ultimately developed systemic glucose intolerance, hepatic endoplasmic reticulum 
stress, steatosis, cellular injury, and macrophage accumulation [111–113]. Although 
the full spectrum of metabolic effects induced by a KD is not completely characterized, 
it has been suggested that FGF21 is a major factor mediating part of the effects of this 
diet [114,115]. Similar to PR, a KD increases both hepatic FGF21 levels and UCP1 
expression in scWAT [114]. However, to generate a KD with >90% fat content, protein 
contribution was also reduced to 5%. Changes in lifespan, body weight loss, and other 
metabolic health parameters were minor and inconsistent when a continuous or an 
alternating KD with 10% protein were studied [116–119]. Furthermore, these studies 
did not find a difference in FGF21 levels, suggesting that the upregulation of FGF21 
and the beneficial metabolic effects are the results of protein restriction within the 
original KD [118]. In contrast, great improvements in cognitive functions were found, in 
which a KD preserved muscle performance and memory in aged mice [118,119]. These 
results support the notion that ketones may play an important role as neuroprotective 
signalling molecules [120], but this needs to be further investigated in the development 
of age-related neurodegenerative diseases. 

Intermittent fasting and time-restricted feeding as a CR-mimic 
As an alternative strategy for CR, restricting eating intervals gained fast interest for 

their effects on metabolic health. While the effects of a strictly maintained CR are more 
superior over intermittent fasting (IF), it strongly promotes weight loss by reducing 
visceral fat content [121,122]. An IF regime, including 24h fasting-feeding intervals, 
further improves insulin sensitivity and cognitive function and reduces heart rate and 
blood pressure [123,124]. During fasting, the organism has to rely on ketone body-like 
carbon sources, similar to a KD. However, the upregulation of β-oxidation in the liver 
by intermittent fasting does not result in hepatic steatosis but relieves signs of ectopic 
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lipid accumulation [125]. Furthermore, IF promoted browning of the scWAT, as a result 
of changes in gut microbiota composition and SCFA secretion, suggesting a role of IF 
in activating thermogenesis [126]. 

Similar to IF, time-restricted feeding (TRF), involving 8h fed and 16h fasting phases, 
has been developed as a CR mimic, with great effectiveness in obese subjects. The 
key to this dietary intervention is restoring the circadian rhythm of metabolic genes. 
Many genes in lipid metabolism have a circadian expression profile, but this pattern is 
disturbed by obesity and continuous eating [127]. Feeding out of sync with your circadian 
clock (i.e., feeding during the inactive phase) worsened glucose tolerance and induced 
obesity and metabolic disorders [128,129]. TRF (i.e., feeding during the active phase) 
restored metabolic rhythms of different organs, resulting in better fitness and metabolic 
health. Even though mice on TRF consumed a similar amount of calories as those with 
ad libitum access to HFD, it has improved glucose tolerance and insulin sensitivity, 
and subsequently protects against obesity, hyperinsulinemia, hepatic steatosis, and 
inflammation [128,130]. TRF stabilizes the progression of metabolic diseases in 
mice and men with pre-existing obesity and type II diabetes [131]. In humans, TRF 
facilitates fat oxidation and decreases appetite [132]. Even though body weight was 
not significantly lowered in (pre-)T2D men, TRF improved insulin sensitivity, β-cell 
responsiveness, glucose tolerance, blood pressure, and oxidative stress [133,134], 
indicating TRF as a possible therapeutic strategy. 

Signalling pathways that can extent longevity 
For nearly 100 years, different dietary interventions have provided evidence for 

the importance of nutrient signalling in metabolic health and longevity. As described 
before, deregulated nutrient sensing is one of the hallmarks of ageing, linking ageing 
to the decline of metabolic health. Adapting nutrient signalling has been shown to 
reduce the incidence of metabolic diseases and extend lifespan. Alterations in anabolic 
hormones like IGF1 and insulin have been observed in many species with extended 
longevity subjected to dietary interventions. Studying the long-lived dwarf models, 
reduced activity of nutrient-sensing, by mammalian target of rapamycin (mTOR), 
AMP-activated protein kinase (AMPK) and IGF1, has been associated with extended 
longevity. In contrast, other metabolic targets have been described as anti-ageing 
hormones, such as Klotho. Whereas the absence of Klotho induces a premature ageing 
phenotype, overexpression of Klotho extended longevity. Similarly, overexpression of 
FGF21 improved metabolic health and lifespan. Hepatic FGF21 expression has been 
associated with increased energy expenditure and a favourable metabolic profile in 
species subjected to PR, MR and a ketogenic diet. A variety of studies, manipulating 
these key players of metabolic signalling, provided an interesting insight into the 
interaction of metabolic health and ageing. 

AMPK and mTOR as central nodes in energy metabolism
A central node in various metabolic signalling pathways is the energy-sensing AMPK 

[135]. AMPK responds directly to AMP/ADP:ATP ratios, as well as signals of satiety 
and hunger, thereby regulating virtually all cellular processes that maintain energy 
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metabolism. AMPK is a critical regulator of the adaptive response to switch between 
different fuel substrates to maintain metabolic flexibility [136]. AMPK deficiency in mice 
induces impairment of glucose-induced insulin secretion, thereby negatively affecting 
both healthspan and lifespan [137]. Unfortunately, the sensitivity of AMPK activation 
declines in the course of ageing, thereby provoking metabolic- and cardiovascular 
disease [138,139]. A decline in AMPK activity results in increased oxidative stress 
and inflammation, apoptotic resistance, hyperglycaemia, and fat deposition as well 
as decreased regulation of autophagy [138]. Potent activators of AMPK, such as 
metformin and AICAR, are currently under investigation to improve insulin sensitivity 
and glucose uptake [138]. Metformin (prescribed as a treatment for T2D) reduces the 
incidence of cancer and cardiovascular disease in rodents, resulting in an extended 
lifespan [138]. However, further studies need to prove that metformin can directly 
improve these longevity-promoting effects, without any of the confounding effects of 
diabetes [136,140]. 

AMPK regulates longevity in conjunction with other energy-sensing pathways such 
as the sirtuins, mTOR, and the IGF1-insulin pathway (Figure 5). As another metabolic 
sensor, sirtuins promote the activity of AMPK and vice versa, thereby regulating 
mitochondrial metabolism and biogenesis via the transcriptional coactivator PGC1a 
[136,138]. Furthermore, several anti-ageing strategies propose improved autophagy as 
an underlying mechanism of extended longevity. Autophagy reduces cellular damage 
and senescence and subsequently improves age-related metabolic function [141]. AMPK 

Figure 5: Signalling network of nutrient sensing that regulates longevity. AMPK is the central 
node in a signalling network that has been associated with extended longevity. In blue: pro-longevity 
factors (activity positively correlates with longevity). In red: anti-longevity factors (inhibition corretes with 
longevity). Several models with reduced IGF1-insulin signalling have extended longevity. Metformin and 
resveratrol have been shown to improve mitochondrial function and subsequently benefit metabolic 
health and longevity. Rapamycin mediates longevity by blocking mTOR signalling to regulate autophagy. 
Adapted from Burkewitz et al. 2016.
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regulates autophagy under nutritional stress, antagonistically of mTOR. Whereas mTOR 
represses autophagy by phosphorylation of ULK1, AMPK acts as a positive regulator 
by directly binding to ULK1 and dissociating mTOR from the complex [138]. Interest in 
the mTOR pathway was significantly bolstered by the observation that rapamycin, an 
mTOR inhibitor, could extend lifespan in several organisms ranging from yeast to mice, 
suggesting an evolutionary conserved and fundamental role of mTOR as a regulator of 
longevity [142–144]. However, research showed an important distinction between mTOR 
complex 1 and -2 (mTORC1 and -2) regarding longevity and metabolic health. In order 
to grow and divide, mTORC1 promotes a shift in glucose metabolism from oxidative 
phosphorylation to glycolysis and suppresses catabolic pathways such as autophagy 
[145,146] Simultaneously, mTORC2 promotes cell survival, proliferation, and growth, as 
an effector of insulin/PI3K/Akt signalling [146]. While these functions play an important 
role in the health of young organisms, overactivation of mTOR in aged individuals 
results in a disbalance between anabolism and catabolism [6]. When actual cellular 
growth becomes impossible for post-mitotic and arrested cells, mTOR drives cellular 
senescence [147]. While rapamycin is believed to be a specific mTORC1 inhibitor, 
recently it was shown that also mTORC2 is blocked after chronic treatment. Several 
genetic models with a mTORC1 deficiency have extended lifespan independently from 
changes in glucose homeostasis [148–150]. However, deficiency of mTORC2 resulted 
in negative consequences for lifespan, glucose homeostasis, and insulin resistance 
[150,151]. Altogether, these results suggest a distinct functionality in metabolism and 
lifespan between mTORC1 and mTORC2 signalling, and indicate that the specific 
repression of mTORC1 signalling could be a potential anti-ageing strategy [146,152]. 

Longevity effects of the GH-IGF1-insulin pathway
Most extensively studied for its role in extending lifespan is the GH-IGF1-insulin 

signalling pathway, due to the generation of several long-lived mouse models. While GH, 
IGF1 and insulin have both distinct and overlapping functions in higher organisms, these 
hormones act via a very similar intracellular signalling pathway that has been associated 
with extended longevity (Figure 6). Deficiency in one of these hormones, as well as 
several downstream targets, has resulted in increased longevity in a variety of organisms 
[153,154]. Various mouse models with alterations in this pathway are disease-free at an 
advanced age and specific age-related pathologies are alleviated. As GH, IGF1, and insulin 
are anabolic hormones, it is hypothesized that a reduction of growth signals, resulting in 
small body size, have been associated with extended longevity. The Snell dwarf mice 
and Ames dwarf mice (mutated in the PIT-1 and PROP-1 gene resp.) were among the 
first long-lived mouse models with reduced body size and decreased expression of GH, 
TSH, and prolactin [153]. In Snell mice, deficiencies of these three hormones extended 
longevity by 42%, and improved glucose homeostasis but, counterintuitively, also caused 
increased adiposity [155]. Ames dwarf mice exhibit a very similar metabolic phenotype 
and extended their lifespan by 68% (females) and 49% (males) [156]. Treatment of these 
dwarf mice with GH and thyroxine (a thyroid-stimulating hormone agonist) increased 
body size by almost 50%, but it did not affect longevity in Snell mice [157], suggesting 
that small body size is not solely responsible for the effects on longevity.

149201_Dommerholt_BNW.indd   27149201_Dommerholt_BNW.indd   27 28-04-2021   19:0528-04-2021   19:05



28

Chapter 1

149201_Dommerholt_BNW.indd   28149201_Dommerholt_BNW.indd   28 28-04-2021   19:0528-04-2021   19:05



29

General introduction

1
To pinpoint the key targets involved in extending longevity by a GH or IGF1 deficiency, 

the longevity effects of several mutant mice were determined. Similar to dwarf mice, 
lit/lit mice (with a mutation in the GH-releasing hormone receptor) develop a dwarf 
phenotype during adulthood and exhibited extended longevity of 25% [155,158]. 
Similarly, Ghr-/- mice are long-lived and reach an adult weight of 50% compared to 
control mice. However, despite being insulin-sensitive, Ghr-/- mice become obese as 
a result of increased accumulation of subcutaneous adipose tissue [159,160]. While 
these two models both exhibit a deficiency in GH-signalling, GH levels are very different, 
suggesting GH signalling is not primarily involved. As both models also exhibit very 
low IGF1 levels (~20% of those of control mice), it was hypothesized that IGF1 might 
be the main key target [153]. This hypothesis is strengthened by the phenotype of 
GHA mice, a transgenic mouse with overexpression of a GH antagonist. While GH 
signalling was limited, GHA mice have high IGF1 levels and their lifespan is not notably 
increased [160,161]. However, looking directly at the effects of IGF1 proved to be 
difficult. Igf1 receptor null mice (Igf1r-/-) die at birth and only a small percentage of Igf1 
null mice (Igf1-/-) survive [153]. Moreover, Igfr1+/- mice and liver-specific Igf1-/- mice both 
exhibit a marked reduction in IGF1-induced intracellular signalling, however, effects on 
longevity are inconclusive for both genders, and in different studies [153]. Reducing the 
bioavailability of IGF1 by a deletion of the PAPP-a encoding gene increased the mean 
lifespan by 38% [162]. As pappalysin-1 degrades the inhibitory IGF1 binding protein 
(IGFBP), a deletion of pappalysin-1 decreases the bioavailability of IGF1 as a result 
of massive binding to IGFBPs. Serum insulin, IGF1 and GH levels of Pappa-/- mice do 
not differ from wild type animals, suggesting that the effects of the IGF1 signalling are 
complex and both autocrine and paracrine effects may play a role [162]. 

Furthermore, altered insulin signalling and common downstream pathways of insulin 
and IGF1 have been suggested to be involved in longevity. Altering insulin expression, 
leading to a reduction of circulating insulin by 25-34%, sufficiently increased mean 
and maximum lifespan, without affecting IGF1 levels [163]. The cause of death did not 

<< Figure 6: Factors of the GH/IGF1/insulin axis known to affect longevity. GHRH is released by 
hypothalamic neurons to stimulate GH production in the anterior pituitary. GH binds to GH receptors, 
which activates the JAK–STAT pathway and induces the production of IGF-1, predominantly in the 
liver. In the circulation, IGF1 is bound by IGFBPs to regulate IGF1 bioavailability. Pappalysin-1 is an 
IGFBP-4 protease that increases IGF1 bioavailability. IGF1 binds to IGF1R (and with less affinity to 
IR) and insulin binding to the IR. The protein klotho suppresses insulin and IGF-1 action. Upon ligand 
binding, the IRS1 and IRS2 transduce signals from the IGF1R and the IR, resulting in the activation of 
several pathways, including PI3K, S6K and mTOR that affect cellular growth. Animal models that have 
exhibited extended longevity by inhibiting the GH-IGF1-insulin pathway are 1) Snell dwarf and Ames 
dwarf mice, 2) lit/lit mice, 3) Ghr-/- mice, 4) Pappa-/- mice, 5) FIRKO and Ins1-/- mice, 6) Irs1-/- mice, 
7) P66shc deficient mice, 8) PI3K mutated (p110a) mice, 9) Klotho overexpression, 10) S6k-/- mice, 11) 
mTOR inhibition by rapamycin. Abbreviations: FIRKO; fat-specific insulin receptor knockout, GH; growth 
hormone, GHR; GH receptor, GHRH; GH-releasing hormone, IGF1; insulin-like growth factor 1, IGFBP; 
IGF1 binding protein, IGF1R; IGF1 receptor, IR; insulin receptor, IRS; IR substrate, JAK; janus kinase, 
mTOR; mammalian target of rapamycin, Pappa; pregnancy-associated plasma protein A (pappalysin 1), 
PI3K; phosphoinositide 3-kinase, PIT-1; pituitary-specific positive transcription factor 1, PRL; prolactin, 
PROP-1; prophet of PIT-1, STAT; signal transducer and activator of transcription, S6K; S6 kinase, TSH; 
thyroid stimulating hormone. Adapted from Junnila et al. 2013.
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appear to be changed, suggesting that reduced circulating insulin appears to provide a 
general extension of healthspan and lifespan, rather than alleviating one specific type of 
disease [163]. Moreover, FIRKO mice (fat-specific KO of the insulin receptor) are lean 
and healthy, with an increased mean and maximal lifespan and protection against age-
related deterioration in glucose tolerance [164]. These mice lack any of the metabolic 
abnormalities associated with lipodystrophy, and are resistant to diet-induced obesity 
[165], suggesting increased insulin sensitivity as a possible determinant of improved 
longevity. 

In addition to above mentioned KO models, insulin receptor substrate deficient 
mouse models (IRS1, IRS2, scaffold proteins for a broad range of GH, IGF1 and insulin 
signalling), show an interesting diversity regarding health and lifespan. While both Irs1-

/- mice and Irs2-/- mice are insulin-resistant, important tissue-specific roles in mediating 
the effect of insulin on glucose and lipid metabolism. Irs1-/- exhibit defects in insulin 
signalling mainly in the muscle, while Irs2-/- have additional defective signalling in liver 
and adipose tissue [166]. However, despite being insulin resistant, female Irs1-/- (but not 
Irs1+/- mice) have a 17% increase in mean lifespan [167]. In contrast, Irs1-/-Irs2+/− mice 
only live beyond 6 months of age with extreme care. The mice are small and fragile, 
with nearly normal glucose tolerance and circulating insulin concentrations [168]. 
Similarly, Irs2-/- mice become severely diabetic and exhibit a dramatically shortened 
lifespan [167]. More severely, Irs1+/-Irs2-/- develop severe fasting hyperglycemia and die 
by 4 weeks of age [168]. Interestingly, a moderate reduction, generated in Irs2+/- mice, 
resulted in normal or extended lifespan, while these animals were still insulin resistant 
[169,170]. Altogether, these results suggest that IRS1 and IRS2 have a distinct role in 
regulating longevity, while all available mouse models display some degree of insulin 
resistance. Mechanisms behind these differences remain elusive, but a tissue-specific 
contribution needs to be further investigated. In addition, mice with disrupted IRS1 
action, by either a p66shc deficiency or a p110a mutation in PI3K, exhibited a lean 
healthy phenotype, resistant to age-related fat accumulation and glucose intolerance, 
with a (modest) increased longevity [171,172]. 

In conclusion, these studies show that reduced IGF1-insulin signalling extended 
longevity by a wide variety of metabolic phenotypes. Several long-lived mouse strains 
exhibit a dwarf phenotype, increased adiposity and improved insulin sensitivity, while 
others are normal-sized and even insulin-resistant [153]. Insulin sensitivity and healthy 
glucose tolerance have been associated with increased longevity in multiple models but 
it does not seem to be one of the definitive determinants of extended longevity [168].

Reduced IGF1-insulin signalling as underlying mechanisms of caloric restriction
Altogether, genetic models with reduced IGF1-insulin signalling and mTOR 

activity display increased longevity and improved metabolic health, quite similar to 
the effects of several dietary interventions. As CR reduces IGF1-mediated anabolic 
signalling, theories have proposed that nutrient-sensing pathways are involved in the 
CR-mediated effects. However, none of the possible mechanisms, such as reduced 
growth, differences in adiposity, and improved insulin sensitivity apply to all long-
lived mouse models or CR-induced longevity [153]. Increased stress resistance and 
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reduced tumour formation have recently been suggested to extend mean and maximal 
lifespan. GH and IGF1 have been known as strong mitogens that are associated with 
the development of several types of cancers [173]. Several models with a deficiency 
in IGF1-insulin signalling indicate fewer DNA-double strand breaks, reduced oxidative 
stress, and improved survival and tumour resistance [153,174]. Furthermore, CR-
induced reduction of anabolic hormones shifts the metabolic state of cells from growth 
and proliferation to a state of maintenance and repair [60,175]. Interventions that 
reduce IGF1 levels or suppress mTOR activity repress PI3K/AKT signalling, a pathway 
cancer cells rely on, subsequently protecting against tumour formation. As a result, 
spontaneous cancer incidence is reduced during CR [60,175]. However, whether 
CR acts solely through a reduction of PI3K/Akt signalling by reduced IGF1-insulin 
signalling remains elusive. Several models such as Ghr-/- mice or mTOR deficient lower 
organisms (worms and flies) do not further extend their lifespan by additional nutrient 
restriction [176–178] However, when Ames dwarfs are subjected to CR, lifespan is 
increased even further, suggesting that other mechanisms are also involved in CR-
mediated longevity [179,180]. 

Premature ageing as a result of a deficiency in αKlotho-FGF23 signalling
In 1997, the anti-ageing gene, Klotho, was found and named after the Greek goddess 

who spins the thread of life. Klotho-/- mice exhibited a severely reduced lifespan with 
a phenotype that closely resembled many premature ageing-syndromes. At 3 or 4 
weeks of age, mice develop growth retardation and severe cognitive damage, leading 
to premature death around the age of 8-9 weeks [181]. However, despite the premature 
ageing phenotype, Klotho-/- mice are hypoglycemic and extremely sensitive to insulin. 
Klotho-/- mice exhibit reduced energy expenditure and a lower body temperature due 
to decreased function of BAT thermogenesis, minimal amounts of WAT, lower hepatic 
glycogen storage, and smaller islets with low insulin levels [182,183]. Injections of 
soluble Klotho did not fully rescue the premature ageing phenotype of Klotho-/- mice, 
suggesting an important role of Klotho during mouse development [184].

The Klotho protein (later named αKlotho after the discovery of βKlotho) exists in two 
forms; a secreted αKlotho and a full-length transmembrane αKlotho, expressed in the 
tubules in the kidney and the choroid plexus of the brain [182,185]. The αKlotho protein 
can be cleaved from the membrane to enter the circulation, thereby regulating the 
activity of several ion channels, ion transporters, and growth factor receptors present 
at the cell surface [186,187]. The importance of secreted αKlotho became clear with an 
elegant parabiosis experiment, a surgical connection between Klotho+/- mice and wild 
type mice. As a result of the exchange of humoral factors, Klotho+/- mice completely 
recovered from their endothelial dysfunction [188]. Based on additional studies, it was 
hypothesized that secreted αKlotho affects longevity and health via suppression of 
the IGF1-insulin pathway, by modifying N-linked glycans on insulin/IGF1 receptors 
or the IRS, but the exact mechanisms remain unclear [182]. Alleviation of the age-
related defects of Klotho-/- mice by crossing in an IRS1 deficiency (Irs1+/-) suggests that 
overactivated Ins-IGF1 signalling is likely involved in the premature ageing phenotype 
of Klotho-/- [186]. In addition, overexpressing Klotho extended longevity by 20-30% in 
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both males and females, similar to other long-lived mouse models with an IGF1/insulin 
deficiency [186,189]. Klotho transgenic mice exhibit lower levels of oxidative stress 
that could contribute to the extended lifespan of these mice [182]. Even though Klotho 
overexpressing mice are insulin and IGF1 resistant, they maintain normal glycemia and 
are not diabetic, suggesting again that extended longevity is not necessarily dependent 
on improved insulin sensitivity [186,190].

The membrane-bound Klotho acts together with FGF receptors in regulating 
parathyroid gland function and maintaining phosphate and calcium homeostasis [191]. 
Fgf23-/- mice exhibit similar premature ageing phenotypes and hyperphosphatemia as 
Klotho-/-, suggesting the importance of the Klotho/FGF23 axis regarding the regulation 
of phosphate homeostasis and renal calcium handling, and longevity [185,192]. The 
kidney is the most important site of αKlotho expression regarding premature ageing 
and metabolic health, as kidney-specific Klotho-/- mice exhibit phenotypic similarities 
with Klotho-/- mice [193]. Deletion of Klotho within the parathyroid, an organ also known 
to have high levels of αKlotho, did not alter the gross phenotype or survival [194]. 
Feeding Klotho-/- or Fgf23-/- mice a low phosphate diet restores the phosphate balance 
and alleviated premature ageing phenotype, indicating that the phosphate imbalance 
is primarily responsible for the ageing symptoms [195,196].

βKlotho and FGF19/21 signalling to improve health and longevity
Based on high similarity with αKlotho, the βKlotho gene was identified in 2000, 

sharing about 41% amino acid structural identity with αKlotho [197]. The βKlotho 
gene also encodes a single-pass transmembrane protein but has a different tissue 
distribution with high expression in liver and white adipose tissue [198,199]. In 
contrast to αKlotho-/- mice, βKlotho-/- mice are grossly normal in appearance, show 
no abnormalities in lifespan but only exhibited increased bile acid synthesis [200]. 
Postprandially, FGF19 (FGF15 in mice) is produced in the intestine to regulate the 
repression of bile acid synthesis and hepatic gluconeogenesis [201,202]. Similarities 
between the phenotypes of βKlotho-/-, Fgfr4-/- and Fgf15-/- mice suggest the existence of 
an FGF15/βKlotho/FGFR4 axis regulating bile acid homeostasis. [200,203]

In addition to FGF15/19, FGF21 signalling is dependent on transmembrane βKlotho 
expression for binding to FGFR1c. FGF21 has emerged as an endocrine signal 
associated with metabolic control, as it is increased in response to fasting, starvation, 
and physical exercise as well as overfeeding, ageing, and several metabolic diseases 
[204–207]. Overexpression of FGF21 extended median lifespan by 36% and these 
mice resemble dwarf mice in terms of their small body size and low IGF1 levels [208]. 
However, the effects of overexpression of FGF21, such as reduced body size, protection 
against diet-induced steatosis, and improved glucose tolerance, were lost in whole-
body βKlotho-knockout mice. Specific elimination of βKlotho in adipose tissue blocked 
the acute insulin-sensitizing effects of FGF21, indicating the importance of βKlotho 
[209]. Due to the insulin-sensitizing effects, FGF21 is considered a potential therapeutic 
target for obesity and fatty liver disease [210,211]. Currently, clinical trials are ongoing 
for FGF21 analogues in T2D patients to lower body weight, insulin levels, and plasma 
triglycerides [212].
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Integrated FGF21 response during protein or amino acid restriction

As described above, beneficial effects of several dietary interventions, such as 
PR, MR, and a ketogenic diet, have been accompanied by elevated FGF21 levels in 
humans and rodents [76,77]. Recently, it has been shown that many of the PR-induced 
effects on metabolic health are FGF21 dependent. PR in Fgf21-/- mice did not affect 
food intake, body weight and composition, insulin sensitivity and glucose metabolism 
[76,81]. Protein restriction limits dyslipidemia in obesity by FGF21-mediated NEFA 
uptake in liver, heart, BAT and WAT [213]. Furthermore, the MR- and PR-induced 
effects on energy expenditure and thermogenic potential were absent in Fgf21-/- mice 
as a result of unaffected UCP1 expression in BAT and scWAT [79,214,215]. More 
specifically, mice with a hepatic FGF21 deficiency could not activate UCP1 expression 
and thermogenesis in scWAT after protein restriction [216]. The importance of the 
UCP1-FGF21 axis to regulate energy balance was shown in Ucp1-/- mice where MR 
and PR induced hepatic FGF21 production but did not affect energy expenditure 
[214,217]. Altogether, these results indicate the importance of hepatic FGF21 on PR-
induced thermogenesis and energy expenditure. 

Upstream of FGF21, two kinases (GCN2 and mTOR) have been identified as 
regulators of amino acid deficiencies. Evidence from murine models suggests that 
crosstalk between TOR and GCN2 occurs upstream of mTORC1. mTORC1 acts 
as a central sensor of amino acid availability and responds particularly to BCAA. 
The relationship between reduced protein intake and extended longevity has been 
associated with reduced hepatic mTOR activity [59]. Protein restriction possibly 
promotes longevity through inhibition of mTOR signalling as mTORC1 inhibition is 
required to induce stress resistance after hepatic injury, to protect from renal ischemic 
injury, and to inhibit tumour growth [218]. Among others, suppression of mTOR by 
rapamycin, as well as other intermediates of the PI3K/AKT/ signalling pathway activates 
the transcription factor ATF4 which subsequently controls FGF21 transcription in the 
hepatocytes [219]. FGF21 improves hepatic insulin sensitivity by inhibiting mTOR, as 
FGF21-deficient mice display pronounced insulin-stimulated mTORC1 activation and 
exacerbated hepatic insulin resistance [220]. Similarly, the presence of mTORC1 and 
S6K1 are essential for the ability of FGF21 to induce Ucp1 and stimulate glucose 
uptake in adipocytes [221], suggesting an important role of mTOR in the FGF21-
mediated effects of protein restriction (Figure 7). 

The other important kinase that is activated by the availability of essential amino 
acids is general control nonderepressible 2 (GCN2). GCN2 senses an accumulation of 
uncharged transfer RNAs that indicates a deficiency in one or more amino acids [222]. 
Upon activation, GCN2 phosphorylates eIF2a, thereby inducing the translation of specific 
transcription factors, such as ATF4 [218]. The potential role of GCN2 in the regulation of 
FGF21-mediated effects was reported with GCN2 knockout mice. Gcn2-/- mice are viable 
and fertile, but have a disturbed development under conditions of amino acid deprivation 
[223]. Gcn2-/- mice restricted with one of three BCAA exhibited increased plasma insulin 
levels and did not exhibit improved insulin sensitivity. After 1 week of BCCA restriction, 
Gcn2-/- mice exhibit liver steatosis and increased plasma triglycerides [224]. Similarly, 
Gcn2-/- mice exhibit a delayed response to acute PR regarding changes in food intake, 
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energy expenditure, and FGF21 levels [79]. Binding of ATF4 to the FGF21 promoter 
was blunted in Gcn2-/- mice during acute, but not chronic PR [79,142], suggesting that 
other pathways, upstream of ATF4, can induce FGF21 stimulation in the absence of 
GCN2 [206]. Similarly, the effects of MR on adiposity and energy expenditure can be 
reversed by cysteine supplementation. As the effects on serum FGF21, fasting insulin, 
and mTOR levels remain unaffected by cysteine supplementation, an important role 
for the sulfur-containing element of the amino acid, independent of nutrient-sensing 
pathways GCN2-FGF21, is suggested [225–227]. Altogether, via amino acid sensing, 
both mTORC1 and GCN2 regulate the secretion and function of FGF21 through the 
integrated stress response during dietary interventions [142] (Figure 7). Whether the 
responses of protein, methionine, and BCAA restriction act through similar mechanisms 
remain to be determined. 

Conclusion 
The age-related decline of metabolic flexibility is associated with the development 

of chronic metabolic diseases. Hyperinsulinemia, increased adiposity and muscle 
deterioration are some of the age-related changes contributing to a reduction in quality 
of life. Several dietary interventions have been suggested as promising therapeutic 
options due to their ability to reduce the incidence of metabolic diseases both in model 
organisms and humans. By targeting the IGF1-insulin pathway or FGF21 signalling, 
these interventions improve metabolic flexibility and subsequently increase lifespan 
and protect against T2D and fatty liver disease. 

Figure 7: Signalling pathways 
involved in protein- and amino acid 
restriction. As a result of protein 
restriction, the inhibition of GCN2 and 
AMPK by amino acid availability is 
removed, leading to metabolic benefits 
including regulation of autophagy, 
mitochondrial biogenesis and energy 
expenditure. Via hepatic FGF21 
production, brown and white adipose 
tissue are activated to increase energy 
expenditure via heat generation.
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Aims and scope of this thesis

While worldwide life expectancy has significantly increased in the past century, over 
70% of all elderly people suffer from at least one chronic disease. Maintaining metabolic 
flexibility is therefore becoming more important to ensure a good quality of life during 
these extra years. However, therapies to improve metabolic health at an advanced 
age are currently lacking. This thesis aims to investigate the potential of manipulating 
metabolic flexibility in the context of ageing using genetic, pharmacological and dietary 
interventions. Several dietary interventions, such as caloric restriction and protein 
restriction, show promising results to benefit metabolic health at a young age, but 
the interaction between age-related changes in metabolic flexibility and the beneficial 
effects of these dietary interventions is currently poorly understood. The research in 
this thesis focusses on the benefits and consequences of caloric restriction, protein 
restriction and a high-fat diet, as well as the pharmacological administration of fibroblast 
growth factors and a genetic reduction of insulin dosage, in the context of ageing. 

Several members of the FGF family, including FGF15/19, FGF21 and FGF1, have 
been discovered as regulators of energy metabolism. These growth factors improve 
metabolic health through distinct and overlapping mechanisms, including lowering 
blood glucose levels and reducing hepatic triglyceride accumulation. In Chapter 2, we 
review the metabolic effects of FGF1, FGF19 and FGF21, from biological function to 
clinical application. Both FGF19- and FGF21-based drugs induce weight loss, improve 
dyslipidemia and reduce steatosis in clinical trials with patients of obesity, T2D and 
NAFLD. FGF1 administration has also shown promising results by lowering blood 
glucose levels in mouse models of obesity, but the therapeutic potential of FGF1-
based drugs is complicated by high mitogenicity. To overcome this limitation, several 
FGF1-mimetics have been developed with a reduced mitogenicity while the metabolic 
effects are kept intact. In Chapter 3, we systematically compared the endocrine 
FGFs and several FGF1 analogues for their mitogenic and metabolic effects in a rat 
hepatocyte cell line. While the liver is an important player in the FGF-induced effects 
on metabolism, the direct effects of FGFs on hepatic glucose production have not 
been investigated. In this chapter, we investigated the signalling mechanisms involved 
in the cell-autonomous regulation of hepatocyte function by several canonical and 
endocrine FGFs. 

The second part of this thesis focuses on the amelioration of metabolic flexibility in 
the context of advanced age. By modulating the dietary macronutrient composition at 
an advanced age, we gained insight into processes involved in the age-related decline 
of metabolic flexibility. In Chapter 4, we investigated the adverse effects of a high-
fat diet on insulin sensitivity and focused on age-related alterations in the metabolic 
response. Lipid accumulation in the muscle has been described as a key driver of 
insulin resistance, but it remains unclear whether lipid overload or mitochondrial 
deterioration are responsible. In this chapter, we highlight compensatory mechanisms 
to increase the muscle mitochondrial capacity during nutrient excess, in young and 
aged mice. In Chapter 5, we addressed the effects of reduced protein intake on 
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metabolic health in the context of ageing, by determining energy expenditure, body 
temperature, glucose tolerance and muscle strength. Previously, protein restriction 
has been shown to improve metabolic health and longevity by stimulation of hepatic 
FGF21 production. We hypothesized that protein restriction could be less effective 
in aged mice due to a decrease in metabolic flexibility. In this chapter, we observed 
common and distinct effects of protein restriction in young and aged animals, 
suggesting that protein restriction could still be a promising strategy at an advanced 
age. In Chapter 6, we aimed to identify whether caloric restriction has additive effects 
in mice with reduced insulin signalling. We used a genetic model with reduced insulin 
dosage (Ins2 null mice), in which moderate CR-like effects, such as protection from 
diet-induced obesity and hyperinsulinemia, have previously been established. In this 
chapter, we determined the effects of 2 months CR on glucose tolerance and β-cell 
function, started at different ages.

Finally, in Chapter 7, we discuss the importance of dietary composition to maintain 
metabolic health at an advanced age and focus on the complexity of FGF21 and 
IGF1 levels in the context of ageing and metabolic diseases. We put the research on 
dietary interventions in perspective, as we discuss the role of weight loss, gender- and 
species differences on the metabolic outcome. 
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