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Summary  
Dietary restriction (DR), a reduction in food intake without malnutrition extends lifespan and 

improves health in animals ranging from yeast to rhesus monkeys. In mice, DR extends 

lifespan if the treatment is started early in life, however, late-onset treatment of 24 months old 

mice fails to extend lifespan, and it is currently not clear at which age mice become 

unresponsive to the DR treatment. Furthermore, the molecular mechanisms underlying late-

life refractoriness to DR are currently elusive.    

In my PhD work, I have conducted a systematic analysis of DR switches at different ages in 

female mice. Mice were switched from ad libitum (AL) to the DR diet at 3, 12, 16, 20 and 24 

months of age and their lifespan and health were subsequently assessed in comparison to 

chronic AL controls. Mice in which DR was initiated at 3 months of age showed the longest 

lifespan extension. Interestingly, however, initiation of DR at 12M and 16M of age almost fully 

recapitulated the lifespan extension with early life DR onset. In contrast, onset of DR at 20M 

and 24M led to only a slight lifespan increase compared to chronic AL feeding, suggesting that 

mice become unresponsive to DR-mediated lifespan extension between 16 and 20 months of 

age. Glucose metabolism, body composition, heart function and memory were improved by 

DR independent of the age of DR onset, suggesting that lifespan and health span can at least 

partially be uncoupled by the late life dietary switches. On the other hand, reduced tumour load 

and frailty as well as increased fitness and insulin sensitivity were correlated with the lifespan 

increase upon chronic or mid-life onset of DR. Noteworthy, liver tumour incidence, a major 

tumour type in these mice, was only reduced when the DR treatment was started at 3M and 

12M but not at 16M of age, thus uncoupling liver tumour incidence from DR- mediated lifespan 

extension.  

Furthermore, I investigated tissue-specific, molecular effects of DR, in the white adipose tissue 

(WAT) and the small intestine, to identify mechanisms responsible for the lifespan differences. 

I observed increased macrophage infiltration in old AL WAT, suggesting that chronic DR 

prevents WAT inflammation during ageing. Interestingly, DR switch groups exhibited increased 

macrophage infiltration four months post-switch to DR, which resolved upon longer DR 

duration, suggesting increased clearance of apoptotic or maladaptive adipocytes during post 

switch WAT remodelling. Additionally, DR onset at 16 or 20 months induced transcriptional 

reprogramming in the WAT but the expression profiles failed to reach chronic DR levels even 

after long-term treatment, indicating a retained memory of prior AL feeding in the WAT. 

Moreover, DR and DR switch mice displayed shorter colon lengths and reduced hypodense 

Paneth cell granules in the small intestine at old age compared to chronic AL animals, 

indicating that DR improved intestinal health and plasticity irrespective of the age of onset. 
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However, late-onset DR did not improve the outgrowth capacity of intestinal organoids, 

potentially due to an inability to adapt to in vitro full feeding conditions after DR was initiated.  

In conclusion, I discovered that DR differentially affects lifespan and health span depending 

on the age of DR onset in mice. Initiation of DR within the DR responsive period at 3, 12 or 16 

months of age reverses the detrimental effects of previous AL feeding and improves survival 

and overall health at old age. In contrast, late-life initiated DR at 20 or 24 months has only 

limited beneficial effects as mice were mostly unresponsive towards the newly imposed dietary 

intervention. In the future, we aim to further characterize the underlying mechanism of DR- 

mediated lifespan and health span extension with the prospect of a therapeutic potential for 

healthy ageing in humans.  
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1.1 Ageing 

1.1.1 Definition of ageing and biological background 

Ageing is defined as a gradual decline of various cellular and molecular phenotypes and overall 

tissue function, which ultimately leads to the death of the individual. An exception is the hydra, 

a small Hydrozoa from the Cnidaria phylum, which is thought to be the only organism which 

can escape ageing due to unlimited regenerative capacities (Martínez, 1998). The ageing rate 

differs greatly depending on the maximum lifespan of the species, and bigger animals, such 

elephants or whales are usually longer lived compared to smaller species, such as rodents 

(Jones et al., 2014), although with notable exception including birds and bats (Munshi-South 

& Wilkinson, 2010). Moreover, most species including humans, show sex-specific differences 

in lifespan, in which females are often longer lived compared to males (Lemaître et al., 2020). 

Factors which might contribute to reduced male lifespan in mammals, include the unique 

genetic setup with one X chromosome as well as differences in mating strategies, immune 

system and sex hormones (Regan & Partridge, 2013). In contrast, increased tendency towards 

risky behaviour such as smoking, drinking and more dangerous jobs are thought to negatively 

influence lifespan in human males (Regan & Partridge, 2013). However, there are some 

notable exceptions to the rule that males are shorter-lived than females due to their genetic 

sex chromosome setup.  

The first exception is the naked mole rat, which despite a rodent-like size can live up to 30 

years and maintains the health span almost until death (Edrey et al., 2011) irrespective of the 

sex chromosome setup or the reproductive state (Ruby et al., 2018). Additionally, evidence 

suggests that the use of other sex determination mechanism (SDM) can determine the lifespan 

of males or females. Birds (Austad & Fischer, 2016) or butterflies (Huylmans et al., 2017) use 

the ZW SDM, which is opposite from the mammalian XY setup. In the ZW determination 

system, females and not males are heterogametic and possess ZW sex chromosomes, 

whereas males possess ZZ sex chromosomes (Austad & Fischer, 2016). Following the 

hypothesis that heterogametic individuals are thought to be short-lived compared to 

homogametic (Lemaître et al., 2020), female birds or butterflies should have a shorter lifespan 

compared to males. Although not many lifespan studies have been conducted in birds, 

evidence suggests that indeed female birds are shorter lived than their male counterparts 

(Clutton-Brock & Isvaran, 2007). Additionally, other SDM exist in the animal kingdom, for 

example the temperature-dependant system which is utilized by reptile species and which 

relies on the outside temperature for sex hormone production independently of genetic sex 

determinants (Warner & Shine, 2008). In reptiles, no difference in adult mortality was observed 



3 

in species that utilized sex chromosome or temperature dependant SDM (Bókony et al., 2019), 

however it is possible that longevity determines the SDM, as many long-lived turtles favour the 

temperature over the genetic determinant system (Sabath et al., 2016). Moreover, sex does 

not have to be fixed throughout life, as demonstrated by distinct teleost fish species, such as 

Chrysoblephus puniceus or Diplodus sargus, which are changing their sex from male to female 

or female to male in adulthood (Benvenuto et al., 2017). While this sequential hermaphroditism 

improves the reproductive success of the individual fish (Benvenuto et al., 2017), it is currently 

unclear whether or how changing the sex in adulthood affects longevity. Studies in different 

round worm species yield contradicting results, attributing hermaphroditic worms a longer life 

in case of Caenorhabditis elegans (Hotzi et al., 2018) or a shorter life in case of Pristionchus 

nematodes (Weadick & Sommer, 2016) compared to male worms. Therefore, additional 

studies using more species with different SDM are required, to fully unravel the effect of sex 

chromosome or SDM and longevity.  

Despite the fact that all humans age, we have just started to fully understand the changes 

occurring during the ageing process. Recently, nine cellular and molecular hallmarks have 

been proposed to impact on the ageing process, namely telomere attrition, genetic instability, 

altered nutrient signalling, stem cell exhaustion, epigenetic alterations, cellular senescence, 

loss of proteostasis, mitochondrial dysfunction and altered intracellular communication (López-

Otín et al., 2013). Many of these hallmarks are tightly interconnected and continuous cellular 

damage ultimately leads to reduced tissue function during ageing. Nonetheless, as our current 

knowledge is limited, a better understanding of the ageing process itself and the underlying 

dysregulation of molecular parameters, which take years and even decades to manifest into 

age-associated diseases, is required (López-Otín et al., 2013).  

 

1.1.2 Ageing as risk factor for age-associated diseases in humans 

Over the last 150 years, advances in medicine, e.g. reduction of maternal and child mortality, 

vaccinations against common viral and bacterial diseases and better hygiene resulted in a 

steady increase in human life expectancy (World Population Ageing 2019, United Nations, 

2019). However, increased life expectancy of the population cannot be equated with an 

increasingly healthy society (Jagger et al., 2008). On the contrary, old age is the main risk 

factor for various age-associated diseases, such as cardiovascular disease (CVD), diabetes, 

dementia (Niccoli & Partridge, 2012), cancer (Fontana et al., 2009) and increased frailty due 

to musculoskeletal changes (Cesari et al., 2009; Greco et al., 2019). Moreover, suffering from 

an age-associated disease drastically reduces the quality of life for the elderly, especially as 

most old people usually suffer from multiple comorbidities in the last years of their lives (Flatt 
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& Partridge, 2018). Additionally, an ageing population in bad health brings major challenges to 

the current pension and health care system as well as reducing the quality of life of the 

individual. Consequently, novel interventions to ameliorate the ageing process itself are 

required to promote healthy ageing and to expand an individual’s health span with reduced 

risk to succumb to age-associated diseases. However, not every elderly individual is equally 

affected by ageing and some centenarians maintain their physical health until death (Partridge, 

Deelen, & Slagboom, 2018), thus highlighting the complex nature of ageing with inter- 

individual variation and various factors which contribute to this process (Fontana et al., 2010). 

 

1.1.3 Factors affecting the ageing process in humans 

Various genetic, dietary and environmental factors influence the human ageing process, but 

the individual contribution of each of these factors is not entirely clear (Partridge et al., 2018). 

Recent studies based on large pedigrees of long-lived families associated specific single-

nucleotide polymorphisms (SNP) for example in the APOE4 gene with reduced (Deelen et al., 

2019; van den Berg et al., 2019), or in the chromosome 5q33.3 gene locus with increased, 

lifespan (Deelen et al., 2014). However, longevity appears to be only heritable between 12-

25% (Partridge, Deelen, & Slagboon, 2018), suggesting that diet and environmental factors 

are more important contributors to human longevity. Dietary habits and nutrition, as well as the 

influence of different macronutrient components in the diet have recently gained much interest 

in their putative role in promoting healthy ageing. In particular, the Mediterranean as well as 

the Okinawa diets have been associated with longevity and improved health at old age and a 

reduced incidence of CVD or cancer (Bonaccio et al., 2018; Miyagi et al., 2003). Both diets are 

rich in vegetables, poly unsaturated fatty acids from fish and nuts as well as low in meat and 

processed saturated fatty acids (Trichopoulou et al., 2014; Willcox et al., 2009; Yasuo Kagawa, 

1978). In contrast, the Western diet is often highly processed and rich in meat, carbohydrate 

and saturated fatty acids and is associated with increased risk for cancer (Steck & Murphy, 

2020), as well as obesity, CVD and metabolic syndrome (Drake et al., 2018). Not only dietary 

habits but also other environmental factors can influence the ageing process. Chronic 

psychological (Miller et al., 2011) and psychosocial stress (Rutters et al., 2014) as well as 

pollution (Burnett et al., 2018; Landrigan et al., 2018) or smoking (Pikala et al., 2020) negatively 

affects human health and increase mortality. Therefore, ageing and lifespan studies in humans 

are challenged by non-controllable factors, such as differences in lifestyle factors or intra-

individual genetic variation. Moreover, the long lifespan of the individual by itself is a major 

limitation for ageing studies in the human population.  



5 

In contrast, model organisms, such as yeast, the invertebrate nematode Caenorhabditis 

elegans (C. elegans), the fruit fly Drosophila melanogaster (Drosophila) and different 

vertebrate species, such as rodents, the killifish or marmosets allow the study of life- and health 

span extending interventions under controlled laboratory conditions and have shorter lifespans 

than humans.   

 

1.1.4 Utilizing model organisms to study ageing  

Using model organisms has certain advantages compared to humans, such as shorter 

generation times which facilitate lifespan analyses, the possibility to manipulate diet, 

treatments or genes or the use of genetically identical individuals to reduce biological variation 

(Flatt & Partridge, 2018; Taormina et al., 2019). However, different model organisms have 

different strengths and are not always equally well suited to study all aspects of the ageing 

process. For instance, yeast cells, are well suited to study conserved cellular processes, such 

as nutrient sensing pathways, autophagy, and organelles, and the effects of genetic or 

pharmacological interventions, but they lack multicellular tissues and a systemic environment. 

In contrast, adult flies and C. elegans not only contain different organ systems but these organs 

are composed of post-mitotic cells and a stem cell compartment, similarly to some organs in 

adult humans (Bozcuk, 1972; Kurtz et al., 2019; Olsen, Vantipalli, & Lithgow, 2006), thus 

allowing systemic analysis of genes, diets or interventions in the context of the ageing 

organism. One of the major advantages of these invertebrate model organisms is the possibility 

to conduct large genetic screens in a reasonable timeframe allowing the identification of novel 

pathways and mechanisms involved in the regulation of the ageing process. Moreover, 

invertebrates show age-related deterioration similar to what is observed in humans, e.g. 

Drosophila females exhibit age-associated decline in gut barrier function as well as 

hyperplastic growth in the intestine (Regan et al., 2016) and reduced locomotor function 

measured by climbing ability (Grotewiel et al., 2005). However, there are also major differences 

between the invertebrate model organisms and humans that include the lack of a skeletal 

system, a closed cardiovascular system (Haun et al., 1998; Rotstein & Paululat, 2016) and 

crucial singular organs such as the liver (Gutierrez et al., 2007). Thus, the effect of ageing on 

these specific organ systems cannot be studied in invertebrates and therefore requires the use 

of vertebrate or even mammalian model organisms. In this context the killifish has recently 

gained interest as a vertebrate model organism in ageing research, due to its short lifespan of 

only a few months, fast tools for genetic manipulation and similar organs compared to humans 

(Harel et al., 2015). Mammalian model organisms like mouse or marmosets share an even 

higher similarity to humans with a high degree of genetic similarity of 83% (Taormina et al., 
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2019) or 93% (Worley et al., 2014), respectively. Furthermore, these models allow the systemic 

analysis of ageing on multiple organs including musculoskeletal, the lymphatic, the vascular 

as well as the cardiovascular system. Another advantage of using rodents (Pettan-Brewer & 

M. Treuting, 2011) or rhesus monkeys (Mattison et al., 2017; Yamada et al., 2018) to study 

ageing, is the incidence of similar age-associated diseases and comorbidities, e.g. cancer or 

increased frailty, as elderly humans, thus enabling comparisons of different intervention 

outcomes between species. Although more studies are possible using mammals, genetic 

manipulations, lifespan studies as well as general handling require extensive training, ethical 

permits and are more time consuming and expensive compared to invertebrate research. 

Thus, it is important to evaluate which model organism is best suited to address a given 

research question. In summary, model organisms are crucial to gain a better understanding of 

the ageing process and to develop putative anti-ageing treatments. The next sections shed 

light on different genetic and pharmacological approaches that extend lifespan in model 

organisms and are therefore possible candidate interventions to also improve ageing in 

humans.  

 

1.1.5 Genetic or pharmacological modulation of nutrient responsive 

pathways can extend lifespan or health span in model organisms and 

humans  

Two evolutionarily conserved nutrient responsive pathways, are the insulin/ insulin-like 

signalling (IIS) and the mammalian target of rapamycin (mTOR) pathways, which are involved 

in various different cellular functions including cellular growth, survival, metabolism, autophagy 

and stress response. Interestingly, downregulation of both pathways by genetical or 

pharmacological interventions can ameliorate ageing in model organisms as diverse as worms, 

flies and mice (Fontana, Partridge, et al., 2010). Genetic manipulation of the insulin receptor 

(IrsKO) or it’s substrate (Irs1KO), the growth hormone receptor (GHRKO) or the S6 kinase 

(S6K1KO) have been demonstrated to extend lifespan across species (Gems & Partridge, 

2013). The first evidence that the IIS pathway is implicated in ageing, was produced in a 

pioneering study by Kenyon and colleagues, which studied the insulin receptor homologue daf-

2 in C. elegans and proved that daf-2 mutant worms are long-lived (Kenyon et al., 1993). This 

ground-breaking study was soon followed by similar discoveries on lifespan extension upon 

genetic deletion of the insulin receptor chico (Clancy et al., 2001) or the Drosophila insulin-like 

peptides 2-3,5 (Grönke et al., 2010) in Drosophila. Similarly, mice carrying loss-of function 

mutations in Ghr (Coschigano et al., 2000), Igf-1 (Holzenberger et al., 2003), Irs1 (Selman et 



7 

al., 2008; Selman et al., 2011) or S6K1 (Selman et al., 2009) are significantly long-lived 

compared to their wild type littermates.  

Furthermore, in addition to a beneficial effect on survival, downregulation of the IIS network 

also has beneficial effects on overall health (Bartke & Brown-Borg, 2004) or fitness (Selman 

et al., 2008) and reduces the tumour incidence at old age in mice (Ikeno et al., 2009). However, 

full body knockout of these growth pathway components results in smaller body size compared 

to littermate controls and it was only recently possible to uncouple the lifespan effect from the 

developmental defects in Drosophila (Yamamoto et al., 2020). Interestingly, humans with a 

loss of function mutation in the GHR exhibit a similar dwarfism and obesity phenotype as 

GHRKO mouse models and are resistant to diabetes and cancer growth, indicating an 

evolutionary conserved mechanism for health span extension upon reduced GHR pathway 

activity (Guevara-Aguirre et al., 2011). However, there is currently no evidence that GHR 

deficient humans also have an extended lifespan (Guevara-Aguirre et al., 2011; Shevah & 

Laron, 2007). Still, GWAS studies have identified SNPs in protein coding genes of the IIS or 

mTOR signalling pathway components in human centenarians, suggesting that modulations in 

these pathway components might also influence human lifespan (Deelen et al., 2013; Van 

Heemst et al., 2005).  

In addition to genetic interventions that can increase survival, drug repurposing has gained 

much interest in recent years to ameliorate the ageing process. One of the most prominent 

examples of drug repurposing to combat ageing is rapamycin. Rapamycin was discovered in 

1972 as an antifungal agent in the Easter island native bacterium Streptomyces hygroscopicus 

(Sehgal et al., 1975) and has been shown to inhibit the mTORC1 complex and thereby reduces 

cellular growth (Seto, 2012). High doses of rapamycin are used in the clinic as an immune 

suppressive agent to reduce the graft versus host rejection after transplantation (Benito et al., 

2001). One drawback of rapamycin treatment, which must be carefully considered when 

starting the therapy, are adverse effects on metabolism (Lamming et al., 2012) and also skin 

disorders (Mahé et al., 2005) and immune function (Morelon et al., 2001). However, due to the 

growth inhibiting phenotype across species, rapamycin has also gained much interest as 

putative anti-ageing and anti-cancer intervention. Indeed, low doses of rapamycin significantly 

extend both male and female lifespan in mice when initiated early (Miller et al., 2014) or late 

(Harrison et al., 2010) in life and delay several ageing associated phenotypes (Wilkinson et 

al., 2012). The finding that administration of a low dose rapamycin analogue improved the 

immune response after flu vaccination and reduced infection rates in two recently published 

clinical studies in elderly humans (Mannick et al., 2014, 2018), indicates that rapamycin might 

also have beneficial effects on human ageing. This hypothesis will be further evaluated in a 

large-scale clinical study in the US (Participatory Evaluation (of) Aging (With) Rapamycin (for) 

Longevity Study (PEARL) study NCT04488601 (2020) Website 
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https://clinicaltrials.gov/ct2/show/NCT04488601 (last accessed January 26th 2021)). In 

addition, bioinformatic approaches are being used to predict new drugs or drug combinations 

for drug repurposing in ageing research (Dönertaş et al., 2019).  

Despite many insights on the effect of specific genes or pharmacological interventions and 

lifespan extension in model organisms, these insights cannot be translated to humans without 

further studies, as we currently do not have the tools to genetically modify the IIS, mTOR or 

GHR in humans, nor do we have any knowledge on the long-term effects of rapamycin 

treatment. However, as mentioned previously, dietary habits have a major impact on the 

ageing process and implementing nutritional changes towards a healthier diet can positively 

affect human health. One of the most extensively studied dietary interventions, which extends 

lifespan in a variety of model organisms and has shown promising short-term results in 

humans, is dietary restriction (DR), which will be discussed in more detail in the following 

section.  

 

 

1.2 Dietary restriction (DR) 

1.2.1 The effect of DR on lifespan in different model organisms  

Dietary restriction (DR) refers to the reduction of food intake without malnutrition and was first 

described in 1935 in a pioneering lifespan study in rats (McCay, Crowell, & Maynard, 1935). 

As to-date, DR is the most robust lifespan-extending intervention in a wide range of species 

including invertebrates such as yeast, nematodes and flies (Fontana & Partridge, 2015; 

Leonov et al., 2017) and vertebrate species such as killifish (Terzibasi et al., 2009) and rodents 

(Swindell, 2012). Moreover, two independent DR studies in rhesus monkeys reported 

improved overall health and reduced age-associated pathologies upon lifelong DR treatment 

(Colman et al., 2009; Mattison et al., 2012). Survival was only positively affected in one of the 

studies (Colman et al., 2009). The discrepancy between the studies is likely explained by 

different control diets (Mattison et al., 2012), whereas one study used ad libitum feeding 

(Colman et al., 2009), the other study used a partially restricted diet (Mattison et al., 2012), 

which might by itself positively affected survival (Richardson et al., 2016). In rodents, killifish 

or rhesus monkeys, DR is usually accomplished by a reduction of the daily food portions 

between 10- 40% compared to control ad libitum (AL) feeding, depending on the stringency of 

the DR regimen (Mitchell et al., 2015; Richardson et al., 2016). In contrast, Drosophila models 

of DR usually utilize a 50-75% reduction in yeast content in the food but retain AL food access. 

In flies, reduction in dietary protein but not calories is the main driver underlying the beneficial 

https://clinicaltrials.gov/ct2/show/NCT04488601
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effects on lifespan (Mair, Piper, & Partridge, 2005). In yeast, reduction of dietary glucose is 

used to mimic DR (Leonov et al., 2017). However, while the beneficial effects of DR on overall 

health and lifespan in model organisms are unchallenged, the underlying cellular and 

molecular mechanisms of DR still remain mostly elusive.  

 

1.2.2 Effects DR on different hallmarks of ageing    

Recent studies have investigated the effect of DR on the hallmarks of ageing to evaluate 

whether DR can ameliorate these during ageing. Deregulated nutrient-sensing is one of the 

hallmarks of ageing and the effect of ageing on e.g. mTOR or IIS signalling has been 

intensively studied due to the role of these signalling networks in cancerous growth or 

metabolic disease (Fontana, Partridge, et al., 2010). Interestingly, rodents exhibit decreased 

IGF-1 serum levels under DR (Dunn et al., 1997), which indicates a functional link between 

DR and the IIS pathway in DR-mediated longevity. Moreover, DR reduces mTORC1 and 

mTORC2 signalling in the liver in a time- dependant manner (Tulsian et a., 2018). Activation 

of the IIS or mTOR pathway triggers downstream signalling events, which impact on 

translation, proliferation or inhibition of apoptosis (Broughton & Partridge, 2009; Saltiel & Kahn, 

2001). Given that both IIS and mTOR are activated by nutrients (Niccoli & Partridge, 2012), it 

is likely that decreased nutrient availability under DR alters activation of these fine-tuned 

signalling pathways, thus leading to different beneficial cellular outcomes which are yet to be 

identified. Indeed, genetic ablation of the nutrient sensor Sestrin or its amino acid sensing 

function has been recently shown to abrogate the lifespan extension upon DR (Lu et al., 2020), 

indicating that functional nutrient sensing is crucial to mediate the beneficial effects of DR in 

Drosophila. Interestingly, Ames dwarf and growth factor releasing hormone KO (Bartke et al., 

2007; Sun et al., 2013) but not GHRKO mice (Bonkowski et al., 2006) are even longer lived 

upon DR, suggesting at least a partially additive effect of growth hormone signalling and DR.  

Aside from deregulated nutrient sensing, epigenomic and genomic changes, such as 

hypermethylation of tumour suppressor genes, genomic instability, telomere attrition and 

cellular senescence are implicated in tumour formation or loss of tissue function. Similar to the 

beneficial effects on nutrient sensing, DR positively affects the epigenome as well as genomic 

stability, cellular senescence and telomere length. Short-or long-term DR reduces 

spontaneous mutations in various tissues (Garcia et al., 2008), potentially due to increased 

DNA repair (Cabelof et al., 2003). Furthermore, DR protects against heterochromatin loss 

(Jiang et al., 2013) and induces local hypermethylation associated with decreased lipid 

metabolism and shorter triglyceride chains in mice (Hahn et al., 2017). Moreover, telomere 

length is maintained under DR (Vera et al., 2013) and fewer senescent cells are present in 
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tissues with high or low cell turnover and could thus improve tissue function during ageing 

(Wang et al., 2010). In addition to accumulation of cellular damage, aged tissues exhibit stem 

cell depletion or exhaustion, which reduces the tissue’s capacity to regenerate, thus 

contributing to the functional decline. Interestingly, DR attenuated loss of muscle mass in 

rhesus monkeys or mice (Colman et al., 2009; Jang et al., 2012) and improved stem cell 

function in the muscle (Cerletti et al., 2013) as well as the small intestine (Mihaylova et al., 

2018; Yilmaz et al., 2012) suggesting a protective effect of DR on stem cells.  

Mitochondrial dysfunction can greatly impair tissue function and can negatively contribute to 

ageing by increased generation of reactive oxygen species (ROS), thus inducing intracellular 

oxidative stress. Moreover, mitochondrial dysfunction has been associated with 

neurodegenerative disorders, such as Alzheimer’s disease or metabolic syndrome in humans 

(Monzio Compagnoni et al., 2020; Peoples et al., 2019). Moreover, increased cellular oxidative 

stress damages the proteome, leading to misfolded and non-functional proteins, which require 

refolding via chaperones or proteolytic degradation using the ubiquitin proteasome system or 

autophagy (Hipp et al., 2019). However, proteostasis is decreased during ageing and the 

accumulation of misfolded proteins in cells can cause protein aggregation, cell death and 

subsequently contributes to disease formation (Hipp et al., 2019). Strikingly, DR leads to 

increased mitochondrial biogenesis (Nisoli et al., 2005; R. Zhang et al., 2019) and reduced 

oxidative stress (Qiu et al., 2010), thus retaining mitochondrial function in several tissues 

during ageing, such as the BAT and the muscle (Lanza et al., 2012; Valle et al., 2008). 

Furthermore, DR increased proteostasis (Matai et al., 2019) and was associated with 

increased lifespan in a strain-dependant manner in mice (Mitchell et al., 2016).  

Lastly, DR has also been shown to protect against altered intercellular communication. The 

aged immune system for example exhibits skewing towards increased myeloid lineage and 

decreased lymphoid lineage differentiation (Rossi et al., 2005), which is improved under DR 

(Chen et al., 2003). Additionally, DR maintains metabolic health (Mitchell et al., 2016), 

decreases energy expenditure compared to AL controls (Cameron et al., 2011) and stably 

reduces body weight (Hahn et al., 2017). By improving different hallmarks of ageing, DR can 

protect against diabetes or cancer (Colman et al., 2012; Weindruch et al., 1986) and improves 

neurodegenerative diseases and frailty in several model organisms (Wang et al., 2005; 

Yamada et al., 2018), thus making it a potential therapeutic intervention for human ageing. In 

summary, DR affects a plethora of different cellular as well as systemic processes and it is 

currently unclear which of these are causal for the beneficial effects of DR on health and 

lifespan. 
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Figure 1.2. 1: The beneficial effects of DR on the nine hallmarks of ageing. 

Arrows indicate improvement by DR and inhibitory marks indicate reduction upon DR. Adapted from 

López-Otín et al., 2013 and schematic created using BioRender.com. 

 

1.2.3 Lessons of late-life DR in mice  

In most rodent studies, DR is implemented in young animals directly after weaning or adult-

onset at the age of three months and is maintained lifelong until the animals die. However, 

despite many beneficial effects of DR on health and survival, long-term DR has been shown 

to cause detrimental effects, such as reduced wound healing (Reed et al., 1996), increased 

susceptibility to infection as well as decreased bone density (Flatt & Partridge, 2018; Villareal 

et al., 2006). Therefore, identifying the latest age of onset, at which DR still exhibits beneficial 

effects on health and survival could limit the duration of DR and thus reduce potential side 

effects. Furthermore, this information would be valuable in the context of human ageing, to 

know at what age DR could still be used effectively as an anti-ageing intervention. Surprisingly, 

however, in contrast to early onset DR, much less information is available about the effects of 

late-onset DR on subsequent health and survival and on associated tissue specific molecular 

changes. A pioneering study by Weindruch and colleagues showed in 1982 that mid-life DR 

onset at 12M of age increased murine lifespan and was associated with reduced lymphoma 

incidence in male mice (Weindruch et al., 1982). Consistently, DR onset at 19M of age 

significantly decreased mortality, reduced tumour load and induced transcriptional 

reprogramming in the liver of male hybrid mice (Dhahbi et al., 2004). However, as both studies 

did not include chronic DR controls, it is unclear if animals upon 12M or 19M onset DR were 

equally long-lived compared to chronic DR or whether the late-life switches affected survival 

to a lesser extent. Moreover, the results on 12M or 19M DR onset contrast other findings in 
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male mice, which demonstrated that switching male mice from AL feeding to DR at 17M of age 

even increased mortality in different murine strains (Forster et al., 2003). Similarly, late-onset 

DR at 24M of age did not acutely decrease mortality rates of female mice after the switch, and 

had only mild effects on the longer term (Hahn et al., 2019). Additionally, mice, which were 

switched from lifelong DR back to AL feeding, showed increased mortality and reduced 

survival. Nonetheless, late-onset DR in rats or mice has been shown to improve cognitive as 

well as cardiac function, indicating that DR can still induce some, but potentially not all, 

beneficial effects compared to early onset treatment (Singh et al., 2012; Yan et al., 2013).  

Differences in the diet composition, the stringency of the DR regimen, as well as sex- or strain- 

specific responses towards DR can all contribute to variable results in studies of DR. Mitchell 

and colleagues demonstrated in 2016 that 20% or 40% DR had differential effects on the 

lifespan of two commonly used strains DBA/2J or C57B6J (Mitchell et al., 2016). Interestingly, 

a lifelong 40% reduction of food intake shortened, whereas a 20% reduction increased the 

lifespan of C57B6J females, whereas DBA/2J females were long-lived with both DR 

stringencies. In contrast, male C57B6J showed lifespan extension in both DR groups but male 

DBA/2J mice showed detrimental effects early in life but are longer lived at old age upon 40% 

restriction. In general, female mice show greater response to DR and lifespan extension upon 

DR compared to their male counterparts, suggesting that the animal’s sex also influences the 

effects of DR (Liao et al., 2010; Mitchell et al., 2016). Moreover, DR can either prolong or 

shorten murine lifespan depending on the genetic background of the utilized mouse strain, 

demonstrating that genes play an important role in the DR-mediated effects on lifespan (Liao 

et al., 2010). Therefore, systematic studies with additional DR onset groups are required to 

identify at which point in murine life, initiation of DR can still improve health and survival. 

Moreover, the identification of a DR responsive period in mice could help to define at which 

age humans should start restricting their food intake to gain beneficial effects late in life.  

 

1.2.4 Lessons of DR in humans  

Due to lifespan and health span extending effects in various model organisms, DR has also 

gained much interest as potential anti-ageing intervention in humans. Therefore, several 

clinical studies have assessed the effect of short-or-long-term DR on clinical parameters of 

heart function (Meyer et al., 2006), serum protein or metabolite composition (Barazzoni et al., 

2020; Fontana et al., 2004) and the metabolism (Heilbronn et al., 2006). In obese but also non-

obese humans DR caused health benefits including improved insulin sensitivity (Barazzoni et 

al., 2020; Fontana et al., 2016) and reduced levels of circulating growth factors (Fontana et al., 

2009), cholesterol (Walford et al., 1992), thyroid hormones or arteriosclerosis risk factors 
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(Omodei & Fontana, 2011; Walford et al., 2002). Additionally DR lead to a reduction in 

inflammation (Meydani et al., 2016) and energy expenditure in normal or overweight humans 

(Heilbronn et al., 2006; Redman et al., 2018). Moreover, reduced circulating insulin and IGF-1 

levels indicate, that DR in humans leads to a significant reduction in IIS signalling similar to 

what has been observed in model organisms (Fontana et al., 2016). Additionally, obese 

humans benefit from short-term DR with loss of body weight and fat mass, thus reducing 

detrimental effects of obesity or diabetes risk upon dietary changes (Barazzoni et al., 2020; 

Beekman et al., 2020). Members of the caloric restriction society, who conduct self-imposed 

long-term DR, show reduced thickness of the carotid artery intima- media, a known CVD risk 

factor (Fontana et al., 2004) and improved diastolic function (Meyer et al., 2006) and are thus 

potentially protected from age-associated CVD. Therefore, DR could be a strong intervention 

to promote healthy ageing in humans but more long-term studies are needed to elucidate the 

effect of DR on age-associated diseases and longevity. However, DR in humans requires a 

high degree of individual dedication to adhere to the strict dietary regimen and decreased 

compliance in clinical studies makes it difficult to evaluate long-term protective effects of DR 

during ageing in human subjects. As a result, it is important to narrow down, at which age 

switching the diet from AL to DR still extends life span and exhibits beneficial effects on the 

overall health and tissue level in laboratory animals to define a time point in human life when 

DR can achieve positive effects on health. Furthermore, additional studies are required to 

understand the cellular and molecular effects of DR, in order to pinpoint at which age initiation 

of DR is beneficial in humans or develop DR-mimicking drugs for convenient health 

improvement at old age and to define the starting point of these interventions in human ageing.   

 

 

1.3 The White adipose tissue (WAT)  

1.3.1 Motivation to study the WAT 

The white adipose tissue (WAT) is a heterogenous tissue, which can respond to different 

energy states and nutrient availability with tissue expansion or shrinkage of the stored lipids in 

mature adipocytes (Choe et al., 2016). Most notably, the WAT is the tissue which is most 

affected by obesity (Giordano et al., 2013) or DR (Racette et al., 2006) and can thereby directly 

affect the metabolism. The following sections provide an overview on the types of WAT, the 

differentiation process for mature adipocytes as well as the role of the WAT in the systemic 

regulation of the metabolism and changes during the ageing process.   
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1.3.2 Types of adipose tissue, morphology, sexual dimorphism and 

function in the murine and human body  

The adipose tissue (AT) is a heterogeneous tissue, which is composed of mature adipocytes 

and stromal vascular fraction cells, which encompass different immune cells, such as 

macrophages, endothelial cells, adipocyte precursor and stem cells (Church et al., 2014). The 

primary function of the AT is the storage of excessive energy in the form of free fatty acids 

(FFA), which are stored as triacylglycerides in lipid droplets inside the cytoplasm. Two types 

of adipose depots, namely brown adipose tissue (BAT) and white adipose tissue are present 

within the human and murine body and they have distinct biological functions and display 

characteristic morphological features. White adipose depots include the subcutaneous adipose 

tissue (SCAT), the mesenteric adipose tissue (MAT) as well as the perigonadal adipose tissue 

(WAT) (Choe et al., 2016). Mature white adipocytes of the WAT, MAT and SCAT are 

characterized by one unilocular lipid droplet, containing triacylglycerol and cholesteryl ester, 

which encompasses almost the entire cell with little cytoplasm and a small nucleus located at 

the cell membrane. The SCAT located below the skin is mainly responsible for insulating the 

body against cold but also plays a role in energy storage and in protection of underlying organs 

against force (Wang et al., 2003). The MAT surrounds the intestine and, aside from its function 

in fat storage, also contributes to the maintenance of the intestinal barrier (Wu et al., 2018). 

Moreover, the MAT harbours lymphatic vessels and mesenteric lymph nodes, which are 

responsible for lipid uptake and serve as immune checkpoint against penetrating intestinal 

pathogens (Bernier-Latmani et al., 2015; Macpherson & Uhr, 2004).  

In contrast, the BAT is mainly involved in adaptive thermogenesis in mice and human new-

borns and is located in the murine intrascapular or the human supraclavicular region (Entringer 

et al. 2017; Gilsanz, Hu, and Kajimura 2013; Nedergaard et al., 2007). Moreover, studies have 

demonstrated that the BAT plays a role in thermogenesis upon cold exposure in lean human 

adults (Coolbaugh et al., 2019; van Marken Lichtenbelt et al., 2009) but BAT depots are 

depleted upon adult or childhood-onset obesity (Leitner et al., 2017; Rockstroh et al., 2014). 

Aside from the differences in location and functionality, the morphological features of mature 

adipocytes in the BAT differ greatly from mature adipocytes in the WAT. Brown adipocytes 

exhibit multilocular, smaller lipid droplets in addition to multiple mitochondria in the cytoplasm. 

The main function of the BAT is heat production via uncoupling of the electron transfer chain 

via the uncoupling protein 1 (UCP1) (Ricquier & Bouillaud, 2000).  

Recent studies showed that white adipocytes in the SCAT or WAT can undergo transcriptional 

and morphological changes that include increased expression of UCP1 and increased 

mitochondrial biogenesis to resemble a brown adipocyte phenotype, a process called 
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browning, in response to diet or cold exposure and 3 adrenergic stimulus (Bertholet et al., 

2017; Fabbiano et al., 2016; Paschos et al., 2018). Since the BAT takes up FFA from the blood 

as fuel for heat generation (Saari et al., 2020), metabolic activation of the BAT and WAT 

browning have gained much interest as potential weight loss intervention in obesity in humans 

(Betz & Enerbäck, 2018; Li et al., 2018).  

 

 

Figure 1.3. 1: The different locations, morphological features and major functions of adipose 

tissue in humans and mice. The schematic was created using Biorender.com.  

 

Interestingly, the AT shows a sexual dimorphism in the distribution of fat at different sites in 

the body and total body fat steadily increases until adulthood (Fried et al., 2015; Staiano and 

Katzmarzyk 2012). In particular, the expression of steroid sex hormones during puberty 

determine the typical sex-specific male or female distribution of body fat in adolescent children 

(Karastergiou et al., 2012; Maynard et al., 2001). In general, women have a higher body fat 

content compared to men and the adipose tissue depots are mainly located subcutaneously in 

the lower body around the femurs and glutes (Lee & Fried, 2017). In contrast, men tend to 

accumulate more mesenteric and gonadal fat, which is associated with reduced testosterone 

levels during ageing (Allan et al., 2008) and a higher risk towards cardiometabolic events and 

increased mortality (Karastergiou et al., 2012; Kuk et al., 2006). Moreover, the adipose tissue 

is highly flexible and can reduce or increase the depot size towards different nutritional or 

reproductive stimuli, such as pregnancy (Pujol et al., 2006) or during obesity (Choe et al., 

2016).  
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1.3.3 The differentiation process of mature adipocytes from 

precursor cells  

Despite being a primarily quiescent tissue, mature adipocytes in the WAT are frequently 

replaced and the annual adipocyte turnover rate in the WAT is approx. 8% in humans (Spalding 

et al., 2008). Furthermore, it has been demonstrated that the WAT of obese mice contains 

more replicating cells compared to lean mice, indicating that mature adipocytes in obese mice 

are more often replaced (Rigamonti et al., 2011). Adipocyte precursor cells can be isolated 

from WAT by collagenase digestion and subsequent sorted using antibodies (Rodeheffer et 

al., 2008). Moreover, addition of insulin, PPAR agonists, such as rosiglitazone, the steroid 

hormone dexamethasone and the thyroid hormone T3 into the culture medium can induce in 

vitro differentiation of pre-adipocytes.  

Pre-adipocytes or adipose tissue stem cells (ATSC) in the WAT undergo mitosis and without 

adipogenic stimuli remain in the replicative state and continue cell division (Altiok et al., 1997). 

Upon receiving adipogenic stimuli, the pre-adipocytes exit the cell cycle and induce 

differentiation into mature adipocytes (Rosen & MacDougald, 2006). Several signalling 

pathways have been identified, which activate or inhibit adipogenesis via activation or 

repression of adipogenic effector proteins. For example, signalling via IRS or the bone 

morphonenetic protein (BMP) promote adipogenesis, whereas the Wnt and the sonic 

hedgehog (SHH) signalling pathways block adipogenesis (de Sá et al., 2017; Rosen & 

MacDougald, 2006). Upon activation of the IRS or BMP pathways, the translational repression 

of adipogenic transcription factors (TF), such as peroxisome proliferator-activated receptors 

(PPAR) (Altiok et al., 1997), CCAAT- enhancer- binding proteins (C/EBP) or Krüppel-like 

factors (KLF) (Rosen & MacDougald, 2006) is abolished which allows translocation into the 

nucleus and induction of expression of adipogenesis genes, such as Glut4, Insr, leptin or aP2 

(Lowe et al., 2011; Rosen et al. 2000). Additionally, several micro RNA (miRNA) influence 

adipogenesis via translational inhibition of adipogenesis promoting or inhibiting factors. For 

example, miRNA 27 (miR-27) targets PPAR mRNA for degradation, thus reducing 

adipogenesis (Lin et al., 2009), whereas miR-103 accelerated adipogenesis by inhibition of 

anti-adipogenic factor RUNX1 (Xie et al., 2009).  

Upon increased transcription and translation of adipogenesis genes, pre-adipocytes change 

their morphology and start to accumulate lipid droplets in the cytoplasm. Moreover, de novo 

lipogenesis is activated in maturing adipocytes by increased transcription of several key 

enzymes involved in de novo lipogenesis, such as ATP-citrate lyase (ACLY), acetyl-CoA 

carboxylases 1 (ACC1), fatty acid synthase (FASN), stearoyl-CoA desaturase-1 (SCD1) (Song 

et al., 2018). First, citrate produced by the TCA cycle is used to generate acyl-coA via ACLY, 
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which in turn is converted into malonyl-coA via ACC1. Next, FASN generates palmitate from 

malonyl-CoA and the palmitate is then used to generate fatty acids via SCD1 (Song et al., 

2018). This increase in fatty acid synthesis leads to increased accumulation of lipids in the 

cytoplasm and to the formation of a single unilocular lipid droplet surrounded by perilipin, which 

is a hallmark of mature adipocytes.   

 

1.3.4 The role of the WAT in systemic regulation of metabolism  

In addition to fat storage, the WAT is also a crucial secretory and endocrine organ (Galic et al., 

2010). Via secretion of adipose-tissue derived cytokines, so-called adipokines, the WAT is 

involved in inter-tissue cross-talk with other metabolically active organs such as the liver, the 

pancreas as well as the skeletal and cardiac muscle (Romacho et al, 2014). Adipokines, such 

as different miRNA (Thomou et al., 2017), fatty acids (Zhai et al., 2010), inflammatory cytokines 

as well as hormones (Mancuso & Bouchard, 2019) are secreted by the WAT in extracellular 

vesicles, which are taken up by peripheral organs to regulate energy homeostasis and 

metabolism (Stern et al., 2016). As described previously, the WAT plays a major function in 

lipid metabolism by the generation or breakdown of fatty acids of various lengths. Adipose-

tissue derived free FFA are signalling molecules generated via lipolysis of triacylglycerol (TAG) 

(Lass et al., 2011). Secreted FFA bind and activate G-protein coupled receptors (GPCR) 

(Miyamoto et al., 2016) and induce different cellular functions, such as reduction of 

inflammation (Glass & Olefsky, 2012), neuronal growth and differentiation (Kamata et al., 2007; 

Katakura et al., 2009) as well as insulin secretion from pancreas (Itoh et al., 2003). Moreover, 

in low glucose states, secreted FFA from the adipose tissue serve as fuel source for other 

tissue (Rosen & Spiegelman, 2006). However, excessive lipolysis and FFA secretion can have 

cytotoxic effects and can cause insulin resistance in distant tissues, such as the liver or the 

pancreas (Divella et al., 2019; Glass & Olefsky, 2012).  

Via secretion of adipose-tissue derived hormones such as leptin, adiponectin and resistin, the 

WAT directly influences insulin and glucose homeostasis of the entire organism (Harwood, 

2012). Interestingly, leptin as well as adiponectin have been reported to have opposing 

functions compared to resistin. Leptin and adiponectin are involved in the maintenance of 

insulin sensitivity and glucose homeostasis by reducing gluconeogenesis in the liver, 

enhancing glucose and FFA uptake and oxidation in liver and skeletal muscle (D’souza et al., 

2017; Kershaw & Flier, 2004; Yamauchi et al., 2002). In addition, leptin regulates appetite and 

subsequently food intake in the melanocortin system of the hypothalamus (Schwartz et al., 

2000; Sinha et al., 1996). Moreover, adiponectin has anti-inflammatory properties and can 

inhibit innate immunity by inhibition of toll like receptor signalling (Yamaguchi et al., 2005). In 
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contrast, resistin has been reported to induce insulin resistance in the WAT and peripheral 

tissue (Steppan et al., 2001), however contrasting results in mice and humans are currently 

challenging these results (Jamaluddin et al., 2012). Nonetheless, higher resistin levels have 

been linked with CVD (Muse et al., 2015), indicating a direct functional link between adipose 

tissue endocrine function and disease. Moreover, the WAT is one of the major insulin-sensitive 

organs next to the skeletal muscle, liver, heart and brain. Upon insulin secretion, insulin binds 

to the InsR, which activates an intracellular signalling cascade resulting in the translocation of 

the glucose transporter isoform 4 (GLUT4) onto the cell membrane and increased glucose 

uptake from the blood (Chadt & Al-Hasani, 2020). Once blood glucose levels are lowered to 

basal levels, GLUT4 receptors are compartmentalized into storage vesicles and stored in the 

cytoplasm until renewed insulin stimulation. Consequently genetic ablation of GLUT4 in the 

WAT induces systemic insulin resistance and increases the risk of diabetes in transgenic mice 

(Abel et al., 2001). Similarly, insulin resistant WAT cannot sequester GLUT4 to the plasma 

membrane, which leads to hyperglycemia due to lack of glucose clearance from the blood 

stream and development of diabetes. Thus, the WAT is a crucial player in maintaining systemic 

insulin sensitivity, glucose metabolism and energy homeostasis via the secretion of adipokines 

and the regulation of blood glucose levels.  

 

1.3.5 Ageing and the WAT  

The WAT shows distinct changes on the systemic, cellular and the transcriptional level during 

ageing, and excessive fat is stored in intra-abdominal depots instead of SCAT depots 

(Schwartz et al., 1990). However, the aged WAT cannot take up the entire excessive fat, which 

is then deposited in other organs, such as the liver (Nguyen et al., 2018) or the bone marrow 

(Ambrosi et al., 2017) and subsequently decreases tissue function in the elderly. Moreover, 

ageing itself in the absence of obesity can lead to adipose tissue dysfunction and increased 

WAT inflammation, which abrogates the fine-tuned adipose tissue regulatory network and 

induces insulin resistance in the WAT and peripheral organs (Mancuso & Bouchard, 2019). 

Correspondingly, Schaum et al. have recently shown that the WAT as well as the SCAT are 

the first murine tissues to exhibit age-related transcriptomic changes, which are associated 

with higher intrinsic inflammation and immune response (Schaum et al., 2020). In accordance 

with a higher inflammatory gene expression, immune cells, such as T cells and macrophages 

are attracted by pro-inflammatory factors and migrate into the tissue in aged mice, thus 

increasing the inflammatory environment (Brigger et al., 2020; Lumeng et al., 2011). Moreover, 

systemic secretion of pro-inflammatory adipokines by the aged WAT can induce insulin 

resistance and inflammation in other peripheral tissues, thus spreading inflammation from the 
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WAT to other organs (Mancuso & Bouchard, 2019). Increased inflammatory gene expression 

can also be partially explained by increased numbers of senescent cells in the aged WAT 

(Tchkonia et al., 2010).  

Senescent cells are post-mitotic cells that are irreversibly arrested in the G0 phase due to 

cellular stress, such as critically short telomeres, epigenetic de-repression or irreparable DNA 

damage and are thus unable to replicate anymore. During ageing senescent cells accumulate 

in various tissues and are considered a hallmark of ageing (López-Otín et al. 2013). Moreover, 

senescent cells release pro-inflammatory factors, such as IL-1 and IL-6 and matrix 

metalloproteinases, which can remodel the extracellular matrix and thus attracting immune 

cells and altering tissue morphology (Basisty et al., 2020; Lau et al., 2019). In addition, 

neighbouring cells, which take up secreted cytokines and proteins from senescent cells can 

also become senescent and thereby contribute to increased inflammation and tissue ageing 

(Nelson et al., 2012). Tchkonia et al. demonstrated that increased secretion of pro-

inflammatory cytokines from senescent cells in the WAT negatively affects the AT progenitor 

population (Tchkonia et al., 2010). The increased inflammatory environment during ageing can 

cause functional decline in AT progenitors, such as increased lipotoxicity (Guo et al., 2007), 

reduced proliferation (Kirkland et al., 1990) and decreased differentiation due to reduced 

expression of differentiation factors (Karagiannides et al., 2001). Importantly, clearance of 

senescent cells by genetic ablation of p16Ink4a positive cells in various tissues including the 

WAT can delay ageing and improve tissue function in mice (Baker et al., 2011). 

While the expression level of pro-inflammatory cytokines, such as leptin, IL-1 or IL-6, 

increases, expression of anti-inflammatory cytokines, such as adiponectin or vaspin decreases 

with age (Mancuso & Bouchard, 2019). Aside from its role in adipogenesis, adiponectin 

reduces inflammation by inhibition of the pro-inflammatory NFκB and toll like receptor 

signalling pathways (Ajuwon & Spurlock, 2005; Yamaguchi et al., 2005). Therefore, age-

associated reduction of adiponectin contributes to a higher inflammatory state in the WAT and 

the periphery. Interestingly, the WAT of long-lived women secretes higher amounts of 

adiponectin (Arai et al., 2006), which is thought to play a protective systemic effect and anti-

inflammatory effect on adipose tissue residing macrophages, thus contributing to healthy 

ageing in centenarians (Ohashi et al., 2010). Additionally, lifespan extending interventions, 

such as DR, significantly reduces the body fat content, maintain a healthy WAT metabolism as 

well as insulin sensitivity and reduced WAT inflammation (Corrales et al., 2019; Miller et al., 

2017; Rojas et al., 2016). Therefore, improving WAT tissue function during ageing by reducing 

inflammation might alleviate systemic ageing and thereby contribute to longevity and improved 

health at old age.   
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1.4 Obesity   

1.4.1 The global prevalence of obesity and obesity risk factors.  

Obesity is defined by the WHO as severe overweight with a body mass index (BMI) of over 

30kg/m2 with corresponding increased fat mass in relation to body weight of over 32% for 

women and over 25% for men (Ezeh et al., 2014). Over the last decades, the worldwide 

prevalence of obesity steadily increased and it is estimated that approx. 39% of male or female 

adults and 18% of children aged five to 19 years of age are classified as obese (Global Health 

Observatory (GHO) data. Overweight and obesity (2017) Website 

https://www.who.int/gho/ncd/risk_factors/overweight/en/ (last accessed November 15th, 

2020)). Especially childhood obesity between 5 and 19 years of age has drastically increased 

to 5,6% of all girls and to 7,8% of all boys (Bentham et al., 2017) and the prevalence of both 

childhood and adult obesity is predicted to rise even further (Finkelstein et al., 2012). Obesity 

has various genetic, dietary and behavioural as well as environmental risk factors that 

contribute to the disease onset. Recent GWAS studies have found SNP in regulatory elements, 

such as enhancer or promoter regions or miRNA bindings sites, which are associated with an 

increased genetic predisposition to develop obesity (Cheng et al., 2018; Herbert et al., 2006; 

Pan et al., 2018; Voisin et al., 2015). Risk factors for obesity include over nutrition with a diet 

high in fat and calorie content (Davis, Hodges, & Gillham, 2006; Duvigneaud et al., 2007; 

Howarth et al., 2005; Ledikwe et al., 2006) in combination with a sedentary lifestyle and lack 

of exercise (Delvaux et al., 1999; Drewnowski & Darmon, 2005; Martínez-González et al., 

1999). Moreover, exposure to various chemicals, which are acting as endocrine factors and 

disrupt signalling pathways can lead to adult or childhood onset obesity (Gauthier et al., 2014; 

Rundle et al., 2012).  

 

1.4.2 The effect of obesity on the WAT and WAT inflammation 

Obesity is caused by excess energy, which cannot be taken up by other organs and is therefore 

stored as fatty acids in the adipose tissue depots. Increased food intake and reduced physical 

activity can lead to this energy surplus and can be causative to the development of obesity. 

During obesity, adipose tissue depots and lipid droplets in adipocytes largely increase in size 

(Tchoukalova et al., 2010), which induces cellular stress within adipocytes (Giordano et al., 

2013; Özcan et al., 2004). Hypertrophic adipocytes secrete pro-inflammatory cytokines, such 

as IL-6, IL-1b or TNFα (Coppack, 2001; Hotamisligil et al., 1993; Wueest & Konrad, 2018), 

which act as chemo attractants to recruit circulating macrophages into the WAT. 
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Correspondingly, the secretion of anti-inflammatory adipokines, such as TGF or adiponectin 

are significantly reduced in obese compared to lean individuals (Makki et al., 2013). Increased 

immune cell infiltration in the WAT causes local inflammation but also increased cytokine 

production and insulin resistance (Shimobayashi et al., 2018; Weisberg et al., 2003). 

Moreover, residing or infiltrating macrophages change their polarization into an activated, pro-

inflammatory state, increase proliferation and secrete pro-inflammatory cytokines, which 

further drives WAT inflammatory processes (Lumeng et al., 2007; Zheng et al., 2016). 

Ultimately, hypertrophic adipocytes can commit inflammation-induced programed cell death, a 

process called pyroptosis, which further increases the levels of cytokines in the WAT (Giordano 

et al., 2013).  

Aside from immune cells, other adipocytes take up the released pro-inflammatory adipokines, 

which induces intrinsic cellular stress responses and leads to the release of FFA in the 

circulation, thus aggravating WAT inflammation by activating the innate immune response 

(Nguyen et al., 2011; Shi et al., 2006). Furthermore, the elevated circulating levels of FFA in 

the blood stream are sensed by the liver, which increases lipid uptake and storage in the 

cytoplasm of hepatocytes. Hepatic FFA storage induces steatosis, inflammation, hepatic 

insulin resistance and ultimately decreased liver function (Divella et al., 2019). Moreover, 

increased uptake and intracellular storage of FFA in pancreatic β cells leads to reduced insulin 

secretion, β cells loss and the development of type II diabetes (Oh et al., 2018). However, 

while obesity is one of the major risk factors for diabetes and insulin resistance, not every 

obese person develops type II diabetes.  
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Figure 1.4. 1: The transition from healthy WAT to hypertrophic and inflamed WAT during obesity 

Upon excessive energy storage in the WAT, intercellular stress signals in the adipocytes induce 

secretion of FFA and pro-inflammatory cytokines, which recruit immune cells from the periphery and 

exacerbate the inflammatory state in the WAT. WAT apoptosis mediates further release of FFA and 

cytokines into the blood stream, which causes detrimental systemic effects in peripheral tissue. The 

schematic was created using BioRender.com.  

 

1.4.3 Systemic effects of obesity  

Aside from insulin resistance and ectopic accumulation of fat, obesity also has other negative 

long-term effects in different organ systems, such as the cardiovascular, the pulmonary, the 

reproductive and the central nervous system (Haslam & James, 2005). Abnormal fat 

accumulation in the liver and the pancreas induce local inflammation,  cell dysfunction and 

can cause steatosis, liver cirrhosis, pancreatitis and ultimately diabetes (Ji et al., 2019; Schiavo 

et al., 2018). Additionally, obesity is associated with many cardiovascular problems, such as 

arteriosclerosis or hypertension and heart failure (Lakka et al., 2002; Sandfort et al., 2016). 

Moreover, arteriosclerosis accompanied by poor circulation can obstruct systemic blood flow 

and in turn cause embolisms or strokes in the brain. In addition, obese individuals have a 

higher risk to develop certain types of cancer, for example breast, liver or colorectal cancer 

(Berger, 2014; Haslam & James, 2005), as well as nerve damage in the extremities and the 

retina as a complication of diabetes and even dementia (O’Brien et al., 2017). Increased body 

weight can in turn affect the musculoskeletal system and can lead to arthritis, joint pain as well 

as fat accumulation in the muscle (Hitt et al., 2007; Uezumi et al., 2010). Furthermore, obese 

individuals have a reduced pulmonary function and an increased risk for asthma, sleep apnoea 

and respiratory problems (Zammit et al., 2010) compared to lean individuals and severe 

obesity  thus drastically reduces the quality of life of affected individuals. Lastly, obesity can 

increase male and female infertility by altering the hormonal balance with increased circulating 

oestrogen levels in females (Green et al., 1988; Grodstein et al., 1994) or reduced circulating 

testosterone levels (Di Nisio et al., 2020) and increased erectile dysfunction in males (Esposito 

et al., 2008). In addition, ageing itself is a major risk factor for obesity and metabolic diseases 

due to more sedentary lifestyle and a lower basal metabolic rate in the elderly (Siervo et al., 

2016). Thus, reducing body weight and fat mass can have beneficial systemic effects on the 

metabolism as well as on tissue-specific phenotypes in humans.  
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Figure 1.4. 2: Systemic health complications caused by obesity 

Obesity causes adverse effects on almost all organ systems, including the gastrointestinal tract, the 

pulmonary and cardiovascular system, the brain and the endocrine system. The schematic was created 

using BioRender.com.  

 

 

1.5 The small intestine  

1.5.1 Reasons to study the small intestine  

After food intake, the small intestine is the first tissue which comes in contact with the digested 

food as well as the contained nutrients. Moreover, the small intestine is directly affected by 

inappropriate dietary habits, such as a western diet rich in carbohydrates and dietary fat but 

low in dietary fibres, which reduces the gut barrier function (Guerville et al., 2017). Moreover, 

obesity causes intestinal inflammation and microbiota dysbiosis (Cani et al., 2008), whereas 

dietary interventions such as DR show beneficial effects on the microbiome (Zhang et al., 

2013) and the intestinal barrier function (Ott et al., 2017). Thus, dietary changes impact directly 

on the small intestine itself but have additional systemic functions through the systemic 

distribution of up-taken nutrients via the blood and lymph system.  

 

1.5.2 Overview on the gastrointestinal tract in mice and humans  

The small intestine is part of the gastrointestinal tract whose main function is the digestion and 

absorption of nutrients from ingested food. The gastrointestinal tract can be subdivided into 

different parts, which conduct different functions, namely the mouth and oesophagus, the 

stomach, small intestine, cecum, large intestine and the rectum. Ingested food is chewed into 
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smaller pieces in the mouth and travels via the oesophagus into the stomach, in which it is 

digested using hydrochloric acid (HCL) and pepsin. From the stomach, the pre-digested food 

travels further into the small intestine, in which digestive enzymes, proteases, lipases and bile 

acid further break down the pre-digested food. The small intestine can be further subdivided 

into different sections, which will be elucidated in more detail in the following section. Moreover, 

the small intestine hosts different bacteria species, which compose the human or murine 

microbiome and which are involved in the digestion of dietary fibres and in the production of 

vitamins K and B (Rowland et al., 2018). In addition, the small intestine absorbs digested 

nutrients, such as carbohydrates, lipids, trace elements, vitamins and amino acids via 

specialized transporters localized in the cell membrane of the villi on the cell surface and 

releases them into the blood stream (Kiela & Ghishan, 2016).  

From the small intestine, digested food passes to the cecum with the attached appendix, which 

is a major immunological checkpoint and is then transported into the large intestine. The large 

intestine, also called colon, removes water, salt and remaining nutrients from the food residues 

to form faeces. Similar to the small intestine, the colon also contains microbiota species which 

aid in the final digestion of pre-digested food (Flint et al., 2012) and is divided into different 

segments. Lastly, the rectum serves as final part of the gastrointestinal tract to excrete 

indigestible food residues via the anus. The intestine is a plastic organ and can change the 

percentage of cell types, the villi length as well as the intestinal length itself in response to 

different stimuli such as pregnancy, exercise, fasting or nutrition (Nilaweera & Speakman, 

2018; Park & Im, 2020; Ross & Mayhew, 1985; Sabet Sarvestani et al., 2015). 

Despite a high degree of evolutionary conservation, there are notable structural differences in 

the composition of the gastrointestinal tract between mice and men. Mice possess an 

additional forestomach containing different Lactobacillus species in the stomach structure, 

which serves as food storage and which is absent in humans (Frese et al., 2011). Moreover, 

while lacking an appendix mice have a bigger cecum, in which vitamin K and B are produced 

and plant fibres are digested by bacterial fermentation (Nguyen et al., 2015). Furthermore, the 

ratio of the small versus the large intestine, as well as the absorptive surface in the small 

intestine are larger in humans compared to mice, demonstrating that there are functional 

differences in digestion and absorption between species (Nguyen et al., 2015). In this thesis, 

we investigated changes in the small intestine upon DR. Therefore, I will focus on the cellular 

composition, main functions and changes during ageing in more detail in the following sections.  
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1.5.3 The three segments of the small intestine and their function in 

digestion and nutrient absorption   

As described before, the small intestine can be subdivided into different regions, namely the 

duodenum, the jejunum and the ileum. All three segments are involved in the digestion and 

absorption of nutrients, nevertheless all segments possess unique morphological structures 

as well as functions.  

The duodenum is the first segment of the small intestine and starts directly after the sphincter 

of the stomach. One unique feature of the duodenum, which discriminates this section from 

the jejunum and ileum, is the presence of several pancreatic and bile ducts, which connect the 

pancreas and the liver to the small intestine, as well as the presence of Brunner’s glands in 

the submucosa. Brunner’s glands are mucous glands that secrete an alkaline, bicarbonate 

containing mucous to decreases the acidity of the pre-digested food from the stomach. 

Moreover, via the secretion of epidermal growth factor, Brunner’s glands inhibit the secretion 

of stomach acid to protect the small intestine from increased acidity (Kirkegaard et al., 1984). 

Upon food intake, bile acid, which is generated in the liver and stored in the gall bladder, is 

secreted into the duodenum via several bile ducts. Bile acid aids in the transport and absorption 

of different nutrients, such as lipids, lipophilic vitamins and steroid hormones into the 

enterocytes by forming an emulsion around the nutrients which facilitates cellular uptake 

(Chiang, 2009; Qi et al., 2015). Furthermore, several pancreatic ducts are located in the 

proximal part of the duodenum, which release pancreatic enzymes, such as lipase, amylase 

and trypsin. These pancreatic enzymes are involved in the enzymatic breakdown of complex 

lipids, sugars and proteins into fatty acids, carbohydrates, small peptides and amino acids from 

pre-digested food (Goodman, 2010). Aside from the presence of ducts and Brunner’s cells, the 

duodenum is also the shortest region in the small intestine, measuring on average 4.1cm in 

female mice and approximately 20cm in humans (Ogiolda et al., 1998).  

In contrast to the pre-digestive function of the duodenum, the main digestion and absorption 

takes place in the jejunum. In the jejunum, various lipids (Wang et al., 2013), trace elements 

(Kiela & Ghishan, 2016), amino acids and peptides (Curtis et al., 1978; Mitchell & Levin, 1981) 

and carbohydrates (Ferraris et al., 1993) are absorbed from the lumen into enterocytes. The 

absorption of nutrients takes place via active or passive transport over the cell membrane in 

the enterocyte microvilli using specific transporters. From the enterocyte cytoplasm, all 

nutrients except lipids are transported into the interstitial space, taken up by capillaries, 

transported via the portal vein into the liver and distributed throughout the body. In contrast, 

absorbed lipids are systemically distributed via the lymphatic system. The jejunum is the 

longest intestinal section in mice, whereas in humans, the ileum region is longer (Casteleyn et 
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al., 2010). Moreover, the ilium as well as the distal part of the jejunum harbour distinct 

lymphatic follicles, so-called Peyer’s patches, which are involved in intestinal immune 

surveillance (Kobayashi et al., 2019). Aside from the surveillance function, the ileum reabsorbs 

bile acid (Chiang, 2009), vitamin B12 (Drapanas et al., 1963) as well as other leftover nutrients.  

Despite many physiological and morphological similarities between the small intestine of mice 

and humans, there are notable differences in their structure. The first difference is the length 

of the small intestine, which is approximately 42.5cm on average in male B6 mice compared 

to approximately 7m in humans (Gu et al., 2013; Hugenholtz & de Vos, 2018). Second, the 

length of intestinal villi is greater in mice compared to humans, which points towards increased 

nutrient uptake (Casteleyn et al., 2010). Third, humans possess a distinct mucosal surface 

structure, the so-called plicae circularis in the jejunum, which increases the villi surface and 

provides a niche for specific microbiota species and which is not present in mice (Hugenholtz 

& de Vos, 2018). Even though mice and humans share approximately 89-90% of bacterial 

genus and taxa, there are still notable differences in the microbiome composition, such as the 

presence of Deferribacteres phyla in mice but not humans (Krych et al., 2013). Interestingly, 

the microbiome can also adapt to outside stimuli such as dietary changes or increased exercise 

similar to the small intestine itself (Park & Im, 2020). Thus, the three regions of the small 

intestine show functional and morphological differences and plasticity across species.  

 

1.5.4 The cell type composition of the small intestine  

Here, I will focus on the jejunum section of the small intestine and on its cell type composition. 

Morphologically, the jejunum has distinct crypt and villi structures to increase the surface area 

and is lined by a single layer of cells, the intestinal epithelium. The jejunum epithelium is 

composed of different cell types, which conduct distinct functions in the digestion and 

absorption of nutrients and the maintenance of the intestinal structure. The major cell types 

are enterocytes, goblet cells, enteroendocrine cells, Paneth cells, intestinal stem cells (ISC), 

microfold (M) cells and tuft cells. These cell types show a distinct pattern of distribution, in 

which differentiated cells are located on the villi, and the stem cell compartment is located in 

the crypts. The intestinal epithelium renews itself approximately every three to five days and 

newly formed cells require up to three days to migrate from the crypts to the top of the villi 

(Krndija et al., 2019), from where old or damaged cells are shed into the lumen. Interestingly, 

the cellular turnover rate in the intestine changes in disease states and favours goblet cell 

instead of enterocyte differentiation, to increase intestinal motility and to boost intestinal 

defensive mechanisms (Cortés et al., 2015; Lee et al., 2014).  
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All newly formed cells in the small intestine are generated by asymmetric differentiation of ISC, 

which reside in the Lieberkühn crypts and are the driving force of intestinal renewal and 

regeneration. Interestingly, ISC can be further sub classified based on gene expression profiles 

into actively dividing Lgr5 positive ISC, which maintain intestinal homeostasis, and quiescent 

Bmi1 positive ISC, which are involved in tissue regeneration after damage (Yan et al., 2012). 

A common feature of both ISC populations is the dependence on stem cell signalling pathways, 

such as Wnt, Notch or hedgehog pathways for division, to maintain crypt structure and to 

preserve stemness (Kuhnert et al., 2004; Vanuytsel et al., 2013). Secretion or presentation of 

Wnt or Notch signalling molecules by Paneth cells and the stroma are crucial to maintain ISC 

function and lineage commitment (Beumer & Clevers, 2016; Kabiri et al., 2014; Sato et al., 

2011). Paneth cells are secretory cells and located next to ISC in the intestinal crypts. In 

addition to their role in ISC maintenance and differentiation, Paneth cells are also involved in 

intestinal immunity, by the secretion of anti-microbial peptides, such as lysozyme or α-defensin 

(Ayabe et al., 2000; Bevins & Salzman, 2011). Upon activation of toll-like receptor signalling 

cascades, Paneth cells release anti-microbial peptides, which are stored in morphologically 

distinct secretory granules, into the intestinal lumen (Vaishnava et al., 2008).  

After asymmetric division of ISC, newly formed cells terminally differentiate during the 

migration along the villi. Increased Notch signalling in newly formed progenitor cells mediates 

differentiation into enterocytes (Korzelius et al., 2019), whereas inhibition of Notch signalling 

via Atoh1 induces differentiation into the secretory lineage (Kim et al., 2014). Enterocytes are 

the most abundant cell type in the small intestine and make up approximately 80% of the entire 

intestinal epithelium (De Santa Barbara et al., 2003). The primary function of enterocytes is 

the absorption of nutrients from the intestinal lumen via specific transporters and the 

intracellular transport and exocytosis into the capillary or lymphatic system and subsequently 

systemic distribution. Tight junctions between enterocytes mediate a tight segregation between 

the intestinal content in the lumen and the intestinal epithelium and ensure a functional barrier 

(Chelakkot et al., 2018). Additionally, microvilli structures on the apical side of the enterocytes, 

which reach into the intestinal lumen, increase the cellular surface area and absorptive 

capacities. Moreover, enterocytes secrete leptin, which represses hunger signalling in the 

hypothalamus and subsequently decreases food intake (Morton et al., 1998) and anti-microbial 

peptides to repel pathogens (Birchenough et al., 2015; O’Neil et al., 1999).  

Goblet cells are secretory cells, which secrete Muc2 polymers and other mucins into the lumen, 

which forms the mucus and protects the surrounding intestinal epithelium (Birchenough et al., 

2015). Furthermore, the mucus network serves as anchor for several secreted anti-microbial 

proteins and to concentrate these proteins next to the intestinal barrier (Muniz et al., 2012). 

Moreover, goblet cells are actively involved in the immune response against parasite infections 

via increased mucin secretion (Fujino et al., 1996). Enteroendocrine cells are endocrine cells 
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in the intestinal mucosa that account for approximately 1% of the cells in the intestine and that 

act as chemoreceptors to sense nutrient state or toxic substances in the lumen. Different types 

of enteroendocrine cells exist throughout the gastrointestinal tract. By secreting different 

hormones, such as the satiety hormones polypeptide YY, ghrelin or glucagon-like peptide-1, 

enteroendocrine cells can directly induce or reduce food intake, as well as intestinal motility 

(Psichas et al., 2015). Moreover, enteroendocrine cells are involved in ISC maintenance and 

division (Amcheslavsky et al., 2014; Van Es et al., 2019) and can even transdifferentiate into 

stem cell like cells upon ISC ablation (Tetteh et al., 2016).  

Given that food and nutrients first encounter the gastrointestinal tract and are absorbed into 

the blood stream via the intestinal mucosa, it is important to have an intestinal immune 

surveillance system, which distinguishes pathogenic from commensal bacteria. M cells are 

part of this immune surveillance in the intestine by taking up antigens from the lumen and 

presenting them to other antigen presenting cells, such as dendritic cells or macrophages in 

the Peyer’s patches (Kobayashi et al., 2019). In contrast to other intestinal cell types, M cells 

do not possess apical microvilli to increase phagocytosis (Mabbott et al., 2013). In contrast, 

Tuft cells are mainly sensory cell types, and are involved in the detection of pathogens. 

However, parasitic infection increases the number of tuft cells in the intestine, which is 

associated with increased IL-25 secretion (Leslie, 2019). Therefore, disruption of the intestinal 

epithelium during ageing or disease states has major systemic impacts. 

 

 

Figure 1.5. 1: The structure of the intestinal epithelium including associated cell types and their 

cellular localization in the jejunum 

The intestinal epithelium in the jejunum displays seven main cell types, namely enterocytes, 

enteroendocrine cells, goblet cells, Paneth cells, intestinal stem cells (ISC) and tuft cells. Mucus 
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produced by goblet cells (light green dots) protects the intestinal epithelium and contains the microbiome 

by providing an anchor point for antimicrobial peptides secreted by Paneth cells (pink dots) or 

enterocytes (orange dots). Furthermore, Paneth cells secrete growth factors (turquoise dots) to support 

the ISC. Asymmetric division of ISC gives rise to new intestinal cells. Nutrients are taken up by 

enterocytes and are systemically distributed through blood or lymph vessels. M cells and tuft cells are 

part of the intestinal immune surveillance. The schematic was created using BioRender.com. 

 

1.5.5 Changes in the small intestine during the ageing process  

Similar to other organs, such as the WAT, the small intestine also exhibits age-associated 

structural and transcriptional changes. However, in contrast to the WAT, the small intestine 

exhibits age-associated transcriptional decline only very late in life between 24-27M of age 

(Schaum et al., 2020). A common transcriptional profile, which is shared between both tissues, 

is increased inflammatory gene expression, indicating a higher inflammatory state in the aged 

small intestine (Schaum et al., 2020). Furthermore, increased immune system and immune 

modulatory protein levels in aged intestinal crypts contribute to intestinal inflammation, which 

causes several detrimental effects on intestinal function (Gebert et al., 2020).   

Nutrient absorption in the intestine declines during ageing, due to microbiome dysfunction, 

infrequent meals or decreased motility, which can cause malnutrition in the elderly (Holt, 2007). 

Moreover, old people often suffer from indigestion or drug-induced diarrhoea, which 

aggravates the deficiency of essential amino acids and vitamins (Drozdowski & Thomson, 

2006). Finally, nutrient deficiency originating from the small intestine can cause additional 

detrimental effects on other organ systems and can further exacerbate age-associated 

symptoms, such as osteoporosis or frailty (Roberts et al., 2019).  

ISC function, number and regeneration is reduced during ageing (Gebert et al., 2020) and ISC 

differentiation is skewed towards increased secretory lineage differentiation, thus contributing 

to reduced intestinal absorption at old age (Nalapareddy et al., 2017). Reconstitution of Wnt 

signalling in ISC or decreased mTORC1 activity by rapamycin treatment or DR have been 

shown to improve ISC function, differentiation and intestinal health during ageing  

The microbiome also exhibits age-associated changes. During ageing, beneficial bacteria such 

as Firmicutes decrease, whereas commensal bacteria Proteobacteria and Bacteroidetes 

significantly increase in number and become pathogenic (Maynard & Weinkove, 2018). 

Furthermore, overgrowth of pathogenic bacteria in the intestine can reduce the intestinal 

barrier function and induce bacterial migration into the body with subsequently increased 

inflammation (Thevaranjan et al., 2017). Strikingly, lifelong DR can reverse microbial dysbiosis 

and reduce intestinal inflammation in ageing mice (Zhang et al., 2013) and retain ISC function 
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(Yilmaz et al., 2012). Thus, improving intestinal function during ageing could provide beneficial 

effects on quality of life and the health status of the elderly.  

 

 

 

1.6 Aims of the PhD thesis  
 

 

1. Assessing lipogenesis and mitochondrial biogenesis in late- onset 

dietary switches compared to chronic controls  

 Can late-onset DR initiated at 24M of age induce similar transcriptomic changes and 

increase lipogenesis gene expression as chronic DR? 

 Does late-onset DR increase mitochondrial biogenesis in the WAT? 

 Do we detect increased WAT browning and thermogenesis gene expression in 

response to chronic or late-onset DR? 

 

 

2. Identifying of the critical phase in life for lifespan extension by DR 

in mice  

 Is there a gradual decline in DR-mediated lifespan extension depending on the age of 

DR onset?  

 Are differences in tumour load at old age responsible for lifespan differences of mid- or 

late-life DR animals?  

 Can mid- or late-life initiated DR reverse the detrimental effects of prolonged AL- 

feeding and obesity on the metabolism? 

 Are improved fitness and frailty at old age responsible for the lifespan differences of 

mid- or late-life DR animals? 
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3. Deciphering the effects of mid-or late-onset DR on selected 

hallmarks of ageing in the small intestine and the WAT  

 Has chronic, mid-or late-onset DR an impact on stem cell function and regenerative 

capacities in the small intestine? 

 Are WAT heterogeneity and the differentiation potential of adipose tissue stem cells 

altered upon mid-or late-onset DR? 

 

 

4. Assessing WAT inflammation under early, mid- or late- life onset 

DR  

 Does short-term or long-term DR initiated at early, middle-age or late in life reduce 

adipocyte size?   

 Are inflammatory processes in the WAT rendering mice unable to respond to late-life 

initiated DR? 
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2. Materials and methods 
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2.1 Mouse work  

2.1.1 Mouse study approval  

This study was planned and approved in accordance with the regulations of the Federation of 

the European Laboratory Animal Science Association (FELASA) and the Landesamt für Natur, 

Umwelt und Verbraucherschutz, Nordrhein-Westfalen, Germany (reference number 84-

02.04.2015.A437).  

 

2.1.2 Mouse breeding and husbandry  

Female F1 hybrids (C3B6F1) were generated in- house by mating male C57BL/6 N mice (strain 

code 027) with C3H/HeOuJ females (strain code 626, both Charles River Laboratories). Mice 

were weaned at three weeks and randomized into cages containing five animals per cage and 

ad libitum (AL) access to chow food (V1554-703, Ssniff Spezialdiäten GmbH, Soest) and 

sterile-filtrated water. Mice were kept in individually ventilated cages (GM500 IVC Type II long, 

Tecniplast) at constant temperature of 21°C, 50-60% humidity and a 12h light/dark cycle 

starting at 6am. Environmental enrichment in form of nestles and chewing sticks were provided 

to prevent dental overgrowth. In total, four separate cohorts were generated and used for 

lifespan analysis (n=320 mice), tissue collection (n=320 mice), and metabolic (n=90 mice), and 

fitness phenotyping (n=72 mice), 

 

2.1.3 Food intake measurements and implementation of dietary 

restriction (DR) 

After weaning, mice were kept on AL feeding and their food intake was measured on a weekly 

basis using custom made food racks. Food racks were only present in 10 AL cages of the 

lifespan cohort and the weekly food uptake of these 10 cages was used to calculate the amount 

of food fed to DR animals. A second set of food racks was included in 10 AL cages of the 

tissue collection cohort, to measure the food intake in an independent cohort and to ensure 

comparable food consumption between cohorts. At 23M, the food intake measurements in AL 

cages using specialized food racks were stopped for both cohorts and the special food racks 

in these cages were replaced with regular ones. Therefore, the amount of food fed to DR 

animals was kept constant from 23M of age until the end of the experiments for all four mouse 

cohorts. For the phenotyping groups we did not measure the weekly AL food intake using 

custom food racks due to the low number of AL cages in both cohorts. Instead, we utilized the 
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already generated food intake data from the lifespan cohort. To this end, we averaged the food 

intake measurements of four consecutive weeks to obtain the average food amount on a 

monthly basis, which corresponded to the age of the animals in months. This averaged food 

amount was fed to the DR mice for four weeks, after which the next averaged food amount 

was utilized. Subsequently, from 23M of age until death, DR groups in the phenotyping cohorts 

obtained the same fixed amounts of food as the DR groups from the lifespan cohort.  

 

 

Figure 2. 1: Example pictures of custom and regular food racks in the AL cages. 

A) Example pictures of A custom-made food racks to determine the weekly amount of food intake of AL 

mice or regular food racks in AL or DR cages. B) The cage setup with regular food racks in the chronic 

AL, chronic DR and DR switch cages. Animals reach the food in the rack over the entire length of the 

rack. C) Cage setup with custom food racks to measure the weekly food intake of AL mice. Food was 

only accessible from the small rectangular area in the front, thus limiting food access. Black arrows 

indicate the access to the racks in custom or regular food racks.  

 

Lifelong (chronic) DR treatment was initiated in adult fully-grown 3 months (3M) old animals to 

exclude developmental effects. DR animals received food once per day in the morning. They 

were fed with 60% of the food amount consumed by AL animals based on the consumption of 

AL animals in the previous week. In order to systematically address the effects on health and 

survival when introduced later in life, DR was introduced at 12M (AL_DR12M), 16M 

(AL_DR16M), 20M (AL_DR20M) and 24M (AL_DR24M) of age, respectively. Please refer to 

table 1 for the number of animals, which were used in the respective DR switch in the four 

different mouse cohorts. In contrast to a previous study in our lab (Hahn et al., 2019), animals 
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were directly switched to the new diet without an adaptation period. In the lifespan cohort, 

animals switched at 24M of age corresponded to the animals used for food uptake 

measurements, i.e., they were housed in cages containing customized food racks until aged 

23M, then spent one months in cages with regular food racks before DR was introduced.  

 

 

Table 1. Number of mice for all cohorts that were switched at the respective time points 

 Chronic DR AL_DR12M AL_DR16M AL_DR20M AL_DR24M 

Lifespan  50 49 50 45 46 

Tissue 

collection  

110 50 33 19 10 

Metabolic 

phenotyping 

15 14 15 13 12 

Fitness 

phenotyping 

12 12 12 12 8 

 

 

2.1.4 Post-mortem pathology, necropsy and faecal collection in the 

lifespan cohort  

Animals were checked daily by the care taker to evaluate their health status, to note early signs 

of tumour growth and to detect deaths. Post-mortem pathology of age-related deaths started 

when the animals started to die at approximately 19 months of age and pathologies continued 

until the lifespan was concluded. Necropsy was conducted for each mouse irrespective 

whether it died a natural death or whether it had to be sacrificed due to bad health. Euthanasia 

criteria were graded based on the severity of the symptoms and encompassed significant 

weight loss compared to an appropriate control animal, general physical appearance, such as 

signs of present infections or tumours, spontaneous activity as well as body temperature, heart 

and breathing rate. A score between 1-9 points was considered as low strain and the animal 

was inspected twice daily and the body weight was measured once by the caretakers. 

Moderate strain was graded with 10-19 points and the mouse was inspected and weighed 

twice daily by the caretakers and a veterinarian was consulted to consider euthanasia in 

agreement with the primary investigator. Upon high strain of 20 points and more, the 

experiment was immediately terminated and the animal was sacrificed using cervical 

dislocation. Please refer to supplementary table 1 in the supplementary files for the detailed 
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scoring of the different euthanasia criteria. Tumour load, tumour location as well as additional 

anomalies were reported for subsequent data analysis. Additionally, faecal samples were 

collected every two months from all diet groups starting when animals reached 12M of age and 

were continued in the same two-month rhythm until the last DR animals died. Faecal samples 

were snap-frozen in liquid nitrogen and stored in -80°C prior to DNA, metabolite and protein 

extraction, which was conducted in a collaborative project with Carolina Monzó and the 

research group led by Dr. Dario Valenzano.  

 

2.1.5 Tissue collection and cross-sectional pathology at defined ages 

At 5M, 12M, 16M, 20M, 24M and 28M of age, 10 mice per diet group of the tissue collection 

cohort were sacrificed using cervical dislocation. On the day of dissection, DR animals were 

not fed with their daily food portion in the morning to avoid acute effects of feeding and nutrient 

uptake on the harvested tissue. Serum or plasma, liver, skeletal muscle, heart, WAT, BAT, 

SCAT, lungs, skin, stomach, duodenum, jejunum, ileum, colon, rectum, feces, one kidney, 

pancreas, femur, thymus, hippocampus, olfactory bulb, striatum, cortex, sensorimotor cortex, 

hypothalamus, frontal cortex, frontal association cortex and rest brain were dissected and 

snap-frozen in liquid nitrogen and stored at -80°C for further molecular biological analyses. 

Skeletal muscle, WAT, liver, BAT, heart, kidney, duodenum, jejunum, ileum, colon, skin, femur 

samples were excised and fixed in 10% neutral-buffered formalin (HT501320-9.5L, Sigma) for 

formalin-fixated paraffin embedding (FFPE). During tissue collection, cross-sectional 

pathology was carried out for each animal. Tumour load and additional anomalies of each 

dissected animal were recorded, to allow for analyses in a time- and age-controlled manner.  

 

2.1.6 Metabolic phenotyping of late-life DR switch mice  

Chronic AL and DR mice were first phenotyped at the age of 5M and subsequent tests were 

conducted at 9M, 14M, 18M, 22M and 26M of age. DR switch animals were first phenotyped 

six weeks post-switch and then at the same time points as the chronic control groups (see 

Figure 3.2.7). To reduce stress, animals were allowed to rest between experiments. Tests were 

carried out in four consecutive weeks with one test per week. Initially, each diet group 

encompassed 15 animals. Due to deaths during ageing, animal numbers in the tests varied 

between 8- 15 mice per diet group. Mice were allowed to acclimatize to the testing room for at 

least 30min prior to the experiment start. Unless otherwise stated, DR animals were provided 

with their daily food portion during their regular feeding time in the morning prior to the tests.  
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2.1.7 Assessing body composition using nuclear magnetic 

resonance (NMR) tomography 

Body weight was determined on a scale (LF50H, Bruker). To assess body composition, lean 

and fat mass were measured non-invasively via in vivo nuclear magnetic resonance (NMR) 

tomography using a Minispec LF50H (Bruker). Measurements of the fat mass included 

visceral, subcutaneous, mesenteric and brown fat tissue but did not indicate how the different 

fat tissues attributed to the total fat mass. Total lean mass was composed of smooth, cardiac 

and skeletal muscle tissue and free fluid including cerebrospinal fluid and synovial liquid but 

excluding blood. Together, lean and fat mass, as well as free fluid together accounted for 92-

96% of the body weight. To calculate absolute fat or lean weight in gram, fat and lean mass in 

percent were multiplied with the body weight in g.  

 

2.1.8 Glucose tolerance tests (GTT)  

To assess glucose tolerance, animals were fasted for 16h prior to the test. Therefore, food was 

removed from the AL cages at 5pm on the day before the test. DR animals received an 

additional 75% of their daily portion at 5pm, to keep the length of the fasting period comparable 

between the conditions. On the testing day, animals were weighed and syringes containing 

20% glucose solution (B.Braun) were prepared individually for each animal according to their 

body weight with 10µl solution per g weight. Baseline blood glucose levels were measured with 

a glucose meter (Accu-Check Aviva, Roche) via a small wound on the tip of the tail before 

intraperitoneal injection of 2g glucose per kg body weight. Blood glucose concentrations were 

measured 15, 30, 60 and 120min post-injection. After the last measurement, DR animals were 

provided with their daily food portion and AL animals were allowed free access to food.  

 

2.1.9 Insulin tolerance tests (ITT) 

To assess insulin tolerance, DR animals received additional 75% of their daily portion at 8pm 

on the day before the test, corresponding to the peak food intake of AL animals. On the morning 

of the testing day, animals were weighed and food was removed from AL cages to avoid 

feeding during the test. Baseline blood glucose levels were measured before intraperitoneal 

injection of 0.75 units of insulin (INSUMAN Rapid 100 I.E./ml, Sanofi) in 0.9% isotonic NaCl 

solution (Deltamedica) Blood glucose levels were measured 15min, 30min and 60min after 

injection. After completion of the test, DR animals received their daily food portion and AL 
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animals regained free access to food. If glucose levels fell below a concentration of 40mg/dl 

during the test, mice were injected with 20% glucose solution to counter hypoglycaemia.  

 

2.1.10 Indirect calorimetry using metabolic cages  

To evaluate energy homeostasis under controlled conditions, indirect calorimetry 

measurements were carried out using metabolic cages (PhenoMaster, TSE systems). Per diet 

group, eight to twelve mice were randomly selected and single-housed over a period of seven 

days. First, mice were acclimatised in training cages for three to four days to get accustomed 

to the specialised food racks and water bottles, which allowed automated measurements of 

food and water intake. After the acclimatisation period, mice were transferred into the metabolic 

cages, in which they spent an additional 24h to acclimatise before the actual measurement 

started. Over the entire measurement period of 48h, mice were exposed to constant 

temperature and airflow. Measurements of the amount of carbon dioxide production and 

oxygen consumption, as well as food or water intake were made every 15min and averaged 

per hour for each individual. Measurement cycles over 24h started at 9:00am and ended at 

9:00am the next day with a constant 12h day and night cycle. Lights were on from 6am until 

6pm (light phase) and off from 6pm to 6am (dark phase). DR animals in the training or in the 

metabolic cages were fed between 10 and 10:30am until the experiment was concluded, while 

AL animals had unrestricted access to food all the time. Uneaten food from the DR cages was 

removed from the racks in the morning, before new food was provided. The body weight was 

measured daily in the training cages to validate habituation to the altered food and water supply 

as well as before the start and after the completion of the metabolic cages to assess weight 

loss. Mice that exhibited over 10% weight loss during the experiment were excluded from the 

final analysis. Additionally, lean and fat mass was measured using NMR before and after the 

measurement in the metabolic cages, to assess CO2 and oxygen consumption and basal 

energy rates in relation to lean mass. The respiratory exchange ratio (RER) was calculated by 

dividing exhaled carbon dioxide with inhaled oxygen (vCO2/vO2) in relation to lean mass. 

Results were averaged per diet group and plotted per hour over the 48h testing period. 

Spontaneous activity was measured by the number of times the mouse obstructed the laser 

beam along the X- and Y- axis and the number of beam breaks per hour was recorded. Total 

activity during 48h was averaged over 24h and beam breaks above 300 breaks per hour were 

considered as active, whereas less than 300 beam breaks per hour were considered as 

inactive  state. Results were averaged per diet group and plotted per hour over 48h or 24h 

period or as inactive versus active state. 
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2.1.11 Fitness phenotyping of late-life DR switch mice 

Chronic AL and DR mice were first phenotyped at the age of 5M and subsequent tests were 

conducted at 9M, 14M, 18M, 22M and 26M of age. Except for electrocardiography (ECG), 

frailty and body temperature measurements, DR switch animals were phenotyped at all 

indicated time points to avoid a potential memory bias due to previous phenotypings and to 

allow direct longitudinal comparisons of pre- and post-DR switch performance. DR switch 

animals were first tested eight weeks (8W) after the diet switch. To reduce stress, animals 

were allowed to rest between experiments, which were carried out in five consecutive weeks 

with one test per week. Mice were weighed on the first day of rotarod, as well as on the first 

day of the Barnes Maze experiments to monitor body weight during the testing period. Twelve 

mice per diet group were tested initially. Numbers declined during ageing due to deaths within 

the groups. All fitness phenotypings were done under blinded conditions. Therefore, cage 

cards were exchanged with blinding cards by the experimenter assigned with a random 

number to prevent bias. Cages were tested sequentially according to their respective blinding 

number starting with the lowest number (1). Mice were allowed to acclimatize to the testing 

room for at least 30min prior to the experiment start. Unless otherwise stated, DR animals were 

provided with their daily food portion during their regular feeding time in the morning prior to 

the tests. 

 

2.1.12 Grip strength assay 

Forelimb muscle strength was tested using a non-invasive two-paw grip strength meter (Ugo 

Basile®). Mice were picked up by the tail, carefully placed on the grip strength meter until 

forelimbs connected with the triangular pad before the tail was pulled back. The grip strength 

was recorded as the force the mouse had to utilize to counteract the applied pull on the tail. 

Each mouse was tested five times with at least 15min in between tests and the individual grip 

strength was averaged over the five measurements per phenotyping time point.  

 

2.1.13 Rotarod motor coordination assay 

RotaRod treadmill is a non-invasive measurement of motor coordination in mice. Motor 

coordination was tested using RotaRod (TSE Sytems) by measuring the time spent on the 

rotating wheel. Mice were placed on the rotating rod with an initial speed set at 5rpm. Speed 

gradually increased from 5rpm to 40rpm within 5min and mice spent maximum 5min on the 
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rotating wheel. Animals were trained twice daily for three consecutive days until the final 

measurements on day four. Daily runs were at least 1h apart from each other Runs were 

regarded as valid if at least 10sec were spent on the wheel and animals had three trials to 

achieve a valid run. If animas did not reach 10sec, the longest performance out of the three 

tries was used. Obtained results were averaged per animal and the daily average of each diet 

group was calculated.  

 

2.1.14 Barnes Maze memory test 

Barnes Maze is a novel non-invasive readout adapted to study memory function in mice 

(Rosenfeld & Ferguson, 2014), which was first described in 1979 (Barnes, 1979). The Barnes 

Maze utilizes bright illumination as negative stimulus, in contrast to other memory tests, such 

as the Morris water maze, which is based on water and the mice’s’ natural dislike of swimming. 

Therefore, applying this test as a readout for memory significantly reduces the stress levels for 

the animals. The Barnes Maze (TSE Systems GmbH) is an elevated platform one meter above 

the ground, with a diameter of one meter and interspersed with 20 holes. An escape box filled 

with five pieces of bedding material is placed under one hole, whereas the remaining 19 holes 

are completely covered. To reduce outside stimuli, the platform was surrounded on all four 

sides by a dark green curtain and in total illuminated with 600 lux white light using four LED 

flood lights (IP66 30W LED Ustellar). The behaviour of the mice on the platform was recorded 

using the Videomot2 system (TSE Systems GmbH).  

On the first testing day, the mice were individually placed on the platform and covered by an 

opaque cylinder. After 10sec, the cylinder was lifted up and the animal was gently directed 

towards the escape box. The animal should enter the box and was allowed to remain there for 

approximately 15sec, before it was transported back into the home cage. This step was crucial 

as the animal should associate the escape box with its home cage. After the initial test, animals 

were allowed to rest for 30min before the second trial began. Mice were again placed on the 

platform and covered with the opaque cylinder but once the cylinder was lifted, animals had 

three minutes to enter the escape box and the time until they entered was measured. If animals 

failed to find or enter the box within three minutes, the test was stopped and the animals were 

gently directed towards the escape box to refresh their memory. Path, speed and time spent 

on the platform were tracked per animal using the Videomot2 software (TSE Systems GmbH). 

The platform was cleaned after each tested cage using Dismozon plus (981187, Hartmann). 

Animals were trained on three consecutive days with two testing runs per day. The two actual 

measurements were conducted on the fifth testing day. Animals, who failed to enter the escape 

box within three minutes were placed back into their home cage immediately and were not 
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directed towards the escape box. The two recordings of each animal were averaged per day 

and averaged per diet group.  

 

2.1.15 Body temperature measurement via infrared thermometer or 

rectal probe 

Body temperature was measured non-invasively via the ear using an infrared thermometer 

(Thermoscan IRT 4020, Braun) or via a rectal probe (RET-3ISO and BAT-12, both Science 

Products GmbH). As the body temperature correlates significantly with the feeding state of the 

animals, all mice were measured early in the morning prior to feeding of DR animals and late 

in the afternoon, in which AL and DR animals exhibited similar feedings states. Mice from the 

fitness cohort were used to assess body temperature and the measurements were 

incorporated into the regular phenotyping schedule and took place a week before the motor 

coordination experiments. The inner-ear body temperature was first measured when mice 

reached 22M and afterwards repeated every eight weeks until mice were aged 26M. To assess 

body temperature using an infrared thermometer, mice were restrained and the temperature 

was measured in the ear. Mice were allowed to rest for at least 2min in- between testings and 

the temperature was taken three times in the morning and in the afternoon. After the last 

phenotyping time point at 27M, the core body temperature was measured using a rectal probe. 

Mice were restrained, the rectal probe was lubricated with Vaseline and carefully inserted 

approximately 1cm deep into the rectum. Each mouse was measured for 15sec. to assure 

comparability between individuals. In between mice, the rectal probe was cleaned with 

Bacillol® AF (973380, Hartman) and dried with a tissue. To compare results with the infrared 

measurements, the temperature was taken once in the afternoon before the dissection day 

and once in the morning, before mice were sacrificed using cervical dislocation. DR animals 

were not provided with food prior to the dissection. For both methods, the average body 

temperature in relation to feeding state was calculated per animal and averaged per diet group.  

 

2.1.16 Frailty index 

To assess frailty and the effect of chronic or mid-life DR on overall health at old age, a modified 

protocol of the frailty index (Whitehead et al., 2014) was implemented. The frailty index 

assesses similar parameters used in clinics for humans to score the frailty of an individual and 

in total, 24 different parameters were tested per animal. Integument was scored via alopecia, 

loss of fur colour, loss of whiskers, signs of dermatitis and overall coat condition. Scored 
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musculoskeletal parameters included visible or palpable tumours, distended abdomen, 

kyphosis, tail stiffening, gait disorders, tremor and palpable sacroiliac region. Vestibular 

disturbance, hearing loss, eye discharge and swelling, corneal opacity, vision loss and nasal 

discharge were used to score vestibulocochlear and auditory phenotypes. Digestive and 

urogenital parameters included malocclusions, signs of diarrhoea and rectal, vaginal or uterine 

prolapse. To score the respiratory tract and the general condition of an animal, breathing rate 

and depth, piloerection, body weight and the mouse grimace scale were scored. The scoring 

of the different frailty parameters was the following: No signs of discomfort or the absences of 

phenotypes were scored with 0, slight or reduced changes and discomfort was scored with 0.5 

and marked abnormalities and obvious signs of pain and discomfort were scored with 1 for 

each tested parameter. Additionally, the body weight of each individual was measured and the 

average weight and standard deviation (SD) per control or DR switch group were calculated. 

Next, the individual body weight was compared to the average body weight of the respective 

diet group. If the individual exhibited a body weight difference up to 1SD difference from the 

average of the diet group it belonged to, a score of 0.25 was noted. A score of 0.5 was imposed 

if the weight difference was up to 2SD in relation to the average and a score of 0.75 was 

attributed for up to 3SD difference. Finally, a score of 1 was implemented if the individual’s 

body weight exceeded the group average by over 3SD. To calculate the frailty index per 

animal, the scores of all 26 tested parameters were added up and divided by 26 to calculate 

the frailty score for each animal. Results were averaged per diet group. The frailty index was 

conducted at 22M, 24M and 26M of age to assess longitudinal changes in frailty. 

 

2.1.17 Non-invasive electrocardiography (ECG) 

Heart rate (HR) as a readout for cardiovascular function and health was analysed using the 

non-invasive, awake electrocardiogram (ECG) ECGenie system (Mouse Specifics Inc.). Mice 

were acclimatized on the elevated platform for at least 10min prior to the test. The HR was 

continuously recorded with 2kHz via an electrode over the four paws and animals were tested 

for a maximum of 10min. Clean signals, in which single heart beats and single peaks could be 

discriminated, were saved individually per animal and analysed using e-mouse 16/64 software 

(Mouse Specifics Inc.). Signals with heart rate variation (HRV) above 35bpm were excluded 

from the analysis. Obtained heart rates from recorded files were averaged per animal. To 

ensure data reliability, only mice with more than 100 signals were included in the final diet 

group specific analysis.  
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2.2 Molecular biological methods  

2.2.1 Paraffin infiltration and tissue sectioning  

Paraffin infiltrations of all liver and WAT samples were conducted on the Excelsior™ AS tissue 

processor (A82300001, ThermoFisher Scientific) in a fully automated manner using the 

following protocols.  

Formalin fixated WAT tissues were gradually dehydrated in 50% EtOH for 120min, 70% EtOH, 

80% EtOH and 90% EtOH for 90min each, thrice in 100% EtOH for 5h in total with two 

refreshings of EtOH after 90min prior to clearing with Xylene for 300min and subsequent 

infiltration in paraffin for 300min with refreshed solutions after 1h. Formalin fixated tissues were 

gradually dehydrated in 50%, 70%, 80% and 80% EtOH for 20min each, two steps for 20min 

and one step for 30min in 100%, followed by clearing with Xylene for 10min, 20min and 30min 

and infiltration in paraffin twice for 20min and once for 30min. Subsequently, samples were 

embedded in paraffin on a HistoStar™ embedding station (A81000001, ThermoFisher 

Scientific) and sectioned into 5µm thin section on an electronic rotary microtome (HM 340 E, 

ThermoFisher Scientific) equipped with a section transfer system (771200, ThermoFisher 

Scientific). Sections were dried overnight (OVN) at 37°C and stored at RT until further use.  

 

2.2.2 Generation of tissue microarrays (TMA)  

Tissue microarrays (TMA) is method commonly used in molecular pathology, to assess various 

parameters in a large number of samples on the same slide to reduce the number of slides 

while maintaining the desired number of samples. Tissue cores are punched from a donor 

block and inserted into pre-drilled holes on an empty acceptor paraffin block.  

Here, TMAs of WAT samples of 5M, 16M, 20M and 24M mice on chronic AL or DR feeding 

and on tissue samples of AL_DR groups switched at 12M, 16M or 20M of age were generated 

using a TMA Master II (3D HISTECH). First, the acceptor block was moulded with paraffin in 

a 24mmx37mm mould, sectioned to create an even surface, and 2mm holes were drilled into 

the block with 1.1mm distance between the empty cores. Next, 2mm tissue cores were 

punched from the donor and inserted into the assigned position on the acceptor block. Of each 

age and diet group, five animals were used. Due to the high sample number, two TMAs 

containing 35 samples each were created for each tissue type. Animal samples were pre-

sectioned and randomly assigned to a position on one of the two TMAs. To ensure antibody 

performance, old (36M) and young (2M) tissue as well as FFPE irradiated or non-irradiated 
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HEK cells were incorporated as controls. Furthermore, two FFPE murine lymphoma cell lines 

L5178Y-S and L5178Y-R were used as internal reference to assess and validate telomere 

length of the tissue samples. Completely assembled TMAs were baked upside-down on a 

glass slide for 16h at 42h and cooled for 10min on ice to remove the slide. TMAs were 

sectioned on a rotary microtome with 5µm thickness as described before.  

 

 

 

 

 

 

 

Figure 2. 2: Example TMA of white adipose tissue  

 

2.2.3 Hematoxylin Eosin (HE) staining   

Hematoxylin Eosin (HE) stainings were performed on WAT TMA samples on a fully-automated 

Gemini AS Automated Slide Stainer (A81500002, ThermoFisher Scientific) at RT. Samples 

were deparaffinised at RT in Xylene for 10min followed by rehydration in 100%, 96% and 70% 

EtOH for 5min each and brief rehydration in dH2O. Nuclei were stained with Meyer’s Hemalaun 

(A0884.1000 PanReac AppliChem) for 3min at RT, followed by incubation in luke-warm tap 

water for 3min and brief rehydration in dH2O. Cytoplasmic staining with Eosin Y solution 0.5 % 

in water (X883.2, Roth) was carried out for 1min at RT, followed by two brief washing steps in 

dH2O and a gradual dehydration series in 70% EtOH, 96% EtOH and 100% EtOH for 2min 

each. Slides were incubated twice for 2min in Xylene prior to mounting using a coverslipper 

(970010-19, ThermoFisher Scientific) and Cytoseal mounting medium (8312-4, ThermoFisher 

Scientific). Slides were dried OVN at RT before image acquisition on a Nikon Eclipse Ci (Leica) 

using a 20x objective.  
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2.2.4 Determination of adipocyte size  

To assess how mid- or late-life DR impacted on adipocyte size, HE stained sections of the 

WAT TMA were analysed following a protocol by Joseph T. Roland using Fiji (Joseph Roland, 

n.d.). Images including a scale bar of 100µm length was used to calibrate Fiji with 3,24 

pixel/µm. First, the coloured HE image was converted into an 8-bit greyscale image, inverted 

and the background was subtracted using the rolling ball radius with 20 pixel with a sliding 

paraboloid. The resulting image was segmented using morphological segmentation based on 

an object image with a gradient radius of three and a watershed segmentation with a tolerance 

of four pixel using the MorphoLibJ plugin. This step determined the adipocyte cell membrane 

using morphological segmentation (overlaid dams). The output image was processed using 

Gaussian blur with a sigma radius of two in order to smoothen the cell membrane. Next, the 

image was converted into 8-bit greyscale and the threshold was adjusted using mean and 

black and white as settings with 0 as lower and 14 as upper threshold. The adipocyte area was 

determined using the measure and label plugin and areas were reported in pixel2. The 

adipocyte size in µm2 was calculated using the following formula for each determined 

adipocyte: 

µ𝑚2 =  
1

3,242
∗ 𝑎𝑟𝑒𝑎2  

At least three separate HE images were quantified and adipocyte areas were averaged per 

animal. Data were plotted per time point and diet group in GraphPad Prism and presented as 

mean with 95% CI. Differences between chronic controls at 5M, 16M, 20M or 24M were 

calculated using Two-way ANOVA followed by Bonferroni for multiple testing correction. 

Differences between chronic controls and DR switch groups at individual time points were 

assessed with One-way ANOVA followed by Bonferroni testing.  

 

2.2.5 Immunohistochemistry (IHC) 

Sectioned WAT TMA samples were deparaffinised in Xylene for 10min, gradually rehydrated 

in a descending EtOH series in 100% EtOH, 96% EtOH and 70% EtOH for 5min each and 

briefly rehydrated in dH2O at RT using a StainMate Linear Batch Stainer (ThermoFisher 

Scientific). Antigen retrieval was carried out using the EMS retriever 2100 (#62706, EMS) with 

10mM sodium citrate buffer at pH 6.  
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10mM sodium citrate buffer pH 6 or pH 6.5 

 2.94g sodium citrate dihydrate Kosher (W302600, Merck) was dissolved in 850ml ddH2O, 

the pH was adjusted to a final pH of 6 or pH 6.5 using 37% HCl (471020, PanReac 

AppliChem) and filled up to 1L with ddH2O. 

After antigen retrieval, slides were washed once in 1X PBS (PBS) (18912014, ThermoFisher 

Scientific) before blocking in 0.3% H2O2 in MetOH for 30min at RT to block endogenous 

peroxidase activity. Slides were washed twice in 1XPBS and endogenous biotin was blocked 

using the Biotin/Avidin kit according to manufacturer’s recommendations (004303, 

ThermoFisher Scientific). Excessive biotin was removed by two washing steps with 1X PBS 

and one with 1X PBS-0.5% Triton X 100 (PBS-T; X100, Merck) at room temperature (RT) for 

5min each, followed by short rinsing in PBS for 5min to remove excessive Triton. Samples 

were blocked for 1h at RT in IHC blocking buffer (5% FBS, 2.5% BSA in 1X PBS) prior to 

primary antibody incubation OVN at 4°C in reaction buffer (0,25% BSA, 5% FBS, 2gr NaCl and 

0.1g Triton in 1X PBS). Excessive primary antibody was removed by two subsequent washes 

with PBS-T and one wash in PBS under rotation at RT for 10min each. Probing with HRP-

coupled goat anti rabbit secondary antibody was performed for 1h at RT in the dark. Please 

refer to table 2 for detailed information on the utilized antibodies for IHC. Samples were washed 

twice in PBS-T and once in PBS for 10min prior to 3,3′-Diaminobenzidine (DAB, D4168, Merck) 

visualization. DAB was prepared according to manufacturer’s recommendations and diluted 

1:5 in 1XPBS. Slides were incubated with DAB working solution for 6min at RT, washed once 

in dH2O for 5min before staining with Meyer’s Hematoxylin solution for 3min at RT. Nuclei were 

differentiated for 3min in lukewarm running tap water before dehydration in an ascending EtOH 

series and xylene. Slides were mounted with cytoseal mounting medium on a cover slipper as 

described previously and dried OVN prior to image acquisition on a Nikon microscope at 20x 

magnification 

IHC blocking solution: 

 2,5g Fatty Acid-free Bovine Serum Albumin (BSA) (BP9704100, ThermoFisher Scientific) 

 5ml Fetal bovine serum (FBS) (10270-106, Lot: 42G7283K, ThermoFisher Scientific) 

 0.955g PBS buffer (10X Dulbecco's) (A0965, PanReac AppliChem) 

Components were dissolved and filled up to 100ml in ddH2O. Aliquots were stored at -20°C 

until use. 
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IHC Reaction buffer: 

 0.25g BSA 

 5ml FBS 

 2gr sodium chloride (NaCl) (A2942, PanReac AppliChem) 

 0.955g PBS 

 0.1g Triton X 100 (X100, Merck) 

Buffer components were dissolved and filled up to 100ml in ddH2O. Aliquots were stored at -

20°C until use.  

 

Table 2. List of antibodies used for IHC 

Antibody Source Cat.# Concentration Species 

F4/80 (D2S9R) XP® Cell Signaling 

Technology 

#70076 1:100 Rabbit 

Goat anti-Rabbit IgG 

(H+L) Cross-Adsorbed 

Secondary Antibody, HRP 

ThermoFisher 

Scientific 

G21234 1:500 Goat 

 

2.2.6 Analysis of macrophage infiltration 

To assess WAT inflammation, the number of infiltrating macrophages determined by the 

appearance of crown-like structures (CLS) surrounding adipocytes was determined. The 

number of CLS was counted on the entire TMA core and two separate stained sections of the 

respective core were averaged in order to assess CLS in an earlier and later tissue section. 

Two-way ANOVA followed by Bonferroni post hoc test was used to test for statistically 

significant differences between chronic AL and DR at 5M, 16M, 20M or 24M. Differences 

between chronic controls and DR switch groups at individual time points were assessed with 

One-way ANOVA followed by Bonferroni testing. Data was plotted using mean with 95% CI in 

Graphpad Prism.  
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2.2.7 RNA isolation and RTqPCR on WAT of C3B6F1 females  

RNA isolation and RTqPCRs were performed on WAT of 20M, 24M or 28M old AL, DR, 

AL_DR16M or AL_DR20M and on 26M old AL, DR, AL_DR and DR_AL animals (Hahn et al., 

2019).  

Between 70-120mg snap-frozen WAT samples were homogenized in 1000µl Trizol (15596018 

ThermoFisher Scientific) and incubated for 5min at RT followed by centrifugation at full-speed 

for 10min at 4°C to collect free-floating fat. To avoid carry-over of fat, the Trizol subnatant was 

carefully transferred to a fresh tube, mixed with 200µl chloroform (366927-100ml, Sigma) and 

incubated for 10min at RT prior to centrifugation at 12.000g for 15min at 4°C. The aqueous 

RNA-containing phase was transferred to a fresh tube, mixed with 500µl isopropanol 

(39559.01 SERVA Electrophoresis), 50µl 3M Sodium acetate and 1.5µl GlycoBlue™ 

Coprecipitant (AM9515, 15mg/ml, ThermoFisher Scientific) and incubated for 10min at RT 

followed by centrifugation at 12.000g for 10min at 4°C. The supernatant was removed and the 

pellet was washed twice with 500µl ice-cold 70% ethanol (A3678 0250, absolute EtOH 

PanReac AppliChem) and centrifuged at 7.500g for 5min at 4°C. RNA pellets were air-dried 

for 15min at RT and re-suspended in 50µl DEPC-treated, autoclaved ddH2O (BD2484-100, 

Fisher Scientific) followed by DNase treatment to remove genomic DNA contaminations using 

the DNA-free™ DNA Removal Kit (AM1906, Invitrogen) according to manufacturer’s protocol.  

RNA concentrations were measured by Qubit™ RNA BR Assay Kit (Q10210, ThermoFisher 

Scientific) according to manufacturer’s protocol and equal concentrations of RNA (1500ng) 

were used for first-strand cDNA synthesis using SuperScript VILO Master Mix (11755-500, 

ThermoFisher Scientific) with 120min incubation at 42°C to increase cDNA yield.  

Preparation of Taqman Gene Expression Master mix (4369106 Applied Biosciences) and 

Taqman Gene Expression Assays (see table 3 for further information on utilized probes) was 

conducted according to manufacturer’s protocol and pipetted using a Janus Automated 

Workstation (PerkinElmer, Waltham, Massachusetts, USA). RTqPCR was carried out on a 

QuantStudio 6 Flex Real-Time PCR System (ThermoFisher Scientific) and gene expressions 

were calculated using the 2−ΔΔCT method with Pol2ri expression as internal control and 

normalized to the respective gene expression level of the AL control group. 

 

Table 3. List of Taqman probes used for RTqPCR on WAT 

Gene Taqman probe Source Species 

Srebpf1 Mm01138344_m1 ThermoFisher Scientific Mus musculus 
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Fasn Mm00662319_m1 ThermoFisher Scientific Mus musculus 

Elovl6 Mm00851223_s1 ThermoFisher Scientific Mus musculus 

Acaca Mm01304257_m1 ThermoFisher Scientific Mus musculus 

Pol2ri Mm01176661_g1 ThermoFisher Scientific Mus musculus 

 

2.2.8 DNA isolation and mtDNA qPCR on WAT 

Total DNA including mitochondrial DNA (mtDNA) of snap-frozen WAT samples was isolated 

using the DNA Blood and Tissue kit (69506, Qiagen) following the manufacturer’s protocol with 

an additional centrifugation step at 200g for 5min after lysis in ATL buffer and transfer of the 

supernatant to a fresh tube. DNA concentrations were quantified using the Qubit dsDNA BR 

Assay kit and manufacturer’s recommendations (Q32853, ThermoFisher Scientific).  

Total DNA samples were diluted to a final concentration of 2.5ng/µl in nuclease-free water. In 

order to generate a standard curve for the Q-RT-PCR, DNA samples were pooled and a five- 

point standard curve was prepared using undiluted pooled DNA and a 2-step serial dilution 

series ranging from a 1:2 to a 1:16 dilution in nuclease-free water was generated. This five-

point standard curve encompassed the dilution factors of the individual samples and ensured 

that the highest and the lowest dilution factor of the samples were covered in the range of the 

standard curve. This step was crucial, as the amount of isolated DNA varied between mice.  

Per reaction, 4,8µl Taqman gene expression master mix, 0,5µl of the respective Taqman probe 

and 3,7µl ddH2O were prepared and stored on ice in the dark prior to pipetting with four 

technical replicates per WAT sample and taqman probe (see Table 4 for detailed information 

on the utilized probes). 9µl of the Taqman master mix was mixed with 2µl total DNA (5ng) by 

pipetting into 384-well plates using a Janus Automated Workstation. After the pipetting steps 

were completed, the plate was closed with a plastic cover, briefly vortexed to mix the 

components and spun down to collect the contents at the bottom. DNA was amplified on a 

QuantStudio 6 Flex Real-Time PCR System using standard curve settings. MtDNA content 

was calculated by the ratio of mtDNA probes relative to genomic DNA (mtDNA/18S) and 

normalized to the relative mtDNA content of the AL control group. 

 

Table 4. List of Taqman probes used for mtDNA quantification 

Gene Taqman probe Source Species 

ATP6 Mm03649417_g1 ThermoFisher Scientific Mus musculus 

Rnr2 Mm04260181_s1 ThermoFisher Scientific Mus musculus 
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Cox1 Mm04225243_g1 ThermoFisher Scientific Mus musculus 

18S Hs99999901_s1 ThermoFisher Scientific Human 

 

2.2.9 Protein preparation and quantification of C3B6F1 WAT samples  

Snap-frozen white adipose tissue (WAT) samples were homogenized in PierceTM RIPA Lysis 

and Extraction Buffer buffer (ThermoFisher Scientific, 89900) supplemented with phosphatase 

and protease inhibitor cocktails (Roche), incubated for 10min on ice and sonicated for 5min. 

After centrifugation for 15min at full-speed at 4°C in a tabletop centrifuge, protein extracts were 

transferred to fresh tubes and protein concentrations were quantified by PierceTM BCA assay 

(ThermoFisher Scientific, 23225). Equal concentrations of protein extracts (25µg) in 1x 

Laemmli sample buffer were separated on 12% acrylamide gels (Criterion™ TGX Stain-Free™ 

Protein Gel #5678044, Biorad) and blotted on PVDF membranes (Amersham™ Hybond® P 

GE10600023 or Immobilon-FL IPFL00010, both Merck) for 1h at 100V on ice.  

 

2.2.10 Western Blot (WB) analysis using HRP-coupled 

immunoblotting  

Membranes were blocked for 1h at RT in 5% non-fat dry milk powder (A0830,1000 PanReac 

AppliChem) in TBS 0.1% Tween 20 (A4974.500, PanReac AppliChem)(TBS-T) followed by 

three washing steps for 10min with TBS-T and overnight incubation in primary antibody (for 

details see Table 5) diluted in sterile filtered 5% fatty-acid free bovine serum albumin (BSA) 

(BP9704-100, Fisher Scientific) in TBS-T. Blots were washed 3x in TBS 0.2% Tween for 10min, 

incubated with HRP- coupled secondary antibodies diluted in 5% milk in TBS-T for 1h at RT 

followed by three washing steps with TBS 0.2% Tween for 10min at RT. Immunoblots were 

incubated for 5min at RT in Pierce™ ECL Plus Western Blotting Substrate (32132, 

ThermoFisher Scientific) followed by image acquisition on a ChemiDoc™ XRS+ system 

(Biorad). Western Blot signals were quantified using Fiji with alpha tubulin as internal control 

and normalized against AL controls. 

 

2.2.11 WB analysis using the fluorescence- based Odyssey system  

Membranes were blocked for 1h at RT in Odyssey® Blocking Buffer (TBS) (927-50000 LI-COR 

Biosciences) followed by overnight incubation in primary antibody (for details see Table 5) 
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diluted in Odyssey® Blocking Buffer. Blots were washed four times in TBS 0.2% Tween (TBS-

T) for 5min each, incubated with fluorescently labelled secondary antibodies diluted in 

Odyssey® Blocking Buffer for 1h at RT followed by four washing steps for 5min with TBS-T at 

RT and image acquisition using the Odyssey Infrared Imaging System (LI-COR Biosciences). 

Images were converted into greyscale images and signals of the respective proteins were 

quantified using Fiji with alpha tubulin as internal control and normalized against AL controls.  

 

2.2.12 Stripping of Western Blot membranes and re-probing with 

different primary antibodies   

After image acquisition of p-Akt Thr308 and p-Akt Ser473 or total Akt using the ChemiDoc 

system, membranes were briefly washed in TBS-T to remove residual ECL solution before 

incubation with 0.5M NaOH for 15min at RT on a shaker. The membranes were washed twice 

with TBS-T for 5min each, once with TBS and incubated with ECL solution and subjected to 

image acquisition to assess residual antibody signal. If residual signal was detected after 

10min exposure, the membranes were briefly washed in TBS-T, incubated for additional 15min 

in 0.5M NaOH, and washed before image acquisition. If no residual signal was detected, the 

membranes were washed briefly in TBS-T before blocking in 5% milk in TBS-T and OVN 

incubation with primary antibody as described before.   

After image acquisition of phospho or total p70 S6 kinase, the immobilon membrane was 

imaged on the Odyssey system on the highest intensity to bleach the fluorescent signal. Next, 

the membrane was washed twice in ddH2O for 4min each before incubation with 0.2M NaOH 

for 10min at RT. Residual NaOH was removed by two washing steps in ddH2O and three 

washing steps in TBS-T for 4min each. Afterwards, the stripped membrane was imaged with 

the highest intensity to gauge the intensity of residual signal. Blocking and incubation with 

primary antibody proceeded according to protocol if no residual signal was detected or the 

striping process was repeated as described before.  

 

Table 5. List of antibodies used for Western Blot analysis  

Antibody Source Cat.# Concentration Species 

UCP1 Cell Signaling 

Technology 

14670 1:1000 Rabbit 

α-Tubulin (11H10) Cell Signaling 

Technology 

2125 1:1000 Rabbit 
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mtCO1 [1D6E1A8] Abcam Ab14705 1:1000 Mouse 

NDUFA9 Abcam Ab14713 1:1000 Mouse 

Phospho-p70 S6 Kinase 

(Thr389) 

Cell Signaling 

Technology 

9205 1:1000 Rabbit 

p70 S6 Kinase Cell Signaling 

Technology 

9202 1:1000 Rabbit 

Phospho-Akt (Ser473) Cell Signaling 

Technology 

9271 1:1000 Rabbit 

Phospho-Akt (Thr308) Cell Signaling 

Technology 

9275 1:1000 Rabbit 

Akt Cell Signaling 

Technology 

9272 1:1000 Rabbit 

IRDye 680RD Goat anti-

Rabbit IgG (H + L), 0.5 

mg 

LI-COR 

Biosciences 

926-68071 1:15.000 Goat 

IRDye® 800CW Goat 

anti-Mouse IgG (H + L), 

0.5 mg 

LI-COR 

Biosciences 

926-32210 

 

1:15.000 Goat 

Goat anti-Rabbit IgG 

(H+L) Cross-Adsorbed 

Secondary Antibody, 

HRP 

ThermoFisher 

Scientific 

G21234 1:10.000 Goat 

 

 

 

2.3 Fluorescence-activated cell (FACS) sorting  

2.3.1 Isolation and staining of the stromal vascular fraction (SVF) 

from the WAT for FACS analyses 

The protocol for isolation and staining of SVF and mature adipocytes was adapted and 

modified from Majka and colleagues (Majka et al., 2014) and Church and colleagues (Church, 

et al., 2014). All isolation and staining steps were performed in a cell culture hood. Unless 

otherwise stated, all centrifugation steps were carried out at 150g for 5min. Cell isolation and 

subsequent FACS sorting were performed on 27M old C3B6F1 hybrids on chronic AL feeding, 
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chronic DR or on DR switches (AL_DR12M, AL_DR16M and AL_DR20M) to investigate WAT 

heterogeneity.  

Animals were sacrificed using cervical dislocation and epididymal fat pads were dissected and 

placed in 1x PBS. Fat pads were washed once with sterile DPBS in 10cm cell culture dishes 

and dissected into small tissue pieces using a razor. Tissue fragments were transferred into a 

50ml falcon tube and 5ml digestion buffer was added per initial fat pad and incubated for 1h in 

a shaking water bath at 1000rpm and 37°C.  

 

Krebs-Ringer-HEPES buffer 

 120mM NaCl (A2942, PanReac AppliChem) 

 4,7mM potassium chloride (KCl) (60130, Sigma-Aldrich) 

 2,2mM calcium chloride (CaCl2) (HNO4-2, Roth) 

 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (H3375, Sigma-

Aldrich) 

 1,2mM Potassium phosphate monobasic (KH2PO4) (P9791, Sigma-Aldrich) 

 1,2mM Magnesium sulfate (MgSO4) (M7506, Sigma-Aldrich) 

 

Stock solutions of 5M NaCl, 500mM KCl, 500mM CaCl2, 100mM KH2PO4 and 100mM MgSO4 

were prepared in ddH2O and autoclaved before use. 1M HEPES stock solution was prepared 

in ddH2O, the pH was adjusted to pH 7.4 and the solution was sterile filtrated. Buffer 

components were mixed and dissolved in 200ml ddH2O. The pH was adjusted to pH 7.4 with 

NaOH, the volume was adjusted to 250ml and the solution was sterile filtrated using ….  

 

Digestion buffer per fat pad 

 1mg/ml Collagenase Type 2 (LS004177, Worthington Biochemical Cooperation) 

 200µm Adenosine (A9251, Merck) 

 2.5mM D(+)-Glucose (HNO6.1, Roth) 

 2% FBS  

 5ml Krebs-Ringer’s-HEPES buffer 

Stock solutions of 100mM D(+)-Glucose and 10mM adenosine were prepared with ddH2O and 

sterile filtrated. D(+)-Glucose, FBS, collagenase II and adenosine were added freshly prior to 

use to 5ml Krebs-Ringer-HEPES buffer and mixed.  

After 30min incubation, the tubes were vigorously mixed to ensure complete tissue 

dissociation. Next, the cell suspension was filtered first through a 400µm filter (43-50400-01, 
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pluriSelect) and subsequently through a 200µm filter (43-50200-01, pluriSelect). An equal 

volume of wash buffer was added and the suspension was centrifuged at 150g for 8min to 

separate the cell types into three layers.  

 

Wash buffer 

 Hanks balanced salt solution (HBSS) (14175-053, ThermoFisher Scientific) 

 200µm Adenosine (A9251, Merck) 

 2% FBS 

Wash buffer was prepared freshly prior to use by mixing stock solutions from buffer 

components.  

 

After centrifugation, three layers were obtained. The upper layer contained free floating fat and 

mature adipocytes, the second layer contained mostly tissue fragments and cells from the 

stromal vascular fraction (SVF) were located in the pellet. The adipocyte fraction was carefully 

transferred to a fresh 15ml falcon tube and the intermediate phase was removed to obtain the 

pellet for SVF isolation.  

The SVF cell pellet was washed with wash buffer and centrifuged at 150g for 8min. The 

supernatant was carefully removed and the cell pellet was washed in wash buffer and 

centrifuged at 150g. The pellet was transferred to a clean 15ml falcon tube and washed twice 

in wash buffer. The supernatant was completely removed and Erythrocytes were lysed using 

Erythrocyte lysis buffer (79217, Qiagen) for 5min at RT. The falcon tube was filled up with wash 

buffer to stop lysis and cells were centrifuged at 200g for 5min. Cells were resuspended in 

wash buffer and filtered through a 30µm filter (130-041-407, Miltenyi) into a fresh 15ml falcon 

tube. Antibodies against CD45, F4/80, CD34, CD29, CD31, CD24 and Sca1 were added at 

their respective concentration to 100µl wash buffer, mixed and incubated at 37°C 5% CO2 for 

30min with a mixing step after 15min (for details see Table 6).  

 

FACS buffer 

 Hanks balanced salt solution (HBSS) (14175-053, ThermoFisher Scientific) 

 200µm Adenosine (A9251, Merck) 

 5% FBS 

FACS buffer was prepared freshly prior to use by mixing stock solutions from buffer 

components.  
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Table 6. Primary antibodies with corresponding fluorophore used for SVF FACS sorting 

and analyses 

Antibody Clone Concentration Source Fluorophore Antigen 

Alexa Fluor® 700 

anti-mouse CD45 

Antibody 

30-F11 1,5µg Cat. No. 

103128 

Biolegend 

Alexa Fluor 

700 

CD45 

PE/Cy5 anti-

mouse CD34 

Antibody 

MEC 

14.7 

2µg Cat. No. 

119312 

Biolegend 

PE-Cy5 CD34 

APC anti-

mouse/rat CD29 

Antibody 

HMβ 1-

1 

1µg Cat. No. 

102216 

Biolegend 

APC CD29 

PE-Cy™7 Rat 

Anti-Mouse Ly-

6A/E Sca1 

 

D7 0,15µg 561021 

BD 

Pharmingen

™ 

PE-Cy7 Ly6A/E 

Sca1 

PE anti-mouse 

CD31 Antibody 

MEC13

.3 

1µg Cat. No. 

102508 

Biolegend 

PE CD31 

FITC anti-mouse 

CD24 Antibody 

M1/69 2,5µg Cat. No. 

101805 

BioLegend 

FITC CD24 

APC/Cyanine7 

anti-mouse F4/80 

Antibody 

BM8 2µg 

 

Cat. No. 

123118 

BioLegend 

APC/Cy-7 F4/80 

 

The SVF was centrifuged at 200g for 5min and washed thrice with wash buffer to remove 

excessive antibodies. After the last washing step, the supernatant was completely removed, 

cells were resuspended in 200µl FACS buffer and filtered through a 30µm filter (352235, 

Falcon) prior to sorting and 1µg/µl DAPI was added to label dead cells. SVF cells were sorted 

on a BD FACSAria™ IIIu cell sorter (BD Biosciences) and a 100µm nozzle and 20psi shear 

pressure in the FACS and imaging facility of the Max-Planck-Institute for Biology of Ageing.  
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2.3.2 Gating strategy of SVF cells 

SVF cells were first gated based on their SSC and forward scattering (FSC) profile, to 

discriminate between cells and debris. Next, single cells were identified based on FSC and 

SSC and live cells were gated from DAPI positive dead cells. To assess different cell 

populations, cells were gated based on the two lineage factors CD45 and CD31. CD45 is a 

marker of differentiated hematopoietic cells, such as immune cells, and is present on their cell 

surfaces. The immune cell population was further gated into macrophages based on positive 

F4/80 staining (CD45+, F4/80+) and all other immune cells with negative F4/80 staining 

(CD45+, F4/80-). CD31 is an endothelial surface marker and is therefore present on blood 

vessel endothelium, which were not further sub-classified. Adipocyte progenitor and stem cell 

populations displayed negative staining for both lineage factor markers (lin-) but stained 

positive for both mesenchymal stem cell (MSC) markers CD29 and CD34 (lin-, CD29 and 

CD34 double +). Based on the third MSC markerLy-6A/E (Sca1), adipocyte progenitors were 

classified as progenitors with Sca1 high (Sca1h) and committed progenitors with Sca1 low 

(Sca1l). Finally, stem cells were classified as Sca1h and CD24 positive (refer to table 7 for 

details). Only alive cells classified as stem cells, progenitors, committed progenitors, immune 

cells or macrophages were bulk sorted based on cell type into Eppendorf tubes containing 

Trizol or 1XPBS with 1000 cells per tube. Sorted cells were kept at -80°C for subsequent 

analyses. 

 

 

Table 7. Cell type definition based on the gating strategy of different SVF cells 

Cell type Panel 

Macrophages CD45 positive 

F4/80 positive 

CD31 negative 

Immune cells CD45 positive 

F4/80 negative 

CD31 negative 

Endothelial cells CD31 positive 

CD45 negative 

Committed adipocyte progenitors CD45 negative 

CD31 negative 

CD29 positive 
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CD34 positive 

Sca1 low 

Adipocyte progenitors CD45 negative 

CD31 negative 

CD29 positive 

CD34 positive 

Sca1 highly positive 

Adipose tissue stem cells CD45 negative 

CD31 negative 

CD29 positive 

CD34 positive 

Sca1 positive 

CD24 positive 

 

 

2.3.3 Antibody staining of AbC antibody capture beads: 

To account for laser intensities and bleeding over of fluorophore emission spectra into different 

channels, AbC™ Total Antibody Compensation beads (A10497, ThermoFisher) were used. 

Beads were included in all experiments to maintain similar sorting conditions for all sorting 

dates and animals. Beads were resuspended by vortexing for 10sec and one drop of beads 

was added per Eppendorf tube. In total, eight tubes were prepared, corresponding to the eight 

different antibodies used in the SVF panel. The respective dilution of each antibody was added 

to the beads, mixed well and incubated for 15min in the dark (see Table 8 for details). Beads 

were washed twice with 1X PBS and centrifuged in between at 200g for 5min to remove 

excessive unbound antibodies. After the second washing step, beads were resuspended in 

500µl FACS buffer and one drop of negative beads was added to each tube and kept in the 

dark until sorting. For sorting, beads were transferred to FACS tubes and control beads were 

gated for single fluorophores on forward (FSC) and side scatter (SSC) for compensation.  
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Table 8. Antibody amounts incubated with capture beads to set up the gating strategy 

Antibody CD45 

only 

CD34 

only 

CD29 

only 

Sca1 

only 

CD31 

only 

CD24 

only 

F4/80 

only 

Alexa Fluor® 700 anti-

mouse CD45 Antibody 

0.6µl No No No No No No 

PE/Cy5 anti-mouse 

CD34 Antibody 

No 5µl No No No No No 

APC anti-mouse/rat 

CD29 Antibody 

No No 2µl No No No No 

PE-Cy™7 Rat Anti-

Mouse Ly-6A/E Sca1 

No No No 1µl 

undiluted 

and the 

rest of 

the 1:10 

dilution 

No No No 

PE anti-mouse CD31 

Antibody 

No No No No 2µl No No 

FITC anti-mouse 

CD24 Antibody 

No No No No No 3µl No 

APC/Cyanine7 anti-

mouse F4/80 Antibody 

No No No No No No 3µl 

 

 

2.3.4 FACS analysis using FloJo 

FACS sorting data was analysed using the FloJo V10 software from BD Biosciences. Files 

were imported into FloJo, the gating strategy of the different cell types was recreated, and the 

same gating strategy was applied to all sortings to allow comparisons between diet groups. 

Sortings from the same animal were concatenated and analysed as batch per sorting day. Cell 

type frequencies were calculated as percent of alive cells to obtain information on cell type 

distribution within the viable cell fraction of each animal. Cell type percentages were averaged 

per diet group and statistically analysed using Graphpad Prism. 
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2.4 Primary cell and organoid culture  

2.4.1 Isolation of the stromal vascular fraction from WAT of 27M old 

AL, DR and DR switch mice 

Animals were sacrificed using cervical dislocation and the WAT depots were dissected out and 

placed in 1x PBS. The PBS was removed and the WAT was dissected into small pieces using 

razors and transfer to a 50ml falcon tube. Per mouse, 1mg/ml Collagenase Type 2 (LS004177, 

Worthington Biochemical Cooperation), 3,4% BSA (10% stock solution prepared in 1x FBS, 

BP9704100, ThermoFisher Scientific) and 0.75mg DNase I (10104159001, Merck) was 

dissolved in DMEM/Ham’s F12 medium (FG 4815, Merck) with a final volume of 10ml. WAT 

fragments were incubated in the enzyme solution for 1h at 37°C at 120rpm in a shaking water 

bath. After 30min of incubation, the samples were vigorously mixed to ensure complete 

dissociation before a second 30min incubation. The fat-enzyme- suspension was filtered over 

a 100µm mesh (3523620, Falcon) to retain debris and washed with 15ml SVF growth medium 

(DMEM high glucose (41966-029, ThermoFisher Scientific) supplemented with 1% Penicillin-

Streptomycin (5,000 U/mL) (15070063, ThermoFisher Scientific) and 10% heat-inactivated 

Fetal Bovine Serum (FBS) (10270-106, Lot: 42G7283K, ThermoFisher Scientific). To pelletize 

the stromal vascular fraction (SVF), the suspension was centrifuged at 200g for 5min. Next, 

floating fat and the intermediate layer was removed and the pellet was washed twice with 10ml 

SVF growth medium and followed by centrifugation and discarding the supernatant. After the 

last washing step, the resuspended pellet was transferred to a fresh 15ml falcon tube, 

centrifuged before incubation in 1ml pre-warmed erythrocyte lysis buffer (79217, Qiagen) for 

5min at RT to remove erythrocytes. The reaction was stopped by addition of SVF growth 

medium and the cells were centrifuged at 200g for 5min. The supernatant was discarded and 

the cells were resuspended in 400µl SVF growth medium before filtering over a pre-wet 30µm 

mesh (130-041-402, Miltenyi Biotec) into a fresh falcon tube. To assess total cell numbers, 

10µl cell suspension was mixed 1:1 with Trypan Blue 0.4% (15250-061) and live cells were 

counted with Neubauer counting chamber (0640030, Marienfeld Superior). The required 

amount for 10.000 cells per well was calculated and cells were seeded in a Cellstar 96-well 

plate (655 180, Greiner Bio One) supplemented with 200µl SVF growth medium and incubated 

at 37°C with 5% CO2. Depending on the cell concentrations, either the entire cell suspension 

was used or a maximum of 10 wells were seeded per diet group. The medium was replaced 

every second day and SVF cells were grown to confluence before induction.  
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2.4.2 Induction and differentiation of primary SVF cells and cell 

fixation 

After reaching full confluence, the SVF growth medium was removed and half of the seeded 

wells per animal were induced for 48h with SVF induction medium. The other half of the wells 

was kept as undifferentiated controls and received regular SVF growth medium. After 48h, the 

induction medium was removed and cells were differentiated with SVF differentiation medium 

for eight days with consecutive medium changes every second day. Following the same 

pattern, the medium of undifferentiated control cells was replaced with fresh SVF growth 

medium every two days. Cells were kept at 37°C, 5% CO2 throughout the entire differentiation 

process. After eight days of differentiation, the medium was removed and cells were washed 

once in 1x DPBS to remove residual medium. Cells were fixed with 4% paraformaldehyde 

(stock concentration 16&, 28908, ThermoFisher Scientific) for 30min at RT, washed twice with 

1x DPBS and stored at 4°C until Oil Red O staining. Seeded chronic DR SVF cells, which did 

not reach full confluence, were treated as non- differentiated controls only.  

 

SVF induction medium 

 1.7µg/ml insulin (I9278, Merck) 

 1nM triiodothyronine (T3) (T2877, Merck), stock concentration 1mM, dissolved in 1M 

NaOH 

 50µg/ml ascorbic acid (95209, Merck), stock concentration 50mg/ml dissolved in ddH2O 

 17mM D-pantothenic acid (DPA) (P5155, Merck), stock concentration 850mM, dissolved 

in ddH2O 

 1µM Biotin (B4639, Merck), stock concentration 1mM, dissolved in 0.1M NaOH 

 0.25µM Dexamethasone (D1756, Merck), stock concentration 250µM, dissolved in 100% 

EtOH 

 0.5mM 3-isobutyl-1-methylxanthine (IBMX) (I5879-5G, Sigma-Aldrich), stock concentration 

500mM dissolved in DMSO 

 1µM Rosiglitazone (R2408-10MG, Merck), stock concentration 1mM, dissolved in DMSO 

 

Stock solutions of all components were prepared separately and respective amounts were 

mixed in accordance with their final concentration with SVF growth medium. 
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SVF differentiation medium 

 1.7µg/ml insulin (I9278, Merck) 

 1nM triiodothyronine (T3) (T2877, Merck), stock concentration 1mM, dissolved in 1M 

NaOH 

 50µg/ml ascorbic acid (95209, Merck), stock concentration 50mg/ml dissolved in ddH2O 

 17mM D-pantothenic acid (DPA) (P5155, Merck), stock concentration 850mM, dissolved 

in ddH2O 

 1µM Biotin (B4639, Merck), stock concentration 1mM, dissolved in 0.1M NaOH 

Stock solutions of all components were prepared separately and respective amounts were 

mixed in accordance with their final concentration with SVF growth medium. 

 

2.4.3 Oil Red O staining, imaging and quantification of primary SVF 

cells  

To assess lipid droplet amounts in differentiated or undifferentiated primary SVF cells, Oil Red 

O (ORO) staining followed by imaging and dye extraction was performed. ORO working 

solution was prepared by mixing three parts 0.5% Oil Red O solution in isopropanol (O1391, 

Merck) with two parts dH2O. The ORO working solution was incubated for 20min in the dark 

followed by filtration through a 0.22µm filter (SLGP033RS, Merck Millipore). The storage DPBS 

was removed and cells were stained with 50µl ORO per well and incubated for 30min at RT 

on a shaker at 90rpm. Next, cells were washed five times with ddH2O, stored in ddH2O before 

imaging on an EVOS® FL Auto Imaging System (AMF7000, ThermoFisher Scientific). 

Representative images of differentiated or undifferentiated SVF cells were acquired at 40x 

magnification using transmitted light in conjunction with the Cy5 LED light cube or at 10x 

magnification using transmitted light. After image acquisition, the incorporated ORO stain was 

extracted using 100µl Isopropanol (39559.01, Serva) per well after incubation for 10min at RT 

on a shaker. The extracted isopropanol was transferred to a fresh 96-well plate and the ORO 

absorption at 500nm was determined on an Infinite M200 plate reader (Tecan). To correlate 

the ORO concentrations in the samples, a standard curve of ORO standards with 500µg/ml, 

250 µg/ml, 100 µg/ml, 50 µg/ml, 25 µg/ml and 0 µg/ml was prepared and read out alongside 

the samples. For each sample, the ORO concentration was calculated in relation to the 

standard curve and technical replicates per animal were averaged. Results were plotted in 

Graphpad Prism, presented as mean with 95% CI and analysed using Two-Way ANOVA 

followed by Bonferroni correction for multiple testing.  
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2.4.4 Isolation of intestinal crypts for primary organoid culture 

Intestinal epithelial organoid cultures were generated from 26M old chronic AL, DR control 

mice or DR switches at 12M, 16M or 20M. Five mice of each diet group were used to establish 

organoid cultures and the protocol was carried out according to manufacturer’s 

recommendations.   

Mice were sacrificed using cervical dislocation and the jejunum part of the small intestine was 

dissected. Residual mesenteric fat and external membrane was removed and intestinal 

segments were stored in cold DPBS. The jejunum segment was flushed with cold DPBS, cut 

open longitudinally and flushed again with DPBS to remove residual food content and mucus. 

Next, intestinal segments were sectioned into 2mm long sections and washed extensively with 

DPBS until the supernatant was clear. Leftover DPBS was removed and intestinal sections 

were digested in 15ml Gentle Cell Dissociation Reagent (07174, Stemcell technologies) for 

15min at RT under rotation at 20rpm. In the meantime, 24-well plates were equilibrated to 37°C 

in a cell culture incubator. The tissue pieces were allowed to settle on ice and the supernatant 

was discarded. Next, tissue fragments were resuspended in 10ml cold DPBS containing 0.1% 

BSA and the supernatant was filtered over a sterile 70µm cell strainer (431751, Corning). The 

procedure was repeated twice and the filtrate was centrifuged at 290g for 5min at 4°C. The 

supernatant was removed and the pellet was resuspended in 10ml cold DMEM/F12 medium 

containing HEPES (11330032, ThermoFisher Scientific). Of each sample, a 10µl aliquot was 

taken and the number of crypts was counted under a light microscope. The resulting crypt 

numbers were multiplied by 100 to obtain the approximate number per ml. The volume of 

suspension corresponding to 1000 crypts was centrifuged at 290g for 5min at 4°C. The medium 

was removed and crypts were resuspended in a 1:1 ratio of Intesticult IntestiCult™ Organoid 

Growth Medium (06005, Stemcell technologies) and Matrigel® GFR and Phenol Red-Free 

Basement Membrane Matrix (356231, Corning®). Per animal, three technical replicates were 

seeded on a 24-well plate, allowed to adhere for 10min at 37°C and carefully submerged in 

400µl medium.  

Fresh medium was supplied three times per week and organoid outgrowth was assessed on 

Day 5, 7 and 10 post-seeding. First, the total number of organoids was counted in each well. 

To obtain reliable results on organoid outgrowth, all buds on at least 20 representative 

organoids were counted per well. If less than 20 organoids were growing in one well, the 

outgrowth on all viable organoids was assessed. Results on total organoid number and 

outgrowth per organoid were averaged between technical replicates and to obtain the average 

number of buds per organoid the following equation was used:  
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𝐵𝑢𝑑𝑠 𝑝𝑒𝑟 𝑜𝑟𝑔𝑎𝑛𝑜𝑖𝑑 =  
𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑏𝑢𝑑𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑐𝑜𝑢𝑛𝑡𝑒𝑑, 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑎𝑖𝑣𝑒 𝑜𝑟𝑔𝑎𝑛𝑜𝑖𝑑𝑠
 

Additionally, three representative organoid images were acquired for each well at 20x 

magnification on a bright field microscope (DM IL LED serial number 369497, Leica).  

 

2.4.5 Passaging of intestinal organoids  

Organoids were passaged to assess the influence of early, mid or late-life DR onset on the 

restoration capacity of intestinal organoid. Therefore, growth medium was completely removed 

and matrigel domes were broken up in 1ml gentle cell dissociation medium by pipetting up and 

down for 20 times. Triplicate wells of each mouse were pooled into one replicate using 1ml 

dissociation reagent. The organoid suspension was transferred to a 15ml falcon tube, 

additional 250µl dissociation reagent was added and incubated for 10min at RT under rotation 

at 20rpm. The organoid suspension was pipetted up and down to ensure complete dissociation 

into crypts. The required amount for approximately 75 crypts per well was calculated, the 

corresponding volume was transferred into a fresh tube and pelleted at 290g for 5min at 4°C. 

The supernatant was discarded and crypts were resuspended in an equal amount of 25µl 

growth medium and 25µl matrigel. Crypts were seeded on a 24-well plate and adhered at 37°C 

for 10min for matrigel solidification. Per well, 400µl growth medium was added and crypts were 

cultured at 37°C with 5% CO2 with medium exchange three times per week.  

Organoid outgrowth was counted on Day 3, 5, 7 and 10 post-seeding and five representative 

images were taken per well on each day of organoid assessment and analysed as described 

previously.   

 

2.4.6 Seeding of intestinal organoids for staining analyses 

Organoids were dissociated in 1X DPBS by pipetting up and down for 20 times and the 

resulting intestinal crypt suspension was transferred to 2ml Eppendorf tubes. Per mouse, 250µl 

suspension was transferred in one Eppendorf tube and crypt suspensions from all mice 

belonging to the same diet group were pooled. Crypts were pelleted for 1min at 2000g on a 

MiniStar Silverline table top centrifuge (521-2844, VWR), the supernatant was removed and 

crypts were resuspended in an equal volume of growth medium and matrigel and plated on a 

LabTek II 8-well chamber slide (154534, ThermoFisher Scientific). Each diet group was 

seeded in one well on two separate chamber slides. Chamber slides were adhered for 10min 

at 37°C and crypts were submerged in 300µl growth medium and incubated for 5d with one 
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medium change after 3d. Leftover organoid suspension was centrifuged for 1min at 2000g, 

DPBS was removed completely and organoids were frozen at -20°C for further analyses. After 

5d of culture, organoids were washed once in 1X PBS, fixed in 4% formaldehyde for 10min at 

RT, washed once in 1X PBS and blocked for 30min at RT in blocking solution containing 2% 

skim milk (A0830,1000 PanReac AppliChem) in 1XPBS supplied with 0.1% Triton X 100 (PBS-

T). Next, the plastic wells were removed from the chamber slide and primary antibodies raised 

against Ki67 or Lysozyme in blocking solution were added to the slide, covered with parafilm 

and incubated in a wet chamber at 4°C OVN. Slides were washed 3x in PBS-T for 5min and 

incubated with AF488 coupled anti rabbit secondary antibody and 0.5µg/ml DAPI in blocking 

solution for 1h at RT. Respective amounts of primary and secondary antibodies are listed in 

Table 9. Slides were washed thrice in PBS-T prior to incubation with Rhodamine Phalloidin 

(R415, ThermoFisher Scientific) diluted 1:500 in 1XPBS for 5min at RT in the dark. Slides were 

washed three times in PBS-T prior to mounting in Vectashield mounting medium for 

fluorescence (H1000; Vector Laboratories). 

 

Table 9. List of antibodies used for organoid stainings 

Antibody Source Cat. # Concentration Species 

Lysozyme Polyclonal 

Antibody 

ThermoFisher 

Scientific 

PA5-16668 1:100 Rabbit 

Ki-67 Monoclonal 

Antibody (SP6) 

ThermoFisher 

Scientific 

MA5-14520 1:250 Rabbit 

Goat anti-Rabbit IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, Alexa Fluor 488 

ThermoFisher 

Scientific 

A-11034 1:1000 Goat 

 

2.4.7 Image acquisition and analysis of Ki67 or lysozyme- stained 

organoids 

At least 20 organoids were counted per condition for the lysozyme staining and at least 10 

organoids per condition were counted for the Ki67 staining. Lysozyme positive stained cells 

and Ki67 bright cells were counted per eye and averaged over the total number of counted 

organoids per well. Data was analyzed in Graphpad Prism using One-way ANOVA followed 

by Tukey’s test to correct for multiple comparisons.  
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Representative Z stacks were acquired with 1.5µm step size, with 4096x4096 pixel per image 

and 400 hertz speed on a Leica SP8 confocal microscope. Between images, the laser power 

(LP) conditions were kept constant for all diet groups to ensure comparability. To generate 

representative images, merged colour images were split to acquire separate blue DAPI, red 

phalloidin and green lysozyme or Ki67 channels. The maximal intensity Z projection of each 

single channel was created and all three channels were subsequently merged again to obtain 

a single image using Fiji (Schindelin et al., 2012). 

 

 

2.5 Electron microscopy (EM) 

2.5.1 Transmission electron microscopy on jejunum and ileum 

sections from 20M or 27M old AL, DR and AL_DR switch groups 

Electron microscopy (EM) samples of the jejunum section of the small intestine were prepared 

from 20M or 27M old AL, DR and DR switch groups. At 27M, additional EM samples were 

generated for the intestinal ileum sections for chronic AL, DR and DR onset at 12M, 16M and 

20M of age. Sample preparation, embedding, sectioning and image acquisition were carried 

out by Janine Klask from the CECAD Imaging facility. 

Mice were sacrificed using cervical dislocation, the gastrointestinal tract was dissected into 

jejunum and ileum sections. Of each intestinal section, two cross-sectional and one 

longitudinal pieces were cut measuring two millimetre in length. The intestinal tissue sections 

were fixed for 48h at 4°C in 2% paraformaldehyde (stock concentration 16%, E15711 EM 

grade, Science Services) and 2% glutaraldehyde (stock concentration 25%, 1.04239.0250, 

Merck) in 0.1M cacodylate buffer pH 7.3 (A2140,0250 Cacodylic acid sodium salt trihydrate, 

Biochemica). After fixation for 48h, jejunum or ileum samples were washed four times with 

0,1M cacodylate buffer pH 7,2- 7,3 at 4°C for 15min each to remove excessive fixative. Next, 

samples were post-fixed with 2% Osmium tetroxide (OsO4) (Science Services) in 0,1 M 

cacodylate buffer for 2h at 4°C in the dark. After incubation with OsO4, samples were washed 

four times with 0,1M cacodylate buffer pH 7,2- 7,3 at 4°C for 15min each to remove excessive 

staining solution and dehydrated using an ascending EtOH series at 4°C with 50%, 70% EtOH, 

90% EtOH and three consecutive dehydration steps in 100% EtOH (AppliChem) for 15min 

each. To remove residual EtOH, samples were incubated first with a 1:1 ratio of propylen oxide 

(Merck) and EtOH followed by two incubation steps with pure propylen oxide for 15min at 4°C 

each. Samples were embedded first in a 1:1 ratio of epoxy resin (Sigma-Aldrich) and propylen 
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oxide, transferred in 3:1 ratio of epoxy resin and propylen oxide both for 2h at 4°C before an 

OVN incubation in epoxy resin at 4°C. Samples were immersed in fresh epoxy resin for 2h at 

RT followed by a final incubation step in epoxy resin for 72h at 62°C. Next, ultra-thin 70nm 

sections were generated on an ultramicrotome (EM-UC6, Leica) and transferred onto 100µm 

copper grids (Science Services). Samples were contrasted using 1,5% uranyl acetate (Plano) 

for 15min at 37°C, then washed for five times in HPLC H2O before a second contrasting step 

in lead citrate (Sigma-Aldrich) and NaOH for 4min. Samples were washed five times with 

0.02M NaOH followed by five washing steps in HPLC H2O before image acquisition at RT on 

a transmission electron microscope (JEM-2100 Plus, JEOL) equipped with a OneView 4K 

camera (GATAN) using the DigitalMicrograph software. Tight junctions between enterocytes 

were imaged at 20.00x magnification and paneth cells granules with 2500x magnification with 

at least 10 images per region of interest. Scale bars were included at 500nM or 5µm, 

respectively.  

 

2.5.2 Grading of tight junction integrity and paneth cell health in 20M 

or 27M old intestinal sections  

Tight junctions between enterocytes were scored based on electron density (Juricic et al., n.d.; 

Parikh et al., 2019; Zhao et al., 2018). Grade I tight junctions were defined as narrow, electron 

dense junctions with two visibly discriminated cell membranes. Grade II tight junctions 

exhibited two visible cell membranes but with diffuse electron density. Grade III tight junctions 

were classified with no discriminable cell membranes, low electron density and an overall 

blurred appearance. The percentage of grade I, II or III tight junctions was calculated and 

plotted.  

Paneth cell pathology was determined based on the appearance of paneth cell granules in the 

intestinal crypts. Hypodense paneth cell granules were defined as granules with a black core 

and a white surrounding halo. Crinophagic paneth cell granules were classified as fused 

granules with autophagosomes or lysosomes for degradation. The percentage of hypodense 

or crinophagic granules in relation to the total number of granules inside the individual paneth 

cells was calculated and averaged per animal.  

 

 



67 

2.6 Cell culture  

2.6.1 Culture and maintenance of human or murine cell lines 

Unless otherwise stated, all centrifugation steps were performed at 300g for 3min on a Heraeus 

Multifuge X3R centrifuge (ThermoFisher Scientific) and cells were grown to approximately 90% 

confluency before splitting or before experiments. 

To initiate culture, adherent or suspension cells were thawed at 37°C in a water bath, 

transferred into a falcon tube containing 5ml pre-warmed corresponding complete medium and 

centrifuged. The Dimethylsulfoxid (DMSO)-containing supernatant was removed and the cell 

pellet was carefully re-suspended in complete medium and seeded onto 10cm culture dishes 

or T75 flasks (658980, Greiner Bio-One). Cells were cultured at 37°C 5% CO2  and passaged 

every 2-3 days. For cryopreservation, cells were centrifuged and the cell pellet was re-

suspended in complete medium containing 10% DMSO (A994.2, Carl Roth) in cryogenic tubes 

(122280, Greiner Bio-One). Cells were gradually frozen at -80°C in freezing containers (5100-

0001, ThermoFisher Scientific) and stored at -80°C until further use.    

 

 

2.6.2 Culture of 3T3 L1 cells 

Murine 3T3 L1 cells were used as positive controls to validate the performance of the 

differentiation protocol of primary SVF cells and to ensure that the differentiation process was 

functioning. 3T3 L1 cells were cultured in SVF growth medium at 37°C and 5% CO2 until they 

reached confluence. Cells were washed once with DPBS and detached from the plate using 

0.25% trypsin (25050014, ThermoFisher Scientific). Trypsination was stopped by addition of 

SVF growth medium and cells were either passaged to maintain the culture or counted on a 

Neubauer counting chamber to assess cell numbers. To control the differentiation process of 

primary SVF cells, 10.000 or 15.000 cells per well were seeded out on a 96-well plate and 

cultured to confluence. 3T3 L1 cells were induced and differentiated alongside primary SVF 

cells using the same media, fixed after eight days of differentiation, stained with ORO, imaged 

and quantified.  
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2.6.3 Culture of human embryonic kidney (HEK) cells 

UV irradiated or non-irradiated HEK cells were used as positive or negative controls to validate 

the γ-H2AX antibody performance for DNA damage stainings on the TMAs. HEK cell culture 

was initiated and maintained as described before. To detach cells from the culture vessel, the 

DMEM complete medium was removed and cells were washed once with DPBS. Cells were 

treated with 0.25% trypsin (25050014, ThermoFisher Scientific) for approx. 3min at 37°C, 

detached from the surface with medium and centrifuged. The cell pellet was re-suspended in 

growth medium and cells were split into fresh culture vessels or frozen down. For UV 

irradiation, cells were cultured on 10cm dishes and grown to 90% confluency. Cells were 

irradiated at 40mJ/cm2 on a UV cross-linker (UVC 500 cross-linker, Amersham Biosciences) 

and allowed to recover for 5min at RT before detachment and FFPE treatment. Non-irradiated 

HEK cells from the same passage served as negative controls.  

 

DMEM complete medium 

 DMEM (Dulbecco's Modified Eagle Medium) (61965026, ThermoFisher Scientific) 

 Heat-inactivated 10% Fetal Bovine Serum (FBS) (10270-106, Lot: 42G7283K, 

ThermoFisher Scientific) 

 1% Penicillin-Streptomycin (5,000 U/mL) (15070063, ThermoFisher Scientific) 

All media components were mixed and DMEM complete medium was stored at -4°C and pre-

warmed to 37°C prior to use. 

 

2.6.4 Mouse lymphoma culture and maintenance  

Radio-resistant L5178Y-R cells were derived from a chemically induced lymphoma of a DBA/2 

mouse, whereas the thereof derived L5178Y-S cell line is sensitive towards X-ray radiation 

(Beer, Budzicka, Niepokojczycka, Rosiek, & Szumiel, 1983). Both cell lines are widely used as 

internal telomere length reference in Q-FISH, as they possess published telomere lengths of 

79,7kb or 10,2kb respectively (Canela, Vera, Klatt, & Blasco, 2007). L5178Y-S (93050408-

1VL) and L5178Y-R (90062802-1VL) cells were both purchased from Merck.  

L5178Y-S cells were cultured as described before and kept at a cell density between 300,000 

to 900,000 cells/ml, whereas L5178Y-R cells were cultured between 30,000 to 700,000 

cells/ml. For passaging, cells were pipetted up and down in the culture flask to create a single 

cell suspension. A subset of cell suspension was transferred into new flask and provided with 
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fresh culture medium. For regular cell culture maintenance, cells were kept in T75 flask. For 

FFPE treatment, cultures were expanded to CELLSTAR® T175 flasks (661175, Greiner Bio-

One) and cultured as described before.  

 

Fisher’s complete medium 

 Fisher’s medium (21475025 ThermoFisher Scientific) 

 2mM glutamine (GlutaMAX™ Supplement, 250300024, ThermoFisher Scientific) 

 10% Horse serum (16050-122 LOT: 1517704 ThermoFisher Scientific) 

 1% Penicillin-Streptomycin (5,000 U/mL) (15070063, ThermoFisher Scientific) 

All media components were mixed and Fisher’s complete medium was stored at -4°C and pre-

warmed to 37°C prior to use. 

 

2.6.5 Fixation and paraffin infiltration of cultured cells 

Adherent cells were detached from the culture dish by trypsin treatment and suspension cells 

were washed off the culture flask as described before. Cells were washed twice with 1X PBS 

with centrifugation steps in between the washes and fixed with 4% PFA in 1X PBS (Pierce™ 

16% Formaldehyde (w/v), Methanol-free, 28908, ThermoFisher Scientific) for 30min at RT. 

The falcon tube was inverted multiple times during incubation to ensure complete fixation. In 

the meantime, the HistoGel (Richard-Allan Scientific™ HistoGel™, HG-4000-012, 

ThermoFisher Scientific) was heated to 65°C to liquefy. After 30min, cells were centrifuged 

and PFA was removed from the cell pellet. Cells were washed twice in 1X PBS with 

centrifugation steps in between washes. After the second centrifugation step, cells were 

transferred into a 2ml Eppendorf tube, washed once again with 1X PBS and centrifuged on a 

tabletop centrifuge (Eppendorf). All PBS was removed from the cell pellet and an equal amount 

of liquefied HistoGel was added to the pellet, mixed and allowed to solidify at RT. The solid 

cell/HistoGel mixture was placed into biopsy cassettes (ThermoFisher Scientific) and infiltrated 

on the tissue processor using the short infiltration program, as described previously.   
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2.7 Statistical analyses  

Carolina Monzó performed statistical analyses and generated plots for the lifespan, RTqPCR, 

body composition and the longitudinal phenotyping data using custom Python scripts (v3.7.3, 

https://www.python.org/) and libraries scipy (Virtanen et al., 2020), pandas (Mckinney, 2010),  

seaborn, statsmodels (Seabold & Perktold, 2010) and lifelines (Davidson-Pilon et al., 2020) 

(v0.25.5). Longitudinal analysis of data was performed using custom R scripts (v4.0.2.) and 

the package lme4 (Bates, Mächler, Bolker, & Walker, 2015) (version 1.1-23). Cox proportional 

hazard regression analyses were conducted using the package survival (Therneau, 2020) 

(v3.2-2) in R. Data were plotted in Python and were displayed as mean +/- 95% confidence 

interval (CI). EM data of 27M old jejunum samples were analysed using linear mixed effect 

models with covariate correction for cohort, followed by Bonferroni multiple testing correction 

to calculate statistical differences between diet groups. 

For the lifespan and cox proportional hazard regression analyses, animals who died prior to 

their respective DR switch were excluded from the analyses and in total 249 mice were studied. 

Pairwise log-rank tests and Bonferroni correction for multiple testing were performed to test 

lifespan differences between DR switch groups and chronic controls. Cox proportional hazard 

regression followed by Bonferroni correction was performed to determine whether the dietary 

regimen could explain the lifespan differences between diet groups. Schoenfeld residuals were 

analysed to assess if the Cox regression model was appropriate for our dataset. Fisher’s test 

at the 80th percentile of chronic AL deaths with Bonferroni multiple correction testing was used 

to address statistical differences in maximum lifespan. For pathology assessments, prior 

deaths in the DR switch groups, except deaths in AL_DR24M, were assigned to chronic AL. 

Lisa Franziska Drews tested differences in abundance of tumour types and the tumour amount 

at specific time points using Fisher’s tests with the help of Carolina Monzó.  

Differences in body composition, body temperature or peak RER activity between chronic 

controls and DR switch groups at 5M, 10M 14M, 18M, 22M or 26M were calculated using One-

way ANOVA with Bonferroni multiple testing correction. For the fitness phenotyping data, 

animals from all four DR switch groups were regarded as chronic AL animals prior to their 

respective DR switch. Prior to statistical analyses, the area under the curve (AUC) was 

calculated for normalized GTT, rotarod and barnes maza data. In contrast, the incremental 

AUC (iAUC) was determined for the normalized ITT experiments. Next statistical differences 

between chronic AL and DR animals at 5M, 10M 14M, 18M, 22M or 26M for the different fitness 

or metabolic phenotypes were calculated using unpaired t tests. To assess differences 

between DR switch groups in regards to chronic controls, One-way ANOVA followed 

Bonferroni post-hoc tests for multiple testing correction were carried out using each individual 

DR switch and comparing it against chronic AL and DR for all phenotyping tests. Generalized 

https://www.python.org/
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linear mixed effects models (GLME) were used to study longitudinal differences between diet 

groups or within the same diet group during ageing and across time points for all phenotypings.  

I performed the in-time-point statistical analyses and generated plots for most phenotyping 

experiments, the organoid culture, the WAT morphology assessment, the inflammation 

stainings, the EM data of 20M old jejunum samples and the primary adipocyte culture using 

Graphpad Prism 8. Pearson correlation was implemented to assess the correlation between 

the AUC of the rotarod performance and body weight in the respective phenotyping cohorts at 

each indicated time point. Data were analysed using unpaired t-tests to assess differences 

adipocyte size, CLS number or between the phenotyping data of chornic AL and DR animals 

at each time point. One-way ANOVA followed by Bonferroni post-hoc test were implemented 

to assess differences between chronic controls and one DR switch at a time for all phenotyping 

analyses. Two-way ANOVA and Bonferroni correction for multiple testing correction were used 

to investigate differences CLS, adipocyte size, organoid culture, EM and primary adipocyte 

culture between controls and switches. Data are displayed as mean +/- 95% CI or standard 

error of the mean (SEM). Schematics were created with BioRender.com.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://biorender.com/


72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results  
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3.1 Late-life dietary switches to DR or AL fail to 

induce DR-specific transcriptional reprogramming 

and mitochondrial expansion in the WAT  

Parts of the presented data in section 3.1, except the Western Blots on total OXPHOS 

complexes as well as AKT and S6K1 pathway activity, were published in Nature Metabolism 

in 2019 as Hahn et al., 2019. The detailed contributions can be found under section 8 page 

224 and the full research article is included in section 12 page 285 in this thesis.  

 

3.1.1 The WAT of late life dietary switches fails to adapt to DR 

regimen and to increase lipogenesis gene expression to chronic DR 

levels 

We recently concluded a late-life DR onset experiment, in which mice were kept on lifelong 

(chronic) AL feeding or on lifelong DR initiated at 3M of age. At 24M of age, half of each cohort 

was switched from AL to DR (AL_DR) or from DR to AL feeding (DR_AL). While animals on 

early-onset, chronic DR showed reduced mortality rates compared to chronic AL, late-onset 

DR did not acutely decrease mortality rates after the switch, and had only mild effects on the 

longer term. Moreover, mice, which were switched from lifelong DR back to AL feeding at 24M 

exhibited significantly increased mortality and a shortened lifespan, indicating that DR has no 

long-term protective effect when the treatment is ceased (Hahn et al., 2019).  

To assess underlying molecular differences between diet groups that promote DR switch 

response, we collected tissue two months after the dietary switch at 26M of age and conducted 

mRNA sequencing of the WAT. We detected increased expression of genes involved in 

lipogenesis or phospholipid synthesis, such as Sterol Regulatory Element Binding 

Transcription Factor 1 (Srebf1), Acetyl-CoA Carboxylase Alpha (Acaca), Fatty acid synthase 

(Fasn) and ELOVL Fatty Acid Elongase 6 (Elovl6) upon DR but not upon late-life diet switches 

compared to AL feeding (Hahn et al., 2019). We therefore conducted real-time quantitative 

PCR (RTqPCR) experiments in the WAT of independent mice from the same cohort, to confirm 

our RNA sequencing findings.  

In line with our sequencing data, we observed significantly increased expression levels of all 

four evaluated lipogenesis genes in chronic DR compared to AL (Fig. 3.1.1A-D). Moreover, 

DR_AL mice exhibited similar expression of Srebf1, Acaca, Elovl6 and Fasn compared to 
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chronic AL within two months after the switch back to AL feeding. In line, lipogenesis 

expression of Acaca, Elovl6 and Fasn did not significantly increase after initiation of DR and 

only Srebf1 exhibited similar expression levels compared to chronic DR (Fig. 3.1.1.A-D).  

Thus, the memory of a previous AL feeding or late-life initiation of AL regimen abrogated the 

reprogramming of the WAT towards increased lipogenesis gene expression and blocked DR 

switch response.  

 

 

Figure 3.1. 1: Late life DR does not induce expression of lipogenesis genes in the WAT to the 

same extent as chronic DR. 

Q-RT-PCR analysis of expression of lipogenesis genes in the WAT of 27 months old AL, DR, AL_DR 

and DR_AL mice (all n=4). Relative expression of A Srebf1, B Acaca, C Elovl6 and D Fasn normalized 

to Pol2ri and AL. One-way ANOVA followed by Tukey’s post hoc test with multiple testing correction 

were implemented to test for statistical differences in gene expression. Data are plotted as mean with 

SEM and with p values * p<0.05, ** p<0.01 and *** p<0.001 in relation to chronic DR.  

 

3.1.2 Chronic or late-life DR does not significantly reduce AKT and 

S6K1 activity in the WAT  

Protein kinase B, also commonly referred to as AKT kinase (AKT) is a central effector serine-

threonine kinase in several growth hormone receptor pathways, activated by growth hormones 

such as VEGF (Abid et al., 2004) or insulin (Huang et al., 2018). AKT requires phosphorylation 

first on the threonine 308 residue (Thr.308) by PDK1 (Alessi et al., 1998) followed by 

phosphorylation on serine 473 (Ser. 473) by the rictor-mTOR complex (Sarbassov et al., 2005) 

to reach full activity. Upon activation, AKT phosphorylates it’s downstream targets, such as 

FOXO (Greer & Brunet, 2005), BAD (Datta et al., 1997) or GLUT4 translocation via AS160 

(Sano et al., 2003) to regulate cell growth, inhibition of apoptosis and glucose uptake (Huang 

et al., 2018). P70 S6 kinase 1 (S6K1) regulates cellular growth and survival or translation by 

target-specific phosphorylation of downstream effector proteins, such as the pro-apoptotic 
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protein BAD (Harada et al., 2001) or the translation initiation factor elF4B (Holz et al., 2005). 

S6K1 is activated via phosphorylation of threonine 389 (Thr.389) and threonine 229 (Alessi et 

al., 1998) in response to nutrient availability and IIS or mTOR pathway activity (Magnuson et 

al., 2012; Um et al., 2006). Given that ablation of insulin signalling in the adipose tissue can 

extend murine lifespan (Bluher et al., 2003) and that nutrient signalling is reduced under DR 

(Santos et al., 2016), we asked whether DR impacts on AKT and S6K activity in the WAT. To 

this end, we performed Western Blot analyses on WAT protein extracts to evaluate the ratio of 

AKT phosphorylation on threonine 308 and serine 473 in relation to total AKT levels, as well 

as phosphorylation on threonine 389 in relation to total S6K1 levels. Although we did not 

observe any significant difference in the ratio of phosphorylated versus total AKT or S6K1 in 

the WAT of DR treated animals (Fig. 3.1.2A-C), we observed a trend towards reduced AKT 

phosphorylation on both Thr.308 and Ser.473 in chronic DR and AL_DR mice. In contrast, 

DR_AL WAT exhibited a trend towards increased AKT phosphorylation on both amino acid 

residues similar to chronic AL, implying that previous DR regimen has no impact on AKT 

activity after the treatment was ceased (Fig. 3.1.2A and B). Interestingly, while chronic DR and 

AL_DR mice displayed reduced ratios of phosphorylated versus total S6K1 in the WAT, the 

same trend was observed for DR_AL, suggesting that S6K1 activity might be influenced by 

newly imposed or previous DR regimen after AL was re-initiated (Fig. 3.1.2C).  

Thus, early or late-life DR or switching mice from DR to AL at 24M did not significantly reduce 

AKT and S6K1 activity in the WAT compared to chronic AL feeding. However, we identified a 

trend towards a potential memory of AKT and S6K1 activity in response to previous or newly 

established DR. Repeating the Western Blot analyses with more replicates would answer the 

question whether reduced AKT and S6K1 activity in the WAT was linked with DR.  
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Figure 3.1. 2: Chronic or late-life DR does not significantly reduce AKT and S6K1 activity in the 

WAT 

Relative protein levels of phosphorylated AKT on A threonine 308 or B serine 473 in relation to total 

AKT. C relative protein levels of phosphorylated S6 kinase 1 (S6K1) on threonine 389 in relation to total 

S6K levels. Protein levels of phosphorylated AKT or S6K1 were set relative to total AKT or S6K1 

respectively, quantified against alpha tubulin and normalized against AL protein levels. One-way 

ANOVA followed by Tukey’s multiple testing correction were implemented to assess differences in 

protein levels. Data are plotted as mean with SEM and with p values * p<0.05, ** p<0.01 and *** p<0.001 

in relation to chronic DR. 
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3.1.3 Increased mitochondrial copy number and complex I and IV 

protein levels in the WAT might contribute to the lifespan extension 

upon chronic DR  

Mitochondria are organelles in the cytoplasm, often referred to as the powerhouse of the cell, 

due to their role in supplying the cell with energy in the form of adenosine triphosphate (ATP) 

via oxidative phosphorylation (Spinelli & Haigis, 2018). Mitochondria possess their own small 

circular genome (mtDNA), which encodes for the subunits of the five oxidative phosphorylation 

(OXPHOS) proteins in the respiratory chain responsible for ATP synthesis (Anderson et al., 

1981). In addition to their function in ATP production, mitochondria are also involved in several 

other cellular functions or metabolic pathways, such as lipid metabolism via β oxidation, lipid 

storage or thermogenesis in the BAT (Benador et al., 2019). Therefore, functional mitochondria 

are required for proper cell and subsequently systemic tissue function. DR and every-other-

day fasting have demonstrated to maintain mitochondrial function during ageing in rats or mice, 

suggesting that improving mitochondria function by dietary interventions can positively impact 

on ageing (Castello et al., 2011; Lanza et al., 2012).  

Interestingly, RNA sequencing of the WAT identified induction of genes associated with 

mitochondria under chronic DR but not upon late-life DR (Hahn et al., 2019), suggesting that 

in contrast to chronic DR a DR switch late in life is not sufficient to induce mitochondrial 

biogenesis. In order to test this hypothesis, we investigated mitochondrial copy number, as 

well as OXPHOS protein levels in the WAT of chronic and late-onset DR mice. We first 

conducted quantitative PCR on the three mitochondrial genes Atp6, encoding the ATP 

synthase Fo subunit 6, Cox1, encoding cytochrome c oxidase I as well as Rnr2, encoding the 

mitochondrial 16S ribosomal RNA, to assess mtDNA copy numbers in the WAT. All three 

mitochondrial genes displayed significantly higher copy numbers in chronic DR, suggesting 

the WAT of chronic DR mice have more mitochondria compared to chronic AL (Fig. 3.1.3A). 

Interestingly, late-life initiation of DR at 24M did not increase mtDNA copy numbers within two 

months after the switch, as AL_DR mice did not show elevated Atp6, Cox1 or Rnr2 levels. 

However, switching mice from DR back to AL feeding at 24M significantly reduced mtDNA 

content to chronic AL levels within two months after the switch (Fig. 3.1.3A). To further verify 

that the late-life DR switch doesn´t induce mitochondrial biogenesis in the WAT, we extracted 

protein and conducted a Western Blot (WB) analysis using an antibody cocktail targeting the 

five OXPHOS respiratory chain proteins. As expected, we detected significantly higher protein 

levels of complex I (CI) and complex IV (CIV) in the WAT of chronic DR compared to chronic 

AL animals (Fig. 3.1.3B). In line with the hypothesis, protein levels of both CI and CIV were 

significantly lower in the WAT of AL_DR and DR_AL mice similar to the levels of chronic AL 

animals (Fig. 3.1.3B). As the immunoblot staining for both CI and CIV were relatively weak, we 
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repeated the experiment using specific antibodies for complex I (mtCO1) and complex IV 

(NDUFA9) on two separate membranes in order to confirm the previous WB results. Indeed, 

we could confirm that both mtCO1 and NDUFA9 protein levels were significantly elevated in 

chronic DR WAT compared to chronic AL as well as AL_DR and DR_AL mice (Fig.3.1.3C). In 

contrast, neither mtCO1 nor NDUFA9 exhibited increased protein levels compared to AL in the 

WAT of AL_DR or DR_AL animals. Thus, in summary these results suggest that chronic DR 

but not late-life DR induces mitochondrial biogenesis in the WAT and that two months of 

refeeding were sufficient to reverse this effect in the DR_AL animals. 
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Figure 3.1. 3: Chronic but not late-life DR increased copy number of mitochondrial DNA and 

complex I and IV protein levels in the WAT  

A QRT-PCR analysis of mitochondrial DNA (mtDNA) copy numbers, B Western blot analysis using an 

OXPHOS antibody cocktail against all five mitochondrial complexes or C mitochondrial complex I 

NDUFA9 and complex IV mtCO1 protein levels in the WAT of AL, DR, AL_DR and DR_AL mice (all 

n=4). mtDNA copy numbers of Atp6, Cox1 and Rnr2 were normalized against the nuclear 18S ribosomal 

RNA gene and normalized against the respective AL copy number control. Protein levels of complex I 

(CI), complex II (CII), complex III (CIII), complex IV (CIV), complex V (CV) or NDUFA9 and mtCO1 were 

first normalized against alpha tubulin and then against AL protein levels. One-way ANOVA followed by 

Tukey’s multiple testing correction were used to test for statistical significance. Data are plotted as mean 

with SEM. p values * p<0.05, ** p<0.01 and *** p<0.001 in relation to chronic DR. 

 

3.1.4 No evidence for increased thermogenesis and browning of the 

WAT upon chronic or late-life DR 

Browning of the WAT is associated with increased expression of thermogenic marker genes, 

increased protein levels of the uncoupling protein 1 (Ucp1), increased numbers of mitochondria 

in white adipocytes and higher WAT thermogenesis (Abdullahi & Jeschke, 2016). Moreover, 

recent studies in mice have linked WAT browning and improved WAT metabolism to DR and 

ageing (Corrales et al., 2019; Fabbiano et al., 2016). Given that chronic DR mice exhibit 

increased mitochondrial numbers in the WAT (Fig. 3.1.3), we therefore asked if thermogenesis 

is elevated upon chronic DR. To this end, we first investigated the gene expression levels of 

the thermogenic marker genes Ppargc1a and Ucp1 in the WAT in relation to chronic AL or DR 

feeding as well as in late-life AL_DR or DR_AL switches. Q-RT-PCR analysis revealed that 

expression levels of both Ppargc1a and Ucp1 were not significantly increased on the mRNA 

level in chronic DR or in any of the late-life switch compared to chronic AL feeding (Fig. 3.1.4A). 

We next assessed protein abundance of UCP1 in WAT by Western Blot. To confirm the 

specificity of the UCP1 antibody, we included BAT of 26M AL mice as a positive control. In 

accordance with the Q-RT-PCR results, UCP1 protein levels in the WAT did not significantly 

differ between diet groups and remained low for all dietary interventions (Fig. 3.1.4). In 

contrast, BAT of age-matched AL mice exhibited a band at the expected protein size, indicating 

that the antibody staining worked (Fig. 3.1.4). Interestingly, one DR_AL mouse exhibited a 

defined WB band correlating with UCP1, indicating that WAT browning can be induced by DR 

in our mouse strain but is probably a rare phenotype and likely does not contribute to the 

increased survival of the DR animals.  
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In conclusion, we show that chronic DR induces expression of lipogenesis genes and 

increases mitochondria independently of thermogenesis in the WAT. Late-onset DR treatment 

did not induce corresponding expression changes, while late onset AL feeding reversed the 

effect of the previous DR feeding on mitochondrial and lipogenesis gene expression. Thus, our 

results suggest a memory of previous AL but not DR feeding encoded in the WAT.  

 

 

Figure 3.1. 4: Lifelong DR feeding or late-life dietary switches do not induce WAT thermogenesis 

and browning  

A Q-RT-PCR analysis of mRNA expression of thermogenic marker genes Ppargc1a and Ucp1 relative 

to Pol2ri and B Western Blot analysis of UCP1 protein levels relative to -tubulin in the WAT of AL, DR, 

AL_DR and DR_AL mice (all n=4). One-way ANOVA followed by Tukey’s multiple testing correction 

were implemented to assess gene expression differences. Data are plotted as mean with SEM and with 

p values * p<0.05, ** p<0.01 and *** p<0.001 in relation to chronic DR or ns as not significant.  
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3.2. Early or mid-life but not late-life onset dietary 

restriction (DR) extends lifespan and health span in 

mice  

 

3.2.1 Defining the phenocritical period of late-life dietary restriction 

in mice  

Dietary restriction leads to a robust extension of lifespan if the treatment is started early in life 

and is then maintained lifelong (Fontana & Partridge, 2015). Importantly, we have recently 

demonstrated that initiation of DR late in life at the age of 24 months only caused a minor 

beneficial effect on survival in female mice (Hahn et al., 2019). It is currently not known why 

the old animals lose their responsiveness towards DR and at which age of onset DR still 

causes beneficial effects. Furthermore, in the previous study only longevity was assessed but 

it is currently not clear whether DR might still be able to improve health when applied late in 

life. In order to address these questions, we designed a new mouse study comprising in total 

1112 mice to systematically test at which age treatment with DR has still beneficial effects on 

health and survival (Fig.3.2.1A). As in the previous study we used females of the long-lived   

C3B6F1 hybrid mouse strain for the new study and DR was implemented as a 40% reduction 

in food uptake compared to an age-matched AL control group. DR was initiated at 3M of age 

for the chronic DR group, and at 12M (AL_DR12M), 16M (AL_DR16M), 20M (AL_DR20M) and 

24M (AL_DR24M) for the DR switch groups (Fig.3.2.1A). We generated four separate mouse 

cohorts for the survival analysis (320 animals), tissue collection (320 animals) and two 

phenotyping cohorts to assess the effect of DR on the metabolism (90 animals) and on fitness 

(72 animals) during ageing (Fig.3.2.1A).  
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Figure 3.2. 1: Defining the phenocritical period of late-life DR in mice  

A Schematic representation of DR switch groups and mouse cohorts used in this study. Mice were 

transferred from AL feeding to DR implemented as a 40% reduction in food intake at 3M, 12M, 16M, 

20M and 24M and maintained until death. Four separate cohorts for survival analyses (n=320), tissue 

collection (n=320), metabolic (n=90) and fitness phenotyping (n=72) were generated to address lifespan, 

health span and molecular parameters in response to the DR switches. The schematic was created with 

Biorender.com.  

 

3.2.2 Customized food racks reduce the food intake of chronic AL 

mice  

To adjust the food amount for the DR regimen and to assess the effect of ageing on food 

intake, we measured the weekly food consumption of AL animals from the lifespan cohort over 

a course of 23 months using customized food racks (Fig. 3.2.2A). As expected, we observed 

a steady increase in food intake of AL animals starting at approximately 3.5g at young age until 

approximately 4.7g were consumed per animal at 23 months (Fig. 3.2.2A). Correspondingly, 

the food intake of chronic DR animals also increased during ageing but with a 40% reduction 

compared to AL (Fig. 3.2.2A).  

We next evaluated the body weight changes of chronic DR animals over time starting from 3M 

of age to assess the baseline body weight before DR was initiated. Additional measurements 

at two weeks, six weeks or nine months post-switch to DR were used to assess body weight 

changes after short- or long-term treatment (Fig. 3.2.2B). To verify, that the presence of custom 

food racks did not affect food intake in AL animals, we conducted body weight measurements 

in a subset of AL mice with regular food racks (AL) or AL mice with custom food racks (AL food 
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rack) (Fig. 3.2.2B). Interestingly, DR animals were significantly heavier that AL and AL food 

rack animals at 3M of age at baseline shortly before DR was initiated (Fig. 3.2.2B). Upon short-

term DR for two weeks or six weeks, the body weight of chronic DR animals was not 

significantly different from AL animals, whereas AL food rack mice were significantly lighter 

compared to DR mice after six weeks of DR (Fig. 3.2.2B). At 12M, chronic DR animals showed 

significantly reduced body weight compared to both AL and AL food rack animals, confirming 

that long-term DR regimen leads to a stable weight reduction compared to AL feeding (Fig. 

3.1.1C). Unexpectantly, AL mice with custom food racks were significantly lighter compared to 

AL mice with regular food racks at all four evaluated time points (Fig. 3.2.2B), demonstrating 

that custom food racks interfered with feeding and significantly affected the food intake. At 

12M, AL food rack animals weighed on average 42,09g + 4,93g and were almost 19% lighter 

compared to AL mice weighing 51,96g + 3,79g, suggesting that that AL food rack animals were 

chronically subjected to a mild form of DR (Fig. 3.2.2B). Therefore, the presence of custom 

food racks in AL cages itself could already positively affect survival compared to AL mice with 

regular food racks. Furthermore, we removed the custom food racks from the food intake cages 

at 23M and former AL food rack animals were switched to 40% DR at 24M of age (AL_DR24M). 

Therefore, the mild reduction in food intake by the custom food racks prior to the DR switch at 

24M could bias the results of the AL_DR24M lifespan. 

 

 

Figure 3.2. 2: Customized food racks reduce the food intake of chronic AL mice  

A Food intake per animal of chronic AL and DR animals over time. Weekly food intake of AL animals 

was measured using custom food racks in 10 separate cages and averaged to obtain the mean food 

intake per AL mouse. Food amounts were adjusted weekly to 60% for DR animals, corresponding to a 

40% reduction in food intake. Solid lines indicating the switch from AL to DR at 12M (purple), 16M (teal), 

20M (yellow) or 24M (grey) of age. After removing the food racks at 23M, mice from the former food 

rack cages were switched to DR at 24M of age (AL_DR24M). For the other DR switch groups, “naïve”, 

untreated AL mice were utilized. Weekly food measurements were stopped when animals reached aged 

23M and the last measured food intake amounts were used until the end of the experiments. C Body 

weight in AL (n=15), DR (n=30) and AL food rack (n=15) groups over time. AL food rack animals were 
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significantly lighter compared to untreated AL animals at 3M (adj. p=0.012), 3,5M (adj. p=0.0093), 4,5M 

(adj. p=0.0014) and 12M of age (adj. p<0.0001). Chronic DR animals significantly differed from food 

rack animals at 3M (adj. p<0.0001), 4,5M (adj. p=0.0451) and 12M of age (adj. p<0.0001). Chronic AL 

mice were lighter than DR mice at 3M (adj. p=0.0111) and heavier at 12M of age (adj. p<0.0001). Two-

way ANOVA followed by Bonferroni multiple testing correction were implemented to assess body weight 

differences between diet combinations. Data are presented as mean with 95% CI and with p-values * 

p<0.05 and *** p<0.001 in relation to chronic DR and with p-values # p<0.05, ## p<0.01, ### p<0.001 

in relation to chronic AL. Differences, which did not reach statistical significance p> 0.05 were not 

labelled. Carolina Monzó generated the longitudinal food intake plot.  

 

3.2.3 DR initiated in mid-life but not in late-life extends median and 

maximum lifespan compared to chronic AL feeding 

We first assessed the survival of the DR switch groups in relation to chronic AL and DR feeding.  

In accordance with previously published DR studies in the C3B6F1 background (Hahn et al., 

2019, 2017), chronic DR significantly increased median survival by 34,5% (782 days chronic 

AL, 1052 days chronic DR) and maximum survival by 49% (987,7 days chronic AL, 1471,3 

days chronic DR) compared to chronic AL feeding (Figure 3.2.3A-D).  

Strikingly, both mid-life switches to DR at 12M (AL_DR12M, Fig.3.2.3A) and at 16M 

(AL_DR16M, Fig. 3.2.3B), significantly extended life compared to chronic AL feeding and to a 

similar extend as chronic DR treatment. Moreover, AL_DR12M animals had a significantly 

increased median survival by 29,2% (770 days chronic AL, 995 days AL_DR12M) and 

maximum survival by 28,59% (962 days chronic AL, 1237,6 days AL_DR12M, p= 3.96 x 10-7) 

compared to chronic AL feeding (Supplementary table 2). Similarly, AL_DR16M significantly 

extended median lifespan by 28,19% (775 days chronic AL, 993,5 days AL_DR16M) and 

maximum survival by 26,88% (962,4 days chronic AL, 1213,4 days AL_DR16M, p= 1.6 x 10-7) 

compared to chronic AL (Supplementary table 3). In contrast, chronic DR displayed an 

increase in median lifespan by 6,2% and in maximum lifespan by 12,64% compared to 

AL_DR12M (Supplementary table 2) and by 6,54% and 14,88% compared to AL_DR16M 

(Supplementary table 3), indicating that AL feeding for 12M or 16M of age already had some 

detrimental effects on murine lifespan. Strikingly, when implementing Fisher’s test, the 

differences in maximum lifespan between chronic DR and AL_DR12M (p=0.513) or 

AL_DR16M (p=0,82) were not significant, demonstrating that AL feeding for 12M or 16M 

already had some detrimental effects on median but not on maximum lifespan. In contrast, 

switching animals to DR at 20M (AL_DR20M, Fig. 3.2.3C) did not increase lifespan compared 

to AL feeding. Correspondingly, AL_DR20M increased median survival by 11,39% (781 days 



85 

chronic AL, 870 days AL_DR20M) but the difference in maximum survival compared to AL was 

not significant (10,08%, 967,15 days chronic AL, 1064,66 days AL_DR20M, p= 0.0515, 

supplementary table 4). Moreover, median and maximum lifespan were significantly reduced 

by 21,66% or 30,9% respectively in AL_DR20M compared to DR (0.00095, supplementary 

table 4), indicating that prolonged AL feeding blunted the response towards newly imposed 

DR. In contrast, 24M onset of DR (AL_DR24M, Fig. 3.2.3D) had limited effects in prolonging 

life compared to AL and were shorter-lived than chronic DR. Similarly, AL_DR24M had a higher 

median survival of 8,04% (821 days chronic AL, 887 days AL_DR24M) but maximum survival 

was not significantly extended compared to AL feeding (993,55 days chronic AL, 1148 days 

AL_DR24M, p= 0.1589, supplementary table 5). Therefore, the presence of food racks in the 

cages lead to a chronic restriction of food intake in AL_DR24M (Fig. 3.2.2B), which was enough 

to increase lifespan compared to untreated AL mice (Fig. 3.2.3D). When compared to chronic 

DR animals, median and maximum survival of AL_DR24M was significantly decreased by 

20,07% and 21,4% (p=0.000197, supplementary table 5), indicating that a lifelong, less severe 

reduction in food intake was not as efficient in prolonging life as chronic DR with a 40% 

reduction. Overall, our results suggest that mice lose their responsiveness towards newly 

imposed DR between 16M and 20M mice, potentially due to detrimental effects of prolonged 

AL feeding. 

To evaluate whether chronic, less severe food restriction already provided a survival 

advantage before DR onset at 24M, we compared the number of deaths in each DR group to 

the corresponding number of deaths in the AL cohort prior to the respective DR switch. During 

ageing, we detected few; spontaneous deaths in the AL_DR12M, AL_DR20M and chronic AL 

group prior to DR onset at 12M, 16M or 20M of age (Fig. 3.2.3E); however, no significant 

difference in the number of deaths were found. In contrast, significantly more chronic AL 

animals (n=25) died before 24M of age, as opposed to only four deaths in the later AL_DR24M 

group (Fig. 3.2.3E), demonstrating that the presence of custom food racks in the cages delayed 

death and thus provided a survival advantage compared to untreated AL animals. We asked 

next, whether the proportion of euthanized or naturally deceased animals differed between diet 

groups.  Approximately 50% of animals were euthanized and approximately 50% of animals in 

chronic DR and DR switch groups were naturally deceased Fig. 3.2.3F). Consequently, no 

difference in the proportion of naturally deceased versus euthanized mice when comparing 

chronic DR, AL_DR12M, AL_DR16M, AL_DR20M or AL_DR24M (Fig. 3.2.3F). Strikingly, a 

significantly higher proportion of chronic AL animals were naturally deceased compared to all 

other DR groups (Fig. 3.2.3F), suggesting that AL animals exhibited fewer tumours or other 

age-associated comorbidities, which were euthanasia criteria.  

To conclude, these results show that initiation of DR mid-life at 12M or 16M extends murine 

lifespan almost to the same extent as chronic DR feeding, suggesting animals remain 
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responsive towards newly imposed DR as late as 16M of age. Moreover, a lifelong less severe 

DR regimen by itself extended lifespan compared to untreated, chronic AL animals.  

 

 

Figure 3.2. 3: DR initiated in mid-life but not in late-life extends median and maximum lifespan 

compared to chronic AL feeding 

Post-switch Kaplan-Meier survival curves of chronic controls or animals switched at A 12 months 

(AL_DR12M n=49) B 16 months (AL_DR16M n= 50) C 20 months (AL_DR20M n=46) or D 24 months 

of age (AL_DR24M n=45). Solid lines represent the Kaplan-Meier fit, shaded areas indicate the 95% 

confidence interval (CI) for the respective diet group and dashed lines mark the median lifespan 



87 

extension for each treatment. Animals of all diet groups, which died before the respective DR switch, 

were excluded from the analysis. The animal numbers were the following: comparison to AL_DR12M: 

chronic AL n=69, DR n=50, AL_DR12M n=49. Comparison to AL_DR16M chronic AL n=67, DR n=50, 

AL_DR16M n=49. Comparison to AL_DR20M: chronic AL n=61, DR n=50, AL_DR20M n=45. 

Comparison to AL_DR24M: chronic AL n=45, DR n=49, AL_DR24M n=46. Pairwise log-rank tests were 

implemented to assess differences between diet combinations. Mice switched at 12M to DR (A) 

significantly differed from chronic DR (adj. p=0.044) and from AL (adj. p=1.21x10-10). AL_DR16M (B) 

significantly differed from both DR (adj. p= 0.017) and AL (adj. p=1.8x10-10), whereas AL_DR20M (C) 

significantly differed from DR (adj. p=5.5x10-8) but not from AL (adj. p=0.054). Animals switched at 24M 

to DR significantly differed from both chronic DR (adj. p=3.9x10-5) and AL (adj. p = 0.0164). Median 

lifespan in days in relation to chronic AL were displayed for each diet group with dotted lines. The 

lifespan data of chronic AL and DR animals was recently published in a collaborative paper (Kaeser et 

al., 2021). E Number of deaths in the AL cohort compared to the number of deaths in the DR switch 

cohorts before each diet switch. Significantly less deaths occurred in the AL_DR24M group before the 

switch at 24M compared to chronic AL (p= 0.0081). Similar amounts of deaths occurred in AL_DR12M 

(p=0.999), AL_DR16M (p=0.2702) or AL_DR20M (p=0.7786) compared to AL before the respective 

switch. Fisher’s tests were conducted to compare death in the AL cohort and deaths in DR switch cohorts 

before each diet switch. F Proportion of naturally deceased or euthanized animals in chronic AL (n=70), 

DR (n=50), AL_DR12M (n=49), AL_DR16M (n=50), AL_DR20M (n=45) or AL_DR24M (n=46). 

Significantly more chronic AL mice died of natural causes compared to chronic DR and DR switch 

groups. Fisher’s tests were conducted to calculate statistical differences between euthanized and 

naturally deceased animals between diet groups. Data are presented with p-values * p<0.05, ** p<0.01, 

*** p<0.001 in relation to chronic DR and with p-values # p<0.05, ## p<0.01, ### p<0.001 and ns not 

significant (p>0.05) in relation to chronic AL. Statistical analyses were conducted and plots were 

generated by Carolina Monzó and schematics were created with BioRender.com. 

 

3.2.4 DR, irrespective of the age of onset, improved survival in 

relation to chronic AL feeding but increased mortality in relation to 

chronic DR treatment 

We next implemented Cox proportional hazard (CPH) analyses to evaluate whether prolonged 

AL feeding increased mortality and mid- or late-onset DR would improve survival. As expected, 

when compared to chronic AL feeding, chronic DR had a positive effect on survival and was 

associated with decreased mortality (Fig. 3.2.4A and B). Most strikingly, DR, irrespective at 

the age of onset had a similar protective effect on survival compared to AL feeding, indicating 

that initiation of DR at 20M or 24M still had a positive effect on survival even after long-term 

AL feeding (Fig. 3.2.4A). However, we detected a clear separation between chronic DR, 

AL_DR12M or AL_DR16M and AL_DR20M or AL_DR24M, suggesting that initiating DR at 
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20M or 24M decreased survival compared to earlier DR onset (Fig. 3.2.4A). Potentially, this 

survival difference could be due to lack of adaptation to the DR regimen or detrimental effects 

of previous AL feeding. Moreover, the CPH results were largely consistent with our lifespan 

data, as chronic DR, AL_DR12M, AL_DR16M and AL_DR24M mice displayed significant 

lifespan extension or increased maximum survival compared to chronic AL (Fig. 3.2.3A-D). 

Intriguingly, AL_DR20M had a significantly different CPH ratio, despite no significant difference 

in overall or maximum lifespan (Fig. 3.2.3C and supplementary table 4), indicating that DR 

onset at 20M could still induce some beneficial effects on survival compared to AL even if 

AL_DR20M mice were not significantly longer-lived (Fig. 3.2.4A).  

When compared to chronic DR, AL_DR12M, AL_DR16M, AL_DR20M and AL_DR24M had 

significantly different hazard ratios, indicating that even short-term AL feeding for 12M or 16M 

already increased the mortality risk, compared to lifelong DR treatment (Fig. 3.2.4B). 

Moreover, these results correspond to the log rank tests of our lifespan (Fig. 3.2.3A- D, Fig. 

3.2.4B), as the overall survival of DR switch groups was significantly shorter compared to 

chronic DR. Furthermore, a shorter duration of AL feeding prior to initiation of DR was less 

detrimental to survival compared to longer AL duration (Fig. 3.2.4B), as AL_DR12M and 

AL_DR16M were closer to chronic DR in the CPH analyses than AL_DR20M and AL_DR24M. 

Interestingly, when compared to chronic AL or DR, AL_DR24M exhibited a better prognosis 

on mortality or survival contrasting to AL_DR20M, indicating adaptation differences between 

the two DR switches (Fig. 3.2. 43A). This observation was consistent with our lifespan data 

(Fig. 3.2.3C and DR) and was likely due to long-term, mild food restriction in AL_DR24M 

animals prior to DR onset at 24M due to the detrimental effect of customized food racks in the 

cages (Fig. 3.2.2B). In contrast, untreated, “naïve” AL animals were switched to DR at 20M of 

age, which did not have the food restriction and survival advantage of AL_DR24M mice.  

Thus, chronic, mid- or late-life onset of DR is protective and associated with decreased risk of 

mortality compared to chronic AL feeding. However, already a short-term duration of previous 

AL feeding reduced the survival outcome compared to chronic DR animals, which was 

consistent with the lifespan results.  

 



89 

 

Figure 3.2. 4: DR, irrespective of the age of onset, improved survival in relation to chronic AL 

feeding but increased mortality in relation to chronic DR treatment 

Cox proportional hazard ratios of DR switch groups relative to A) AL-fed animals or B) to chronic DR 

controls to assess lifespan trajectories. Centres represent the coefficient and bars the 95% CI. A Early 

DR onset at 3M (coefficient = -1.8831, p= 4.0xe-14, n=50), mid-life onset at 12M (coefficient= -1.4642, 

p= 1.0xe-10, n=49) or 16M (coefficient = -1.3906, p= 2.0xe-10, n=50) as well as late-life initiated DR at 

20M (coefficient= -0.5289, p= 1.0xe-2, n=45) and 24M (coefficient= -0.6405, p= 4.0xe-3, n=46) exhibit 

significantly improved survival compared to chronic AL. The number of AL animals differed between cox 

proportional hazard regressions due to deaths in the AL cohort prior to the respective DR switch. Chronic 

DR and AL_DR12M were compared against 69 AL animals. AL_DR16M were compared to 67 AL 

animals, AL_DR20M were compared to 61 AL animals and AL_DR24M were compared to 45 AL 

animals. B Chronic AL (coefficient =1.8831, p=4.0xe-14, n=69) as well as previous AL feeding for 12M 

(coefficient= 0.5259, p= 1.0xe-2, n=49), 16M (coefficient = 0.5763, p= 7.0xe-3, n=50), 20M (coefficient= 

1.2752, p= 1.0xe-8, n=45) or 24M (coefficient= 0.9756, p= 2.0xe-5, n=46) prior to initiation of DR 

significantly increased the mortality risk compared to chronic DR treatment. Chronic AL, AL_DR12M 

and AL_DR16M were compared against 50 DR animals. AL_DR20M and AL_DR24M were compared 

to 49 DR animals due to deaths occurring prior to the 20M and 24M DR switch. Data are presented with 

p-values *** p<0.001 in relation to chronic DR and with p-values ### p<0.001 in relation to chronic AL. 

Statistical analyses were conducted and plots were generated by Carolina Monzó. 

 

3.2.5 AL_DR20M animals have on average less tumours at death than 

chronic AL animals  

DR can not only reduce induced tumour growth in glioblastoma (Mukherjee et al., 2002) or 

breast cancer mouse models (de Lorenzo et al., 2011) but can also reduce spontaneous 

tumour growth in ageing mice (Hart & Turturro, 1997). Moreover, several clinical studies in 

humans currently aim to evaluate the potential of combined radiation or chemotherapy with 
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DR or DR mimetics, such as metformin, to reduce cancer growth and increase patient survival 

(Meynet & Ricci, 2014). We therefore asked how the age of DR onset would affect tumour load 

at death in our DR switch groups and whether there was a correlation of tumour load with 

survival. To this end, post-mortem pathology was conducted on euthanized or deceased 

animals in the lifespan cohort, to assess the number and the location of macroscopic tumours 

at the time of death starting at 20M of age when AL animals began to die. We first evaluated 

differences in the average tumour load at death of all diet groups in the lifespan cohort, 

irrespective of the age at which animals died. Interestingly, we detected a trend towards 

reduced tumour load in chronic or mid-life DR switches but only AL_DR20M mice displayed 

significantly fewer tumours in relation to chronic AL (Fig. 3.2.5A).  

Therefore, we asked next whether the reduction in tumour load in AL_DR20M mice was due 

to an increased proportion of animals, which died with no or only few detected tumours at 

death. To this end, we calculated the proportion of animals affected by none (0), one (1), two 

(2), three (3) or over three (>3) detected lesions, which was previously implemented by Xie 

and colleagues (Xie et al., 2017). Strikingly, we detected a trend towards an increased 

proportion of chronic DR, which were tumour free at death (Fig. 3.2.5B). Moreover, similar 

proportions of AL_DR12M and AL_DR20M mice had no detected lesions compared to chronic 

AL mice. In contrast, fewer AL_DR16M and AL_DR24M mice died without any tumour (Fig. 

3.2.5B). Furthermore, there was a trend towards increased prevalence of primary tumours in 

all DR switch groups compared to chronic AL or DR controls (Fig. 3.2.5B). Except in 

AL_DR20M, two tumours were similarly present in all diet groups and three tumours affected 

fewer AL_DR12M mice at death (Fig. 3.2.5B). Most notably, chronic AL animals exhibited the 

highest prevalence for multiple tumours at death, whereas more than three tumours were less 

common in AL_DR20M mice (Fig. 3.2.5B), which could explain the difference in average 

tumour number at death between the two groups (Fig. 3.2.5A). In contrast, the proportion of 

chronic DR, AL_DR12M, AL_DR16M or AL_DR24M with multiple lesions at death was 

comparable, implying that the formation of multiple lesions was not affected by earlier or later 

onset of DR (Fig. 3.2.5B). Intriguingly despite an eight-month later onset of DR, the overall 

percentage of AL_DR24M animals affected by no, one or more tumours closely resembled the 

tumour prevalence of AL_DR16M animals (Fig. 3.2.5B), indicating that a chronic, less severe 

DR regimen could affect tumour formation similarly to DR onset at 16M. However, when probed 

for statistical differences in tumour prevalence between diet groups, none of the comparisons 

reached statistical significance. Therefore, the significant reduction in average tumour load at 

death in AL_DR20M mice could stem from the reduced prevalence of two or more lesions at 

death compared to AL mice.  
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Figure 3.2. 5: AL_DR20M animals have on average less tumours at death than chronic AL animals 

A Total tumour burden at death of naturally deceased or euthanized chronic AL (n= 54), chronic DR (n= 

47), AL_DR12M (n= 46), AL_DR16M (n= 46), AL_DR20M (n= 43) or AL_DR24M (n= 44) animals in the 

entire lifespan cohort. Total number of tumours per animal irrespective of the location or the affected 

organ were taken into account and animals, which died prior to the respective DR switch, were excluded 

from the analysis. AL_DR20M had on average fewer tumours (p= 0.0261) than chronic AL animals. No 

differences in tumour load were observed between chronic AL and early or late-onset DR groups or 

between DR groups (p> 0.05). B Demographics of the total tumour burden of chronic AL, chronic DR, 

AL_DR12M, AL_DR16M, AL_DR20M and AL_DR24M. All tumours irrespective of the location or the 

affected organ were taken into account to calculate the percentage of animals affected by no, one, two, 

three or more than three tumours and animals, which died prior to the respective DR switch, were 

excluded from the analysis No significant differences in tumour demographics between diet groups were 

detected. Student t tests were carried out to assess differences in the average number of tumours and 

Fisher’s test were implemented to compare the prevalence of mice affected or not affected by none, one 

or more tumours at the time of death between chronic controls and DR switch groups. Data are 

presented as mean with 95% CI and with p-values # p<0.05 in relation to chronic AL. Differences, which 

did not reach statistical significance p> 0.05 were not labelled.  

 

3.2.6 Chronic DR delays early tumour growth but does not decrease 

tumour burden at old age  

In contrast to previous studies (as reviewed by Brandhorst & Longo, 2016 and Longo & 

Fontana, 2010), we did not detect any statistically significant differences in the average tumour 

number or prevalence in chronic AL compared to chronic DR mice. However, it is known that 

the tumour burden increases in an age-dependent manner in humans (DeSantis et al., 2019) 
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as well as in AL –fed and in restricted mice (Bronson & Lipman, 1991). Therefore, we wondered 

whether a higher tumour load in exceptionally long-lived DR animals could have masked 

statistical differences in relation to, on average, shorter-lived chronic AL or late-onset DR mice. 

To this end, we first plotted the density distribution of deaths occurring in each cohort, which 

enabled us to investigate the number and prevalence of tumours in prematurely deceased, 

average aged as well as longest-lived individuals in each diet group (Fig. 3 2.6A). Moreover, 

this systematic screen ensured, that comparable number of mice were represented in each 

parts of the density distribution. The centres of the Gaussian distribution were 773,7 days for 

AL, 1033 days for DR, 968,9 days for AL_DR12M, 1020 days for AL_DR16M, 903 days for 

AL_DR20M and 847,8 days for AL_DR24M, which closely resembled the median lifespan of 

the diet groups as previously determined (Fig. 3.2.3A-D). Interestingly, the pattern of the 

distribution of deaths in AL_DR12M closely resembled distribution of chronic DR mice, which 

was broader compared to chronic AL mice (Fig. 3.2.6A). In contrast, the distribution of 

AL_DR16M, AL_DR20M and AL_DR24M displayed a similarly narrow peak distribution as 

chronic AL, which indicated that the more animals died within a shorter time frame compared 

to DR and AL_DR12M (Fig. 3.2.6A). Based on the Gaussian density distribution, we 

determined the number of prematurely deceased, average aged and longest-lived animals in 

each diet group (Fig. 3.2.6B-D).   

We first evaluated the tumour load and prevalence in prematurely deceased chronic controls 

and DR switch groups (Fig. 3.2.6B). The average age of prematurely deceased animals were 

678,1 days for AL, 847,6 for DR, 820,6 AL_DR12M, 849,9 AL_DR16M, 727,4 AL_DR20M and 

779,1 AL_DR24M. Strikingly, prematurely deceased chronic DR animals had significantly 

fewer tumours compared to chronic AL and 16M, 20M and 24M DR switch mice (Fig. 3.2.6B). 

Moreover, a significantly higher proportion of chronic DR animals were tumour-free at death 

compared to AL_DR16M and AL_DR24M (Fig. 3.2.6B). Additionally, less chronic DR animals 

were affected with multiple lesions at death compared to chronic AL (Fig. 3.2.6B), indicating 

that chronic DR significantly reduced early tumour formation. Intriguingly, the tumour 

prevalence of prematurely deceased AL_DR24M closely resembled the prevalence of 

AL_DR16M mice (Fig. 3.2.6B), suggesting that a 60% reduction in food intake following a 

lifelong less severe DR regimen improved tumour load similarly to 16M onset DR.  

Next, we compared the number and prevalence of tumours in average aged animals from each 

diet group (Fig. 3.2.6C). Interestingly, we detected a trend towards reduced average tumour 

load in AL_DR20M mice compared to chronic AL or DR in animals that reached the average 

lifespan of their respective cohort (Fig. 3.2.6C). In contrast, chronic AL, DR, AL_DR12M, 

AL_DR16M and AL_DR24M displayed on average similar tumour numbers at death (Fig. 

3.2.6C), indicating that early or late-onset of DR could not fully inhibit cancerous growth. When 

assessing tumour prevalence, AL, DR and 12M DR onset exhibited the highest proportion of 
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tumour-free mice at death, whereas fewer AL_DR16M, AL_DR20M and AL_DR24M mice died 

without any detected lesion (Fig. 3.2.6C). Interestingly, AL_DR20M mice displayed the highest 

proportion of mice with only one tumour at death (Fig. 3.2.6C), indicating the reduction in 

average tumour load was likely attributed to more AL_DR20M mice with fewer lesions 

compared to the other diet groups. However, when probed for statistical differences between 

diet groups, none of the comparisons did not reach statistical significance.    

Lastly, we assessed the tumour load and prevalence in the longest-lived survivors of each diet 

group (Fig. 3.2.6D). The average age in days of the longest-lived animals were 916,3 for AL, 

1307,8 for DR, 1199,6 for AL_DR12M, 1160,2 for AL_DR16M, 1025,5 for AL_DR20M and 

1052 for AL_DR24M. Interestingly, we detected a trend towards reduced average tumour load 

in DR switch groups compared to chronic AL or DR (Fig. 3.2.6D). Moreover, chronic DR mice 

exhibited the highest average number of tumours, which could be attributed to the presence 

of longest-lived animals from the entire lifespan cohort. Correspondingly, all DR animals 

exhibited at least two lesions and more than 60% of all DR mice harboured more than three 

tumours at death (Fig. 3.2.6D). In contrast, the prevalence of over three tumours was reduced 

in chronic AL, AL_DR12M, AL_DR16M, AL_DR20M and AL_DR24M mice (Fig. 3.2.6D), 

suggesting that lifelong DR cannot fully inhibit but only slow down tumour growth. Strikingly, a 

small proportion of the longest-lived chronic AL, AL_DR16M and AL_DR20M died without any 

tumour (Fig. 3.2.6D), demonstrating that these animals died from other causes than cancer.  

In summary, chronic DR significantly reduced the onset of spontaneous tumour growth in 

prematurely deceased animals but could not inhibit tumour formation as animals aged. 

Intriguingly, AL_DR20M displayed fewer lesions at the median distribution, suggesting that 

these animals died from other causes than cancer. Moreover, these data indicate that tumour 

growth could not be a major cause for the lack in late life DR longevity, as the tumour load of 

AL_DR20M was lower among the median and the longest-lived survivors of this diet group. 
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Figure 3.2. 6: Chronic DR delays tumour growth but does not decrease tumour burden at old age  

A Gaussian density distribution of deaths occurring in chronic AL (n= 60), chronic DR (n= 50), 

AL_DR12M (n= 49), AL_DR16M (n= 50), AL_DR20M (n= 45) or AL_DR24M (n= 46) animals in the 

entire lifespan cohort. Animals that died before the respective DR switch were excluded from the 

analyses. First, the Gaussian centre of the distribution was calculated. The centres of the Gaussian 

distribution were 773,7 days for AL, 1033 days for DR, 968.9 days for AL_DR12M, 1020 days for 

AL_DR16M, 903 days for AL_DR20M and 847,8 days for AL_DR24M, which closely resembled the 

median lifespan of each diet group. Next, the number of animals that died prematurely before the centre 

of the density distribution was determined and animals were represented parts left from the centre (left). 

Animals that were the longer lived than the median were represented by the right fraction of the density 

distribution. Total number of tumours per animal irrespective of the location or the affected organ were 

taken into account and the percentage of animals affected by no, one, two, three or more than three 

tumours were calculated at the left, centred and right part of the density distribution. B Number and 
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tumour prevalence of prematurely deceased animals in the chronic AL (n= 15), chronic DR (n= 14), 

AL_DR12M (n= 16), AL_DR16M (n= 17), AL_DR20M (n= 17) or AL_DR24M (n= 11) groups in the left 

density distribution. Prematurely deceased chronic DR animals had significantly fewer tumours at death 

than chronic AL and AL_DR16M, AL_DR20M and AL_DR24M. C Number and tumour prevalence at the 

median lifespan of chronic AL (n= 17), chronic DR (n= 14), AL_DR12M (n= 13), AL_DR16M (n= 13), 

AL_DR20M (n= 12) or AL_DR24M (n= 12) in the centred part of the density distribution. The average 

tumour load or tumour prevalence was not significantly different between diet groups at the median 

lifespan. D Number and tumour prevalence of the longest-lived chronic AL (n= 20), chronic DR (n= 16), 

AL_DR12M (n= 14), AL_DR16M (n= 13), AL_DR20M (n= 11) or AL_DR24M (n= 18) in the right part of 

the density distribution. The average tumour load or tumour prevalence did not significantly differ in the 

longest-lived individuals of each diet group. Student t tests were carried out to assess differences in the 

number of tumours in the left, centred or right density distribution between chronic controls and DR 

switch groups. Fisher’s tests were implemented to compare the prevalence of mice affected or not 

affected by none or at least one tumour at the time of death. Data are presented as mean with 95% CI, 

as density distribution or in percent and with p-values * p<0.05 and ** p<0.01 in relation to chronic DR 

and with p-values # p<0.05 in relation to chronic AL. Differences, which did not reach statistical 

significance p> 0.05 were not labelled. Carolina Monzó calculated and provided the plots of the density 

distribution at death.  

 

3.2.7 DR onset at 3M, 12M and 16M protects animals from liver 

carcinogenesis 

We next asked whether DR had any impact on the incidence of different tumour types. To this 

end, we evaluated which tissues were affected by tumour growth, first irrespective of the age 

at which the animal died. Interestingly, the dominating tumour types in the lifespan cohort were 

connective tissue tumours affecting the adipose tissue depots, liver tumours as well as lymph 

node tumours at different locations in the body (Fig. 3.2.7A). Interestingly, connective tissue 

tumours showed the highest prevalence in chronic AL mice and the prevalence decreased with 

earlier DR onset, suggesting a correlation of body fat content and the formation of these 

tumours (Fig. 3.2.7A). However, no significant differences were observed between diet groups. 

In contrast, AL_DR24M animals had significantly more lymph node tumours at death compared 

to chronic AL (Fig. 3.2.7A). With the exception of AL_DR24M animals, the occurrence of lymph 

node tumour displayed an inverse correlation with the age of DR onset (Fig. 3.2.7A). These 

data suggest that lymph node tumour occurrence could be linked to longer-lived animals, as 

lymph node tumours affected more chronic DR animals than chronic AL or AL_DR20M. 

Strikingly, the incidence of liver tumours was significantly reduced in chronic DR, AL_DR12M 

and AL_DR16M and the other diet groups (Fig. 3.2.7A and B), indicating that DR initiated at 

3M, 12M or 16M of age can protect C3B6F1 females from liver carcinogenesis. Intriguingly, 
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AL_DR16M displayed an in-between phenotype with lower liver tumour prevalence compared 

to chronic AL but increased liver tumour prevalence in relation to chronic DR (Fig. 3.2.7A and 

B).  

Next, we sought to investigate if the occurrence of the different tumour types differed between 

diet groups and whether some tumour types could be observed earlier than other tumour types. 

To this end, we assessed the prevalence of animals affected or not affected by different tumour 

types in prematurely deceased, average aged or longest-lived animals, corresponding to the 

density distribution from Fig. 3.2.6.  Similar to the tumour demography in the entire cohort, the 

most prevalent tumour types in prematurely deceased animals were connective tissue 

tumours, liver and lymph node tumours as well (Fig. 3.2.7C). Interestingly, we detected a 

significant increase in connective tissue and liver tumours in AL_DR24M compared to chronic 

DR (Fig. 3.2.7C). Moreover, compared to chronic AL, liver tumours did not affect prematurely 

deceased AL_DR12M animals (Fig. 3.2.7C). While there was a trend towards increased liver 

tumour prevalence in 16M, 20M and 24M onset DR in relation to DR (Fig. 3.2.7C), the 

comparisons did not reach statistical significance. Next, we evaluated the prevalence of 

different tumour types in animals, which reached the median lifespan of their respective diet 

group. Interestingly, the overall prevalence of different tumour types was comparable between 

diet groups at the median lifespan (Fig. 3.2.7D). Notably, lymph node tumour formation was 

significantly increased in AL_DR16M mice compared to chronic AL (Fig. 3.2.7D). Moreover, 

we detected a trend towards increased lymph node tumour prevalence in chronic, 12M and 

24M onset DR compared to AL (Fig. 3.2.7D). Interestingly, eye tumours seemed to occur 

earlier in murine eyes, as only prematurely deceased animals were affected by this tumour 

type (Fig. 3.2.7C-E=. Taken together, these data suggest that animals were affected by similar 

lesions irrespective of the age of DR onset or the duration of previous AL feeding at the median 

age of death of their respective diet group. Lastly, we evaluated the prevalence of different 

tumour types in the longest-lived animals of each diet group (Fig. 3.2.7E). Interestingly, we 

detected a trend towards overall higher prevalence for colorectal, liver or uterine tumours in all 

diet groups (Fig. 3.2.7E), suggesting that ageing affected the occurrence of many different 

tumour types irrespective of DR or previous AL feeding. Moreover, lymph node tumours 

affected more than 50% of all long-lived animals, irrespective of the age of DR onset (Fig. 

3.2.7.E), suggesting that this tumour type could be linked with old age. Strikingly, we detected 

an increase in liver carcinogenesis depending on the age of DR onset and chronic DR and 

AL_DR12M animals displayed significantly lower liver tumour prevalence compared to chronic 

AL (Fig. 3.2.7E). Moreover, AL_DR24M mice had significantly more liver tumours than chronic 

DR animals (Fig. 3.2.7E). Intriguingly, liver tumours similarly affected AL_DR16M animals 

compared to AL_DR20M or AL_DR24M (Fig. 3.2.7E), suggesting that mid-life onset of DR 

cannot protect the longest-lived animals from liver carcinogenesis at old age. Moreover, the 
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higher liver tumour prevalence of AL_DR16M in the entire diet group (Fig. 3.6.A), was due to 

increased liver tumour prevalence in the longest- lived AL_DR16M mice (Fig. 3.2.7E). These 

data suggest that DR onset at 16M could prevent liver tumour formation in animals, which died 

prematurely or at the median lifespan but was not able to inhibit liver carcinogenesis in very 

old AL_DR16M mice.  

To conclude, the age of DR onset, as well as the age at which animals died affected the 

occurrence of different tumour types. Moreover, DR onset at 3M or 12M protected animals 

from liver carcinogenesis, whereas DR onset at 20M or 24M as well was not able to reduce 

cancerous growth in the liver. Most strikingly, AL_DR16M mice display an in-between 

phenotype with a full lifespan extension similar to AL_DR12M but significantly increased liver 

tumour load in the entire diet group or in the longest-lived mice, suggesting that lifespan and 

health at old age might not be connected. Intriguingly, a chronic but less severe DR regimen 

did not significantly affect the formation of different tumour types and liver or connective tissue 

tumours similarly affected AL_DR24M as chronic AL animals.   
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Figure 3.2. 7: DR onset at 3M, 12M and 16M protects animals from liver carcinogenesis 

A Heat map of the total prevalence of different tumour types and B) proportion of liver tumours in each 

diet group irrespective of the age of death in the lifespan cohort of chronic AL (n=54), chronic DR (n=47), 
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AL_DR12M (n=46), AL_DR16M (n=46), AL_DR20M (n=43) or AL_DR24M (n=44). AL_DR24M animals 

that died before their corresponding diet switch were excluded from the analysis. Chronic 3M and 12M 

onset DR grouped together (p=1) and the incidence of liver tumours was significantly lower compared 

to chronic AL (p=0.001) and DR onset at 20M (p=0.0026) or 24M (p=0.0025) compared to chronic DR. 

No significant differences were found between chronic AL and AL_DR20M (p=0.1568) or AL_DR24M 

(p=0.2229). AL_DR16M displayed an intermediate phenotype with increased liver tumour prevalence 

compared to DR (p=0.032) and reduced liver tumour prevalence compared to AL (p=0.017). AL_DR24M 

mice had more lymph node tumour than chronic AL (p=0.0133). C) Heat map of different tumour types 

of prematurely died chronic AL (n= 15), chronic DR (n= 14), AL_DR12M (n= 16), AL_DR16M (n= 17), 

AL_DR20M (n= 17) or AL_DR24M (n= 11) in the left distribution. D) Heat map of different tumour types 

at the median lifespan of chronic AL (n= 17), chronic DR (n= 14), AL_DR12M (n= 13), AL_DR16M (n= 

13), AL_DR20M (n= 12) or AL_DR24M (n= 12) in the centred distribution. E) Heat map of different 

tumour types of long-lived chronic AL (n= 20), chronic DR (n= 16), AL_DR12M (n= 14), AL_DR16M (n= 

13), AL_DR20M (n= 11) or AL_DR24M (n= 18) in the right distribution. Connective tissue tumours, liver 

tumours and lymph node tumours are the most prevalent tumour types at the three different distributions. 

The occurrence of tumours varies depending on the diet group and the lifespan distribution. Animal 

numbers are indicated below the heat map. Fisher’s test was implemented to compare the proportion of 

mice affected or not affected by at least one or multiple liver tumours at the time of death. Data are 

presented with p-values *** p<0.001 and ns as not significant.  

 

3.2.8 Cross-sectional pathology at defined ages largely correlates 

with the tumour load of the lifespan cohort  

As the post-mortem pathology of the lifespan animals was not conducted on animals of the 

same age, differences in tumour load could be attributed to big age differences between 

animals in the assessed four-month intervals. We therefore performed cross-sectional 

pathology on animals of the tissue collection cohort, which allowed unbiased analyses of 

tumour load and type of age-matched chronic control and DR switch groups at 5M, 12M, 16M, 

20M, 24M and 28M of age. While no tumours were detected at 5M or 12M in chronic AL or DR 

(Fig. 3.2.8A and B), first tumours arose in the AL group at 16M of age (Fig. 3.2.8C). Moreover, 

the average number of tumours in the chronic AL cohort increased in an age-dependent 

manner with a peak at 28M of age (Fig. 3.2.8D-F). These results indicate that tumour growth 

occurred earlier and more often in AL animals. In contrast, chronic DR cohort exhibited the first 

tumours at 24M of age (Fig. 3.2.8E), indicating that chronic DR delayed but did not completely 

inhibit malignant growth as tumour numbers increased in an age-associated manner albeit to 

a much slower extent than their chronic AL counterparts (Fig. 3.2.8E and F). Correspondingly, 

the average number of tumours was significantly higher in chronic AL animals compared to 

chronic DR at 28M (Fig. 3.2.8F).  
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Switching animals to DR at 12M resulted in a similar delayed onset of tumour formation as 

chronic DR (Fig. 3.2.8C-E), however, one tumour was found in an AL_DR12M animal already 

at 16M of age (Fig. 3.2.8C). Moreover, we detected a trend towards increased tumour load in 

chronic AL compared to chronic DR  or AL_DR12M at 20M, 24M and 28M (Fig. 3.2.8C-F), 

which did not reach statistical significance. AL_DR16M animals initially displayed an even 

higher tumour load than chronic AL animals at 20M (Fig. 3.2.8D), whereas significantly fewer 

tumours were detected at 24M (Fig. 3.2.8E) before tumour load increased again at 28M and 

closely resembled chronic DR mice (Fig. 3.2.8F). Interestingly, significantly fewer AL_DR16M 

animals were tumour-free and three tumours significantly affected more animals compared to 

chronic DR (Fig. 3.2.8D). AL_DR20M animals displayed a higher tumour number at 24M when 

first cross-sectional pathology was conducted (Fig. 3.2.8E) though tumour load was 

significantly decreased at 28M of age compared to chronic DR (Fig. 3.2.8F), which was 

attributed to more tumour-free animals in AL_DR20M. However, at both evaluated time points 

only six AL_DR20M animals were still alive, indicating that the surviving animals were healthier 

than the ones, which died prior to the dissection. Furthermore, AL_DR24M exhibited similar 

tumour load compared to chronic AL at 28M of age (Fig. 3.2.8F), indicating that DR onset at 

24M of age in cannot improve tumour load due to prolonged detrimental AL feeding. When 

evaluating the tumour prevalence at 28M, significantly more AL_DR12M and AL_DR20M were 

tumour-free at death and chronic AL animals were significantly more affected by over three 

tumour compared to either DR group (Fig. 3.2.8F).  

All in all our cross-sectional pathology results largely correlated with the results obtained from 

the post-mortem pathology of our lifespan cohort (Fig. 3.2.5A-B and Fig. 3.2.6B-D) and we 

confirmed reduced tumour prevalence and load in chronic DR compared to AL feeding.  
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Figure 3.2. 8: Cross-sectional pathology at defined ages largely correlates with the tumour load 

of the lifespan cohort 

Tumour number and tumour prevalence of chronic AL, DR or DR switch animals A) at 5M (AL n=20, DR 

n=20), B) at 12M (AL n=10, DR n=10), C) 16M (AL n= 10, DR n= 10, AL_DR12M n= 9), D) 20M (AL n= 

24, DR n= 24, AL_DR12M n= 10, AL_DR16M n=10), E) 24M (AL n= 11, DR n= 11, AL_DR12M n= 10, 

AL_DR16M n=9, AL_DR20M n=6) or F) 28M of age (AL n= 15, DR n= 15, AL_DR12M n= 10, AL_DR16M 

n=11, AL_DR20M n=6, AL_DR24M n=7). Total number of tumours per animal irrespective of the location 

or the affected organ were taken into account and the percentage of animals affected by no, one, two, 

three or more than three tumours were calculated. Animal numbers at the different dissections are 

indicated above the bars. Naïve, untreated AL animals were switched to DR at 24M of age. Unpaired t 

tests were carried out to compare the number of tumours per animals between diet groups. Fisher’s test 

were implemented to compare the prevalence of mice affected or not affected by none or at least one 
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tumour at the time of death. The number of tumours are presented as mean with 95% CI. Carolina 

Monzó generated the tumour prevalence plots.  

 

3.2.9 Liver tumour prevalence is reduced at 28M of age upon 3M, 12M 

or 20M onset DR 

We next asked whether we could confirm the reduced incidence of liver tumours in chronic 

DR, AL_DR12M and AL_DR16M in our tissue collection cohort. To this end, we assessed the 

prevalence of different tumour types in cross-sectional pathology at specific ages in age-

matched animals. Since no tumours were detected at 5M and 12M of age, we focussed our 

analyses on the 16M, 20M, 24M and 28M time points. In accordance with our lifespan data, 

the most prevalent tumours at all ages were connective tissue and liver tumours, whereas 

lymph node tumours were less prevalent and colorectal tumours were more prevalent in the 

tissue collection cohort (Fig. 3.2.9A-E).  

At 16M of age, the majority of animals in each diet group were tumour-free at death (Fig. 3.2.9A 

and Fig. 3.2.8C). We detected one eye tumour in an AL_DR12M animal one chronic AL mouse 

displayed a connective tissue tumour. Interestingly, similar to prematurely deceased animals 

of the lifespan cohort (Fig. 3.2.7B) eye tumours also exclusively occurred at 16M of age in the 

tissue collection cohort, suggesting that this tumour type indeed only developed early in life. 

Interestingly, we observed a higher tumour prevalence and more tumour types in animals 

dissected at 20M of age (Fig. 3.2.9B). Strikingly, AL_DR16M mice displayed the highest 

tumour prevalence and had significantly more connective tissue tumours compared to both 

chronic controls and increased liver tumours compared to chronic DR mice (Fig. 3.2.9B). 

Moreover, we detected lesions in the lungs of AL_DR16M and in the gastrointestinal tract of 

AL_DR16M and chronic AL (Fig. 3.2.9B). In contrast, chronic DR and AL_DR12M animals had 

no detected lesion at death, indicating that earlier onset of DR at 3M or 12M could delay tumour 

growth. However, differences in lung or colorectal tumours did not reach statistical significance 

in relation to chronic DR.  

As expected, we detected a higher tumour prevalence at 24M of age. Strikingly, chronic DR 

animals first displayed tumours at 24M of age (Fig. 3.2.9C), suggesting that lifelong, early onset 

of DR could inhibit tumour formation. Interestingly, we observed a significant reduction in 

connective tissue tumours in AL_DR16M in relation to AL (Fig. 3.2.9C). Moreover, there was 

a trend towards reduced incidence of connective tissue tumours in chronic DR and AL_DR12M 

compared to AL (Fig. 3.2.9C), however, the comparisons did not reach statistical significance. 

Additionally, AL_DR20M and chronic AL animals had a higher prevalence for liver tumours, 
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which was not significantly different from chronic DR (Fig. 3.2.9C). Moreover, we detected 

spontaneous cases of lung tumours in AL_DR20M, colorectal tumours in AL_DR12M and 

chronic AL as well as a brain tumour in a chronic AL mouse (Fig. 3.2.9C).  

Compared to previous dissections (Fig. 3.2.9A-C), the tumour prevalence was increased in all 

diet groups except in AL_DR20M at 28M of age (Fig. 3.2.9D). Interestingly, we detected 

significantly reduced prevalence for connective tissue tumours in 3M, 12M, 16M and 20M onset 

of DR compared to chronic AL feeding (Fig.3.2.9D and E). Moreover, chronic, 12M and 20M 

onset of DR significantly reduced liver carcinogenesis compared to chronic AL (Fig. 3.2.9D 

and E). Similar to previous findings (Fig. 3.2.7A and D), AL_DR16M displayed an in-between 

phenotype with increased liver tumour prevalence compared to chronic DR and reduced 

prevalence in relation to chronic AL (Fig. 3.2.9E). These data confirmed that 16M onset of DR 

could not fully inhibit liver carcinogenesis at old age in age-matched animals. However, in 

contrast to previous findings, the comparisons on liver tumour prevalence in AL_DR16M 

compared to the chronic controls was not statistically significant. Interestingly, chronic AL and 

DR had significantly more colorectal tumours compared to AL_DR20M, which did not display 

any colorectal tumours (Fig. 3.2.9D and E). In general, AL_DR20M mice were exceptionally 

healthy at 28M of age and, except for connective tissue tumours, did not display any other 

tumour types. However, four AL_DR20M animals already died before dissections and 

therefore, the surviving AL_DR20M animals were already the longest-lived animals from the 

diet group (Fig. 3.2.9D). Therefore, it is possible, that these surviving animals were 

exceptionally healthy compared to the other diet groups, in which fewer animals had already 

died. In summary, our results on the tumour prevalence in age-matched animals dissected at 

specific time points largely correlated with our results from the lifespan cohort. At 28M of age, 

AL_DR16M displayed a similar in-between phenotype of increased liver tumour prevalence 

and chronic DR and AL_DR12M animals were almost not affected by liver carcinogenesis, as 

observed before. Unexpectantly, AL_DR20M mice were healthier at 24M and 28M and had 

reduced tumour prevalence, which could be explained by low animals numbers due to previous 

deaths at both time points.  

To conclude, our data suggests that delayed onset of tumour formation in early DR is one 

responsible factor for DR-mediated lifespan extension and is associated with increased health 

at old age. However, DR cannot completely protect from age-associated increase in tumour 

load, as both early and mid-life DR animals displayed a marked increase of multiple tumours 

in an age-depending manner. Overall, we observed that the age of DR onset seems to affect 

tumour formation, as we observed differences in detected tumour types between diet groups. 

It is possible, that DR is able to suppress or slow down the formation or progression of liver 

and connective tissue tumours when animals are young but fails to stop malignant tumour 

growth when animals are old, thus leading to the observed phenotypes.  
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Figure 3.2. 9: Liver tumour prevalence is reduced at 28M of age upon 3M, 12M or 20M onset DR  

Heat map of the different tumour types in the cross-sectional pathology at A) 16M (AL n= 10, DR n= 10, 

AL_DR12M n= 9), B) 20M (AL n= 24, DR n= 24, AL_DR12M n= 10, AL_DR16M n=10), C) 24M (AL n= 

11, DR n= 11, AL_DR12M n= 10, AL_DR16M n=9, AL_DR20M n=6) or D) 28M of age (AL n= 15, DR 

n= 15, AL_DR12M n= 10, AL_DR16M n=11, AL_DR20M n=6, AL_DR24M n=7). Animals that died 

before their corresponding diet switches were excluded from the analysis. The prevalence of different 
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tumour types varied depending on the age of DR onset and the age at dissection. Except at 16M of age, 

connective tissue and liver tumours were most prevalent at all dissection time points. The age of DR 

onset influenced the occurrence of different tumour types. E) Proportion of connective tissue, liver and 

colorectal tumours at 28M (AL n= 15, DR n= 15, AL_DR12M n= 10, AL_DR16M n=11, AL_DR20M n=6, 

AL_DR24M n=7). Except AL_DR24M mice, all other DR groups had fewer connective tissue tumours at 

death than chronic AL. Liver tumour prevalence was reduced in chronic DR, AL_DR12M and 

AL_DR20M animals in relation to chronic AL. AL_DR20M mice had fewer colorectal tumours compared 

to both chronic controls. Fisher’s test was implemented to compare the proportion of mice affected or 

not affected by at least one or multiple liver tumours at the time of death. Animal numbers are indicated 

below the heat map. Data are presented with p-values *** p<0.001 and ns as not significant. Carolina 

Monzó conducted the statistical analyses. 

 

3.2.10 Evaluating the effect of mid-or late-onset DR on metabolic 

health   

Old age and obesity often coincide and are major risk factors for developing chronic metabolic 

diseases, such as diabetes (Mancuso & Bouchard, 2019; Siervo et al., 2016). Thus, we 

assessed the metabolic health of animals treated with mid- and late-life DR and compared 

them to the chronic AL and DR controls. Chronic AL and DR animals were first assessed at 

5M and 10M to determine metabolic health at young age and phenotypings were subsequently 

continued every four months until 26M of age. Metabolic health of DR switch animals was first 

measured six weeks post-switch and afterwards continued in the same phenotyping interval 

as chronic controls (Fig. 3.2.10A). At each phenotyping time point, nuclear magnetic 

resonance (NMR) spectroscopy, glucose (GTT) and insulin tolerance tests (ITT), as well as 

energy expenditure profiles using metabolic cages were conducted (Fig. 3.2.10A).  

 

 

Figure 3.2. 10: Evaluating the effect of mid-or late-onset DR on metabolic health   
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A Schematic representation of the metabolic phenotyping cohort. Chronic controls were first assessed 

at 5M and 10M and continued at 14M, 18M, 22M and 26M of age. DR switch groups were first tested 

six weeks post-switch to DR and followed the same phenotyping pattern. Animal numbers of chronic 

controls and DR switch varied between 8-15 animals per diet group depending on the phenotyping time 

point. Naïve, untreated AL animals were switched to DR at 24M of age. The schematic was created 

using Biorender. 

 

3.2.11 DR reverses the effect of early life obesity and restores body 

weight and fat mass at old age independent of the age of onset  

We first measured the body weight by weighing the animals at the indicated time points (Fig. 

3.2.10A). As expected, chronic DR animals maintained their body weight throughout life and 

displayed only minor weight gain with age (Fig. 3.2.11A). In contrast, chronic AL animals 

gained weight until 22M of age and only displayed reduced body weight at the oldest age of 

26M (Fig. 3.2.11A). Switching mice from AL to DR led to a significant reduction in body weight 

irrespective of the age of DR onset and mice reached the same body weight as chronic DR 

animals within less than six months post-switch (Fig. 3.2.11A). AL_DR24M animals were not 

measured after 26M, thus there is no longer term follow up available for this group (Fig. 

3.2.10A). Interestingly, our longitudinal body weight data indicated, that the body weight loss 

of late-onset DR switch animals was greater compared to earlier DR onset (Fig. 3.2.11A). To 

test this hypothesis, we compared to the body weight of DR switch after six weeks or six 

months of DR (Fig. 3.2.11B). Intriguingly, AL_DR24M animals were significantly lighter 

compared to earlier DR switches (Fig. 3.2.11B), whereas no differences were observed 

between AL_DR12M, AL_DR16M or AL_DR20M animals after six weeks of DR. At six months 

of DR, AL_DR16M mice were heavier compared to AL_DR12M, which could be due to a higher 

pre-switch body weight on AL feeding and a higher mean weight after six weeks of DR (Fig. 

3.2.11B). As no prior body weight data were available for AL_DR24M animals, it is possible 

that AL_DR24M similarly lost body weight during ageing, as observed for chronic AL animals 

(Fig. 3.2.11A). Moreover, given the advanced age, it is possible that AL_DR24M mice were 

less healthy prior to the switch and animals rapidly lost body weight after the initiation of DR, 

potentially due to sustained tumour growth or other comorbidities.  

We next asked whether the DR-mediated weight loss was attributed due to loss of fat or lean 

mass by performing NMR spectroscopy. The observed age-related weight gain in AL mice was 

attributed to increased fat mass and a subsequently decreased lean-to fat mass ratio, which 

rendered these mice obese (Fig.3.2.11C). Moreover, by the age of 10M, chronic AL mice 

exhibited a body fat mass above 30% in stark contrast to chronic DR animals, which 
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maintained their lower fat-to lean mass ratio during ageing (Fig. 3.2.11C). Upon initiation of 

DR, mice of all DR switch groups significantly lost fat mass. Similar to the body weight within 

six months post-switch, DR switch mice reached the same fat mass as chronic DR animals 

(Fig. 3.2.11C). Furthermore, when comparing fat mass six weeks after DR was initiated, the 

fat mass reduction of AL_DR12M, AL_DR16M and AL_DR20M was similar despite the 

differences in the age of onset (Fig. 3.2.11D). Interestingly, fat mass reduction of AL_DR24M 

mice was significantly greater compared to the earlier DR switches (Fig. 3.2.11D) and 

correlated with differences in body weight (Fig. 3.2.11B), which might be attributed to old age 

and tumour formation.  

Taken together, our data show that chronic DR animals have a reduced body weight and 

improved fat-to-lean mass ratio, which is maintained during ageing. Upon initiation of DR, 

independent of age, animals rapidly lose fat mass and increased lean mass. Thus, even at 

very old age, DR can reverse the excessive fat accumulation caused by early-life obesity.  
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Figure 3.2. 11: DR leads to weight loss and reduces body fat independent of the age of DR onset  

A Body weight at 5M, 10M, 14M, 18M, 22M and 26M of age of chronic AL, DR and DR switch groups 

using nuclear magnetic resonance (NMR) spectroscopy. DR irrespective of the age of onset significantly 

reduced body weight after six weeks of DR and animals caught up to chronic DR animals within six 

months after DR was initiated. B Evaluation of the weight loss after six weeks or six months of DR in 

AL_DR12M, AL_DR16M, AL_DR20M and AL_DR24M. AL_DR24M animals had a significantly lower 

body weight six weeks after DR was initiated compared to earlier DR switches. AL_DR16M mice were 
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significantly heavier than AL_DR12M after six months of DR. C Longitudinal analysis of the relative fat 

and lean mass of chronic controls and DR switch groups. Correspondingly to loss of body weight, DR 

switch animals lost fat mas and increased the lean-to-fat mass ratio already after six weeks on DR. D 

Evaluation of fat mass loss after six weeks or six months of DR in AL_DR12M, AL_DR16M, AL_DR20M 

and AL_DR24M. AL_DR24M animals had significantly less fat mass six weeks after DR was initiated 

compared to earlier DR switches. No differences in fat mass were observed between 12M, 16M or 20M 

onset DR animals after six months of DR. Animal numbers were the following: at 5M AL n= 15, DR n= 

15. At 10M AL n= 15, DR n= 15. At 14M AL n= 15, DR n= 15, AL_DR12M n= 14. At 18M AL n= 15, DR 

n= 15, AL_DR12M n= 13, AL_DR16M n= 15). At 22M AL n= 14, DR n= 15, AL_DR12M n= 13, 

AL_DR16M n= 15, AL_DR20M n= 12). At 26M of age (AL n= 8, DR n= 14, AL_DR12M n= 9, AL_DR16M 

n= 11, AL_DR20M n= 11, AL_DR24M n=8). Generalized linear mixed effects models (GLME) were used 

to evaluate the effect of newly imposed or longer duration of DR on body weight and body composition. 

Unpaired t tests were conducted to calculate differences in the body weight or fat mass after six weeks 

or six months of DR between AL_DR12M, AL_DR16M, AL_DR20M and AL_DR24M. Data are presented 

as mean with the 95% CI as shaded area or error bars. Statistical differences compared to chronic DR 

are indicated with p-values * p<0.05, and *** p<0.001. Statistical differences in relation to AL are 

presented as following # p<0.05, ## p< 0.01 and ### p<0.001. Statistical differences between DR switch 

groups were presented with p value + p<0.05, ++ p< 0.01 and +++ p<0.001. Differences between DR 

switch groups are indicated with +++ p<0.001. Carolina Monzó conducted GLME analyses and plotted 

the longitudinal data of the body weight, lean and fat mass.  

 

3.2.12 DR improves glucose tolerance as early as six weeks post-

switch independent of the age of DR onset and maintains it during 

ageing  

Increased circulating blood glucose levels and reduced glucose tolerance are commonly 

associated with obesity and type II diabetes. Moreover, DR has been associated with improved 

glucose homeostasis in mice (Matyi et al., 2018) and humans (Fontana et al., 2010). Thus, we 

performed glucose tolerance tests, to investigate the clearance of blood glucose levels after 

intraperitoneal glucose injection in chronic controls and DR switch groups. We first tested 

chronic controls at 5M and 10M of age, to evaluate glucose clearance at young age and after 

short-term, chronic DR.  

As expected, animals on chronic DR displayed increased glucose tolerance compared to 

chronic AL animals after eight weeks (Fig. 3.2.12A) or seven months of DR (Fig. 3.2.12B), 

demonstrating that DR increased glucose sensitivity even after short-term treatment. 

Moreover, chronic DR maintained the significantly improved glucose tolerance even at 26M 

compared to chronic AL (Fig. 3.2.12F), demonstrating DR even improved glucose metabolism 
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during ageing. Thus, we next asked whether mid-or late-life initiated DR improved glucose 

tolerance after short-term or long-term intervention in our DR switch groups. Most strikingly, 

within six weeks post-switch to DR, restricted animals cleared out injected glucose faster 

compared to chronic AL animals and irrespective of age of DR onset (Fig. 3.2.12C-F). 

Moreover, long-term follow-up of AL_DR12M, AL_DR16M and AL_DR20M for up to fourteen, 

ten or eight months, respectively, after DR was initiated revealed that improved glucose 

tolerance was maintained during ageing for all DR switch groups (Fig. 3.2.12D-F). Remarkably, 

in the long -term glucose tolerance was even further improved in AL_DR12M and AL_DR16M 

compared to chronic DR feeding (Fig. 3.2.12E and F). Interestingly, baseline fasting glucose 

levels were not significantly different irrespective of age or diet (Fig. 3.2.12A-F).  

We next assessed longitudinal changes in glucose tolerance using AUC and GLME analysis. 

Interestingly, glucose tolerance of chronic AL seemed to improve at old age, which correlated 

with the body weight loss at 26M and could be due to increased tumour numbers, which took 

up injected glucose (Fig. 3.2.12G). As expected, glucose tolerance was significantly improved 

in chronic DR over all six evaluated time points and did not exhibit age-related changes (Fig. 

3.2.12G). In contrast, AL_DR12M, AL_DR16M and AL_DR20M exhibited increased glucose 

tolerance correlating with longer duration of DR (Fig. 3.2.12G). However, upon longer DR 

duration, glucose tolerance improves and clearance occurs even faster compared to chronic 

DR in mid-life switches once the adaptation period is completed (Fig. 3.2.12G). These results 

indicate that the adipose tissue, muscle, liver and brain of DR switches took up the injected 

glucose faster than chronic DR. However, we are currently still trying to understand what 

mediates this increased glucose uptake in DR switch groups. As AL_DR24M mice were only 

tested once, no longitudinal analysis could be conducted.  

To conclude, glucose metabolism acutely responds to newly imposed DR and reacts with 

improved glucose sensitivity as early as six weeks post-switch irrespective of the age of 

initiation of DR. Additionally, DR can fully reverse the detrimental effects of long-term AL 

feeding and obesity on glucose metabolism and even maintain the beneficial effects of DR 

during ageing.   
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Figure 3.2. 12: DR improves glucose tolerance as early as six weeks post-switch independent of 

the age of DR onset and maintains it during ageing  

Glucose tolerance tests after 16h fasting and injection of 2g glucose per kg body weight in chronic AL 

and DR at A) 5M (AL n= 15, DR n= 15) or B) 10M (AL n= 15, DR n= 15) of age. Chronic DR increased 
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glucose tolerance compared to chronic AL. Assessment of glucose tolerance of chronic controls and 

DR switch groups at C) 14M (AL n= 15, DR n= 15, AL_DR12M n= 14), D) 18M (AL n= 15, DR n= 15, 

AL_DR12M n= 13, AL_DR16M n= 15), E) 22M (AL n= 13, DR n= 15, AL_DR12M n= 13, AL_DR16M n= 

15, AL_DR20M n= 12) or F) 26M of age (AL n= 9, DR n= 13, AL_DR12M n= 11, AL_DR16M n= 13, 

AL_DR20M n= 11, AL_DR24M n=10). DR irrespective of the DR onset improved glucose tolerance 

within six weeks after the respective DR switch. Area under the curve (AUC) analyses and One-way 

ANOVA followed by Bonferroni correction were used for three-way comparisons between chronic 

controls and one DR switch at a time at each time point. Differences in AUC between chronic AL or DR 

were calculated using unpaired t tests at each time point. G Longitudinal analysis of glucose tolerance 

over the six phenotyping time points. GLME followed by Bonferroni corrections were implemented to 

assess glucose tolerance longitudinally. All data are presented as points with the mean and the 95% CI 

as shaded areas. Coloured lines in G indicate the DR switch time points. Statistical differences 

compared to chronic DR are indicated with p-values * p<0.05 and *** p<0.001. Statistical differences in 

relation to AL are presented as following # p<0.05, ## p< 0.01 and ### p<0.001. The letter A behind the 

diet switch indicates significant differences in GLME between time points. Carolina Monzó conducted 

the GLME analyses and generated the plots.  

 

3.2.13 Early- or mid-life onset DR improves short-term insulin 

sensitivity but only initiation of DR at 3M or 12M of age retains insulin 

sensitivity during ageing  

Many obese individuals exhibit decreased insulin sensitivity and are at an increased risk to 

develop type II diabetes (Kahn et al., 2006). As all DR switch mice were obese prior the DR 

treatment, we conducted insulin tolerance tests to evaluate the organismal response towards 

intraperitoneal insulin injection in chronic controls and DR switch groups. We first tested 

chronic controls at 5M and 10M of age, to evaluate insulin sensitivity at young age and after 

short-term, chronic DR. Unexpectedly, chronic DR mice seemed completely insulin insensitive 

at 5M of age, as insulin injection did not lead to a significant decrease of blood glucose levels 

in contrast to chronic AL feeding (Fig. 3.2.13A). However, DR animals were provided with 50% 

of their daily portion directly prior to the test to avoid insulin injection into overnight- starved 

mice. Thus, the observed insulin insensitivity might be a feeding artefact. Due to the different 

feeding patterns of AL and DR mice, we adjusted the feeding time and provided DR mice with 

an additional 50% of their daily portion at 8pm, corresponding to the peak food intake of chronic 

AL (Fig. 3.2.14A-F), to adjust the metabolic states of the diet groups for all subsequent tests.  

At 10 months of age, insulin injection did not decrease blood glucose levels of AL fed mice, 

suggesting that these mice were already insulin insensitive at this young age (Fig. 3.2.13B). In 

line with this observation, AL mice were also insulin insensitive at later ages (Fig. 3.2.13C-F). 
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In contrast, chronic DR animals displayed a gradual reduction of glucose levels after insulin 

injection, demonstrating that chronic DR treatment keeps animals in an insulin sensitive state 

during ageing (Fig. 3.2.13B-F). We next asked if DR can also improve insulin sensitivity upon 

mid-life or late-life treatment. Initiating DR at 12M did not show improved insulin tolerance at 

14M, six weeks post-switch to DR compared to chronic AL or DR (Fig. 3.2.13C). Interestingly 

both AL_DR12M and AL_DR16M mice exhibited a significantly improved insulin sensitivity at 

18M compared to AL mice (Fig. 3.2.13D), suggesting that DR required time to reverse diet-

induced insulin insensitivity. However, both mid-life DR switches were still less insulin sensitive 

compared to chronic DR at 18M, indicating that the detrimental effects of long-term AL feeding 

could not be completely abolished (Fig. 3.2.13D). Indeed, AL_DR20M (Fig. 3.2.13E and F) and 

AL_DR24M (Fig.3.2.13F) responded towards injected insulin with a drop in blood glucose 

levels but insulin sensitivity was not significantly improved compared to chronic AL.  

Remarkably, while AL_DR12M and AL_DR16M regained insulin sensitivity at 18M, both DR 

switches lost their ability to respond to the insulin bolus during ageing (Fig. 3.2.13E and F), 

suggesting that mid-life DR only has a short-term beneficial effect on insulin response or our 

analyses were not powerful enough to detect moderate effects on insulin sensitivity. Strikingly, 

chronic DR and AL_DR12M animals were more insulin sensitive compared to chronic AL (Fig. 

3.2.13F), demonstrating that 3M and 12M onset of DR retained insulin sensitivity during 

ageing. Interestingly, no differences in insulin sensitivity were observed between chronic DR 

and the DR switch groups at 26M (Fig. 3.2.13F), which suggests that even chronic DR cannot 

stop the decline of insulin sensitivity at old age. Lastly, we assessed longitudinal changes in 

insulin tolerance using AUC and GLME analysis. As we changed the feeding regimen after the 

5M time point, we assessed differences in insulin sensitivity between 10M and 26M of age. 

Chronic AL were already completely insulin insensitive at 10 months of age and this phenotype 

did not change with advanced age (Fig. 3.2.13G). In contrast, chronic DR retained insulin 

sensitivity during ageing and even DR onset at 12M of age exhibited a long-term significant 

improvement, compared to chronic AL (Fig. 3.2.13G). Interestingly, DR onset at 16M, 20M and 

24M did not improve insulin sensitivity compared to chronic AL feeding on the long term but 

we identified a non-significant trend towards improved insulin sensitivity post-switch to DR (Fig. 

3.2.13G). These results suggest that even late-onset DR can still mediate beneficial effects on 

insulin sensitivity in an otherwise insulin insensitive strain. However, the insulin sensitivity of 

mid- or late-life DR switches did not catch up to chronic DR animals throughout the study (Fig. 

3.2.13G), indicating that AL feeding for 12M already had a detrimental effect on insulin 

sensitivity, which could be improved but not be completely reversed by DR. As AL_DR24M 

mice were only measured at one time point, no longitudinal assessment could be performed.  

To conclude, in contrast to glucose sensitivity, which was restored after six weeks of DR, 

insulin sensitivity only showed a short-term improvement in AL_DR16M and long-term 
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improvement only in chronic DR or AL_DR12M. Moreover, insulin sensitivity was never 

restored back to chronic DR levels (Fig. 3.2.13G), suggesting that DR can only implement 

some beneficial effects but not fully reverse already occurred insulin insensitivity of previous 

AL feeding. Additionally, insulin sensitivity does not seem to be a requirement for lifespan 

extension, as AL_DR16M remained insulin insensitive at old age but animals were similarly 

long-lived as insulin sensitive AL_DR12M animals. However, it is possible that the short-term 

improvement in insulin sensitivity in AL_DR16M mice was already enough to mediate 

beneficial effects on lifespan. In contrast, AL_DR20M and AL_DR24M did not display a short-

term improvement compared to AL feeding, which might explain the lack of lifespan extension 

under late-onset DR.  
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Figure 3.2. 13: Chronic or 12M onset DR retains insulin sensitivity during ageing and reverses 

the effects of early-life obesity  
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Assessing insulin sensitivity after injection of 0.75 Units insulin per kg body weight in chronic AL and DR 

at A) 5M (AL n= 15, DR n= 15) or B) 10M (AL n= 15, DR n= 15) of age. Chronic DR increased insulin 

tolerance compared to chronic AL at 10M. Insulin tolerance of chronic controls and DR switch groups at 

C) 14M (AL n= 15, DR n= 15, AL_DR12M n= 14), D) 18M (AL n= 15, DR n= 15, AL_DR12M n= 13, 

AL_DR16M n= 15), E) 22M (AL n= 13, DR n= 15, AL_DR12M n= 13, AL_DR16M n= 15, AL_DR20M n= 

12) or F) 26M of age (AL n= 8, DR n= 14, AL_DR12M n= 11, AL_DR16M n= 13, AL_DR20M n= 11, 

AL_DR24M n=10). DR onset at 12M or 16M increased insulin tolerance after six weeks or six months 

post-switch to DR but but the beneficial effect is lost during ageing. Area under the curve (AUC) analyses 

and One-way ANOVA followed by Bonferroni correction were used for three-way comparisons between 

chronic controls and one DR switch at a time at each time point. Differences in AUC between chronic 

AL or DR were calculated using unpaired t tests at each time point. G) Longitudinal analyses of insulin 

sensitivity of AL, DR and DR switch groups across from 10M of age until 26M of age. The 5M time point 

was excluded from the analyses due to changes in the DR regimen. GLME followed by Bonferroni 

correction were used to assess the longitudinal effect of DR on the incremental AUC of insulin sensitivity 

respectively. Chronic DR and AL_DR12M retain insulin sensitivity during ageing, whereas DR onset at 

16M, 20M and 24M did not improve insulin sensitivity compared to chronic AL feeding. Throughout the 

study, chronic DR animals were more insulin sensitive than the mid- or late-life DR switches. Data are 

presented as points with the mean and the 95% CI as error bars. Coloured lines in G represent the 

respective switch to DR. Statistical differences compared to chronic DR are indicated with p-values * 

p<0.05, *** and p<0.001. Statistical differences in relation to AL are presented as following # p<0.05, ## 

p< 0.01 and ### p<0.001. The letter A indicates significant differences within the same diet group over 

time. Carolina Monzó conducted the GLME analyses.  

 

3.2.14 DR alters the timing of the food intake irrespective of the age 

of DR onset 

It has been previously established that chronic DR can change the circadian rhythm from a 

nocturnal to a diurnal patter, which is associated with the time when the daily food portions are 

provided (Challet, 2010; Hambly et al., 2007). However, it is currently unknown how mid- or 

late-onset of DR affects the food or water intake. To this end, we first investigated the timing 

of the food and water intake in single-housed C3B6F1 females on chronic AL, DR or mid- and 

late-onset DR.  

Chronic AL animals consumed significantly more food compared to chronic, mid- or late-onset 

DR animals, whereas the food intake was similar between DR groups (Fig. 3.2.14A-F). In 

accordance with previous DR studies (Hambly et al., 2007), chronic DR animals exhibited a 

peak in the daily food intake, which correlated with the time when the food was provided in the 

morning (Fig. 3.2.14A). Moreover, DR animals immediately devoured the entire food portion, 

followed by an almost 22h long fasting period, which lasted until the next day when the daily 
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portion was provided. Interestingly, this feeding pattern was established already after two 

months on DR at 5M (Fig. 3.2.14A) and was maintained after longer DR duration at 10M (Fig. 

3.2.14B). In contrast, AL animals fed almost exclusively during the night, which was expected 

from nocturnal animals (Fig. 3.2.14A). Furthermore, the food intake of chronic AL mice was 

spread out throughout the entire night and only displayed a small peak around approx. 9pm, 

which was in stark contrast to the distinct peak of chronic DR animals (Fig. 3.2.14 A and B). 

Strikingly, AL_DR12M, AL_DR16M and AL_DR20M mice immediately adapt to this feeding 

pattern within six weeks post-switch to DR (Fig. 3.2.14C-E). In contrast, AL_DR24M mice also 

adapted to the feeding time in the morning but they started eating later compared to earlier DR 

switch groups once the food was provided (Fig. 3.2.14F). Additionally, the peak food intake 

was not as high compare to the other switches and the food intake was more spread out in 

AL_DR24M (Fig. 3.2.14F). In contrast to the other diet groups, AL_DR24M were tested for the 

first time at 26M of age. Therefore, animals from the other diet groups had been exposed to 

the phenomaster system at least once before. It is possible that AL_DR24M either did not 

adapt as fast to the new food provision system or that the spread- out feeding pattern was a 

remnant from previous AL –feeding. When evaluating the changes in the average daily food 

intake over the six phenotypings, chronic AL mice consumed more food at 26M of age 

compared to earlier time points (Fig. 3.2.14G). In contrast, the food intake of chronic DR and 

DR switch only slightly increased over time (Fig. 3.2.14G).  

In summary, upon food provision, chronic DR and DR switch groups immediately devoured 

their daily food portion, followed by an almost 22h fasting period. This feeding pattern was 

established as early as six months post-switch to DR and was even present after long-term 

DR. Therefore, the distinct combination of food restriction and self-imposed time restricted 

feeding or intermittent fasting could be mediating some beneficial effects of DR on lifespan and 

health span.  
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Figure 3.2. 14: DR alters the timing of food intake irrespective of the age of DR onset 

Food intake of single-housed chronic AL or DR animals in metabolic cages over 48h at A) 5M (AL n= 9, 

DR n= 11) or B) 10M (AL n= 11, DR n= 12) of age. Chronic DR increased altered the timing of food 

intake in response to the daily feeding in the morning. Food intake of chronic controls and DR switch 

groups in the metabolic cages at C) 14M (AL n= 7, DR n= 8, AL_DR12M n= 8), D) 18M (AL n= 7, DR 

n= 8, AL_DR12M n= 8, AL_DR16M n= 8), E) 22M (AL n= 8, DR n= 9, AL_DR12M n= 9, AL_DR16M n= 

9, AL_DR20M n= 8) or F) 26M of age (AL n= 6, DR n= 8, AL_DR12M n= 8, AL_DR16M n= 8, AL_DR20M 

n=8, AL_DR24M n=7). DR irrespective of the age of onset altered the timing of food intake and linked it 

to the timing of the daily food provision. AL animals almost exclusively fed during the night. Unpaired t 

tests were implemented to evaluate statistical differences between chronic controls at all evaluated time 
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points. One-way ANOVA followed by Bonferroni correction was performed to assess statistical 

differences in daily food intake between AL, DR and one DR switch group at a time at each time point. 

G Longitudinal analyses of the daily food intake of AL and DR animals across all six evaluated time 

points was assessed using GLME and Bonferroni post-hoc tests. Animal numbers at the different time 

points varied between 12 or six animals per diet group. Grey rectangular areas indicate the 12h-long 

night phase starting at 6pm until 6am and black arrows the feeding time of DR animals between 10am 

and 10:30am. Data are presented as mean with the SEM and with p-values # p<0.05, ## p>0.01 and 

### p<0.001 for comparisons to chronic AL. Carolina Monzó conducted the statistical analyses on the 

longitudinal food intake.  

 

3.2.15 The timing of the water intake corresponds to the food intake 

and is altered by DR irrespective of the age of DR onset 

We next aimed to determine whether the water intake of chronic DR and DR switch animals 

would also exhibit a temporal shift compared to AL animals as the food intake. Intriguingly, the 

water intake of chronic or mid- and late-onset DR animals largely correlated with the food 

intake (Fig. 3.2.14A-F) and adapted within six weeks post-switch to DR (Fig. 3.2.15A-F). Upon 

food provision and during feeding, chronic DR and DR switch groups consumed more water 

and after the feeding was over, almost no water was consumed (Fig. 3.2.15A-F). Moreover, 

no significant difference in the water intake were detected between chronic DR and mid- or 

late-onset DR switches at all evaluated time points (Fig. 3.2.15A-F). Interestingly, the water 

intake of AL_DR24M mice also displayed the temporal shift but the water intake directly after 

the feeding was lower and more spread out compared to earlier DR switches (Fig. 3.2.15F) 

and the overall pattern closely resembled the food intake (Fig. 3.2.14F). Similar to the nocturnal 

food intake pattern (Fig. 3.2.14A-F), chronic AL animals almost exclusively drank during the 

night, which was retained during ageing (Fig. 3.2.15A-F). Strikingly, chronic AL consumed 

significantly more water compared to chronic DR at 5M of age (Fig. 3.2.15A), which could be 

correlated a smaller portion of food consumed by DR animals. Furthermore, AL mice drank 

significantly more water compared to all DR groups at 22M of age (Fig. 3.2.15E). However, as 

four out of eight AL mice had a higher water intake compared to the remaining AL animals (Fig. 

3.2.15E), the difference in water intake at 22M of age could be attributed to inter-cage 

differences (Nicolaus et al., 2016). Longitudinal analyses revealed that the water intake of 

chronic AL and DR animals was not significantly different during ageing (Fig. 3.2.15G). 

Interestingly, AL_DR16M animals decreased their water consumption during ageing, whereas 

AL_DR20M animals increased their water intake across time points, at which they differed from 

AL or DR animals (Fig. 3.2.15G).  
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In summary, the water intake of single-housed chronic DR animals displayed a similar temporal 

shift as the food intake and DR switch animals adapted towards the new pattern shortly after 

DR was initiated.  

 

 

Figure 3.2. 15: The timing of the water intake corresponds to the food intake and is altered by DR 

irrespective of the age of DR onset 

Water intake of single-housed chronic AL or DR animals in metabolic cages over 48h at A) 5M (AL n= 

9, DR n= 12) or B) 10M (AL n= 11, DR n= 12) of age. The water intake of DR animals was limited to the 

feeding time and occurred almost exclusively in the morning. Water intake of chronic controls and DR 
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switch groups in the metabolic cages at C) 14M (AL n= 7, DR n= 8, AL_DR12M n= 8), D) 18M (AL n= 

7, DR n= 8, AL_DR12M n= 8, AL_DR16M n= 8), E) 22M (AL n= 8, DR n= 9, AL_DR12M n= 9, 

AL_DR16M n= 9, AL_DR20M n= 8) or F) 26M of age (AL n= 6, DR n= 8, AL_DR12M n= 8, AL_DR16M 

n= 8, AL_DR20M n=8, AL_DR24M n=7). DR irrespective of the age of onset altered the timing of water 

intake and linked it to the feeding time. The water intake of AL animals occurred almost exclusively 

during the night. Unpaired t tests were implemented to evaluate statistical differences between chronic 

controls at all evaluated time points. One-way ANOVA followed by Bonferroni correction was performed 

to assess statistical differences in daily water intake between AL, DR and one DR switch group at a time 

at each time point. G Longitudinal analyses of the daily water intake of AL and DR animals across all 

six evaluated time points was assessed using GLME and Bonferroni post-hoc tests. Animal numbers at 

the different time points varied between 12 or six animals per diet group. Grey rectangular areas indicate 

the 12h-long night phase starting at 6pm until 6am and black arrows the feeding time of DR animals 

between 10am and 10:30am. Data are presented as mean with the SEM and with p-values # p<0.05, 

## p>0.01 and ### p<0.001 indicating significant differences in relation to chronic AL. Carolina Monzó 

conducted the statistical analyses on the longitudinal water intake.  

 

3.2.16 DR alters the timing and macronutrient usage as fuel source 

of the metabolism irrespective of the age of DR onset 

We previously showed that the expression of key lipogenesis genes is increased in the WAT 

of chronic DR but not in the WAT of late-life onset DR and chronic AL mice (Fig. 3.1.1). 

Moreover, we found that the timing of the food (Fig. 3.2.14A-F) and water intake (Fig. 3.2.15A-

F) shifted in response to early or late-onset DR and correlated with the feeding time of DR 

animals. To this end, we asked whether the metabolism would also exhibit a temporal shift 

between chronic AL and DR switch groups. Therefore, we investigated the energy expenditure 

profiles of chronic controls and DR switch groups in more detail, using the respiratory exchange 

ratio (RER) as a proxy to determine the effect of DR on utilization of different macronutrients, 

based on oxygen intake and carbon dioxide exhalation (Schmidt-Nielsen, 1997). A RER of 1.0 

indicates carbohydrates are used as main energy source, whereas fatty acid oxidation is the 

main energy source at an RER of 0.7 (Bruss et al., 2010). Values in between 0.7 and 1 point 

to a mixture of macromolecules as fuel source.  

As expected, we observed a temporal shift in the RER between AL and restricted animals (Fig. 

3.2.16A-F), which correlated with the time of food and water intake of DR and AL animals 

(Fig.3.2.14A-F, Fig. 15A-F), indicating that DR changed the circadian rhythm from a nocturnal 

to diurnal pattern. Moreover, DR switches also exhibited this change in circadian rhythm in 

accordance in food intake irrespective of the onset of DR. Interestingly, we observed significant 

differences in the RER amplitude between chronic AL and DR mice already at young age when 
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DR was initiated for eight weeks (Fig. 3.2.16A) or seven months (Fig. 3.2.16B). Chronic AL 

animals almost exclusively fed during the night (Fig. 3.2.14A-F), during which they utilized 

carbohydrates as energy source and shifted to fatty acids and proteins during the day 

(Fig.3.2.16A and B). In contrast, chronic DR animals utilized carbohydrates during the day and 

relied on a mixed fuel source consisting of fatty acids and proteins during the night. However 

most strikingly, the RER amplitude of chronic DR animals exceeded 1.0, which suggests 

immediate carbohydrate oxidation to synthesize fatty acids upon feeding (Fig. 3.2.16A and B). 

Furthermore, this distinct macronutrient utilization of the metabolism of chronic DR mice was 

maintained during ageing and did not exhibit any age-related changes (Fig. 3.2.16A-F). Thus, 

we next aimed to test whether the RER of DR switch groups could adapt to the chronic DR 

RER phenotype. Six weeks after DR was initiated at 14M, 18M, 22M or 26M respectively, 

AL_DR12M (Fig. 3.2.16C), AL_DR16M (Fig. 3.2.16D), AL_DR20M (Fig. 3.2.16E) or 

AL_DR24M (Fig. 3.2.16F) exhibited the temporal change in RER timing but the amplitude was 

significantly lower compared to the chronic DR. However, within the next phenotyping time 

point, both mid-life DR onset and AL_DR20M showed a similarly high RER amplitude 

compared to chronic DR (Fig. 3.2.16D-F). We therefore asked if the RER amplitude required 

a longer time to adjust to the DR regimen. To this end, we implemented GLME analysis on the 

peak maximum RER activity and followed the DR switch groups over time. Indeed, for the 12M, 

16M and 20M DR switches we observed similarly lower RER amplitudes as AL_DR24M six 

weeks post-switch to DR, however all switch groups caught up to chronic DR levels within six 

months after DR was initiated (Fig. 3.2.16G). Therefore, we might have observed a similar 

complete adaptation the RER of AL_DR24M, if we had tested the animals a second time after 

a longer DR duration.  

To conclude, we showed for the first time, that even late-life initiation of DR at 24M can induce 

a systemic shift in macronutrient utilization towards glycolysis combined with fatty acid 

synthesis within six weeks post-switch to DR. However, the metabolism requires time to fully 

adapt to the DR regimen and reached chronic DR levels within six months after DR was 

initiated.   
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Figure 3.2. 16: DR alters the timing and macronutrient usage irrespective of the age of DR onset  

The respiratory exchange ratio (RER) activity of single-housed chronic AL or DR animals in metabolic 

cages over 48h at A) 5M (AL n= 9, DR n= 11) or B) 10M (AL n= 11, DR n= 12) of age. Chronic DR 
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altered the timing and utilization of macronutrients. RER of chronic controls and DR switch groups in 

metabolic cages at C) 14M (AL n= 7, DR n= 8, AL_DR12M n= 8), D) 18M (AL n= 7, DR n= 8, AL_DR12M 

n= 8, AL_DR16M n= 8), E) 22M (AL n= 8, DR n= 9, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 

8) or F) 26M of age (AL n= 6, DR n= 8, AL_DR12M n= 8, AL_DR16M n= 8, AL_DR20M n=8, AL_DR24M 

n=7). DR irrespective of the age of DR onset significantly altered the timing and utilization of 

macronutrients. One-way ANOVA were performed to assess statistical differences in peak RER activity 

between chronic controls and DR switch groups. G Longitudinal analyses of the maximum RER peak of 

AL and DR animals across all six evaluated time points was assessed using GLME and Bonferroni post-

hoc tests. Animal numbers at the different time points varied between 12 or six animals per diet group. 

H Effect of AL or DR feeding regimen on the respiratory exchange ratio (RER) in a randomly selected 

subset of 26M old chronic AL (n=6), DR (n=8), AL_DR12M (n=8), AL_DR16M (n=8), AL_DR20M (n=8) 

or AL_DR24M (n=7) animals over 48h. Grey rectangular areas indicate the 12h-long night phase starting 

at 6pm until 6am and black arrows the feeding time of DR animals between 10am and 10:30am. Data 

are presented as mean + 95% CI and with p-values * p<0.05, ** p<0.01 and *** p<0.001 for comparisons 

to chronic DR. P-values # p<0.05, ## p>0.01 and ### p<0.001 indicate significant differences in relation 

to chronic AL. Statistical analyses were conducted and plots were generated by Carolina Monzó. 

 

3.2.17 Early and mid-onset DR increases spontaneous home cage 

activity in single-housed mice 

As mentioned before, daytime feeding and DR alter the sleep-wake cycle and animals shift 

their circadian rhythm from a nocturnal to a diurnal pattern (Challet, 2010). Moreover, it was 

previously suggested that DR increased spontaneous home cage activity (Abe et al.,1989; 

Mendoza et al., 2008). Therefore, we investigated the daily activity pattern of single-housed 

chronic controls and DR switch animals during ageing focussing on the overall activity pattern 

or analysing the active and inactive phase. In order to group the activity into the active or 

inactive phase, we selected a cut-off of 300 beam breaks per hour, when AL and DR animals 

showed reduced activity. Activity over 300 beam breaks per hour was considered as active, 

whereas fewer activities than 300 beam breaks per hour were considered inactive.  

In accordance with previous studies (Mendoza et al., 2008), DR animals displayed increased 

activity during the day and reduced activity during the night, correlating with a change in the 

circadian rhythm from a nocturnal to a diurnal pattern (Fig. 3.2.17A-F). However, chronic DR 

animals only acquired this pattern after longer DR duration. At 5M (Fig. 3.2.17A) or 10M of age 

(Fig. 3.2.17B), chronic DR animals only displayed increased activity in the morning when the 

food was provided and the activity peaked again shortly after the lights went out after 6pm 

when. In contrast, chronic AL animals displayed an almost exclusive activity pattern during the 

night and rested during the day (Fig. 3.2.17A and B). When comparing the active and the 
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inactive phase, we did not detect any differences between chronic AL and DR animals at 5M 

(Fig. 3.2.17A) or 10M of age (Fig. 3.2.17B), which correlated with the overall activity pattern at 

both time points. Strikingly, DR switch groups immediately adapted to the DR-specific activity 

pattern within six weeks post-switch to DR, which peaked around the time the daily food potion 

was provided between 10am and 10:30 am and shortly before and after the lights turned off at 

6pm (Fig. 3.2.17C-F). However, the peak activity at the time of feeding seemed lower six weeks 

post-switch to DR (Fig. 3.2.17C-F) and only caught up to chronic DR upon longer DR treatment 

(Fig. 3.2.17D-F). Interestingly, we detected differences in the activity phases in the DR switch 

groups. At 14M, chronic DR animals were significantly more active in the active phase and 

AL_DR12M displayed a trend towards higher activity compared to AL mice (Fig. 3.2.17C). 

Similarly, AL_DR16M mice were significantly less active than chronic DR animals six weeks 

post-switch to DR (Fig. 3.2.17D). In contrast, AL_DR20M and AL_DR24M activity in the active 

phase was significantly lower compared to chronic DR animals within six weeks (Fig. 3.2.17E 

and F) or six months (Fig. 3.2.17F) post-switch to DR, suggesting that late-onset DR could not 

recover spontaneous activity after long-term AL feeding. Intriguingly, the activity in the inactive 

phase was lower in chronic DR, AL_DR12M and AL_DR16M at 14M (Fig. 3.2.17C) and 18M 

(Fig. 3.2.17D) as well as in AL_DR16M at 22M (Fig. 3.2.17E) and chronic DR, AL_DR16M and 

AL_DR20M at 26M of age (Fig. 3.2.17F). Longitudinal analyses revealed significantly 

increased activity in the active phase of DR, AL_DR12M and AL_DR16M compared to chronic 

AL (Fig. 3.2.17G). In contrast, AL_DR20M animals were not significantly more active at 22M 

and 26M compared to AL and significantly less active than DR animals (Fig. 3.2.17G), 

suggesting that early and mid-life but not late-onset DR prevents age-related decline in 

locomotor activity. Intriguingly, the longitudinal activity in the inactive phase was significantly 

lower in DR, AL_DR12M, AL_DR16M and AL_DR20M compared to AL mice (Fig. 3.2.17H), 

indicating that DR could potentially improve the resting phase and increase sleep quality during 

ageing. Intriguingly, AL_DR16M animals were even more active in the active phase (Fig. 

3.2.17G) and less active in the inactive phase (Fig. 3.2.17H) compared to DR animals.  

Taken together, we demonstrated that DR onset as late as 24M of age decreased body weight 

and fat mass and improved glucose tolerance within six weeks after DR was initiated. In 

contrast, only chronic DR or AL_DR12M stably improved insulin sensitivity during ageing and 

reversed the detrimental effects of early life obesity on the insulin metabolism. Furthermore, 

providing the daily food portions in the morning correlated with food and water consumption in 

restricted animals and mediated a change in the circadian rhythm. Additionally, DR altered teh 

activity patterns and the usage of different macronutrients to fuel the metabolism depending 

on the time of day. Strikingly, insulin sensitivity was only mildly improved upon 16M, 20M and 

24M DR onset, suggesting that prolonged AL feeding has detrimental effects on the 

metabolism that DR cannot improve in the long-term.  
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Figure 3.2. 17: Early and mid-onset DR increases spontaneous home cage activity in single-

housed mice 

Spontaneous home cage activity of single-housed chronic AL or DR animals in metabolic cages over 

24h at A) 5M (AL n= 9, DR n= 12) or B) 10M (AL n= 11, DR n= 12) of age. DR did not increase in-cage 

activity at young age. Spontaneous home cage activity of chronic controls and DR switch groups at C) 

14M (AL n= 7, DR n= 8, AL_DR12M n= 8), D) 18M (AL n= 7, DR n= 8, AL_DR12M n= 8, AL_DR16M 

n= 8), E) 22M (AL n= 8, DR n= 9, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 8) or F) 26M of 

age (AL n= 6, DR n= 8, AL_DR12M n= 8, AL_DR16M n= 8, AL_DR20M n=8, AL_DR24M n=7). Chronic 

DR, AL_DR12M and AL_DR16M mice displayed increased spontaneous activity during ageing 
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compared to chronic AL. Spontaneous activity did not increase following DR onset at 20M or 24M of 

age. Unpaired t tests were implemented to evaluate statistical differences between chronic controls at 

all time points. One-way ANOVA followed by Bonferroni correction was performed to assess statistical 

differences in daily food intake between AL, DR and one DR switch group at a time at each time point. 

Longitudinal analyses of the spontaneous activity in G) the active phase of H) the inactive phase of AL 

and DR animals across all six evaluated time points was assessed using GLME followed by Bonferroni 

correction for multiple testing. Chronic DR, AL_DR12M and AL_DR16M were significantly more active 

in the active and significantly less active than AL animals in the active and inactive phase respectively. 

Grey rectangular areas indicate the 12h-long night phase starting at 6pm until 6am and black arrows 

the feeding time of DR animals between 10am and 10:30am. Dotted lines represent the cut-off at 300 

beam breaks per hour. Data are presented as mean + 95% CI and with p-values * p<0.05, ** p<0.01 

and *** p<0.001 for comparisons to chronic DR. P-values # p<0.05, ## p>0.01 and ### p<0.001 indicate 

significant differences in relation to chronic AL.  

 

3.2.18: Evaluating overall fitness and frailty in response to early, mid- 

or late-onset DR  

Cardiovascular diseases are one of the main causes of death among the elderly (Roth et al., 

2017) and many obese people have an increased risk to develop cardiovascular complications 

(Lavie et al., 2018), such as heart failure (Kenchaiah et al., 2002). Moreover, sarcopenia, as 

well as declined fitness, skeletal muscle function and memory are tightly associated with the 

ageing process (Correa-De-Araujo & Hadley, 2014; Yokota et al., 2000). Furthermore, 

increased fitness has been recently associated with increased cognitive performance (Segaert 

et al., 2018), thus demonstrating the importance of maintaining physical activity to increase 

health span at old age. Obesity can be caused by a sedentary lifestyle (Martínez-González et 

al., 1999) and especially mid-life obesity increases the risk of neurological diseases, such as 

dementia (Chuang et al., 2016). We therefore asked if DR applied mid or later in life would 

exhibit beneficial effects and improve overall fitness and memory function in mice and reverse 

putative negative impacts of obesity on health at old age. To this end, we used a second 

phenotyping cohort of mice, which were subjected to grip strength, motor coordination and 

memory tests (Fig. 3.2.18A). As experience, acquired by previous testings, could confound the 

results, all diet groups including future DR switches were tested at all time points starting from 

5M of age (Fig. 3.2.18A). This procedure allowed comparisons of pre-to post-switch 

performance after mid-or late-life onset DR.  
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Figure 3.2. 18: Schematic representation of fitness phenotypings  

A Schematic representation of phenotyping for grip strength, motor coordination and memory function. 

DR switch animals are tested at all phenotyping time points to allow analysis of pre-versus post-switch 

performance. DR switch groups were first assessed eight weeks post-switch to DR. AL12M, AL16M, AL20M 

or AL24M describes mice belonging to the respective switch group, which were tested as AL animals prior 

to the initiation of DR. Dashed coloured lines mark the switch from AL to DR at the respective ages. The 

schematic was created using Biorender.com. 

 

3.2.19: Muscle strength is affected by ageing but not by DR  

Two studies on moderate DR in humans showed reduced muscle strength in response to short- 

term or long-term DR for one or two years (Racette, 2015; Weiss et al., 2007). Thus, we first 

sought to determine if muscle strength was negatively impacted by short or long-term DR 

starting at young, middle old or old age by using a front paw grip strength meter. However, no 

significant difference was observed between chronic DR or AL at 5M (Fig. 3.2.19A) or 10M 

(Fig. 3.2.19B). Moreover, grip strength did not differ between chronic controls and DR switch 

groups at 14M (Fig. 3.2.19C), 18M (Fig. 3.2.19D), 22M (Fig. 3.2.19E) or 26M (Fig. 3.2.19F) of 

age, suggesting full-feeding or DR initiated chronically or late in life did not affect muscle 

strength. Furthermore, longitudinal analyses did not reveal any significant differences between 

diet groups (Fig. 3.2.19G). Interestingly, we observed reduced muscle strength during ageing 

for all diet groups (Fig. 3.2.11G), suggesting that ageing but not diet influenced muscle 

function. We therefore compared overall grip strength between two consecutive time points, to 

identify at which age muscle strength first showed age-related decline irrespective of the diet 

group. Interestingly, we detected first differences in muscle function between 10M and 14M of 

age, and muscle function decreased further during ageing (Fig.3.2.11H).  

Lastly, we wanted to confirm the weight loss under DR in the new mouse cohort and measured 

body weight on the first day of each phenotyping time point. We could confirm that chronic AL 
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mice had significantly higher body weight compared to chronic DR and all DR switches in the 

new cohort (Fig.3.2.11D), reproducing our previous results. Interestingly, all DR switch groups 

required more time to reach the chronic DR state and AL_DR20M switches did not completely 

catch up to chronic DR even at 26M (Fig. 3.2.11D), probably as the animals had a higher body 

weight on AL feeding. 

Thus, ageing but not DR or weight loss lead to muscle function decline starting between 10M 

and 14M of age. Additionally, prolonged DR did not further enhance or slow down this age-

related functional decline in contrast to human DR studies, which reported that DR negatively 

affected muscle strength (Racette et al., 2017).  

 

 

Figure 3.2. 19: Muscle strength is affected by ageing but not by DR in an independent 

phenotyping cohort  
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Analysis of forelimb grip strength in chronic controls AL or DR at A) 5M (AL n= 60, DR n= 12) or B) 10M 

(AL n= 60, DR n= 12) of age. AL feeding or chronic DR did not affect muscle strength in young C3B6F1 

females. Grip strength of chronic controls and DR switch groups at C) 14M (AL n= 48, DR n= 12, 

AL_DR12M n= 11), D) 18M (AL n= 35, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 12), E) 22M (AL 

n= 17, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 10, AL_DR20M n= 11) or F) 26M of age (AL n= 6, 

DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 7, AL_DR24M n=7). Chronic, mid- or late-

onset DR did not significantly affect muscle strength at all six evaluated time points. Unpaired t tests 

were implemented to evaluate statistical differences between chronic controls at all time points. One-

way ANOVA followed by Bonferroni correction was performed to assess statistical differences in grip 

strength performance between AL, DR and one DR switch group at a time at each time point. G 

Longitudinal evaluation of grip strength over all six phenotyping time points in all six diet groups. GLME 

followed by Bonferroni post-hoc tests were implemented to assess differences between diet groups over 

time but no significant differences were found (p = 0.65). GLME analyses were implemented to evaluate 

longitudinal intra- and inter-group differences in grip strength across all six time points. H One-way 

ANOVA tests between two consecutive time points revealed age-related decline in grip strength 

irrespective of diet group and age of DR onset. Data are presented as mean with 95% CI. Data were 

analysed using GLME or One-way ANOVA with p-values *** p<0.001 in relation to chronic DR, ### 

p<0.001 in relation to chronic AL. Not significant differences between either chronic AL or DR were not 

marked. Carolina Monzó conducted the longitudinal GLME analyses, age-related differences in grip 

strength and the body weight plot.   

 

3.2.20 Chronic and 12M onset DR but not later DR initiation leads to 

long-term, stable improvement in motor coordination within eight 

weeks post-switch to DR  

Motor coordination is a complex process, which requires spatial orientation, control of limbs 

and muscles as well as balance for a flawless execution of the intended movement. 

Interestingly, a previous study demonstrated that chronic but not DR onset at approx. 15M 

improved motor coordination in mice, suggesting that DR cannot reverse already occurred 

damage to the vestibular system if applied to late (Kuhla et al., 2013). However, a systematic 

analysis at what age DR is still able to improve motor coordination is still missing. To this end, 

we tested motor coordination using the rotarod by measuring the time spent on the rotating 

rod. Similar to the grip strength tests, all mice, including future DR switch groups, which were 

still on AL feeding, were regarded as chronic AL animals before the respective DR switch.  

Motor coordination was significantly improved by short-term, chronic DR compared to AL 

feeding at 5M of age (Fig. 3.2.20A). Moreover, chronic DR displayed significantly improved 

rotarod performance at 10M of age and already outperformed AL mice at the first testing day 

(Fig. 3.2.20B). Therefore, we next asked whether mid-life onset DR could improve rotarod 
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performance. Indeed, AL_DR12M mice significantly improved rotarod performance compared 

to chronic AL but not to the same extent as chronic DR animals within eight weeks post-switch 

to DR (Fig. 3.2.20C). In contrast, AL_DR16M mice did not significantly improve motor 

coordination compared to chronic AL (Fig. 3.2.20D), suggesting that the age of DR onset might 

influence rotarod performance after the switch. Strikingly, there was no significant performance 

difference between chronic DR and AL_DR12M and both DR groups had significantly 

improved motor coordination compared to chronic AL animals (Fig. 3.2.20D). Similar to 

AL_DR16M at 18M, AL_DR20M mice tested at 22M did not significantly improve motor 

coordination compared to chronic AL and performed significantly worse in relation to chronic 

DR (Fig. 3.2.20E). While AL_DR16M animals exhibited improved motor coordination over the 

course of four days at 22M, the AUC was still significantly differed compared to chronic DR 

and did not differ from chronic AL mice (Fig. 3.2.20E). Consistently with previous findings, 

chronic DR animals displayed significantly improved motor coordination at 26M (Fig. 3.2.20F), 

indicating that chronic DR retained motor coordination performance. Strikingly, even after 10M 

or 6M post-switch to DR, AL_DR16M and AL_DR20M performed significantly worse in the 

rotarod test compared to chronic DR (Fig. 3.2.20F). In contrast, we did not detect any 

significant differences in rotarod performance in AL_DR12M and AL_DR24M compared to 

chronic controls (Fig. 3.2.20F).  

To test differences between diet groups in rotarod performance, as well as to investigate the 

influence of ageing on motor coordination, we implemented GLME analysis over the AUC of 

all six time points. Indeed, longitudinal analysis revealed that chronic AL mice showed a 

significant age-related decrease in motor coordination (Fig. 3.2.20G). In contrast, the 

performance of DR animals increased between 5M and 10M and the overall performance was 

significantly better compared to chronic AL animals. Interestingly, we did not detect any 

statistical evidence for age-related decline of motor coordination in chronic DR (Fig. 3.2.20G), 

demonstrating that chronic DR retained motor coordination at old age. Interestingly, all DR 

switch groups displayed decreased performance while on AL feeding (Fig. 3.2.20G). Moreover, 

only AL_DR12M and AL_DR24M exhibited a significant increase in motor coordination, 

whereas later onset of DR did not display a big improvement in rotarod performance post-

switch to DR (Fig. 3.2.20G). All in all, these results indicate, that the duration of AL feeding had 

a detrimental effect on motor coordination, which could not be reversed if DR was applied too 

late.  

To sum up, chronic DR or AL_DR12M showed improved rotarod performance during ageing, 

indicating that DR if applied chronically or at 12M of age can maintain motor coordination even 

at old age. Moreover, switching mice to DR at 16M had only limited beneficial effect on motor 

coordination as rotarod performance was independent from body weight. In contrast, DR onset 
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at 20M or 24M could not improve motor coordination potentially due to already occurred age-

related damage in the vestibular system.  
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Figure 3.2. 20: Chronic and 12M onset DR but not later DR initiation leads to long-term, stable 

improvement in motor coordination within eight weeks post-switch to DR  

Motor coordination of chronic AL and DR at A) 5M (AL n= 60, DR n= 12) or B) 10M (AL n= 60, DR n= 

12) of age. Chronic DR increased motor coordination compared to AL feeding. Motor coordination of 

chronic controls and DR switch groups at C) 14M (AL n= 48, DR n= 12, AL_DR12M n= 11), D) 18M (AL 

n= 35, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 12), E) 22M (AL n= 17, DR n= 12, AL_DR12M n= 

11, AL_DR16M n= 10, AL_DR20M n= 11) or F) 26M of age (AL n= 6, DR n= 12, AL_DR12M n= 9, 

AL_DR16M n= 9, AL_DR20M n= 6, AL_DR24M n=8). Eight weeks post switch, animals improved motor 

coordination when switched to DR at 3M, 12M or 16M (p<0.05) but not at 20M or 24M (p>0.05). G 

Chronic or 12M onset DR but not later initiation of DR significantly improved motor coordination 

compared to AL. To evaluate motor coordination between diet groups, the AUC of all days combined 

was determined on for each animal. Next, unpaired t tests were implemented to evaluate statistical 

differences between the AUC of chronic controls at all evaluated time points. One-way ANOVA followed 

by Bonferroni correction was performed to assess statistical differences in the AUC of rotarod 

performance between AL, DR and one DR switch group at a time at each time point. GLME analyses 

were implemented to calculate intra- and inter-group differences in the AUC across all six time points. 

Data are displayed as mean and 95% CI. Statistical differences in the AUC of rotarod performance on 

day 1 until day 4 compared to chronic DR are indicated with p-values * p<0.05, ** p<0.01 and *** 

p<0.001. Statistical differences in relation to AL are presented as following # p<0.05, ## p< 0.01 and 

### p<0.001. The letter A indicates significant differences in rotarod performance within the same diet 

group over time. Carolina Monzó calculated the GLME.  

 

3.2.21 Lack of rotarod performance is not attributed to body weight 

differences in DR switch groups   

Since rotarod performance might be negatively influenced by weight (Mao et al., 2015), we 

asked whether the performance difference between chronic AL and DR animals could be 

explained by their body difference. Moreover, we sought to investigate whether the 

improvement of the DR switch groups but also the difference towards the chronic DR animals 

could be explained by the body weight.  

We detected a significant correlation between body weight and rotarod performance in chronic 

AL animals at 5M (Fig. 3.2.21A) and 10M (Fig. 3.2.21B). Interestingly, no significant 

correlations were observed at later time point at 14M (Fig. 3.2.21C), 18M (Fig. 3.2.21D), 22M 

(Fig. 3.2.21E) or 26M (Fig. 3.2.21F). These results demonstrate that the rotarod performance 

of chronic AL animals at young but not at older age was negatively affected by body weight. 

Strikingly, we did not detect any correlation between body weight and rotarod performance in 

DR switch groups eight weeks post-switch (Fig. 3.2.21C-F). Interestingly, only AL_DR16M 
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animals displayed a significant correlation between body weight and rotarod performance at 

old age (Fig. 3.2.21F), demonstrating that low weight and low performance correlated. 

Therefore, these results suggest that the lack of improvement in motor coordination post-

switch in AL_DR16M, AL_DR20M and AL_DR24M was not due to the body weight differences. 

To confirm that the weight loss under newly imposed DR in our fitness phenotyping cohort was 

similar to the metabolic phenotyping cohort, we measured the body weight on the first day of 

each phenotyping time point. We confirmed that chronic AL mice had significantly higher body 

weight compared to chronic DR and all DR switches in the new cohort (Fig.3.2.21G), 

reproducing our previous results. Interestingly, all DR switch groups required more time to 

reach the chronic DR state and AL_DR20M switches did not completely catch up to chronic 

DR even at 26M (Fig. 3.2.21G), probably as the animals had a higher body weight on AL 

feeding.  

All in all, differences in motor coordination of DR switches could not be explained by DR-

associated weight loss. Thus, DR cannot rescue rotarod performance after prolonged AL 

feeding and only chronic DR and AL_DR12M mice maintain motor coordination during ageing. 
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Figure 3.2. 21: Lack of rotarod performance is not attributed to body weight differences in DR 

switch groups   

Pearson correlation of body weight and the AUC of the rotarod performance of chronic AL and DR at A) 

5M (AL n= 60, DR n= 12) or B) 10M (AL n= 60, DR n= 12) of age. The rotarod performance correlated 

with the body weight of chronic AL animals at young age. Pearson correlation of body weight and the 

AUC of the rotarod performance chronic controls and DR switch groups at C) 14M (AL n= 48, DR n= 

12, AL_DR12M n= 11), D) 18M (AL n= 35, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 12), E) 22M 

(AL n= 17, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 10, AL_DR20M n= 11) or F) 26M of age (AL 

n= 6, DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 6, AL_DR24M n=8). The lack of 

rotarod performance in AL_DR16M, AL_DR20M and AL_DR24M cannot be attributed to differences in 

body weight. G) Longitudinal measurement of body weight of all diet groups on the first day of the 

phenotyping regimen for all diet groups and phenotyping time points. GLME were used to calculate body 

weight differences between diet groups over time. Body weight of DR groups was significantly lower in 

relation to chronic AL (adj. p<0.001) and not different from chronic DR (adj. p>0.05). Each dot 

corresponds to the individual body weight in gram and the AUC of the rotarod performance of each 



136 

tested animal at the indicated time point. Significant correlations between body weight and rotarod 

performance are indicated with p-values + p<0.05 and ++ p<0.01. Correlations that did not reach 

statistical significance are not marked. Body weight data are presented with the mean and the 95% CI 

as shaded area. Statistically significant differences in relation to AL are presented as following # p<0.05, 

## p< 0.01 and ### p<0.001. Statistically significant differences in relation to DR are presented as 

following * p<0.05, ** p< 0.01 and *** p<0.001. Body weight differences that did not reach statistical 

significance were not marked. Carolina Monzó conducted the GLME analyses of the body weight.  

 

3.2.22 DR improves memory function irrespective of the age of DR 

onset 

Advanced age is one of the major risk factors to develop several neurological disorders, 

including dementia (Niccoli & Partridge, 2012). Interestingly, previous studies implementing 

short- or long-term CR demonstrated that reduction of food intake improved memory and 

increased neurogenesis in C57BL/6 mice (Bondolfi et al., 2004; Ma et al., 2018). Since no 

previous studies have investigated memory of the C3B6F1 strain, we aimed to test both age-

associated changes and the impact of DR on memory function. To this end, we implemented 

the dry- land elevated Barnes maze as a readout for memory function at six different time 

points in murine life.  

As expected, we did not detect any difference in time, travelled path and speed on the platform 

in young chronic AL or DR animals aged 5M (Fig. 3.2.22A) or 10M (Fig. 3.2.22B). Furthermore, 

no significant differences were observed at 14M between chronic AL, DR and AL_DR12M 

animals in latency, travelled path or speed (Fig. 3.2.22C). However, we observed a trend 

towards decreased latency to find the escape box in chronic DR or AL_DR12M animals 

compared to chronic AL animals (Fig. 3.2.31A-C). Strikingly, AL_DR16M mice found the 

escape box significantly faster than compared to chronic AL animals at 18M of age (Fig. 

3.2.22D). Additionally, we observed a significant improvement in memory function in chronic 

DR, AL_DR12M and AL_DR20M at 22M (Fig. 3.2.22E) and in chronic DR, AL_DR12M, 

AL_DR16M and AL_DR24M at 26M (Fig. 3.2.22F) compared to chronic AL feeding. These 

results indicated that DR feeding, irrespective of the age of DR onset significantly improved 

memory function at old age. To test differences between diet groups in Barnes maze 

performance, as well as to investigate the influence of ageing memory function, we 

implemented GLME analysis over the AUC of all six time points. Strikingly, DR irrespective of 

the age of DR onset significantly affected the time, animals spent on the platform compared to 

chronic AL feeding (Fig. 3.2.22G), suggesting that DR improved memory function during 

ageing in C3B6F1 females. Strikingly, the AUC measurements of chronic AL animals first 
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decreased until 18M of age and afterwards increased again, indicating that the memory 

function of chronic AL animals worsened during ageing (Fig. 3.2.22G). Interestingly, the time 

spent on the platform differed significantly between chronic DR and AL_DR16M animals (Fig. 

3.2.22G), which was likely attributed to better performance of chronic DR animals at 5M of 

age.  In contrast, the longitudinal travelled path or speed on the platform were not significantly 

different between diet groups (Fig. 3.2.22H and I). These results suggest, that the observed 

differences in the time spent on the platform were not due to faster speed or smaller distances 

travelled. Intriguingly, all diet groups displayed differences within time points (Fig. 3.2.22G-I), 

indicating that Barnes maze performance changed during ageing.  

To conclude, DR improved memory function irrespective of the age of DR onset in the C3B6F1 

strain. However, late-onset DR only leads to a short-term improvement, whereas chronic or 

mid-life DR onset stably improved memory function during ageing.  
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Figure 3.2. 22: DR improves memory function irrespective of the age of DR onset 
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Estimation of memory function using the dry- land elevated Barnes maze. Over the course of five testing 

days the time spent on the platform until animals moved into the escape box, the distance they covered 

until the escape box was found and the speed with which animals moved on the platform was recorded. 

Cohorts were split into two groups and trained weekly equal number of mice from each diet group each 

week at all phenotyping time except at 26M of age. Memory function of chronic AL and DR at A) 5M (AL 

n= 30, DR n= 6) or B) 10M (AL n= 60, DR n= 12) of age. Chronic DR did not improve memory function 

at young age. We detected a batch effect between chronic AL and DR animals at 5M of age between 

week 1 and week 2. Only week 2 data were utilized for the analyses. Memory function of chronic controls 

and DR switch groups at C) 14M (AL n= 47, DR n= 12, AL_DR12M n= 11), D) 18M (AL n= 35, DR n= 

12, AL_DR12M n= 11, AL_DR16M n= 6), E) 22M (AL n= 17, DR n= 12, AL_DR12M n= 11, AL_DR16M 

n= 10, AL_DR20M n= 11) or F) 26M of age (AL n= 6, DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, 

AL_DR20M n= 6, AL_DR24M n=7). AL_DR16M animals tested in week 1 compared to week two at 

18M. Therefore, only data from week 1 were utilized in the 18M time point analyses. Chronic DR, 

AL_DR12M, AL_DR16M and AL_DR24M displayed improved memory function compared to chronic AL. 

G) Longitudinal analyses of the AUC of time over all six phenotyping time points. H) Longitudinal 

analyses of the AUC of the travelled path over all six phenotyping time points. I) Longitudinal analyses 

of the AUC of the speed over all six phenotyping time points. Unpaired t tests were implemented to 

evaluate statistical differences in the AUC between chronic controls at all evaluated time points. One-

way ANOVA followed by Bonferroni correction was performed to assess statistical differences in the 

AUC of time, distance travelled or speed (day 1-5) between AL, DR and one DR switch group at a time 

at each time point. GLME analyses followed by Bonferroni post-hoc tests for multiple testing correction 

were implemented to calculate intra- and inter-group differences across all six time points. Data are 

presented as mean + SEM. Carolina Monzó conducted the GLME analyses.  

 

3.2.23 Early or mid-life onset DR at 12M or 16M reduces overall frailty 

during ageing 

Recent studies established a frailty index in mice, which scores similar frailty parameters as 

human frailty tests in the clinics (Kane et al., 2016; Whitehead et al., 2014), thus making it a 

powerful tool to assess systemic effects of ageing in mice. To assess the influence of late-life 

DR on frailty, we measured frailty in the mice of all diet groups every eight weeks between 22 

and 26 months of age (Fig. 3.2.23A).  

Overall, we did not observe much difference in the frailty score between diet groups at 22M of 

age but there was a trend towards higher frailty in AL, AL_DR16M and AL_DR20M (Fig. 

3.2.23B). Interestingly, AL_DR12M mice were significantly less frail than chronic AL mice at 

22M, indicating that DR could have a beneficial effect on frailty at later time points. Indeed, 

when tested at 24M, chronic DR as well AL_DR12M and AL_DR16M mice were less frail than 

chronic AL, indicating that chronic or mid-life DR reduced age-associated health decline. 
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Moreover, this phenotype was conserved at 26M of age, as chronic AL mice displayed the 

overall highest frailty score of all diet groups and both chronic and mid-life DR consistently 

decreased frailty, demonstrating improved health at old age. Interestingly, we observed a trend 

towards increased frailty depending on the duration of previous AL feeding, as AL_DR20M and 

AL_DR24M were frailer compared to chronic DR. Indeed, AL_DR24M mice, which were tested 

on AL feeding at 22M and 24M, and AL_DR20M mice did not display improved frailty upon 

newly imposed or longer DR and were significantly frailer compared to chronic DR, indicating 

that DR cannot slow down gradual health decline during ageing if initiated too late. Parameters, 

which displayed the greatest change between 22M and 26M of age were loss of fur colour, tail 

stiffening, palpable or visible tumours, vestibular disturbance, vision loss and changes in the 

sacroiliac region (data not shown). As expected, longitudinal analysis of the frailty score 

revealed increased frailty in all diet groups including chronic DR thus demonstrating that health 

deteriorates during ageing irrespective of diet but chronic and mid-life treatment can slow down 

health decline (Fig.3.2.23B). However, throughout ageing, chronic DR, AL_DR12M and 

AL_DR16M retained a better health compared to chronic AL, whereas AL_DR20M and 

AL_DR24M animals were frailer as chronic DR (Fig. 3.2.23B).  

Thus, our data show that introducing DR during mid-life reduces late-life frailty to a similar 

extent as early-life onset DR. Furthermore, introducing DR later in life did not have an obvious 

effect on frailty consistent with the lack of lifespan extension in these late diet switches.  

 

 

Figure 3.2. 23: Early or mid-life onset DR at 12M or 16M reduces overall frailty during ageing 

A schematic representation of frailty measurements at 22M, 24M or 26M of age. The frailty index was 

implemented at three different ages of murine life. AL_DR24M switches were evaluated as chronic AL 

animals at 22M and 24M prior to the DR switch and on newly imposed DR at 26M of age. B Longitudinal 

assessment of overall frailty of chronic controls and DR switch groups. The animal numbers were the 

following: at 22M (AL n= 20, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 11, AL_DR20M n= 11), B). 

At 24M (AL n= 15, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 10, AL_DR20M n= 8). At 26M of age 
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(AL n= 6, DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 7, AL_DR24M n=8). Chronic, 

12M and 16M onset of DR significantly reduced overall frailty during ageing. AL_DR24M were 

significantly frailer at 26M than chronic DR. Data between chronic AL and DR were analysed using 

unpaired t tests at 22M, 24M and 26M. Differences between chronic controls and one DR switch groups 

at a time were assessed using One-way ANOVA followed by Bonferroni post-hoc tests at 22M, 24M and 

26M. Longitudinal changes in overall frailty were analysed using GLME followed by Bonferroni multiple 

testing correction. Data are displayed as mean and 95% CI. Statistically significant differences 

compared to chronic DR are indicated with p-values * p<0.05 and *** p<0.001. Statistically significant 

differences in relation to AL are presented as following # p<0.05, ## p< 0.01 and ### p<0.001. The letter 

A indicates significant differences within the same diet group over time as determined by GLME analysis. 

GLME analyses were conducted by Carolina Monzó and schematics were created with BioRender.com. 

 

3.2.24 Body temperature does not decrease in response to early, mid-

life or late-onset DR 

Previous studies reported decreased body temperature upon prolonged DR feeding regimen 

as one of the detrimental effects of DR in single-housed male 129S2/SvPasCrl mice (Corrales 

et al., 2019) as well as in humans (Soare et al., 2011). However, we did not find evidence for 

WAT browning or a change in thermogenesis in our previous study using group-housed 

C3B6F1 female mice (Fig. 3.1.4). Thus, in order to address whether late-life DR would affect 

body temperature in these animals, we measured body temperature at four different time points 

(Fig. 3.2.24A). As in mice body temperature depends on the feeding state of the animals, 

measurements were taken in the morning prior to the feeding of DR animals and in the 

afternoon to ensure that observed changes were not simply due to different feeding states of 

AL and DR animals.  

We assessed body temperature using an infrared non-invasive thermometer via the ear when 

animals were 22M, 24M and 26M. In addition, as measurements based on infrared 

thermometers do not address core body temperature, we also used a rectal probe to have a 

more precise measurement at the age of 28M (Fig. 3.2.24A). Remarkably, we did not detect 

any significant differences in body temperature irrespective of diet group in the morning or in 

the afternoon at all three evaluated time points (Fig. 3.2.24B-C). While infrared thermometry 

reliably reports the body temperature of humans, body measurements in mice are more 

variable depending on the site of measurement and the method chosen (C. W. Meyer, 

Ootsuka, & Romanovsky, 2017). Moreover, it has been recently reported that infrared 

measurements are less sensitive and readings are approximately two degrees Celsius lower 

compared to rectal measurements (Kawakami et al., 2018). Therefore, we included an 

additional measurement time point at 28M, during which we measured the core temperature 
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using an invasive rectal probe. Strikingly, we detected a significant difference in body 

temperature across diet groups depending on the feeding state (Fig. 3.2.24E). However, no 

differences in temperature were detected between diet (Fig. 3.2.24E), suggesting that DR did 

not impact on body temperature in the C3B6F1 background irrespective of the age of onset or 

the duration of DR. In contrast to the report by Kawakami and colleagues (Kawakami et al., 

2018), we did not observe a big temperature difference in rectal versus infrared measurements 

(Fig. 3.2.24B-D), suggesting that both methods were equally robust to detect body temperature 

in C3B6F1 females. To conclude, we demonstrated that chronic or late-life DR does not affect 

body temperature in female C3B6F1 mice consistent with our previous results on WAT 

thermogenic gene expression.  

 

 

Figure 3.2. 24: Body temperature does not decrease in response to early, mid-life or late-onset 

DR 

A Schematic representation of the body temperature measurements during ageing. Animals were first 

assessed at 22M and measurements continued every two months until 26M of age using a non-invasive 
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infrared thermometer. Rectal temperature measurements were conducted at 28M. Temperature 

measurements irrespective of the method were carried out in the morning prior to the feeding and in the 

afternoon. AL_DR24M mice were counted as AL animals at 22M and 24M before the diet switch and as 

AL_DR24M after the DR switch at 26M and 28M of age. Longitudinal assessment of body temperature 

using infrared thermometer B in the morning or C in the afternoon. Body temperature differences 

between morning and afternoon measurements in °C at 22M, 24M or 26M of age. Animal numbers were 

the following: at 22M (AL n= 20, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 11, AL_DR20M n= 11), 

at 24M (AL n= 15, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 10, AL_DR20M n= 8) and at 26M of 

age (AL n= 6, DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 7, AL_DR24M n=8). 

AL_DR24M animals were tested as chronic AL animals at 22M and 24M of age. D) Rectal body 

temperature measurements in chronic controls and DR switch groups at 28M of age in the morning or 

afternoon in chronic AL (n= 4), DR (n= 12), AL_DR12M (n= 8), AL_DR16M (n= 8), AL_DR20M (n= 6) 

and AL_DR24M (n=7). Feeding state (adj. p= 0.0080) but not DR impacts on rectal body temperature 

at 28M. Data were analysed using One-way ANOVA followed by Bonferroni testing for multiple 

correction and longitudinal infrared measurements were analysed using GLME with Bonferroni post-hoc 

tests. Data are displayed as mean and 95% CI. Statistically significant differences in relation to AL are 

presented as following # p<0.05, ## p< 0.01 and ### p<0.001. Differences in feeding state at 28M were 

analysed using One-way ANOVA followed by Bonferroni correction with ** p< 0.01. Carolina Monzó 

conducted the GLME analyses and schematics were created with BioRender.com. 

 

3.2.25 Chronic, 12M and 20M onset of DR leads to a long-term 

decrease in heart rate  

Cardiovascular diseases are one of the main causes of death among the elderly (Roth et al., 

2017) and previous studies reported a beneficial effect of DR on heart function in rats 

(Shinmura et al., 2011). Moreover, many human studies have linked DR to improved cardiac 

health (Fontana et al., 2007; Hammer et al., 2008) but no studies are available, which show a 

beneficial effect of late-life onset DR on cardiovascular function. Therefore, we utilized heart 

rate as a proxy for heart function using non-invasive electrocardiography (ECG) 

measurements. We first assessed chronic controls at 5M and 10M and included DR switch 

groups eight weeks post-switch for the first time in the test (Fig. Fig.3.2.25A).  

Strikingly, we detected significantly lower heart rates in chronic DR mice aged 5M (Fig. 

3.2.14A) and 10M 5M (Fig. 3.2.14B) compared to chronic AL feeding, suggesting that even 

short-term chronic DR treatment affected heart function. We therefore hypothesized that 

switching mice to DR lead to a similar heart rate decrease. Indeed, AL_DR12M also reduced 

heart rate to a similar extent as chronic DR and compared to AL at 14M (Fig. 3.2.25D). 

Strikingly, we detected significantly lower heart rates in chronic DR, AL_DR12M and 

AL_DR16M animals compared to chronic AL feeding (Fig. 3.2.25E). Moreover, no significant 
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difference were observed between chronic DR and DR switches at 18M, indicating that a short-

term, mid-life onset DR regimen could similarly affect heart function as chronic DR treatment.  

In contrast, we did not observe any significant difference in the heart rate between diet groups 

at 22M (Fig. 3.2.25F). Interestingly, AL_DR20M and AL_DR24M exhibited significantly lower 

heart rates compared to chronic AL or DR but no differences between chronic controls and 

AL_DR12M or AL_DR16M animals were detected (Fig. 3.2.25G). We therefore plotted the data 

longitudinally to investigate the heart rate differences between the diet groups over time. 

Strikingly, longitudinal analysis revealed that the heart rate of AL animals increased between 

5M and 10M of age and eventually decreased in an age-related decline, which seemed to 

accelerate after 18 months of age (Fig. 3.2.25H). In contrast, the heart rate of chronic DR 

animals increased between 5M and 14M but remained stable after 14M of age without 

evidence for an age-related decline compared to chronic AL (Fig. 3.2.25H). Indeed, GLME 

analyses revealed that the longitudinal heart rate of chronic DR animals differed significantly 

from AL animals (Fig. 3.2.25H), indicating a potential cardioprotective effect by DR. As AL 

animals started to die after 18M of age, it could be possible that there is an inverse relationship 

between increased heart rate and mortality, i.e. that AL animals with a higher heart rate at 

young age could die earlier. Correspondingly, longer-lived AL animals may have lower heart 

rate, comparable with chronic DR animals. Therefore, the accelerated decline in heart rate 

after 18M (Fig. 3.2.25H) of age could be explained by the deaths of the short-lived AL animals 

and could point towards a bias in our analyses towards long-lived AL mice.   

Strikingly, switching mice to DR at 12M or 20M but not at 16M even further decreased heart 

rate within eight weeks or six months post-switch to DR compared to chronic DR (Fig. 3.2.25H). 

These results raise the question why the later switches at 12M or 20M would lower the heart 

rate even further than that of the DR cohort and why we did not detect a similar significant drop 

in AL_DR16M mice (Fig. 3.2.25H). AL_DR12M mice displayed increased lifespan and health 

span at old, whereas AL_DR16M animals exhibited an intermediate phenotype with a full 

lifespan but not health span extension and therefore, AL_DR16M animals could display a 

similar in-between phenotype for the heart rate. Strikingly, AL_DR20M animals also showed 

significantly lower heart rates (Fig. 3.2.25H) but in contrast to earlier DR switches, AL_DR20M 

are not long-lived (Fig. 3.2.3C) As some deaths occurred prior to the first phenotyping time 

point at 22M, it is possible, that similarly to AL animals, we selected for the longest-lived 

AL_DR20M mice, which displayed the lowest heart rate. The autonomous nervous system, 

namely the sympathetic and parasympathetic branches, controls the heart rate (Silvani et al., 

2016), which can be modulated by dietary interventions (Young & Landsberg, 1982). Strikingly, 

6M of DR reduced sympathetic and increased parasympathetic nervous system output as well 

as decreased heart rate in overweight humans, (De Jonge et al., 2010). It is tempting to 

speculate, that a similar reduction in parasympathetic nervous system activity could take place 
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in mice on chronic or even late-onset DR. Therefore, more analyses are necessary to dissect 

the relationship between reduced heart rate and mid- and late-onset DR.  

 

 

Figure 3.2. 25: Chronic, 12M and 20M onset of DR leads to a long-term decrease in heart rate 

A Schematic representation of electrocardiography experiments. Chronic AL and DR mice were tested 

at 5M and 10M to assess heart rate in beats per minute (bpm) at young age. To assess the effect of 

later DR onset on heart rate, DR switch groups were first assessed eight weeks post-switch to DR and 
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continuously tested in the same four-month interval as chronic controls. Animal with less than 100 

recorded signals were excluded from the analyses. Heart rate of chronic AL and DR at B) 5M (AL n= 

10, DR n= 10) or C) 10M (AL n= 12, DR n= 12), D) of age. Chronic DR reduced heart rate compared to 

AL feeding. Heart rate of chronic controls and DR switch groups at 14M (AL n= 12, DR n= 12, 

AL_DR12M n= 10), E) 18M (AL n= 12, DR n= 12, AL_DR12M n= 11, AL_DR16M n= 12), F) 22M (AL 

n= 8, DR n= 10, AL_DR12M n= 10, AL_DR16M n= 10, AL_DR20M n= 10)or G) 26M of age (AL n= 5, 

DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 6, AL_DR24M n=7). Initiation of DR as 

late as 24M of age reduced heart rate. Unpaired t tests were implemented to test statistical differences 

between chronic controls at all evaluated time points. One-way ANOVA followed by Bonferroni 

correction was performed to assess statistical differences in heart rate between AL, DR and one DR 

switch group at a time at each time point. H) longitudinal analysis of heart rate across all six phenotyping 

time points. Chronic DR stably reduced heart rate throughout life compared to AL feeding. AL_DR12M 

and AL_DR20M had lower heart rates than chronic DR. Heart rate changed throughout life for AL, DR, 

AL_DR12M and AL_DR20M mice. GLME analyses followed by Bonferroni post-hoc tests were 

implemented to calculate intra- and inter-group differences in the heart rate across all six time points. 

Data are plotted as mean with 95% CI. Statistically significant differences in relation to AL are presented 

as following # p<0.05, ## p< 0.01 and ### p<0.001. Statistically significant differences in relation to DR 

are presented as following * p<0.05, ** p< 0.01 and *** p<0.001. Differences that did not reach statistical 

significance were not marked. Carolina Monzó conducted the GLME analyses and schematics were 

created with BioRender.com. 

 

3.2.26: DR reduces the duration of the RR interval and the ventricular 

de- and repolarization 

ECG is commonly used in clinics as non-invasive means to score cardiac health and function 

as well as adding prognostic value to diagnose certain cardiac diseases, such as coronary 

heart disease (Auer et al., 2012), ischemia (De Bacquer et al., 1998) or genetically inherited 

arrhythmia (Gollob et al., 2001). Heartbeats are subdivided into different segments, intervals 

and complexes depending on the polarization or repolarizations events occurring in the left 

and right atria as well as the left and right ventricles. These polarization events mediate the 

contraction of the heart and subsequently the generation of the heartbeat, followed by the 

repolarization in the refractory period between two heartbeats. In total, a single heart beat is 

composed of five waves or groves as well as six intervals or segments and based on 

differences in the duration of the ECG segments, heart problems can be detected (Becker, 

2006). Within the scope of this ECG analysis, the following intervals and segments were tested 

namely the RR, PQ, PR, QT and corrected QT interval (QTc) as well as the ST segment, QRS 

complex and normal and corrected QT dispersion (QTc).  
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We first assessed the RR interval as proxy for the time between heart rates. Interestingly, the 

RR interval was significantly prolonged in chronic DR compared to chronic AL at 5M, 10M, 

14M and 18M and which corresponded to the heart rate data presented before, thus 

suggesting that the increase in the RR intervals observed upon DR is caused by slower heart 

rate. Similarly, the RR interval of AL_DR12M and AL_DR16M was longer compared to AL 

animals at 14M and 18M, while no differences in RR interval duration were detected between 

diet groups at 22M of age (Fig. 3.2.26B), again coinciding with our heart rate data (Fig. 

3.2.25C-F). Similarly, we detected a significant elongation of the RR interval in AL_DR20M 

and AL_DR24M at 26M of age compared to both chronic controls (Fig. 3.2.26B). Interestingly, 

the longitudinal RR interval of chronic DR and AL_DR20M mice significantly differed from AL 

and the RR interval of AL_DR12M or AL_DR20M differed from chronic DR, thus providing a 

link between reduced heart rate and prolonged RR interval duration. Next, we evaluated the 

effect of DR on atrial and intraventricular depolarization using the PQ (Fig. 3.2.26C) and PR 

(Fig. 3.2.26D) intervals as proxy. Interestingly, the PQ interval duration was shorter in chronic 

DR compared to AL animals at 5M and 10M of age and was prolonged in AL_DR12M 

compared to chronic DR at 14M (Fig. 3.2.26C). Moreover, we detected a significant elongation 

of the PR interval in AL_DR20M mice compared to chronic AL or DR at 26M of age (Fig. 

3.2.26D). These results indicate that the time between atrial and intraventricular depolarization 

was altered by chronic or 12M onset DR early in life and in AL_DR20M mice late in life. 

However, no significant differences in the longitudinal PQ (Fig. 3.2.26C) or PR (Fig. 3.2.26D) 

interval duration were observed between and within diet groups, suggesting that DR had no 

long-term effects on atrial and intraventricular depolarization. We detected a significant 

increase in the QRS complex duration in chronic DR compared to AL mice at 10M of age, 

however no significant differences in the longitudinal QRS complex duration were observed 

(Fig. 3.2.26E), suggesting that DR did not affect the depolarization between the right and left 

ventricle. Next, we focussed on the ST segment duration in response to DR (Fig. 3.2.26F). 

Interestingly, the ST segment duration was increased in chronic DR compared to AL at 5M but 

did not significantly differ between chronic controls at later ages (Fig. 3.2.26F). In contrast, we 

detected a significant increase in the ST segment duration between AL_DR12M and chronic 

DR at 18M and 26M and between AL_DR20M and chronic DR at 22M and 26M (Fig. 3.2.26F). 

Moreover, longitudinal analyses revealed that the ST segment duration significantly differed 

between chronic AL or AL_DR12M and chronic DR (Fig. 3.2.26F), suggesting that early or 

12M onset of DR could affect the end of ventricular de- and the beginning of the repolarization 

events in the heart.  

We next assessed the QT interval to evaluate the duration between ventricular de- and 

repolarization (Locati et al., 2017) in response to chronic or late-onset DR. Interestingly, we 

detected a significant extension in the QT interval duration between chronic AL and DR at 5M 
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and 10M of age (Fig. 3.2.26G). Moreover, the QT interval of AL_DR12M, AL_DR16M, 

AL_DR20M and AL_DR24M was significantly longer compared to chronic DR animals at 18M, 

22M and 26M of age (Fig. 3.2.26G). Interestingly, all DR switch groups exhibit differences in 

the QT interval within four months after the dietary switch, suggesting that mid-or-late-life DR 

could impact on ventricular and atrial repolarization. When evaluating the longitudinal effect of 

chronic, mid- or late-onset DR on QT interval duration, the only significant differences were 

found between chronic DR and AL and between AL_DR12M and chronic DR, indicating that 

early but not late-onset DR has a longer impact on cardiac health. It is known that the heart 

rate affects the QT interval, which shortens at faster and lengthens in slower heart rates and 

thus, the heart rate corrected QT interval (corrected QT interval) is commonly used as readout 

in ECG measurements (Funck-Brentano & Jaillon, 1993). Therefore, we evaluated the 

differences in the corrected QT interval between diet groups and across ageing (Fig. 3.2.26H). 

We detected a significant increase in the corrected QT interval in chronic DR compared to AL 

at 5M and 14M of age (Fig. 3.2.26H). Moreover, the corrected QT interval was extended in 

AL_DR16M at 18M and between AL_DR12M and DR at 18M and 26M of age. Moreover, 

AL_DR20M animals displayed prolonged corrected QT intervals compared to both chronic 

controls at 22M and 26M (Fig. 3.2.26H). Similar to the uncorrected QT interval, longitudinal 

analyses revealed that the corrected QT interval significantly differed between chronic AL and 

DR and between AL_DR12M and chronic DR (Fig. 3.2.26H). These results confirmed that 3M 

or 12M onset of DR had a long-term effect in ventricular de- and repolarization events, which 

was independent from the heart rate.  

Lastly, we investigated the QT dispersion, which is corrected for the longest and shortest QT 

intervals in response to chronic or late-onset DR. We detected a significantly longer QT 

dispersion in chronic AL animals at 5M of age compared to AL and a significantly shorter QT 

dispersion in AL_DR12M compared to DR at 14M (Fig. 3.2.26I). Interestingly, longitudinal 

analyses revealed a significant difference in the QT dispersion over multiple time point in 

chronic DR and AL_DR20M mice (Fig. 3.2.26I). When corrected for the heart rate (corrected 

QT dispersion), we did not observe any significant differences between diet groups within 

individual time points but the longitudinal corrected QT dispersion was different between 

chronic controls and between AL_DR20M and chronic DR (Fig. 3.2.26J). These results 

suggest that correcting the QT interval for the heart rate or QT variation influences the 

statistical analyses (Fig. 3.2.26G-J). Moreover, AL_DR12M animals seemed to have a higher 

QT interval variance irrespective of the heart rate, as no statistical difference between chronic 

and AL_DR12M were observed when correcting for the highest and lowest QT intervals (Fig. 

3.2.26I and J).  

Taken together, DR initiated at young, middle-aged or old age reduces the heart rate compared 

to chronic AL feeding. Moreover, in accordance with a reduction in heart rate, the RR interval 
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duration and ventricular de- and repolarization correspondingly increased. In contrast, atrial, 

intraventricular or ventricular depolarization were not significantly affected by DR. All in all, our 

results point towards a potential cardioprotective effect of DR, which was still implemented 

even after long-term AL feeding. However, more studies are required to fully explain the effect 

of chronic, mid- or late-onset DR on cardiac health and to evaluate whether DR reduced 

sympathetic and increased parasympathetic nervous system output and whether these 

differences could correlate with lifespan.  
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Figure 3.2. 26: DR reduces the duration of the RR interval and the ventricular de- and 

repolarization  
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A Schematic representation of the sections of a heartbeat. Depicted are two typical heartbeats recorded 

via electrography with labelled waves and intervals during a heartbeat. P depicts the P wave during 

atrial depolarization, whereas Q depicts the Q grove following the depolarization of the intraventricular 

septum. R corresponds to depolarization of the apex and the lateral walls of the ventricles and S to the 

depolarization of the ventricle base. T indicates the T wave and ventricular repolarization as the last 

event during a single heartbeat before a new cycle starts. In addition, the ECG is subdivided into seven 

different segments. The RR interval describes the time between two ECG peaks and corresponds to the 

duration between two heartbeats. The PQ or PR interval indicate how fast the action potential is 

transmitted from the atria to the ventricles, indicating the required time between atrial and intraventricular 

depolarization, which determines the pace of the heart rate (Toman et al., 2020). The QRS complex 

indicates the conduction time and depolarization of the right and left ventricles. The ST segment defines 

the end of ventricular de- and the beginning of the repolarization (Atar & Birnbaum, 2005). The QT 

interval corresponds to the entire time between ventricular de- and repolarization (Locati et al., 2017), 

while the QTc interval is the QT interval corrected for the heart rate. The QT dispersion is the uncorrected 

difference between the longest and shortest QT intervals in a 12-lead ECG (Algra et al., 1985), while 

the QTc dispersion is corrected for the heart rate (Sahu et al., 2000). B) Longitudinal assessment of the 

RR interval. C) Longitudinal assessment of the PQ interval. D) Longitudinal assessment of the PR 

interval. E) Longitudinal assessment of the QRS complex duration. F) Longitudinal assessment of the 

ST segment. G) Longitudinal assessment of the QT interval. H) Longitudinal assessment of the 

corrected QT interval I) Longitudinal assessment of the QT dispersion. J) Longitudinal assessment of 

the corrected QT dispersion. The animal numbers for the complex, segment, dispersion or interval 

duration of chronic AL and DR were the following for all evaluated ECG parameters: 5M AL n= 10, DR 

n= 10 and at 10M AL n= 12, DR n= 12. The animals numbers for all evaluated ECG parameters were 

the following: at 14M: AL n= 12, DR n= 12, AL_DR12M n= 10. At 18M: AL n= 12, DR n= 12, AL_DR12M 

n= 11, AL_DR16M n= 12. At 22M: AL n= 8, DR n= 10, AL_DR12M n= 10, AL_DR16M n= 10, AL_DR20M 

n= 10. At 26M: AL n= 5, DR n= 12, AL_DR12M n= 9, AL_DR16M n= 9, AL_DR20M n= 6, AL_DR24M 

n=7. Unpaired t tests were implemented to evaluate statistical differences between chronic controls at 

all tested time points. One-way ANOVA followed by Bonferroni correction was performed to assess 

statistical differences in the ECG intervals between AL, DR and one DR switch group at a time at each 

time point. GLME analyses followed by Bonferroni post-hoc tests were implemented to calculate intra- 

and inter-group differences in ECG parameters across all six time points. Animal with less than 100 

recorded signals were excluded from the analyses. Data are plotted as mean with 95% CI. Statistically 

significant differences in relation to AL are presented as following # p<0.05, ## p< 0.01 and ### p<0.001. 

Statistically significant differences in relation to DR are presented as following * p<0.05, ** p< 0.01 and 

*** p<0.001. Differences that did not reach statistical significance were not marked. Carolina Monzó 

conducted the GLME analyses and schematics were created with BioRender.com. 
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3.3 DR has no impact on in vitro stem cell function 

and regenerative capacities of the WAT and the 

small intestine at old age  

 

3.3.1 The WAT of aged chronic DR mice contains more adipose 

tissue stem cells 

The WAT is a heterogeneous tissue, which is composed of different cell types including mature 

adipocytes, adipose tissue stem cells (ATSC) and different immune cells. Since obesity 

changes WAT composition and is associated with increased inflammation (Fuster et al., 2016), 

we aimed to investigate whether onset of DR later in life can reverse changes in WAT cell type 

composition caused by previous AL feeding.  

To this end, we isolated stromal vascular fraction cells (SVF) from the WAT of 27M old AL, 

DR, AL_DR12M, AL_DR16M and AL_DR20M mice by collagenase digestion and FACS sorted 

the cells based on different antibody combinations Fig. 3.3.1A) proposed by Church and 

colleagues (Church et al., 2014). To lower sample size, we excluded AL_DR24M mice from 

this and future experiments as their WAT does not adapt to DR anymore and the lifespan of 

AL_DR24M is similar to AL_DR20M. First, we assessed the percentage of live and dead cells 

from the isolated SVF, to check if the diet group influenced the proportion of live cells during 

the isolation, however no significant differences were found (Fig. 3.3.1B). Next, we investigated 

the percentages of lineage-committed cells in the alive population. We identified a trend 

towards reduced immune cells and increased lineage factor negative cells in the WAT of 

chronic DR animals but no significant differences in CD31 positive, CD45 positive or lineage 

factor negative cell were detected (Fig. 3.3.1C). Interestingly, we observed the opposite trend 

of increased immune cell and reduced lineage factor negative cell populations in AL_DR20M 

animals (Fig. 3.3.1C). Therefore, to further investigate the immune cell population, we included 

F4/80 in our antibody panel to evaluate the percentage of macrophages in the WAT. 

Unexpectantly, AL_DR16M and AL_DR20M exhibited the lowest macrophage percentage in 

the WAT, in contrast to AL, chronic DR and AL_DR12M, which displayed more macrophages 

in similar percentages (Fig. 3.3.1D). Moreover, the percentage of macrophage numbers were 

significantly increased in chronic DR compared to AL_DR16M (Fig. 3.3.1D). Lastly, we 

investigated the percentage of committed progenitors, progenitor cell as well as ATSC in the 

WAT. While no significant differences were observed in the percentage of committed 

progenitors between all five diet groups, we observed a trend towards an increased progenitor 
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cell population in chronic DR compared to AL (Fig.3.3.1E). Interestingly, the progenitor cell 

population showed a trend towards decreased numbers depending on the age of DR onset 

and was significantly reduced in AL_DR20M compared to chronic DR (Fig. 3.3.1E). 

Furthermore, the percentage of ATSCs was significantly increased in chronic DR compared to 

chronic AL, AL_DR16M and AL_DR20M and there seems to be a trend towards increased 

ATSC numbers in AL_DR12M animals (Fig. 3.3.1E). However, none of the DR switch groups 

exhibited significantly different cell percentage compared to AL feeding for all tested cell 

populations (Fig. 3.3.1C-E). Thus, our data suggest that lifelong DR alters the cell type 

composition of the SVF in the WAT in C3B6F1 females and increased ATSC numbers 

compared to chronic AL. In addition, mid-or late-life onset DR cannot reverse the detrimental 

effects of previous AL feeding on ATSC numbers.  
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Figure 3.3. 1: The WAT of aged chronic DR exhibits a similar cell type composition compared to 

chronic AL and DR switch groups but has more adipose tissue stem cells 

A schematic representation of the isolation of stromal vascular fraction (SVF) from WAT and cell type 

classification based on antibody combinations for cell sorting. A Percentage of alive and dead cells in 

the isolated SVF of 27M old chronic controls and DR switch groups. Percentage of B lineage committed 

and lineage factor negative cells, of D macrophages or of E progenitor and stem cell populations. Both 

WAT depots of three AL, AL_DR12M and AL_DR20M and four chronic DR and AL_DR16M mice were 

utilized. One-way ANOVA followed by Bonferroni multiple correction testing were conducted to evaluate 

differences in cell type composition between diet groups with * p< 0.05, ** p<0.01 and *** p<0.001 in 

relation to DR and # p< 0.05, ## p<0.01 and ### p<0.001 in relation to AL. Data are plotted as mean + 

SEM.  
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3.3.2 Early or late-life DR does not affect the differentiation potential 

of cultured primary adipocyte progenitor cells  

Given that we identified more ATSCs and a trend towards reduced immune cell infiltration in 

the WAT of chronic DR animals, we next asked if the stem and progenitor population of chronic 

DR mice exhibit increased differentiation potential into mature adipocytes compared to chronic 

AL or the DR switch groups. To this end, we isolated and cultured the stromal vascular fraction 

(SVF) containing adipocyte stem cells and progenitor populations from the WAT of AL, DR, 

AL_DR12M, AL_DR16M or AL_DR20M mice aged 27M. To assess the differentiation potential 

of the stem and progenitor cells, we induced differentiation into adipocytes with differentiation 

medium or kept cells on maintenance medium to investigate spontaneous differentiation. Then, 

we fixed cells and conducted an Oil Red O staining (ORO) to determine the amount of lipophilic 

dye incorporated into newly formed lipid droplets as a readout for differentiation (Fig. 3.3.2A). 

We observed an increased incorporation of ORO in cells treated with differentiation medium 

compared to control cells irrespective of the diet group the cells were isolated from (Fig. 

3.3.2B). In order to quantify the differences, we extracted the incorporated dye using 

isopropanol and measured the amount of extracted ORO using a standard curve. While we 

saw significantly more ORO incorporation in the induced cells compared to un-induced cells, 

no differences between diet groups were observed (Fig. 3.3.2C). Thus, DR irrespective of the 

age of onset does not improve the differentiation potential of in vitro cultured SVF cells 

compared to lifelong AL feeding.  
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Figure 3.3. 2: Early or late-life DR does not affect the differentiation potential of cultured primary 

adipocyte progenitor cells 

A Schematic overview on the isolation and culture of stromal vascular fraction (SVF) cells from WAT of 

chronic AL (n=4), DR (n=8) or DR onset at 12M (n=3), 16M (n=3) or 20M (n=3) aged 27M. SVF cells 

were differentiated or kept on maintenance medium for 12 days followed by fixation and Oil Red O 

(ORO) staining. B Representative images of differentiated or undifferentiated primary SVF cells acquired 

at 40x magnification. Red dots represent incorporated ORO stain in lipid droplets of differentiated 
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primary adipocytes. Differentiated and non-differentiated conditions were obtained for all replicates AL 

and DR switch groups. For chronic DR cultures, only five replicates could be utilized for both 

differentiation and non-differentiation and three cultures served as non-differentiated controls only. C 

Quantification of extracted ORO stain from primary cells. Differentiated cells incorporated more lipophilic 

ORO stain than undifferentiated control cells irrespective of the diet group from which they were isolated. 

Scale bars correspond to 75µm. Data are plotted as mean with SEM and were analysed using Two-way 

ANOVA followed by Bonferroni multiple testing correction with *** p<0.001 in relation to medium 

treatment. The schematic created using BioRender.com. 

 

3.3.3 DR might affect Paneth cell health but not tight junction 

integrity in 20M old jejunum  

Studies have demonstrated that intestinal length steadily increases from infancy until 

adulthood (Weaver et al., 1991). However, the intestine is a plastic organ and can change the 

percentage of cell types, the villi length as well as the intestinal length itself in response to 

different stimuli such as pregnancy or nutrition (Nilaweera & Speakman, 2018; Sarvestani et 

al., 2015). Furthermore, abundant nutrient availability and overfeeding as seen in obesity have 

also been shown to influence intestinal plasticity and lead to an increased intestinal length 

associated with an expansion of enterocytes and a decrease in enteroendocrine cells (Al 

Mushref & Srinivasan, 2013; Dailey, 2014). In contrast, short-term DR was previously reported 

to reduce mTORC1 signalling in Paneth cells, thus leading to improved stem cell function under 

DR (Yilmaz et al., 2012). Paneth cells harbour secretory granules, which contain antimicrobial 

peptides, such as α-defensin (Bevins & Salzman, 2011). Dysfunctional Paneth cells exhibit 

abnormal secretory granules, such as hypodense or crinophagic granules, which are 

commonly observed in patients with Crohn’s disease (Cadwell et al., 2008; Thachil et al., 

2012). Furthermore, intestinal stem cell (ISC) numbers are increased upon DR (Igarashi & 

Guarente, 2016) and additionally, DR improved intestinal integrity in a human study of short-

term DR in obese women (Ott et al., 2017), demonstrating that a short dietary intervention has 

beneficial effects on gut barrier function as well as ICS and Paneth cells across species. 

However, much less is known about the effect of long-term DR on intestinal health and 

integrity. Therefore, we investigated gut barrier function and Paneth cell health by electron 

microscopy (EM) in 20M old intestine of chronic AL and DR animals and in mice that were 

treated for eight (AL_DR12M) or four months (AL_DR16M) with DR, respectively. We selected 

the second intestinal region (jejunum) for our EM analysis, as it is the main digestion or 

absorption site for various trace elements (Kiela & Ghishan, 2016), amino acids (Curtis et al., 

1978; Mitchell & Levin, 1981) and carbohydrates (Ferraris et al., 1993).  
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EM on tight junctions between the enterocytes in the intestinal villi showed no significant 

difference in electron dense (grade I or II) and electron light (grade III) tight junctions between 

AL, DR or AL_DR12M and AL_DR16M (Fig.3.3.3A), which suggests that long-or short-term 

DR had no impact on intestinal tight junction integrity. We next evaluated Paneth cell 

morphology as a readout for intestinal. Therefore, we scored hypodense granules based on 

the presence of an empty halo-like structure around the black granules. Additionally, we 

assessed the number of crinophagic secretory granules, which were fused with 

autophagosomes or lysosomes and thus targeted for degradation. Strikingly, chronic DR and 

AL_DR12M but not AL_DR16M exhibited significantly fewer hypodense Paneth cell granules 

compared to chronic AL (Fig. 3.3.3B). Correspondingly, we also detected a non-significant 

trend towards reduced crinophagic granules in chronic DR and AL_DR12M (Fig. 3.3.3C), 

indicating that 3M or 12M onset of DR could have a protective effect on Paneth cells, whereas 

AL_DR16M displayed an in-between phenotype. To investigate whether chronic or mid-life 

onset short-term DR affected intestinal length in response to reduced food intake, we 

measured the colon and rectum length as a proxy for intestinal plasticity. Interestingly, chronic 

DR mice exhibited a significantly shorter colon length compared to chronic AL (Fig. 3.3.3C). In 

contrast, neither AL_DR12M nor AL_DR16M exhibited colon shortening after eight or four 

months of DR respectively (Fig.3.3.3C), suggesting that the colon required longer time to adapt 

to the new dietary regimen.  

These results indicate that long-or short-term DR initiated chronically or at middle age could 

have a beneficial effect on Paneth cell health but only chronic DR affects colon plasticity.  
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Figure 3.3. 3: DR might affect Paneth cell health but not tight junction integrity in 20M old jejunum  

Electron microscopy (EM) of A tight junction integrity, B hypodense or C autophagy-activated 

crinophagic Paneth cell granules in 20M old jejunum of AL, DR, AL_DR12M and AL_DR16M mice (n=3 

for all groups). Tight junctions were classified based on electron density as grade I with the highest 
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electron density, as grade II with reduced electron density or as grade III with the lowest electron density. 

B Paneth cell granules were graded based on the presence or absence of a white halo around the 

granules as hypodense or normal respectively. Chronic DR (p=0.0285) and AL_DR12M (p=0.0328) but 

not AL_DR16M (p=0.7249) had significantly fewer hypodense Paneth cell granules compared to chronic 

AL. No significant difference were detected between chronic DR and AL_DR12M (p=0.9919) or DR and 

AL_DR16M (0.2780). C Fusion of Paneth cell granules with autosomes or lysosomes and total loss of 

structural integrity were graded as crinophagic granules. No significant differences were detected 

between chronic AL and DR (p=0.2383), AL_DR12M (p=0.1494) or AL_DR16M (p=0.5239). Chronic DR 

were not significantly different compared to AL_DR12M (p=0.2947) or AL_DR16M (p=0.2874). D colon 

and rectum length in cm of 20M old chronic controls (both n=16), AL_DR12M (n=10) and AL_DR16M 

(n=10). Chronic DR mice had significantly shorter large intestines than chronic AL (adj. p= 0.0058), 

whereas no significant differences were observed between chronic AL and AL_DR12M (adj. p= 0.1859) 

or AL_DR16M (adj. p=0.0574) as well as chronic DR and AL_DR12M (adj. p=0.1222) or AL_DR16M 

(adj. p=0.7682). Data are plotted as mean with SEM and were analysed using unpaired Student t tests 

to calculate statistical differences between diet groups. P value p>0.05 indicated not significant (ns) 

differences in relation to chronic AL or DR. Significant differences were depicted as #p<0.05 and 

##p<0.01 in relation to AL.  

 

3.3.4 Short-term, late-onset DR at 20M reduces numbers of 

hypodense Paneth cell granules in the jejunum of 27M old mice 

compared to chronic AL feeding  

Since we did not detect any significant differences in Paneth cell health and tight junction 

integrity at 20M of age, we asked whether functional decline of the small intestine occurred 

later in murine life and if we could detect differences between diet groups at a later time point. 

To this end, we generated additional EM samples of chronic controls and DR switch groups 

aged 27M to investigate the effect of DR on intestinal health at old age.  

We observed a trend towards more grade I tight junctions in chronic as well as 12M and 20M 

onset DR (Fig. 3.3.4A) however; these differences were not statistically significant, indicating 

that DR did not improve tight junction integrity at old age, consistent with our previous results 

at 20M. Chronic and mid-life onset DR exhibited a non-significant trend towards fewer 

hypodense granules compared to chronic AL feeding (Fig. 3.3.4B). Strikingly, AL_DR20M 

paneth cells had significantly fewer hypodense granules compared to chronic AL (Fig. 3.3.4B), 

suggesting that late-onset DR does improve Paneth cell health irrespectively of longer AL 

feeding prior to the switch. In contrast, the percentage of crinophagic granules was not 

significantly different between diet groups (Fig. 3.3.4C), which suggests that autophagic 

removal of damaged Paneth cell granules was not influenced by chronic or late-onset DR. 
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Next, we evaluated whether longer duration of DR feeding affected intestinal plasticity in the 

large intestine. Similar to our previous results on 20M old mice, chronic DR animals exhibited 

significantly shorter large intestines compared to chronic AL (Fig. 3.3.4D), suggesting that this 

phenotype is stable during ageing. Strikingly, long-term mid-onset and short-term late-onset 

DR reduced colon- rectum length, indicating that initiation of DR as late as 20M could promote 

intestinal plasticity. Interestingly,  

Thus, DR impacts on Paneth cell health but not on tight junction integrity at 20M and 27M of 

age compared to AL feeding, indicating improved intestinal health during ageing.  
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Figure 3.3. 4: Short-term, late-onset DR at 20M reduces numbers of hypodense Paneth cell 

granules in the jejunum of 27M old mice compared to chronic AL feeding 

Electron microscopy (EM) of A tight junction integrity, B hypodense or C autophagy-activated 

crinophagic Paneth cell granules in 27M old jejunum samples of AL, DR, AL_DR12M, AL_DR16M and 

AL_DR20M mice (all n=8, except n=9 for chronic AL). Tight junctions were classified based on electron 

density as grade I with the highest electron density, as grade II with reduced electron density or as grade 

III with the lowest electron density. Paneth cell granules were graded based on the presence or absence 
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of a white halo around the granules as hypodense or normal respectively. Crinophagic granules were 

determined as Paneth cell granules which were fused with autophagosomes or lysosomes. Data are 

plotted as mean with SEM and were analysed using linear mixed models with covariate correction for 

cohort, followed by Bonferroni multiple testing correction. D colon and rectum length in cm in a subset 

of 27M old chronic AL (n=9), DR (n=13), AL_DR12M (n=8), AL_DR16M (n=11) and AL_DR20M (n=9). 

Chronic AL mice had significantly longer large intestines compared to chronic DR (p=0.0013), 

AL_DR12M (p=0.0083), AL_DR16M (p=0.0129) or AL_DR20M (p=0.0242). Large intestines between 

chronic DR and AL_DR12M (p=0.8980), AL_DR16M (p=0.7593) or AL_DR20M (p=0.8791) were not 

different. Differences in large intestine length were analysed using unpaired Student t tests between diet 

groups. Data are plotted as mean with SEM and p value p>0.05 indicated not significant (ns) differences 

in relation to chronic AL or DR. Significant differences were depicted as #p<0.05 and ##p<0.01 in 

relation to AL.  

 

3.3.5 Intestinal organoids of DR switch mice exhibit reduced 

outgrowth capacity compared to chronic AL or DR  

In the recent years, organoids have gained much popularity due to their potential as in vitro 

model organs to study the effect of diseases, mutations or drugs in a miniature setting or for 

personalized medicine (Grassi et al., 2019; Kim et al., 2020). Organoids are 3D miniature 

organs, which can be grown from adult tissue and not only recapitulate the structure of the 

tissue of origin but also exhibit certain basic tissue functions (Yin et al., 2016). Therefore, there 

is an emerging interest to utilize organoids to study the effects of ageing in a 3D cell-culture 

based system on various different organs, for example in the liver or the small intestine (Hu et 

al., 2018). In particular, intestinal organoids established from isolated crypts can be used to 

assess the outgrowth and regeneration potential as an indirect readout for intestinal stem cell 

(ISC) activity. Given that the intestinal epithelium is one of the fastest renewing murine tissue 

(Krndija et al., 2019) and that we detected hints towards improved Paneth cell function upon 

DR, we asked whether stem cell activity, as measured by organoid outgrowth, would also be 

affected by the late-life DR switches. Therefore, we isolated crypts from the jejunum section of 

the small intestine of AL, DR, AL_DR12M, AL_DR16M and AL_DR20M mice aged 27M and 

cultured them in vitro. First, we assessed the potential to form organoids from isolated crypts. 

Within days after the culture was initiated, isolated crypts of all diet groups formed organoids, 

thus demonstrating that aged intestinal crypts were able to form organoids independently of 

the diet group they were isolated from (Fig.3.3.5A). Next, we asked whether we can detect a 

difference in organoid outgrowth capacity (budding) depending on the diet group. We therefore 

counted the number of newly formed buds per organoid after five and seven days of culture 

and compared the average number of buds between diet groups. Interestingly, we observed a 
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non-significant trend towards increased outgrowth capacity of chronic DR organoids at five and 

seven days, whereas organoids from the DR switches exhibited a similar outgrowth compared 

to chronic AL organoids (Fig. 3.3.5C). Next, we asked whether we can detect significant 

differences in budding after organoids were dissociated and passaged as a readout for the 

regeneration capacity. We included additional measurements at day three and day ten, to 

obtain further results on budding after short-term and long-term culture. Similar to the results 

from the initial crypt culture (Fig.3.3.5A), all diet groups were able to regrow organoids after 

complete dissociation (Fig.3.3.5B). Moreover, at day 10 post-dissociation, no significant 

differences were identified between chronic AL and DR organoids. In contrast, we detected a 

significant decrease in buds per organoid in all DR switch groups compared to chronic DR and 

a decrease between AL_DR20M and chronic AL (Fig.3.3.5D). Interestingly, this decrease in 

buds per organoid seemed to correlate with the age of DR onset as AL_DR12M displayed on 

average more outgrowth potential than AL_DR20M.  

Thus, organoid cultures can be established both from freshly isolated crypts as well as from 

passed organoids of 27M old AL, DR as well as 12M, 16M or 20M onset DR jejunum. However, 

the regeneration capacity after passaging is decreased in mid-and late-life DR switches 

compared to chronic controls, suggesting that organoids of DR groups have no memory of 

prior DR feeding when brought into culture.  



165 

 

Figure 3.3. 5: Intestinal organoids of DR switch mice exhibit reduced outgrowth capacity 

compared to chronic AL or DR  

Representative images of A the primary culture of isolated crypts or B passaged organoids from the 

jejunum region of the small intestine of 27M old AL, DR, AL_DR12M, AL_DR16M or AL_DR20M mice 

(all n=5, except chronic DR n=4). Images were acquired on day five and day seven. New outgrowths 

(buds) are labelled with orange arrows. Quantification of newly formed buds from C initial organoid 

culture or D from passaged organoids at day five and seven or day three, five, seven and ten 

respectively. Outgrowths per organoid were counted for at least 15 organoids and averaged buds per 

organoid were calculated. Data were plotted as mean with SEM. Two-way ANOVA and Bonferroni 

multiple testing correction were implemented to assess statistical differences with p values depicted as 

*p<0.05, **p<0.01 and p<0.001 in relation to DR and as # p<0.05 in relation to AL.  
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3.3.6 AL organoids display more proliferating but not more Paneth 

cells compared to DR switch groups  

We have previously demonstrated that organoids established from jejunum crypts of chronic 

AL or DR mice displayed increased outgrowth and regeneration capacity compared to DR 

switch groups (Fig.3.3.5C and D). To investigate if increased Paneth cell numbers or more 

proliferating cells were responsible for the growth differences between chronic controls and 

DR switch groups, we conducted IF staining against lysozyme and Ki67 in cultured organoids 

and counted the number of brightly stained cells. While we observed a trend towards increased 

Paneth cell numbers in the organoids established from chronic DR and DR switch groups 

compared to AL, statistical analyses did not reveal any significant difference (Fig.3.3.5A). In 

contrast, we observed the opposite trend for Ki67 bright cells (Fig.3.3.5B). Organoids of chronic 

AL mice showed more cells with bright Ki67 staining compared to AL_DR12M and AL_DR16M, 

indicating that the observed differences in outgrowth were due to differences in the number of 

proliferating cells and not Paneth cells between diet groups.  

To conclude this section, we have shown that the composition of the aged WAT is markedly 

different between chronic DR, AL and DR switch groups. In particular, chronic DR WAT exhibits 

more ATSCs and macrophages, whereas the percentage of immune cells is reduced. 

However, in vitro culture of isolated SVF cells revealed no significant differences in adipocyte 

differentiation between diet groups. Similarly, we did not detect differences in stem cell function 

in the small intestine, as isolated crypts of all diet groups were able to form organoids. 

However, organoid regrowth capacity was increased in chronic controls but not DR switch 

groups and was associated with more dividing cells in chronic AL organoids but not with 

supporting Paneth cells contrasting improved Paneth cell health identified by EM. In summary, 

the results indicate that previous long-term AL feeding has a major impact on both the small 

intestine and the WAT. The WAT seems to have a memory of previous AL and the WAT cell 

type composition remains very similar to chronic AL even after up to 15 months of DR, 

indicating that DR cannot reverse WAT heterogeneity imposed by prolonged AL feeding. 

Interestingly, while we observed reduced hypodense granules in DR switch groups compared 

to chronic AL, suggesting increased Paneth cell health upon DR, the regenerative capacity of 

intestinal organoids was not improved. This could point to a dual effect of DR on Paneth cells 

with improved secretory but reduced ISC-supportive function and regenerative capacity. Thus, 

adipose tissue or intestinal stem cell potential and regeneration play only a minor role in the 

lifespan extension under 12M or 16M onset DR.  
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Figure 3.3. 6: AL organoids display more proliferating but not more Paneth cells compared to DR 

switch groups  

Representative images and quantification of A lysozyme or B Ki67 stained organoids of AL, DR, 

AL_DR12M, AL_DR16M and AL_DR20M mice. DAPI (blue) and rhodamine-phalloidin (red) staining 

were utilized to mark the nuclei as well as the cytoskeleton and to visualize the location of Ki67 or 

lysozyme positive cells (green). White scale bars correspond to 100µm. Data were plotted as mean with 

SEM. One-way ANOVA and Bonferroni multiple testing correction were implemented to assess 

statistical differences with p values depicted as # p<0.05 and ## p<0.01 in relation to AL.  
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3.4 DR irrespective of the age of onset affects WAT 

morphology and integrity  

 

3.4.1 DR switch groups exhibit similar small adipocyte sizes within 

four months post-switch to DR as chronic DR mice, whereas AL 

adipocytes decline during ageing  

Since chronic AL exhibited significantly higher body weight as well as fat mass and were insulin 

resistant as early as 10M of age, we first assessed adipose tissue morphology from tissue 

dissected at young (5M), middle-aged (16M) or old (20M and 24M) age. To this end, we 

generated WAT-specific tissue microarrays (TMA). TMAs allowed the simultaneous 

processing of WAT samples from chronic AL, DR as well as 12M, 16M and 20M onset DR 

mice aged 5M to 24M on the same slides. Samples of 5M old AL and DR animals were used 

to enable comparisons of WAT morphology during ageing. Tissue samples of DR switch 

groups were first sampled four months post-switch. Tissue cores of fixated and paraffin 

embedded WAT were taken from each animal and inserted in empty holes on two acceptor 

paraffin TMA blocks. WAT cores were randomly allocated on the two TMAs, sectioned and 

stained using histological stainings or immunohistochemistry (Fig. 3.4.1A).  

Given that DR resulted in significantly reduced adipocyte size in the WAT of young, middle-

aged or old male mice (Miller et al., 2017), we first conducted histological stainings to assess 

the general morphology of the WAT of chronic AL or DR controls during ageing. Hematoxylin 

Eosin (HE) stainings of young, middle-aged and old AL or DR WAT indicated that adipocytes 

of DR animals were smaller compared to their chronic AL counterparts at all tested time points 

(Fig. 3.4.1B). Therefore, we implemented image analysis to measure the adipocyte sizes in 

μm2 in order to calculate the average fat cell size of AL or DR mice. Image analysis confirmed 

that even two months after DR was initiated, chronic DR mice exhibited significantly reduced 

adipocyte size young, middle-aged and old age compared to AL feeding (Fig. 3.4.1C). 

Interestingly, the adipocyte size of DR mice remained stable throughout life contrasting AL 

adipocytes, which exhibited a significant age-related decrease in size (Fig. 3.4.1C). This 

suggested that the WAT of chronic DR mice already adapted to the dietary regimen within two 

months after DR was initiated and that the distinct DR morphology was retained during ageing. 

In contrast, the WAT of chronic AL mice was subjected to age-related tissue remodelling and 

showed a decline in adipocyte size when mice age.   
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We next assessed WAT morphology of AL_DR12M, AL_DR16M and AL_DR20M animals at 

16M, 20M and 24M of age (Fig. 3.4.1A-C) using HE stainings. Within four months post-switch, 

adipocyte sizes of AL_DR12M, AL_DR16M and AL_DR20M mice were comparable to the size 

of chronic DR animals (Fig. 3.4.1 B and C). Moreover, the adipocyte size of AL_DR12M or 

AL_DR16M animals remained constant after the switch (Fig. 3.4.1C). Interestingly, whereas 

the size of AL_DR20M adipocytes decreased to a similar level as chronic DR, adipocytes were 

not significantly smaller compared to chronic AL mice at 24M of age (Fig. 3.4.1B). However, it 

appears, as if this effect was mainly driven by one AL_DR20M animal, which had significantly 

bigger adipocytes compared to the other three animals of the same diet group (Fig. 3.4.1C). 

In contrast, adipocytes of AL_DR12M or AL_DR16M were significantly smaller than AL 

adipocytes, already at four months post-switch to DR and on all evaluated time points. Given 

that DR switch animals had comparable body weight, fat mass and adipocyte hypertrophy as 

AL mice, initiating DR at 12M, 16M and 20M of age lead to an adaptation of the adipocyte size 

in response to the newly imposed dietary regimen. Since only four AL_DR20M animals were 

used to assess WAT morphology at 24M, more replicates are required to increase statistical 

power and to verify if 20M onset of DR is less effective in remodelling the WAT compared to 

earlier DR switches.  
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Figure 3.4. 1: DR switch groups exhibit similar small adipocyte sizes within four months post-

switch to DR as chronic DR mice, whereas AL adipocytes decline during ageing  

A Generation of white adipose tissue-specific tissue microarrays (TMA) of chronic controls and DR 

switch groups at 5M, 16M, 20M and 24M of age (n=5 per diet group and time point, except n=4 for 
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AL_DR20M at 24M). DR switch groups were first assessed four months post-switch to DR at the 

respective age. B Overview on WAT morphology at 20x magnification of chronic controls and DR switch 

groups during ageing visualized by HE staining. Scale bars correspond to 100m. C Quantification of 

average adipocyte size in m2 of chronic AL, DR during ageing and of DR switch groups at four, eight 

or twelve months post-switch to DR. Chronic DR regimen maintains smaller adipocyte sizes, whereas 

AL feeding causes increased adipocyte sizes at all time points. DR switch groups display similarly small 

adipocyte sizes as chronic DR within four months post-switch to DR and significantly smaller adipocytes 

compared to chronic AL except AL_DR20M mice at 24M (p>0.05). Two-way ANOVA followed by 

Bonferroni correction for multiple testing were conducted to assess statistical differences between 

adipocyte sizes of AL or DR animals at 5M, 16M, 20M or 24M. Diet group and age but not the interaction 

of both factors exhibited statistical significance with a p-value of p<0.01 when comparing AL and DR 

using Two-way ANOVA. One-way ANOVA followed by Bonferroni correction for multiple testing were 

conducted to assess statistical differences between diet groups at 16M, 20M or 24M. Data are displayed 

as mean with 95% CI and with p-values ## p<0.01 and ### p< 0.001 in relation to chronic AL.  

 

3.4.2 Switching animals to DR increases CLS formation into the WAT 

four months post-switch, which is reversed upon longer DR duration 

Obesity is not only leading to adipocyte hypertrophy but is also associated with increased WAT 

inflammation and secretion of pro-inflammatory cytokines (Hotamisligil et al, 1993; Weisberg 

et al., 2003). Moreover, obesity-induced WAT inflammation is characterized by increased 

infiltration of immune cells, such as macrophages, into the WAT, which surround dying 

adipocytes and induce local insulin resistance (Makki et al., 2013). Additionally, the recruitment 

of macrophages into the WAT and the formation of crown-like structures (CLS) around 

apoptotic adipocytes induces adipocyte clearance and is crucial for tissue remodelling 

(Odegaard et al., 2007). Recent studies indicate, that short-term DR in male mice reduces 

WAT inflammation compared to controls (Corrales et al., 2019; Park et al., 2017), however 

much less is known about the effect of long-term DR on WAT inflammation. As we observed a 

decreased prevalence of immune cells but increased macrophage abundance in the WAT of 

aged chronic DR and AL_DR12M but not in AL_DR16M and AL_DR20M (Fig. 3.3.1C and D), 

we wondered whether chronic or long-term DR treatment could worsen WAT inflammation and 

increase macrophage infiltration in our model.  

To further explore this, we first asked whether we detect differences in WAT inflammation in 

the WAT of chronic AL or DR during ageing. To this end, we stained WAT of young, middle 

aged and old mice with a macrophage specific antibody and measured the number of 

infiltrating macrophages in the WAT, which surround damaged or apoptotic adipocytes and 
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form so called crown-like structure (CLS) (Cinti et al., 2005). At 5M of age only few, sporadic 

CLS were observed in AL WAT, whereas CLS levels increased both at 16M and 20M and 

exhibited the highest occurrence at 24M of age (Fig. 3.4.2A). Strikingly, WAT of chronic DR 

mice displayed very few CLS at all evaluated time points and there was no age-specific 

increase in CLS (Fig. 3.4.2A). We next implemented statistical analysis to assess differences 

in CLS between AL and DR mice. Although we discovered a trend towards higher macrophage 

infiltration and CLS in AL WAT at 5M, 16M and 20M, statistical significance with a p value 

below p<0.05 was not reached, probably because of the high variability in the AL samples and 

the low number of replicates analysed (Fig. 3.4.2B). However, we detected significant higher 

macrophage infiltration and CLS at 24M of age between AL and DR WAT (Fig. 3.4.2B).  

We next asked whether onset of DR later in life would also be able to ameliorate WAT 

inflammation. Surprisingly, we observed an increased incidence of CLS in the WAT of 

AL_DR12M mice four months post-switch to DR at 16M of age (Fig. 3.4.2A). However, upon 

longer duration of DR at 20M or 24M of age, the number of CLS in the AL_DR12M WAT 

decreased and no age-related increase was detected. Moreover, the WAT of AL_DR16M and 

AL_DR20M mice also exhibited increased macrophage infiltration four months after DR was 

initiated at 20M or 24M, respectively. Upon longer duration of DR, the number of CLS in 

AL_DR16M WAT decreased when animals were assessed at 24M of age (Fig. 3.4.2A). We 

next implemented statistical analyses to compare the number of CLS of DR switch groups at 

16M, 20M or 24M to the number of chronic controls of the same age. When compared to the 

number of CLS of chronic AL or DR at 16M or 20M, the WAT of AL_DR12M and AL_DR16M 

mice exhibited a trend for increased formation of CLS four months post-switch to DR (Fig. 

3.4.2.B). While there was a clear trend for reduced CLS upon longer duration of DR of both 

AL_DR12M and AL_DR16M, CLS numbers did not differ significantly from either AL or DR at 

20M or 24M of age, respectively. Interestingly, after the number of CLS decreased in 12M 

onset DR, no age-associated increase in WAT inflammation was detected at 24M of age. At 

24 months, the number of CLS in AL_DR20M animals was statistically significantly different 

from chronic DR and even exceeded the average number of AL CLS at 24M of age (Fig. 

3.4.2B). Upon initiation of DR, apoptotic or damaged adipocytes seem to recruit macrophages 

into the WAT to mediate their clearance, suggesting that macrophage infiltration in the context 

of DR is probably a readout for adipocyte clearance rather than WAT inflammation. As no later 

time point in the WAT of AL_DR20M mice were studied, it remains unclear whether CLS 

numbers in this DR switch group would decrease upon longer duration of DR as well. 

Moreover, normalizing the normalizing the number of CLS per total cells could prove to be a 

better analysis compared to CLS per core, as chronic DR and DR switch groups have smaller 

adipocytes than chronic AL. Altogether, these results suggest that upon mid-life or late-life 

onset DR, the WAT exhibits increased CLS formation, which in case of AL_DR12M and 
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AL_DR16M decreases upon longer DR duration and could be interpreted as a readout for 

clearance rather than inflammation.  

 

 

Figure 3.4.2: Chronic AL feeding causes increased macrophage infiltration and WAT 

inflammation during ageing  

A Representative images of macrophage infiltration into the WAT of chronic controls and DR switch 

groups visualised by F4/80 staining at 20x magnification (n=5 per diet group and time point, except n=4 

for AL_DR20M). Crown-like structures (CLS) are marked with black arrows and scale bars correspond 
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to 100m. B quantification of CLS around adipocytes of chronic controls and DR switch groups. Chronic 

AL mice exhibit increased CLS formation around adipocytes during ageing compared to chronic DR. 

CLS formation around adipocytes increased four months post-switch to DR but resolves upon longer 

DR duration. Two-way ANOVA followed by Bonferroni correction for multiple testing were conducted to 

assess statistical differences between chronic AL and DR at 5M, 16M, 20M or 24M or between chronic 

controls and DR switch groups at 16M, 20M or 24M. Diet group (p<0.001) but not age or the interaction 

of both factors were significantly different between AL and DR. Data are displayed as mean with 95% 

CI and with p-values ## p<0.01 and ### p< 0.001 in relation to chronic AL.  

 

3.4.3 Expression of fatty acid synthesis genes in the WAT increases 

in response to late-life DR but never fully recapitulates early onset 

DR  

Chronic DR induced expression of fatty acid synthesis genes in the WAT, however, these 

changes where not observed when gene expression was measured two months after a late-

life (24M) AL to DR switch, suggesting a transcriptional memory of previous AL feeding (Hahn 

et al., 2019). In order to test, how stable this memory effect is and whether it is also observed 

in earlier switches, which still have beneficial effects on survival, we measured gene 

expression of the four switch resistant genes Srebf1, Acaca, Fasn and Elovl6 in WAT of chronic 

controls and AL_DR16M and AL_DR20M animals at 20M, 24M and 28M corresponding to 4M, 

8M or 12M post-switch (Fig. 3.4.3A). 

As expected, we observed significantly higher gene expression levels of all four evaluated fatty 

acid synthesis genes in the WAT of chronic DR animals compared to chronic AL at all three 

evaluated time points (Fig. 3.4.3 B-D). When comparing the expression of lipogenesis genes 

in AL_DR16M four months post-switch to DR at 20M, no significantly increased expression 

compared to AL feeding was detected (Fig. 3.4.3B). Interestingly, Srebf1, Acaca and Fasn also 

exhibited significantly lower expression levels in AL_DR16M WAT compared to chronic DR 

(Fig. 3.4.3B). Similarly at 24M, lipogenesis gene expression in AL_DR20M did not differ from 

chronic AL feeding four months after DR was initiated (Fig. 3.4.3C). In contrast, both Acaca 

and Fasn expression levels in AL_DR16M WAT showed a significant increase compared to 

AL but were still at significantly lower levels in relation to DR (Fig. 3.4.3C). Moreover, Srebf1 

or Elovl6 expression of neither DR switch exhibited similarly high expression compared to DR 

at eight or four months post-switch at 24M. We next asked whether lipogenesis gene 

expression of AL_DR16M or AL_DR20M would catch up to chronic DR levels at after a duration 

of DR of 12M or 8M respectively.  
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Most strikingly, we detected significantly increased expression of all four lipogenesis genes in 

relation to chronic AL feeding in the WAT of AL_DR16M animals at 28M (Fig. 3.4.3D). In 

contrast, only Acaca and Fasn but not Srebf1 and Elovl6 exhibited higher expression in 

AL_DR20M WAT in relation to AL (Fig. 3.4.3D). Although, despite a duration of DR for twelve 

months or eight months, the gene expression levels of both DR switches did not reach the 

expression levels of chronic DR animals as significantly lower expressions were detected for 

both DR switches compared to DR at all three evaluated time points (Fig. 3.4.3B-D).  

This demonstrated, that the WAT transcriptome showed a response to DR and is able to adapt 

to the DR regimen, even if DR is initiated as late as at 20M of age. However, animals are 

largely unable to fully adapt to the chronic DR expression phenotype as AL_DR16M mice still 

exhibited lower lipogenesis expression levels even twelve months post-switch to DR. 

Moreover, the adaptation to the DR transcriptome required time as significantly higher 

expression levels in relation to AL were first detected eight months post-switch to DR in both 

DR switches at 24M or 28M respectively (Fig. 3.4.3 C and D).  

To sum up, DR reduced the adipocyte size independent of the age of DR onset and prevented 

the age-dependant formation of CLS around macrophages in DR, AL_DR12M and AL_DR16M 

WAT. In contrast, AL and AL_DR20M WAT exhibited increased macrophage infiltration at 24M 

of age however; macrophage infiltration in the context of DR is potentially a readout for 

clearance and not inflammation. Moreover, switching mice from AL to DR at 16M or 20M 

induced a similarly strong transcriptomic response to DR but the WAT retained a memory of 

previous AL feeding, thus preventing a full transcriptional reprogramming towards DR even 

after eight or twelve months on the DR regimen.  
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Figure 3.4. 3: Gene expression of fatty acid synthesis enzymes in the WAT slowly increases post-

switch to DR but requires time to adapt to the DR regimen 

A schematic representation of Q-RT-PCR analyses of the WAT of chronic AL, DR AL_DR16M or 

AL_DR20M aged 20M, 24M or 28M. WAT gene expression of Srebf1, Acaca, Fasn and Elovl6 of AL, 

DR, AL_DR16M or AL_DR20M at B 20M (AL and DR n=4, AL_DR16M n=3), at C 24M (all n=4 except 

AL_DR20M with n=3) or D 28M of age (n=4). Data are presented as mean with 95% CI. Data were 

analysed using One-way ANOVA followed by post-hoc Tukey’s test with p-values * p<0.05,** p<0.01 

and *** p<0.001 in relation to chronic DR. Gene expression differences in relation to AL are presented 

as following # p<0.05, ## p< 0.01 and ### p<0.001. Plots were generated by Carolina Monzó. The 

schematic was created using Biorender.com. 
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4. Discussion  
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Ever since the first pioneering study on the effect of reduced food intake and lifespan extension 

in rodents by McCay and colleagues in 1935 (McCay, Crowell, & Maynard, 1935), numerous 

studies have tried to unravel the mechanisms underlying DR-mediated lifespan extension. 

However, the exact mechanisms how DR improves life- and health span are still elusive. 

Moreover, despite the marked potential of DR for translational application to promote healthy 

ageing in humans, potential side effects of long-term treatment (Flatt & Partridge, 2018) in 

addition to compliance difficulties (Meydani et al., 2016; Redman et al., 2018) currently limit 

the use of DR as geroscientific regimen. Previous studies suggested, that late-onset DR can 

extend lifespan in mice (Dhahbi et al., 2004), however strain- and sex-specific differences in 

the response to DR hinder definite conclusions (Mitchell et al., 2016). Therefore, it remains 

unclear 1) at what age of onset, DR can still efficiently extend murine lifespan, 2) if health span 

is equally extended by late-onset DR and 3) which underlying molecular and tissue-specific 

mechanisms could mediate response to DR or lack of thereof. Here, we provide evidence that 

the critical period of DR-mediated lifespan extension lies between 16M and 20M of age. 

Additionally, we show that the effects of DR on lifespan and health span can at least partially 

be uncoupled, and that the beneficial response of DR on overall health is dependent on the 

age of DR onset. Last, we suggest that cellular, transcriptional and morphological changes in 

the WAT might contribute to differences in DR responsiveness and lifespan extension.  

 

4.1 Defining the latest age of DR onset for murine 

lifespan extension  

We first assessed the effect of mid-or late-onset of DR on murine lifespan. As expected and in 

concordance with previously published results in the C3B6F1 strain (Hahn et al., 2017), we 

confirmed that chronic DR extends life span compared to lifelong AL feeding in C3B6F1 hybrid 

females (Kaeser et al., 2021). Next, we assessed the effect of mid-life onset at 12M and 16M 

or late-life onset of DR at 20M or 24M on survival in relation to chronic AL or DR. We show 

that initiation of DR at 12M and 16M significantly extend murine lifespan compared to chronic 

AL feeding but not to the same extent as chronic DR, suggesting that earlier AL feeding affects 

DR responsiveness. Interestingly, while we might have expected a gradual decline in DR 

responsiveness depending on age of DR onset, there was no significant difference in the mid-

life switches in extending lifespan. In contrast, switching animals from AL to DR at 20M or 24M 

of age had only minor effects on subsequent survival. Thus, we propose that the critical period 

for DR-mediated lifespan extension lies between 16M, at which animals are still responsive 

and 20M of age, at which animals loose responsiveness towards newly imposed DR. Notably, 

our results are in line with most previously published studies on late-life onset DR in mice. 
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Consistent with the findings of Weindruch and colleagues (Weindruch et al., 1982), AL_DR12M 

mice were longer lived than chronic AL animals. In addition, we show here that early-onset DR 

has an even bigger effect on survival than initiation of DR at 12M of age, an observation that 

Weindruch and colleagues missed as they lacked a chronic DR control group. Moreover, 

lifespan extension has been observed at 19M onset of DR in mice (Dhahbi et al., 2004; 

Spindler, 2005) or 18M onset of DR in rats (Ma et al., 2020). In contrast, initiating DR at 17M 

of age has been shown to decrease lifespan extension compared to chronic DR (Forster et al., 

2003). The response of mice towards DR is affected by sex- (Mitchell et al., 2016), level of DR 

(Mitchell et al., 2015) and the genetic background (Liao et al., 2010). Therefore, initiation of 

DR before 20M of age is critical for DR-mediated lifespan extension in C3B6F1 females but 

could be different for other murine strains, such as C57/B6 or DBA2, in which DR initiated at 

17M already shortens lifespan (Forster et al., 2003). Noteworthy, lifespan was not negatively 

affected by DR in C3B6F1 females even when initiated at 24M of age, suggesting that late-life 

DR is not in general detrimental for mice. 

In line with a recently published paper from our lab, we confirmed in an independent mouse 

cohort that AL_DR24M were not significantly longer-lived compared to chronic AL animals 

(Hahn et al., 2019). These studies were conducted in two different facilities at the mouse house 

of the MPI for Molecular Biomedicine in Münster and the MPI for Biology of Ageing in Cologne, 

respectively, demonstrating that this finding is robust and independent of specific housing 

conditions. Noteworthy, in our new experiment AL_DR24M mice showed lower mortality 

compared to AL animals before the initiation of DR at 24 months of age. This is probably the 

result of reduced food uptake caused by the presence of custom-made food racks in the cages 

of this cohort, which were used to measure food uptake of the lifespan animals. Initially, we 

assumed that these racks would not interfere with food uptake, but these mice showed 

significantly reduced body weight of approximately 19% compared to AL animals from cages 

without food racks, suggesting that AL_DR24M mice were chronically subjected to a mild form 

of DR from an early age onwards. This probably explains the improved pre-switch survival 

compared to AL animals. Indeed, it was previously shown that lifelong reduction of food intake 

by 10% is sufficient to extend lifespan in rats (Duffy et al., 2001; Richardson et al., 2016). 

Interestingly, even though these animals showed improved survival before the switch, their 

lifespan was not extended by the switch to 40% DR. This might indicate that the lower food 

restriction was not sufficient to prevent the accumulation of systemic detrimental effects in 

these animals. Studies on graded levels of DR in rats support this hypothesis, as reduction of 

food intake by 40% but not 10% reduced the incidence of spontaneous leukemia (Richardson 

et al., 2016).  
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4.2 Tumour prevalence in response to the age of 

onset of DR  

Inhibition of malignant growth and reduced tumour load at old age is considered as one of the 

underlying mechanisms, which mediates the beneficial effects of DR on lifespan in inbred 

mouse strains (Bronson & Lipman, 1991). Moreover, animals undergoing chronic DR showed 

fewer radiation (Gross & Dreyfuss, 1984; Shang et al., 2014) or carcinogen- induced tumours 

(Duan et al., 2017; Ploeger et al., 2017). DR also reduces spontaneous cancer incidence in 

wild-derived mice without inbred comorbidities (Harper et al., 2006).Thus, we asked whether 

differences in tumour load and the formation of specific tumour types can explain the 

differences in the lifespan response to DR.  

Interestingly, we detected significantly reduced tumour prevalence in prematurely deceased 

DR animals in the lifespan cohort and reduced tumour load at 28M in the cross-sectional tissue 

collection cohort. Moreover, first tumours arose in chronic DR animals at 24M, whereas the 

first tumours in AL animals occurred as early as 16M of age. However, chronic DR delayed 

tumour formation but could not completely inhibit tumour growth, as the overall tumour load at 

death irrespective of the age at which animals died did not differ between AL and DR animals 

in the lifespan cohort. Therefore, we wondered whether mid-life onset DR could be longer-lived 

due to reduced tumour incidence compared to late-onset DR. However, AL_DR20M mice in 

the lifespan cohort and in the cross-sectional tissue collection cohort at 28M of age had 

significantly lower tumour load compared to chronic AL or DR. In contrast, AL_DR12M, 

AL_DR16M and AL_DR24M animals formed more tumours, indicating that differences in 

tumour load cannot explain the differences in the lifespan response to mid- or late-onset DR. 

Moreover, overall tumour prevalence at death or during cross-sectional pathology was not 

significantly different between chronic DR and AL_DR12M even though we detected a 

decrease in median lifespan in AL_DR12M. All in all differences in tumour load or tumour type 

are likely not causal for differences in lifespan extension depending on the age of DR onset 

and other factors are contributing to the lifespan response to DR. Interestingly, our results of 

significantly reduced tumour incidence in prematurely deceased animals and delayed tumour 

growth before 24M of age is in accordance with previous studies (Blackwell et al., 1995; 

Harbison et al., 2016; Mitchell et al., 2019). Moreover, it was previously suggested that late-

onset DR onset can slow down tumour progression but cannot inhibit already occurred tumour 

formation (Spindler, 2005). Similarly, AL_DR16M, AL_DR20M and AL_DR24M animals, which 

died before the median age of death of their respective cohort, exhibited on average more 

tumours than chronic DR animals, indicating that tumour growth occurred earlier in mid- and 

late-onset DR animals. In contrast to previously published results (Weindruch et al., 1982), the 
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average tumour load at death of AL_DR12M animals was not significantly different compared 

to either chronic control. However, we detected a non-significant trend towards reduced total 

tumour load in AL_DR12M compared to chronic AL animals, indicating that earlier DR onset 

could reduce tumour growth. As a previous study used BlOC3FI and C57/B6 males and only 

investigated AL_DR12M without a chronic DR control (Weindruch et al., 1982), it is unclear if 

12M of AL feeding would negatively affect tumour formation in their utilized strains. 

Furthermore, our results on reduced tumour incidence before 24M of age in the cross-sectional 

pathology and in prematurely deceased lifespan animals are in accordance with previous 

studies (Blackwell et al., 1995; Harbison et al., 2016; Mitchell et al., 2019).  

As total tumour load likely did not correlate with our lifespan data, we wondered if the formation 

of different tumour types would fit with the lifespan results. Remarkably, chronic or 12M onset 

of DR significantly reduced the incidence of liver tumours compared to chronic AL feeding. 

Moreover, we observed significantly increased liver tumour incidence in 20M or 24M DR onset 

compared to chronic DR animals in both in the post mortem analysis of lifespan animals and 

the cross sectional analysis in the tissue collection cohort. Strikingly, AL_DR16M animals 

displayed an in-between phenotype with significantly increased liver tumour prevalence 

compared to DR but significantly reduced prevalence compared to AL animals. Cross-sectional 

pathology at specific ages revealed that the liver tumours started to occur in chronic AL and 

AL_DR16M animals at 20M of age. This would suggest that liver tumours are formed between 

12 and 16 months in our animals, and that DR can prevent tumour formation but does not 

protect against tumour growth once the tumour has formed. However, while there is a clear 

difference in liver tumour prevalence between AL_DR12 and AL_DR16M, there is no 

difference in the lifespan of these animals. On the other hand, liver tumour formation is similar 

between AL_DR16M and 20M, but the lifespan response to DR differs depending on the age 

of DR onset, suggesting that liver tumours are probably not a causal factor for DR mediated 

lifespan extension. Intriguingly, our results on liver tumour prevalence are in line with previous 

studies, which reported a reduction in spontaneous (Blackwell et al., 1995; Mitchell et al., 2019) 

or carcinogen- induced hepatocellular carcinomas (Duan et al., 2017; Ploeger et al., 2017). In 

contrast, Dhahbi and colleagues showed that DR onset at 19M reduced tumour load and liver 

tumour formation already after 2M of DR (Dhahbi et al., 2004). Differences in the utilized mouse 

strain, the DR regimen and the sex of the animals could account for these differences (Dhahbi 

et al., 2004). Lymphoma are one of the main tumour types that laboratory mice exhibit at death 

(Snyder et al., 2016) and chronic DR has been shown to reduce lymphoma incidence upon 

chronic treatment or when DR was initiated at 12M of age in male mice (Blackwell et al., 1995) 

Weindruch et al., 1982). However, we observed an opposite trend. Chronic and mid-life onset 

DR animals exhibited more lymphoma than chronic AL or AL_DR20M mice in our lifespan 

cohort. Tumours develop in a sex-dependant manner and female mice have a higher 
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prevalence to develop lymphoma than males (Haines et al., 2001), which could explain the 

observed differences. As tumour types and malignancies were not characterised histologically, 

we cannot discriminate whether animals suffered from malignant or benign tumours nor 

classify the tissue from which the tumour originated. In summary, we show that the age of DR 

onset affects the formation of different tumour types in a tissue and an age-of onset dependant 

manner but the tumour load at death does not correlate with lifespan extension under DR.  

Still, the question remains why chronic and 12M onset but not later initiation of DR can protect 

against liver carcinogenesis in particular. One explanation is an increased mutational load in 

individual cells and reduced efficiency of DNA damage repair proteins during ageing (Da Silva 

& Schumacher, 2019). It is possible, that AL mice accumulate more mutations in their 

hepatocytes and although DR is known to have beneficial effects on DNA damage repair 

(Cabelof et al., 2003) and reduce mutational load (Garcia et al., 2008), late-onset DR cannot 

repair already occurred damage. However, as mutations arise in all tissues, why is the liver 

particularly affected? One explanation could be obesity associated with prior AL-feeding. As 

mentioned before, DR switch animals are obese prior to the initiation of DR and it is likely that 

they display fatty livers due to the accumulation of excessive lipids in individual hepatocytes. 

Hepatic FFA storage creates a pro-inflammatory environment (Divella et al., 2019), which 

attracts immune cells and thus creates further damage in an already damaged cells. If DR is 

initiated at 3M of age, steatosis does not take place because animals are not yet obese. 

Moreover, liver tumour formation has not yet occurred at 12M of age, which is why AL_DR12M 

animals had reduced liver tumour prevalence. In contrast, malignant or pre-malignant growth 

already occurred in the livers of AL_DR16M, AL_DR20M and AL_DR24M mice and the 

initiation of DR could not reverse the already occurred damage to the cells but instead only 

slow down cancerous growth. Therefore, HE as well as IHC stainings for infiltrating immune 

cells or actively dividing cells could verify if prolonged AL feeding beyond 12M of age leads to 

irreversible liver damage in AL_DR16M and AL_DR20M mice, which even long-term DR 

cannot resolve.  

 

4.3 Metabolic health in chronic, mid- or late-onset 

DR  

While it is important to assess the effect of mid-and late-life DR on overall survival, it is equally 

necessary to examine metabolic health and fitness to gain better understanding of the impact 

of DR on health at old age. Therefore, we conducted a large-scale longitudinal phenotyping 

analyses over six consecutive time points on in total six diet groups to dissect the effect of 

different ages of DR onset and the duration of DR on metabolic health.  
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4.3.1 Body weight and fat mass  

We confirmed that chronic AL animals are obese as early as 10M of age and that chronic DR 

animals displayed significantly lower body weight in the C3B6F1 background, as reported 

previously (Hahn et al., 2019, 2017). Moreover, chronic DR animals exhibited significantly 

reduced fat mass in favour of a higher lean-to fat mass ratio compared to chronic AL feeding 

during ageing in accordance with current knowledge (Aydin et al., 2015; Cameron et al., 2012; 

Forster et al., 2003). DR reduced body weight and fat mass irrespective of the age of DR onset 

and newly switched animals exhibited similar body weight and fat mass as chronic DR animals 

within six months after DR was initiated. Moreover, we could confirm that AL_DR24M mice 

were significantly lighter than chronic AL mice and had reduced fat mass as described 

previously (Hahn et al., 2019). Strikingly, AL_DR12M, AL_DR16M and AL_DR20M mice 

displayed similar rates of body weight and fat mass loss, whereas AL_DR24M mice were 

significantly lighter and had less body fat compared to earlier DR switches when assessed 

after six weeks of DR. Upon DR, mice preferentially reduce the depot sizes of the gonadal 

WAT (Mitchell et al., 2015) and it has been suggested that preservation of fat mass correlates 

with lifespan extension under chronic (Liao et al., 2011; Weindruch et al., 1986) or late-onset 

DR in mice (Hahn et al., 2019) and chronic DR in rats (Bertrand et al., 1980). However, the 

hypothesis that fat and body weight maintenance determines the lifespan outcome in DR 

switch animals can only be partially confirmed in our study. We confirmed that AL_DR24M 

mice are short-lived after late-onset DR (Hahn et al., 2019) and exhibit reduced fat mass and 

body weight after six weeks of DR compared to AL_DR12M, AL_DR16M and AL_DR20M. 

Therefore, the lower body weight and fat mass, which could be attributed to more neoplastic 

lesions, which formed when animals were on AL feeding and which continued to grow after 

DR was started. The increased loss of body resources could stem from increased energy 

demands to maintain body functions and to sustain tumour growth. Indeed, Blackwell and 

colleagues reported that 95% of female C57/B6 mice on chronic AL feeding exhibited tumours 

by 24 months of age (Blackwell et al., 1995). These findings fits with our hypothesis that 

AL_DR24M already displayed neoplastic lesions prior to the DR switch compared to 12M, 16M 

or 20M DR onset, which lead to increased loss of fat and body weight. In contrast, AL_DR20M 

animals do not support the hypothesis that sustaining fat mass determines lifespan extension 

under DR. AL_DR20M animals are similarly short-lived as AL_DR24M. Similar to the long-

lived AL_DR12M and AL_DR16M mice, AL_DR20M animals retain their body weight and fat 

mass after the switch. It is possible, that AL_DR20M also exhibited tumours at the time of the 

DR switch but tumour growth was slowed down and thus, animals did not exhibit similar weight 

and fat mass reductions as AL_DR24M. However, differences in study design (Liao et al., 

2011; Rikke et al., 2006) and strain- specific differences in response to DR (Liao et al. 2010) 
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could influence the correlation of lifespan extension and fat mass preservation. Liao and 

colleagues conducted NMR experiments on restricted and control animals at 15-17M of age in 

different mouse strains but only followed their body weight but not fat mass in weekly 

measurements until death (Liao et al., 2011; Rikke et al., 2006). Therefore, it remains unclear 

how the fat mass changed after longer DR duration at old age (Liao et al., 2011).  

 

4.3.2 Restoration of glucose and insulin tolerance by chronic or late- 

onset DR  

AL animals displayed reduced glucose tolerance and insulin insensitivity as early as 10M of 

age. In contrast, chronic DR animals remained insulin sensitive and glucose tolerant even at 

old age consistent with previous findings (Dunn et al., 1997; Yu et al., 2019). Onset of DR in 

mid- or late-life was able to restore glucose tolerance in all DR switch groups in accordance 

with previous studies on 12M (Selman & Hempenstall, 2012) or 19M (Sheng et al., 2020). Even 

very late in life, DR still had positive effects on glucose tolerance, as demonstrated by the 

increased glucose tolerance of AL_DR24M compared to chronic AL mice, suggesting that the 

aged glucose metabolism can still fully adapt to DR irrespective of the duration of previous AL 

feeding and the age of DR onset. Similarly to metabolic reprogramming in the RER (Bruss et 

al., 2010), mid-or late-onset of DR improved glucose tolerance within six weeks post-switch to 

DR. This timing is consistent with a previous study, which reported that the metabolic 

adaptation from previous AL feeding occurred already after 10 days of DR (Matyi et al., 2018). 

Additionally, the effect of DR on glucose tolerance is evolutionary conserved as humans on 

short-term DR (Heilbronn et al., 2006) or intermittent fasting (Sutton et al., 2018) also display 

improved glucose sensitivity. Though it is important to note, that the feeding regimen needs to 

remain constant after metabolic shift from AL to DR as it was previously reported, that short-

term DR and refeeding did not have any beneficial long-term effects in female mice in a sex-

specific manner (Cameron et al., 2012).  

In contrast to glucose tolerance, only AL_DR12M mice displayed long-term improved insulin 

sensitivity at old age. Moreover, insulin metabolism of old animals required more time to adapt 

towards DR and AL_DR20M mice became insulin sensitive after 6M of DR. Interestingly, DR 

onset at 12M in male C57/B6 mice similarly improved insulin sensitivity after longer duration 

of DR (Selman & Hempenstall, 2012), indicating that insulin sensitivity required time to adapt 

towards newly imposed DR. Similarly, AL_DR16M, AL_DR20M and AL_DR24M reacted 

towards injected insulin, suggesting that even late-onset DR improved insulin tolerance but to 

the same extent as earlier onset of DR. Moreover, fully retained insulin sensitivity is no 

prerequisite for lifespan extension in C3B6F1 females, as AL_DR16M mice displayed a smaller 
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improvement in insulin sensitivity but are similarly long-lived as AL_DR12M, suggesting that 

lifespan extension and metabolic health span might be uncoupled. In summary, DR is able to 

improve insulin tolerance even at old age, but the beneficial effect of late-onset DR never 

reaches the effect size of chronic DR treatment. Moreover, the age of DR onset affects insulin 

sensitivity as earlier DR switches, such as AL_DR12M, displayed significantly improved insulin 

sensitivity in the long-term, potentially due to shorter duration of previous AL feeding.  

However, the question remains why early and mid-life DR has a more beneficial effect on 

insulin tolerance that onset of DR late in life. Ageing and obesity are known to have detrimental 

effects on the pancreas where pancreatic β cells are synthesizing and secreting insulin. 

Pancreatic islet hypertrophy and reduced β cell function was reported in obesity (Figueroa & 

Taberner, 1994) as well as during normal ageing (Kehm et al., 2018). Moreover, it was 

demonstrated that insulin resistance accelerated β cell senescence (Aguayo-Mazzucato et al., 

2019) and that targeted removal of senescent cells could prevent diabetes (Thompson et al., 

2019) and improve glucose homeostasis (Aguayo-Mazzucato et al., 2019). Strikingly, chronic 

DR can reduce pancreatic islet hypertrophy (Mitchell et al., 2016) and maintained β cell 

function in rodents (Kanda et al., 2015) and humans (Sathananthan et al., 2015). Intriguingly, 

Kehm and colleagues observed pancreatic island hypertrophy in 10M old animals (Kehm et 

al., 2018), which corresponds to the age, at which chronic AL mice become insulin insensitive 

in our model. Between 10M and 15M, the size of the pancreatic islands remained similar but 

increased again between 15M and 21M of age, which was associated with increased β cell 

senescence (Kehm et al., 2018). It is tempting to speculate, that mid-life but not late-life DR 

onset could still reverse detrimental effects of previous AL feeding on pancreatic islet size and 

β cell senescence and thus improve insulin sensitivity. However, DR onset at 18M of age has 

been shown to induce insulin secretion after glucose stimulation but the secreted insulin was 

unable to mediate glucose uptake in peripheral tissues (Park et al., 2006). Therefore, it is 

possible that late-onset DR still improves pancreatic β cell health and insulin secretion at old 

age but does not reverse insulin sensitivity in peripheral tissues. As DR switch animals were 

obese and had increased WAT depots prior to the initiation of DR, it is tempting to speculate 

that the WAT could play a role in the modulation of systemic insulin resistance and that a 

metabolic memory of previous AL feeding could prevent beneficial effects of DR on the WAT 

and systemic insulin function. However, more experiments in the pancreas and the WAT are 

necessary to evaluate whether DR can improve pancreas function and the secretory adipokine 

profile and whether changes in these parameters would correlate with lifespan and insulin 

sensitivity.  
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4.3.3 Macronutrient utilization under chronic or late-onset DR  

We investigated the RER to evaluate the effect of mid- or late-onset DR on macronutrient 

utilization. In line with previously published data (Bruss et al., 2010; Corrales et al., 2019), 

chronic DR altered the timing and the amplitude, in which animals shift between carbohydrate 

or fatty acid and protein utilization. This temporal shift in the RER correlated with food intake 

and DR animals used carbohydrate oxidation to synthesize fatty acids, which lead to an RER 

over 1 (Bruss et al., 2010). An RER close to 0.7 indicates that newly synthesized fatty acids 

were utilized as energy source for fatty acid oxidation during the night (Bruss et al., 2010; 

Corrales et al., 2019). Although AL animals utilize carbohydrates as fuel, they do not 

synthesize fatty acids simultaneously and therefore do not show an RER over 1. All DR switch 

groups including AL_DR24M animals displayed the same distribution and timing of 

macronutrient usage as chronic DR animals and the pattern change occurred as early as six 

weeks post-switch to DR. These results suggest, that metabolism was able to adapt to newly 

imposed DR even if the diet switch was initiated at old age. Moreover, our results correlate 

with a previously published study, which demonstrated that two days of DR were enough to 

induce the metabolic shift of the RER in young male mice (Bruss et al., 2010). However, 

despite the capacity of the aged metabolism to fully adapt to DR, it required more time to do 

so. Longitudinal phenotyping of the mid-life onset DR switches confirmed this hypothesis, as 

all switch cohorts still exhibited significantly higher fat mass compared to chronic DR after six 

weeks of newly DR treatment but the RER amplitude caught up to chronic DR levels upon 

longer DR duration. These results suggest, that excessive fat mass was utilized to feed into 

the metabolism, thus decreasing fat mass over time until the metabolism completely adapted 

to DR. After the adaptation period was complete, DR switch animals fully relied on the 

carbohydrate- fuelled fatty acid synthesis and exhibited an RER over 1. Consistently, gene 

expression levels of key lipogenesis genes in the WAT required time to become significantly 

upregulated compared to AL upon DR in AL_DR16M or AL_DR20M. However, lipogenesis 

gene expression levels never reached chronic DR levels even after long-term DR, while the 

RER fully adapts, indicating that AL feeding retained some detrimental effects on gene 

expression in the WAT but not on the macronutrient timing and utilization. In the future, it will 

be interesting to evaluate how DR affects the metabolism in different tissues. To this end, we 

recently generated a metabolomics dataset of liver samples from chronic controls and DR 

switch groups aged 5M to 28M. Results from this dataset will provide further insight into the 

mechanism of DR on liver metabolism in C3B6F1 mice. 
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4.3.4 DR onset affects the spontaneous home cage activity in single-

house mice 

Daytime feeding and DR alter the sleep-wake cycle and animals shift their daily rhythm from a 

nocturnal to a diurnal pattern (Challet, 2010). By assessing spontaneous activity of single-

housed mice in the phenomaster, we confirmed that DR induced an almost exclusive daytime 

activity pattern at all six time points and shifted the resting phase into the dark phase (Mendoza 

et al., 2008). Similar to our findings on food intake and RER pattern, mid- or late-life onset of 

DR shifted the spontaneous cage activity to the daytime and animals rested during the night 

within eight weeks post-switch to DR. Moreover, DR switch animals maintained this activity 

pattern during ageing. Previous studies suggest that increased activity in restricted animals 

can be interpreted as foraging for food due to hunger (Abe et al., 1989). Indeed, when 

comparing the activity profiles of restricted animals with the food intake, daily activity of 

restricted animals exhibited a distinct peak first when the daily food portion was provided and 

again with the onset of the dark phase. In contrast, AL animals did not display a peak during 

the dark phase but activity correlated with food and water intake as previously reported 

(Zucker, 1971).  

When evaluating overall activity during the active phase, we detected no significant differences 

between chronic AL and DR when animals were young. However, chronic DR animals were 

more active than AL animals from middle age until old age. These results suggest that there is 

no hunger-driven food searching behaviour in DR animals and that the difference in activity 

observed later in life is due to increased fitness. Indeed, spontaneous activity has been shown 

to decrease during ageing in AL-fed rats (Holloszy et al., 1985) or mice (Logan et al., 2018). 

The reduction in physical activity in AL animals could be attributed to obesity, which can lead 

to reduced physical activity both in rodent models of obesity (Bjursell et al., 2008; Stern & 

Johnson, 1977), and in obese humans (Duvigneaud et al., 2007; Martínez-González et al., 

1999). In contrast, chronic DR animals were significantly more active than their AL counterparts 

even until old age (Holloszy et al., 1985; McCarter et al., 1997). Moreover, high physical activity 

has been associated with longevity (Holloszy et al., 1985). Strikingly, chronic DR, AL_DR12M 

and AL_DR16M had higher activity profiles and an extended lifespan compared to chronic AL 

animals, indicating that chronic or mid-life onset of DR prevents age-related decline in 

locomotor activity. In contrast, AL_DR20M and AL_DR24M were less active and showed 

smaller lifespan increase upon late-onset DR. It is tempting to speculate that prolonged AL 

feeding and obesity reduced fitness and willingness to move in AL_DR20M and AL_DR24M. 

Moreover, it is possible that late-onset DR cannot rescue physical activity, which could 

negatively affect overall health and survival.   
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Interestingly, middle-aged and old AL mice were more active during resting phase compared 

to age-matched restricted animals, which could indicate increased sleep fragmentation due to 

prolonged AL feeding. These results contradict with previously published data that reported 

increased activity during resting phase in DR animals (Acosta-Rodríguez et al., 2017). 

However, differences in the experimental design using an automated feeder system and 

voluntary wheel running as well as the use of young male C57/B6J mice aged approx. 3M 

(Acosta-Rodríguez et al., 2017) could explain the different results. Interestingly, sleep 

fragmentation increases during ageing (Soltani et al., 2019) as well as in obesity (Fleury 

Curado et al., 2018) and humans undergoing a short-term DR regimen reported improved 

sleep quality (Martin et al., 2016). However, it has to be stated, that utilizing laser beam 

obstruction cannot reliably predict sleep and to confidently investigate sleep under controlled 

laboratory conditions, epidural electroencephalogram and electromyography measurements 

would be required (Bastianini et al., 2017).  

 

4.3.5 The influence of feeding time and prolonged fasting on lifespan 

extension under DR  

Rodents, such as rats or mice are nocturnal animals, which rest during the day and are active 

during the night, during which the majority of food and water is consumed (Zucker, 1971). In 

our DR study, we provided the daily food portions for DR animals in the morning and 

subsequently we changed the daily rhythm of our DR animals from a nocturnal to a diurnal 

pattern, as seen by the shift in the RER profile and as previously described in literature (Challet, 

2010; Koubi et al., 1991). Moreover, this diurnal switch occurs even if DR was initiated as late 

as 24M of age, indicating that animals were still able to adapt to the feeding pattern at old age. 

Upon food supplementation, DR animals immediately gobble up their daily food portion and 

then fast until the next morning. Interestingly, this feeding pattern is retained even after animals 

are on chronic or long-term DR treatment (Hambly et al., 2007). 

Therefore, the effects of DR on lifespan are probably a combination of reduced food intake and 

self-imposed intermittent fasting or time restricted feeding. Our results are consistent with a 

previous finding (Acosta-Rodríguez et al., 2017), which demonstrated that DR animals 

consume their daily food portion within two hours after the food was provided and conduct self-

imposed time restricted feeding. While this study did not include a survival analysis, time 

restricted feeding for 12h or DR improved several metabolic parameters, such as glucose 

tolerance compared to animals on AL food access (Acosta-Rodríguez et al., 2017). Moreover, 

this DR-specific feeding pattern was confirmed in a second study on intermittent fasting, in 

which DR animals only had three hours access to restricted food and also shortly consumed 
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the food after it was provided (Mitchell et al., 2019). Restricting food availability to 13h daily 

without restricting the food amount can extend murine lifespan and health span, although not 

to the same extend as CR in combination with an extended fasting period (Mitchell et al., 2019), 

indicating that fasting without food restriction cannot fully recapitulate the effect of DR on 

lifespan. Strikingly, we could demonstrate that the combination of food restriction and self-

imposed fasting or time restricted feeding effectively extended murine lifespan if DR was 

initiated chronically or starting at 12M or 16M of age. It is intriguing to speculate that our DR 

animals would be even longer lived if their circadian rhythm was not altered and if food would 

have been provided during the night phase. However, more studies are required to evaluate if 

mid- or late-onset DR without altering the circadian rhythm can extend lifespan, e.g. by 

supplementing the daily food portions at the beginning of dark phase instead of in the light 

phase or by utilizing an automated feeder system.  

 

4.4. Fitness and frailty under DR  

Aside from various age-associated diseases, aged humans display increased frailty and 

usually suffer from additional comorbidities at old age (Hanlon et al., 2018). However, aged 

adults who maintained higher physical exercise throughout life have beneficial effects on 

lifespan (Mok et al., 2019). However, there is currently only very limited knowledge available if 

and how late-onset DR affects fitness and frailty. To this end, we investigated fitness and frailty 

in response to mid-or late-onset DR.  

 

4.4.1 DR does not negatively affect muscle strength  

Grip strength measurements were performed to rule out that weight loss and prolonged DR 

feeding had detrimental effects on muscle strength. Grip strength significantly decreased with 

age irrespective of the diet group or the age of DR onset. Consistent with our data, age-

associated decline in muscle was previously shown for wild type, AL-fed C57/B6 females 

(Fischer et al., 2016). Early or late-onset DR did not improve or worsen muscle function in 

C3B6F1 females at all evaluated time points, suggesting that prolonged DR did not negatively 

affect muscle function. In contrast, studies reported that DR improved muscle function in a 

strain- and sex- specific manner during ageing (Boldrin et al., 2017) or in a cancer cachexia 

model (Levolger et al., 2018) and increased satellite cell numbers even after short-term 

treatment (Cerletti et al., 2013). As previous studies utilized molecular analyses (Boldrin et al., 

2017; Cerletti et al., 2013) or injury recovery (Boldrin et al., 2017) as readouts for muscle 

function, the discrepancy in results between their studies and our can be explained by different 
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methods, as well as strain and age differences. Moreover, it is possible that forelimb grip 

strength measurements are not sensitive enough to pick up small changes in muscle function 

between diet groups during normal ageing. In contrast, the beneficial effects of DR on grip 

strength in the cancer cachexia model could be attributed to greater muscle decline mediated 

by the tumour induction, which was further enhanced by AL feeding (Levolger et al., 2018). As 

DR increased myogenin levels (Levolger et al., 2018), a transcription factor which is expressed 

in adult satellite cells (Meadows et al., 2008) and is required for skeletal muscle regeneration 

(Füchtbauer & Westphal, 1992), as well as satellite cells (Boldrin et al., 2017) it is possible that 

DR improved skeletal muscle histopathology but not grip strength in our mouse model. 

Therefore, it could be interesting to determine experimentally, whether the skeletal muscles of 

chronic or DR switch mice display any signs of sarcopenia or improved skeletal muscle 

histopathology at old age.  

 

4.4.2 Rotarod performance depends on the age of DR onset 

Chronic DR increased motor coordination during ageing in our C3B6 F1 hybrid mice, consistent 

with previous studies in wild type mice (Kuhla et al., 2013),  or in a neurological model of 

trinucleotide expansion disease (Cunha-Santos et al., 2016). Interestingly, the effect of DR on 

motor coordination seems to be evolutionarily conserved, as aged flies on DR perform better 

in climbing assays compared to their AL- fed counterparts (Wilson et al., 2020). We observed 

an improvement of rotarod performance depending on the age of DR-onset. While AL_DR12M 

animals exhibited increased motor coordination as early as eight weeks post-switch and 

maintained improved rotarod performance during ageing, onset of DR later than 12 months 

only had only minor (AL_DR16M) or no beneficial effects on motor coordination. These results 

suggest that prolonged AL feeding has detrimental effects on motor coordination in mice. 

However, which factors are regulating or influencing motor coordination?  

As chronic AL animals are significantly heavier than chronic DR animals, performance 

differences could be caused by differences in body weight, as previously suggested (Mao et 

al., 2015). However, upon initiation of DR, all DR switch animals lost body weight to the same 

extent, but AL_DR16M, AL_DR20M and AL_DR24M did not significantly improve rotarod 

performance eight weeks post-switch or upon longer DR duration. Furthermore, we did not find 

any correlation between rotarod performance and body weight suggesting that body weight is 

not a causal factor for the observed differences in motor coordination. 

Motor coordination is a complex process, which requires spatial orientation, control of limbs 

and muscles as well as balance for a flawless execution of the intended movement. Balance 
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and spatial orientation are controlled by the vestibular system, which is located in the inner ear 

and which is involved in the coordination of complex movements aside from hearing. Studies 

in humans have shown that the age-associated decline of the vestibular system starts at 40 

years and that the highest decline is observed between 75 and 80 years of age (Zalewski, 

2015). Vestibular disturbance can lead to a frequent loss of balance and an increased risk for 

falls and sustaining serious injuries (Herdman et al., 2000; Schlick et al., 2016), thus 

decreasing quality of life and activity in the elderly. Moreover, the vestibular system of mice 

exhibits similar age-related synaptic dysfunction, which occurs after 18M of age (Wan et al., 

2019), leading to a similar functional decline compared to humans. Strikingly, we detected 

hardly any improvement in rotarod performance for chronic AL mice at 18M of age, which is 

consistent with the findings of Wan and colleagues on age-related vestibular synaptic 

dysfunction in the FVB/N strain (Wan et al., 2019). As muscle strength declined to a similar 

extent in all diet groups during ageing, differences in motor coordination could point towards 

increased synaptic dysfunction in the vestibular system of chronic AL animals. Therefore, our 

data may suggests that chronic or 12M onset of DR can prevent vestibular system decline as 

animals maintained their motor coordination at old age. Indeed, chronic but not DR onset at 

approx. 15M improved motor coordination in mice, indicating that DR cannot reverse already 

occurred damage to the vestibular system if applied to late (Kuhla et al., 2013). These results 

(Kuhla et al., 2013) are consistent with our findings, as initiating DR at 16M of age or later did 

only cause minor or no improvement in rotarod performance. Improved motor coordination 

does not seem to correlate with longevity, as AL_DR16M animals performed worse in the 

rotarod tests compared to AL_DR12M switches, yet both DR switch groups are equally long-

lived. These results show that AL_DR16M animals display an intermediate phenotype, with full 

lifespan extension but reduced health span at least for some health parameters, such as motor 

coordination, liver tumour prevalence or insulin metabolism.  

 

4.4.3 Memory function in mid- or late-onset DR  

Previous studies implementing short- or long-term DR demonstrated that chronic reduction of 

food intake improved memory (Khabour et al., 2010; Ma et al., 2018) and increased 

neurogenesis in C57BL/6 mice (Bondolfi et al., 2004). However, only few studies investigated 

the effect of mid- or late-onset DR on memory function in mice. In accordance with previously 

published data, chronic DR improved memory function at old age compared to chronic AL mice 

(Khabour et al., 2010; Ma et al., 2018). Intriguingly, AL_DR12M, lead to a long-term 

improvement, whereas AL_DR16M, AL_DR20M or AL_DR24M displayed only short-term 

improvement in barnes maze performance at 22M or 26M of age, demonstrating that even 
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late-onset DR can still positively influence memory in C3B6F1 females. Our results are 

consistent with results from Means and colleagues, who reported that DR onset at 14M of age 

reversed age-associated decline in memory function compared to age-matched controls 

(Means et al.,1993). Furthermore, mid-life (Todorovic et al., 2018) or late- onset (Singh et al., 

2012)  DR in rats similarly improved memory function, similar to our barnes maze data. Still, 

the question remains how DR improves memory function in mice.  

Our recent collaboration with the research group of Prof. Dr. Jucker, whose findings were 

recently published in Nature Aging (Kaeser et al., 2021), could provide a hypothesis for this 

question. Kaeser and colleagues identified that circulating protein levels of Neurofilament light 

chain (Nfl) increased during ageing and can be used to accurately predict mortality in 

centenarian and non-centenarian humans. Plasma samples from our tissue collection cohort 

demonstrated that chronic DR reduced circulating Nfl levels which is correlated with a reduction 

in mortality in chronic DR compared to chronic AL animals. As Nfl is also a protein biomarker 

implicated in neurodegenerative diseases (Khalil et al., 2018), the findings by Kaeser and 

colleagues indicate that chronic DR animals could have a better memory function and reduced 

neurological deterioration during ageing (Kaeser et al., 2021), which is consistent with the 

improved memory function we observed in the Barnes Maze experiments. As AL_DR12M and 

AL_DR16M displayed similarly improved memory function, it is tempting to speculate that Nfl 

levels might also be reduced in AL_DR12M and AL_DR16M. In contrast, DR onset at 20M or 

24M did not improve memory function, which could be associated with increased Nfl plasma 

levels and increased neurological damage occurring during ageing. Additionally, we are 

collaborating with Dr. Oliver Hahn from the lab of Tony Wyss-Coray. Oliver conducted nuclei 

sequencing from hippocampus samples of our young AL as well as old AL, DR and AL_DR20M 

animals to evaluate the effect of ageing and chronic or late-onset DR on the neuronal 

transcriptome. The hippocampus consists of different neuronal populations including 

astrocytes, interneurons and subclasses thereof (Zeisel et al., 2015) and is important for spatial 

memory (Broadbent et al., 2004; Wang & Morris, 2010). Interestingly, DR can stabilize synaptic 

protein levels in the hippocampus and thus counteract cognitive decline during ageing (Adams 

et al., 2008). Therefore, it will be very interesting to correlate memory performance, circulating 

Nfl levels and the hippocampal transcriptome in our DR switch groups to further investigate 

the effect of mid- or late-onset DR on memory function and brain ageing.  

 

4.4.4 Cardiac function under chronic or late-onset DR  

As CVD is one of the major causes of death in humans (Niccoli & Partridge, 2012), it is of 

particular interest to gauge the effect of DR on heart function. Several studies in rats have 
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demonstrated that chronic CR reduces heart rate (Mager et al., 2006) and blood pressure 

(Shinmura et al., 2011), but there are currently no longitudinal studies on the effect of chronic 

or late-onset DR on cardiovascular function in murine models. Our data provide evidence that 

chronic DR treatment reduces heart rate compared to chronic AL feeding, in line with previous 

results in rats (Thomas et al., 1993), mice (Taffet et al., 1997) and humans (Meyer et al., 2006). 

Interestingly, while AL animals showed an age-related decline in heart rate after 10 months of 

age, heart rate of DR animals increased up to 14 months of age, and then remained stable 

during ageing. As we only phenotype animals up to the age of 26 months, it is currently unclear 

whether DR animals would show an age-related decline later in life. At 20 and 24 months of 

age, there was no significant difference in heart rate between AL and chronic DR animals. This 

finding might be influenced by the fact, that the heart rate declines during ageing (Xing et al., 

2009) and that chronic AL mice died before 22M or 26M of age and therefore, we were 

phenotyping the longest surviving AL mice at both time points. Another potential cofounding 

factor was the observation that at 22M and 26M, chronic DR animals were more active during 

the recordings and moved more on the platform which might increase their heart rate, whereas 

chronic AL animals were less active and rested more. Thus, differences in activity between AL 

and DR animals might have influenced the heart rate measurement at 22M and 26M of age. 

Reduced heart rate has previously been associated with increased longevity in mice and 

humans. Chronic reduction in heart rate using pharmacological interventions extends median 

lifespan compared to placebo treated mice (Gent et al., 2015) and slower heart is correlated 

with longevity in humans (Stessman et al., 2013). As heart rate controls the metabolic 

requirements of the entire body and cardiomyocytes have an immense energy demand (Ferrari 

et al., 2003). Therefore, a reduction in heart rate would reduce the metabolic demands and 

could positively influence overall health. However, differences in heart rates are unlikely to 

underlie the differences in lifespan between the DR switch groups, as animals of all DR switch 

groups displayed significantly reduced heart rates in relation to chronic AL animals within eight 

weeks post-switch. This results also indicates that DR has acute effects on cardiac functions 

even if initiated late in life. Interestingly, DR onset at 12M or 20M further decreased heart rate 

compared to chronic DR animals, indicating that a short-term DR intervention could be more 

beneficial than chronic DR for cardiac health, which was reported before in male mice (Li et 

al., 2016). However, as discussed above the increased activity of chronic DR mice at later time 

points might have affected these results.  

Aside from heart rate, we assessed additional parameters of cardiac health in chronic controls 

and DR switch groups. We detected a significantly prolonged RR interval between chronic AL 

and DR animals throughout life. The RR interval describes the time between two ECG peaks, 

which is inversely correlated with the pace of the heartbeat (Goldberger et al., 2014). 

Therefore, a longer RR interval corresponds to lower heartrates, whereas a shorter interval 
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corresponds to faster heartrates. In this light, the lower heart rates of chronic DR animals 

correlated with prolonged RR intervals as their heart was beating slower. Similarly, AL_DR12M 

and AL_DR20M animals displayed significantly prolonged RR intervals compared to chronic 

DR or AL, which also correlated with a reduced heart rate. Intriguingly, RR interval irregularity 

are often detected prior to myocardial infarction associated with ST fibrillation (Lemmert et al., 

2010). The ST segment defines the duration between ventricular de- and repolarization and 

abnormal patterns of the ST segment have been observed in ischemia (Atar & Birnbaum, 

2005). We detected significantly increased ST segment between chronic AL and DR as well 

as between chronic DR and AL_DR12M, which indicated that chronic DR or AL_DR12M mice 

could be affected by myocardial ischemia. While ST segment elevation is associated with 

myocardial ischemia, recent evidence suggests that a reduction in S amplitude and not ST 

elevation is a more reliable biomarker for ischemia (Boukens et al., 2014). As long-term DR is 

associated with improved cardiac health in mice with ischemia-induced heart failure (De Lucia 

et al., 2018), a deeper analysis is necessary to evaluate the diagnostic means of DR-mediated 

ST segment elongation in our DR study.  

The PQ or PR interval indicates how fast the action potential is transmitted from the atria to 

the ventricles and indicates the required time between atrial and intraventricular depolarization, 

which determines the pace of the heart rate (Toman et al., 2020). Prolonged PQ or PR intervals 

can point towards problems in conduction system and can cause an atrial ventricular (AV) 

block, whereas shortened PQ intervals are commonly found in genetically inherited pre-

excitation syndromes, such as Wolff- Parkinson- White syndrome (Cheng et al., 2009; Wolff, 

Parkinson, & White, 1930). Interestingly, we detected no significant differences in the PQ 

interval time between diet groups and across ages, suggesting that long-term DR or prolonged 

AL feeding did not affect atrial and intraventricular depolarization. AL_DR12M mice exhibited 

significantly prolonged PR intervals compared to chronic DR at 14M of age, which could point 

towards short-term cardiac conduction anomalies eight weeks post-switch to DR, which 

resolved upon longer DR duration. Interestingly, AL_DR20M mice displayed significantly 

increased PR intervals compared to chronic AL and DR mice at 26M, indicating that 

AL_DR20M mice could have an AV block at old age. Ageing has been suggested to affect the 

duration of the PR interval and old mice were shown to have an interval prolongation compared 

to young mice (Jansen et al., 2017), which we did not detect in our study potentially due to 

differences in study design. 

The QRS complex marks the actual contraction of the ventricles and the pumping of the blood. 

Abnormal duration of the QRS complex itself or the amplitude of the R wave are associated 

with a delay in conduction time and left or right bundle blocks (Das, 1990). Interestingly, we 

did not detect any significant differences in the duration of the QRS complex between diet 

groups, indicating that neither long-term DR nor prolonged AL feeding or ageing delayed 
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ventricular contraction. We detected an QRS intervals of approximately 11ms, which is slightly 

higher than results of a large-scale ECG study using 28 different inbred strains (Xing et al., 

2009). In this study, QRS duration of CH3/HeJ females was 10,3ms using the same non-

invasive ECG method (Xing et al., 2009). As we utilized C3B6F1 hybrid females for our 

experiments, a higher QRS duration could be due to the crossbreeding of two inbred strains 

for our study compared to the pure inbred parental strain.  

The QT interval marks the time between atrial repolarization and ventricular repolarization and 

is correlated with the pace of the heart rate. Moreover, prolonged QT intervals indicate that 

cardiac cells fail to repolarize before a new circle starts, which ultimately causes atrial 

fibrillation (Pai & Rawles, 1989) or ischemia (Kerr et al., 1987). Lastly, the uncorrected (QT 

dispersion) or heart rate corrected (QTc) QT dispersion are calculated from the minimal and 

maximal QT intervals in an ECG and differences in the QT interval can point to myocardial 

infarctions and sudden cardiac death in humans (Algra et al., 1991; Mirvis, 1985). In male 

C57/B6 mice, the average QT interval is approximately 40-45ms and the average QTc interval 

lasts approximately 50ms (Roussel et al., 2016), which is consistent with the obtained QT 

intervals in our study. Longitudinal analyses revealed that chronic AL animals exhibited 

significantly different QT and QTc intervals as well as different QT and QTc dispersions 

compared to chronic DR animals. Interestingly, chronic DR mice displayed significantly longer 

QT and QTc intervals or dispersions at 5M and 10M and at later phenotyping time points, the 

interval duration was similar to the duration at 10M of age, whereas the QT dispersion exhibited 

further age-associated decrease. In contrast, the QT interval of chronic AL mice increased 

during ageing and the QT dispersion declined until 14M of age and plateaued from 18M of age 

until 26M of age. Interestingly, both the heart rate corrected and uncorrected QT interval and 

QT dispersion displayed the same trend indicating that the effect of diet on cardiac 

repolarization is independent from the heart rate. According to literature, a prolonged QT or 

QTc interval can point towards reduced repolarization capacity of myocardiocytes (Jeyaraj et 

al., 2012). Additionally, it was demonstrated that a longer QTc interval could be utilized as 

predictor for mortality in type I diabetes patients (Rossing et al., 2001). Current literature 

suggests that weight loss induces changes in cardiac repolarization in humans (Vedel-Larsen 

et al., 2016) and that chronic DR reduced QTc interval time in rats (Lopez Trinidad et al., 2021), 

which was associated with improved systemic glucose metabolism. While it is tempting to 

speculate that prolonged AL feeding and obesity could negatively affect cardiac repolarization 

in the long-term, it has been reported that the circadian oscillator Klf5 controls QT interval 

(Jeyaraj et al., 2012). Therefore, the difference in circadian phases might have influenced QT 

interval duration and QT dispersion between chronic controls. Interestingly, all DR switch 

animals displayed prolonged QT and QTc intervals compared to chronic DR, suggesting that 

AL feeding for 12M already had a negative long-term effect on repolarization capacity. While 
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we gained many interesting insights in the effect of short-term or long-term DR on different 

heart parameters, more studies are necessary to gain a definitive answer if prolonged AL 

feeding negatively affects cardiac health and if DR can reverse already occurred cardiac 

damage. Interestingly, it has been suggested that DR might ameliorate cardiac function at old 

age by reducing senescent and apoptotic cardiomyocytes (Shinmura et al., 2011), fat 

accumulation (Hammer et al., 2008), collagen deposition (Dhahbi et al., 2006) and oxidative 

damage (Dolinsky & Dyck, 2011). In future, we aim to correlate heart rate and cardiac 

parameters with the age at which animals died, to investigate if the shortest living survivors 

display the differences in cardiac pace or interval duration vice versa. Moreover, it could be 

worth to evaluate the amount of senescent cardiomyocytes or collagen deposition to evaluate 

if DR has a reported cardioprotective effect in C3B6F1 hybrids.  

 

4.4.5 Frailty and lifespan extension under DR  

Previous studies reported that long-lived mouse models display reduced frailty compared to 

their wild type or AL-fed controls, demonstrating that the frailty index is a powerful tool to 

assess frailty in laboratory animals (Kane et al., 2016; Whitehead et al., 2014). However, much 

less information is available, on how late-onset DR affects frailty in mice. To this end, we 

employed the frailty index at three different time points during murine ageing, to assess the 

effect of mid-life or late-onset DR on overall frailty. As expected, we detected reduced frailty 

scores for chronic DR compared to AL animals at old age, which correlated with previously 

published data on frailty in response to DR in C57/B6J mice (Kane et al., 2016). Importantly, 

AL_DR12M and AL_DR16M mice displayed reduced frailty, which correlates with their 

increased lifespan extension. Notably, AL_DR24M animals showed increased frailty compared 

to chronic DR animals, consistent with the lack in lifespan extension in the late-onset DR switch 

(Hahn et al., 2019). Our data is in part consistent with previously published work by Todorovic 

and colleagues, who reported that DR onset in male rats between 12M and 18M or between 

15M and 21M only lead to a short-term reduction in frailty at 18M compared to age-matched 

AL animals (Todorovic et al., 2018). In contrast to our findings, DR onset between 12M and 

18M had similar frailty scores as AL-fed rats at 24M of age, whereas initiating DR between 

15M and 21M increased frailty compared to chronic AL animals (Todorovic et al., 2018). 

However, Todorovic and colleagues utilized a different frailty protocol, which is mostly based 

on activity as well as activity-based parameters, such as running time, speed or general activity 

(Gomez-Cabrera et al., 2017). These differences in the frailty protocol as well as sex- and 

strain differences likely account or differences in results. Similarly to Whitehead and colleagues 
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findings (Whitehead et al., 2014), all diet groups exhibited increased frailty indices during 

ageing, indicating that DR can slow down but not stop frailty at old age.  

Interestingly, frailty is an even better determent of biological age compared to DNA methylation 

clocks, which are commonly used to determine biological age in humans (Kim et al., 2017). 

Moreover, machine learning algorithms on the frailty index demonstrated that changes in frailty 

during ageing can precisely predict biological age as well as mortality (Schultz et al., 2020). 

Consequently, frailty indices are a powerful tool to receive more transferable data on anti-

ageing interventions in model organisms and to gauge their putative success in humans. As 

we have the pathology data of the phenotyping animals, which underwent the frailty index, at 

our disposal, it will be interesting to evaluate if we can correlate the frailty indices with tumour 

load at death. In the future, we aim to utilize our entire collected phenotyping and molecular 

datasets as predictor variables to create a machine-learning model of DR. Based on this 

model; we can hopefully predict lifespan and health span phenotypes upon DR as well as DR 

switch response with high confidence.   

 

4.4.6 Lifespan and health span are uncoupled upon mid-life DR 

treatment  

Over the last decade, more and more evidence suggests that lifespan and health span are not 

necessarily coupled. Studies in C. elegans demonstrated that although lifespan was extended 

by the IIS mutant daf-2 or the genetic equivalent to DR, eat-2, the health span of these long-

lived worms was not equally prolonged (Bansal et al., 2015). Similarly, female mice (Kane et 

al., 2019) or humans (Gordon et al., 2017) are frailer but still longer-lived than males providing 

evidence in higher organisms that a longer life and good health are not exclusively 

concomitant. Intriguingly, a recent study evaluated different health parameters in young, old 

and geriatric mice of both sexes and could show that animals, which performed worse in 

different health tests had no increased probability of premature death (Fischer et al., 2016). 

Moreover, the outcome of one health parameter was not correlated with others (Fischer et al., 

2016), indicating the complexity of health span and the contribution of individual parameters 

to overall health. Furthermore, aged mice lacking the adipose tissue lipid binding protein 

Fabp4/5 displayed improved metabolic health but were not long-lived, suggesting that 

metabolic health and lifespan can also be uncoupled (Charles et al., 2017).   

We observed uncoupling of lifespan and health span in AL_DR16M switch mice. Similar to 

chronic DR and AL_DR12M mice, DR onset at 16M improved memory function, glucose 

tolerance and reduced frailty at old age. In contrast, insulin tolerance, motor coordination and 
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total and liver tumour prevalence were not improved in these mice. The lack of improvement 

of these phenotypes was not crucial for DR-mediated lifespan extension as AL_DR16M mice 

were similarly long-lived as AL_DR12M. Thus, while DR is still able to extend lifespan at this 

age it doesn´t have a positive effect on certain health parameters, potentially because 

morbidities have already began to form. Consistently, a previously published study in rats 

demonstrated that late-onset of DR was not able to extend health at old age (Todorovic et al., 

2018). Therefore, the decision at which age DR is still effective and when it should be 

implemented in humans, is a question of perspective. If the overall aim is to extend lifespan 

and initiate DR as late as possible, initiation at mid-life is the obvious choice as it equally 

extends lifespan and is able to reverse many detrimental effects of earlier obesity. However, 

the primary aim of gerontology research is to maintain health until death and to reduce 

comorbidities and age-associated diseases rather than prolonging human lifespan (Jay 

Olshansky & Carnes, 2017). Therefore, DR interventions should be started as early as possible 

to prevent the formation of morbidities during ageing (Kalache et al., 2019). In this perspective, 

DR should be initiated before the human equivalent of 16M of age at approximately 50 years 

(Flurkey, Currer, & Harrison, 2007), to maximize the health span extending effect of DR. 

Ultimately, the decision if and when to initiate DR is up to the individual. Nevertheless, our 

study has provided first evidence that mid-life onset DR has differential effects on the lifespan 

and health span outcomes in mice, which should be considered for future mouse studies 

utilizing DR-mimetics or other dietary or pharmacological interventions.   

 

4.4.7 Are we biasing our results in fitness and metabolic phenotyping 

towards DR?  

The circadian rhythm is regulated by core circadian regulator transcription factors CLOCK, 

NPAS2 or ARNTL1, which induce the expression of the oscillating genes period (PER) and 

cryptochrome (CRY) (Reinke & Asher, 2019). Per and Cry act as negative repressors on their 

own gene locus, thus creating a negative feedback loop and inducing a new circadian cycle 

(Reinke & Asher, 2019). As circadian clock genes are active in every cell type, the circadian 

rhythm has a major effect on all bodily functions including the sleep-wake cycle (Borbély et al., 

2016) or metabolism (Lamia et al., 2008). Moreover, it was demonstrated that diurnal and 

nocturnal animals exhibit opposite secretion of hormones, such as serotonin (Cuesta et al., 

2009) or leptin (Kalsbeek et al., 2001) as well as differential timing of glucose and lipid 

metabolism (Kumar et al., 2015). Likewise, food intake affects circadian regulation of gene 

expression in peripheral tissues, such as the liver (Stokkan et al., 2001). It was demonstrated 

that providing the daily food portions in the morning induces an adaptation of the circadian 
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rhythm from a nocturnal to a diurnal pattern in response to DR in mice and thus influences 

both the timing of the metabolism as well as the activity state of the animals (García-Gaytán 

et al., 2020). Moreover, even without daytime feeding, a restricted dietary regimen itself is 

potent enough to alter the circadian rhythm of laboratory animals (Mendoza et al., 2008) and 

leads to metabolic reprogramming (Makwana et al., 2019) as early as two days after DR was 

initiated (Bruss et al., 2010). Therefore, our AL animals were in a different metabolic state than 

their DR counterparts for the glucose and insulin tolerance tests, which might have negatively 

influenced the results. Moreover, previous studies demonstrated, that the timing of exercise 

has a profound effect on the skeletal muscle transcriptome and metabolome (Sato et al., 2019) 

as well as on cognitive function (Roedel et al., 2006). Exercise in the early resting phase 

induced differential transcriptomic and metabolomic changes in the muscle associated with 

increased glucose and reduced glycerol metabolism and a higher systemic energy 

expenditure, compared to treadmill exercise conducted in the early active phase (Sato et al., 

2019). In contrast, exercise in the early active phase induced lipid, glycerol and amino acid 

breakdown to fuel the metabolism and activated the HIF1α pathway (Sato et al., 2019). 

Therefore, DR animals were in their active and AL animals were primarily in their resting phase 

when the fitness phenotypings were conducted. As the activity of AL mice peaks in the first 

hour of the dark phase (Brooks & Dunnett, 2009), it is possible that performance differences 

between chronic AL and DR animals were influenced by differences in the circadian rhythm 

between chronic controls. Therefore, a potential limitation of this study is the comparability of 

our results to chronic AL animals, as they might be in a different metabolic and activity state 

than chronic DR or DR switch animals. However, we undertook steps to improve comparability 

of the results, for instance by altering the feeding scheme of the DR animals in the ITT and 

GTT measurements to synchronise the metabolic state. Additionally, if the difference in the 

metabolic and activity state would have a major influence on the phenotyping experiments, we 

would except that all late life DR switches should be equally effective in improving fitness and 

health parameters, as they all change the circadian rhythm to a similar extent after DR was 

initiated. However, we detected a clear difference in health span and lifespan parameters 

depending on the age of DR onset even though the animals adapted to the DR regimen. 

Moreover, as DR switch animals synchronized their circadian as well as activity rhythm to 

chronic DR after DR was initiated, we can compare the effect of prolonged AL feeding prior to 

the diet switch to chronic DR. Overall, while we are aware of the potential limitations of our 

study, the difference in the metabolic and activity state are not a big concern for our results of 

DR switches and the interpretation of our data. The utilization of an automated feeder system 

(Acosta-Rodríguez et al., 2017), providing the daily food portions for DR animals in the early 

evening or changing the light phase of the animal room to last from 6pm to 6am could ensure 

that all animals are entrained the same way.  
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4.5 Changes in the WAT upon DR  

Animals and humans rapidly lose body weight and fat mass upon initiation of DR. As fat is 

mainly stored in the WAT, this tissue exhibits major morphological and gene expression 

changes upon DR. In addition, the WAT is a major secretory tissue, which secretes different 

metabolic or immune-modulating adipokines, and can thus influence insulin metabolism in the 

WAT itself or other peripheral tissues. Thus, we measured the effects of late-onset DR on WAT 

tissue morphology and gene expression.  

 

4.5.1 The transcriptional reprogramming of the WAT depends on the 

continuity and the duration of the DR regimen 

In order to assess the impact of DR on gene expression, we first assessed the transcriptional 

response of the WAT towards late-life dietary switches from AL to DR and vice versa compared 

to chronic AL or DR regimen. In accordance with previously published data (Fujii et al., 2017), 

lifelong DR induced a distinct gene expression profile in the WAT, associated with increased 

expression of several key lipogenesis genes compared to chronic AL feeding. Moreover, it has 

been shown that not only gene expression but also lipogenesis protein levels increased upon 

DR (Valle et al., 2010). However, few studies so far have investigated the effects of late-onset 

DR on gene expression in the ageing WAT. We show, that gene expression in the WAT 

remained mostly unresponsive towards newly imposed DR at 24M of age. Moreover, switching 

mice from DR back to AL feeding for two months almost completely reverted the DR-mediated 

transcriptome changes in the WAT back to AL levels. These results demonstrate, that in order 

to benefit from DR at old age, the dietary regimen has to be initiated in early adulthood and 

more importantly, it has to be maintained until death as there is no long-term protective effect 

on lifespan or the WAT transcriptome. Additionally, short-term DR at old age is not enough to 

reverse the memory of previous AL feeding on WAT gene expression. Since we obtained the 

body and WAT weight at death, but had no information on the body composition upon mid-life 

or late-life onset DR, we included regular phenotyping time points in our follow-up DR study, 

which was designed based on the results presented in (Hahn et al., 2019). We identified, that 

already as early as six weeks post-switch to DR and irrespective of the age of DR onset, mice 

significantly lost body weight, which was mainly attributed to loss of fat mass. However, mice 

exhibited a similar body weight as chronic DR mice after approximately six months post-switch 

to DR.  

As AL_DR24M mice were still in the weight loss phase two months post-switch to DR in our 

previous study, we collected tissue four months after the respective switch to DR in our follow-
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up study to investigate the transcriptional profile after longer DR duration. Additionally, we 

included more time points to collect tissue, to investigate the effects of long-term, late-onset 

DR on different tissues. Our new Q-RT-PCR data show that lipogenesis gene expression in 

the WAT is not completely refractory to mid- and late-life DR switch, as lipogenesis genes 

started to change in response to DR upon longer treatment time. However, strikingly, WAT 

expression of key lipogenesis genes did not reach the levels of chronic DR even after twelve 

months of DR treatment, suggesting a long-term memory of gene expression in the WAT far 

exceeding the two months previously reported.   

 

4.5.2 Increased mitochondrial expansion in the WAT in chronic DR 

correlates with lifespan extension 

In addition to differences in lipogenesis gene expression, RNA sequencing and Q-RT-PCR 

analyses in the WAT revealed differences in the expression of several mitochondrial 

biogenesis-promoting genes, such as Srebf1. The Srebf1 gene encodes the Sterol regulatory 

element-binding protein 1 (SREBP1), which is not only a key lipogenesis factor but is also 

involved in mitochondrial biogenesis (Fujii et al., 2017). Strikingly, lifelong but not late-onset 

DR increased mtDNA copy numbers as well as OXOPHOS protein complexes in the WAT at 

26M of age. These results indicate, that the WAT of chronic DR mice harbours more 

mitochondria compared to chronic AL as well as AL_DR24M and DR_AL switch groups. 

Strikingly, our findings in line with previously published data which demonstrate that chronic 

DR retained mitochondrial function in aged tissues (Lanza et al., 2012; Valle et al., 2008) and 

increased mitochondrial biogenesis (Nisoli et al., 2005). As mitochondrial dysfunction is one of 

the hallmarks of ageing (López-Otín et al., 2013), increasing WAT mitochondrial biogenesis 

could be one of the mechanisms of lifespan extension upon chronic DR. Lack of mitochondrial 

biogenesis in AL_DR24M or loss of mitochondria in DR_AL mice could therefore contribute to 

the shortened lifespans of these diet switches compared to chronic DR. Notably, Fuentealba 

and colleagues recently conducted a transcriptomic comparison between long-lived, short-

lived and progeria mouse models to evaluate transcriptomic changes during ageing 

(Fuentealba et al., 2021). Strikingly, the transcriptomic profile of short- lived mutants 

significantly differed from long-lived mice, which exhibited significantly higher expression of 

mitochondrial biogenesis genes, suggesting that increased mitochondrial numbers could be a 

determinant to predict longevity (Fuentealba et al., 2021). Therefore, it is tempting to speculate, 

that reduced mitochondria in the WAT of AL_DR20M but not of AL_DR12M or AL_DR16M 

mice could add to the lifespan differences of these DR switch groups. To prove this hypothesis, 
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we aim to assess mtDNA levels in the WAT of chronic controls and AL_DR12M, AL_DR16M 

and AL_DR20M in the future.  

 

4.5.3 DR does not reduce body temperature in old C3B6F1 females  

Decreased body temperature is often associated with DR treatment both in humans and in 

mice (Cameron et al., 2011; Corrales et al., 2019; Fabbiano et al., 2016; Rikke et al., 2003). 

Surprisingly, we did not observe difference in body temperature between AL and DR mice or 

between DR switch mice, neither by using an infrared thermometer on the ear, or by using a 

rectal probe when measuring female mice after the age of 22 months. Under laboratory 

conditions, mice are generally housed at a constant temperature of 22°C, which is less than 

their optimal temperature of 30°C, at which mice reach thermoneutrality (Gaskill et al., 2013). 

As a result, group-house mice actively seek social contact to nest together in order to reduce 

thermal stress (Van Loo et al., 2004). Both Corrales, as well as Rikke and colleagues used 

single-housed animals which may have contributed to the reduced body temperature in 

response to DR, as animals were not able to reduce thermal stress using social interactions 

(Corrales et al., 2019; Rikke et al., 2003). Since our mice were housed in groups of five 

animals, they may have compensated DR-induced thermal stress by social behaviour. 

Additionally, Cameron, Corrales, Fabbiano and Rikke et al. used different wild type or hybrid 

mouse strains in their publications. Rikke and colleagues utilized six inbred and 22 hybrid 

mouse strains and reported strain-dependant differential responses towards DR on body 

temperature (Rikke et al., 2003). Thus, the finding that DR did not reduce body temperature in 

our C3B6F1 strain, might be caused by difference in the genetic background. Furthermore, 

while Rikke and colleagues utilized female mice for their DR experiments, most published 

studies on the effect of DR utilized male mice, which could point towards a sex-specific 

difference in body temperature and DR (Cameron et al., 2011; Corrales et al., 2019; Fabbiano 

et al., 2016). Differences in the age at which animals were measured could also contribute to 

the different results between our study and published results. While we started body 

temperature experiments at 22M and conduct the last measurement at 28M to investigate the 

effect of lifelong DR on body temperature, many studies utilize young (Fabbiano et al., 2016; 

Rikke et al., 2003) or middle-aged mice (Cameron et al., 2011; Corrales et al., 2019) to assess 

this phenotype. It has been reported, that aged C57B6 mice have a reduced thermogenic 

potential even when housed at thermoneutrality compared to young mice (Talan et al., 1996). 

DR animals are longer lived and there might have been more DR mice in the cages than AL 

mice at the time we measured body temperature, and thus more social interaction. Potentially, 

our AL mice were unable to conduct thermoregulation at old age, which is why no significant 
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differences in body temperature were observed between DR and AL feeding. Measurements 

in younger AL and DR mice might resolve this issue. In summary, we did not observe reduced 

body temperature in our DR mice, which might suggest that reduced body temperature and 

longevity are uncoupled in this strain. 

 

4.5.4 DR does not induce WAT browning in C3B6F1 females 

WAT browning is characterized by the formation of so-called brite adipocytes, which are 

smaller and contain multilocular lipid droplets, increased mitochondrial numbers and are 

expressing the thermogenesis gene Ucp1 (Bertholet et al., 2017). Recently, increased 

browning of the WAT has been linked with short-term or chronic DR and has been suggested 

to mediate parts of the beneficial response of DR (Corrales et al., 2019; Fabbiano et al., 2016; 

Sheng et al., 2020). Our histopathology data confirmed reduced adipocyte size even upon late-

life onset DR at 20M of age but we observed no evidence for multilocular lipid droplets or WAT 

browning in either DR group. Furthermore, Western Blot analyses on 26M old WAT of chronic 

controls, AL_DR24M and DR_AL mice failed to detect Ucp1 expression in the WAT of these 

animals, suggesting that DR does not cause WAT browning in our C3B6F1 hybrid mouse 

strain. Consistent with our data, DR failed to induce SCAT browning in obese humans 

(Barquissau et al., 2018). The ability of the adipose tissue to form brite adipocytes is known to 

be both strain (Guerra et al., 1998; Li et al., 2014) and adipose tissue dependant and 

associated with increased browning in the SCAT compared to other WAT depots (Ferrannini 

et al., 2016). Li and investigated the browning propensity in primary adipocyte precursor 

isolated from WAT of two commonly used mouse strains (Li et al., 2014). Strikingly, they 

demonstrated that adipocyte precursor cells from C57/B6 mice showed low browning 

propensity in culture compared to cells from the 129/S6 strain (Li et al., 2014), which was likely 

attributed to transcriptional regulatory networks involving transcription factors, such as Mxd1 

and Fh11 (Li et al., 2019). Strikingly, C57/B6-129/S6 hybrid mice, had intermediate browning 

ability compared to their parental strains due to transcriptional favouring of 129S6 alleles, such 

as for Ucp1 or Klf4, which are required for browning (Li et al., 2019). Given that we utilize 

C57/B6 males to generate our C3B6F1 hybrids, it is possible that reduced browning propensity 

in our model is due to favouring of non-browning C57/B6 alleles even under DR conditions. 

Moreover, Corrales and colleagues utilize a sub-strain of the 129 line for their studies, which 

could have a similarly high browning capability as 129/S6, which could in turn explain why they 

observe higher browning in their SCAT and WAT tissue (Corrales et al., 2019). Moreover, 

increasing age also diminishes the browning ability of the WAT after cold exposure, which 

declines as early as 6M of age and further deteriorates during ageing (Berry et al., 2017; 
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Rogers et al., 2012). Fabbiano and colleagues recently demonstrated a link between DR and 

WAT browning through type II immune signalling (Fabbiano et al., 2016). However, this study 

initiated DR in 8W old mice directly with a 40% reduction in food intake and thus, it is 

questionable if increased browning upon short-term DR was mediated by DR itself or by 

developmental bias caused by DR (Fabbiano et al., 2016). The latter might be the case, as 3 

months of DR treatment  initiated at 19M of age did not increase WAT browning in another 

study (Sheng et al., 2020), suggesting that aged adipocyte precursor cells cannot induce brite 

adipocyte differentiation, which might explain why we did not detect evidence for WAT 

browning in our adult onset DR paradigm. In summary, browning of the WAT is unlikely to 

contribute to DR mediated lifespan and health span extension, as our mice were long-lived 

and healthier at old age, but showed no signs of WAT browning.  

 

4.5.5 ATSC numbers in chronic or late-onset DR  

The WAT is a highly heterogeneous tissue, which exhibits plasticity in response towards 

different dietary regimens, such as obesity (Weisberg et al., 2003) or DR (Miller et al., 2017). 

We therefore investigated WAT cell type composition in 27M old animals upon chronic or late-

onset DR compared to chronic AL feeding. In this section, I will discuss the results on ATSC 

and adipogenic differentiation, whereas the next section will focus on the immune cell 

abundance and macrophage infiltration into the WAT.  

As reduced stem cell function is one of the hallmarks of ageing, it is hypothesized that parts of 

the beneficial effects of DR is mediated by improving SC function during ageing. Indeed, DR 

positively affects SC function in various murine tissues, such as the skin (Forni et al., 2017), 

the small intestine (Bruens et al., 2020) or the skeletal muscle (Cerletti et al., 2013) and could 

thus improve tissue function and homeostasis for healthy ageing. However, it is known that 

DR can harbour multifaceted and contrasting effects on SCs by either reducing or increasing 

SC proliferation depending on the tissue type and only few studies have investigated ATSC 

proliferation and differentiation upon DR (Murphy & Thuret, 2015). We could show that early 

or 12M onset of DR rescues ATSC depletion at old age, whereas DR onset at 16M or 20M did 

not increase ATSC numbers. This phenotype could stem from ATSC exhaustion due to 

increased cell proliferation upon longer AL feeding in chronic AL, AL_DR16M and AL_DR20M, 

which was still reversible in chronic DR or AL_DR12M and thus resulted in a higher ATSC pool 

in the WAT of these early onset DR animals. Our results are in line with a published study on 

ATSC proliferation, which reported that ATSC proliferation decreases during ageing in AL-fed 

mice (Kirkland et al., 1990). However, why is there such a strong difference in ATSC numbers 

depending on the age of DR onset? It is possible that the WAT microenvironment changes 
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during ageing, and this might negatively affect ATSC function. Indeed, two recently published 

sequencing studies on different murine tissues demonstrated, that increased inflammatory 

signatures are a feature of murine ageing and occur in the WAT (The Tabula Muris Consortium, 

2020; Schaum et al., 2020). Moreover, the WAT is the first tissue to exhibit age-associated 

changes in gene expression, which takes place as early as 15M of age (Schaum et al., 2020) 

and is associated with increased pro-inflammatory gene expression in WAT progenitor cells 

(The Tabula Muris Consortium, 2020). Correspondingly, it has been demonstrated that mid-

life onset of DR at 15M in mice reduced inflammatory gene expression, DNA damage and 

senescence in the WAT (Ishaq et al., 2018), indicating that initiation of DR before 16M of age 

in mice can positively remodel the WAT. Therefore, 3M and 12M onset of DR could mediate a 

rejuvenating and protective effect on ATSC, by reducing the inflammatory environment in the 

WAT during ageing and by promoting division thus increasing the ATSC pool. In contrast, 

initiation of DR after 15M cannot improve WAT heterogeneity and remodel the WAT 

microenvironment as the cells including WAT progenitors have already undergone age-

associated and potentially irreversible transcriptional reprogramming.  

 

4.5.6 Adipogenic differentiation upon chronic or late-onset DR   

As ageing reduces the differentiation potential of adipocyte precursor cells through reduced 

expression of adipocyte differentiation factors (Karagiannides et al., 2001) we aimed to 

investigate if isolated ATSC of chronic DR and AL_DR12M mice showed increased in vitro 

differentiation. Surprisingly, when culturing isolated SVF from aged chronic controls and DR 

switch groups, we did not observe any difference in in vitro differentiation between the diet 

groups, suggesting that while more ATSC are present in the WAT of chronic DR and 

AL_DR12M mice, their differentiation potential was not improved in the in vitro setting. 

Although unexpected, there are several reasons why we do not see changes in between AL 

and DR in ATSC in vitro differentiation including the advanced age of the animals, culture 

conditions and the choice of adipose tissue. Most in vitro differentiation experiments are 

conducted in young mice, aged 6-12 weeks due to their higher differentiation potential (Kilroy 

et al., 2018). Moreover, the different adipose tissue depots show differences in their 

differentiation potential and SVF from SCAT have a higher differentiation potential compared 

to SVF from the WAT (Meissburger et al., 2016). Strikingly, a recent large-scale study on 

isolated human SVF cells reported, that the adipogenic potential is highly dependent on the 

age of the individual it was isolated from and significantly declines at 60 years of age 

(Kawagishi-Hotta et al., 2017). As we utilized the WAT of 27M old mice for our experiments, 

we might not have seen an effect because we by utilized the least differentiating WAT depot 
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and too old mice. Additionally, culture conditions prior to inducing differentiation might also play 

a role, due to the absence of immune cells, systemic cytokines and a high abundance of growth 

factors in the culture medium. These factors also could have promoted the differentiation of 

chronic AL and 16M and 20M onset DR SVF or hindered the differentiation of the SVF chronic 

DR and AL_DR12M. In vivo BrdU pulse-chase experiments and subsequent FACS sorting for 

BrdU positive mature adipocytes would be a better approach to verify, whether chronic or 12M 

onset DR positively affect adipogenic differentiation in the WAT.  

 

4.5.7 WAT morphology in chronic or late-onset DR  

Upon initiation of DR, mice lose body weight in, which is mostly due to a reduction in body fat 

mass. As we observed increased macrophage numbers in chronic DR compared to 16M and 

20M onset DR but a trend towards reduced immune cells in chronic DR in the FACS 

experiments, we asked whether DR negatively affected WAT morphology and increased WAT 

inflammation. In accordance with previously published data, chronic DR significantly 

decreased adipocyte size (Miller et al., 2017) compared to chronic AL feeding and aged AL-

fed mice exhibited a reduction in adipocyte size during ageing (Ziegler et al., 2019). Upon 

initiation of DR at 12M, 16M or 20M, adipocyte size was reduced within 4M post-switch to DR. 

Interestingly, a similar reduction in adipocyte size following mid-life onset DR study was 

recently shown in rats , (Ma et al., 2020), thus supporting our results.  

 

4.5.8 Discrepancy in macrophage numbers in chronic DR in IHC and 

FACS 

CLS formation, as a read out for macrophage infiltration, was significantly reduced in 24M old 

DR mice compared to AL animals. In contrast, we observed significantly more macrophages 

by FACS analysis in 27M old DR mice compared to AL animals or AL_DR16M and AL_DR20M 

animals. Thus, there seems to be a discrepancy between the results obtained by 

immunohistochemistry and the FACs analysis. As tissues were not perfused for the FASCS 

analysis it is possible, that the increase in sorted macrophages in chronic DR mice could stem 

from circulating macrophages from blood vessels but not from CLS around adipocytes. It has 

been shown that DR improves endothelial function (García-Prieto & Fernández-Alfonso, 2016) 

and induces blood vessel formation, thus resulting in a higher vasculature network in the 

dermis (Forni et al., 2017). It is tempting to speculate, that the WAT of chronic DR animals is 

also highly vascularized and could harbour more circulating macrophages, which were 
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subsequently sorted. In contrast, only CLS around adipocytes were counted in the IHC 

experiments and other tissue residing macrophages were disregarded. Additionally, F4/80 is 

a general macrophage marker, which labels both classically activated M1 and alternatively 

activated M2 macrophages (Chinetti-Gbaguidi & Staels, 2011). According to the M1/M2 

paradigm, M1 macrophages are implicated in innate immune defence and have been 

associated with pro-inflammatory properties (Orecchioni et al., 2019). In contrast, M2 

macrophages are activated anti-inflammatory cytokines and are frequently described to 

possess anti-inflammatory functions (Chinetti-Gbaguidi & Staels, 2011; Martinez & Gordon, 

2014). Additionally, M2 macrophages are thought to resemble tissue-resident macrophages, 

which are involved in the clearance of cell debris, pathogens and in the regulation of WAT 

lipolysis (Davies et al., 2013). Moreover, M2 macrophages are implicated in the clearance of 

apoptotic adipocytes from the WAT, thus enabling tissue remodelling and homeostasis 

(Odegaard et al., 2007). Furthermore, obesity has been associated with a phenotypic switch 

from anti-inflammatory M2 towards pro-inflammatory M1 macrophages, thus increasing the 

inflammatory environment in the WAT (Lumeng et al., 2007). Short-term DR has been shown 

to reduce both M1 and M2 type macrophages in the WAT (Narita et al., 2018), to reduce the 

expression of pro-inflammatory cytokines (Park et al., 2017) and the occurrence of CLS in the 

WAT (Corrales et al., 2019). Thus, these studies suggest that the WAT of DR mice is less 

inflamed than the WAT of AL mice, consistent with our IHC data. In accordance with current 

knowledge (Lumeng et al., 2011), AL WAT exhibited an age-associated increase in CLS 

pointing towards increased inflammatory processes during ageing. Therefore, the increased 

macrophage numbers in chronic DR mice we observed at 27M could be due to age-associated 

increase, which becomes apparent only at very advanced ages. As F4/80 does not 

discriminate between M1 and M2 macrophages, we speculate that chronic DR animals 

possess more M2 type macrophages in the WAT, thus preventing the onset of inflammation. 

Q-RT-PCR on sorted macrophages from 27M old animals could verify if more anti- than pro-

inflammatory macrophages are residing in the WAT of chronic DR mice.  

 

4.5.9 CLS in the WAT as putative clearance and not inflammation 

readout upon chronic or late-onset DR   

Unexpectantly, short-term DR for four months initiated at 12M, 16M or 20M resulted in higher 

CLS numbers, which then decreased upon longer DR treatment. These results point towards 

a DR induced short-term increase in macrophage infiltration into the WAT. As macrophages 

are known to clear out apoptotic adipocytes from WAT this might indicate a clearance 

mechanisms and not inflammation. Several points support this hypothesis. AL mice are obese, 
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potentially via increased proliferation and differentiation of adipocyte precursor cells 

(Rigamonti et al., 2011). Obesity has been shown to alter the WAT proteome and increases 

the abundance of proteins involved in apoptosis, which indicates that adipocyte death is 

frequently occurring in the hypertrophic WAT (Plubell et al., 2017). Upon initiation of DR, 

adipocytes shrink to utilize stored fat to meet energy demands and reprogram metabolism 

towards a DR profile, while maintaining adipocyte number (Porter et al., 2004). However, it is 

possible that upon mid- and late-life DR, adipocytes fail to adapt to the transcriptional 

reprogramming, secrete cytokines to attract macrophages and are ultimately cleared out by 

macrophages. Instead, adipocyte precursor cells could be actively proliferating to replace the 

cleared adipocytes and to prevent cell number loss. By conducting gene expression 

experiments, we showed that the adaptation of the WAT towards newly imposed DR requires 

approx. eight months to increase lipogenesis gene expression compared to AL-feeding. It is 

tempting to speculate, that a similar amount of time is required for the clearance of non-

adapted, apoptotic adipocytes. Indeed, in a recently published study on DR in humans, three 

months of DR did not reduce cytokine levels and the immune cell composition in the SCAT of 

obese women despite loss of body weight (Sbierski-Kind et al., 2020). Studies in mice have 

reported, that a short-term restricted dietary intervention on HFD, low-fat diet or on standard 

chow did not reduce inflammation (Jung et al., 2013; Rodrigues et al., 2020; Schmitz et al., 

2016) but instead increased or maintained macrophage density in the WAT (Lijnen et al., 2012; 

Schmitz et al., 2016). Even though only Schmitz and colleagues evaluated CLS in the WAT 

and the other studies utilized gene expression or cytokine levels as readouts for their analyses, 

weight loss after short-term DR for three months was not sufficient to reduce inflammatory 

signatures in the WAT (Sbierski-Kind et al., 2020; Schmitz et al., 2016). Although these results 

were generated using different feeding regimens, they correlate with our findings that in the 

initial weight loss phase four months post-switch to DR, the WAT shows increased CLS in the 

WAT. Moreover, following weight loss, macrophage infiltration in the WAT remains high for up 

to six months post-weight loss start before decreasing (Zamarron et al., 2017), which is in line 

with the reduced CLS number we observed after eight months of DR. Still, the question 

remains why more macrophages infiltrate into the WAT after DR was initiated. After lipolysis 

or weight loss upon DR, tissue residing macrophages take up FFA and cholesterol released 

from adipocytes, to regulate the lipid flux in the WAT (Kosteli et al., 2010). Cholesterol is taken 

up by the ATP- binding cassette sub-family G member 1 (ABCG1) transporter (Kennedy et al., 

2005), which has been implicated to mediate the phenotypic switch from M1 to M2 type 

macrophages in DR (Wei et al., 2015). Remarkably, the expression and translation of ABCG1 

was significantly increased upon weight loss after obesity, indicating that anti-inflammatory 

macrophages are required for WAT remodelling and the reduction and clearance of lipids (Wei 

et al., 2015). Strikingly, our previous WAT RNA sequencing dataset confirms our hypothesis 
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as AL_DR24M animals display significantly upregulated ABCG1 mRNA levels after two 

months of DR (Hahn et al., 2019). Therefore, the need for increased lipid efflux during the 

weight loss phase, coupled with increased adipocyte turnover could explain why we observe 

higher CLS numbers at four months post-switch to DR.   

We therefore propose, that upon mid-or late-onset DR, mice lose fat mass, which induces 

lipolysis and increases adipocyte death in the WAT. In turn, more macrophages are attracted 

into the WAT to clear our maladaptive adipocytes and to increase the lipid efflux from the WAT, 

potentially via ABCG1, which in turns induces a phenotypic switch from M1 to M2 

macrophages. Upon the completion of this clearing process, which ends when mice stabilized 

their body weight and fat mass at approximately six months post-switch to DR, M2 

macrophages emigrate from the WAT into the blood stream. It is tempting to speculate, that 

parts of the reason why 20M onset DR does not extend lifespan is because the adaptation 

process in AL_DR20M mice is incomplete or inefficient. As the WAT and the body weight 

require approx. six months to fully adapt to DR, AL_DR20M mice are already of an advanced 

age when the DR is initiated and many mice died within the initial adaptation period before the 

process can be completed and before DR could have beneficial effects. This could also 

explain, why AL_DR20M mice exhibited the lowest macrophage numbers compared to earlier 

DR switches in the FACS experiments as these animals represented the longest survivors of 

their diet group. Therefore, their WAT could have successfully adapted to DR, which resulted 

in emigration and consequently lower WAT macrophage numbers at 27M. In contrast, 

switching mice at 12M or 16M is still early enough that animals could complete the DR 

adaptation process in the WAT, which could have contributed to the lifespan extension upon 

mid-life DR. A recent study on the transcriptomic profile of mid-life onset DR in rats in parts 

support this hypothesis (Ma et al., 2020). Ma and colleagues initiated DR at 18M in rats and 

collected tissue of DR as well as of old and young AL animals aged 27M to conduct single 

nuclei sequencing analyses in different tissues (Ma et al., 2020). Strikingly, DR onset at 18M 

efficiently induced transcriptional reprogramming in various tissues including the WAT and 

mediated a shift from pro- to anti-inflammatory gene expression and M2 macrophage 

polarization after 9M of DR (Ma et al., 2020). Moreover, rats undergoing DR from 18M onwards 

were significantly longer lived compared to chronic AL animals, providing a link between WAT 

adaptation, M2 macrophage polarization and lifespan extension (Ma et al., 2020).  

In summary, it is likely that in the context of mid- or late-onset DR, macrophages are a readout 

for clearance and the adaptation process in the WAT and are subsequently not a good read-

out to assess WAT inflammation. Therefore, other circulating and infiltrating immune cells 

could prove to be better predictors for inflammatory processes in the context of DR. It was 

recently shown that eosinophils play a major role in WAT inflammation and systemic 

inflammatory processes (Brigger et al., 2020) and that chronic (Fabbiano et al., 2016) or late-
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onset of DR at 18M (Ma et al., 2020) can reduce granulocyte infiltration in the WAT. Moreover, 

other immune cells from the innate or adaptive immune system also play a crucial role in this 

process to promote or reduce WAT inflammation (Liu & Nikolajczyk, 2019). As macrophage 

infiltration is but one aspect of WAT inflammation and by limiting our analysis to macrophages, 

we potentially missed other cell types, which play a role in adipose tissue inflammatory 

processes and which could be significantly different between the DR switch groups. 

Thus, by including an additional time point at 28M, we can test whether CLS numbers in 

AL_DR20M WAT decrease or remain stable upon longer DR treatment and thus confirm 

whether macrophage infiltration in the context of DR is truly an inflammation or a clearance 

phenotype. Furthermore, with an additional time point at 28M, which is closer to the 27M old 

mice used for the FACS experiments, we can determine whether ageing also increased 

macrophage numbers and CLS in chronic DR, thus confirming our FACS data. Additionally, 

we plan to measure the expression and protein levels of pro- inflammatory cytokines IL-6 and 

IL-10, as well as the anti-inflammatory, M2-associated cytokines IL-10 and IL-4 in the WAT, to 

gain a second readout on WAT inflammation. Last, by implementing further stainings with T 

cell or eosinophil-specific antibodies, we could test if other immune cells are a better predictor 

of WAT inflammation in the context of DR.  

 

4.5.10 Future experiments and ongoing projects to assess the role of 

the WAT in DR switch response  

In the future, it would be interesting to check if other immune cells, such as eosinophils or T 

cells, play a role in WAT inflammation and are better predictors of inflammatory processes 

than macrophage infiltration in the context of DR. Moreover, we aim to assess the WAT 

adipokine regulatory axis in more detail. First, we intent to compare pro-inflammatory IL-6 and 

IL-1 as well as anti-inflammatory IL-10 mRNA expression levels the WAT and interleukin serum 

levels to confirm WAT-specific and systemic inflammation between diet groups. Secondly, we 

plan to focus more on the circulating and WAT-specific miRNA profile.  

miRNA are of particular interest to us, due to their role in the systemic regulation of many 

different cellular processes, such as the metabolism (Ji & Guo, 2019), differentiation and 

stemness (Sarshad et al., 2018), cell cycle progression (Bueno & Malumbres, 2011) and 

various signalling pathways (Inui et al., 2010). miRNA are single-stranded, non-coding RNA 

molecules of on average 22 nucleotides in length, which are co-transcribed as miRNA 

precursors from the intronic or exonic regions of their host genes (Chiang et al., 2010). After 

several processing steps involving key miRNA modification enzymes, such as Drosha or Dicer, 
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newly generated mature miRNA molecules are incorporated into the RNA-induced silencing 

(RISC) complex in the cytoplasm and regulate target mRNAs via mRNA degradation or 

inhibition of translation (Wu & Belasco, 2008). Additionally, miRNAs are systemically 

distributed in the blood stream via exosomes and can thus regulate target mRNA in peripheral 

tissues. For instance, adipose-tissue specific miRNA, which are secreted by mature 

adipocytes, act systemically in different tissues such as the liver, skeletal muscle or pancreas 

to modify the metabolism (Ji & Guo, 2019; Thomou et al., 2017). Moreover, patients suffering 

from obesity exhibit distinct miRNA profiles and the use of serum miRNA to predict or diagnose 

diabetes and obesity-related disorders are currently investigated in the clinics (Pescador et al., 

2013). Interestingly, not only age-associated diseases, such as CVD, cancer or Parkinson’s 

disease but also ageing itself changes the circulating miRNA profile due to reduced Dicer 

expression and protein levels, which subsequently reduces miRNA biogenesis and 

dysregulates the fine-tuned regulatory network (Mori et al., 2012; Reis et al., 2016). Thus, 

differential miRNA profiles are currently evaluated for their use to predict the susceptibility for 

certain diseases based on serum miRNA abundance (Fehlmann et al., 2020). However, only 

few studies have investigated the systemic role of miRNAs during ageing or in different 

longevity models such as DR. Short-term early onset DR in mice induced miRNA expression 

involved in mitochondrial proteostasis (Zhang et al., 2019) and lifelong DR in DR in rhesus 

monkeys reduced miRNAs involved in IIS signalling (Schneider et al., 2017). Moreover, fat 

specific knockout of Dicer abrogated the beneficial effects of DR on insulin and glucose 

metabolism, indicating that miRNA processing in the WAT is required for the beneficial effects 

of DR (Reis et al., 2016). In the future, we plan to assess the circulatory miRNA profile in the 

serum of young and old chronic AL and DR animals to distinguish differences in miRNA 

abundance under chronic DR and ageing. Additionally, we will identify the circulating miRNA 

profile of AL_DR12M, AL_DR16M and AL_DR20M mice, to investigate if DR onset at 20M can 

still induce the expression of a DR-specific circulatory miRNA profile. In a broader sense, 

specific DR responsive miRNAs could be used as serum biomarkers to predict DR switch 

response and lifespan extension in mid- but not late-onset DR. As many miRNAs exhibit a high 

degree of evolutionary conservation between species, we aim to test our identified miRNA 

candidates in serum samples from humans on short-term or long-term DR to evaluate the 

predictive potential in a human setting.  
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4.6 Permeability, stem cell function and Paneth cell 

health in the small intestine under DR  

 

4.6.1 The effect of DR on intestinal permeability and plasticity 

An intact barrier function of the intestinal epithelium is crucial to prevent digested food and the 

microbiome bacteria from entering in the paracellular space and to induce local as well as 

systemic inflammatory processes (Chelakkot et al., 2018). Intestinal permeability is attributed 

to reduced mucus secretion of goblet cells (Birchenough et al., 2015), a more pathogenic 

microbiome damaging the epithelium or a loss of tight junctions between cells (Lee et al., 

2018). Moreover, ageing has been shown to increase intestinal permeability due to a reduction 

of tight junction proteins and is associated with higher intrinsic intestinal inflammation (Sovran 

et al., 2019) and shorter intestinal length of both small and large intestine (Moorefield et al., 

2017). Therefore, we addressed if early, mid-life or late-onset DR could have beneficial effects 

on intestinal permeability and health using EM and we measured the length of the large 

intestine as a readout for intestinal plasticity. Interestingly, we did not observe any significant 

differences in tight junction integrity between chronic AL and chronic, 12M, 16M or 20M onset 

DR at 20M or 27M of age, indicating that intestinal integrity is not negatively affected by 

prolonged AL feeding. This observation correlates with previously published data, which 

reported no difference in colonic epithelial integrity between chronic AL or DR in old rats aged 

28M (Ma et al., 1992). However, as we utilized 27M old animals for our EM analysis, we could 

have biased our results towards the longest and healthiest surviving AL mice. Similarly, 

animals aged 20M could have been too young to observe any significant differences in tight 

junction integrity, as the small intestine exhibits the first transcriptional decline at approx. 24M 

of age (Schaum et al., 2020).  

Interestingly, we detected significantly shorter colon and rectum lengths between chronic 

controls at 20M, and between chronic AL and chronic or mid- or late-onset DR at 27M, 

suggesting that even short-term, late-onset DR shortens the large intestine irrespective of the 

age of DR onset. However, in the case of AL_DR12M, mice required a longer time to shorten 

their large intestine, as no significant difference was observed between AL_DR12M and 

chronic AL after 8M on DR. Furthermore, the large intestine length of chronic AL mice appears 

to increase instead of decrease during ageing, which is contrary to previously published data 

(Moorefield et al., 2017). Additionally, a recently published study reported improved intestinal 

barrier function and restored intestinal length after 3M of DR, initiated at 12M of age (Di et al., 

2020). However, as Di and colleagues only investigated middle-aged mice, it is possible that 
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any age-related changes would occur at a later stage and that the utilized animals were simply 

too young and had not yet adapted to DR. Additionally, the utilization of different techniques to 

measure intestinal integrity could also explain the differences between our study and Di and 

colleagues. We performed EM on the jejunum section to directly assess and grade tight 

junction morphology in our animals, whereas Di and colleagues measured the thickness of the 

intestinal mucus (Di et al., 2020). It is possible, that implementing a different method, such as 

measuring the thickness of the intestinal mucus or conducting plasma lipopolysaccharide 

binding protein (LBP) measurements could show differences in intestinal integrity in our diet 

groups. LBP is an acute phase response protein, secreted by hepatocytes in response to  

bacterial lipopolysaccharide levels in the blood stream (Schumann et al., 1996). Increased LBP 

levels in the serum have been associated with obesity-induced insulin resistance and 

increased intestinal inflammation (Rojo et al., 2007). In contrast, short-term DR reduced 

circulating LBP levels in obese women (Ott et al., 2017) or in metformin-treated mice (Moreno-

Navarrete et al., 2012), suggesting that DR could have beneficial effects on intestinal barrier 

function. Therefore, measuring plasma LBP levels in young 5M chronic AL and DR as well as 

in corresponding 20M and 27M old controls, AL_DR12M, AL_DR16M and AL_DR20M mice 

could help to verify whether the intestinal integrity of mid-or late-life DR switches is 

compromised by prolonged AL-feeding. Furthermore, we plan to investigate tight junction 

integrity using ileum samples collected from the same 27M old chronic controls and DR switch 

mice, to determine if different intestinal regions show differences in tight junction decline at old 

age.  

 

4.6.2 The effect of chronic or late-onset DR on Paneth cell health  

Ageing can affect the differentiation potential of stem cells in a tissue-specific manner (Kim, 

Kim et al., 2008). Within the gut aged ISC are expressing higher levels of Atoh1 than young 

ISC, which subsequently reduces Notch signalling and leads to increased differentiation into 

secretory cells, such as goblet cells and Paneth cells and reduces enterocyte differentiation 

(Korzelius et al., 2019; Nalapareddy et al., 2017). Moreover, Paneth cell numbers are 

increased during ageing (Moorefield et al., 2017) and are supporting or inhibiting ISC function 

and differentiation (Pentinmikko et al., 2019). As DR was shown to decrease mTORC1 activity 

and increased Bst1 levels in Paneth cells, which improved ISC function during ageing (Yilmaz 

et al., 2012), we asked whether Paneth cell health is similarly improved by mid- or late-onset 

as chronic DR treatment. We utilized EM in the jejunum region and graded secretory granules 

as hypodense Paneth cell granules as readout for abnormal maturation and crinophagic 

granules for the fusion of secretory granules with autophagosomes (Adolph et al., 2013). 
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Hypodense granules decreased in chronic DR and AL_DR12M but not in AL_DR16M mice 

compared to AL mice aged 20M. When evaluating a second time point at 27M of age, there 

was a trend for significantly reduced hypodense granules in all DR groups compared to chronic 

AL but only the comparison with AL_DR20M reached statistical significance. Moreover, ageing 

increased the percentage of damaged granules irrespective of the diet group but to a lesser 

extend for animals on DR. Interestingly, no differences were observed for the number of 

crinophagic granules between diet groups at 20M or 27M of age. Hypodense or crinophagic 

Paneth cell granules are also observed in the small intestine of Crohn’s disease patients 

(Cadwell et al., 2008; Thachil et al., 2012), suggesting that the Paneth cells of AL mice are 

more damaged compared to DR animals. Mechanistically, it was demonstrated that the Zinc 

transporter ZnT2 is crucial for the import of Zinc ions into secretory granules and that lack of 

ZnT2 impairs both the formation and the secretory function of Paneth cell granules (Podany et 

al., 2015). It is tempting to speculate, that ZnT2 protein levels could be reduced in the Paneth 

cells of AL mice, which could lead to Paneth cell dysfunction upon prolonged AL feeding. In 

contrast, chronic or late-onset DR could maintain or increase ZnT2 protein levels after the DR 

switch, which could improve Paneth cell health throughout ageing. Interestingly, ZnT2 loss also 

induces microbial stress in the small intestine due to the lack of secretion of antimicrobial 

peptides (Podany et al., 2016), thus directly linking the secretory function of Paneth cell 

granules and the microbiome. As mentioned before, ageing alters the microbiome and leads 

to the overgrowth of commensal bacterial species, which become pathogenic (Maynard & 

Weinkove, 2018), whereas chronic DR prevents this age-associated pathogenic microbiome 

remodelling (Zhang et al., 2013). It is tempting to speculate, that even upon late-onset DR, the 

microbiome of AL_DR20M mice adapts to DR. This adaptation would require increased 

secretion of antimicrobial peptides, such as lysozyme or -defensin, to reduce bacterial 

overgrowth. Indeed, the secretion of antimicrobial peptides from Paneth cell granules is 

induced by pro-inflammatory cytokines, such as IFN- (Farin et al., 2014) or IL-13 (Stockinger 

et al., 2014). Therefore, to counteract bacterial overgrowth by long-term AL feeding, Paneth 

cells could increase ZnT2 levels, which leads to remodelling and the functional restoration of 

Paneth cell granules in response to DR. A recent study by Gebert and colleagues partially 

support this hypothesis (Gebert et al., 2020). Gebert and colleagues observed, that short-term 

DR treatment initiated at 18M of age induced proteome changes in the intestine, which were 

associated with increased innate immune response proteins, such as Defa20 or Defa22 

(Gebert et al., 2020). However, more experiments are required to check if ZnT2 levels change 

during ageing in C3B6F1 females and if DR would rescue microbiome composition and ZnT2 

levels to improve Paneth cell health. Nevertheless, these results point towards increased 

Paneth cell health under chronic, mid- or late-onset DR following detrimental AL feeding. To 

evaluate whether Paneth cell health is differentially affected by ageing in a different intestinal 
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region, we plan to investigate hypodense and crinophagic granules in ileum samples collected 

from the same 27M old chronic controls and DR switch mice.  

 

4.6.3 The effect of chronic or late-onset DR on organoid formation 

capacity, in vitro differentiation and ISC division  

Organoid cultures allow to assess stem cell activity or differentiation in an in vitro setting on a 

fully functionally 3D viable miniature organ (Sato et al., 2011). In our study, we investigated 

the formation and regrowth potential of intestinal organoids isolated from 27M old chronic 

controls and DR switch animals. Strikingly, chronic DR seemingly increased the outgrowth 

capacity of organoids established from freshly isolated intestinal crypts compared to chronic 

AL or later DR onset. Unexpectantly, upon complete dissociation and re-plating, no significant 

differences in regrowth were detected between chronic AL and DR organoids. These results 

are consistent with a recently published study, which reported no differences in organoid 

formation upon short-term DR compared to AL-fed B6 mice (Di et al., 2020). Moreover, it was 

demonstrated that organoids established from old AL animals show reduced in vitro growth 

compared to young animals (Cui et al., 2019; Uchida et al., 2019) but this difference was only 

observed after multiple passages (Nalapareddy et al., 2017). Therefore, it is possible that upon 

prolonged culture, we would have seen a significant difference in organoid formation between 

chronic AL and DR. Strikingly, organoids from 12M, 16M or 20M DR onset formed significantly 

fewer new buds compared to chronic controls, suggesting that the regrowth capacity was 

impaired in animals switched to DR later than 3M of age. Interestingly, there seems to be a 

graded decline in regrowth capacity depending on the age of DR onset and AL_DR12M One 

possible explanation for the lack of regrowth capacity is the inability of DR switch organoids to 

quickly adapt to changes of nutrient availability. Throughout life, DR switch animals either 

remained on AL-feeding for 12M, 16M or 20M or on DR for an extended period of time before 

crypts were isolated and introduced into culture with “full -feeding” nutrient availability again. 

Interestingly, the ability to quickly react to internal or external environmental changes declines 

during ageing, a process called declined adaptive homeostasis (Pomatto & Davies, 2017). It 

is possible, that organoids from chronic DR are able to respond but DR switches can only 

partially adapt to the changed culturing conditions. Supporting this hypothesis in an in vivo 

setting, short-term DR followed by AL refeeding in young or old mice showed, that aged mice 

were unable to fully revert the crypt proteome, whereas young mice rapidly adapted back to 

AL conditions (Gebert et al., 2020). Similar to our results, after a period of DR applied at 18M 

of age, intestinal crypts were not fully able to react towards increased nutrient availability of AL 

feeding.  
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As ageing does not only reduce ISC numbers, but also lowers ISC division and skews ISC 

differentiation in favour of secretory cells (Nalapareddy et al., 2017), we next assessed if DR 

could rescue the differentiation and number of cycling cells within intestinal organoids. 

Interestingly, we did not observe a shift towards increased secretory lineage differentiation in 

organoids derived from chronic AL animals, as lysozyme positive Paneth cell numbers were 

similar between diet groups. However, previous studies utilized fixated section of the small 

intestine (Moorefield et al., 2017; Nalapareddy et al., 2017) to assess the number of goblet or 

Paneth cells during ageing and not organoids, which could account for the differences in the 

obtained results. Interestingly, the number of Ki67 bright cells were not significantly different in 

organoids established from chronic AL or DR animals, which would suggest that lifelong 

overfeeding had no detrimental effect on ISC. However, as the longest-lived survivors of the 

AL group were utilized to establish the organoid culture, it is possible that the ISC of these 

animals were particularly healthy. However, it is also possible, that due to the advanced age 

of the animals and prolonged AL-feeding, the ISC contracted mutations, which were beneficial 

for in vitro organoid growth and division. Interestingly, such a mechanism has been shown for 

prolonged HFD-feeding (Beyaz et al., 2016). HFD also induced intestinal organoid formation 

and re-growth after passaging and animals were more prone to develop spontaneous intestinal 

adenomas, indicating increased accumulation of mutations and tumorigenicity of ISC (Beyaz 

et al., 2016). If chronic AL-feeding has a similar effect on ISC as HFD-feeding, the results on 

organoid growth and Ki67 positive cells could have been confounded by increased tumorigenic 

potential of AL-derived ISC. Since chronic DR can reduce spontaneous mutations (Garcia et 

al., 2008) and rescue stem cell function (Mihaylova et al., 2018), it is possible that chronic DR 

improved regrowth capacity and ISC division in our hands as well. However, due to 

accumulation of mutations and malignant growth of ISC in AL organoids, the beneficial effect 

of chronic DR was not apparent. The fact that AL_DR12M, AL_DR16M or AL_DR20M did not 

show increased Ki67 bright cells suggests, that mid-life or late-life onset of DR cannot rescue 

reduced ISC division in in vitro settings. Morphology assessments as well as IHC with Ki67 on 

fixated small intestine samples could verify if mid-or late-onset DR cannot reverse the 

detrimental effects of earlier AL-feeding and reverse the reduced enterocyte differentiation and 

ISC division capacity.  
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5. Supplementary tables  
Supplementary table 1. Criteria for euthanasia in the mouse cohorts 

Beobachtungen Punkte 

I. Körpergewicht (im Vergleich mit Tieren gleichen Geschlechts, Alters 

und Diät). Das Gewicht wird an zwei aufeinanderfolgenden Tagen 

bestimmt, da die normalen Gewichtsschwankungen bei Mäusen z.T. 

erheblich sind. 

 

- Normal 0 

- ≤ 90 % einer geeigneten Kontrolle             5 

- ≤ 80 % einer geeigneten Kontrolle             20 

II. Allgemeines körperliches Erscheinungsbild (z.B. Anzeichen für 

vorliegende Infektionen oder Tumore) 

 

- Normal für das entsprechende Alter des Tieres 0 

- Infektion 6 

- Tumor ≤ 1,44 cm2 9 

- Tumor ≥ 1,44 cm2  unter Erhalt des Körpergewichts 12 

- Tumor interferiert mit der Nahrungsaufnahme, kontinuierlicher   

oder schneller Gewichtsverlust, Ulzeration des Tumors, Metastasenbildung, 

usw. 

20 

- sichtbarer Aszites 20 

- Dyspnoe 20 

III. Spontanverhalten 

- normales Verhalten 0 

- geringe Abweichungen vom Normalverhalten 3 

- eingeschränkte Motorik oder Hyperkinetik 5 

- Selbstisolation, Lethargie, ausgeprägte Hyperkinetik bzw. 

Verhaltensstereotypie, Koordinationsstörungen, Parese die nicht mit der 

Futteraufnahme interferiert  

15 

- Schmerzlaute beim Ergreifen, Automutilation, Agonie, Paralyse und Parese die 

mit der Futteraufnahme interferieren 
20 

IV. Klinischer Befund 

- Temperatur, Puls und Atmung normal 0 

- geringe Abweichungen von der Normalsituation 5 

- deutlich erhöhte Atemfrequenz 15 
 

Bewertung Punkte 

Keine Belastung (kein Handlungsbedarf) 0 

Geringe Belastung (Weitere Beobachtung, engmaschige Überprüfung des 

Gesundheitszustandes durch zweimal tägliche Kontrolle und einmal tägliches 

Wiegen der betroffenen Tiere) 

1-9 

Mittelgradige Belastung (sehr genaue Beobachtung durch zweimal tägliche 

Kontrolle und Wiegen der betroffenen Tiere, tierärztliche Betreuung, Analgesie, in 

Abstimmung mit dem Versuchsleiter wird eine Tötung des Tieres abgewogen) 

10-19 

Hochgradige Belastung (Versuchsabbruch, sofortige Tötung des Tieres durch 

zervikale Dislokation) 

≥ 20 
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Supplementary table 2. Median and maximum lifespan of chronic controls and 

AL_DR12M 

  Chronic AL Chronic DR  AL_DR12M 

Median lifespan (days) 770 1058 995 

% increase in median lifespan in relation 

to chronic AL   

  37,47 % 29,2% 

% increase in median lifespan in relation 

to chronic DR  

    6,4% 

Maximum lifespan (days) 962 1394 1237,6 

% increase in maximum lifespan in 

relation to chronic AL  

% 44,84% 28,59% 

% increase in maximum lifespan in 

relation to chronic DR  

    12,64 

Fisher’s test maximum lifespan in 

relation to chronic AL 

  p-value = 

6,85 x 10-9 

p-value =  

3,96 x 10-7 

Fisher’s test maximum lifespan in 

relation to chronic DR 

  
 

p-value = 

0,513 s 

 

 

 

Supplementary table 3. Median and maximum lifespan of chronic controls and 

AL_DR16M  

  Chronic AL Chronic DR  AL_DR16M 

Median lifespan (days) 775 1058,5 993,5 

% increase in median lifespan in relation 

to chronic AL   

  36,58% 

 

28,19% 

% increase in median lifespan in relation 

to chronic DR  

    6,54% 

Maximum lifespan (days) 962,4 1394 1213,4 

% increase in maximum lifespan in 

relation to chronic AL  

  44,84% 26,88% 

% increase in maximum lifespan in 

relation to chronic DR  

    14,88 

Fisher’s test maximum lifespan in 

relation to chronic AL 

  p-value = 

9,07 x 10-9 

p-value =  

1,6 x 10-7 

Fisher’s test maximum lifespan in 

relation to chronic DR 

    p-value = 

0,82 
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Supplementary table 4 Median and maximum lifespan of chronic controls and 

AL_DR20M 

  Chronic AL Chronic DR  AL_DR20M 

Median lifespan (days) 781 1058,5 870 

% increase in median lifespan in relation 

to chronic AL   

  35,5% 11,39% 

% increase in median lifespan in relation 

to chronic DR  

    21,66% 

Maximum lifespan (days) 967,15 1394 1064,66 

% increase in maximum lifespan in 

relation to chronic AL  

  44,13% 10,08% 

% increase in maximum lifespan in 

relation to chronic DR  

    30,9% 

Fisher’s test maximum lifespan in 

relation to chronic AL 

  p-value = 

3,76 x 10-8 

p-value = 

0,0515 

Fisher’s test maximum lifespan in 

relation to chronic DR 

    p-value = 

0,00095 

 

 

Supplementary table 5. Median and maximum lifespan of chronic controls and 

AL_DR24M 

  Chronic AL Chronic DR  AL_DR24M 

Median lifespan (days) 821 1065 887 

% increase in median lifespan in relation 

to chronic AL   

  29,72% 8,04% 

% increase in median lifespan in relation 

to chronic DR  

    20,07% 

Maximum lifespan (days) 993,55 1394 1148 

% increase in maximum lifespan in 

relation to chronic AL  

  40,3 % 15,54 % 

% increase in maximum lifespan in 

relation to chronic DR  

    21,4 % 

Fisher’s test maximum lifespan in 

relation to chronic AL 

  p-value = 

1,88 x 10-7 

p-value = 

0,1589 

Fisher’s test maximum lifespan in 

relation to chronic DR 

    p-value = 

0,000197 
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DR, reduced food intake while avoiding malnutrition, pro-
foundly extends lifespan in most model and non-model 
organisms, including rodents and, potentially, humans1. 

Even when applied in the short term, DR rapidly induces a broad-
spectrum improvement of metabolic health2,3 and acutely enhances 
survival in disease models of hypertrophy and ischaemia–reperfu-
sion injury2,4. Considering the therapeutic potential of DR-related 
nutritional and pharmacological interventions for treating age-
related diseases in humans5 it is thus pivotal to examine if these per-
vasive benefits can be effectively induced at any time point in life.

In fruit flies, DR instigated at young or old age acutely lowers 
age-specific mortality, independent of prior diet, whereas switching 
long-term DR-fed flies back to AL feeding causes an equally acute 
and almost complete elevation of mortality6. However, late-onset 
DR experiments in rodents older than 12 months7,8 have yielded 
contradictory results9,10, which may in part be attributable to vary-
ing experimental designs. Furthermore, previous studies in mice 
have quantified the response to DR mainly by focusing on survi-
vorship, which is a cumulative measure, and is thus not suitable to 
detect acute effects. Age-specific mortality, in contrast, measures 
the instantaneous hazard of death at a given moment in life, but 
it requires larger cohort sizes11,12. Profiling mortality dynamics in 
large cohorts of mice could, therefore, resolve whether DR improves 
health acutely when applied for the first time in old individuals. 
Similarly, age-specific mortality could identify lasting protective 
effects of long-term DR after switching back to unrestricted feeding.

The effects of DR are mediated in part by tissue-specific shifts in 
patterns of gene expression. In mice and primates, transcriptional 
profiling has suggested changes in energy homeostasis, mitochon-
drial function and lipid metabolism are key processes by which DR 

improves health at old age13–17. Two integrative meta-analyses of 
cross-tissue transcriptome datasets commonly identified differen-
tial regulation of lipogenic genes as a key signature of DR in mam-
mals14,18. Consistently, lipid profiles change during normal ageing, 
whereas DR and related lifespan-extending interventions remodel 
lipid composition in C. elegans, Drosophila and mammals, and some 
of these changes are causal and essential for increased lifespan19.

Further evidence for a causal role of lipid metabolism under 
DR in mammals comes from the correlation of maintenance of fat 
mass with a stronger lifespan extension under DR in inbred20 and 
recombinant inbred mouse strains21. However, the precise role of 
lipid metabolism in mammalian longevity is probably complex and 
tissue specific. In the liver, DR causes transcriptional repression 
of the key lipogenic transcription factor sterol regulatory element 
binding transcription factor 1 (Srebf1) and its related target genes, 
paralleled by reduced triglyceride (TG) content22, which may pro-
tect the tissue from age-related onset of steatosis. In contrast, the 
white adipose tissue (WAT), classically regarded as responsible for 
storing fat, responds to DR by strong upregulation of de novo lipo-
genesis genes and elevated phospholipid (PL) levels23. The role of 
WAT-specific shifts in lipogenesis and phospholipid metabolism in 
improved health under DR is, however, still unknown.

We have investigated the effect of late-onset AL and DR feeding 
in a large cohort of mice. While newly imposed AL feeding resulted 
in a rapid, steep increase in mortality, switching the mice from AL 
to DR feeding resulted in only a slight decrease in mortality rate, 
which remained much higher than in chronically DR animals. 
Individual mice that preserved their fat content after the switch 
to DR showed a greater drop in mortality. In BAT and WAT, the 
RNA transcript profiles of previously AL-fed mice remained largely 
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refractory to late-life DR, which coincided with major age-related 
shifts in white adipose progenitor cells. Both switch-resistant genes 
and lipidomic profiles of WAT pointed to impaired membrane lipo-
genesis and mitochondrial biogenesis in response to late-life DR. A 
nutritional memory thus limited both increased survival and meta-
bolic remodelling of WAT in response to DR imposed late in life.

results
Acute mortality shift in response to late-onset ad libitum, but not 
late-onset dietary restriction, in mice. We conducted a diet-switch 
experiment in mice (Fig. 1a) using 800 females of the B6D2F1 
hybrid strain, which show a robust lifespan extension under DR 

feeding22,24. This large number of animals enabled profiling of age-
specific mortality. Animals were bred in three breeding rounds. DR 
began when mice were at 12 weeks of age, with stepwise restriction 
over 4 weeks until DR mice reached 40% of the food intake of AL 
controls. A subset of the AL and DR animals was subjected to a diet 
switch after 20% of the AL-fed animals had died, corresponding to 
24 months of age at the onset of the diet switch (721–746 d, depend-
ing on breeding cohort); we estimated that this subset would have 
>95% power to detect a reversal in mortality rates over a 6-month 
period and maximized statistical power to detect changes in mor-
tality rate. Half of the AL cohort was subjected to stepwise DR over 
4 weeks (late-onset DR; ALDR), while half of the chronic-DR-fed 
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Fig. 1 | Demography of dietary restriction in mice. a, Schematic representation of the switch experiment. Animal numbers per treatment group are 
indicated. b, Body weights for chronic and switch diet cohorts (mean ± 95% confidence intervals). Solid lines indicate when chronic DR and diet switches 
began. The dashed line indicates the tissue-collection time point. n = 45 biologically independent animals per diet. c, Post-switch Kaplan–Meier (KM) 
survival curves for chronic and switch diet cohorts. Data represents n = 157 (AL), n = 157 (DR), n = 190 (DR) and n = 194 (DRAL) biologically independent 
animals. Solid lines represent the KM fit, and the shaded area represents the 95% confidence interval. Cox regression was used to avoid making 
assumptions about the shape of the trajectories. ALDR mice differed significantly in their hazard ratio from both chronically DR-fed (hazard ratio = 1.16, 
P < 0.0001; Wald test) and AL-fed mice (hazard ratio = −0.46, P < 0.0001; see inset; Wald test). DRAL mice differed significantly in their hazard ratios 
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d, Post-switch hazard ratios of ALDR-fed mice relative to chronic AL-fed animals (middle columns) and DRAL-fed mice relative to chronic DR-fed animals 
(right columns). To profile age-specific effects, Cox regression analysis was restricted to animals that died before the indicated age. The green mark 
indicates the median lifespan of the ALDR cohort. e,f, Age-specific, log-transformed mortality rates of mice in response to ALDR (e) and DRAL (f) switch 
diets. Mortality rates were truncated after the AL cohort had reached 20% survival (<30 mice). Data represent n = 157 (AL), n = 157 (DR), n = 190 (DR) 
and n = 194 (DRAL) biologically independent animals. g, Hazard ratio difference between both switch diets after normalizing against corresponding pre-
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mice received a reciprocal food increase back to the level of AL 
controls (late-onset AL; DRAL). Both diet switches caused weight 
gain and loss equivalent to what was seen with chronic AL or DR 
feeding, respectively, reaching the level of the chronic diet groups 
within 8 months following the switch (Fig. 1b). The rate of weight 
gain of old DRAL mice was highly similar to that observed in young 
AL animals (Extended Data Fig. 1a). While absolute food intake 
was comparable between old AL and DRAL mice (Extended Data 
Fig. 1b,c) relative to their lower body weight, DRAL animals exhib-
ited a slightly higher food intake (Extended Data Fig. 1d). Thus, 21 
months of DR feeding did not permanently lower the endogenous 
food intake target of these mice.

Animals that switched to DR showed only a delayed and incom-
plete reduction in mortality rate compared with chronic DR mice 
(Fig. 1c–e and Extended Data Fig. 1b). For the first 7 months after 
the switch, during which their median lifespan was passed, ALDR 
mice showed no significant improvement in mortality (Fig. 1d,e). 
When analysing survival data for the whole duration of the experi-
ment, two out of three breeding cohorts showed no significant 
response to the ALDR switch. (Extended Data Fig. 1b,c). Therefore, 
late-onset DR caused no measurable increase in survival in a large 
fraction of old animals. In stark contrast, the reciprocal switch from 
DR to unrestricted feeding caused an acute increase in mortality in 
all three breeding cohorts (Fig. 1d,f and Extended Data Fig. 2b,c). 
For the first 4 months post-switch, the shift in mortality relative to 
the prior diet group was significantly higher for the DRAL switch 
than for the ALDR switch, before gradually reduced mortality under 
ALDR reached a similar effect size (Fig. 1g). This further suggests 
that long-term DR late in life induced partial protection against 
mortality, consistent with observations in long-term DR flies6. Age-
specific mortality in the mice was thus dependent on past nutrition, 
and this dependency was stronger for mice with a history of AL 
than mice fed a DR.

Preservation of body weight associates with late-onset dietary 
restriction outcome. The strong effect of a history of AL feeding 
on subsequent mortality under DR could indicate the presence of 
a physiological memory that may impede the molecular changes 
mediating the benefits of DR. Interestingly, there was a signifi-
cant inverse association between the animal-specific rate of weight 
change and age at death for the ALDR but not DRAL cohort (Fig. 2a).  
There was, however, no association between the absolute weight 
pre-switch and lifespan in either of the switch groups (Fig. 2b). 
In agreement with previous findings on chronic DR regimens20,21, 
preservation of weight and, specifically, fat may thus increase the 
responsiveness of survival to late-onset DR, implicating a role for 
lipid metabolism.

Brown and white adipose tissue, but not liver, show a transcrip-
tional memory of ad libitum feeding. In light of a possible memory 
effect of AL feeding on lipid metabolism, we next investigated the 
molecular memory of AL feeding in liver, BAT and gonadal WAT, 
which fulfil key functions in lipid turnover and storage. Tissues were 
sampled 2 months post-switch, when the effects on mortality were 
the most disparate between the two switch diets (compare Fig. 1e–g). 
In contrast, body (Fig. 1b) and adipose weights (Fig. 3b,c) indicated 
that the two diet switches had already caused comparable changes  
in fat tissue mass at this time point (Fig. 3a). RNA sequencing 
(RNA-seq) profiling revealed high transcriptional similarity between 
DRAL mice and chronic AL controls in all three tissues, indicating 
that late-onset AL feeding induced a transcriptional profile similar to 
chronic AL feeding. Similarly, hepatic transcriptional profiles from 
ALDR mice clustered with the DR controls. In strong contrast, in 
BAT, and even more in WAT, ALDR profiles clustered with those of 
the AL diet (Fig. 3c,d), and were thus resistant to the diet switch. 
Chronic DR caused significant gene expression changes in 3,569 

genes in liver, 2,412 in BAT and 3,296 in WAT, when compared with 
expression in AL controls. Of these, only 62 genes (~2%) in the liver, 
but 866 genes (~35%) in the BAT and a total of 1,609 genes (~50%) in 
the WAT, were still differentially expressed between DR and ALDR 
mice 2 months post-switch (Fig. 3e). These ‘switch-resistant’ genes 
in the adipose tissues are candidates for a transcriptional memory 
of AL feeding. In DRAL switch mice, we detected only 22 (0.8%) 
switch-resistant genes in the liver, 19 (0.08%) in BAT and 423 (~13%) 
switch-resistant genes in the WAT (Fig. 3f).

To analyse the transcriptional similarity between chronic and 
newly DR animals, we focused on genes that were differentially 
up- or downregulated under chronic DR (Fig. 3g). Plotting for 
each gene the scaled expression in response to chronic or late-onset 
DR confirmed an almost complete transcriptional adaptation to 
the ALDR switch in the liver, while both adipose tissues remained 
largely refractory (Fig. 3g). Corresponding to the acute rise in 
mortality, DRAL mice broadly adopted the expression profile of 
chronic AL fed animals across tissues, as did ALDR mice in the liver.  
(Fig. 3g). In addition, unsupervised hierarchical clustering revealed 
that ALDR switch-resistant genes in adipose tissues were not resis-
tant in general, because their expression adopted an AL-like pat-
tern under the reciprocal DRAL switch (Fig. 3h and Extended Data  
Fig. 3a). Thus, the liver transcriptome remained acutely responsive 
to either diet change, whilst the adipose tissue was specifically unre-
sponsive to late-onset DR.

The incomplete reprogramming of RNA expression in response 
to late-onset DR could simply indicate that the adipose tissues 
respond slowly to DR, which would argue against the presence of 
a specific memory of AL feeding. To investigate this possibility, 
we repeated the experiment in young mice by switching AL-fed  
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(orange) switch cohorts. Linear regression found no significant association. 
Animals with a weight loss higher than 0.2 g d–1 are marked with an X. 
n = 45 biologically independent animals per diet.
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animals to DR (young ALDR), starting when mice were aged 12 
weeks (Fig. 3i). As in the experiment in old mice, tissues were col-
lected 2 months post-switch for expression profiling. Strikingly, 
there was a complete transcriptional reprogramming in all three  
tissues (Fig. 3j and Extended Data Fig. 3c,d). Genes that were  
resistant to the switch in old ALDR mice showed full sensitivity 
in young ALDR mice. Thus, the adipose tissue transcriptome was 
highly responsive to newly DR switches in young mice, but this 
transcriptional flexibility markedly declined with age, in particular 
in the WAT.

Taken together, switching mice from DR back to full feeding 
caused a rapid loss of DR-related RNA expression patterns, imply-
ing no or only a weak memory of a prior DR regimen. In contrast, 
chronic AL feeding caused the formation of an adipose-tissue-spe-
cific gene expression memory over time. This reduced transcrip-
tional flexibility of BAT and WAT in response to DR mirrored the 
resistance of age-specific mortality to late-onset DR.

Chronic ad libitum feeding causes a proinflammatory expression 
pattern in preadipocytes. Age-related changes have been previ-
ously identified to impair the differentiation of WAT preadipo-
cytes into brite adipocytes under cold exposure in aged mice25–27, 
and we hypothesized that a similar process could contribute to 
the reduced transcriptional flexibility of the WAT in old AL mice. 
To test this hypothesis, we obtained publicly available single-cell 
(sc) RNA-seq data of the gonadal stromal-vascular-fraction (SVF) 
from the Tabula muris consortium28, comprising cells isolated 
from 3- and 24-month-old AL-fed mice. Indeed, preadipocytes 
from old mice exhibited profound transcriptional shifts, includ-
ing decreased expression of growth and differentiation factors and 
elevated expression of inflammatory response genes and secre-
table cytokines, such as C–C motif chemokine ligand 2 (CCL2) 
and (CCL7) (Extended Data Fig. 4a–d). We further found a sig-
nificant, inverse association between the gene expression changes 
in aged preadipocytes and those observed under DR with bulk 
RNA-seq. This association was still significant when limited to 
ALDR switch-resistant genes, which were functionally enriched 
for inflammatory response genes and chemokines (Extended Data 
Fig. 4e,f and Supplementary Table 1). Many of these genes were 
found to be particularly, or even exclusively, expressed in pre-
adipocytes (Extended Data Fig. 4g,h). Thus, expression patterns 
in bulk RNA-seq may indeed reflect those found by scRNA-seq. 
Our analysis thus strongly suggests that preadipocytes lower the 
expression of growth and differentiation factors associated with 
WAT plasticity29,30 while acquiring an inflammatory phenotype 
during ageing under AL-diet conditions. This phenotype appears 
to be strongly prevented by DR, but not by late-onset DR. The 
transcriptional memory of AL diet may thus be, in part, rooted in 
preadipocytes.

Mitochondrial biogenesis in white adipose tissue is impaired 
under late-onset dietary restriction. We next investigated the 
molecular pathways affected by the transcriptional memory of AL 
feeding because these could point to mechanisms that improve 
health under chronic DR. Whereas analysis of switch-resistant genes 
in the liver showed no major gene ontology enrichment (Extended 
Data Fig. 5a), the corresponding analysis in BAT revealed increased 
lipid transporter activity and largely downregulated mitochon-
drial function, including markers of uncoupling-dependent ther-
mogenesis (Fig. 3k, Extended Data Fig. 6a–d and Supplementary  
Table 2). Switch-resistant genes in WAT showed the strongest func-
tional enrichment for various mitochondria-related pathways, fatty-
acid metabolism and phospholipid biosynthesis, all of which were 
upregulated under chronic and young ALDR but not old ALDR 
feeding (Fig. 3k and Supplementary Table 3). In addition, we iden-
tified a switch-resistant reduction of inflammatory response and 
interferon-gamma-related genes. The increase in mitochondrial 
gene expression in WAT contrasts with the downregulation of the 
same gene set in BAT, indicating that the declining transcriptional 
flexibility acts in a tissue-specific manner.

To test whether the shifts in gene expression could be corre-
lated with functional consequences, we characterized the predicted 
switch-resistant upregulation of mitochondrial function in the 
WAT because this tissue exhibited the most switch-resistant genes 
and strongest functional enrichment. Indeed, genes associated with 
mitochondria in WAT (both nuclear and mitochondrially encoded 
genes) showed globally increased expression under chronic DR 
compared with that under either switch diet (Fig. 4a). Furthermore, 
expression of the transcription factor peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha (PGC-1α, encoded by 
Ppargc1a), a key driver of mitochondrial biogenesis, was significantly 
increased in chronic DR and in young ALDR mice, but was resis-
tant to the ALDR switch (Fig. 4b). Consistent with this observation, 
chronic DR increased abundance of mitochondrial DNA (mtDNA), 
protein levels of mitochondrial complex I and IV subunits (mtCO1; 
NDUFA9) and key mitochondrial metabolites (propionyl- and  
succinyl-CoA), all of which were resistant to the ALDR switch  
(Fig. 4c–e and Extended Data Fig. 6e). Of note, expression levels 
of various thermogenic processes such as UCP1 (uncoupling31), 
CKMT1 (creatine cycling32) and SERCA2b (Ca2+ cycling33) were unaf-
fected by diet (Fig. 4f,g and Extended Data Fig. 6 f–h). Remarkably, 
all parameters of mitochondrial activity reverted back to the level 
of AL controls in the DRAL switch (Fig. 4b–e), in line with only 
weak messenger RNA expression differences between chronic and 
late-onset AL and only a small fraction of the DR-related transcrip-
tional program still being active (Fig. 3f–h, Extended Data Fig. 6I 
and Supplementary Table 4). Long-term AL feeding thus interfered 
with elevated, uncoupling-independent mitochondrial biogenesis 
and activity in the WAT in response to late-onset DR.

Fig. 3 | Detection of an age- and tissue-specific transcriptional memory of prior AL feeding. a, Organ weight of gonadal fat pads at dissection time point 
(805 d). One-way ANOVA followed by two-sided post-hoc Tukey test; n = 10 biologically independent animals per diet. Means ± s.e.m. b–d, Principal 
component analysis plot of RNA-seq data in liver (b), BAT (c) and gonadal WAT (d). e,f, Venn diagrams depicting the overlap of differentially expressed 
genes in liver (left), BAT (middle) and WAT (right) under DR feeding (e), relative to the AL or ALDR group; and under AL feeding (f), relative to the DR or 
DRAL groups. Switch-resistant genes are highlighted in red. g, Boxplot representation of scaled expression levels of differentially up- and downregulated 
genes under chronic DR as opposed to chronic AL controls in all three tissues. Boxplots indicate expression levels of ALDR switch-resistant genes. 
Whiskers represent the 1st and 5th quartiles, box edges represent the 2nd and 4th quartiles and the centre line represents the third quartile/median.  
h, Heatmap of unsupervised clustering of expression changes for ALDR switch-resistant genes in WAT; colour bar represents z score range. i, Schematic 
representation of the DR switch experiment in young mice. j, Boxplot representation of scaled expression levels of differentially up- and downregulated 
genes under chronic DR as opposed to levels in chronic AL controls in BAT and WAT of ALDR switch mice at a young age (5 months, 5m). Boxplot 
components are defined in g. k, Representative GO enrichment of ALDR switch-resistant genes in BAT (left) and WAT (right). Lengths of bars represent 
negative ln-transformed P using two-sided Fisher’s exact test. Colours indicate gene-wise log2 fold-changes (log2(FC)) between DR and ALDR mice. 
Numbers beside bars indicate differentially expressed genes in that GO category. The complete list of enriched GO terms can be found in Supplementary 
Tables 2 and 3. Biologically independent animals used for RNA-seq: liver: n = 3 (AL, DR, ALDR, DRAL, ALDR 5m, AL 5m); BAT: n = 3 (AL, DR, DRAL, AL 5m, 
ALDR 5m) n = 5 (ALDR); WAT: n = 3 (AL, DR, ALDR, AL 5m) n = 5 (ALDR, DRAL). ***P < 0.0001.
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De novo lipogenesis in white adipose tissue exhibits the strongest 
memory of prior ad libitum feeding. In order to find putatively 
causal mediators of the transcriptional memory in the WAT, we 
plotted for each gene the log2-fold expression change in response 
to chronic or late-onset DR relative to chronic AL and ranked each 
gene’s influence on the resulting linear fit. The 50 switch-resistant 

genes with the highest influence (as determined via Cook’s distance; 
Fig. 5a,b) were enriched primarily for lipid metabolism, including 
fatty acid (FA) biosynthesis, TG metabolism and phospholipid bio-
synthesis (Fig. 5c). They included the key lipogenic transcription 
factor SREBF1 (ref. 34) and several of its corresponding downstream 
targets (Fig. 5d,e), Acly, Acaca (Acc), Fasn, Scd1 and Elovl6, which 
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code for key enzymes in FA synthesis, desaturation and elonga-
tion34. Their expression was strongly upregulated (some more than 
ten-fold, (Figs. 4g and 5e) in chronic DR and in young ALDR mice, 
but they remained largely refractory to the ALDR switch at old age.

We next explored the metabolic consequences of these changes 
in gene expression, by full liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) profiling of the WAT lipidome. This 
allowed quantification of 516 lipid species and 32 different classes 
with a dynamic range of ~5 × 107, including the major neutral 
lipid, (lyso-)phospholipid and sphingolipid classes35. Our data-
set thus permitted a global and unbiased analysis of cellular lipid 
dynamics (Supplementary Table 5). Consistent with transcriptional  

upregulation of de novo lipogenesis, we detected elevated levels of 
free FAs in chronic DR and young ALDR mice, including inter-
mediate metabolites of FA synthesis, palmitate and palmitoelate  
(Fig. 5f–h). In contrast, late-onset DR did not cause a similar 
increase in FAs, while DRAL mice had FA levels lowered to those of 
chronic AL controls. These results suggest that imperfect activation 
of lipogenesis is a direct consequence of the transcriptional memory 
in the WAT of old ALDR mice.

Chronic dietary restriction causes white adipose tissue autono-
mous reprogramming of phospholipid synthesis. To better under-
stand the possible functions of newly synthesized FAs in the WAT 
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of DR-fed mice, we conducted unsupervised hierarchical clustering 
of all measured lipid classes. Free FAs clustered closely with several 
phospholipid classes (Fig. 5i), such as phosphatidic acid (PA), phos-
phatidylethanolamine (PE) and phosphatidylcholine (PC), which 
were all elevated in chronic DR fed mice (Figs. 5i and 6a). Levels of 
neutral TGs, however, were markedly reduced (Figs. 5i and 6a). In 
addition, fatty acyl-CoA and diglycerides, which mark the transi-
tion between FA synthesis and biogenesis of complex lipid struc-
tures36, showed a strong peak in young ALDR mice only (Figs. 5i 
and 6a). Consistent with the major transcriptional reprogramming, 
DR thus instigated broad-spectrum changes in the WAT lipidome. 
In agreement with previous studies23, DR-fed mice appeared to use 
newly synthesized FAs to build various types of membrane lipids, 
and this process remained refractory to the ALDR switch at old age.

Consistent with the shift towards phospholipid synthesis, 
levels of neutral TGs were markedly reduced (Figs. 5i and 6a). 
Notwithstanding, we assumed that at least a fraction of newly syn-
thesized FAs would also be incorporated into TGs. Given that rapid 
de novo synthesis results in generally shorter and less saturated FAs, 
we thus analysed the relative TG profile for global shifts in elonga-
tion and desaturation. Indeed, chronic and short-term DR at young 
age decreased the chain length of TG-associated FAs, a shift not 
observed under late-onset DR (Extended Data Fig. 7a,b). Similarly, 

the relative fraction of saturated and mono-unsaturated TGs was 
elevated in young ALDR and chronic DR-fed animals, but not in old 
ALDR mice (Extended Data Fig. 7c,d). The molecular composition 
of TGs in the WAT thus further supported highly active lipogenesis 
under chronic but not late-onset DR.

To experimentally verify that the observed phospholipid profiles 
were a consequence of tissue-specific changes in lipid utilization 
and not confounded by lipid import from other tissues (such as the 
liver), we conducted an ex vivo pulse–chase experiment (Fig. 6b). 
To this end, we employed highly water-soluble phosphatidylglycerol 
(PG) with fluorophor-labeled fatty acyl groups (NBD-PG), which, 
in contrast to most lipid classes, is readily taken up and used by 
mammalian cells in culture37. Adipose tissue explants from freshly 
isolated WAT of chronically DR- or AL-fed 24-month-old mice 
from an independent cohort were seeded for 24 h, before the tissue 
cultures were incubated with NBD-PG and a transfection agent for 
48 h. Subsequent lipid extraction and thin-layer chromatography 
(TLC) visualized the distribution of fluorescent fatty acyl groups 
among several lipid classes, representing new lipid molecules that 
were synthesized by turnover of NBD-PG (Fig. 6b,c and Extended 
Data Fig. 8a,b).

Lipid extracts of both DR- and AL-derived adipocytes showed 
a clear and equally strong fluorescent PG band, indicating potent 
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cellular uptake of NBD-PG, and the specificity of the fluorescence 
was confirmed by tissue cultures incubated without PG (Fig. 6c,d 
and Extended Data Fig. 8a–c). In agreement with the steady-state 
lipid levels measured by lipidomics, the fluorescent signal was dif-
ferentially distributed among the individual lipid classes in a diet-
dependent manner, suggesting a global shift in use of lipid mass 
(Fig. 6d). Indeed, DR-derived adipocytes had a markedly weaker 
signal in the TG band, indicative of a reduced breakdown of phos-
pholipids to fuel synthesis of neutral storage fats (Fig. 6d,e). Instead, 
DR-derived samples exhibited significantly increased fluorescence 
intensity in fractions with higher polarity, especially diglycerides, 
which run below the TG band (Fig. 6d,e and Extended Data Fig. 
3a,b). Unidentified lipid fractions with even higher polarity (which 
can include FAs and membrane lipids), were also significantly 
increased under DR. Thus, DR-fed mice rewired the lipid flux in 
WAT autonomously so that TG synthesis was reduced while diglyc-
erides and membrane lipids were increasingly built up.

Cardiolipin metabolism links lipogenesis with mitochondrial 
biogenesis under late-onset dietary restriction. Finally, we deter-
mined whether specific membrane lipids were affected by the restruc-
turing of the lipidome in WAT of chronic DR mice. We employed 
a lipid-reaction analysis approach38 to gauge the activity of whole 
pathways on the basis of steady-state metabolite levels as measured 
by lipidomics. Strikingly, chronic DR, but not late-onset DR, caused 
widespread reprogramming of almost the entire lipidome to pro-
mote the synthesis of phospholipids, especially PC and cardiolipin 
(CL) (Fig. 7a,b and Extended Data Fig. 9a,b). Simultaneously, path-
ways that degrade membrane lipids or convert them to triglycerides 
were significantly less active (Fig. 7c). This shift in lipid use from 
storage fat to phospholipids concurs with results from the ex vivo 
experiment (compare Fig. 6c,d), which validates our pathway analy-
sis. Switch-resistant expression patterns of key genes involved in TG 
lipolysis (patatin-like phospholipase domain-containing 2 (Pnpla2, 
also known as Atgl), lipase e, hormonse sensitive type (Lipe, also 
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known as Hsl)39,40), PA and PC synthesis (1-acylglycerol-3-phos-
phate O-acyltransferase 1 (Agpat1)–Agpat3, choline phosphotrans-
ferase-1 (Chpt1)36,41) and re-acetylation of lyso-phospholipids 
(lysophosphatidylcholine acyltransferase 3 (Lpcat3)41), were in line 
with the predicted pathway activity (Fig. 7d and Extended Data 
Fig. 9c). The transcriptional memory of prior AL feeding was thus 
paralleled by a metabolic memory. In contrast, metabolic conse-
quences of long-term DR were rapidly reversed when DR mice were 
switched back to AL feeding (Fig. 7b,c and Extended Data Fig. 8b,c).

CL is usually synthesized from PG and is almost exclusively 
located in the membranes of mitochondria35. Interestingly, CL lev-
els showed a four-fold induction in chronic-DR-fed and in young 
ALDR-fed mice, the strongest increase of all lipid classes (Fig. 7e), 
although findings from both the ex vivo experiments and network 
analysis indicated no significant differences between CL synthesis 
and PG (Fig. 7a,c and Extended Data Fig. 7b). Instead, lipid path-
way analysis suggested that CL levels became increasingly depen-
dent on PC under chronic DR feeding. CL levels are proportional 
to mitochondrial mass, which depends on phospholipid supply to 
the organelle, including trafficking of PC42–44. PC is the most abun-
dant lipid species in mitochondria35 and must be imported from 
the endoplasmic reticulum (ER) via its exclusive transport protein 
STARD7 (refs. 44–46). The gene encoding this protein was also identi-
fied as a switch-resistant gene (Fig. 7d), thus suggesting that PC syn-
thesis and PC transport from the ER to mitochondria was impaired. 
Our results therefore link DR-related mitochondrial biogenesis 
in the WAT (Fig. 4) with increased synthesis of membrane lipids, 
which would be required during the expansion of mitochondrial 
mass (Fig. 7f). In this model, the strong transcriptional memory of 
past AL feeding for lipogenesis, membrane lipid remodelling and 
downstream cardiolipin synthesis would pose a bottleneck for mito-
chondrial biogenesis (Fig. 7f).

In summary, we have demonstrated a strong dependence of 
age-specific mortality on past AL feeding, paralleled by strongly 
age-related changes in preadipocytes and formation of a strong 
gene-expression and metabolic memory in adipose tissues, which 
impeded the coordinated reprogramming of lipid metabolism and 
mitochondrial activity under late-onset DR. Long-term DR-fed 
mice, however, retained only a weak memory of past nutrition and 
responded acutely to changes in diet.

Discussion
Potential DR-related therapies applicable for humans would ideally 
function in the older people, as they experience the greatest burdens 
of age-related metabolic pathologies, including type 2 diabetes5. 
Furthermore, it is important to understand whether over-nutrition 
in early adulthood can be completely overcome by subsequent diet. 
We have therefore performed a systematic assessment of prior diet 
effects on mortality, tissue-specific gene expression and lipidome 
dynamics in young and old mice.

Previous studies of late-onset DR have yielded inconclusive 
results. Onset of DR at 17 or 24 months was first reported to have 
no or even a worsening effect on survivorship of male, single-
housed mice in a 3-month follow-up period9. However, this study 
instigated DR without an adaptation period, monitored survival 
only over a period of 90 days and did not specify the switch cohort 
size. A further study of group-housed male mice suggested that 
there was a strong improvement of survival when DR was initiated 
at 19 months of age, before mice of the control cohort started to 
die10. However, the absence of a chronic DR control precluded any 
conclusion about the completeness of the survival effect relative to 
chronic DR. Neither study employed cohort sizes appropriate for 
profiling of age-specific mortality, and therefore could not probe for 
acute effects owing to the cumulative nature of survival data.

We have investigated the consequences of late-life diet changes 
with large cohorts of control and switch diet groups, and followed all 

animals until death. We chose the switch time point a priori on the 
basis of statistical power and the cohorts’ mortality. However, even 
with this large group of mice, conclusions on age-specific mortality 
are reliable only in the first 6–9 months post-switch, before too few 
AL mice were left for statistically valid comparisons. We further rec-
ognize that, owing to the comparatively small number of weighed 
animals, the statistically significant association between weight loss 
and survival in the ALDR cohort is predominantly driven by a few 
mice. Even though these few low-responders showed no evidence of 
being sick, exhibited average weights at the beginning of the switch, 
and were present among all cohorts, a larger and more targeted study 
will be necessary to assess our initial observation. Nevertheless, the 
robustness of our findings is supported by consistent results across 
breeding cohorts, with lifespans of AL and DR mice showing sta-
tistically insignificant differences. We saw a significant response 
of mortality to the ALDR switch only in breeding cohort 2. Such 
batch-specific variation has also been seen in the changes in mouse 
lifespans in response to rapamycin47.

Our study demonstrates that long-term DR can lead to a par-
tial, lasting protective effect when returning to full feeding, as the 
mortality of late-onset AL mice remained below that of chronic 
AL-fed mice. A similar, albeit weaker, protective effect was observed 
for female flies, and the magnitude of the effect increased with the 
duration of prior DR feeding6. This suggests an evolutionarily con-
served function of long-term DR, which may have implications for 
humans too. A chronically maintained, healthy lifestyle may thus 
confer some benefits even when changing nutritional behaviour late 
in life. However, our results also demonstrate that many health ben-
efits of DR can be lost upon returning to full feeding. Furthermore, 
profiling of liver, BAT and WAT implied that the lasting benefits 
are unrelated to the effects of DR on metabolic health, as these 
were acutely reversed to the level of chronically AL-fed mice. Our 
findings thus suggest that other mechanism or tissues mediate the 
long-term protective effect of DR. For example, DR reduces the 
occurrence of neoplasia across tissues48,49, and delayed cancer onset 
may thus keep mortality lowered after refeeding, as fatal tumours 
would require time to develop.

There may be multiple, non-mutually-exclusive explanations of 
the refractoriness to the mortality of old mice to newly imposed DR, 
including accumulation of damage to DNA and genomic instability, 
senescent cells and irreversible pathologies. We have identified an 
adipose-tissue transcriptional and metabolic memory that impedes 
metabolic reprogramming under DR and that could thus limit the 
capacity of the mice to reduce their mortality. This phenomenon 
appears to be independent of genomic context, as we observed 
switch-resistant genes coding for mitochondrial processes in BAT 
and WAT yet regulated in opposite directions. In contrast to adi-
pose tissues, and in agreement with previous studies10, the hepatic 
transcriptome retained plasticity and was able to respond to dietary 
changes at late age. Tissue-independent mechanisms could be 
involved in formation of the metabolic memory. For instance, DR 
remodels the gut microbiome, which causally contributes to met-
abolic reprogramming in liver and WAT50,51. Loss of DR-essential 
microbiome species during ageing under AL feeding could thus 
render mice refractory to late-onset DR.

As another candidate, tissue-specific mechanism, we discovered 
major transcriptional shifts in WAT preadipocytes of old AL-fed 
mice, suggesting that stem cell and/or precursor exhaustion contrib-
utes to the WAT memory. This is interesting, since tissue-resident 
stem/progenitor cells show differing transcriptome shifts during 
ageing, with, for example, neuronal stem cells exhibiting few intrin-
sic expression shifts compared with hematopoietic stem cells52,53. 
Given that pre-adipocyte differentiation is strongly influenced 
by immune-derived factors and chemokines54–56, the increased 
inflammatory signature and lowered growth factor secretion could 
indicate a compromised differentiation potential and thus loss of 
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transcriptional flexibility during ageing. Although we only had 
access to scRNA-seq profiles of AL-fed mice, the switch-resistant 
repression of inflammatory genes under DR (such as interferon 
response genes) could, in this model, represent a way of maintaining 
plasticity in the adipose tissue through prevention of sterile inflam-
mation. Interestingly, the WAT of AL-fed mice exhibits—prior to 
any other tissue—major age-related expression shifts, most notably 
of inflammatory genes, at 15 months of age57. It is noteworthy that 
ex vivo WAT explant cultures from DR-fed mice still retained clear 
differences in TG and membrane lipogenesis after 72 h incubation 
in a medium with all nutrients in abundance and without expo-
sure to the systemic DR environment, thus supporting the role of  
tissue- and/or cell-type-specific effects as mediators of the tran-
scriptional memory.

We found that the impaired transcriptional activation of key 
mitochondrial and lipid metabolism pathways under late-onset 
DR accurately predicted compromised mitochondrial biogenesis, 
de novo lipogenesis and phospholipid dynamics in the WAT. Taking 
advantage of our extensive lipidomics dataset and published pathway 
databases, we successfully applied a new reaction-dynamics analy-
sis38, yielding ex vivo-validated predictions based on measurements 
of steady-state levels at just a single time point. Considering that 
lipogenesis is strongly downregulated in the liver of DR-fed mice22, 
and that TGs in the WAT contain FAs with shorter chain length and 
fewer double bonds—an indicator of rapidly de novo synthesized 
FAs—the switch-resistant lipid dynamics are likely a result of tissue-
autonomous changes. Consistent with our findings, DR is known to 
promote lipogenesis in the WAT23,58 and to increase mitochondrial 
biogenesis3. Although mitochondrial biogenesis after 4 weeks of 
DR was shown to promote non-shivering thermogenesis in WAT3, 
we found no evidence for UCP1-mediated thermogenic activity 
in mice treated for 2 or 22 months with DR, suggesting this to be 
a transient phenotype or one that is dependent on environmental 
and/or husbandry conditions. We also found no evidence for ther-
mogenic activity through UCP1-indendent mechanisms such as 
Ca2+ or creatine cycling32,33. Notably, rodents, monkeys and humans 
show reduced core body temperature in response to long-term DR59, 
suggesting lowered thermogenic activity under DR. Consistently, 
we observed evidence for ‘whitening’ of the BAT in the lifelong DR 
group in our RNA-seq dataset, with downregulation of mitochon-
drial genes, including that encoding UCP1, suggesting decreased 
mitochondria-dependent thermogenesis in the BAT of DR-fed 
mice. DR-induced whitening of BAT has previously been shown in 
a rat model of type 2 diabetes60, but was not seen in a recent study 
of male, single-housed mice61. This might reflect gender differences 
in the response of the BAT to DR62 or could be caused by differ-
ent husbandry conditions. In contrast to single-housed animals, 
group-housed DR mice may be able to reduce energy-demanding 
thermogenesis in the BAT by behavioural adaptation, for example 
increased huddling. Notwithstanding, we cannot preclude altered 
activity of yet unknown thermogenic processes, and thus future 
studies should assess thermogenic capacity on a functional level by 
measuring respiration of adipose tissue directly. Our analysis fur-
ther suggests a role for WAT-specific synthesis of new FAs in order 
to provide membrane lipids, such as PC and CL, during expansion 
of mitochondrial biomass. However, we cannot exclude that low 
lipogenesis in ALDR mice is a reaction to impaired mitochondrial 
biogenesis to prevent an overflow of lipids due to low beta-oxidation 
capacity. Also, newly synthesized FAs themselves might have addi-
tional roles. The FA palmitoleate, for example, which was strongly 
induced under chronic and early-life-onset DR but not late-onset 
DR, is secreted from the WAT and can act as a bioactive lipokine to 
remodel metabolism in liver and muscle63.

In agreement with our model, cold-induced browning of 
WAT, which also increases mitochondrial expansion, reduces TG 
abundance and leads to elevated levels of free FAs, PC and CL64. 

Moreover, synthesis of CL is essential for mitochondrial biogenesis 
during cold exposure65. Finally, whole-body deletion of the lipogenic 
transcription factor SREBF1c abrogates lipogenesis and mitochon-
drial biogenesis in the WAT of DR-fed mice, thus strongly impli-
cating SREBF1-driven lipid synthesis in adipose tissue as a limiting 
element for mitochondrial dynamics and, potentially, essential for 
improved survival under DR58. In line with this hypothesis, induc-
tion of mitochondrial biogenesis by the PGC1α homologue spargel 
in the fat body, an organ functionally analogous to the mammalian 
liver and WAT, is sufficient to extend lifespan in Drosophila66. Given 
the important endocrine role of the adipose tissue67, DR-related 
remodelling of the WAT may lead to differential secretion of criti-
cal endocrine signals that coordinate the systemic response to DR. 
It will thus be a key task in the future to assess the dependence of 
reduced mortality under DR on lipogenesis and or mitochondrial 
biogenesis in the WAT specifically. This could lead to new strate-
gies to maintain the effectiveness of DR when applied late-onset, or 
could even partially replicate the physiological benefits of reduced 
food intake under unrestricted feeding.

Methods
Mouse husbandry and DR protocol. The DR study was performed in accordance 
with the recommendations and guidelines of the Federation of the European 
Laboratory Animal Science Association (FELASA), with all protocols approved by 
the Landesamt für Natur, Umwelt und Verbraucherschutz, Nordrhein-Westfalen, 
Germany (reference no. 8.87-50.10.37.09.176 and 84-02.04.2015.A437) (Nature 
Research Reporting Summary). Female F1 hybrid mice (C3B6F1) were generated 
in-house by crossing C3H/HeOuJ females with C57BL/6NCrl males (strain codes 
626 and 027, respectively, Charles River Laboratories). Experimental animals were 
generated in 3 breeding batches with 300, 280 and 220 animals in breeding round 
F1, F2 and F3, respectively (Nature Research Nature Research Reporting Summary). 
Lifespans of chronic DR and AL mice from the F1 breeding round were previously 
published22. Litter size was adjusted to a maximum of 8 pups by removing male 
pups within 3 d of birth. Pups were weaned at 3–4 weeks of age and were randomly 
assigned to cages upon weaning (Nature Research Reporting Summary). Animals 
were housed in groups of 5 females in individually ventilated cages under specific-
pathogen-free conditions with constant temperature (21 °C), 50–60% humidity 
and a 12-hour light–dark cycle. For environmental enrichment, mice had constant 
access to nesting material and chew sticks. All mice received commercially 
available rodent chow (ssniff R/M-H autoclavable, ssniff Spezialdiäten) and were 
provided with acidified water ad libitum. Food consumption of the AL group was 
measured weekly, and DR animals received 60% of the food amount consumed by 
AL animals. To avoid developmental effects, chronic DR treatment was started at 
12 weeks of age. Late-life ALDR and DRAL diet switches were introduced when 
20% of AL animals of the respective control cohort had died, corresponding to 
~24 months of age. DR was introduced stepwise, by reducing the food delivered 
by 10% per week over 4 consecutive weeks. DR animals were fed once per day, 
and all animals were checked daily for their well-being and any deaths. Fifteen 
animals per cohort (3 cages) were weighed weekly (up to the age of 6 months), then 
monthly (6–23 months), and then again weekly following the diet switch. Ten mice 
per diet group of the F3 cohort were euthanized at the ages of 5 and 27 months, 
corresponding to 2 months (short-term) and 24 months (long-term) DR treatment. 
All mice were killed within a period of 3 h prior to the regular feeding time of 
the DR mice. Mice were killed by cervical dislocation, and tissues were rapidly 
collected and snap-frozen using liquid nitrogen.

Post-switch lifespan and mortality analysis. Animals that had died before the 
diet switch were eliminated from the mortality analysis. Cox regression of post-
switch survival curves was performed using custom RStudio (https://www.rstudio.
com/) scripts and the following packages: survival, survminer and flexsurv (Nature 
Research Reporting Summary). Survival data were modelled with two factors, diet 
and breeding cohort (~ diet + cohort; diet factor levels: AL, DR, ALDR, DRAL; 
cohort factor levels: F1, F2, F3). Schoenfeld residuals were analysed to confirm 
that the data underlying the Cox regression in Fig. 1c met the proportionality 
assumption. Contrasts were used to compare the hazard ratios between ALDR 
relative to AL and between DRAL relative to DR (ALDRAL and DRALDR; ‘switch 
versus past diet’). We repeated the analysis with altered contrasts to analyse the 
hazard ratio difference between ALDR relative to DR and the DRAL relative to 
AL (ALDRDR and DRALAL; ‘switch versus new diet’). In order to directly compare 
the effects of each diet switch relative to their previous diet, we further introduced 
a contrast to subtract the hazard ratios of ALDRAL from DRALDR (‘hazard ratio 
difference’; Fig. 1g).

Analyses were repeated for each cohort separately, for which the ‘cohort’ factor 
was omitted. To determine if the results of the cohort-wise Cox regression could be 
accounted for by the larger cohorts of animals under DR and DRAL feeding, which 
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could alone have produced more significant differences for comparisons involving 
those groups, we repeated each analysis 1,000 times while randomly downsampling 
the DR and DRAL groups to match the number of AL- and ADLR-fed mice. 
The resulting distributions of P values for each analysis were plotted as boxplots 
(Extended Data Fig. 1c).

To test for acute effects of either switch diet, we performed Cox regression for 
the first 2 months post-switch, censoring all mice that were still alive at the end of 
that period. We repeated the Cox regression and iteratively extended the analysed 
time interval by1 month. P values and hazard ratios for ALDRAL, DRALDR and the 
hazard ratio difference were recorded for each iteration (Fig. 1d,g).

Visualizing age-specific mortality rate. Events of death were summarized in bins 
of 10 d. Mortality (μx) was estimated as μx = –ln (px), where px is the probability of 
an individual alive at age x – 1 surviving to age x. Data for Fig. 1e,f were smoothed 
by averaging μx over 3 10-d bins. Mortality trajectories were truncated when n < 40 
AL-fed mice (equivalent to 25% survival).

Calculating rate of weight change. We monitored the weight of 15 mice per diet 
group and breeding cohort. We used generalized additive modelling to determine 
the inflection point of the weight gain/loss curve, which we found at day 889 
(equivalent to roughly 145 d on new diet). Rate of weight change for each animal 
was estimated by linear regression over the weight trajectory for this interval. We 
thereby limited the analysis to the interval before the trajectories plateaued.

In order to compare the weight increase between chronic and late-onset AL 
mice, we performed linear modelling of the weight change in young chronic-AL-
fed mice, starting at the same average body weight as the DRAL cohort. To allow 
comparability, we analysed only the period until the AL-fed mice reached the same 
weight as DRAL animals at the inflection point.

Analysis of food-intake quantification. Average food intake of chronic or late-
onset AL fed mice was monitored through food consumption per cage. In order 
to normalize food consumption to body weight, we estimated the average body 
weight from the weighing group.

RNA sequencing and analysis. We isolated RNA from liver, BAT and epididymal 
WAT of AL, DR, ALDR and DRAL female mice at old age (27 months), as well as 
AL and ALDR female mice at young age (5 months). For liver tissue, we profiled 
the transcriptome of three biological replicates per treatment and age group. For 
BAT, we profiled three biological replicates per treatment and age group, with two 
extra replicates for old ALDR mice. In case of WAT, we profiled three biological 
replicates per treatment and age group, with two extra replicates for old ALDR 
and DRAL mice from the same cohort (three to five). RNA was isolated using 
Trizol Reagent (no. 15596018, Thermo Fisher Scientific, Germany) according to 
the manufacturer’s protocol before samples were treated with DNase using the 
TURBO DNA-free Kit (Thermo Fisher Scientific). RNA quality was measured 
using the Agilent TapeStation System (Agilent Technologies). RNA-seq library 
preparation and sequencing were performed by the Max Planck Genome Centre 
Cologne, Germany (http://mpgc.mpipz.mpg.de/home/). According to the facility’s 
procedure, stranded TruSeq RNA-seq libraries were prepared as described in68, 
using 3 μg of rRNA-depleted RNA as input for liver and WAT, and 1 µg polyA-
enriched RNA for BAT. Multiplexed libraries were sequenced with 2 × 40 million, 
100-bp paired-end reads on an Illumina HiSeq2500 (Illumina) liver and WAT, and 
1 × 25 million, 150-bp reads for BAT. Liver RNA-seq data for young ALDR, young 
AL, old DR and old AL mice were previously published22 and are publicly available 
under the Gene Expression Omnibus (GEO) ID GSE92486. Liver RNA-seq data 
for old ALDR and DRAL-fed mice and RNA-seq data from BAT and WAT are 
available under GEO ID GSE124772.

Raw sequence reads were trimmed to remove adaptor contamination and 
poor-quality reads using Trim Galore! (v0.3.7, parameters: --paired --length 25). 
Trimmed sequences were aligned using Tophat2 (ref. 69) (v2.0.14, parameters: 
--no-mixed --library-type = fr-firststrand -g 2 -p 15 -r 500 --mate-std-dev 
525). Multi-mapped reads were filtered. Data visualization and analysis were 
performed using SeqMonk (http://www.bioinformatics.babraham.ac.uk/projects/
seqmonk/), custom RStudio (https://www.rstudio.com/) scripts and the following 
Bioconductor packages: Deseq2 (ref. 70), topGO71 and org.Mm.eg.db (Nature 
Research Reporting Summary). To account for tissue-specific expression, we 
defined all genes with a fragments per kilobase of transcript per million mapped 
reads value of >2 in at least half of all samples as ‘expressed’. Unless stated 
otherwise, the set of expressed genes was used as background for all functional 
enrichment analyses involving expression data. P values were adjusted for  
multiple testing.

To identify global expression changes for genes associated with mitochondria, 
we retrieved the list of genes associated with the gene ontology term 
‘mitochondrion’ (GO:0005739) and plotted the log2 fold changes for each diet 
group as opposed to the chronic, old or AL diet group.

Single-cell RNA-sequencing analysis. Pre-processed and annotated scRNA-
seq data (FACS followed by Smart-seq2 protocol) from gonadal adipose tissue 
(of mice aged 3 and 24 months old) were obtained from the Tabula Muris Senis 

consortium28. Given the lack of data from aged female mice, we focused our 
analyses on samples derived from male mice. Additionally, cells with fewer than 
200 or more than 6,500 genes were excluded. This yielded 1,962 high-quality 
cell transcriptomes derived from four young and four old biological replicates. 
Data visualization and analysis were performed using custom Rstudio scripts and 
the following Bioconductor packages: Seurat (version 3)72 and topGO (Nature 
Research Reporting Summary). Data normalization, scaling and identification of 
variable genes was performed using Seurat’s built-in vst method with 2,000 features 
to select. A shared-nearest-neighbours graph was constructed using the first 10 
Principal component (PC) dimensions before clustering cells using Seurat’s built-in 
FindClusters function with a resolution of 0.4 and default parameters. Annotations 
for preadipocytes were adopted from the Tabula Muris Senis consortium (referred 
by the consortium as ‘mesenchymal stem cell of adipose’). Differentially expressed 
genes between young and old preadipocytes were identified using Seurat’s 
FindMarkers function (parameters: only.pos = F min.pct = 0.01 thresh.use = 0.01, 
test = ’MAST’). In order to compare the expression changes observed on the single-
cell level with mRNA patterns on the tissue level, functional enrichment analysis 
was run with the set of WAT bulk RNA-seq expressed genes as background.

To test for a potential association between gene-expression changes measured 
in aged preadipocytes and in WAT of DR-fed mice, we considered only genes that 
changed significantly in both datasets. We plotted log2 fold expression changes 
during pre-adipocyte ageing versus expression changes on the tissue level under 
DR, and the distribution of genes among the four resulting quadrants was tested 
for directionality using Fisher’s exact test. ALDR switch-resistant genes that showed 
a significant inverse association between both datasets were further analysed for 
functional enrichment using topGO.

Comparing transcriptional shifts between diet groups. To compare the 
global transcriptional shifts induced by chronic and late-onset DR, we defined 
significantly up- or downregulated genes between chronic DR and AL as a 
reference set. For each of these genes, expression values were scaled by the 
root-mean-square (using R’s scale function) across all samples. The resulting 
distribution for all genes was visualized as boxplots. The expression  
patterns for ALDR switch-resistant genes in ALDR switch mice were additionally 
highlighted.

To identify top switch-resisting genes, we performed weighted linear regression 
by correlating the expression changes across all genes. For each gene, we retrieved 
and correlated the log2 fold change values from Deseq2 for the comparisons of 
chronic DR versus chronic AL and late-onset DR versus chronic AL. In addition, 
we provided the log10-transformed average expression (‘base mean’) for each gene 
as weight for the linear fit, to compensate for weakly expressed genes having larger 
log2 fold changes. Genes were ranked according to their Cook’s distance, and the 
top 50 genes that were also classified as ‘switch-resistant’, were selected. Given that 
both the x and y axis represent data normalized to the same reference group (that 
is are not independent), the resulting correlation may be estimated incorrectly. 
Expression levels of selected candidates were therefore verified via quantitative 
real-time PCR (qRT–PCR).

Quantification of RNA Transcripts by quantitative real-time PCR. qRT–PCR 
was conducted on tissues that were derived from the same tissue collection group 
(but not identical mice) as the ones used for RNA-seq. In order to isolate total 
RNA from WAT for qRT–PCR analysis, samples were homogenized in Trizol 
(ThermoFisher Scientific), incubated 5 min at RT and then centrifuged at full-
speed (16,100g) for 10 min at 4 °C in a tabletop centrifuge. To avoid carry-over 
of the resultant fat layer, the Trizol subnatant was carefully transferred to a fresh 
tube, mixed with 200 µl chloroform (no. 366927-100 ml, Sigma Aldrich) and 
incubated for 10 min at RT prior to centrifugation at 12,000g for 15 min at 4 °C. 
The aqueous RNA-containing phase was transferred to a fresh tube, mixed with 
500 µl isopropanol, 50 µl 3 M sodium acetate and 15 µl GlycoBlue coprecipitant 
(AM9515, ThermoFisher Scientific) and incubated for 10 min at RT followed by 
centrifugation at 12,000g for 10 min at 4 °C. The supernatant was removed, and 
the pellet was washed twice with 500 µl ice-cold 70% ethanol and centrifuged at 
7,500g for 5 min at 4 °C. Pellets were air-dried for 15 min at RT and re-suspended 
in 50 µl diethyl pyrocarbonate (DEPC)-treated, autoclaved double-distilled water 
followed by DNase treatment to remove genomic DNA contaminations using the 
DNA-free DNA Removal Kit (AM1906, Invitrogen). RNA concentrations were 
measured using the Qubit RNA BR Assay Kit (Q10210, ThermoFisher Scientific). 
We used 1.5 µg of RNA for first-strand cDNA synthesis using SuperScript VILO 
Master Mix (no. 11755-500, ThermoFisher Scientific) with 120 min incubation 
at 42 °C to increase cDNA yield. qRT–PCR analysis was conducted using the 
Taqman Gene Expression Master mix (no. 4369106, Applied Biosciences) and the 
following Taqman probes (ThermoFisher Scientific): Srebf1 (Mm01138344_m1), 
Acaca (Mm01304257_m1), Elovl6 (Mm00851223_s1), Fasn (Mm00662319_m1), 
Polr2i (Mm01176661_g1), Ucp1 (Mm01244861_m1). Pipetting was carried out 
using a Janus Automated Workstation (PerkinElmer). qRT-PCR was done on a 
QuantStudio 6 Flex Real-Time PCR System (ThermoFisher Scientific) and gene 
expression was calculated using the –2–ΔΔCt method with Polr2i expression as 
internal control and normalized to the respective gene expression level of the AL 
control group.
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Protein purification and western blotting. Protein purification and western 
blotting were conducted on tissues that were derived from the same tissue 
collection group (but not identical mice) as the ones used for RNA-seq. For 
western blot analysis, WAT samples were homogenized in Pierce RIPA Lysis and 
Extraction Buffer buffer (no. 89900, ThermoFisher Scientific) supplemented 
with PhosSTOP phosphatase inhibitor cocktail (no. 4906837001, Roche) and 
cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (no. 11836170001, 
Roche). Homogenates were incubated for 10 min on ice and then sonicated 
for 5 min. After centrifugation for 15 min at 4 °C full-speed (16,100g) in a 
table top centrifuge, protein extracts were transferred to fresh tubes, and 
protein concentrations were quantified using the Pierce BCA assay (no. 23225, 
ThermoFisher Scientific). We separated 25 µg of protein extract per sample 
on 12% acrylamide gels (no. 5678044, Criterion TGX Stain-Free Protein Gel, 
Bio-Rad) and blotted these on polyvinylidene difluoride (PVDF) membranes 
(Immobilon-FL IPFL00010, Merck) for 1 h at 100 V on ice. Membranes were 
blocked for 1 h at RT in Odyssey Blocking Buffer (TBS) (927-50000 LI-COR 
Biosciences), followed by overnight incubation in the following primary 
antibodies diluted in Odyssey Blocking Buffer: NDUFA9 (1:1,000, AB_301431, 
Abcam), mtCO1 (1:1,000, AB_2084810, Abcam), α-tubulin 11H10 (1:1,000, 
AB_2619646, Cell Signaling Technology). Blots were washed 4 times with TBS 
0.2% Tween (TBS-T), incubated with fluorescently labelled secondary antibodies 
(1:15,000, IRDye 680RD, (AB_10956166, LI-COR Biosciences), IRDye 800CW 
(1:15,000, AB_621842, LI-COR Biosciences)) diluted in Odyssey Blocking Buffer 
for 1 h at RT followed by 4 washing steps with TBS-T at RT. Image acquisition 
was done using an Odyssey Infrared Imaging System (LI-COR Biosciences). For 
the western blot analysis of UCP1, samples were blotted on Amersham Hybond 
PVDF membranes (GE10600023, Merck), blocked for 1 h at RT in 5% non-fat dry 
milk powder (A0830, 1000 PanReac AppliChem) and washed 3 times in TBS-T. 
Membranes were incubated OVN with the following primary antibodies diluted 
in sterile filtered 5% fatty-acid-free bovine serum albumin (BP9704-100, Fisher 
Scientific) in TBS-T: UCP1 (1:1,000, AB_2687530) or α-tubulin 11H10, (1:1,000, 
AB_2619646) both obtained from Cell Signaling Technology. Blots were washed 
three times in TBS-T and incubated with anti-rabbit HRP-coupled secondary 
antibodies (1:10,000, AB_2536530, ThermoFisher Scientific) diluted in 5% milk 
in TBS-T for 1 h at RT, which was followed by 3 washing steps in TBS-T before 
incubation in ECL solution (Pierce ECL Plus Western Blotting Substrate, 32132, 
ThermoFisher Scientific) and image acquisition on a ChemiDoc XRS + System 
(Bio-Rad). After UCP1 image acquisition, blots were stripped in 0.5 M sodium 
hydroxide (S8045-500G, Sigma) for 1 h at RT, washed 3 times in TBS-T before 
ECL incubation and image acquisition to control for residual UCP1 signal. 
Blots were washed 3 times in TBS-T before blocking and incubation in primary 
α-tubulin antibody as described before.

Protein bands were quantified using the Fiji software package73 with α-tubulin 
as loading control. Samples were normalized against the respective AL control.

Analysis of mtDNA copy number. mtDNA copy-number quantification was 
conducted on tissues that were derived from the same tissue collection group 
(but not identical mice) as the ones used for RNA-seq. To analyse mtDNA copy 
number, total DNA of WAT samples was isolated using the DNA Blood and 
Tissue kit (69506, Qiagen) with an additional centrifugation step at 200g for 5 min 
after lysis in ATL buffer. DNA concentrations were quantified using the Qubit 
dsDNA BR Assay kit (Q32853, ThermoFisher Scientific). qPCR was carried out 
in a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) using the 
Taqman Universal PCR Master Mix (Applied Biosystems). Reactions were run in 
quadruplicates on 384-well plates using 5 ng of total DNA per reaction. Specific 
Taqman probes were used to quantify the nuclear 18S gene, (Hs99999901_s1) and 
the Rnr2 (Mm04260181_s1), Atp6 (Mm03649417_g1) and Cox1 (Mm04225243_g1)  
genes for mtDNA (ThermoFisher Scientific). Data were analysed using a standard 
curve method, and relative mtDNA content was calculated by the ratio of mtDNA 
probes relative to genomic DNA (mtDNA/18S). Results were normalized to the 
relative mtDNA content of the AL control group.

Lipidome measurement and analysis. Extraction, measurement and 
quantification of lipids were performed following the published protocol74. 
Therefore, 50 mg of WAT from the same mice used for RNA-seq measurement 
were used for lipid extraction (4 replicates per age and diet). Tissue pieces were 
homogenized before lipids were extracted using the Folch method. The lower 
phase was recovered and resuspended in 150 μl chloroform, while the upper 
aqueous phase was isolated, dried and resuspended in 100 μl in chloroform/
methanol/water (2:5:1, by volume). Isolated lipids were analysed by LC–MS/MS 
using an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) with both 
positive and negative electrospray ionization75.

The naturally occurring lipids originating from the WAT samples were 
identified by reference to 80 μl of a standard mixture of synthetic lipids containing 
C17-acyl groups rather than the even numbers of carbon atoms. This sample of 
lipid standard contained 17:0-cholesterol ester, 17:1/17:1/17:1-triacylglycerol, 
17:1/17:1/17:1-1-alkyltriacylglcerol, 17:0/18:1-diacylglycerol, 
17:0/18:1-alkyldiacylglycerol, 17:0-monoacylglycerol, 17:0-free FA,  
17:0-fatty-acyl coenzyme A, 13:0-fatty-acyl coenzyme A,  

17:0-fatty-acyl carnitine, 17:0/18:1-phosphatidic acid, 
17:0/18:1-phosphatidylcholine, 17:0/18:1-alkylphosphatidylcholine, 
17:0/18:1-phosphatidylethanolamine, 17:0/18:1-alkylphosphatidylethanolamine, 
17:0/18:1-phosphatidylglycerol, 17:0/20:4-phosphatidylinositol, 
17:0/18:1-phosphatidylserine, 14:0/14:0/14:0/14:0-cardiolipin, C17-
platelet-activating factor (50 ng), C17-2-lysoplatelet-activating factor, 
17:0-2-lysophosphatidic acid, 17:0-2-lysophosphatidylcholine, 
17:0-2-alkyllysophosphatidylcholine, 17:1-2-lysophosphatidylethanolamine, 
17:1-2-alkyllysophosphatidylethanolamine, 17:12-lysophosphatidylglycerol, 
17:1-2-lysophosphatidylinositol, 17:1-2-lysophosphatidylserine, C17-ceramide, 
C17-sphingosine-1-phosphate, C17-sphingomyelin.

Lipid species were normalized to synthetic standards to quantify their 
absolute abundance. Lipid species of the same class were summarized to quantify 
abundance levels of the entire lipid class. Abundance differences in individual 
lipid species or lipid classes were tested by one-way analysis of variance (ANOVA) 
followed by a post-hoc Tukey test for pairwise comparisons across all treatment 
and age groups. For elongation and saturation analysis, TG species with the same 
number of carbons/double bonds were calculated as a percentage of the entire TG 
lipidome. We conducted one-way ANOVA with post-hoc Tukey HSD for each 
chain length/saturation to test for significant differences.

White adipose tissue explant culture and lipid transfection. WAT explant 
cultures were generated from 24-month-old female AL and DR mice of an 
independent cohort. Mice were euthanized using cervical dislocation, and 
epididymal WAT pads were collected and placed in explant culture growth medium 
(Dulbecco’s MEM/Ham’s F12 cell culture medium (FG4815, Merck) containing 1% 
penicillin–streptomycin (5,000 U ml–1) (no. 15070063, ThermoFisher Scientific), 
10% fetal bovine serum (no. 10270106, Gibco), 17 µM d-pantothenic acid (Sigma, 
P5155) and 33 µM biotin (B4639, Sigma). Fat pads were washed once in sterile 
DPBS (14190-094, ThermoFisher Scientific) and cut into small pieces using a razor 
blade. Tissue pieces were transferred to a 70 µm MACS SmartStrainer (130-098-462,  
Miltenyi) and washed with 35 ml DBPS to remove free-floating fat. Excess liquid 
was removed and tissue explants were transferred to six-well plates (657160, 
Greiner Bio-One). Explant cultures were allowed to adhere at RT for 10 min, were 
supplied with pre-warmed 2 ml growth medium and were incubated at 37 °C, 
5% CO2 for 24 h prior to lipid transfection. Lipid transfections with 18:1-12:0 
NBD-PG (1-oleoyl-2-12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl)-
sn-glycero-3-[phospho-rac-(1-glycerol)] (ammonium salt) (no. 810166C, Avanti 
Polar Lipids) were conducted according to the manufacturer’s recommendations. 
Per well, 30 nM NBD-PG in chloroform was evaporated and dissolved in 195 µl 
Opti-MEM I Reduced Serum Medium (31985070, Gibco) and sonicated for 
15 min in a chilled sonicator water bath to improve solubility. Lipofectamine 3000 
(L3000-001, ThermoFisher Scientific) mixtures with 3.75 µl lipofectamine per well 
were prepared according to the manufacturer’s recommendations in Opti-MEM 
medium. Lipofectamine and NBD-PG were mixed in a 1:1 ratio and incubated for 
15 min at RT in the dark. Lipofectamine control or NBD-PG were added drop-wise 
to the respective well and mixed. Explant cultures were incubated for 48 h before 
samples were snap frozen and stored at −20 °C.

Thin-layer chromatography of lipids. Extraction of lipids from adipose tissue 
was performed according to ref. 76, with modifications. WAT explant cultures 
were homogenized in 500 µl of 255 mM ammonium carbonate by Precellys 
24 beads beater (2 × 20 s, 6,500 r.p.m. with ceramic beads). We mixed 120 µl 
homogenate with 900 µl of chloroform/methanol (1:2 (vol/vol)). After mixing 
for 30 min, H2O (0.12 ml) was added followed by vortexing. After the addition 
of 0.3 ml chloroform and 0.3 ml H2O, the sample was mixed again for 10 min, 
and phase separation was induced by centrifugation (800g, 2 min). The lower 
chloroform phase was carefully transferred to a clean glass vial. The upper water 
phase was mixed with 10 µl 1 N HCl and 300 µl chloroform, and extraction was 
repeated. After phase separation, the lower chloroform phase was carefully 
transferred to the glass vial with the chloroform phase from the first extraction. 
The solvent was evaporated by a gentle stream of argon at 37 °C. Lipids were 
dissolved in 100 µl of chloroform/methanol (1:1 (vol/vol)). We spotted 4 µl of the 
lipid samples on a high-performance thin-layer chromatography plate (Merck 
Silica gel 60 F254) and developed with chloroform/methanol/water/triethylamine 
30:35:7:35 (vol/vol/vol/vol). Analysis of fluorescent signals was performed using 
the Typhoon Trio laser scanner (λem = 526 nm, λex = 488 nm) and the ImageQuant 
software (GE Healthcare). Thin-layer chromatography plates were stained  
with 470 mM CuSO4 in 8.5% o-phosphoric acid and subsequently incubated for 
10 min at 180 °C.

Thin layer chromatography fluorescent signal analysis. Distribution of 
fluorescent signal was analysed with Fiji73. First, the distribution and width of each 
fluorescent band was quantified by vertical paths run through the centre of each 
lane using ‘integrated density’ as measurement. Since there was no fluorescent 
signal from cells incubated without NBD-PG, it can be assumed that all the 
fluorescence in the NBD-transfected cells was originally PG. Thus, the sample-
wise relative distribution of fluorescent signal (that is relative conversion rate of 
PG into other lipid species) can be obtained by normalising against the total sum 
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of the integrated signal, thereby removing potential differences in cell number 
or PG uptake. Data from technical replicates were averaged after quantification. 
Fluorescent and non-fluorescent lipid standards were run in parallel to identify 
individual lipid classes and to estimate the influence of the fluorescent label on the 
retention behaviour of the TLC. TG band was identified as the top most running 
band after CuSO4 staining and scanning.

Next, the fluorescent signal of each band was measured using the ‘regions of 
interest’ option in Fiji. For each band (TG, CL, PG, and so on) the selected area 
was of equal size across all samples. Measured values were normalised against 
the sample-wise, total fluorescent signal as quantified by a bin spanning all bands 
together. Data from technical replicates were averaged after quantification.

Lipid reaction network analysis. Reaction network analysis was performed as 
described previously in ref. 38. This method calculates statistical z scores for all 
possible lipid pathways in order to predict whether a particular pathway is active 
or inactive in DR- as compared with AL-fed mice. Reactions with higher z scores 
were classified as active. First, we retrieved all publicly annotated reactions and 
lipid pathways from Reactome77 to construct a network of reactions. Using the 
lipidomics dataset, we calculated the molecular concentrations for each lipid 
species and class, before computing for each reaction the so-called reaction weight 
(ω) as a ratio of product over substrate. Next, we performed, for each reaction, one-
sided Student’s t tests using the weights observed under chronic DR or AL feeding, 
to identify reactions with differential activity. Resulting P values were converted to 
z scores using the qnorm function (call: qnorm(1 – P)) provided by the R package 
‘stats’. We chose the significance level (P) to be 0.05, corresponding to a zi > 1.645 
for reaction i to be determined as significantly active under DR as opposed to AL. 
For visualization, we multiplied the z score with −1 for cases where the reaction 
was significantly more active under AL as opposed to DR.

Finally, we calculated an average z score for each possible combination of 
reactions (that is pathways) to detect consistent changes in the flux across multiple 
reaction steps. With A (A1,A2,…,Ak) being the pathway of interest, where Ai 
(i = 1,2,…,) are metabolites, we calculate the average z score ZA of the pathway as 
follows:

ZA ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
k� 1

p
Xk�1

i¼1

Zi ð1Þ

Zi represents the z score for each reaction involved in the pathway. As 
shown in ref. 38, ZA follows a normal distribution. To determine if a pathway A 
was significantly more active in DR- compared with AL-fed mice, we chose the 
significance level (P) to be 0.05, corresponding to a ZA > 1.645. For visualization, 
we multiplied the ZA with −1 for cases where the pathway was significantly more 
active under AL as opposed to DR. k denotes the total number of reactions.

We repeated the analysis correspondingly for the ALDR and DRAL groups 
with AL-fed mice used as reference.

Quantification and statistical analysis. Statistical analysis and sample sizes. 
RStudio (https://www.rstudio.com/) and Deseq2 (ref. 70) were used for statistical 
analysis. Data are expressed as mean ± s.e.m. P values were calculated using the 
following tests: Deseq2’s Wald test (RNA-seq data), Fisher’s exact test (enrichment 
analysis); Wald and likelihood ratio test (Cox regression); Student’s t test with 
Pearson’s product-moment correlation (correlation between weight/weight 
change and age at death); t test (fluorescent signal intensity), one-sided t test 
(lipid reaction network activity); one-way ANOVA followed by a post-hoc Tukey 
test for pairwise comparisons (if not specified). Quantile–quantile plots were 
analysed to confirm that data met assumptions of the statistical approach when 
t tests and regression were used. Schoenfeld residuals were analysed to confirm 
that the data underlying the Cox regression in Fig. 1c met the proportionality 
assumption.

P values less than 0.05 were considered statistically significant with a type II 
error of β = 0.2. Where multiple testing was performed, the adjusted P values were 
used to determine significance. q < 0.0001 were marked with ***. When comparing 
values measured under chronic DR with those observed under DRAL and ALDR, 
and in both tests the q values were below 0.05, the larger of the two was indicated 
in the figure (Nature Research Reporting Summary).

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon request. Raw bulk RNA-sequencing data are 
available under accession numbers GSE92486 and GSE124772 on the NCBI Gene 
Expression Omnibus database. Analysed lipidomics data are available under 
Supplementary Table 5.
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Extended Data Fig. 1 | Food intake of AL and DrAL mice. Body weights for chronic and switch AL cohorts. Solid lines indicate when chronic DR and diet 
switches were applied. The dashed lines indicates linear fit of weight gain for both cohorts. Slope of linear fits are indicated below. n = 45 biologically 
independent animals per diet. b, Averaged daily food intake per mouse. Each point represents the values from one cohort, encompassing 6 cages each.  
n = 3 cohorts per diet. c, Average daily food uptake for 3- and 5-weeks post-switch, split by cohorts and individual cage. n = 6 biologically independent 
cages per diet and cohort. Two-sided Wilcoxon rank-sum test, adjusted for multiple testing. d, Averaged daily food intake per mouse after normalizing 
against average body weight. Each point represents the values from one cohort, encompassing six cages. n = 3 cohorts per diet. Means ± s.e.m.
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Extended Data Fig. 2 | Demography of dietary restriction for each of the three breeding cohorts. a, Pre- and post-switch weight curves for chronic 
and switch diet mice from the 3 breeding cohorts (± 95% confidence intervals). Solid and dashed lines indicate the time point for diet switch and tissue 
collection, respectively. Tissues were collected from the F3 cohort only. The number above the graph indicates total cohort size at birth. n = 15 biologically 
independent animals per diet and cohort. b, Cohort-specific post-switch KM survival curves for chronic and switch diet cohorts. Cox regression (dashed 
line) was used to avoid making assumptions about the shape of the trajectories. c, Cohort-specific distribution of P values as computed from n = 1,000 
Cox regression analyses with random down-sampling of DRAL and DR cohorts to match the size of AL/ALDR cohorts. Analyses were run relative to the 
pre- and post-switch control. The dashed line indicates significance threshold. Whiskers represent 1st and 5th quartiles, box edges represent 2nd and 4th 
quartiles, and the centre line represents the 3rd quartile/median. Outliers are marked by points. b,c, Biologically independent animals per cohort at start of 
switch: F1: n = 58 (AL) n = 69 (DR), n = 72 (DRAL), n = 57 (ALDR); F2: n = 55 (AL) n = 69 (DR), n = 69 (DRAL), n = 56 (ALDR); F3: n = 44 (AL) n = 52 
(DR), n = 53 (DRAL), n = 44 (ALDR). Means ± s.e.m.
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Extended Data Fig. 3 | Transcriptional reprogramming in response to early-onset Dr and late-onset AL. a, Heatmap of unsupervised clustering of 
expression changes for ALDR switch-resistant genes in BAT (n = 3–5 per group; colour bar represents z score range). b, Boxplot representation of scaled 
expression levels of differentially up- and downregulated genes under chronic DR as opposed to chronic AL controls in livers of ALDR switch mice at a 
young age. Whiskers represent 1st and 5th quartiles, box edges represent 2nd and 4th quartiles, and the centre line represents the 3rd quartile/median. 
c,d, Heatmap of expression changes for ALDR switch-resistant genes in BAT (c) and WAT (d) of young ALDR switch mice (n = 3 per group; colour bar 
represents z score range). Biologically independent animals used for RNA-seq: Liver: n = 3 (AL, DR, ALDR, DRAL, ALDR 5m, AL 5m); BAT: n = 3 (AL, DR, 
DRAL, AL 5m, ALDR 5m) n = 5 (ALDR); WAT: n = 3 (AL, DR, ALDR, AL 5m) n = 5 (ALDR, DRAL).

NATure MeTABOLiSM | www.nature.com/natmetab

http://www.nature.com/natmetab


ArticlesNATuRE METABOLiSM

Extended Data Fig. 4 | see figure caption on next page.
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Extended Data Fig. 4 | scrNA-seq profiling of the stromal–vascular fraction in young and old WAT. a, t-SNE visualization of scRNA-seq data (FACS 
Smart-seq2) from the GAT stromal–vascular fraction, split by age. Preadipocytes as annotated by the Tabula Muris Consortium are coloured by age.  
b, Scatterplot representation of average expression levels of genes of young and old preadipocytes. Differentially expressed genes (DEGs) are indicated 
in blue. c, Representative GO enrichment of the top 300 differentially expressed genes between old and young preadipocytes. Lengths of bars represent 
negative ln-transformed P values, calculated using two-sided Fisher’s exact test. d, t-SNE visualisation of scRNA-seq data coloured by expression of 
two regulated genes, Ccl7 and Tgfb3. e, Scatterplot of expression differences between old and young preadipocytes (by scRNA-seq) versus expression 
differences between DR and AL (by bulk RNA-seq). The number of common DEGs in each quadrant is indicated in blue, and the number of ALDR switch-
resistant genes is indicated in red. There was a significant inverse association as determined by two-sided Fisher’s exact test for common DEGs  
(P = 0.0026) and when analysis was limited to ALDR switch-resistant genes (P = 0.003). f, Representative GO enrichment of 91 switch-resistant genes 
following the inverse association in e. Lengths of bars represent negative ln-transformed P values, calculated using two-sided Fisher’s exact test. The 
complete list of enriched GO terms can be found in Supplementary Table 1. g, Violin plot representing expression of selected genes across all profiled cell 
types. Points indicate cell-wise expression levels, and the violin indicates average distribution of expression split by age. h, mRNA expression (RNA-seq) 
of the same genes WAT. Scd1 expression is shown in Fig. 5. Two-sided Wald test, adjusted for multiple testing. All scRNA-seq data represents cells that 
were derived and processes from n = 4 biologically independent mice per age group, encompassing a total of n = 1,962 biologically independent cells. 
Biologically independent animals used for bulk RNA-seq: n=3 (AL, DR, ALDR, AL 5m) n=5 (ALDR, DRAL). Means ± s.e.m., ***P < 0.0001.
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Extended Data Fig. 5 | extended functional enrichment analysis of liver. Representative GO enrichment of ALDR switch-resistant genes in the liver. 
Lengths of bars represent negative ln-transformed P values, calculated using two-sided Fisher’s exact test. Biologically independent animals used  
for RNA-seq: n = 3.
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Extended Data Fig. 6 | see figure caption on next page.
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Extended Data Fig. 6 | Thermogenic marker expression in WAT and BAT. a, Distribution of gene-wise expression changes in BAT under chronic DR and 
switch diets relative to chronic AL feeding for genes associated with the GO term ‘Mitochondrion’ (n = 1299 genes). Whiskers represent 1st and 5th 
quartiles, box edges represent 2nd and 4th quartiles, and the centre line represents the 3rd quartile/median. Two-sided Wilcoxon rank-sum test, adjusted 
for multiple testing. b, mRNA expression (RNA-seq) of thermogenic marker genes in BAT. c, mRNA expression (RNA-seq) of marker for thermogenesis 
and mitochondrial biogenesis in BAT. d, Apoe mRNA expression (RNA-seq) in BAT. Two-sided Wald test, adjusted for multiple testing. e, Whole LICOR 
western blot image of Fig. 4d. f, Western blot analysis of UCP1 in WAT, with α-tubulin as loading control. Tissue extract from one BAT sample (very 
right lane) was included as positive control for the UCP1 antibody. g,h, mRNA expression (RNA-seq) of uncoupling-independent, thermogenic marker 
genes in WAT for creatine cycling (g) and Ca2+ cycling (h). Two-sided Wald test, adjusted for multiple testing. i, DRAL switch-resistant genes in WAT. 
Lengths of bars represent negative ln-transformed P values using two-sided Fisher’s exact test. The complete list of enriched GO terms can be found in 
Supplementary Table 4. Biologically independent animals used for RNA-seq: BAT: n = 3 (AL, DR, DRAL, AL 5m, ALDR 5m) n = 5 (ALDR); WAT: n = 3  
(AL, DR, ALDR, AL 5m) n = 5 (ALDR, DRAL). The Western blot analysis was done once using tissues of n = 4 biologically independent animals per diet 
that were derived from the same cohort but were not identical to the mice used for RNA-seq. Means ± s.e.m., ***q < 0.0001.
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Extended Data Fig. 7 | Triglyceride composition in WAT. a, Distribution of TG species for the switch at young (left) and old (right) age classified according 
to the number of carbon atoms as proxy for TG-associated chain length. Values represent normalized relative abundances (0–100%) on a logarithmic 
scale. b, Selected TG groups classified according to associated chain length. Values are identical to the ones in a. One-way ANOVA followed by two-sided 
post-hoc Tukey test. c, Distribution of TG species for the switch at young (left) and old (right) age, classified according to the number of double bonds in 
TG-associated chains. Values represent normalized relative abundances (0–100%) on a logarithmic scale. d, Selected TG groups classified according to 
the number of double bonds. Values are identical to the ones in c. One-way ANOVA followed by two-sided post-hoc Tukey test. Biologically independent 
animals used for Lipidomics: n = 4 per diet. Means ± s.e.m., ***P < 0.001.
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Extended Data Fig. 8 | Fluorescence signal analysis of pulse–chase experiment outcome. a, Cellular uptake profiles of exogenously supplied NBD-PG by 
explant-cultured adipocytes. Lipids were separated by TLC and analysed by fluorescence scanning. The TLC analysis was done once with lipid extracts 
from n = 3 biologically independent mice per diet (indicated above), with n = 3 technical replicates each. For each biological replicate, two technical 
replicates were co-incubated with NBD and one with just the transfection agent. The dashed line represents the paths used to quantify fluorescent signal 
distribution in Fig. 6d. Dashed boxes represent the areas used to quantify individual bands. Lipid species with low polarity run on top, with TGs being 
represented by the top band. Fluorescent lipids run slightly lower than non-fluorescent lipids. Standard phospholipids allowed the identification of lipid 
spots representing TG, DG and PG levels (the asterisks indicate unidentified lipid species). Applied non-fluorescent standard lipids involve: Tetra-oleoyl CL 
(TO-CL); CL-rich phospholipid-extract from heart; palmitoyl-oleoyl-DG (PODG), di-oleoyl-PG (DOPG); di-oleoyl-PA (DOPA). Fluorescent NBD-labelled 
lipids involve: PG, PA, PC, PE, PS. b, Relative fluorescent signal in each of the major bands. n = 3 biologically independent, 24-month-old animals per diet; 
technical replicates were averaged prior analysis. Two-sided t test. Data for the TG band are shown in Fig. 6e. c, Non-fluorescent scans of identical TLC 
plate after staining with CuSO4. Due to high abundance of TGs (upper band) in adipocytes, no phospholipids can be observed. Standard phospholipids 
allowed the identification of lipid spots.
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Extended Data Fig. 9 | Lipid reaction analysis in ALDr and DrAL mice. a,b, Analysis of lipid pathway activity in WAT of ALDR (a) or DRAL (b) mice 
relative to AL control. Red and blue arrows show reactions with positive and negative activity, respectively. Coloured circles indicate relative log2-
transformed abundance of lipid classes involved. c, mRNA expression (RNA-seq) of key genes mapping to differentially active pathways in Fig. 7a. 
Two-sided Wald test, adjusted for multiple testing. Biologically independent animals used: RNA-seq: n = 3 (AL, DR, ALDR, AL 5m) n = 5 (ALDR, DRAL); 
Lipidomics: n = 4 per diet. Means ± s.e.m., ***q < 0.0001.
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