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1. INTRODUCTION  

 

1.1. Ageing from the evolutionary perspective 

Ageing is a highly complex biological process that happens to most living beings. It is characterised 

by a progressive weakening of all functions of the organism, which ultimately leads to its death. It 

can also be defined as a time-related deterioration of the physiological functions necessary for 

fertility and survival (Gilbert, 2000). 

Ageing is widespread throughout the animal kingdom, with different species displaying different 

changes in phenotype as they age. It is, however, not ubiquitous, as some species, like hydra from 

the Cnidaria phylum, do not exhibit signs of ageing at all (Kirkwood & Tipton, 2017). The life 

expectancy among species differs greatly as well. The adult stage of the fruit fly, Drosophila 

melanogaster, life cycle lasts approximately 3 months (Piper & Partridge, 2018). A laboratory 

mouse has a maximum lifespan of about 4.5 years (Gilbert, 2000), while their wild counterparts 

are expected to live only between 1- 1.5 years (Ballenger, 1999). Naked mole rats, the longest-

living members of the Rodentia order that are often used as models for longevity, can live up to 30 

years (Buffenstein & Jarvis, 2002). Large mammals such as elephants and bowhead whales are 

also known for their long lifespans, but the title of the longest-living vertebrate goes to the 

Greenland shark, estimated to reach 500 years of age (Nielsen et al., 2016). In comparison, the 

maximum lifespan of a human is estimated at 121 years (R. Arking, 1998), with the longest-living 

person up to date being Jeanne Calment from France, who died aged 122.  

Evolutionary theories of ageing have long tried to rationalise ageing by making a connection 

between ageing process and reproduction. Creating offspring is energy-demanding, so high fertility 

has often been connected to faster ageing of the organism (Jasienska, 2020; Ryan et al., 2018). This 

is partially corroborated by the fact that species with shorter life often follow the r reproductive 

strategy ï with maximum energy allocated to high numbers of progeny, with short gestation, less 

parental care, and a short time until sexual maturity (Pianka, 1970). The species with longer 

lifespans, on the other hand, tend to follow K strategy characterised by having few offspring, a 

long gestational period, intensive parental care, and a long period until sexual maturity (Pianka, 

1970). There are some exceptions ï for example, long-lived sea turtles reproduce in a way that 
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more closely resembles r strategy. This line of thinking, however, suggesting the trade-off between 

energy allocated for reproductive fitness and the energy that can be spent for other functions that 

would contribute to longevity, such as DNA repair, has been proposed by Thomas Kirkwood in 

1977 as one of the causes for ageing in a theory known as the disposable soma theory (Ki rkwood, 

1977). The age-related decline of the organismôs vitality has also been rationalised as a 

consequence of the reproductive exhaustion of the old individuals, who are no longer able to ensure 

the continuation of their species, and have therefore lost their importance in the light of evolution 

(Weismann, 1891). It was proposed that such individuals are therefore weeded out by the 

programmed process of ageing to make room for the reproductively fit individuals of the species. 

But in natural world, however, most individuals do not survive to the point of old age and 

senescence due to extrinsic hazards (Kirkwood, 2005), meaning that there would be no need for a 

strong natural selection of genes that trigger ageing. Therefore, it is widely accepted that ageing is 

not programmed, but rather evolved as a side-effect of declining ability of natural selection to 

maintain fitness as the organism ages (Flatt & Partridge, 2018). 

Regardless of the fact that the ageing process is not programmed by any single gene, the impact of 

genetics on ageing is substantial. Mutations have been found that modulate lifespan in model 

organisms (Kirkwood, 2005), as well as certain variants that contribute to longevity in humans 

(Deelen et al., 2011; Flachsbart et al., 2009; Willcox et al., 2008). Some genes that affect ageing 

are pleiotropic and affect multiple biological systems within an organism, or are expressed 

differently at different life stages. Some others, however, act in antagonistic pleiotropy, meaning 

that they enhance fitness of an organism early in life, but diminish it in later life when the natural 

selection pressure is weak (Austad & Hoffman, 2018; Kirkwood, 2005). The antagonistic 

pleiotropy theory of ageing is widely accepted today, with experimental evidence speaking in its 

favour (Austad & Hoffman, 2018). As more and more ageing-related mechanisms were discovered 

to conform to the concept of antagonistic pleiotropy (Bartke, 2011; Carter & Nguyen, 2011; Wood 

et al., 2000), they started to converge and point to the pituitary gland, the main control centre that 

coordinates the crosstalk between nervous, endocrine and immune systems (Chesnokova & 

Melmed, 2002), as a potential integrative centre that regulates different processes that accompany 

ageing. 
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1.2. Molecular theories of ageing  

The study of ageing remains even today one of the most challenging research topics in the fields 

of biology and medicine. It is fascinating not just because it is ubiquitous and unavoidable (at least 

for humans), but because it affects numerous phenotypes all at once. It is because of this complexity 

that, in the history of ageing research, many molecular theories have been proposed to explain why 

and how ageing happens, and only the most prominent of those theories are described in the 

continuation of this chapter. Even though each theory could explain some of the changes that 

happen during the ageing process, none of them could by themselves account for all the age-

associated phenotypes. This is why no single theory prevailed, and instead, the molecular 

background behind ageing is now considered to be a network of interconnected processes.  

1.2.1. Somatic mutation theory 

Somatic cells are throughout life exposed to different internal and external stressors and mutagens. 

From the reactive oxygen species that are created as byproducts of oxidative metabolism within 

the cells, the UV radiation from the sun or the mutagens naturally found in the environment, there 

are various factors that can damage the DNA molecule and cause mutations (Vijg & Suh, 2013). 

The DNA can also get damaged spontaneously, for example by heightened body temperature or as 

a consequence of DNA hydrolysis, and mutations can be introduced into the DNA sequence during 

replication (Vijg, 2000). As these lesions in the DNA can block cell division or transcription of 

genes, the cells come equipped with a capable system for recognising them, known as the DNA 

damage response (DDR), as well as a complex system for their repair (Niedernhofer et al., 2018). 

However, as the organism ages, the efficiency of DNA repair decreases, causing the gradual 

accumulation of DNA damage. This accumulation of unrepaired DNA lesions manifests as 

genotoxic stress, which ï in order to prevent the replication of damaged DNA ï triggers signalling 

cascades that promote apoptosis or senescence (Yousefzadeh et al., 2021). The inverse situation, 

on the other hand, in which the damage to the DNA goes unnoticed by DDR, also presents a danger 

to the organism as it can lead to development of disease, particularly cancer. Thus, it highlights the 

fine balance between senescence and proliferation, and the key role that DNA repair mechanism 

play in maintaining this homeostasis. DNA damage is, therefore, considered as one of the main 

causes of ageing, and this theory has been confirmed by studies that have shown that older 

individuals, both of model organisms and humans, exhibit more DNA lesions than their younger 
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counterparts (Hamilton et al., 2001; Jacob et al., 2013). Also, recent studies have shown that some 

long-lived species could owe that longevity to more efficient DNA repair (Tian et al., 2019). Apart 

from the accumulation of somatic mutations, ageing is also connected to changes to the epigenetic 

markers. The strongest evidence exists for the age-related changes in methylation levels across the 

entire genome (Bell et al., 2012; Christensen et al., 2009; Teschendorff et al., 2010), but ageing 

has also been connected to the decrease of the number of histones (Larson et al., 2012)  and the 

loss of heterochromatin (Dang et al., 2009; Feser et al., 2010), which could all disturb the epigenetic 

regulation of gene expression. 

1.2.2. The telomere hypothesis of ageing 

In 1961, Leonard Hayflick was performing experiments cultivating non-cancerous human and 

animal cells to see how long they could be maintained in cell culture. Contrary to the theory 

proposed by Alexis Carrel at the beginning of the 20th century, in which it was stated that normal 

somatic cells could be maintained in cell culture almost indefinitely (Carrel, 1912), Hayflick found 

that cells usually underwent 40 to 60 cell divisions before entering senescence (Hayflick, 1965). 

This limited number of times that a cell can divide before maxing out its proliferative capacity has 

since been known as the Hayflick limit. The molecular explanation for this phenomenon was given 

by Alexey Olovnikov in 1971, when he, looking at the trains in the Moscow subway, formulated 

the end replication problem. He theorised that during replication of the DNA, the very ends of the 

lagging strand cannot be fully copied by DNA polymerases because the enzyme itself sits on it, 

like a locomotive engine at the end of the train track (Olovnikov, 1973). He also suggested the ends 

of chromosomes comprise repeated sequences that serve as buffers that shorten in each cell 

division, and that the cells enter replicative senescence once this buffer role has been lost 

(Olovnikov, 1996), thus setting the foundation of the telomere shortening hypothesis of ageing. 

His theories have been confirmed by further research, and these repetitive DNA sequences at the 

ends of chromosomes given the name telomeres. Telomeres in humans and other vertebrates consist 

of hexameric repeats of TTAGGG (Moyzis et al., 1988) that bind proteins of the shelterin complex 

and serve to protect the ends of the linear DNA molecule from degradation by nucleases (Blackburn 

et al., 2015). They are shortened in every cycle of DNA replication, and upon reaching a critical 

length, trigger the activation of the DNA damage response, arrest of the cell cycle and the cellsô 

entry into replicative senescence (Zglinicki & Martin-Ruiz, 2005). Even though the critically 

shortened telomeres are recognised as DNA damage, they cannot be mended by regular 



5 
 

mechanisms for DNA repair, as this repair requires a special template to rebuild and lengthen the 

telomeric repeats. Telomerase is a complex enzyme with DNA polymerase activity and an RNA 

template that enables this lengthening of telomeres, but is not expressed in most human cells 

(Blackburn et al., 2015). It is, on the other hand, expressed in stem cells (Collins & Mitchell, 2002; 

Wright et al., 1996) and often in cancer cells (Hahn et al., 1999; Shay et al., 2001), allowing them 

continuous proliferation far beyond the Hayflick limit. Therefore, telomeres play not only an 

important role in ageing but also in disease susceptibility and development (Rossiello et al., 2022). 

Telomeres are the longest at birth and represent the most important predictor for later life telomere 

length (Martens et al., 2021). Because of the shortening during the course of life, telomeres could 

represent a good marker of biological age, as well as an interesting biomarker for ageing research. 

1.2.3. Waste accumulation theory 

Proteins, the main building blocks of an organism, carry out most of the main structural and 

functional tasks in a living system, making their proper functioning of utmost importance. In 

normal cellular metabolism, fresh proteins are synthesised anew, and non-functioning, damaged or 

redundant proteins are marked for degradation and broken down in proteasomes (Davies, 2001; 

Shang & Taylor, 2011). The maintenance of this balance, also known as proteostasis, is often 

dysregulated by ageing (Hipp et al., 2019). Throughout their lifetime, proteins and other 

macromolecules in the cell are exposed to different conditions and agents that can damage and 

impair their functions. Elevated temperatures can cause the proteins to lose their 3D conformation, 

while highly reactive molecules like reactive oxygen species (ROS) and reactive nitrogen species 

(RNS), as well as sugars and aldehydes, can oxidise them and affect their structure. Proteins that 

are misfolded, unfolded or oxidised by these molecular stressors can then stick together in 

oligomeric complexes, causing the formation of protein aggregates that impair cellular function 

and decrease viability (Chondrogianni et al., 2014). To prevent them from further damaging other 

macromolecules, damaged proteins are either degraded, sequestered in separate compartments 

within the cell or repaired (Chen et al., 2011). The latter is possible thanks to molecular chaperones, 

of which most well-known are the ones from the heat-shock protein family (Hsp). They have a 

vital role in preserving the structural integrity of proteins and help the proteins to achieve their 

functional conformation by binding to the unfolded regions and oligomerizing with accessory 

proteins around this region in order to create an ideal surrounding for the protein to fold (Mayer & 

Bukau, 2005). They can refold damaged proteins to restore their function, and also help to prevent 
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the accumulation of misfolded proteins (Hut et al., 2005), which is why their expression is required 

for longevity (Calderwood et al., 2009). The heat shock response, however, has been shown to 

weaken with age (Calderwood et al., 2009), and, together with the failure of the protein degradation 

system, leads to collapse of protein quality control, which in turn compromises the cellôs functional 

integrity and can cause the development of protein misfolding diseases, such as Alzheimerôs and 

Huntingtonôs disease (Powers et al., 2009; Taylor & Dillin, 2011).  

1.2.4. Mitochondrial theory 

Mitochondria are the powerhouse of the cell, cellular organelles where energy in the form of 

adenosine triphosphate (ATP) is created by oxidative phosphorylation. This process, necessary for 

the sustenance of eukaryotic life, involves a chain of chemical reactions that include transport of 

electrons from electron donors to acceptors in a series of redox reactions ending in the release of 

oxygen (Nunnari & Suomalainen, 2012). This electron transport, happening on protein complexes 

located on the inner mitochondrial membrane, also known as the respiratory chain, sometimes 

causes the production of highly reactive byproducts of aerobic metabolism, reactive oxidative 

species (ROS) (Bratic & Larsson, 2013). Due to their high chemical reactivity, these toxic 

byproducts can cause oxidative damage to proteins, lipids and nucleic acids. Mitochondria are the 

only organelle in the animal cells, besides the nucleus, that have their own genome ï mtDNA. It is 

a circular DNA molecule of 16 569 base pairs that encodes 13 proteins with a role in oxidative 

phosphorylation and 24 RNA components (22 tRNAs and two rRNAs) necessary for mitochondrial 

protein synthesis (Trifunovic & Larsson, 2008). Due to highly oxidative conditions within the 

mitochondria inner membrane, the circular, histone-free nature of mtDNA and a more limited set 

of repair machinery available in the mitochondria (Druzhyna et al., 2008; Lax et al., 2011), mtDNA 

has a much higher rate of mutation compared to nuclear DNA (Short et al., 2005). This can, as the 

organism ages, cause the accumulation of mutations in the mtDNA (Trifunovic & Larsson, 2008), 

and subsequently lead to mitochondrial dysfunction and accelerated ROS generation (Trifunovic 

et al., 2004; Wallace, 2010). This is also reflected in the fact that, with ageing, the rate of energy 

production in the mitochondria decreases (Petersen et al., 2003; Short et al., 2005), indicating the 

weakening of mitochondrial function. 
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1.2.5. Caloric restriction theory of ageing 

One of the first breakthroughs in the field of ageing research was the discovery that rats on a caloric 

restriction diet could live much longer than their counterparts on normal diets (McCay et al., 1975). 

It was the first proof of an irrefutable connection between nutrient intake and longevity, as well as 

the first example of the plasticity of the ageing process. It inspired the scientists to investigate the 

genes that activate in response to nutrient stimuli, and look for a link between those genes and 

ageing. This resulted in the discovery of the age-1 gene in Caenorhabditis elegans (Friedman & 

Johnson, 1988), ushering the genetic era of ageing research. This gene encodes a worm homologue 

of phosphatidylinositol 3-kinase, a kinase that phosphorylates transcription factors downstream of 

the insulin/insulin-like growth factor 1 signalling pathway (IIS) that is well-conserved from yeast 

to mammals (Barbieri et al., 2003). Soon after, DAF-2, a homologue of insulin-like growth factor 

1 receptor, and DAF-16, a homologue of the FOXO transcription factor, were discovered as the 

other key regulatory elements of C. elegans lifespan (Kenyon et al., 1993), proving that IIS indeed 

was the most promising pathway for longevity research. It has since been discovered that IIS is the 

centre of a much larger regulatory network that spans beyond just one pathway (Figure 1). It is 

connected to cellular metabolism, stress response, cell cycle control, apoptosis and autophagy via 

its downstream effectors such as FOXO transcription factors (Martins et al., 2016) and mTOR 

(Saxton & Sabatini, 2017; Yoon, 2017), as well as cytokine production and inflammatory processes 

(Spielman et al., 2015; Kim et al., 2008; Manowsky et al., 2016), among others. Because of this 

involvement in a variety of cellular processes, even though the IIS is evolutionary tied to 

organismal survival and not ageing per se (Antebi, 2007), the changes in expression of key genes 

in this signalling network can influence how an organism ages, proving that regulating nutritional 

signals can indeed influence the ageing process. 
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Figure 1. The insulin signalling pathway. Image sourced from Kushi et al. (2021) (Kushi et al., 

2021). 

 

1.3. Hallmarks and biomarkers of ageing 

The complexity of the ageing process lies in a wide spectrum of processes and changes that an 

organism simultaneously undergoes as it ages. These cellular and molecular processes are not 

independent of each other and often have causal or synergistic effects. They are what determines 

the aging phenotype, and are considered the hallmarks of ageing (López-Otín et al., 2013, 2023) 

(Figure 2). DNA instability and telomere attrition are hallmarks of ageing caused by the wear and 

tear of DNA throughout life, and both represent a limiting factor to the replicative potential of the 

cells. Epigenetic alterations influence transcription and affect cell division via chromatin 

organisation (Sen et al., 2016). They are a hallmark of ageing that reflects environmental influence 

on gene expression. All these changes on the DNA level are the drivers behind cellular senescence 

and stem cell exhaustion, which are the main hallmarks of ageing on the cellular level. Ageing 

affects cellular and intercellular signalling pathways, which causes deregulated nutrient-sensing 
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and altered intercellular communications. It also impacts the cellular systems for maintaining 

homeostasis, so aged cells often display signs of mitochondrial dysfunction, loss of proteostasis 

and disabled macroautophagy. On the tissue level, the main hallmark of ageing is chronic 

inflammation, characterised by an increase in the levels of pro-inflammatory markers in blood and 

tissues. Chronic inflammation is a strong risk factor for age-related diseases and geriatric 

conditions that are highly prevalent and causes of disability in elderly individuals, and has therefore 

even got its own name: inflammaging (Ferrucci & Fabbri, 2018; Franceschi et al., 2000). The 

ageing-related changes, however, do not stop at the level of the organism itself ï the microbiome 

is also affected by the ageing process through the bidirectional host-bacteria crosstalk. This altered 

communication results in dysbiosis, a change in the composition of gut microbiota, which makes 

for a final, holobiont hallmark of ageing (López-Otín et al., 2013, 2023). López-Otín et al. (2023) 

have grouped these hallmarks of ageing into three categories ï primary, antagonistic and integrative 

(Figure 2). Primary hallmarks are disadvantageous molecular events or changes at the level of 

individual cells, and are the core drivers of ageing. Antagonistic hallmarks, when they become 

widespread as a result of the changes incurred by the primary hallmarks, further contribute to the 

ageing phenotype and exacerbate other ageing-related changes. Finally, integrative hallmarks 

comprise the changes on multicellular and systemic levels that disrupt normal functioning of the 

organism as a whole. 
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Figure 2. The 12 hallmarks of ageing, as they were defined by López-Otín et al. (2023) (López-

Otín et al., 2023). 

 

The rate of ageing does not only vary greatly between species, but between individuals as well 

(Belsky et al., 2015). That is why oneôs biological age, the age that reflects the condition of the 

organism, does not always match the chronological age (Franceschi et al., 2018). Measuring the 

rate at which one ages is difficult, and establishing what the biomarkers of ageing are, has caused 

much debate (Butler et al., 2004; Johnson, 2006; Mather et al., 2011; Sprott, 2010). That is why 

these main criteria for the determination of ageing biomarkers have been proposed: a) it must 

predict the rate of ageing; b) it must measure a basic process underlying ageing and not the effects 

of disease; c) it must be minimally invasive so the measurement can be repeated; d) it has to be a 

marker of ageing in both humans and model organisms, so it can be verified before being tested on 

humans (Bürkle et al., 2015). Most importantly, a biomarker of ageing must outperform 

chronological age in predicting the outcome ï remaining lifespan, mortality risk, and age-related 
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morbidity risk (Lohman et al., 2021). Some of the proposed biomarkers that pass most of these 

criteria are telomere length (Zglinicki & Martin-Ruiz, 2005), epigenetic clocks measuring the 

methylation state of CpG islands (Horvath & Raj, 2018), omics-based markers such as those from 

transcriptomic data measuring the differences in mRNA levels (Harries et al., 2011), proteomic-

based estimators that detect age-related changes in protein levels (Tanaka et al., 2018), 

metabolomic-based estimators (Robinson et al., 2020), as well as biochemical biomarkers from 

blood (Mamoshina et al., 2018; Putin et al., 2016). Due to the employment of new methods and 

high-dimensional analyses, this area of ageing research is developing rapidly, so this list of 

potential biomarkers can be expected to grow even more in the coming years. 

 

1.4. Candidate gene and genome-wide association studies (GWAS)  

Living systems rely on tight regulation. All processes happening within an organism are governed 

by cellular signalling pathways, which are in turn regulated through gene expression, but no 

organism is completely exempt from the effects of its environment. In the case of a complex process 

such as ageing, for which time is also an important factor, the effects of environmental factors on 

the dynamics of the biological process are significant. However, environmental influence is very 

difficult to study and pinpoint, even if it could contribute to the observed phenotype. In the case of 

human ageing and longevity, such beneficial influence of the environment can be seen in the so 

called ñblue zonesò, the areas of the world with markedly higher percentage of long-lived 

individuals (Buettner & Skemp, 2016). Instead, these long-lived individuals, who are living 

examples of successful ageing, are the most valuable resource for studying the genetics of human 

longevity. Even though the total effect of genetic variation on human lifespan is moderate, with the 

genetic component estimated at around 20-30% (Herskind et al., 1996), the two approaches for 

studying the genetic background of human longevity ï candidate gene studies and genome-wide 

association studies (GWAS) ï have proven very useful in determining different pathways that are 

key for healthy ageing and longevity. The goal of these types of studies is to find genetic differences 

between long-lived individuals, nonagenarians and centenarians, and individuals of average age 

(Smulders & Deelen, 2023). While candidate gene studies can identify a limited number of 

polymorphisms associated with an increased or decreased risk of an outcome by focusing on 

pathways with a putative role in said outcome, genome-wide association studies search for 
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association signal through the entire genome in a more unbiased, hypothesis-free way (Smulders 

& Deelen, 2023; Wilkening et al., 2009). The results of GWAS are considered reliable as these 

studies usually employ very large samples and their results are often reproducible (enabling 

adequate sample size and similar ancestry of the observed populations), which is why the detected 

genetic variants can also be used in other studies to predict the target phenotype (Duncan et al., 

2019a). 

The most well-known gene that influences human longevity is APOE, a gene from the family of 

apolipoproteins that mediates cholesterol transport and metabolism. The ApoE protein has three 

isoforms, termed Ů2, Ů3, and Ů4, that are defined by two missense single nucleotide polymorphisms 

(SNPs), rs429358 (Arg112Cys, arginine defines Ů4) and rs7412 (Arg158Cys, cysteine defines Ů2) 

(Deelen et al., 2011). Its first connection to longevity was made 30 years ago, when Schachter et 

al. (1994) reported on a very low frequency of the allele defining the Ů4 among French centenarians 

(Schächter et al., 1994). It was considered as a candidate gene in ageing studies because isoform 

Ů4 (Arg112, Arg158), which is the ancestral variant (Huebbe & Rimbach, 2017), was associated 

with an increased risk of cardiovascular disease (Bennet et al., 2007; Corder et al., 1993; Eichner 

et al., 1993; Wilson et al., 1994) and Alzheimerôs disease (Farrer et al., 1997; Zuo et al., 2006), 

which are both age-related conditions. Isoform Ů2 isoform (Cys112, Cys158) is protective against 

these diseases, while Ů3 (Cys112, Arg158), which is today the most common of the ApoE isoforms 

(Mahley & Rall, 2000) is considered neutral. It was determined as the strongest genetic factor 

influencing longevity (Deelen et al., 2011), and remains the only genetic locus to reach the level 

of genome-wide significance (p < 5×10ī8) in multiple meta-analyses of GWAS results (Deelen et 

al., 2019). This is why it is today considered a golden standard of longevity research, and is even 

considered as a potential biomarker of ageing (Bürkle et al., 2015). 

The only other longevity-associated locus that has been replicated in several independent studies 

is FOXO3 (Smulders & Deelen, 2023). First identified as a genetic factor for longevity by Willcox 

et al. (2008) (Willcox et al., 2008), the variants in FOXO3 have been associated with longer life in 

many GWA and candidate gene studies on different populations (Anselmi et al., 2009; Bao et al., 

2014; Broer et al., 2015; Flachsbart et al., 2009; Pawlikowska et al., 2009; Soerensen et al., 2010; 

Zeng et al., 2010). FOXO3 is the main transcriptional effector of the insulin signalling activated by 

metabolic stress and nutrient deficiency (Eijkelenboom & Burgering, 2013). It is involved in 
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regulation a wide variety of cellular processes connected to cellular survival, including metabolism, 

protein turnover and quality control, as well as cell death (Stefanetti et al., 2018). Because of its 

involvement in the main pathway implicated in ageing, it is not surprising it has been deemed a 

candidate gene for longevity.  

Variants in other genes that either belong to IIS or are in some way connected to it have been 

reported to potentially impact the ageing process. For example, variants in IGF1R and IGF2R genes 

encoding insulin-like growth factor receptors (Albani et al., 2009a; Bonafè et al., 2003; Li et al., 

2016; Soerensen et al., 2012a), an SNP in the gene for hormone receptors that control the secretion 

of growth hormone (Soerensen et al., 2012a), variants in the genes for metabolic regulators sirtuins 

(TenNapel et al., 2014), have all been associated with longevity. So have the variants in the 

KLOTHO gene, a silencer of insulin signalling, that has got his name after one of the three Fates 

from Greek mythology ï the one that is tasked with spinning the thread of life (D. E. Arking et al., 

2002; Pereira et al., 2020; Soerensen et al., 2012a; Zhu et al., 2019). However, IIS is not the only 

pathway enriched with longevity genes ï strong evidence exists for the connection with ageing and 

longevity of variants in genes involved in cell cycle control ï TP53 (Groß et al., 2014), as well as 

CDKN2B (Fortney et al., 2015; Pilling et al., 2016; Pinós et al., 2014) located in a region that also 

happens to be implicated in cardiovascular disease risk (Burton et al., 2007; Helgadottir et al., 

2007; McPherson et al., 2007). The association with longevity is also reported for variants in the 

IL6 gene, encoding a cytokine with both pro- and anti-inflammatory properties (Albani et al., 

2009b; Christiansen et al., 2004; Revelas et al., 2018), as well as for variants in genes involved in 

DNA repair, for example ERCC2 and MRE11 (Dato et al., 2018). Most of these, however, could 

not yet be replicated in independent studies or in diverse populations. 

 

1.5. Healthy ageing 

Since its inception, humans have been fascinated with the idea of eternal life. For centuries, 

alchemists have tried to create the Philosopherôs stone, a magical object that would, apart from 

transmuting other materials into gold, grant its owner the Elixir of life, and thus, immortality. While 

their efforts have been unsuccessful, the quest for both genetic and environmental factors that can 

positively influence the ageing process and contribute to longevity is today more relevant than ever 
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before. This research also goes beyond merely reaching longevity; it is a quest for a long life spent 

in good health and with a good quality of life. 

The past century has seen the greatest longevity leap in the history of humankind, which resulted 

in a much larger number of people surviving to older age. But in order to truly reap the benefits of 

this longer lifespan, it is of utmost importance to remain in good health for as long as possible 

(Beard et al., 2016). This is why the main term in the research of healthy ageing is healthspan ï the 

years of life lived in good health, free of disease (Garmany et al., 2021), and why a whole branch 

of ageing research that specialises in this connection between ageing and disease ï geroscience ï 

has been established (Kennedy et al., 2014). However, while the human lifespan increased 

drastically, the healthspan has not followed (Garmany et al., 2021). The number of age-specific 

risk factors representing physiological status has stayed relatively constant (Crimmins & Beltrán-

Sánchez, 2011), meaning that todayôs oldest-old might not be any healthier than previous 

generations. This is quite problematic, as advanced age is already the main risk factor for chronic 

diseases such as cancer, cardiovascular and neurodegenerative diseases and type 2 diabetes 

(Niccoli & Partridge, 2012). The older age group is also a segment of population where 

multimorbidity, the coexistence of two or more chronic conditions, is very prevalent (Kirchberger 

et al., 2012; Salive, 2013). In a study that reviewed data from US studies on mortality, length of 

life and disease, Crimmins and Beltrán-Sánchez (2011) report an increase in prevalence of disease, 

longer time lived with a disease, and a decline in mobility functioning (Crimmins & Beltrán-

Sánchez, 2011), meaning that the increased life expectancy does not automatically mean a better 

quality of life. They also show that a decline in some risk factors like high cholesterol and 

hypertension is due to drug usage (Crimmins & Beltrán-Sánchez, 2011), which also highlights 

another problem that goes hand in hand with multimorbidity in older populations, polypharmacy, 

or taking of multiple medications at once (Kurczewska-Michalak et al., 2021), which can have 

negative side effects of its own. Exceptionally long-lived individuals, however, delay or completely 

avoid the onset of most age-related diseases (Smulders & Deelen, 2023), which makes them 

extremely valuable ï not only as examples of successful ageing ï but for gaining insight into the 

conditions and factors necessary for acquiring longevity. 

Therefore, gerontologists today claim that it is not a lack of disease, but other important factors 

like the absence of frailty and good functional ability ï an individualôs ability to perform daily 
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tasks independently (Clegg et al., 2013; Ramnath et al., 2018) ï that are true hallmarks of successful 

ageing. Parameters like mobility, independence and mental capacity have been shown as good 

predictors of mortality and some morbidities (Inouye et al., 1998; Reuben et al., 1992), and the 

same is true for oneôs perception of their own health (Bardage et al., 2005; Curtin et al., 1999; 

Kawada, 2003). Finally, all aspects of functional ability are tied to nutritional status, which is 

especially important for older individuals, as it plays a big role in the preservation of muscle mass 

and strength during aging (Mithal et al., 2013). 

 

1.6. The global population ageing 

In the last 200 years, the average human life expectancy has doubled (Figure 3) (Oeppen & Vaupel, 

2002). From the world average of around 29 years in 1820, it increased to 73 years in 2020 (World 

Health Organization, n.d.) in an almost linear fashion. This increase was made possible by 

civilization advancements like income, better nutrition and sanitation, education and the 

development of medicine (Oeppen & Vaupel, 2002). Initially, the biggest contributor to this 

increase was the decline of juvenile mortality, but in the second half of the 20th century it was the 

improvements in survival after the age of 65, partly due to improved treatments for ageing-related 

diseases, that propelled the rise in life expectancy (Wilmoth, 1998). It was this improvement in 

65+ survival, together with reduced fertility (Lee et al., 2014), that led to an increase in the share 

of the elderly in the population. Projections show that by 2050, for the first time in human history, 

the number of people over the age of 60 will surpass the combined number of adolescents and 

young adults, and that the worldôs oldest-old population is likely to triple from 2015 to 2050 

(United Nations et al., 2019). It is, therefore, not surprising that centenarians are the fastest growing 

demographic group in the worldôs population (Dobriansky et al., 2007). 
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Figure 3. The global life expectancy at birth in 1940, the first year in which data was available for 

all countries, and 2021. Image was adapted from Dattani et al. (2023) (Dattani et al., 2023). 

 

As old age is one of the main risk factors for the development of chronic diseases and 

multimorbidity, demographic ageing of the global population creates a strain on the economic, 
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social and healthcare systems of many countries. As this global phenomenon of population ageing 

is expected to continue in the coming decades, this pressure is also expected to increase, so the 

national governments are being warned of the potential impact these changes will have on the 

global economy and encouraged to make policies intended to raise fertility (Bhattacharjee et al., 

2024). In the face of this future, the need for research into the mechanisms of the ageing process 

and longevity has never been greater. Successful ageing and the conservation of vitality well into 

advanced age is going to be of critical importance for the maintenance of economic stability in the 

coming times, so better understanding of the ageing process and factors which might help to delay 

the onset of functional disabilities, and thus contribute to successful ageing and longevity, is only 

going to gain importance.   

 

1.7. Research scope and the aims of the thesis 

Croatia is, along with the rest of the more developed countries, facing the ageing of the population. 

According to the data from the Croatian Bureau of Statistics, there were almost 91,000 people over 

the age of 85 in 2022 (Croatian Bureau of Statistics, 2023). However, comprehensive genetic 

research of factors that might contribute to longevity is something that has not yet been done on a 

sample of the Croatian population.  

This study aims to explore whether there is a generational difference in genetic characteristics 

associated with longevity in the Croatian population, as well as examine whether genetic 

background influences oneôs chances of reaching longevity (90 years) and extreme longevity (95 

years). It will also determine whether the chosen set of genetic variants influences survival in 

advanced old age. Most importantly, this study will contribute to the general pool of knowledge 

about the role biological and health factors play in achieving longevity and healthy ageing in the 

Croatian population. 

The hypothesis of this study is that the frequency of single nucleotide polymorphisms associated 

with longevity differs between oldest-old individuals and a young control group from Croatian 

population, and that those same polymorphisms have an effect on longevity, while their 

interactions, relative telomere length and indicators of health status are factors that influence 

survival in advanced old age. 
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The main aim of this research is to determine biological contributors to the longevity of the 

Croatian oldest-old population and it will be achieved through specific goals that include:  

1) a comparison of allele and genotype frequencies of variants associated with longevity 

between a sample of oldest-old individuals and a young control group; 

2) testing which of the chosen single nucleotide polymorphisms have an effect on reaching 

longevity (90 years) and extreme longevity (95 years);  

3) testing whether the chosen genetic variants or their interactions, relative telomere length, 

and health-related traits have an effect on survival in advanced old age. 

The research that is planned within the framework of this doctoral dissertation is based on a sample 

of 327 oldest-old people (85 years and older), which was collected between 2007 and 2009 as a 

part of the project ñComplex trait variation and health in children, adults and centenariansò. Ten 

years after the initial survey, within the research project ñHEalth, CUltural, and Biological 

determinants of longevity: Anthropological perspective on survival in very old age (HECUBA)ò 

the age of death of all the respondents was determined from the national mortality register, making 

it possible to discern a group of long-lived individuals among them (those who lived to be over 90 

years of age). Furthermore, within the same project, DNA samples of 100 unrelated young people 

between the ages of 20 and 35 were collected using the snowball method. This young sample, 

which should be a representation of individuals with differing chances of reaching longevity, is 

used as a control group for comparing the frequency of gene variants and as a reference group for 

calculating the relative telomere length of a group of elderly subjects. 

For the genetic analysis, a set of 43 single nucleotide polymorphisms was selected by reviewing 

the relevant literature in publicly available databases (PubMed, repositories specialising in human 

genetics such as LongevityMap, https://genomics.senescence.info/longevity/, and Digital Ageing 

Atlas http://ageing-map.org/ (Budovsky et al., 2013; Craig et al., 2015)). The main criteria for the 

inclusion in the study was a strong or repeated association with human longevity and involvement 

in various signalling and metabolic pathways that play a role in the ageing process (e.g., cell cycle 

regulation, DNA repair mechanisms, the insulin signalling pathway).  

The participants from the oldest-old group were users of one of 13 homes for the elderly and infirm 

from the city of Zagreb and Zagreb County area and participated in the research voluntarily, signing 
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an informed consent for participation and providing a sample of peripheral venous blood for 

biochemical, haematological, and molecular genetic analyses. The subjects completed a survey 

adapted to a sample of elderly people that contained questions related to functional ability, quality 

of life and health, and contained two internationally standardised questionnaires: Mini Nutritional 

Assessment (MNA) for assessing nutritional status, and the psychometric test Mini Mental State 

Examination (MMSE) for assessing the mental state of respondents. They had their blood pressure 

and bone density of the calcaneus (heel bone) measured, and underwent a short anthropometry. 

The collected data comprises a database of health variables that cover a wide spectrum of health 

status data indicating the subjectôs vitality (i.e., the number of chronic diseases, the number of 

medications taken daily, the number of prosthetic devices, nutritional status, blood pressure, bone 

density, etc.), which are in this study used in conjunction with the obtained genetic, biochemical 

and haematological data.  

While some research has previously been conducted on the same long-lived sample ï one that has 

examined the role of four polymorphisms in candidate genes for cardiovascular diseases (CVD) in 

longevity (Zajc Petranoviĺ, 2013) and the other that discussed the influence of five polymorphisms 

in candidate longevity genes on the subjectsô biological age (Krajaļiĺ, 2017), these studies did not 

cover as wide of a set of longevity-associated polymorphisms, nor could they provide a true insight 

on the effect these variants have on the lifespan of our oldest-old subjects, which is something this 

study is able to do. 
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