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HIGHLIGHTS 

 Longevity is a highly plastic trait, a remodelling process comprising modification of internal 

and external stimuli. 

 Genetic contribution to longevity underlies half a hundred of genes associated with long 

lifespan in different populations 

 Lifestyle changes, social and cultural factors can account for survival differences among 

individuals.  

 Microbioma is an example of complex interaction organism-environment 

 New approaches analysing gene-environment and gene-gene interactions can help us to  

understand interplays acting in determining the chance to survive at extreme ages 
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ABSTRACT 

Approximately one-quarter of the variation in lifespan in developed countries can be attributed to 

genetic factors. However, even large population based studies investigating genetic influence on 

human lifespan have been disappointing, identifying only a few genes accounting for genetic 

susceptibility to longevity. Some environmental and lifestyle determinants associated with longevity 

have been identified, which interplay with genetic factors in an intricate way. The study of gene-

environment and gene-gene interactions can significantly improve our chance to disentangle this 

complex scenario. In this review, we first describe the most recent approaches for genetic studies of 

longevity, from those enriched with health parameters and frailty measures to pathway-based and 

SNP-SNP interaction analyses. Then, we go deeper into the concept of “environmental influences” 

in human aging and longevity, focusing on the contribution of life style changes, social and cultural 

influences, as important determinants of survival differences among individuals in a population. 

Finally, we discuss the contribution of the microbiome in human longevity, as an example of complex 

interaction between organism and environment. In conclusion, evidences collected from the latest 

studies on human longevity provide a support for the collection of life-long genetic and 

environmental/lifestyle variables with beneficial or detrimental effects on health, to improve our 

understanding of the determinants of human lifespan. 

 

Keywords: genetics determinants of longevity, microbiota-host cross talk, genomic instability, 

miRNA, lncRNA, contribution of lifestyle to longevity  
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1. Introduction 

The last two decades, probably due to the continuous increase of lifespan in western societies and the 

consequent growing of the elderly population, have witnessed a blooming of studies on the factors 

determining the quality of aging.  In particular, in the biomedical fields, the main aim of researchers 

has been the search of biological and molecular factors able to promote a healthy aging and reach 

longevity. In this frame, a great attention has been devoted to the analysis of the role played by the 

genetic factors in determining healthy aging and longevity. The lack of evolutionary established 

mechanisms linking genes to age-related traits makes the problem of genetic susceptibility to health 

span inherently complex (Kulminsky et al., 2015). Within this scenario, the analysis of families of 

long-lived subjects indicated that healthy aging and longevity have a hereditary component. In 

particular, the reconstruction of long-lived’s sibship (Perls et al, 2002a; Schoenmaker et al, 2006) and 

the comparison of their survival curves with cohort members born in the same geographical area, 

showed that brothers and sisters of long-lived subjects had a clear survival advantage (at any age) 

with respect to the general population. Siblings of centenarians have also lower risk of suffering from 

major age-related pathologies, such as cardiovascular diseases, diabetes and cancer, when compared 

to appropriate selected controls from the same population (Terry et al, 2003); as well, offspring of 

centenarians are healthier than age-matched controls belonging to the same demographic cohorts but 

not born from long-lived parents (Bucci et al, 2016), suggesting that the biological components of 

longevity might largely overlap with the biological components of healthy aging. 

Further studies compared the survival function of brothers of centenarians with those estimated for 

their brothers in law, that is with the men who married their sisters: these subjects were supposed to 

share the same familiar environment, so may help to distinguish the genetic from the “familiar” effect 

(Montesanto et al, 2011). This approach showed that the survival advantage of siblings of long-lived 

subjects was not completely shared by their brothers in law, despite they shared the same environment 

for most of their life. This suggested that beyond the family environment, there are genetic factors 

influencing survival and, consequently, lifespan. The genetic component of lifespan in humans has 
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also been analyzed by comparing the age of death of monozygotic and dizygotic twins. This has 

allowed to estimate that about 25 % of the variation in human longevity can be due to genetic factors 

and indicated that this component is higher at older ages and more important in males than in females 

(Hjelmborg et al, 2006; Herskind et al, 1996; Skytthe et al, 2003). The rest of phenotypic variation 

associated with the trait is influenced by epigenetic and environmental factors, whose characterization 

is becoming more and more important in association studies of human longevity. 

 

2. The search for genetic determinants of longevity 

Although there is compelling evidence for a genetic contribution to longevity, identification of 

specific genes that robustly associate with longevity has been a challenge (Christensen et al, 2006), 

and several approaches were carried out to highlight the genetic predisposition to long life. Table 1 

summarizes the principal methodologies applied for the analysis of the genetic component of human 

longevity.  The simplest strategy is a candidate approach, where a set of SNPs flanking a gene which 

is believed to be involved in longevity are tested for their association to longevity in long-lived 

subjects and in younger geographically matched controls. The underlying hypothesis is that the alleles 

predisposing to longevity are more frequent in long-lived subjects (such as centenarians) than in the 

younger subjects, because those carrying alleles predisposing to longevity are likely to survive to the 

subjects not carrying them and thus, as cohort grows older these alleles become more and more 

frequent (Perls et al, 2002b). Candidate genes have been selected either on the basis of pathways 

correlated to age related diseases (such as inflammation, oxidation, lipid metabolism) or on the basis 

of data gathered from the analysis of model organisms selected for extreme longevity (see Dato et al, 

2013 for a list of genes consistently associated with longevity). Among the many genes which have 

been studied in different populations, only APOE and, to some extent but not always, FOXO3A were 

consistently replicated in different populations. APOE was initially investigated for the risky ε4 allele 

for Alzheimer’s disease and coronary artery disease (Schächter et al, 1994; Davignon et al, 1988), 

and it was subsequently replicated in candidate, linkage and genome-wide association studies 
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(GWAS) (Gerdes et al, 2000; Bathum et al, 2006; Christensen et al, 2006; Deelen et al, 2011; Nebel 

et al, 2011; Beekman et al., 2013;  Deelen et al., 2014); FOXO3 has been candidated for its homology 

with the corresponding genes influencing lifespan in experimental organisms, from C. elegans to 

Drosophila and mice (Murphy, 2006; Willcox et al, 2008), but was replicated only in single-SNP 

studies and not in GWAS (Anselmi et al, 2009; Flachsbart et al, 2009; Soerensen et al, 2010; Deelen 

et al., 2014). 

 

2.1 The first “good” SNP associated with human longevity 

A recent meta-analysis on the genetics of human longevity (Deelen et al., 2014) showed genome-

wide significant association with survival to 90 years of age at two loci: i) one on chromosome 

19q13.32 (P = 3.40 x 10-36), i.e. the previously identified TOMM40/APOE/APOC1 locus; ii) a new 

locus on chromosome 5q33.3 (OR = 0.64, P = 4.09 x 10-21).  Both loci associate with survival but at 

opposite directions. The intergenic region on chromosome 5q33.3 is the first GWAS-identified locus 

promoting human longevity. In particular, rs2149954 (T) in chr5q33.3 locus is associated with:  lower 

all-cause mortality, lower mortality risk for CVD, a decreased risk for coronary artery disease, lower 

diastolic and systolic blood pressure. This chromosomal region deserves further attention, particularly 

for the presence of EBF1 gene associated with adipogenesis and in diseases related to chronic 

psychological stress (Singh et al., 2015). 

 

2.2 The problem of control: new approaches to tackle the complexity 

The analysis of contrasting results obtained for many genes candidate to have a role in human aging 

have highlighted the complexity of the genetic component of longevity. The main problem of the 

case-control approach for studying the genetics of longevity is the age of the control cohort. The allele 

frequency of SNPs as a function of age may not change in a simple monotonic fashion: as observed 

for the first time on the APOB gene (De Benedictis et al., 1998) and confirmed by several studies 

(Bergman et al, 2007; Huffman et al, 2012), alleles may show a U-shaped pattern such that young 
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and very old people have similarly high allele frequencies, but 80 year olds have a lower level. In 

these cases, the choice of the control cohort would affect whether or not an allele is significantly 

different in centenarians.  

Difficulty to find consistent associations with survival to ages ≥90 years may also be due to the fact 

that longevity represents the sum of multiple complex traits, with heterogeneous genetic 

underpinnings, or instead because of the effect of rare variants, not captured by genome-wide 

genotyping and imputation methods used for common variants. To overcome this obstacle, some new 

approaches have been recently proposed. One of the genetic mechanisms which could favour extreme 

longevity involves the lack of certain risk alleles that predispose to common diseases, including 

coronary artery disease, Alzheimer’s, high cholesterol and chronic kidney disease. Among the 

methods which use disease-related variants to find genetic determinants of extreme longevity is the 

informed GWAS (iGWAS), proposed by Fortney and collaborators (Fortney et al, 2015). The method 

takes advantage of prior knowledge from large studies of age-related diseases, in order to narrow the 

search for SNPs associated with longevity. Several whole genome sequencing or GWAS analyses 

showed that the genomes of centenarians contain many risk variants for disease (Beekman et al., 

2010; Sebastiani et al, 2011; Freudenberg-Hua et al, 2014), and that the overall count of disease-

associated variants does not significantly differ for centenarians versus controls (Beekman et al, 2010; 

Sebastiani et al, 2012). As argued by Fortney, while this implies that many disease variants may not 

be depleted in centenarians, there may be additional variants enriched in disease and also present in 

centenarians, probably having pleiotropic functions on different traits  (Garagnani et al, 2013; 

Postmus et al, 2015). In order to discover these longevity variants, it is possible to take advantage of 

the results of large GWA studies of disease to narrow the search. Whatever is the case, age-related 

diseases are the other side of medal of successful aging, so their pathological mechanisms are deeply 

investigated to find genetic variants influencing longevity. iGWAS started from high-ranked variants 

of 14 large studies of disease and disease-related traits, hypothesizing that a strong association signal 

in disease can boost a weak association for longevity to statistical significance. The “in silico” 
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analysis carried out by Fortney and collaborators highlighted four genetic loci associated with both 

diseases and exceptional human longevity, then replicated in independent centenarian cohorts, 

including APOE/TOMM40 (associated with Alzheimer’s disease), CDKN2B/ANRIL (regulating the 

cellular senescence), ABO (tagging the O blood group), and SH2B3/ATXN2 (a signalling gene able to 

extend lifespan in Drosophila and involved in neurological disease).  These results imply a genetic 

overlap between longevity and age-related diseases and traits. Furthermore, many of the SNPs found 

by iGWAS showed an association for not one, but many diseases which seem to have distinct 

aetiologies, thus suggesting their implication in some general mechanisms (such as reduced aging 

rate or cellular impairment) that act across multiple diseases. 

In order to find genes associated with healthy aging phenotypes, Minster and collaborators proposed 

the genome-wide analysis association of families selected for exceptionally healthy aging, stratified 

for “Healthy Aging Index” (HAI) (Minster et al, 2015). This index is built summing five measures, 

including systolic blood pressure, forced vital capacity, Mini-Mental State Exam, serum creatinine, 

and serum fasting glucose, with scores ranging from 0 (healthiest) to 10 (unhealthiest). HAI is sex-

specific, strongly predictive of low mortality risk in Cardiovascular Health Study and heritable in 

families selected for longevity (Sanders et al, 2014). Taking into account the HAI values, Minster 

found a new locus, ZNF704 on chromosome 8q21.13, as a potential candidate gene for aging in 

women. Although the poor information available on this gene, association was found between one of 

its variant and amyotrophic lateral sclerosis in United States veterans (Kwee et al, 2012) and with 

muscle quality in pigs (Ponsuksili et al, 2014), thus suggesting an influence of the gene on muscular 

functionality.  

Furthermore, a functional-association approach was very recently proposed by Yerges-Armstrong 

(2016): with the aim of identifying longevity-enhancing genes, they measured differential gene 

expression between offspring of long-lived Amish (older than 90 years) and their spouses (controls) 

and correlated differentially expressed transcripts with locations of longevity-associated variants 

detected in a prior GWAS of survival to age 90 (Newman et al, 2010). Expression of one of these 



 

 8 

transcripts, 3′-phosphoadenosine 5′-phosphosulfate synthase 2 (PAPSS2), was significantly higher in 

offspring of nonagenarians than in controls. The gene PAPSS2 codifies for a sulfation enzyme located 

on chromosome 10, involved in premature onset of joint degeneration and impaired 

dehydroepiandrosterone (DHEA) sulfation; because DHEA sulfate is believed to be a critical 

hormone, which levels drop with age, and maintenance of its levels were associated with greater 

longevity in men, this result deserves future attention (Enomoto et al, 2008). 

Finally, particularly interesting is the question about the role of APOE gene variants in aging, 

longevity and age-related diseases. As previously discussed, genome-wide association studies 

(GWAS), performed on long-lived cohorts, confirmed the association with longevity of variants near 

APOE/TOMM40/APOC1 locus at genome wide significance (P<5x10−8) in different populations 

(Nebel et al, 2011; Deelen et al, 2011, 2014; Sebastiani et al, 2012; Broer et al, 2015; Zeng et al, 

2016). In all these studies, eplicated loci are considered significant if the False Discovery Rate (FDR)-

adjusted P-value (the 95th or 75th percentile) was less than 10% or to a more stringent level of 5% 

(Nebel et al, 2001). Recently, Kulminski and collaborators pointed out that one complicating factor 

in understanding the role of APOE gene in aging and longevity is genetic trade-off (Kulminski et al., 

2015). They analyzed the participants of the Long Life Family Study (LLFS), their offspring and 

spouses, to highlight the complex role of the e4 allele in genetic susceptibility to health span. In 

particular, they focused on age-related macular degeneration, bronchitis, asthma, pneumonia, stroke, 

creatinine, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol, 

diseases of heart (HD), cancer, and survival. Their results showed favorable associations of the ε2 

allele with lower LDL-C levels, lower risks of HD, and better survival,  while the e4 allele confers 

risks of heart diseases in a sex-, age-, and LLFS-population-specific manner. Furthermore, a 

protective effect of e4 allele against cancer was documented in long-lived men and their sons (>75 

year), while the protective effect against heart diseases was limited to the first generation and not 

potentially transmitted (Kulminski et al., 2016).   
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2.3 Gene-gene and pathway-based analyses: the importance of genomic context 

Considering that the genetic component of human longevity is assumed to be determined by many 

genes (Deelen et al., 2013), interactions between different genetic markers, not due to Linkage 

Disequilibrium (LD) effect, could explain a part of the missing heritability in human longevity, still 

unexplained. Interactions between different genes or SNP-SNP interactions at gene level may 

reasonably exist and have an influence on any human complex trait. From a genetic point of view, 

epistatic interactions may hide the role of some genetic variant, as well as synergistic relationships 

may be discovered respect a particular phenotype. Furthermore, the analysis of the co-occurrence of 

marker pairs with survival or age-related phenotypes, can suggest specific sub-processes more 

strongly associated with the phenotype than single-SNP analysis does (Cordell, 2009). Recently, the 

importance of genomic environment for studying the genetic components of human longevity was 

demonstrated by Raule and co-workers (2014), who found an overrepresentation in 

ultranonagenarians of mitochondrial DNA (mtDNA) mutations, previously found to be associated 

with a number of degenerative disorders. However, individuals were not affected by such disorders, 

thus suggesting that mtDNA mutations can be either positive or negative according to other factors, 

most likely including environmental factors as well as other mitochondrial and nuclear genomic 

background (Raule et al, 2014). Previous evidences in accordance with this hypothesis were found 

by Achilli (2012), who reported as in LHON (Leber’s hereditary optic neuropathy), the penetrance 

of mutations is increased by the concomitant occurrence of mutations on different complexes, like I 

and III, defining specific J sub-haplogroups (Achilli et al, 2012). The availability of complete 

sequences allowed Raule and collaborators to evaluate for the first time the cumulative effects of 

specific, concomitant mtDNA mutations, including those that per se have a low, or very low, impact. 

Studying cumulative effects on genomic DNA is of course much more difficult, unless small fractions 

(or specific regions harboring genes involved in relevant pathways) are analyzed. Gene-gene 

interactions can be studied by logistic regression or by multifactor dimensionality reduction (MDR) 

approaches (Hahn et al, 2009; Gilbert-Diamond and Moore, 2011). MDR is a non-parametric, model-
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free data mining strategy, designed to detect interactions with large sample size (Cordell et al, 2009), 

without requiring an accurate estimate of the model’s parameters. This methodology overcomes 

logistic regression, deeply used in genetic epidemiology when dealing with very large sample size 

and many independent variables. However, the large number of tests performed when searching for 

the combined effect of genetic variants requires a strict assessment of the significance. To avoid false 

positive findings, it is necessary to correct for multiple testing and consider low P-values, very often 

obtained by permutation approaches by random data shuffling, which requires of course major 

calculation efforts.  

Pathway-based analyses between different genes can reduce the number of different variants tested, 

by focusing the attention on candidate mechanisms for human longevity. From a biological point of 

view, the rationale for pathway-based approach is that it considers the joint effect of the gene products 

on cell metabolism (Wang et al, 2007). From a statistical point of view, a combined analysis of SNPs 

and genes sets reduces the multiple testing burden and typically increases power. The advantage to 

apply a gene-set analysis to investigate the joint effect on human longevity was recently demonstrated 

in large GWAs datasets. To date, different analytic approaches were proposed, from PLINK set-based 

test, to Global test, GRASS, SNP ratio test and competitive gene-set enrichment analysis (GSEA), all 

suitable for studying gene-gene interactions in complex traits (Wang et al, 2011; Deelen et al, 2013; 

Debrabant et al, 2014). Their application confirms the relevance of conserved mechanisms along the 

evolutionary scale, previously indicated also by univariate analysis, such as DNA repair (Debrabant 

et al, 2014), telomere maintenance (Atzmon et al, 2010; Soerensen et al, 2012a; Crocco et al, 2015), 

stress response (Altomare et al, 2003; Ross et al, 2003; Rose et al, 2011), nutrient-sensing signaling, 

and regulation of gene transcription mechanisms, like IGF-1/insulin axis (Soerensen et al, 2012b), 

TOR (target of rapamycin) pathway (Johnson et al, 2013), MAPK (Mitogen-Activated Protein 

Kinase) and calcium signalling pathways; in addition, the analysis of sub-processes allows to 

discriminate pathways with epistatic effects, responsible for the association with longevity, (like 

INS/IGF-1 signalling, found in Deelen et al, 2013) from others where one master gene can concentrate 
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the effect (as POT1 in the telomere maintenance pathway) (Deelen et al, 2013). Particularly 

interesting is the observation that many of these pathways, like immunity, stress response or 

xenobiotic metabolism, have homeostatic functions and answer to different kind of environmental 

stimuli (Zeng et al, 2016). 

 

2.4 A step forward the classical genetics: role of non coding, regulatory DNA and transposable 

elements in the aging process 

  

Many of the phenotypic changes that characterize the aging process are governed by widespread 

changes in gene expression (Glass et al, 2013). In addition to proteins that bind DNA and RNA, a 

variety of noncoding (nc) RNA, both short (mainly microRNAs) and long (lncRNAs), are capable of 

tightly regulating gene expression, acting both transcriptionally and post-transcriptionally (Djebali  et 

al, 2012). miRNAs are the best characterized small ncRNA capable of modulating the expression of 

hundreds of genes, by interacting with complementary sequences in coding and non-coding regions 

of their mRNA targets, and finally leading to translational repression and/or degradation. The ability 

to regulate multiple targets simultaneously makes miRNA crucial pleiotropic regulators of many 

physiological processes. Data generated from model systems such as C. elegans, Drosophila, and 

mouse, show that specific miRNAs are able to regulate lifespan by targeting genes belonging to 

signaling pathways such as insulin/IGF-1, p53-, and SIRT1- mediated pathways, widely implicated 

in aging and longevity (Smith-Vikos et al, 2014). Furthermore, several studies reported tissue-specific 

up- or down-regulation of miRNAs in model organisms (Ibáñez-Ventoso et al, 2006; Maes et al, 

2008; Li et al 2011; Liu et al, 2012). Similarly, studies in humans have shown that miRNA expression 

changes with age: age-related changes have been demonstrated in circulating miRNAs (such as miR-

19b, miR-21, miR-126 and miR-146a) having an extensive role in complex molecular processes 

related to inflammation, cellular senescence and cancer. Notably, changes in miRNA expression in 

centenarians compared to either adults or octogenarians were also observed (Olivieri et al, 2013). 
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Moreover, there are indications that aging and longevity may be affected by the variability of specific 

miRNA targeted regions (Crocco et al, 2016). 

A potential involvement in aging has been suggested also for lncRNAs, a heterogeneous class of 

numerous non-protein coding transcripts longer than 200 nucleotides. Although little is known about 

the molecular and biochemical functions of lncRNAs across the cell, the literature shows many 

examples of their effects on gene expression regulation, in processes ranging from regulation of 

chromatin structure to transcriptional, post-transcriptional, and translational regulation (Vance and 

Ponting, 2014). A significantly altered expression level of lncRNAs was observed in skin aging by 

Chang and co-workers (Chang et al, 2013), as well as by Abdelmohsen et al. (Abdelmohsen et  al, 

2013), who identified a set of lncRNAs differentially expressed during replicative senescence. 

Recently, evidence has started to accumulate indicating that lncRNAs can influence both the 

molecular and cellular processes that underlie the physiologic decline occurring with aging and age-

related pathologies, including neurodegeneration, cardiovascular disease, and cancer (see reviews 

like Grammatikakis et al, 2016, Kim et al, 2016; Kour and Rath, 2016). 

Finally, one of the hypothesis currently of interest regards genome instability as one of the major 

causes of aging (Vijg et al, 2013). A potentially important mechanism impacting genome stability is 

the activation of endogenous mobile genetic elements (transposable elements). Retrotransposons, 

which replicate through an RNA intermediate, constitute a large fraction of mammalian genomes: 

their activity alters genome architecture and likely influences the expression of many genes by 

inserting in or very close to their regulatory regions. Transposition in somatic cells is very low, being 

subject to epigenetic silencing; however, recent evidence suggests that silencing mechanisms acting 

on retrotransposons may deteriorate with age (De Cecco, 2013). With aging, the age-related loss of 

heterochromatin leads to an increased expression of otherwise silent retrotransposons, and the 

consequent translocation of these elements within genomes, finally determining a disruption of 

cellular homeostasis during aging (Wood and Helfand, 2013). In particular, activation of long 

interspersed element-1 (LINE-1 or L1) and short interspersed elements (SINEs, essentially Alu 
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elements), has been implicated in aging and aging-related disorders by several lines of evidence 

(Hancks et al, 2012; Beck et al, 2011; Mustafina, 2013). Interestingly, interventions that extend 

lifespan, such as dietary restriction, have been shown to counteract the increased expression of 

retrotransposons in aged mice (De Cecco et al, 2013). It has been also reported that SIRT6, a key 

regulator of mammalian lifespan, induces the upregulation of L1 activity during the course of aging 

and in response to genotoxic stressors (Van Meter et al, 2014). 

 

3. Gene-environment interactions: the role of culture. 

The correlation between genetic background and environment in determining the individual chance 

of a delayed or successful aging is a hot topic in modern gerontology. The precise knowledge of the 

effects of environment and lifestyle on the basic molecular mechanisms of aging may allow to 

elaborate preventive measures, in order to increase life expectancy and thus, the chance to attain 

longevity. The improvement of living conditions, such as increased availability of food resources, 

exercise attitude, housing, advance in medicine and pharmacology, has contributed to a significantly 

increased longevity, globally and especially in Western societies (Vaupel, 2010). Environmental 

factors may have either additive or multiplicative effects on health and longevity, triggering a series 

of coordinated changes in the physiological and developmental patterns able to produce alternative 

phenotypes during the life-course of an individual - a process commonly known as developmental 

plasticity. The existence of “healthy lifestyle and environments” comes from the observation of a 

geographical clustering in centenarians’ distribution around the world:  Okinawa, Nicoya, Ikaria, 

Sardinia, Loma Linda, respectively in Japan, Costa Rica, Greece, Italy and Mexico (Poulain et al, 

2013), places which are possibly more conducive to fostering longer lifespan respect to the rest of the 

world. Called “Blue Zones” (Poulain et al, 2004; 2013), these places are defined as “limited region(s) 

where the population shares a common lifestyle and environment and whose exceptional longevity 

has been accurately verified”. In these zones, centenarians have been found at higher frequency 

compared with the rest of the population, and lead a distinct lifestyle, which includes greater intake 
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of vegetables, stress-free and active lifestyle, with strong community bonds and spirituality (Buettner, 

2012). Progeny of Okinawan and Ashkenazi centenarians has been shown to live longer and also has 

lower levels of cardiovascular diseases and lipid abnormalities, related to their age-matched 

counterparts (Atzmon et al, 2005; Willcox et al, 2006).  Their study confirm that among the 

modifiable factors, diet has a major impact on healthy aging: nutrients and their metabolites control 

energy balance, enzymatic activities, and genome stability throughout the life cycle; as a 

consequence, robust association of dietary restriction with increased lifespan and reduction of age-

associated decline were demonstrated across a wide range of species, and trials are going on in 

humans, with the aim of verifying the effect of intermittent fasting and specific component of food 

deprivation on health and longevity (Longo et al, 2015 and references therein).  

Genetic and epigenetic variability influence diet-mediated mechanisms, and have an influence upon 

extreme survival through well-known metabolic pathway: i.e. caloric restriction, often mediated by 

epigenetic process affecting transcriptional levels of genes, involves critical nutrient-sensing factors 

like AMPK, SIRT1 and mTOR, influencing inflammation, cell survival, stress response, autophagy 

and protein synthesis, well-known as mediators of the aging process (Finch, 2007; Dato et al, 2016).   

The cultural context within each individual’s life is also known to exert influence on health outcomes. 

Relevant social and cultural environments include not only an individual’s immediate personal 

environment (e.g., his/her family), but also the broader social contexts such as the community in 

which he/she resides. Their influences on aging and longevity may be so important that different 

“environments” can account for population-specific associations: different subgroups may have both 

different genetic backgrounds and different cultures or socioeconomically influenced habits’ patterns. 

Dynamicity of social environment implies that during the life course there are periods, as the prenatal 

period, that impact on later life health outcomes, as development of coronary heart disease and some 

cancers at middle age (Barker and Bagby, 2005). In addition, social environmental conditions often 

cumulate over time, so that for example, persistent poverty has more disadvantageous effects on 

health with respect to transient difficulties. Finally, such conditions may be reproduced across 
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generations, because parents, aside from their genes, “pass on” their familiar habits to their children 

and, consequently, the advantages/disadvantages of healthy or unhealthy lifestyles. According to the 

concept of developmental plasticity, appropriate lifestyle changes hold promise for increasing 

longevity (at least to a limited extent) (Govindaraju et al, 2015). 

Studying gene-environment (GXE) interactions is a challenging clue in case-control studies of 

longevity, because environmental factors may not be constant over time, considering that cases could 

have experienced a different environment when they were at the age of the younger controls. A 

longitudinal design that investigates survival over time can be more suitable for GXE studies, possibly 

monitoring the individual changes in diet, physical activities, medications etc. As underlined before, 

social and cultural variables like socio-economic and occupational status, education level, social 

networks and social support, as well as psychosocial variables, should be also collected, because 

studying the dynamic trajectories of social changes can help explaining  health and lifespan patterns, 

and have a deep relapse in terms of socio-economic policy.  

 

4. Maintenance of the microbial counterpart as a key for longevity: an example of complex interaction 

between organism and environment 

 

Nutrition-related factors and the complex gut-associated microbial ecosystem (gut-microbiota) are 

known to be important environmental triggers for the development of lifestyle-related chronic 

diseases and metabolic pathologies, like inflammatory diseases, which ultimately reduce the quality 

of life and the chance for a successful aging. Age-related factors, such as changes in diet, lifestyle, 

inflammation and frailty, can deteriorate the mutual microbiota–host interaction, compromising the 

health status of the individual.  The intestinal microbiota (IM) is a complex, diversified and dense 

population of bacteria (Costello et al, 2009) composed by ~100 trillion of microbial symbionts, which 

shares an intense metabolism with its host; thus, it is an essential factor for several aspects of human 

physiology, as the digestion of complex dietary polysaccharides, the functionality of the immune 

system, the protection from pathogen colonization, the maintenance of the gut epithelial structure and 
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the regulation of enteric nerve function and brain development (O’Hara and Shanahan, 2006; Neish, 

2009). Characterized by a relevant degree of plasticity, IM is able to adapt its functional profile in 

response to changes in diet, environment or lifestyle, through an optimization of metabolic and 

immunological performances (Candela et al, 2012).  

Besides environmental factors, the composition of gut microbiota is determined by the host genome, 

whose own genes complement and shape the kind of indigenous microbial communities; the co-

evolution of individual and microbic genome (metagenomic) is so important that was found to be 

phylogenetically conserved (Ley et al, 2008). In humans, the role of genetics was investigated by 

twins studies, demonstrating a comparable degree of similarity in monozygotic and dizygotic twins 

for their IM communities (Turnbaugh et al, 2009). Interestingly, several genes of both innate and 

adaptive immunity have been shown to play a role in shaping the gut microbial community. Examples 

can be found in MYD88, a protein involved in the communications between Toll-like receptors (TLR) 

and microbial products during inflammatory responses (Asquith et al, 2010), IgA locus, activated by 

commensal flora with the aim to protect both the individual and the herd against gastrointestinal 

tract’s infections  (Wijburg et al, 2006), and APOA1, the major component of high density lipoprotein 

in plasma. In mice models, mutations in APOA1 gene correlate with a different microbiota community 

structure in comparison with wild-type mice (Zhang et al, 2010). Fine detailed analysis of microbiota 

composition showed significant re-sculpturing of microbiota community configuration in the elderly 

(Rampelli et al, 2013). By applying a shotgun sequencing to total fecal bacterial DNA in long-lived 

samples, researchers demonstrated that with age, besides the high degree of inter-individual 

variability, a compromised stability of the IM occurs, together with a tendency toward a reduced 

biodiversity, with age-related modifications both of the genetic (i.e. loss of genes for shortchain fatty 

acid) and functional profile of the human gut microbiota (Rampelli et al., 2013). The presence of such 

a compromised microbiota is associated with an increased inflammatory status, also known as 

inflammaging; furthermore, remodelling of centenarians' microbiota determines a marked decrease 

in symbiotic species with anti-inflammatory properties (i.e. Faecalibacterium prauznitzii) and an up 
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to ten-fold increase of other facultative anaerobes bacteria, including Streptococci, Staphylococci, 

Enterococci and Enterobacteria (Biagi et al., 2010, 2012; Gavini et al., 2001). Recently, an extensive 

analysis of the age-related trajectory of microbiome changes, involving subjects within a broad age-

range (22-109 years), highlighted a complex adaptive remodelling of gut microbiota with age (Biagi 

et al., 2016): researchers demonstrated that while a core microbiota of highly occurring bacterial 

groups (mostly belonging to Ruminococcaceae, Lachnospiraceae and Bacteroidaceae families) 

accompanies human life, such a community strongly decreases along with aging. At extreme ages, a 

sort of ‘‘longevity adaptation’’ seems to occur, characterized by the enrichment of health-associated 

taxa, such as Akkermansia and Bifidobacterium, known to activate immunomodulation, protect 

against inflammation, and promote a healthy metabolic homeostasis, that might support extreme 

aging and longevity. On the contrary, individual specific variables accompanying the age-related 

decline may impact the deterioration of the IM host mutualism: frailty changes in physiological 

functions, including taste and smell (Weiffenbach and Bartoshuk, 1992), masticatory functions 

(Newton et al., 1993), reduction of appetite, constipation (Wald, 1990), saliva production, together 

with reduction in mobility and depression, may severely compromise dietary patterns, resulting in the 

consumption of a nutritionally unbalanced and less variable regimen, generally poor in fruits and 

vegetables (Ervin, 2008). As a consequence, the reduction of fibre intake may determine for example 

the depletion in members of the Clostridium cluster XIVa in the elderly, ultimately leading to a lower 

bio availability of short chain fatty acids in the gut, which can be detrimental for the wellbeing. There 

is not a precise threshold at which the IM-host mutual interaction may provide advantages for 

longevity, but IM can be considered a non-stable and non-homogeneous process in the mosaic model 

of human aging, which can stress and amplify the different genetic makeup of the host, finally 

influencing his chance to live a long life (Cevenini et al., 2008).  

Conclusions 
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Traditionally, factors which may influence how long we live have been divided in two general 

categories:  heredity (nature) and environment (nurture). In the last few centuries, as Ridley (2003) 

has pointed out, nurture appears to have shaped the nature of human longevity in the modern human 

societies: that is, lifestyle changes at population levels may have contributed disproportionately to 

world-wide increase in human longevity. The study of genetic counterpart to longevity obtained 

interesting conclusions, underlying half a hundred of genes associated with long lifespan in different 

populations (Dato et al, 2013). However, progress in understanding the genetic determinants of 

human longevity has been disappointing if compared to other complex traits: phenotypic 

heterogeneity, lack of replication among aged cohorts, significance thresholds, and missing 

heritability are still drawbacks in longevity association studies. As in other complex traits and 

diseases, the presence of many genes with small effects, mutually interacting to determine the 

phenotype (the individual chance to reach an advanced age) can complicate the picture but can be 

overcome by pathway-based and SNP-SNP interaction analyses, based on multidimensional 

reduction statistics. In different sections of the present work, we underlined how longevity inherently 

represents a highly plastic trait, a remodelling process comprising modification of internal and 

external stimuli, and so, influenced by a wide range of lifestyle changes. Dietary interventions, for 

instance, provide excellent examples of lifestyle modification having an immediate impact on health 

and longevity, holding the promise for increasing longevity. In the future, multivariate approaches 

should focus on the analysis of dynamic interaction of multiple genes with environmental, socio-

cultural and individual factors, like microbioma composition, to complete the picture of longevity 

determinants in human populations. The knowledge of such determinants, genetic and environmental, 

can increase the chance of a healthy aging, helping to set up correct social policies for responding to 

increase in life expectancy. In a perspective view, looking at the future of human longevity genetics 

we argue that, beyond gene-environment interaction (lifestyle, nutrition, education and cultural 

habits), other basic variables such as chronological age and information about birth-cohort population 



 

 19 

will become central, to be carefully considered in studies on the genetics of longevity and major age-

related diseases (Franceschi and Garagnani, 2016).  
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Table 1: Summary of the main models of data analysis in studies on the genetic component of longevity. Study design and principal evidences are 

shown for each different approach, as well as some references are indicated. * Healthy Aging Index” (HAI) is built summing five measures, systolic 

blood pressure, forced vital capacity, Mini-Mental State Exam, serum creatinine, and serum fasting glucose. 

 

 Survival studies Study design Principal evidences  References 

1 Analysis of survival 

advantage  

Analysis of survival and health 

characteristics in families of long-lived 

subjects 

Healthy aging and longevity have 

a hereditary component 

Perls et al, 2002;  

Schoenmaker et al, 2006; 

Montesanto et al, 2011 

2 Estimation of variation in 

the age of death  

Analysis of lifespan in monozygotic and 

dizygotic twins 

A) about 25 % of the variation in 

human longevity is due to genetic 

factors  

B) genetic component is higher at 

older ages 

C) genetic component is more 

important in males than in females 

Herskind et al, 1996;  

Skytthe et al, 2003;  

Hjelmborg et al, 2006; 

 Genetic studies    

3 Single-gene association 

studies by candidate 

approach 

Comparison of allele frequency between 

long-lived subjects and younger controls; 

estimation of genotype-specific relative 

mortality risks 

Apoe and FOXO3A are the only 

genes replicated in different 

populations 

Gerdes et al, 2000; 

Bathum et al, 2006;  

Dato et al, 2013  

and references therein 

5 Genome-wide 

association 

studies(GWAS) 

Whole-genome analysis of genetic 

variants in long-lived samples  

Association with longevity for 

APOE/TOMM40/APOC1 loci; 

new locus on chromosome 5q33.3 

Newman et al, 2010;  

Deelen et al, 2011;  

Nebel et al, 2011; 

Sebastiani et al, 2012;  Deelen 
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et al., 2014;  

Broer et al, 2015;  

Zeng et al, 2016 

6 Large population-based 

linkage studies 

Analysis of linkage with longevity in 

candidate genomic regions 

Association with longevity for  

APOE/TOMM40/APOC1 locus; 

additional loci at 14q11.2, 17q12-

q22, and  19p13.3-p13.1 

 

Beekman et al., 2013 

7 iGWAS (informed 

GWAS) 

Analysis of disease-related genetic 

variants, selected among high-ranked 

results of large studies of disease and 

disease-related traits 

Association with longevity for: 

APOE/TOMM40 (associated with 

Alzheimer’s disease), 

CDKN2B/ANRIL (regulating the 

cellular senescence), ABO 

(tagging the O blood group), and 

SH2B3/ATXN2 (regulatind 

Drosophila’s lifespan and 

involved in neurological disease).  

Fortney et al, 2015 

8 GWAS in exceptionally 

healthy aging families 

Genetic analysis in families stratified for 

“Healthy Aging Index” (HAI)* 

ZNF704 is a candidate gene for 

aging in women 

Minster et al, 2015 

9 Functional-association 

approach 

Measure of differential gene expression 

between offspring of long-lived Amish 

and their spouses  

PAPSS2 expression is higher in 

offspring of nonagenarians 

Yerges-Armstrong et al, 2016 

10 Study of mitocondrial 

genome 

Re-sequencing of mtDNA in long-lived 

sample from different population 

Co-occurrence of mtDNA 

mutations affects longevity in 

population-specific way 

Raule et al, 2014 

11 Pathway-based approach Combined analysis of SNP sets at 

multiple genes by different methods: 

Conserved mechanisms are 

associated with survival along the 

Wang et al, 2011;  
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PLINK set-based test, Global test, 

GRASS, SNP ratio test, competitive 

gene-set enrichment analysis (GSEA). 

Analysis of sub-processes to 

discriminate epistatic effects.   

evolutionary scale: stress 

response, telomere maintenance, 

DNA repair, INS/IGF1 pathways 

Deelen et al, 2013;  

Debrabant et al, 2014 


