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Article 
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Abstract: Background. In the central-eastern region of the Mediterranean island of Sardinia more than two 

decades ago, a mountain area was identified where the population displays exceptional longevity, especially 

among men (the longevity Blue Zone, LBZ). This community was thoroughly investigated seeking to 

understand the underlying factors of this phenomenon. In the present study, 11 genetic markers previously 

associated with longevity in several long-lived populations were analyzed. Methods. APOE (rs429358 and 

rs7412), APOE promoter (rs449647, rs769446, and rs405509), ACE1 (rs1799752), IL6 ‒174G/C (rs1800795), TNFα 

‒308G/A (rs1800629), FOXO3A (rs2802292), KLOTHO (rs9536314) and G6PD (c.563C→T) were investigated. 

PCR-based genotyping was performed following genomic DNA extraction from 150 nonagenarians living in 

the LBZ and 150 controls from a nearby area. Results. No significant deviation of the frequency of the analyzed 

markers was detected between the two groups except a weak association with the –174G>C gene variant of the 

IL-6 gene (p=0.040), a major modulator of the inflammatory response. Conclusions. The findings of this study 

do not support a significant association of known genetic variants on survival in the population of the Sardinian 

LBZ. Other genetic or epigenetic traits might play a role not yet identified. 

Keywords: human longevity; single nucleotide polymorphisms; Sardinia 

 

1. Introduction 

Interest and curiosity for the predictability of human lifespan date back to ancient times. The 

ability of rare individuals to reach advanced age, and even to live 100 years or more, is already 

attested in the writings of the Roman era, Middle Ages and Renaissance as well as nowadays [1,2]. 

However, the interest is the systematic study of centenarians, regarded as a model of successful aging, 

emerged and grew just a few decades ago, fueling the hope of discovering major biological factors 

affecting the human life span. In laboratory animals, due to their relatively shorter lifespan compared 

to humans, it is easier to study causal factors of longevity under controlled conditions. The role of 

genes especially attracted great interest, and the combined efforts of numerous international research 

teams have ascertained that the heritable component of lifespan is nearly 70% in the yeasts [3], 25-

50% in nematodes, flies, and mice [4]. There are no a priori reasons why this should not apply to 

humans whose genome harbors many genes orthologous to those identified in animals (for a review 

see [5]). During the 1990s the heritability of human longevity was estimated through twins and 

families studies to be nearly 30% [6–8], hence most of the lifespan variance appears clearly non-

heritable. Nonetheless, a large body of research in ethnically different populations sought to identify 

“longevity genes” with the hope of manipulating them through pharmacological interventions in 

order to ensure a longer lifespan. In the first decade of this century, the diffusion of genome-wide 

association studies (GWASs), driven by the identification of millions of single nucleotide 

polymorphisms (SNPs) across the human genome, dramatically changed the scenario [9]. The basic 

assumption is that a relatively small number of these SNPs can capture common genetic variation in 

long-lived and short-lived individuals via linkage disequilibrium. In this type of studies, major 
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drawbacks were the small sample size of centenarian cohorts usually available, especially men, and 

the wide genetic variability of most populations where centenarians come from, which may generate 

a considerable genetic background noise. The first problem has been partially solved by creating 

international consortia recruiting a large number of long-lived individuals [10,11], and more recently, 

by studying centenarians' offspring [12,13], relatively more numerous and easier to recruit, who show 

a higher probability to become long-lived themselves compared to the general population. On the 

other hand, the problem of background genetic variability is more challenging and may more easily 

be tackled with the study of genetically homogeneous populations. This is the main reason for the 

present investigation. 

Over the past twenty years, various genetic studies have been carried out on oldest Sardinians 

in relation to longevity: initially, case-control studies compared centenarians from all Sardinian 

villages with sexagenarians recruited in surrounding areas in relation to polymorphisms of p53 [14], 

cytokines [15,16], HLA [17–19], PON1 [20], and the Y chromosome [21]. None of these investigations 

revealed a significant divergence in the frequency of these variants from that of the younger control 

population. Gradually, the idea came up that the population of centenarians from the whole island 

could be still too heterogeneous to be informative. In addition, another source of confounding may 

be that a sizable proportion of centenarians who have lived for most of their existence in a rural 

environment often spend the final part of their existence in an urban environment, e.g. at their 

children's home, adopting habits that may somewhat influence the phenotype derived from their 

genetic endowment. As a matter of fact, the ideal approach would be to study only a carefully selected 

population from a geographically restricted area where longevity can manifest in a context of 

homogenous traditional living conditions. In 1999 a population living in “Ogliastra”, a rural 

subregion of the Mediterranean island of Sardinia, Italy ‒ whose genetic homogeneity is even higher 

than that of the population residing in the rest of the island ‒ was reported as one with the highest 

proportion of people living into their nineties, and centenarians were not rare [22,23]. This area was 

later dubbed Longevity Blue Zone (LBZ) due to the color used in the early geographical maps of 

longevity [23]. Moreover, the centenarians in Sardinia, unlike most western populations, include a 

significantly greater proportion of men [23]. The community living in this area exhibits both extreme 

genetic and cultural homogeneity providing a natural model to study the genetic factors of longevity, 

minimizing the effects of confounding. 

Common Genetic Variants Associated with Human Longevity 

Genetic variants involved in several metabolic pathways, and already reported to be associated 

with human longevity are listed in Table 1 followed by a short background in the domain of longevity 

research. 

Table 1. Genetic markers associated with human longevity selected in this study. 

Gene name and 

abbreviation 
Protein function Variant locus 

Association with 

longevity 
References 

Apolipoprotein E 

(APOE) 

Lipid 

metabolism 

rs429358 (T>C, p.C112R) and 

rs7412 (C>T, p.R158C) 
Consistent [24–27] 

Angiotensin-converting 

enzyme (ACE1) 

Converts 

angiotensin I to 

angiotensin II 

rs1799752: intron 

variant: Alu 

sequence 

Inconsistent [24,28] 

Interleukin 6 (IL6) 
Proinflammatory 

cytokine 
‒174G/C in the promoter region Inconsistent [29,30] 

Forkhead box O3A 

(FOXO3A) 

Insulin/IGF-1 

signalling 
rs2802292 (intron T>C) Consistent [31] 

Klotho 

Transmembrane 

protein controlling 

sensitivity to insulin 

KL ‒ VS polymorphism Inconsistent [32–35] 

G6PD 1 
Antioxidant 

defense 
Xq28 chromosome Inconsistent [36,37] 
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1 Glucose-6-phosphate dehydrogenase. 

Apolipoprotein E (APOE) 

This 3 kb‒long gene is located in chromosome 19q13.32 and the exon 4 harbors two missense 

variants, rs429358 (chr19:44908684 T>C, p.C112R) and rs7412 (chr19:44908822 C>T, p.R158C). 

Different combinations of these SNPs define three major haplotypes, i.e. APOE ε3 (T at rs429358 and 

C at rs7412), APOE ε2 (T and T, respectively), and APOE ε4 (C and C, respectively), corresponding 

to isoform proteins differing from each other in amino acid substitutions at residues 112 and 158. In 

1995 Schächter et al. reported a very low frequency of the ε4 allele in French centenarians [24] 

prompting replication studies in several centenarians’ populations (reviewed by [26]). 

Angiotensin I Converting Enzyme (ACE1) 

ACE1 is a 21 kb‒long gene, mapping in chromosome 17q23.3, contains the intron variant: 

rs1799752 (chr17:63488530–63488543) i.e. an insertion/deletion (Ins/Del) polymorphism in intron 16 

due to an Alu repetitive sequence. The Del/Del genotype is associated with increased activity of the 

ACE1 compared to the Ins/Ins genotype [28]. The ACE Del-allele frequency was reported to increase 

in centenarians by Schächter [24]. 

Interleukin 6 (IL-6) 

The 6 kb‒long gene maps on chromosome 7p15.3 and codes for the pleiotropic cytokine IL-6, a 

mediator in the inflammatory response [29]. The ‒174C allele of the functional rs1800796 SNP within 

the IL-6 promoter, a minor allele in the Western population but a major allele in the Asian population 

according to the HapMap database, is associated with lower IL-6 plasma concentration compared 

with allele ‒174G carriers and was reported to be significantly increased in Italian centenarians [30].  

Forkhead Box O3A (FOXO3A) 

FOXO3A, encoded by a gene mapping on chromosome 6q21, is a variant of the family of 

forkhead transcription factors, characterized by the presence of a fork-shaped molecular domain, 

which allows these proteins to interact with DNA [38]. At the cellular level, it plays an important role 

in the regulation of gluconeogenesis and glycogenolysis, a protective role against oxidative stress; it 

is involved in cell proliferation, differentiation, cell cycle survival and quiescence, apoptosis, DNA 

repair, inhibition and promotion of differentiation, immune cell regulation, carcinogenesis, and stem 

cell maintenance [31]. FOXO3A, in particular, has been shown to be associated with longevity in 

humans, in various populations [39,40] similar to the homologous gene Daf-16 in the nematode 

Caenorhabditis elegans and dFOXO in the fruit fly Drosophila melanogaster.  

KLOTHO 

Klotho is a transmembrane protein coded by the KL gene in chromosome 13q13.1, which, among 

various functions, controls the sensitivity of tissues to insulin [33]. In humans, the protein is especially 

expressed at the level of the choroidal plexuses of the brain and in the distal tubule of the kidney. 

Some genetic variants of this protein appear to be involved in aging and loss of bone tissue; in fact, 

transgenic mice overexpressing the protein live longer than control mice [34]. Conversely, mice with 

Klotho deficiency exhibit a syndrome that simulates accelerated human aging and develops rapidly 

progressive arteriosclerosis [35]. Human heterozygous carriers for the  KL ‒ VS polymorphism of 

the Klotho gene have an increased probability of survival into old age [41] and a meta-analysis 

confirmed the increased longevity, albeit modest, in male carriers of the KL-VS variant [42]. 

Glucose-6-Phosphate Dehydrogenase (G6PD) 

The glucose-6-phosphate dehydrogenase (G6PD) is a “housekeeping” enzyme of the pentose 

phosphate pathway, which provides the coenzyme nicotinamide-adenine dinucleotide phosphate 
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(NADPH) and ribose needed to synthesize DNA [43]. Loss-of-function mutations in the G6PD gene, 

encoded on the Xq28 chromosome, lead to glutathione depletion and impaired anti-oxidant defense. 

Although G6PD deficiency has been reported in association with increased cardiovascular disease 

[44–46] it is believed to reduce the risk of developing cancer both in vitro [47] and in vivo [48]. The 

frequency of G6PD deficiency was reported to be increased in Sardinian centenarians, especially in 

hemizygous males [36,37]. 

The purpose of the present study was to investigate the contribution of common gene variants 

previously associated to longevity with the exceptional longevity of Sardinian LBZ nonagenarians 

living in this area. 

2. Materials and Methods 

Study Population 

The study participants were residents in 6 mountain villages (average altitude 649 mt a.s.l.; total 

population approximately 12,000) comprising a total area of 888 sq. km. Overall, they form a community 

isolated for centuries, living from seasonally-mobile pastoralism and subsistence farming until the post-

WWII period. Many of the oldest inhabitants still live traditionally including food choices and physical 

activity. The six villages are those with the highest longevity rate within the Sardinian LBZ. From the six 

villages, a total of 331 subjects aged 90 years or older were considered eligible and 150 of them (45%) 

accepted to participate in the study. Eighty-nine were females and 61 were males. The response rate was 

relatively low as most nonagenarians lived with their children who were sometimes reluctant to grant an 

interview perceived as stressful for their relatives. The clinical and socio-demographic characteristics of 

the study participants have been previously reported [49]. 

At the end of a home interview, about 10 mL of venous blood was collected in ethylenediamine 

tetraacetic acid (EDTA) for the extraction of genomic DNA. Routine hematological and clinical 

chemistry testing to ascertain the state of health were also performed. DNA was extracted from 

leukocytes by a salting-out procedure within 24 hours from the blood sample collection and 

resuspended in TE buffer. The control group consisted of an equal number of DNA samples from 

sex-matched subjects retrieved out of 633 unrelated subjects living in the four provinces of the island 

and assessed in the hospital reference Laboratory. More specifically, after stratifying the samples 

according to the province of residence, those belonging to the province of Nuoro (which comprises 

the LBZ) were chosen, excluding those older than 65 years or resident in any of the 6 municipalities 

of the LBZ to avoid a consanguinity bias with the long-lived involved in the study. 

Genotyping 

Selected markers are reported in Table 1: APOE, including the three promoter polymorphisms 

APOE ‒491 (rs449647), APOE ‒427 (rs769446), and APOE ‒219 (rs405509), the ACE1 Ins/Del gene 

polymorphism at intron 16, IL-6 –174 C/G polymorphism and one SNP within the FOXO3A gene, 

namely rs2802292. DNA amplification by PCR was performed in a volume of 25μl containing 1μl of 

genomic DNA, 0.25μl of mix dNTPs, 3.75μl ddH2O, and 5μl TaqMan Universal PCR Master Mix 

(Termo Fisher Scientific®, Monza, Italy). The PCR cycle profile differed according to each genetic 

marker; APOE ε2/ε3/ε4 genotype was determined on DNA samples by a PCR-based method [50]. 

ACE Ins/Del polymorphism was genotyped by direct PCR amplification of intron 16 [28]. To avoid 

misclassification of Ins/Del and Del/Del genotypes a second amplification with the insertion-specific 

primer was performed in all Del/Del samples of the first amplification [51]. The IL-6 -174G/C 

genotype was determined with the method of Olomolaiye et al. [52]. The FOXO3A SNP has been 

genotyped by DNA sequencing methods using VIC and FAM as fluorescent tags using the Applied 

Biosystems 310 genetic analyzer. 

Statistical Analysis 

The LBZ samples were compared with the control group, to test for any difference in 

genotype/allele distribution. The statistical analysis was performed by the Pearson χ² test to evaluate 
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differences between genotype and allele frequencies as well as to test for agreement of data with 

Hardy-Weinberg equilibrium (HWE), by using SPSS 16.0 (Chicago, IL, USA). P-values were corrected 

for multiple comparisons by Bonferroni analysis (P=0.05/number of comparisons), yielding a new P-

value (P<0.007, number of comparisons =10). To estimate the strength of the longevity association, 

the P-value and the odds ratios (ORs) with 95% confidence interval (CI) were estimated. Haplotype 

analysis of the APOE locus was performed using Haploview 4.2 software. 

3. Results 

Table 2 displays the genotype and allele frequencies of the analyzed markers. All genotypes 

were within the limits of the Hardy-Weinberg equilibrium (P>0.05). None of the polymorphisms 

showed a statistically significant difference between long-livers and controls except for IL-6 –174GC 

which showed in LBZ agers a slightly increased frequency of the CC genotype (14.7 vs 8.7, n.s.), 

associated with a blunted inflammatory response. Of note, the frequency of the APOE ε4 allele among 

LBZ older individuals was similar to controls although no ε4/4 homozygotes were detected. 

The distribution of genotypes and alleles in the promoter region of the APOE gene did not reach 

any significant statistical difference between the long-lived compared to the control group. Based on 

the frequencies of the haplotypes (reported in Figure 1) it appears that the most frequent haplotype 

(0.3912) in positions ‒491, ‒427, and ‒219, was A‒T‒G, in linkage with the ε3 allele at the coding 

region, followed by the haplotype A‒T‒T (0.2837) in linkage with the ε4 allele. Notably, the 

frequencies of the two haplotypes did not differ in the two groups analyzed, therefore a significant 

role in the longevity of the Sardinian LBZ population cannot be attributed to the APOE locus as 

previously reported in other populations [32] and even in Sardinia in a numerically smaller sample 

[20]. 

Similarly, the frequency of the G allele of the FOXO3A gene did not show any difference in long-

livers and younger controls. 

Table 2. Association of the studied SNPs with longevity in the LBZ agers and controls. 

SNPs Genotype Groups (%)  P* 
Rarer allele 

frequency (%) 
 P* 

  LBZ Control group  LBZ 
Control 

group 
 

APOE ε2/2 1 (0.7) 0 (0.0)     

(rs429358 and ε2/3 13 (8.7) 10 (6.7) 0.501§ 5.1 3.4 0.764 

rs7412) ε2/4 0 (0.0) 0 (0.0)     

 ε3/3 121 (80.7) 124 (82.7)     

 ε3/4 15 (10.0) 15 (10.0) 0.628§§ 5.0 5.7 0.764 

 ε4/4 0 (0.0) 1 (0.7)     

APOE ‒491 A/A 78 (52.0) 89 (59.3) 0.187 21.5 32.3 0.069 

(rs449647) A/T 56 (37.3) 46 (30.7)     

 T/T 16 (10.7) 15 (10.0)     

APOE ‒427 C/C 2 (1.3) 1 (0.7) 0.308 10.3 11.7 0.602 

(rs769446) T/C 27 (18.0) 33 (22.0)     

 T/T 121 (80.7) 116 (77.3)     

APOE ‒219 G/G 45 (30.0) 45 (30.0) 0.634 48.5% 43.9% 0.805 

(rs405509) G/T 80 (53.3) 77 (51.3)     

 T/T 25 (16.7) 28 (18.7)     

ACE1 Del/Del 78 (52.0) 70 (46.7) 0.652 29.3 32.7 0.377 

(rs1799752) Ins/Del 56 (37.3) 62 (41.3)     

 Ins/Ins 16 (10.7) 18 (12.0)     

IL6 ‒174G/C G/G 78 (52.0) 73 (48.7) 0.040 31.3 30.0 0.723 

(rs1800795) G/C 50 (33.3) 64 (42.7)     

 C/C 22 (14.7) 13 (8.7)     

TNFα ‒308GA G/G 80 (53.3) 76 (50.7) 0.336 29.3 28.7 0.857 

(rs1800629) G/A 52 (34.7) 62 (41.3)     
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 A/A 18 (12.0) 12 (8.0)     

FOXO3A T/T 78 (52.0) 78 (52.0) 0.949 29.1 30.0 0.800 

(rs2802292) T/G 56 (37.3) 54 (36.0)     

 G/G 16 (10.7) 18 (12.0)     

KLOTHO wt/wt 115 (76.7) 109 (72.7) 0.669 13.0 15.7 0.351 

(rs9536314) wt/VS 31 (20.7) 35 (23.3)     

 VS/VS 4 (2.7) 6 (4.0)     

G6PD B 146 (97.3) 138 (92.0) 0.040 1.3 4.0 0.043 

 mut 4 (2.6) 12 (8.0)     

* P differences in genotype and allele frequencies (rarer allele carriers vs non-carriers) calculated using χ² test. § 

ε2 carriers vs ε3/3; §§ ε4 carriers vs ε3/3. 

Finally, in the G6PD locus mapping to the X chromosome, only 4 carriers of G6PD mutations 

were found (three mutations c.563C→T defining the Mediterranean variant, and one mutation c.1342 

A→G named Sant’Antioco) out of a total of 150 informative DNA samples, likely associated with a 

reduction in enzymatic activity. This at most corresponds to a slight reduction in the frequency of 

mutated alleles in the long-lived group, consistent with epidemiological data which did not suggest 

a selection of the mutation in the older age groups [53] compatible with the recently ascertained role 

of functional mutations in the G6PD locus as cardiovascular risk factors [45]. 

(a) (b) 

Figure 1. (a) Haplotype structure around the APOE locus; (b) Haplotype frequencies in the APOE 

locus. 

4. Discussion 

The population living in the inner region of Sardinia is known both for its exceptional longevity 

and for the long period of isolation, leading to a divergence of many gene variants from the European 

average frequencies. This distinct genetic background may suggest that such genetic structure could 

favor longevity. In the present work, the association of Sardinian LBZ longevity with known variants 

previously studied in other long-lived populations was investigated through 11 genetic markers. For 

most of the markers, the frequencies of the genotypes and alleles in the control group did not differ 

significantly from those recorded in other Western populations, including mainland Italy, avoiding 

the risk of result misinterpretation due to Sardinian peculiarity. In addition, the homogeneity of this 

population is very high, minimizing the weight of confounding effects given by socioeconomic or 

environmental factors. The sample was sized enough reducing type two error bias. 
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No significant differences in the distribution of genetic variants emerged between LBZ and the 

general population of Sardinia that may account for the increased survival in the LBZ. In particular, 

no significant role of APOE was found. The APOE has been investigated in several populations of 

long-livers showing variable and sometimes conflicting results [25]. For example, the frequency of 

APOE ε4 (which is the ancestral haplotype) is the lowest among Sardinians (5%) and the highest 

among African Pygmies (41%) [54]. Similarly to our study, [55] reported no significant effect of APOE 

ε2ε2 on human longevity in Spanish subjects analyzed. On the contrary a meta-analysis by Sebastiani 

et al. including seven case-control studies (28,297 participants) reported a marginally significant 

association of ε2ε2 with human longevity (OR=2.39, 95% CI: 0.99, 5.76) [56]. Since the promoter region 

of the APOE gene contains functional polymorphisms, in the present study we explored their 

association with LBZ longevity. The polymorphisms are rs449647 (-491A/T), rs769446 (-427T/C), and 

rs405509 (-219T/G) which are in linkage disequilibrium with the polymorphisms of the coding region 

rs429358 and rs7412: the frequency of each of them has been determined as well as that of haplotypes. 

Again, the analysis of APOE promoter polymorphisms variability did not reveal any association with 

LBZ longevity. 

The FOXO3A variant rs2802292 has been reported in association with longevity in the Okinawa 

population [39]. However, in a previous study conducted on a small number of LBZ subjects [20], no 

association was detected between FOXO3A polymorphisms and longevity. The present study 

confirmed these results. It is noteworthy that neither of the two markers is consistently associated 

with longevity in replication studies, i.e. APOE and FOXO3A display differences in the Sardinian 

population, despite the probability of finding a difference of at least eight percentage points with a 

statistical power higher than 80% and around proportions of about 10%. 

Regarding the ACE1 locus, a meta-analysis by Garatchea et al. examined 12 studies and reported 

a modest, albeit significant, positive association of the ACE1 Del allele and Del/Del genotype with 

exceptional longevity [57], an apparently counterintuitive finding considering that the ACE1 Del-

allele is usually associated with higher circulating levels of the potent vasoconstrictor angiotensin II 

[58]. 

Regarding the inflammation genes, a meta-analysis of three Italian studies did not find a 

significant difference in the IL-6 genotype between the oldest old and controls, although a frequency 

of the IL-6 -174 GG genotype significantly lower than the other genotypes was detected, supporting 

a negative association between the GG genotype and longevity [16]. A second meta-analysis of four 

studies covering a total of 2945 long-lived individuals and 2992 controls did not find evidence that 

the IL-6 G174C SNPs affect the probability of reaching an advanced age in Caucasians [59]. In our 

study, we observed a weakly significant difference, i.e. a higher frequency of the homozygous ‒
174CC genotype in LBZ nonagenarians, although, at the allelic level, the frequency of the C allele was 

not significantly higher than the G allele. These data suggest a modest role of the inflammatory genes 

in the Sardinia LBZ longevity, as described in centenarians of mainland Italy [30] and in contrast to 

findings reported in populations with different genetic structures such as Finnish [60]. Interestingly, 

a previous study that compared centenarians from all over the island with young controls living in 

the four provinces of the island did not reveal a significant association [15]. This suggests that the 

genetic makeup of the oldest LBZ members may be partially different from that of the Sardinian long-

lived persons as a whole, because of the different selection rates operating in the evolutionary history 

of the Sardinians by environmental factors. On a speculative level, because the Sardinian population 

was characterized until 1950 by a strong prevalence of malaria [61], this infectious disease probably 

was able to select inflammatory alleles, and in particular, to induce an increased C-allele frequency 

at the position ‒174 in the IL-6 gene promoter. The selective pressure towards alleles able to induce a 

weaker inflammatory response protecting against severe forms of malaria may have contributed, 

through different pathways, to longevity avoiding chronic inflammatory disorders. 

A trend of decrease in G6PD mutated allele frequency was also observed, with borderline 

significance. This finding is intriguing since this allele has been involved in cardiovascular disease 

[45,62], although some literature data have raised the possibility that G6PD deficiency could be 

favorable to longevity owing to the potential lifetime protection against certain types of cancers 
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[36,37]. The findings of the present work do not seem to support a definite role of this marker in LBZ 

longevity. 

5. Conclusions 

In conclusion, the findings of the present work do not seem to support a definite role of the 

selected genetic markers with longevity in the Sardinian LBZ. The lack of a positive association, with 

the exception of IL-6, should be interpreted as a relatively low weight of genetic factors in the 

exceptional longevity of this region, not merely reflecting the particular choice of candidate genes. 
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