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Abstract

:

Background: the apolipoprotein e4 allele (APOE4) constitutes an established genetic risk factor for Alzheimer’s Disease Dementia (ADD). We aimed to explore the frequency of the APOE isoforms in the Greek population of Southern Greece. Methods: peripheral blood from 175 Greek AD patients, 113 with mild cognitive impairment (MCI), and 75 healthy individuals. DNA isolation was performed with a High Pure PCR Template Kit (Roche), followed by amplification with a real-time qPCR kit (TIB MolBiol) in Roche’s Light Cycler PCR platform. Results: APOE4 allele frequency was 20.57% in the ADD group, 17.69% in the MCI group, and 6.67% in the control group. APOE3/3 homozygosity was the most common genotype, while the frequency of APOE4/4 homozygosity was higher in the AD group (8.60%). APOE4 carrier status was associated with higher odds for ADD and MCI (OR: 4.49, 95% CI: [1.90–10.61] and OR: 3.82, 95% CI: [1.59–9.17], respectively). Conclusion: this study examines the APOE isoforms and is the first to report a higher APOE frequency in MCI compared with healthy controls in southern Greece. Importantly, we report the occurrence of the APOE4 allele, related to ADD, as amongst the lowest globally reported, even within the nation, thus enhancing the theory of ethnicity and latitude contribution.
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1. Introduction


Alzheimer’s disease (AD) is the most common neurodegenerative disorder with multifactorial etiology. One of the most important genetic factors associated with AD is the apolipoprotein E gene (APOE) [1]. The APOE gene encodes a 299 amino-acid protein, and it has three common isoforms known as APOE2, APOE3, and APOE4. Single amino acid differences between these three isoforms affect their structure and activity. APOE plays a key role in neuronal maintenance and repair as it is critically involved in lipid transport and metabolism in the periphery and the brain [2]. The APOE4 allele is a well-documented genetic risk factor [3,4] for the development of AD [5], while the APOE3 allele seems to be neutral, and APOE2 is considered to be protective [6,7].



With regards to the amyloid-β (Aβ) hypothesis for AD development [8,9], APOE4 can regulate amyloid precursor protein (APP) processing, Aβ production, and potentially Aβ aggregation via several mechanisms including the LRP (lipoprotein receptor-related protein) pathway [1,10].



APOE4 occurs in up to 50% of patients with Alzheimer’s Disease Dementia (ADD) [11] and increases the risk for sporadic and familial, early and late-onset of the disease [12,13,14,15]. In particular, APOE4 homozygosity may increase 15-fold the possibility of developing AD at an earlier age [16,17,18]. Even one copy of the APOE4 allele increases the risk of AD compared with individuals with APOE3 homozygosity [19]. The presence of the APOE4 allele renders women more susceptible to developing ADD than men [20] and at younger ages [21], although there is also conflicting evidence [22,23]. When it comes to homozygosity, APOE4 carriers showed an augmented risk in AD compared with APOE3 homozygotes for both men and women [23].



Meanwhile, the APOE4 genotype also correlates with mild cognitive impairment (MCI), which is often seen as a precursor to ADD [24,25,26]. APOE4 homozygosity raises the risk for ADD by up to 30% in patients with MCI [27], a stage between healthy aging and dementia, taking hold of 16–20% of individuals above the age of 60 [28]. MCI patients carrying at least one APOE4 allele have lower performance in memory tests [29,30] and lower hippocampal volume compared with non-carriers [31]. These changes occur in APOE4 carriers 5–15 years prior to symptom onset compared with non-carriers [17]. Studies showed that, as in ADD, in MCI, APOE4 implicates amyloid accumulation, lowers CSF Aβ, and increases CSF tau levels [32]. Furthermore, men and women with MCI carrying APOE4 perform differently on memory tests, suggesting that sex differences might affect the progression toward ADD [21,33].



According to previous studies, APOE allele frequency seems to depend on ethnicity and geographical latitude indicating a decreased rate from northern to southern Europe [34,35,36]. In Greece, APOE allele frequencies have been previously investigated in healthy individuals, refs. [37,38,39] patients with dementia [40], or MCI [41]. The aim of this study was to explore the APOE allele frequencies in healthy individuals and patients with MCI and ADD in the southern part of Greece. To the best of our knowledge, this is the first study to explore the APOE frequencies in patients with MCI in this part of the country. Thus, this study completes the overall recording of the APOE genetic analysis in the Greek population among healthy individuals and patients with ADD and MCI.




2. Materials and Methods


2.1. Participants


In the current study, n = 113 patients with MCI, n = 175 patients with ADD, and n = 75 healthy individuals were recruited. MCI and ADD patients were referred to the Attikon University General Hospital Cognitive Disorders/Dementia Unit of the second Department of Neurology at the National and Kapodistrian University of Athens for a thorough clinical evaluation. All participants of the current study were residents of Southern Greece. The recruitment period started in 2015 and ended in 2019. All patients underwent a neurological evaluation and a cognitive screening assessment, including the Mini-Mental State Examination tests (MMSE) [42] and frontal assessment battery (FAB) [43]. Medical and family history were collected and verified by an informant. Brain MRI or CT scan and blood tests were also required for the diagnostic process. The diagnosis of MCI was made in accordance with the Petersen and Morris criteria [44], along with a score of 0.5 on the Clinical Dementia Rating Scale (CDR) [45], while the diagnosis of ADD was made according to the McKhann criteria [46] along with a CDR score of 1. All diagnoses were made by the same behavioral neurologist [SGP] with expertise in dementia and cognitive disorders.



The control group (henceforth CTRL) of the current study consisted of healthy individuals accompanying the patients to their consecutive visits to the unit as informants. Individuals above the age of 40, with no reported subjective cognitive decline, were recruited. Individuals with subjective cognitive decline were carefully excluded from the current study.




2.2. Materials


Blood was collected in EDTA-containing tubes from well-ascertained MCI and ADD patients and healthy participants recruited from the southern part of Greece. After collection, these samples were centrifuged within 4 h to obtain a buffy coat of white cells. The genomic DNA was extracted from 200 μL of buffy coat using the High Pure PCR Template Kit (Roche, Penzberg, Germany). For the amplification of the APOE gene, 30 ng of genomic DNA was amplified using a real-time qPCR kit (TIB MolBiol, Berlin, Germany) in the Light Cycler PCR platform (Roche) [47]. Ambiguous or positive samples for the APOE4 allele were confirmed by conventional PCR followed by HhaI restriction digestion and analysis in ethidium bromide-stained 4% high-resolution agarose gels [48].




2.3. Ethical Considerations


This study was in accordance with the latest Helsinki Declaration [49]. Also, it has been approved by the Bioethics Committee of the Attikon General University Hospital (987/9–9-2015). Informed consent was obtained from all the participants. It was highlighted to them that their participation would be voluntary and that they had the right to withdraw at any time, as well as that their personal data would remain confidential and would only be used for research purposes, according to the General Data Protection Regulation (EC 2016/676).




2.4. Statistical Analysis


Statistical analysis was performed using the SPSS statistics software version 21 (IBM Corp. Armonk, NY, USA). The statistical significance level was set at p < 0.05. For the demographic characteristics, descriptive statistics were performed (means and standard deviations for continuous variables and frequencies for categorical variables). Continuous variables (age, education years, MMSE, and FAB total scores) were not normally distributed; therefore, in order to examine if the three diagnostic groups—including the cognitively intact control individuals (CTRL), patients with MCI, and patients with ADD—were comparable based on their characteristics, the Kruskal–Wallis and Mann–Whitney U tests were used. Chi-squares of independence were used to explore the associations between categorical variables such as sex. Binary logistic regression models were applied to assess the associations between diagnostic groups and APOE alleles, using age, and education years as covariates, and sex stratification of the results. The same analysis was used for genotypes.





3. Results


3.1. Participants’ Characteristics


Demographic characteristics (age in years, education in years, and sex) and cognitive measures (MMSE and FAB) are presented in Table 1. The application of Kruskal–Wallis indicated that the CTRL group was significantly younger than patients with MCI and patients with ADD (p < 0.001). In addition, patients with ADD had significantly fewer education years compared with patients with MCI and CTRL (p = < 0.001). MCI patients had more years of education in comparison with patients with AD (p = 0.024) according to the Mann–Whitney U that was applied. The general cognitive ability of the CTRL group, measured with the MMSE score, was significantly higher than the group of patients with MCI and the group of patients with AD, while the group of patients with MCI had a substantially higher MMSE score than the group of patients with AD (p < 0.001). The CTRL group had a significantly higher FAB score than both MCI and ADD groups, while the MCI group had a significantly higher score than patients with ADD (p < 0.001). Application of the chi-square test for sex differences between each group indicated that women were significantly more than men in the CTRL group χ2 (1, n = 75) = 8.33 (p = 0.004), but there were no significant sex differences in the MCI group χ2 (1, n = 113) = 0.43 (p = 0.510) nor the ADD group χ2 (1, n = 175) = 0.46 (p < 0.496).




3.2. APOE Allele and Genotype Frequencies


In Table 2, APOE allele frequencies are presented. Allele frequency was determined by counting how many copies of each allele appeared in our sample divided by the total number of gene copies.



According to the results reported in Table 2, the frequency of the APOE4 allele was 20.57% in the ADD group and 17.69% in the MCI group, while the lowest frequency was indicated in the CTRL group (6.67%). The APOE2 allele frequencies were generally low. Application of the chi-square test for independence indicated that the APOE2 frequencies of the CTRL did not significantly differ from ADD patients’ χ2 (1, n = 500) = 0.04 (p = 0.834) nor from the MCI patients’ χ2 (1, n = 376) = 0.28, (p = 0.596), while APOE2 frequencies of the patients with MCI did not significantly differ from ADD patients’ χ2 (1, n = 576) = 0.18 (p = 0.671). Application of the chi-square test for independence indicated that the APOE3 frequencies of the CTRL significantly differ from ADD patients’ χ2 (1, n = 500) = 13.39 (p < 0.001) and from the patients with MCI χ2 (1, n = 376) = 9.27, (p = 0.002), while APOE3 frequencies of the patients with MCI did not significantly differ from ADD patients’ χ2 (1, n = 576) = 0.36 (p = 0.550). Application of the chi-square test for independence indicated that the APOE4 frequencies of the CTRL significantly differ from ADD patients’ χ2 (1, n = 500) = 14.81 (p < 0.001) and from the patients with MCI χ2 (1, n = 376) = 9.52, (p = 0.002), while APOE4 frequencies of the patients with MCI did not significantly differ from ADD patients’ χ2 (1, n = 576) = 0.72 (p = 0.395).



As presented in Table 3, the frequency of the APOE4/4 homozygosity was higher in the ADD group (8.60%) than in the MCI group (2.70%). APOE3/4 frequency was highest in the MCI group (29.20%), high in the ADD group (24.00%), and lower in the CTRL group (9.30%). APOE2 homozygosity was not found in the current study sample, while APOE2 heterozygosity showed low frequency in all the groups but was slightly higher in the control group. APOE3/3 homozygosity was the most frequent genotype in all three groups. Application of the chi-square test for independence did indicate that the APOE genotypes of the CTRL significantly differed from ADD patients’ χ2 (4, n = 250) = 16.77 (p = 0.002) and MCI patients’ χ2 (4, n = 188) = 12.86 (p = 0.012). However, the difference between MCI and AD patients’ APOE genotypes was not significant: χ2 (4, n = 288) = 6.14 (p = 0.189).



By the exploration of the presence of APOE2 and APOE4 in both homozygotes/heterozygotes groups and the association of APOE4 with clinical diagnosis, it was indicated that the presence of APOE2 in both homozygotes and heterozygotes group was generally low in all the groups of participants, with the highest frequency in MCI group (8.80%). APOE4 presence was equally high in the ADD patients (32.60%) and the MCI patients (32.70%), while a low frequency was indicated in the CTRL group (12.00%). The application of the chi-square test for independence showed a significant association between the presence of at least one APOE4 allele and the clinical diagnosis of ADD (p = 0.001) as well as the APOE4 allele and the clinical diagnosis of MCI (p = 0.001).




3.3. Odd Ratios for ADD and MCI Carriers of the APOE4


A logistic regression analysis was performed between each patient group and the CTRL group, adjusted for age because the AD and MCI patients were significantly older than the CTRL participants. The sample was stratified by sex. As stated in Table 4, the likelihood of ADD in APOE4 carriers was 4.49 times higher than the likelihood of non-carriers for the specific allele (OR = 4.49, 95% CI = [1.90–10.61]). In particular, the likelihood of ADD in female carriers of the APOE4 were 5.18 times higher than the likelihood for individuals that are non-carriers (OR = 5.18, 95% CI = [1.71–15.64]). However, the likelihood of ADD for male APOE4 carriers were not significantly different compared with non-carriers. In addition, the likelihood of MCI for APOE4 carriers were 3.82 times higher than for non-carriers (OR = 3.82, 95% CI = [1.59–9.17]). In particular, the likelihood of MCI for female carriers of the APOE4 were 4.47 times higher than the likelihood for non-carriers (OR = 4.47, 95% CI = [1.42–14.04]). The likelihood of MCI for male carriers were not significantly different compared with non-carriers.



A logistic regression analysis was performed between the MCI and the ADD group, adjusted for age and education because the ADD patients were significantly older and less educated than the MCI participants. The sample was stratified by sex. When used as a reference category for the diagnosis of MCI, the likelihood for ADD for carriers of APOE4 was not significantly higher than for non-carriers (Table 4).



Logistic regression was performed to assess the likelihood of the CTRL group according to their genotype, adjusted for age, and stratified by sex, for ADD. The odds for each genotype (E2/E2, E2/E3, E2/E4, E3/E4, E4/E4) were compared with the E3/E3 genotype, which is the most frequent type. As presented in Table 5, when using the control group as a reference point, the odds for individuals with the E3/E4 genotype for ADD were 5.03 times higher than the odds for individuals with the E3/E3 genotype (OR = 5.03, 95% CI = [1.85–13.68]). In particular, the odds for females with the E3/E4 genotype for ADD were 5.94 times higher than the odds for females with the E3/E3 genotype (OR = 5.94, 95% CI = [1.71–20.63]), while the odds for males with the E3/E4 genotype for ADD were not significantly higher than the males with E3/E3. In addition, the odds of individuals with the E4/E4 genotype for ADD were 11.04 times higher than the odds for individuals with the E3/E3 genotype (OR = 11.04, 95% CI = [1.31–93.18]). No other genotype indicated statistically significant odds.



In the same vein, logistic regression was performed to assess the odds for ADD according to their genotype by using the diagnosis of MCI as a reference category, adjusted for age and education, and stratified by sex. The odds for each genotype (E2/E2, E2/E3, E2/E4, E3/E4, E4/E4) were compared with the E3/E3 genotype, which is the most frequent type. However, there was not any statistically significant likelihood (Table 5).





4. Discussion


The aim of our study was to investigate the APOE frequencies in healthy individuals, patients with MCI, and patients with ADD in a Southern Greece population. According to the results, APOE4 allele frequency was 6.67% in the CTRL group, 17.69% in the MCI group, and 20.57% in the ADD group. APOE2 allele frequency was 3.3% in the CTRL group, 4.4% in patients with MCI, and 3.7% in patients with ADD. APOE3 allele frequency, as expected, was the highest, with 90% in the CTRL group, 77.9% in the MCI group, and 75.7% in the ADD group. The E4/E3 genotype was high in patients with MCI (29.20%) and the ADD group (24.00%). E4 homozygosity was 8.60% in patients with ADD, 2.70% in patients with MCI, and 1.30% in the CTRL group. E3/E3 indicated the highest prevalence in all groups. These results are in accordance with previous studies exploring the increased risk for ADD, linked to the occurrence of APOE4 [12,13,14,15] and the homozygosity’s higher odds for ADD [16,17,18]. To the best of our knowledge, this is the first study exploring APOE frequency in patients with MCI in southern Greece.



Healthy female carriers exhibited 5.18 times significantly higher odds for ADD and 4.47 times significantly higher odds for MCI than non-carriers, while the odds for male carriers did not significantly differ from non-carriers. There is conflicting evidence regarding whether female carriers are at greater risk for ADD than men, as suggested by a recent meta-analysis exploring how sex and APOE genotype affects the risks for MCI and ADD. They concluded that men and women have nearly the same odds of developing ADD from age 55 to 85 years, but women have an increased risk at younger ages (from 65 to 75) [21]. On the other hand, another meta-analysis showed a four-fold risk in heterozygous women in their sixties and a twelve-fold risk in homozygous women, but not as high as for men [19]. The results of the current study support that the impact of APOE4 for ADD is far more pronounced in women than men, indicating a possible sex–APOE interaction [20,50,51]. Regarding patients with MCI, although the association between APOE4 and sex has not been established [21,50], according to Nue [21], women at younger ages had an increased risk for MCI compared with men, but not at older ages. In addition, Altmann found an interaction between APOE4 and the female sex for MCI and/or AD.



Previous studies in Greece, including healthy individuals, indicated that APOE4 allele frequency ranged from 6.5% to 13.6%, APOE2 allele frequency ranged from 4.1% to 8.1%, and APOE3 allele frequency ranged from 79.3% to 88.2% [37,38,39,40,41,52,53]. Interestingly, the APOE4 frequency in northern Greece for the healthy cognitive cohort was 13.1%, while our study in southern Greece indicated a lower frequency of 6.67%. It seems that there is a gradient of APOE4 allele distribution among populations, with higher APOE4 allele prevalence in northern parts of Greece and lower allele prevalence in central and southern parts of the country. This is consistent with studies in the European population which have revealed a gradual decrease in APOE4 allele frequency from the Nordic to the Mediterranean countries. APOE polymorphism follows a latitudinal pattern [54], showing a different allele frequency of APOE by geographic region, while significant differences have also been observed between Caucasian, Asian (Chinese and Japanese), and Black races [37,55]. AD patients in southern European/Mediterranean communities have been estimated to display significantly lower APOE4 carrier status (43%) compared with those in northern Europe (64%) [34]. Besides Greece, this descending southwards APOE4 trend is also observed between regions of the same country, as shown for the United Kingdom, France, Spain, and Italy (please see Supplementary Tables S1 and S2). Moreover, herein in the study, the APOE4 allele frequency in the control group was low (6.67%) and aligned with other studies in southern Europe, such as Madrid of Spain (6.10%), Sardinia (5.20%) and Sicily (5.8%). Ref. [56] The pattern of low APOE4 frequencies could be explained by a natural protecting feature, typical to Mediterranean populations, known as the Mediterranean paradox. The genetic component in this theory is that genetic variants accounted as risk factors for several diseases may have a diverged incidence at the population level [57]. Although the APOE4 allele is related to increased total and low-density lipoprotein (LDL) levels, Mediterranean environmental and dietary factors regulate cholesterol metabolism [58,59]. In the same vein, the lower prevalence of the APOE4 allele in southern European populations and the Mediterranean diet, which is low in fat intake, have been associated with a more beneficial lipid profile and lower cardiovascular mortality rates compared with northern Europeans [35,60,61,62]. Nevertheless, the latitudinal pattern that the APOE4 seems to follow from north to south may also be explained due to environmental causes. The cold temperatures of high-latitude northern Europe demand higher cholesterol levels and, therefore, accelerated metabolic rates [59].



Another potential interpretation is related to the history of the European continent and especially the massive trends of migration and admixture events [63]. Consequently, populations along the Mediterranean coast share a genetic heritage that surpasses ethnicity, including the Southern Italian population, Greeks, and Spanish. This similar genetic background traces back to prehistoric times as the result of multiple migration waves during the Neolithic and the Bronze Age, with peaks during the imperial period of Rome and Ancient Greece [64]. From the 8th to 5th century BC, the imperialistic tendency of Greeks created the Magna Graecia, thus naming the coastal line area of the Tyrrhenian Sea. This extended the Greek maritime route to the south and coastal Italy and acted as a bridge for population admixture, and hence, genetic parallelism [65]. Relatedly, Stamatoyannopoulos clarified an important aspect, having Greeks, Sicilians, and Italians interact genetically stronger than any other population of the Mediterranean basin, such as Basques, Andalusians, and French [66]. Also, a study by Di Gaetano explained that the Sicilian genetic system lacks its original diversity at a portion of 60% because of Greek admixtures that happened in antiquity [67]. To explore this gene flow across the Mediterranean and its homogeneity, studies using SNP panels found mitochondrial and chromosomal similarities among these populations that meddled in human evolutionary history [68,69,70].



Furthermore, other genetic factors could modify the APOE4 allele-related toxicity and subsequent AD risk. One of them is the KLOTHO gene, a factor that affects the neurodegeneration pathways by diminishing the harmful action of the APOE4 allele, and by delaying the mechanisms related to aging [71]. A study proved that KL-VS heterozygotes in the KLOTHO gene and APOE4 carriers did not demonstrate a higher Aβ burden than APOE4 non-carriers [72,73]. Likewise, Christchurch APOE gene mutation (R136S) also seems to play a subsidiary role in the APOE’s clearance dexterity; it operates as a protective layer for neurons and cells to prevent APOE from binding with other molecules and p-tau from accumulating [74]. The Christchurch study underlines the profound importance of APOE in brain cascading that leads to AD. Additionally, mitochondrial dysregulations have an essential impact on cellular activity, leading to the pathogenesis of several neurodegenerative diseases. A dysfunction in the translocase of the outer mitochondrial membrane (TOMM 40) is believed to be involved in the pathophysiology of AD. Interestingly, the TOMM 40 gene is known to be downregulated in the brain and blood of patients with AD. Studies suggest that TOMM 40 implication to AD onset synergistically lies with the APOE gene by relating to similar genome regions [75,76]. Hence, future studies investigating the frequencies of TOMM40 SNPs across different geographical latitudes including northern and southern regions in Greece would be of particular interest, especially in combination with the frequencies of APOE alleles. Overall, all these findings are promising for designing potential biomarkers for early disease detection and assessment.




5. Conclusions


To conclude, in the present study, we investigated APOE allele frequencies in Southern Greece, reporting—to the best of our knowledge for the first time—the APOE allele frequencies for patients with MCI. Our results confirm that the APOE4 allele frequency in Greece remains amongst the lowest globally reported rates, providing a better understanding of the genetic background between northern and southern regions, and enhancing the theory of ethnicity and latitude contribution to genetic diversity. In a world orbited on clinical trial stratification and genetic breakthrough, the identification of the genetic distribution of APOE4 variants within ethnicities and latitudes may aid in elucidating its role in leading AD pathogenesis and contribute to the development of more targeted therapeutic approaches.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/geriatrics8010001/s1, refs. [77,78,79,80], Table S1: APOE4 allele frequency in different healthy ethnic populations; Table S2: APOE4 allele frequency in healthy individuals in various parts of Greece.





Author Contributions


Writing—original draft preparation, V.P. and E.S.; formal analysis E.S. and I.B.; methodology, E.S., A.S., C.F.-H. and S.G.P.; conceptualization, V.P., E.S., C.K. (Christos Koros), E.A. and S.G.P.; validation, V.P., E.S., E.A., C.K. (Christos Koros), S.G.P. and C.K. (Christos Kroupis); investigation, V.P., E.S. and S.G.P.; resources, S.G.P., C.K. (Christos Kroupis) and J.D.P.; data curation, V.P., E.S., C.K. (Christos Koros), A.S., C.F.-H., N.A., P.V., J.D.P., R.A. and L.S.; writing—review and editing, V.P., E.S., E.A., C.K. (Christos Koros), S.G.P., and C.K. (Christos Kroupis); visualization, V.P. and E.S.; validation, C.K. (Christos Kroupis); supervision, S.G.P.; project administration, V.P., E.S. and S.G.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the latest Helsinki Declaration. Also, it has been approved by the Bioethics Committee of the Attikon General University Hospital (987/9-9-2015).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Available upon request to the corresponding author.




Acknowledgments


We thank all the participants and their families for their contribution to this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, J.; Basak, J.M.; Holtzman, D.M. The role of apolipoprotein E in Alzheimer’s disease. Neuron 2009, 63, 287–303. [Google Scholar] [CrossRef] [PubMed]

	



Mahley, R.W.; Pepin, J.; Palaoglu, K.E.; Malloy, M.J.; Kane, J.P.; Bersot, T.P. Low levels of high density lipoproteins in Turks, a population with elevated hepatic lipase. High density lipoprotein characterization and gender-specific effects of apolipoprotein e genotype. J. Lipid. Res. 2000, 41, 1290–1301. [Google Scholar] [CrossRef] [PubMed]

	



De Paula, V.J.R.; Guimaraes, F.M.; Diniz, B.S.; Forlenza, O.V. Neurobiological pathways to Alzheimer’s disease: Amyloid-beta, TAU protein or both? Dement. Neuropsychol. 2009, 3, 188–194. [Google Scholar] [CrossRef] [PubMed]

	



Lamb, H.; Christie, J.; Singleton, A.B.; Leake, A.; Perry, R.H.; Ince, P.G.; McKeith, I.G.; Melton, L.M.; Edwardson, J.A.; Morris, C.M. Apolipoprotein E and alpha-1 antichymotrypsin polymorphism genotyping in Alzheimer’s disease and in dementia with Lewy bodies. Distinctions between diseases. Neurology 1998, 50, 388–391. [Google Scholar] [CrossRef] [PubMed]

	



Strittmatter, W.J.; Saunders, A.M.; Schmechel, D.; Pericak-Vance, M.; Enghild, J.; Salvesen, G.S.; Roses, A.D. Apolipoprotein E: High-avidity binding to beta-amyloid and increased frequency of type 4 allele in late-onset familial Alzheimer disease. Proc. Natl. Acad. Sci. USA 1993, 90, 1977–1981. [Google Scholar] [CrossRef]

	



Bertram, L.; McQueen, M.B.; Mullin, K.; Blacker, D.; Tanzi, R.E. Systematic meta-analyses of Alzheimer disease genetic association studies: The AlzGene database. Nat. Genet. 2007, 39, 17–23. [Google Scholar] [CrossRef]

	



Serrano-Pozo, A.; Qian, J.; Monsell, S.E.; Betensky, R.A.; Hyman, B.T. APOEepsilon2 is associated with milder clinical and pathological Alzheimer disease. Ann. Neurol. 2015, 77, 917–929. [Google Scholar] [CrossRef]

	



Hardy, J.; Selkoe, D.J. The amyloid hypothesis of Alzheimer’s disease: Progress and problems on the road to therapeutics. Science 2002, 297, 353–356. [Google Scholar] [CrossRef]

	



Blennow, K.; de Leon, M.J.; Zetterberg, H. Alzheimer’s disease. Lancet 2006, 368, 387–403. [Google Scholar] [CrossRef]

	



Ye, S.; Huang, Y.; Mullendorff, K.; Dong, L.; Giedt, G.; Meng, E.C.; Cohen, F.E.; Kuntz, I.D.; Weisgraber, K.H.; Mahley, R.W. Apolipoprotein (apo) E4 enhances amyloid beta peptide production in cultured neuronal cells: ApoE structure as a potential therapeutic target. Proc. Natl. Acad. Sci. USA 2005, 102, 18700–18705. [Google Scholar] [CrossRef]

	



Ward, A.; Crean, S.; Mercaldi, C.J.; Collins, J.M.; Boyd, D.; Cook, M.N.; Arrighi, H.M. Prevalence of apolipoprotein E4 genotype and homozygotes (APOE e4/4) among patients diagnosed with Alzheimer’s disease: A systematic review and meta-analysis. Neuroepidemiology 2012, 38, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Munoz, S.S.; Garner, B.; Ooi, L. Understanding the Role of ApoE Fragments in Alzheimer’s Disease. Neurochem. Res. 2019, 44, 1297–1305. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.; George-Hyslop, P.H.; Pericak-Vance, M.A.; Joo, S.H.; Rosi, B.L.; Gusella, J.F.; Crapper-MacLachlan, D.R.; Alberts, M.J.; et al. Association of apolipoprotein E allele epsilon 4 with late-onset familial and sporadic Alzheimer’s disease. Neurology 1993, 43, 1467–1472. [Google Scholar] [CrossRef] [PubMed]

	



Houlden, H.; Crook, R.; Backhovens, H.; Prihar, G.; Baker, M.; Hutton, M.; Rossor, M.; Martin, J.J.; Van, B.C.; Hardy, J. ApoE genotype is a risk factor in nonpresenilin early-onset Alzheimer’s disease families. Am. J. Med. Genet. 1998, 81, 117–121. [Google Scholar] [CrossRef]

	



Chartier-Harlin, M.C.; Parfitt, M.; Legrain, S.; Perez-Tur, J.; Brousseau, T.; Evans, A.; Berr, C.; Vidal, O.; Roques, P.; Gourlet, V.; et al. Apolipoprotein E, epsilon 4 allele as a major risk factor for sporadic early and late-onset forms of Alzheimer’s disease: Analysis of the 19q13.2 chromosomal region. Hum. Mol. Genet. 1994, 3, 569–574. [Google Scholar] [CrossRef]

	



Sun, X.; Nicholas, J.; Walker, A.; Wagner, M.T.; Bachman, D. APOE genotype in the diagnosis of Alzheimer’s disease in patients with cognitive impairment. Am. J. Alzheimer’s Dis. Other Demen. 2012, 27, 315–320. [Google Scholar] [CrossRef]

	



Corder, E.H.; Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.E.; Gaskell, P.C.; Small, G.W.; Roses, A.D.; Haines, J.L.; Pericak-Vance, M.A. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science 1993, 261, 921–923. [Google Scholar] [CrossRef]

	



Rebeck, G.W.; Reiter, J.S.; Strickland, D.K.; Hyman, B.T. Apolipoprotein E in sporadic Alzheimer’s disease: Allelic variation and receptor interactions. Neuron 1993, 11, 575–580. [Google Scholar] [CrossRef]

	



Farrer, L.A.; Cupples, L.A.; Haines, J.L.; Hyman, B.; Kukull, W.A.; Mayeux, R.; Myers, R.H.; Pericak-Vance, M.A.; Risch, N.; van Duijn, C.M. Effects of age, sex, and ethnicity on the association between apolipoprotein E genotype and Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease Meta Analysis Consortium. JAMA 1997, 278, 1349–1356. [Google Scholar] [CrossRef]

	



Ungar, L.; Altmann, A.; Greicius, M.D. Apolipoprotein E, gender, and Alzheimer’s disease: An overlooked, but potent and promising interaction. Brain Imaging Behav. 2014, 8, 262–273. [Google Scholar] [CrossRef]

	



Neu, S.C.; Pa, J.; Kukull, W.; Beekly, D.; Kuzma, A.; Gangadharan, P.; Wang, L.S.; Romero, K.; Arneric, S.P.; Redolfi, A.; et al. Apolipoprotein E Genotype and Sex Risk Factors for Alzheimer Disease: A Meta-analysis. JAMA Neurol. 2017, 74, 1178–1189. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, R.C.; Thomas, R.G.; Grundman, M.; Bennett, D.; Doody, R.; Ferris, S.; Galasko, D.; Jin, S.; Kaye, J.; Levey, A.; et al. Vitamin E and donepezil for the treatment of mild cognitive impairment. N. Engl. J. Med. 2005, 352, 2379–2388. [Google Scholar] [CrossRef] [PubMed]

	



Bretsky, P.M.; Buckwalter, J.G.; Seeman, T.E.; Miller, C.A.; Poirier, J.; Schellenberg, G.D.; Finch, C.E.; Henderson, V.W. Evidence for an interaction between apolipoprotein E genotype, gender, and Alzheimer disease. Alzheimer Dis. Assoc. Disord. 1999, 13, 216–221. [Google Scholar] [CrossRef] [PubMed]

	



Fleisher, A.S.; Sowell, B.B.; Taylor, C.; Gamst, A.C.; Petersen, R.C.; Thal, L.J. Clinical predictors of progression to Alzheimer disease in amnestic mild cognitive impairment. Neurology 2007, 68, 1588–1595. [Google Scholar] [CrossRef]

	



Morris, J.C.; Storandt, M.; Miller, J.P.; McKeel, D.W.; Price, J.L.; Rubin, E.H.; Berg, L. Mild cognitive impairment represents early-stage Alzheimer disease. Arch. Neurol. 2001, 58, 397–405. [Google Scholar] [CrossRef]

	



Taylor, A.; Brad, P. Effect of ApoE E4 Variant on Progression from Mild Cognitive Impairment to Alzheimer’s Disease. J. Under. Res. 2016, 2, 182–196. [Google Scholar]

	



Husain, M.A.; Laurent, B.; Plourde, M. APOE and Alzheimer’s Disease: From Lipid Transport to Physiopathology and Therapeutics. Front. Neurosci. 2021, 15, 630502. [Google Scholar] [CrossRef]

	



Roberts, R.; Knopman, D.S. Classification and epidemiology of MCI. Clin. Geriatr. Med. 2013, 29, 753–772. [Google Scholar] [CrossRef]

	



Caselli, R.J.; Graff-Radford, N.R.; Reiman, E.M.; Weaver, A.; Osborne, D.; Lucas, J.; Uecker, A.; Thibodeau, S.N. Preclinical memory decline in cognitively normal apolipoprotein E-epsilon4 homozygotes. Neurology 1999, 53, 201–207. [Google Scholar] [CrossRef]

	



Bookheimer, S.; Burggren, A. APOE-4 genotype and neurophysiological vulnerability to Alzheimer’s and cognitive aging. Annu. Rev. Clin. Psychol. 2009, 5, 343–362. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, J.; He, Y.; Li, H.; Yuan, H.; Evans, A.; Yu, X.; He, Y.; Wang, H. Apolipoprotein E epsilon4 Modulates Cognitive Profiles, Hippocampal Volume, and Resting-State Functional Connectivity in Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 45, 781–795. [Google Scholar] [CrossRef] [PubMed]

	



Risacher, S.L.; Kim, S.; Shen, L.; Nho, K.; Foroud, T.; Green, R.C.; Petersen, R.C.; Jack, C.R., Jr.; Aisen, P.S.; Koeppe, R.A.; et al. The role of apolipoprotein E (APOE) genotype in early mild cognitive impairment (E-MCI). Front. Aging Neurosci. 2013, 5, 11. [Google Scholar] [CrossRef] [PubMed]

	



Lehmann, D.J.; Refsum, H.; Nurk, E.; Warden, D.R.; Tell, G.S.; Vollset, S.E.; Engedal, K.; Nygaard, H.A.; Smith, A.D. Apolipoprotein E epsilon4 and impaired episodic memory in community-dwelling elderly people: A marked sex difference. The Hordaland Health Study. J. Neurol. Neurosurg. Psychiatry 2006, 77, 902–908. [Google Scholar] [CrossRef] [PubMed]

	



Crean, S.; Ward, A.; Mercaldi, C.J.; Collins, J.M.; Cook, M.N.; Baker, N.L.; Arrighi, H.M. Apolipoprotein E epsilon4 prevalence in Alzheimer’s disease patients varies across global populations: A systematic literature review and meta-analysis. Dement. Geriatr. Cogn. Disord. 2011, 31, 20–30. [Google Scholar] [CrossRef]

	



Hallman, D.M.; Boerwinkle, E.; Saha, N.; Sandholzer, C.; Menzel, H.J.; Csazar, A.; Utermann, G. The apolipoprotein E polymorphism: A comparison of allele frequencies and effects in nine populations. Am. J. Hum. Genet. 1991, 49, 338–349. [Google Scholar] [PubMed]

	



Eggertsen, G.; Tegelman, R.; Ericsson, S.; Angelin, B.; Berglund, L. Apolipoprotein E polymorphism in a healthy Swedish population: Variation of allele frequency with age and relation to serum lipid concentrations. Clin. Chem. 1993, 39, 2125–2129. [Google Scholar] [CrossRef] [PubMed]

	



Sklavounou, E.; Economou-Petersen, E.; Karadima, G.; Panas, M.; Avramopoulos, D.; Varsou, A.; Vassilopoulos, D.; Petersen, M.B. Apolipoprotein E polymorphism in the Greek population. Clin. Genet. 1997, 52, 216–218. [Google Scholar] [CrossRef] [PubMed]

	



Stakias, N.; Liakos, P.; Tsiapali, E.; Goutou, M.; Koukoulis, G.N. Lower prevalence of epsilon 4 allele of apolipoprotein E gene in healthy, longer-lived individuals of Hellenic origin. J. Gerontol. A Biol. Sci. Med. Sci. 2006, 61, 1228–1231. [Google Scholar] [CrossRef]

	



Tsolaki, M.; Boziki, M.; Molyva, D.; Pitsalidis, C.; Kazis, D.; Papasotiropoulos, A. Distribution of APOE alleles in Alzheimer’s disease patients and normal controls in a Greek population. J. Neurol. 2006, 15, 96–108. [Google Scholar]

	



Hatzifilippou, E.; Banaki, T.; Traka, M.; Koutsouraki, E.; Costa, V.; Baloyannis, S.J. Apolipoprotein E phenotype in demented patients in Greek population. Int. J. Neurosci. 2008, 118, 163–172. [Google Scholar] [CrossRef]

	



Tsolaki, A.C.; Gatzima, O.; Daniilidou, M.; Lazarou, E.; Bamidis, P.D.; Verykouki, E.; Iakovidou-Kritsi, Z.; Tsolaki, M. Prevalence of Apolipoprotein E Polymorphisms in Alzheimer’s Disease, Mild Cognitive Impairment, and Healthy Elderly: A Northern Greece Study. Neurodegener. Dis. 2018, 18, 216–224. [Google Scholar] [CrossRef]

	



Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [Google Scholar] [CrossRef]

	



Dubois, B.; Slachevsky, A.; Litvan, I.; Pillon, B. The FAB: A Frontal Assessment Battery at bedside. Neurology 2000, 55, 1621–1626. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, R.C.; Morris, J.C. Mild cognitive impairment as a clinical entity and treatment target. Arch. Neurol. 2005, 62, 1160–1163. [Google Scholar] [CrossRef]

	



Morris, J.C.; Edland, S.; Clark, C.; Galasko, D.; Koss, E.; Mohs, R.; van Belle, G.; Fillenbaum, G.; Heyman, A. The consortium to establish a registry for Alzheimer’s disease (CERAD). Part IV. Rates of cognitive change in the longitudinal assessment of probable Alzheimer’s disease. Neurology 1993, 43, 2457–2465. [Google Scholar] [CrossRef] [PubMed]

	



McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R., Jr.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly, J.J.; Mayeux, R.; et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7, 263–269. [Google Scholar] [CrossRef]

	



Ballerini, S.; Bellincampi, L.; Bernardini, S.; Casciani, S.; Motti, C.; Cortese, C.; Federici, G. Apolipoprotein E genotyping: A comparative study between restriction endonuclease mapping and allelic discrimination with the LightCycler. Clin. Chim. Acta 2002, 317, 71–76. [Google Scholar] [CrossRef]

	



Hixson, J.E.; Vernier, D.T. Restriction isotyping of human apolipoprotein E by gene amplification and cleavage with HhaI. J. Lipid Res. 1990, 31, 545–548. [Google Scholar] [CrossRef] [PubMed]

	



World Medical Association Declaration of Helsinki: Ethical principles for medical research involving human subjects. JAMA 2013, 310, 2191–2194. [CrossRef] [PubMed]

	



Altmann, A.; Tian, L.; Henderson, V.W.; Greicius, M.D. Sex modifies the APOE-related risk of developing Alzheimer disease. Ann. Neurol. 2014, 75, 563–573. [Google Scholar] [CrossRef]

	



Mortensen, E.L.; Hogh, P. A gender difference in the association between APOE genotype and age-related cognitive decline. Neurology 2001, 57, 89–95. [Google Scholar] [CrossRef]

	



Liberopoulos, E.; Miltiadous, G.; Hatzivassiliou, M.; Ayrton, N.; Bairaktari, E.; Cariolou, M.; Elisaf, M. Apolipoprotein E polymorphism in northwestern Greece: Frequency and effect on lipid parameters. Ann. Clin. Lab. Sci. 2004, 34, 347–354. [Google Scholar] [PubMed]

	



Chatzistefanidis, D.; Giannopoulos, S.; Spengos, K.; Vassilopoulou, S.; Vemmos, K.; Dova, L.; Vartholomatos, G.; Kyritsis, A.P.; Georgiou, I.; Markoula, S. Apolipoprotein E polymorphisms and ischaemic stroke: A two-center Greek study. Eur. J. Neurol. 2014, 21, 1083–1088. [Google Scholar] [CrossRef]

	



Corbo, R.M.; Scacchi, R. Apolipoprotein E (APOE) allele distribution in the world. Is APOE*4 a ‘thrifty’ allele? Ann. Hum. Genet. 1999, 63, 301–310. [Google Scholar] [CrossRef]

	



Pais, M.; Martinez, L.; Ribeiro, O.; Loureiro, J.; Fernandez, R.; Valiengo, L.; Canineu, P.; Stella, F.; Talib, L.; Radanovic, M.; et al. Early diagnosis and treatment of Alzheimer’s disease: New definitions and challenges. Braz. J. Psychiatry 2020, 42, 431–441. [Google Scholar] [CrossRef] [PubMed]

	



Bosco, P.; Gueant-Rodriguez, R.M.; Anello, G.; Spada, R.S.; Romano, A.; Caraci, F.; Ferri, R.; Gueant, J.L. Allele epsilon 4 of APOE is a stronger predictor of Alzheimer risk in Sicily than in continental South Italy. Neurosci. Lett. 2005, 388, 168–172. [Google Scholar] [CrossRef] [PubMed]

	



Lao, O.; Lu, T.T.; Nothnagel, M.; Junge, O.; Freitag-Wolf, S.; Caliebe, A.; Balascakova, M.; Bertranpetit, J.; Bindoff, L.A.; Comas, D.; et al. Correlation between genetic and geographic structure in Europe. Curr. Biol. 2008, 18, 1241–1248. [Google Scholar] [CrossRef]

	



Sarno, S.; Boattini, A.; Pagani, L.; Sazzini, M.; De, F.S.; Quagliariello, A.; Gnecchi Ruscone, G.A.; Guichard, E.; Ciani, G.; Bortolini, E.; et al. Ancient and recent admixture layers in Sicily and Southern Italy trace multiple migration routes along the Mediterranean. Sci. Rep. 2017, 7, 1984. [Google Scholar] [CrossRef] [PubMed]

	



Eisenberg, D.T.; Kuzawa, C.W.; Hayes, M.G. Worldwide allele frequencies of the human apolipoprotein E gene: Climate, local adaptations, and evolutionary history. Am. J. Phys. Anthropol. 2010, 143, 100–111. [Google Scholar] [CrossRef]

	



Davignon, J.; Gregg, R.E.; Sing, C.F. Apolipoprotein E polymorphism and atherosclerosis. Arteriosclerosis 1988, 8, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Utermann, G.; Pruin, N.; Steinmetz, A. Polymorphism of apolipoprotein E. III. Effect of a single polymorphic gene locus on plasma lipid levels in man. Clin. Genet. 1979, 15, 63–72. [Google Scholar] [CrossRef] [PubMed]

	



Muros, M.; Rodriguez-Ferrer, C. Apolipoprotein E polymorphism influence on lipids, apolipoproteins and Lp(a) in a Spanish population underexpressing apo E4. Atherosclerosis 1996, 121, 13–21. [Google Scholar] [CrossRef]

	



Hellenthal, G.; Busby, G.B.J.; Band, G.; Wilson, J.F.; Capelli, C.; Falush, D.; Myers, S. A genetic atlas of human admixture history. Science 2014, 343, 747–751. [Google Scholar] [CrossRef]

	



Antonio, M.L.; Gao, Z.; Moots, H.M.; Lucci, M.; Candilio, F.; Sawyer, S.; Oberreiter, V.; Calderon, D.; Devitofranceschi, K.; Aikens, R.C.; et al. Ancient Rome: A genetic crossroads of Europe and the Mediterranean. Science 2019, 366, 708–714. [Google Scholar] [CrossRef] [PubMed]

	



Paschou, P.; Drineas, P.; Yannaki, E.; Razou, A.; Kanaki, K.; Tsetsos, F.; Padmanabhuni, S.S.; Michalodimitrakis, M.; Renda, M.C.; Pavlovic, S.; et al. Maritime route of colonization of Europe. Proc. Natl. Acad. Sci. USA 2014, 111, 9211–9216. [Google Scholar] [CrossRef]

	



Stamatoyannopoulos, G.; Bose, A.; Teodosiadis, A.; Tsetsos, F.; Plantinga, A.; Psatha, N.; Zogas, N.; Yannaki, E.; Zalloua, P.; Kidd, K.K.; et al. Genetics of the peloponnesean populations and the theory of extinction of the medieval peloponnesean Greeks. Eur. J. Hum. Genet. 2017, 25, 637–645. [Google Scholar] [CrossRef] [PubMed]

	



Di, G.C.; Cerutti, N.; Crobu, F.; Robino, C.; Inturri, S.; Gino, S.; Guarrera, S.; Underhill, P.A.; King, R.J.; Romano, V.; et al. Differential Greek and northern African migrations to Sicily are supported by genetic evidence from the Y chromosome. Eur. J. Hum. Genet 2009, 17, 91–99. [Google Scholar]

	



Ingman, M.; Kaessmann, H.; Paabo, S.; Gyllensten, U. Mitochondrial genome variation and the origin of modern humans. Nature 2000, 408, 708–713. [Google Scholar] [CrossRef]

	



Barbujani, G.; Bertorelle, G. Genetics and the population history of Europe. Proc. Natl. Acad. Sci. USA 2001, 98, 22–25. [Google Scholar] [CrossRef]

	



Tishkoff, S.A.; Verrelli, B.C. Patterns of human genetic diversity: Implications for human evolutionary history and disease. Annu. Rev. Genom. Hum. Genet. 2003, 4, 293–340. [Google Scholar] [CrossRef]

	



Dubal, D.B.; Yokoyama, J.S. Longevity Gene KLOTHO and Alzheimer Disease-A Better Fate for Individuals Who Carry APOE epsilon4. JAMA Neurol. 2020, 77, 798–800. [Google Scholar] [CrossRef] [PubMed]

	



Belloy, M.E.; Napolioni, V.; Han, S.S.; Le, G.Y.; Greicius, M.D. Association of Klotho-VS Heterozygosity with Risk of Alzheimer Disease in Individuals Who Carry APOE4. JAMA Neurol. 2020, 77, 849–862. [Google Scholar] [CrossRef]

	



Erickson, C.M.; Schultz, S.A.; Oh, J.M.; Darst, B.F.; Ma, Y.; Norton, D.; Betthauser, T.; Gallagher, C.L.; Carlsson, C.M.; Bendlin, B.B.; et al. KLOTHO heterozygosity attenuates APOE4-related amyloid burden in preclinical AD. Neurology 2019, 92, e1878–e1889. [Google Scholar] [CrossRef] [PubMed]

	



Servick, K. Rare case offers clues to staving off Alzheimer’s. Science 2019, 366, 674. [Google Scholar] [CrossRef] [PubMed]

	



Koks, S.; Pfaff, A.L.; Bubb, V.J.; Quinn, J.P. Transcript Variants of Genes Involved in Neurodegeneration Are Differentially Regulated by the APOE and MAPT Haplotypes. Genes 2021, 12, 423. [Google Scholar] [CrossRef]

	



Gottschalk, W.K.; Lutz, M.W.; He, Y.T.; Saunders, A.M.; Burns, D.K.; Roses, A.D.; Chiba-Falek, O. The Broad Impact of TOM40 on Neurodegenerative Diseases in Aging. J. Park. Dis. Alzheimer’s Dis. 2014, 1, 12. [Google Scholar]

	



Gerdes, L.U.; Klausen, I.C.; Sihm, I.; Faergeman, O. Apolipoprotein E polymorphism in a Danish population compared to findings in 45 other study populations around the world. Genet. Epidemiol. 1992, 9, 155–167. [Google Scholar] [CrossRef]

	



Lucotte, G.; Loirat, F.; Hazout, S. Pattern of gradient of apolipoprotein E allele *4 frequencies in western Europe. Hum. Biol. 1997, 69, 253–262. [Google Scholar]

	



Gueguen, R.; Visvikis, S.; Steinmetz, J.; Siest, G.; Boerwinkle, E. An analysis of genotype effects and their interactions by using the apolipoprotein E polymorphism and longitudinal data. Am. J. Hum. Genet. 1989, 45, 793–802. [Google Scholar]

	



Cariolou, M.A.; Kokkofitou, A.; Manoli, P.; Christou, S.; Karagrigoriou, A.; Middleton, L. Underexpression of the apolipoprotein E2 and E4 alleles in the Greek Cypriot population of Cyprus. Genet. Epidemiol. 1995, 12, 489–497. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Demographic Characteristics of the participants of the study.
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Group

	
CTRL

(n = 75)

	
MCI

(n = 113)

	
ADD

(n = 175)

	

	




	

	

	

	

	
Kruskal

Wallis

	
Mann-Whitney U Tests




	

	

	

	

	
p-Value

	






	
Age (years)

M ± SD

	
62.63 ± 11.13

	
71.73 ± 7.94

	
72.45 ± 7.99

	
<0.001 *

	
CTRL < MCI **, CTRL < ADD **




	
Sex (men/women %)

	
33.30/66.70

	
53.10/46.90

	
47.40/52.60

	
-

	
-




	
Education

M ± SD (years)

	
13.80 ± 1.09

	
11.28 ± 4.18

	
8.27 ± 3.82

	
<0.001 *

	
ADD < MCI *,




	
MMSE

M ± SD

	
29.02 ± 1.06

	
26.66 ± 2.64

	
19.74 ± 6.04

	
<0.001 **

	
CTRL > ADD *




	
FAB

M ±SD

	
16.60 ± 1.41

	
13.30 ± 2.85

	
9.54 ± 4.07

	
<0.001 **

	
CTRL > ADD **, MCI > ADD **








Note: * p < 0.05, ** p < 0.001, MMSE: Mini-Mental State Examination total score, FAB: frontal assessment battery total score, CTRL: control individuals, ANOVA: analysis of variance, SD: standard deviation.
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Table 2. APOE allele frequencies in CTRL group, patients with MCI, and patients with ADD.
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	Group
	Participants
	Alleles, n
	APOE2

Allele, %
	APOE3

Allele, %
	APOE4

Allele, %





	CTRL
	75
	150
	3.33
	90.00
	6.67



	MCI
	113
	226
	4.42
	77.87
	17.69



	ADD
	175
	350
	3.71
	75.71
	20.57



	Comparisons χ2 (p-value)
	
	
	
	
	



	CTRL vs. ADD
	
	
	0.04 (0.834)
	13.39 (<0.001 **)
	14.81 (<0.001 **)



	CTRL vs. MCI
	
	
	0.28 (0.596)
	9.27 (0.002 *)
	9.52 (0.002 *)



	MCI vs. ADD
	
	
	0.18 (0.671)
	0.36 (0.550)
	0.72 (0.395)







Note: * p < 0.05, ** p < 0.001.
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Table 3. APOE absolute and relative frequencies of genotypes in CTRL group, patients with MCI, and patients with ADD.
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Group

	
APOE Genotypes, n (%)

	

	

	

	

	




	

	
APOE2/E2

	
APOE2/E3

	
APOE2/E4

	
APOE3/E3

	
APOE3/E4

	
APOE4/E4






	
CTRL

	
0(0.00)

	
4(5.30)

	
1(1.30)

	
62(82.70)

	
7(9.30)

	
1(1.30)




	
MCI

	
0(0.00)

	
9(8.00)

	
1(0.90)

	
67(59.30)

	
33(29.20)

	
3(2.70)




	
ADD

	
0(0.00)

	
13(7.40)

	
0(0.00)

	
105(60.00)

	
42(24.00)

	
15(8.60)




	
Comparisons χ2 (p-value)

	

	

	

	

	

	




	
CTRL vs. ADD

	

	
16.77, (0.002 *)




	
CTRL vs. MCI

	

	
12.86, (0.012 *)




	
MCI vs. ADD

	

	
6.14, (0.189)








Note: * p < 0.05.
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Table 4. The likelihood ratios for ADD (ADD vs. CTRL), MCI (MCI vs. CTRL), and AD (ADD vs. MCI according to APOE4 presence adjusted for age and stratified by sex.
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	APOE4 +/−
	p
	OR
	95% CI





	ADD vs. CTRL
	0.001 **
	4.49
	1.90–10.61



	ADD men
	0.063
	3.75
	0.93–15.09



	ADD women
	0.004 *
	5.18
	1.71–15.64



	MCI vs. CTRL
	0.003 *
	3.82
	1.59–9.17



	MCI men
	0.104
	3.20
	0.79–13.02



	MCI women
	0.010 *
	4.47
	1.42–14.04



	ADD vs. MCI
	0.410
	1.55
	0.55–4.37



	ADD men
	0.892
	1.12
	0.22–5.60



	ADD women
	0.212
	3.02
	0.53–17.13







Note: * p < 0.05, ** p < 0.001.













[image: Table] 





Table 5. The odds for ADD (ADD vs. CTRL) according to genotype, adjusted for age, and stratified by sex; and the odds for ADD (ADD vs. MCI) according to genotype adjusted for age, education, and stratified by sex.
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Ε2/2

	
Ε2/3

	
Ε2/4

	
Ε3/4

	
Ε4/4




	
ADD vs. CTRL

	

	

	

	

	






	
p-value

	
-

	
0.199

	
-

	
0.002 *

	
0.027 *




	
OR

	
-

	
2.33

	
-

	
5.03

	
11.04




	
95% CI

	
-

	
0.64–8.46

	
-

	
1.85–13.68

	
1.31–93.18




	
Men

	

	

	

	

	




	
p-value

	
-

	
0.669

	
-

	
0.095

	
-




	
OR

	
-

	
1.63

	
-

	
4.37

	
-




	
95% CI

	
-

	
0.17–15.16

	
-

	
0.77–24.68

	
-




	
Women

	

	

	

	

	




	
p-value

	
-

	
0.148

	
-

	
0.005 *

	
0.130




	
OR

	
-

	
3.39

	
-

	
5.94

	
5.93




	
95% CI

	
-

	
0.65–1.07

	
-

	
1.71–20.63

	
0.59–59.31




	
ADD vs. MCI

	

	

	

	

	




	
p-value

	
-

	
0.576

	
-

	
0.422

	
0.587




	
OR

	
-

	
1.76

	
-

	
1.58

	
1.90




	
95% CI

	
-

	
0.24–12.72

	

	
0.52–4.83

	
0.19–19.07




	
Men

	

	

	

	

	




	
p-value

	
-

	
0.607

	
-

	
0.994

	
-




	
OR

	
-

	
2.15

	
-

	
1.01

	
-




	
95% CI

	
-

	
0.12–40.19

	

	
0.17–5.84

	
-




	
Women

	

	

	

	

	




	
p-value

	
-

	
-

	
-

	
0.149

	
0.814




	
OR

	
-

	
-

	
-

	
5.21

	
1.34




	
95% CI

	
-

	
-

	
-

	
0.56–48.88

	
0.12–15.43








Note: * p < 0.05.
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