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Abstract

:

The allele epsilon 4 (ε4) of apolipoprotein E (ApoE) is the strongest genetic risk factor for Alzheimer’s disease (AD). ApoE protein plays a pivotal role in the synthesis and metabolism of amyloid beta (Aβ), the major component of the extracellular plaques that constitute AD pathological hallmarks. Regular exercise is an important preventive/therapeutic tool in aging and AD. Nevertheless, the impact of physical exercise on the well-being of erythrocytes, a good model of oxidative stress and neurodegenerative processes, remains to be investigated, particularly depending on ApoE polymorphism. Herein, we evaluate the oxidative status, Aβ levels, and the membrane’s composition of erythrocytes in a cohort of human subjects. In our hands, the plasma antioxidant capability (AOC), erythrocytes membrane fluidity, and the amount of phosphatidylcholine (PC) were demonstrated to be significantly decreased in the ApoE ε4 genotype and non-active subjects. In contrast, erythrocyte Aβ content and lipid peroxidation increased in ε4 carriers. Regular physical exercise was associated with an increased plasma AOC and membrane fluidity, as well as to a reduced amount of erythrocytes Aβ. Altogether, these data highlight the influence of the ApoE genotype on erythrocytes’ well-being and confirm the positive impact of regular physical exercise.
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1. Introduction


The apolipoprotein E (ApoE) is a 299 amino acid glycoprotein encoded by the ApoE gene, and existing in three polymorphic alleles. Consequently, the human ApoE protein occurs in three ApoE isoform, ε2, ε3, and ε4, which present a global frequent of 8.4%, 77.7%, and 13.7%, respectively. These isoforms differ from each other for the amino acids at positions 112 and 158 that alter the structure and, subsequently, the function of each isoform [1,2].



ApoE mediates lipid transport and contributes to liver cholesterol metabolism in an isoform-dependent manner, and has been linked to hyperlipidemia and hypercholesterolemia [2,3]. In the central nervous system, ApoE is primarily released by astrocytes and is involved in cholesterol transport to neuronal cells via ApoE receptors [2].



Furthermore, in the last decades, ApoE protein has been demonstrated to play a pivotal role in synthesis and metabolism of amyloid beta (Aβ) [3], a protein identified as the major component of the extracellular plaques in the central nervous system (CNS) that constitute the pathological hallmarks of Alzheimer’s disease (AD) [4]. In particular, the lipid-binding region of ApoE directly interacts with Aβ and promotes the Aβ transport out of the brain, thus enhancing peptide clearance [2]. Interestingly, ApoE ε4 shows the lowest affinity to Aβ, resulting in a significant reduction of Aβ clearance processes and the accumulation of Aβ toxic oligomers [3]. Concomitantly, ApoE ε4 alters the permeability of the blood–brain barrier (BBB), reducing the control of the passage of molecules, as Aβ peptide, from the brain to blood and vice versa [5]. The ε4 allele is the strongest polymorphism related to both early- and late-onset AD. Indeed, the ε4 homozygotes (ε4/ε4) are more predisposed to develop AD compared to ε4 heterozygotes (ε4/ε3 or ε4/ε2) and non-ε4 carriers (ε3/ε3, ε2/ε2, or ε3/ε2) subjects [2].



Additionally, the ApoE genotype is associated with oxidative stress, which is defined as an imbalance between an extreme generation of reactive oxygen species (ROS) and the lacking capability of the biological system to remove them [6]. The antioxidant defense mechanisms have been proven to be less efficient in the presence of ApoE ε4, as compared to other polymorphisms [6], causing the increase of ROS production, cellular damage, and alteration of proteins’ production and folding [7]. In particular, elevated oxidative damage in ε4 homozygotes has been linked to increased levels of lipid peroxidation [7], causing an alteration in the composition of the eukaryotic cellular membrane and its properties. Of note, an alteration of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) ratio has been directly implicated in AD [8], along with a reduction in membrane fluidity of central and peripheral cells [9], thus strengthening the disease’s link with oxidative stress.



Several studies have widely confirmed that regular and moderate physical activity can prevent or at least slowdown brain aging and neurodegeneration [10,11]. In particular, exercise has been shown to modulate oxidative stress and upregulate antioxidant systems, to promote neurogenesis and angiogenesis and to increase the degradation of toxic oligomers [12]. In this regard, a recent study has demonstrated the negative correlation between physical activity and the accumulation of neurodegeneration-related proteins in peripheral cells [13]. In this sense, erythrocytes have been suggested as a good model to study the biochemical alteration correlated to aging/neurodegeneration and oxidative stress [14,15]. Indeed, erythrocytes are particularly sensitive to oxidative damage, due to the high concentration of oxygen and hemoglobin [16], and to neurodegeneration-related proteins accumulation, including Aβ [13,15,17].



A huge amount of data has reported that the effects of physical exercise training on systemic circulation and cognitive function are dependent on the ApoE genotype [18,19]. Nevertheless, the effects of physical activity on erythrocytes’ well-being depending on ApoE genotype remain to be elucidated.



On this basis, the current study aimed to evaluate the Aβ levels, the oxidative status together with the plasma antioxidant capability (AOC), and the membrane’s composition of erythrocytes in a cohort of human healthy subjects. These volunteers were analyzed considering their ApoE genotype and the level of physical activity, to establish how physical exercise can modulate the well-being of these cells, in the presence of ApoE polymorphism.




2. Materials and Methods


2.1. Subjects Recruitment and ApoE Genotyping


Forty-two age- and sex-matched (Table 1) healthy subjects were recruited from the Sport Medicine Unit of the Department of Clinical and Experimental Medicine of the University of Pisa. The volunteers were classified based on ApoE genotype, identified by the technique of restriction fragment length polymorphism (RFLP). Blood was collected from each subject and, subsequently, genomic DNA was extracted from whole blood. The polymerase chain reaction (PCR) was performed using 1.5 pmol of each primer (forward 5′-TCG-GCCGCA-GGG-CGC-TGA-TGG-3′ and reverse 5′-CTCGCG-GGC-CCC-GGC-CTG-GTA-3′), 250 μmol/L dNTPs, GC-rich (10% of the final volume), 2 units of Taq DNA polymerase (Applied Biosystems Inc., Branchburg, NJ), 10 ng/μL of genomic DNA, 25 mM MgCl2, and buffer 10×. Reactions were executed in a thermal cycler (PerkinElmer) for one cycle at 94 °C for 6 min, 30 cycles at 94 °C for 40 s, 67 °C for 30 s, 72 °C for 45 s, and a final extension at 72 °C for 5 min. Following a digestion with 3 U of HhaI restriction enzyme, the amplified fragments were separated exploiting agarose (5%) gel electrophoresis. The restriction patterns were visualized by ethidium bromide staining and UV light. The genotypes of subjects were defined by an ABI PRISM310 Automated Sequencer (Applied Biosystems, Forster City, CA, USA). In this way, the subjects were classified in ApoE ε4 carriers (twelve, seven female and five male, mean age 39 years, range 23–70) and ApoE non-ε4 carriers (twenty-six, fourteen female and twelve male, mean age 40 years, range 20–65). The minor amount of ApoE ε4 carriers is due to prevalence in human race to a lesser extent of this genotype compared to other polymorphisms of ApoE (ε2 or ε3), and, consequently, we were not able to predict the amount of ApoE ε4 carriers and non-ε4 carriers in the cohort of volunteers [2].




2.2. Study Population and Evaluation of the Physical Activity Level


For this study, Italian healthy volunteers with an upper-middle socio-economic status were recruited. All subjects showed no cardiovascular disease or other major medical disorders, as assessed by clinical history, physical examination, basal and stress electrocardiography, blood pressure, blood chemistry, hematology, and urine analysis, with a maximal graded cycle ergometry test performed by a cardiologist blinded to the other data [13,20]. Major inclusion criteria were as follows: Body mass index lower than 30 kg/m2, diastolic arterial blood pressure lower than 90 mmHg, systolic arterial blood pressure lower than 140 mmHg, total plasma cholesterol ranging from 120 to 220 mg/mL, high-density lipoproteins (HDL) cholesterol from 26 to 75 mg/mL, and plasma triglycerides from 30 to 150 mg/mL. Subjects were excluded if they were a smoker or received drug/nutraceutical treatments within 2 months before the beginning of the study [13].



The volunteers were divided into non-active and active based on the habits questionnaire. The subjects performing less than 150 min per week of physical activity were classified as non-active, according to the World Health Organization (WHO) [21]. Furthermore, the intensity level of physical activity was evaluated by the use of the Borg fating of perceived exertion (RPE) scale [22]. The scale ranges from 6 to 20, with 6 corresponding to no exertion at all, 7.5 to extremely light, 9 to very light, 11 to light, 13 to somewhat hard, 15 to hard, 17 to very hard, 19 to extremely hard, and 20 to maximal exertion.



The blood was collected from each subject at least 48 h after the last exercise bout. This study was approved by the Ethics Committee of the Great North West Area of Tuscany (271/2014 to F.F.) and it was carried out by the Declaration of Helsinki. All participants in the study were apprised: They received the informed consent and each one signed it giving their acceptance [13].




2.3. Blood Collection


The whole blood was sampled from each volunteer and it was conserved in an EDTA tube as anticoagulant. Centrifugation at 200× g at 4 °C for 10 min was required to separate erythrocytes from plasma. The plasma supernatant was isolated and frozen at −20 °C until use. The erythrocyte pellet was suspended in 3 mL of PBS, subjected to centrifugation at 1000× g for 10 min, and washed for three times with PBS. Erythrocytes were centrifuged at 1500× g for 10 min and frozen at −20 °C until use. The levels of AOC and lipid peroxidation were measured in plasma. The levels of Aβ, PC, PE, and the degree of membrane fluidity were analyzed in erythrocytes.




2.4. Quantification of Amyloid Beta (Aβ) in Erythrocytes


The levels of Aβ in erythrocytes were quantified by enzyme-linked immunosorbent assay (ELISA), as described [13]. The plate was coated with a 60 μL-well of a specific rabbit polyclonal antibody to Aβ (sc-9129, Santa Cruz Biotechnology), diluted 1:100 in poli-L-ornithine, and maintained overnight at 4 °C. Following extensive washing with PBS-T (PBS, containing 0.01% Tween 20), BSA 1% (200 μL-well) was added to block non-specific sites and incubated for 2 h at 37 °C. After washes with PBS-T, erythrocytes (0.05 mg-100 μL) were added to each well (100 μL-well) and incubated at 25 °C for 1 h. Following extensive washing, goat polyclonal antibody to Aβ (sc-5399, Santa Cruz Biotechnology) (75 μL-well), diluted 1:250, was employed for capturing and incubated for 1.5 h at 25 °C. After washing, for antigen detection, a donkey anti-goat-HRP antibody (Santa Cruz Biotechnology) (100 μL-well), diluted 1:2500 in PBS-BSA-Triton, was incubated at 37 °C for 1 h. The wells were then washed with PBS-T before the addition of 100 μL-well of 3,3′,5,5′-tetramethylbenzidine (TMB) (Thermo Scientific) (100 μL-well). The absorbance was evaluated at 450 nm after the addition of the Stop Solution (0.4 N HCl, 100 μL-well). All measurements were performed in duplicate to reduce inter-assay variability. The standard curve for ELISA assay was constructed using recombinant human Aβ solution at different concentrations diluted in PBS [13,17].




2.5. Evaluation of the Total Antioxidant Capability (AOC) in Plasma


The plasma AOC was evaluated by the total oxyradical scavenging capacity (TOSC) assay, a gas chromatographic assay that can determine oxyradical scavenging capacity of biological fluids [13,23]. Hydroxyl radicals were produced at 35 °C by the iron plus ascorbate-driven Fenton reaction (1.8 mM Fe3+, 3.6 mM EDTA, and 180 mM ascorbic acid in 100 mM PBS, pH 7.4). Reactions with 0.2 mM KMBA (alpha-keto gamma-methylthiobutyric acid) were carried out in 10 mL vials sealed with gas-tight Mininert valves (Supelco, Bellefonte, PA, USA) in a final volume of 1 mL. Ethylene production was measured by gas chromatographic analysis of 200 μL aliquots taken from the headspace of vials at timed intervals during the reaction (Hewlett-Packard gas chromatograph, HP 7820A Series, Andoven, M, equipped with a Supelco DB-1 capillary column and a flame ionization detector, FID). Total ethylene formation was quantified from the area under the kinetic curves that best define the experimental points obtained for control reactions and after the addition of plasma during the reaction [23,24]. TOSC values were measured from the equation TOSC = 100 − (SA/CA × 100), where SA is the area under the curve (AUC) for the sample and CA is the control reaction. A TOSC value of 100 is associated with a sample that suppresses the ethylene formation, while a pro-oxidant sample shows a negative TOSC value. A TOSC value of 0 corresponds to a sample with no scavenging capacity [25]. Each experiment was executed in duplicate to account for the intrinsic variability of the method. The results were expressed in TOSC units [23,26].




2.6. Lipid Peroxidation Assay in Plasma


The oxidative degradation of lipids was evaluated in plasma by measuring the levels of malondialdehyde (MDA), an end product of lipid peroxidation, through a fluorometric assay (Lipid Peroxidation (MDA) Assay Kit Colorimetric/Fluorimetric, Abcam, Cambridge, MA, USA, #ab118970).



Plasma (20 μL), isolated from whole blood, as previously described, was combined with 500 μL of H2SO4 (42 mM) and gently mixed. Then, 125 μL of phosphotungstic acid (PTA) solution was added and vortexed. The solution was incubated at room temperature for 5 min. After incubation, the solution was centrifuged at 13,000× g for 3 min. The pellet was collected and suspended using 100 μL of double-distilled H2O with 2 μL of butylated hydroxytoluene (BHT). Then, double-distilled H2O was added to reach a total volume of 200 μL. Following, 600 μL of 2-thiobarbituric acid (TBA) was added and the solution was incubated at 95 °C for 1 h. After incubation, cooling at room temperature in ice bath for 10 min was performed. The amount of MDA-TBA adduct was quantified by the relative fluorescence unit (RFU) at Ex/Em = 532/553 nm (EnSight Multimode Plate Reade, PerkinElmer, Waltham, MA, USA). The concentration of MDA (μM, i.e., nmol/mL) in the sample was calculated building a calibration curve.




2.7. Phosphatidylcholine (PC) Assay in Erythrocytes


The quantification of PC content in erythrocytes was performed using an enzyme-coupled reaction, which was able to hydrolyze PC and to release choline, which consequently oxidized the OxiRed probe, resulting in the development of fluorescence (Phosphatidylcholine Assay Kit Colorimetric/Fluorimetric, Abcam, #ab83377).



Erythrocytes (1 μL) were diluted in PC assay buffer and, subsequently, PC enzyme, PC developer, and the OxiRed probe were added. After incubation at room temperature for 30 min, the fluorescence was read (Ex/Em = 535/587 nm, EnSight Multimode Plate Reade, PerkinElmer). The quantity of PC (μM) in the sample was calculated by a standard curve built with different concentrations of PC standard.




2.8. Phosphatidylethanolamine (PE) Assay in Erythrocytes


The measurement of PE content in erythrocytes was carried out using a PE converter hydrolyses, that led to an intermediate, which converted a colorless probe to a fluorescent product through an enzymatic reaction (Phosphatidylethanolamine Assay Kit, Fluorimetric, BioVision, Milpitas, CA, USA, #K499-100). Erythrocytes (20 μL) were homogenized in a solution containing 5% Triton X-100 in double-distilled H2O. The samples were heated to 80 °C in a water bath for 10 min, cooled down, and then heated at the same temperature for the same time. The PE assay buffer and PE converter were added to samples and incubated at 45 °C for 1 h. Following, the PE developer and probe were added and the fluorescence was read (Ex/Em = 535/587 nm, EnSight Multimode Plate Reade, PerkinElmer). The amount of PE (μM) in the sample was calculated by a standard curve built with different concentrations of PE standard.




2.9. Membrane Fluidity Assay in Erythrocytes


The membrane fluidity of erythrocytes was measured using the lipophilic pyrene probe, a lipid analogue probe that underwent excimer formation upon spatial interaction with the cellular membrane (Membrane Fluidity Kit, Abcam, #ab189819).



This assay was performed using erythrocytes isolated from the whole blood and employed immediately, thus avoiding the freezing of the sample. Erythrocytes (1 mg of total proteins, measured by Bradford assay) were centrifuged at 1500× g for 10 min. The labelling solution (125 μL) was combined with the pellet and incubated at 25 °C for 20 min under continuous agitation. After a quick centrifugation, the pellet was washed with PBS and, after resuspension, centrifuged again. The perfusion buffer (50 μL) was added to the pellet and the fluorescence was read. By quantifying the ratio of excimer (Ex/Em = 350/470 nm) to monomer (Ex/Em = 350/370 nm) fluorescence (EnSight Multimode Plate Reade, PerkinElmer), quantitative monitoring of the membrane fluidity was realized. The data were expressed as the ratio between pyrene excimer and monomer (ratio Ie/Im).




2.10. Statistical Analysis


The data are presented as the mean value ± S.D. (standard deviation). The population included in this study presented a normal distribution for age. Kolmogorov–Smirnov tests were applied to data meeting the assumption of a normality distribution. One-way analysis of variance (ANOVA) tests were used for data meeting the assumption of homogeneity of variance. Pearson correlation analysis and t tests were applied for data with distributions that met parametric assumptions. Chi-square tests (Pearson’s, Yates-adjusted or Fisher’s exact test according to sample size), Mann–Whitney U tests, and Spearman correlation analysis were used in situations where parametric assumptions were not met. Differences among groups were evaluated by One-way analysis of variance (ANOVA). When only two groups were present, an unpaired t-test was used. Correlation between variables was determined by linear regression analysis, while interactions between variables were calculated by correlation and multiple regression analyses. P-values < 0.05 were deemed significantly different. All statistical procedures were performed by commercial software (GraphPad Prism, version 7.0; GraphPad Software Inc., San Diego, CA, USA).



Correlation between variables was determined by simple linear regression analysis, while covariate analysis was performed by the partial correlation matrix. Finally, a multiple linear regression analysis was performed to assess the effects of ApoE on the relationship between Aβ concentrations and physical activity level. All statistical procedures were performed using the StatView program (Abacus Concepts, Inc., SAS Institute, Cary, NC, USA) [17,24].





3. Results


3.1. Descriptive Statistics


The whole cohort of healthy subjects (n = 42, Table 1) was divided into ApoE ε4 carriers (mean age 39.33 ± 14.25) and ApoE non-ε4 carriers (mean age 39.92 ± 12.65). The subjects were further classified in non-active and active, based on the results of the Borg score (see Methods section).



The active and non-active subjects did not present significant differences in age, sex distribution, and body mass index (BMI). Not surprising, the level of physical activity in the active was higher than in non-active subjects (P < 0.0001).



Table 1 summaries the mean values of glucose, cholesterol, and triglycerides of the recruited subjects. Subjects carrying ε4 showed significantly lower levels of HDL (P = 0.0105) and higher levels of LDL (P = 0.0226). Nevertheless, total levels of cholesterol were comparable between ApoE ε4 carriers and non-ε4 carriers, although a trend in lower levels was noticed in the latter group (P = 0.0569). This trend reached a significance in the active subgroup (A ε4 carriers vs. A non-ε4 carriers P = 0.0190). Triglycerides (P = 0.0899) and glucose (P = 0.3107) did not significantly differ between ApoE ε4 carriers and non-carriers.



The additional biochemical parameters measured in this study are summarized in Table 2.




3.2. Antioxidant Capability (AOC) in Plasma


Oxidative stress has been suggested as a representative marker of aging [27]. Particularly, aging and the ApoE ε4 genotype have been related to a defective ability to respond to cellular stress [28].



On this basis, the AOC in plasma was assessed using the TOSC assay (Figure 1a), in which higher levels of TOSC are associated to an improved AOC.



ApoE non-ε4 carriers showed higher levels of AOC than the ε4 carriers in the whole group (P = 0.0290), and in particular among non-active subjects (non-active ε4 carriers vs. non-active non-ε4 carriers, P = 0.0361). These data confirm that the ApoE ε4 polymorphism can represent a causative factor of the decrease of the plasma AOC.



Moreover, active subjects displayed increased AOC compared to non-active subjects, even if the statistical significance was reached in the ε4 carriers only (carriers: P = 0.0036; non-ε4 carriers: P = 0.1514). The results confirm that physical activity can modulate plasma AOC, even in the presence of ApoE ε4 polymorphism.




3.3. Levels of Amyloid Beta (Aβ) in Erythrocytes


Together with the ApoE ε4 carriage, aging is the main trigger event that causes Aβ accumulation and aggregation [29]. In this sense, Aβ has been recently demonstrated to accumulate in erythrocytes, in both humans and animal models of AD [30,31,32].



Herein, the levels of Aβ in erythrocytes were evaluated by a specific immunoenzymatic assay (Figure 1b). The subjects presenting the ApoE ε4 polymorphism displayed a higher Aβ concentration in erythrocytes compared to the non-ε4 carriers in the whole population (P = 0.0212), and in the active (active ε4 carriers vs. active non-ε4 carriers P = 0.0101), confirming that the ε4 polymorphism is associated with Aβ accumulation in erythrocytes.



Moreover, active subjects showed reduced levels of the amylogenic protein compared to non-active subjects in both ε4 carriers (P = 0.0090) and non-ε4 carriers (P < 0.0001), thus suggesting that regular exercise can decrease Aβ accumulation in erythrocytes, independently from ApoE genotype. Globally, these results showed that Aβ levels are influenced by both ApoE polymorphism and physical activity.




3.4. Lipid Peroxidation in Plasma


To evaluate the oxidative degradation of lipids due to oxidative stress, MDA concentration in plasma was quantified (Figure 1c). Indeed, MDA is one of the most important intermediate/end-product of lipid peroxidation [7], which is increased in aging [33,34].



Increased plasma lipid peroxidation was shown by ApoE ε4 carriers compared to non-ε4 carriers in the whole population (P = 0.0001), as well as in the non-active group (non-active ε4 carriers vs. non-active non-ε4 carriers, P = 0.0034) and in the active group (active ε4 carriers vs. active non-ε4 carriers, P = 0.0319). These data suggest that the ε4 polymorphism could be a possible causative factor of the increase of lipid peroxidation, independently from the physical activity level performed by the subjects. Consistent with this hypothesis, non-active and active subjects presented comparable levels of MDA (ε4 carriers: P = 0.9333, non-ε4 carriers: P = 0.5446).



Overall, the data revealed that lipid peroxidation depends on ApoE ε4 polymorphism and it is not influenced by the levels of physical activity.




3.5. Phosphatidylcholine (PC) and Phosphatidylethanolamine (PE) Amount in Erythrocytes


The oxidative stress occurs constantly on erythrocytes in healthy subjects, and it significantly increases with age, particularly changing the composition of membrane phospholipids, including PC and PE [35].



Thus, the amount of PC in erythrocytes was assessed as representative phospholipid of the cellular membrane (Figure 2a). ApoE non-ε4 carriers showed significantly higher PC levels in erythrocytes with respect to ε4 carriers, in the whole population (P < 0.0001), as well as in active (active ε4 carriers vs. active non-ε4 carriers, P = 0.0280) and in non-active subjects (non-active ε4 carriers vs. non-active non-ε4 carriers, P = 0.0027). These data demonstrate that the presence of ε4 polymorphism can reduce PC content in erythrocytes, independently from the physical activity level of the subjects.



Consistently, comparable levels of erythrocyte PC were found between active and non-active subjects (ε4 group: P = 0.3929; non-ε4 group: P = 0.2475). Globally, these data demonstrate that PC levels are dependent on ApoE polymorphism, but not on physical activity.



Moreover, the contents of PE in erythrocytes was measured in the same subjects, as depicted in Figure 2b. The PE amount in erythrocytes was comparable between ε4 carriers and non-ε4 carriers (P = 0.1717), even if a trend of increase was shown by the latter group. This statistical significance was reached in the non-active subgroup, in which ε4 carriers showed a significant minor amount of PE in erythrocytes compared to the non-ε4 carriers (P = 0.0473). Moreover, non-active subjects displayed an increased amount of PE in erythrocytes compared to the respective active in the non-ε4 carriers (P = 0.0232), but not in the ε4 group (P = 0.6158). These data suggest that physical activity can affect PE content in the absence of ε4 polymorphism.




3.6. Membrane Fluidity of Erythrocytes


The lipid peroxidation may represent a pivotal factor in the alteration of the membrane fluidity, which occurs during the aging process [36].



In this respect, the level of membrane fluidity of erythrocytes (Figure 2c) was evaluated to establish the dynamic properties of cell membranes, by quantifying the ratio of the excimer to monomer: a gain of the ratio corresponds to increased membrane fluidity.



ApoE non-ε4 carriers presented a higher membrane fluidity than carriers in the whole population (P = 0.0322) and among active (active ε4 carriers vs. active non-ε4 carriers, P = 0.0421). These data suggest that the presence of the ε4 polymorphism affects negatively membrane fluidity.



Furthermore, active displayed increased levels of membrane fluidity compared to non-active subjects in the non-ε4 carriers (P = 0.0421), thus suggesting that physical exercise can enhance erythrocytes membrane fluidity in the absence of the ApoE polymorphism.




3.7. Correlation among Triglycerides, Cholesterol, and Glucose Levels


Simple regression analyses were performed to verify the putative correlation between cholesterol, triglycerides, or glucose levels and the plasma AOC or the erythrocytes well-being parameters.



Interestingly, plasma MDA concentration was inversely related to the HDL levels (P = 0.0162, R2 = 0.203).



The plasma AOC versus hydroxyl radicals was inversely related to the total cholesterol (P = 0.0392, R2 = 0.148) and LDL concentration (P = 0.0487, R2 = 0.141). In contrast, Aβ concentration in erythrocytes was directly correlated with LDL concentrations (P = 0.0394, R2 = 0.153).




3.8. Correlation between Plasma and Erythrocytes Well-Being Parameters


The plasma AOC showed significant inverse correlation with the erythrocyte’s levels of Aβ (Figure 3a, P = 0.0089, R2= 0.175) and lipid peroxidation (Figure 3b, P = 0.0150, R2= 0.139). These data demonstrate that negative alterations of erythrocytes’ well-being are possibly linked to the plasma antioxidant ability.



In contrast, TOSC values were not related to the other examined parameters (PE: P = 0.1352; PC: P = 0.2771; membrane fluidity: P = 0.2698).




3.9. Correlation of Plasma and Erythrocytes Well-Being Parameters with Age and the Level of Physical Activity


The amount of PE in erythrocytes was inversely related to age (Figure 3c, P = 0.0359, R2 = 0.134). No significant correlation with age was evidenced for the other parameters.



The physical activity level showed a direct correlation with the plasma AOC (Figure 3d, P = 0.0428, R2 = 0.099), as previously obtained in a different cohort of subjects [17].



A significant inverse correlation was observed between the level of physical exercise and Aβ (Figure 3e, P < 0.0001, R2 = 0.445) or PE (Figure 3f, P = 0.0394, R2 = 0.130) accumulation in erythrocytes. These data confirm that the protein levels in these blood cells may be influenced by exercise.



The physical activity level was not significantly related to the other examined parameters (lipid peroxidation: P = 0.8171; PC concentration: P = 0.3885; membrane fluidity: P = 0.02558).




3.10. Covariate and Multiple Regression Analyses


Following covariate analysis for ApoE polymorphism, the correlation between the Borg score and the aforementioned variables was lost for statistical significance (plasma AOC: P = 0.5453; Aβ: P = 0.0530; PE: 0.1918).



These results confirm that the ApoE polymorphism influences the effect of the physical activity level on the plasma and erythrocytes’ well-being.



Finally, a multiple linear regression analysis was performed to assess the effects of ApoE on the relationship between Aβ concentrations and physical activity level. This analysis confirmed that the decrease in erythrocytes Aβ levels in non-ε4 carriers was strictly dependent on the level of physical activity (Figure 4). In contrast, the decrease in Aβ concentration was completely independent of the level of physical activity in non-ε4 carriers (Figure 4).





4. Discussion


In the current study, the influence of ApoE polymorphism and physical activity on the Aβ contents, oxidative status, and membrane’s composition of erythrocytes was evaluated. The main results of the paper are as follows: (i) Plasma AOC, erythrocytes PC content, and membrane fluidity were significantly decreased in ApoE ε4 subjects; (ii) the erythrocytes concentration of Aβ and plasma lipid peroxidation increased in ε4 carriers when compared to non-ε4 carriers; (iii) regular physical exercise was associated to increased plasma AOC and membrane fluidity, as well as to a reduced Aβ amount and a minor PE content. Taken together, these data highlight the influence of ApoE genotype on blood parameters of well-being and confirm the positive impact of moderate physical exercise.



The presence of the ε4 allele has been widely related to higher levels of plasma cholesterol, especially LDL-cholesterol [37,38,39], and non-fasting serum triglyceride values [40,41]. In our study, and according to literature data, subjects carrying ε4 presented significantly lower levels of HDL and higher levels of LDL. In contrast, triglycerides showed a trend of increase in ApoE ε4 individuals when compared to non-carriers, without reaching statistical significance. This discrepancy may be ascribed to the limited cohort of subjects carrying the ApoE polymorphism.



Besides lipid metabolism, ApoE ε4 polymorphism has been related to an alteration of Aβ levels, oxidative status, and membrane’s composition, even before the onset of AD [8,9]. In this sense, nowadays, the study of the cellular and molecular pathways which lead to AD [42], and the investigation of AD prognostic markers, are wide themes of research [43]. However, it has been proven that regular and moderate physical activity can reduce the accumulation of toxic oligomers, modulate the levels of oxidative stress, and promote neurogenesis and angiogenesis [12].



In the present paper, erythrocytes were chosen as a good peripheral model to study biochemical alteration of aging [44]. Indeed, it has been supposed that, in blood, Aβ that accumulates with aging binds the membrane of erythrocytes, which are particularly susceptible to oxidative stress, modifying their morphology and damaging their functions [45]. Our study confirmed that the increased amount of Aβ occurs particularly in ApoE ε4 carriers compared to non-ε4 carriers, as previously demonstrated [2]. These results are consistent with literature data demonstrating that ApoE ε4 is a determinative factor for Aβ deposition [46], even in peripheral fluids [47]. In our study, Aβ accumulation in erythrocytes directly correlated with LDL concentrations, thus highlighting the link between the ApoE polymorphism and amyloid metabolism.



Uniquely, our results highlighted that the levels of Aβ in erythrocytes are meaningfully regulated by physical activity: Active subjects showed significantly lower Aβ levels compared to non-active subjects in both ε4 carriers and non-ε4 carriers, and Aβ concentration was inversely related to the level of physical exercise in the whole group. Similarly, physical exercise has been shown to reduced cerebral [48] and plasma [49] Aβ.



Interestingly, multiple regression analysis confirmed that the decrease in erythrocytes Aβ levels in non-ε4 carriers was strictly dependent on the level of physical activity. In contrast, the decrease in Aβ concentration was completely independent of the level of physical activity in non-ε4 carriers. Similarly, the benefits of a physical activity-induced decrease in plasma Aβ amount have been shown to be received by non-ε4 carriers only [50]. Of note, the effect observed in non-ε4 carriers is related to moderate physical exercise, because extreme physical exercise has an opposite effect, even in the liver, due to damage of erythrocytes, which may cause a Fenton-type reaction as an effect of the release of free iron from erythrocytes [51].



Among the alterations caused by the accumulation of Aβ in erythrocytes, increased oxidative stress has been surely emerging [15]. In particular, oxidative stress has been demonstrated to be elevated in ApoE ε4 carriers and to increase physiologically with aging [27].



According to these findings, our results showed an inverse correlation between plasma AOC towards hydroxyl radicals and the Aβ erythrocytes levels, and a significant decrease in ApoE ε4 carriers compared to non-ε4 carriers. Moreover, physical activity was confirmed to modulate the antioxidant capability, independently from ApoE polymorphism. Indeed, active subjects showed higher levels of plasma AOC compared to non-active subjects, and plasma AOC showed a significant direct correlation with the level of physical activity, as previously reported in human subjects [13,17,52].



Oxidative stress has been linked to elevated lipid peroxidation in ApoE ε4 carriers [7] and, consequently, in AD patients [53] and generally within aging [33]. In our study, plasma lipid peroxidation was significantly higher in ApoE ε4 carriers when compared to non-ε4 carriers, and showed an inverse correlation with the plasma AOC. Consistent with these findings, this ApoE isoform has been proven to decrease the peroxidation index of human neuroblastoma cells [54]. Furthermore, non-active and active subjects presented comparable levels of lipid peroxidation. In contrast, hepatic MDA levels have been proven to decrease in all age groups following chronic physical activity in mice [55]. These discrepancies may be explained considering the major role of the hepatic tissue in the antioxidant responses.



Oxidative stress and lipid peroxidation have been related to lipid profile too. For instance, a decrease in the cholesterol LDL/HDL ratio has been associated with minor lipid peroxidation that has been noticed following a lettuce diet [56]. Similarly, an improvement in the antioxidant status, following lycopene supplementation, has been proven to optimize the plasma lipid profile, with reduced levels of plasma total cholesterol and LDL [57]. Consistently, our data showed an inverse correlation between plasma AOC and total cholesterol/LDL concentration, and plasma MDA concentration was inversely related to the HDL levels. Globally, these data confirm the link between plasma oxidative status, lipid peroxidation, and blood lipid profile.



The oxidative stress cause alterations in the membrane’s composition and properties, especially during aging [35]. A reduction of PC/PE (i.e., decreased levels of PC and increased levels of PE) leads to alterations in the metabolic profile, which characterize some diseases, such as AD [58]. Our results showed that the presence of ε4 polymorphism reduced the PC content in erythrocytes. Consistently, ApoE ε4 has been associated with phospholipid dysregulation, contributing to the development of tau hyper-phosphorylation in the brain [59]. The observed effects on erythrocytes PC occurred independently from the physical activity level of the subjects, as previously observed in erythrocytes membranes [60].



Differently from PC content, the amount of PE in erythrocytes decreased in ε4 carriers, particularly in the presence of a non-active lifestyle. On the whole, non-active ApoE ε4 carriers showed a high ratio PC:PE, suggesting their greatest attitude to membranes alteration, as compared to the other groups.



The alteration of membrane fluidity is a consequence of high oxidative stress and modification in membrane phospholipids amount, which occurs in aging [36] and characterizes some diseases, including AD [9]. Herein, ApoE ε4 carriers displayed lower levels of membrane fluidity than non-ε4 subjects. Consistent with the aforementioned data on membrane phospholipids, erythrocyte membrane fluidity has been proven to decrease following a decrease in phospholipid content [61].



In contrast, subjects undergoing regular physical exercise showed improved dynamic properties of the cellular membranes. These data are consistent with the literature, revealing that physical exercise increased erythrocyte membrane fluidity [62].



Taken together, our results (Figure 5) suggest erythrocytes as an adequate model to monitor biochemical alterations and to study how their well-being is related to the ApoE polymorphism and physical activity. In particular, we demonstrated that regular PA reduced Aβ accumulation and lipid peroxidation shown by ε4 carriers, and counteracted the reduction of membrane fluidity and plasma AOC shown by the same subjects (Figure 5).



This is a pilot study that stresses the positive effects of physical activity on the antioxidant capability and, generally, on the erythrocyte’s well-being, particularly in those subjects presenting the ApoE ε4 genotype. However, our study presents some limitations. One of these regards the unfeasibility of measuring the turnover of erythrocytes. Conflicting data about the alteration of erythropoiesis are available in the literature [63]. Nevertheless, the influence of physical exercise on the aging and turnover of erythrocytes could be taken into account in a future study. The other restriction concerns the modest number of subjects recruited in the study, which highlights the need to confirm our preliminary data.
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Figure 1. Plasma AOC levels, erythrocyte Aβ accumulation, and plasma lipid peroxidation amount in active and non-active subjects depending on ApoE genotype. (a) Plasma AOC depends on ApoE genotype and increases with physical activity. High TOSC values are associated with elevated antioxidant capacity. (b) Aβ accumulation in erythrocytes is influenced by ApoE genotype and decreases with physical activity. (c) Lipid peroxidation is higher in ApoE ε4 carriers and is not modulated by physical activity. The data are presented as the mean value ± S.D. and are representative of three independent experiments (n = 3). Difference among groups were assessed by One-way ANOVA. P-values were adjusted with Sidak’s multiple comparison test: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 between the indicated subgroups. 
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Figure 2. Membrane composition and membrane fluidity in active and non-active subjects depending on ApoE genotype. (a,b) The amount of PC and PE is differently affected by ApoE polymorphism and physical activity. The results are expressed in terms of concentration of PC (μM) and PE (μM). (c) Membrane fluidity of erythrocytes is negatively affected by ApoE ε4 polymorphism, but positively modulated by physical exercise. By determining the ratio of the fluorescence of excimer (Ex/Em = 350/470 nm) to the fluorescence of monomer (Ex/Em = 350/370 nm), quantitative monitoring of membrane fluidity is achieved. Elevated levels of the excimer to monomer fluorescence ratio (Ie/Im) reveal a higher membrane fluidity. The data are presented as the mean value ± S.D. and are representative of three independent experiments (n = 3). Differences among groups were assessed by one-way ANOVA. P-values were adjusted with Sidak’s multiple comparison test: * P < 0.05, ** P < 0.01, **** P < 0.0001 between the indicated subgroups. 
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Figure 3. Correlation between plasma and erythrocytes well-being parameters. Correlation analysis between erythrocytes Aβ (a) or lipid peroxidation (b) and plasma AOC. (c) Correlation analysis between PE and age. Correlation analysis between plasma AOC (d), Aβ (e), or PE concentration (f) and Borg scale. Correlation between variables was determined by simple linear regression analysis, using the StatView program (Abacus Concepts, Inc., SAS Institute, Cary, NC). P and R2 values obtained for each correlation are reported in the respective panel. 
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Figure 4. Multiple linear regression analysis in ε4-non carriers and ε4 carriers. The analysis was used to assess the relationship between erythrocytes Aβ concentration and physical activity level in ε4 carriers and non-ε4 carriers. 
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Figure 5. Modulation of the Aβ contents, oxidative status, and membrane’s composition of erythrocytes by ApoE polymorphism and physical activity. The presence of the ApoE ε4 genotype enhances Aβ levels and lipid peroxidation, and decreases plasma AOC, membrane fluidity, and PC amount in erythrocytes. Regular physical activity counteracts the negative effects exhibited by the ε4 genotype on Aβ levels, plasma AOC, and membrane fluidity. 
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Table 1. Analysis of the total cohort of healthy subjects.
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	Groups
	Number of Subjects (n)
	Age (Years)
	Physical Activity Level (Borg Scale)
	Glucose (mg/mL)
	Cholesterol (mg/mL)
	HDL (mg/mL)
	LDL (mg/mL)
	Triglycerides (mg/mL)





	ApoE ε4 carriers
	16
	39.3 ± 14.2
	9.0 ± 3.4
	89.2 ± 8.36
	198 ± 19.7
	53.1 ± 9.26
	125 ± 21.7
	113 ± 35.8



	ApoE non-ε4 carriers
	26
	39.9 ± 12.6
	10.2 ± 3.6
	73.0 ± 26.6
	168 ± 66.3
	57.6 ± 23.2
	98.5 ± 39.3
	75.3 ± 30.9



	NA ApoE ε4 carriers
	8
	38.2 ± 11.3
	6.88 ± 0.64
	84.2 ± 7.92
	205 ± 14.2
	55.2 ± 10.3
	133 ± 11.7
	106.2 ± 44.1



	A ApoE ε4 carriers
	8
	41.5 ± 21.0
	13.2 ± 2.36
	95.5 ± 2.89
	194 ± 22.3
	51.7 ± 9.02
	119 ± 25.4
	117 ± 32.0



	NA ApoE non-ε4 carriers
	13
	40.8 ± 13.8
	6.65 ± 0.69
	76.