

  nutrients-15-00634




nutrients-15-00634







Nutrients 2023, 15(3), 634; doi:10.3390/nu15030634




Article



miRNAs and Alzheimer’s Disease: Exploring the Role of Inflammation and Vitamin E in an Old-Age Population



Virginia Boccardi 1,*[image: Orcid], Giulia Poli 2, Roberta Cecchetti 1, Patrizia Bastiani 1, Michela Scamosci 1, Marta Febo 3, Emanuela Mazzon 4, Stefano Bruscoli 3[image: Orcid], Stefano Brancorsini 2[image: Orcid] and Patrizia Mecocci 1,5[image: Orcid]





1



Institute of Gerontology and Geriatrics, Department of Medicine and Surgery, University of Perugia, 06132 Perugia, Italy






2



Department of Medicine and Surgery, University of Perugia, 05100 Terni, Italy






3



Department of Medicine and Surgery, Section of Pharmacology, University of Perugia, 05100 Terni, Italy






4



IRCCS Centro Neurolesi “Bonino-Pulejo”, Via Provinciale Palermo, Contrada Casazza, 98124 Messina, Italy






5



Division of Clinical Geriatrics, NVS Department, Karolinska Institutet Stockholm, 17177 Stockholm, Sweden









*



Correspondence: virginia.boccardi@unipg.it; Tel.: +39-0755783524







Academic Editor: Bruno Vincent



Received: 21 December 2022 / Revised: 12 January 2023 / Accepted: 24 January 2023 / Published: 26 January 2023



Abstract

:

Alzheimer’s disease (AD) is the most frequent cause of dementia worldwide and represents one of the leading factors for severe disability in older persons. Although its etiology is not fully known yet, AD may develop due to multiple factors, including inflammation and oxidative stress, conditions where microRNAs (miRNAs) seem to play a pivotal role as a molecular switch. All these aspects may be modulated by nutritional factors. Among them, vitamin E has been widely studied in AD, given the plausibility of its various biological functions in influencing neurodegeneration. From a cohort of old-aged people, we measured eight vitamin E forms (tocopherols and tocotrienols), thirty cytokines/chemokines, and thirteen exosome-extracted miRNAs in plasma of subjects suffering from subjects affected by AD and age-matched healthy controls (HC). The sample population included 80 subjects (40 AD and 40 HC) with a mean age of 77.6 ± 3.8 years, mostly women (45; 56.2%). Of the vitamin E forms, only α-tocopherol differed between groups, with significantly lower levels in AD. Regarding the examined inflammatory molecules, G-CSF, GM-CSF, INF-α2, IL-3, and IL-8 were significantly higher and IL-17 lower in AD than HC. Among all miRNAs examined, AD showed downregulation of miR-9, miR-21, miR29-b, miR-122, and miR-132 compared to controls. MiR-122 positively and significantly correlated with some inflammatory molecules (GM-CSF, INF-α2, IL-1α, IL-8, and MIP-1β) as well as with α-tocopherol even after correction for age and gender. A final binary logistic regression analysis showed that α-tocopherol serum levels were associated with a higher AD probability and partially mediated by miR-122. Our results suggest an interplay between α-tocopherol, inflammatory molecules, and microRNAs in AD, where miR-122 may be a good candidate as modulating factor.
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1. Introduction


Alzheimer’s disease (AD) and related dementia represent the main causes of severe disability in old age subjects, which strongly impact human and financial costs. According to the age of onset, AD can be classified into two categories: early-onset AD, whose development starts before, and late-onset AD after 65 years [1]. These disorders have a heterogeneous origin, and several markers have been established as risk factors for early onset AD, where genetic aspects play a more impactful role [2]. Despite decades of studies, the underlying etiopathogenetic mechanisms of AD are still unknown, and no cure is available. Recent evidence suggests that the late-onset form, like other chronic conditions, may develop under multiple factors and can be considered a geriatric syndrome [3]. To date, only symptomatic treatments have been promoted and available, including anticholinesterase inhibitors and memantine. Thus, the finding of novel and potential “disease-modifying” drugs able to reduce the progression or interfere with pathogenic mechanisms of such a disease represents an area of intense research.



In the brain pathology of AD, oxidative stress and inflammation play an essential role, representing important features of this disease. Alterations due to oxidative damage can be detected in cell membranes (such as lipid peroxidation), proteins (such as post-translational changes) as well as in nucleic acids [4,5,6]. Inflammatory changes include the activation of brain cells (microglia and astrocytes) with high production and increased levels of pro-inflammatory factors, including cytokines [7]. Interestingly, a state of sub-clinical and persistent inflammation is considered a cause of dysregulation of mechanisms able to clear damaged proteins in the brain [8]. Moreover, high levels of inflammatory molecules have been detected in subjects affected by AD both in the brain and plasma [9]. In this context, nutritional factors strongly influence several pathophysiological processes in AD, with significant implications for nutrition in preventive or therapeutic strategies. So, a healthy lifestyle based on a correct diet seems to be a powerful strategy for preventing or reducing AD progression [10]. Furthermore, many biologically active nutritional factors have been found to modulate oxidative and inflammatory processes in vitro and in human studies [11]. For example, several nutrients with antioxidant properties, which include vitamin E, have been shown to reduce the risk for AD promotion and dementia progression [12]. Vitamin E is the main lipid-soluble, chain-breaking, non-enzymatic antioxidant in the human body. It is represented by a family of eight natural forms that include four tocopherols and four tocotrienols classified into the α, β, γ, and δ forms. Vitamin E is mostly consumed through the diet and present in various foods (including wheat germ oil, sunflower, soybean oil, almonds, peanuts, beet greens, collard greens, spinach, mango, and avocado), while the main active form in tissues is α-tocopherol [12].



A recent study showed that nutrients through the habitual diet might influence circulating microRNA (miRNA) profiles [13]. MiRNAs are a class of small non-coding RNAs playing a relevant epigenetic role in controlling gene expression and may represent mediators between dietary intake and health status. A previous study demonstrated that exosomal synaptic proteins in the blood could predict the development of AD five to seven years before its clinical onset [14]. However, this model requires the detection of multiple proteins, which makes this process complex and expensive. A subsequent study showed a method to predict preclinical AD using miRNAs in plasma exosomes, which is relatively simple and less expensive [15]. In addition, some identified miRNAs (i.e., miR-155, miR-146, and miR-223) were shown to play an essential role in regulating acute inflammatory factors in the innate immune response [16,17].



Evaluating the whole circulating miRNome by small RNA-sequencing performed on plasma samples of healthy volunteers with different dietary habits (vegans, vegetarians, and omnivores), a recent study showed that vitamin E correlated with the most significant number of miRNAs [13]. Among vitamin E forms, α-tocopherol has been proposed in AD treatment mainly due to its antioxidant and anti-inflammatory capacities [18].



To the best of our knowledge, only a limited number of studies have explored the relationship between vitamin E serum levels, inflammatory molecules, and circulating exosomal miRNAs. Since, as recently suggested, miRNAs control inflammation and oxidative stress [18], both altered in AD, a link with vitamin E cannot be ruled out. Considering such evidence, we investigated a potential interplay between vitamin E, inflammation, and microRNAs in a group of old-age subjects with or without AD.




2. Materials and Methods


2.1. Subjects and Study Design


This cross-sectional study was conducted on 80 old age subjects selected based on the following inclusion criteria.



2.1.1. Healthy Control (HC)


Age and education adjusted Mini-Mental State Examination (MMSE) score ≥ 27; no active neurological or psychiatric disorder; no ongoing medical problems or related treatments interfering with cognitive function; a normal neurological exam; no psychoactive medications; the ability to live and function independently in the community.




2.1.2. Alzheimer’s Disease (AD)


AD was diagnosed according to standard research criteria [19] and classified as mild AD (CDR 1, according to the Clinical Dementia Rating). AD diagnosis was confirmed by a combination of clinical and neuropsychological evaluation (assessing different cognitive areas such as memory, language, and constructional praxis) and brain imaging (3T Magnetic Resonance Imaging-MRI). In both groups, individuals with elevated plasma inflammatory markers -as serum C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and white blood cell (WBC) count- or evidence of acute inflammatory or infectious diseases, diabetes, malignancies, immunologic or hematologic disorders or treatment with anti-inflammatory drugs (including aspirin or NSAID in the last three months, even in a single dose) were excluded from the study. The CRP, ESR, and WBC cut-off were ≥0.5 mg/dL, 35 mm 1° h, and 9.6 × 103, respectively. After a clear explanation of the study, all subjects provided written informed consent to participate in the research approved by the institutional review board of the University Hospital.





2.2. Cognitive, Functional, and Neuropsychological Assessment


Cognitive performances were assessed with a neuropsychological battery as previously described [20] that included the MMSE-with a large battery of specific tests evaluating different cognitive areas; the Clinical Dementia Rating scale (CDR) used to rank dementia severity; and the Geriatric Depression Scale (GDS) assessed current depressive symptoms. In addition, an informant-based rating of functional status was carried out using the Activity of Daily Living (ADL) and the Instrumental Activity of Daily Living (IADL) scales. A higher score indicates better-preserved self-sufficiency.




2.3. Blood Sample


At the recruitment, blood samples were collected in EDTA tubes from a peripheral vein after overnight fasting and kept immediately on ice. Plasma was separated by centrifugation (4000 rpm for 15 min at 4 °C), aliquoted, and stored at −80 °C until analyzed.




2.4. Vitamin E


Plasma tocopherols and tocotrienols levels were measured with reverse-phase high-performance liquid chromatography (HPLC) using an electrochemical CoulArray system (ESA, Chelmsford, MA, USA). Aliquots of 200 μL were mixed and extracted three times with a 1:2 ratio of ethanol to hexane, concentrated to dryness with high-purity nitrogen gas, and reconstituted in 300 μL mobile phase. β-Tocopherol (Superchrome, Milan, Italy); α-, γ-, and δ-tocopherol, α-, γ-, and δ-tocotrienol (LGC-Promochem, Milan, Italy), β-tocotrienol (Matreya-DBA, Pleasant-Gap, PA, USA) were used as standards. After filtration, analyte separation was conducted at room temperature on a Discovery-C18-column (Sigma-Aldrich). The mobile phase (30 mmol lithium acetate/L, 83% HPLC grade acetonitrile, 12% HPLC grade methanol, and 0.2% HPLC grade acetic acid, pH 6.5) was delivered at 1 mL/min [21].




2.5. Inflammatory Molecules


A multiplex biometric ELISA-based immunoassay was used according to the manufacturer’s instructions (MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel–Immunology Multiplex Assay, Millipore). The following molecules were measured: EGF, EOTAXIN, G-CSF, GM-CSF, INF-α2, IFN-ɤ, IL-10, IL-12p40 IL-12p70, IL-13, IL-15, IL-17, IL-1RA, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β, TNF-α, TNF-β, VEGF, RANTES. Measurements were performed in duplicate. The analytes concentration was calculated using a standard curve, with software provided by the manufacturer (Bio-Plex Manager Software).




2.6. miRNAs


Exosome precipitation and isolation were performed with miRCURY™ Exosome Isolation Kit– Serum and plasma. 500 μL of plasma samples were centrifuged a second time (3200× g, 5 min, 4 °C) to exclude cellular debris, including whole cells and membrane fragments, which was then transferred into a new tube. A total of 6 μL of Thrombin (stock concentration of 500 U/mL) were added to the plasma fraction; the sample was incubated for 5 min at room temperature and spun for 5 min at 10,000× g. A total of 200 μL of Precipitation Buffer was added to the sample and incubated for 60 min at 4 °C. After centrifugation for 5 min at 500× g, 270 μL of Resuspension Buffer was gently mixed with the residual pellet. The purified exosome sample was collected after final centrifugation of 5 min at 500× g. At this point, 1 μL of Exiqon RNA spike-in mix (UniSp2, UniSp4, and UniSp5) as quality control was added.



Total RNA, including miRNAs, was extracted with miRCURY™ RNA Isolation Kit -Biofluids. After ethanol addition, the solution was loaded to the Mini Spin Columns. Centrifugation of samples allowed RNA to be retained by the filter while all other contaminants were washed away. After three washing steps, RNA was eluted through the addition of Elution Buffer. Total RNA was quantified with Qubit 2.0 (Qubit™ microRNA Assay Kit, Thermo Fisher Scientific, Waltham, MA, USA). Eight nanograms of RNA diluted with nuclease-free water were reverse transcribed with miRCURY LNA™ Universal RT microRNA PCR (Exiqon, Vedbaek, Rudersdal, Denmark). The total reaction volume was 20 μL (4 μL of Reaction Buffer, 2 μL of Enzyme Mix, 1 μL of RNA spike-in control UniSp6 as a positive cDNA synthesis control). Samples were kept at 42 °C for 60 min, and cDNA was immediately used for real-time PCR assays with ExiLENT SYBR® Green Master Mix (Exiqon system). Stratagene Mx3005P instrument (Agilent Technology, Santa Clara, CA, USA) was used for PCR assay. 4 μL of cDNA diluted 1:20 with nuclease-free water were used in a total reaction volume of 10 μL. Melting curve analysis was carried out, each sample was run in triplicate, and results were averaged; no template controls were included in the analysis. RNU6 was used to normalize data. The −ΔCt method was used to calculate the relative expression of the target genes as follows: −ΔCtmiRNA= −(Cttarget − CtRNU6).




2.7. Statistical Analysis


The observed data were normally distributed (Shapiro–Wilk W-Test) and are presented as means ± Standard Deviation (SD). To assess differences between groups, unpaired Student’s t-test or Pearson’s Chi-squared (χ2) test were used, as appropriate. Simple and partial Pearson’s correlation analyses were also performed, as indicated. Binary logistic regression analyses were performed to assess the association between α-tocopherol levels and dementia, controlling for multiple covariates. All p values are 2-tailed, and the level of significance was set at p ≤ 0.05. Statistical analyses were performed using the SPSS 26 software package (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Sample Characteristics


The sample population included 80 subjects (40 HC and 40 AD) with a mean age of 77.6 ± 3.8 years (age range: 70-85 years old), primarily women (45; 56.2%). Table 1 shows the descriptive and biochemical characteristics of the studied population. The subjects affected by AD were mainly women (27F/13M; χ2 = 4.114, p = 0.035), while in the HC group were men (18F/22M) with a statistically not significant difference. HC group was younger than AD (76 ± 4 vs. 79 ± 4 years, p = 0.002). As expected, subjects affected by AD had lower MMSE, ADL, and IADL scores. No other differences were found.




3.2. Vitamin E


Among the Vitamin E forms, only α-tocopherol (22.24 ± 2.25 vs. 24.63 ± 2.76 µmol/L, p < 0.0001) differed between groups having AD significantly lower levels as compared with HC independent of gender (22.32 ± 0.40 vs. 24.55 ± 0.40 µmol, p < 0.0001). No difference was found in the other isoforms between HC and AD (data not shown).




3.3. Cytokines


In all populations, no difference was found in inflammatory molecules measured between genders (data not shown). Stratifying the sample population by groups of diagnosis, among all molecules examined, G-CSF, GM-CSF, INF-α2, IL-17, IL-3, and IL-8 differed significantly between HC and AD, as reported in Figure 1. AD has higher G-CSF (59.22 ± 36.71 vs. 41.32 ± 29.18 pg/mL, p = 0.018), GM-CSF (7.69 ± 3.25 vs. 6.19 ± 2.53 pg/mL, p = 0.024), INF-α2 (57.54 ± 21.93 vs. 47.57 ± 13.22 pg/mL, p = 0.016), IL-3 (1.75 ± 1.09 vs. 0.75 ± 0.54 pg/mL, p = 0.024), IL-8 (6.29 ± 5.31 vs. 3.71 ± 4.70 pg/mL, p = 0.024) and lower IL-17 (5.28 ± 3.12 vs. 8.86 ± 1.13 pg/mL, p < 0.0001) as compared with HC.




3.4. Exosomal miRNAs


In all populations, no difference was found in examined exosomal miRNAs between genders (data not shown). Stratifying the sample population by groups of diagnosis among all examined exosomal miRNAs (let7f5p, miR-9, miR-15a, miR-21, miR29-b, miR-122, miR-132, miR29-a, miR-128, miR-491, miR-146, miR-34, miR-874), five of them showed a statistically significant difference between groups and are reported in Figure 2. Namely, compared to HC, subjects with AD had lower miR-21 (4.1 ± 7.4 vs. 8.3 ± 5.2 p = 0.011), miR29-b (−2.5 ± 7.2 vs. 2.6 ± 3.0 p < 0.001), miR-9 (−10.4 ± 3.07 vs. −5.7 ± 2.4 p < 0.0001), miR-122 (−1.8 ± 6.2 vs. 2.7 ± 3.3 p < 0.0001), miR-132 (−0.67 ± 1.6 vs. 0.63 ± 2.3 p = 0.014).



An analysis conducted with miRNet (a miRNA-centric network visual analytics platform) showed that all these miRNAs are interconnected and involved in inflammation, type 2 diabetes mellitus, and atherosclerosis (Figure 3).



Evaluating the relationship between miRNAs with inflammatory molecules in AD, we found that miR-122 significantly correlated with plasma levels of GM-CSF, INF-α2, IL-1α, IL-8, and MIP-1β (Table 2).




3.5. miRNA-122, Alpha-Tocopherol, and AD


In all the studied population, miR-122 correlated significantly and positively with α- tocopherol (r = 0.329, p = 0.006) even after correction for age and gender. A final binary logistic regression analysis showed that independent of age and gender, α-tocopherol serum levels were associated with a higher probability of having dementia (Table 3 Model 1). Such an effect was partially mediated by miR-122 (Table 3 Model 2). Such a model also showed that miR-122 was negatively and significantly associated with AD.





4. Discussion


The results of the study collectively show that: (1) among the vitamin E forms α tocopherol differ between groups having patients affected by AD lower levels, as compared with controls independent of age and gender; (2) among all examined inflammatory molecules some differed significantly between groups having AD higher G-CSF, GM-CSF, INF-α2, IL-3, IL-8 and lower IL-17, as compared with HC; (3) among all miRNAs examined subjects affected by AD have downregulated exosomal expression of miR-9, miR-21, miR29-b, miR-122, miR-132 as compared with HC; (4) in AD group exosomal miR-122 significantly correlates with some peripheral cytokines (GM-CSF, INF-α2, IL-1α, IL-8, and MIP-1β); (5) lower levels of serum α-tocopherol are associated with higher probability to be classified as affected by AD and miR-122 levels partially mediate such an effect.



Considering the long continuum of AD as well as its impact on human health and care services, there is an urgent need for biomarkers for preventive or curative strategies to detect AD accurately at its early stage and potentially manage it before the appearance of neurologic signs. Though each has limitations, various therapies have been developed to treat AD [22]. However, the most critical hindering factor to drug development is the lack of complete understanding of the multifactorial pathophysiology of AD.



It is well-established that inflammation and oxidative stress play a pivotal role in AD development and progression [23]. A growing body of evidence suggests the pivotal role of inflammation and related mechanisms in the pathophysiology and development of brain damage related to AD [24]. The dysregulation of cytokines is a central feature in the development of neuroinflammation and neurodegeneration in the central and peripheral nervous systems [25]. The regulation of inflammation is an active area of investigation, while oral micronutrients with antioxidant and anti-inflammatory properties supplementation is an attractive therapeutic field in AD research [11].



Among them, vitamin E is an essential micronutrient for humans, with a pivotal role in maintaining the integrity of cell membranes [26]. One of the primary functions of vitamin E is its antioxidant action, representing one of the most important lipophilic radical scavenging antioxidants, as shown in vivo studies [26]. In line with previous findings [27], here we found that α-tocopherol differed between groups with patients affected by AD lower levels compared to controls independent of gender. In detail, α-tocopherol acts as a chain-breaking antioxidant in lipoproteins and cell membranes, limiting lipid peroxidation and maintaining membrane integrity [28]. Nishida et al. [29] studied the effects of α-tocopherol deficiency in a double-mutant mouse model obtained crossing Ttpa−/−TTP knockout mice (by mutations in α-tocopherol transfer protein, α-TTP), where the lack of α-tocopherol in the brain caused oxidative stress. Then, it has been demonstrated that Aβ takes part in increasing oxidative stress, leading to lipid peroxidation and protein oxidation. In turn, also oxidative stress per se promotes Aβ production. Interestingly, the vitamin E administration in younger Tg2576 mice (from five months of age) reduced Aβ1–40 and Aβ1–42 levels and amyloid accumulation in the brain [30]. Accordingly, a higher intake of foods rich in vitamin E in humans is associated with a lower risk of dementia [31] as well as better cognitive performance [32]. In this direction, our study further supports that low serum α-tocopherol (mainly related to the introduction with diet) is associated with a higher probability of having dementia independent of multiple covariates, including age and gender. Interestingly, the ability of micronutrients to regulate the final expression of gene products via modulation of transcription and translation is now being recognized.



Modulation of miRNAs by nutrients is one pathway by which nutrition may strongly mediate gene expression [33] MiRNAs can directly regulate gene expression post-transcriptionally and indirectly influence gene expression by modulating the function of components of the epigenetic machinery (DNA methylation and histone modifications). These mechanisms interact to form a complex, bi-directional regulatory circuit regulating gene expression [34], which makes them good candidates for effective treatments of such a multifactorial disease. MiRNAs in exosomes, extracellular vesicles secreted by different cells, are essential constitutive elements that mediate intercellular communication. Recently, disease-specific miRNA profiles have been identified in AD [35]. Our study confirmed a different expression of exosomal miRNAs between AD and healthy control, which includes the downregulation of miR-21, miR29-b, miR-9, miR-122, miR-132. miR-21 mainly regulates the apoptosis and inflammatory processes in the nervous system and is also involved in astrocyte activation, glutamate toxicity, synaptic dysfunction, microglial burst activity, and remyelination [36]. Upregulated miR-21 alleviated cognitive deficits and pathological changes in APP/PS1 mice [37]. According to previous findings, the expression of miR-29 family and miR-9 [38] is significantly reduced in AD [39]. Both play an essential role in different stages of neurogenesis and neurophysiology, as well as their participation in processes such as apoptosis, inflammation, and oxidative stress [40]. miR-122 is instead a target for extensive study due to its association with cholesterol metabolism and hepatocellular carcinoma. However, no clear evidence is available for miR-122 implication in AD. miR-132, indeed, is one of the best-studied miRNAs in this field, which is among the most consistently downregulated miRNAs in AD [41]. In detail, miR-132 levels are inversely correlated with the deposition of intraneuronal hyperphosphorylated tau and extracellular amyloid aggregation in the human AD brain [42]. Altogether, our findings support the role of these identified miRNAs, downregulated in AD, not only as candidate biomarkers for AD but also because their intervention in inflammatory responses by regulating their expression may represent a novel and potential approach for treating AD. In support of such a hypothesis, the results from miRNet pathways database show that all of them are interconnected and involved in inflammation.



Most importantly, we found that miR-122 correlates positively and significantly with some peripheral cytokines (GM-CSF, INF-α2, IL-1α, IL-8, and MIP-1β). Significantly increased CSF and peripheral levels of GM-CSF (a cytokine stimulating microglial cell growth and exerting inflammatory properties) have been recently observed in subjects affected by AD and vascular dementia. It has been suggested that once secreted, GM-CSF induces programmed cell death in the brain tissue of patients with dementia [43].



Interestingly, we recently showed that an easy-to-get cytokines “signature” composed of three molecules -IFNα2, IL-1α, and TNF-α- can discriminate cognitively healthy subjects from subjects affected by AD [20] IFN-α2 has a role in the amplification of the inflammatory response inducing secretion of other cytokines and its serum level are upregulated in patients with AD. IL-1α plays a crucial role in AD pathogenesis, particularly the homozygosity for a specific IL-1α gene polymorphism at least triples the risk for the development of AD (reviewed in [44]). Again, studies in cultured human microglia display a significant role of interleukin-8 in neuroinflammation, and literature data indicate that gene polymorphism in IL-8 may affect the predisposition of AD [45]. Indeed, it has been demonstrated that micro vessels derived from AD brain express high levels of MIP-1α mRNA as well as release high levels of MIP-1α protein when compared with brain micro vessels isolated from cognitively healthy controls. Interestingly, oxidative stress alters the expression of MIP-1α in brain endothelial cells. Treatment of brain endothelial cell cultures with hydrogen peroxide or oxidatively modified low-density lipoproteins results in a dose-dependent increase in MIP-1α mRNA levels and MIP-1α release into the media. These results suggest that oxidative and lipid insults to the brain microvasculature are likely to contribute to the inflammatory milieu of the AD brain [46].



We can collectively hypothesize a pro-inflammatory role of miR-122 in AD and its relationship with oxidative stress. With this study, we show for the first time that miR-122 correlates with α-tocopherol and partially mediates the effect of such a micronutrient on the potential dementia susceptibility. miR-122, derived from a single genomic locus on chromosome 18, has a role in liver inflammation. Only a previous study showed that vitamin E deficiency resulted in reduced concentrations of miRNA-122a and miRNA-125b in rat liver [47]. miR-122-deficient mice have increased pro-inflammatory cytokines, such as IL-6 and TNF-α [48]. Still, few studies have been conducted in humans. Recent evidence shows that miR-122 can be considered a key regulator of cholesterol and fatty-acid metabolism in the adult liver, suggesting that miR-122 can be a potential therapeutic target for metabolic diseases [49]. Interestingly, impairment of energy metabolism, insulin resistance, and inflammation are three of the most critical factors implicated in the promotion of oxidative stress production that may accelerate the neurodegenerative processes leading to AD development [50]. Our data indicated a novel role tunable network in AD between α-tocopherol and miR-122 in AD, and further studies are necessary to confirm such an association. In this context, nutritional components of the diet, including vitamin E, may play a key role in the modulation of miRNA profiles and, consequently, the potential disease susceptibility. However, the limited number of subjects and the cross-sectional nature of this study represent the major limitation. Thus, more prospective cohort studies are required to assess such an association further.




5. Conclusions


In conclusion, our study demonstrated a potential novel property of α-tocopherol as a neuroprotectant agent in promoting AD susceptibility mediated by miR-122 through inflammation modulation. Furthermore, our findings suggest that α-tocopherol intake through the habitual diet may influence circulating inflammatory miR-122, highlighting that this aspect must be considered in the nutri-epigenomic research. Indeed, the measurement of miR-122 can also be helpful for early AD detection and may allow the development of novel targeted therapeutics.







Author Contributions


Conceptualization, P.M.; methodology, V.B., G.P., R.C., P.B., M.S., M.F., E.M., S.B. (Stefano Bruscoli), S.B. (Stefano Brancorsini); software, V.B.; formal analysis, V.B. investigation, V.B., G.P., R.C., P.B., M.S., M.F., E.M., S.B. (Stefano Bruscoli), S.B. (Stefano Brancorsini), P.M.; resources, V.B., G.P., R.C., P.B., M.S., M.F., E.M., S.B. (Stefano Bruscoli), S.B. (Stefano Brancorsini), P.M.; data curation, V.B., P.M.; writing—original draft preparation, V.B.; writing—review and editing, V.B., P.M.; visualization, G.P., R.C., P.B., M.S., E.M., S.B. (Stefano Bruscoli), S.B. (Stefano Brancorsini); supervision, P.M.; funding acquisition P.M., E.M., S.B. (Stefano Bruscoli). All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a grant from the Italian Ministry of Health (Ricerca Finalizzata RF-2013-02359594 entitled “Vitamin E, miRNA and inflammation: a tunable network in Alzheimer’s disease”).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of University of Perugia (protocol code 8005/16/ON).




Informed Consent Statement


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




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dubois, B.; Hampel, H.; Feldman, H.H.; Scheltens, P.; Aisen, P.; Andrieu, S.; Bakardjian, H.; Benali, H.; Bertram, L.; Blennow, K.; et al. Preclinical Alzheimer’s Disease: Definition, Natural History, and Diagnostic Criteria. Alzheimers Dement. 2016, 12, 292. [Google Scholar] [CrossRef] [PubMed]

	



Ayodele, T.; Rogaeva, E.; Kurup, J.T.; Beecham, G.; Reitz, C. Early-Onset Alzheimer’s Disease: What Is Missing in Research? Curr. Neurol. Neurosci. Rep. 2021, 21, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Hara, Y.; McKeehan, N.; Fillit, H.M. Translating the Biology of Aging into Novel Therapeutics for Alzheimer Disease. Neurology 2019, 92, 84–93. [Google Scholar] [CrossRef] [PubMed]

	



Sultana, R.; Butterfield, D.A. Oxidative Modification of Brain Proteins in Alzheimer’s Disease: Perspective on Future Studies Based on Results of Redox Proteomics Studies. J. Alzheimers Dis. 2013, 33, S243–S251. [Google Scholar] [CrossRef] [PubMed]

	



Mecocci, P.; Boccardi, V.; Cecchetti, R.; Bastiani, P.; Scamosci, M.; Ruggiero, C.; Baroni, M. A Long Journey into Aging, Brain Aging, and Alzheimer’s Disease Following the Oxidative Stress Tracks. J. Alzheimers Dis. 2018, 62, 1319–1335. [Google Scholar] [CrossRef]

	



Allan Butterfield, D.; Howard, B.; Yatin, S.; Koppal, T.; Drake, J.; Hensley, K.; Aksenov, M.; Aksenova, M.; Subramaniam, R.; Varadarajan, S.; et al. Elevated Oxidative Stress in Models of Normal Brain Aging and Alzheimer’s Disease. Life Sci. 1999, 65, 1883–1892. [Google Scholar] [CrossRef]

	



Wang, W.Y.; Tan, M.S.; Yu, J.T.; Tan, L. Role of Pro-Inflammatory Cytokines Released from Microglia in Alzheimer’s Disease. Ann. Transl. Med. 2015, 3, 136. [Google Scholar] [CrossRef]

	



Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller, G.W.; et al. Chronic Inflammation in the Etiology of Disease across the Life Span. Nat. Med. 2019, 25, 1822. [Google Scholar] [CrossRef]

	



Leung, R.; Proitsi, P.; Simmons, A.; Lunnon, K.; Güntert, A.; Kronenberg, D.; Pritchard, M.; Tsolaki, M.; Mecocci, P.; Kloszewska, I.; et al. Inflammatory Proteins in Plasma Are Associated with Severity of Alzheimer’s Disease. PLoS ONE 2013, 8, 64971. [Google Scholar] [CrossRef]

	



Nelson, L.; Tabet, N. Slowing the Progression of Alzheimer’s Disease; What Works? Ageing Res. Rev. 2015, 23, 193–209. [Google Scholar] [CrossRef]

	



van der Beek, E.M.; Kamphuis, P.J.G.H. The Potential Role of Nutritional Components in the Management of Alzheimer’s Disease. Eur. J. Pharmacol. 2008, 585, 197–207. [Google Scholar] [CrossRef] [PubMed]

	



Kishida, R.; Yamagishi, K.; Maruyama, K.; Okada, C.; Tanaka, M.; Ikeda, A.; Hayama-Terada, M.; Shimizu, Y.; Muraki, I.; Umesawa, M.; et al. Dietary Intake of Beans and Risk of Disabling Dementia: The Circulatory Risk in Communities Study (CIRCS). Eur. J. Clin. Nutr. 2023, 77, 65–70. [Google Scholar] [CrossRef]

	



Ferrero, G.; Carpi, S.; Polini, B.; Pardini, B.; Nieri, P.; Impeduglia, A.; Grioni, S.; Tarallo, S.; Naccarati, A. Intake of Natural Compounds and Circulating Microrna Expression Levels: Their Relationship Investigated in Healthy Subjects with Different Dietary Habits. Front. Pharmacol. 2021, 11, 2214. [Google Scholar] [CrossRef] [PubMed]

	



Jia, L.; Zhu, M.; Kong, C.; Pang, Y.; Zhang, H.; Qiu, Q.; Wei, C.; Tang, Y.; Wang, Q.; Li, Y.; et al. Blood Neuro-Exosomal Synaptic Proteins Predict Alzheimer’s Disease at the Asymptomatic Stage. Alzheimers Dement. 2021, 17, 49–60. [Google Scholar] [CrossRef] [PubMed]

	



Jia, L.; Zhu, M.; Yang, J.; Pang, Y.; Wang, Q.; Li, T.T.; Li, F.; Wang, Q.; Li, Y.; Wei, Y. Exosomal MicroRNA-Based Predictive Model for Preclinical Alzheimer’s Disease: A Multicenter Study. Biol. Psychiatry 2022, 92, 44–53. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Wang, L. Inflamma-MicroRNAs in Alzheimer’s Disease: From Disease Pathogenesis to Therapeutic Potentials. Front. Cell. Neurosci. 2021, 15, 785433. [Google Scholar] [CrossRef]

	



Giuliani, A.; Gaetani, S.; Sorgentoni, G.; Agarbati, S.; Laggetta, M.; Matacchione, G.; Gobbi, M.; Rossi, T.; Galeazzi, R.; Piccinini, G.; et al. Circulating Inflamma-MiRs as Potential Biomarkers of Cognitive Impairment in Patients Affected by Alzheimer’s Disease. Front. Aging Neurosci. 2021, 13, 647015. [Google Scholar] [CrossRef]

	



Konovalova, J.; Gerasymchuk, D.; Parkkinen, I.; Chmielarz, P.; Domanskyi, A. Interplay between MicroRNAs and Oxidative Stress in Neurodegenerative Diseases. Int. J. Mol. Sci. 2019, 20, 6055. [Google Scholar] [CrossRef]

	



McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.; 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. Alzheimers Dement. 2011, 7, 263. [Google Scholar] [CrossRef]

	



Boccardi, V.; Paolacci, L.; Remondini, D.; Giampieri, E.; Poli, G.; Curti, N.; Cecchetti, R.; Villa, A.; Ruggiero, C.; Brancorsini, S.; et al. Cognitive Decline and Alzheimer’s Disease in Old Age: A Sex-Specific Cytokinome Signature. J. Alzheimers Dis. 2019, 72, 911–918. [Google Scholar] [CrossRef]

	



Mangialasche, F.; Westman, E.; Kivipelto, M.; Muehlboeck, J.S.; Cecchetti, R.; Baglioni, M.; Tarducci, R.; Gobbi, G.; Floridi, P.; Soininen, H.; et al. Classification and Prediction of Clinical Diagnosis of Alzheimer’s Disease Based on MRI and Plasma Measures of α-/γ-Tocotrienols and γ-Tocopherol. J. Intern. Med. 2013, 273, 602–621. [Google Scholar] [CrossRef]

	



Poudel, P.; Park, S. Recent Advances in the Treatment of Alzheimer’s Disease Using Nanoparticle-Based Drug Delivery Systems. Pharmaceutics 2022, 14, 835. [Google Scholar] [CrossRef] [PubMed]

	



Bonda, D.J.; Wang, X.; Lee, H.G.; Smith, M.A.; Perry, G.; Zhu, X. Neuronal Failure in Alzheimer’s Disease: A View through the Oxidative Stress Looking-Glass. Neurosci. Bull. 2014, 30, 243–252. [Google Scholar] [CrossRef]

	



Sinyor, B.; Mineo, J.; Ochner, C. Alzheimer’s Disease, Inflammation, and the Role of Antioxidants. J. Alzheimers Dis. Rep. 2020, 4, 175. [Google Scholar] [CrossRef] [PubMed]

	



Ramesh, G.; Maclean, A.G.; Philipp, M.T. Cytokines and Chemokines at the Crossroads of Neuroinflammation, Neurodegeneration, and Neuropathic Pain. Mediat. Inflamm. 2013, 2013, 480739. [Google Scholar] [CrossRef]

	



Gugliandolo, A.; Bramanti, P.; Mazzon, E. Role of Vitamin E in the Treatment of Alzheimer’s Disease: Evidence from Animal Models. Int. J. Mol. Sci. 2017, 18, 2504. [Google Scholar] [CrossRef]

	



Browne, D.; McGuinness, B.; Woodside, J.v.; McKay, G.J. Vitamin E and Alzheimer’s Disease: What Do We Know so Far? Clin. Interv. Aging 2019, 14, 1303. [Google Scholar] [CrossRef] [PubMed]

	



Galli, F.; Azzi, A.; Birringer, M.; Cook-Mills, J.M.; Eggersdorfer, M.; Frank, J.; Cruciani, G.; Lorkowski, S.; Özer, N.K. Vitamin E: Emerging Aspects and New Directions. Free Radic. Biol. Med. 2017, 102, 16–36. [Google Scholar] [CrossRef]

	



Nishida, Y.; Yokota, T.; Takahashi, T.; Uchihara, T.; Jishage, K.-i.; Mizusawa, H. Deletion of Vitamin E Enhances Phenotype of Alzheimer Disease Model Mouse. Biochem. Biophys. Res. Commun. 2006, 350, 530–536. [Google Scholar] [CrossRef] [PubMed]

	



Sung, S.; Yao, Y.; Uryu, K.; Yang, H.; Lee, V.M.Y.; Trojanowski, J.Q.; Praticò, D. Early Vitamin E Supplementation in Young but Not Aged Mice Reduces Abeta Levels and Amyloid Deposition in a Transgenic Model of Alzheimer’s Disease. FASEB J. 2004, 18, 323–325. [Google Scholar] [CrossRef]

	



Devore, E.E.; Grodstein, F.; van Rooij, F.J.A.; Hofman, A.; Stampfer, M.J.; Witteman, J.C.M.; Breteler, M.M.B. Dietary Antioxidants and Long-Term Risk of Dementia. Arch. Neurol. 2010, 67, 819–825. [Google Scholar] [CrossRef] [PubMed]

	



Morris, M.C.; Evans, D.A.; Bienias, J.L.; Tangney, C.C.; Wilson, R.S. Vitamin E and Cognitive Decline in Older Persons. Arch. Neurol. 2002, 59, 1125–1132. [Google Scholar] [CrossRef] [PubMed]

	



Quintanilha, B.J.; Reis, B.Z.; Silva Duarte, G.B.; Cozzolino, S.M.F.; Rogero, M.M. Nutrimiromics: Role of MicroRNAs and Nutrition in Modulating Inflammation and Chronic Diseases. Nutrients 2017, 9, 1168. [Google Scholar] [CrossRef] [PubMed]

	



Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene Regulation by Long Non-Coding RNAs and Its Biological Functions. Nat. Rev. Mol. Cell Biol. 2020, 22, 96–118. [Google Scholar] [CrossRef]

	



Zhao, Y.; Jaber, V.; Alexandrov, P.N.; Vergallo, A.; Lista, S.; Hampel, H.; Lukiw, W.J. MicroRNA-Based Biomarkers in Alzheimer’s Disease (AD). Front. Neurosci. 2020, 14, 585432. [Google Scholar] [CrossRef]

	



Bai, X.; Bian, Z. MicroRNA-21 Is a Versatile Regulator and Potential Treatment Target in Central Nervous System Disorders. Front. Mol. Neurosci. 2022, 15, 842288. [Google Scholar] [CrossRef]

	



Cui, G.H.; Wu, J.; Mou, F.F.; Xie, W.H.; Wang, F.B.; Wang, Q.L.; Fang, J.; Xu, Y.W.; Dong, Y.R.; Liu, J.R.; et al. Exosomes Derived from Hypoxia-Preconditioned Mesenchymal Stromal Cells Ameliorate Cognitive Decline by Rescuing Synaptic Dysfunction and Regulating Inflammatory Responses in APP/PS1 Mice. FASEB J. 2018, 32, 654–668. [Google Scholar] [CrossRef]

	



Souza, V.C.; Morais, G.S.; Henriques, A.D.; Machado-Silva, W.; Perez, D.I.V.; Brito, C.J.; Camargos, E.F.; Moraes, C.F.; Nóbrega, O.T. Whole-Blood Levels of MicroRNA-9 Are Decreased in Patients With Late-Onset Alzheimer Disease. Am. J. Alzheimers Dis. Other Demen. 2020, 35, 1533317520911573. [Google Scholar] [CrossRef]

	



Jahangard, Y.; Monfared, H.; Moradi, A.; Zare, M.; Mirnajafi-Zadeh, J.; Mowla, S.J. Therapeutic Effects of Transplanted Exosomes Containing MiR-29b to a Rat Model of Alzheimer’s Disease. Front. Neurosci. 2020, 14, 564. [Google Scholar] [CrossRef]

	



Yuva-Aydemir, Y.; Simkin, A.; Gascon, E.; Gao, F.-B. MicroRNA-9: Functional Evolution of a Conserved Small Regulatory RNA. RNA Biol. 2011, 8, 557–564. [Google Scholar] [CrossRef]

	



Walgrave, H.; Zhou, L.; de Strooper, B.; Salta, E. The Promise of MicroRNA-Based Therapies in Alzheimer’s Disease: Challenges and Perspectives. Mol. Neurodegener. 2021, 16, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Salta, E.; Sierksma, A.; vanden Eynden, E.; de Strooper, B. MiR-132 Loss de-Represses ITPKB and Aggravates Amyloid and TAU Pathology in Alzheimer’s Brain. EMBO Mol. Med. 2016, 8, 1005–1018. [Google Scholar] [CrossRef] [PubMed]

	



Tarkowski, E.; Wallin, A.; Regland, B.; Blennow, K.; Tarkowski, A. Local and Systemic GM-CSF Increase in Alzheimer’s Disease and Vascular Dementia. Acta Neurol. Scand. 2001, 103, 166–174. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, W.S.T.; Nicoll, J.A.R.; Grimaldi, L.M.E.; Sheng, J.G.; Mrak, R.E. The Pervasiveness of Interleukin-1 in Alzheimer Pathogenesis: A Role for Specific Polymorphisms in Disease Risk. Exp. Gerontol. 2000, 35, 481. [Google Scholar] [CrossRef]

	



Doroszkiewicz, J.; Kulczynska-Przybik, A.; Dulewicz, M.; Borawska, R.; Krawiec, A.; Slowik, A.; Mroczko, B. The Cerebrospinal Fluid Interleukin 8 (IL-8) Concentration in Alzheimer’s Disease (AD). Alzheimer’s Dement. 2021, 17, e051317. [Google Scholar] [CrossRef]

	



Tripathy, D.; Thirumangalakudi, L.; Grammas, P. Expression of Macrophage Inflammatory Protein 1-Alpha Is Elevated in Alzheimer’s Vessels and Is Regulated by Oxidative Stress. J. Alzheimers Dis. 2007, 11, 447–455. [Google Scholar] [CrossRef]

	



Gaedicke, S.; Zhang, X.; Schmelzer, C.; Lou, Y.; Doering, F.; Frank, J.; Rimbach, G. Vitamin E Dependent MicroRNA Regulation in Rat Liver. FEBS Lett. 2008, 582, 3542–3546. [Google Scholar] [CrossRef]

	



Tahamtan, A.; Teymoori-Rad, M.; Nakstad, B.; Salimi, V. Anti-Inflammatory MicroRNAs and Their Potential for Inflammatory Diseases Treatment. Front. Immunol. 2018, 9, 1377. [Google Scholar] [CrossRef]

	



Esau, C.; Davis, S.; Murray, S.F.; Yu, X.X.; Pandey, S.K.; Pear, M.; Watts, L.; Booten, S.L.; Graham, M.; McKay, R.; et al. MiR-122 Regulation of Lipid Metabolism Revealed by in Vivo Antisense Targeting. Cell Metab. 2006, 3, 87–98. [Google Scholar] [CrossRef]

	



Maciejczyk, M.; Żebrowska, E.; Chabowski, A. Insulin Resistance and Oxidative Stress in the Brain: What’s New? Int. J. Mol. Sci. 2019, 20, 874. [Google Scholar] [CrossRef]








[image: Nutrients 15 00634 g001 550] 





Figure 1. Cytokines that significantly differ between groups. HC: Healthy Control; AD: Alzheimer’s Disease. 
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Figure 2. Exosomal miRNAs. HC: Healthy Control; AD: Alzheimer’s Disease. 
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Figure 3. miRNet analysis (miRNet) showed that miR-9, miR-21, miR29-b, miR-122, and miR-132 are interconnected and involved in inflammation, type 2 diabetes mellitus, and atherosclerosis. 
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Table 1. Clinical characteristics of all sample population (n = 80) and stratified by groups. Data are expressed as mean ± standard deviation (SD). HC: Healthy Control; AD: Alzheimer’s Disease; MMSE: Mini Mental State Examination; GDS: Geriatric Depression Scale; ADL: Activity of daily living; IADL: Instrumental activity of daily living; TC: Total cholesterol; HDL-C: High Density Lipoprotein-Cholesterol; LDL-C: Low Density Lipoprotein-Cholesterol * χ2 = 4.114.
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	Total
	HC
	AD
	p





	N
	80
	40
	40
	



	F/M (n)
	45/35
	18/22
	27/13
	0.043 *



	Age (years)
	77.58 ± 3.86
	76.33 ± 3.61
	78.83 ± 3.74
	0.003



	MMSE
	21.33 ± 8.32
	28.83 ± 1.50
	13.43 ± 4.13
	<0.0001



	GDS
	5.03 ± 3.23
	4.92 ± 2.86
	5.16 ± 3.67
	0.765



	ADL
	4.50 ± 1.56
	5.53 ± 0.78
	3.48 ± 1.48
	<0.0001



	IADL
	3.83 ± 2.96
	6.35 ± 1.79
	1.30 ± 1.24
	<0.0001



	Glycemia (mg/dL)
	100.5 ± 23.3
	101.8 ± 24.6
	99.1 ± 22.2
	0.630



	Creatinine (mg/dL)
	1.03 ± 0.17
	1.06 ± 0.23
	1.0 ± 0.11
	0.196



	TC (mg/dL)
	197.4 ± 39.9
	192.8 ± 35.7
	202.3 ± 43.8
	0.294



	HDL-C(mg/dL)
	57.2 ± 15.9
	57.2 ± 16.9
	57.1 ± 15.0
	0.986



	LDL-C (mg/dL)
	118.4 ± 35.2
	113.3 ± 33.5
	123.8 ± 36.6
	0.218



	Triglycerides (mg/dL)
	112.1 ± 49.5
	118.8 ± 48.5
	125.5 ± 50.9
	0.546
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Table 2. Partial correlation between cytokines and miR-122 in AD controlled by gender (n = 40).
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Partial Correlations




	

	
Correlation Coefficient (r)

	
p-Value






	
miR-122/GM-CSF

	
0.389

	
0.019




	
miR-122/INF-α2

	
0.375

	
0.024




	
miR-122/IL-1α

	
0.360

	
0.031




	
miR-122/IL-8

	
0.375

	
0.024




	
miR-122/MIP-1β

	
0.354

	
0.034
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Table 3. Binary logistic regression analyses to assess whether α-tocopherol levels are associated with dementia, controlling for multiple confounding factors. Gender is indicated as M = 1 and F = 0.
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Model 1




	

	
B

	
OR

	
IC 95%

	
p




	
Age

	
0.182

	
1.199

	
1.029–1.398

	
0.020




	
Gender

	
0.493

	
1.637

	
0.578–4.634

	
0.353




	
α-tocopherol

	
−0.329

	
0.720

	
0.579–0.895

	
0.003




	
Model 2




	

	
B

	
OR

	
IC 95%

	
p




	
Age

	
0.175

	
1.191

	
0.989–1.434

	
0.065




	
Gender

	
0.047

	
1.048

	
0.326–3.363

	
0.938




	
α-tocopherol

	
−0.252

	
0.777

	
0.617–0.980

	
0.033




	
MiR-122

	
−0.215

	
0.806

	
0.654–0.995

	
0.045
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