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Abstract

:

Alzheimer disease (AD) is characterized by amyloid-β (Aβ) plaques, neurofibrillary tangles, synaptic dysfunction, and progressive dementia. Midlife obesity increases the risk of developing AD. Adipocyte-derived small extracellular vesicles (ad-sEVs) have been implicated as a mechanism in several obesity-related diseases. We hypothesized that ad-sEVs from patients with AD would contain miRNAs predicted to downregulate pathways involved in synaptic plasticity and memory formation. We isolated ad-sEVs from the serum and cerebrospinal fluid (CSF) of patients with AD and controls and compared miRNA expression profiles. We performed weighted gene co-expression network analysis (WGCNA) on differentially expressed miRNAs to identify highly interconnected clusters correlating with clinical traits. The WGCNA identified a module of differentially expressed miRNAs, in both the serum and CSF, that was inversely correlated with the Mini-Mental State Examination scores. Within this module, miRNAs that downregulate CREB signaling in neurons were highly represented. These results demonstrate that miRNAs carried by ad-sEVs in patients with AD may downregulate CREB signaling and provide a potential mechanistic link between midlife obesity and increased risk of AD.
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1. Introduction


The number of people aged 65 and older with Alzheimer disease (AD) in the United States is 6.5 million and is expected to reach 13.8 million by 2060. Alzheimer disease is the 7th leading cause of death in the United States [1]. It is a neurodegenerative disease characterized pathologically by amyloid beta (β) plaques and neurofibrillary tangles in the brain and clinically by the insidious onset of progressive dementia [2]. Amyloid beta (Aβ) and neurofibrillary tangles are the neuropathologic changes classically associated with AD; however, given the importance of synaptic plasticity and maintenance in learning and memory, synaptic dysfunction has been studied as a mechanism of dementia in AD and correlates with clinical dementia more closely than amyloid beta plaques or neurofibrillary tangles [3,4,5,6,7,8].



Several modifiable risk factors for dementia share obesity as a causal factor, including cardiovascular disease and type 2 diabetes mellitus [9,10]. Obesity, like AD, is associated with decreased synaptic plasticity and is a known risk factor for AD [11,12,13]. In addition, midlife obesity has been associated with up to a threefold increased risk of developing AD [13,14,15,16]. This suggests an adipose-derived mediator of disease; however, the biological mechanisms underlying this risk factor are largely unknown.



Adipose tissue, once thought of as a mere storage depot for energy, is the largest endocrine organ in the body and a key regulator of energy homeostasis and inflammation [17,18]. A more recently discovered means of interorgan signaling by adipose tissue is via adipocyte-derived small extracellular vesicles (ad-sEVs) [19,20,21]. sEVs, sometimes called exosomes, are a heterogeneous group of cellular-derived, membrane-bound particles < 150 nm in size that are released by almost all cell types [22]. Adipocyte-derived small extracellular vesicles (ad-sEVs) are released from adipocytes into the serum, where they carry cargo to other organs [23]. These nanoparticles contain various cargo, including lipids, proteins, sugars, and nucleic acids. Ad-sEVs constitute a significant source of circulating sEV microRNA (miRNA) [23,24]. Ad-sEVs have been implicated in the development of peripheral insulin resistance, metabolic-associated fatty liver disease, and dyslipidemia [19,20,21,25]. However, the role of ad-sEVs in the development of neurodegenerative diseases such as AD has not been well studied.



Given the role that ad-sEVs play in many obesity-related diseases, the increased risk of AD among patients with midlife obesity, and the known alterations in synaptic plasticity in both obesity and AD, we hypothesized that ad-sEVs from patients with AD would contain miRNAs predicted to downregulate pathways involved in synaptic plasticity and memory formation. To test this hypothesis, we isolated ad-sEVs from the serum and CSF of patients (60–89 years old) with AD and controls obtained from the University of Washington Alzheimer Disease Research Center clinical core longitudinal study and collaborating research centers. We compared the miRNA expression profiles of those with AD and controls. We performed weighted gene co-expression network analysis (WGCNA) on differentially expressed miRNAs to identify highly interconnected clusters correlating with clinical traits and pathway analysis to perform in silico prediction of their biological functions.




2. Results


2.1. Subject Demographics


Ad-sEV miRNA was isolated from the serum and cerebrospinal fluid (CSF) of 18 patients with probable AD and 14 control patients. Clinical characteristics between groups did not differ (p > 0.05) except for Clinical Dementia Rating and CSF Aβ1–42. Additional selected clinical features are shown in Table 1.




2.2. miRNA Profiling from ad-sEVs from Serum and CSF Identified Differences between Disease States


There was a strong linear correlation between miRNA isolated from ad-sEVs from the serum and the CSF (Supplemental Figure S1). When serum and CSF were analyzed separately, between the AD and controls, there were 251 differentially expressed miRNA in the CSF (Supplemental Table S1) and 189 differentially expressed miRNA in the serum (FC ≥ |1.1|, p < 0.1) (Supplemental Table S2). In the unsupervised hierarchical clustering of the differentially expressed miRNA in the CSF (Figure 1A) and serum (Figure 1C), the miRNA expression profiles showed almost complete separation of patients with AD and controls. Similarly, in the principal component analysis (PCA) plot, the expression profiles almost completely separated patients with AD from controls (Figure 1B,D).




2.3. Differentially Expressed miRNA in Serum and CSF Are Predicted to Downregulate the CREB Signaling Pathway in Neurons


The predicted cumulative effects of the differentially expressed miRNAs from ad-sEVs from the serum and CSF on gene expression were analyzed. Using QIAGEN Ingenuity Pathway Analysis (IPA) [26], we performed a core analysis to examine the predicted effects of the differentially expressed ad-sEV miRNA in the serum (AD vs. controls) and the CSF (AD vs. controls). For this analysis, serum and CSF were analyzed independently. Of the 7765 mRNAs targeted by the ad-sEV miRNAs isolated from the CSF, 6538 were predicted to be downregulated, and 1227 were predicted to be upregulated. Of 4718 mRNA targeted by the ad-sEV miRNAs in the serum, 3954 were predicted to be downregulated, and 764 were predicted to be upregulated.



The graphical summary (Figure 2A) of the predicted effects of these differentially expressed CSF ad-sEV miRNAs demonstrated several processes of interest, including downregulation of long-term potentiation and long-term synaptic depression, indicating that these miRNAs were predicted to affect synaptic plasticity, which is the ability of the synapses to modify their strength and structure and the process that underlies memory formation. Cyclic AMP response element binding protein (CREB) 1 was also predicted to be downregulated. The graphical summary of the serum analysis demonstrated similar results with predicted downregulation of CNS development, maturation of cells, outgrowth of neurites, and long-term synaptic depression of neurons (Figure 2B). Like in CSF, CREB1 was also predicted to be downregulated by the serum ad-sEV miRNAs. We then examined several diseases and functions predicted to be affected by the miRNAs contained by the ad-sEVs. Figure 2C demonstrates all predicted processes common to both the serum and CSF analyses. Neural cell proliferation, differentiation, and development were predicted to be downregulated. Critical to AD pathophysiology, both long-term potentiation and long-term depression [27] were predicted to be downregulated. Of note, in the CSF, long-term depression in the hippocampus, specifically, was predicted to be downregulated. In both serum and CSF, neurodegeneration was predicted to be activated.



Since decreased CREB signaling in neurons is well described in AD, induces synaptic dysfunction, and has been implicated in the development of memory impairment [8], we examined the predicted effects of the differentially expressed miRNAs on this pathway (Figure 2D). Downregulation of CREB signaling was predicted by the ad-sEVs isolated both from the CSF (Figure 2D) and the serum (Supplementary Figure S2). In the CSF, 343 of 584 molecules were predicted to be downregulated (z-score = −10, p = 0.0007). In the serum, 338 of 584 molecules were predicted to be downregulated (z-score = −8.7, p = 0.02).




2.4. Identification and Functional Analysis of miRNA Clusters That Inversely Correlate with MMSE Scores


To identify highly interconnected miRNA clusters among these differentially expressed miRNAs and correlate the phenotypic data with these clusters, we performed a weighted gene co-expression network analysis (WGCNA). Hierarchical clustering identified five distinct co-expression modules in the CSF (blue, yellow, brown, turquoise, and gray) and five in the serum (green, turquoise, blue, brown, and yellow) (Figure 3A,B). In addition, correlation with relevant phenotypic traits was performed (Figure 3C,D). Clinically, we were most interested in the correlation between miRNA modules and cognitive testing scores, and we specifically looked for a negative correlation between miRNA module and Mini-Mental State Examination (MMSE) score. The turquoise module showed the most negative correlation in the CSF (−0.6, p = 0.002) and in the serum (−0.54, p = 0.003).



To explore the potential functional role of the miRNAs within each turquoise module, we identified hub miRNAs for each module and performed pathway analysis on these miRNAs based on the differential expression in samples from AD and controls (FC ≥ |1.1|, p < 0.1). In the CSF, the turquoise module contained 76 hub miRNAs (module membership score ≥ 0.5). The serum turquoise module contained 27 hub miRNAs. The concordant pathways that were predicted to be most affected based on the z-score (Z score ≥ |2|) in the serum and CSF are listed in Table 2. Among these pathways, CREB signaling in neurons was predicted to be most downregulated in both serum and CSF. The CREB1 signaling in neurons pathway was a target for 36 out of 76 (47%) hub miRNAs in the CSF turquoise module and 24 out of 27 (89%) hub miRNAs in the serum turquoise module. There were two differentially expressed miRNAs, miR-6760-3p (FC 1.6, p-value < 0.05 in CSF ad-sEVs, FC 1.5, p-value < 0.05 in serum ad-sEVs) and miR-6798-3p (FC 1.8, p-value < 0.05 in CSF ad-sEVs, FC 1.4, p-value < 0.05 in serum ad-sEVs), which were found in the turquoise module in both the serum and CSF and are predicted to target the CREB signaling pathway. miR-6760-3p is predicted to target GPR26 and HTR1F. miR-6798-3p is predicted to target ADRA1D, GPR153, and HTR1E.





3. Discussion


This study investigated the miRNA expression profiles of ad-sEVs in the serum and CSF of patients with AD and compared them to those from control patients. We identified differentially expressed miRNAs in the ad-sEVs and utilized WGCNA and IPA to predict their biological functions. Our work highlights a potential role for ad-sEVs in the development of altered synaptic plasticity and pathways involved in memory formation in patients with AD. These data suggest that patients with dysfunctional adipose tissue, such as those with midlife obesity, have an increased risk of developing cognitive impairments. Although previous reports have identified EVs as potential carriers of important molecules involved in AD pathophysiology, including Aβ and tau [28,29,30], and several differentially expressed miRNAs have been identified in the blood, brain, and CSF of patients with AD, this work identifies that ad-sEVs can be isolated from both serum and CSF of patients with AD and are a novel mechanism of delivering potentially pathogenic miRNAs from adipocytes to the CSF.



Increasing evidence points to a potential role of ad-sEVs in several other obesity-related diseases. For example, ad-sEVs have been implicated in the development of non-alcoholic fatty liver disease, insulin resistance, and atherosclerosis [31,32,33]. However, little research has been conducted to investigate the role of ad-sEVs in the development of neurocognitive decline, as occurs in AD.



Our study demonstrated that ad-sEVs from patients with AD carry miRNAs that are predicted to target the CREB signaling pathway in neurons. Furthermore, WGCNA results indicated that miRNAs that target the CREB pathway are highly represented within the miRNA modules that negatively correlate with MMSE scores. CREB is a nuclear transcription factor for molecules involved in neuronal survival, maintenance of long-term potentiation, synaptic plasticity, learning, and memory processes [34]. Restoring its function can reverse the learning and memory deficits in mouse models of AD [35]. Evidence from post-mortem brain tissue demonstrates decreased total and phosphorylated CREB in AD [36,37], and Pugazhenthi et al. [38] demonstrated that, in AD, a chronic downregulation of CREB-mediated transcription leads to decreased CREB in hippocampal neurons. Aβ has also been implicated in downregulating CREB signaling [39]. Our findings indicate that ad-sEVs may also contribute to this downregulation of CREB and the CREB signaling pathway in AD. In animal models, a high-fat diet also inhibits CREB signaling [40]. Taken together, this suggests that ad-sEVs are involved in downregulating CREB signaling in obesity, which may place those with obesity at a higher risk of developing cognitive impairment in AD. Previous research has shown that adipose-derived EVs from mice and humans with type 2 diabetes mellitus can mediate changes in synaptic plasticity in mice [41]. However, our study provides valuable context for clinical studies by demonstrating that ad-sEVs from patients with AD carry miRNAs that may downregulate the CREB signaling pathway.



CREB itself is a transcription factor for Brain-derived Neurotrophic Factor (BDNF). This molecule plays a central role in neuronal survival and synaptic plasticity and is decreased in patients with AD [42,43]. A study by Wang et al. [41] demonstrated that, in mice, adipose tissue-derived EVs from patients with type 2 diabetes mellitus induce cognitive impairment through the downregulation of BDNF by miR-9-3p, which in turn decreases synapse formation and synaptic plasticity and maintenance [41]. While our findings did not identify miR-9-3p as an upregulated miRNA in ad-sEVs from patients with AD, it did identify miRNAs that target the expression of G-protein coupled receptor subunits, PKA, ERK, and CREB, all members of the CREB signaling pathway that are upstream of BDNF. Furthermore, two of the miRNAs that were upregulated in the ad-sEVs from both the serum and CSF, miR-6760-3p and miR-6798-3p, have previously been described to be upregulated in the cortex of the brain in patients with AD [44]. Our findings and those by Wang et al. [41] support the idea that changes in the miRNAs released by adipocytes may contribute to cognitive impairment involved in various diseases, including diabetes and AD. Notably, several drugs specifically inhibit phosphodiesterases (i.e., rolipram and roflumilast) and increase cAMP levels, leading to a signaling cascade that increases CREB phosphorylation. However, despite demonstrated clinical efficacy, these drugs have a side effect profile that has kept them from being approved for AD [45]. Our results indicate that miRNAs carried by ad-sEVs in patients with AD may be downregulating CREB signaling, a known drug target in AD and a key pathway involved in neuronal survival, synaptic plasticity, learning, and memory. These novel findings provide a potential mechanism linking midlife obesity and the risk of AD.




4. Materials and Methods


4.1. Study Participants and Sample Collection


Participants were recruited from the University of Washington Alzheimer Disease Research Center, the VA at Puget Sound, and collaborating AD centers. All study procedures were approved by their respective institutional review boards, and all study participants provided written informed consent. Study participants underwent extensive clinical, neuropsychological, and laboratory evaluations. History was obtained from normal subjects or from informants if patients had dementia or mild cognitive impairment. Participants were categorized as having no cognitive impairment, mild cognitive impairment, or dementia based on standard criteria [46,47]. Clinical diagnosis of AD was made at a consensus conference [48]. AD was defined as a clinical diagnosis of AD, a clinical dementia rating ≥ 0.5, and CSF Aβ1–42 ≤ 192 pg/mL. The specimens used as controls in the current study were obtained from the ADRC cohort at the University of Washington. ADRC cohort controls include healthy individuals recruited from community medicine clinics. Inclusion criteria for controls in the ADRC include age greater than 65, normal neuropsychological evaluations, and no personal medical history of neurodegenerative disease, brain malignancy, uncontrolled diabetes, uncontrolled hypertension, or untreated psychiatric disease. Controls in the present study were subjects without a clinical diagnosis of AD, clinical dementia rating ≤ 0.5, CSF Aβ1–42 > 192 pg/mL, and CSF total tau ≤ 93 pg/mL. All participants described as controls in the present study were Alzheimer’s unaffected controls, but one participant had mild cognitive impairment without a clinical diagnosis of AD. CSF was collected by lumbar puncture [47]. Blood was collected by venipuncture from all participants and centrifuged to obtain serum. All CSF and serum samples were stored at −80 °C until analysis. CSF samples were analyzed for Aβ1–42 and total tau using multiplexed Luminex reagents (Fujirebio, Malverne, PA, USA).




4.2. Adipocyte-Derived Small Extracellular Vesicle Isolation


600 μL of serum and 500 μL of CSF per subject were thawed over ice and then centrifuged at 3000× g for 15 min to remove cellular debris. The supernatant was filtered through a 0.2 µm filter. Small extracellular vesicles were obtained from the serum using Exoquick Precipitation Solution (System Biosciences, Mountain View, CA, USA) and from the CSF using Exoquick TC Precipitation Solution (System Biosciences, Mountain View, CA, USA), per the manufacturer’s protocol. Ad-sEVs were selected for using fatty acid binding protein 4 (FABP4) antibody, a sensitive and specific marker for ad-sEVs, and dextran-coated magnetic particles (StemCell Technologies, Vancouver, BC, Canada).




4.3. RNA Extraction and Amplification


Ad-sEV total RNA was extracted using mirVana microRNA Isolation kits (Life Technologies, Carlsbad, CA, USA). Total RNA was amplified with the Complete Seramir Exosome RNA Amplification Kit (System Biosciences, Mountainview, CA, USA). RNA quality was assessed on a subset of these samples using the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) and Nanodrop 2000 (ThermoFisher Scientific, Waltham, MA, USA). RNA concentration was measured using a Qubit RNA Broad Range Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).




4.4. Adipocyte-Derived Small EV microRNA Profiles


1000 ng of RNA was labeled with Affymetrix FlashTag Biotin HSR RNA Labeling Kit (Affymetrix, Santa Clara, CA, USA) per the manufacturer’s instructions. Labeled RNA was hybridized to GeneChip microRNA 4.0 arrays (Affymetrix, Santa Clara, CA, USA). Chips were run using a Fluidics Station 450 Protocol (Affymetrix, Santa Clara, CA, USA). The results were exported to Partek Genomics Suite (version 6.6, Partek, St. Louis, MO, USA) for analysis. For initial comparison, the entire dataset was normalized using RMA-DABG in Expression Console, and data were exported to Partek Genomics Suite. Using this data, the mean probe intensities for each of the 2578 mature miRNA probes in the CSF and serum were plotted for all paired samples (n = 21). Next, the raw data from Expression console was exported, and normalization was carried out within each biofluid using RMA-DABG. Mature human miRNAs were analyzed and compared between disease groups in Partek Genomics Suite. ANOVA was used to compare miRNAs between patients with AD and controls. Serum and CSF were analyzed separately [49].




4.5. Weighted Gene Co-Expression Network Analysis


We first identified differentially expressed ad-sEV miRNAs between patients with AD and controls using one-way ANOVA (p < 0.1, FC ≥ |1.1|). To explore the relationship between these differentially expressed miRNAs and the MMSE scores, we utilized weighted gene co-expression network analysis (WGCNA). This method uses eigengene network methodology to explore the relationships between external sample traits and clusters of genes. The WGCNA R package (R version 4.0.5, WGCNA version 1.72-1) was downloaded from the Comprehensive R Archive Network (CRAN) repository, and required packages were downloaded from Bioconductor to build the weighted co-expression network [50,51]. Hierarchical clustering with the Euclidean distance was used to screen for any sample outliers, and none were found in our dataset. A heatmap was constructed to visualize how clinical traits relate to the sample dendrograms within each biofluid (Supplementary Figure S3A,D). Scale independence and mean connectivity were plotted as functions of soft thresholding power (β). Maximum scale-free topology model fit was attained around a soft-thresholding power of four in the CSF and three in the serum (Supplementary Figure S3B,C,E,F). A minimum module size of three was chosen for each biofluid. Using these criteria, five miRNA modules were identified in each biofluid. We were clinically most interested in MMSE scores. We had MMSE scores available in the patients with AD and only Montreal Cognitive Assessment (MoCA) scores for controls. In order to use these cognitive test scores for this analysis, it was necessary to convert the MoCA scores to MMSE scores using a validated conversion table [52]. Next, the module eigengenes were correlated with clinical traits. We identified all miRNAs with a module membership score >0.5 as hub miRNAs. Module membership score is the correlation of the module eigengene and miRNA expression profile. For each hub miRNA, we used the differential expression data between AD and control patients (FC and p-value) in IPA. In brief, miRNA targets were identified using the miRNA target filter, and a core analysis was completed on these targets. Canonical pathways were then explored to understand the functional relevance of hub miRNAs in each module. Canonical pathways were considered significant if the p-value was >0.5 and the z-score was >2.




4.6. Statistical Analysis


Principal component analysis and hierarchical clustering were performed using Partek genomics suite (version 6.6, Partek, St. Louis, MO, USA). One-way Analysis of Variance (ANOVA) was used to identify mature microRNAs that were differentially expressed between AD and control patients (p < 0.1, FC ≥ |1.1|) for the WGCNA analysis. Pathway Analysis and Diseases and Function annotation were conducted using QIAGEN IPA (version 94302991, QIAGEN Inc., Redwood City, CA, USA https://digitalinsights.qiagen.com/IPA) [26]. For this analysis, we uploaded all differentially expressed miRNA with a FC ≥ |1.2| and a p-value < 0.1 to keep to an allowable number of mRNA targets for predicted or experimentally observed mRNAs. This software uses experimentally observed miRNA–mRNA interactions from Tarbase and miRecords and predicted interactions from TargetScan. It also integrates miRNA-related findings from the Ingenuity knowledge base, which includes thousands of findings manually curated by scientists from published literature. Using this mRNA target filter, we conducted a core analysis that identified canonical pathways, diseases and functions, and upstream regulators affected by these mRNA. Canonical pathways and diseases and function annotations were considered statistically significant if the p-value was <0.05 using Fisher’s exact test and the absolute value of the activation z-score was two or greater. In these analyses, a positive z-score indicates activation and a negative z-score indicates downregulation.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241814024/s1.





Author Contributions


Conceptualization, R.A.B., E.N., C.D.K., S.J., G.L., E.P., D.B. and R.J.F.; Data curation, S.J., K.D.-R., G.L. and E.P.; Formal analysis, R.A.B., A.B. and L.R.C.; Methodology, R.A.B., K.A., M.G., G.L., K.H.-T., D.B. and R.J.F.; Supervision, R.J.F.; Writing—original draft, R.A.B. and L.R.C.; Writing—review and editing, R.A.B., A.B., L.R.C., K.A., M.G., E.N., C.D.K., S.J., K.D.-R., G.L., E.P., K.H.-T., D.B. and R.J.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded as part of the UW ADRC P50 Pilot Projects from the UW ADRC (NIH: P50AG005136).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of The University of Washington (Protocol Code: STUDY00003434: ADRC Clinical Core) and The VA Puget Sound Healthcare System (Protocol Code: 1587675).




Informed Consent Statement


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




Data Availability Statement


The data presented in this study are openly available in NCBI Gene Expression Omnibus (GEO Accession number: GSE242923).




Conflicts of Interest


The authors have declared that no conflict of interest exists.




References


	



Alzheimer’s Disease Facts and Figures. Alzheimers Dement. 2022, 2022, 700–789.

	



Afsar, A.; Chacon Castro, M.D.C.; Soladogun, A.S.; Zhang, L. Recent Development in the Understanding of Molecular and Cellular Mechanisms Underlying the Etiopathogenesis of Alzheimer’s Disease. Int. J. Mol. Sci. 2023, 24, 7258. [Google Scholar] [CrossRef] [PubMed]

	



de Wilde, M.C.; Overk, C.R.; Sijben, J.W.; Masliah, E. Meta-Analysis of Synaptic Pathology in Alzheimer’s Disease Reveals Selective Molecular Vesicular Machinery Vulnerability. Alzheimers Dement. 2016, 12, 633–644. [Google Scholar] [CrossRef]

	



Gabrielli, M.; Prada, I.; Joshi, P.; Falcicchia, C.; D’Arrigo, G.; Rutigliano, G.; Battocchio, E.; Zenatelli, R.; Tozzi, F.; Radeghieri, A.; et al. Microglial Large Extracellular Vesicles Propagate Early Synaptic Dysfunction in Alzheimer’s Disease. Brain 2022, 145, 2849–2868. [Google Scholar] [CrossRef]

	



Nilsson, J.; Cousins, K.A.Q.; Gobom, J.; Portelius, E.; Chen-Plotkin, A.; Shaw, L.M.; Grossman, M.; Irwin, D.J.; Trojanowski, J.Q.; Zetterberg, H.; et al. Cerebrospinal Fluid Biomarker Panel of Synaptic Dysfunction in Alzheimer’s Disease and Other Neurodegenerative Disorders. Alzheimers Dement. 2023, 19, 1775–1784. [Google Scholar] [CrossRef] [PubMed]

	



Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical Basis of Cognitive Alterations in Alzheimer’s Disease: Synapse Loss Is the Major Correlate of Cognitive Impairment. Ann. Neurol. 1991, 30, 572–580. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, M.B. Synaptic Signaling in Learning and Memory. Cold Spring Harb. Perspect. Biol. 2013, 8, a016824. [Google Scholar] [CrossRef]

	



Teich, A.F.; Nicholls, R.E.; Puzzo, D.; Fiorito, J.; Purgatorio, R.; Fa Arancio, M. Synaptic Therapy in Alzheimer’s Disease: A CREB-Centric Approach. Neurotherapeutics 2015, 12, 29–41. [Google Scholar] [CrossRef]

	



Biessels, G.J.; Staekenborg, S.; Brunner, E.; Brayne, C.; Scheltens, P. Risk of Dementia in Diabetes Mellitus: A Systematic Review. Lancet Neurol. 2006, 5, 64–74. [Google Scholar] [CrossRef]

	



Reinke, C.; Buchmann, N.; Fink, A.; Tegeler, C.; Demuth, I.; Doblhammer, G. Diabetes Duration and the Risk of Dementia: A Cohort Study Based on German Health Claims Data. Age Ageing 2022, 51, afab231. [Google Scholar] [CrossRef]

	



Erion, J.R.; Wosiski-Kuhn, M.; Dey, A.; Hao, S.; Davis, C.L.; Pollock, N.K.; Stranahan, A.M. Obesity Elicits Interleukin 1-Mediated Deficits in Hippocampal Synaptic Plasticity. J. Neurosci. 2014, 34, 2618–2631. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Ge, Q.; Wu, Y.; Zhang, J.; Gu, Q.; Han, J. Impairment of Long-Term Memory by a Short-Term High-Fat Diet via Hippo-Campal Oxidative Stress and Alterations in Synaptic Plasticity. Neuroscience 2020, 424, 24–33. [Google Scholar] [CrossRef]

	



Whitmer, R.A.; Gustafson, D.R.; Barrett-Connor, E.; Haan, M.N.; Gunderson, E.P.; Yaffe, K. Central Obesity and Increased Risk of Dementia More than Three Decades Later. Neurology 2008, 71, 1057–1064. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Joshi, P.; Ang, T.F.A.; Liu, C.; Auerbach, S.; Devine, S.; Au, R. Mid- to Late-Life Body Mass Index and Dementia Risk: 38 Years of Follow-up of the Framingham Study. Am. J. Epidemiol. 2021, 190, 2503–2510. [Google Scholar] [CrossRef]

	



Yu, J.-T.; Xu, W.; Tan, C.-C.; Andrieu, S.; Suckling, J.; Evangelou, E.; Pan, A.; Zhang, C.; Jia, J.; Feng, L. Evidence-Based Preven-Tion of Alzheimer’s Disease: Systematic Review and Meta-Analysis of 243 Observational Prospective Studies and 153 Random-Ised Controlled Trials. J. Neurol. Neurosurg. Psychiatry 2020, 91, 1201–1209. [Google Scholar] [CrossRef]

	



Norton, S.; Matthews, F.E.; Barnes, D.E.; Yaffe, K.; Brayne, C. Potential for Primary Prevention of Alzheimer’s Disease: An Analysis of Population-Based Data. Lancet Neurol. 2014, 13, 788–794. [Google Scholar] [CrossRef] [PubMed]

	



Ou, M.-Y.; Zhang, H.; Tan, P.-C.; Zhou, S.-B.; Li, Q.-F. Adipose Tissue Aging: Mechanisms and Therapeutic Implications. Cell Death Dis. 2022, 13, 300. [Google Scholar] [CrossRef] [PubMed]

	



Kershaw, E.E.; Flier, J.S. Adipose Tissue as an Endocrine Organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556. [Google Scholar] [CrossRef]

	



Ferrante, S.C.; Nadler, E.P.; Pillai, D.K.; Hubal, M.J.; Wang, Z.; Wang, J.M.; Gordish-Dressman, H.; Koeck, E.; Sevilla, S.; Wiles, A.A.; et al. Adipocyte-Derived Exosomal MiRNAs: A Novel Mechanism for Obesity-Related Disease. Pediatr. Res. 2015, 77, 447–454. [Google Scholar] [CrossRef] [PubMed]

	



Hubal, M.J.; Nadler, E.P.; Ferrante, S.C.; Barberio, M.D.; Suh, J.-H.; Wang, J.; Dohm, G.L.; Pories, W.J.; Mietus-Snyder, M.; Freishtat, R.J. Circulating Adipocyte-Derived Exosomal MicroRNAs Associated with Decreased Insulin Resistance after Gastric Bypass. Obesity 2017, 25, 102–110. [Google Scholar] [CrossRef]

	



Barberio, M.D.; Kasselman, L.J.; Playford, M.P.; Epstein, S.B.; Renna, H.A.; Goldberg, M.; DeLeon, J.; Voloshyna, I.; Barlev, A.; Salama, M.; et al. Cholesterol Efflux Alterations in Adolescent Obesity: Role of Adipose-Derived Extracellular Vesical MicroRNAs. J. Transl. Med. 2019, 17, 232. [Google Scholar] [CrossRef] [PubMed]

	



Morris, K.V.; Witwer, K.W. The Evolving Paradigm of Extracellular Vesicles in Intercellular Signaling and Delivery of Therapeutic RNAs. Mol. Ther. 2022, 30, 2393–2394. [Google Scholar] [CrossRef] [PubMed]

	



Thomou, T.; Mori, M.A.; Dreyfuss, J.M.; Konishi, M.; Sakaguchi, M.; Wolfrum, C.; Rao, T.N.; Winnay, J.N.; Garcia-Martin, R.; Grinspoon, S.K.; et al. Adipose-Derived Circulating MiRNAs Regulate Gene Expression in Other Tissues. Yearb. Pediatr. Endocrinol. 2018, 542, 450–455. [Google Scholar] [CrossRef] [PubMed]

	



Rome, S.; Blandin, A.; Le Lay, S. Adipocyte-Derived Extracellular Vesicles: State of the Art. Int. J. Mol. Sci. 2021, 22, 1788. [Google Scholar] [CrossRef] [PubMed]

	



Koeck, E.S.; Iordanskaia, T.; Sevilla, S.; Ferrante, S.C.; Hubal, M.J.; Freishtat, R.J.; Nadler, E.P. Adipocyte Exosomes Induce Transforming Growth Factor Beta Pathway Dysregulation in Hepatocytes: A Novel Paradigm for Obesity-Related Liver Disease. J. Surg. Res. 2014, 192, 268–275. [Google Scholar] [CrossRef]

	



Krämer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal Analysis Approaches in Ingenuity Pathway Analysis. Bioinformatics 2014, 30, 523–530. [Google Scholar] [CrossRef] [PubMed]

	



Koffie, R.M.; Hyman, B.T.; Spires-Jones, T.L. Alzheimer’s Disease: Synapses Gone Cold. Mol. Neurodegener. 2011, 6, 63. [Google Scholar] [CrossRef]

	



Fiandaca, M.S.; Kapogiannis, D.; Mapstone, M.; Boxer, A.; Eitan, E.; Schwartz, J.B.; Abner, E.L.; Petersen, R.C.; Federoff, H.J.; Miller, B.L. Identification of Preclinical Alzheimer’s Disease by a Profile of Pathogenic Proteins in Neurally Derived Blood Exo-Somes: A Case-Control Study. Alzheimers Dement. 2015, 11, 600–607. [Google Scholar] [CrossRef]

	



Saman, S.; Kim, W.; Raya, M.; Visnick, Y.; Miro, S.; Saman, S.; Jackson, B.; McKee, A.C.; Alvarez, V.E.; Lee, N.C.Y.; et al. Exosome-Associated Tau Is Secreted in Tauopathy Models and Is Selectively Phosphorylated in Cerebrospinal Fluid in Early Alzheimer Disease. J. Biol. Chem. 2012, 287, 3842–3849. [Google Scholar] [CrossRef]

	



Sinha, S.; Ansell-Schultz, M.; Civitelli, A.; Hildesjö, L.; Larsson, C.; Lannfelt, M.; Ingelsson, L.; Hallbeck, M. Alzheimer’s Disease Pathology Propagation by Exosomes Containing Toxic Amyloid-Beta Oligomers. Acta Neuropathol. 2018, 136, 41–56. [Google Scholar] [CrossRef]

	



Deng, Z.-B.; Poliakov, A.; Hardy, R.W.; Clements, R.; Liu, C.; Liu, Y.; Wang, J.; Xiang, X.; Zhang, S.; Zhuang, X.; et al. Adipose Tissue Exosome-like Vesicles Mediate Activation of Macrophage-Induced Insulin Resistance. Diabetes 2009, 58, 2498–2505. [Google Scholar] [CrossRef] [PubMed]

	



Wadey, R.M.; Connolly, K.D.; Mathew, D.; Walters, G.; Rees, D.A.; James, P.E. Inflammatory Adipocyte-Derived Extracellular Vesicles Promote Leukocyte Attachment to Vascular Endothelial Cells. Atherosclerosis 2019, 283, 19–27. [Google Scholar] [CrossRef] [PubMed]

	



Yan, C.; Tian, X.; Li, J.; Liu, D.; Ye, D.; Xie, Z.; Han, Y.; Zou, M.-H. A High-Fat Diet Attenuates AMPK A1 in Adipocytes to Induce Exosome Shedding and Nonalcoholic Fatty Liver Development in Vivo. Diabetes 2021, 70, 577–588. [Google Scholar] [CrossRef] [PubMed]

	



Amidfar, M.; de Oliveira, J.; Kucharska, E.; Budni, J.; Kim, Y.-K. The Role of CREB and BDNF in Neurobiology and Treatment of Alzheimer’s Disease. Life Sci. 2020, 257, 118020. [Google Scholar] [CrossRef] [PubMed]

	



Yiu, A.P.; Rashid, A.J.; Josselyn, S.A. Increasing CREB Function in the CA1 Region of Dorsal Hippocampus Rescues the Spatial Memory Deficits in a Mouse Model of Alzheimer’s Disease. Neuropsychopharmacology 2011, 36, 2169–2186. [Google Scholar] [CrossRef] [PubMed]

	



Bartolotti, N.; Bennett, D.A.; Lazarov, O. Reduced PCREB in Alzheimer’s Disease Prefrontal Cortex Is Reflected in Peripheral Blood Mononuclear Cells. Mol. Psychiatry 2016, 21, 1158–1166. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto-Sasaki, M.; Ozawa, H.; Saito, T.; Rösler, M.; Riederer, P. Impaired Phosphorylation of Cyclic AMP Response Element Binding Protein in the Hippocampus of Dementia of the Alzheimer Type. Brain Res. 1999, 824, 300–303. [Google Scholar] [CrossRef]

	



Pugazhenthi, S.; Wang, M.; Pham, S.; Sze, C.-I.; Eckman, C.B. Downregulation of CREB Expression in Alzheimer’s Brain and in Aβ-Treated Rat Hippocampal Neurons. Mol. Neurodegener. 2011, 6, 60. [Google Scholar] [CrossRef]

	



Vitolo, O.V.; Sant’Angelo, A.; Costanzo, V.; Battaglia, F.; Arancio, O.; Shelanski, M. Amyloid Beta -Peptide Inhibition of the PKA/CREB Pathway and Long-Term Potentiation: Reversibility by Drugs That Enhance CAMP Signaling. Proc. Natl. Acad. Sci. USA 2002, 99, 13217–13221. [Google Scholar] [CrossRef]

	



Chen, Z.; Sui, G.; Wang, L.; Yang, C.; Wang, F. High-Fat Diet Induced Hippocampal CREB Dysfunction, Cognitive Impairment and Depression-like Behaviors via Downregulation of Interleukin-2 in the Mice. Metab. Brain Dis. 2022, 37, 1163–1174. [Google Scholar] [CrossRef]

	



Wang, J.; Li, L.; Zhang, Z.; Zhang, X.; Zhu, Y.; Zhang, C.; Bi, Y. Extracellular Vesicles Mediate the Communication of Adipose Tissue with Brain and Promote Cognitive Impairment Associated with Insulin Resistance. Cell Metab. 2022, 34, 1264–1279.e8. [Google Scholar] [CrossRef] [PubMed]

	



Garzon, D.; Yu, G.; Fahnestock, M. A New Brain-Derived Neurotrophic Factor Transcript and Decrease in Brain-Derived Neu-Rotrophic Factor Transcripts 1, 2 and 3 in Alzheimer’s Disease Parietal Cortex. J. Neurochem. 2002, 82, 1058–1064. [Google Scholar] [CrossRef] [PubMed]

	



Peng, S.; Wuu, J.; Mufson, E.J.; Fahnestock, M. Precursor Form of Brain-Derived Neurotrophic Factor and Mature Brain-Derived Neurotrophic Factor Are Decreased in the Pre-Clinical Stages of Alzheimer’s Disease. J. Neurochem. 2005, 93, 1412–1421. [Google Scholar] [CrossRef] [PubMed]

	



Sun, C.; Liu, J.; Duan, F.; Cong, L.; Qi, X. The Role of the MicroRNA Regulatory Network in Alzheimer’s Disease: A Bioinformatics Analysis. Arch. Med. Sci. 2022, 18, 206–222. [Google Scholar] [CrossRef] [PubMed]

	



Gomaa, A.A.; Farghaly, H.S.M.; Ahmed, A.M.; Hemida, F.K. Intermittent Treatment with Apremilast, a Phosphodiesterase-4 In-Hibitor, Ameliorates Alzheimer’s-like Pathology and Symptoms through Multiple Targeting Actions in Aged T2D Rats. Int. Immunopharmacol. 2023, 117, 109927. [Google Scholar] [CrossRef] [PubMed]

	



McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical Diagnosis of Alzheimer’s Disease: Report of the NINCDS-ADRDA Work Group under the Auspices of Department of Health and Human Services Task Force on Alzheimer’s Disease. Neurology 1984, 34, 939–944. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Sokal, I.; Quinn, J.F.; Leverenz, J.B.; Brodey, M.; Schellenberg, G.D.; Kaye, J.A.; Raskind, M.A.; Zhang, J.; Peskind, E.R.; et al. CSF Tau/Abeta42 Ratio for Increased Risk of Mild Cognitive Impairment: A Follow-up Study. Neurology 2007, 69, 631–639. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Millard, S.P.; Peskind, E.R.; Zhang, J.; Yu, C.-E.; Leverenz, J.B.; Mayer, C.; Shofer, J.S.; Raskind, M.A.; Quinn, J.F.; et al. Cross-Sectional and Longitudinal Relationships between Cerebrospinal Fluid Biomarkers and Cognitive Function in People without Cognitive Impairment from across the Adult Life Span. JAMA Neurol. 2014, 71, 742–751. [Google Scholar] [CrossRef]

	



Siqueira, I.R.; de Souza Rodrigues, A.; Flores, M.S.; Vieira Cunha, E.L.; Goldberg, M.; Harmon, B.; Batabyal, R.; Freishtat, R.J.; Cechinel, L.R. Circulating Extracellular Vesicles and Particles Derived From Adipocytes: The Potential Role in Spreading MicroRNAs Associated With Cellular Senescence. Front. Aging 2022, 3, 867100. [Google Scholar] [CrossRef]

	



Langfelder, P.; Horvath, S. WGCNA: An R Package for Weighted Correlation Network Analysis. BMC Bioinform. 2008, 9, 559. [Google Scholar] [CrossRef]

	



Zhang, B.; Horvath, S. A General Framework for Weighted Gene Co-Expression Network Analysis. Stat. Appl. Genet. Mol. Biol. 2005, 4, 17. [Google Scholar] [CrossRef]

	



Bergeron, D.; Flynn, K.; Verret, L.; Poulin, S.; Bouchard, R.W.; Bocti, C.; Fülöp, T.; Lacombe, G.; Gauthier, S.; Nasreddine, Z.; et al. Multicenter Validation of an MMSE-MoCA Conversion Table. J. Am. Geriatr. Soc. 2017, 65, 1067–1072. [Google Scholar] [CrossRef]








[image: Ijms 24 14024 g001] 





Figure 1. Hierarchical clustering and principal component analysis plots comparing ad-sEV microRNA from patients with AD and non-AD controls. (A). The heatmap of the differentially expressed microRNAs identified in the ad-sEVs isolated from the CSF demonstrates almost complete separation of patients with AD (gray) and controls (black) along the y-axis on the left of the heatmap. The clustering of the differentially expressed miRNAs can be found along the top of this heatmap. The color bar represents the standardized expression of each microRNA to a mean of 0. Upregulated microRNAs have positive values and are displayed in red. Downregulated microRNAs have negative values and are displayed in blue. (B). The PCA plot from the CSF demonstrates that subjects cluster according to their disease state (AD vs. control). Each dot represents the overall microRNA expression of a single subject. Black represents control subjects, and gray represents subjects with AD. (C). The heatmap of the differentially expressed microRNAs identified in the ad-sEVs isolated from the serum demonstrates almost complete separation of patients with AD (gray) and controls (black) along the y-axis on the left of this heatmap. The clustering of the differentially expressed miRNAs can be found along the top of the heatmap. (D). The PCA plot from the serum demonstrates that subjects cluster together according to their disease state. 
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Figure 2. Pathway analysis of differentially expressed ad-sEV miRNA (AD vs. control). (A). Graphical summary of IPA analysis illustrating the predicted effects of differentially expressed cerebrospinal fluid (CSF) ad-sEV miRNAs. The analysis indicates downregulation of long-term potentiation and long-term synaptic depression, showing potential modulation of synaptic plasticity. Additionally, the downregulation of Cyclic AMP response element binding protein (CREB) 1 was observed. (B). Graphical summary of the predicted effects of differentially expressed serum ad-sEV miRNAs. This analysis showed downregulation of central nervous system development, cell maturation, neurite outgrowth, and long-term synaptic depression in neurons. (C). Diseases and functions annotations predicted by differentially expressed miRNA isolated from ad-sEVs in the CSF and serum. A positive z-score indicates predicted activation, and a negative z-score indicates predicted downregulation. (D). Pathway analysis revealed that the CREB signaling pathway was predicted to be downregulated by the microRNA in ad-sEVs isolated from CSF. In CSF ad-sEVs, 343 out of 584 molecules in CREB signaling were targeted by the differentially expressed miRNAs in AD patients vs. controls. * Denotes that multiple identifiers in the dataset map to a single gene in the global molecular network. 
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Figure 3. WGCNA analysis. miRNA dendrogram showing the co-expression modules in the differentially expressed miRNA isolated from ad-sEVs in the (A) CSF and (B) serum (AD vs. control FC ≥ |1.1|, p < 0.1). Highly correlated miRNAs are grouped into colored modules. Table of correlation between clinical traits and miRNA modules from the (C) CSF and (D) serum. Each row represents a miRNA module, and each column represents a clinical trait. 
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Table 1. Clinical and Demographics Data.
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	Alzheimer Disease

(n = 18)
	Controls (n = 14)
	p-Value





	Age (years)
	73 ± 8
	74 ± 9
	0.83



	Male sex (n, %)
	9 (50%)
	7 (50%)
	0.88



	Race/Ethnicity
	
	
	



	    White (n, %)
	17 (94%)
	13 (93%)
	n/a



	    Asian (n, %)
	1 (6%)
	1 (7%)
	n/a



	BMI, (kg/m2)
	24.8 ± 3.5
	25.8 ± 4.7
	0.52



	CDR® Score *
	1.25 ± 0.67
	0.04 ± 0.13
	<0.001



	MMSE
	18.8 ± 5.4
	n/a
	n/a



	MoCA
	n/a
	27.6 ± 2.5
	n/a



	CSF Aβ1–42, (pg/mL) *
	134.5 ± 38.0
	809.6 ± 241.8
	<0.001



	CSF Total Tau, (pg/mL)
	88.4 ± 62.2
	75.7 ± 24.0
	0.43







CSF Aβ1–42 = CSF level of amyloid beta 1–42. CDR® Score = Clinical Dementia Rating. MMSE = Mini-Mental State Exam. MoCA= Montreal Cognitive Assessment. All data are listed as mean ± standard deviation unless otherwise stated. * indicates results were significant with a p-value < 0.05.













 





Table 2. Concordant Pathways in Serum and CSF predicted by the Turquoise Module hub miRNAs.
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	Pathway Name
	CSF z-Score
	Serum z-Score





	CREB Signaling in Neurons
	−11.465
	−7.832



	Synaptogenesis Signaling Pathway
	−7.717
	−3.578



	Gustation Pathway
	−6.638
	−4.323



	GNRH Signaling
	−6.38
	−4.523



	Ephrin Receptor Signaling
	−6.14
	−2.846



	Oxytocin In Brain Signaling Pathway
	−6.114
	−3.781



	SNARE Signaling Pathway
	−5.921
	−2.795



	Synaptic Long-Term Depression
	−5.897
	−3.111



	Cholecystokinin/Gastrin-mediated Signaling
	−5.88
	−4.768



	Regulation of Actin-based Motility by Rho
	−5.692
	−2.711



	NGF Signaling
	−5.516
	−3.528



	Opioid Signaling Pathway
	−5.07
	−2.828



	ERBB Signaling
	−5.013
	−3



	Neurovascular Coupling Signaling Pathway
	−4.93
	−3.75



	GPCR-Mediated Nutrient Sensing in Enteroendocrine Cells
	−4.907
	−2.496



	GDNF Family Ligand-Receptor Interactions
	−4.747
	−3.578



	Neurotrophin/TRK Signaling
	−4.382
	−4.025



	Agrin Interactions at Neuromuscular Junction
	−4.315
	−2.183



	Endocannabinoid Developing Neuron Pathway
	−4.258
	−2.785



	Neuropathic Pain Signaling In Dorsal Horn Neurons
	−4.117
	−2.357



	CNTF Signaling
	−3.674
	−3.317



	Ephrin B Signaling
	−3.651
	−2.357



	ERB2-ERBB3 Signaling
	−3.402
	−2.183



	ERBB4 Signaling
	−3.272
	−2.673



	Oxytocin In Spinal Neurons Signaling Pathway
	−3.207
	−2.53



	Neuroinflammation Signaling Pathway
	−3.161
	−3.597



	CDK5 Signaling
	−3.015
	−4.017



	Dopamine Receptor Signaling
	−2.714
	−2.236



	Dopamine-DARPP32 Feedback in cAMP Signaling
	−2.534
	−3.333
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