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Abstract

:

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder with a complex pathophysiology. Type 2 diabetes (T2D) is a strong risk factor for AD that shares similar abnormal features including metabolic dysregulation and brain pathology such as amyloid and/or Tau deposits. Emerging evidence suggests that circulating branched-chain amino acids (BCAAs) are associated with T2D. While excess BCAAs are shown to be harmful to neurons, its connection to AD is poorly understood. Here we show that individuals with AD have elevated circulating BCAAs and their metabolites compared to healthy individuals, and that a BCAA metabolite is correlated with the severity of dementia. APPSwe mouse model of AD also displayed higher plasma BCAAs compared to controls. In pursuit of understanding a potential causality, BCAA supplementation to HT-22 neurons was found to reduce genes critical for neuronal health while increasing phosphorylated Tau. Moreover, restricting BCAAs from diet delayed cognitive decline and lowered AD-related pathology in the cortex and hippocampus in APP/PS1 mice. BCAA restriction for two months was sufficient to correct glycemic control and increased/restored dopamine that were severely reduced in APP/PS1 controls. Treating 5xFAD mice that show early brain pathology with a BCAA-lowering compound recapitulated the beneficial effects of BCAA restriction on brain pathology and neurotransmitters including norepinephrine and serotonin. Collectively, this study reveals a positive association between circulating BCAAs and AD. Our findings suggest that BCAAs impair neuronal functions whereas BCAA-lowering alleviates AD-related pathology and cognitive decline, thus establishing a potential causal link between BCAAs and AD progression.
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1. Introduction


Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder ranking as the sixth leading cause of mortality in the US affecting over 5 million Americans [1]. Unfortunately, no cure or effective treatments currently exist that can slow down the progression of AD. It is well established that Type 2 diabetes (T2D) is a strong risk factor for AD development [2]. Since these diseases share a number of key abnormal features such as insulin resistance, hyperglycemia, inflammation, and vascular dysfunction [3], it is reasonable to speculate that any perturbed neural and/or nutrient and related hormonal regulations observed in T2D may also underlie the pathophysiological characteristics found in AD.



Branched-chain amino acids (BCAAs; leucine, isoleucine, valine) are essential amino acids we need to obtain from our diet. They are elevated in obesity and T2D independent of protein intake [4,5,6,7], and are found to be the earliest predictive marker for future risk of T2D [8]. More recent findings in both human and animal studies suggest that BCAAs can impair insulin sensitivity and glycemic control [9,10,11,12,13,14,15]. Interestingly, current literature supports an important role of BCAAs in brain functions as well. Supplementation with BCAAs or their derived metabolites can induce neural oxidative stress [16,17] and mitochondrial dysfunction [18,19]. In support of these findings, individuals with maple syrup urine disease (MSUD), a rare genetic disorder that causes a mutation in genes encoding branched-chain α keto-acid dehydrogenase (BCKDH) complex, the rate-limiting enzyme in BCAA degradation pathway, have nearly 10-fold higher BCAAs and their toxic keto-acids in plasma compared to healthy controls [20,21], leading to serious neurological impairments.



Further evidence correlating BCAAs to brain function comes from the observation that the enzyme branched-chain aminotransferase (BCAT) converts BCAAs to glutamate, an excitatory neurotransmitter [22]. Moreover, BCAAs compete for the same large amino acid transporter (LAT) with aromatic amino acids like phenylalanine, tyrosine, and tryptophan—the precursors of neurotransmitters like dopamine, norepinephrine, and serotonin [23]. Thus, excess circulating BCAAs may lead to production of too much glutamate in the brain that can contribute to excitotoxicity, as well as trigger a significant imbalance and reduction of some key neurotransmitters. Lastly, hyperactivation of mTOR signaling is linked to AD and has been shown to impair insulin signaling both in the periphery and the brain [6,24,25,26]. This is supported by a recent study from Caccamo and colleagues [27] that showed Tg2576 mice lacking one copy of mTOR restored brain insulin signaling that was accompanied by improved memory and decreased Aβ and Tau proteins. It is important to emphasize that leucine is a potent stimulator of mTOR [28]. Interestingly, all of these neuronal and cellular defects that can be triggered by BCAAs represent the main pathological features of AD. This lends further support to the concept that defective BCAA control seen in T2D may also exist in AD, however our current knowledge on the role of BCAAs and their metabolism in the onset of AD is poorly understood. In addition, a limited number of studies reveal conflicting reports on the association between BCAAs and AD [29,30,31,32,33,34,35,36,37,38,39,40], making it imperative to investigate this relationship further.



In the present study, we sought to determine the role of BCAAs in the pathogenesis of AD. To this end, serum samples from older individuals with or without AD were obtained through Texas Alzheimer’s Disease Research Care Consortium (TARCC). Samples from patients with T2D alone or T2D in conjunction with AD were also acquired to assess BCAA-related metabolic signatures and examine the relative changes between different disease conditions. BCAA metabolism was further studied in a widely used APPSwe transgenic mouse model to determine plasma BCAA levels and their degradation efficiency in liver, an organ with highly active BCAA breakdown as previously shown by our group and others [41,42]. To better understand the role of BCAAs and begin to establish a potential mechanistic link to AD-related pathology and cognitive deficits, HT-22 hippocampal neuronal cell line was used to investigate the effects of BCAA supplementation on the regulation of genes commonly found to be impaired in AD. Lastly, in vivo experiments with two widely used transgenic mouse models of AD—APP/PS1 and 5xFAD—were conducted to test whether a dietary or pharmacological approach that lowers plasma BCAAs can alleviate AD progression.




2. Materials and Methods


2.1. Human Data Collection


Serum samples from either healthy males or males with AD, T2D, or T2D+AD (age ≥ 60 years old; n = 10/group) were obtained from the Texas Alzheimer’s Disease Research Care and Consortium (TARCC) [43,44]. Scores for CDR and Mini-Mental State Examination (MMSE) for the participants were obtained from TARCC.




2.2. Animals


Three popular transgenic mouse models of AD were used in this study: APPSwe mice that overexpress a mutant form of APP with the Swedish mutation (Tg2576; Charles River Laboratories); APP/PS1 mice that overexpress chimeric mouse/human APP and a mutant human presenilin 1 (B6;C3-Tg(APPSwe,PSEN1dE9)85Dbo/Mmjax; The Jackson Laboratory; Stock # 34829); 5xFAD mice that overexpress human APP with Swedish (K670N, M671L), Florida (I716V), and London (V717l) mutations and human presenilin 1 with two mutations (B6SJL-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax; The Jackson Laboratory; Stock # 34840). APPSwe and littermate W T mice were group-housed while APP/PS1, 5xFAD, and the corresponding littermate WT mice were single-housed due to their aggressive nature. All animals except APP/PS1 and WT mice were provided ad libitum with a regular chow diet (22% protein, 63% carbohydrate, and 15% fat; Cat # 5V5R; LabDiet) and water unless otherwise stated. All mice were housed in the animal facility room with a temperature of 23 ± 2 °C and 12:12 h light/dark cycle. All studies were conducted in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals, and the protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at Texas Tech University.




2.3. Validation of BCAA Metabolism in AD Mouse Model


8-month-old male APPSwe (n = 13) and WT mice (n = 7) were euthanized after overnight fasting and blood was collected in EDTA-coated tubes via cardiac puncture, and plasma was separated by centrifugation to detect BCAA levels. Liver and other tissues were harvested, snap-frozen in liquid nitrogen, and stored at −80 °C to examine BCAA catabolism as described below.




2.4. BCAA Restriction Experiment


11-month-old APP/PS1 and WT mice were first subjected to Y-maze to assess their cognitive function at baseline and to blood collection from tail nick for BCAA measurement. Basal blood glucose was also monitored by a hand-held glucometer (AlphaTRAK2) following 4 h fast. Then, the animals were placed on either a purified control diet or a control diet with BCAA restriction for two months (WT control, n = 10 (5 M, 5 F); WT BCAA restriction, n = 10 (5 M, 5 F); APP/PS1 control, n = 8 (5 M, 3 F); APP/PS1 BCAA restriction, n = 8 (5 M, 3 F)). For BCAA restriction, 50% of the BCAAs (leucine, isoleucine, valine) was removed from the control diet. The limited amount of BCAAs and treatment duration are based on a recent study [4,5]. The custom diet with restricted BCAAs (Research Diet) was iso-caloric and iso-nitrogenous to the control diet. Both diets were made from purified sources with accurately measured ingredients from the vendor, and details on the nutritional composition of both diets are shown in Table 1. Weekly food intake and body weight (twice per week) were monitored to observe any changes in energy balance that may be brought about by limited BCAA intake. At the end of two months, we performed Y-maze again with these mice to detect any post-treatment effects on cognitive function. A couple days later, they were sacrificed after 4 h fasting by isoflurane overdose and cervical dislocation. Trunk blood collected at sacrifice was not usable due to heavy hemolysis. Brain was harvested fresh, and the neocortex and hippocampus were separated quickly in an ice-cold PBS solution. Micropunches were taken from both brain regions for monoamine analysis, and the rest of the cortical and hippocampal tissues were kept frozen in −80 °C for protein and gene analyses. Liver and other tissues were harvested, snap-frozen in liquid nitrogen, and stored at −80 °C to examine BCAA catabolism.




2.5. BT2 Experiment


6–8-week-old WTs or 5xFAD male mice were separated into four groups: WT vehicle (n = 6), WT BT2 (n = 6), 5xFAD vehicle (n = 4), and 5xFAD BT2 (n = 4). After checking blood glucose and collecting tail blood at baseline after 2.5 h fasting, animals were injected with BT2 (40 mg/kg ip; Millipore Sigma, Cat # 34576-94-8), a BCAA-lowering compound, daily in the morning for 30 consecutive days. The dose is based on what has been used in previous studies that demonstrated an effective lowering of plasma BCAAs in rodents in the context of normal, insulin resistance/diabetes, or heart failure models [12,15,45,46,47]. Treatment duration ranges from 1 week to 7–8 weeks depending on studies, so we speculated that 30 days treatment would be safe and likely be able to show positive effects if BCAA-lowering is indeed a critical mechanism in delaying AD pathophysiology. BT2 was dissolved in DMSO, then diluted to a final concentration of 5% DMSO, 10% Cremophor EL, and 85% 0.1 M sodium bicarbonate, at pH 9 for delivery. Daily body weight and weekly food intake were monitored during the treatment. At the end of 30 days, mice were euthanized using isoflurane overdose followed by cervical dislocation. Brain was harvested fresh, and the neocortex and hippocampus were separated quickly in an ice-cold PBS solution. Micropunches were taken from both brain regions for monoamine analysis, and the rest of the cortical and hippocampal tissues were kept frozen in −80 °C for protein and gene analyses. Blood was also collected at sacrifice for BCAA measurements.




2.6. HT-22 In Vitro Experiment


The immortalized mouse hippocampal neuronal HT-22 cells were purchased from Millipore Sigma, Burlington, MA, USA, Cat # SCC129. These neuronal precursors were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA, Cat # 11995073) supplemented with 10% fetal bovine serum (Sigma-Aldrich, Inc., St. louis, MO, USA Cat # SH30071.03), 1% Penicillin-Streptomycin Solution (Sigma, St. Louis, USA, Cat # A5955) at 37 °C and 5% (v/v) CO2. Before BCAA supplementation, 80% confluent HT-22 cells were differentiated in B-27™ Plus Neuronal Culture System media (Thermo Fisher Scientific, Waltham, MA, USA, Cat # A3653401) for 24 h. All treatments were performed in differentiation media. To test the role of BCAAs on mature neurons, differentiated HT-22 neurons were supplemented with 0, 1, 5, or 10 mM of BCAAs (Millipore Sigma, Burlington, MA, USA; L-Leucine, Cat # 61819; L-Isoleucine, Cat # 58879; L-Valine, Cat # 94619) for 24 h. These doses were selected based on our pilot data on AD mice and others’ findings [48,49,50] that BCAA levels in the cerebrospinal fluid (CSF) are lower by about 10–20 fold compared to those found in plasma, thereby allowing us to estimate that a concentration between 5 and 10 mM in the culture media would lead to 500–900 µM of BCAAs in neuronal cells, similar to the levels found in AD mouse brain. Following treatment, HT-22 neurons were harvested for gene expression analysis by RT-qPCR. Genes involved in mitophagy, autophagy, mitochondrial biogenesis, synapse formation, mitochondrial dynamics, and retromer trafficking were determined. Protein was also extracted to probe GSK3β and Tau proteins. In a separate cohort, we sought to assess potential detrimental effects of BCAA supplementation on glucose metabolism as this is a reliable readout for neuronal health. To this end, 10 mM of BCAAs was supplemented since this was found to be the most effective dose of BCAAs in impairing the neuronal functions as described above. HT-22 cells were differentiated into mature neurons and were treated with 0 or 10 mM of BCAAs for 24 h. Another group of HT-22 neurons was treated with 25 mM glucose, an established neurotoxicity in vitro model, for 24 h to compare the effects of BCAA supplementation. Then, cells were harvested and processed for analysis of genes relevant to glycolytic pathway and inflammation.




2.7. Y-Maze Behavioral Test


Y-maze comprised three arms at 120° angles. The arms were designated as ‘A’, ‘B’, and ‘C’. Before starting a testing session, a data acquisition system (ANY-maze video tracking system) was set up to properly track a mouse in the maze. At a time, a single mouse was placed into one of the arms in the Y-maze facing the center. The mouse was allowed to explore the maze freely for 2 min. Once the session was complete, the mouse was gently returned into its home cage. The Y-maze was cleaned thoroughly between each trial with 70% ethanol and water. Once all mice had completed the exploration of the Y-maze, spontaneous alternation (SA) was calculated with the following formula:


% SA = # SA/(total # of arm entries − 2) × 100



(1)








2.8. Quantification of Brain Monoamines


Micropunched samples from the cortex and hippocampus were homogenized in 200 µL of 0.05 M perchloric acid using a Kontes electrical homogenizer (Kontes, Vineland, NJ, USA). An aliquot of the homogenate was saved for the BCA protein assay (Pierce Biotechnology, Rockford, IL, USA). The remaining homogenate was centrifuged at 18,000× g for 7 min. Then, 15 µL of the supernatant was injected into the High Performance Liquid Chromatography system with 0.05 M DHBA as the internal standard. We used a Shimadzu Prominence UFLC system (Shimadzu, Columbia, MD, USA), a C-18 reverse phase 5 µm ODS column (Phenomenex, Torrance, CA, USA) and a dual glassy carbon electrode connected to a BAS LC-6C detector (BASi, West Lafayette, IN, USA). A RE-6 Ag/AgCl reference electrode set at 0.65 V was used and the range of the detector was 1 nA. Chromatograms were analyzed using Class-VP software Version 7.4-SP3. Concentration of monoamine neurotransmitters and their metabolites (i.e., Norepinephrine, NE; Dopamine, DA; DOPAC; Serotonin, 5-HT; 5-HIAA) was normalized by the protein concentration of a sample and was expressed as pg/µg protein.




2.9. Untargeted Metabolomics


Human serum samples were prepared by the following procedures. First, methanol as an organic solvent was mixed with serum, then, chloroform was added. To separate the aqueous fraction from organic phase, water was added and followed by centrifugation. Afterwards, the aqueous phase (top layer) was separated for metabolite analysis. Next, the liquid chromatography-mass spectrometry (LC-MS/MS) analysis was performed using ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.7 µm, 130 A) with a 25 min gradient for metabolites analysis. The MS analysis was performed using Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in both positive and negative ion modes with the full-scan MS (m/z 50-7500) and MS/MS by HCD using stepped collision energy of 20–60%. The data analysis for identification and quantification of metabolites including BCAAs, their keto acids, and oxidized metabolites was done by Compound Discoverer 3.1 software.




2.10. BCAA Assay


To measure plasma BCAA levels in AD or WT mice, a spectrophotometric assay that measures NADH generated from BCAA oxidation was used as previously described [51]. Briefly, 7 leucine standards were prepared by adding leucine into ddH2O at a concentration of 100, 200, 400, 600, 800, 1000, and 2000 µM. For 10 mL of reaction buffer, 1 mL of 0.1 M glycine (pH 10.5), 1 mL of 0.1 M KCl (pH 10.5), and 1 mL of 0.1 M KOH (pH 10.5) were added to 7 mL of ddH2O. Additionally, for every 10 mL of buffer, 0.1 mL of 0.2 M EDTA (pH 8) was added. The above calculation was scaled up or down depending on the number of samples given that 270 µL of buffer was added to each well of a 96 well plate. Finally, the pH of the solution was kept between 10.5 and 10.7. NAD solution was made by adding 20 mg of NAD in 251 µL of sodium carbonate (pH 10.7). 10 µL of the sample or standard was added, followed by 10 µL of freshly prepared NAD to 270 µL of buffer except for the blank. Background absorbance was taken at 340 nm afterwards. After adding 10 µL of leucine dehydrogenase (200 U/mL) to each well, the 96-well plate was incubated in the dark for 30 min and reaction absorbance was taken at 340 nm. After subtracting the values of background from those of reaction, a standard curve was made, and BCAA concentrations from samples were calculated accordingly and expressed in μM.




2.11. Western Blots


Harvested HT-22 cells, brain, or liver tissues were homogenized in radioimmune precipitation assay (RIPA) buffer (Cell Signaling, Danvers, MA, USA, Cat # 9806) with a protease inhibitor. Protein from the homogenized mixture was extracted after a two-step centrifugation process (5 min at 5000 rpm and 15 min at 13,000 rpm) and measured by bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Waltham, MA, USA, Cat # 23225). 30 μg protein extracts were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred on to a polyvinylidene difluoride (PVDF) membrane, blocked by 5% non-fat milk in TBST for an hour followed by overnight incubation with a primary antibody for BCATm (Abcam, Waltham, MA, USA, Cat # ab95976), BCKDH (Abcam, Cat # ab138460), BCKDH kinase (Abcam, Cat # ab128935), pGSK-3α/β (Ser21/9) (Cell Signaling, Danvers, MA, USA, Cat # 9331S), GSK-3α/β (Cell Signaling, Cat # 5676S), pTau S202 (Abcam, Cat # ab108387), pTau S396 (Abcam, Cat # ab109390), pTau T205 (Thermo Fisher Scientific, Waltham, MA, USA, Cat # 44-738G), Tau (Cell Signaling, Cat # 30328), Aβ-42 (Cell Signaling, Cat # 8243S), PSD95 (Cell Signaling, Cat # 2507S), IDE (Invitrogen, Waltham, MA, USA, Cat # PA5-29349), TH (Cell Signaling, Cat # 58844) or GAPDH (Cell Signaling, Cat # 2118S) at 1:1000 dilution. To visualize protein bands, the membrane was immunoblotted with appropriate secondary antibody conjugated with horseradish peroxidase (1:4000 dilution) and treated with clarity western ECL substrate reagent (Bio-Rad, Hercules, CA, USA, Cat # 170-5061). ImageJ software was used for the quantification of protein bands.




2.12. ELISA


A commercially available ELISA kit (ThermoFisher Scientific, Waltham, MA, USA, Cat # KHB3442) was used to measure recombinant human Aβ-42 in the neocortex of WT and APP/PS1 mice in BCAA restriction experiment. Per the manufacturer’s instructions, proteins from cortical tissues were first extracted with the lysis buffer solution containing guanidine hydrochloride before running the assay for detection of human Aβ-42. The sensitivity of the assay was 15.6 pg/mL. Cortical human Aβ-42 could not be measured in BT2 experiment because the whole neocortex tissues were already used for Western blots.




2.13. Real-Time Quantitative PCR (RT-qPCR)


Total RNA was extracted either from the cells or tissues using the RNeasy® Plus Universal Mini Kit (Qiagen, Germantown, MD, USA, Cat # 73404). cDNA was synthesized from 1 μg total RNA using the iScriptTM Reverse Transcription Supermix (Biorad, Cat # 1708841). cDNA was diluted 1:20 with nuclease-free water and stored at −20 °C. cDNA, at a final concentration of 5 ng/µL, was amplified using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, Cat # 172-5271). The RT-qPCR reaction mix had a final volume of 20 µL: 25 ng of cDNA, 450 nM of the forward and reverse primers, and 10 µL of 1X SYBR Green. Real-time qPCR was performed in a Bio-Rad CFX RT-PCR detection system. The relative mRNA expression was determined using the ΔΔCt method, while GAPDH or beta-2 microglobulin (B2M) gene was used as a reference gene. Primers used in this study are listed in Table 2.




2.14. Statistical Analysis


Human serum BCAAs and their metabolites, plasma BCAAs and hepatic enzymes in APPSwe and WT mice, and plasma BCAAs from BCAA restriction experiment were analyzed by student’s t-test. Correlation test was performed for the associations between BCAA-derived metabolites and CDR scores or MMSE scores, and Pearson correlation coefficient was calculated. Blood glucose, plasma and cortical BCAAs and Y-maze results in BCAA restriction experiment, proteins and mRNAs in liver, hippocampus, or cortex in both BCAA restriction and BT2 experiments, and mRNAs in HT-22 cells were analyzed by two-way ANOVA to evaluate the effect of treatment, genotype, and interaction, followed by Tukey’s post hoc test. For monoamines in the hippocampus and cortex, two comparisons were made (WT veh vs. 5xFAD veh; 5xFAD veh vs. 5xFAD BT2) for which Bonferroni-adjusted multiple comparison tests were performed with p value set at less than 0.025. Body weight and food intake in both BCAA restriction and BT2 experiments, and blood glucose in BT2 experiment were analyzed by repeated measures ANOVA followed by Bonferroni post hoc test. Data are expressed as Mean ± SEM. Significant difference between groups was set at p < 0.05. Statistical software GraphPad Prism 9 was used to analyze the data.





3. Results


3.1. Serum BCAAs and Their Metabolites Are Associated with AD


To first determine a possible link between circulating BCAA levels and AD, serum samples from male individuals with AD or BMI- and age-matched healthy individuals were analyzed through untargeted metabolomics by LC-MS (Supplementary Table S1). From 95 metabolites that are found to be differentially regulated, Compound Discoverer database identified BCAA metabolism as one of the most affected biological pathways in AD patients. As shown in Figure 1A, all BCAAs including leucine, isoleucine, and valine as well as their derivatives such as keto-isocaproate (KIC; metabolite of leucine) and keto-isovalerate (KIV; metabolite of valine) were significantly higher in AD group compared to those in healthy controls, with an increase ranging from 20–50%. Importantly, other amino acids in the serum except for phenylalanine were not different between healthy and AD individuals (Supplementary Table S2). T2D is known to share several abnormal features with AD, and it is now widely accepted that systemic BCAA levels are elevated in insulin-resistant or diabetic state [4,5,6,7,8,52]. To test if having both conditions magnify BCAA-raising effects, samples from patients with T2D or T2D+AD were also obtained and subjected to metabolomics platform. Serum BCAAs (100–180%) and their oxidized intermediates including 3-methylglutarylcarnitine (HMG; metabolite of leucine; 60%) and methylmelonate semialdehyde (MMSA; metabolite of valine; 120%) were significantly elevated in T2D group compared to those in healthy control group as expected (Figure 1B). Interestingly, individuals with both T2D and AD displayed even higher levels of leucine (60%) and its metabolite HMG (35%), glutamate (80%), and oxidized metabolites of valine such as 2-methylbutyryl (2-MB; 65%), MMSA (60%), and 3-hydroxypropanoate (3-HP; 40%) compared to individuals with T2D alone (Figure 1C), suggesting an association between BCAAs and AD that extends beyond the effect of T2D. To examine this relationship further, we obtained Clinical Dementia Rating (CDR) and Mini-Mental State Examination (MMSE) scores from the same healthy and AD individuals and conducted a correlation analysis between the scores and the serum levels of BCAA-related metabolites. The sum of CDR scores ranges from 0 (normal) to 18 (severe dementia), and in MMSE a score between 25–30 points to normal cognition and a score less than 12 indicates severe dementia. While the results from either test do not strictly confirm the presence or development of AD, they do reflect the neuropsychological symptoms and the severity of dementia that can be found in neurodegenerative disorders like AD. While 2-methylbutyrylcarnitine (2-MBC), a metabolite of isoleucine, showed a non-significant association with both CDR scores (r = 0.53) and MMSE scores (r = −0.46; not shown), another metabolite of isoleucine, sotolone, was found to be significantly, and inversely correlated with MMSE scores (r = −0.56, p < 0.05; Figure 1D). Collectively, these findings strongly suggest that circulating BCAAs and/or their metabolites are positively associated with AD progression and/or related cognitive impairment in humans.




3.2. BCAA Catabolism Is Impaired in APPSwe Transgenic Mice


Transgenic familial AD mice share remarkable similarities with humans in regard to the formation of amyloid plaques and/or neurofibrillary tangles and related cognitive decline, thus serving as a convenient tool to study the disease pathophysiology [53]. APPSwe mouse (also known as Tg2576) is one of the most widely used mouse models of AD that overexpresses human amyloid precursor protein (APP) containing Swedish mutation and shows a cognitive impairment as early as 6 months of age [54]. We measured plasma BCAA levels from 8-month-old APPSwe mice to determine if a relationship similar to what we observed in humans exists in these mice. Indeed, plasma BCAAs were significantly elevated in APPSwe mice compared to WT controls (Figure 2A), establishing the basis to use transgenic AD mice such as this model to further investigate the disease progression and its underlying mechanisms. We and others have previously shown that circulating BCAA levels are regulated primarily by hepatic BCAA catabolism [41,42]. Branched-chain α-ketoacid dehydrogenase (BCKDH) is the rate-limiting enzyme in BCAA breakdown that becomes inactive when phosphorylated by BCKDH kinase [41]. Protein analysis from liver demonstrated significantly higher pBCKDH in APPSwe mice compared to that in WTs, and so was the inactivity index as expressed by pBCKDH/BCKDH ratio (Figure 2B,C). In support of these results, APPSwe mice also showed higher protein expression of BCKDH kinase without affecting the first enzyme in BCAA degradation pathway, branched-chain aminotransferase (BCAT; Figure 2D). This is further confirmed by a markedly increased mRNA of hepatic BCKDH kinase in APPSwe mice (Figure 2E). Altogether, these data suggest that the association between high circulating BCAA levels and AD extends to a transgenic mouse model such as APPSwe, and that this may be primarily due to impaired hepatic BCAA catabolism in AD.




3.3. BCAA Supplementation Induces AD-Like Changes and Disrupts Cellular Functions in HT-22 Neurons


Elevated systemic levels of BCAAs and their metabolites in AD raise a possibility that BCAAs and AD are causally linked. To test this, 0, 1, 5, or 10 mM of a mixture of BCAAs (leucine, isoleucine, valine) was supplemented to differentiated HT-22 hippocampal neurons for 24 h. Middle and high doses were used to target BCAA concentrations found in an AD mouse brain (See Section 2). Our in vitro results showed that BCAA exposure dose-dependently downregulates mRNA of neuronal health markers such as LC3A (autophagy), NRF1 (mitochondrial biogenesis), PSD 95 (synapse formation), as well as OPA1, Mfn1, and Mfn2 (mitochondrial fusion; Figure 3A). It is important to note that these genes are among the ones commonly found to be impaired in AD brain, and these impaired neuronal functions in AD are clearly demonstrated by increased oxidative stress and a dramatically reduced synaptogenesis and ATP production [55,56]. Moreover, we observed a significant increase in pTau in BCAA-treated HT-22 neurons compared to that in vehicle-treated neurons (Figure 3B,C), and this is most likely attributed to a significant decrease in phosphorylated, inactive state of GSK3β (Figure 3D), an enzyme responsible for phosphorylating Tau protein that leads to formation of paired helical filaments (PHF) and neurofibrillary tangles (NFT). Neurons have a high demand for glucose for functions including synthesis of ATP and neurotransmitters [57], thus making proper glucose metabolism crucial for the overall health and communication between neurons. In line with this, glucose metabolic defect has been often observed in AD brain and neurons [58,59]. To further understand the detrimental effects of BCAA exposure on neuronal function and establish a mechanistic link to AD, we treated differentiated HT-22 neurons with BCAAs and examined the glycolysis pathway. A significant downregulation of genes responsible for mitochondrial biogenesis and fusion as well as synapse formation was verified in an independent cohort (Figure 3E). As expected, BCAA supplementation for 24 h was enough to dramatically lower mRNAs that encode enzymes involved in glycolysis, including the rate-limiting enzymes hexokinase and pyruvate kinase (Figure 3F). Interestingly, the harmful effects of BCAAs followed those from a high-glucose treatment, a widely used in vitro neurotoxicity model for establishing neuronal stress, disrupted cellular metabolism, and apoptosis [60,61,62]. In agreement with BCAA-induced neuronal dysfunction, mRNA abundance of pro-inflammatory mediators TNF-α and IL-6 was markedly increased compared to vehicle-treated HT-22 neurons (Figure 3G,H). These findings support the concept that BCAAs may cause multiple neuronal dysfunctions as commonly observed in AD at least partly by impairing cellular glycolytic and bioenergetic pathways in neurons.




3.4. BCAA-Restriction Diet Delays Onset of Cognitive Decline in APP/PS1 Mice


Given the dose-dependent downregulation of neuronal health markers and upregulation of pTau by BCAA supplementation, it is possible that BCAAs are causally linked to AD development. Considering already elevated plasma BCAA levels in AD, we determined that limiting BCAA consumption rather than providing more BCAAs would be a more physiological approach to test the hypothesis. To this end, WTs and APP/PS1 transgenic mice were placed on either a control diet or a customized diet that is deficient of individual BCAAs by 50% for two months. The special diet was formulated to restrict the amount of all three BCAAs while being iso-caloric and iso-nitrogenous compared to the control diet (Table 1). We predicted that if BCAAs are indeed a significant contributor to AD pathogenesis, then lowering BCAA intake would at least partly slow down the disease progression. APP/PS1 mice displayed a tendency of higher plasma BCAA levels compared to WTs before dietary treatment (Figure 4A), thus confirming our earlier data from APPswe mouse model. BCAA levels from the mouse cortex were not different between groups (Supplementary Figure S1) which is in agreement with no change in BCAAs in cortical homogenates from 3xTg AD mice placed on a normal chow or BCAA restriction diet [63]. Diet change did not affect body weight or food intake for the entire treatment duration (Figure 4B,C). Metabolic dysregulation such as insulin resistance or impaired glycemic control is often associated with AD [64,65]. While there was no difference in blood glucose between groups at baseline, after two months we observed a significantly increased blood glucose in control diet-fed APP/PS1 mice compared to that in WT controls, as well as their own baseline (main effect of treatment: F(1,32)= 4.24, p = 0.047; interaction: F(1,32) = 7.59, p = 0.0096; Figure 4D). Interestingly, BCAA restriction was able to prevent the rise of blood glucose in APP/PS1 mice (Figure 4D). Next, we determined the effects of limiting BCAA intake on the cognitive function in these mice. Y-maze (Figure 4E) is a widely used behavioral test to assess working memory. APP/PS1 mice did not show any differences in spontaneous alternation compared to WTs at baseline, most likely because they were not old enough to show any cognitive dysfunction (ex. spatial learning) which usually occurs between 12–13 month of age (Figure 4F). As expected, they displayed poor memory after two months on a control diet as evidenced by lower spontaneous alternation, but APP/PS1 mice on BCAA-restricted diet resisted the decline and they were not different from WT mice on either diet (main effect of genotype: F(1,31) = 8.39, p = 0.007; Figure 4F). To rule out the possibility that the behavioral outcome induced by BCAA restriction is partly due to changes in the mobility or distraction of the animals, we carefully examined the total distance (Figure 4G), freezing time (Figure 4H), number of entries (Figure 4I), and mean speed (Figure 4J), and none of the parameters were found to be markedly different between groups. These results suggest that restricting BCAA consumption substantially delays AD progression independent of changes in energy balance, and this cognitive benefit is associated with improved glycemic control.




3.5. BCAA-Restriction Diet Lowers AD-Related Pathology and Restores Neurotransmitter Levels in the Cortex and Hippocampus in APP/PS1 Mice


To understand possible mechanisms by which limiting BCAA intake slows down AD development, we focused on examining key markers of AD-related brain pathology and neurotransmitter levels in the hippocampus and cortex as an indicator of neuronal damage and health (Figure 5A). BCAA-restricted APP/PS1 mice had a significantly lower ratio of pBCKDH to BCKDH in liver compared to control diet-fed APP/PS1 mice (main effect of treatment: F(1,20) = 4.38, p = 0.049; main effect of genotype: F(1,20) = 8.59, p = 0.008; Figure 5B), indicating enhanced hepatic BCAA catabolism that would likely lower circulating BCAAs [42,46]. However, the inactivity index was not different in the cortex across groups (Figure 5C). Next, we assessed amyloid peptide and phosphorylated Tau levels in the cortex as these are considered to be the primary culprits driving AD progression. APP/PS1 mice fed BCAA-restricted diet displayed lower Aβ-42 levels compared to the group on a control diet, although it was not statistically significant (main effect of genotype: F(1,19) = 5.42, p = 0.03; Figure 5D). In keeping with this finding, while APP/PS1 controls showed a markedly decreased protein expression of insulin-degrading enzyme (IDE), the enzyme known to break down amyloid peptide, BCAA restriction completely reversed it (main effect of treatment: F(1,20) = 4.89, p = 0.039; main effect of genotype: F(1,20) = 8.47, p = 0.008; interaction: F(1,20) = 9.87, p = 0.005; Figure 5E). Furthermore, limiting BCAA intake tended to reverse the highly phosphorylated state of Tau at Thr205, but not at Ser202 or 396, in APP/PS1 mice compared to those fed a control diet (main effect of genotype: F(1,20) = 14.46, p = 0.001; interaction: F(1,20) = 14.72, p = 0.001; Figure 5F–I). Contrary to what we expected based on the effects of BCAA supplementation on HT-22 hippocampal neurons, PSD95 protein was not increased in BCAA-restricted APP/PS1 mice compared to control diet-fed counterparts or WTs (Figure 5J). Neuroinflammation induced by microglia is thought to be primarily triggered by soluble Aβ oligomers [66] and play a central role in promoting formation of Tau pathology [67,68,69]. APP/PS1 mice fed BCAA-restricted diet displayed no significant differences in pro-inflammatory markers such as TNF-α and IL-6 and Aβ-degrading enzymes including IDE and neprilysin (Figure 5K). Sufficient neurotransmitter (NT) synthesis or concentration is essential for the overall brain health, and lower monoaminergic neurotransmitters such as norepinephrine (NE), dopamine (DA), and serotonin (5-HT) are observed in AD brains [70,71,72,73]. With more recent studies demonstrating that lower NT levels or degeneration of NT-synthesizing neurons are often observed in the early phase of AD development [72,74,75,76], preventing or reversing the neuronal deterioration is expected to alleviate AD progression and related symptoms. Indeed, control diet-fed APP/PS1 mice showed significantly reduced levels of DA and its metabolite DOPAC, and a non-significant reduction in NE and 5-HT in the hippocampus (DA—main effect of genotype: F(1,30) = 4.50, p = 0.042; interaction: F(1,30) = 7.87, p = 0.008; NE—main effect of genotype: F(1,31) = 7.67, p = 0.009) and cortex (DOPAC—interaction: F(1,30) = 4.32, p = 0.046; NE—main effect of genotype: F(1,32) = 23.98, p = 0.0001) compared to WTs, but BCAA restriction for two months was able to improve the NT concentrations in both brain regions, most notably DA and DOPAC (Figure 5L,M). Altogether, these data suggest that BCAA restriction effectively lowers amyloid and Tau pathology that is associated with reduced inflammation in the hippocampus of APP/PS1 mice. This is also linked with reinstatement of monoamine neurotransmitters in both cortex and hippocampus, which may in part explain the observed improvement in cognitive function.




3.6. BT2, a BCAA-Lowering Compound, Effectively Reduces Aβ-42 and Enhances Cortical and Hippocampal Neurotransmitter Levels in 5xFAD Mice


As a complementary strategy to dietary BCAA restriction, we used a pharmacological approach to lower circulating BCAAs and examine the beneficial effects in AD mice. BT2 is an allosteric inhibitor of BCKDH kinase that suppresses BCKDH activity, leading to increased BCAA catabolism and lower plasma BCAA levels [12,15,45,46,47]. For one month, BT2 (40 mg/kg ip) was injected daily to 5xFAD mice, another widely used AD model that overexpresses three APP and two presenilin (PSEN1) mutations [77]. These transgenic mice develop amyloid plaques and neuroinflammation as early as 1.5–2 months of age [77], thus allowing us to investigate the role of BCAAs in early AD-related brain pathology. Body weight (Figure 6A) and food intake (Figure 6B) were not different between WT and 5xFAD mice regardless of treatments. Supporting the data from APPSwe and APP/PS1 mouse experiments, 5xFAD mice showed significantly higher plasma BCAAs compared to WT mice at baseline, but BT2 was able to normalize plasma BCAAs as expected (interaction: F(1,14) = 5.58, p = 0.03; Figure 6D). In keeping with the findings in BCAA restriction experiment, cortical BCAA levels were not different between groups (Supplementary Figure S2). 5xFAD mice also had elevated blood glucose compared to WTs before treatment (p < 0.05; Figure 6C). However, similar to what was observed in APP/PS1 mice fed BCAA-restriction diet, BT2-treated 5xFAD mice were able to markedly decrease blood glucose compared to vehicle-treated 5xFAD mice (main effect of treatment: F(1,16) = 13.69, p = 0.002; main effect of genotype: F(1,16) = 5.95, p = 0.027; interaction: F(1,16) = 6.12, p = 0.025; Figure 6C). No change was seen within WT groups. Next, we examined AD-related pathology in the cortex. BT2 treatment significantly elevated cortical IDE, an enzyme known to degrade Aβ-42 (70%; main effect of treatment: F(1,16) = 5.25, p = 0.035; main effect of genotype: F(1,16) = 4.28, p = 0.055; interaction: F(1,16) = 29.33, p = 0.0001; Figure 6E,F). In support of this, Tau-phosphorylating and pro-inflammatory enzyme GSK3β was significantly reduced in the cortex after BT2 treatment (Figure 6G,H). In the hippocampus, mRNA of the inflammation mediator (NF-κB) was significantly decreased in BT2-treated 5xFAD mice (main effect of treatment: F(1,15) = 6.46, p = 0.022; main effect of genotype: F(1,15) = 10.68, p = 0.005; interaction: F(1,15) = 7.23, p = 0.016) and the mediator for ER stress (PERK) also showed reduction although not statistically significant (main effect of treatment: F(1,15) = 6.34, p = 0.023; main effect of genotype: F(1,15) = 8.86, p = 0.019). More interestingly, BACE1 (also known as β-secretase) that is responsible for cleaving APP to promote Aβ-42 production was markedly lowered in these mice (main effect of genotype: F(1,14) = 6.15, p = 0.026; interaction: F(1,14) = 7.96, p = 0.013; Figure 6I). As in the BCAA dietary restriction experiment, we sought to determine the effects of BT2 on neuronal health by measuring neurotransmitter levels in the hippocampus and cortex. Our data demonstrate that 5xFAD control mice have a significant reduction of NE compared to WT controls in the hippocampus, but NE is fully restored in BT2-treated 5xFAD mice (main effect of treatment: F(1,15) = 5.11, p = 0.039; Figure 6J). We also observed a trend of higher DA (40%; p = 0.08; interaction: F(1,15) = 5.26, p = 0.036) and markedly higher 5-HT (50%; p < 0.05; main effect of treatment: F(1,15) = 10.79, p = 0.005) after BT2 treatment. Similar increase was shown for DA (180%; interaction: F(1,15) = 4.17, p = 0.059) and its metabolite DOPAC (300%; main effect of treatment: F(1,16) = 6.36, p = 0.02; main effect of genotype: F(1,16) = 4.48, p = 0.05; interaction: F(1,16) = 4.36, p = 0.053) in the cortex of BT2-treated 5xFAD mice (Figure 6K), although it was not statistically significant. To confirm greater hippocampal NE levels found in these mice, we assessed protein expression of tyrosine hydroxylase (TH), the rate-limiting enzyme for synthesis of catecholamines including NE and DA. While there was no difference between WT groups, BT2 treatment tended to increase TH by nearly 400% in 5xFAD mice (p = 0.07; Figure 6L). Collectively, these results suggest that BT2 recapitulates the pro-neuronal effects of dietary BCAA restriction by lowering AD-related brain pathology and restoring or improving key NT levels in the brain.





4. Discussion


Metabolic disorders such as obesity and T2D are associated with a higher incidence of AD [65,78,79,80]. Recent studies suggest that BCAAs are not just associated with obesity and T2D, two strong risk factors for AD, but they also are capable of impairing glycemic control and insulin sensitivity [9,10,11,12,13,14,15]. Moreover, supplementation of BCAAs and/or their metabolites has been shown to induce oxidative stress, apoptosis, neurotransmitter imbalance, and neuronal dysfunctions [16,18,19,21,23]. Given that all these impairments represent key pathological traits shared by AD, this begs the question of whether or not BCAAs may be a contributor to AD pathogenesis. By incorporating experiments with hippocampal HT-22 neurons in vitro, three transgenic AD mouse models in vivo, as well as samples from human AD subjects, we demonstrate that (1) circulating BCAAs and their metabolites are elevated in AD, (2) BCAA supplementation impairs neuronal health and induces AD-related pathology, (3) dietary restriction of BCAAs lowers the brain pathology and alleviates AD progression, and (4) a pharmacological approach to lower BCAAs via BT2 recapitulates the beneficial effects of BCAA restriction.



The role of BCAAs in AD is only recently highlighted due to a growing number of studies linking BCAAs to other AD-related chronic illnesses such as cardiovascular diseases [81,82] and obesity/T2D [4,6,8,52,83]. Studies so far revealed inconsistent findings on the association between circulating BCAAs and AD, with increase [30,35,84], decrease [31,32,37], no change [29,39], or sex-specific [85,86] in AD subjects compared to cognitively healthy controls While the reasons for these conflicting reports are not fully understood, it appears that the findings on BCAAs and AD may vary substantially due to a number of confounding factors such as sex and BMI primarily, but also comorbidities (cardiovascular, endocrine, neurological/psychiatric), medications, ethnicity, severity of AD, and the diagnostic modality of the disease. For instance, in a recent study [40] that included the largest number of participants to date (22,623 Caucasian subjects total from eight different cohorts with incident dementia and AD), Tynkkynen and colleagues demonstrated that lower serum BCAAs are associated with increased risk of dementia and AD. However, as stated by the authors, the association disappeared once the statistical models were adjusted for BMI and cholesterol-lowering medications. With age- and BMI-matched participants without many comorbidities, our metabolomics analysis clearly demonstrates that serum BCAAs and their metabolites are consistently elevated in AD subjects compared to those in healthy individuals, which is in agreement with recent studies [35,84]. While higher circulating BCAA levels are present in people with T2D [4,6,8,52,83], our novel findings revealing even greater serum levels of BCAAs and their metabolites in individuals with AD+T2D compared to those with T2D alone suggest that the relationship between BCAAs and AD extends beyond the effect of diabetes. Considering that obesity or T2D increases the severity of AD progression [65,78,79,80], it is conceivable that having T2D likely amplified BCAA metabolic defect in these individuals during the course of AD development. A controlled longitudinal study that examines circulating BCAAs and their related metabolic signatures in individuals that develop both T2D and AD (in a specific order) would be necessary to test this hypothesis. A robust correlation between a BCAA-derived metabolite and MMSE scores further confirms and strengthens our observations that BCAAs are positively associated with AD and the severity of dementia. Animal models of AD that allow for minimizing many aforementioned confounding variables seem to show a positive relationship between plasma BCAAs and AD. Pan et al. [87] and Ruiz et al. [36] both used transgenic APP/PS1 mouse model and showed higher plasma BCAAs in AD mice compared to age- and weight-matched WTs. The study by Wang and colleagues [84] showed higher plasma isoleucine in 7-month-old 5xFAD mice. In agreement with these findings, in our current study, widely used APPSwe mice (also known as Tg2576) display significantly higher plasma BCAAs compared to WT littermates. Similar to what has been observed in obesity/insulin resistance and T2D [6,12,15,42], these mice show impaired BCAA breakdown in liver that most probably explains a greater BCAA buildup in the circulation. While liver stands as a primary organ that has high capacity to degrade BCAAs [41], other peripheral tissues such as white adipose tissue and muscle may play a role.



Treatment of HT-22 hippocampal neurons with a mixture of BCAAs resulted in a dose-dependent downregulation of genes crucial for healthy neuronal functions including autophagy, mitochondrial biogenesis and fusion, and synapse formation. It is interesting to note that similar impairments are often observed in neurodegenerative diseases such as AD [57,88]. Along with decreased, phosphorylated state of GSK3β (i.e., leading to more active GSK3β) and correspondingly increased pTau, these findings establish a potential causal relationship between BCAAs and AD. Glucose is a versatile nutrient substrate in the brain whose role cannot be fully replaced by any other fuels, thus its metabolic capacity is considered a good indicator of neuronal health that is shown to be impaired in AD [58,59]. A significant reduction of genes involved in the glycolytic pathway in BCAA-treated HT-22 neurons indicates detrimental effects of BCAAs on neuronal glucose metabolism. Given the similar decrease of mRNAs induced by high glucose-induced neurotoxicity, these data further support the concept that BCAAs may substantially impair metabolic/cellular functions and contribute to AD-like neuronal pathology. It is unknown if BCAAs can induce similar AD-like pathological features on neurons in other brain regions affected in AD such as the frontal cortex, hypothalamus, and brainstem [71,72,73,89], or on supporting neural cells including microglia and astrocytes. Glial cells play a major role in keeping micro-environment surveillance and providing essential nutrients and cytoarchitecture support to neurons [90]. They also express BCKDH enzyme and thus are able to catabolize BCAAs [41]. While it is not feasible to examine the effects of BCAAs on glial cells in this experiment since HT-22 cells are an isolated neuronal cell line, it would be both interesting and important to test this in an isolated astrocyte/microglia cell line as well as in a primary mixed neuronal cell culture to understand possible worsening effects of BCAAs on neuronal functions, and whether this is mediated by gliosis and the resultant inflammation and oxidative stress.



BCAAs or amino acids in general cannot be stored in the body for later use as in the case of glucose or lipids, therefore their circulating levels can be only regulated by dietary intake and degradation in tissues [91]. Since we observed impaired hepatic BCAA breakdown and elevated plasma BCAAs in APPSwe mice, we reasoned that changing the other arm of the equation, i.e., dietary intake, is a logical strategy to lower plasma BCAAs in AD. Relevant to this, a growing number of studies suggest that dietary intervention can lower susceptibility to age-related cognitive impairment or AD [92,93,94,95]. In particular, protein restriction has been shown to improve cognitive performance in AD mice [92], although the role of BCAAs in this limited protein intake is unknown. A recent study by Tournissac and others [63] demonstrated that BCAA manipulation is effective in improving memory and lowering pTau deposits in 3xTg-AD mice on a high-fat (HF) diet. The interpretation of the results, however, is unclear because of the lack of age-matched, healthy WT control mice along with the use of diets with different amounts of nitrogen levels. In the current study, we fed animals either a purified control diet or a customized control diet that is restricted of all three BCAAs while being iso-caloric and iso-nitrogenous. We considered this to be an important control variable since changes in the caloric content or the amount of nitrogen source would have a substantial impact on energy balance, protein or nucleic acid synthesis, and enzymatic activity for metabolism, among other physiological adaptations. While maintaining negligible changes in the amount of most amino acids, we made sure that amino acids that compete with BCAAs (tyrosine, tryptophan, and phenylalanine) are not altered between the diets. Here, we were able to demonstrate that BCAA-restricted diet for just two months substantially ameliorated AD-related brain pathology and cognitive decline in APP/PS1 mice that is independent of changes in body weight or food intake. This was associated with reduced blood glucose and inflammatory mediators in the hippocampus. Impaired glucose homeostasis or insulin resistance, as commonly observed in T2D patients, often precedes AD-related brain pathology and/or cognitive deficits [96,97,98,99,100,101,102]. Given that this pre-diabetic impairment in systemic glucose control and insulin sensitivity can potentially contribute to the pathogenesis of AD, our results suggest that a simple dietary intervention of limiting BCAA intake is effective in not only reducing amyloid and Tau burden in the brain, but also in correcting metabolic dysregulation. Whether or not the improved glycemic control following BCAA restriction in APP/PS1 mice is in part responsible for reduced brain pathology and delayed memory loss needs to be explored in the future.



Both BCAA restriction and BT2 treatment significantly improved monoamine neurotransmitter levels in the hippocampus and cortex of APP/PS1 and 5xFAD mice, respectively, hence demonstrating profound pro-neuronal effects of BCAA reduction. Neurotransmitter concentration is determined by both synthesis and degradation. Both treatments most likely did not affect the synthesis since we failed to find any differences in both protein expression of tyrosine hydroxylase (rate-limiting enzyme for catecholamines), dopamine-beta hydroxylase (enzyme responsible for NE synthesis), or tryptophan hydroxylase (rate-limiting enzyme for 5-HT synthesis) in the cortex and mRNA expression of these enzymes in the brainstem (not shown). It is possible that the enhanced cortical and hippocampal neurotransmitter levels in these AD mice are in part attributed to decreased neurotransmitter breakdown by monoamine oxidase enzymes present around the synapse. This warrants further investigation. We also acknowledge that measuring monoamine concentrations at any one timepoint provides only a static measurement of neurotransmitter activity. A more involved method such as microdialysis or push-pull perfusion might provide a more dynamic measure of how neurotransmitters are released in these animals. Notably, 5xFAD transgenic mice are phenotypically different from APP/PS1 mice [103,104] in that without forming Tau aggregates, they develop amyloid pathology early at six weeks of age and spatial memory impairment when they are about four months old [77,105], thus reflecting relatively expedited progression of AD. Our results demonstrating a clear alleviation of brain pathology and restored neurotransmitter levels in these two popular, but distinct AD mouse models further strengthen our hypothesis that either dietary or pharmacological strategy to lower circulating BCAAs is effective in treating and/or delaying AD progression. It would be important in the future to test different doses and administration routes to refine the efficacy of BT2 in treating AD. Unexpectedly, unlike 5xFAD mice, WT mice did not respond to BT2 by lowering plasma BCAAs. Although the reasons are unclear, the lack of decrease in BCAAs was also observed in a previous study [45]. We speculate that this may be partly due to the specific strain of WT mice with C57Bl/6 × SJL background since we have observed lowered plasma BCAAs following BT2 injection in regular C57Bl/6J mice.



While plasma BCAAs at the end of BCAA restriction experiment could not be measured due to heavy hemolysis of trunk blood, we believe that they are most probably lowered in BCAA-restricted APP/PS1 mice as expected, in parallel to the reduction observed in BT2-treated 5xFAD mice (Figure 6D), for the following reasons. First, both BCAA restriction and BT2 with the same 50% restriction and the dose, respectively, have been shown by others to significantly lower plasma BCAAs and this led to enhanced glucose homeostasis and insulin sensitivity in either lean, diet-induced obese, or genetically diabetic (db/db) rats and mice [6,9,10,12,15]. Similarly, both mouse models in our study (APP/PS1, 5xFAD) displayed a marked improvement in glycemic control. Second, Tournissac and others [63] have recently demonstrated a substantial reduction of plasma BCAAs in 3xTg AD mice treated with BCAA restriction diet (same 50% restriction). Third, BCAA-restricted APP/PS1 mice displayed significantly higher BCAA breakdown in liver as evidenced by lower inactivity index (pBCKDH/BCKDH), pointing to lower circulating BCAAs. Fourth, since BCAAs compete with neurotransmitter precursors (i.e., aromatic amino acids such as tyrosine, phenylalanine, tryptophan) to enter the brain via the same large amino acid transporter (LAT) [106], it is hypothesized that by gaining access to the brain, high plasma BCAAs interfere with the entry of precursors that would dramatically reduce neurotransmitter synthesis as observed in AD. Our data showing restored monoamine neurotransmitters after BCAA restriction or BT2 treatment suggest that this is most likely mediated by lowering of plasma BCAAs that would allow more entry of precursors for neurotransmitter synthesis into the brain.



Our study has several limitations. Seven AD patients and five patients suffering from AD and T2D were on donepezil or memantine (medications for AD), whereas three age-matched, health controls have taken meloxicam (medication for arthritis). Like other studies described above, it is possible that even this small number of prescribed medications and the pharmacological nature of them may have influenced the outcomes we observed. Also, our results cannot be applied to women with AD since we did not include females in our study. Because on average women are more affected by AD than men, we believe it is critical to investigate the role of BCAAs in women with AD and determine if there are any sex differences in a more controlled setting that minimizes aforementioned confounding variables, as well as to test the efficacy of BT2 in female AD subjects.



In conclusion, our findings shed light on the potential role of BCAAs in AD pathophysiology by demonstrating not only a consistent positive association in both humans and three different rodent AD models, but also a potential causal effect of BCAAs on AD-related neuropathology. Both dietary and pharmacological approaches that lower circulating BCAAs reveal similar and promising results in alleviating AD-related pathology and cognitive decline. Further studies are needed to understand when the disease-modifying effects of BCAA reduction is most optimal during AD development, and if the effects are in large peripherally or centrally mediated.
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Figure 1. Circulating BCAA levels and their metabolites are elevated in individuals with AD. Serum samples from age- and BMI-matched healthy controls, patients with AD, T2D, or with T2D+AD after overnight fasting were analyzed by LC/MS. (A) Healthy vs. AD; (B) Healthy vs. Diabetes; (C) Diabetes vs. Diabetes+AD. Data shown are fold changes normalized to the mean of healthy or Diabetes controls; n = 10 males/group; mean age = 72 ± 3 years old; * p < 0.05. (D) Correlation analysis between serum sotolone, a metabolite of isoleucine, and MMSE scores. Iso: Isoleucine; HMG: 3-methylglutaryl (metabolite of leucine); KIV: ketoisovalerate (metabolite of valine); KIC: ketoisocaproate (metabolite of leucine); MMSA: Methyl-melonatesemialdehyde (metabolite of valine); Phe: Phenylalanine; 2-MPA: 2-methylpropanoic acid (metabolite of valine); 3-HP: 3-OH-Propanoate (metabolite of valine); MMSE: Mini-Mental State Examination. 
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Figure 2. BCAA metabolism is impaired in transgenic APPSwe mice. 8-month-old WT or APPSwe AD mice were sacrificed after overnight fasting. (A) Fasting plasma BCAA levels measured by spectrophotometric assay. (B) Western blots showing liver protein abundance of BCKDH, the rate-limiting enzyme in BCAA breakdown; phosphorylated, inactive state of BCKDH (pBCKDH); BCKDH kinase, an enzyme that phosphorylates BCKDH; and BCAT, an enzyme involved in the reversible first step in BCAA degradation. (C) Analysis of BCKDH, pBCKDH, and the inactivity index (pBCKDH/BCKDH ratio). (D) Analysis of BCKDH kinase and BCAT in liver. (E) mRNA expression analysis of BCKDH, BCKDH phosphatase, and BCKDH kinase via RT-qPCR in liver normalized to GAPDH. n = 7–13 males/group; Analyzed by student’s t-test. * p < 0.05. Phosphatase—BCKDH phosphatase; Kinase—BCKDH kinase. 
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Figure 3. BCAA treatment induces AD-related changes in vitro. Differentiated HT-22 hippocampal neurons were supplemented with a mixture of BCAAs in the culture media for 24 h. (A) mRNA expression of genes involved in autophagy, mitochondrial biogenesis and fusion, synapse formation, and retrograde trafficking. (B) Western blots showing pGSK3β, total GSK3β, pTau 396, total Tau. (C) Analysis of Tau phosphorylation at residue 396 and (D) pGSK3β. (E–H) In a separate cohort, differentiated HT-22 neurons were exposed to either vehicle or 10 mM BCAAs in the media for 24 h. Another group was exposed to 25 mM glucose to induce glucotoxicity, a widely used neurotoxicity model, as a comparison. (E) mRNA levels for neuronal health genes as described above were analyzed. (F) Genes critical for glycolytic pathway. (G) mRNAs of TNF-α and (H) IL-6. All mRNAs were normalized to B2M. n = 6/group; * p < 0.05 compared to Control. Groups with different letters (i.e., a, b, c) are significantly different from each other with p < 0.05. 
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Figure 4. BCAA restriction delays the onset of cognitive deficit in APP/PS1 mice. 11-month-old WT or APP/PS1 mice without cognitive impairment were placed on a control diet or BCAA-restricted (50%) diet, iso-caloric and iso-nitrogenous, for two months. (A) Plasma BCAA levels at baseline. (B) BCAA restriction does not affect body weight or (C) Food intake. (D) Blood glucose before and after treatment. (E) Schematic of Y-maze behavioral test. (F) Spontaneous alternation (%) before and after treatment. (G) Total distance traveled, (H) Freezing time, (I) Number of arm entries, and (J) Mean speed during Y-maze test. WT control or BCAA restriction group (n = 10/group); APP/PS1 control or BCAA restriction group (n = 8/group). * p < 0.05. 
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Figure 5. BCAA restriction lowers brain pathology and restores neurotransmitter content in APP/PS1 mice. 11-month-old WT or APP/PS1 mice without cognitive impairment were placed on a control or BCAA-restricted (50%) diet that is iso-caloric and iso-nitrogenous for two months. (A) Western blots for proteins involved in BCAA degradation in liver and cortex of the brain. (B) pBCKDH and total BCKDH in liver at the end of two months. (C) BCKDH inactivity index (pBCKDH/BCKDH) in the cortex. (D) Cortical Aβ-42 levels normalized to protein by ELISA. (E) Insulin-degrading enzyme (IDE) in the cortex of the brain. (F) Western blots for IDE, PSD95, and phosphorylated Tau in the cortex. (G) Phosphorylated state of Tau at threonine residue 205, (H) Serine residue 202, and (I) Serine residue 396. (J) Protein expression of PSD95. (K) Analysis of genes involved in neuroinflammation and amyloid production and degradation, normalized to B2M. (L) Monoamine neurotransmitter concentrations in the hippocampus and (M) Cortex. NE—Norepinephrine; DA—Dopamine; DOPAC—Dopamine metabolite; 5-HT—Serotonin; 5-HIAA—Serotonin metabolite. * p < 0.05. Groups with different letters are significantly different from each other with p < 0.05. 
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Figure 6. BT2 is effective in alleviating brain pathology and increasing neurotransmitters in 5xFAD mice. WT or 5xFAD mice that are 6–8 weeks old were injected with either vehicle or BT2 (40 mg/kg/day) for one month. Animals were single-housed during the experiment. (A) Daily body weight. (B) Weekly food intake. (C) Blood glucose at baseline and at two and four weeks post-treatment. (D) Plasma BCAA levels at baseline and post-treatment. (E) Western blots for IDE in the cortex. (F) Protein analysis of IDE. (G) Western blots for GSK3β in the cortex and tyrosine hydroxylase (TH), the rate-limiting enzyme for catecholamine synthesis, in the hippocampus. (H) Protein expression of GSK3β. (I) Hippocampal mRNA abundance of markers for ER stress (PERK), inflammation (NF-κB), and amyloid synthesis (BACE1; also known as β-secretase), normalized to B2M. (J) Concentration of neurotransmitters (NE, DA, 5-HT) and their metabolites (DOPAC, 5-HIAA) measured in the hippocampus and (K) Cortex. (L) TH protein expression in the hippocampus. WT vehicle or BT2 group (n = 6/group); 5xFAD vehicle or BT2 group (n = 4/group). * p < 0.05. Groups with different letters are significantly different from each other with p < 0.05. 
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Table 1. Detailed nutrient composition in Control diet and customized, 50% BCAA-restricted diet.
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Control Diet

Research Diets A11072001

	
(50%) BCAA-Restricted Diet

Research Diets A20112501




	
Macronutrients

	
gm

	
kcal

	
gm

	
kcal






	
Protein

	
34

	
33

	
34

	
33




	
Carbohydrate

	
49

	
49

	
49

	
49




	
Fat

	
8

	
18

	
8

	
18




	
Fiber

	
4

	
0

	
4

	
0




	
Total

	
91

	
100

	
91

	
100




	
kcal/gm

	
4

	

	
4

	




	
Amino Acids

	

	

	

	




	
Cystine

	
5.5

	
22

	
6.29

	
25




	
Isoleucine

	
17.88

	
72

	
8.94

	
36




	
Leucine

	
31.63

	
127

	
15.81

	
63




	
Lysine

	
24.75

	
99

	
29.28

	
117




	
Methionine

	
6.88

	
28

	
7.86

	
31




	
Phenylalanine

	
17.88

	
72

	
17.88

	
72




	
Threonine

	
15.13

	
61

	
17.29

	
69




	
Tryptophan

	
5.5

	
22

	
5.50

	
22




	
Valine

	
23.38

	
94

	
11.69

	
47




	
Histidine

	
8.25

	
33

	
9.43

	
38




	
Alanine

	
12.38

	
50

	
14.15

	
57




	
Arginine

	
27.5

	
110

	
32.08

	
128




	
Aspartic Acid

	
20.63

	
83

	
23.58

	
94




	
Glutamic Acid

	
37.13

	
149

	
43.43

	
174




	
Glycine

	
38.5

	
154

	
45.00

	
180




	
Proline

	
17.88

	
72

	
20.43

	
82




	
Serine

	
15.13

	
61

	
17.29

	
69




	
Tyrosine

	
12.38

	
50

	
12.38

	
50




	
Other Ingredients

	

	

	

	




	
Corn Starch

	
386

	
1544

	
386

	
1544




	
Maltodextrin 10

	
100

	
400

	
100

	
400




	
Cellulose, BW200

	
40

	
0

	
40

	
0




	
Soybean Oil

	
25

	
225

	
25

	
225




	
Lard

	
55

	
495

	
55

	
495




	
Mineral Mix S10026

	
10

	
0

	
10

	
0




	
Dicalcium Phosphate

	
13

	
0

	
13

	
0




	
Calcium Carbonate

	
5.5

	
0

	
6

	
0




	
Potassium Citrate, 1 H2O

	
16.5

	
0

	
17

	
0




	
Sodium Bicarbonate

	
3.5

	
0

	
3.5

	
0




	
Vitamin Mix V10001

	
10

	
40

	
10

	
40




	
Choline Bitartrate

	
2

	
0

	
2

	
0




	
Cholesterol

	
0.782

	
0

	
0.782

	
0




	
Total

	
1005.64

	
4057

	
1005.592

	
4057
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Table 2. Primer sequences for genes measured by RT-qPCR.
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Gene Name

	

	
Primer Sequence (5′–3′)






	
BCKDH

	
Forward

	
GGATGAGGAACAGGAGAAGG




	
Reverse

	
GGAGAAGAGGAGGCTTGG




	
BCKDH Kinase

	
Forward

	
GACAGGTGGACTTAGATGGA




	
Reverse

	
CAAGAATGAGCAGAGCAGAG




	
BCKDH Phosphatase

	
Forward

	
CCTGCTACTTCTCCACTTCA




	
Reverse

	
GCTCATCAATGCGGTTATCC




	
LC3A

	
Forward

	
CCCATCGCTGACATCTATGAAC




	
Reverse

	
AAGGTTTCTTGGGAGGCGTA




	
Beclin1

	
Forward

	
ACCAGCGGGAGTATAGTGAGT




	
Reverse

	
CAGCTGGATCTGGGCGTAG




	
Nrf1

	
Forward

	
AGAAACGGAAACGGCCTCAT




	
Reverse

	
CATCCAACGTGGCTCTGAGT




	
Nrf2

	
Forward

	
ATGGAGCAAGTTTGGCAGGA




	
Reverse

	
GCTGGGAACAGCGGTAGTAT




	
PSD95

	
Forward

	
CTTCATCCTTGCTGGGGGTC




	
Reverse

	
TTGCGGAGGTCAACACCATT




	
Opa1

	
Forward

	
ACCTTGCCAGTTTAGCTCCC




	
Reverse

	
TTGGGACCTGCAGTGAAGAA




	
Mfn1

	
Forward

	
GCAGACAGCACATGGAGAGA




	
Reverse

	
GATCCGATTCCGAGCTTCCG




	
Mfn2

	
Forward

	
TGCACCGCCATATAGAGGAAG




	
Reverse

	
TCTGCAGTGAACTGGCAATG




	
VPS26

	
Forward

	
CCAGCCGAAGTGTCCATA




	
Reverse

	
CCATACGCCTCAGTTGTG




	
VPS36

	
Forward

	
ACCTCCAGACACCTTCAG




	
Reverse

	
CTCCATTAGTAGCCAGAATAAGTG




	
Hexokinase

	
Forward

	
TGCCACTGAGTTGTCTGT




	
Reverse

	
CTACCACCACCACCATCA




	
TPI

	
Forward

	
CAGCAGGCACAGGAAGTA




	
Reverse

	
CCAGTCACAGAACCTCCATAA




	
Enolase

	
Forward

	
CACAGTTGCCACCATCTC




	
Reverse

	
TTCTCTTCGTCCTCTCACAT




	
Aconitase

	
Forward

	
AGATACGGACGCTTACCATT




	
Reverse

	
CGGCACTTCTATGTTCTTATGTT




	
Pyruvate Kinase

	
Forward

	
CGCAACACTGGCATCATT




	
Reverse

	
TGGCTTCACGGACATTCT




	
B2M

	
Forward

	
GAAGCCGAACATACTGAACTG




	
Reverse

	
CTGAAGGACATATCTGACATCTCT




	
GAPDH

	
Forward

	
GGTGAAGGTCGGTGTGAAC




	
Reverse

	
TGAGTGGAGTCATACTGGAACA




	
BACE1

	
Forward

	
CCTATGCGATGCGAATGTT




	
Reverse

	
TCTCCTTCCTGTCTCTATCCT




	
PSEN1

	
Forward

	
CACCGTTGTCCTACTTCCA




	
Reverse

	
CTCCTCATCTTCTTCCTCATCTT




	
PERK

	
Forward

	
ACGGTTACTATCTGCCATACTAC




	
Reverse

	
CCTTCTTGCGGATGTTCTTG




	
TNF-α

	
Forward

	
ACCACCATCAAGGACTCAA




	
Reverse

	
AAGGTCTGAAGGTAGGAAGG




	
IL-6

	
Forward

	
ACAGAAGGAGTGGCTAAG




	
Reverse

	
AGAGAACAACATAAGTCAGATAC
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