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Editorial on the Research Topic
 Metabolic Alterations in Neurodegenerative Disorders



The world's population is growing larger and older due to extended life span, resulting from improved medical intervention possibilities, assistance, and overall quality of life. However, associated with this increased life expectancy, the number of neurodegenerative disorders (NDDs) such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), and many other diseases has increased exponentially in the past few decades, causing a progressive and irreversible deterioration of the brain and disturbing the daily activity of affected individuals and their families (Dugger and Dickson, 2017). Novel evidence has indicated that these NDDs are intimately connected to metabolic alterations, which facilitate or trigger the progression of these disorders (Muddapu et al., 2020). Therefore, this special issue focuses on investigating the factors and mechanisms by which metabolic alterations trigger the onset and enhance the progression of NDDs. As such, Hefner et al., highlighted the impact of metabolic alterations such as type 2 diabetes mellitus (T2DM), obesity and non-alcoholic fatty liver disease (NAFLD) into the development of different proteinopathies such as AD. Specifically, this review argues that cardiometabolic disorders are able to rise amyloid beta (Aβ) peptide levels in the periphery and subsequently cross the blood brain barrier and increase the Aβ levels in the brain. Furthermore, Li et al., demonstrate that T2DM increases iron concentration in several brain areas, causing neurotoxicity, which can lead to multiple neuronal diseases such as PD, AD, and HD. Overall, these studies highlight the importance of specific cardiometabolic diseases affecting both peripheral and central nervous system (CNS) through diverse mechanisms, triggering the onset, and progression of multiple NDDs.

One of the earliest pathological changes in many NDDs, including AD, affects cell metabolism and, more specifically, glucose metabolism in neurons (Gordon et al., 2018). In addition, emerging evidence supports the notion that glia cells play a profound role in stable brain metabolism and functionality of neurons. Consequently, studies investigating the glial contribution besides glucose metabolism could reveal functional insights into altered metabolic features in AD brains. In this special issue, Salcedo et al. investigate the role of branched-chain amino acids (BCAAs) in both primary astrocytes derived from familial AD (fAD) mouse models and from astrocytes derived from human induced pluripotent stem cells (hiPSCs). BCAA's are central to neurotransmitter cycling (Yudkoff et al., 1996) and the authors elegantly show that BCAA's are highly metabolized in astrocytes in order to synthesize glutamine. Moreover, they show that hiPSC-derived astrocytes carrying fAD mutations display a reduction in synthesis of neuroactive amino acids. These findings underline the importance of decreased alternative substrate usage in AD within the glia compartments of the brain and thereby, contribution to the overall hypometabolism present early on in AD pathology. Another interesting aspect presented in this special issue is the link between APOE status, abundance of ceramides and gender. Ceramides are central to sphingolipid metabolism and whilst reduced ceramide levels promote neuronal survival and fitness; an increase in ceramides, as observed in AD postmortem brains, leads to the opposite and damages neurons (Czubowicz and Strosznajder, 2014). Even though den Hoedt et al. showed limited associations between the APOE4 status and presences of long-chain ceramides [Cer(d18:1/24:0)], they were able to pinpoint another interesting correlation, which includes the observation that the female gender of the mice was affecting ceramide levels in a much stronger way than the APOE4 genotype. This study opens up a future venue of research, which could link specific metabolic alterations to the gender bias observed in AD, with females being twice as likely affected than males.

Another highly relevant study with focus on metabolic substrate and cognitive decline is the clinical study by Kreuzer et al., which identified brain metabolic asymmetric alterations as a common factor coupling neuronal degeneration and cognitive function. In addition, Tang et al. demonstrated that Gamma-Glutamyl transferase, a key enzyme used as indicator of potential hepatic or biliary illness, is commonly upregulated in obese women with mild cognitive decline. In general, these studies highlight the importance of metabolic alterations as a major causative factor leading to cognitive impairments in NDDs.

This collection also includes a review report by Fang et al., summarizing the critical role of Silent information regulator-1 (SIRT1) in the regulation of important biological processes in cellular homeostasis, such as cell growth, apoptosis, inflammation, differentiation, metabolism, and senescence. In regards to energy stress, the study highlights the relevant role of SIRT1 maintaining mitochondrial proper function and biogenesis. Similarly, Tyagi et al., demonstrate that hyperlipidemia, a hallmark characteristic of metabolic syndrome (MetS), may contribute to further alterations in metabolism, inflammation and damage of the blood-brain barrier (BBB) by lowering the level of SIRT3. Thus, these findings support the idea that the SIRT family of signaling proteins are important effectors of metabolic alterations driving several downstream pathological mechanisms resulting in major risks to develop NNDs.

Mitochondrial dysfunction and the formation of reactive oxygen species (ROS) are both common pathological mechanisms that trigger neurodegeneration in several dementia-associated diseases, including AD and PD (Buccellato et al., 2021). Therefore, interventions that mitigate these pathologies are often the focus of studies evaluating potential therapies for NDDs. In this regard, Nurrahma et al. performed a preclinical assay where rat models of PD were supplemented with probiotics in an effort to ameliorate energy metabolism impairments. They reported that rats treated with probiotic supplementation showed amelioration of motor deficits along with restored muscle mass. Additionally, treated animals displayed lower dopaminergic degeneration, elevated mitochondrial function and energy metabolism, and reduced PD pathology. Although ROS species formation is a major pathological event triggering AD and PD, little is known about this in HD. A novel study led by Villegas et al. discusses the importance of NADPH oxidases (NOXs) in neuronal cells and how NOX contributes to redox levels and affects important biological processes, such as neurogenesis, neurite outgrowth, and synaptic plasticity. These studies highlight ROS as a major harmful factor in NDDs, and how modulating NOX levels, as well as probiotic supplementation, could represent a novel therapeutic intervention to mitigate ROS.

General anesthetics is a common medical approach in many surgical procedure, however, recent clinical evidences have shown that patients under anesthesia can develop profound cognitive alterations, including post-operative delirium (POD) (Cottrell and Hartung, 2020). In regard with this, Lin et al. has showed that hip replacement, one of the most common medical procedure, is associated with clinical cognitive disorders. In addition, new scientific evidences showed that metabolic alterations and T2DM aggravate the risk to suffer POD (Hudetz et al., 2011). In this sense, Peng et al., have demonstrated that mice on a high fat diet (HFD) and under long-term exposure to the anesthetic isoflurane, developed significant insulin resistance (IR), and cognitive impairments. Metformin, an antidiabetic compound, could reverse the observed phenotypes of IR, tau hyperphosphorylation and cognitive deficits in mice. These studies demonstrate that general anesthetic procedure is a risk factor for development or progression of cognitive decline, which is aggravated when metabolic alterations are present in the patients.

Overall, this special issue contains a series of compelling studies that provide critical view into the mechanisms and pathological processes by which metabolic alterations drive the development of several NDDs.
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Objectives: Asymmetric disease characteristics on neuroimaging are common in structural and functional imaging of neurodegenerative diseases, particularly in Alzheimer‘s disease (AD). However, a standardized clinical evaluation of asymmetric neuronal degeneration and its impact on clinical findings has only sporadically been investigated for F-18-fluorodeoxyglucose positron emission tomography (F-18-FDG-PET). This study aimed to evaluate the impact of lateralized neuronal degeneration on the detection of AD by detailed clinical testing. Furthermore, we compared associations between clinical evaluation and lateralized neuronal degeneration between FDG-PET hypometabolism and hippocampal atrophy. Finally, we investigated if specific subtests show associations with lateralized neuronal degeneration.

Methods: One-hundred and forty-six patients with a clinical diagnosis of AD (age 71 ± 8) were investigated by FDG-PET and the “Consortium to Establish a Registry for Alzheimer’s disease” (CERAD) test battery. For assessment of neuronal degeneration, FDG-PET hypometabolism in brain regions typically affected in AD were graded by visual (3D-surface projections) and semiquantitative analysis. Asymmetry of the hippocampus (left-right) in magnetic resonance tomography (MRI) was rated visually by the Scheltens scale. Measures of asymmetry were calculated to quantify lateralized neuronal degeneration and asymmetry scores were subsequently correlated with CERAD.

Results: Asymmetry with left-dominant neuronal degeneration to FDG-PET was an independent predictor of cognitive impairment (visual: β = −0.288, p < 0.001; semiquantitative: β = −0.451, p < 0.001) when controlled for age, gender, years of education and total burden of neuronal degeneration, whereas hippocampal asymmetry to MRI was not (β = −0.034; p = 0.731). Direct comparison of CERAD-PET associations in cases with right- and left-lateralized neuronal degeneration estimated a detection gap of 2.7 years for right-lateralized cases. Left-hemispheric neuronal degeneration was significantly associated with the total CERAD score and multiple subscores, whereas only MMSE (semiquantitative: β = 0.429, p < 0.001) and constructional praxis (semiquantitative: β = 0.292, p = 0.008) showed significant associations with right-hemispheric neuronal degeneration.

Conclusions: Asymmetry of deteriorated cerebral glucose metabolism has a significant impact on the coupling between neuronal degeneration and cognitive function. Right dominant neuronal degeneration shows a delayed detection by global CERAD testing and requires evaluation of specific subdomains of cognitive testing.

Keywords: cognitive performance, Alzheimer’s disease, FDG-PET, hippocampal atrophy, asymmetry


INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disease, causing an enormous burden on patients, relatives, and caregivers, and the whole health care system (De Deyn et al., 2011; Colucci et al., 2014; Peña-Longobardo and Oliva-Moreno, 2015; Marečová and Zahálková, 2016). Accurate early diagnosis and prediction of further cognitive deterioration is essential. F-18-fluorodeoxyglucose positron emission tomography (F-18-FDG-PET) of the brain has been a decisive diagnostic tool for several years (Sperling et al., 2011; Perani et al., 2014; Salmon et al., 2015; Brugnolo et al., 2019) and has been recommended for differential diagnosis of AD especially in clinically ambiguous or early cases by the Delphi consensus of the European Association of Nuclear Medicine (EANM) and the European Academy of Neurology (EAN; Nobili et al., 2018).

To support the clinical diagnosis, a biomarker-based diagnostic scheme has been proposed for AD including categorization for amyloid, tau, and existing neuronal degeneration (ATN scheme; Jack and Holtzman, 2013; Jack et al., 2016, 2018). Neuronal degeneration in AD can be assessed by cranial magnetic resonance imaging (MRI) or FDG-PET (Jack et al., 2016), often presenting with asymmetric patterns. Hippocampal atrophy has been predominantly found in the left hemisphere in subjects with mild cognitive impairment (MCI) and AD (Shi et al., 2009) and asymmetry of the hippocampus, amygdala, caudate and cortex was predictive of disease progression from MCI to AD (Wachinger et al., 2016) and associated with AD-related single nucleotide polymorphisms (Wachinger et al., 2018). Asymmetric neuronal degeneration is correlated with asymmetries of amyloid burden, both concordant with lateralized cognitive symptoms (Frings et al., 2015). However, only a few studies are dealing with the clinical impact of asymmetric neuronal degeneration patterns.

The “Consortium to Establish a Registry for Alzheimer’s disease” (CERAD) test battery is a widespread and well recognized clinical neuropsychological testing method for determining AD (Welsh et al., 1994). Total CERAD scores, published by Chandler et al. (2005) also allow judging the severity of AD, which is an advantage over screening methods like Mini-Mental-State-Examination (MMSE; Chandler et al., 2005; Ehrensperger et al., 2010; Wolfsgruber et al., 2014). We previously found that FDG-PET abnormalities in AD-typical brain regions and CERAD total scores are well associated with clinical AD (Beyer et al., 2019). Earlier results indicated that individual scores of the CERAD battery provide a good representation of the left-hemispheric dysfunction in AD patients but impairment of the right hemisphere appears to be only poorly represented (Teipel et al., 2006).

This study aimed to evaluate the impact of lateralized neuronal degeneration on the detection of AD by detailed clinical testing with the integration of the timeline of clinical progression. Furthermore, we compared associations between clinical evaluation and lateralized neuronal degeneration between FDG-PET and hippocampal atrophy to structural MRI. Finally, we investigated if specific subtests of the CERAD battery show associations with lateralized neuronal degeneration.



MATERIALS AND METHODS


Study Design Patient Enrolment

The study included 146 patients with a clinical diagnosis of AD. All suspected AD cases were confirmed in clinical follow-up (23.7 ± 13.8 months) and a subset of n = 49 received repeated neuropsychological testing including the CERAD test battery. The subjects were recruited and scanned in a clinical setting at the University of Munich (Department of Nuclear Medicine) between 2010 and 2016. Patients had been referred by the Departments of Neurology, Psychiatry, and Institute for Stroke and Dementia Research. The majority of patients were recruited via specialized outpatient clinics. Data analysis was approved by the local ethics committee (19-004). All subjects underwent clinical dementia workup, including detailed cognitive testing and FDG-PET. Data on handedness was available in 104/146 patients.



Clinical Assessment and Cognitive Testing

Neurological examination and neuropsychological testing were performed including the CERAD battery plus Trail-Making Test A and B and verbal fluency tests (CERAD+; Morris et al., 1989), resulting in raw values and Z-scores for all subtests. We created a total CERAD score by summing up the raw values from the individual CERAD subtests by inclusion of subtests as described earlier (Chandler et al., 2005; Beyer et al., 2019): verbal fluency (maximum score = 24), modified BNT (maximum score = 15), word list learning (maximum score = 30), constructional praxis (maximum score = 11), word list recall (maximum score = 10), word list recognition discriminability (maximum score = 10). Thus, the maximum achievable score was 100 (Chandler et al., 2005). For patients with clinical follow-up examination, the annual change of total CERAD was calculated. Age, gender, and years of education (YoE) were obtained as covariates.



MRI

MRI (1.5/3.0 Tesla magnets) using a T1w sequence for hippocampal atrophy evaluation was available from 96/146 included patients. The Scheltens scale, a score for medial temporal lobe atrophy which ranges from 0 to 4, was rated visually by an expert in Radiology (Minoshima et al., 1995). A summed score was built for both hippocampi and asymmetry was quantified as the difference between left and right scoring.



FDG-PET


FDG-PET Acquisition

FDG was purchased commercially. All FDG-PET images were created using either a 3-dimensional GE Discovery 690 PET/CT scanner or a Siemens ECAT EXACT HR+ PET scanner. Each subject fasted for at least 6 h, resulting in a plasma glucose level less than 120 mg/dl (6.7 mM) at the time of the tracer administration. All patients were injected i.v. with a dose of 142 ± 8 MBq FDG as a slow bolus while sitting quietly in a room with a low noise level and dimmed light. A static emission frame was acquired from 30 to 60 min p.i. for the Siemens ECAT EXACT HR+ PET scanner, respectively from 30 to 45 min p.i. for the Discovery 690 PET/DT. For attenuation correction, a transmission scan with external 68Ge-sources (Siemens) or a low-dose CT was performed before the static acquisition. PET data were reconstructed iteratively (GE) or with filtered back-projection (Siemens).



Visual Analysis of FDG-PET

Three-dimensional stereotactic surface projections (3D-SSP; Minoshima et al., 1995) were created using the software Neurostat (Department of Radiology, University of Washington, Seattle, WA, USA) for visual image interpretation. Visual assessment of the 3D-SSP images was carried out by an expert in Nuclear Medicine using tracer uptake and Z-score maps (global mean scaling). Voxel-wise Z-scores were calculated in Neurostat by comparing the individual tracer uptake to historical FDG-PET images from a healthy age-matched cohort (n = 18). The reader had access to clinical information and structural imaging. A simplified approach of the t-sum method published by Herholz et al. (2002) was performed for visual quantification as previously published (Beyer et al., 2019). In brief, the rating was grouped into four grades of neuronal degeneration ranging from 0 to 3, where 0 is no neuronal degeneration, 1 is mild neuronal degeneration, 2 is moderate neuronal degeneration, and 3 is severe neuronal degeneration. Preselected AD-typical regions in FDG-PET were graded: the bilateral parietal lobe, bilateral temporal lobe, and bilateral posterior cingulate cortex. Summed scores were calculated for the whole brain and each hemisphere (scores 0 to 9). Asymmetry was calculated as the difference between the left and right hemisphere or subregion (left-right). A subset of half of the patients (n = 73) was rated twice by the first reader and by one additional expert in Nuclear Medicine to test for intra-/inter-rater reliability.



Semiquantitative Analysis of FDG-PET

Also, semiquantitative analysis of FDG-PET was conducted. The images have been anonymized before analysis. PMOD software (version 3.5, PMOD Technologies Limited, Zürich, Switzerland) was used for coregistration of all individual FDG-PET image volumes to an in-house FDG-PET template within the MNI space (Daerr et al., 2017). In analogy to the visual analysis, we measured the mean activity within bilateral parietal, bilateral temporal, and bilateral posterior cingulate cortex volumes of interest (VOIs) of the Hammers atlas (Hammers et al., 2003) and scaled the measured regional activities by a cerebellum reference region to generate standardized uptake value ratios (SUVr). Asymmetry was calculated by the Asymmetry-Index [AI = (left − right)/(left + right)*100] for hemispheres and subregions.


Calculations and Statistical Analysis

Mean visual ratings, semiquantitative results, and mean asymmetries were calculated for each hemisphere and subregions (parietal, temporal, and posterior cingulate cortex). Intra-/inter-rater agreement were assessed by intra-/inter-class correlation coefficients. Visual ratings and semiquantitative results of both hemispheres and separately for the left/right hemisphere were correlated using Pearson’s correlation coefficient. FDG-PET results were compared between sides using a Wilcoxon test for visual and two-sided t-test for semiquantitative analysis. Mean asymmetry was compared between the whole hemisphere and subregions by a one-way ANOVA. Asymmetry indices of all cortical regions were correlated with each other and the total asymmetry index using a Pearson’s correlation coefficient.

Cognitive performance was correlated with the visual rating using Spearman–Rho and with the semiquantitative analysis using Pearson’s correlation coefficient. Multiple regression analyses were conducted with the cognition (expressed with CERAD) as the dependent and (i) asymmetry as the independent variable or (ii) Scheltens-Scale as the independent variable, both with age, gender, years of education, and the total hypometabolism in FDG-PET (sum score of both hemispheres) as covariates for both visual and semiquantitative analyses.

For separate analysis of both right- and left-asymmetric hypometabolism, patients with (nearly) unilateral neuronal degeneration by FDG-PET (≥2.0 vs. <2.0 for the contralateral side in the visual rating) were selected, and both groups were separately correlated with the CERAD total score using Spearman–Rho (visual) or Pearson’s correlation coefficient (semiquantitative).

Based on the change of the total CERAD score per year and patient and the CERAD difference between correlation lines of right- and left-lateralized cases for the full range of observed neuronal degeneration, we calculated an average detection gap between the left and right hemisphere for both visual and semiquantitative FDG-PET results as following: the mean CERAD was calculated for visual/semiquantitative FDG-PET results separately for left- und right-asymmetric cases using the mean visual/semiquantitative FDG-PET results with the formula of all four correlations, respectively. The mean CERAD difference between left- and right-asymmetric cases was then divided by the mean annual decrease in CERAD of all available follow-up cases and compared against each other.

Additional regression analyses were performed using the left-/right-hemispheric hypometabolism as the dependent and all CERAD subscores separately as the independent variables with age, gender, and education as covariates controlled for multiple testing with Bonferroni correction.

All statistical analyses were performed using SPSS (version 25.0, IBM, Armonk, New York, NY, USA) and a significance level of p < 0.05 was applied in all analyses.






RESULTS


Demographics and Asymmetry in FDG Uptake

The study population consisted of 146 subjects (57.5% female) with a clinical diagnosis of AD (follow-up 23.7 ± 13.8 months) and available FDG-PET data. Of all patients, six patients were diagnosed with atypical AD, 133 patients with typical AD (n = 41 early-onset AD, n = 92 late-onset AD), and seven patients were not further specified. 90/104 patients (86.5%) were right-handed, 6/104 (5.8%) were left-handed and 8/104 (7.7%) claimed to be ambidextrous. For details of the study population, see Table 1.

TABLE 1. Demographic and clinical data of the study population (n = 146).
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Asymmetries in FDG uptake were assessed by visual and semiquantitative measures (see Table 2). Intra- and inter-rater agreement was excellent (intra-rater: κ = 0.92 p < 0.001, inter-rater: κ = 0.96 p < 0.001). Visual ratings and semiquantitative results significantly correlated for both hemispheres (R = 0.583, p < 0.001) and separately for the left (R = 0.700, p < 0.001) and right hemisphere (R = 0.707, p < 0.001). Visual analysis showed a more pronounced hypometabolism pattern of neuronal degeneration in the left hemisphere (p < 0.001). Asymmetry was pronounced in the posterior cingulate cortex (p < 0.001), followed by the parietal lobe (p = 0.033) and less prominent in the temporal lobe (p = 0.059). The semiquantitative analysis also indicated significant differences between left and right for the posterior cingulate cortex (p < 0.001) and the parietal cortex (p < 0.001) but not for the full hemisphere (p = 0.122) or the temporal cortex (p = 0.907). ANOVA confirmed these results, revealing a significant difference between asymmetry magnitude in subregions and full hemispheres for semiquantitative assessment (F(146,3) = 6.964; p < 0.001). Post hoc testing indicated stronger asymmetry in the posterior cingulate cortex when compared to the lateral parietal lobe (p = 0.040), the temporal lobe (p < 0.001) and entire hemispheres (p = 0.003). Asymmetry indices of all cortical subregions significantly correlated with each other and the total asymmetry index (visual: all R > 0.584, all p < 0.01; semiquantitative: all R > 0.573, all p < 0.01).

TABLE 2. Visual and semiquantitative FDG-PET results and asymmetries.
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Asymmetry in FDG-PET as an Independent Predictor of Cognitive Impairment

Our recent findings of a significant correlation between neuronal degeneration and cognitive impairment (Beyer et al., 2019) were confirmed in the current subset and showed significant associations between deteriorated FDG-PET in bihemispheric AD target regions and the CERAD total score (visual: ρ = 0.435; p < 0.001; semiquantitative: R = 0.442, p < 0.001). Using a multiple regression analysis, asymmetry in FDG-PET was a significant predictor of current cognitive impairment (visual: β = −0.288, p < 0.001; semiquantitative: β = −0.451, p < 0.001) and explained 35.4% (visual)/32.0% (semiquantitative) of the variance in CERAD, independent from age, gender, education and total burden of neuronal degeneration to FDG-PET (see Table 3). Left-lateralized neuronal degeneration was associated with stronger presence of cognitive impairment. Exemplary patients with left- and right-asymmetric neuronal degeneration in FDG-PET 3D-SSP are visualized in Figure 1.

TABLE 3. Multiple regression analysis for asymmetry in the visual and semiquantitative analysis based on total CERAD score.
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FIGURE 1. Exemplary asymmetric hypometabolism patterns. Three-dimensional stereotactic surface projections (Z-score maps) of patients with (A) left-asymmetric and (B) right-asymmetric hypometabolism in F-18-fluorodeoxyglucose positron emission tomography (FDG-PET). CERAD, Consortium to establish a registry for Alzheimer’s disease; R, right; L, left; LAT, lateral; SUP, superior; INF, inferior; ANT, anterior; POST, posterior; MED, medial.



In contrast to FDG-PET, asymmetry of neuronal degeneration in the hippocampus to MRI as rated by Scheltens Scale (asymmetry: left-right) did not indicate an independent prediction of the current cognition when controlled for age, gender, education, and total semiquantitative burden of neuronal degeneration to FDG-PET (β = −0.034; p = 0.731).



Delayed CERAD Detection of Right-Hemispheric Neuronal Degeneration

Next, we aimed to investigate associations of neuronal degeneration and cognitive decline independently for FDG-PET results of each hemisphere. Considering all 146 cases, we observed a stronger correlation for neuronal degeneration in the left hemisphere with the total CERAD score (visual: ρ = −0.479, p < 0.001, semiquantitative: R = 0.497, p < 0.001) when compared to neuronal degeneration in the right hemisphere (visual: ρ = −0.205, p = 0.013; semiquantitative: R = 0.282, p = 0.001).

To increase specificity for the side of affection, we defined asymmetric cases with (nearly) unilateral neuronal degeneration by FDG-PET (≥2.0 vs. <2.0 for the contralateral side in the visual rating) and were able to compare 35 cases predominantly affected on the left hemisphere and 16 cases predominantly affected on the right hemisphere. Both left-hemispheric (visual: ρ = 0.571, p < 0.001; semiquantitative: R = 0.575, p < 0.001) and right-hemispheric (visual: ρ = 0.463, p = 0.071; semiquantitative: R = 0.740, p = 0.001) neuronal degeneration was associated significantly with the total CERAD score. However, the function of total CERAD score and right-lateralized neuronal degeneration ranged at a higher level when compared to the function of CERAD and left-lateralized neuronal degeneration (see Figure 2).


[image: image]

FIGURE 2. Comparison of cases with dominant right- and left-lateralization. Correlation plots show the functions of (A) visual FDG-PET and (B) semiquantitative FDG-PET with total CERAD score for left- (n = 35, green dots) and right- (n = 16, blue squares) asymmetric cases.



The averaged CERAD score as a function of FDG-PET of left dominant cases ranged 9.9 CERAD score units below the average of right dominant cases. Considering longitudinal CERAD data of 49 subjects of this cohort, the total CERAD score deteriorated by −3.6 ± 7.4 points per year. This hypothetical model results in an average detection gap of 2.7 years for CERAD assessment in right-lateralized cases when compared to left-lateralized cases at an equal neuronal degeneration level.



Associations of Right-Hemispheric Neuronal Degeneration With CERAD Subscores

Finally, we tested if CERAD and CERAD+ subscores may detect right-lateralized neuronal degeneration better when compared to the total CERAD score. Right-hemispheric neuronal degeneration in visual and semiquantitative analysis was significantly associated only with MMSE (semiquantitative: β = 0.429, p < 0.001) and constructional praxis (semiquantitative: β = 0.292, p = 0.008), whereas left-hemispheric hypometabolism significantly correlated with 8/18 subscores. For details of all correlations with the visual rating and semiquantitative results see Table 4.

TABLE 4. Correlation of CERAD subscores with hypometabolism in FDG-PET.
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DISCUSSION

In the present study, we investigated the relationship between asymmetric neuronal degeneration patterns measured by FDG-PET and cognition expressed by the CERAD test battery in clinical AD patients. We demonstrate that asymmetries in FDG-PET constitute an independent predictor of current cognitive impairment. Predominant left-hemispheric neuronal degeneration led to more severe cognitive impairment as assessed by the CERAD battery when compared to right-hemispheric neuronal degeneration. In contrast to the left hemisphere, right-hemispheric cognitive abilities are poorly represented in CERAD subscores, with only two subscores showing a significant association with right-hemispheric neuronal degeneration.


Associations of Asymmetric Neuronal Degeneration and Cognitive Function

Asymmetries of brain function are well known and the reasons for asymmetric neuronal degeneration expressed by gray matter asymmetries in aging and neurodegenerative diseases are being discussed extensively (Minkova et al., 2017). Previous smaller scaled studies showed a predominance of left hemisphere metabolic dysfunction in MCI and AD (Loewenstein et al., 1989; Murayama et al., 2016). In line with this, we found a left dominant neuronal degeneration pattern in our AD cohort when compared to the right hemisphere and also separately in distinct brain regions known to be affected in AD (parietal, temporal, and posterior cingulate cortex). Asymmetry indices of all regions significantly correlated with each other, indicating that left-/ right-asymmetric asymmetry is concordant between regions on a single-patient level.

Asymmetry in FDG-PET proved to be an independent predictor of cognitive function, indicating that left-hemispheric hypometabolism is associated with a stronger presence of cognitive impairment in clinical testing. It has already been shown in patients with MCI and AD that the left-dominant group in FDG-PET had lower scores in verbal memory and a greater tendency to be diagnosed with AD rather than MCI (Murayama et al., 2016). Thus, the consistent findings in the current cohort established the basis to study the impact of asymmetry on FDG-PET evaluation in a clinical setting.

Asymmetric hippocampal atrophy in MRI rated by the Scheltens Scale did not indicate an independent prediction of cognition. We focused on a visual approach for a rating of hippocampal atrophy to generate results that can be transferred into a clinical routine setting. However, quantitative approaches with segmentation and measurement methods analyzing hippocampal subfields (Giuliano et al., 2017) and/or cortical regions could probably improve the informative value of asymmetry in MRI.



Detection Gap Between Left- and Right-Asymmetric Cases

In further disease progression, cognitive deterioration correlates with neurodegeneration biomarkers (Beyer et al., 2019) with greater cognitive impairment along the continuum from normal cognitive status to MCI and AD dementia. Asymmetries of neuronal degeneration patterns and their influence on cognition have not been considered in the diagnostic workup so far (Jack et al., 2010, 2013). It has been hypothesized that early stages of AD may be characterized by a lateralized pattern with left-hemispheric hypometabolism and decreasing differences with further disease progression (Weise et al., 2018). Also, patients with left-hemispheric dominance of neuronal degeneration are more likely to be diagnosed with MCI (Cherbuin et al., 2010), which might lead to an assignment bias in our cohort.

The reason for different neuronal degeneration patterns has not been clarified yet, but we demonstrate that left-asymmetric cases might be clinically detectable earlier than right-asymmetric cases. We found a detection gap of >2.5 years of a potential later-diagnosis of right-asymmetric patients compared to left-asymmetric patients when using the CERAD test battery. Clinical symptoms deriving from left-hemispheric neuronal degeneration seem to be stronger represented by the CERAD battery. Consequently, left- vs. right-asymmetric neuronal degeneration patterns in FDG-PET need to be weighted differently because right-asymmetric neuronal degeneration might be insufficiently represented in clinical testing.



Representation of Asymmetric Neuronal Degeneration by CERAD Subscores

Several studies have shown that different deteriorated brain subdomains are linked to either left- or right-hemispheric neuronal degeneration. Verbal and nonverbal impairments (Zahn et al., 2004), severe dysfunction in verbal memory, general memory, and delay recall (Murayama et al., 2016), language and visuospatial deficits (Haxby et al., 1985) were associated with left-hemispheric neuronal degeneration. Right-hemispheric neuronal degeneration was associated with constructional praxis recall (Han et al., 2015) and drawing test performance (Förster et al., 2010) and, together with left-hemispheric alterations, with constructional praxis (Han et al., 2015).

For the clinical representation of the existing neuronal degeneration, the CERAD battery has been proven to adequately represent left-hemispheric dysfunction in AD, but with difficulties displaying right-hemispheric dysfunction (Welsh et al., 1994; Teipel et al., 2006). This matches our finding that despite the higher correlation of the CERAD total score with left-hemispheric hypometabolism compared to right-hemispheric hypometabolism, more CERAD subscores significantly correlated with left-, and only two correlated with right-hemispheric hypometabolism. Only the MMSE and constructional praxis subtests were found to be significantly associated with right-hemispheric neuronal degeneration. Therefore, subjects with clinical apraxia and even mild to moderate cognitive impairment (as assessed by MMSE) should be considered for FDG-PET to search for right-hemispheric neuronal degeneration.

Some studies found symmetric associations with CERAD scores (Schönknecht et al., 2011) and clusters with the involvement of both hemispheres (Staffaroni et al., 2017). Many cognitive abilities are known to derive from both left- and right-hemispheric brain areas and disruptions in brain activities in some regions of the brain consequently lead to worsening of other connected functions as well. In line with this, the constructional praxis subtest was significantly associated with the right-, but also with left-hemispheric neuronal degeneration. Also, the MMSE as a global measurement of cognitive function is significantly associated with both hemispheres. Whereas more specific subtests are available for left-hemispheric abilities, the clinical representation of the right-hemispheric neuronal degeneration is limited to these two subtests.

Additional tests included in the CERAD+ test battery (e.g., TMT, verbal fluency with S-words) as well do not sufficiently represent right-hemispheric brain functions as the represented abilities also involve both hemispheres. Furthermore, it has been pointed out that some subscores like BNT, word list recognition, or constructional praxis and recall tests should be considered less strongly for early detection of dementia because of strong ceiling effects (Luck et al., 2018).

Therefore, the early and accurate clinical assessment of right-asymmetric cases remains challenging, and additional neuropsychological testing (especially with behavioral measures) should be considered especially in cases with cognitive impairments of right-hemispheric brain functions as they might be poorly represented by CERAD. Furthermore, imaging with FDG-PET can also be considered to support clinical diagnosis.



Limitations

Among the limitations of our study, we note that correlations with neuropsychological testing are limited to CERAD test battery results. Other neuropsychological tests and behavioral measures are not included in this study and analysis of additional parameters would be of interest. While p-tau in the cerebrospinal fluid was available and pathologic in all of our cases, we did not have a comprehensive evaluation of Aβ in all cases. Therefore, the ATN scheme (Jack et al., 2016) could not be fulfilled with the proposed biomarkers. However, the diagnoses of AD were confirmed by long-term clinical follow-up, and only subjects with a confident clinical diagnosis of AD were included in the analysis. We focused on covariates recommended to support the diagnosis of AD, but we could not cover the full range of environmental factors, comorbidities, and apolipoprotein E status which otherwise could have influenced our results. A major strength of the study lies in the clinical setting to guarantee transferability into routine clinical scenarios.

A small subset of patients in this sample was classified as atypical AD. Asymmetry analysis in this subsample would be of great interest but was not possible due to the limited amount of cases. Data on handedness was only available in a subset of patients (n = 104) and the sample size of left-handed subjects was too small for separate analysis. Therefore, the potential effect of the difference between the dominant and minor hemisphere cannot be further investigated and might have influenced the results.




CONCLUSION

Asymmetry in FDG-PET predicts cognitive performance, but only left-hemispheric neuronal degeneration is well represented by the clinical used CERAD battery. Therefore, clinical diagnosis in patients with right-hemispheric neuronal degeneration might be delayed, calling for extended neuropsychological testing and additional diagnostic procedures in clinically unclear cases to capture cognitive impairments related to right-hemispheric neuronal degeneration.
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Background: Dementia, as a global public health problem, is becoming increasingly serious. As a precursor of dementia, mild cognitive impairment (MCI) plays an important role in the diagnosis and prevention of dementia. Recent studies have found a correlation between gamma-glutamyl transferase (GGT) levels and cognitive function in men. The relationship between GGT levels and cognitive function in women remains unclear because GGT activity and expression differ between the sexes.

Method: We recruited a total of 2,943 Chinese women from Jidong and Taian in 2019. We grouped the participants according to GGT levels, diagnosed MCI using the Montreal Cognitive Assessment (MOCA) scale, and modeled the study outcomes using logistic regression to explore the relationship between GGT level and MCI. We also analyzed the interaction of obesity, sleep duration, and hyperuricemia with GGT in the development of MCI.

Results: The prevalence of MCI increased with increasing GGT level, from the lowest quartile to the highest quartile of GGT: 8.4% (66/786), 14.2% (119/840), 17.6% (108/613), and 21.4% (151/704), respectively. At the same time, as GGT levels increased, so did the risk of MCI. In the fully adjusted model, compared with those for participants in the lowest GGT quartiles, the odds ratios (ORs), and 95% confidence intervals (CIs) for MCI for participants in the second, third, and fourth GGT quartiles were 1.49 (1.04–2.12), 1.53(1.06–2.21), and 1.88 (1.33–2.65), respectively. The risk of developing MCI was further increased in people with high GGT levels who were obese (OR = 1.96, 95% CI: 1.39–2.76, P < 0.001), slept less (OR = 1.91, 95% CI: 1.35–2.71, P < 0.001), had high levels of uric acid (OR = 1.55, 95% CI: 1.03–2.32, P < 0.001), or after menopause (OR = 2.92, 95% CI: 2.07–4.12, P < 0.001).

Conclusion: We found that MCI is more common in women with elevated GGT levels, so GGT could be a potential diagnostic marker for MCI. Meanwhile, our findings indicated that women with high GGT levels had an increased risk of MCI when they were obese, sleep deprived, had high serum uric acid (SUA) levels or underwent menopause.

Keywords: mild cognitive impairment, female population, diagnostic marker, cross-sectional study, gamma-glutamyl transferase


INTRODUCTION

With the aging of the population, dementia has become a major global public health problem and caused a huge disease burden (WHO, 2017). The global prevalence of dementia is expected to rise from 30 million in 2010 to 106 million in 2050 (Brookmeyer et al., 2007). Mild cognitive impairment (MCI) refers to the clinical condition between normal aging and dementia in which persons experience memory loss to a greater extent than one would expect for their age, yet they do not meet currently accepted criteria for clinically probable dementia (Petersen, 2001). Therefore, MCI is regarded as the prodromal stage of dementia; when people have MCI, their rate of conversion to dementia will be considerably accelerated compared with that of healthy age-matched individuals (Petersen, 2000; Thompson and Hodges, 2002; Ding et al., 2015).

Gamma-glutamyl transferase (GGT) is routinely used in clinical practice as an indicator of potential hepatic or biliary diseases, as it is mainly found in the liver and plays an important role in maintaining the intracellular concentration of glutathione (Kristenson et al., 1985; Forman et al., 2009; Kunutsor, 2016). Recently, the serum level of GGT has been reported to be associated with vascular diseases, which are considered to have pro-oxidant and proinflammatory properties (Emdin et al., 2005; Kunutsor et al., 2014, 2015; Jeon et al., 2020). However, inflammation and oxidative stress are the most likely pathways leading to cognitive impairment (Zafrilla et al., 2006; Gackowski et al., 2008). Therefore, GGT levels might be associated with an increased risk of dementia. A previous cohort study showed that serum GGT was log-linearly associated with the risk of dementia, and the risk of dementia increases with increasing GGT level in the male population (Kunutsor and Laukkanen, 2016). Another longitudinal study of older adults also showed that increased GGT levels are associated with cognitive decline at the end of life (Praetorius Bjork and Johansson, 2018). However, the result of a population-wide genetic study could not confirm a causal effect of GGT on the risk of dementia (Kunutsor et al., 2018). Therefore, the relationship between GGT and cognitive impairment is far from clear, especially among female individuals, among whom there is a lack of related research.

A systematic review of 75 studies in 2013 showed that the prevalence of dementia was significantly higher in women, with a prevalence rate that was 1.65 times higher among women than men (Chan et al., 2013); as a result, women are more likely to suffer from cognitive impairment. At the same time, an ovariectomized mouse model found that GGT activity might be related to estrogen (Zarida et al., 1994), which suggests that women not only face a higher risk of dementia but also are more sensitive to GGT activity.

In summary, owing to the sex-specific expression of GGT and the unknown relationship between GGT and MCI (Schiele et al., 1977), we collected data on GGT levels, cognitive function and general condition information from 2,943 women from two different Chinese cities to explore the association between GGT and MCI in the female population.



METHODS


Study Participants

In 2019, a total of 8,166 participants from Jidong (n = 6,154) and Taian (n = 2,012), including 4,655 male participants and 3,511 female participants, underwent health checks. Among the 3,511 female participants, individuals with missing data on GGT, body mass index (BMI), sleep duration, serum uric acid (SUA), Montreal Cognitive Assessment (MOCA) score, or important confounders (n = 355, 10.1%); heavy alcoholism (defined as 30 g/day, n = 25, 0.7%); hepatobiliary and pancreatic diseases including cancer and viral hepatitis (n = 119, 3.3%); and a history of dementia (n = 6, 0.2%) were excluded from this study. In our study, participants with severe cognitive impairment (defined as a chief complaint of memory impairment and a MOCA score <18, n = 66, 1.9%) were excluded, even if they were not diagnosed with dementia. Eventually, a total of 2,943 female participants were included in our study (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart of the study.


The study was conducted in accordance with the guiding principles of the Helsinki Declaration and approved by the Ethics Committee of Jidong Oilfield Inc. Medical Centers and Taian Traffic Hospital. Written informed consent was obtained from all participants.



Assessment of Mild Cognitive Impairment

Previous studies have found that the MOCA scale is more sensitive in MCI screening than other scales, and the specificity is not significantly different from that of other scales (Dong et al., 2010, 2012; Kasten et al., 2010). Therefore, we decided to use the MOCA scale to evaluate MCI. In this study, using the Chinese version of the MOCA scale and cutoffs for the Chinese population. The MOCA scale is a rapid tool for detecting MCI, which is assessed from different cognitive domains, they include attention, memory, executive function, language, visuospatial ability, abstract thinking, numeracy, and orientation. Each MOCA is limited to 10 min, with a maximum score of 30. We defined no subjective cognitive decline and a MOCA score ≥26 as normal (Dong et al., 2010, 2012; Kasten et al., 2010), and complaints of memory loss and a MOCA score of more than 18 and <26 points as MCI (Nasreddine et al., 2005). Considering the effect of education on cognitive function, those with 12 years or less of education had 1 point added to their scores. The MOCA scale was administered by specially trained investigators.



Assessment of Gamma-Glutamyl Transferase (GGT) and Serum Uric Acid (SUA)

Blood samples were collected by venipuncture from the large antecubital veins in the morning after overnight fasting. All blood samples were stored in vacuum tubes containing ethylenediaminetetraacetic acid (EDTA). GGT and SUA levels were determined using an autoanalyzer (Hitachi 747; Hitachi, Tokyo, Japan) with the kinetic and uricase-peroxidase methods, respectively, in the laboratories of Jidong Oilfield Hospital and Taian Traffic Hospital.



Assessment of Covariates

A series of standardized questionnaires, clinical examinations, and laboratory tests were used to collect basic information (Zhang et al., 2013). A standardized questionnaire was administered by well-trained interviewers to collect subjects' information. Demographic variables, including age, sex, education level and histories of hypertension, diabetes mellitus, dyslipidemia and hepatobiliary, and pancreatic diseases, were collected through the questionnaire. We also asked them about their menstrual history to see if they had gone through menopause and their age at menopause. According to self-reported information, alcohol consumption was classified as heavy drinker (alcohol consumption ≥30 g/day), mild-moderate drinker (alcohol consumption <30 g/day) or abstainer (alcohol consumption = 0 g/day) (Yoo et al., 2020), and smoking status was classified as non-smoker or having quit more than 1 year ago or current smoker or having quit <1 year ago. BMI was defined based on the measured height and weight and calculated as weight (kg)/height (m2). Education was categorized into illiterate or primary school, middle school, or university or above. The Pittsburgh Sleep Quality Index Questionnaire was used to measure sleep quality and duration (Mollayeva et al., 2016). Sleep duration was classified as <6, 6–7, 7–8, and >8 h, and adequate sleep or insufficient sleep were defined based on whether the sleep duration was greater than the median of 7 h (Papandreou et al., 2019). Hypertension was defined as the use of antihypertensive drugs, a self-reported history, diastolic blood pressure ≥90 mmHg, or systolic blood pressure ≥140 mmHg. Diabetes mellitus was defined as current treatment with insulin or an oral hypoglycemic agent, presence of a history of diabetes, or fasting blood glucose level ≥7.0 mmol/L (126 mg/dL). Dyslipidemia was defined as current use of lipid-lowering therapy, a self-reported history, or serum levels of triglyceride (TG) ≥1.7 mmol/L, total cholesterol (TC) ≥5.18 mmol/L, high-density lipoprotein (HDL) <1.04 mmol/L, or low-density lipoprotein (LDL) ≥3.37 mmol/L (Lv et al., 2016).



Statistical Analysis

The Kolmogorov-Smirnov test was used to measure the normality of the distribution of the test variables. Continuous variables with normal distributions were expressed as the mean ± standard deviation (SD). Continuous variables that did not have a normal distribution were represented by the mean and interquartile range. Categorical variables were presented as frequencies and percentages. We compared the baseline characteristics of different serum GGT quartile groups using one-way ANOVA or the Kruskal-Wallis rank-sum test for normally or non-normally distributed continuous variables, respectively, and the chi-square test or Fisher's exact test for categorical variables. We also compared the baseline characteristics of groups with and without MCI using Student's t-test or the Mann-Whitney U-test for normally or non-normally distributed continuous variables, respectively, and the chi-square test or Fisher's exact test for categorical variables. Logistic regression model was used to evaluate the association between risk factors (GGT, BMI, sleep duration, SUA, and estrogen level) and MCI by calculating odds ratios (ORs) with 95% confidence intervals (CIs). The 25th, 50th, and 75th percentiles of GGT nodes were selected by using the restricted cubic spline method, and the confounding factors were adjusted by using the 25th percentile (12 U/L) as the reference. A dose-response diagram was also drawn by the GGT levels as horizontal coordinates, and the corresponding OR values as vertical coordinates. Nomogram was based on the results of logistic regression analysis. We used the postestimation Wald test in the multivariable-adjusted logistic model to obtain an omnibus P-value for interaction, the models were adjusted for age, education, smoking status, alcohol consumption, hypertension, hyperlipidemia, and diabetes mellitus.

The statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA), and the significance level was set as P < 0.05.




RESULTS


Baseline Characteristics of the Study Participants

A total of 2,943 participants from Jidong (2,821) and Taian (122) eventually enrolled in our study (Figure 1). We found no statistically significant differences between the populations from the two centers in terms of GGT, sleep duration, BMI, smoking status, education level, hypertension, diabetes mellitus, dyslipidemia, SUA, total cholesterol, triglycerides, HDL-C, LDL-C, and estrogen level (P > 0.05). Although there was a significant difference in the age of potential subjects from the two centers, there was no significant difference in the ages of the MCI patients from the two centers (Supplementary Table 1). Therefore, we combined the patients from the two centers for the analysis.

We compared baseline characteristics by different quartiles of serum GGT activity (Table 1). There were 14 factors that were significantly associated with serum GGT levels, including age, sleep duration, BMI, smoking status, education level, hypertension, diabetes mellitus, dyslipidemia, SUA, total cholesterol, triglycerides, HDL-C, LDL-C, and estrogen level (P < 0.05). We considered all of these possible confounding variables when evaluating the independent relationship between GGT and MCI.


Table 1. Comparison of baseline characteristics according to quartiles of serum GGT.
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At the same time, baseline characteristics were compared in women participants with and without MCI. Significant differences were found in age, sleep duration, BMI, smoking status, education level, hypertension, diabetes mellitus, dyslipidemia, triglycerides, SUA, LDL-C, GGT, and estrogen level (P < 0.05). Supplementary Table 2 clearly shows the association between baseline characteristics and MCI.



Association Between GGT and MCI in Women

The prevalence of MCI in the participants increased with increasing GGT level, being 8.4, 14.2, 17.6, and 21.4% in the lowest to highest quartiles of GGT, respectively (Table 1).

For the participants in the present study, compared to the lowest quartile, the highest quartile of GGT exhibited a positive association with MCI risk (OR = 1.88, 95% CI: 1.33–2.65, P < 0.001) in the fully adjusted model. At the same time, we found that as GGT levels increased, the ORs and 95% CIs for MCI of the participants in the second, third, and fourth GGT quartiles increased, respectively, compared with those of the participants in the lowest GGT quartile. Moreover, in all three models of the participants, the P for trend across quartiles was <0.001 (Figure 2). The dose-response relationship between GGT level and risk of MCI was analyzed by using the restricted cubic spline regression model. And the risk of MCI increased with increasing GGT level when the GGT level was below 35 μ/l, and when the GGT level was higher than 35 U/l, the risk of MCI remained high but decreased slightly with increasing GGT level (Figure 3).


[image: Figure 2]
FIGURE 2. Association of GGT levels and MCI in the participants. Model 1: unadjusted. Model 2: adjusted for age, BMI, education, sleep duration, smoking status, and alcohol consumption. Model 3: adjusted for age, BMI, education, sleep duration, smoking status, alcohol consumption, hypertension, hyperlipidemia, diabetes mellitus, serum uric acid, and estrogen level.
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FIGURE 3. Dose-response relationship between the risk of MCI and changes in GGT level.




Effect of BMI, Sleep Duration, Serum Uric Acid, and Estrogen Level on the Relationship Between GGT and the Risk of MCI

In our study, obesity, insufficient sleep, hyperuricemia, and menopause all increased the risk of MCI of the participants. The OR and 95% CI for MCI due to obesity was 1.32 (1.04–1.69) in the fully adjusted model. Likewise, insufficient sleep also increased the risk of MCI, and the OR and 95% CI for MCI due to insufficient sleep was 1.33 (1.05–1.69) in the fully adjusted model. For hyperuricemia, the OR and 95% CI for MCI was 1.34 (1.01–1.77) in the fully adjusted model. Reduced estrogen levels also affect the development of MCI in postmenopausal women, the OR and 95% CI for MCI due to menopause was 2.28 (1.78–2.91) in the fully adjusted model (Supplementary Table 3). We also found that obesity, insufficient sleep, hyperuricemia, and menopause were significant risk factors for MCI according to the nomogram based on the logistic regression results for all factors (Supplementary Figure 1).

We summarized the results of the analysis on the effects of the interactions between serum GGT and the presence of obesity, insufficient sleep, and hyperuricemia on the risk of MCI in Figure 4. Through interaction analysis, we found that women with high GGT levels had an increased risk of MCI when they were obese (OR = 1.96 for obese women with Q4 GGT compared to nonobese women in Q1-Q3 GGT, P for interaction = 0.032), lacked sleep (OR = 1.91 for women who slept less and had Q4 GGT compared to women who slept more and had Q1-Q3 GGT, P for interaction = 0.001), had a high level of SUA (OR = 1.55 for women with high UA levels and Q4 GGT compared to women with low UA levels and Q1-Q3 GGT, P for interaction = 0.037) or after menopause (OR = 2.92 for postmenopausal women and Q4 GGT compared to premenopausal women and Q1-Q3 GGT, P for interaction <0.001). Considering women with high GGT levels, when they were obese, lack of sleep, had high levels of uric acid or after menopause, we obtained higher OR values than that we did for women with high GGT levels alone (OR = 1.19, 95% CI: 1.07–1.33). So obesity, lack of sleep, hyperuricemia, and menopause all had subadditive effects on the increased risk of MCI associated with GGT (Supplementary Table 3, Figure 4).
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FIGURE 4. Impact of serum GGT level on MCI according to BMI, sleep duration, uric acid, and estrogen. Model 1: unadjusted. Model 2: adjusted for age, education, smoking status, and alcohol consumption. Model 3: adjusted for age, education, smoking status, alcohol consumption, hypertension, hyperlipidemia, and diabetes mellitus.





DISCUSSION

In our study, we found that GGT might be an independent risk factor for MCI in the female population, and as GGT levels increased, so did the risk of MCI. At the same time, we also found that women with high GGT levels were at increased risk of developing MCI when they were obese, lacked sleep, had high levels of uric acid or after menopause. BMI, sleep duration and uric acid may interact with GGT in the development of MCI.

Our study found an association between higher GGT and higher risk of cognitive impairment in the female population, which is consistent with previous studies in the male population (Kunutsor and Laukkanen, 2016). A study of GGT and Parkinson's disease is also consistent with our finding, that GGT may contribute to neurodegenerative disease in the female population (Yoo et al., 2020). However, contrary to our findings, a genetic study found no clear link between GGT and cognitive function (Kunutsor et al., 2018), possibly because that study did not include a subgroup analysis based on sex, which is essential because of the finding from previous study that estrogen may affect GGT activity in the body (Zarida et al., 1994).

The potential proinflammatory and pro-oxidative effects of GGT might be an important cause of the increased risk of MCI related to GGT (Kunutsor et al., 2014, 2015). Additionally, GGT levels were directly involved in atheromatous plaque formation, which has also been implicated as an underlying link in the pathogenesis of cognitive impairment (Breteler, 2000; Paolicchi et al., 2004; Franzini et al., 2009).

Through the analysis of the baseline data, we found that the differences in age, education, sleep duration, BMI, hypertension, dyslipidemia, diabetes, SUA, triglycerides. LDL-C, and estrogen decline were statistically significant not only in the MCI and non-MCI groups (Supplementary Table 2), but also in the different GGT level groups (Table 1). However, previous studies found that only BMI (Carter et al., 2019; Cho et al., 2019), sleep (D'Rozario et al., 2020; Zhang et al., 2020), uric acid (Zhang et al., 2015; Ya et al., 2017; Tana et al., 2018) and estrogen level (D'Rozario et al., 2020; Zhang et al., 2020) affected both GGT and MCI. Moreover, after we used logistic regression to establish the nomogram, we found that obesity, lack of sleep, high uric acid levels, and menopause were risk factors for MCI. Therefore, the effects of the interaction of obesity, lack of sleep, high uric acid levels, and menopause with GGT on MCI was analyzed by demographic, lifestyle, and biochemical parameters. Interestingly, when we constructed nomograms, we found that mild-moderate alcohol consumption may have a weak protective effect on MCI, consistent with previous research on the relationship between alcohol consumption and Alzheimer's disease (AD) (Venkataraman et al., 2016).

Direct release in the context of hepatocyte injury is not the sole cause of serum GGT elevation. GGT elevation may also be due to factors such as obesity related to serum GGT activities that occur and lead to increased expression or decreased breakdown. A previous study showed that the level of GGT expression in obese people may be different from that in normal people (Carter et al., 2019). Moreover, obesity also plays an important role in neurodegenerative diseases by inducing insulin resistance (Pugazhenthi et al., 2017). These findings make it possible for BMI and GGT to play a synergistic role in the development of MCI.

Sleep may cause changes in GGT levels because of its interaction with obesity, and a recent nematode model study demonstrated a synergistic effect between insomnia and obesity (Grubbs et al., 2020; Zhang et al., 2020). Therefore, lack of sleep may also lead to GGT elevation. In the same way, lack of sleep is a major cause of cognitive impairment. In summary, the mechanism of sleep deprivation affecting MCI may be partially enhanced by GGT.

The levels of serum UA, an important natural antioxidant, may parallel the levels of serum GGT due to their relationship with oxidative stress, as reported in the Chinese population, especially in Chinese females (Zhang et al., 2015; Ya et al., 2017). Large cohort studies completed in recent years have found that high uric acid levels may increase the risk of cognitive impairment, possibly because uric acid is more damaging to vascular tissue than it is productive of antioxidant effects (Latourte et al., 2018; Singh and Cleveland, 2018). Therefore, the synergistic effect of GGT and SUA in MCI may be due to their effect on the risk of cardiovascular disease. In addition, a previous study found that increased SUA in women increases the risk of non-alcoholic fatty liver disease and that fatty liver disease development leads to increased GGT secretion, which might be an important reason for the parallel relationship between GGT and SUA levels (Chen et al., 2019).

In animal study, GGT levels have been found to increase significantly after ovariectomy, suggesting that estrogen levels have a significant effect on GGT expression (Zarida et al., 1994). At the same time, studies have shown that endogenous estrogens are associated with better cognitive performance, and our study found that a decrease in estrogens and an increase in GGT both affect MCI, this is of positive significance for the study of cognitive impairment in postmenopausal women (Fink et al., 2018; Shimizu et al., 2019).

In our study, we found that MCI is more common in women with elevated GGT levels, so GGT could be a potential diagnostic marker for MCI. Meanwhile, our findings indicated that women with high GGT levels had an increased risk of MCI when they were overweight, sleep deprived, or had high uric acid levels.



LIMITATIONS

Since we performed a cross-sectional study, we could not refute the conclusion reached in previous studies that there is no causal link between GGT and MCI (Kunutsor et al., 2018). However, there has been no previous research into the relationship between GGT and cognitive function in the female population, so our results are significant in terms of the diagnosis and early indication of MCI in the female population. In addition, because our study only included Chinese women, the results may not be generalizable to the entire population. However, at the same time, our study was a two-center study that integrated analysis of different populations, and the conclusions are more representative and extrapolatable in Chinese female population.
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Purpose: The objective of this study was to determine which factors influence brain iron concentrations in deep gray matter in elderly individuals and how these factors influence regional brain iron concentrations.

Methods: A total of 105 elderly individuals were enrolled in this study. All participants underwent detailed magnetic resonance imaging (MRI) examinations from October 2018 to August 2019. Among them, 44 individuals had undergone a previous MRI examination from July 2010 to August 2011. Quantitative susceptibility mapping (QSM) was utilized as an indirect quantitative marker of brain iron, and the susceptibility values of deep gray matter structures were obtained. Univariate analysis and multiple linear regression analysis were used to investigate 11 possible determinants for cerebral iron deposition.

Results: Our results showed no sex- or hemisphere-related differences in susceptibility values in any of the regions studied. Aging was significantly correlated with increased insusceptibility values in almost all analyzed brain regions (except for the thalamus) when we compared the susceptibility values at the two time points. In a cross-sectional analysis, the relationship between gray matter nucleus susceptibility values and age was conducted using Pearson’s linear regression. Aging was significantly correlated with the susceptibility values of the globus pallidus (GP), putamen (Put), and caudate nucleus (CN), with the Put having the strongest correlations. In multiple linear regression models, associations with increased susceptibility values were found in the CN, Put, red nucleus, and dentate nucleus for individuals with a history of type 2 diabetes mellitus (T2DM). However, the patients with hypertension showed significantly reduced susceptibility values in the red nucleus and dentate nucleus. Our data suggested that smokers had increased susceptibility values in the thalamus. No significant associations were found for individuals with a history of hypercholesterolemia and Apolipoprotein E4 carrier status.

Conclusion: Our data revealed that aging, T2DM, and smoking could increase iron deposition in some deep gray matter structures. However, hypertension had the opposite effects in the red nuclei and dentate nuclei. Brain iron metabolism could be influenced by many factors in different modes. In future studies, we should strictly control for confounding factors.

Keywords: quantitative susceptibility mapping, multiple factor analysis, magnetic resonance imaging, iron deposition, deep gray matter


INTRODUCTION

Iron is the most abundant trace element in the human body. Iron in the nervous system is also involved in many fundamental biological processes, including oxygen transportation, DNA synthesis, catecholamine neurotransmitters, and myelin formation. Iron homeostasis is needed to maintain normal physiological brain function, whereas dysregulation of iron homeostasis can cause neurotoxicity through different mechanisms (Ward et al., 2014). Abnormal increases in iron content have been reported to be associated with many neural diseases, such as Parkinson’s disease, Alzheimer’s disease (AD), and Huntington’s disease (Wu et al., 2012), but restless leg syndrome is characterized by reduced iron concentrations in the substantia nigra (SN) (Rizzo and Plazzi, 2018). In Parkinson’s disease, an increase in iron concentration is noted in the SN (Faucheux et al., 2003); however, pantothenate kinase-associated neurodegeneration is characterized by an excess of iron mainly in the globus pallidus (GP), leading to a typical MRI pattern called the eye of the tiger (Kruer et al., 2011). These facts illustrate that brain iron patterns are characteristic of disease or disease stages; therefore, investigating the physiological distribution of iron in the normal brain is very important to better understand the disease-related changes that involve iron deposition.

In addition to aging, many studies have revealed that total iron concentrations increase with age in the SN, putamen (Put), GP, caudate nucleus (CN), and cortex (Xu et al., 2008; Ramos et al., 2014), but few studies have focused specifically on elderly individuals. Age-related accumulation of iron might be an important factor that contributes to neurodegenerative processes. Because many neurodegenerative disorders involve elderly people, we selected elderly individuals in the community as our target population in this study. We expect our results to present some constructive suggestions for future studies to better investigate the complex pathophysiological processes underlying neurological disorders. Previous MRI studies that focused on differences in brain iron levels between sexes reported inconsistent findings. Whereas one study reported lower iron levels in the thalamus (Thal) and red nucleus (RN) in females than in males (Gong et al., 2015), another study did not observe any difference (Xu et al., 2008). The other objective of the present study was to detect the effects of sex on regional brain iron concentrations. Many elderly people have histories of hypertension, diabetes mellitus (DM), or hypercholesterolemia. Cerebral microbleeds (CMBs), white matter hyperintensities (WMHs), and cerebral microinfarcts are also common brain MRI findings of elderly people (Valdés Hernández et al., 2016; van Veluw et al., 2017; Haller et al., 2018). Furthermore, we estimated the influence of these factors on brain iron levels in this study.

The emergence of the quantitative susceptibility mapping (QSM) technique over the past decade (Wang and Liu, 2015) has enabled accurate and reproducible in vivo measurements of local brain iron levels under both normal and pathological conditions (Acosta-Cabronero et al., 2016; Wang et al., 2017). Many neurodegenerative disorders with brain iron accumulation are usually associated with excess iron accumulation in deep gray matter (DGM) (Schipper, 2012), and DGM plays a crucial role in regulating movements and in various types of learning (Seger, 2008). In addition, DGM has the highest iron content (Peterson et al., 2019), and susceptibility values calculated from QSM have been reported to have a strong correlation with iron concentration in the human brain, especially in DGM (Hinoda et al., 2015). Accordingly, the objective of this study was to utilize QSM as a quantitative marker of brain iron to detect possible factors influencing the iron levels of the DGM [Thal, CN, Put, GP, SN, RN, and dentate nucleus (DN)] to accurately map iron in elderly individuals in the community, which might help us to better control confounding factors in future research.



MATERIALS AND METHODS


Participants

The volunteers of this study were recruited from the community. The participants signed an informed consent form approved by the Institutional Review Board of Shandong Medical Imaging Research Institute Affiliated to Shandong University (ID: 2018-002). Subjects were excluded if they had a history of neurological disease or neurological ailment, including immune, metabolic, toxic, and infectious diseases or head trauma. If the subjects had other diseases, such as malignant tumors, renal insufficiency, alcoholism, or autoimmune disease, they were excluded. All MR images were evaluated by an experienced neuroradiologist for signs of space-occupying lesions and cerebrovascular diseases. Subjects with evidence of infarct (except for lacunar infarcts) or cerebral hemorrhages (except for CMBs) were excluded from further analysis.

The final sample consisted of 105 participants (57 females and 48 males) with a mean age of 65.26 ± 6.33 years (range 50–80) and a mean education level of 11.39 ± 2.57 years (range 6–16). The history of diabetes, hypertension, hypercholesterolemia, and smoking status was taken from the participants’ self-reported medical history. Individuals with a history of type 2 DM (T2DM) or hypertension were referred to as diagnosed with T2DM or hypertensive individuals who were taking hypoglycemic drugs or antihypertensive drugs when an MRI scan was conducted. In our study, 59 (56.19%) participants had hypertension, 23 (21.90%) participants had T2DM, 32 (30.48%) participants had hyperlipidemia, and 26 (24.76%) participants smoked (details are shown in Table 1).


TABLE 1. Description of demographic characteristics and risk factors [mean ± SD or n (%)].

[image: Table 1]Among these 105 participants, 44 individuals had undergone another MRI scan in our hospital between July 2010 and December 2011, thereby providing us with an opportunity to study the age-related accumulation of brain iron using a longitudinal approach (details in Table 1). During the research, we fully considered the influence of gadolinium intake on the susceptibility values in the brain. We carefully reviewed the clinical and imaging data of 44 participants, and we followed up by telephone patients who underwent two MRI examinations. None of these patients had an enhanced MRI scan with gadolinium contrast agent.



MRI Acquisition

From October 2018 to August 2019, all subjects were imaged on a MAGNETOM Skyra 3.0 T MR scanner (Siemens Healthcare, Erlangen, Germany) using a product 32-channel head coil for signal reception. The brain scanning protocol consisted of a 3D T1-weighted (T1W) magnetization-prepared rapid gradient-echo (MPRAGE) sequence for anatomic structures [repetition time (TR) = 2,300 ms, echo time (TE) = 2.3 ms, inversion time (TI) = 900 ms, flip angle = 9°, and isotropic voxel size = 1 mm3] and a 3D multiecho gradient-echo (ME-GRE) sequence for QSM (TR = 50 ms, first TE = 6.8 ms, TE interval = 4.1 ms, number of echoes = 10, flip angle = 15°, and voxel size = 1 mm × 1 mm × 2 mm). In addition, T2-weighted (T2W) turbo spin-echo images (TR = 3,700 ms, TE = 109 ms, TI = 900 ms, flip angle = 15°, and slice thickness = 5 mm), T2W fluid-attenuated inversion recovery (FLAIR) images (TR = 8,000 ms, TE = 81 ms, TI = 2,370 ms, flip angle = 15°, and slice thickness = 5 mm), diffusion-weighted images (DWIs) (TR = 3,700 ms, TE = 65 ms, flip angle = 18°, and slice thickness = 5 mm), and susceptibility-weighted images (SWIs) (TR = 27 ms, TE = 20 ms, flip angle = 15°, and slice thickness = 5 mm) were acquired to detect brain abnormalities.

From July 2010 to December 2011, 44 participants were evaluated on a Signa 3.0T MRI scanner (Signa, HDx, General Electric Healthcare, Milwaukee, WI, United States) with an eight-channel array coil. The scanning sequences included conventional MRI sequences (T2W imaging, T2-FLAIR, and DWI), 3D T1W imaging for anatomic structure, and enhanced 3D multiecho GE T2∗-weighted angiography (ESWAN) sequences for QSM. 3D T1W images were acquired using a T1W volumetric fast spoiled gradient recalled-echo (FSPGR) sequence with the following parameters: TR = 7.3 ms, TE = 2.7 ms, TI = 850 ms, flip angle = 13°, and isotropic voxel size = 1 mm3; ESWAN sequences were acquired using a 3D-enhanced T2∗-weighted contrast flow-compensated (i.e., the gradient moment was null in all three orthogonal directions) ME-GRE (12 different TEs) sequence with the following parameters: TR = 51.6 ms, first TE = 4.4 ms, TE = 4.4–38.2 ms, TE interval = 4.8 ms, number of echoes = 8, flip angle = 20°, and voxel size = 1 mm × 1 mm × 2 mm.



Quantitative Susceptibility Mapping Preprocessing and Quantitative Analysis

Brain QSM maps were computed from ME-GRE complex image data using morphology-enabled dipole inversion with an automatic uniform cerebrospinal fluid (CSF) zero reference algorithm (MEDI + 0) (Liu et al., 2018). Briefly, a non-linear fitting of the multiecho data was performed to estimate the total field, followed by spatial field unwrapping and background field removal using the projection onto dipole fields (PDF) algorithm to compute the local field (Liu et al., 2011), which was then inverted to obtain the final susceptibility map. Structural priors (edges) within the lateral ventricles derived from the magnitude image and with a regularization term enforcing a uniform susceptibility distribution of the CSF were used in the numerical inversion to improve QSM quality and to provide CSF as an automatic susceptibility reference. The CSF mask was determined by thresholding the R2∗ map computed from the ME-GRE magnitude data and imposing voxel connectivity (Liu et al., 2018). The conventional images (T1W, T2W, and FLAIR) were processed with an automated FMRIB Software Library (FSL) pipeline, which consisted of brain data extraction using the Brain Extraction Tool (BET) algorithm (Smith, 2002), bias field correction using FMRIB’s Automated Segmentation Tool (FAST) (Zhang et al., 2001), and linear coregistration to the ME-GRE magnitude image (which is in the same space as QSM) using FMRIB’s Linear Registration Tool (FLIRT) with six degrees of freedom (Jenkinson et al., 2002). For the region of interest (ROI) analysis, FMRIB’s Integrated Registration Segmentation Tool (FIRST) (Patenaude et al., 2011) was used to segment selected subcortical GM structures (Thal, CN, Put, GP, RN, SN, and DN) on T1W images, and the resulting segmentation masks were linearly coregistered to QSM. These masks were then visually inspected and manually edited by an experienced neuroradiologist if necessary (e.g., to remove veins or CMBs with high positive susceptibility values) on QSM images using ITK-SNAP v3.8 software1. The mean susceptibility value within each ROI was recorded (Figure 1).
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FIGURE 1. Regions of interest (ROIs) were traced directly on the quantitative susceptibility mapping (QSM) image and T1-weighted (T1W) images to remove veins with high positive susceptibility values on QSM.




Conventional MRI Assessment

According to the Standards for Reporting Vascular Changes on Neuroimaging (STRIVE) criteria (Wardlaw et al., 2013a), WMHs were signal abnormalities of variable size, defined as white matter hyperintense lesions on FLAIR images. Lacunes were round or ovoid, subcortical small lesions (3–15 mm in diameter) that were hypointense on T1W images and hyperintense on T2W images and had a perilesional halo on FLAIR images. CMBs were defined as small signal voids (≤10 mm in diameter) with associated blooming on T2∗-weighted images. The severity of CMBs, lacunes, and WMHs was assessed using a simple scoring method (Amin Al Olama et al., 2020). In a binary fashion (i.e., presence or absence), individuals with lacunar infarcts, WMHs, or CMBs were coded as 1; and individuals without these MRI findings were coded as 0.



APOE Genotyping

Apolipoprotein E (APOE) genotyping was conducted using standard real-time fluorescence polymerase chain reaction (PCR) methods (Calero et al., 2009). APOE4 carrier status was determined: individuals with E4 alleles were coded as 1, and individuals without E4 alleles were coded as 0.



Statistical Analysis

Statistical analysis was performed using Statistical Package for the Social Sciences software (Version 21.0 for Windows; SPSS, Chicago, IL, United States). The measurement data are presented as the mean ± standard deviation. The count data were represented in the form of n (%). The effect of different hemispheric locations was compared using a paired t-test. To test the independent association between variables and susceptibility values in DGM, we performed multiple regression analyses. Considering that our sample size is not large enough, we made variable selection before doing the multiple linear regression analysis. First, we performed a univariate analysis using an independent sample t-test and Pearson correlation analysis. Only variables for which a univariate association with susceptibility values at a p-value < 0.1 was seen were entered into the multiple regression models as independent variables (Pirpamer et al., 2016). Second, for every ROI, the multiple linear relationships between the independent parameters and the susceptibility values were estimated with a stepwise regression method, and the best multiple linear regression models were selected.

After univariate analysis, for the Thal, variables of smoking status, history of T2DM and hypertension, APOE carrier status, and whether having CMBs in the brain were introduced to the following multiple linear regression analysis. For the Put, variables of aging, history of T2DM, and whether having CMBs in the brain were introduced to the following multivariate analysis. For the CN, the variables are aging and history of T2DM; for the RN, the variables are aging, history of T2DM and hypertension, whether having lacunes in the brain; for the SN, the variables are aging and history of hypertension; for the DN, the variables are aging, gender, history of T2DM, and hypertension.

Among these 105 participants, 44 patients received two MRI examinations at two different time points. Hence, the age-related accumulation of brain iron could be analyzed longitudinally with paired t-tests. Because multiple hypotheses were tested, we used the Bonferroni method for correction to avoid type I errors.



RESULTS

For susceptibility values, no significant effect of hemispheric location in the seven ROIs was found. Therefore, in the following analysis, we used the mean values of the left and right hemispheres (Table 2).


TABLE 2. Comparison of the susceptibility values of the gray matter nuclei between the left and right hemispheres (mean ± SD).

[image: Table 2]The longitudinal analysis of 44 individuals who had two MRI scans showed the age-related accumulation of brain iron in the GP (t = 10.763, p < 0.001), Put (t = 20.657, p < 0.001), CN (t = 10.308, p < 0.001), RN (t = 3.497, p = 0.001), SN (t = 4.976, p < 0.001), and DN (t = 8.576, p < 0.001) but not in the Thal (t = 0.659, p = 0.513) (Figure 2).
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FIGURE 2. Comparison results of susceptibility values of gray matter nuclei between two time points (first time, July 2010 to December 2011; follow-up, October 2018 to August 2019). ***p < 0.001.


In the univariate analysis for each region, the factors with p values less than 0.1 are highlighted in italics (Table 3). Pearson’s correlation analysis showed increased rates of susceptibility values with aging varying among these regions. Put exhibited the highest rate of increase in susceptibility with aging (Table 4). Scatter plots illustrated a linear age dependency of iron concentration as measured by mean QSM susceptibility values (Figure 3).


TABLE 3. Determinants of susceptibility values in gray matter structures: results of univariate analysis.
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TABLE 4. The Pearson linear relationship between susceptibility values of DGM and age.
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FIGURE 3. Scatter plots illustrating a linear age dependency of iron concentration as measured by mean quantitative susceptibility mapping (QSM) susceptibility values. The putamen exhibited the highest rate of increase in susceptibility values with aging.


Because the longitudinal analysis showed that age played a key role in susceptibility values in the DGM (except for the Thal), age was introduced into the subsequent multiple linear regression analysis. After the multiple linear regression analysis, we found that the influencing factor for Thal was smoking status (t = 2.166, p = 0.033). Regarding Put, CN, RN, and DN, the influencing factors included a history of T2DM (t = -3.094, p = 0.003; t = 2.682, p = 0.009; t = 2.069, p = 0.041; and t = 2.682, p = 0.009, respectively) and age (t = 4.257, p = 0.000; t = 2.897, p = 0.005; t = 3.164, p = 0.001; and t = 3.126, p = 0.002, respectively). In these regions, the results showed that T2DM patients had increased iron deposition. Age-related increases in susceptibility values could also be detected, and the rates of increase with aging varied among these regions. For RN and DN, a history of hypertension also influenced the susceptibility values (t = −3.236, p = 0.002; t = −2.818, p = 0.006, respectively), and patients with hypertension showed significantly lower iron content in these regions. Details of the multiple linear regression models are listed in Table 5.


TABLE 5. Determinants of susceptibility values in gray matter structures: results of multiple linear stepwise regression analysis.

[image: Table 5]We analyzed interaction effects by introducing three new factors: age × history of hypertension, age × history of DM, and history of hypertension × history of DM. In the Put, CN, and RN, no interaction effects were found. However, an interaction effect was found in the DN. Aging was associated with susceptibility values only in the participants who had no hypertension or DM (data not shown).



DISCUSSION

In this study, using the QSM method, we investigated some factors and their effects on brain iron content. These factors included hemispheric location, sex, aging, smoking status, APOE carrier status, history of T2DM, hypertension, hyperlipidemia, and some important MRI features (CMBs, WMHs, and cerebral microinfarcts) in elderly people in the community. We expect that this knowledge will help us to gain more insight into the potential abnormalities of magnetic susceptibility that arise from various neurological diseases and neural degeneration. Similar to many other studies, our data indicated significant effects of age on susceptibility values in the DGM. In the cross-sectional analysis, age-related iron deposition was found in the GN, Put, CN, and DN (Xu et al., 2008; Li et al., 2014; Gong et al., 2015). Based on the knowledge that QSM is reproducible across scanner makers, models, field strengths, and sites and could be used in clinical investigations both longitudinally and across centers (Hinoda et al., 2015; Wang et al., 2017; Wicaksono et al., 2020), the MR measures of QSM were accurate and consistent across repeated measurements and between platforms (Hobson et al., 2020). We performed a longitudinal analysis of age-related iron deposition despite different scanners in the two examinations. The results showed significant age-related increases in GN, Put, CN, RN, SN, and DN but not in Thal (Figures 4, 5). Notably, the rate of increase varies among these regions, reflecting a heterogeneous accumulation of iron in different brain tissues. The highest rate of increase was found in the Put. Our results showed no support for a linear age-related change in iron content in the Thal, consistent with some previous studies (Bilgic et al., 2012; Gong et al., 2015; Persson et al., 2015). These findings illustrated that when we intend to study the iron deposition of neurological diseases involving the DGM, especially the Put; age, as a confounding factor, should be controlled more strictly.
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FIGURE 4. Evolution of susceptibility values with age in the caudate nucleus, putamen, globus pallidus, red nucleus, substantia nigra, and dentate nucleus. These images were from an 80-year-old male non-smoker without hypertension and type 2 diabetes mellitus (T2DM). The upper row (A–C) shows quantitative susceptibility mapping (QSM) images acquired in 2010, and the bottom row (D–F) shows QSM images acquired in 2019. Susceptibility values of the gray matter nuclei increased significantly over time.
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FIGURE 5. Evolution of susceptibility values with age in the caudate nucleus, putamen, globus pallidus, red nucleus, substantia nigra, and dentate nucleus. These images were from a 64-year-old female non-smoker without hypertension and type 2 diabetes mellitus (T2DM). The upper row (A–C) shows quantitative susceptibility mapping (QSM) images acquired in 2011, and the bottom row (D–F) shows QSM images acquired in 2019. Susceptibility values of the gray matter nuclei increased significantly over time.


In this study, we found that brain iron was abnormally deposited in patients with T2DM in several DGM, including the Put, CN, RN, and DN (Figure 6). A previous study investigated the deposition of iron in the brain in T2DM patients with mild cognitive impairment using QSM and showed similar results. They found that susceptibility values in the right CN and SN and the left Put increased and that the susceptibility of these regions was closely correlated with cognitive impairment, suggesting that iron deposition may play an important role in the process of T2DM cognitive impairment (Yang et al., 2018). The precise mechanisms underlying the higher iron concentration in T2DM are not understood, but hyperglycemia could lead to neuronal damage. Neurons have a continuous high glucose demand, and unlike muscle cells, they cannot accommodate episodic glucose uptake under the influence of insulin. Neuronal glucose uptake depends on the extracellular concentration of glucose, and cellular damage can ensue after persistent episodes of hyperglycemia (Tomlinson and Gardiner, 2008). Iron accumulation could occur as an epiphenomenon of demyelination, axonal damage, and/or neurodegeneration (Raz et al., 2015). Insulin resistance leads to high permeability of the blood–brain barrier (BBB) and triggers cognitive decline in a diabetic insulin resistance mouse model and in an AD model (Takechi et al., 2017). Increased permeability with leakage of material into the vessel wall and perivascular tissue could cause inflammation (Wardlaw et al., 2013b), and the inflammatory status of the brain could influence brain iron metabolism and lead to iron deposition (McCarthy et al., 2018). Therefore, we speculate that neuronal damage caused by hyperglycemia and permeability of the BBB caused by insulin resistance may be the reasons for iron accumulation in T2DM, but this inference needs to be substantiated by more studies.
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FIGURE 6. Evolution of susceptibility values with type 2 diabetes mellitus (T2DM) effect in the putamen, caudate nucleus, red nucleus, and dentate nucleus. The upper row (A–C) shows susceptibility images of a 55-year-old male non-smoker without hypertension and T2DM (first). The bottom row (D–F) shows quantitative susceptibility mapping (QSM) images of a 52-year-old male non-smoker with T2DM but without hypertension (second). Susceptibility values of the putamen, caudate nucleus, red nucleus, and dentate nucleus were higher in the second participant than in the first participant.


In addition to brain iron dysmetabolism in patients with hypertension, we initially speculated that the brain iron content would be increased in hypertensive patients. Conversely, we observed decreased susceptibility in the RN and DN. Many studies have suggested that increased systolic blood pressure (SBP) is associated with injury to the white matter microstructure and gray matter atrophy (Maillard et al., 2012; Fennema-Notestine et al., 2016; Carnevale et al., 2018). Few studies have examined the effect of hypertension on regional brain iron deposition. A study reported that hypertensive participants had significantly greater iron content in the hippocampus, CN, Put, entorhinal cortex, superior frontal gyrus, and primary visual cortex (Rodrigue et al., 2011). One study of cognitively impaired patients showed that DM-positive patients had lower susceptibility values, indicative of lower brain iron content, than DM-negative patients in the hippocampus and pulvinar of the Thal (Park et al., 2018); however, in that study, hypertension was more frequently found in DM-positive patients (69.6% vs. 39.1%). It was unclear whether hypertension might be the cause of the lower brain iron content that caused the mixed effects of hypertension and DM to lead to the different results. These heterogeneous results suggested that hypertension or other neurological diseases may cause complicated iron redistribution, and the white matter, cortex, and DGM may show different or completely opposite changes. This hypothesis has been verified by a study that found decreased iron levels in the temporal cortex in postmortem human brains with Parkinson’s disease (Yu et al., 2013).

Our data represented that smokers had increased brain iron levels in the Thal (Figure 7). Active and passive tobacco smoking (TS) has been associated with vascular endothelial dysfunction in a causative and dose-dependent manner primarily related to the release of reactive oxygen species (ROS), and ROS can also induce cerebral inflammation (Kaisar et al., 2018). Brain inflammation and BBB impairment could cause iron accumulation, which might lead to extraordinarily increased susceptibility values in Thal smokers. A study reporting brain iron accumulation in unexplained fetal and infant death victims with mothers who were smokers also supported our results (Lavezzi et al., 2011). In the Thal, we found that individuals who carried APOE4 had higher susceptibility values (6.48 vs. -0.94). This suggested that the APOE4 gene might aggravate brain iron deposits. Previous studies suggest that APOE4 is a major genetic risk factor for AD and poor neurological outcomes after traumatic brain injury and hemorrhage (Bell et al., 2012). APOE4 could lead to accelerated BBB breakdown and thereby cause neuronal and synaptic dysfunction (Montagne et al., 2020). These findings indicate that brain iron overload in APOE4 carriers comes from destroyed cerebrovascular integrity. However, the p-value was 0.076 (close to 0.05) in our study. This might be because the sample of APOE4 carriers was not large enough, as only 14 subjects carried the APOE4 gene in our participants. This inference requires a larger sample size to be confirmed.
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FIGURE 7. Evolution of susceptibility values with smoking effects in the thalamus. The upper row (A–C) shows susceptibility images of a 56-year-old male non-smoker without hypertension and type 2 diabetes mellitus (T2DM) (first). The bottom row (D–F) shows quantitative susceptibility mapping (QSM) images of a 55-year-old male smoker without hypertension and T2DM (second). The susceptibility value of the thalamus was higher in the second participant than in the first participant.


We found a slightly lower susceptibility value of the Thal than other studies, and some individuals even had negative values. We think that it may be different from the research population and related to the different ROI tracking methods. Low susceptibility in DGM was also reported in two previous QSM analyses (Kim et al., 2017; Uchida et al., 2019). These results may suffer from systematic errors in QSM reconstruction or white noise. Furthermore, all QSM images were generated using the MEDI + 0 method, which uses the value in CSF as a zero reference; this could partly eliminate the effect of systematic error and background white noise.

Previous MRI studies that focused on differences in brain iron levels between sexes and hemispheric locations reported different results (Xu et al., 2008; Gong et al., 2015; Persson et al., 2015; Chai et al., 2019; Peterson et al., 2019). However, our data showed no sex- or hemisphere-related differences in iron levels in any of the regions studied. These heterogeneous results might be caused by the differences in the characteristics of the populations studied. With more data or by using a meta-analysis (reasonably merging data from different studies), we might elucidate the sex- and hemisphere-related effects more powerful and effectively. We did not find that CMBs, WMHs, or cerebral microinfarcts influenced the brain iron levels in the studied regions; we speculated that these common brain MR findings in elderly people were caused by hypertension, T2DM, aging, or other factors related to common vascular risk factors; thus, they did not directly influence brain iron levels.

Our present study has several limitations. First, this is mainly cross-sectional research, and the sample size of the longitudinal study was relatively small. In the future, we will follow up with more individuals and provide more powerful evidence demonstrating which factors influence iron accumulation. Second, we measured iron content in brain regions that have both calcification and iron accumulation (such as the GP), which may have affected the accuracy of the iron content measurement. Third, we did not investigate white matter. Because the brain injury caused by hypertension was closely related to the white matter microstructure, iron metabolism of white matter should be evaluated in more detail in the future. Fourth, other influencing factors, such as body mass index (BMI), serum iron concentrations, and the usage of hypoglycemic drugs and antihypertensive drugs, may also induce changes in regional susceptibility values and should be investigated in the future.



CONCLUSION

Our data confirmed the significant effects of age on susceptibility values in DGM. The highest rate of iron deposition with aging was observed in the Put. T2DM and hypertension had the opposite effects on iron metabolism in the DGM. Our data confirmed that smokers had increased brain iron levels in the Thal. These results showed that iron metabolism is complicated and that different diseases have different patterns. These results also indicate that in future studies, we should not only pay attention to conventional factors, such as age and sex, but also consider other confounding factors, including disease history and smoking status, to better elucidate the underlying mechanisms of iron-related neurodegenerative diseases.
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Parkinson’s disease (PD) is a neurodegenerative disease associated with progressive impairment of motor and non-motor functions in aging people. Overwhelming evidence indicate that mitochondrial dysfunction is a central factor in PD pathophysiology, which impairs energy metabolism. While, several other studies have shown probiotic supplementations to improve host energy metabolism, alleviate the disease progression, prevent gut microbiota dysbiosis and alter commensal bacterial metabolites. But, whether probiotic and/or prebiotic supplementation can affect energy metabolism and cause the impediment of PD progression remains poorly characterized. Therefore, we investigated 8-weeks supplementation effects of probiotic [Lactobacillus salivarius subsp. salicinius AP-32 (AP-32)], residual medium (RM) obtained from the AP-32 culture medium, and combination of AP-32 and RM (A-RM) on unilateral 6-hydroxydopamine (6-OHDA)-induced PD rats. We found that AP-32, RM and A-RM supplementation induced neuroprotective effects on dopaminergic neurons along with improved motor functions in PD rats. These effects were accompanied by significant increases in mitochondrial activities in the brain and muscle, antioxidative enzymes level in serum, and altered SCFAs profile in fecal samples. Importantly, the AP-32 supplement restored muscle mass along with improved motor function in PD rats, and produced the best results among the supplements. Our results demonstrate that probiotic AP-32 and A-RM supplementations can recover energy metabolism via increasing SCFAs producing and mitochondria function. This restoring of mitochondrial function in the brain and muscles with improved energy metabolism might additionally be potentiated by ROS suppression by the elevated generation of antioxidants, and which finally leads to facilitated recovery of 6-OHDA-induced motor deficit. Taken together, this work demonstrates that probiotic AP-32 supplementation could be a potential candidate for alternate treatment strategy to avert PD progression.
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INTRODUCTION

The Parkinson’s disease (PD) is a widespread neurodegenerative disease in aging individuals, marked by a gradual loss of dopaminergic neurons in the SNc pars compacta (SNc) region of the midbrain. The gradual loss of dopaminergic neurons reduces dopamine turnover in the motor circuit of the brain leading to motor dysfunctions, such as bradykinesia, rigidity, tremor, and postural. Simultaneously, non-motor impairments, such as gut dysfunction, sleep disorder, depression, and dysphagia, are also associated with PD instability (Kalia and Lang, 2015; Maiti et al., 2017). PD patients also suffer from loss of body weight and skeletal muscles (Garber and Friedman, 2003; Falvo et al., 2008; Stevens-Lapsley et al., 2012), which all together worsen the life quality of PD individuals over time.

Although PD pathogenesis remains unclear, several risk factors are known to be associated with PD such as aging, environmental factors, and genetic mutations (Kalia and Lang, 2015; Maiti et al., 2017). Importantly, mitochondrial function is known to be disrupted in PD patients (Schapira et al., 1990). This disruption leads to decreased respiratory enzyme activity, decreased ATP production and energy failure (Verstreken et al., 2005). In a functional mitochondrion, a large antioxidant defense capacity balances the generation of reactive oxygen species (ROS). Mitochondrial damage with decrease of antioxidant defense capacity is imperative of net ROS production. Functionally compromised mitochondria, as in the state of PD, creates an imbalance between ROS production and removal, resulting in net ROS production along with detrimental effects on the anti-oxidative defense system. In effect, there is an increase in oxidative stress resulting from the increased ROS production, and accumulation with simultaneous decrease in oxidative stress-related antioxidant enzymes. Prolonged oxidative stress can further exacerbate mitochondria damage and eventually lead to dopaminergic neurons degeneration (Federico et al., 2012; Subramaniam and Chesselet, 2013; Tait and Green, 2013). An increase in glycolysis can counteract energy failure and dopaminergic cell death induced by malfunctioning mitochondria (Smith et al., 2018). However, neurons have limited capability to up regulate glycolysis. Augmenting the ATP deficit by stimulating glycolysis with pharmacological interventions has shown to attenuate PD progression (Cai et al., 2019).

Several recent studies show a link between PD pathogenesis and gut microbiota dysbiosis (Sun and Shen, 2018). Compared to healthy people, the gut microbiota of individuals with PD have been consistently reported to be abundant with more pro-inflammatory bacteria and less abundant with anti-inflammatory bacteria (Unger et al., 2016). Such changes in the abundance and diversity of microbial flora result in altered production of microbe-derived metabolites in the GI tract. Microbial metabolites beneficial to host immune system and energy metabolism, particularly the short-chain fatty acids (SCFAs), are found to be reduced in PD patients (Unger et al., 2016). The SCFAs (acetate, propionate, and butyrate) are used by host as substrates for lipid, cholesterol, and glucose metabolism which are eventually utilized for the production of energy via Krebs cycle in mitochondria (LeBlanc et al., 2017). Therefore, SCFAs play an important role as precursors for energy metabolism in host. This understanding has led to an ongoing hypothesis that gut microbiota could play an important role in PD pathogenesis, where SCFAs could be the key mediator between gut microbiota and brain bidirectional axis (Ferrante et al., 2003; Monti et al., 2010; Koh et al., 2016; Lei et al., 2016; Schonfeld and Wojtczak, 2016).

Probiotics are live microorganisms that, when administered in appropriate amounts, confer a beneficial effect on the host (Gazerani, 2019). Whereas, prebiotics are non-digestible nutrients that can influence gut microbiota growth and activity, including the production of SCFAs (Franco-Robles and López, 2015). Lactobacillus, is a popular probiotic known to exhibit neuroprotective effects (Castelli et al., 2020; Hsieh et al., 2020), decrease neuroinflammation, increase synaptic plasticity, alter gut microbiota (Bonfili et al., 2017), immunomodulatory effects, barrier function promoter and pathogen inhibitor functions (Hsieh et al., 2013). Besides probiotics, studies have also shown that the metabolites produced by the bacteria fermentation process could generate similar therapeutic effects (Koh et al., 2016). The residues obtained from probiotics culture medium are an alternate source of microbe-derived metabolites, which may contain beneficial nutrients, such as SCFAs. Therefore, the residual medium from probiotic culture can alternatively be utilized as prebiotic supplements.

In this study, we tested the hypothesis that probiotic and potential prebiotic from probiotic residual medium might perform a beneficial role in preventing neurodegeneration in PD condition, we also try to investigate and explore the possible mechanism underlying beneficial effects of a probiotic [Lactobacillus salivarius subsp. salicinius AP-32 (AP-32)], a potential prebiotic [AP-32 residual medium (RM)], and a symbiotic [the combination between AP-32 and its residual medium (A-RM)] supplementation in 6-OHDA PD rat model.



MATERIALS AND METHODS


Probiotic and Prebiotic

Probiotic Lactobacillus salivarius subsp. salicinius AP-32 (AP-32) and the prebiotic residues of microbial culture medium (RM) were provided by Bioflag Biotech Co., Ltd., Tainan, Taiwan. L. salivarius subsp. salicinius AP-32 was isolated from healthy human gut and deposited in Food Industry Research and Development Institute, Taiwan (ID: BCRC 910437) and in Wuhan University, China (ID: CCTCC-M2011127). Probiotic AP-32 consists of 1011 colony-forming unit (CFU)/g. Probiotic AP-32 was selected due to its capacity to regulate inflammatory function and genus Lactobacillus function to promote neuroprotective effects (Bonfili et al., 2017; Castelli et al., 2020; Hsieh et al., 2020). RM powder was derived from the supernatant obtained from probiotic AP-32 fermented medium. Briefly, after the probiotic AP-32 were grown in the medium, the fermented medium was centrifuged to remove the bacteria. The supernatant was spray dried. 4 L of supernatant liquid RM upon spray-drying yielded 60 g of RM powders. The RM consists of carbohydrates, proteins, fats, amino acids, and SCFAs (Supplementary Table 1). A-RM was a mixture of probiotic AP-32 (1.03 × 109 CFU/kgBW of AP-32) and RM (62 mg/kgBW of RM). Fresh stock solution of AP-32, RM, and A-RM were prepared before oral gavage everyday by dissolving each powder in distilled water to final concentration of 1 mg/ml. The final gavage volume was calculated as per the body weight of rats.



Animal Grouping

Male Sprague-Dawley (SD) rats (8 weeks old, 280-300 g) were purchased from BioLASCO Taiwan Co., Ltd. (Taiwan) and were housed two rats per cage at Laboratory Animal Center (LAC) Taipei Medical University under a controlled environment (12/12-h light/dark cycle, 22°C–24°C, 40%–60% humidity) with free access to food and water. Rats were randomly assigned to normal control (NC, n = 5) and PD groups (n = 30). PD rats were obtained by unilateral 6-OHDA injection into the right medial forebrain bundle (MFB). To reduce variability among groups, we performed apomorphine-induced rotation test at 6 weeks after unilateral 6-OHDA lesions and confirmed 25 PD rats (contralateral rotation more than 100 rotations/hour (Kaminska et al., 2017)). The confirmed PD rats were equally assigned into the following 5 groups: untreated PD (PD, n = 5), L-DOPA-treated PD (L, n = 5), AP-32-treated PD (AP-32, n = 5), RM-treated PD (RM, n = 5), and A-RM-treated PD (A-RM, n = 5). One-way ANOVA was performed after grouping to ensure the equal animal grouping. After the animal grouping, rats were given either AP-32 (1.03 × 109 CFU/kgBW), RM (62 mg/kgBW), or A-RM (1.03 × 109 CFU/kgBW of AP-32 mixed with 62 mg/kgBW of RM) once a day for 8 weeks by oral gavage administration. L-DOPA treatment (8 mg/kgBW of L-DOPA + 15 mg/kgBW benserazide dissolved in 0.9% NaCl) was performed by intraperitoneal (i.p.) injection 3 times/week (Sgroi et al., 2014)started from animal grouping until 8 consecutive weeks. Every day, the food and water intakes by rats were recorded, and their bodyweights (BW) were measured weekly. Apomorphine-induced rotation test was repeated at 4 and 8 weeks after supplementations. Catwalk-gait analysis and body composition were evaluated after 8 weeks of supplementations. Rats were sacrificed afterward. The timeline of the study is shown in Figure 1. All animal procedures were approved by the Taipei Medical University Animal Care and Use Committee of Panel (IACUC/IACUP) (approval no. LAC-2020-0183) and were conducted in accordance with the Taiwan code of practice for the care and use of animals for scientific purposes.


[image: image]

FIGURE 1. Timeline of the study.




Unilateral 6-OHDA Injection Into the Right MFB

Induction of PD using unilateral 6-OHDA injection into the right MFB was modified from Hoffer et al. (1994). Rats were anesthetized through i.p. injection of tiletamine with zolazepam (20–40 mg/kgBW) (Zoletil®, Virbac, New Zealand) and xylazine (5–10 mg/kgBW) (Rompun®, Bayer HealthCare, Germany). Then, rats were fixed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, United States) by positioning their forehead flat. After exposing the skull by surgical incision, 1-mm burr hole was drilled into the right medial forebrain bundle (MFB) with the coordinates: anteroposterior (AP) −4.4 mm from the bregma; mediolateral (ML) 1.2 mm from the midline; and dorsoventral (DV) −7.8 mm. Subsequently, 6−OHDA (9 μg per rat in 3 μl of 0.9% NaCl + 0.02% (w/v) ascorbic acid) (Sigma-Aldrich, Darmstadt, Germany) was infused by an infusion pump through a 10 μl Hamilton syringe at 0.2 μl/min, constant flow rate. The implanted syringe was left still for an additional 5 min after infusion and then retracted slowly. Sham−operated rats underwent the same procedure with 3 μl of the vehicle (0.9% NaCl + 0.02% (w/v) ascorbic acid). To reduce variability caused by 6-OHDA degradation, the 6-OHDA solution was freshly prepared in ascorbic acid solution, kept at 4°C, and protected from light (Sanchez et al., 2009). The fresh solution was used within 1 h. During the surgery and recovery procedures, animals were maintained warm using a heating pad.



Serum Biochemical Analysis

Blood was immediately collected by cardiac puncture, and the rats were immediately sacrificed after 8-weeks of supplementation. Blood was centrifuged at 3,500 x g for 10 min at 4°C to obtain the serum. Serum total cholesterol (TCHO), triglycerides (TG), high-density lipoprotein cholesterol (HDL), aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), and total protein (TP) were measured using an autoanalyzer (Fujifilm NX500i, Tokyo, Japan).



Evaluation of Neurodegeneration Process and Motor Function


Apomorphine-Induced Rotation Test

Apomorphine-induced rotation test was performed at 6 weeks after unilateral 6-OHDA lesions to assess the variability of the unilateral 6-OHDA-induced PD rats. Rats were assigned separately into a square cage. A dopamine receptor agonist, apomorphine (0.5 mg/kgBW in 0.9% NaCl and 1% ascorbic acid) (Sigma-Aldrich, Darmstadt, Germany), was injected subcutaneously to trigger contralateral rotation. Contralateral rotations were recorded for 1 hour. Contralateral rotations induced by apomorphine reflect the dopaminergic neuron loss. The test was repeated at 4 and 8 weeks after supplementations to assess the supplementations effects.



Immunohistochemistry Staining and Image Analysis

Immunohistochemistry staining was used to evaluate tyrosine hydroxylase (TH) presence in the striatum and SNc. TH is the specific marker to determine dopaminergic neuron number. Briefly, each brain was cut into coronal slices containing striatum (interaural 9.20 mm and bregma 0.20 mm) and SNc (interaural 3.40 mm and bregma −5.60 mm), then incubated in 4% formaldehyde. The free-floating sections were incubated in a 0.3% hydrogen peroxide solution for 10 min under light-protected condition light, to block internal peroxidases. After that, sections were incubated in PBS containing 0.5% Triton X-100, 4% BSA at room temperature for one hour. Sections were then left to incubate with rabbit polyclonal anti-TH (1:300) (Elabscience, US, Cat. No. E-AB-70077) in PBS containing 0.4% Triton X-100 at 4°C overnight. The primary antibody was omitted in control sections. After incubation for two hours at room temperature with goat anti-rabbit IgGHRP (Sigma, B7401), 1:100 in PBS containing 0.4% Triton X100, immunocomplexes were revealed using 3,3′-diamino-benzidine (DAB Substrate Kit for Peroxidase, Vector) as the chromogen. After washing extensively, the sections were dehydrated and mounted on slides using Permount (Fisher Scientific, United States) mounting media. Slides imaging was performed using pathology slide scanner Motic EasyScan hardware and software (Motic, Hong Kong). The intensity of TH + level was then quantified using ImageJ. The intensity of TH + level of lesioned side was standardized with the respected non-lesioned side (contralateral side).



Catwalk Quantitative Gait Analysis Test

A Catwalk-gait test was performed to evaluate the gait performance after 8 weeks of supplementations. The Catwalk-gait test was done on a quantitative gait analysis system, GaitLab ViewPoint (ViewPoint, China) hardware and software. The apparatus consisted of a raised glass floor with a green light. On the bottom floor of the walkway, a high-speed video camera is placed to record the green light reflected from each point of contact with the animal at 100 frames per second. The pattern of green light was interpreted by custom software and translated into a quantitative assessment of the rat’s paw print. The following variables were obtained from Catwalk-gait analysis: speed (speed started from entering until leaving the walkway, cm/s), stride length (distance between the same paw, cm), stride frequency (number of strides per second, strides/sec), stance time (the time the animal lays a paw on floor, secs), duty factor (ratio of a paw frequency and total time), asymmetry gait analysis (left pair lag, secs; right pair lag, secs; left pair gap, cm; right pair gap, cm), and intensity sum.



Evaluation of Mitochondrial Function and Energy Metabolism


Mitochondrial Function by Seahorse Bioscience XFe24 Extracellular Flux Analysis

Mitochondrial function was evaluated by measuring real time basal oxygen consumption rates (OCR) and extracellular acidification rate (ECAR) with Seahorse Bioscience XFe24 extracellular flux analyzer. OCR measures mitochondrial respiration efficacy and ECAR measures glycolysis efficacy. After sacrifice, fresh brains and left soleus muscles were transferred into an XFe24 islet capture microplate (Seahorse Bioscience, United States, Cat. No. 101122-100). The Seahorse XFe24 performs repeated measurement of oxygen and proton concentrations surrounding tissues in the assay medium using oxygen and hydrogen ion-sensitive fluorophores. Briefly, inside a non-carbon dioxide incubator the assay cartridge plate (Seahorse Bioscience, United States, Cat. No. 100867-100) was hydrated using an XF calibration solution (Seahorse Bioscience, United States, Cat. No. 100867-000) for overnight at 37°C. For the experiments, Seahorse XF Assay medium (Seahorse Bioscience, United States, Cat. No. 102365-100), containing 5.0 mmol/l glucose and 2.0 mmol/l pyruvate at pH 7.4 and 37°C, was used to minimize any movement during the assay, isolated tissues were placed at the bottom of the islet plates and covered with a screen. 525 μl of XF assay medium was then added into the wells and maintained at 37°C in a non-carbon dioxide incubator for 20 min. After the incubation, the islet plate was placed inside the analyzer instrument. Three cycles were performed to obtain basal mitochondria respiration and glycolysis rate. After the Seahorse experiment, protein concentration in each well was then determined. The tissues from all islet plate wells were transferred into individual 1.5 ml microtubes containing 5 μl/ml (each) of NP40 lysis buffer (Invitrogen, Frederick, MD), proteinase, and phosphatase inhibitor at 4°C (Sigma Aldrich, St. Louis, MO). Tissues were homogenized and then centrifuged for 10 min at 1,000 x g. The supernatant was separated and then used for the Bradford protein quantification assay (Thermo Scientific, Rockford, IL). Sample duplicates and bovine serum albumin (BSA) standards (Sigma-Aldrich, Darmstadt, Germany) were load into a 96-well plate with the following concentrations (mg/ml): 0, 25, 125, 250, 500, 750, 1,000, 1,500, and 2,000. The Bradford reagents (Sigma-Aldrich, Darmstadt, Germany) were added to the wells containing either samples or standards. Afterward, the plate was incubated for 5 min at room temperature, and 595 nm was used to read the absorbance of the samples and standards. Concentration of samples was finally calculated by using standard curve and interpolation technique.



Dual-Energy X-Ray Absorptiometry (DXA)

After 8 weeks of supplementation, the body composition of each rat was assessed to determine total body fat, muscle mass, and bone mineral density by using DXA (Lunar Hologic, GE Healthcare, Wisconsin, United States) hardware and software. To ensure rats were motionless during scanning, rats were anesthetized using zoletil (20-40 mg/kgBW) and xylazine (5–10 mg/kgBW) by i.p. injection. With their face facing downwards, the rats were placed on the scanning bed. Nose to tail scanning was conducted to obtain complete body composition measurement.



Antioxidant Activity

Glutathione peroxidase (GPx) and superoxide dismutase (SOD) activities were measured in serum using colorimetric assay using GPx and SOD assay kits (BioVision, California, United States) according to the manufacturer’s instructions. The GPx and SOD activities were calculated using an equation obtained from linear regression of the standard curve.



Fecal Microbial Metabolites Analysis by High-Performance Liquid Chromatography (HPLC)

Fresh fecal samples were collected during the eighth week. Determination of microbial metabolites consisted of six SCFAs (acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids). SCFAs were determined by HPLC, following a previous study (Granado-Serrano et al., 2019). Briefly, SCFAs were extracted using 70% ethanol (5 mL of ethanol for 200 mg of the sample), then mixed and centrifuged at 20°C, 2500 rpm, 10 min. The supernatant was mixed with 2-ethylbutyric acid, pyridine, 1-EDC-HCl, and 2-NPH-HCl, then re-acted to 60°C for 20 min. The mixture was then mixed with potassium hydroxide, reacted at 60°C for 20 min, and cooled down. Next, the mixture was shaken with a phosphoric acid aqueous solution and ether for 3 min, then centrifuged to collect the ether layer. The ether layer was shaken with water for 3 min then centrifuged. Nitrogen gas was used to eliminate ether. Lastly, HPLC (column temperature 50°C, a flow rate of 1.1 mL/min, measurement wavelength 400 nm) was used after dissolving the obtained fatty acid hydrazide with methanol.



Statistical Analyses

Statistical analyses were performed using SPSS Statistics 19 software. Differences were evaluated using one-way ANOVA followed by Tukey HSD post hoc test. Results are expressed as mean ± standard error of the mean (SEM). Significance was determined as p < 0.05.



RESULTS


Serum Biochemical Profiles After 8 Weeks of AP-32, RM, and A-RM Supplementation

Levels of TCHO, TG, HDL, AST, ALT, ALB, and TP were measured in serum after 8-weeks of treatment. There was no significant difference among groups in serum bio-chemical profiles (Table 1), suggesting that AP-32, RM, and A-RM will not affect the serum biochemical value.


TABLE 1. The effects of AP-32, RM, and A-RM on serum biochemical profiles after 8 weeks of treatment in 6-OHDA-induced PD rats.

[image: Table 1]


Supplementation of Probiotic L. salivarius AP-32, Prebiotic RM, and Combination A-RM Attenuated Neurodegenerative Process



Apomorphine-Induced Rotation

Contralateral rotation induced by apomorphine could reflect the dopaminergic neuron loss after unilateral 6-OHDA injection into MFB. Six weeks after the injection, rats were exhibited more than 200 contralateral rotations/hour (Table 2). After 4 weeks of supplementations, contralateral rotations were decreased by 31.6 ± 7.3% in AP-32, 29.1 ± 12% in RM, and 27.9 ± 6.3% in A-RM-treated group. The contralateral rotations continuously decreased after 8 weeks of supplementations, with reduction of 66.7 ± 10.7%, 51.3 ± 8.8%, and 60.1 ± 8.3% in AP-32, RM, and A-RM, respectively. Compared to untreated PD group, supplementation of AP-32, RM, and A-RM significantly decreased contralateral rotations after 4- and 8-weeks supplementation. There is no significant difference between untreated PD and L-DOPA-treated group.


TABLE 2. AP-32, RM, and A-RM decreased contralateral rotation in apomorphine-induced rotation test after 4 and 8 weeks.

[image: Table 2]

Neuroprotective Effect

Dopaminergic neurons were evaluated using a specific marker, TH. TH + level of the untreated PD group showed dramatic reductions in striatum (Figures 2A,B) and SNc (Figures 2C,D) of the 6-OHDA-lesioned side. Supplementation of AP-32 and its combination with residual medium (A-RM) prevented the loss of TH + intensity level in the striatum and SNc induced by unilateral 6-OHDA injection, indicating neuroprotective effects performed by these supplementations. A significant increase in the TH + level of the RM group was only observed in the SNc but not in the striatum. Supplementation of AP-32 for 8 weeks showed slightly higher TH + level in the striatum and SNc than RM. Here we also noted that RM seemed to have a suppression effect on AP-32, as seen in a slight decrease of TH + level in a group supplemented with A-RM.


[image: image]

FIGURE 2. Supplementation of AP-32, RM, and A-RM rescued the 6-OHDA-mediated reduction of dopaminergic neurons in the striatum and substantia nigra pars compacta (SNc) after 8-weeks of supplementations. (A) A representative of the immunohistochemical staining for TH (dopaminergic neuron marker) in the striatum. (B) Quantitative analysis of the number of TH-positive cells in the striatum. (C) A representative of the immunohistochemical staining for TH in SNc. (D) Quantitative analysis of the number of TH-positive cells in the SNc. The intensity of the lesioned side was standardized with the non-lesioned side and reported as mean ± SEM (n = 5 rats/group). #p < 0.05 PD group compared to NC group. *p < 0.05 L, AP-32, RM, and A-RM groups compared to PD group. Data were evaluated by one-way ANOVA with Tukey’s post hoc test.




Evaluation of Gait Function

Unilateral 6-OHDA MFB injection induced gait dysfunction as seen in dynamic parameters in Catwalk-gait analysis (Figure 3). Significant decreases of speed (Figure 3A) and stride length (Figure 3B) were found in untreated PD group. However, supplementation of probiotic AP-32, RM, and A-RM for 8 weeks could significantly increase the locomotor speed and stride length of PD rats. AP-32 supplementation shows better speed performance than RM and A-RM. Stride frequency (Figure 3C) was high in untreated PD group and decreased in AP-32, RM, A-RM, and L-DOPA-treated group. Stance time (Figure 3D) was increased by unilateral 6-OHDA injection but significantly reduced by AP-32 and A-RM supplementation. Altogether, the gait analysis results suggest that unilateral 6-OHDA injection into MFB impaired the gait function by decreasing the ability to move faster and further. But supplementation of AP-32, RM, and A-RM showed improvement of the gait function. Furthermore, supplementation of AP-32 and A-RM showed reduced left pair lag compared to the untreated PD group (Figure 3G). This result is corresponded with the preserved TH + level in AP-32 and A-RM-treated group, suggesting that unilateral 6-OHDA injection induced asymmetry gait dysfunction and both supplementations could alter the dysfunction.


[image: image]

FIGURE 3. Dynamic parameters for gait analysis in 6-OHDA-induced PD rats. (A) Speed started from entering until leaving the walkway. (B) Stride length. (C) Stride frequency. (D) Stance time. (E) Section from original footprints recorded after 8-weeks supplementations; pink, front left; blue, front right; green, hind left; red, hind right. (F) Duty factor. (G) Left pair lag. (H) Left pair gap. (I) Right pair lag. (J) Right pair gap. (K) Intensity sum. All data are expressed as mean ± SEM (n = 5 rats/group). #p < 0.05 PD group compared to NC group. *p < 0.05 L, AP-32, RM, and A-RM groups compared to PD group. Data were evaluated by one-way ANOVA with Tukey’s post hoc test.




Supplementation of Probiotic L. salivarius AP-32, Prebiotic RM, and Combination A-RM Restored Mitochondrial Function and Energy Metabolism


Mitochondrial Function Analysis

Mitochondrial function was evaluated in the brain and soleus muscle through measuring OCR and ECAR. In the brain, including striatum and SNc, mitochondrial function was decreased in the untreated PD group, marked by decreases in OCR and ECAR (Figures 4A,B). However, supplementation of AP-32 and A-RM in-creased OCR and ECAR. Group treated with L-DOPA and RM only showed an in-crease in ECAR and not in OCR. Supplementation of AP-32 significantly showed the highest OCR and ECAR in the brain compared to RM and A-RM, indicating that AP-32 could improve mitochondrial function in the brain better than RM and A-RM. This is consistent with TH immunohistochemistry results that show AP-32 exerted the best neuroprotective effect among all supplementation groups. Subsequently, the untreated PD group shows a decrease in mitochondrial function in the soleus muscles as evaluated by OCR and ECAR values (Figures 4C,D). Supplementation of AP-32, RM, and A-RM could reverse the decreases induced by 6-OHDA, with AP-32 showed the best results. The OCR and ECAR results in the brain and soleus muscle further supported an evidence that AP-32 exerted better effects than RM and A-RM.
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FIGURE 4. The effect of AP-32, RM, and A-RM on mitochondrial function in the brain and soleus muscle after 8-weeks of supplementation. Mitochondrial function was evaluated by basal mitochondria respiration, oxygen consumption rate (OCR), and basal glycolysis rate, and basal extracellular acidification flux (ECAR). (A,B) The mitochondrial activates in the brain, including striatum and SNc. (C,D) The mitochondrial actives in the soleus muscle. All data are expressed as mean ± SEM (n = 5 rats/group). #p < 0.05 PD group compared to NC group. *p < 0.05 L, AP-32, RM, and A-RM groups compared to PD group. Data were evaluated by one-way ANOVA with Tukey’s post hoc test.




BW Gain, Food Consumption Efficiency (FCE), Water Intake, and Body Composition

The BW of the rats was observed after 6-OHDA injection. Each group gained BW during the experiment period. However, the untreated PD group showed less BW gain than other groups (Table 3). Probiotic L. salivarius AP-32 and combination A-RM treatment group showed significantly higher BW gain than the untreated PD group. The supplementation of AP-32 for 8 weeks also resulted in greater BW gain than RM and A-RM. It indicated that AP-32 could prevent BW loss better than RM and A-RM.


TABLE 3. The effect of AP-32, RM, and A-RM on BW gain, food intake, food conversion efficiency, and water intake in 6-OHDA-induced PD rats.

[image: Table 3]There is no significant difference in water and food intake between groups (Table 3). The untreated PD group shows the lowest FCE compared to other groups. These results indicated that probiotic AP-32, prebiotic RM, and combination A-RM could increase the efficiency of food consumption and attenuate BW loss induced by 6-OHDA.

Consistent with BW declines, body composition measured through DXA (Figure 5) showed that the untreated PD group had lower total fat mass, muscle mass, and bone mineral density than the healthy group. Supplementation of probiotic AP-32 and RM prevented the decreases, with AP-32 performed the best among all treatments, followed by A-RM and RM. Muscle mass was preserved in groups treated with AP-32, RM, and RM, indicating their ability to prevent muscle atrophy in 6-OHDA-induced PD rats. Together, these results suggest that AP-32, RM, and A-RM could prevent BW loss, increase FCE, and maintain body composition, with AP-32 showed the best result among supplementation groups. Here we also observed significant increases of fat mass and bone mineral density mass, but not muscle mass in L-DOPA-treated group.
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FIGURE 5. Body composition of rats after 8 weeks of treatments. Body composition was evaluated by Dual-Energy X-Ray Absorptiometry (DXA), which includes (A) fat mass, (B) muscle mass, and (C) bone mineral density. All data are expressed as mean ± SEM (n = 5 rats/group). *p < 0.05 compared to PD group. Data were evaluated by one-way ANOVA with Tukey’s post hoc test. #p < 0.05 PD group compared to NC group.




Supplementation of Probiotic L. salivarius AP-32 Enhanced Antioxidative Enzyme Activities

Serum antioxidative enzyme activities of GPx and SOD were decreased in 6-OHDA-induced PD groups (Figure 6). Treatment of AP-32, RM, A-RM, and L-DOPA significantly increased GPx activity in serum. However, only the PD group treated with AP-32 showed significant improvement in SOD activity. The combination of AP-32 and RM could not exert the similar effects exerted by supplementation of AP-32 alone. It suggests that AP-32 was the better supplement in increasing antioxidative enzyme activities compared to RM and A-RM. The results are also consistent with results of TH immunohistochemistry and gait function evaluation which indicate that AP-32 performed the best among all treatments.
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FIGURE 6. The effect of AP-32, RM, and ARM on antioxidative enzyme activities in serum. (A) Glutathione peroxidase (GPx) activity, (B) superoxide dismutase (SOD) activity. Data are expressed as mean ± SEM (n = 5 rats/group). #p < 0.05 PD group compared to NC group. *p < 0.05 L, AP-32, RM, and A-RM groups compared to PD group. All data were evaluated by one-way ANOVA with Tukey’s post hoc test.




The Fecal SCFAs Were Increased by Supplementation of Probiotic L. salivarius AP-32, Prebiotic RM, and Combination A-RM

Induction of PD with 6-OHDA neurotoxin reduced microbial metabolites, SCFAs, in fecal samples (Table 4). Supplementation of AP-32, RM, and their combination (A-RM) elevated SCFAs. AP-32, RM, and A-RM supplementations showed significantly higher total acid, propionic acid, and butyric acid than the untreated PD group. Isovaleric acid only increased by supplementation of AP-32 and RM. Meanwhile, isobutyric acid only elevated in the group supplemented with AP-32. Among all supplementation group, AP-32 showed slightly higher isobutyric acid, butyric acid, and valeric acid.


TABLE 4. The effect of AP-32, RM, and A-RM on fecal SCFAs profiles after 8 weeks of treatments.

[image: Table 4]


DISCUSSION

In this study, we found that the 8-week supplementation of probiotic [Lactobacillus salivarius subsp. salicinius AP-32 (AP-32)], prebiotic [residual medium (RM)], and the symbiotic [combination of AP-32 and RM (A-RM)] significantly prevented dopaminergic neuron loss along with improved motor function in PD rats. Along with their neuroprotective effects, the supplementations induced marked increase in the following: mitochondrial activities and glycolysis in the brain and muscle, antioxidative enzymes activities in the serum, and altered SCFAs profile in fecal samples. We noted that the supplementations also resulted in restoration of muscle mass and accompanied improvement of motor function. Overall, the supplementations were found to prevent the 6-OHDA-induced progression of PD and its associated symptoms, where AP-32 supplementation was found to yield the best results. The probiotic supplementation could play as an active modulator in regulating the onset of motor deficit progression in unilateral 6-OHDA-induced PD rats. The possible neurorestoration molecular pathway of probiotic is shown in Figure 7.
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FIGURE 7. Potential neurorestoration molecular pathway of probiotic in facilitating recovery of motor deficit in unilateral 6-OHDA-induced Parkinson’s disease.


From our understanding, there could be two possible pathways underlying the neuroprotective effects of probiotic AP-32, prebiotic RM, and symbiotic A-RM. First, the increases of mitochondrial activities and glycolysis (Figure 4) by supplementation of probiotic AP-32, prebiotic RM, and symbiotic A-RM might increase energy metabolism in the brain and muscle, thus prevented the loss of dopaminergic neurons (Figure 2) and muscle atrophy (Figure 5). Second, the modulation of the SCFAs production (Table 4) and increase in antioxidative enzyme activities (Figure 6) induced by these supplementations might have played a vital role in protecting the mitochondria against reactive oxygen species (ROS).

Neurodegenerative diseases, like PD, have been associated with impaired energy metabolism in the brain, which results in excessive neuronal deaths. Mitochondrial respiration and glycolysis are the two important metabolic pathways during energy metabolism in neurons. In a PD brain, mitochondrial electron transport chain reaction in tricarboxylic acid (TCA) cycle is known to malfunction, which results in decreased mitochondrial respiration (Schapira et al., 1990). Also, the reduction in glycolysis process is associated with many of neurodegenerative diseases. Dysfunctions in mitochondrial respiration and glycolysis reduction lead to declined ATP production (Tait and Green, 2013). As neurons are high energy demanding cells (Verstreken et al., 2005), the deficit in energy production and high energy demand can lead to energy starvation in the neurons, impairing their function and eventual death via apoptotic pathway (Tait and Green, 2013). In this study, we found that there were increases in mitochondrial respiration activities and glycolysis in the brain and muscle of rats supplemented with probiotic AP-32, prebiotic RM, and symbiotic A-RM (Figure 4). Thus, our findings indicate that these supplements might facilitate the modulation of energy metabolism for meeting the energy demand in the brain and muscles, which might have prevented the dopaminergic neuron loss and muscle atrophy.

Mitochondrial dysfunctions can lead to increased oxidative stress from the generation of ROS, such as superoxide anion and hydrogen peroxide. This can further increase neuronal deaths, a characteristic typically found in neurodegenerative diseases (Shukla et al., 2011; Federico et al., 2012; Subramaniam and Chesselet, 2013). In normal conditions, antioxidants such as SOD and GPx are innately produced to neutralize the oxidative stress. However, in the pathological state of PD, neurons fail to produce sufficient levels of antioxidants to counterbalance the ROS (Di Pietro et al., 2014; Cho et al., 2016; Feuerstein et al., 2016). The cumulative increase of oxidative stress damages the mitochondria and interferes with the energy production process (Shukla et al., 2011). Therefore, restoring the balance between ROS and antioxidants can be crucial for preventing the damage in dopaminergic neurons of PD (Shukla et al., 2011; Poewe et al., 2017). In our study, we observed that 6-OHDA decreased oxidative stress-related antioxidant enzymes, SOD and GPx, in the serum (Figure 6). However, long-term supplementation of probiotic AP-32 resulted in increase of SOD and GPx activity levels in the serum of 6-OHDA treated rats. The increase of serum antioxidant enzymes indicates that these supplementations could indirectly have a protective effect against ROS to decrease oxidative stress in the brain (Cho et al., 2016). It was observed that prebiotic RM and symbiotic A-RM could only significantly elevate GPx level. The results thus indicate that supplementing pure AP-32 can generate a better antioxidant production capacity in vivo than only supplementing the prebiotic metabolites (RM) extracted from its culture.

Upon analyzing the fecal samples obtained from the rats, it was determined that the probiotic AP-32, prebiotic RM, and symbiotic A-RM supplementation altered the SCFAs levels in the rodent’s gut (Table 4). SCFAs (e.g., acetate, propionate, and butyrate) generated from fermentation by gut microbiota in the large intestine are known to exert antioxidant properties, immunomodulatory function, and regulate energy metabolism (Koh et al., 2016; Schonfeld and Wojtczak, 2016; LeBlanc et al., 2017). The observed increases of butyric acid and propionic acid are likely to be involved in the elevation of antioxidative enzymes (SOD and GPx) in the group treated with AP-32 (and increase of GPx in RM and A-RM group). This suggests that AP-32 might reduce oxidative stress by increasing host antioxidant enzyme activities. Probiotics can decrease oxidative stress by producing anti-oxidative enzymes, stimulating antioxidant metabolites (e.g., folate, glutathione), up-regulate host anti-oxidative enzymes activities, trigger other signaling pathways (e.g., NFkB, PKC, MAPK, Nrf2), and down-regulate ROS-producing enzymes activities (Wang et al., 2017). Also, the antioxidant capacity induced by SCFAs might be involved in counteracting the mitochondria-destroying oxidative stress prevailing in a PD brain. With reduced oxidative stress, mitochondria could function properly to supply energy in the brain and muscles, supported by the finding of increased OCR and ECAR in the PD group treated with AP-32, RM, and A-RM (Figures 4A,B). In addition, SCFAs could up-regulate energy metabolism in the brain and muscle by serving as energy substrates (Lei et al., 2016; Schonfeld and Wojtczak, 2016; LeBlanc et al., 2017). Specifically, butyric acid is known to enhance mitochondrial activity by increasing oxygen consumption and glucose uptake (Clark and Mach, 2017), which could facilitate enhanced energy utilization in the brain. Thus, the prevention of dopaminergic neurons loss in striatum and SNc along with reduced of motor dysfunction could be a synergistic effect originating from the enhanced anti-oxidative enzymes, improved mitochondria activities, and up-regulated energy utilization in the brain and muscles.

We also noted that AP-32, RM, and A-RM supplementation prevented the 6-OHDA induced loss of bodyweight (Table 3), muscle atrophy, and bone density deprivation (Figure 5) in rats. The reduced muscle atrophy in the soleus muscle was also accompanied with improved gait function evaluated by the Catwalk-gait test (Figure 3). Supplementation of AP-32, RM, and A-RM increased mitochondrial function in soleus muscle (Figures 4C,D). Several studies have described that PD patients also suffer from loss of bodyweight, muscle atrophy and concomitant impairments in motor functions (Garber and Friedman, 2003; Falvo et al., 2008; Stevens-Lapsley et al., 2012). There is also a known association between PD progression and decreased bone density (Handa et al., 2019). Consistent with these findings, our 6-OHDA treated rats reproduced the marked decreases in muscle mass and bodyweight (Kim and Choe, 2010; Choe et al., 2011, 2012; Minalyan et al., 2019) as well as bone density (Ali et al., 2019; Handa et al., 2019) in neurotoxin-induced PD animal model. Supplementation of the probiotic AP-32 prevented muscle atrophy, weight loss, and bone density deprivation, without affecting the food and water consumption behavior in the rats (Table 3). These effects by AP-32 and RM might rely on their capacity to modulate gut microbiota composition and microbiota metabolites. Supplementation of AP-32 might favor the commensal bacteria inside the intestine and their metabolites, which influence energy production, redox balance, immune response, and mitochondrial biogenesis (Clark and Mach, 2017). Increases in SCFAs production could up-regulate energy metabolism in the muscle by serving as energy substrates (Newman and Verdin, 2014; Kesl et al., 2016; Lei et al., 2016). Butyric acid enhances mitochondrial activity by increasing oxygen consumption and glucose uptake (Gao et al., 2009), which could increase energy supply in the muscle. The up-regulation of mitochondria and energy utilization indicates the ability of probiotic AP-32 and its RM in preventing body weight loss and muscle atrophy (Gao et al., 2009; Hock and Kralli, 2009). This restored muscle mass might also contribute to the improvement of motor function (Visser et al., 2005; Curcio et al., 2016). Regarding restored bone density in groups supplemented with AP-32, RM, and A-RM, it might also be another benefit of an increase in SCFAs production upon AP-32 and RM supplementation. SCFAs are known to protect bone density mass through downregulation osteoclastogenesis and bone resorption (Lucas et al., 2018). Additionally, SCFAs can increase the absorption of calcium, which is important in bone formation, through calcium and hydrogen exchange in the gut (Trinidad et al., 1996).

In this study, we found that supplementation of bacterial RM and A-RM could also reduce dopaminergic neuron loss, motor dysfunctions, and muscle atrophy, along with increased GPx and fecal SCFAs. The observed increases of propionic acid and butyric acid in PD groups supplemented with RM and A-RM could enhance antioxidant capacity (Koh et al., 2016; Schonfeld and Wojtczak, 2016), as seen in elevated serum GPx activity. As the RM contained SCFAs and various amino acids, including branched-chain amino acids (BCAAs) (Supplementary Table 1), the BCAAs can increase mitochondrial energy production rate and mitochondrial DNA abundance (Tatpati et al., 2010), which might explain the increase in mitochondrial activity. Thus, supplementation of RM and A-RM could also preserve dopaminergic neuron and muscle mass, possibly through enhancing GPx, SCFAs, and energy metabolism.

Although all supplementation groups showed significant neuroprotective effects, but from the Catwalk results, SOD activity, bodyweight and mitochondrial activities, AP-32 showed the best results compared to RM and A-RM groups. After comparing the protective effects of AP-32 and A-RM, we concluded that AP-32 has a better performance on Catwalk results (Figure 3), SOD activity (Figure 6), bodyweight (Table 3) and mitochondrial activities (Figure 4). Only the speed parameter was found to significantly decrease in RM and A-RM while the other parameters also followed the same trend but no significant difference. From those observations, it appears that RM may affect the function of AP-32. It needs more experiment to gain more deep understanding the interaction between AP-32 and RM.

Here we also observed effects of L-DOPA treatment on serum GPx activity ECAR in the brain and soleus muscle, fat mass, and bone mineral density. L-DOPA has been described to exert antioxidative effects (Han et al., 1996; Exner et al., 2003; Jodko-Piórecka and Litwinienko, 2015; Recky et al., 2021), including glutathione (Zhu et al., 2020). The upregulated GPx might affect the energy metabolism and bone mineral density. Further, previous study reported that L-DOPA administration could increase relative 2-deoxyglucose uptake in unilateral 6-OHDA injected substantia nigra pars reticulata rats (Trugman and Wooten, 1986). This result might explain our observation shown in Figures 4B,D because L-DOPA could increase relative 2-deoxyglucose uptake which might increase the glucose utilization in SNc. The result presented in this study is also supported by Adams et al. (2008) in which they reported levodopa/benserazide treatment increased lactate and pyruvate accumulation in human skeletal muscle, along with reduced lactate-to-pyruvate ratio, indicating increased aerobic glycolysis. Since L-DOPA can inhibit glycogen synthesis, then the decreased glycogen synthase could result in intracellular accumulation of glucose-6-phosphate (G6P) (Smith et al., 2004). As the cell could not store it as glycogen, it might lead to glucose utilization pathway, glycolysis (increased ECAR). In adipose tissue, L-DOPA is known to decrease dialysate glycerol, which suggest lipolysis inhibition (Adams et al., 2008). It might explain the preserved fat mass in PD group treated with L-DOPA.

We observed significantly higher bone mineral density in L-DOPA-treated group than the PD group. This result is contradictive with previous studies which suggest L-DOPA treatment induces bone loss by increasing homocysteine (Hcy), catechol O-methyltransferase (COMT)-stimulated L-DOPA metabolite (Yasui et al., 2003; Gjesdal et al., 2006). However, Hcy-induced bone loss can be caused by oxidative stress that triggers osteoclastic bone resorption (Koh et al., 2006). In our data, L-group also show higher GPX activity than the PD group. The increase of GPX activity might reduce the oxidative stress and promote the osteoclastic bone resorption. Additionally, study by Wang et al. demonstrate that the protective effect of glutathione against 6-OHDA-induced bone marrow stromal cell death (Wang et al., 2011). Furthermore, dopamine deprivation can lead to bone loss in PD as the system failed to prevent hyperprolactinemia (Ali et al., 2019; Handa et al., 2019). In in vivo study by Handa et al. (2019), higher dose of L-DOPA indeed increased Hcy, suggesting that L-DOPA might affect bone density in dose-dependent manner.

Further experiments are required to establish a more direct mechanism in the brain with respect to the AP-32, RM, and A-RM effects, including gut microbiota composition. Our ongoing study is now focused on the effects of probiotics on gut function and gut microbiota composition alterations. In summary, long-term supplementation of AP-32 was found to be the best treatment for protecting dopaminergic neurons and improve motor functions in 6-OHDA-induced PD rats. This supplementation enhanced SCFAs in the gut along with increased anti-oxidative enzymes in the systemic system, which probably was responsible for the reduction of oxidative stress in the brain. The elevated production of these fatty acids in the gut could be responsible for the increased mitochondrial activities in the brain and muscles, and directly involved in increased energy utilization. Recovery of these functions possibly underlie the decreased dopaminergic neuron loss and muscle loss prevention leading to improved motor functions in 6-OHDA-induced PD rats.



CONCLUSION

The results obtained from our study reveal that long-term supplementation of probiotic Lactobacillus salivarius subsp. salicinius AP-32 (AP-32), prebiotic residual medium (RM) from AP-32 cultured medium, and their combination (A-RM) performed neuroprotective effects against dopaminergic neuron loss and motor dysfunction in a unilateral 6-OHDA-induced PD rat model. These supplementations increased mitochondrial activities and glycolysis which might increase energy metabolism in the brain and muscle, thus prevented dopaminergic neuron loss and muscle atrophy. Additionally, these supplementations modulated SCFAs production and increased antioxidative enzyme activities which might play important role in protecting mitochondria against reactive oxygen species (ROS). Supplementation of AP-32 showed the best performances among all supplementation groups. Therefore, AP-32 is the potential alternative as nutritional supplements in the treatment of PD. However, more detailed studies are required to investigate the mechanistic role of Lactobacillus salivarius subsp. salicinius AP-32 and prebiotic RM in attenuating PD progression.
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Objective: Subjective cognitive decline (SCD) is associated with an increased risk of clinical cognitive disorders. Post-operative delirium (POD) is a common complication after total hip replacement. We aimed to investigate the relationship between SCD and POD in patients undergoing total hip replacement.

Methods: Our study recruited 214 cognitively intact individuals from the Perioperative Neurocognitive Disorder And Biomarker Lifestyle (PNDABLE) study in the final analysis. SCD was diagnosed with Subjective Cognitive Decline Scale (SCDS), Mini-Mental State Examination (MMSE), and Montreal Cognitive Assessment (MoCA). The incidence of POD was evaluated by using Confusion Assessment Method (CAM), and POD severity was measured by using the Memorial Delirium Assessment Scale (MDAS). Preoperative cerebrospinal fluid (CSF) Aβ40, Aβ42, T-tau, and P-tau levels were measured by enzyme-linked immune-sorbent assay (ELISA).

Results: Overall, the incidence of POD was 26.64% (57/214), including 32.43% (36/111) in the SCD group and 20.39% (21/103) in the NC group. With the increase of age, the incidence of POD in all age groups increased (P < 0.05). Logistic regression analysis showed that after adjusting for SCD, Aβ42, Aβ40, P-tau, and T-tau, SCD (OR 2.32, CI 1.18–4.55, P = 0.01) and the increased CSF level of P-tau (OR 1.04, CI 1.01–1.06, P < 0.001) were risk factors for POD, while the level of aβ42 (OR 0.99, CI 0.99–1.00, P < 0.001) was a protective factor for POD.

Conclusion: SCD is one of the preoperative risk factors for POD.

Clinical Trial Registration: This study was registered at China Clinical Trial Registry (Chictr200033439).

Keywords: subjective cognitive decline, post-operative delirium, total hip replacement, cerebrospinal fluid, biomarker


INTRODUCTION

Post-operative delirium (POD) is a common complication in the surgical patients. It is characterized by acute changes in the patients' mental state, involving impairment of cognition, attention, and consciousness levels, and tends to occur within 1 week after surgery (or before discharge) (Evered et al., 2018). POD is affected by a variety of factors, with the incidence ranging from 4 to 65% (Rudolph and Marcantonio, 2011), and 17% after total hip replacement (Oh et al., 2021). Previous studies have confirmed that POD has a high morbidity and mortality and at the same time reduces the quality of patients' life, prolongs the length of hospital stay, and increases the burden on families and society (Eckenhoff et al., 2020). So far, the pathogenesis of POD is still unclear. It was found that biomarkers such as amyloid (Aβ) and Tau protein in cerebrospinal fluid (CSF) have become strong predictors of POD (Jia et al., 2019; Bassil et al., 2020). However, there was no independent preoperative subjective cognitive status to predict POD. Therefore, it is crucial to identify an independent preoperative subjective cognitive status associated with POD that may be predicted in the preoperative settings.

Subjective cognitive decline (SCD) refers to a condition in which an individual's memory and/or other cognitive abilities are significantly reduced relative to one's previous performance level in the absence of an objective neuropsychological deficit (Jessen et al., 2014). The evidence shows that SCD increases the risk of future pathological cognitive declining (Cheng et al., 2017). However, to date, preoperative SCD has not been assessed as a risk factor of POD. Moreover, there is hardly any research on the relationship between SCD and POD and their related mechanisms.

Therefore, we planned to conduct a prospective, observational cohort study to investigate the relationship between SCD and POD and their related mechanisms, as well as whether there was a difference in the incidence of POD in SCD patients aged from 40 to 90 years old, so as to find a new way for the early prevention of POD. For these purposes, we make the hypothesis that preoperative SCD is a risk factor of POD in patients and that the significance of SCD may vary in different age groups. Three analyses were then performed. Firstly, the relationship between SCD and POD was assessed. Secondly, the relationship between Aβ40, Aβ42, T-tau, P-tau, and POD or SCD was analyzed. Thirdly, the incidence of SCD and POD in patients of different age groups was observed and analyzed.



MATERIALS AND METHODS


The PNDABLE Study

Participants were recruited from the Perioperative Neurocognitive Disorder And Biomarker Lifestyle (PNDABLE) study, which is a large cohort study conducted in 2018 to analyze the risk factors and biomarkers of perioperative neurocognitive impairment in the Han population in northern China for the early diagnosis and prevention of the disease. The study has been registered with the China Clinical Trial Registry (clinical registration number: Chictr200033439), and ethical approval for this study (Ethical Committee N°2020 PRO FORMA Y number 005) was provided by the Ethical Committee Qingdao Municipal Hospital affiliated to Qingdao University, Qingdao, China (Chairman Prof Yang), on May 21, 2020. All patients were informed of the purpose of participation in the study and of the procedure (blood and CSF collection) and had signed an informed consent form prior to inclusion. Cognitive function was evaluated by subjective cognitive decline scale (SCDS), Mini-Mental State Examination (MMSE), and Montreal Cognitive Assessment (MOCA); the patients were diagnosed as normal cognitive (NC), SCD, mild cognitive impairment (MCI) and Alzheimer's disease (AD) according to the different scores. The patients of the NC group and SCD group were selected as the main study objects.



Study Participants

This is a prospective, observational, cohort study of patients undergoing total hip replacement. Three hundred eligible patients who were between 40 and 90 years of age and scheduled to have total hip replacement under combined spinal and epidural anesthesia, between June 2020 and December 2020 in Qingdao Municipal Hospital affiliated to Qingdao University, were included in this study. The inclusion criteria of this study include (1) age 40–90 years; (2) Han Nationality Patients in north China; (3) American Society of Anesthesiologists (ASA) score 1 or 2; (4) preoperative cognitive status was good with no language communication disorder; and (5) educational level was enough to complete preoperative cognitive function test. The exclusion criteria include (1) central nervous system infection, head trauma, epilepsy, multiple sclerosis, and other major neurological diseases; (2) major psychological dysfunction; (3) severe systemic diseases (such as malignant tumors) that may affect the levels of POD biomarkers (Aβ and Tau) in CSF; (4) genetic family history; (5) preoperative MMSE scores of 23 or less or MOCA scores of 26 or less; (6) ASA score [a global score that assesses the physical status of patients before surgery, ranging from 1 (normal health) to 5 (moribund)] (Davenport et al., 2006) >2; (7) severe visual and hearing disorders; and (8) unwillingness to comply with the protocol or procedures.

Data of 214 patients were analyzed in this study (see Figure 1, flow diagram).


[image: Figure 1]
FIGURE 1. Flow diagram. The flow diagram shows that 300 patients were initially screened for the studies, and 214 patients were finally included in the data analysis.




Neuropsychological Testing

SCDS, MMSE, and MOCA scores were used to evaluate the cognitive function of the patients the day before the operation by a neurologist. Patients were asked whether their memory and/or other cognitive abilities were significantly reduced relative to their previous performance level in the absence of an objective neuropsychological deficit (Jessen et al., 2014), which was for diagnosing SCD, meanwhile, by the SCDS: (1) Compared with the past, the ability of conscious memory decreased which worried patients, which was the basic condition for diagnosis of SCD; (2) other conditions that ultimately determine SCD include normal MMSE scores of 24 or more, MoCA scores of 27 or more, and exclusion from other neuropsychiatric disorders, medical disorders, and drug or other substance abuse (Jorm et al., 1997; Jessen et al., 2014; Molinuevo et al., 2017). POD was defined by the Confusion Assessment Method (CAM), and POD severity was measured using the Memorial Delirium Assessment Scale (MDAS) (Inouye et al., 1990; Schuurmans et al., 2003) at 10 a.m. and 2 p.m. twice a day on 1–7 days (or before discharge) by an anesthesiologist post-operatively. The above assessments performed by a neurologist and an anesthesiologist were not involved in intraoperative management of the patients. The diagnosis of POD included the following four clinical criteria: (1) acute onset and fluctuation process; (2) inattention; (3) disorganized thinking; and (4) change of consciousness level. POD can be diagnosed if it meets the standards 1, 2, and 3 or 4 at the same time. The CAM and MDAS in Chinese research have been proven to have good reliability and validity (Leung et al., 2008; Shi et al., 2014). Therefore, CAM and MDAS positive scores on patients post-operatively on 1–7 days (or before discharge) were recorded.



Anesthesia and Surgery

All patients who underwent total hip replacement under combined spinal and epidural anesthesia used the same surgical team to avoid the impact of different surgical techniques. During anesthesia, oxygen saturation, electrocardiography, non-invasive blood pressure, and pulse oximetry were continuously monitored, which were recorded at fixed intervals of 3 min. However, glucocorticoid drugs, dexmedetomidine non-steroidal analgesics, and midazolam were avoided during surgeries.

Post-operatively, the visual analog scale (VAS) score of 0–10 (lower score indicating lower level of pain) (Chung et al., 2016) was used to assess the pain at the same time. Patient-controlled intravenous analgesia (PCIA) was used post-operatively for 48 h by all patients. The PCIA opioid consisted of 2.5 μg·kg−1 sufentanil and 5 mg tropisetron (total volume of 100 ml, including 0.9% normal saline, bolus 2 ml, basal rate 2 ml/h, and lockout time 15 min). If patients need it, they were given non-opioid drugs for analgesia, which was recorded.



Sample Collection

The CSF (2 ml) was collected in a polypropylene centrifugal tube during spinal-epidural joint block prior to administration of the local anesthetic, which were centrifuged immediately at 2000 g for 10 min at room temperature (Bakr et al., 2017; Pérez-Ruiz et al., 2018) and then stored at −80°C for further analysis.



Elisa

The concentrations of Aβ40, Aβ42, T-tau, and P-tau were detected from 1.5 ml CSF using Aβ40 (BioVendor, Ghent, Belgium Lot: No. 292-6230), Aβ42 (BioVendor, Ghent, Belgium Lot: No. 296-64401), P-tau (BioVendor, Ghent, Belgium Lot: QY-PF9092), and T-tau (BioVendor, Ghent, Belgium Lot: No. EK-H12242) assay kit in accordance with the manufacturer's protocol. Finally, the optical density value (OD value) of each hole was measured at the wavelength of 450 m with an enzyme marker (EnSpire, PerkinElmer, Waltham, MA, USA) (Bakr et al., 2017; Pérez-Ruiz et al., 2018). All samples were assayed by the same laboratory assistant who was blinded to the group assignment.



Study Size

No formal power analysis was performed, but we have a large cohort size which has included 1,905 patients in the PNDABLE study to decrease the risk of underpowered analyses.



Data Analysis

SPSS statistical software, version 21.0 (SPSS, Inc., Chicago, IL, USA), and GraphPad Prism software, version 6.01 (GraphPad Software, Inc., La Jolla, CA, USA), were used for data analysis. The K–S test was used to determine whether the measurement data conformed to the normal distribution. The measurement data that conformed to the normal distribution was expressed by mean ± standard deviation (SD); the median and interquartile range (IQR, 25–75 percentile) or a number (%) to express the data. Independent sample t-test was used for comparison among groups, and χ2 test was used for counting data. Binary logistic regression analysis of SCD and POD, Aβ40, Aβ42, T-tau, and P-tau was performed. SCD, Aβ40, Aβ42, T-tau, and P-tau based on the univariate analysis were chosen as covariates in multivariate logistic regression analysis. P < 0.05 was statistically significant.




RESULTS


Characteristics of Included Participants in PNDABLE

This study enrolled 300 participants. Two hundred fourteen (n = 214) were eligible for analysis, and 86 participants were excluded. The criteria for exclusion are shown in Figure 1. The demographic and clinical data are summarized in Table 1.


Table 1. Characteristics of participants.
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The incidence of POD was observed in 26.64% (n = 57/214), with 32.43% (n = 36/111) in the SCD group and 20.39% (n = 21/103) in the NC group. Among the patients diagnosed with SCD, there was no significant difference in preoperative MMSE score [24 (22–27)] compared with patients diagnosed with NC [25 (23–28), P = 0.31]. Similarly, the preoperative MoCA score [27 (25–29)] in the SCD group was not significantly different from the score [28 (26–30), P = 0.18] in the NC group. In this study, it has been found that the POD and its severity were primarily diagnosed by CAM and MDAS scores on post-operative day 1 and day 2, which is consistent with previous studies (Lin et al., 2020). Moreover, MDAS scores [13 (10–15)] were not significantly different from the patients who were diagnosed as NC [12 (9–15), P = 0.79]. Additionally, the post-operative highest VAS scores are the same in the SCD group 2 (1–3) and NC group [3 (2–5), P = 0.61].



Comparison of CSF Biomarker Levels Between Two Groups

Compared with the NC group, the differences in CSF levels of Aβ40, Aβ42, T-tau, and P-tau of the SCD group were statistically significant (P < 0.05), as shown in Table 2.


Table 2. Comparison of CSF biomarker levels between the two groups.
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Logistic Regression Analysis of the Influencing Factors of POD and SCD

In this study, logistic regression analysis showed that patients with SCD were more prone to POD. SCD and the increased CSF level of P-tau were risk factors for POD; however, the increased CSF level of Aβ42 was a protective factor for POD by univariate analysis. After adjustment for SCD, Aβ42, Aβ40, P-tau, and T-tau, multivariate logistic regression analysis showed that SCD and the increased CSF level of P-tau were still risk factors for POD; the increased CSF level of Aβ42 was still a protective factor for POD, as shown in Table 3.


Table 3. Analyze the influencing factors of POD and SCD by logistic regression.
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Relationship Between SCD and Biomarkers in CSF by Logistic Regression

The SCD was taken as the dependent variable; logistic regression analysis was carried out to explore the influencing factors. The results showed that the CSF levels of P-tau and T-tau were risk factors for SCD by univariate analysis. After adjustment for Aβ42, Aβ40, P-tau, and T-tau, the CSF levels of P-tau and T-tau were still risk factors for SCD by multivariate logistic regression analysis, as shown in Table 4.


Table 4. Relationship between SCD and biomarkers in CSF by logistic regression.
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Comparison of POD Incidence in Different Age Groups With SCD

There were no statistical significance differences in the mean age between the SCD and NC group in Table 1. Further, the patients with SCD were divided into five different age groups: 40–49 years old (Group A), 50–59 years old (Group B), 60–69 years old (Group C), 70–79 years old (Group D), and 80–90 years old (Group E). The results showed that the incidence of POD increased with age in SCD patients, as shown in Figure 2.
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FIGURE 2. Comparison of POD incidence in different age groups patients with SCD. POD, post-operative delirium; NPOD, non-post-operative delirium.





DISCUSSION

In this study, we found that SCD is one of the preoperative risk factors for POD.

POD is a syndrome with subjective variability and numerous influencing factors, and it is a product of the interaction of patients' demographic factors, basic disease factors, and anesthesia and surgery factors (Aldecoa et al., 2017). Its pathogenesis is complex, including the cholinergic theory of the cholinergic nerve, the theory of inflammatory response, the theory of exogenous toxin and free radical damage, the theory of Tau protein hyperphosphorylation, and the theory of Aβ protein abnormal deposition.

Previous studies have confirmed that the concentration of biomarkers such as Aβ42, Aβ40, T-tau, and P-tau in patients can be used as an important basis for clinical research and diagnosis of POD (McKhann et al., 2011). However, CSF is considered to be the best source of these biomarkers, because it is in direct contact with the brain and can better reflect the pathophysiological changes occurring in the central nervous system (CNS) (Olsson et al., 2016). Therefore, after controlling for age, gender, height, weight, BMI, years of education, history of smoking, history of drinking, hypertension, diabetes, coronary heart disease, ASA class, and other confounding factors, this study included patients undergoing total hip replacement under elective combined spinal and epidural anesthesia; preoperative CSF was measured by biochemical index assessment, and the concentration of related biomarkers was detected to further verify their important diagnostic value for POD.

SCD, also known as subjective memory impairment (SMI) and subjective cognitive impairment (SCI), was first established on the basis of AD research and was considered as the preclinical stage of AD (Jessen et al., 2014). Epidemiological studies have shown that the prevalence of SCD ranges from 10 to 88% and increases with age: 20% in people 65 years and younger, 25–50% in people 65 years and older, and 88% in people over 85 years of age (Gifford et al., 2015). For SCD, memory decline is the most common symptom, and at the same time it can be accompanied by visual–spatial impairment, language impairment, attention deficit, and other symptoms (Si et al., 2020). According to statistics, an estimated 27% of SCD patients will develop MCI in the future, and another 14% will eventually be diagnosed with cognitive impairment (Mitchell et al., 2014). At present, with the deepening of people's understanding of neuropathology, neuropsychology, neuroimaging, and pathophysiology, the study of SCD is no longer limited to AD but extends to the field of perioperative neurocognitive disorder (PND).

The results of this study showed that there were significant differences in the expression of Aβ40, Aβ42, P-tau, and T-tau in CSF between SCD Group and NC Group (P < 0.05), indicating an increased risk of POD in patients with SCD. Further logistic regression analysis of biomarkers in CSF showed that the increased concentrations of P-tau were a risk factor for POD, consistent with previous findings (Jia et al., 2019). At the same time, the concentrations of P-tau decreased, which indicated that the changes of biomarkers such as P-tau in CSF were also risk factors for SCD. There was an evidence that an increased tau protein in CSF deposition in SCD patients results in a decrease in glucose metabolism in the brain (Perrotin et al., 2012; Snitz et al., 2015; Buckley et al., 2017), a decrease in medial temporal lobe volume (Scheef et al., 2012), and a thinner cortex (Jessen et al., 2006; Saykin et al., 2006). In addition, the deposition of Tau proteins may be associated with the neurodegeneration that SCD patients are experiencing, and they interact to reduce CNS tolerance and ultimately accelerate the destruction of cognitive function (Hu et al., 2019). Combined with the results of this study, we hypothesized that the changes in the level of related biomarkers in patients with CSF might be one of the mechanisms of POD in patients with SCD.

A large number of studies have confirmed that advanced age is the main risk factor for SCD and POD. The reasons may be as follows: (1) in the elderly, brain atrophy, decreased number of neurons, degeneration of the central cholinergic system, and relative reduction of specific receptors and neurotransmitters lead to decreased learning, memory, and cognitive reserve. (2) The function of abnormal microglia or being in a “pre-excitation” state is more likely to be stimulated by surgery, anesthesia, and inflammation of peripheral tissues, leading to central inflammatory response. (3) Low organ function reserve, decreased vitality and increased vulnerability, and poor tolerance to anesthesia and surgery are prone to adverse drug reactions. (4) The permeability of the endothelium and blood–brain ridge fluid barrier is increased, and peripheral inflammatory factors enter the CNS to activate the central inflammatory response (Lucin et al., 2013; Rundshagen, 2014). In this study, patients will be included for stratified analysis according to their age. The study found that the incidence rate of POD in the SCD group increased with age, which was also confirmed to be an independent risk factor for POD in patients with SCD.

The limitations of this study are as follows: First, the number of patients was limited and more eligible patients would be included in future studies. Second, this study was a single-center study, which could be further validated by multicenter studies in the future. Third, this study only focused on the relationship between SCD and the biomarkers in patients' CSF and did not involve other related pathogenesis of POD, which depended on further research.

In conclusion, SCD is one of the preoperative risk factors for POD, which provides new insight into the prevention of POD. The early prevention of POD could improve the quality of patients' life and reduce the length of hospital stay and the burden on families and society.
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Silence information regulator 3 (SIRT3) is an NAD+ dependent deacetylase enzyme that enhances the function of key mitochondrial proteins. We have earlier demonstrated that deletion of Sirt3 gene leads to downregulation of metabolic enzymes, mitochondrial dysfunction and neuroinflammation in the brain, the major causes of Alzheimer’s disease (AD). We also reported recently that Sirt3 gene deletion in Alzheimer’s transgenic mice leads to exacerbation of neuroinflammation, amyloid plaque deposition and microglial activation. AD often coexists with other brain lesions caused by comorbidities which can exert their deleterious effects through the neurovascular unit. This unit consists of brain microvascular endothelial cells (BMECs), end feet of astrocytes, and pericytes. BMECs are uniquely different from other vascular endothelial cells because they are glued together by tight-junction proteins. BMECs are in constant contact with circulating factors as they line the luminal side. Therefore, we hypothesized that vascular endothelial injury caused by comorbidities plays a significant role in neuroinflammation. Herein, we investigated the effects of lipotoxicity in BMECs and how Sirt3 deficiency facilitate the deleterious effects of lipotoxicity on them using in vivo and in vitro models. We observed decreases in the levels of SIRT3 and tight junction proteins in the brain samples of western diet-fed APP/PS1 mice. Similar observations were obtained with Alzheimer’s post-mortem samples. Exposure of BEND3 cells, mouse brain-derived Endothelial cells3, to a combination of high glucose and palmitic acid resulted in significant (P < 0.01-P < 0.001) decreases in the levels of SIRT3, claudin-5 and ZO-1. Induction of inflammatory mediators, including Cox-2, CXCL1, RANTES, and GADD45β was also observed in these treated cells. Interestingly, the induction was more with Sirt3-silenced BEND3 cells, suggesting that Sirt3 deficiency exacerbates inflammatory response. Palmitic acid was more potent in inducing the inflammatory mediators. Significant cytotoxicity and changes in microglial morphology were observed when cocultures of Sirt3-silenced BEND3 and Sirt3-silenced BV2 cells were exposed to palmitic acid. Transendothelial electrical resistance measurement with these cocultures suggested decreased barrier integrity. The findings of this study suggest that hyperlipidemia in comorbidities can compromise blood brain barrier integrity by inducing inflammatory mediators and decreasing tight junction proteins in the vascular endothelial cells of the AD brain, leading to activation of microglia.
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INTRODUCTION

Blood brain barrier (BBB) protects the brain parenchyma from circulating toxins, immune cells, and pathogens while regulating the transport of essential nutrients. BBB is vital to homeostasis of the brain, and with aging its integrity begins to decrease. An MRI study has provided direct evidence to show BBB breakdown in the aging human brain (Montagne et al., 2015). Therefore, BBB breakdown is also associated with aging-associated neurodegenerative diseases (Sweeney et al., 2019). BBB dysfunction is reported to be both cause and consequences of Alzheimer’s disease (AD) (Erickson and Banks, 2013). Two-hit vascular hypothesis suggests that a primary cerebrovascular dysfunction (first hit) can cause BBB damage-induced defective Aβ clearance (second hit), leading to the neurodegenerative cascade (Zlokovic, 2005). The breakdown of BBB has been observed in 5XFAD mice, a transgenic Alzheimer’s mouse model with amyloid pathology, at 4 months of age and it was shown to be mimicked in a cell culture model with cerebral endothelial cells (Liu et al., 2020). Previous studies have reported that consumption of calorie-rich western diet leads to compromise BBB integrity (Kanoski et al., 2010; Hsu and Kanoski, 2014; Hargrave et al., 2016). Western diet consists of saturated fat and simple sugars. The effect of these components on BBB disruption and associated biological effects in brain microvascular endothelial cells (BMECs) remained mostly unidentified.

Blood brain barrier consists of BMECs, end feet of astrocytes, and pericytes, collectively known as neurovascular unit (NVU) (Iadecola, 2017). Unlike other vascular endothelial cells, BMECs are glued together by tight-junction (TJ) proteins (e.g., occludins and claudins) and scaffolding proteins- zona occludens (e.g., ZO-1 and ZO-2) (Haseloff et al., 2015). Particularly, claudins are essential to guard the barrier functions, as loss of them increases barrier permeability. While, scaffolding proteins (ZO-1 and ZO-2) are important for binding claudins to the TJs (Hartsock and Nelson, 2008; Daneman and Prat, 2015). BMECs are uniquely positioned at the interface between peripheral blood circulation and the central nervous system (CNS). Circulating factors in aged mice have been shown to induce inflammatory mediators through upregulation of vascular cell adhesion molecule 1 (VCAM1) and intercellular adhesion molecule-1 (ICAM1) (Su et al., 2012; Yousef et al., 2019). Increased inflammation reduced TJ proteins namely claudin-5, ZO1 and occludins. Further, BBB breakdown caused microglial reactivity, neuroinflammation, and cognitive deficits in aged mice, which were counteracted by systemic administration of anti-VCAM-1 antibody or by genetic silencing of VCAM1.

Alzheimer’s disease often coexists with other brain lesions caused by comorbidities which can exert their deleterious CNS effects through NVU. The precondition for the comorbidities is called metabolic syndrome (MetS), a highly prevalent condition among adult population (Aguilar et al., 2015). MetS can be caused by the downregulation of silence information regulator 3 (SIRT3), a deacetylase enzyme that enhances the function of key mitochondrial proteins (Hirschey et al., 2011). We have reported that deletion of Sirt3 gene leads to downregulation of metabolic enzymes, mitochondrial dysfunction and neuroinflammation in the brain, the main causes of Alzheimer’s disease (Tyagi et al., 2018). In a subsequent recent publication, we reported that SIRT3 deficiency in AD mice exacerbates brain insulin resistance, neuroinflammation, amyloid plaque deposition and proliferation of glial cells (Tyagi et al., 2020). Because 20% of total energy consumption is in the brain, it is highly vascularized to facilitate the uptake of oxygen and nutrients. Studies have revealed that to meet the high energy requirement for active transport across BBB, endothelial cells contain a large number of mitochondria, and they are susceptible to oxidative stress (Navaratna et al., 2013). BMECs also have high metabolic activity because of their active transport function. Therefore, under conditions of metabolic dysregulation as observed during diet-induced obesity, BMECs can be susceptible to injury. A study, by Hargrave et al. (2016) showed that diet-induced obesity in rats leads to BBB leakage in multiple regions of hippocampus along with cognitive dysfunction.

Loss of BBB integrity can lead to dysregulation of microglia, the immune cells of the brain. Microglia in their entire life span, do not directly encounter the systemic circulation because of the BBB (Crotti and Ransohoff, 2016). Although microglial regulation is primarily by brain intrinsic events, changes in the periphery are known to modulate microglial behavior (Dilger and Johnson, 2008). Increased BBB permeability can lead to fibrinogen infiltration and microglial activation (Ryu and McLarnon, 2009). Dual opposing effects of microglia have been demonstrated during systemic inflammation by in vivo imaging (Haruwaka et al., 2019). In this study, microglia were shown to migrate to the cerebral vasculature and enhance BBB integrity by increasing the expression of claudin-5 in response to systemic inflammation. However, during sustained inflammation, microglia phagocytosed astrocytic end-feet and cause BBB injury.

Thus, findings from previous studies suggest that changes at the systemic level can affect the internal milieu of the brain when BBB permeability is increased. We hypothesized that comorbidities may exacerbate Alzheimer’s pathogenesis by a mechanism involving BBB, specifically BMECs. Therefore, the objective of this study was to determine how the circulating factors in comorbidities act at the level of BBB and regulate microglia.



MATERIALS AND METHODS


AD Post-mortem Samples

Post-mortem brain samples of 70–90-year-old AD cases and controls were obtained from Garrison Institute of Aging, Lubbock, TX, United States. Both groups were age and sex matched. The Alzheimer’s cases were at the Braak stage of 5 or 6 and these brain samples were positive for amyloid plaques and neurofibrillary tangles while they were absent in control group. The post-mortem intervals were between 2 and 5 h for all brain samples used for the study.



Western Diet Feeding of APP/PS1 Mice

Animal care and the experimental procedures were approved by IACUC at Rocky Mountain Regional Veteran Affairs Medical Center, Aurora CO, United States. C57BL/6 (wild type; WT) and APP/PS1 (AD mice, stock # 5864) mice in C57BL/6 genetic background were obtained from Jackson Laboratory (Bar Harbor, ME, United States). To generate the WT and AD mice for experimentation, female C57BL/6 mice were crossed with male APP/PS1 mice. Tail snips from each offspring were subjected to genotyping for PSEN1. Six-weeks old male mice (WT and AD, 6/group) were fed ad libitum, a standard diet (TD.2018 Envigo, Indianapolis, IN, United States) or a calorie rich western diet (TD.08811, Envigo, Indianapolis, IN, United States) for 7 months. Western diet contained 17.3% protein, 47.6% carbohydrate and 23.2% fat by weight which generate 14.7% kcal, 40.7% kcal, and 44.6% kcal, respectively. While composition of standard diet was 18.6% protein (24% kcal), 44.2% carbohydrate (58% kcal) and 6.2% fat (18% kcal). At the end of the study, mice were subjected to CO2 asphyxiation followed by euthanasia. Blood was collected by cardiac puncture in BD Microtainer tubes coated with K2 EDTA followed by centrifugation at 4°C for 15 min at 2000 rpm, and separated plasma was stored at – 80°C for analysis. The brain was snap frozen in liquid nitrogen and stored at – 80°C for RNA and protein analyses.



Cell Cultures

Mouse Brain Endothelial Cells (BEND3) and Human Brain Microvascular Endothelial Cells (HBMECs) were obtained from American Type Culture Collection (Cat # CRL-2299, Manassas, VA, United States) and NEUROMICS (Cat # HEC02, Edina, MN, United States), respectively. BV2 cells, mouse microglial cell line, cells were a kind gift from Dr. Dennis Selkoe (Harvard Medical School, Boston, MA, United States). BEND3 and BV2 cells were cultured in advanced DMEM/F12 medium (Cat # 12634-010, Gibco, Gaithersburg, MD, United States) containing 10% fetal bovine serum and 1% penicillin-streptomycin under standard culture conditions, and Endo-Growth Media (Cat # MED001, NEUROMICS, Edina, MN, United States) was used to grow HBMECs. Generation of Sirt3-silenced cell lines: BEND3 and BV2 cells were infected with Sirt3 shRNA Lentiviral particles (Cat # sc 61556) or control shRNA Lentiviral particles (Cat # sc 108080) using polybrene (0.5 μg/ml; Cat # sc 134220). Stable infected cells were selected using puromycin dihydrochloride (8 μg/ml, Cat # sc 10807) in DMEM media supplemented with 10% FBS for 4 weeks, and cells were pooled and maintained in the same medium. All the reagents, used for transfection, were from Santa Cruz Biotechnology (Dallas, TX, United States). Silencing of Sirt3 gene was confirmed by western blot analysis in stable infected cells.



RNA Isolation, PCR Array and RT-PCR Analysis

Total RNA was isolated from BEND3 and Sirt3-silenced (shSirt3) BEND3 cells exposed to high glucose and palmitic acid, using Versagene RNA isolation kit (Thermo Fisher Scientific, Hampton, NH, United States). RNA samples were treated with DNase and then converted to cDNA as described earlier (Velmurugan et al., 2012). The cocktail for PCR array was prepared by adding 1278 μl of the RT2 qPCR SYBR Green master mix and 1173 μl H20 to 102 μl of the diluted cDNA and 25 μl of this cocktail was added to each well of the 96-well PCR array plate (SABiosciences, Frederick, MD, United States) containing primers for the 84 genes in mouse inflammatory pathway, 5 housekeeping control genes and 3 RNA and PCR quality controls as in our previous study (Qin et al., 2016). The mRNA levels of Cox-2, CXCL1 RANTES, and GADD45β were measured by real-time quantitative RT-PCR using Taqman probes. Amplicons corresponding the amplification sequence was synthesized and used as standards in the RT-PCR analysis and the mRNA levels of chemokines were expressed in attograms (ag) per pg of GAPDH.



Western Blot Analysis

Cell/tissue lysates, from cultured cells, frontal cortical tissue of mice, and post-mortem human brain of AD patients and age-matched controls, were prepared with mammalian protein extraction buffer (Pierce, Rockford, IL, United States), supplemented with phosphatase and protease inhibitors as described previously (Pugazhenthi et al., 2013; Tyagi et al., 2018). The total protein concentration was determined by using Bradford assay Kit (Cat # 5000001, Bio-Rad, Hercules, CA, United States) in the supernatant of cell/tissue lysates. Briefly, equal amount of protein (∼30–50 μg/well) was resolved on a gradient 4–20% SDS-PAGE and separated proteins were then transferred to PVDF membrane. The membranes were blocked in blocking buffer (5% non-fat milk in TBST) for 1 h at room temperature. Subsequently, membranes were incubated with primary antibodies (1:1000) overnight on shaker at 4°C, followed by alkaline phosphatase conjugated appropriate secondary antibody for 1 h. Signals were visualized by CDP-star reagent (Sigma Aldrich-St Louis, MO, United States) using ChemiDoc Imaging System (Bio-Rad, Hercules, CA, United States). The band intensities were quantified with reference to β-actin control bands, using Image Lab software from Bio-Rad. Primary antibodies, SIRT1 (Cat # 9475), SIRT3 (Cat # 5490), SIRT5 (Cat # 8782), SIRT6 (Cat # 12486), SIRT7 (Cat # 5360), Cox-2 (Cat # 12282), IKB-α (Cat # 4814), NF-κB p65 (Cat # 8242), Matrix metallopeptidase 9 (MMP-9; Cat # 13667) and β-actin (Cat # 4967) from Cell Signaling Technology (Danvers, MA, United States); claudin-5 (Cat # ab15106), Occludin (Cat # ab167161), ZO-1 (Cat # ab59720), CXCL1 (Cat # ab86436) and RANTES (Cat # ab189841) from AbCam (Cambridge, MA, United States); GADD45β (Cat # MBS821452) from MyBioSource (San Diego, CA, United States), were used for immunoblotting.



Immunofluorescent Staining

Cells were fixed in 4% paraformaldehyde for 20 min followed by gentle rinsing three times for 5 min each with PBS. The cells were permeabilized with 5% BSA and 0.2% Triton X-100 in PBS for 60 min and then incubated with primary antibodies, rabbit anti-claudin-5 (Cat # ab15106; 1:1000 dilution), rabbit anti-ZO-1 (Cat # ab59720; 1:1000 dilution) or rabbit anti-Iba1 (Cat # 019-19741, Wako, Richmond, VA, United States;1:2000 dilution), overnight at 4°C in a humidified chamber. Next day, following three washes with PBS, cells were incubated with appropriate secondary antibodies conjugated to Alexa Fluor (Alexa Flour 488 or Alexa flour 594) and DAPI (2 μg/ml; nuclear stain) in dark for 1 h followed by three washes with PBS. The immuno-stained cells were mounted with Prolong Gold Antifade reagent, and images of stained cells were captured with the Leica SP8 confocal microscope with white laser, using a Leica HC PL APO 40 × 1.30 NA oil objective.



Microglial - Endothelial Cocultures and TEER Measurement

Transendothelial electrical resistance (TEER) is an important measure of BBB integrity, using a cell culture model. To determine how the interactions between microglia and BMEC lead to compromised BBB integrity, and further to identify how silencing Sirt3 gene in these cells affects BBB, thus these cells were cocultured as shown in Figure 6A. BV2 or shSirt3-BV2 cells were cultured on the bottom well of a 6-well dish. In parallel, BEND3 or shSirt3-BEND3 cells were cultured on coated transwell inserts, placed in another 6-well dish. When the cell culture reached ∼70% confluence, the inserts were placed in over cultured microglia. First, the inserts were placed in the dish without microglia to measure background resistance at 37°C with heating plate using EVOM resistance meter (World Precision Instrument, Sarasota, FL, United States). Then the inserts with endothelial cells were placed in dishes with microglia and treated with high glucose (30 mM), palmitic acid (300 μM) or the combination of both for 48 h. In another set of similar experiment, we exposed BV2 cells to a combination of cytokines (20 ng/ml TNF-α, 20 ng/ml IL-1β, and 20 ng/ml IFNγ) and the coculture was continued for 6 days. Resistance was measured at 24 h time intervals. Altered endothelial cell permeability was determined from the TEER values.



Plasma Assays

Insulin levels were determined using mouse Insulin ELISA kit (Cat # 80-INSMS-EO1, ALPCO, Salem, NH, United States). C-reactive protein (CRP) and interleukin-1beta (IL-1β) were measured using CRP (Cat # MCRP00) and IL-1β (Cat # MLB00C) mouse ELISA kit, respectively, from R &D systems (Minneapolis, MN, United States). Plasma triglycerides were assayed using a colorimetric kit (Cat # ab65336) from Abcam, Cambridge, MA, United States. Assays were performed following the manufacture’s protocol.



Statistical Analysis

All statistical analyses were carried out using GraphPad software. Significant differences between groups were determined by one-way ANOVA followed by Dunnett’s test, and two-sided P values of < 0.05 were considered significant.



RESULTS


Western Diet Induces Insulin Resistance and Neuroinflammation and Reduces the BBB Integrity in APP/PS1 Mice

Having characterized a genetic model for comorbid AD previously (Tyagi et al., 2020), herein we examined a lifestyle-based AD model with metabolic syndrome (MetS). As expected, western diet feeding in wild type mice resulted in 2–2.7-fold increase (P < 0.01) in plasma levels of insulin, triglycerides, CRP and IL-1β (Figure 1A). APP/PS1 mice were also characterized by significant hyperinsulinemia (P < 0.01) and modest increases in the levels of IL-1β (P < 0.05). The combination of western diet and amyloid pathology resulted in significant increases in the circulating levels of insulin (3.8-fold, P < 0.001), triglycerides (2.8-fold, P < 0.001), CRP (2.0-fold, P < 0.01), and IL-1β (3.0-fold, P < 0.01) as compared to wild type mice fed standard diet (Figure 1A), suggesting diet-induced exacerbation of insulin resistance and inflammation. Further examination of the brain frontal cortical samples by Western blot analysis (Figure 1B), followed by quantitation (Figure 1C) revealed 52% (P < 0.01) decrease SIRT3 levels in the western diet-fed wild type mice. IkBα levels decreased by 58%, (P < 0.01) suggesting NF-kB activation. BMECs are an important component of BBB. The uniqueness of BMECs is due to TJs proteins, including claudin-5. There was a 38% decrease (P < 0.01) in claudin-5 levels in western diet-fed mice. SIRT3 and claudin-5 did not change significantly in APP/PS1 mouse brain whereas they were significantly reduced in western-diet-fed APP/PS1 mouse brain, compared to wild type mouse brain. However, IkBα expression was significantly less (42%, P < 0.01) in APP/PS1 mice, and further its levels decreased by 77% (P < 0.001) in western diet-fed APP/PS1 mice, as compared to wild type control mice. Overall, western diet-fed APP/PS1 mice were characterized by hyperinsulinemia, and neuroinflammation like our previously reported genetic model of comorbid AD (Tyagi et al., 2020). In addition, western diet reduced the levels of claudin-5, suggesting compromised BBB integrity.
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FIGURE 1. Western diet induces insulin resistance and neuroinflammation and reduces the BBB integrity in APP/PS1 mice. (A) 6 weeks-old Wild type (WT) and APP/PS1 male mice were fed on standard diet (SD) or energy-rich western diet (WD) for 7 months. Plasma levels of insulin, CRP and IL-1β were assayed by ELISA. Plasma triglycerides levels were determined calorimetrically using assay kit. All assays were performed following the manufactures’ protocol. (B) Mouse cortical samples from the four groups of mice were collected for the Western blot analysis of SIRT3, IkBα and claudin-5. The blots were re-probed for β-actin. (C) The band intensities were determined by scanning, corrected for β-actin levels, and expressed as percent of control. Data are expressed as mean of ± SE (n = 6) for each group. #, P < 0.05; *, P < 0.01; **, P < 0.001 vs WT mice on standard diet.




Downregulation of Sirtuin Pathway and Compromised BBB Integrity in the Human Alzheimer Post-mortem Brain

To determine if the findings in mouse models of comorbid AD are observed in human AD, we examined post-mortem human brain samples of AD cases and age-matched controls by Western blot analysis (Figure 2A). The sirtuin family of proteins were significantly reduced in Alzheimer’s patients compared to age-matched controls (Figure 2B). The levels of SIRT1, 3, 6, and 7 decreased by 33–53% (P < 0.01). SIRT5 was nearly absent (88%, P < 0.001) in AD brain samples. These findings are like our observations in APP/PS1/Sirt3–/– mouse brain (Tyagi et al., 2020). Damage to BBB is another well-known feature of AD brain (Erickson and Banks, 2013; Sweeney et al., 2019). As expected, the levels of TJ proteins claudin-5, occludin and ZO-1 decreased by 36–66% (P < 0.01-P < 0.001), suggesting compromised BBB integrity in the AD brain. MMP-9 is an enzyme that belongs to zinc metalloproteinases family which plays a key role in the degradation of the extracellular matrix of BBB (Van Dyken and Lacoste, 2018). The levels of the active cleaved MMP-9 (lower band) increased by 66% (P < 0.01) in the Alzheimer’s brain. This enzyme may play an additional role in increasing BBB permeability in this neurodegenerative disease. These two sets of findings on sirtuins, involved in metabolic regulation and TJ proteins, markers of BBB integrity raise a key question of whether they are causally linked. Therefore, we used cell culture studies to address the link between these two pathways.
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FIGURE 2. Downregulation of sirtuin pathway and compromised BBB integrity in the human Alzheimer post-mortem brain. (A) Post-mortem brain samples of AD cases and age-matched controls were obtained from Garrison Institute of Aging, Lubbock, TX. Western blot analysis was performed for SIRT1, SIRT3, SIRT5, SIRT6, SIRT7, MMP-9 and tight junction proteins, claudin-5, occludin and ZO-1. The blots were re-probed for β-actin. Representative images of 20 samples are presented. (B) The band intensities were determined by scanning, corrected for the levels of β-actin and expressed as percent of control. *, P < 0.01; **, P < 0.001 vs control. AD, Alzheimer’s disease.




Glucolipotoxicity-Mediated BMEC Injury

Under conditions of MetS, endothelial cells are constantly exposed to high glucose and dyslipidemia, resulting in vascular injury. To determine the effects of glucolipotoxicity on BMECs, we performed cell culture studies with BEND3 cells, a mouse brain microvascular endothelial cell line. Following exposure of these cells to high glucose (30 mM) and palmitic acid (300 μM), we examined the levels of SIRT3 and TJ proteins by Western blot analysis. Palmitic acid decreased the levels of SIRT3 (35%; P < 0.05), claudin-5 (47%; P < 0.01) and ZO-1 (62%; P < 0.001) (Figure 3A). Surprisingly, high glucose did not change their levels. With the combination of high glucose and palmitic acid, the decreases in SIRT3 and TJ proteins were by 50–68% (P < 0.01-P < 0.001). Overall, palmitic acid was found to be more toxic to BEND3 cells compared to high glucose. In addition, we exposed primary human BMECs to high glucose and palmitic acid and examined the TJ proteins by immunofluorescent staining. We observed significant loss of claudin-5 (upper panel) and ZO-1 (lower panel) when the endothelial cells were exposed to palmitic acid (Figure 3B). High glucose did not have any effect on TJ proteins.
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FIGURE 3. Glucolipotoxicity-mediated BMEC injury. (A) BEND3 cells, a mouse brain endothelial cell line, were exposed to HG, PA or the combination of both for 48 h and processed for the immunoblotting of SIRT3, claudin-5 and ZO-1. The blots were re-probed for β-actin. The bands were scanned and corrected for the levels of β-actin. #, P < 0.05; *, P < 0.01; **, P < 0.001 compared to untreated controls. (B) BMECs isolated from human fetal brain (Neuromics) were cultured in the presence of HG, PA or combination of both for 24 h. The cells were fixed and immunostained for claudin-5 with Alexa flour 594 (red; upper panel) or for ZO-1 with Alexa flour 488 (green; lower panel). The nuclei were stained blue with DAPI. Images of stained cells were captured with the Leica SP8 confocal microscope with white laser, using a Leica HC PL APO 40 × 1.30 NA oil objective. HG, high glucose (30 mM); PA, palmitic acid (300 μm).




Induction of Inflammatory Genes in Endothelial Cells Exposed to Glucolipotoxicity

To determine if BMECs stressed in MetS release inflammatory mediators in the brain, we exposed BEND3 and shSirt3-BEND3 cells to a combination of high glucose and palmitic acid. Subsequently performed pathway-specific array for NF-kB target genes with these treated cells. We observed strong induction of several genes in the inflammatory pathway following exposure to high glucose and palmitic acid (Table 1). There was a 124-fold induction of Cox-2 gene and 28-fold induction of CXCL1 in BMECs exposed to a combination of high glucose and palmitic acid. Other chemokines including RANTES (CCL5), GADD455β and CXCL10 were also induced significantly. In general, the induction was significantly more with Sirt3-silenced endothelial cells, suggesting that MetS exacerbates the inflammatory response. To further confirm the induction of selected inflammatory genes, we performed quantitative RT-PCR analysis, using Taqman probes. For this experiment, the cells were treated with high glucose, palmitic acid or the combination of them. Interestingly, the induction was observed only with palmitic acid and not with glucose (Figure 4A). Cox-2 was induced by 96 and 204 folds (P < 0.001) in BEND3 and shSirt3-BEND3 cells, respectively. Similar induction of CXCL1 by the fatty acid was observed in these cells. Exacerbated induction in Sirt3-silenced BEND3 cells suggest that these cells are more prone for inflammatory response under conditions of SIRT3 deficiency which will be seen in MetS. The mRNA levels of RANTES and GADD45β were also elevated significantly (P < 0.01-P < 0.001), following exposure to palmitic acid although to a smaller extent. Next, we examine the levels of induced inflammatory mediators at the protein levels, we performed Western blot analysis with BEND3/shSirt3-BEND3 cells incubated in the presence of high glucose, palmitic acid or in combination of both (Figure 4B). Fivefold increase in the levels of Cox-2 protein was observed following exposure to palmitic acid to BEND3 cells (P < 0.001). In the case of shSirt3-BEND3 cells, palmitic acid increased Cox-2 levels by eightfolds (P < 0.001, Figure 4C). Surprisingly, in the case of other inflammatory mediators, CXCL1, RANTES, and GADD45β, we did not observe any significant change at the protein level, suggesting impairment of translation or stability of their mRNA.


TABLE 1. BEND3 and shSirt3-BEND3 cells were incubated in the absence (control) and presence of a combination of high glucose (30 mM) and palmitic acid (300 μM) for 48 h.
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FIGURE 4. Induction of inflammatory genes in endothelial cells exposed to glucolipotoxicity. (A) BEND3 and shSirt3- BEND3 cells were cultured in the absence (1) or presence of 30 mM glucose (2), 300 μM palmitic acid (3) or combination of both (4) for 48 h. The cells were processed for RNA isolation and RT-PCR analysis of Cox-2, CXCL1, RANTES, and GADD45β. mRNA levels of chemokines were expressed in attograms (ag) per pg of GAPDH. (B) BEND3 and shSirt3-BEND3 cells were cultured in the absence (1) or presence of 30 mM glucose (2), 300 μM palmitic acid (3) or combination of both (4) for 48 h. The cell lysates were prepared and immunoblotted for Cox-2, CXCL1, RANTES and GADD45β. The blots were re-probed for β-actin. (C) The bands for Cox-2 were scanned and corrected for the levels of β-actin. *, P < 0.01; **, P < 0.001 vs untreated controls. shSirt3, Sirt3-silenced.




Effects of SIRT3 Deficiency on Microglial and Endothelial Cell Interactions

To determine if SIRT3 deficiency dysregulates interactions between microglia and endothelial cells in the presence of high glucose and palmitic acid, we performed mixed cultures of BV2/BEND3 and shSirt3-BV2/shSirt3-BEND3 cell lines. Western blot analysis showed significant reduction (∼ 75%) in SIRT3 protein levels in the shSirt3-BEND3 and shSirt3-BV2 stable cell lines (Figure 5A). Immunofluorescent staining for microglial cells in the mixed culture showed changes in microglial morphology, suggesting activation, following exposure to a combination of high glucose and palmitic acid (Figure 5B). In the case of mixed cultures with Sirt3-silenced cell lines, glucolipotoxicity was more along with enhanced microglial activation, suggesting that microglial and endothelial interactions may be dysregulated during MetS.
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FIGURE 5. Effects of SIRT3 deficiency on microglial and endothelial cell interactions. (A) Lysates, from BEND3, shSirt3-BEND3, BV2, and shSirt3-BV2 cells, were immunoblotted for SIRT3 and β-actin. (B) Mixed cultures of BEND3/BV2 and shSirt3-BEND3/shSirt3-BV2 were incubated in the absence and presence of high glucose (HG 30 mM) and palmitic acid (PA 300 μm) for 48 h. The treated cells were fixed and immunostained for Iba1 with Alexa Flour 488 (green). Nuclei were stained blue with DAPI. Images of stained cells were captured with the Leica SP8 confocal microscope with white laser, using a Leica HC PL APO 40 × 1.30 NA oil objective. shSirt3, Sirt3-silenced.
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FIGURE 6. Measurement of barrier function in endothelial cells (TEER). (A) An In vitro co-culture model of microglial and endothelial cells: Culture of BEND3 or shSirt3-BEND3 cells in the Boyden chamber inserts, while BV2 or shSirt3-BV2 cells in the bottom wells were performed. (B) The cocultures were incubated in the absence and presence of high glucose (HG 30 mM), palmitic acid (PA 300 μm), or combination of both for 24 h and 48 h. TEER was measured, using EVOM resistance meter after 24 h and 48 h. (C) The cocultures were exposed to a combination of cytokines (20 ng/ml each of TNF-α, IL-1β, and IFN-γ) for 6 days, followed by TEER measurement. #, P < 0.05; *, P < 0.01 vs untreated controls. shSirt3, Sirt3-silenced.




Measurement of Barrier Function in Endothelial Cells (TEER)

Brain microvascular endothelial cells are unique compared to other endothelial cells because they are joined together by TJ proteins which play a key role in BBB integrity. TEER measurement is a standard method to determine electrical resistance across BMECs. To determine if interactions between BMECs and microglia affects BBB permeability and if SIRT3 plays a role in this interaction, we performed coculture of BEND3 and BV2 cells as shown in Figure 6A. Similar coculture was also performed with shSirt3-BEND3 and shSirt3-BV2 cells. When these cocultures were exposed to palmitic acid, there was a modest decreases (P < 0.05) in TEER values (Figure 6B). Interestingly, TEER values were slightly higher (not significant) when cells were exposed to high glucose + palmitic acid, suggesting high glucose might be protecting the cells from lipotoxicity effect of palmitic acid (Figure 6B). Similar results were observed with coculture of shSirt3-BEND3 and shSirt3-BV2 cells. Because there was toxicity to the cells with palmitic acid after 48 h, we designed another long-term exposure with a combination of cytokines, as a model for chronic inflammation. We observed that permeability across BMECs increased (decreased TEER) in a time-dependent manner when cocultured with microglial cells, exposed to a mixture of cytokines (Figure 6C). The decrease was more when Sirt3-silenced cells (BV2 and BMECs) were used for coculture.



DISCUSSION

Several prior studies have suggested that the pure form of AD is rare, and it coexists with the brain lesions caused by comorbidities namely obesity, diabetes, hypertension, and cardiovascular disease (Montine et al., 2012; Kawas et al., 2015; Baglietto-Vargas et al., 2016; White et al., 2016). In a recent study, we reported the generation of a genetically induced comorbid AD mouse model with amyloid pathology and MetS (Tyagi et al., 2020). In this comorbid mouse model, exacerbation of MetS, neuroinflammation, and Alzheimer’s pathology were observed. MetS, a cluster of risk factors, is the early phase of comorbidities. There are multiple pathways through which MetS can interact with CNS and dysregulate homeostasis of the brain. MetS can cause vascular injury in the brain, leading to BBB breakdown, neuroinflammation and microglial activation (Newcombe et al., 2018; Zlokovic et al., 2020). In the current study, we examined the effects of MetS on BMECs by in vivo and in vitro studies. Our main findings suggest the involvement of BMECs and microglia (Figure 7A). Particularly, we demonstrate that hyperlipidemia, observed in MetS and obesity modulate BMECs tight junction and induces inflammatory mediators which activate microglia, resident immune cells of the brain (Figure 7B).
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FIGURE 7. A model for the interactions of obesity with BBB (A) A schematic diagram for the neurovascular unit (NVU) is presented here. NVU comprises of brain microvascular endothelial cells (BMECs), end feet of astrocytes and pericytes. BMECs are glued together by tight-junction (TJ) proteins, which form the blood brain barrier to maintain the homeostasis of the brain. (B) A potential mechanism is presented here, based on the findings of this study. High concentration of saturated fatty acids in blood, as observed in obesity, acts on BMECs and induces the expression of inflammatory mediators, which activate microglia. Activated microglia, in turn acts on BMECs, leading to a vicious cycle.


Having characterized a genetic model of comorbid AD (Tyagi et al., 2020), herein we examined a life-style-based model. Following the feeding of APP/PS1 mice with western diet, enriched with saturated fat and simple sugars, we observed markers of MetS in this comorbid AD mice. These mice were characterized by hyperinsulinemia, hypertriglyceridemia and elevated levels of CRP. These findings are like our observations in APP/PS1/Sirt3–/– mouse brain (Tyagi et al., 2020). Damage to BBB is another well-known feature of AD brain (Erickson and Banks, 2013; Sweeney et al., 2019). Previous studies have examined the role of BBB permeability in AD (Yamazaki et al., 2019; Huang et al., 2020) as well as during diet-induced obesity (Ouyang et al., 2014). Therefore, we examined the levels of claudin-5 (TJ protein) with brain samples and observed additive effects of AD and diet-induced obesity (Figure 1B). Similar additive effects were seen with SIRT3 levels. Examination of AD post-mortem samples revealed downregulation of sirtuin pathway and decreases in the levels of TJ proteins (Figure 2). MMP-9 is an enzyme that belongs to zinc metalloproteinases family which plays a key role in the degradation of the extracellular matrix of BBB (Van Dyken and Lacoste, 2018). We also observed elevation of the active cleaved fragment of MMP-9 which degrades TJs proteins. SIRT3 deficiency is known to accelerate the progression of MetS (Hirschey et al., 2011). Calorie restriction by fasting upregulates SIRT3 expression (Nogueiras et al., 2012). Brain vasculature is critical for cognition. Vascular dementia (VaD) is the second most common form of dementia after AD. However, significant overlap between these two forms is being recognized. The overlap ranges from AD with vascular dysfunction to mixed type of dementia (Iadecola, 2013). When cerebrovascular lesions are often observed in aged brains, it is difficult to consider VaD as a distinct type (Gorelick et al., 2011). Deteriorating vascular function and the progressive neurodegenerative process need to be viewed as converging pathogenic mechanisms.

There were elevated plasma levels of IL-1β and triglycerides in western diet-fed mice (Figure 1A). Cytokines are known to pass through BBB and induce the secondary inflammatory pathway in the brain (Banks, 2005; Yarlagadda et al., 2009). Induction of cytokines and chemokines in hippocampus is observed following systemic challenge with IL-1β and TNFα in mice (Skelly et al., 2013). Microglia are known to be primed in the aging brain and they respond to peripheral inflammation with greater severity and duration (Dilger and Johnson, 2008). Although dyslipidemia has been shown to correlate with BBB impairment in Alzheimer’s patients (Bowman et al., 2012), its effects on the CNS, especially as a potential cause of neuroinflammation has not been investigated. Our current study focused on the role of lipotoxicity observed during diet-induced obesity. In this study, we demonstrate that palmitic acid induces an array of inflammatory mediators in cultured BEND3 cells. Induction of gene expression of inflammatory mediators, including Cox-2, CXCL1, RANTES, and GADD45β were observed in these treated cells. Cox, a rate limiting enzyme in the synthesis of prostaglandins (PGs), catalyzes the conversation of arachidonic acid to PGs. While Cox-1 is constitutively expressed, Cox-2 is the inducible form. This enzyme is known to play a key role in the development of vascular inflammation (Grace et al., 2014; Voyvodic et al., 2014). Induction of Cox-2 is known to further induce inflammatory mediators in neurodegenerative diseases (Minghetti, 2004). We observed strong induction of Cox-2 at the mRNA and protein levels in BEND3 cells exposed to palmitic acid (Figure 4). Interestingly, the induction was more with Sirt3-silenced BEND3 cells, suggesting that Sirt3 deficiency exacerbates inflammatory response. Although Cox-2 mRNA levels closely mirror protein levels, surprisingly, the robust induction of other inflammatory mediators by palmitic acid was not reflected at their corresponding protein level. This discrepancy can be explained by posttranscriptional regulation of mRNA, as it is reported to vary among different cytokines/chemokines. Previous studies have suggested that the mRNA stability of cytokines and chemokines are highly regulated, and posttranscriptional regulation of their mRNA has a role in governing the inflammation (Herman and Autieri, 2017).

Previous studies have suggested that sirtuins play a role in BBB integrity. Increased BBB permeability, decreased expression of TJs protein (claudin-5) along with decreases in mRNA levels of Sirt1 in the brain microvessels have been reported in aged mice (Stamatovic et al., 2019). This study also demonstrated the loss of BBB integrity in Sirt1-silenced mice. Another study reported minocycline-mediated improvement in BBB integrity by a mechanism involving SIRT3 by in vivo and in vitro studies under hypoxic conditions (Yang et al., 2015). Minocycline decreased BBB permeability to Evans Blue in rats and increased TEER in cultured HBMECs after hypoxia. These effects were lost following the silencing of Sirt3. AMPAR antagonist perampanel has been shown to protect NVU by a mechanism involving Sirt3 (Chen et al., 2021). However, the role of sirtuins have not been examined under conditions of comorbid AD. Our findings on the dysregulation of microglial and BMEC interactions are significant in the context of SIRT3 deficiency in comorbidities which further induces an inflammatory response. We have previously reported the formation of inflammasomes in the brain samples of Sirt3–/– mice (Tyagi et al., 2018).

Significant cytotoxicity and changes in microglial morphology were observed when cocultures of shSirt3-BEND3 and shSirt3-BV2 cells were exposed to HG and PA. TEER measurement with these cocultures suggested decreased barrier integrity. Previous studies have reported that microglia through their distinct phenotypes regulate BBB integrity (Ronaldson and Davis, 2020). Microglia play biphasic roles in terms of BBB integrity in a context dependent manner (Ronaldson and Davis, 2020). Following BBB injury juxtavascular microglia migrated to the site and close the leak through their processes with P2RY12 receptor (Lou et al., 2016). However, proinflammatory cytokines released from activated microglia are also known to decrease the expression of TJs and increase the expression of MMP-9 which degrades TJ proteins (Wiggins-Dohlvik et al., 2014). Perivascular microglia cause necroptosis of endothelial cells, following ischemic/reperfusion injury by a mechanism involving TNF-α (Chen et al., 2019). Aβ-stimulated microglia decrease the levels of TJ proteins in cocultured BEND3 cells whereas unstimulated microglia increased their content (Mehrabadi et al., 2017). Inflammatory signals have been shown to be amplified by communications between BMECs and glial cells (Krasnow et al., 2017). LPS-activated microglia increase the permeability of BMECs by a mechanism involving NADPH oxidase (Matsumoto et al., 2012). IL-1β induced induction of proinflammatory cytokines in microglia was significantly more when cocultured with BMECs (Zhu et al., 2019). During BBB damage, fibrinogen leakage can induce clustering of microglia near the perivascular region, leading to neuronal injury (Davalos et al., 2012).



CONCLUSION

The findings of this study suggest that hyperlipidemia in comorbidities of AD can compromise BBB integrity by inducing inflammatory mediators and decreasing TJ proteins in the vascular endothelial cells of the AD brain, leading to activation of microglia. We propose a model (Figure 7) in which BMECs serve as a gateway in the crosstalk between peripheral and central inflammation. As BMECs line the luminal side, they are in constant contact with circulating factors and in communication with circulating immune cells. These cerebrovascular endothelial cells are critical sensors of peripheral inflammation and mediators of microglial activation. In this model, elevated circulating fatty acids during diet-induced obesity act on BMECs and induce inflammatory mediators which activate microglia. Under conditions of Sirt3 deficiency this microglial and endothelial interactions are further exacerbated.
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In recent years, several studies have suggested that cardiometabolic disorders, such as diabetes, obesity, hypertension, and dyslipidemia, share strong connections with the onset of neurodegenerative disorders such as Parkinson’s and Alzheimer’s disease (AD). However, establishing a definitive link between medical disorders with coincident pathophysiologies is difficult due to etiological heterogeneity and underlying comorbidities. For this reason, amyloid β (Aβ), a physiological peptide derived from the sequential proteolysis of amyloid precursor protein (APP), serves as a crucial link that bridges the gap between cardiometabolic and neurodegenerative disorders. Aβ normally regulates neuronal synaptic function and repair; however, the intracellular accumulation of Aβ within the brain has been observed to play a critical role in AD pathology. A portion of Aβ is believed to originate from the brain itself and can readily cross the blood-brain barrier, while the rest resides in peripheral tissues that express APP required for Aβ generation such as the liver, pancreas, kidney, spleen, skin, and lungs. Consequently, numerous organs contribute to the body pool of total circulating Aβ, which can accumulate in the brain and facilitate neurodegeneration. Although the accumulation of Aβ corresponds with the onset of neurodegenerative disorders, the direct function of periphery born Aβ in AD pathophysiology is currently unknown. This review will highlight the contributions of individual cardiometabolic diseases including cardiovascular disease (CVD), type 2 diabetes (T2D), obesity, and non-alcoholic fatty liver disease (NAFLD) in elevating concentrations of circulating Aβ within the brain, as well as discuss the comorbid association of Aβ with AD pathology.
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INTRODUCTION

Cardiometabolic disease (CMD) pathology is a complex subject due to the intersection of various metabolic, genetic, behavioral, and environmental factors (Stanhope et al., 2018). For these reasons, the rising prevalence of cardiometabolic diseases including cardiovascular disease (CVD), type 2 diabetes (T2D), obesity, and non-alcoholic fatty liver disease (NAFLD), has become a growing concern across the globe (Table 1; Bertoni et al., 2002; Thorpe and Ferraro, 2004; Perumpail et al., 2017; Taylor et al., 2017; Centers for Disease Control and Prevention, 2018; Jardim et al., 2019; Villarroel et al., 2019; Alzheimer’s Association Report, 2020; Hales et al., 2020; Mitra et al., 2020; Centers for Disease Control and Prevention, 2020). The cost of cardiometabolic diseases associated with poor diet accounts for an estimated $50.4 billion (Jardim et al., 2019) and affects 47 million (Wang et al., 2014) individuals across the United States.

TABLE 1. Alzheimer’s and cardiometabolic disease prevalence in the US, 1998 to 2020.
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These costs are expected to dramatically rise in the future as the elderly population in developed nations continues to increase. It is estimated that by 2050, the elderly population of the United States (individuals aged >65 years) will be double that of the population of youth aged <14 years (Lau et al., 2007). The visibility of age-related neurodegenerative diseases becomes more prevalent as domestic birth rates decline in tandem with a growing elderly population, as seen by an estimated 50 million Americans displaying such symptoms each year (Brown et al., 2005). However, there is evidence to suggest the existence of an underlying relationship between deteriorating metabolic health and age-related neurodegenerative disease risk. In elderly populations, mid-life obesity, T2D, and various CVD are associated with an increased risk of dementia development (de Bruijn and Ikram, 2014), supporting the trend that the onset of age intensifies the complications and progression of neurodegenerative diseases over time.

Age-related neurodegenerative diseases, particularly dementia, progress incrementally over time. An example of this trend between age and dementia progression is observed through mild cognitive impairments, which serve as clinical precursors that characterize the stages of advanced dementias (Roberts and Knopman, 2013). Individuals diagnosed with these impairments are at an increased risk for developing dementias compared to cognitively healthy subjects, with a conversion rate ranging between 10–15% in specialty clinics (Michaud et al., 2017). It is possible for individuals with mild cognitive impairment to improve or maintain their cognitive health: however, permanent and accelerated cognitive decline is considered inevitable once an impairment proceeds toward advanced stages of dementia such as those typical to AD (Michaud et al., 2017).

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disease and is the 4th leading cause of death (Estrada et al., 2019) in the developed world, accounting for 60–80% of all dementia-related cases (Alzheimer’s Association, 2008). The direct medical cost of AD-related dementias across the developed world is projected to increase from $109 billion in 2010 to $259 billion in 2040 even if the prevalence of AD were to remain constant (Deb et al., 2017). However, the sum of the economic, social, and emotional burden of AD cannot be truly quantified.

The objective of this review is to explore how major cardiometabolic diseases (T2D, obesity, and NAFLD) contribute to AD pathology. Due to its growing importance to medical systems, public policy, and health economics, AD will be the primary lens through which the relationship between age, metabolism, and neurodegenerative disease progression will be discussed.



ASSOCIATION OF THE MAJOR CARDIOMETABOLIC DISEASES AND ALZHEIMER’S DISEASE


Type 2 Diabetes and Obesity

T2D is a metabolic disease of abnormal insulin function that leads to chronic hyperglycemia and impacts roughly 26 million individuals in the United States, with an estimated additional 79 million facing pre-diabetes conditions (Blair, 2016). T2D incidence is projected to increase 50% by 2040, representing a total of 640 million new cases (Zheng et al., 2018). The exponential rise in T2D cases poses significant economic and social burdens for global health systems and individuals. A crucial relationship between T2D and AD is observed in the context of chronic peripheral hyperinsulinemia and impaired insulin sensitivity being identified in patients with AD, though research on their translation to brain hyperinsulinemia and brain insulin resistance is in its infancy (Verdile et al., 2015). Promising data from fluorodeoxyglucose-positron emission tomography (also known as FDG-PET) imaging studies have observed reductions in brain glucose metabolism under conditions of hyperinsulinemia within brains afflicted with AD (Verdile et al., 2015).

Insulin signaling regulates major metabolic processes within the liver, adipose tissue, and skeletal muscle. This relationship between insulin signaling and other CMD is supported by an estimated 61% of T2D cases simultaneously correlate with obesity, therefore making obesity a strong risk factor for the development of T2D (Zheng et al., 2018). Over the last 25 years, obesity rates have risen exponentially to the extent that obesity is now classified as an epidemic affecting 1 in 3 adults in the United States (Lee, 2011). Obesity is formally defined as a metabolic disorder in which body mass index >30 kg/m2 (Walker and Harrison, 2015; Pugazhenthi et al., 2017) and is characterized by chronic hyperglycemia, elevated concentrations of free fatty acids in the blood via overnutrition, and physical inactivity (Guzman et al., 2016; Pugazhenthi et al., 2017). As lipids accumulate in adipose tissue, numerous adverse complications arise such as increases in peripheral inflammation, insulin resistance, dyslipidemia, and higher concentrations of inflammatory cytokines that play key roles in overactivation of immune response mechanisms (Lee, 2011; Verdile et al., 2015; Walker and Harrison, 2015; Pugazhenthi et al., 2017).

Obesity is also considered a catalyst for dementia, but there is an ongoing debate regarding the extent of the relationship between the two disorders. Midlife (40–59 years) has been identified as the time period with the highest risk of developing dementia for obese individuals compared to any other point in life (Walker and Harrison, 2015). The location of adipose tissue accumulation is equally as critical since abdominal adiposity is known to contribute substantially to the risk of developing insulin resistance, T2D, heart attack, heart failure, high blood pressure, and neurodegenerative diseases when compared to overall BMI (Yusuf et al., 2005; Meisinger et al., 2006; Nicklas et al., 2006; Racette et al., 2006; Yoon et al., 2012; Nurdiantami et al., 2018). Obesity is also associated with decreased hippocampal volume and a reduction of brain gray matter (Arvanitakis et al., 2004). A systematic review conducted by Albanese et al. reinforces this point by identifying that the probability of developing dementia dramatically increases as BMI increases, particularly in midlife (Albanese et al., 2017).



Cardiovascular Disease

CVD is a large category of diseases that centers around impairment of the cardiovascular system through complications arising within heart and blood vessels that reduces functional capacity (Francula-Zaninovic and Nola, 2018). This impairment manifests in many forms ranging from heart-centric disorders such as arrythmia, valve malfunctions, heart attacks, and stroke to circulatory diseases such as coronary artery disease, deep vein thrombosis, hypertension, and atherosclerosis (Matheny et al., 2011; de Bruijn and Ikram, 2014).

CVD comprises the leading cause of death in the United States and Europe with a mortality rate of 35.2% and 48%, respectively, and is on a trajectory to average 23.6 million deaths per year globally by 2030 (Willis et al., 2012; Francula-Zaninovic and Nola, 2018). Disorders related to CVD can develop within individuals of any age; however, the risk of developing CVD rises abruptly with ages after 45 and disproportionately impacts a far greater number of individuals 65 years or older (40% mortality; Table 1, North and Sinclair, 2012). Common conditions associated with increased risks of CVD include obesity, increased blood pressure, dyslipidemia, adverse behaviors (lack of exercise, tobacco, and alcohol usage), and T2D (Willis et al., 2012). CVD does not exist in a vacuum, and individuals experiencing it are likely to develop, or be at risk of developing hypercholesterolemia, dyslipidemia, hypertension, and T2D, which increase the severity of unfavorable health outcomes (Fillit et al., 2008). With the pattern of CVD incidence strongly correlating with age, it is common to see individuals with CVD also exhibit symptoms of other age-related or neurodegenerative disorders. This is primarily due to CVD disruptions in blood circulation. These disruptions reduce oxygen and nutrient delivery to the brain as well as removal of toxic byproducts, exacerbating progressive cognitive decline associated with common neurodegenerative diseases, such as AD (Matheny et al., 2011; de Bruijn and Ikram, 2014). The risk of AD is reported to double every 5 years after age 60, and more than 30% of people over the age of 80 are likely to suffer from both AD and CVD (Tini et al., 2020).



Non-alcoholic Fatty Liver Disease

The liver is responsible for a variety of complex metabolic processes, including macronutrient metabolism, regulation of blood volume, detoxification, immune system function, lipid and cholesterol homeostasis, and the metabolism of many drugs (Trefts et al., 2017; Estrada et al., 2019). Macronutrient metabolism is among the most critical liver functions. Additionally, the liver is involved in lipid oxidation, packaging of excess lipids for storage in adipose tissue, and ketogenesis (Trefts et al., 2017). The health of the liver is critical to wellbeing. Therefore, disruptions in the functionality of the liver through exogenous or endogenous conditions can have life-threatening consequences. One such adverse consequence is manifested in NAFLD, a disorder that results in the excessive accumulation of fat within the liver of individuals who consume little to no alcohol, the most common type of liver disease (Sheka et al., 2020). Patients experiencing NAFLD display the presence of hepatic steatosis—at least 5–10% of the liver’s weight being fat—without competing liver disease etiologies such as excess alcohol consumption or viral hepatitis (Younossi et al., 2016). Approximately 20% of individuals diagnosed with NAFLD also experience inflammation originating from increased accumulation of fat within the liver or nonalcoholic steatohepatitis (NASH; Sheka et al., 2020). Consequences of NAFLD/NASH include reduced whole-body hepatic and adipose tissue insulin sensitivity (Bugianesi et al., 2010) as well as an increased risk of cardiovascular events (Targher et al., 2020), T2D, and all-cause mortality (Targher et al., 2020). Thus, such a cascade strengthens the hypothesis that NAFLD/NASH carries a degree of influence on the incidence of other metabolic disorders such as obesity, T2D, and CVD. According to Hurjui et al., NAFLD should be considered a piece of a multi-organ system disturbance of insulin sensitivity, which explains why NAFLD episodes are closely linked with the onset of diabetes, metabolic syndrome, and CVD (Hurjui et al., 2012). Although the precise mechanism for the association between NAFLD and insulin resistance is not fully understood, current evidence indicates NAFLD alters the secretion of hepatokines, lipids, and non-coding RNA, of which the latter play a critical role in regulating gene expression (Sulaiman et al., 2019; Yoshino and Dwivedi, 2020).

As mentioned, alterations in lipid metabolism has been linked to AD risk, and due in part to the role of the liver in maintaining lipid homeostasis, the liver has been identified as a novel target for AD treatment (Stampfer, 2006; Estrada et al., 2019). In addition, researchers have identified 189 genes mutually expressed in conditions of both AD and NAFLD, and have recently linked the liver to the brain via the blood-brain barrier (Estrada et al., 2019). Specifically, the low-density lipoprotein receptor-related protein 1 (LRP1) is a transport protein expressed in both the blood-brain barrier and the liver, functioning to clear brain and periphery-derived amyloid β (Aβ), which is a key protein involved in AD pathogenesis. Aβ, its contribution to AD, and its relationship with metabolic health, will be discussed at length in the remainder of this review. In this review, findings from the relationship between liver dysfunction and AD will serve as the first indication that metabolic disorders, such as NAFLD, T2D, obesity, and CVD, may be a common link to AD pathology via Aβ modification.




SIMILARITIES IN CARDIOMETABOLIC DISEASE ETIOLOGY WITH ALZHEIMER’S DISEASE PATHOLOGY

It is important to note that the major CMD have similar risk factors, which illustrates the challenges in definitively attributing observational epidemiological studies to a single disorder. Recently, numerous studies have linked insulin resistance, a key pathophysiological feature of NAFLD, T2D, and obesity, to several neurodegenerative mechanisms of AD. These mechanisms include oxidative stress, mitochondrial dysfunction, and inflammation by dysregulated insulin signaling, along with impairments to signal transduction and gene expression (Estrada et al., 2019). Hepatic fibrosis has also been shown to lead to reduced insulin clearance, insulin resistance, and T2D (Utzschneider and Kahn, 2006). It is well established that hepatic, adipose, and muscle tissue insulin resistance and decreased pancreatic insulin production result from hyperglycemia brought about by excessive liver gluconeogenesis (Bazotte et al., 2014), which are all predictors of both T2D and NAFLD. In conditions of obesity, liver lipid accumulation has been associated with NAFLD pathophysiology (Utzschneider and Kahn, 2006); it is estimated that up to 80% of NAFLD patients are clinically obese and up to 70% of liver disease patients are overweight (Milić et al., 2014; Meex and Watt, 2017). Chronic low-grade peripheral inflammation from excess visceral adipose tissue and a surplus of circulating free fatty acids are not only two key contributors to liver damage and progression of NAFLD, but also exemplify the conditions of obesity (Milić et al., 2014). Similarly, abnormal lipid metabolism commonly found in obesogenic conditions parallels an increased risk for AD development and reinforces how dyslipidemia typical to T2D and obesity possesses significant overlap with AD. Therefore, dyslipidemia can serve as a credible risk factor that measures the metabolic irregularities that facilitate the onset of neurodegenerative disorders. This overlap of dyslipidemia between CMD and AD points to the crucial role the liver serves as the main peripheral organ responsible for lipid metabolism and indirectly links the conditions of NAFLD with AD progression (Estrada et al., 2019).

An association between NAFLD and increased CVD prevalence has also been identified (Martins and Oliveira, 2018). Much of the evidence suggests that CVD is the most common cause of mortality among patients with NAFLD (Martins and Oliveira, 2018). Mildly elevated serum gamma-glutamyltransferase concentrations independently predict the occurrence of CVD-related events and NAFLD is associated with a higher incidence of high-risk coronary atherosclerotic plaques and coronary artery inflammation (Choi et al., 2018; Wojcik-Cichy et al., 2018; Rahmani et al., 2019). The definitive contribution of NASH or NAFLD to excess CVD risk remains unanswered, but a 2010 meta-analysis by Musso et al. suggests that NAFLD patients experienced roughly twice the risk of fatal and non-fatal CVD events compared to control populations (Musso et al., 2011). Additionally, anti-aging genes might be a link between CMD and AD pathology, particularly the NAD-dependent deacetylase SIRT1. SIRT1 has protective effects against CVD and regulates blood pressure, atherosclerosis, oxidative stress and cardiac cell survival through its deacetylase activity (Tanno et al., 2012). The hallmark of AD is the accumulation of amyloid beta plaques, which result from the sequential cleavage of APP by the beta and gamma-secretases (Tanzi and Bertram, 2005). However, studies show that SIRT1 expression avoids the production of amyloid beta peptides by alternate cleavage of APP by the alpha and gamma-secretases (Postina et al., 2004; Kojro and Fahrenholz, 2005), which possible reduces brain generated amyloid beta plaques. Therefore, SIRT1 could have a therapeutic role in CMD associated neurodegenerative diseases (Martins, 2018). In summary, the human body is made up of intertwined system that cause different diseased states to have significant similarities in their presentation and etiology. Furthermore, each chronic disorder covered in this review, including obesity, T2D, NAFLD, and CVD, has been linked to AD pathology in overlapping and independent ways, which we will discuss in detail moving forward.



THE ROLE OF Aβ IN ALZHEIMER’S DISEASE

AD is a disorder characterized by a progressive, irreversible, gradual decline in cognitive function. It is neuropathologically defined by progressive neuronal and synaptic loss as well as the progressive aggregation of neurofibrillary tangles and senile plaques (Schapira, 2007). The prevalence of AD is rapidly escalating worldwide, primarily among people that exceed 65 years of age. At such rates, cases of AD incidence are projected to double by 2050 from the current 55–88 million cases globally (Hebert et al., 2001). Collectively, these data warn of the morbidity associated with AD, and the significant rise in AD cases being observed has the potential to place significant economic burden on the global healthcare apparatus.

The current understanding of AD pathogenesis is multifaceted, but this review will focus on the fundamental processes most affected by CMD health, namely extracellular Aβ deposition and intracellular tau protein hyper-accumulation. The accumulation of Aβ and tau protein are not only two key markers of AD, but also have considerable involvement with neurodegenerative mechanisms. Aβ is a major component of senile plaques and the insoluble tau protein is a major component of neurofibrillary tangles (Hebert et al., 2001). Aβ consists of 36–43 peptides that are aggregated within the large transmembrane protein, amyloid precursor protein (APP). Aβ is produced by neurons, microglia, and astrocytes in the brain and outside the blood-brain barrier by platelets, fibroblasts, osteoblasts, and skeletal muscle cells (Wang et al., 2017). Hence, a portion of Aβ is believed to originate from the brain itself, while the rest resides in peripheral tissues such as the liver, pancreas, kidney, spleen, skin, and lungs; each of these tissues express APP required for Aβ generation. Under normal conditions, APP within the brain will produce nonamyloidogenic Aβ products by α-secretase. However, amyloidogenic Aβ can accumulate as a result of enzymatic β-site APP cleaving enzymes BACE-1 and multi-protein γ-secretase (Figure 1; Chow et al., 2010). Defective clearance of Aβ during the cleavage of APP is understood to result in the accumulation of insoluble Aβ (Chow et al., 2010). Initially, Aβ monomers polymerize into soluble oligomers and then into larger insoluble fragments like Aβ42 that can precipitate as amyloid fibrils (Younkin, 1998). The Aβ fragments have the potential to assume a variety of different lengths, though the average length is 40 residues (Aβ 1 to 40) with a small, but considerable portion possessing lengths of 42 residues (Aβ 1 to 42; Younkin, 1998).
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FIGURE 1. Cleavage of APP in healthy vs. Alzheimer’s disease states. Differences in non-amyloidogenic cleavage of APP in a healthy brain compared to amyloidogenic cleavage of APP AD brain. In a healthy brain, APP is cleaved by γ-secretase and γ-secretase to produce neuroprotective Aβ, leading to neuronal growth and repair. In an AD brain, APP is cleaved by Aβ β- and γ-secretase, leading to neurotoxicity. Abbreviations: APP, amyloid precursor protein; AD, Alzheimer’s disease; Aβ, amyloid beta.



The neurotoxicity of Aβ is understood to originate from the extra two amino acids on Aβ 1–42 which have a higher tendency to misfold and aggregate (Ahmed et al., 2010). The Aβ monomers, which ultimately polymerize into insoluble fragments, like Aβ42, that can precipitate into amyloid fibrils (Younkin, 1998) are most commonly associated with AD (Mayeux et al., 1999). However, the amount of Aβ deposited and its distribution weakly parallels with the clinical expression of the disease, and the causal role of Aβ in AD pathology remains under debate due to accumulating evidence that supports other alternative views of etiology (Pimplikar et al., 2010; Castellani and Smith, 2011; Chételat, 2013; Moreno-Treviño et al., 2015; Tse and Herrup, 2017; de la Torre, 2018). Among these possible alternative explanations, Aβ may in fact exert its effects early on, and trigger a cascade of degenerative processes, which act independently even when Aβ is therapeutically removed (Holtzman, 2008). Additionally, Aβ is considered polymorphic, producing different conformational forms or pools of Aβ, which vary in their relevance to disease pathology (Murphy and LeVine, 2010). Even though Aβ is substantially degraded in the brain, a significant amount remains undisturbed and is transported across the blood-brain barrier into the peripheral circulation. The net concentration of Aβ transported across the blood-brain barrier is thought to determine the degree of Aβ deposited in the brain, although concrete data from human subjects is lacking (DeMattos et al., 2002). The presence of this bidirectional Aβ flow suggests that disruption of Aβ degradation in peripheral tissues by cardiometabolic impairments can contribute to the comorbid brain Aβ pathology in AD. There have been numerous studies elucidating the pathogenesis, the molecular and clinical mechanisms, the association of diabetes and metabolic syndromes, and the broad range of consequences, yet no single or combined treatment has shown to have satisfactory levels of efficiency to delay or completely prevent AD pathogenesis. Overall, AD is a complex disorder with multiple pathological contributors, some of which remain to be fully understood. As a consequence of the substantial effects that cardiometabolic modifications can have on Aβ metabolism, Aβ will be the component of AD pathology central to this review.



ALTERED Aβ METABOLISM IN TYPE 2 DIABETES AND OBESITY

Due to their etiological similarities, T2D and obesity-induced conditions, including hyperinsulinemia, insulin resistance, hyperglycemia, altered insulin signaling, and inflammation, and their relationship with Aβ metabolism will be discussed concurrently. Other diseased states, such as NAFLD, will also be included in the following discussion but only as they contribute to such T2D and obesity-related conditions.


Hyperinsulinemia and Insulin Resistance

As mentioned previously in this review, dysregulation of glucose homeostasis is associated with an increased risk of neurodegenerative disease development (Blázquez et al., 2014). Interestingly, in metabolically healthy individuals, it has been established that basal insulin concentration in the brain and insulin receptor affinity are significantly reduced with age (Baranowska-Bik and Bik, 2017). Therefore, one of the chief pathological features that links AD with peripheral metabolic health appears to be altered insulin metabolism (Tumminia et al., 2018). For instance, T2D is associated with impaired insulin and insulin-like growth factor-1 signaling, which has been suggested as a risk factor for cognitive impairment and dementia (Westwood et al., 2014). Hyperinsulinemia has been linked to both CMD dysfunction and AD pathology, and it highlights the close relationship between Aβ and insulin via insulin degrading enzyme (IDE). During hyperinsulinemia, Aβ and insulin both compete for IDE action, resulting in Aβ accumulation and plaque formation (Kawamura et al., 2012). However, isolating the individual metabolic effects of chronic hyperinsulinemia and insulin resistance is a difficult task as these phenomena tend to occur in tandem. It has been theorized that hyperinsulinemia emerged as a consequence of the insulin resistance that typifies T2D (Shanik et al., 2008), though more recent research suggests that NAFLD can serve as a significant driver of hyperinsulinemia through the pancreas even in the absence of T2D or insulin resistance (Godoy-Matos et al., 2020). In addition, it is important to note that prolonged hyperinsulinemia can result in hypoinsulinemia secondary to pancreatic beta cell fatigue.

Hyperinsulinemic conditions can also occur as a result of liver dysfunction. The excessive accumulation of fat within and around the liver induced by NAFLD can also facilitate inflammation, leading to hepatic cirrhosis and pancreatic necrosis due to their interconnected relationship (Yoon et al., 2017). For example, Yoon et al. studied 285 hospital patients diagnosed with pancreaticobiliary disease and reported that fatty liver changes matched trends associated with the development of acute pancreatitis and hepatic cirrhosis, as well as higher rates of adverse complications like mortality and organ failure (Yoon et al., 2017). A possible explanation of such conclusions is that cirrhosis induced by NAFLD can inhibit glycogenesis, which can lead to higher circulating blood glucose, bringing rise to T2D-related complications of chronic hyperinsulinemia (Yoon et al., 2017).

Furthermore, since pancreatic islet cells produce both insulin and APP, the precursor protein to Aβ, pancreatic dysfunction characterized by changes in APP concentrations is of particular interest (Yoon et al., 2017). Pancreatic dysfunction leading to altered APP cleavage and potentially neurodegenerative Aβ production has been investigated in human and animal models of AD. These studies generally suggest that increased expression of APP in the pancreas leads to increased insulin secretion in AD mice (Kulas et al., 2017). Increased concentrations of APP are among a slew of consequences of pancreatitis. On a separate but related matter, liver fat accumulation is also understood to exacerbate inflammation, contributing to the overactivation of hormonal production sites, such as the Islets of Langerhans (Yoon et al., 2017). This hormonal overactivation can lead to abnormal metabolic activity that reduces pancreatic and digestive functionality but favors overproduction of insulin from the pancreas, exacerbating conditions of increased circulating insulin that typifies chronic hyperinsulinemia (Yoon et al., 2017).

Hyperinsulinemia and its relationship with AD will be further investigated throughout this review, but this relationship is introduced in Figure 2 (Qiu and Folstein, 2006). As hyperinsulinemic conditions prevail, the demand placed on the body and brain to clear insulin increases. Therefore, there is increased competition for IDE in the brain and peripheral tissues. IDE is an ubiquitously expressed enzyme dually equipped to degrade not only excess insulin, but also excess Aβ (Pivovarova et al., 2016). When IDE is occupied degrading excess insulin in conditions of hyperinsulinemia, Aβ is left to steadily accumulate in both peripheral circulation and centrally, intensifying the conditions of AD induced by Aβ accumulation (Figure 3). It is this mechanism that highlights the interconnected relationship between T2D conditions and AD pathology. Common trends between hyperglycemia, brain insulin resistance, and improper function of the IDE have been recognized in a variety of studies tracking the pathological features of AD (Tumminia et al., 2018).
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FIGURE 2. Brain Aβ accumulation induced by T2D conditions. IDE is responsible for the degradation of excess insulin and Aβ in the brain. Hyperglycemia, hyperinsulinemia, and insulin resistance are abnormal symptoms present in T2D, and this alteration in metabolism leads to a decrease in IDE expression and increased competition for IDE. Decreased IDE activity and increased IDE competition leads to decreased Aβ and insulin breakdown. In addition, hyperinsulinemia contributes to a build-up of Aβ peptides in the brain. Abbreviations: IDE, insulin-degrading enzyme; T2D, type 2 diabetes; Aβ, amyloid beta.
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FIGURE 3. Insulin resistance and hyperinsulinemia increases competition for IDE. Mechanism by which T2D conditions of insulin resistance and hyperinsulinemia contribute to increased competition for IDE, and therefore increased accumulation of Aβ. As introduced in Figure 2, IDE is responsible for the degradation of excess insulin and Aβ in the brain. Hyperglycemia, hyperinsulinemia, and insulin resistance are symptoms of T2D, and the combined effect of hyperinsulinemia and Aβ accumulation leads to increased competition for IDE, resulting in accumulation of both Aβ and insulin in the brain. Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; IDE, insulin degrading enzyme; T2D, type 2 diabetes; BBB, blood-brain barrier.



Lastly, cerebrospinal insulin concentrations are correlated with peripheral insulin concentrations, suggesting pancreatic insulin makes up the majority of brain insulin (Arnold et al., 2018) and strengthens emphasis on peripheral organ system health in AD prevention and treatment. It is important to note that the ratio of the concentration of insulin in cerebrospinal fluid compared to the periphery is lower in both aging patients with AD and those with insulin resistance compared to healthy subjects. This relationship may be related to decreased transport of insulin across the blood-brain barrier since insulin transport is affected by inflammation, obesity, hyperglycemia, and hypertriglyceridemia (Banks et al., 2012). However, the ratio of cerebrospinal fluid to peripheral insulin may not be as crucial as the total concentration of insulin in the body.



Hyperglycemia and Altered Insulin Signaling

It has also been theorized that chronic hyperglycemia may contribute to the production of advanced glycation end products (AGE), which interact with specialized AGE receptors on the endothelial lining of the blood-brain barrier that mediate Aβ influx to the brain (Li et al., 2019). Aβ is considered an AGE receptor ligand and therefore can effectively bind to these receptors and signal an influx across the blood-brain barrier from the circulatory pathways (Figure 5; Murphy and LeVine, 2010; Li et al., 2019).
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FIGURE 4. Aβ dysfunction contributing to alterations in brain insulin signaling beginning with the activation of TNFα and NMDAR by Aβ. During Aβ accumulation found in AD brains, there is increased expression of TNFα and activation of NMDAR. NMDAR activation results in an influx of Ca2+ that leads to oxidative stress and synaptic dysfunction of the brain. Under normal conditions, Aβ is used to regulate the calcium flow that is required for synaptic transmission. Increased expression of TNFα and stress kinases leads to inhibitory serine phosphorylation of IRS-1 and PI3K therefore reduced glucose uptake. The effects of Aβ accumulation and toxic stress triggers a cascade of impaired insulin signaling. Abbreviations: Aβ, amyloid beta; TNFα, tumor necrosis factor α; NMDAR, N-Methyl-D aspartate receptor; IRS-1, insulin receptor substrate-1; PI3k, phosphatidylinositol-3-kinase; AKT, protein kinase B; pTau, hyperphosphorylated tau; GLUT4, glucose transporter 4; JNK, N-terminal kinases; PKR, protein kinase R; Ikr, rapid-component delayed-rectifier potassium channel.
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FIGURE 5. LRP1 and RAGE-mediated Aβ transport across the BBB. Aβ travels through the blood vessels to cross the BBB for systemic clearance by the liver. In the periphery, Aβ binds to RAGE, which is the receptor for AGE believed to be produced as a result of hyperglycemia. When Aβ binds to RAGE, Aβ influxes into the brain via endothelial cells. Counteracting Aβ influx into the brain, Aβ efflux into the periphery is mediated by LRP1. Abbreviations: LRP1, lipoprotein receptor-related protein; RAGE, receptor for advanced glycation end products; Aβ, amyloid beta; BBB, blood-brain barrier; AGE, advanced glycation end products.



Another dimension of the relationship between insulin and Aβ includes genetic and structural disruptions within the insulin signaling pathway via receptor-level inhibition. As concentrations of insulin increase, more insulin receptor sites are occupied; however, chronic exposure to insulin reduces the proportion of short, higher-affinity isoforms of insulin receptors relative to the long, lower-affinity isoforms (Shanik et al., 2008). In addition, serine rather than tyrosine phosphorylation of the insulin response element has been associated with insulin resistance related to decreased activation of downstream insulin-signaling proteins (Figure 4; Copps and White, 2012). This alteration of insulin signal pathways intricately links peripheral insulin resistance to brain insulin resistance, in addition to the discovery that insulin receptors are widely expressed in the brain (Pomytkin et al., 2018). Brain insulin and glucose metabolism play an important role in synaptic function of neurons (Figure 4) and Aβ degradation (Figure 3), in addition to their chief role of glucose uptake (Freude et al., 2005; De Felice et al., 2014; Bedse et al., 2015; Arnold et al., 2018). In summary, glucose metabolism dysfunction in the form of hyperinsulinemia, insulin resistance, hyperglycemia, and altered insulin signaling are all metabolic factors that can be individually and holistically linked to Aβ metabolism, and therefore AD risk.



Inflammation

Chronic inflammation is prevalent in multiple metabolic diseases, including T2D and obesity, and may serve as another possible risk factor in appraising AD risk (Murphy and LeVine, 2010). Increased concentrations of pro-inflammatory cytokines produced in the presence of chronic inflammation can lead to pancreatic β-cell damage and impaired insulin secretion (Murphy and LeVine, 2010). These cytokines, such as tumor necrosis factor-α (TNF-α), have the ability to cross the blood-brain barrier to contribute to the progression of AD (Figure 4; Wang et al., 2015). In addition, it has been established in vivo since the 1990’s that when the interleukin-1 is elevated in the brain, less hippocampal acetylcholine is produced, and this can contribute to neurological deficits (Rada et al., 1991; Figure 6).
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FIGURE 6. Contribution of T2D conditions to Aβ accumulation and AD pathology. In the healthy brain insulin signaling pathway, insulin binds to PI3K which is degraded to AKT, leading to GLUT4-mediated glucose uptake and phosphorylation (inactivation) of GSK3β. GSK3β inactivation leads to decreased Aβ and pTau accumulation, and IDE degrades excess insulin and Aβ in the brain. When IR and hyperinsulinemia is developed during T2D, this increased competition for IDE, leading to Aβ and insulin accumulation, further illustrated in Figure 4. Increased Aβ accumulation leads to increased decreased soluble Aβ transport across BBB, leaving insoluble Aβ deposits trapped within the synaptic clefts, promoting inflammation and oxidative stress and increasing NF-kB. Increased levels of NF-kB increases IL-1 expression, which reduces hippocampal acetylcholine. Excess Aβ decreases synaptic plasticity, promotes neural deterioration and apoptosis, and promotes Aβ plaques. Aβ plaques is a well-established contributors to AD. Abbreviations: Aβ, amyloid beta; T2D, type 2 diabetes; AD, Alzheimer’s disease; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; GLUT4, glucose transporter 4; GSK3β, glycogen synthase kinase 3 β; pTau, hyperphosphorylated tau; IDE, insulin degrading enzyme; IR, insulin resistance; BBB, blood-brain barrier.



Oxidative stress is understood to begin with the production of reactive oxygen species, which are molecules that contain oxygen free radicals and are formed during normal cellular processes (de la Monte, 2012). This production of free radicals contributes to oxidative stress and cellular damage. Due to the brain’s elevated lipid concentration, lack of antioxidant defense mechanisms, and high oxygen requirements make the brain especially vulnerable to oxidative stress, which is a well-established early contributor to AD-related neurodegeneration (Verdile et al., 2015). Furthermore, inflammation-induced oxidative stress in the brain can lead to altered brain glucose metabolism and reduced ATP synthesis, which promotes neural dysfunction, synapse loss, and neurodegeneration (Verdile et al., 2015). In vitro evidence also suggests that Aβ may increase the generation of reactive oxygen species; however, it is unclear whether Aβ are the cause or result of oxidative stress when in vivo evidence is presented (Yao et al., 2009). Furthermore, the primary site for reactive oxygen species generation is the mitochondria, and mitochondrial dysfunction has been suggested as an early contributor to AD, particularly in mouse models (Verdile et al., 2015). Chronic inflammation is an important component of altered Aβ metabolism through the lens of obesity as well.

In a corresponding manner, adipose tissues release adipokines, such as leptin and adiponectin that function in a similar manner to that of cytokines with regards to oxidative stress and inflammation (Verdile et al., 2015). Interestingly, leptin, the primary regulator of appetite and energy homeostasis is related to insulin resistance and the development of obesity when produced in excess (Gruzdeva et al., 2019). As tissues become less sensitive to leptin, a condition known as leptin resistance, the failure of leptin feedback mechanisms lead to continued production by adipose tissues despite the already synthesized leptin being unable to carry out its function or participate in signaling cascades. Leptin resistance and excess leptin production result in abnormal appetite, hyperinsulinemia, hypothalamic inflammation, obesity, dyslipidemia, altered blood-brain barrier transport, and the emergence of other metabolic disorders (Gruzdeva et al., 2019). Leptin can cross the blood-brain barrier to evoke the classical appetite-suppressing and thermogenesis-initiating signals to the hypothalamus (Banks, 2001). Increased concentrations of circulating leptin in obesity are known to increase neuroendocrine dysfunction exacerbated by hypothalamic leptin resistance, which leads to the down regulation of appetite-suppressing and energy-expending signals, contributing to obesogenic conditions (Waterson and Horvath, 2015).

Although leptin receptors are heavily concentrated within the hypothalamus, other regions of the brain associated with learning and memory, such as the hippocampus, express leptin receptors as well, which explains why these regions are widely focused on in AD and obesity-related research (Murphy and LeVine, 2010). In fact, direct injection of leptin within the hippocampus of mice has been shown to modulate long-term nerve impulse strength and synaptic plasticity, as well as dramatically improved memory processing in both time-dependent and dose-dependent conditions (Li et al., 2016). In human studies, decreased leptin levels is associated with increased Aβ deposition and memory impairment, reinforcing how leptin resistance within the brain may exacerbate AD-related pathologies (Li et al., 2016; Forny-Germano et al., 2018). Collectively, the evidence suggests leptin may play a role in neuroprotection and the effects of obesity on neurodegenerative disorders.

Beyond chronic inflammation induced by inflammatory adipokines and cytokines, the current understanding of altered Aβ metabolism in the context of obesity is related to T2D due to the similarities in the pathophysiology of each condition. Most relevant to dysfunctional Aβ metabolism is the mutual presence of insulin resistance in conditions of obesity and T2D. Therefore, the mechanism of altered Aβ metabolism in the context of insulin resistance is identical for both T2D and obesity. Obesity is unique in its contribution to insulin resistance compared to T2D because excess adiposity is understood to result in insulin resistance, whereas T2D conditions often begin with insulin resistance. Nevertheless, there is a considerable lack of evidence that excess adiposity alone may contribute to Aβ metabolism.




ALTERED Aβ METABOLISM IN CARDIOVASCULAR DISEASE

CVD pathology can be summarized as elevated levels of blood lipids paired with atherosclerosis, the buildup of lipids, cholesterols, and plaques within arterial walls, that can lead to arterial stiffness and rigidity and obstruct blood flow and increase blood pressure (de Bruijn and Ikram, 2014). Elevated blood pressure damages arteries and other blood vessels which can lead to chronic inflammation (Fioranelli et al., 2018). In addition, chronic inflammation drastically reduces the functional surface area of blood vessels due to their inability to completely repair. Reduced functional surface area can lead to the deposition and accumulation of proteins like pTau and Aβ secondary to microglial cells lacking the adequate oxygen and glucose to perform routine excretory functions at maximum efficiency (Fioranelli et al., 2018). As cardiovascular circulatory efficiency diminishes, brain atrophy can increase, which is understood to be related to inefficient Aβ clearance and removal (Murphy and LeVine, 2010). Furthermore, brain Aβ concentrations are proportional to cholesterol concentrations, and Aβ accumulation within heart and blood vessels is understood to contribute to arterial stiffening, atherosclerosis, and cardiac dysfunction (Yeung et al., 2014; Fioranelli et al., 2018). In addition, Aβ1–40 was found to be 100 times more abundant in aortic atherosclerotic plaques than anywhere else in the body (Yeung et al., 2014). This accumulation of Aβ occurs when lymphatic capillaries fail to adequately drain due to the atherosclerosis, contributing to greater Aβ1–40 deposits within cardiovascular structures that induce cell damage and inflammation (Yeung et al., 2014).

A New York Heart Association study of 939 patients exhibiting early signs of heart failure indicated that higher concentrations of circulating Aβ1–40 resulted in higher mortality rates and greater frequency of diastolic dysfunction (Stakos et al., 2020). These adverse outcomes are likely due to elevated Aβ1–40 hindering the blood supply by disrupting normal vascular development. As the blood supply decreases, APP is upregulated, leading to increased vasoconstriction that inhibits the functionality of endothelium that is necessary in maintaining adequate blood supply to critical organs by vasodilation (Stakos et al., 2020). A similar experiment exploring the relationship between Aβ and diastolic dysfunction involving 3,266 patients discovered that lower stroke volume corresponds with higher concentrations of Aβ, reinforcing the results of the first (Stakos et al., 2020).

Furthermore, knockout mice for the APP gene (APP−/−) displayed 75–90% smaller arterial plaque thickness, significantly fewer arterial lesions, and a lower pro-inflammatory response measured by a low macrophage content than the APP+/+ mice (Karisetty et al., 2020; Tini et al., 2020). Therefore, APP, and subsequently Aβ, may play a role in the vascular inflammation that exacerbates cognitive impairment (Stakos et al., 2020). Although the aforementioned studies do shed light on the relationship between CVD conditions and Aβ metabolism independent of neurodegenerative outcomes, additional research is required to determine a direct relationship between CVD pathology and AD risk.



ALTERED Aβ METABOLISM IN NON-ALCOHOLIC FATTY LIVER DISEASE

The liver has been identified as a key organ involved in the pathology and progression of AD due to its role in Aβ clearance (Estrada et al., 2019). It has been observed that Aβ solubility, as well as functionality of Aβ transport proteins, is of great importance with regards to transport across the blood-brain barrier when the liver enters a diseased state. In addition, evidence suggests that the solubility of Aβ is a critical aspect of clinical manifestations of AD (Murphy and LeVine, 2010).

The main enzyme responsible for Aβ production is BACE1, which is primarily expressed in the brain and can be found in peripheral organs (Murphy and LeVine, 2010). Under normal physiological conditions, Aβ is produced to support synaptic plasticity and regulate the calcium flow required for the transmission of synaptic communication(Karisetty et al., 2020). In the periphery, Aβ clearance is an essential contributor to AD progression since inadequate removal of Aβ from blood contributes to Aβ accumulation in the brain (Wang et al., 2006). Although enzymes such as IDE and neprilysin are responsible for degrading excess Aβ within the brain (Figure 3), much of the Aβ remains intact. Therefore, the efflux of soluble Aβ across the blood-brain barrier to the periphery exists as a mechanism for enhanced Aβ clearance (Murphy and LeVine, 2010).

As introduced in Figure 5, it is hypothesized that the facilitation of soluble Aβ efflux across the blood-brain barrier is controlled by the low-density lipoprotein receptor-related protein 1 (LRP1) on the “brain side” and receptors for advanced glycation end products (RAGE) on the “blood side” (Murphy and LeVine, 2010). The LRP1 is understood to be the mediator for Aβ uptake by hepatocytes (Wang et al., 2017). Theoretically, the proper flow of Aβ across the blood-brain barrier for clearance by the liver reduces Aβ burden on the brain since it is estimated that 60% (Wang et al., 2017) of brain-derived Aβ is cleared by the periphery; however, insoluble Aβ is a characteristic of AD pathology and cannot cross the blood-brain barrier (Murphy and LeVine, 2010). Therefore, soluble Aβ is considered more toxic than insoluble Aβ (Li et al., 2019).

In the periphery, soluble Aβ clearance is an essential component to AD progression since inadequate removal of Aβ from blood circulation contributes to Aβ buildup in the brain (Wang et al., 2006). Impaired removal of Aβ has been proposed as a potential link between peripheral metabolic dysfunction and AD; therefore, peripheral organs may be a vital component of excess Aβ removal. The liver, in particular, is unique in that it promotes Aβ clearance by protein degradation or bile excretion (Estrada et al., 2019). Liver disease is associated with high concentrations of circulating Aβ as a consequence of diminished detoxification ability (Wang et al., 2017). To counteract this effect, the administration of treatments that enhance LRP1-mediated Aβ clearance by the liver result in both improved cognition and mitigate the potentially damaging effects of Aβ within the brain (Tamaki et al., 2007; Sehgal et al., 2012). Hence, therapeutic intervention focused on the liver emerges as a promising target for AD intervention and therapy.



AD TREATMENTS AND FUTURE DIRECTIONS


Currently Available Alzheimer’s Disease Treatments

At present, there are only two drug classifications for AD treatment that are clinically proven to improve memory and alertness, but do not increase life expectancy or slow AD progression. These drugs are cholinesterase inhibitors and memantine (Table 2, Weller and Budson, 2018). Cholinesterase inhibitors (donepezil, rivastigmine, and galantamine) are prescribed for the specific treatment of various stages of AD, whereas memantine is reserved for moderate or severe cases of AD (Weller and Budson, 2018). Memantine medications have been experimentally shown to over stimulate the extra synaptic N-methyl-D-aspartate receptor (NMDA), which is understood to contribute to neuronal excitotoxicity and death (Wang and Reddy, 2017), however, clinically, the effect of memantine appears to be more of an antagonistic effect on the whole population of NMDA receptors (Liu et al., 2019).

TABLE 2. Approved Alzheimer’s disease treatments.
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Though the purpose of the following section of this review is not to systematically synthesize all approved and pending AD treatments, it is critical to have a general understanding of the AD therapy-related research being conducted. The nature of this review focuses on the amyloid hypothesis, which hypothesizes that the accumulation of Aβ within brain parenchyma drives synaptic dysfunction and neurodegeneration leading to the manifestation of AD (van Dyck, 2018); however, both anti-amyloid and non-anti-amyloid treatments under investigation have been included as this review emphasizes the potential for combination therapies (Table 3) for effective AD treatment. Aβ is considered the initiator of the AD cascade, beginning with Aβ-induced amyloid plaques, neurofibrillary tangles from pTau, neurodegeneration, synaptic damage, neuron loss, and other pathological hallmarks of AD (Chen et al., 2017). As a result, anti-amyloid therapies have an extensive history of intervention attempts. AD patients have also displayed deficiency in the enzyme choline acetyltransferase, hence, cholinergic-based therapies were created (Sharma, 2019). Acetylcholine plays a sizable role in learning and memory, which is why it is now classified as a key biomarker in late-term AD pathology.

TABLE 3. Major anti-amyloid AD treatments under investigation.
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Alzheimer’s Disease Treatments Under Investigation

Since 2019, AD drug intervention research seems to have shifted away from anti-amyloid therapies. In addition to the major non-anti-amyloid therapies (Table 4), new experimental treatments and therapies are focusing on inducing ketosis, partial agonists of dopamine, microglial activation inhibitors, RAGE antagonists, bacterial protease inhibitors, serotonin uptake inhibitors, γ-secretase inhibitors, antioxidant and anti-neuroinflammatory agents, anti-diabetes medications, tyrosine kinase inhibitors, and PPAR-γ agonists (Huang et al., 2020).

TABLE 4. Major non-anti-amyloid AD treatments under investigation.
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Additional AD hypotheses, including the cholinergic hypothesis and tau hypothesis, have been targeted for anti-AD treatments. The latter can be summarized by pTau causing an accumulation of neurofibrillary tangles within nerve cells, which interact with cellular proteins and prevent them from executing their normal function (Maccioni et al., 2010; Bakota and Brandt, 2016). The cholinergic hypothesis can be summarized as a reduction in acetylcholine synthesis, which inhibits biological activity of acetylcholinesterase (Sharma, 2019). A loss of cholinergic neurons are thought to encourage excessive influx of calcium into cells, resulting in neuronal damage (Sharma, 2019). Hence, acetylcholinesterase inhibitors are utilized for treatment to limit acetylcholine degradation, increasing the function of neural cells by increasing the concentration of acetylcholine (Sharma, 2019). Still, focusing on Aβ, pTau, or acetylcholine alone is unlikely in addressing the complete range of symptoms associated with neurological disease pathology (Fessel, 2018).

Overall, Aβ therapies have not yielded promising results in clinical trials (Panza et al., 2019a). Several anti-amyloid drug therapies since 2016 have failed due to lack of efficacy, toxicity, and worsening cognition (Huang et al., 2020). There is, however, evidence that Aβ and tau pathology, currently accepted as trademark biomarkers for AD, are only a piece of the full pathogenesis of AD (Bednar, 2019). Therefore, the greatest potential for a complete and robust AD treatment lies in combination therapies individualized to each patient care based on their specific clinical manifestations of AD and from learning more about the mechanisms of pathogenesis, which can vary greatly between patients (Bednar, 2019). Instead, the barrier that AD researchers face may not be that AD treatment candidates are entirely unsuccessful, but that they are simply only addressing one aspect of an extremely complex disorder that possesses numerous overlaps with other non-neurological disorders like NAFLD and T2D that lack thoroughly understood links to AD.



Anti-diabetes Medications for Alzheimer’s Disease Treatment

Anti-diabetes drug therapies have been investigated for their efficacy as AD therapies due to the current understanding of the mechanisms that closely link glucose metabolism dysfunction with AD (Boccardi et al., 2019). It remains unclear which anti-diabetic medications holistically improves the outcome of AD patients; therefore, it is important to identify which diabetes medications lead to improvement of cognitive function and whether these benefits supersede risk factors.

According to a systematic review of randomized controlled trials by Avgerinos et al., intranasal insulin delivers insulin to the brain more rapidly than subcutaneous or intravenous insulin due to its unique ability to cross the blood-brain barrier independent of a transport process (Avgerinos et al., 2018). Intranasal insulin in patients without existing hyperinsulinemia, has been shown to alleviate the symptoms that link AD and T2D, including Aβ accumulation, synaptotoxicity, and oxidative stress (Avgerinos et al., 2018). Overall, increasing insulin in the brain of hypoinsulinemic patients translates to decreased Aβ-induced memory loss, reduces neuronal apoptosis, and increases synaptic plasticity (Boccardi et al., 2019). Data from the same systematic review also discovered that patients with the APOE4(+) gene remained stable or declined cognitively after intranasal insulin was administered, while those with the APOE4(-) gene showed more cognitive gains after administration (Avgerinos et al., 2018). However, additional research is needed to determine whether intranasal insulin alone is a sufficient treatment for AD.

Thiazolidinediones (TZDs) containing dipeptidyl peptidase-4 (DPP-4) inhibitors and glucagon-like peptide 1 (GLP-1) receptor agonists have been shown to counteract hyperglycemia, insulin resistance, and a variety of oxidative stressors, which are all precursor metabolic processes that contribute to Aβ and pTau accumulation (Boccardi et al., 2019). The peripheral effects of these antihyperglycemic medications include improving insulin signaling and reducing inflammation and oxidative stress (Boccardi et al., 2019). Centrally, these medications increase neuroprotection, neurogenesis, and synaptic plasticity and alleviate neuroinflammation (Boccardi et al., 2019). In addition, thiazolidinediones are insulin sensitizers and agonists of the peroxisome proliferator-activated receptor gamma (PPARγ; Boccardi et al., 2019). PPARγ is a possible mechanism for AD treatment due to existing evidence that PPARγ agonists decrease Aβ accumulation and inflammation (Avgerinos et al., 2018). In addition, PPARγ agonists play a key role in regulating calcium metabolism in the hippocampus, resulting in decreased oxidative stress and other stress-activated protein kinases that contribute to insulin resistance in the brain (Avgerinos et al., 2018). TZDs have also been shown to improve cerebral blood flow via anti-inflammatory and insulin-sensitizing effects, which translated to increased memory in AD patients (Boccardi et al., 2019). TZDs also inactivate GSK3γ and decrease tau production (Figure 4). They do not prevent AD per se, but seem to slow AD progression (Boccardi et al., 2019). Like thiazolidinediones, GLP-1 receptor agonists are a group of anti-diabetic medications that have anti-hyperglycemic effects which may have beneficial effects on AD progression. GLP-1 is a short-acting insulinotropic peptide that enhances insulin gene expression while suppressing glucagon secretion in the pancreas (Boccardi et al., 2019). In in vivo models of AD, injection of GLP-1 receptor agonist was shown to decrease overburden of the hippocampus and improve spatial memory, and in a mouse model of T2D mice, GLP-1 injection decreased Aβ plaque in the cortex, restored peripheral and brain insulin sensitivity, and improved tau hyperphosphorylation, which are all significant features of AD (Boccardi et al., 2019).

It is important to note that healthy lifestyle choices can amplify the effects of anti-diabetic medication effectiveness. For patients suffering from hyperinsulinemia due to T2D and competition for IDE from Aβ, exercise can function as an alternative in regulating blood insulin and glucose levels as skeletal muscles possess a non-insulin-dependent ability to absorb glucose when their glycogen stores deplete post-exercise. This peripheral glucose uptake and insulin utilization has the potential to reduce hyperinsulinemia and decrease the competition for IDE discussed extensively in this review (Figure 3).



Potential Future Directions for Alzheimer’s Disease Treatments

Neuroinflammation in response to glial cell accumulation has been recently considered as another key factor in AD pathology since amyloid plaques and neurofibrillary tangles are understood to be possible catalysts for the inflammatory response in the brain (Briggs et al., 2016). Meta analyses have suggested steroidal and non-steroidal anti-inflammatory drugs induce negligible effects on AD in symptomatic patients, but perhaps show potential for early-stage prevention of the disease (Briggs et al., 2016). Immune-based interventions, however, are predicted to lead to future preventive or therapeutic interventions for AD (Ozben and Ozben, 2019).

Stem cell therapies have been tested but have not yielded clinical efficacy yet, but more sophisticated studies are currently underway (Kang et al., 2016). Similarly, antibacterial therapy is considered another link to AD in which gut dysbiosis and neuroinflammation from the periphery exacerbate increased permeability of the gut and the blood-brain barrier (Panza et al., 2019b). At present, researchers have not finalized the safety of antibacterial therapy to AD as it is currently unknown which specific bacterial population in the gut of patients diagnosed with AD are overrepresented (Panza et al., 2019b).

In summary, there seems to be rationale for further research involving neuroinflammation and anti-diabetes-based interventions in the context of combination therapy, though it is impossible to rule out Aβ, pTau, and cholinergic focused interventions that have been tested only in solidarity. Until AD treatment can be identified, the importance of metabolic health, especially liver and glucose metabolism health, to prevent peripheral contribution of Aβ and pTau (Bharadwaj et al., 2017; Maarouf et al., 2018; Xin et al., 2018) should be emphasized by healthcare professionals (Figure 6). Research efforts for the development of AD interventions to be utilized in combination therapies may best be spent targeting Aβ clearance by decreasing LRP-1 transport of Aβ to the brain, improving Aβ clearance via the liver, or increasing IDE’s affinity for Aβ in the brain. In addition, low-risk preventative measures, such as eating a balanced and nutrient-dense diet, engaging in regular aerobic exercise, and supplementation for nutrient deficiencies are recommended (Mendiola-Precoma et al., 2016). As nutrition scientists know, nutrition research is challenging and often puzzling as humans are subject to behavioral, environmental, and social factors, which can rarely be accurately or reliably predicted (Bednar, 2019).




CONCLUSION

The relationship between cardiometabolic health and AD pathologies are dynamic and interwoven. Aβ, one of the major pathologies of AD, served as the focus of this review. The central theme of this review was the unique relationship between Aβ and cardiometabolic health. Namely, we assessed not only how Aβ can alter cardiometabolic health, but also how cardiometabolic health can modify Aβ metabolism. Collectively, it appears insulin and inflammation are the two features common to all major CMDs and altered Aβ metabolism. This pattern reinforcing the importance of monitoring peripheral organ health in preventative neurological treatments and interventions. Based off these observations, there is reasonable evidence to suggest a collective association between AD and cardiometabolic health.

Potential novel mechanisms for AD therapies in patients with peripheral hyperinsulinemia include reducing the load of insulin on IDE in the brain, either by increasing the affinity of IDE for Aβ or by decreasing brain insulin concentrations. Furthermore, due to its central role in both Aβ clearance and hormonal regulation, the liver should be considered as a focal point of future cardiometabolic treatments targeting AD. To be effective, these therapies should improve Aβ clearance while simultaneously reducing hyperinsulinemia by drug or lifestyle interventions. Based on our findings, the pancreas may also serve as an important organ to study due to its inter-connectedness with liver function and its role in insulin synthesis as well as APP production. Lastly, future research should consider focusing on quantifying the contribution of periphery-born Aβ on AD outcomes. Overall, this review advocates for a shift towards greater emphasis on cardiometabolic health, cause-specific treatment, and combination therapies in the interest of offering the most promising interventions for AD.
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General anesthetics can induce cognitive impairments and increase the risk of Alzheimer’s disease (AD). However, the underlying mechanisms are still unknown. Our previous studies shown that long-term isoflurane exposure induced peripheral and central insulin resistance (IR) in adult mice and aggravated IR in type 2 diabetes mellitus (T2DM) mice. Clinical and preclinical studies revealed an association between impaired insulin signaling and tau pathology in AD and other tauopathies. We investigated if alleviation of hippocampal IR by the antidiabetic agent metformin could reduce tau hyperphosphorylation and cognitive decline induced by isoflurane in mice. The effects of prolonged (6 h) isoflurane anesthesia on hippocampal IR, hippocampal tau hyperphosphorylation, and hippocampus-dependent cognitive function were evaluated in wild type (WT) adult mice and the high-fat diet plus streptozotocin (HFD/STZ) mouse model of T2DM. Here we shown that isoflurane and HFD/STZ dramatically and synergistically induced hippocampal IR and fear memory impairment. Metformin pretreatment strongly ameliorated hippocampal IR and cognitive dysfunction caused by isoflurane in WT mice, but was less effective in T2DM mice. Isoflurane also induced hippocampal tau hyperphosphorylation and metformin reversed this effect. In addition, isoflurane significantly increased blood glucose levels in both adult and T2DM mice, and metformin reversed this effect as well. Administration of 25% glucose to metformin-pretreated mice induced hyperglycemia, but surprisingly did not reverse the benefits of metformin on hippocampal insulin signaling and fear memory following isoflurane anesthesia. Our findings show hippocampal IR and tau hyperphosphorylation contribute to acute isoflurane-induced cognitive dysfunction. Brief metformin treatment can mitigate these effects through a mechanism independent of glycemic control. Future studies are needed to investigate whether long-term metformin treatment can also prevent T2DM-induced hippocampal IR and cognitive decline.
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INTRODUCTION

About 10–50% of patients receiving surgery under anesthesia demonstrate cognitive impairments occurring between 1 month and 1 year after surgery following treatment, termed postoperative cognitive dysfunction (POCD) (James, 2020). POCD is not a transient phenomenon but associated with prolonged hospitalization, functional decline, less likely to live independently, and increased mortality (Moller et al., 1998; Steinmetz et al., 2009). Intraoperative hypoxia, inflammation, and the pharmacological effects of anesthetics are implicated in POCD pathogenesis, and older age is the strongest risk factor (Moller et al., 1998). Further, accumulating clinical and experimental evidence suggest that surgery under general anesthesia increases the risk of developing Alzheimer’s disease (AD) and other forms of dementia (James, 2020). Our previous studies confirmed that long-term isoflurane exposure can induce cognitive impairment in adult mice, providing an experimental model to investigate the underlying pathogenesis (Xia et al., 2016; Song et al., 2019).

In addition to increasing POCD risk, aging increases susceptibility to metabolic syndrome (MetS) and type 2 diabetes mellitus (T2DM) (Ford et al., 2002; Menke et al., 2015). It is also well accepted that MetS can induce cognitive impairments, including of memory and executive function (Kim and Feldman, 2015; Ng et al., 2016). Moreover, MetS increases the risk of POCD (Hudetz et al., 2011). A decline in brain tissue volume can be detected even in early onset MetS patients (Sala et al., 2014). Similarly, T2DM disrupts brain structure and function, especially in cognition-related regions, and increases the risks of both POCD and age-related cognitive decline compared to age-matched non-diabetics (Feinkohl et al., 2017; Sanjari Moghaddam et al., 2019). Our pilot study also found that T2DM predicts POCD at 1 week after orthopedic surgery in elderly patients (over 60 years of age) and patients with T2DM had a 2.6-fold higher risk of POCD compared with patients without diabetes at 1 week after surgery (Supplementary Table 1). Collectively, these observations suggest that the molecular signaling mechanisms disrupted in T2DM may also contribute to POCD.

A decrease in insulin-induced molecular signaling, termed insulin resistance (IR), is a major pathogenic mechanism in MetS and T2DM, and may contribute to the associated cognitive impairments (Biessels and Reagan, 2015; Kim and Feldman, 2015). Experimental models of diabetes not only show remarkable peripheral and central nervous system IR, but also deficits in the neuroplastic processes linked to cognition (Biessels and Reagan, 2015). Moreover, brain and peripheral IR increase with advanced age (Petersen et al., 2015; Martín-Segura et al., 2019). Insulin resistance is also a common complication after anesthesia and surgery, and the degree of postoperative IR is associated with surgical magnitude (Thorell et al., 1993). In aged rats as well, surgical procedures impair central insulin signaling and increase susceptibility to hippocampus-related cognitive impairments (Kawano et al., 2016). Isoflurane and sevoflurane reduced peripheral insulin sensitivity by about 50% and almost completely suppressed liver insulin responses in a canine model (Kim et al., 2016). These anesthetics also significantly reduced mean cerebral glucose utilization during anesthesia in rats (Lenz et al., 1998). Recently, we found that long-term isoflurane exposure induced peripheral and central IR in adult mice and aggravated IR in T2DM mice (Fang et al., 2020). Clinical studies show that preoperative IR predicts POCD in elderly gastrointestinal patients and that the IR index is significantly higher in patients with POCD than patients without POCD (Tang et al., 2017; He et al., 2019). Collectively, these results provide compelling evidence that IR contributes to POCD development.

Hippocampal accumulation of hyperphosphorylated tau protein may link MetS/T2DM, IR, POCD, and AD risk. Hyperphosphorylated tau proteins are a core component of neurofibrillary tangles, a pathological hallmark of AD (Ittner et al., 2010), and IR can prevent hippocampal tau dephosphorylation in rats (Kim et al., 2015). Both clinical and preclinical studies have found an association between impaired insulin signaling and tau pathology in AD and other tauopathies (Yarchoan et al., 2014). Further, inhalational anesthetic exposure, especially prolonged or repeated exposure, induced a long-lasting increase in tau phosphorylation associated with cognitive impairment (Dong et al., 2012; Le Freche et al., 2012). Conversely, insulin-sensitizing strategies have been shown to improve memory performance, reduce cerebrospinal fluid biomarkers of disease, and enhance cerebral glucose utilization in mild cognitive impairment (MCI) and AD patients (Hölscher, 2014).

Based on these findings, we speculated that isoflurane-induced hippocampal IR and ensuing tau hyperphosphorylation contribute to POCD and progression of AD pathology, while amelioration of hippocampal IR may mitigate tau hyperphosphorylation and POCD caused by long-term isoflurane anesthesia. Metformin, a first-line antidiabetic drug, exerts its therapeutic glucose-lowering effects by suppressing hepatic gluconeogenesis, decreasing insulin resistance, and increasing insulin sensitivity (Giannarelli et al., 2003). Here we examine whether pretreatment with metformin can alleviate hippocampal IR and tau hyperphosphorylation as well as cognitive impairment caused by long-term isoflurane anesthesia in adult and T2DM mice.



MATERIALS AND METHODS


Animals and Treatment

Animal care and study protocols were approved by the Laboratory Animal Ethics Committee of Drum Tower Hospital. Animals were housed (6–7 per cage) with free access to food and water and were kept in temperature-controlled facilities at 22–25°C under a 12 h light/dark cycle. Diabetic mellitus type 2 (T2DM) mice model was prepared as we described previously (Fang et al., 2020). After 1 week of acclimatization, 7-week-old male C57BL/6J wild type (WT) mice from the Model Animal Research Center of Nanjing University were fed either chow diet or high-fat diet (HFD, 60% kcal fat, 20% carbohydrate). After fed with HFD for 2 weeks, inducible diabetic mellitus type 2 mice were fasted overnight and intraperitoneally injected with streptozotocin (STZ, Sigma-Aldrich, United States) freshly dissolved in 0.1 mM citrate buffer (pH 4.5) at a dose of 60 mg/kg body weight and tested for fasting 12 h tail vein blood glucose levels 1-week post-injection. Mice fed with chow diet were injected intraperitoneally with the citrate buffer vehicle. Mice with typical features of T2DM (polyphagia, polydipsia and polyuria) and fasting blood glucose levels more than 11.1 mmol/L were considered to be T2DM and were used in the experiment. Animals were maintained with their respective diets and body weight was measured every 3 days during the experiment. WT mice fed a standard chow diet were randomly divided into five subgroups receiving vehicle injection (Con), isoflurane anesthesia (Anes), metformin injection (Met), metformin pretreatment plus isoflurane anesthesia (Met + Anes), or metformin plus gavage 25% glucose solution prior to isoflurane (Glu + Met + Anes). Another group of T2DM model mice was randomly divided into a control group (DM), isoflurane anesthesia group (DM + Anes), metformin group (DM + Met), and metformin pretreatment plus isoflurane anesthesia group (DM + Met + Anes). Mice in Anes, Met + Anes, Glu + Met + Anes, DM + Anes, and DM + Met + Anes groups were exposed to isoflurane anesthesia in a chamber prefilled with 4% isoflurane (Lunan Better Pharmaceutical Co.) in 100% oxygen and then maintained with 1.3% isoflurane in 100% oxygen flowing at 2.5 L/min for 6 h. The respiratory activities of mice were monitored during anesthesia. To prevent the effect of hypothermia on tau protein phosphorylation, mice were placed on heating pads to maintain body temperature during anesthesia and lasted until full recovery. Mice in Met, Met + Anes, Glu + Met + Anes, DM + Met, and DM + Met + Anes groups were injected intraperitoneally with metformin (Sigma-Aldrich, D150959) 50 mg/kg body weight 1 h before anesthesia or at the corresponding time. Mice in the Glu + Met + Anes group were administered 25% glucose solution 0.1 ml (25%Glu 0.1 ml + Met + Anes) or 0.2 ml (25%Glu 0.2 ml + Met + Anes) by gavage before anesthesia (Figure 1).
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FIGURE 1. Schematic presentation of experimental design. CHD, chow diet; HFD, high-fat diet; STZ, streptozotocin; Iso, isoflurane; Met, metformin; GS, 25% glucose solution; FC, fear conditioning test; WB, Western blot.




Measurements of Blood Glucose

To eliminate interference from cage mates, mice were housed singly during tail vein blood sampling. Experienced researchers cautiously snip 1–2 mm of tissue from the tail tip distal with sharp scissors, and blood was obtained by gently massaging the tail. Squeezing the tail violently should be avoided because it might be painful for the mice and affect the quality of the sample. Stroking over the incision gently with sterile swabs dipped in saline reopened it and several blood samples could be collected in subsequent experiments. Blood glucose levels were tested by a hand-held glucometer (ACCU-CHEK Active, Roche, Switzerland).



Fear Conditioning Test

The fear conditioning test was conducted in 30 cm × 37 cm × 25 cm chambers equipped with a sound amplifier to produce auditory cues and a metal grid floor to deliver conditioning foot shocks. During the training phase, a mouse was placed in the chamber and allowed to explore freely for 3 min as habituation. After habitation, the sound (4,000 Hz, 100 dB) was presented for 30 s (conditioned stimulus, CS) and co-terminated with a foot shock (2 s, 0.8 mA) as an unconditional stimulus (US). Freezing behavior (a sign of conditioned fear) was scored for 1 min after foot shock. The chamber was then cleaned and descented with 75% ethanol between trials. Contextual fear conditioning was tested 24 h later in the same chamber by scoring freezing behavior (% of total time) for 3 min in the absence of sound or foot shock. A cued fear memory test was performed 2 h after the contextual fear conditioning test. Briefly, the sensory environment of the chamber (textures, odors, and colors) was modified and animals allowed 3 min of exploration as an accommodation period, followed by delivery of the CS (4,000 Hz, 100 db, 30 s). Freezing time (% of total time) was recorded automatically and the data were analyzed using Packwin 2.0 software.



Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

The total RNA of hippocampus was extracted using PureLink RNA mini kit (Biotek, RP1202) and cDNAs were synthesized using cDNA synthesis kit (TakaRa, RR036A). RNA quality and quantity were measured by ultraviolet spectroscopy (Biotek, United States). RT-PCR was performed using SYBR Premix Ex Taq (Takara, RR420A) in the ABI StepOne Plus Real-Time PCR system (Applied Biosystems). The primers (TSINGKE, China) were shown as follows: β-actin (F: 5′-CTGTCCCTGTATGCCTCTG-3′, R: 5′-ATGTCACGCACGATTTCC-3′). GSK3β (F: 5′-ATTCCCT CAAATTAAGGCACATCC-3′, R: 5′-ATACTCCAGCAGACG GCTACACAG-3′); AKT (F: 5′-TGCATTGCCGAGTCCAGA A-3′, R: 5′-GCATCCGAGAAACAAAACATCA-3′); IRS1 (F: 5′ -GTTTCCAGAAGCAGCCAGAG-3′, R: 5′-ACTCTCTCCAC CCAACGTGA-3′); IRS2 (F: 5′-CATCGACTTCCTGTCCC ATCA-3′, R: 5′-CCCATCCTCAAGGTCAAAGG-3′); Gene expression data were normalized to β-actin.



Western Blotting

The expression of tau, NR2B and insulin-signaling proteins were detected in the hippocampus by western blotting. Tissues were washed with ice-cold PBS and then lysed in proteinase and phosphatase inhibitors (Sigma, United States) containing RIPA buffer. The samples were centrifuged at 12,000 rpm, 4°C for 20 min. BSA method was performed to determine the protein contents. Twenty to forty microgram proteins per lane were separated by electrophoresis in 8% SDS-PAGE gels (KayGen Biotech, Co., Ltd.) and blotted onto polyvinylidene difluoride membranes (PVDF; Bio-Rad Laboratories, United States). The membranes were blocked with 5% non-fat milk for 2 h at normal temperature and then were incubated with the following primary antibodies overnight at 4°C: anti-tau (phospho Ser396) (1:500, 9632S, CST), anti-tau (phospho Ser202 and Thr205, AT8) (1:500, MN1020, Invitrogen), anti-tau (1:500, BS3738, Bioworld technology), anti-NR2B (phospho Tyr1472) (1:500, ab3856, Abcam), anti-NR2B (1:500, ab65783, Abcam), anti-IRS1(phospho Ser636/639) (1:500,2388, CST), anti-IRS1 (phospho Tyr896) (1:500, ab46800, Abcam), anti-IRS1 (1:500,ab52167, Abcam), anti-IRS2 (phospho Ser731) (1:500, ab3690, Abcam), anti-IRS2 (1:500,4502, CST), anti-AKT (phospho Ser473)(1:1,000, 4060, CST), anti-AKT (1:1,000, 4685, CST), anti-β-actin (1:1,000, ab8226, Abcam), anti-GSK3β (1:1,000, 12456, CST), and anti-GSK3β (phospho Ser9)(1:1,000, 5558, CST). β-actin were used as loading controls, respectively. Antibodies were diluted with 5% Bovine serum albumin (BSA; Gentihold) solvents. The membranes were washed three times with TBST and then incubated with HRP-conjugated antibodies for 2 h. The proteins were visualized using a chemiluminescence kit (ECL; Pierce, Illinois, United States). Band densities of protein were quantified via ImageJ (National Institutes of Health, United States).



Statistical Analysis

All data were parametric and summarized as mean ± standard deviation (SD). Results from cognitive behavioral tests, Western blotting, RT-PCR and light absorbance were analyzed by a one-way ANOVA test, followed by Bonferroni multiple comparison test. Changes in blood glucose levels over time were analyzed using multivariate analyses of variance for repeated measures followed by Bonferroni post hoc analysis. Statistical analysis was carried out using SPSS 25.0 software (IBM Corporation, Armonk, NY). Statistical significance referred to differences at the level of P < 0.05.




RESULTS


Isoflurane and T2DM Synergistically Induce Hippocampus-Dependent Cognitive Dysfunction in Adult Mice

In our previous studies, we found that long-term (6 h) isoflurane inhalation induced hippocampal IR and exacerbated pre-existing hippocampal IR (Fang et al., 2020). Furthermore, both clinical and preclinical studies have found that hippocampal IR is associated with cognitive decline (Biessels and Reagan, 2015; Grillo et al., 2015). We investigated whether long-term isoflurane inhalation also induces cognitive deficits in adult mice and aggravates cognitive dysfunction in T2DM mice. In adult wild type (WT) mice, 6 h of isoflurane anesthesia (Anes group) significantly reduced contextual fear memory as measured by freezing (%) compared to control mice (Con group) from Days 1 to 7 post-treatment (Day 1: 68.96 ± 7.32% vs. 84.70 ± 10.95%, P = 0.034; Day 3: 62.14 ± 7.04% vs. 87.97 ± 7.52%, P < 0.001; Day 7: 57.88 ± 7.04% vs. 87.97 ± 7.52%, P = 0.004), indicating disruption of hippocampal function (Figure 2A). In T2DM model mice as well, isoflurane exposure (DM + Anes group) significantly reduced freezing to context compared to controls (DM group) from Days 1 to 7 (Day 1: 52.73 ± 12.27% vs. 69.66 ± 7.27%, P = 0.02; Day 3: 50.75 ± 9.83% vs. 64.33 ± 10.44%, P = 0.028; Day 7: 52.77 ± 9.70 vs. 69.43 ± 7.54%, P = 0.046). Compared to the Anes group, DM + Anes mice demonstrated even lower freezing on Day 1 (68.96 ± 7.32% vs. 52.73 ± 12.27%, P = 0.027) and Day 3 (64.17 ± 7.04% vs. 50.75 ± 9.83%, although the difference did not reach significance, P = 0.092), suggesting that pre-existing IR and isoflurane synergistically impair hippocampal function (Figure 2A). By Day 14, no significant differences in contextual fear conditioning were observed in any group. In contrast, there were no significant effects on cued fear conditioning, suggesting that these effects are selective for hippocampal function (Figure 2B).
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FIGURE 2. Isoflurane inhalation selectively impairs contextual fear memory and this effect is exacerbated in diabetic mice. (A) Freezing (% time) in response to the foot-shock context (chamber) among adult WT mice and T2DM mice (DM groups) exposed to 1.3% isoflurane inhalation for 6 h (Anes and DM + Anes groups) or control inhalation (100% O2 for 6 h). (B) Freezing time during exposure to the conditioned sound cue in a different context. Data are expressed as mean ± SD of 7–8 mice for each treated group and analyzed with one-way ANOVA test followed by Bonferroni multiple comparison test. ∗P < 0.05 and ∗∗P < 0.01 vs. Con group; &P < 0.05 vs. Anes group; #P < 0.05 vs. DM group.




Metformin Alleviates Hippocampal IR and Cognitive Dysfunction Caused by Long-Term Isoflurane Inhalation

Decrease insulin resistance and increased insulin sensitivity are the main mechanisms underlying the therapeutic effects of metformin (Giannarelli et al., 2003), so we examined changes in the insulin signaling pathway components insulin receptor substrates 1 and 2 (IRS1 and IRS2), Akt, and GSK-3β among adult WT mice and T2DM mice intraperitoneally pretreated with metformin 50 mg/kg or vehicle 1 h before long-term isoflurane or control inhalation. In adult WT mice, metformin alone had no effect on the mRNA and protein expression levels of IRS1, IRS2, Akt, and GSK-3b (Supplementary Figure 1, all the P < 0.05). The phosphorylation levels of IRS1 at Ser639 (pIRS1-Ser639) and IRS2 at Ser731 (pIRS2-Ser731) were upregulated significantly after long-term isoflurane inhalation (Anes group) compared to controls (Con group) (pIRS1-Ser639 1.90 ± 0.38% vs. 1.00 ± 0.08%, P = 0.043; pIRS2-Ser731: 2.34 ± 0.42% vs. 1.00 ± 0.32% P = 0.033), and these effects were significantly suppressed by intraperitoneal metformin (pIRS1-Ser639 down to 0.79 ± 0.43%, P = 0.013; pIRS2-Ser731 down to 1.26 ± 0.24%, P = 0.035) (Figure 3A). In contrast, long-term isoflurane inhalation reduced phosphorylation of IRS1 at Tyr896 (pIRS1-Tyr896 0.38 ± 0.04% vs. 1.00 ± 0.27%, P = 0.020), phosphorylation of Akt at Ser473 (pAkt-Ser473, 0.34 ± 0.06% vs. 1.00 ± 0.25, P = 0.023), and phosphorylation of GSK-3β at Ser9 (pGSK-3β-Ser9, 0.60 ± 0.02% vs. 1.00 ± 0.14, P = 0.023), while pretreatment with metformin significantly reversed the downregulation of pIRS1-Tyr896 (to 1.20 ± 0.15%, P = 0.004), pAkt-Ser473 (to 1.26 ± 0.26%, P = 0.003), and pGSK-3β-Ser9 (to 1.02 ± 0.12%, P = 0.018) (Figure 3A). Compared with HFD/STZ induced T2DM mice (DM group), isoflurane also induced the upregulation of pIRS1-Ser639 (1.00 ± 0.15% vs. 2.12 ± 0.13%, P = 0.001) and pIRS2-Ser731 (1.00 ± 0.07% vs. 1.83 ± 0.23%, P = 0.027), as well as the downregulation of pIRS1-Tyr896 (1.00 ± 0.05% vs. 0.52 ± 0.11%, P = 0.007), pAkt-Ser473 (1.00 ± 0.14% vs. 0.45 ± 0.03%, P = 0.013), and pGSK-3β-Ser9 (1.00 ± 0.12% vs. 0.54 ± 0.08%, P = 0.002) in T2DM mice (Figure 3B). Compared to vehicle pretreatment before isoflurane (DM + Anes group), metformin pretreatment (DM + Met + Anes group) reversed the upregulation of pIRS1-Ser639 (to 1.23 ± 0.11%, P = 0.006) and pIRS2-Ser731 (to 0.76 ± 0.39%, P = 0.006), induced by isoflurane, as well as the downregulation of pIRS1-Tyr896 (to 1.01 ± 0.13%, P = 0.007), pAkt-Ser473 (to 1.01 ± 0.12%, P = 0.012), and pGSK-3β-Ser9 (to 0.94 ± 0.03%, P = 0.005) in T2DM mice (Figure 3B). Although we previously demonstrated that induction of diabetic pathology by HFD/STZ treatment also markedly induced hippocampal IR (Fang et al., 2020), metformin treatment (DM + Met) failed to activate hippocampal insulin signaling pathways in T2DM mice (all P > 0.05).
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FIGURE 3. Metformin alleviates hippocampal insulin resistance and impairs contextual fear memory induced by long-term isoflurane anesthesia, but not diabetic pathology. (A,B) Representative western blots (left panels) and densitometric analysis (right panels) showing the effects of isoflurane anesthesia, metformin, and anesthesia plus metformin pretreatment on the protein expression levels of hippocampal insulin-signaling pathway components in adult WT mice (B) and T2DM mice (C) (n = 3 mice per group). (C) Freezing time to context by adult WT mice receiving vehicle (Con), anesthesia (Anes), metformin (Met, 50 mg/kg), or metformin before anesthesia (Met + Anes) (n = 7–8). (D) Freezing time to context by T2DM mice receiving vehicle (DM), anesthesia (DM + Anes), metformin (DM + Met, 50 mg/kg), or metformin before anesthesia (DM + Met + Anes) (n = 7–8 mice per group). Data are expressed as mean ± SD and analyzed with one-way ANOVA test followed by Bonferroni multiple comparison test. ∗P < 0.05 and ∗∗P < 0.01 vs. Con group; &P < 0.05 and &⁣&P < 0.01 vs. Anes group; #P < 0.05 and ##P < 0.01 vs. DM group; $P < 0.05 and $$P < 0.01 vs. DM + Anes group.


In addition to normalizing hippocampal insulin signaling following isoflurane anesthesia among adult WT mice, intraperitoneal metformin treatment 1 h before anesthesia (Met + Anes group) also alleviated the impairment in contextual fear memory observed in the Anes group on Day 1 (91.20 ± 7.74% vs. 63.58 ± 11.91%, P < 0.001), Day 3 (89.93 ± 6.19% vs. 75.35 ± 11.40%, P = 0.004) and Day 7 (82.24 ± 11.64% vs. 64.46 ± 8.04%, P = 0.004) (Figure 3C). Similarly, in T2DM mice, isoflurane inhalation (DM + Anes group) decreased freezing time to context compared to untreated controls (DM group) on Day 1 (52.73 ± 12.27% vs. 69.66 ± 7.27%, P = 0.017), Day 3 (49.03 ± 9.23% vs. 66.12 ± 9.87%, P = 0.047), and Day 7(52.77 ± 9.70% vs. 69.43 ± 7.54%, P = 0.033), while metformin pretreatment (DM + Met + Anes group) increased freezing time compared to DM + Anes group mice on Day 1 (73.05 ± 0.61% vs. 52.73 ± 12.27%, P = 0.003) and Day 3 (66.34 ± 11.60% vs. 49.03 ± 9.23%, P = 0.034), but had no effect on Day 7 (Figure 3D). Further, there were no significant differences in cued freezing among T2DM mice (Supplementary Figure 2B, all the P > 0.05).



Metformin Inhibits Hippocampal Tau Hyperphosphorylation and Increases NR2B Tyr1472 Phosphorylation in Isoflurane-Anesthetized Mice

Clinical and preclinical studies have found that impaired insulin signaling induces tau hyperphosphorylation and that insulin-sensitizing strategies improve cerebrospinal fluid biomarkers of tauopathy in patients with MCI/AD (Hölscher, 2014; Yarchoan et al., 2014; Kim et al., 2015). As a cytoskeleton-associated protein, tau plays an important role in postsynaptic targeting of the Src family tyrosine kinase Fyn to NMDA receptors and in phosphorylating the NR2B subunit at Tyr1472 (pNR2B-Tyr1472), which is associated with NMDA receptor-dependent plasticity (Ittner et al., 2010). Conversely, hyperphosphorylated tau was shown to reduce Fyn binding (Reynolds et al., 2008), suggesting that tau hyperphosphorylation may decrease the expression of hippocampal pNR2B-Tyr1472 after long-term isoflurane anesthesia. Our previous studies indeed found that isoflurane inhalation inhibited hippocampal pNR2B-Tyr1472 expression and that this response was associated with cognitive decline3 (Xia et al., 2016). We further examined whether metformin can alleviate hippocampal IR and improve both tau hyperphosphorylation and pNR2B-Tyr1472 downregulation caused by long-term isoflurane anesthesia. Isoflurane (Anes group) increased tau phosphorylation at Ser396 (pTau-Ser396) and AT8 compared to the Con group (pTau-Ser396: 3.20 ± 0.76% vs. 1.00 ± 0.34, P = 0.002; AT8: 2.970 ± 0.18% vs. 1.00 ± 0.68, P = 0.002) (Figure 4A). Conversely, isoflurane reduced hippocampal pNR2B-Tyr1472/NR2B compared to the Con group (0.44 ± 0.04% vs. 1.00 ± 0.23%, P = 0.008) (Figure 4B). Pretreatment with metformin (Met + Anes group) reversed the increase in hippocampal pTau-Ser396/Tau and AT8/Tau compared to isoflurane alone (pTau-Ser396: 0.53 ± 0.24% vs. 3.20 ± 0.76%, P = 0.001; AT8: 1.12 ± 0.13% vs. 2.970 ± 0.18%, P = 0.003), as well as the isoflurane-induced reduction in hippocampal pNR2B-Tyr1472/NR2B (1.00 ± 0.15% vs. 0.44 ± 0.04%, P = 0.009), while metformin alone (Met group) had no effect on the expression levels of hippocampal pTau-Ser396/Tau, AT8/Tau and pNR2B-Tyr1472 compared to the Con group (Figure 4).
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FIGURE 4. Metformin alleviates tau hyperphosphorylation and pNR2B-Tyr1472 downregulation caused by long-term isoflurane anesthesia. Representative western blots (left panels) and densitometric analysis (right panels, n = 3 mice per group) showing the effects of isoflurane anesthesia (Anes group), metformin (Met group), and anesthesia plus metformin pretreatment (Met + Anes group) on expression levels of total tau (Tau) and phosphorylated tau (Ser396 and AT8) (A), as well as total NR2B (NR2B) and phosphorylated NR2B at Tyr1472 (pNR2B-Tyr1472) (B) in the hippocampus. β-Actin was used as a gel loading control. Data are expressed as mean ± SD and compared by one-way ANOVA followed by Bonferroni multiple comparisons tests. ∗∗P < 0.01 compared to the Con group; &⁣&P < 0.01 compared to the Anes group.




Glycemic Control Did Not Contribute to the Effects of Metformin on Contextual Fear Memory

Previous studies have shown that intraoperative hyperglycemia is associated with increased risk of postoperative cognitive dysfunction, and our previous studies found that long-term isoflurane increased blood glucose in adult WT and T2DM mice (Puskas et al., 2007; Fang et al., 2020). Thus, metformin may alleviate cognitive decline by reducing anesthesia-induced hyperglycemia. To examine this possibility, we compared blood glucose levels among adult WT and T2DM mice receiving anesthesia alone, metformin alone, and anesthesia plus metformin pretreatment with or without glucose supplementation. Repeated measures ANOVA with treatments (Con, Anes, Met and Met + Anes) and time as within-subject factors revealed a significant effect of treatment in adult WT mice [F(3,18) = 84.091, P < 0.001] and T2DM mice [F(3,13) = 30.604, P < 0.001], as well as a treatment × time interaction (Adult mice: [F(18,45) = 3.281, P = 0.001]; T2DM mice: [F(18,30) = 2.149, P < 0.001] (Figures 5A,B). There was also a marked effect of time in adult WT mice [F(6,13) = 8.552, P = 0.001], but not T2DM mice [F(6,8) = 2.534, P = 0.112] (Figures 5A,B). Simple contrasts indicated that blood glucose levels were significantly higher in Anes group mice compared to Con mice (P < 0.001), whereas Met + Anes mice had lower blood glucose levels than Con, Anes, and Met group mice (all the P < 0.001). Isoflurane anesthesia upregulated blood glucose levels in adult WT mice at 0.5 h (14.70 ± 2.46 mmol/L vs. 7.12 ± 0.72 mmol/L, P < 0.001), 1 h (15.38 ± 3.50 mmol/L vs. 7.50 ± 1.34 mmol/L, P < 0.001), 2 h (13.68 ± 0.97 mmol/L vs. 8.00 ± 1.46 mmol/L, P < 0.001), and 3 h (13.33 ± 2.08 mmol/L vs. 7.10 ± 0,83 mmol/L, P < 0.001), while intraperitoneal pretreatment with metformin 50 mg/kg 1 h before anesthesia not only completely reversed the hyperglycemic impact of isoflurane but also further decreased blood glucose levels compared to the Con group at 1 h (3.15 ± 1.15 mmol/L vs. 7.50 ± 1.34 mmol/L, P = 0.017)–6 h (2.65 ± 0.82 mmol/L vs. 6.67 ± 0.77 mmol/L, P < 0.001) (Figure 5A). A similar glycemic effect of isoflurane was also found in T2DM mice, but was much longer lasting [from 0.5 h (17.15 ± 2.51 mmol/L vs. 11.78 ± 0.92 mmol/L, P < 0.001) to 6 h (15.60 ± 2.80 mmol/L vs. 9.64 ± 0.67 mmol/L, P < 0.001)]. Although metformin still reversed the glycemic impact of isoflurane (P < 0.001) in T2DM model mice and decreased blood glucose levels compared to control T2DM mice (P = 0.019), the duration was much shorter than in adult WT mice (0 h: 10.24 ± 1.55 mmol/L vs. 13.50 ± 1.83 mmol/L, P = 0.018; 2 h: 7.72 ± 2.13 mmol/L vs. 13.62 ± 1.06 mmol/L, P = 0.003; 3 h: 8.24 ± 2.67 mmol/L vs. 12.45 ± 0.56 mmol/L, P = 0.031). The blood glucose levels of Met and DM + Met groups were generally lower than in Con and DM groups, respectively, but the differences did not reach statistical significance (Figure 5B).
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FIGURE 5. Metformin improves hippocampal IR and contextual fear memory, independent of antiglycemic effects. (A,B) Changes in blood glucose levels during anesthesia among adult WT mice (A) and T2DM mice (B) with or without metformin pretreatment (n = 4–6). (C) Changes in blood glucose levels during isoflurane anesthesia among WT mice receiving pretreatment with vehicle (Anes), metformin (Met + Anes), 25% glucose 0.1 ml plus metformin (25% Glu 0.1 ml + Met + Anes), or 25% glucose 0.2 ml plus metformin (25% Glu 0.2 ml + Met + Anes) (n = 4 for each group). Blood glucose levels are expressed as mean ± SD and compared by repeated measures ANOVA followed by Bonferroni multiple comparisons tests. Repeated measures ANOVA revealed a significant effect of treatment in adult WT mice [F(3,18) = 84.091, P < 0.001] and T2DM mice [F(3,13) = 30.604, P < 0.001], as well as a treatment × time interaction [WT mice: F(18,45) = 3.281, P = 0.001; T2DM mice: F(18,30) = 2.149, P < 0.001]. There was also a marked effect of time in WT mice [F(6,13) = 8.552, P = 0.001], but not T2DM mice [F(6,8) = 2.534, P = 0.112]. Simple contrasts indicated administration of 25% glucose 0.1 ml or 0.2 ml to metformin-pretreated mice induced obvious hyperglycemia (both P < 0.001) and no substantial differences in blood glucose levels among Anes, 25%Glu 0.1 ml + Met + Anes, and 25%Glu 0.2 ml + Met + Anes group mice (all P > 0.05). (D) Freezing times to context by adult WT mice receiving vehicle, metformin, or 25% glucose 0.1 ml plus metformin (Glu + Met + Anes) prior to isoflurane anesthesia (n = 7–8). (E) Representative western blots (left panels) and densitometric analysis (right panels, n = 3 for each group) showing the effects of vehicle, metformin, and 25% glucose 0.1 ml plus metformin on the protein expression levels of hippocampal insulin signaling components in isoflurane anesthetized adult WT mice. Data of freezing conditional test and Western blots are expressed as mean ± SD and analyzed with one-way ANOVA test followed by Bonferroni multiple comparison test. ∗P < 0.05 and ∗∗P < 0.01 vs. Con group, #P < 0.05 and ##P < 0.01 vs. DM group. &P < 0.05 and &⁣&P < 0.01 vs. Anes group.


To eliminate the contribution of glycemic control to metformin effects on contextual fear memory, 0.1 or 0.2 ml 25% glucose solution was given by gavage before anesthesia. Simple contrasts indicated administration of 25% glucose 0.1 or 0.2 ml to metformin-pretreated mice induced obvious hyperglycemia (both P < 0.001) and no substantial differences in blood glucose levels among Anes, 25%Glu 0.1 ml + Met + Anes, and 25%Glu 0.2 ml + Met + Anes group mice (all P > 0.05). Moreover, blood glucose levels did not differ between Anes and 25%Glu 0.1 ml + Met + Anes groups at any time point during anesthesia (Figure 5C). Thus, administration of 25% glucose solution essentially eliminated the antiglycemic effect of metformin. However, metformin pretreatment still markedly improved hippocampal insulin resistance in WT mice also receiving glucose prior to anesthesia (25%Glu 0.1 ml + Met + Anes group) compared to anesthesia alone (Anes group) (pIRS1-Tyr896: 1.91 ± 0.36% vs. 1.00 ± 0.10%, P = 0.012; pIRS1-Ser639: 0.37 ± 0.14% vs. 1.00 ± 0.20%, P = 0.009; pIRS2-Ser731: 0.41 ± 0.07% vs. 1.00 ± 0.21%, P = 0.011, pAkt-Ser47: 1.67 ± 0.18% vs. 1.00 ± 0.15%, P = 0.004; pGSK-3β-Ser9: 2.20 ± 0.36% vs. 1.00 ± 0.10%, P = 0.005). Moreover, metformin still enhanced contextual fear memory compared to the Anes group on Day 1 (57.67 ± 12.26% vs. 79.99 ± 7.14%, P = 0.001), Day 3 (66.79 ± 9.51% vs. 82.17 ± 8.94%, P = 0.015), and Day 7 (60.00 ± 8.44% vs. 79.31 ± 12.04%, P = 0.003) (Figure 5E). In addition, neither hippocampal insulin signing nor contextual fear memory differed between 25%Glu 0.1 ml + Met + Anes and control mice (Figure 5D), indicating complete reversal of anesthesia-induced IR and memory impairment even when the antiglycemic effect was blocked.




DISCUSSION

Our present study demonstrated that prolonged (6 h) isoflurane anesthesia can induce hippocampal insulin resistance and impair hippocampus-dependent contextual fear memory in adult WT mice. Further, these deleterious effects were exacerbated in HDF/STZ-induced T2DM model mice. Intraperitoneal pretreatment with metformin (50 mg/kg body weight) attenuated isoflurane-induced hippocampal IR and contextual fear memory impairment in WT mice, but had a more blunted effect in T2DM model mice. Metformin also reduced hippocampal tau hyperphosphorylation and increased expression of hippocampal pNR2B-Tyr1472, which may have contributed to the improvement in hippocampus-dependent memory. Metformin also successfully reversed isoflurane-induced hyperglycemia, but elimination of glycemic control by high oral glucose did not influence the effects on IR and memory impairment, suggesting a novel independent mechanism for the therapeutic benefits of this antidiabetic drug.


Isoflurane and HFD/STZ Synergistically Induce Hippocampus-Dependent Cognitive Decline

As T2DM is one of the most common, costly, and disabling conditions in the industrialized world (Cho et al., 2018), we focused on the role of preoperative IR created by HFD/STZ treatment and postoperative IR caused by long-term isoflurane inhalation on POCD. The combination of HFD feeding and low-dose STZ treatment is a classic method for inducing a T2DM-like phenotype in mice (Srinivasan et al., 2005). Indeed, our previous study demonstrated that HFD/STZ could induce marked peripheral and brain IR in mice (Fang et al., 2020). Brain insulin action is required for neuronal survival, synaptic plasticity, and cognitive function (van der Heide et al., 2006; Biessels and Reagan, 2015; Grillo et al., 2015). Both adult WT mice and T2DM mice demonstrated impairments in contextual fear conditioning after long-term isoflurane inhalation. However, isoflurane had no effects on cued fear conditioning. While the amygdala is critical for the expression of both cued and contextual conditioned fear responses, contextual fear memories are consolidated and maintained by the hippocampus (Chaaya et al., 2018). Thus, isoflurane and HFD/STZ treatment appear to selectively impair hippocampus-dependent fear learning and memory. Compared to adult WT mice receiving anesthesia (Anes group), T2DM model mice (DM + Anes group) displayed significantly weaker context-dependent freezing responses on Day 1 and a very weak freezing response on Day 3 that did not differ after long-term isoflurane inhalation, suggesting that contextual fear learning and memory were more severely impaired in T2DM mice. This is consistent with clinical studies reporting that diabetes patients are more susceptible to POCD (Feinkohl et al., 2017). Thus, preoperative IR and postoperative IR have synergistic effects on POCD.



Metformin Attenuated Hippocampal IR and Tau Hyperphosphorylation and Increase Hippocampal pNR2B-Tyr1472 Expression

To examine potential mechanisms underlying the memory impairments induced by isoflurane and HFD/STZ treatment, we measured the effects of the first-line antidiabetic drug metformin on cognitive performance, IR, and phosphorylation of the NMDA receptor, which is essential for many forms of synaptic plasticity underlying hippocampus-dependent learning and memory (Rostas et al., 1996; Petrone et al., 2003). Metformin has been shown to cross the blood-brain barrier rapidly and effectively ameliorate IR (Giannarelli et al., 2003; Łabuzek et al., 2010). Increases in IRS1 and IRS2 serine phosphorylation, as well as decreases in downstream Akt and GSK3β phosphorylation are hallmark features of brain IR (Fang et al., 2020). Consistent with hippocampal IR, long-term isoflurane inhalation increased pIRS1-Ser639 and pIRS2-Ser731 expression levels and downregulated pIRS1-Tyr896, pAkt-Ser473, and pGSK3β-Ser9 expression levels in the hippocampus, while metformin reversed these responses. A similar pattern of changes was also observed in long-term isoflurane anesthetized T2DM mice. Concomitant with improved hippocampal IR, metformin pretreatment ameliorated the impairment in fear learning induced by long-term isoflurane inhalation in adult WT mice, but was less effective in T2DM mice. These results are consistent with numerous studies implicating hippocampal IR as a key mediator of cognitive dysfunction (Reviewed in Biessels and Reagan, 2015). Clinical and preclinical studies have also revealed that impaired insulin signaling induces tau hyperphosphorylation and that insulin-sensitizing strategies improve cerebrospinal fluid biomarkers of disease in patients with mild cognitive impairment or AD (Hölscher, 2014; Yarchoan et al., 2014; Kim et al., 2015). Consistent with these clinical findings, isoflurane upregulated the expression of p-tau in hippocampus, while metformin decreased the expression of hippocampal p-tau. As a cytoskeleton-associated protein, tau plays an important role in the postsynaptic targeting of the Scr kinase Fyn to NMDA receptors, where it phosphorylates the NR2B subunit at Tyr-1472 and promotes NMDAR-dependent synaptic plasticity (Rostas et al., 1996; Petrone et al., 2003; Ittner et al., 2010). Moreover, hyperphosphorylated tau has been shown to reduce Fyn binding (Reynolds et al., 2008). Metformin not only attenuated IR, but also inhibited the phosphorylation of tau protein and prevented isoflurane-induced downregulation of pNR2B-Tyr-1472, providing a feasible mechanism for the improvement in contextual fear memory following metformin treatment. Therefore, metformin pretreatment may effectively alleviate hippocampal IR, prevent tau hyperphosphorylation, enhance the phosphorylation of Tyr-1472 in the NR2B, and reverse cognitive impairment caused by long-term isoflurane inhalation.



Metformin Mitigated Cognitive Decline Through a Mechanism Independent of Glycemic Control

Previous studies have shown that hyperglycemia contributes to cognitive decline in diabetes patients (Cox et al., 2005). Higher glycated hemoglobin, an index of more severe and prolonged hyperglycemia, is associated with a greater magnitude of cognitive impairment, and even acute hyperglycemia can impair cognitive performance in persons with type 1 or type 2 diabetes mellitus (Sommerfield et al., 2004; Gao et al., 2015; Šuput Omladič et al., 2020). Intraoperative hyperglycemia also increases the risk of POCD (Puskas et al., 2007; Schricker et al., 2014). Our previous animal studies and related clinical studies have shown that isoflurane inhalation significantly increases blood glucose (Behdad et al., 2014; Fang et al., 2020). In addition to relieving insulin resistance, metformin reduces blood sugar by suppressing hepatic glucose production, increasing glucose uptake into muscle, and promoting the transport of blood glucose into stool (Giannarelli et al., 2003; Morita et al., 2020). Our present studies did find that intraperitoneal injection of metformin (50 mg/kg body weight) not only decreased blood glucose in adult WT and T2DM mice, but also dramatically reversed the hyperglycemic effect of isoflurane during anesthesia. Surprisingly, however, glycemic control did not contribute to the improvement in hippocampus-dependent fear memory under the current experimental conditions, as gavage treatment with 25% glucose solution elevated blood glucose even under metformin treatment, but did not influence metformin-associated improvements in insulin signaling pathways and fear learning following isoflurane anesthesia. The mechanism by which acute hyperglycemia causes cognitive decline remains unclear. Whether hyperglycemia impair cognitive performance through insulin signaling need further study.



Pretreatment of Metformin Had No Therapeutic Effects on HFD/STZ-Induced T2DM

Our present study found that metformin had no effects on the activation of hippocampal insulin signaling and intraperitoneal injection of metformin also had no effects on cognitive performance of T2DM mice. However, preclinical studies have shown that metformin treatment improved cognitive deficits in db/db mice and chronic HFD-fed mice (Li et al., 2012; Pintana et al., 2012; Chen et al., 2019). Clinical studies also demonstrated that long-term usage can lower the risk of cognitive impairment in older adults with diabetes (Ng et al., 2014). Different research models and drug treatment times may explain this discrepancy. Ramos-Rodriguez and colleagues found that the central pathologies and cognitive impairments differed among diabetes models (Ramos-Rodriguez et al., 2013). Db/db mice may be more amenable to metformin treatment that C57BL/6J mice used in this study and longer-term HFD treatment (12 weeks) was used for T2DM model animals in previous studies (Li et al., 2012; Pintana et al., 2012; Chen et al., 2019). In previous studies, metformin administration time has varied from 21 days or 8 weeks (Li et al., 2012; Pintana et al., 2012; Chen et al., 2019). Clinical studies reported that short-term metformin treatment (36 weeks) had no effect on cognitive performance in diabetes patients, while longer-term treatment (more than 6 years) was beneficial (Abbatecola et al., 2010; Ng et al., 2014). Whether long-term metformin treatment has therapeutic effects on HFD/STZ-induced T2DM mice requires further study.




CONCLUSION

Hippocampal IR, tau hyperphosphorylation, and downregulation of pNR2B-Tyr1472 contribute to prolonged isoflurane-induced cognitive dysfunction. Brief metformin treatment can mitigate these effects through a mechanism independent of glycemic control. However, a single intraperitoneal injection of metformin had less therapeutic effects on cognitive decline induced by isoflurane in T2DM mice. A single-dose pretreatment of metformin had no effects on the changes of hippocampal IR and cognitive decline induced by HFD/STZ. Future studies are needed to investigate whether long-term metformin treatment can also prevent HFD/STZ -induced hippocampal IR and cognitive decline.
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Supplementary Figure 1 | Metformin had no effects on the mRNA expression levels of hippocampal insulin-signaling pathway components Real-time quantitative RT-PCR showing the effects of isoflurane anesthesia, metformin, and anesthesia plus metformin pretreatment on the mRNA expression levels of IRS1, IRS2, Akt, and GSK3β in hippocampus (n = 3 mice per group).

Supplementary Figure 2 | Metformin and blood glucose changes had no effects on the cued fear memory. (A) Freezing time to cue by adult WT mice receiving vehicle (Con), anesthesia (Anes), metformin (Met, 50 mg/kg), or metformin before anesthesia (Met + Anes) (n = 7–8). (B) Freezing time to cue by T2DM mice receiving vehicle (DM), anesthesia (DM + Anes), metformin (DM + Met, 50 mg/kg), or metformin before anesthesia (DM + Met + Anes) (n = 7–8 mice per group). (C) Freezing time to cue by adult WT mice receiving vehicle (Anes), metformin (Met + Anes), or 25% glucose 0.1 ml plus metformin (Glu + Met + Anes) prior to isoflurane anesthesia (n = 7–8). Data are expressed as mean ± SD and analyzed with one-way ANOVA test followed by Bonferroni multiple comparison test.



ABBREVIATIONS

AD, Alzheimer’s disease; Anes, Isoflurane anesthesia; DM, T2DM model mice; Glu 25%, glucose solution; HFD, High-fat diet; IR, Insulin resistance; IRS1, Insulin receptor substrates 1; IRS2, Insulin receptor substrates 2; MCI, Mild cognitive impairment; Met, Metformin injection; MetS, Metabolic syndrome; POCD, Postoperative cognitive dysfunction; STZ, Streptozotocin; T2DM, Type 2 diabetes mellitus; WT, Wild type.
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Functional Metabolic Mapping Reveals Highly Active Branched-Chain Amino Acid Metabolism in Human Astrocytes, Which Is Impaired in iPSC-Derived Astrocytes in Alzheimer's Disease
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The branched-chain amino acids (BCAAs) leucine, isoleucine, and valine are important nitrogen donors for synthesis of glutamate, the main excitatory neurotransmitter in the brain. The glutamate carbon skeleton originates from the tricarboxylic acid (TCA) cycle intermediate α-ketoglutarate, while the amino group is derived from nitrogen donors such as the BCAAs. Disturbances in neurotransmitter homeostasis, mainly of glutamate, are strongly implicated in the pathophysiology of Alzheimer's disease (AD). The divergent BCAA metabolism in different cell types of the human brain is poorly understood, and so is the involvement of astrocytic and neuronal BCAA metabolism in AD. The goal of this study is to provide the first functional characterization of BCAA metabolism in human brain tissue and to investigate BCAA metabolism in AD pathophysiology using astrocytes and neurons derived from human-induced pluripotent stem cells (hiPSCs). Mapping of BCAA metabolism was performed using mass spectrometry and enriched [15N] and [13C] isotopes of leucine, isoleucine, and valine in acutely isolated slices of surgically resected cerebral cortical tissue from human brain and in hiPSC-derived brain cells carrying mutations in either amyloid precursor protein (APP) or presenilin-1 (PSEN-1). We revealed that both human astrocytes of acutely isolated cerebral cortical slices and hiPSC-derived astrocytes were capable of oxidatively metabolizing the carbon skeleton of BCAAs, particularly to support glutamine synthesis. Interestingly, hiPSC-derived astrocytes with APP and PSEN-1 mutations exhibited decreased amino acid synthesis of glutamate, glutamine, and aspartate derived from leucine metabolism. These results clearly demonstrate that there is an active BCAA metabolism in human astrocytes, and that leucine metabolism is selectively impaired in astrocytes derived from the hiPSC models of AD. This impairment in astrocytic BCAA metabolism may contribute to neurotransmitter and energetic imbalances in the AD brain.

Keywords: AD, astrocytes, BCAA, glutamate, glutamine, neuron, induced pluripotent stem cell, energy metabolism


INTRODUCTION

Branched-chain amino acids (BCAAs) comprise three essential amino acids, leucine, isoleucine, and valine, which all have multiple functions in the brain (Yudkoff, 1997; Conway and Hutson, 2016). BCAAs are important nitrogen donors essential for nitrogen homeostasis and neurotransmitter cycling (Yudkoff, 1997; Sperringer et al., 2017). Furthermore, BCAAs can be utilized by brain cells as energy substrates in the tricarboxylic acid (TCA) cycle. BCAA metabolism is initiated by reversible transamination catalyzed by the branched-chain amino acid transaminase (BCAT) producing the corresponding branched-chain α-keto acids (BCKAs) and glutamate. BCAT exists as two isozymes, one cytosolic (BCATc/BCAT1), which is only found in brain, ovaries and testes, and one mitochondrial (BCATm/BCAT2), which is expressed in most tissues (Conway and Hutson, 2016). The subsequent irreversible oxidative decarboxylation of BCKAs is catalyzed by the branched-chain α-keto acid dehydrogenase (BCKDH) complex, followed by multiple other reactions (Figure 1), ultimately yielding acetyl coenzyme A (CoA) or succinyl CoA (Sperringer et al., 2017), which may support the TCA cycle and amino acid synthesis. Discrepancies on the cellular location of the metabolic machinery of BCAA metabolism have prompted the suggestion that astrocytes have a limited BCAA metabolism capacity (Conway and Hutson, 2016; Sperringer et al., 2017). Based on immunohistochemical studies, it has been suggested that human astrocytes do not express BCAT or BCKDH (Hull et al., 2012, 2015, 2018), which has led to the conclusion that human astrocytes are incapable of metabolizing BCAAs (Sperringer et al., 2017). However, this matter has not been functionally investigated.


[image: Figure 1]
FIGURE 1. Primary 13C-labeling patterns from [U-13C]branched-chain amino acid (BCAA) metabolism. (A) Metabolism of [U-13C]leucine and [U-13C]isoleucine (M+6) will result in acetyl coenzyme A (CoA), a process initiated by branched-chain aminotransferase (BCAT) catalyzing BCAA transamination and hereby producing branched-chain α-keto acids (BCKAs), α-ketoisocaproate (KIC), and α-keto-β-methylvalerate (KMV), respectively. Subsequently, irreversible oxidative decarboxylation of the BCKAs occurs by the branched-chain α-keto acid dehydrogenase (BCKDH) enzyme complex and through multiple enzymatic reactions entering the TCA cycle as double-labeled acetyl CoA (M+2). Filled circles (orange) represent labeled 13C and empty circles unlabeled 12C. (B) Valine and isoleucine can also enter into the TCA cycle via succinyl CoA. [U-13C]valine (M+5) and [U-13C]isoleucine (M+6) will be transaminated, resulting in BCKAs, α-ketoisovaleric (KIV), and KMV, respectively, and then decarboxylated, entering TCA cycle metabolism, after numerous reactions, as succinate (M+3). Filled circles (yellow) represent labeled 13C and empty circles unlabeled 12C. BCATs, branched-chain aminotransferase; BCKDH, branched-chain α-keto acid dehydrogenase; α-KG, α-ketoglutarate; KIC, α-ketoisocaproate; KMV, α-keto-β-methylvalerate; KIV, α-ketoisovaleric; β-MC CoA, β-methylcrotonyl CoA; MGC CoA, β-methylglutaconyl CoA; HIB CoA, β-hydroxyisobutyryl CoA; MHB CoA, α-methyl-β-hydroxyisobutyryl CoA; HMG CoA, β-hydroxy-β-methylglutaryl CoA; MAA CoA, α-methylacetoacetyl CoA; HIB, β-hydroxyisobutyrate; MMSA, methylmalonate semialdehyde; MAA CoA, α-methylacetoacetyl CoA.


Alzheimer's disease (AD) is a complex neurodegenerative disorder characterized by a heterogeneous pathology comprising defective protein clearance (Braak and Braak, 1991), disrupted energy metabolism (Cunnane et al., 2020), neuroinflammation (Leng and Edison, 2021), and oxidative stress (Butterfield and Halliwell, 2019). AD pathology gradually leads to common clinical manifestations, such as cognitive and memory impairment (Winblad et al., 2016). Although research has mainly focused on neurons, increasing evidence points toward the involvement of non-neuronal cells, namely, astrocytes, microglia, and oligodendrocytes, in the progression of the disease (De Strooper and Karran, 2016; Acosta et al., 2017). However, the glial contribution in AD is yet to be fully unraveled (De Strooper and Karran, 2016; Aldana, 2019; Bogetofte et al., 2019). Alterations in brain glucose metabolism is one of the earliest biomarkers of AD development (Gordon et al., 2018). Brain energy metabolism is closely related to neurotransmission (Yu et al., 2018). Interestingly, disrupted excitatory glutamate signaling is strongly implicated in AD as well as several other neurodegenerative disorders (Liu et al., 2019; Conway, 2020). Only a small fraction of glutamate from the circulating peripheral blood plasma crosses the blood-brain barrier (BBB), thus the majority of brain glutamate must be de novo synthesized (Sperringer et al., 2017). In the brain, glutamate is synthesized from TCA cycle intermediate α-ketoglutarate, providing the carbon backbone (Brekke et al., 2016), while the amino group is derived from a nitrogen donor such as BCAAs, aspartate, or alanine (Conway and Hutson, 2016). Particularly, BCAAs play an essential role as nitrogen donors, and they account for approximately one-third of the amino groups used for brain glutamate synthesis (Yudkoff, 1997). Furthermore, the carbon skeleton of BCAAs, entering cellular metabolism as either acetyl CoA or succinyl CoA, may serve as auxiliary fuels for brain cells, hereby supporting the failing energy metabolism in AD (Cunnane et al., 2020). Astrocytes take up the majority of synaptic glutamate released from neurons and hereby play a crucial role in terminating excitatory signaling. In astrocytes, most of the synaptic glutamate is converted into glutamine by the action of the enzyme glutamine synthetase (GS), which is selectively expressed in astrocytes (Norenberg and Martinez-Hernandez, 1979; Schousboe et al., 2013). The glutamine is subsequently released and taken up by neurons, which is essential to replenish the neuronal glutamate pool. This exchange of metabolites between neurons and astrocytes is known as the glutamate-glutamine cycle and is particularly important during extensive glutamatergic signaling (Shen, 2013; Tani et al., 2014; Andersen et al., 2021b). Given the involvement of astrocytes in AD pathology, the importance of brain BCAA metabolism for neurotransmitter homeostasis, and the energetic crisis of AD, it is important to functionally investigate astrocyte BCAA metabolism in relation to AD pathology.

The goals of this study were to perform the first functional profiling of BCAA metabolism in human astrocytes and identify metabolic alterations in BCAA metabolism in the pathophysiology of AD using human induced pluripotent stem cell-derived astrocytes and neurons. First, we demonstrate that astrocytes of acutely isolated human brain slices as well as astrocytes derived from hiPSCs are capable to oxidatively metabolizing the carbon skeleton of BCAAs, particularly for the synthesis of glutamine. Furthermore, astrocytes with mutations in the amyloid precursor protein (APP) or presenilin-1 (PSEN-1) genes known to result in familial forms of AD exhibited decreased synthesis of glutamate, glutamine, and aspartate derived from leucine metabolism. These results uncover highly active astrocytic BCAA metabolism and suggest a possible neurotransmitter imbalance in AD related to leucine metabolism.



MATERIALS AND METHODS


Materials

The stable isotopes [15N]leucine, [15N]isoleucine, [15N]valine, [U-13C]leucine, [U-13C]isoleucine, [U-13C]valine (all L-isomers of 98% chemical purity) were purchased from Cambridge Isotope Laboratories (Tewksbury, MA, United States). All the other chemicals and reagents used were of purest grade available from regular commercial sources.



Animals

Male NMRI mice were purchased from Harlan (Horst, The Netherlands) and housed at the Department of Drug Design and Pharmacology, University of Copenhagen, in a specific pathogen-free and humidity- and temperature-controlled facility with a 12-h light/dark cycle. The mice were acclimatized for 2 weeks before the experiments and single-housed in individually ventilated cages with free access to food and water. In total, six 12- to 13-week-old mice were used for the experiments (body weight: 42.4 ± 0.4 g). The experiments were approved by the Danish National Ethics Committee and performed according to the European Convention (ETS 123 of 1986).



Brain Tissue

Human neocortical tissue was obtained from six patients (four females, two males) aged 25–52 years. Additional information on patient cohort characteristics can be found in Andersen et al. (2020). The use of human neocortical tissue was approved by the local Ethics Committee in Copenhagen (H-2-2011-104) with written informed consent from all the patients prior to surgery. Human neocortical tissue of the temporal lobe was resected at Rigshospitalet (Copenhagen, Denmark) in order to facilitate access to the mesial temporal lobe, e.g., amygdala, hippocampus, and parahippocampal gyrus, involved in generating epileptic seizures. Immediately after resection, the tissue was transferred to ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 128, NaHCO3 25, D-glucose 10, KCl 3, CaCl2 2, MgSO4 1.2, and KH2PO4 0.4 with pH = 7.4, and transported on ice to the laboratory. Histopathological examination of the neocortical tissue revealed no abnormal pathological features for any of the patients. The metabolic integrity of resected cerebral cortical human tissue has been established previously (Andersen et al., 2020).



Cell Lines

Human-induced pluripotent stem cell lines were plated on Matrigel-coated plates (BD Matrigel; STEMCELL Technologies, Canada Inc.) with an E8 essential culture medium (STEMCELL Technologies, Canada Inc.). A fresh E8 medium was added every day until the cells reached 90–100% confluency, usually achieved after 7 days of culturing. The hiPSCs used in this study have been previously characterized by Frederiksen et al. (2019a,b) where specific pathogenic mutations in the amyloid precursor protein (APP) or presenilin-1 (PSEN-1) gene were introduced into a healthy iPSC line obtained from the skin biopsy of a healthy person by CRISPR-Cas9. The APP cell line contains a heterozygous double KM670/671NL mutation resulting in an amino acid change from lysine (K) and methionine (M) to asparagine (N) and leucine (L) into the APP gene. The PSEN-1 cell line contains a homozygous E280A mutation resulting in an amino acid change from glutamic acid (E) to alanine (A) into the PSEN-1 gene (Frederiksen et al., 2019a,b). Nucleotide substitution was confirmed by restriction digest and followed by DNA sequencing. Pluripotency of the gene-edited lines was confirmed by immunocytochemistry and quantified by flow analysis. The hiPSC lines used in this study will be referred to as AD astrocytes or AD neurons. These mutations are hallmarks of familial forms of AD with early onset. The healthy hiPSC line was used as the parental control (wild type).



Neural Progenitor Cell Generation and Cell Differentiation

Neural induction was achieved by dual SMAD inhibition using LDN193189 (S2618, Selleck Chemicals, Houston, TX, United States) and SB431542 (S1067, Selleck Chemicals, Houston, TX, United States), inhibiting the BMP and TGFß pathways, respectively, through a three-dimensional (3D)-sphere method (Chandrasekaran et al., 2017). After 7 days of induction, neuronal progenitor cells (NPCs) were plated on Matrigel in a medium supplemented with basic fibroblast growth factor (bFGF) (10 ng/ml) (CYT-557; ProSpec, Rehovot, Israel) and EGF (10 ng/ml) (CYT-217; ProSpec, Rehovot, Israel). Neuronal rosettes were selected for further passages.



Astrocytic Differentiation

The astrocytes were differentiated based on a modified protocol by Shaltouki et al. (2013), described elsewhere (Salcedo et al., 2021). Briefly, when the NPCs reached 70% confluency, they were plated on Matrigel in an astrocytic maintenance medium (AMM), which promotes the generation of astrocyte progenitor cells (APCs). To switch from neurogenesis to gliogenesis, the APCs were re-plated several times until passage five. The APCs (last passage) were plated at a seeding density of 50,000 cells/cm2 in an astrocytic differentiation medium (ADM). The ADM was changed every other day, and the cells were kept under differentiation conditions for 7 weeks until they reached maturation for metabolic assays.



Neuronal Differentiation

The neurons were differentiated according to Zhang et al. (2017). When the NPCs reached 70% confluency, they were plated on Matrigel in a neural expansion media (NEM). The NEM was supplemented with 20 ng/ml of bFGF, and EGF. The NPCs were re-plated several times until passage three. Then, they (for last passage) were plated on 0.001% Poly-L-Ornithine (P4957; Sigma-Aldrich, St. Louis, MO, United States) and a 5 μg/ml laminin (L2020; Sigma-Aldrich, St. Louis, MO, United States) coating in a neural maturation media (NMM) for 10 days. The NMM was supplemented with 20 ng/μl brain-derived neurotrophic factor (BDNF) (CYT-207; Prospec, Rehovot, Israel), 10 ng/μl glial cell line-derived neurotrophic factor (GDNF) (CYT-305; Prospec, Rehovot, Israel), 200 μM L-ascorbic acid 2-phosphate (A8960, Sigma-Aldrich, St. Louis, MO, United States), and 50 μM dibutyryl-cyclic adenosine monophosphate (db-cAMP) (A6885; Sigma-Aldrich, St. Louis, MO, United States). Half media change was performed every 3 days. Ten-day immature neurons were passaged a last time on PLO-Laminin coated plates with the NMM at a seeding density of 50,000 cells/cm2 until they reached maturation for the metabolic assays.



Brain Slice Incubations

Incubation of acutely isolated cerebral cortical brain slices of mice and humans was performed as described previously (Andersen et al., 2019, 2020). For mouse brain slices, the experiments were performed one mouse at a time. The mouse was euthanized by cervical dislocation and decapitated. The brain was quickly excised from the cranial vault and submerged in slushed ice-cold ACSF. Cerebral cortices of the mouse brain were dissected, and the rest of the brain was discarded. The isolated mouse cerebral cortices or human neocortical tissue was sliced (350 μm) on a McIlwain tissue chopper (The Vibratome Company, O'Fallon, MO, United States), and slices were separated under a microscope. Two to six mouse cerebral cortical slices or one human slice (gray matter only) was kept just below the surface of 10 ml 37°C oxygenated (5% CO2/95% O2) ACSF and pre-incubated for 60 min to recover from slicing in a custom-made incubation apparatus (McNair et al., 2017). Subsequently, the media was exchanged for ACSF containing 2 mM 15N or 13C-labeled leucine, isoleucine, or valine, with a D-glucose concentration of 5 mM, for additional 60 min. Incubations were terminated by transferring the slices to ice-cold 70% ethanol. The slices were sonicated, centrifuged (20,000 g × 20 min), and the supernatant was lyophilized before gas chromatography–mass spectrometry (GC–MS) and high-performance liquid chromatography (HPLC) analysis. Protein content of the pellet was determined by the Pierce method using bovine serum albumin (BSA) as standard protein.



Cell Culture Incubations

Cultures of 7-week-old human-induced pluripotent stem cell-derived astrocytes and neurons were used for dynamic metabolic mapping. The culturing medium was removed, and the cells were washed twice with phosphate-buffered saline (PBS) at 37°C. The cells were then incubated for 90 min at 37°C in ACSF containing 2 mM [U-13C]valine, [U-13C]leucine, or [U-13C]isoleucine plus 2.5 mM unlabeled glucose. These BCAA concentrations were chosen based on previous studies (Andersen et al., 2019). The glucose concentration represents physiological conditions. After incubation, the medium was collected, and the cells were washed with cold PBS (4°C) to stop metabolic reactions. The cells were lysed and extracted with 70% ethanol and centrifuged at 20,000 g for 20 min at 4°C to separate soluble and insoluble components. Cell extracts were lyophilized and solubilized in water for further GC-MS and HPLC analysis. Pellets were dissolved in 1 M potassium hydroxide (KOH) at room temperature and analyzed for protein content by the Pierce BSA assay.



Dynamic Metabolic Mapping by Gas Chromatography–Mass Spectrometry (GC–MS)

The 15N and 13C-enrichment of TCA cycle metabolites and amino acids was determined by GC–MS analyses, according to a previous method (Walls et al., 2014). Briefly, the extracts were reconstituted in water and acidified, and the metabolites were extracted into an organic phase with 96% ethanol/benzene and derivatized using N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide. Natural 15N and 13C-abundance was corrected and calculated as described elsewhere (Biemann and McCloskey, 1962). Data are presented as percentage of labeling of the isotopolog M+X, where M corresponds to the molecular weight of the unlabeled molecule, and X is the number of 15N or 13C-enriched carbon atoms in the molecule (Andersen et al., 2019).



Quantitative Analysis of Amino Acid Amounts Performed by High Performance Liquid Chromatography (HPLC)

Reconstituted extracts were used for the quantification of amino acid amounts, by reverse phase high-performance liquid chromatography using 1260 Infinity (Agilent Technologies, Sta. Clara, CA, United States), as described elsewhere (Salcedo et al., 2021). Amino acid separation and detection were performed by precolumn o-phthalaldehyde (OPA) online derivatization and fluorescent detection (λex = 338 nm, 10-nm bandwidth; λem = 390 nm, 20-nm bandwidth). A gradient elution with Mobile phase A (10 mM NaH2PO4, 10 mM Na2B4O7, 0.5 mM NaN3, pH 6.8) and mobile phase B (acetonitrile 45%: methanol 45%: H2O 10% V:V:V) was performed with a flow of 1.5 ml/min. The quantification of the amino acid amounts was achieved using calibration curves of external standards of the amino acids of interest with known increasing concentration ranging from 5 to 1,000 μM.



Statistical Analyses

Data are presented as mean (±) standard error of the mean (SEM) of values. Experimental values from the brain tissue were biological replicates, and values from cell cultures were obtained from three independent experiments derived from at least two separate cell differentiations (batches) of three different cell lines, namely the parental control cell line and the two cell lines with the APP- and PSEN-1-introduced mutations, respectively. Statistically significant differences were set at p < 0.05 and tested by either one-way or two-way ANOVA with Bonferroni multiple comparison test or with paired t-test, as indicated in Figure legends.




RESULTS


BCAA Nitrogen Metabolism in Human and Mouse Cortical Slices

The BCAAs, leucine, isoleucine, and valine, have been widely described as key nitrogen donors vital for neurotransmission and aid to maintain nitrogen balance in the brain (Conway and Hutson, 2016; Sperringer et al., 2017). The transamination of BCAAs is catalyzed by branched-chain aminotransferase (BCAT) transferring the BCAA nitrogen into glutamate. The nitrogen can subsequently be transferred to connected amino acids. To assess the nitrogen metabolism of the BCAAs, mouse and human cerebral cortical slices were incubated with [15N]leucine, [15N]isoleucine, and [15N]valine. The labeling patterns from the human tissue were compared with the ones obtained from mouse cortical slices in order to distinguish specie-specific functional metabolic differences among cellular compartments (Figure 2). Substantial 15N-enrichment was found for all three BCAAs in both mouse and human slices, suggesting a large BCAA uptake capacity. BCAA 15N-incorporation was slightly lower in the mouse cortical slices after incubation with [15N]leucine and [15N]isoleucine when compared with that of the human slices. Increased 15N-incorporation was observed in gamma-aminobutyric acid (GABA), aspartate, and glutamine after incubation with [15N]leucine, [15N]isoleucine, and [15N]valine in the mouse cortical slices when compared with the human cortical slices. Furthermore, 15N-incorporation in glutamine and alanine was increased after incubation with [15N]leucine and [15N]isoleucine in the mouse cortical slices. These results may suggest a higher BCAT activity in the mouse brain compared with the human brain. Interestingly, of all the amino acids, the 15N-enrichment was highest in glutamine for all the three [15N]BCAAs in both mouse and human cortical slices. This observation could indicate that a large proportion of BCAA nitrogen metabolism is being utilized for glutamine synthesis in astrocytes.
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FIGURE 2. BCAA nitrogen metabolism of human and mouse brain slices. After incubation with [15N]BCAA (valine, leucine, or isoleucine), M+1 labeling was observed in glutamate, glutamine, gamma-aminobutyric acid (GABA), alanine, and aspartate, indicating significant nitrogen incorporation into amino acids supported by BCAA metabolism. 15N-enrichment in intracellular amino acids was determined by gas chromatography–mass spectrometry (GC-MS). Values represent mean (±) standard error of the mean (SEM) (n = 6), *p < 0.05, **p < 0.01 (when compared with human cortical slices) analyzed by Student's paired t-test. BCAA, branched-chain amino acid; BCKA, branched-chain α-keto acids; BCATs, branched-chain aminotransferase; GAD, glutamate decarboxylase; GDH, glutamate dehydrogenase; ALAT, alanine aminotransferase; AAT, aspartate aminotransferase; GS, glutamine synthetase.




BCAA Oxidative Metabolism in Human and Mouse Cortical Slices

The carbon skeleton of the branched-chain keto acid derived from BCAAs can enter the TCA cycle as either acetyl CoA or succinyl CoA (illustrated in Figure 1). The metabolic oxidation of BCAAs is initiated by BCKDH complex activity where irreversible oxidative decarboxylation of the BCKAs occur and via multiple subsequent enzymatic reactions yield acetyl CoA or succinyl CoA. To assess BCAA oxidative metabolism, the human and mouse cortical slices were incubated with [U-13C]isoleucine, [U-13C]leucine, or [U-13C]valine, and 13C-enrichment of TCA cycle intermediates and amino acids were determined by GC–MS (Figure 3) and amino acid amounts quantified by HPLC (Supplementary Table 1). The metabolism of [U-13C]leucine and [U-13C]isoleucine (M+6) (Figure 1A) will result in acetyl CoA M+2, whereas the metabolism of [U-13C]valine (M+5) and [U-13C]isoleucine (M+6) will result in succinyl CoA M+3 (Figure 1B).
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FIGURE 3. BCAA oxidative metabolism in human and mouse brain slices. 13C-enrichment of tricarboxylic acid (TCA) cycle metabolites and amino acids in human and mouse cerebral cortical slices after incubation with [U-13C]isoleucine, [U-13C]leucine, or [U-13C]valine. M+2 and M+3 13C-enrichment in (A) TCA cycle intermediates. Increased M+2 13C-enrichment in (B) glutamate, glutamine, and GABA after incubation with [U-13C]leucine in mouse cortical slices when compared with human cortical slices. 13C-enrichment in intracellular metabolites was determined by GC-MS. Values represent mean (±) SEM (n = 6), *p < 0.05 analyzed by two-way ANOVA. N/D, not detectable.


Following incubation with [U-13C]leucine, 13C-enrichment in M+2 (via acetyl CoA) was higher in citrate (Figure 3A), glutamate, glutamine, and GABA (Figure 3B) in the mouse cortical slices when compared with the human cortical slices. When incubating with [U-13C]isoleucine, we observed increased M+3 labeling (via succinyl CoA) in α-ketoglutarate, succinate, and glutamate in the mouse cortical slices when compared with the human cortical slices. Similarly, after incubation with [U-13C]valine, 13C-incorporation was higher in α-ketoglutarate and succinate in the mouse cortical slices. Decreased 13C-incorporation in malate, citrate, and glutamine was observed in the mouse cortical slices when compared with the human cortical slices after incubation with [U-13C]valine. The overall highest 13C-enrichment was derived from [U-13C]leucine metabolism in both the mouse and human cortical slices. In accordance with the results of [15N]BCAA metabolism, glutamine and citrate reached the highest 13C-enrichment after incubation with all the three [U-13C]BCAAs in both the mouse and human cortical slices. These results demonstrate that oxidative metabolism of the BCAA carbon skeleton is utilized for amino acid synthesis, particularly for glutamine synthesis in astrocytes from both the mouse and human cerebral cortical slices.



BCAA Oxidative Metabolism in Human Astrocytes

The incubation experiments revealed that the brain slices of both mouse and humans have a large capacity for BCAA metabolism particularly supporting astrocyte glutamine synthesis. To further substantiate these results, we next assessed if hiPSC-derived astrocytes could metabolize BCAAs through 13C-incorporation into the TCA cycle. Incubation with the three [U-13C]BCAAs (Figure 4) is presented as the molecular carbon labeling (MCL), which is the average of the carbon labeling in a given molecule (Andersen et al., 2021a). 13C-enrichment was recovered in all TCA cycle metabolites and amino acids from [U-13C]BCAA metabolism, which demonstrates that human astrocytes are capable of introducing and metabolizing the carbon skeleton of leucine, isoleucine, and valine in the TCA cycle. Interestingly, the MCL obtained from incubation with [U-13C]isoleucine appeared to be higher throughout all the TCA cycle intermediates and amino acids compared with leucine and valine. However, as the metabolism of [U-13C]isoleucine gave rise to both M+2 and M+3 labeling, the MCL is expected to be higher. [U-13C]valine had the lowest overall 13C-enrichment in the TCA cycle intermediates and amino acids, which is in accordance with the results from mouse and human brain slices. These results functionally demonstrate that hiPSC-derived astrocytes are able to oxidatively metabolize BCAAs.
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FIGURE 4. BCAA oxidative metabolism in human induced pluripotent stem cell (hiPSC)-derived astrocytes. hiPSC-derived astrocytes were incubated with [U-13C]isoleucine, [U-13C]leucine, or [U-13C]valine. Labeling in TCA cycle intermediates and amino acids represented as molecular carbon labeling (MCL) confirms hiPSC-derived astrocytes capability to oxidatively metabolize the BCAA isoleucine, leucine, and, to a lesser extent, valine by incorporating them in the TCA cycle. Values represent mean ± SEM (n = 3) from different hiPSC-derived astrocyte set-ups individually depicted as circles.




Altered BCAA Oxidative Metabolism in AD hiPSC-Derived Astrocytes With APP or PSEN-1 Mutations

Studies on postmortem AD brains have reported alterations in the expression of enzymes involved in the metabolism of BCAAs, such as BCAT (Hull et al., 2015). However, functional BCAA metabolism in relation to AD pathophysiology has not been explored. Given the central metabolic role of BCAAs in neurotransmission, we sought to determine whether BCAA oxidative metabolism is affected in hiPSC-derived astrocytes with APP or PSEN-1 mutation as models of AD pathology (referred to as AD astrocytes). hiPSC-derived astrocytes from either AD-mutated or parental control cell lines were, thus, incubated with [U-13C]leucine, [U-13C]isoleucine, or [U-13C]valine, and 13C-incorporation into the TCA cycle intermediates and amino acid were assessed (Figure 5). After incubation with [U-13C]leucine, AD astrocytes with APP mutation exhibited increased labeling in glutamate and citrate (M+2) but reduced 13C-enrichment was found in aspartate and malate when compared with control astrocytes. The AD astrocytes with PSEN-1 mutation only exhibited increased labeling in citrate (M+2) but otherwise similar labeling patterns when compared with the control astrocytes (Figure 5A). When incubated with [U-13C]isoleucine, similar changes between AD and control astrocytes were observed in amino acid labeling (M+2) as observed in the [U-13C]leucine incubation (Figure 5B). For instance, in the AD astrocytes with APP mutation, glutamate (M+2) labeling was increased, while labeling in aspartate was decreased although not significantly, compared with the control astrocytes. In the AD astrocytes with PSEN-1 mutation, however, the decrease in aspartate labeling was significantly different from that of the control astrocytes. 13C-incorporation in citrate was increased only in the AD astrocytes with APP mutation, while labeling in malate (M+2) was decreased in both AD astrocytes when compared with the control astrocytes. No significant differences were found in the labeling of α-ketoglutarate, succinate, and fumarate (Supplementary Table 2). Furthermore, after incubation with [U-13C]valine (Figure 5C), no significant differences between the AD and control astrocytes in amino acid labeling (M+3) were found. However, the TCA cycle metabolites, citrate, and malate showed increased 13C-enrichment in both mutated AD astrocytes when compared with control. Following [U-13C]isoleucine metabolism, the AD astrocytes only exhibited lower labeling in aspartate (M+3) compared with the control astrocytes (Figure 5D). No significant differences were found in the labeling of α-ketoglutarate, succinate, and fumarate (Supplementary Table 3). Collectively, these results suggest that BCAA oxidative metabolism in AD astrocytes is impaired particularly when the BCAAs enter the TCA cycle via acetyl CoA.
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FIGURE 5. Reduced oxidative BCAA metabolism entering as acetyl CoA in Alzheimer's disease (AD) astrocytes. (A) Increased glutamate and citrate M+2 labeling but decreased aspartate and malate 13C-enrichment after incubation with [U-13C]leucine and (B) [U-13C]isoleucine in human AD astrocytes when entering via acetyl CoA. (C) Increased TCA cycle metabolites M+3 labeling after incubation with [U-13C]valine but (D) decreased aspartate 13C-enrichment after incubation with [U-13C]isoleucine in human AD astrocytes when entering via succinyl CoA. Values represent mean (±) SEM (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001, analyzed by two-way ANOVA. WT, wild type; APP, amyloid precursor protein; PSEN-1, presenilin-1.




Decreased Aspartate Labeling in AD hiPSC-Derived Neurons With APP or PSEN-1 Mutations After Incubation With BCAAs

Astrocytes and neurons maintain tight metabolic interactions critical for cerebral homeostasis. After finding alterations in the BCAA metabolism of AD hiPSC-derived astrocytes, we next assessed if BCAA oxidative metabolism could be affected in hiPSC-derived neurons with APP or PSEN-1 mutation as models of AD pathology (referred to as AD neurons). hiPSC-derived neurons from AD-mutated or parental control cell lines were incubated with [U-13C]leucine, [U-13C]isoleucine, or [U-13C]valine, and 13C-incorporation into the TCA cycle intermediates and amino acids was assessed (Figure 6). After incubation with [U-13C]leucine, no significant differences were observed in the labeling of glutamate or aspartate (M+2) in the AD neurons compared with the control neurons (Figure 6A). In contrast, following incubation with [U-13C]isoleucine (Figure 6B), decreased glutamate labeling (M+2) in the AD neurons with APP mutation and decreased aspartate (M+2) labeling in the AD neurons with PSEN-1 mutation were found compared with the control neurons. No significant differences between the AD and control neurons were observed in glutamate or aspartate labeling after incubation with [U-13C]valine (Figure 6C). Finally, reduced labeling in aspartate (M+3) derived from [U-13C]isoleucine metabolism (via succinyl CoA) was found in both mutated AD neurons when compared with the control neurons (Figure 6D). No significant differences were found in the labeling of citrate, α-ketoglutarate, succinate, fumarate, and malate (Supplementary Tables 4, 5). These results demonstrate decreased 13C-incorporation in aspartate (M+2 and M+3) after incubation with [U-13C]isoleucine in AD neurons, suggesting that BCAA oxidative metabolism in AD hiPSC-derived neurons is largely maintained in contrast to the AD hiPSC-derived astrocytes.
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FIGURE 6. Decreased aspartate synthesis from oxidative isoleucine metabolism in AD neurons. (A) No significant differences were found in AD neurons after incubation with [U-13C]leucine. (B) Decreased glutamate M+2 and aspartate M+2 labeling after incubation with [U-13C]isoleucine in AD neurons. (C) No significant differences were found in AD neurons after incubation with [U-13C]valine in AD neurons. (D) Decreased aspartate M+3 labeling after incubation with [U-13C]isoleucine in AD neurons when compared with control. No significant differences were found in TCA cycle intermediates. Values represent mean (±) SEM (n = 3), *p < 0.05, #p < 0.0001 analyzed by two-way ANOVA. WT, wild type; APP, amyloid precursor protein; PSEN-1, presenilin-1.




Decreased Amino Acids Amounts in AD hiPSC-Derived Astrocytes and Neurons After Incubation With BCAAs

Total and labeled amounts of intracellular amino acids from the hiPSC-derived astrocytes and neurons were determined by HPLC. AD hiPSC-derived astrocytes with APP and PSEN-1 mutations showed decreased total and labeled M+2 amounts in glutamate, glutamine, and aspartate after [U-13C]leucine-derived carbons entered the TCA cycle via acetyl CoA (Figure 7A). As mentioned previously, [U-13C]isoleucine-derived carbons can enter the TCA cycle via acetyl CoA or succinyl CoA, giving rise to double labeled (M+2) or three labeled (M+3) intermediates, respectively. Labeled M+2 amounts and total amounts of aspartate were lower in the AD astrocytes with APP mutation when compared with the control astrocytes after incubation with [U-13C]isoleucine (Figure 7B). In contrast, no differences were observed in labeled M+3 amounts of any amino acid or in the total amounts of glutamate and glutamine in both mutated AD astrocytes when compared with the control astrocytes after [U-13C]isoleucine incubation. No significant differences were observed in labeled M+3 amounts of mutated AD astrocytes after [U-13C]valine incubation (Figure 7C). However, total amounts of glutamine were lower in the AD astrocytes with APP mutation compared with control.
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FIGURE 7. Selective disruptions of amino acid amounts in AD astrocytes with APP and PSEN-1 mutations following incubation with [U-13C]leucine. (A) nmol/mg protein in M+2 (via acetyl CoA) labeling and total amounts after incubation with [U-13C]leucine. (B) nmol/mg protein in M+2 (via acetyl CoA) and M+3 (via succinyl CoA) labeling and total amounts after incubation with [U-13C]isoleucine. (C) nmol/mg protein in M+3 (via succinyl CoA) labeling and total amounts after incubation with [U-13C]valine in hiPSC-derived astrocytes. (D) nmol/mg protein in M+2 (via acetyl CoA) labeling and total amounts after incubation with [U-13C]leucine. (E) nmol/mg protein in M+2 (via acetyl CoA) and M+3 (via succinyl CoA) labeling and total amounts after incubation with [U-13C]isoleucine. (F) nmol/mg protein in M+3 (via succinyl CoA) labeling and total amounts after incubation with [U-13C]valine in hiPSC-derived neurons. Values represent mean (±) SEM (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001 when compared with control, analyzed by one-way ANOVA. No significant differences were found in M+3 labeling amounts in AD astrocytes. WT, wild type; APP, amyloid precursor protein; PSEN-1, presenilin-1.


After incubation with [U-13C]leucine, total amounts of glutamate and aspartate (Figure 7D) were decreased only in the AD neurons with PSEN-1 mutation compared with the control neurons. Similarly, the AD neurons with PSEN-1 mutation exhibited decreased amounts of labeled M+3 in aspartate (Figure 7E) after [U-13C]isoleucine entry via succinyl CoA when compared with control. No significant differences were found in labeled or total amino acid amounts after incubation with [U-13C]valine in the AD neurons when compared with the control neurons (Figure 7F). These results confirm that synthesis of the amino acids glutamate, glutamine, and aspartate, derived from leucine metabolism, is impaired to a larger extent compared with isoleucine and valine metabolism in AD hiPSC-derived astrocytes. Lastly, only the synthesis of aspartate derived from leucine and isoleucine metabolism was decreased in the AD hiPSC-derived neurons compared with the control neurons, which indicates that the metabolism of BCAAs is significantly affected in the AD astrocytes but generally maintained in the AD neurons.




DISCUSSION

This study represents the first functional evidence of active BCAA metabolism in human astrocytes. We found that the metabolism of the BCAA carbon skeleton supported astrocyte glutamine synthesis in acutely isolated human brain slices, which was also observed in hiPSC-derived astrocytes. Interestingly, we found reduced synthesis of amino acids derived from leucine metabolism in AD hiPSC-derived astrocytes when compared with the control astrocytes. Furthermore, the synthesis of glutamate and aspartate derived from leucine metabolism was decreased in the AD neurons with PSEN-1 mutation. Our findings are summarized in Figure 8 along with a new proposed model of BCAA nitrogen and oxidative metabolism in the human brain.


[image: Figure 8]
FIGURE 8. BCAA oxidative metabolism and nitrogen transfer in human astrocytes and potential blood brain barrier-astrocyte-neuron axis. BCAAs are taken up by the blood brain barrier (BBB) endothelial cells, and then BCAAs can undergo transamination by the action of BCATm, forming glutamate and the branched-chain α-keto acids (BCKAs), KIC, KIV, and KVM. In the reverse reaction when α-ketoglutarate is formed from glutamate, the BCAT/GDH metabolon in the endothelial cells may release ammonia, and BCAAs can be released and taken up by neurons or astrocytes. Alternatively, BCKAs from endothelial cells can be released or metabolized by the BCKDH/BCATm metabolon. Likewise, in neurons, BCAAs can also be transaminated, producing BCKAs and glutamate. BCKAs can be further metabolized by BCKDH, and glutamate can be used for neurotransmission. Glutamate from neurons in the synaptic cleft can be taken up by astrocytes. Astrocytes synthesize glutamine from glutamate and ammonia which is catalyzed by glutamine synthetase (GS) and is released for neuronal uptake to replenish the glutamate pool, in the so-called glutamate-glutamine cycle. The data indicate that in astrocytes, BCAAs may be transaminated by the action of BCAT, and that the BCAA carbon skeleton can be oxidized by BCKDH activity. This set of metabolic reactions give rise to acetyl CoA or succinyl CoA, replenishing TCA cycle intermediates and amino acids in the astrocytes. Furthermore, we present evidence of reduced aspartate, glutamate, and glutamine total and labeling amounts after incubation with [U-13C]leucine in AD astrocytes (represented within the dotted box). This altered leucine metabolism in AD astrocytes may contribute to the disrupted neurotransmitter homeostasis observed in the AD brain. BBB, blood brain barrier; BCATm, mitochondrial branched-chain aminotransferase; Glu, glutamate; α-KG, α-ketoglutarate, GDH, glutamate dehydrogenase, [image: image], ammonium; BCKA, branched-chain α-keto acids; KIC, α-ketoisocaproate; KIV, α-ketoisovaleric; KMV, α-keto-β-methylvalerate; BCAT, branched-chain aminotransferase; BCKDH, branched-chain α-keto acid dehydrogenase; Gln, glutamine; GS, glutamine synthetase; BCATc, cytosolic branched-chain aminotransferase; PAG, phosphate-activated glutaminase.



BCAA Metabolism in Mouse and Human Brain Slices

BCAA metabolism is important for cerebral nitrogen homeostasis and neurotransmitter recycling, as these amino acids are nitrogen donors for glutamate and GABA synthesis, whereas the carbon skeleton can be utilized as oxidative fuels (Yudkoff, 1997; Conway and Hutson, 2016). From incubations of acutely isolated brain slices, we found that brain slices of both mice and humans have a large capacity for BCAA nitrogen and oxidative metabolism (Figures 2, 3). Generally, we observed a higher fractional enrichment of both 15N and 13C in the brain slices of mice when compared with human slices, which may suggest that the rodent brain have a higher capacity for BCAA metabolism. Interestingly, immunohistochemistry studies have suggested that the cellular distribution of enzymes related to BCAA metabolism differs between the rodent and human brains (Sperringer et al., 2017). Specific isoforms of the initiating enzyme of BCAA metabolism, BCAT, have been located in both neurons (BCAT1 corresponding to BCATc) and astrocytes (BCAT2 corresponding to BCATm) in the rodent brain (Sweatt et al., 2004), whereas BCKDH was only found in neurons (Cole et al., 2012). This contrasts with the reported expression in the human brain, where both the BCAT and BCKDH expressions were found in neurons and endothelial cells, but were absent in astrocytes (Hull et al., 2012, 2018). These studies imply that both mouse and human astrocytes have a limited enzymatic capacity for BCAA metabolism. Particularly, the complete absence of the rate-limiting enzyme BCKDH in astrocytes would imply that this cell type is unable to oxidatively metabolize the BCAA carbon skeleton in the TCA cycle. However, multiple studies using mouse astrocyte cultures have functionally shown that astrocytes are able to metabolize BCAAs (Yudkoff et al., 1996; Johansen et al., 2007; Murín et al., 2009a,b). Although most of the carbon skeleton may be released as the corresponding ketoacid or as ketone bodies (Bixel and Hamprecht, 1995; Yudkoff et al., 1996), a significant fraction enters the astrocytic TCA cycle, which will require astrocyte BCKDH activity. A recent proteomic study resolving the cellular protein expression of the mouse brain confirmed the differential expression BCATc in neurons and BCATm in astrocytes (Sharma et al., 2015). However, the same study found higher expression of the two BCKDH isoforms (BCKDHA and BCKDHB) in both cultured and isolated astrocytes when compared with neurons (Sharma et al., 2015). In the brain slices, we found the largest fractional 13C-enrichment from 13C-BCAA metabolism in glutamine (Figure 3), which is in line with a recent study by the group of the authors in a mouse model of Huntington's disease (Andersen et al., 2019). Since glutamine is exclusively synthesized in astrocytes, because of the selective expression of the enzyme glutamine synthetase (GS) (Norenberg and Martinez-Hernandez, 1979), the large 13C-enrichment in glutamine from BCAA metabolism strongly indicates active astrocyte BCAA oxidative metabolism. Furthermore, of the TCA cycle intermediates, citrate displayed the highest 13C-enrichment from 13C-BCAA metabolism, which is also an indicator of astrocyte metabolism in acute brain slices (Andersen et al., 2017; McNair et al., 2017). Finally, we also characterized oxidative BCAA metabolism in cultured human iPSC-derived astrocytes, where we likewise observed a conserved capacity for BCAA oxidative metabolism (Figure 4). Hence, the functional metabolic analyses conflict with the previous immunohistochemical investigations, and demonstrate active BCAA metabolism in both mouse and human astrocytes. The discrepancy between the functional metabolic studies and the immunohistochemical studies may be related to methodological limitations of immunohistochemistry, as discussed in (Danbolt et al., 2016).



BCAA Metabolism in AD

Branched-chain amino acid metabolism has been described to be altered in several neurological disorders. These alterations can arise from deficiencies in the expression and function of metabolic enzymes as observed in Maple syrup urine disease, which is caused by deficiency in BCKDH and leads to severe neurological symptoms (Chuang and Chuang, 2000). Interestingly, decreased plasma and brain concentrations of BCAAs have consistently been reported in patients with Huntington's disease (HD), which correlates with disease severity (Perry et al., 1972; Mochel et al., 2011). Using a mouse model of HD, we have previously reported an elevated capacity of BCAA metabolism in cerebral cortical and striatal slices (Andersen et al., 2019). The enhanced BCAA metabolism was related to an increased expression of BCAA metabolic proteins and suggests that the reduced BCAA concentrations in HD may be due to compensatory increases in BCAA brain metabolism (Andersen et al., 2019). Evidence from both disease models and patients strongly indicate involvement of BCAA metabolism in AD pathology. For instance, it was found in patients with AD that genetic predisposition to elevated isoleucine plasma levels, but not leucine or valine, is positively associated with AD (Larsson and Markus, 2017). Furthermore, a large reduction in the concentration of valine has been detected in the cerebrospinal fluid (Basun et al., 1990) and plasma (González-domínguez et al., 2015; Toledo et al., 2017) of patients with AD patients, and the expression of hippocampal BCATc in patients with AD was increased by 28% compared with control brains (Hull et al., 2015). Interestingly, elevated BCAA levels have been found in the APP/PS1 mouse model of AD (Ruiz et al., 2016). BCAA supplementation has been shown to be beneficial in disorders with systemic elevated ammonia levels, e.g., hepatic encephalopathy (Holecek, 2018). In the periphery, BCAAs stimulate glutamine synthesis in muscles, hereby fixating ammonia (Holecek et al., 2011). In the brain, glutamine synthesis is also the primary pathway of ammonia fixation and is strictly located in astrocytes (Norenberg and Martinez-Hernandez, 1979; Brusilow et al., 2010). Interestingly, AD has been associated with elevated cerebral levels of ammonia (Seiler, 2002), which may be caused by insufficient astrocyte glutamine synthesis (Smith et al., 1991; Olabarria et al., 2011; Andersen et al., 2021a). Since glutamine is derived from the TCA cycle intermediate α-ketoglutarate via glutamate, astrocyte TCA cycle function is crucial for glutamine synthesis (Swanson and Graham, 1994). Multiple studies have revealed impaired astrocytic energy metabolism in AD (Oksanen et al., 2017; Dematteis et al., 2020; Andersen et al., 2021a; Ryu et al., 2021). It could, therefore, be speculated that the reduced synthesis of glutamate from oxidative leucine metabolism observed in the AD astrocytes may be caused by deficient astrocyte TCA cycle function, which may further hamper glutamine synthesis in AD. Furthermore, ammonia has been shown to inhibit oxidative astrocyte metabolism (Lerchundi et al., 2015), potentially further reducing glutamine synthesis. Further studies are needed to explore the potential link of disrupted ammonia homeostasis and BCAA metabolism in AD.

Here we found that in the AD astrocytes, the TCA cycle oxidation of leucine, isoleucine, and valine was largely maintained (Figure 5). However, citrate from metabolism of [U-13C]leucine, [U-13C]isoleucine, and [U-13C]valine displayed increased 13C-enrichment in AD astrocytes. It has been proposed that the astrocytic release of citrate may modulate neuronal excitability through the regulation of extracellular concentrations of Ca2+ and Mg2+ (Westergaard et al., 1994a,b). Furthermore, disruptions in brain citrate levels can alter neuronal excitability in the hippocampus, resulting in epileptic seizures (Henke et al., 2020). The results of increased citrate labeling from BCAA metabolism may reflect a supportive role of citrate transfer from astrocytes to neurons (Hertz et al., 1992).

BCAA metabolism is closely associated to the fate of glutamate. Glutamate acts as the link between neurotransmission and energy metabolism (Mckenna et al., 1996, 2019; Mckenna, 2013). Glutamate synthesis in astrocytes occurs mainly as transamination, particularly via aspartate aminotransferase (AAT) (Westergaard et al., 1996). The conversion of α-ketoglutarate to glutamate may depend on nitrogen from BCAAs, primarily leucine, via BCAT activity. It has been suggested that at least 20% of all glutamate nitrogen is derived from leucine in cultured astrocytes (Yudkoff et al., 1994). Interestingly, the results show reduced amino acid synthesis derived from leucine metabolism in AD astrocytes (Figure 7). Since AD astrocytes exhibited decreased amounts of glutamate derived from leucine metabolism, it can be speculated that impaired leucine nitrogen metabolism could reduce glutamate metabolic pools in the AD astrocytes. Leucine is also an efficient nitrogen donor for glutamine synthesis (Yudkoff et al., 1994, 2005). This is in line with the results showing that nitrogen metabolism of BCAAs is mainly utilized for glutamine synthesis in human and mouse cortical slices. Since glutamine is synthesized from glutamate, it can be suggested that the observed alterations in the glutamate pools could have a direct influence on glutamine synthesis, as observed in AD astrocytes. Metabolism of the BCAA carbon skeleton will result in net transfer of nitrogen to nonessential amino acids (Conway and Hutson, 2016), with the possibility of replenishing neurotransmitter pools. Interestingly, we found decreased amounts of labeling in amino acids derived from the oxidative metabolism of leucine in AD astrocytes. This reduction in amino acid synthesis derived from leucine metabolism, particularly in glutamine, could influence neurotransmitter recycling and homeostasis in AD astrocytes. Furthermore, one-third of the 13C-incorporation from leucine metabolism will give rise to M+1 labeling in TCA cycle intermediates and amino acids. AD astrocytes, not AD neurons, displayed altered M+1 labeling (Supplementary Table 6). The labeling of succinate, malate, and aspartate (M+1) from leucine metabolism was reduced in the AD astrocytes with APP mutation. However, citrate (M+1) labeling was increased in both mutated AD astrocytes. These results further confirm that oxidative leucine metabolism is altered in AD astrocytes but maintained in AD neurons.

We found that glutamate labeling amounts from the metabolism of BCAAs in AD neurons were unaltered (Figure 7). However, glutamate and aspartate total amounts from leucine metabolism were decreased in the AD neurons with PSEN-1 mutation. BCAT isoforms are redox-sensitive proteins and are in their reduced form part of a metabolon with glutamate dehydrogenase (GDH) catalyzing the conversion of glutamate into α-ketoglutarate (Conway et al., 2002, 2004, 2008). An increase in oxidative stress (OS) might change the redox status, preventing this metabolon formation (Harris et al., 2020). The reduced glutamate and aspartate total amounts observed in AD neurons may be due to changes in the redox state of BCAT, causing reduced amino acid synthesis. Furthermore, leucine is a positive allosteric modulator of GDH activity (Li et al., 2011), and changes in leucine amounts may hereby perturb glutamate homeostasis via GDH activity in AD. Imbalanced redox states, caused by an excessive accumulation of reactive oxygen species (ROS) and a decrease in antioxidant enzymes, leads to OS in AD (Zhao and Zhao, 2013; Wang et al., 2014; Kim et al., 2015). Alterations in glutathione (GSH), the most abundant brain antioxidant, have been described to be reduced in patients with AD (Mandal et al., 2012, 2015; Saharan and Mandal, 2014). In several studies using different AD models, OS can also be induced by Aβ accumulation (Pappolla et al., 1998; Butterfield, 2002; Cheignon et al., 2018), which could eventually lead to mitochondrial dysfunction (Zhao and Zhao, 2013; Wang et al., 2014). Alterations in the mitochondria might represent the major source of OS observed in AD (Castellani et al., 2002; Wang et al., 2014), since the majority of endogenous ROS is produced by the mitochondria (Wang et al., 2014). These alterations in OS could contribute further to mitochondrial impairments, such as metabolic imbalances.

Branched-chain amino acids also have a regulatory role in the mammalian target of rapamycin (mTOR) pathway. The mTOR pathway is an environmental sensor, which regulates cell proliferation, protein synthesis, and autophagy through multiple signaling pathways (Jewell et al., 2015; Shafei et al., 2017; Liu and Sabatini, 2020). mTOR constitutes the catalytic subunit of two distinct complexes (Shafei et al., 2017). mTOR complex 1 (mTORC1) plays a role in neuronal synaptic plasticity and phosphorylates substrates to promote synthesis of proteins, lipids, nucleotides, etc., while repressing the autophagic breakdown of cellular components. mTORC1 activation is regulated by nutrients such as several amino acids, particularly leucine and arginine (Liu and Sabatini, 2020). Depletion of amino acids, low glucose concentrations, and OS can negatively impact mTORC1 regulation while stimulating autophagy (Shafei et al., 2017). Some studies have reported that mitochondrial ROS are increased by high concentrations of BCAAs in human endothelial and peripheral blood cells (Zhenyukh et al., 2017, 2018). However, inhibition of the mTORC1 pathway, decreased BCAAs-induced pro-oxidant effects. Likewise, alterations in mTORC1 regulation in AD pathology may result in accumulation of amyloid-β (Aβ) aggregates. Increased mTOR activity and signaling were found in APP-transfected cell lines and in brains of 3xTg-AD mice (Caccamo et al., 2010, 2011). Interestingly, mTOR activity was reduced when preventing Aβ accumulation in the 3xTg-AD mice. Apparently, high Aβ levels can exert toxicity through increased mTOR activity. In addition, the use of rapamycin ameliorated cognitive deficits, and Aβ and Tau pathology in 3xTg-AD mice by increasing autophagy (Caccamo et al., 2010). It has been suggested that the alteration of mTOR signaling and autophagy occurs at early stages of AD. The status of the mTOR pathway in AD post-mortem brain tissue has been investigated, where increased reduction in autophagy was observed as the disease progressed (Tramutola et al., 2015). Since leucine regulates the mTOR pathway, mTOR signaling in AD astrocytes could be impaired, leading to reduction in amino acids pools. Leucine metabolism appears to be more affected in AD astrocytes than in AD neurons. It can be speculated that the metabolic alterations in astrocytes may be an early event in AD progression, possibly influencing neuronal metabolic and neurotransmitter homeostasis. The findings demonstrate reduced amino acid synthesis derived from leucine metabolism in AD astrocytes, possibly contributing further to neurotransmitter imbalances involved in AD.

Together, the results demonstrate extensive branched-chain amino acid metabolism in human astrocytes, identify disturbances in their metabolism in an AD pathological context, and highlight the need for further investigation on branched-chain amino acids metabolism, particularly in astrocytes, to possibly unravel additional pathological mechanisms implicated in neurodegenerative diseases.
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The intracellular energy state will alter under the influence of physiological or pathological stimuli. In response to this change, cells usually mobilize various molecules and their mechanisms to promote the stability of the intracellular energy status. Mitochondria are the main source of ATP. Previous studies have found that the function of mitochondria is impaired in aging, neurodegenerative diseases, and metabolic diseases, and the damaged mitochondria bring lower ATP production, which further worsens the progression of the disease. Silent information regulator-1 (SIRT1) is a multipotent molecule that participates in the regulation of important biological processes in cells, including cellular metabolism, cell senescence, and inflammation. In this review, we mainly discuss that promoting the expression and activity of SIRT1 contributes to alleviating the energy stress produced by physiological and pathological conditions. The review also discusses the mechanism of precise regulation of SIRT1 expression and activity in various dimensions. Finally, according to the characteristics of this mechanism in promoting the recovery of mitochondrial function, the relationship between current pharmacological preparations and aging, neurodegenerative diseases, metabolic diseases, and other diseases was analyzed.
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INTRODUCTION

Energy stress caused by increased energy demand and decreased energy supply can activate intracellular energy sensors and achieve energy homeostasis through further activation of other pathways. It is important to maintain a sufficient energy supply according to the availability of nutrients and the ability to produce ATP. ATP is produced mainly by mitochondrial oxidative phosphorylation (OXPHOS) and glycolysis in the cytoplasm which also generates a small portion (Cunnane et al., 2020). Under the low cellular ATP levels, it is urgent to take emergency measures to redistribute intracellular energy and restore it through enhancing the ability of mitochondrial biogenesis and OXPHOS which is a more efficient ATP-producing pathway than glycolysis.

SIRT1, a mammalian ortholog highly closed to Sir2, belongs to the Sirtuins family (SIRT1-SIRT7) whose function depends on nicotinamide adenine dinucleotide (NAD+) and is highly conserved in evolution (Hong et al., 2020). SIRT1 widely plays a key role in cell survival and apoptosis, inflammatory stress adaptation to cell growth, differentiation, metabolism, and senescence, and prevents mitochondrial dysfunction through regulating its transcriptional activity and protein expression levels by changing the acetylation state of substrates (Jiao and Gong, 2020; Chelladurai et al., 2021; Lou et al., 2021). In addition, SIRT1 not only catalyzes the deacetylation of lysine residues in histone substrates such as H1, H3, and H4, but also removes many acetyl groups from non-histone substrates, including peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC-1α), forkhead box class O family (Foxos), peroxisome proliferator-activated receptor-γ (PPAR-γ), nuclear respiratory factors 1/2 (NRF1/2), liver X receptor (LXR), P53, P73, E2F transcription factor 1 (E2F1), nuclear factor-kappaB (NF-κB), and so on. Such deacetylation of transcription factors related to metabolism could lead to changes in intracellular metabolism (Ren et al., 2019; Gong et al., 2020; Maiese, 2021).

Mitochondria, which originate from prokaryotes in the endosymbiosis hypothesis, are semi-autonomous organelles that are composed of proteins encoded by transcription and translation via Mitochondrial DNA (MtDNA), but most protein structures are found in mitochondria are encoded by nuclear DNA (Popov, 2020). Mitochondrial dysfunction is a common feature in aging, neurodegenerative, and metabolic diseases. Therefore, mitochondria are identified as therapeutic intervention targets for many common diseases. And improvement of mitochondrial dysfunction, elimination of mutations in mitochondrial coding DNA, and mutations in nuclear gene encoding mitochondrial proteins are regarded as the three main strategies of mitochondrial therapy at present (Murphy and Hartley, 2018). Mitochondrial homeostasis depends on the balance between mitochondrial biogenesis and mitophagy. Mitochondrial biogenesis is the source of new mitochondria, which is largely regulated by transcriptional level. Mitophagy, a process that selectively clears dysfunctional mitochondria through the autophagy mechanism, is mainly mediated by PRKN (parkin RBR E3 ubiquitin protein ligase)-dependent and PRKN-independent pathways. As a molecule widely involved in the regulation of cellular processes, SIRT1 not only promotes mitochondrial biogenesis, but also regulates mitophagy, functions to clear damaged and aging mitochondria, and maintains mitochondrial quality and homeostasis (Sun et al., 2020).

In this overview article, the energy stress in some physiological and pathophysiological conditions will be discussed. And promoting the expression and activity of SIRT1 at different levels can relieve intracellular energy stress and become a promising treatment.



ENERGY STRESS IN MULTIFARIOUS SITUATIONS

Maintaining the dynamic homeostasis of cellular energy states involves a delicate balance between the consumption of energy and the generation of energy. In response to energy demands triggered by body activity and environmental stress, cells constantly adjust their metabolism, redistribute the use of energy and promote the mechanism of energy production (Herzig and Shaw, 2018).

Calorie restriction (CR) is defined as a sustained decline in energy intake compared to pre-intervention requirements without causing malnutrition (typically 20–50% less than average), and it has been shown to mediate a life-extending effect in the lower organisms through a key molecule Sir2 which previously mentioned to be highly homologous to SIRT1 in mammals (Yang N.-C. et al., 2019). The core of calorie restriction is to fully meet nutrient requirements and then gradually reduce the supply of energy-rich substrates. It can produce metabolic adaptation to reduce the metabolic rate by inducing a moderate energy deficit (Dorling et al., 2020).

The same metabolic adaptations that affect resting metabolic rate as calorie restriction were not observed in exercise-induced weight loss. This may be because exercise-induced acute energy deficits are insufficient to trigger metabolic adaptation (Karstoft et al., 2017). However, physical activity induces an acute energy deficit which activates AMP-dependent protein kinases (AMPK), uptake of substrates from plasma and lipolysis, promotes mitochondrial function and fat oxidation. Furthermore, these effects chronically improve the metabolic function of almost every organ in the body through increasing cardiorespiratory capacity, mitochondrial oxidative capacity, reducing lipid in plasma, tissues, and cells, and improving insulin sensitivity (Gao et al., 2020).

Aging is one of the powerful risk factors for the development of many diseases, particularly neurodegenerative and metabolic diseases. Alterations of metabolism caused by aging occur at different functional levels. And aging shows progressive impairment of mitochondrial respiratory function, not only displays in the antioxidant stress system but mitochondrial oxidative phosphorylation related enzymes may also be affected, results in the decrease of mitochondrial function, insulin resistance, and lipid metabolism diseases (Ma and Li, 2015), thereby reducing the production of ATP, to make the body energy stress state for a long time.

Mitochondrial homeostasis also plays a crucial role in maintaining the central function, once the homeostasis imbalance can lead to a reduction of brain energy production and activation of oxidative stress, leading to the central inflammatory response. Impaired mitochondrial function and central nervous system inflammatory microenvironment are the main characteristics of age-related neurodegenerative diseases, both of which are involved in aggravating cell energy stress. In addition, changes in energy metabolism appear to deteriorate in a gradual, regional, and disease-specific manner. Alzheimer’s disease (AD) is the most special type, and the decline in glucose metabolism begins early in the symptoms. After the onset of the disease, the activation of glial cells mediated by central nervous system inflammation increases the consumption of glucose, which further worsens the energy balance of neurons, and the persistence of neuronal energy stress further aggravates the progress of the disease (Joshi et al., 2019; Cunnane et al., 2020).

Metabolic diseases such as diabetes, obesity, and hypertension are characterized by decreased mitochondrial energy efficiency associated with impaired mitochondrial structure and function, including diminished OXPHOS, and reduced ATP production (Feng et al., 2019). Energy stress generated by insufficient energy production and metabolic substrates utilization disorder affects the physiological functions of various systems in the body which can further promote the pathological progress of these diseases (Zhang et al., 2019; Juszczak et al., 2020).



EXPRESSION AND ACTIVITY OF SIRT1 DECREASED IN AGING, NEURODEGENERATIVE AND METABOLIC DISEASES

As a multi-effector signaling molecule, SIRT1 can be found in both the nucleus and cytoplasm. However, there were differences in subcellular localization in different tissues and developmental stages of adult mice (Tanno et al., 2007). And existing data suggest that its subcellular localization can be altered by two nuclear localization signals (NLSs) and two nuclear export signals (NESs) which are located on the protein’s amino acid sequences (Yang T. et al., 2019). Under normal physiological conditions, the activity and expression of SIRT1 are simultaneously regulated by multiple mechanisms and maintained at a normal level to adapt to environmental stress. However, deteriorated SIRT1 expression and activity in different subcellular localization is implicated in aging, neurodegenerative and metabolic diseases.

In the last decade, researchers have found that the level of yeast Sir2 (a homolog of Sirt1) decreases as the increasing number of replications, which is one of the causes of yeast aging (Dang et al., 2009). Until now, accumulating scientific evidence indicates that the expression and activity of SIRT1 in mammalian cells decreased progressively with aging (Lamichane et al., 2019; Lin et al., 2020; Lan et al., 2021). This may be due to NAD+, the major cofactor of SIRT1, also shows a progressive decline with aging (Covarrubias et al., 2021b). Recent studies have reported a possible mechanism for this phenomenon, namely autophagy-mediated down-regulation of mammalian SIRT1 protein during aging and in vivo aging. As a nuclear substrate for autophagy, SIRT1 in the nucleus is recognized by autophagy protein LC3 and transferred to the cytoplasmic autophagosome for degradation (Xu et al., 2020). And study reveals that SIRT1-mediated beneficial effects could be promoted by selectively inhibiting the autophagy degradation pathway of SIRT1 in the nucleus (Wang et al., 2021).

Aging is strongly associated with the incidence of neurodegenerative diseases, particularly AD and Parkinson’s disease (PD). The decrease in serum SIRT1 protein level was more significant in patients with neurodegenerative diseases than in normal aging individuals, these results indicate the decreased expression and activity of SIRT1 are involved in the pathological process of neurodegenerative diseases (Cao et al., 2018). This is because some enzymes such as poly-ADP-ribose polymerases 1 (PARP1) are overexpressed and activated to compete with SIRT1 to utilize NAD+ during senescence, which reduces the content of NAD+ in tissues and cells, inhibits the activity of SIRT1 and its downstream pathways. And the inhibition of NAD+-SIRT1-PPARGC1A-UCP2 axis activity, resulting in increased mitochondrial membrane potential, PTEN induced putative kinase 1 (PINK1) cleavage, mitochondrial autophagy deficiency, and accelerating aging phenotype and neurodegenerative diseases, PINK1, as an autophagy-related protein attached to the outer mitochondrial membrane, is transported to the mitochondria in a membrane potential-dependent manner and degraded by mitochondrial protease, thus unable to trigger mitochondrial autophagy (Scheibye-Knudsen et al., 2014). A study has also been found that overactivation of PARP1 can also trigger the defect of mitochondrial autophagy by inhibiting the NAD+-SIRT1-PGC-1α pathway, which is related to the regulation of mitochondrial autophagy by SIRT1 through a variety of pathways, and this can be partially normalized with PARP1 inhibitors or pharmacological interventions with compounds that increase NAD+ abundance (Fang et al., 2014). There is also evidence that toxic proteins associated with neurodegenerative diseases can also reduce the expression of SIRT1, or directly interact with SIRT1 protein to inhibit its affinity with substrates and increase the acetylation of their substrates (Jiang et al., 2011; Manjula et al., 2020). Such as the expression of SIRT1 protein in the parietal cortex of patients with AD is significantly decreased and is closely related to the accumulation of Aβ and tau proteins (Kerr et al., 2017).

Metabolic diseases are a global public problem associated with overnutrition and are defined as a group of metabolic disorders including obesity, insulin resistance, type 2 diabetes, hypertension, and hyperlipidemia (Saklayen, 2018). SIRT1 is widely involved in the metabolic control of intracellular substrates in the body. The decrease of SIRT1 expression and activity is a major characteristic of metabolic diseases, and its mechanism partly explains the influence of a high-fat diet on metabolic syndrome, obese diabetes, cardiovascular disease, and other related metabolic diseases (Kosgei et al., 2020). Decrease of SIRT1 expression can also lead to lipid accumulation and impaired insulin signaling in hepatocytes. Conversely, mice on a high-fat diet to some extent avoid these diseases through the restoration of SIRT1 expression and activity (Nguyen et al., 2019; Li Z. et al., 2020).

Taken together, these data highlight the decreased expression and activity of SIRT1 as a key component of the molecular mechanisms that participate in the process of aging, neurodegenerative and metabolic diseases. However, some scientific evidence reveals that there is no inevitable connection between SIRT1 protein content and activity (Gurd et al., 2010; Ryall et al., 2015). This may be because SIRT1 is regulated by different mechanisms from multiple levels at different developmental stages, and the subcellular distribution and localization of SIRT1 also change during this process. Therefore, the accurate elaboration of the regulatory mechanism of SIRT1 in different stages of cell activity is expected to be used in the design and development of pharmacological agents for the treatment of a variety of diseases.



THE EXPRESSION AND ACTIVITY OF SIRT1 ARE REGULATED BY MANY DIMENSIONS

Due to the importance of extensive participation in the regulation of energy metabolism and other cell life activities, SIRT1 activity and expression are tightly regulated in multiple dimensions. Therefore, a clear understanding of the regulatory mechanism by which SIRT1 plays a role is the basis for the development of therapeutic target drugs. In this review, we mainly attempt to expand from NAD+ to further discuss the regulation of SIRT1 expression and activity in energy metabolism.


NAD+

SIRT1 is a key regulatory protein in life activities. Under normal physiological conditions, the activity and expression of SIRT1 are simultaneously regulated by multiple mechanisms to adapt to environmental stress. Since NAD+ is a necessary cofactor for the deacetylation activity of SIRT1, it has become a research hotspot of scientists to regulate the level of NAD+ in the cell to promote the activity of SIRT1.

As a driving force and signal molecule for energy production, NAD+ has shown that its distribution is highly differentiated. Each subcellular NAD+ pool is regulated to varying degrees and participates in various NAD+-dependent signaling mechanisms (Zhu et al., 2019). Although the overall NAD+ level will decline in the process of aging, the activity of SIRT1 is mainly dependent on the NAD+ level in the nucleus, rather than the NAD+ pool in the mitochondria or cytoplasm (Gomes et al., 2013). Sufficient experiments have shown that NAD+ levels in mitochondria and nuclei in wild-type mouse cells or tissues can be restored by supplementing NAD+ precursors such as nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN). And sufficient intracellular NAD+ levels can enhance oxidative metabolism and protect mice from metabolic abnormalities induced by a high-fat diet and improve age-related pathophysiology and diseases, thereby reflecting the effect of prevention and treatment (Schöndorf et al., 2018; Yoshino et al., 2018). Promoting the activity of NAM phosphoribosyltransferase (NAMPT), the first step of the rate-limiting enzyme in NAD+ remediation synthesis, can also increase NAD+ levels. Experimental studies have found that exercise can induce an increase in NAMPT activity and promote the salvage synthesis of NAD+ (Lamb et al., 2020), and overexpression of NAMPT can also activate the SIRT1-dependent P53-CD38 pathway and SIRT1-independent NRF2-PPARα/AMPKα pathway to maintain mitochondrial content and integrity (Yu et al., 2020). However, we should consider other potential effects of enhanced NAD+ metabolism, including pro-inflammatory and cancer-promoting effects. Studies have shown that NAMPT and NAD+ play a key role in cancer. NAD+ biosynthesis is usually up-regulated in tumor cells, and increased levels of NAMPT promote pro-inflammatory aging-related secretion phenotypes (Nacarelli et al., 2019). This presents a new challenge for us to regulate the activity of SIRT1 by influencing NAD+ metabolism.

It is widely known that lactic dehydrogenase (LDH) catalyzes the redox reaction between pyruvic acid and lactic acid, and promotes the conversion of lactic acid to pyruvate under alkaline conditions. In contrast, the neutral condition promotes the reverse conversion of pyruvate to lactic acid, which can consume NADH and produce NAD+. Therefore, studies have shown that supplementing L-serine can increase the expression of mitochondrial biogenesis-related genes in C2C12 myotubes, improves the quality and function of mitochondria, and reverses insulin resistance. This is because L-serine is converted to pyruvate, which is subsequently converted to lactic acid by LDH and increases intracellular NAD+ levels, thereby activating NAD+ dependent SIRT1 activity (Sim et al., 2019).

The activation of SIRT1 by amino acids was first identified as involving leucine. Researchers found that it can increase the expression and activity of SIRT1, improve the quality and function of mitochondria, and prevent mitochondrial dysfunction and metabolic disorders in obese mice induced by a high-fat diet (Sun and Zemel, 2009). Further studies have found that leucine may not only induce the increase of NAMPT expression (Li et al., 2012), but also affect the kinetics of SIRT1, reduce the activation energy of NAD+, and have a synergistic effect with AMPK or SIRT1 activators (Zemel, 2020). Taurine, a non-protein amino acid, also can alleviate oxidative stress and apoptosis of cardiomyocytes through increasing NAD+/NADH ratio, activate SIRT1 and suppress p53 acetylation (Liu et al., 2020). SIRT1 stimulated and activated by Taurine also can alleviate the mitochondrial dysfunction induced by amyloid β 1–42 in SK-N-SH cells (Sun et al., 2014) which provides a suggestion for the diet list of patients with neurodegenerative diseases. The kynurenine pathway, the main pathway for tryptophan metabolism to produce NAD+, also regulates the activity of SIRT1 (Yin et al., 2021). Since then, the addition of amino acids to food as a method for actively regulating the function of SIRT1 has become a research hotspot.

The current view is that except nuclear sirtuins is consuming NAD+ pool, PARPs (poly-ADP-ribose polymerases) and CD38 (a NAD glycohydrolase) are competing for the same NAD+ pool, and studies have found that inhibition or knockout of PARP or CD38 can increase intracellular NAD+ levels and show an effect similar to sirtuins activation (Wang et al., 2019; Chini et al., 2020; Covarrubias et al., 2021b). The competition between PARP and SIRT1 for the NAD+ pool is age-dependent. Studies have shown that the level of NAD+ itself decreases with age and age-related diseases (Covarrubias et al., 2021a; Hikosaka et al., 2021), while the activation of PARP with age aggravates a small number of NAD+ pools. This may be because PARP appears to be related to DNA damage repair function, while aging can lead to an increase in chronic nuclear DNA damage (Shao et al., 2020).



AMPK

Metabolic stress is characterized by a decrease in the ratio of ATP to AMP/ADP, which activates AMPK, resulting in phosphorylation that activates a series of pathways that up-regulate ATP (Herzig and Shaw, 2018; Yan et al., 2018). As a sensor for the energy state of cells, researchers found that AMPK can be activated when skeletal muscle energy is exhausted, and directly phosphorylate PGC-1α at threonine-177 and serine-538 (Spinelli et al., 2021). Moreover, researchers discovered that AMPK regulates NAD+/NADH ratio and SIRT1 activity in a manner independent of NAMPT shortly after the activation, and this process relies on mitochondrial β-oxidation (Cantó et al., 2009). Subsequently, NAMPT can be activated and involved in the regulation of NAD+ metabolism. The increased NAD+/NADH ratio directly enhanced the activity of SIRT1. However, the interaction between AMPK and SIRT1 is not a simple one-way interaction, but a more complex functional interaction. This may be due to SIRT1-mediated deacetylation of LKB1, a mammalian AMPKK, which promotes the phosphorylation and activation of AMPK subunits (Sharma A. et al., 2021).

Consistent with this, under a low-energy state caused by exercise in skeletal muscle, AMPK was activated by the decrease in the ratio of ATP/AMP. Activated AMPK not only increases the ratio of NAD+/NADH, but also phosphorylates PGC-1α which can subsequently reduce insulin resistance, enhance glucose metabolism, and promote the recovery of energy state in skeletal muscle through improving mitochondrial biogenesis (Yang B. et al., 2021). Since the incomplete oxidation of fatty acids in skeletal muscle is caused by lipid intermediates related to insulin resistance (Koves et al., 2005), the ability of cells to maintain the oxidation of fatty acids and couple them with mitochondrial respiration is essential in the case of nutritional deficiency. A detailed explanation of their coordination mechanism can provide effective therapeutic targets for related metabolic diseases. PGC-1α phosphorylated by AMPK before deacetylation by SIRT1 may be used to distinguish which substrates are deacetylated, thus preventing the random deacetylation of SIRT1. In this case, AMPK is involved in the regulation of SIRT1 and PGC-1α and maintains its stable and sustained effect. These effectors include the activators of pyruvate dehydrogenase kinase 4 (PDK4), forkhead box O1 (FoxO1), ERRα, and PPARs gene expression. And enhanced PDK4 can phosphorylate PDH to inactivate it and prevent pyruvate from entering TCA, converting cells from glucose metabolism to lipid metabolism and then meet the energy needs of exercise (Knuiman et al., 2018). In addition, as a downstream factor activated by the SIRT1-PGC-1α axis, TFAM can play a role in diseases such as diabetes and diabetic peripheral neuropathy by enhancing the function of mitochondria, promote the complete oxidation of fatty acids in mitochondria, and provide a large number of sources of ATP for cells (Chandrasekaran et al., 2019). At the same time, the role of forkhead box O3 (FoxO3) in the SIRT1-PGC-1α axis is also very important. Activated AMPK further activates FoxO3 through phosphorylation, promoting its nuclear translocation. FoxO3 in the nucleus can be deacetylated by SIRT1, and participate in enhancing the transcription of NAMPT, PGC-1α, and LKB1, thus producing a stable and continuous role in the regulation of mitochondrial function (Sorrenti et al., 2020; Figure 1A).
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FIGURE 1. AMPK as a switch of energy state-mediated pathway. (A) Under a low-energy state, activated AMPK depends on the SIRT1-PGC-1α axis to eliminate cellular energy stress. (B) Under the basic energy state, SIRT1 regulates mitochondrial biogenesis through a pathway independent of AMPK and PGC-1α.



The acetylation state of PGC-1α is regulated by SIRT1, histone acetyltransferase GCN5 (Mutlu and Puigserver, 2021), and steroid receptor coactivator 3 (SRC3; Hu et al., 2018). According to the availability of nutrition and the energy state of the cell, SIRT1 deacetylation and GCN5/SRC-3 acetylation jointly controls the acetylation state of PGC-1α. Under the basic energy state, AMPK is not activated and does not promote the catalytic effect of SIRT1 on PGC-1α, while GCN5 acetylates several lysine residues on PGC-1α, thus changing its location in the nucleus and inhibiting transcriptional activity (Dominy et al., 2010). The researchers discovered that hypoxia-inducible factor-1α (HIF-1α) is involved in regulating mitochondrial biogenesis and nuclear-mitochondrial communication during aging in a pathway independent of PGC-1α. In subsequent experiments, SIRT1 needs to regulate Von Hippel-Lindau (VHL) E3 ubiquitin ligase activity through post-transcriptional modification to ensure effective hydroxylation and degradation of HIF-1 in the nucleus, thus reducing the binding of HIF-1α to c-Myc, promoting the interaction between c-Myc and the binding site on the mitochondrial transcription factor A (TFAM) promoter, and enhancing the transcription and expression of mitochondrial biosynthetic genes (Gomes et al., 2013; Figure 1B).



Regulation by Transcriptional Level

There are many binding sites of transcriptional regulatory factors in the SIRT1 promoter, therefore, SIRT1 can be regulated by multiple regulatory mechanisms at the transcriptional activity level. The transcriptional regulatory factors in this regulatory mechanism are usually the substrate of SIRT1. Researchers reported that there are two p53 binding sites on the SIRT1 promoter under basic conditions, and the P53 (activated by CBP/p300 mediated acetylation) can bind and inhibit SIRT1 gene expression, while under a low energy state, the activated FOXO3a can undergo nuclear translocation, bind and remove p53 binding to the SIRT1 promoter, then induce SIRT1 transcription and alleviate energy stress (Luo et al., 2004). At the same time, the increased expression of SIRT1 can in turn mediate the deacetylation of P53 at lysine 382, reduce its stability and activity, prevent the inhibition of SIRT1 transcription, and produce a stable and sustained effect (Vaziri et al., 2001). Consistent with this, hypoxia-induced HIF-1α and HIF-2α can directly bind to the HIF response element (HRE) on the SIRT1 promoter, increasing the transcriptional activity and expression of SIRT1 (Li T. et al., 2020). However, as mentioned earlier, the increase in SIRT1 activity and expression can destabilize and degrade HIF-1α in a VHL E3 ubiquitin ligase-dependent manner (Gomes et al., 2013). Furthermore, scientists found that the interaction between SIRT1 and FoxO1 and deacetylation can promote the auto-transcription of SIRT1 driven by FoxO1. This may be because FOXO1 could directly bind to insulin receptor substrate 1 (IRS-1) and forkhead-like consensus binding site (FKHD-L) on the SIRT1 promoter, increasing the transcription and expression of SIRT1 (Xiong et al., 2011). In response to low nutrient availability, cAMP response element-binding protein (CREB) can be activated and bind to the cAMP response element (CRE) transcriptional site on the SIRT1 promoter, thereby promoting the transcriptional activity of SIRT1 (Noriega et al., 2011). In turn, a recent study shows that CREB is also the substrate of SIRT1, and SIRT1 can deacetylate and inactivate CREB (Lu et al., 2020). In addition, as nuclear receptors, peroxisome proliferator-activated receptor (PPAR) also can increase the expression of SIRT1. Fasting for 24 h can increase the expression level of SIRT1 in mice, which may be due to the binding of PPARα to the PPAR-responsive element (PPRE) on the SIRT1 promoter (Hayashida et al., 2010). PPARβ/δ is another transcription factor, which can increase the expression of SIRT1 by binding to the Sp1 binding site in a state of starvation (Okazaki et al., 2010).

Conversely, under a high energy state, carbohydrate response element-binding protein (ChREBP) decreases the expression of SIRT1 by interacting with ChRE binding site on the SIRT1 promoter (Noriega et al., 2011). Another transcription factor is PPARγ, which not only can be initiated by the SIRT1-PGC-1α axis, but also PPARγ itself can directly bind to the SIRT1 promoter to inhibit the expression of SIRT1, thus PPARγ and SIRT1 compose a negative feedback loop (Han et al., 2010). Consistent with this, the hypermethylated in Cancer 1 (HIC1) negatively regulate SIRT1 expression by relying on carboxyl-terminal-binding protein (CtBP), and HIC1 also can be deacetylated and inactivated by SIRT1, thus reducing its inhibitory effect on SIRT1 expression (Paget et al., 2021). Moreover, recent studies have shown that HIC2, which is highly homologous to HIC1, is a transcriptional activator of SIRT1 due to the opposite activity of their intermediate domains, and it has been found that ectopic overexpression of HIC2 may protect the heart from ischemia-reperfusion injury (Song J.-Y. et al., 2019). In summary, it is suggested that the expression of SIRT1 is regulated by multiple negative feedback loops (Figure 2).
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FIGURE 2. Regulatory sites for SIRT1 protein expression and activity and related pharmacological agents. Based on the different energy states of cells, the activity of the SIRT1 promoter is regulated by a variety of transcriptional regulatory factors. And at the post-transcriptional level, SIRT1 mRNA is regulated by a variety of miRNA. Finally, the activity of post-translational SIRT1 proteins is regulated by different post-translational modification mechanisms.





Regulation by Post-transcriptional Level

MicroRNAs (miRNAs), a small non-coding RNA, can regulate the transcription or post-transcriptional regulation of protein-coding genes by degrading mRNA or inhibiting translation (Włodarski et al., 2020). The micro-regulation of SIRT1 mRNA by different miRNA has a variety of functions in different cells and tissues, including from physiology and metabolism to disease pathologies such as cardiovascular disease and cancer. These miRNAs can inhibit the transcription and expression of SIRT1 by directly binding to the 3′ non-coding region of SIRT1 or indirectly by regulating the level of human antigen R (HUR). HUR is an RNA binding protein that is usually combined with miR-16, miR-125a, and miR-519 to indirectly regulate the stability of SIRT1 mRNA (Zhang et al., 2021). Most miRNAs inhibit the expression of SIRT1 (Yamakuchi, 2012).

Nowadays, the micro-regulation of mRNA by miRNA remains a research hotspot. In addition to the high expression of miR-22, miR-29a, miR-34a, miR-132, miR-138-5p, miR-143/145, miR-195, miR-199a, miR-217, and so on in the cardiovascular system (Mao et al., 2019; Ding et al., 2020; Zhou et al., 2020), the high expression of miR-9, miR-93, miR-100, miR-122, miR-132, miR-135a, miR-137, miR-155, miR-181a/b/c, miR-182-5p, miR-199b, miR-204, miR-221, and so on in other tissues can also directly inhibit the expression of SIRT1 (Ge et al., 2019; Guo et al., 2019; Long et al., 2019; Xie et al., 2019; Zhao et al., 2019). On the contrary, miR-16, miR-125a, and miR-519 can indirectly regulate SIRT1 by regulating HUR (Yuan et al., 2016). MiR-34a was the first miRNA, to be found to regulate Sirt1, so it is the most studied. Aging and pathological conditions can increase the expression of intracellular miR-34a, thus inhibit the expression of SIRT1, and further promote aging and disease progression (Chen et al., 2019; Song L. et al., 2019; Wang L. et al., 2020). Recent studies have shown that miR-141 mimics can reduce the expression of SIRT1 mRNA, inhibit hepatocyte autophagy, reduce HBV replication (Yang et al., 2017), and promote the progress of intervertebral disc degeneration (IDD; Ji et al., 2018). Overexpression of miR-449 inhibits the osteogenic differentiation of bone marrow mesenchymal stem cells in hyperglycemia and free fatty acid microenvironment in which SIRT1 was involved, which may play a role in the fight against diabetic osteoporosis (Qu et al., 2018). Further exploration of miRNA-based therapeutic ideas can provide new intervention approaches for clinical multiple diseases (Figure 2).



Regulation by Post-translational Modification

In addition to the above-mentioned regulation of SIRT1 activity and expression based on NAD+ level and AMPK activation, all sirtuins contain N-terminal and C-terminal domains (NTDs and CTDs), which are evolutionarily highly conserved catalytic domains, and both contain residues modified by post-translational mechanisms, of which the catalytic domain of SIRT1 is the largest (Dong, 2012). Fifteen phosphorylated residues have been identified in SIRT1, eight in CTDs, and seven in NTDs (Sasaki et al., 2008). Their phosphorylation status can be regulated by different phosphokinases. For example, under starvation (low-energy state), the enhanced cAMP signal can not only induce the phosphorylation of the highly conserved Ser434 site in the catalytic domain of SIRT1 (Hu et al., 2020), but also can be modified by intermediate phosphokinase at Ser 47,605 and 615 sites of SIRT1 and promote the dissociation of SIRT1 and DBC1, which is dependent on AMPK, then promote fatty acid oxidation, adapt to stress and meet the needs of cell energy metabolism through activating SIRT1 in an NAD+-independent manner (Gerhart-Hines et al., 2011; Nin et al., 2012).

When cell mitosis increases, cell cycle-dependent kinase (Cyclin-B/CDK1) can mediate the phosphorylation of SIRT1 at Thr530 and Ser540 to up-regulate SIRT1 activity, which is beneficial to provide energy for mitosis and promote mitochondrial division (Sasaki et al., 2008). Furthermore, c-Jun N-terminal kinase-1 (JNK1) can phosphorylate the Ser27, Ser47, and Thr530 sites of human SIRT1 and this modification of SIRT1 increased its enzymatic activity and nuclear localization (Nasrin et al., 2009). Under high glucose conditions (high nutritional availability), JNK1 phosphorylates the Ser27 site and temporarily activates the SIRT1 activity, then it is degraded through the ubiquitin-proteasome pathway, decreases the expression of SIRT1 in general (Gao et al., 2011). However, inhibition of CDK5 phosphorylation at Ser47 to modify SIRT1 not only blocks the degradation of SIRT1 through the ubiquitin-proteasome pathway (Zhang Q. et al., 2018), but also the podocyte injury and mitochondrial dysfunction in diabetic patients were significantly reduced (Wang S. et al., 2020). In addition, CK2-mediated phosphorylation of SIRT1 at the Ser164 site inhibits its nuclear localization and promotes the progress of non-alcoholic fatty liver (Choi et al., 2017), which provides evidence that SIRT1 is involved in the improvement of metabolic diseases. However, A recent study showed that in senescent cells, down-regulation of CK2 can mediate the inactivation of SIRT1, thus activating NF-KB and inducing the expression of senescence-associated secretory phenotype (SASP) factors (Song and Bae, 2021). This suggests that SIRT1 accepts negative regulation from CK2, but more evidence is needed to guide us to accurately understand the role of CK2 in different pathological models.

The strict multi-level regulation mechanism of SIRT1 is beneficial for cells to adapt to various stress states including energy stress. Post-transcriptional modification mostly regulates the activity of proteins. In light of this, the rapid regulation of SIRT1 activity may be the starting point for cells to rely on SIRT1 to adapt to stimulation, and effective regulation of this metabolic node will be of great benefit to rapid cell response. On the other hand, transcriptional activity regulation and post-transcriptional regulation play an vital role in maintaining the abundance and stability of SIRT1 protein. Due to the extensive involvement of SIRT1 in cell life activities, an in-depth understanding of these regulatory mechanisms may soon provide effective interventions for the improvement of human health (Figure 2).




PROMOTING THE EXPRESSION AND ACTIVITY OF SIRT1 EXERT BENEFICIAL ROLES

At the present moment, the activation of the SIRT1 pathway has become an attractive therapeutic intervention target, and this momentum prompted researchers to actively seek SIRT1-activating compounds (STACs). The chemical nature of most STAC is polyphenolic compounds with the coplanar arrangement of hydroxyl groups on the benzene ring. In addition, some pharmacological agents can enhance the activity of SIRT1 in other ways and bring beneficial effects for diseases.


Resveratrol

Resveratrol, a natural polyphenol compound found in the last century, as a classical activator of the SIRT1 pathway, the activation of downstream signal molecular mechanism still has not been elucidated in detail. Early studies have found that resveratrol mimics the life-prolonging effect of CR in yeast and multicellular organisms through SIRT1/Sir2-dependent pathway (Wood et al., 2004). Most of the currently recognized mechanisms are: (1) resveratrol directly interacts with the NTD domain of SIRT1, promoting the closer binding of SIRT1 to the effector protein and stimulating the activity of SIRT1 protein (Cao et al., 2015); and (2) resveratrol can also increase the level of intracellular NAD+ by activating AMPK and through NAMPT-dependent salvage synthesis pathway, and then enhance the activity of SIRT1 (Lan et al., 2017), which plays a beneficial role in energy metabolism and age-related diseases.

Injection of resveratrol into mice can not only simulate the effects of CR, such as anti-aging, promoting browning of white adipocytes, and improving metabolic disorders in mice (Li Z. et al., 2020; Pyo et al., 2020), but also play a protective role in neurodegenerative diseases such as AD, amyotrophic lateral sclerosis, and PD (Zhang L.-F. et al., 2018; Ma et al., 2019). A study has demonstrated that long-term resveratrol supplementation can improve the homeostasis between mitochondrial biogenesis and mitochondrial autophagy by activating miR-34a/SIRT1-mediated signaling pathways, and strikingly reduce age-related cochlear hair cells loss and hearing loss in mice (Xiong et al., 2019). Furthermore, accumulating scientific evidence indicates that Amyloid-β (Aβ) protein can inhibit the AMPK-SIRT1-PGC-1α pathway, inhibit mitochondrial biogenesis, and reduce glucose metabolism (Dong et al., 2016; Carbonell et al., 2020). However, it has been recently reported that resveratrol not only reduces the expression of Aβ and p-tau protein in AD model mice, increase the activity of toxic protein degradation pathway, and improve the protein balance between normal mice and AD model mice, but also up-regulate SIRT1-mediated mitochondrial biogenetic pathway and promote the recovery of mitochondrial function and energy supply by increasing the level of AMPK protein (Corpas et al., 2019). Because the new strategy to improve obese patients is to reduce the fat burden of patients by “browning” white adipose tissue to burn excess fat. And it has been demonstrated that resveratrol can activate the SIRT1-mediated white fat browning pathway and improve hyperglycemia and hyperlipidemia in mice (Li Z. et al., 2020). This may be due to the deacetylation of Lys268 and Lys293 sites on PPARγ, which can lead to the recruitment of BAT program coactivator Prdm16 to PPARγ, resulting in browning of white adipose tissue and inhibition of genes related to insulin resistance. Therefore, resveratrol has become a promising therapeutic strategy in the fight against metabolic diseases such as obesity and diabetes.

However, resveratrol did not have a lasting beneficial effect in the experiment. Researchers found that the dose of resveratrol as a key factor makes it possible to activate AMPK, in a SIRT1-dependent/SIRT1-independent manner. Moderate doses of resveratrol (25 μM) can stimulate AMPK in vitro and in vivo through the SIRT1-dependent pathway, resulting in more sustained improvement of mitochondrial function. On the contrary, a high dose of resveratrol (50μM) not only leads to the activation of AMPK in a SIRT1-independent manner, but also leads to a significant reduction in mitochondrial function and intracellular ATP level (Price et al., 2012). If the dose of resveratrol has a significant effect on the results, then the low bioavailability of resveratrol itself in humans is also one of the problems that researchers urgently need to solve. Given the rapid metabolism of resveratrol in the liver and the influence of intestinal microflora in the intestine, researchers have developed a series of drug delivery systems such as embedding resveratrol in lipid nanoparticles or liposomes, using emulsions or micelles. Resveratrol derivatives such as SRT501 have also been developed, and preparations such as resVida and Longivinex that can greatly improve the bioavailability of resveratrol have been designed (Chimento et al., 2019; Singh et al., 2019).



Other STACs

Currently, the direction of searching for STAC is mainly extracted from natural products or artificially designed compounds according to the structure of SIRT1. In the latest screening, scientists found 19 kinds of STAC with anti-mitochondrial oxidative damage from traditional medicinal plants. Further studies on several of these activators have found that these compounds (including ginsenoside Rb2, ginsenoside F1, ginsenoside Rc, and schisandrin A) can enhance SIRT1 deacetylation activity, promote mitochondrial functional recovery by restoring oxygen consumption and increasing mitochondrial biogenesis, increase ATP production, decrease intracellular ROS levels, and strengthen antioxidant mechanisms (Wang et al., 2016).

Ginsenoside is the main active component of the pharmacological activity of Panax ginseng. Ginsenosides are classified according to different structural types, recent studies found that ginsenoside Rg3 can enhance the endurance of aged rats during exercise by affecting the activity of SIRT1 and the expression of PGC-1α (Yang et al., 2018), and six ginsenosides, including ginsenosides Rg1, Rb1, Rh2, Rg3, Rg5, and Re can protect the brain from ischemic injury by relying on SIRT1-activated signal pathways, among which ginsenosides Rb1 and Rg3 have the strongest therapeutic activity (Cheng et al., 2019). Consistent with this, as a STAC, ginsenoside Rc can promote energy metabolism in cardiomyocytes and neurons by activating the SIRT1-PGC-1α pathway to induce mitochondrial biosynthesis (Huang et al., 2021).

SRT1720 is a small molecular activator that is structurally independent of resveratrol, but its activation effect is hundreds of times that of resveratrol. It has the same effect as SRT501 and resveratrol and effectively solves the weakness of the low bioavailability of resveratrol. Resveratrol and SRT1720 bind at the same molecular site to activate SIRT1 activity and play a similar role in regulating the stability between mitochondrial biogenesis and mitochondrial autophagy. Activation of SIRT1 by SRT1720 increased mitochondrial biosynthesis via PGC-1α-dependent pathways, promoted the recovery of mitochondrial protein and function, and induced the protective effect of brain injury after intracerebral hemorrhage in rats (Zhou et al., 2017). SRT1720 can produce neuroprotective effects similar to resveratrol, reduce the content of Aβ in the brain of PD patients, and repair the autophagy dysfunction (Bai et al., 2021). Studies have also shown that SRT1720 plays an active role in the treatment of diabetes and insulin resistance, SRT1720 can promote wound healing and angiogenesis in diabetic mice in vivo and in vitro by activating SIRT1 (Li et al., 2019). However, studies have shown that the metabolic role of SRT1720 depends on AMPK, which is because SRT1720 cannot promote mitochondrial function and improve glucose tolerance in AMPKα 2 knockout mice (Park et al., 2017).

At present, several other STACs: such as SRT1460, SRT2183, RT2104, SRT3025, and CAY10602, have been developed (Figure 2), although there are few related studies, preliminary experiments have shown that they activate SIRT1 to mimic the anti-aging effects of resveratrol and improve the metabolic function of diabetic (type 2 diabetes) and obese mice (Zhang et al., 2018; Cheang et al., 2019). Based on this effect, new drug strategies can be provided for the treatment of metabolic disorders and age-related diseases.

However, some scholars have put forward their views on the mechanism of STAC. They reported that SRT1720 and SRT2183 can effectively reduce acetylated p53 in cells treated with DNA damage agents by inhibiting the activity of P300 histone acetyltransferase even in cells lacking SIRT1 (Huber et al., 2010), indicating that the level of acetylation in vivo may be affected by various factors when using STAC. Recently, scholars have revealed the epigenetic alterations in patients with AD through an integrated multi-omics approach, in which the up-regulation of histone acetyltransferase expression in H3K27ac and H3K9ac leads to an increase in their acetylation level, and the activity and expression of SIRT1 in AD patients are also decreased (Nativio et al., 2020), which leads us to wonder whether restoring histone acetylation levels in patients with AD might reverse epigenetic alterations and provide new therapeutic targets for improving AD?



AMPK Activator

Part of the mechanism of metformin in the anti-aging and treatment of type 2 diabetes and neurodegenerative diseases is achieved by stimulating AMPK. The researchers found that AMPK activated by metformin preconditioning can effectively reduce the disorder of glucose and lipid metabolism, cellular oxidative stress, and renal function damage in diabetic rats through the SIRT1-dependent pathway, which has a protective effect on the pathological process of diabetes and diabetic nephropathy (Ren et al., 2020). In addition, the effects of metformin vary by cell and age. Metformin can activate AMPK and its downstream signal pathways in neurocytes, promote the recovery of mitochondrial function and reduce the accumulation of toxic proteins. Metformin combination therapy can even restore broken mitochondria to an almost normal state, thus meeting the energy needs of cells and improving age-related neurodegenerative diseases (Sharma et al., 2021). However, in cancer cells, AMPK activated by metformin can further activate the SIRT1/NF- κB pathway, induce mitochondrial dysfunction, and trigger cancer cell pyroptosis (Zheng et al., 2020). Furthermore, a recent study pointed out that the body’s response to metformin is affected by age. Contrary to the anti-aging effect observed in young nematodes, metformin can aggravate aging-related mitochondrial dysfunction and lead to a shortening of life span in old Caenorhabditis elegans (Espada et al., 2020). The observed “cell and age discrimination” of metformin once again urges us to critically review the conventional wisdom and further explore the role of metformin in aging and aging-related diseases. Metformin plays a beneficial role by activating SIRT1-mediated, AMPK-independent autophagy pathways, and also combats the inhibition of intracytoplasmic P53 on parkin-mediated mitophagy, thus maintain mitochondrial quality (Song et al., 2016). This result is similar to another study, metformin promotes the expression of mitophagy-related genes to restore parkin-mediated mitophagy pathway activity, maintain mitochondrial integrity and cell survival, protect cells from high glucose-induced damage (Zhao and Sun, 2020). However, the association between mitophagy and SIRT1 has not been fully elucidated.

Other AMPK activators such as berberine and salidroside can significantly up-regulate the expression of phosphorylated AMPK, promote mitochondrial quality, improve insulin resistance and glucose uptake through stimulating AMPK/SIRT1 and its downstream signaling pathway (Shan et al., 2020; You et al., 2020). Moreover, the tricyclopyranone compound CP2 (Zhang et al., 2015), designed to have anti-central neurotoxic proteins and other neuroprotective effects, also activates AMPK, promoting mitochondrial function and reducing toxic protein accumulation (Figure 2).




CONCLUSION AND DISCUSSION

The imbalance of energy supply and demand make the body in a state of energy stress. Cells often redistribute the energy generated to important mechanisms and activities when the energy supply cannot meet the energy demand. As the main energy producer, the energy production of mitochondria is closely regulated by a variety of energy receptors in cells. Promoting the biosynthesis and function of mitochondria to produce enough ATP to meet the energy gap of cells has become an important means to break the energy stress state of cells.

SIRT1, the “hub” of intracellular signal, is widely involved in the processes of cell survival, apoptosis, inflammation, stress adaptation, cell growth and differentiation, metabolism, and senescence by regulating intracellular acetylation. However, the expression and activity of SIRT1 decreased significantly in pathological conditions such as aging or age-related diseases. In this review, we discussed that precise regulation of SIRT1 activity at all levels can eliminate cellular energy stress. We also discussed that SIRT1 molecular activator can promote the activity and expression of SIRT1 and play a useful role, which can be used as promising methods for the treatment of aging, neurodegenerative diseases, metabolic diseases, and other diseases.

As artificial energy stress can be tolerated by the body, previous studies have shown that different degrees of CR (20–50%) can cause beneficial metabolic adaptation in humans or mice, including the promotion of mitochondrial capacity and mitochondrial efficiency. Other studies also have found that a long-term CR diet can improve metabolism and promote fat loss, but the effect of fat loss will be quickly reversed once stopped (Melo et al., 2019). Therefore, I think we can implement CR with a continuous and progressive degree on mice to observe the effect on the body compared with the effect of CR with a constant degree of persistence. At the same time, the effect on weight reversal was observed by progressively reducing the extent of the CR diet rather than abruptly stopping the CR diet at the end.

NAD+ is the core prosthetic group for SIRT1 to exert its deacetylation activity, many pathways to increase SIRT1 activity are achieved by increasing the NAD+/NADH ratio. At present, some NMN-related preparations have been marketed as anti-aging products, but the effects of NAD+ metabolism have been objectively analyzed. Studies have revealed that a high NAD+/NADH ratio can drive the inflammation-related secretion phenotype of cancer-induced aging (Nacarelli et al., 2019). This is a wake-up call for the future clinical development of NAD+-enhanced supplements: we should use dietary NAD+-enhanced supplements precisely to balance their pros and cons.

On the other hand, our study found that mitochondrial function is impaired under pathological conditions, which may be partly due to changes in mitochondrial dynamics and increased mitochondrial fragmentation (Yang D. et al., 2021). The SIRT1 pathway is beneficial to restore the quality and efficiency of mitochondria, so promoting the dynamic recovery of mitochondria is expected to be achieved by promoting the biosynthesis of mitochondria. Previous studies mainly focused on the nuclear-cytoplasmic shuttle of SIRT1. The subcellular localization of SIRT1 shows that SIRT1 in mitochondria can also communicate with SIRT1 in the cytoplasm, which provides a basis for us to accurately regulate the function of mitochondria through SIRT1.

In conclusion, although the mechanisms of SIRT1 and SIRT1-related activators in anti-aging and age-related diseases have not been clarified in detail, there is a complex and inseparable relationship between the fine regulation mechanism of SIRT1 activity and expression and the mitochondria function. Therefore, it is extremely important to further clarify the causal relationship between them to provide direction for the promotion of human health and anti-aging.
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Apolipoprotein ε4 (APOE)4 is a strong risk factor for the development of Alzheimer’s disease (AD) and aberrant sphingolipid levels have been implicated in AD. We tested the hypothesis that the APOE4 genotype affects brain sphingolipid levels in AD. Seven ceramides and sphingosine-1-phosphate (S1P) were quantified by LC-MSMS in hippocampus, cortex, cerebellum, and plasma of <3 months and >5 months old human APOE3 and APOE4-targeted replacement mice with or without the familial AD (FAD) background of both sexes (145 animals). APOE4 mice had higher Cer(d18:1/24:0) levels in the cortex (1.7-fold, p = 0.002) than APOE3 mice. Mice with AD background showed higher levels of Cer(d18:1/24:1) in the cortex than mice without (1.4-fold, p = 0.003). S1P levels were higher in all three brain regions of older mice than of young mice (1.7-1.8-fold, all p ≤ 0.001). In female mice, S1P levels in hippocampus (r = −0.54 [−0.70, −0.35], p < 0.001) and in cortex correlated with those in plasma (r = −0.53 [−0.71, −0.32], p < 0.001). Ceramide levels were lower in the hippocampus (3.7–10.7-fold, all p < 0.001), but higher in the cortex (2.3–12.8-fold, p < 0.001) of female than male mice. In cerebellum and plasma, sex effects on individual ceramides depended on acyl chain length (9.5-fold lower to 11.5-fold higher, p ≤ 0.001). In conclusion, sex is a stronger determinant of brain ceramide levels in mice than APOE genotype, AD background, or age. Whether these differences impact AD neuropathology in men and women remains to be investigated.

Keywords: ceramide, S1P, apolipoprotein E4, Alzheimer’s disease, aging, sex differences


INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of late-onset dementia with a prevalence of approximately 50 million cases worldwide (Prince et al., 2013). It is a progressive neurodegenerative disorder characterized by a gradual loss of memory and other cognitive functions. Less than 3% of AD is early onset, caused by mutations including those in the APP, PS1, or PS2 genes (Kang et al., 1987; Levy-Lahad et al., 1995; Sherrington et al., 1995). There is no single cause for late-onset, sporadic AD, but important risk factors are age and being female (Liesinger et al., 2018). A major genetic risk factor for sporadic AD is the ε4 allele of the APOE gene encoding for apolipoprotein (Apo)E4 in comparison to the other APOE isoforms, ε2 and ε3 (Corder et al., 1993; Strittmatter et al., 1993; Zhang and Hong, 2015). Compared to the general population, individuals heterozygous for APOE4 have a ∼3-fold higher risk of developing AD, and homozygous APOE4 individuals have a ∼15-fold increased risk (Chartier-Harlin et al., 1994; Farrer et al., 1997; Kloske and Wilcock, 2020). How ApoE4 affects AD development remains to be clarified. Besides genome wide associations studies have identified APOE as a longevity gene, with APOE4 being associated with lower odds for a long live (Partridge Nature 2018, 561, 45–56 and Deelen Nature comm 2019, 10:3669).

ApoE is best known for its role in peripheral lipid trafficking, and there is evidence supporting a similar role for ApoE in the brain (Holtzman et al., 2012). Glial cells, which are the predominant source of brain ApoE, secrete it associated with lipids as high density lipoprotein-like particles (Abildayeva et al., 2006; Mahley, 2016). Brain lipid homeostasis is strictly regulated (Bjorkhem and Meaney, 2004; Strazielle and Ghersi-Egea, 2013). Imbalances in brain (sphingo)lipid homeostasis are associated with intellectual disability and with neurodegenerative disease (Liu et al., 1998; Haughey et al., 2010; Crivelli et al., 2020a) and possibly also with AD. In mice, deletion of Apoe or replacement with human APOE4 leads to a dysfunctional cerebrovascular unit (Mulder et al., 2001; Bell et al., 2012), which may affect trafficking of lipids, including sphingolipids, across the blood–brain barrier. Such a disturbance in brain lipid homeostasis by APOE4 may accelerate the pathogenesis of AD. Presently, the knowledge on trafficking of sphingolipids across the blood–brain barrier is limited (Zimmermann et al., 2001).

Alterations in brain and plasma sphingolipid homeostasis have been observed in patients with cognitive impairment and with AD (Mielke et al., 2010a,b, 2014, 2017; Martinez Martinez and Mielke, 2017; Crivelli et al., 2020a). Sphingolipids consist of a sphingosine backbone and can have various head groups and an acyl chain that differs in length. Besides their role as plasma membrane components (Olsen and Faergeman, 2017), sphingolipids are involved in neuronal plasticity (Wheeler et al., 2009), neurogenesis (Schwarz and Futerman, 1997; Olsen and Faergeman, 2017), and inflammation (Hannun, 1994; van Echten-Deckert et al., 2014). The sphingolipid acyl chain length is an important determinant of their function. Sphingolipids with long chains (C16:0) increase apoptosis, while very-long chains (C22:0-C24:0/C24:1) offer partial protection from apoptosis (Park and Park, 2015). In addition, the ratio between saturated (i.e., C24:0) and unsaturated (i.e., C24:1) acyl chains affects plasma membrane properties, thereby affecting signal transduction, membrane fusion, and cellular integrity (Pinto et al., 2008; Lazzarini et al., 2015).

Ceramides are the central hub of sphingolipid metabolism and are derived via de novo synthesis or from the degradation of more complex sphingolipids. Low ceramide levels promote neuronal cell growth, development, survival and division (Schwarz and Futerman, 1997; Brann et al., 1999; Mullen et al., 2012), while high levels may cause (neuronal) cell death (Jana et al., 2009; Mullen and Obeid, 2012; Czubowicz and Strosznajder, 2014). Sphingosine-1-phosphate (S1P) is formed in a reversible process from ceramide. S1P is an important signaling molecule that regulates cell survival, differentiation and immunity (van Echten-Deckert et al., 2014). The balance between ceramides and S1P is considered a major determinant of cell survival and death (Van Brocklyn and Williams, 2012).

The effect of APOE4 on cholesterol and phospholipid homeostasis in the brain has been reported, but little attention has been paid, so far, to its relation with sphingolipid homeostasis. In patients with late-onset AD, APOE4 was associated with higher ceramide levels in brain, but this was not observed in healthy controls (Bandaru et al., 2009; Couttas et al., 2018). Minor differences in total brain ceramide levels were found between APOE4, APOE3, and APOE2 knock-in mice (Sharman et al., 2010; den Hoedt et al., 2016). Therefore, we aimed at investigating the modulatory effect of APOE genotype on brain sphingolipid homeostasis, in the context of the development of AD pathology. To this end, we assessed brain and plasma ceramide and S1P profiles in APOE4 and APOE3 transgenic mice with or without five familial AD mutations (E4FAD or E3FAD; K670N/M671L, I716V, and V717I in the APP gene and M146L and L286V in the PS1 gene) (Tai et al., 2011; Youmans et al., 2012a,b). The mice with the FAD mutations develop an AD phenotype, including Aβ accumulation, neuroinflammation, and cognitive impairment, from as early as 4 months of age (Youmans et al., 2012b; Tai et al., 2017). Therefore, sphingolipids were analyzed in different brain regions of mice younger than 3 months and older than 5 months. As sex potentially modulates AD incidence (Jorm and Jolley, 1998; Fratiglioni et al., 2000; Liesinger et al., 2018) and pathology (Maynard et al., 2006; Schafer et al., 2007), both female and male mice were included in the analyses.



MATERIALS AND METHODS


Animals

This study was not pre-registered. Transgenic APOE3-targeted replacement (TR), E3FAD-TR (APOE3-TR mice with 5xFAD mutations), APOE4-TR, and E4FAD-TR (APOE4-TR mice with 5xFAD mutations) mice were purchased from Dr. Mary Jo LaDu (University of Illinois at Chicago) and have been fully characterized by Oakley et al. (2006) and Youmans et al. (2012a,b). Colonies were maintained at Maastricht University. Young [<3 months, (2.1–2.6 months old)] and older [>5 months (5.4–14.3 months old)] male and female mice of all four genotypes were included in this study. An alternative analysis excluding 3 animals 5 months and 3 animals 14 months to narrow age range to 7–12 was carried out and the data is reported in Supplementary Information 1. Exclusion of these 6 animals did not affect the results qualitatively. All female mice were breeders. Animals were housed socially on a reverse 12-h day-night cycle under standardized environmental conditions (ambient temperature 20 ± 1°C; humidity 40–60%, background noise, cage enrichment) at the central animal facility of Maastricht University and had ad libitum access to food and water. All experiments were approved by the Animal Welfare Committee of Maastricht University and were performed according to Dutch federal regulations for animal protection (DEC 2015-002).

No sample size calculation was performed prior to the experiments, but based on previous studies on sphingolipids in mice we aimed at 10 mice per group (Barrier et al., 2010; den Hoedt et al., 2016). The in total 145 mice were divided in groups consisting of 7–10 animals for brain analysis and of 4–10 animals for plasma analysis (Table 1). Animals were sacrificed by CO2 inhalation in the morning (09:00 – 12:00 h) and subsequent decapitation. Blood was collected in a Microvette® CB 300 LH tube (order no. 16.443, Sarstedt group, Etten-Leur, Netherlands) and subsequently centrifuged (2,000 g, 4°C, 10 min) to isolate plasma, which was stored at −80°C until analysis. From all animals the brain was removed, cut through the midline sagittal section, snap frozen in liquid nitrogen, and stored at −80°C until analysis. Before sphingolipid analysis, brain hemispheres were dissected into cortex, hippocampus, and cerebellum on ice and samples were powdered on dry ice and stored at −80°C until analysis.


TABLE 1. Animal groups.
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Sphingolipid Analysis

Group allocation of experimental animals was unknown to the experimenter prior to sphingolipid analysis.


Lipid Extraction

Sphingolipids were extracted as described (de Wit et al., 2016, 2019). In short, frozen tissue samples were weighed and homogenized in cold Millipore water (MQ, 18.2 MΩ cm filter) from a Milli-Q® PF Plus system (Merck Millipore B.V., Amsterdam, Netherlands). To 10 μL tissue homogenates and plasma samples, the internal standards Cer(d18:1/17:0), Cer(d17:0/24:1), and S1P(d18:1)-D7 were added (10 μL of 2, 2 and 0.2 μg/mL in methanol, respectively; IS: Avanti Polar Lipids, Alabaster, AL, United States; methanol: Merck Millipore B.V.). After addition of 10 μL of 10% TEA solution [triethylamine (10/90, v/v) in methanol/dichloromethane (DCM) (50/50, v/v); TEA: Merck Millipore B.V., DCM: Merck Millipore B.V.]. Lipids were extracted with 450 μL methanol/DCM (50/50, v/v). Samples were vortexed and incubated under constant agitation for 30 min at 4°C followed by centrifugation at 18,500 g for 20 min at 4°C (Hettich mikro 200R, Geldermalsen, Netherlands). Supernatants were transferred to glass vials, freeze dried and reconstituted in 100 μL methanol prior to liquid chromatography-tandem mass spectrometry (LC-MSMS).



Liquid Chromatography-Tandem Mass Spectrometry Analysis

An LC-30A autosampler (Shimadzu, Kyoto, Japan) injected 10 μL brain lipid extracts or 5 μL plasma lipid extracts into a Shimadzu HPLC system (Shimadzu) equipped with a Kinetex C8 column (50 mm × 2.1 mm, 2.6 μm, 00B-4497-AN, Phenomenex, Maarssen, Netherlands) at 30°C. After washing with 95% mobile phase A [MQ/methanol (50/50, v/v) containing 1.5 mM ammonium formate and 0.1% formic acid] and 5% mobile phase B (methanol containing 1 mM ammonium formate and 0.1% formic acid) for 2 min, elution was performed by a linear gradient from 95% mobile phase A and 5% mobile phase B to 7% mobile phase A and 93% mobile phase B in 5.5 min, which was held for 4.5 min. After 10 min the column was flushed with 99% mobile phase B for 2 min followed by a 2 min re-equilibration. The flow rate was set at 0.25 mL/min and total run time was 14 min. The effluent was directed to a Sciex Qtrap 5500 quadruple mass spectrometer (AB Sciex Inc., Thornhill, ON, Canada) and analyzed in positive ion mode following electrospray ionization using multiple reaction monitoring. Detailed LC-MS/MS settings for each sphingolipid species are given in Supplementary Table 1.

We quantified S1P and the seven most abundant ceramide species for which standards were commercially available. Nine-point calibration curves were constructed by plotting analyte to internal standard peak area ratios versus the corresponding analyte concentration for Cer(d18:1/14:0), Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/20:0), Cer(d18:1/22:0), Cer(d18:1/24:1), Cer(d18:1/24:0), and S1P(d18:1) (all Avanti polar lipids). Correlation coefficients (R2) were >0.99. Sphingolipid levels were determined from these standard curves based on sphingolipid species acyl chain length. Instrument control and quantification of spectral data was performed using MultiQuant software (AB Sciex Inc.). Brain sphingolipid levels were normalized to mg tissue weight and plasma sphingolipid levels to mL plasma used for analysis.



Statistical Analyses

All outcome parameters were analyzed with IBM SPSS Statistics version 24.0. Group allocation of all experimental animals was known prior to statistical analysis. For sphingolipid parameters Z-values were calculated and individual values that corresponded to a Z-value that deviated more than 4 from the center were considered outliers. Of all data points, 0.84% were excluded as outliers. Normal distribution of the data was confirmed by the Shapiro–Wilk test.

Four main parameters, APOE genotype, FAD mutations, age, and sex, determined to which group mice were assigned, with a total of sixteen groups. The interaction between these four main parameters was analyzed by a generalized linear model to assess whether a combination of these four parameters affected the S1P and ceramide levels and ceramide distribution differently than the individual parameters. Relative ceramide levels were calculated by dividing the level of the individual species by the sum of all the variants measured. Univariate analysis was used to assess the effects of the four parameters on S1P(d18:1), while multivariate analysis was used to assess the effects on the individual ceramide species. The Benjamini–Hochberg procedure (false discover rate = 0.05) was used to correct for multiple testing (Benjamini and Hochberg, 1995). Pearson’s test was used to assess the correlation between sphingolipid levels in plasma and brain regions in female or in male mice.



RESULTS

For the present study, 5xFAD mice were cross-bred with APOE3-TR and APOE4-TR mice to obtain the E3FAD and E4FAD mice. To confirm an AD phenotype in the E3FAD and E4FAD mice (Tai et al., 2011; Youmans et al., 2012a,b) Aβ deposition was determined in the hippocampus (Youmans et al., 2012b) by enzyme-linked immunoassay (Crivelli et al., 2021) as described in Supplementary Information 2. Tris-buffered saline (TBS) soluble, TBS-1% Triton-X (TBS-T) soluble, and formic acid (FA) soluble Aβ depositions were detectable in the hippocampus of the E3FAD and E4FAD mice. Older mice showed a higher extent of Aβ depositions than young mice, irrespective of APOE genotype or sex (all p < 0.001; Supplementary Figure 1).


Overall Effect of APOE4 Genotype, Familial Alzheimer’s Disease Mutations, Age, and Sex on Sphingosine-1-Phosphate and Ceramide Levels in Brain and in Plasma

The effect of APOE genotype, FAD mutations, age, and sex on S1P and ceramide levels in the hippocampus, cortex, cerebellum and plasma of mice is shown in Figures 1–3 (individual ceramides in Supplementary Figures 2–8). Figure 1 shows that S1P levels in all brain regions tended to be higher in older than in younger mice. Total ceramide levels were mostly affected by sex (Figure 2). In the hippocampus, total ceramide levels tended to be lower in female than in male mice, while in the cortex they tended to be higher. When examining the overall differences in total and specific ceramide and S1P levels in all groups, we found no significant interaction between the four independent parameters, APOE genotype, FAD mutations, age, and sex (Supplementary Tables 2, 3). This allowed us to assess the effect of each parameter separately and independently and hence only the main effects of APOE genotype, FAD mutations, age, and sex are displayed below (Figure 3).
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FIGURE 1. Sphingosine-1-phosphate (S1P) levels in hippocampus, cortex, cerebellum, and plasma. Data are provided as median (line, box dimensions 25th–75th percentile, whiskers min–max) in pmol/mg tissue or pmol/mL plasma (n = 7–10 mice per group for brain samples and n = 4–10 per group for plasma samples).
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FIGURE 2. Total determined ceramide levels in hippocampus, cortex, cerebellum, and plasma. Data are given as median (line, box dimensions 25th–75th percentile, whiskers min–max) in pmol/mg tissue or pmol/mL plasma (n = 7–10 mice per group for brain samples and n = 4–10 per group for plasma samples).
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FIGURE 3. Effect of APOE genotype (APOE4 vs. APOE3), familial AD mutations (FAD vs. non-FAD), age (>5 mo vs. <3 mo), and sex (♂ vs. ♀) on sphingolipid levels in hippocampus, cortex, cerebellum and in plasma of mice. Color-scale indicates the differences in sphingolipid levels; blue indicates up to 30-fold higher levels and red indicates up to 10-fold lower sphingolipid levels. P-values of significant differences after correction for multiple testing are indicated in the table, n.s., non-significant (n = 45–76 mice per group).



Limited Effects of APOE Genotype on Levels of Sphingosine-1-Phosphate and Ceramide in Brain and in Plasma

APOE4 compared to APOE3 showed limited impact on few sphingolipids in brain and in plasma (Figure 3). S1P(d18:1) levels were not affected by APOE genotype. Ceramide levels in the cortex were higher in APOE4 than in APOE3 carriers (1.1-fold, p < 0.001). When analyzing individual ceramides, levels of Cer(d18:1/24:0) exclusively were significantly higher in the cortex of APOE4 than of APOE3 carriers (1.7-fold, p = 0.002). APOE4 compared to APOE3 mice also displayed higher levels of total ceramide levels in plasma (1.1-fold, p = 0.001), mostly due to higher levels of Cer(d18:1/20:0) (1.4-fold, p = 0.012).



Limited Effects of Familial Alzheimer’s Disease Mutations on Sphingolipid Profiles in Brain and Plasma

Familial Alzheimer’s disease mutations hardly affected sphingolipids in brain or in plasma (Figure 3). While mice with APOE4 display higher levels of Cer(d18:1/24:0), mice with FAD mutations displayed higher levels of Cer(d18:1/24:1) in the cortex than in mice without the FAD mutations (1.4-fold, p = 0.003).



Limited Effects of Age on Sphingolipid Profiles in Brain and Plasma

Older mice displayed higher levels of S1P(d18:1) in the hippocampus, cortex, and cerebellum than younger mice (1.7 – 1.8-fold, all p < 0.001), while there were no differences in plasma (Figure 3). On the other hand, total cortex and cerebellum ceramide levels were lower in older than in young mice (1.1 – 1.2-fold, all p ≤ 0.003), which could not be attributed to individual ceramide species. Total ceramide levels in plasma were also lower in older than in young mice (1.1-fold, p < 0.001), which was due to lower levels of most of the individual ceramides (1.6 – 4.4-fold, all p ≤ 0.012).



Effects of Sex on Sphingolipid Profiles in Brain and Plasma

In the cerebellum S1P(d18:1) levels were higher in female than in male mice (1.9-fold, p < 0.001), while levels did not differ in the hippocampus, cortex, and in plasma (Figure 3).

Total ceramide levels in the hippocampus were lower in female than in male mice (4.3-fold, p < 0.001). In line, levels of five out of seven individual ceramide species were lower in female than in male mice (2.7 – 9.7-fold, all p < 0.001), whereas Cer(d18:1/24:0) levels were fourfold higher (p < 0.001). In contrast with the findings in the hippocampus, total ceramide levels in cortex were higher in female than in male mice (5.1-fold, p < 0.001), as were all individual ceramide species (2.3 – 12.8-fold, all p < 0.001). Also in the cerebellum total ceramide levels were slightly, but significantly, higher in female than in male mice (1.05-fold, p < 0.001), due to three out of seven individual ceramide species (1.3 – 11.5-fold, all p < 0.001), whereas Cer(d18:1/24:1) was 9.5-fold lower (p < 0.001). In line with findings in the hippocampus, total ceramide levels in plasma, were lower in female than in male mice (3.4-fold, p < 0.001), mostly due to lower Cer(d18:1/22:0) and Cer(d18:1/24:1) levels (6.2 – 9.5-fold, both p < 0.001). However, Cer(d18:1/18:0) levels were higher (1.3-fold, p < 0.001).



Effect of APOE4 Genotype, Familial Alzheimer’s Disease Mutations, Age, and Sex on Ceramide Acyl Chain Length Distribution

As ceramide acyl chain composition can affect sphingolipid function we examined the acyl chain length distribution in further detail. The effects of APOE genotype, FAD mutations, age and sex on ceramide acyl chain length distribution were in line with the data on the absolute levels (Supplementary Figure 9).



Cortex and Hippocampus Sphingosine-1-Phosphate Levels Correlate With Plasma Levels in Female Mice

In female mice, plasma S1P(d18:1) levels negatively associated with those in the cortex (r = −0.53, [95%CI: −0.71, −0.32], p < 0.001) and hippocampus (r = −0.54, [95%CI: −0.70, −0.35], p < 0.001), regardless of age, APOE genotype and presence of FAD mutations. In male mice, no correlation was found between S1P or ceramide levels in plasma and any of the brain regions analyzed.



Validation of Effects of APOE4 Genotype, Age, and Sex on Sphingosine-1-Phosphate and Ceramide Levels in a Small Cohort of Mice

To confirm our findings that sex greatly affected ceramide and to a smaller extent S1P levels in the hippocampus and cortex of our mice we reanalyzed brain tissues from a selection of mice (n = 20 per region) by a different extraction, sample preparation, and LC-MSMS method. S1P levels were determined as previously described (Mirzaian et al., 2016). Total ceramide levels were determined by microwave-induced deacylation followed by quantification of the sphingoid base (Mirzaian et al., 2017). The latter method somewhat overestimates total ceramide levels since some of the sulfatides also lose their sulfate group during deacylation. These results showed qualitatively similar results to our study with total ceramide levels being lower in the hippocampus and higher in the cortex of female than of male mice (Table 2). No effect of APOE genotype or age on ceramide levels was found, whereas S1P levels in the hippocampus were lower in the APOE4 mice than in APOE3 mice.


TABLE 2. Effect of APOE genotype (APOE4 vs. APOE3), age (>5 months vs. <3 months), and sex (female vs. male) on S1P and ceramide levels (mean ± sd pmol/mg protein) in hippocampus and cortex of a selection of mice to validate study results (n = 20).
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DISCUSSION

The data of this explorative study revealed that APOE genotype, FAD mutations, and age affect overall brain and plasma sphingolipids to a very limited extent. Unexpectedly, sex notably affected ceramide levels, e.g., with ceramide levels being in the hippocampus and higher in the cortex of female than of male mice. The limited effect of APOE genotype on sphingolipid levels, even in AD mice, might be due to the fact that the mice in our study were relatively younger (5.4–14.3 months, only 3 mice ≥ 10 months) than in previously published papers. Previously, we found APOE4 knock-in mice > 15 months old to display lower ceramide levels in the brain than wild-type mice (den Hoedt et al., 2016) suggesting an effect of APOE genotype on sphingolipids may become apparent with increasing age or that human APOE3 affects ceramide differently from mouse apoE. The observed and externally validated profound effects of sex on sphingolipids may provide an avenue to further explore sex-specific mechanisms contributing to disease progression in men and women with Alzheimer’s disease.

Although, the ε4 allele of the APOE gene is long known to be the strongest genetic risk factor for the development of late-onset AD, the underlying mechanisms contributing to disease progression remain to be established. Differences in lipidation of ApoE4 and ApoE3 secreted by astrocytes have been detected in AD (Verghese et al., 2013; Grimm et al., 2017), with potential consequences for the clearance of Aß from the brain. So far, no major effects of APOE genotype on brain lipids, such as sterols, phospholipids, fatty acids or ceramides have been observed (Mulder et al., 1998; Martins et al., 2006; Sharman et al., 2010; Lim et al., 2014). Our data show minor modulatory effects of the APOE genotype on overall sphingolipid homeostasis. Interestingly, only Cer(d18:1/24:0) levels were significantly higher in the cortex of APOE4 mice irrespective of sex, age, and FAD mutations. Higher levels of Cer(d18:1/24:0) were also observed in the brain of AD patients (Cutler et al., 2004a). Increased levels of intracellular Cer(d18:1/24:0) have been found to induce apoptosis in cultured neutrophils (Seumois et al., 2007), but Cutler et al. (2004a) could not detect any direct link with apoptosis. It cannot be excluded that the increased Cer(d18:1/24:0) levels observed in the cortex of the APOE4 mice in our study contribute, via inducing apoptosis, to the neuronal loss that is a prominent pathological feature of AD. With aging this may further exacerbate the neurodegenerative processes.

Minor effects of the FAD mutations on brain sphingolipids were observed. Our observation that mice with the FAD mutations show significantly higher levels of Cer(d18:1/24:1) in the cortex than mice without the mutations is in line with previously reported data of the APP(SL)/PS1 knock-in AD mouse model (Barrier et al., 2010). Ceramides have been suggested to play a role in neuroinflammatory processes occurring in neurodegenerative diseases like AD. In reactive astrocytes of patients with late-onset AD, frontotemporal lobar dementia, and capillary cerebral amyloid angiopathy, high ceramide levels and an increased expression of ceramide synthase 5, the enzyme responsible for Cer(d18:1/16:0) production, were observed (van Doorn et al., 2012; de Wit et al., 2016, 2019). Additionally, in individuals with a parental history of late-onset AD, cerebral spinal fluid Cer(d18:1/18:0) levels correlated with Aβ and T-tau levels (Mielke et al., 2014). On the other hand high serum ceramide levels, especially Cer(d18:1/16:0) and Cer(d18:1/24:0), were also observed to be associated with the risk of developing sporadic late-onset AD (Mielke et al., 2012). Although we observed only Cer(d18:1/24:1) levels increased because of the FAD mutations on brain ceramide levels, these effects are in line with the proposed role of ceramides in the pathogenesis of AD.

Effects of aging on sphingolipid profiles have previously been reported. Age-related increases in ceramide levels and decrease in S1P were detected in the hippocampus of cognitively normal individuals of 65 years or older (Cutler et al., 2004b; Couttas et al., 2018). An accumulation upon aging of ceramide in the cortex and hippocampus has also been reported in wild-type mice and rats (Cutler et al., 2004b; Durani et al., 2017; Vozella et al., 2017), suggesting that these changes reflect normal aging processes. In contrast, we observed a modest increase in S1P and a modest decrease in ceramides in all brain regions upon maturation of the mice, irrespective of APOE genotype, FAD mutations, and sex. However, the previously reported increase in ceramides were detected in mice that were almost twice as old as the eldest mice in this study, which may explain the lack of such a difference. Interestingly, S1P levels were significantly higher in the brain regions of older than of younger mice. S1P has been suggested to modulate synaptic strength (Kanno et al., 2010), brain inflammation, and cerebrovascular integrity (Chua et al., 2020). Upon aging, the increased S1P levels in combination with higher Aß42 levels may deteriorate synaptic function and blood–brain barrier integrity during the progression of AD. However, the origin of the S1P needs to be further investigated, because region-specific differences in sphingolipid metabolism have been observed (Blot et al., 2021). In plasma, S1P levels were reported to be higher in females compared to males in response to estradiol starting at a relatively young age (Guo et al., 2014). Yet with aging and menopause S1P plasma levels were downregulated (Guo et al., 2014). In our study, we could not reproduce these findings probably because of small samples size or because of the fact that the older females were employed as breeders. During pregnancy the levels of estradiol fluctuate (Bai et al., 2020), with possible consequences for S1P regulation (Guo et al., 2014).

So far reports on sex-specific effects on sphingolipid profiles in the brain of mice are limited. Sex-specific differences in sphingolipid levels in the cortex of APPSL/PS1 mice, but not in PS1 mice have been reported (Barrier et al., 2010). Female APPSL/PS1 mice display lower levels of saturated fatty acid ceramides [i.e., Cer(d18:1/24:0)], and higher levels of unsaturated fatty acid ceramides [Cer(d18:1/24:1)], than male mice in the cortex at the age of 3 and 6 months (Barrier et al., 2010). In contrast with these data, we found statistically relevant higher levels of saturated fatty acid ceramides and lower levels of unsaturated fatty acid ceramides in the cortex of female as compared to male mice. This discrepancy might be due to the different backgrounds of the mice (Casas et al., 2004). Moreover, it has to be noticed that our female mice were former breeders.

Sex-dependent effects on ceramide levels have also been reported for human hippocampus, where ceramide levels correlated with age in men exclusively (Couttas et al., 2018). In addition, the elevated plasma ceramide levels in (menopausal) women, as compared to men, without cognitive impairment negatively correlated with estradiol levels (Mielke et al., 2015; Vozella et al., 2019). Estradiol was found to decrease hypothalamic ceramide levels and thereby endoplasmatic reticulum stress in female rats (Gonzalez-Garcia et al., 2018), which is in line with the lower ceramide levels we observed in the hippocampus of female compared to male mice. Estradiol was also found to modulate plasma membrane lipid rafts, highly enriched in ceramides and other sphingolipids and where the amyloidogenic processing of APP takes place (Cordy et al., 2006). The reduction of estradiol associated with menopause could contribute to the development of AD via a modulatory effect on lipid raft composition (Marin and Diaz, 2018). The differences in sphingolipids between sexes might provide insight into metabolism-related differences between men and women that may contribute to the development of AD and underline the importance of the use of both sexes in future studies.

Notably, we found ceramide levels to be higher in the cortex than in the hippocampus. This may have critical implications when designing drugs to control ceramide levels in the brain (Giles et al., 2017). In fact, the response to the ceramide modulators may be different depending on brain region or even cell type (Fitzner et al., 2020).

There are several limitations in this study. First, the AD model used reflects familial (early-onset) AD, whereas APOE4 is a genetic risk factor for sporadic late-onset AD and most studies reporting a link between sphingolipid levels and cognitive decline were performed in patients with sporadic late-onset AD (Mielke et al., 2010a, 2011; Mielke and Haughey, 2012). Although, the FAD mouse is a model for familial AD, similar to sporadic AD the mice display Aβ deposition, neuroinflammation, and cognitive impairment (Tai et al., 2017; Youmans et al., 2012b). Secondly, although the older mice (>5 months) did show increased Aß levels, our mice were relatively young. Senescence effects in mice are generally not observed before the age of 10 months when they are considered middle aged (Jonas, 2007; Dutta and Sengupta, 2016). We did observe changes in sphingolipid levels in relatively young mice depending on FAD mutations, APOE4 genotype, or sex which may suggest these contribute to the later development of AD. Thirdly, due to the nature of the study and the four parameters that determined the sixteen different groups there were relatively few mice per individual group, especially considering plasma analysis. However, the very limited interaction effects between APOE genotype, FAD mutations, age, and sex allowed us to address their effect on S1P and ceramide levels as independent parameters in groups of sufficient size (n = 45–76 per group). The sex-specific findings were externally validated further strengthening our findings. Finally, our analysis comprised a selected number of sphingolipids, e.g., S1P and seven ceramides. Though the analysis of additional sphingolipids, such as hexosylceramides and sulfatides, is undoubtedly interesting in association to FAD mutation and age (Crivelli et al., 2020b), we here focused on S1P and ceramide as they are important signaling sphingolipids and commercial MS standards were available for these lipids. Brain sphingosine levels were below the detection limit of our LC-MSMS setup and were therefore not reported.



CONCLUSION

Our data shows very limited effects of APOE genotype on very-long chain ceramides [Cer(d18:1/24:0)], which might represent one of the early signs of neuroinflammation that may worsen with aging. Unexpectedly, sex was found to profoundly affect ceramide levels in plasma and in brain in particular in the cortex and hippocampus. A role for sex hormones needs further investigation. If and how these brain ceramide profiles affect the pathogenesis of AD differently in men and women remains to be examined. S1P levels in the brain increased with aging and in female mice S1P levels in cortex and hippocampus negatively correlate with levels in plasma. Therefore, plasma S1P might be of interest for future investigation as proxy for alterations in brain sphingolipid metabolism, and to explore if these are related to the progression of neurodegenerative processes.
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Huntington’s disease (HD) is an inherited neurodegenerative disorder characterized by neuronal loss and tissue atrophy mainly in the striatum and cortex. In the early stages of the disease, impairment of neuronal function, synaptic dysfunction and white matter loss precedes neuronal death itself. Relative to other neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease and Amyotrophic Lateral Sclerosis, where the effects of either microglia or NADPH oxidases (NOXs) are recognized as important contributors to disease pathogenesis and progression, there is a pronounced lack of information in HD. This information void contrasts with evidence from human HD patients where blood monocytes and microglia are activated well before HD clinical symptoms (PET scans), and the clear signs of oxidative stress and inflammation in post mortem HD brain. Habitually, NOX activity and oxidative stress in the central nervous system (CNS) are equated with microglia, but research of the last two decades has carved out important roles for NOX enzyme function in neurons. Here, we will convey recent information about the function of NOX enzymes in neurons, and contemplate on putative roles of neuronal NOX in HD. We will focus on NOX-produced reactive oxygen species (ROS) as redox signaling molecules in/among neurons, and the specific roles of NOXs in important processes such as neurogenesis and lineage specification, neurite outgrowth and growth cone dynamics, and synaptic plasticity where NMDAR-dependent signaling, and long-term depression/potentiation are redox-regulated phenomena. HD animal models and induced pluripotent stem cell (iPSC) studies have made it clear that the very same physiological processes are also affected in HD, and we will speculate on possible roles for NOX in the pathogenesis and development of disease. Finally, we also take into account the limited information on microglia in HD and relate this to any contribution of NOX enzymes.

Keywords: Huntington’s (disease), NADPH (nicotinamide adenine dinucleotide phosphate) oxidase, neuron, Huntingtin (HTT), NMDAR (NMDA receptor), LTP (long term potentiation), LTD (long term depression)


INTRODUCTION

Microglia express NADPH oxidases (NOX) and in many neurodegenerative diseases (NDDs) microglia activation and the ensuing oxidant production through NOX2, together with proinflammatory response including cytokine secretion, play major roles in disease pathogenesis (Block et al., 2007; Tejera and Heneka, 2019). However, more recently NOX expression in neurons have attracted attention in physiological and pathological settings (Nayernia et al., 2014). Hence, changes in NOX activity in NDD’s are not necessarily restricted to microglia but may also take place in neurons as a cell-autonomous mechanism, all though evidence for direct involvement of neuronal NOX isoforms in NDD is still scarce.

Here, we will convey recent information about the function of NOXs in the Central Nervous System (CNS) and contemplate on the putative role of neuronal NOX in the neurodegenerative disorder Huntington’s Disease (HD). We will focus on NOX-produced reactive oxygen species (ROS) as a signaling molecule in/among neurons and the specific roles of NOXs in important processes in the synapses and neurites. We will thus compare the processes where NOXs are involved to the pathogenic mechanisms of HD, asking if NOXs are likely to be players in the initial synaptic dysfunction that characterizes HD, as well as later in disease progression. Given the high expression of NOX in microglia, we will also review the limited literature of NOX derived ROS in this particular cell type in relation to HD.



NOX AND OXIDANTS: OXIDATIVE STRESS VERSUS REDOX SIGNALING

Before we delve into the intricacies of NOX activity and oxidant production in neurons it is justified to briefly put into perspective the phenomenon of oxidative eustress versus oxidative stress. Oxidative stress is a condition with an imbalance in oxidant and antioxidant production, such that antioxidant defense mechanisms are overwhelmed by excessive oxidants. As such, oxidative stress is thought to be an inherent property of many neurodegenerative diseases (Singh et al., 2019). In the early days, oxidative stress was synonymous with the indiscriminate and irreversible oxidation and destruction of biomolecules and detected as molecular signs of oxidative modification of biomolecules (nitrosylation, sulfonation, carbonylation, and peroxidation). Today we know that under physiological circumstances cellular redox balance (oxidative eustress) is tightly maintained to allow oxidants to act as signaling molecules typically by their reversible oxidation of low pKa cysteines in target redox proteins, with a wide spectrum of functions that are still not fully discovered (Sies and Jones, 2020). Therefore, the concept of oxidative stress has since been expanded to account for the fact that even small perturbations of local or global redox milieu can seriously disrupt redox signaling circuits (Sies, 2014).

The CNS itself is highly susceptible to oxidative stress due to its fast rate of oxygen consumption and high iron content (Bresgen and Eckl, 2015), resulting in an increased generation of ROS. In addition, the antioxidant machinery that exists to counteract oxidative stress has lower levels of expression in the CNS, and in neurons particularly (Kamat et al., 2008; Teleanu et al., 2019). This relatively low neuronal antioxidant level could be due to a tradeoff; as ROS is required for exit from the neurogenic stem cell niche and neuronal induction (Nayernia et al., 2017), nerve cells habitually express low levels of nuclear factor erythroid 2-related factor 2 (NRF2) (Bell et al., 2015), a major transcriptional regulator of antioxidant genes (Hardingham and Do, 2016).



HUNTINGTON’S DISEASE

HD is an autosomal dominant inherited, neurodegenerative disease caused by an expansion of a CAG repeat in exon 1 of the HD gene, encoding an elongated poly-glutamine stretch in the huntingtin protein (The Huntington Disease Collaborative Research Group, 1993). Symptoms of HD include motor, psychiatric and cognitive changes usually emerging in midlife (with an earlier onset in those patients with larger poly-glutamine expansions), progressing to eventually cause fatal multi-system failure. Death of neurons, in particular striatal medium spiny neurons (MSNs) and cortical projection neurons but also neuron populations in other brain regions, is a prominent feature in late-stage HD. The MSNs are gamma-aminobutyric acid-ergic (GABAergic) inhibitory neurons receiving glutamatergic input from cortex, as well as dopaminergic input from the substantia nigra pars compacta (Blumenstock and Dudanova, 2020). MSNs affect the activity of neurons in the thalamus and cortex, thereby regulating the initiation and execution of movements. MSNs are divided in two classes, where the MSNs of the direct pathway project to output nuclei in the substantia nigra pars reticulate and the internal part of the globus pallidus (which connect to the thalamus), whereas the MSNs of the indirect pathway project to inhibitory neurons in the external part of the globus pallidus. These inhibitory neurons in turn affects the same output nuclei as the direct pathway, leading to opposing effect on the activity of these: the MSN direct pathway inhibits, and the MSN indirect pathway activates, the GABAergic neurons of the substantia nigra pars reticulate and the internal part of the globus pallidus (Blumenstock and Dudanova, 2020). In HD progression, the MSNs of the indirect pathway are the first to degenerate, which correlate well with the prominent involuntary movements (hyperkinesia) which are among the early symptoms of HD.

Before reaching final stage of neurodegeneration, at which symptoms of HD are evident and widespread, patients endure an extended period of gradual disease progression. Increasing neuronal dysfunction, specifically synaptic dysfunctions such as impaired synaptic plasticity and dysregulation of synaptic transmission are observed, most likely starting already at the prodromal, pre-symptomatic phase (Smith-Dijak et al., 2019). In particular, aberration of cortico-striatal connections are prominent and may (at least in part) explain the early hyperkinetic motor symptoms of HD (Plotkin and Surmeier, 2015). Because motor symptoms of the disease manifest before there is overt nerve cell death, HD is sometimes referred to as a ‘synaptopathy’. Indeed, both cortical and striatal neurons of HD mouse models display synaptic dysfunction at very early, pre-symptomatic stages (reviewed in Cepeda and Levine (2020)). These functional changes are supported by proteomic analysis, in which early HD-related changes predominantly occur in proteins involved in synaptic function (Skotte et al., 2018; Sapp et al., 2020). According to the “dying-back” theory, such early synaptic changes can lead to synapse and neurite degeneration and loss, which may eventually result in neuronal death (Han et al., 2010).

Huntingtin (Htt) is ubiquitously expressed and localizes mainly in the cytoplasm, but also in the nucleus; within the cell, huntingtin associates with numerous cellular structures and molecules (Saudou and Humbert, 2016). Htt has a tremendous number of protein interaction partners (> 100), which perhaps point to a general function of Htt as scaffolding protein, and in part dictates the many proposed roles of Htt as well as the subcellular localization of Htt. In neurons Htt can be found along neurites and in terminals, in part due to its interaction with the dynein-dynactin complex (Rui et al., 2015), which drives vesicular transport along microtubules. Htt has a major role in the regulation of autophagosome (Wong and Holzbaur, 2014; Rui et al., 2015), endosomal (Caviston et al., 2007), or stress granule (Ma et al., 2011) dynamics and positioning, and the very same processes and organelles (among others) are affected adversely by mHtt (Gunawardena et al., 2003; Morfini et al., 2009; Martinez-Vicente et al., 2010; Wong and Holzbaur, 2014). Htt also interacts with the actin cytoskeleton through binding to a-actinin, an actin anchoring and cross-linking protein, and in fibroblasts co-localizes with actin stress fibers and adhesion structures (Tousley et al., 2019a). In mHtt-expressing cells, a large fractional area of the cytosol is occupied by spherical inclusion bodies of aggregated mHtt surrounded by markers of autophagy (p62/SQSTM1) and intermediate filaments. Inclusion formation can have negative effects on organelles (Bauerlein et al., 2017), trafficking systems (Woerner et al., 2016), and cause the sequestration of other glutamine-rich and prion domain-containing proteins (Ramdzan et al., 2017) but may also have cytoprotective function (Miller et al., 2010).

In HD patients, mutant huntingtin is expressed throughout life, including during embryogenesis (Saudou and Humbert, 2016). In line with this, the expression of mutant huntingtin has been shown to affect not only adult neuronal function, leading to neurodegeneration, but also neurodevelopment including neuronal differentiation and establishment of connectivity through neurite outgrowth (Conforti et al., 2018; Barnat et al., 2020; van der Plas et al., 2020). Intriguingly, mouse models expressing mutant huntingtin solely during embryonic and early development develop HD-like symptoms (Molero et al., 2016). As hypothesized by Lu and Lu, these data indicate that neurodevelopmental dysregulation may play an important role in HD pathogenesis developing in adulthood (Lu and Lu, 2021).

Although the initial cause of the pathology is known – expression of huntingtin carrying an expanded poly-glutamine stretch – the downstream pathogenic processes are still not well understood. As excellently reviewed by Bates et al., mutant huntingtin has been shown to lead to (among others) transcriptional dysregulation, impairment of axonal vesicular transport, synaptic dysfunction and impaired mitochondrial function (Bates et al., 2015). In both human post mortem HD brain (Sorolla et al., 2008) and HD animal models (Bogdanov et al., 2001) there are tell-tale signs of oxidative stress, but focus has almost exclusively been on mitochondria-generated ROS (Zheng et al., 2018; Fão and Rego, 2021) ignoring the major oxidant producing enzymes, the family of NOXs (Brown and Borutaite, 2012; Lambeth and Neish, 2014; Sies and Jones, 2020).



THE FAMILY OF NICOTINAMIDE ADENINE DINUCLEOTIDE PHOSPHATE OXIDASES

NOXs are transmembrane, superoxide-producing enzyme complexes. Once activated, the NOX complexes transfer electrons from nicotinamide adenine dinucleotide phosphate (NADPH) in the cytosol to molecular oxygen on the other side of the membrane, thus producing superoxide (O2. –) in the extracellular space or the topologically identical luminal space of organelles and vesicles. Superoxide quickly dismutation to hydrogen peroxide spontaneously, or more commonly at high levels of oxidants, via superoxide dismutase activity.

The NOX family is comprised of 7 isoforms (NOX1-5 and DUOX1-2) (Figure 1; Bedard and Krause, 2007). The first prototypical member of the family to be characterized was the classical phagocyte NADPH oxidase, now called NOX2, consisting of a membrane-anchored flavocytochrome b558, itself composed of two membrane proteins gp91phox (also confusingly referred to as NOX2), containing heme redox relay stations for electron transfer, and p22phox. Activation of the NOX2 enzyme involves further recruitment of four cytosolic proteins which translocate to the membrane: p67phox and the small GTP-binding protein Rac1/2, which together regulate electron transfer from NADPH to redox centers in gp91phox, and p40phox or p47phox as organizers of assembly (Vignais, 2002). While introduction of dominant active Rac1 is sufficient to induce NOX activation in a heterologous cell model with NOX2 overexpression (Price et al., 2002), it is insufficient in phagocytes, where the critical step in NOX2 activation (at least in microglia) is phosphorylation of p47phox (Roepstorff et al., 2008). Multiple phosphorylation events on serines uncovers the latent SH3 domains of p47phox, making them available for binding to p22phox (Sumimoto et al., 1996). In addition, PX domains contained in the SH3 domains of p47phox and p40phox contributes to membrane recruitment through binding to phosphoinositide lipids (Zhan et al., 2002; Ago et al., 2003).
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FIGURE 1. Schematic representation of the family of NADPH oxidases. NOX isoforms and regulatory subunits: NOX1-3 are activated in the presence of cytosolic phox proteins, where PIP3 serves as a membrane anchor for p47phox in the case of NOX2 activation. NOX1-3, and NOX5 release superoxide (in some cases NOX5 also hydrogen peroxide), whereas NOX4 and the DUOXes release only hydrogen peroxide. NOX4 is constitutively active and is regulated by expression. NOX5 and DUOX1/2 are calcium dependent through calcium-calmodulin binding or by the direct binding of Ca2+ to EF-hands in DUOXes, respectively.


NOX1 consists of the membrane-anchored subunits NOX1 and p22phox, which interacts with NOXO1 and NOXA1, homologs of p47phox and p67phox, respectively, as well as Rac. Likewise, NOX3 interacts with p22phox in addition to NOXO1 (Cheng et al., 2004). In contrast, the NOX4-p22phox complex, as well as the NOX5, DUOX1 and DUOX2 isoforms can be activated independently of cytosolic phox proteins (Bedard and Krause, 2007). NOX4 is thought to be constitutively active, while NOX5 and DUOX1/2 have N-terminal extensions containing 2 to 4 EF-hand Ca+2 binding domains allowing their activation through calcium sensing (Banfi et al., 2004) (see Figure 1 for schematic representation of NOX isoforms). Both NOX4 and the DUOX enzymes release hydrogen peroxide rather than superoxide.

NOX2, the classical phagocyte NADPH oxidase, is well known for its bactericidal role in innate immune defense (Nauseef, 2019), but with the advent of the NOX superfamily it was quickly realized that these enzymes occupies an important role as oxidant producers in an intricate network of cellular redox signaling circuits. Hydrogen peroxide is here believed to be the redox-relevant signaling messenger, and controls the activity of target proteins typically by the reversible oxidation of low pKa cysteines or metal centers (Sies and Jones, 2020; Petersen et al., 2021). The redox targets are diverse, but for the purpose of this review it is worth mentioning that many ion channels, kinases, and phosphatases are regulated or modulated by hydrogen peroxide (Winterbourn, 2013; Sies, 2014; Sies and Jones, 2020).

In the CNS, mainly NOX2 and NOX4 isoforms are expressed under basal conditions, while other NOX isoforms can be induced by stimulation (Massaad and Klann, 2011; Nayernia et al., 2014). Different neuronal populations (cortical, hippocampal, hypothalamic paraventricular nucleus neurons, cerebellar granule neurons, neurons of the sympathetic system, parvalbumin-positive GABAergic interneurons) mainly express the phagocyte NOX2, but dopaminergic neurons express NOX1, and dorsal root ganglion neurons (DRGs) express NOX4 (Massaad and Klann, 2011; Nayernia et al., 2014; Sorce et al., 2017). Glial cells and the vascular compartment also express NOX isoforms (Nayernia et al., 2014), and in particular microglia express NOX2. Because only NOX2 function in CNS has been addressed with some weight, we will in the following sections focus on neuronal expression of this isoform in CNS neurons and microglia.



SUBCELLULAR LOCALIZATION OF NOX IN NEURONS

Virtually all cells of our body express NOX isoforms. Many cell types express more than one NOX isoform, and despite their high homology, they localize differentially in a cell type-specific manner. For example, in endothelial cells, NOX1 is present in caveolae while NOX4 segregates to focal adhesions (Helmcke et al., 2009); in microglia, NOX1 seems to reside in lysosomes (Cheret et al., 2008), while NOX2 is localized to agonist-responsive secretory vesicles and the plasma membrane (Ejlerskov et al., 2012). Because of the large and polarized shape of neurons it is reasonable to assume that the same can occur in neurons, such that separate redox signaling circuits can function simultaneously in the same cell (see discussion in Petersen et al. (2021)). No sorting receptors for NOX have been identified, and there are very few clues to the differential and cell-specific subcellular distribution of the different NOX isoforms, as very few interaction partners of NOX family members have been identified (Park et al., 2004; Ikeda et al., 2005; Gianni et al., 2009). In microglia, the small GTPases Rab27A/B determine the distribution of intracellular to cell surface-resident NOX2 (Ejlerskov et al., 2012), which in essence determines the release to the surroundings of either hydrogen peroxide or superoxide, respectively, because of their different membrane permeabilities.

In the following sections, we have compiled the available data of NOX2 localization in neurons (summarized in Table 1). The data have been compiled from ultrastructural studies, most of them performed by the groups of Iadecola and Wilkens. The immunolocalization is of high quality, and in several cases quantitation of NOX2 subunits distribution was performed (Glass et al., 2006; Coleman et al., 2013). The expression and subcellular distribution of other NOX family members in neurons has not been analyzed in detail.


TABLE 1. The subcellular distribution of NOX2, p22phox, and p47phox observed by immunolabeling in neurons (Wang G. et al., 2004; Glass et al., 2006; Brennan et al., 2009; Girouard et al., 2009; Minnella et al., 2018).
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NOX2 in the Soma of Neurons

NOX2 can be found at various sites in neuronal cell bodies including the plasmalemma, rough ER, smooth ER, Golgi Complex, mitochondria, multivesicular bodies (MVBs) and vesicles (Wang G. et al., 2004; Girouard et al., 2009; Coleman et al., 2013). However, detection of gp91phox and p22phox at some of these sites is likely due to their biosynthesis.



NOX2 in Neurites

In developing neurons NOX2 localizes to growth cones, including filopodia and lamella (Munnamalai et al., 2014; Terzi et al., 2021), as we will later discuss. Here, we will mainly focus on mature neurons in vivo, where most ultrastructural studies have been performed. Within dendrites, p22phox, p47phox, and gp91phox are predominantly found on intracellular vesicular organelles, but also at the plasma membrane close to dendritic spines (Wang G. et al., 2004; Glass et al., 2006; Girouard et al., 2009). In a quantitative study, the majority of NOX2 labeling (gp91phox, p22phox, and p47phox labeling) was in fact associated with dendrites and less with soma, axons, and terminals (Glass et al., 2006). Intracellularly, p47phox and gp91phox can be detected in association with vesicular organelles and mitochondria (Glass et al., 2006). Additionally, the gp91phox subunit has been found on membranes resembling smooth endoplasmic reticulum (Glass et al., 2006) and in multivesicular bodies (endosomes) (Wang G. et al., 2004).



NOX2 in Synapses

Two separate studies have used electron microscopy to dissect the subcellular distribution of NOX2 in neurons of the nucleus tractus solitarius (brain stem). One study shows that immunogold-labeled NOX2 is present in pre-synaptic axon terminals, possibly belonging to the vagus nerve. More specifically, NOX2 is found at the plasma membrane and associated with small clear vesicles of the terminal and some MVB’s (Wang G. et al., 2004). A different study that systematically quantified the p47phox, gp91phox, and p22phox distribution concludes that only a fraction of these subunits localize to axon terminals or axons in general (Glass et al., 2006). Both studies, however, agree that gp91phox, p22phox, and p47phox can be found on or just beneath the peri-synaptic portions of the post-synaptic (dendritic) plasma membrane (Wang G. et al., 2004; Glass et al., 2006). Interestingly, in a quantitative approach, angiotensin II stimulation was shown to induce p47phox translocation from cytosol to undefined endomembranes in close proximity to post-synaptic membranes of non-vassopressin hypothalamic paraventricular neurons (Coleman et al., 2013). Taken together, NOX2 can be found at synaptic sites, especially in the post-synaptic (dendritic) part, which is also confirmed by biochemical analysis of synaptosome preparations (isolated pre- and post-synaptic structures) prepared from hippocampal neurons (Tejada-Simon et al., 2005; Brennan et al., 2009), as well as synaptosome preparations from aged mice (Ali et al., 2011).




NOX AND MUTANT HUNTINGTIN; A DIRECT INTERACTION?

While there is good evidence for expression of NOX2 in cortical projection neurons (Massaad and Klann, 2011; Nayernia et al., 2014), some of which project to innervate striatal GABAergic MSNs, there are no data on the expression of NOX isoforms in the MSNs themselves. One of the few studies that relates expression of the HD mutation and cellular pathology to NOX expression applied immunoprecipitation which suggests a direct interaction between NOX2 and mutant huntingtin (Bertoni et al., 2011). This study by Bertoni et al. indicated that mutant huntingtin from patient fibroblasts was selectively sequestered in cholesterol- and glycosphingolipid-enriched membrane microdomains (lipid rafts) (Bertoni et al., 2011), which are central platforms for organization and signaling. Interestingly, NOX2 also segregates to lipid rafts (Vilhardt and van Deurs, 2004). Moreover, using an inducible polyQ expression system on PC12 cells, they propose that expanded polyQ proteins interact with gp91phox, as indicated by co-immunoprecipitation, which promotes NOX2-related oxidative stress in the cells (Bertoni et al., 2011). In accordance with the above, expanded polyQ tracts in Ataxin-7 have been shown to activate NOX in a cell model (Ajayi et al., 2012). Remarkably, treatment of polyQ-GFP-expressing PC12 cells with gp91ds-Tat (inhibiting NOX2 complex assembly) not only prevented the formation of new polyQ aggregates (which are typical of polyQ expanded diseases such as HD), but also dissolved the already existing ones (Bertoni et al., 2011). Moreover, a single in vivo study shows that instrastriatal injection of quinolinic acid in Wistar rats causes HD like symptoms, as well as increased NOX activity. Inhibition with apocynin resulted in less ROS production and prevented excitotoxicity (Maldonado et al., 2010).

These few studies constitute the entirety of NOX-related research on a HD background, which compared to the wealth of information available on the role of NOX-derived oxidants (mainly from microglia) in other NDDs is surprisingly limited. In the following sections of this review, we will speculate on the possible pathways in HD pathogenesis where NOX could play a role. Therefore, we will look into the known physiological functions of NOXs in neuronal development, differentiation, and synaptic function and plasticity with the purpose of discussing and speculating where in these processes NOXs may be contributing to the pathogenesis of HD. For a wider view of NOX roles in the CNS, we refer to a recent review by Terzi and Suter (2020).

Before we venture into the literature addressing any role of NOX isoforms in neuron function in vivo or in vitro, a technical caveat is warranted. In many studies, various synthetic inhibitors purported to specifically inhibit NOX2 have been used, and the results should be interpreted with caution. For example, apocynin, purported to inhibit p47phox translocation to the membrane, is most likely a general antioxidant and has no specificity for NOX2 (Sorce et al., 2017). Therefore, the use of particularly knockout animal models of NOX isoforms, but also shRNA knockdown or expression of dominant negative constructs of NOX subunits, is the golden standard to affirm specific involvement of any NOX isoform in a given process. The use of gp91 ds-tat is also generally accepted by most as being a specific inhibitor of NOX2. The inhibitor consists of a 9 amino acid peptide of gp91phox (amino acids 86–94) which binds to p47phox, therefore preventing endogenous complex assembly. The tat portion is a 9 amino acid sequence of the HIV-tat transport region, allowing it to enter into the cells (Rey et al., 2001).



ROLE OF NOXS IN NEUROGENESIS/NEURODEVELOPMENT

A few studies have delineated a role for NOX2 in neurogenesis in the subventricular zone (SVZ) of the mammal brain, and in human iPSC-derived neurons. Thus maintenance of the neurogenic niche and neuroprogenitor proliferation depends on a sustained oxidant production through NOX2, which is expressed by neurogenic stem cells and their progenitors (Yoneyama et al., 2010; Le Belle et al., 2011; Kokovay et al., 2012; Nayernia et al., 2017). Some details have been unraveled. Thus, vascular cell adhesion protein 1 (VCAM1) expression in neuronal stem cells is essential to uphold the neurogenic niche, and VCAM1 in turn activates NOX2 to produce superoxide (Kokovay et al., 2012). Others have identified upregulation of Akt signaling as important for neuroprogenitor proliferation. NOX2-derived oxidants inhibit the opposing phosphatase and tensin homolog (PTEN) (although only chemical NOX2 inhibitors were used to arrive at this conclusion) (Le Belle et al., 2011), and Akt membrane association and activation is itself redox-modulated (Su et al., 2019). The most careful study has been performed using knock-out models to substantiate NOX involvement both in vivo and in vitro during iPSC differentiation to neurons (Nayernia et al., 2017). The authors find that gp91phox, specifically, is strongly upregulated to allow the passage from pluripotency to neural induction and then disappears during neuronal differentiation and maturation. Interestingly, the downregulation of p22phox is less impressive which could hint at a role for other NOX family members in differentiated cells.



REGULATION OF THE NEUROGENIC STEM CELL NICHE IN HD

While HD is a neurodegenerative disease, it is also apparent that there is a neurodevelopmental aspect to it, which is played out in iPSC and embryonic stem cell (ESC) models of disease and in animal models. As mentioned earlier, a study using a mouse model conditionally expressing mutant huntingtin (97Q) only until postnatal day 21 showed that many of the pathological phenotypes observed in other HD mouse models are recapitulated in the aged mice, indicating that mutant huntingtin expression during development is sufficient for disease induction (Molero et al., 2016). It has been shown that mutant huntingtin expression is associated with a lower rate of progenitor cell division in isogenic ESC models (Ooi et al., 2019), as well as in cortical tissue from HD carrier fetuses at gestation week 13 (Barnat et al., 2020). Moreover, HD neural progenitor cells (NPCs) enter earlier into neuronal lineage fate, in comparison to their WT controls. Studies using mutant huntingtin knock-in cell lines showed that NPCs displayed impaired lineage restriction, lower proliferation rates, and aberrant MSN subtype specification (Molero et al., 2016). In unrelated studies by Xu et al. (2017), they corrected the huntingtin mutation in isogenic lines (Control: CAG33, mutant: CAG180) with a CRISPR-Cas9 and piggyBac transposon-based approach. Correction of the mutation reverted the phenotype to proper establishment of neural rosettes in culture, as opposed to what was seen in the non-modified CAG180 line. The latter was a specific effect of the HD mutation given the same genomic background of the isogenic lines (Xu et al., 2017). Given the role of NOX2 in progression from the stem cell niche to neuronal induction (Nayernia et al., 2017), it is possible that derangement of NOX activity could contribute to these phenomena of altered neuronal induction and differentiation in HD.



ROLE OF NOXS IN NEURITE GROWTH, SPECIFICATION, AND CONNECTIVITY DURING DEVELOPMENT AND AFTER NERVE INJURY

A few in vitro studies first indicated a role for NOX activity in neurite outgrowth and extension in the commonly used catecholaminergic PC12 nerve cell line (Suzukawa et al., 2000; Ibi et al., 2006). But only recently has the involvement of NOX in neurite extension, specification (dendrite or axon), and targeting been addressed in different animal models or in vitro models of nerve cell sprouting (Munnamalai et al., 2014; Olguin-Albuerne and Moran, 2015; Wilson et al., 2015, 2016; Weaver et al., 2018; Terzi and Suter, 2020).

One of the first studies supporting a role of NOX in neurite growth demonstrated the presence of gp91phox in growth cones of Aplysia bag cell neurons. NOX2 was shown to orchestrate actin dynamics in growth cones, since chemical NOX2 inhibition reduced F-actin levels, and lowered retrograde transport, accompanied by shorter neurites (Munnamalai et al., 2014). When neurite growth was induced, an increase in co-localization of p40phox with gp91phox at apCAM (neural cell adhesion molecule (NCAM) homolog) adhesion sites was observed, indicating NOX2 complex formation and activation.

Related studies showed that chemical or genetic inhibition of NOX2 activity significantly diminished neurite outgrowth in primary cerebellar granule neurons (Olguin-Albuerne and Moran, 2015). In vitro peaks of ROS production correlated with high expression and activity of NOX1 and NOX2; also, the majority of hydrogen peroxide production, as measured by the hydrogen peroxide-specific biosensor Hyper, was in focal sites of axonal and dendritic growth cones, as well as in filopodia, with the highest peak before elongation of the latter.

In rat primary hippocampal neurons, NOX2 inhibition by chemical, biological, or genetic (dominant negative -p22phox expression or p47phox(–/–) mice) means, resulted in decreased axonal growth and loss of cell polarization in vitro (Wilson et al., 2015). Expression of dominant negative -p22phox (which would inhibit NOX1-3) also interfered with the lamellae area (region of outgrowth of axons and minor neurites). NOX2 inhibition also reduced the number, length and lifetime of filopodia on axonal tips.

Further studies from the same group using the fluorescent Hyper biosensor (specific for hydrogen peroxide, and amenable for imaging) revealed that the highest hydrogen peroxide production was found at the periphery of the soma as well as at the axonal tip (Wilson et al., 2016). This study also represents the only documented example of a gain-of-function effect (increased neurite growth) when NOX2 activity is increased, in this case by p47phox over-expression. NOX2 is also present in the growth cones of retinal ganglion cells of zebra fish and is required for proper axonal targeting and connection with the optical tectum (Weaver et al., 2018).

Altogether, the studies suggest a positive role for physiological levels of oxidant production by NOX2 in neuritic outgrowth and arborization in diverse neuronal populations, which may also translate to other neuronal subtypes of the CNS. Interestingly, PC12 cells express both NOX1 and NOX2, which are differentially regulated during NGF-induced differentiation such that NOX2 promotes neurite extension, and is down-regulated during the process, while NOX1 opposes neurite extension and is upregulated (Ibi et al., 2006), suggesting different signaling roles depending on the specific NOX isoform. However, the CNS of chronic granulomatous disease (CGD) patients, who lack NOX2 activity, and NOX2 knock-out animal models, develop with only mild cognitive deficits (Kishida et al., 2006). Thus, while a certain redundancy between NOX isoforms can perhaps be expected (Weaver et al., 2018), it seems prudent to conclude that NOX2-mediated redox signaling is a modulating factor, but physiologically important (Terzi et al., 2021), among many, in the development of neurite outgrowth, polarity, targeting, and connections in the brain.

NOX may also have neuroprotective roles. NOX2 activity is required in at least one example of axonal regeneration following peripheral nerve injury. Studies by Hervera and colleagues on mechanically lesioned dorsal root ganglia (DRGs) neurons from mouse, showed that oxidants (hydrogen peroxide) are required for axonal regrowth after nerve injury, indicating a neuroprotective role (Hervera et al., 2018). Unexpectedly, the NOX2 complex is ‘delivered’ to the DRGs by tissue macrophages by emission of CD63-positive exosomes that contain the full package of NOX2 subunits and are oxidant production proficient. The exosomes are internalized by the DRGs, and traffic to Rab7- and Trk-positive signaling endosomes. Interestingly, only those exosomes deriving from WT bone-marrow-derived macrophages (BMDMs), but not Ncf1−/− (human homolog of p47phox) or Nox2−/− BMDMs, were capable of inducing axonal regrowth after nerve injury (Hervera et al., 2018).



AXONAL PATHFINDING IN HD NEURODEVELOPMENT

In neurodevelopment axonal pathfinding is crucial to create a proper connectivity in the brain, and here, as is described above, NOX2 has been shown to have a role in growth and neurite guidance of developing neurons, and to localize in growth cones, associated with site specific peaks of ROS production (Olguin-Albuerne and Moran, 2015; Weaver et al., 2018; Terzi et al., 2021). Recent studies have shown that NOX acts as downstream effector of guidance cue molecules in developing neurons, with NOX2 mutants displaying aberrant axonal projections (Terzi et al., 2021). Interestingly, other oxidoreductases may be involved in pathfinding. Members of the cytosolic MICAL (molecule interacting with CaL) family of oxidoreductases have been shown to exert an essential function in mediating semaphorin–plexin repulsive axon guidance and cell morphological changes by direct redox modification (cysteine oxidation by hydrogen peroxide) of actin (Hung et al., 2010, 2011). The modification greatly increases affinity of actin for cofilin, an actin-severing protein, and promotes growth cone collapse.

RNAseq analysis of HD iPSCs-derived GABAergic neuronal cultures show a decreased expression of genes that are key for correct axonal guidance (HD IPSCs consortium). Moreover, Htt is required for newborn neuron migration and for the multipolar to bipolar transition during corticogenesis, as three-dimensional reconstructions of dendritic trees of conditional knockout Htt cells (timely done when developing neurons have migrated to the different cortical layers targets, and synaptic connectivity needs to be established) resulted in a decrease of the dendritic length and dendritic branching in comparison to control cells (Barnat et al., 2020). Furthermore, in HD human iPSCs derived cortical neurons, longer CAG repeats correlated with shorter neurites. The latter was confirmed by alterations in transcriptomics that corresponded to altered cellular morphology (Mehta et al., 2018). Therefore, it would be interesting to assess if mutant huntingtin changes the pattern of expression and/or activity of NADPH oxidases during neurodevelopment.



NMDAR SIGNALING AND NOX2 ACTIVATION

Stimulation of N-methyl-D-aspartate (NMDA) glutamate receptors induces oxidant production both physiologically and in relation to excitotoxic cell death (Bindokas et al., 1996; Massaad and Klann, 2011). At first it was surmised that oxidants derived mostly from mitochondria (see discussions in Massaad and Klann (2011), Oswald et al. (2018), Wang and Swanson (2020)), but later it was established that NOX2 is activated subsequent to NMDAR ligation and constitutes the oxidant response (Brennan et al., 2009; Girouard et al., 2009; Brennan-Minnella et al., 2013; Figure 2).
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FIGURE 2. HD and NOX2 interaction. Non-ionotropic activation of PI3K (explained with more details in Figure 3) promotes association of p47phox with the rest of the subunits of NOX2, inducing its enzymatic activation. Mutant Huntingtin (mHtt) is found in complex with Rac1 and PI3K. Expression of mHtt is associated with hyperactive Rac1, which could further contribute to enzymatic activation of NOX2. Moreover, NOX2 is sequestered in lipid rafts together with mHtt, also associated with higher super oxide production, as indicated by the red arrow. The figure here depicts the few data currently available on NOX and HD, it does not illustrates the putative roles of NOX in HD which are discussed in the review.
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FIGURE 3. NOX and NMDAR signaling. (A) Glutamate binding to NMDARs activates PI3K non-ionotropically (through conformational changes in the receptor) and subsequent PIP3 production. PIP3 activates PKC-zeta, which phosphorylates p47phox. The latter translocates to the membrane for NOX2 complex assembly. There is also a requirement for Ca2+ for NMDAR-mediated NOX2 activation; potentially through Rac1. (B) Glutamate spillover can activate extra-synaptic NMDARs, where activated p38MAPK may phosphorylate p47phox inducing ROS production by NOX2. Extrasynaptic NMDARs activation is associated with neuronal death in HD. (C) NR1 subunits of NMDARs are redox targets of hydrogen peroxide, which alters their function and conductivity.


Protein kinase C (PKC) is an important kinase family that phosphorylates p47phox (Fontayne et al., 2002), which can be activated downstream of NMDAR activation and calcium influx. Early observations, just after the discovery of the expanded NOX family, demonstrated the necessity of both PKC and oxidant production for synaptic potentiation (Knapp and Klann, 2002), and since then, further evidence for the involvement of different PKC isoforms in NOX2 activation following NMDAR stimulation and synaptic plasticity in neurons has been provided (Brennan et al., 2009; Brennan-Minnella et al., 2013; Yi et al., 2018; Wang and Swanson, 2020).

In an in vitro study of mouse cortical neuronal cultures, NMDAR activation-related calcium influx activated PKC-zeta (indirectly, as this novel type PKC does not require calcium for activity) which subsequently phosphorylated p47phox and caused its translocation to the cell membrane for NOX2 activation. When using neuronal cultures from transgenic p47phox–/– mice, as well as when using peptide inhibitors for PKC-zeta, oxidant production and excitotoxic cell death was blocked (Brennan et al., 2009).

The evidence for activation of PKC-zeta downstream of NR2B-containing NMDARs is particularly strong (Wang and Swanson, 2020). NR2B-dependent calcium influx through NMDAR leads to activation of phosphoinositide 3-kinase (PI3K) and production of PIP3, the latter activating the atypical PKC-zeta, which then phosphorylates p47phox (Brennan-Minnella et al., 2013). Excitotoxic neuron death and superoxide formation could be prevented by the PI3K inhibitor wortmannin (and p47phox knockout). The involvement of PKC-zeta has been further refined, as it has been demonstrated that specifically phosphorylation at position 316 of p47phox is required for induction of LTD (Yi et al., 2018). Incidentally, generation of phosphoinositide species in the vesicular or plasma membrane by PI3K is also a direct recruitment factor for p40phox and p47phox, respectively, via their PX domains (Zhan et al., 2002; Ago et al., 2003; Ellson et al., 2006).

In phagocytes, activation of p47phox seems dominant in relation to Rac1 activation for NOX2 assembly and enzyme function (Roepstorff et al., 2008), however in artificial systems (Price et al., 2002), and potentially other cell types, Rac1 activation is sufficient to drive NOX2 activation. Tousley and colleagues have contributed with another study possibly linking NOXs and HD, through Rac1 (Tousley et al., 2019b). Rac1 activity is required for actin remodeling, a process that is required for the change in morphology and structure of dendritic spines. Moreover, actin remodeling is also necessary for the formation of new axonal branches and end-feet, therefore giving it a role in synaptic plasticity and connectivity (Spence and Soderling, 2015). Interestingly, specifically the active form of Rac1 (GTP bound Rac1) is necessary for NOX1, NOX2 and NOX3 enzymatic activation. Huntingtin is found in complex with GTP-Rac1 and p87α (component of the kinase PI3K) together with alpha-actinin1 and other proteins (Tousley et al., 2019b). This interaction is increased when mutant huntingtin (mHtt) is expressed and is accompanied by Rac1 hyperactivity. In the HD scenario, higher activity of GTP-Rac1 could be translated to an increased ROS production by Rac1-dependent NOXs (see Figure 2). Increased ROS production by NOXs could further contribute to impaired neuronal arborization dynamics, which in part is coordinated by NOX derived oxidants. The role of NOX derived oxidants in neuronal arborization is explained with more details in one of the sections of this review: “Role of NOXs in neurite growth, specification, and connectivity during development and after nerve injury”. Remarkably, hyperactivity of Rac1 is associated with dysfunctional neuritogenesis of cortical projection neurons (Zamboni et al., 2018), a neuronal subtype highly affected in HD.

Evidence has been forwarded that the activation of PI3K by NMDAR activation is non-ionotropic, meaning that although Ca2+-conductance is required for NOX2 activation (Wang and Swanson, 2020), PI3K is activated directly by ligand-induced conformational changes in the cytosolic aspect of NMDAR subunits alone (Minnella et al., 2018). This would provide for an exceptionally rapid activation of PKC and NOX2 assembly for oxidant production upon NMDAR ligation by glutamate, in particular if the NOX2 complex is in a primed state and active Rac1 is available.

In an excitotoxic setting, the NMDAR-stimulated oxidant release from neurons is sufficiently robust that it can induce oxidative stress even in neighboring neurons in vitro (Reyes et al., 2012; Brennan-Minnella et al., 2013) and cause their bystander cell death. This may also occur in vivo. Thus, social isolation dramatically upregulates NOX2 in pyramidal neurons of the prefrontal cortex. Nevertheless, it is the small, parvalbumin-positive GABAergic inhibitory interneurons, without NOX2 immunoreactivity, dispersed between the pyramidal neurons that are eventually progressively lost in this psychosocial stress model (Schiavone et al., 2012). When active NOX2 is surface-localized, superoxide, rather than hydrogen peroxide, for an intracellular superoxide source, will be released directly into the surroundings, where it reacts promptly and diffusion-limited with available NO to form the highly toxic peroxynitrite (NO3–), which is the main driver of oxidative damage and cell death (Wang and Swanson, 2020). A fraction of ROS is released to the surroundings, and in astrocyte-neuron co-cultures, with neurons coming from E14 mice cortices, it has been shown that NMDAR activation causes oxidative stress in neighboring neurons and glia cells (Reyes et al., 2012). Notably, this does not happen in cultures established from p47phox–/– neurons, indicating the crucial role of NOX2 in the matter (Reyes et al., 2012).

Whether NMDA promotes NOX2 activation also extrasynaptically is not settled. A single study has linked NR2B (a subunit of the NMDAR receptors which is enriched in extrasynaptic sites and associated with cell death (Hardingham, 2009; Martel et al., 2009)) with superoxide production. Treatment of neuronal cultures with N2RB antagonists resulted in blockage of NMDAR-induced NOX2 superoxide production and excitotoxic cell death (Brennan-Minnella et al., 2013), indicating a crosslink between NOX and excitotoxic neuronal cell death. But interestingly, the authors showed that after blocking specifically synaptic NMDARs with MK801, activation of the remaining (extrasynaptic) NMDARs with bicuculline and 4-aminopyridine still provoked an increase in dihydroethidium (DHE) fluorescence, suggesting that extrasynaptic NMDARs can also activate oxidant generation. Moreover, adding NADPH into the bath triggered a rise in DHE fluorescence which was higher than without synaptic receptors blockage (Brennan et al., 2009), implicating NOX activity rather than mitochondria as the oxidant source. Extrasynaptic NMDAR signaling upregulates the activity of p38MAPK, and this stress kinase is known to phosphorylate and partially activate (prime) p47phox and NOX2 (Brown et al., 2004; Dang et al., 2006).



NMDAR EXCITOTOXICITY IN HD

Excitotoxic cell death, caused by overactivation of NMDA receptors, has been considered in the pathogenesis of HD, and specifically extrasynaptic NMDAR are associated with striatal neuronal loss in HD (Heng et al., 2009). Synaptic versus extrasynaptic NMDAR signaling, or hypofunction of NMDAR, already causes a reduced balance of transcription of antioxidant genes (Hardingham and Bading, 2010; Hardingham and Do, 2016). Intriguingly, the signaling processes that emanate from synaptic versus extrasynaptic NMDARs are radically different. Thus, glutamate stimulation of synaptic NMDAR initiates pro-survival pathways including the PI3K-Akt pathway and ERK signaling, suppresses death gene transcription, and stimulates transcription of antioxidant genes and CREB-dependent transcription (Hardingham and Bading, 2010). In contrast, extrasynaptic NMDAR stimulation leads to activation of p38MAPK and FOXO1 transcription factor activation, which in effect oppose the signaling pathways and transcription imposed by synaptic NMDAR signaling, including a lessened transcription of antioxidant genes. The end result is a disruption of prosurvival pathways and an altered redox balance (Hardingham and Bading, 2010; Szlachcic et al., 2015; Hardingham and Do, 2016). The situation is exacerbated by the inhibition of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) function by mutant huntingtin. Normally, PGC-1α directs the transcription of several antioxidant genes (St-Pierre et al., 2006), and regulates the flow of electrons through the respiratory chain in mitochondria, but through a direct interaction mutant huntingtin inhibits PGC-1α-assisted transcription (Cui et al., 2006; Weydt et al., 2006). Thus, in the HD brain the stage is set for any subsequent overproduction or unwarranted production of oxidants in time and space – e.g., from NOX activation - to do damage.



NOX AND OXIDANTS IN THE PRE-SYNAPTIC COMPARTMENT

NOX-derived oxidants could play a role pre-synaptically by producing oxidants in close proximity to the protein machinery responsible for neurotransmission. Alternatively, oxidants produced in the post-synapse may trans-synaptically modulate pre-synaptic mechanisms such as glutamate release. Such a role is already documented for NO (Stanton et al., 2003) and is a form of synaptic plasticity. The SNARE complex is necessary for docking and fusion of the synaptic vesicles into the pre-synaptic membrane in active synapses. Interestingly, it has been shown that SNAP25, one of the components of the core SNARE complex, is specifically sensitive to oxidation by hydrogen peroxide, and that pre-exposure to 100 μM levels of hydrogen peroxide is sufficient to prevent SNARE complex assembly. Oxidants could be supplied by NOX2 in the pre-synapse itself or extrinsically by either activated microglia or post-synaptic NOX2 activity. In the latter case, oxidants would modulate pre-synaptic function across the synaptic cleft similar to other short-lived metabolites such as NO or endocannabinoids (Gerdeman et al., 2002; Stanton et al., 2003). Furthermore, protein levels of specifically SNAP25 in the pre-synaptic plasma membrane are reduced in neurons that are subjected to oxidative stress and SNAP25 knockout experiments in non-diseased cortical projection neurons (CPNs) has been shown to induce neurodegeneration (Hoerder-Suabedissen et al., 2019). Deficits in SNAP25 expression and function has been reported in HD (Smith et al., 2007). Therefore, deficits in the SNAREs machinery function of HD synapses, as a result of exposure to NOX-derived ROS, could be a potential contributor to the synaptopathology of the disease.



NOX INVOLVEMENT IN LONG-TERM DEPRESSION/POTENTIATION AND SYNAPTIC PLASTICITY

Synaptic plasticity is in part orchestrated by long-term potentiation (LTP) and long-term depression (LTD) (Figure 4). LTP is a persistent rise in synaptic strength following high-frequency stimulation of a synapse. On the other hand, LTD is an activity-dependent decrease in the strength of synaptic connectivity. Both processes play a crucial role in the formation of specific types of memories and learning (Massaad and Klann, 2011). For example, recognition memory (the capacity to recognize formerly encountered events, objects or individuals) is processed through LTD by neural circuits in the perirhinal cortex, specifically, through an activity-dependent decrease in the efficacy of neurotransmission at glutamatergic synapses. Even though LTP and LTD effect on synaptic excitability are opposite, they can both happen at the same synapse in response to different patterns of activation of NMDARs combined with membrane depolarization. Typically, the final outcome is in one way or the other a modulation of the number and functionality of Na+-conducting α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in the post-synaptic membrane, but other mechanisms exist (Collingridge et al., 2010).


[image: image]

FIGURE 4. Role of NOX in synapse plasticity. Briefly, synaptic plasticity is governed mainly by LTP: Synapse enhancement through recruitment of AMPA receptors into the post-synaptic membrane and LTD: synapse weakening (AMPA receptors endocytosis). (1) Glutamate binding to NMDARs opens the calcium channel, and activates PI3K directly. (2) Calcium activates CaMKII and PKC (the latter also requires PIP3 as explained in Figure 2), which can both (3) phosphorylate AMPARs at specific serines, increasing their conductance and recruitment into the post-synaptic membrane (LTP). Moreover (4) p47phox is phosphorylated by PKC, which recruits it for complex assembly and activation of NOX2. (5) Enzymatically active NOX2 produces superoxide in the extracellular space, which is cycled back into the cytosol as hydrogen peroxide after dismutation by SOD3. (6) Intracellular hydrogen peroxide potentially redox-regulates phosphatases PP1, and PP2B by oxidation. These phosphatases dephosphorylate AMPARs, promoting their endocytosis and removal from the post-synaptic membrane (LTD). The intra-synaptic pool (depicted inside a vesicle) of NOX2 may be activated differentially from the perisynaptic NOX2 in the plasma membrane and could represent a layer of specificity to redox signaling. (7) NOX2 derived oxidants from microglia may impair instillation of LTP or conversely promote LTD. (8) Hydrogen peroxide can also enter the presynaptic neuron and impair the SNAREs machinery, which is required for synaptic vesicle release.


In relation to NOX2, it was first shown that hippocampal plasticity and LTP was impaired in mouse models of CGD with no gp91phox or p47phox expression (Kishida et al., 2006). Studies have since then shown that oxidants and NOX2 are essential for LTP induction (see Massaad and Klann (2011) for a good historical review).

LTP can be blocked by the use of different oxidant scavengers (Lee et al., 2010), including mouse models with overexpression of extracellular SOD3 (Thiels et al., 2000), and conversely, LTP can be induced by application of xanthine/xanthine oxidase (a superoxide source) to the extracellular medium of hippocampal brain slices (Knapp and Klann, 2002). However, the latter is clearly context-dependent, as NOX2-derived oxidants from inflammatory microglia can in fact inhibit LTP induction (Wang Q. et al., 2004; Di Filippo et al., 2016). Presumably the outcome is modulated by additional reciprocal interactions between microglia and neurons (Hanisch and Kettenmann, 2007; Kettenmann et al., 2013), and it should also be noted that the effect of hydrogen peroxide concentration on LTP induction is bimodal (Kamsler and Segal, 2003).

Most studies have found that NOX2 expression in the spinal cord lies with either microglia or macrophages, where its activity plays a role in altered pain perception (Kallenborn-Gerhardt et al., 2013, 2014; Lim et al., 2013). Others have found that DRG expression of NOX4 is required for maintenance of the late phase of neuropathic pain after peripheral neurons injury, and conditional deletion of NOX4 in adult mice reduced pain-related behavior (Kallenborn-Gerhardt et al., 2012). However, one recent study proposes that LTP induction by high frequency train stimulation of the sciatic nerve in the dorsal spinal cord depends on NOX2 expression in neurons, and further describes upregulation of gp91phox (Xu et al., 2020). LTP induction, but not maintenance, could be inhibited by gp91ds-tat, and further, gp91phox knock-down inhibited allodynia in this mouse model of pain perception.

Post-synaptic NOX2 activity is also required for NMDAR-dependent LTD (Yi et al., 2018). LTD induced by low frequency stimulation on acute neuronal slices was dependent on post-synaptic expression of NOX2 as verified by shRNA knockdown of gp91phox and p47phox. They also demonstrated that p47phox phosphorylation at serine 316 by PKC-zeta is specifically required for LTD induction.

In some cases, oxidants do not have to be produced by neurons themselves to affect synapse function. In a pathological setting, Aβ provokes superoxide production by microglia through NOX2, and this accounts for the Aβ-induced inhibition of LTP in brain slices from mice (Wang Q. et al., 2004), and similarly, in the remitting phase of an experimental multiple sclerosis model, hippocampal LTP is impaired because of microglial NOX2 activity (Di Filippo et al., 2016). It has later been shown in an experimental LTD paradigm of combined hypoxia/LPS-stimulation in mouse models, that microglia through LPS activation of complement receptor 3 (CR3) within minutes activates NOX2 to release superoxide, which initiates a signaling cascade in the post-synapse of hippocampal neurons to down-regulate AMPA glutamate receptors, a known mechanism of LTD and synapse weakening (Zhang et al., 2014).

The opposing actions of oxidants on plasticity, dependent on context and oxidant concentration, and similarly, the participation of NOX2-derived oxidants in both LTP and LTD induction, can seem contradictory and puzzling, and clearly calls for more research into the area. A part of a reconciliatory explanation may reside in the precise subcellular localization of the oxidant source, and the differing membrane permeabilities of superoxide versus hydrogen peroxide.

In the redox signaling business proximity of oxidant producer and redox target is essential for redox modification, because the penetration range of hydrogen peroxide in cytosol is on the border of only 1–2 μm before extinction by the cellular antioxidant machinery (Winterbourn, 2008; Jones and Sies, 2015). It follows, that if two redox signaling circuits, with different outcomes, are to arise from the same oxidant source either different redox targets must be recruited dynamically to the immediate vicinity of a fixed oxidant source, or physically separated pools of oxidant producer affects different redox targets. It is therefore intriguing, that NOX2 in post-synapses is also located to endosomal elements and small unidentified vesicles and membranes (Coleman et al., 2013) in addition to the peri-synaptic surface membrane (Wang G. et al., 2004; Glass et al., 2006). Further, NOX2 activation can be directed spatially, and the proximal assembly of the holoenzyme adapted to the stimuli for activation. For example, p40phox is specifically required for IgG-FcgR induced activation of NOX2 in phagocytes, where it assists the function of p47phox as organizer of NOX2 assembly (Anderson et al., 2011; Ueyama et al., 2011). In addition, because of differing affinities for phosphoinositide species, p40phox is recruited mainly to intracellular vesicles, whereas p47phox associates with the plasma membrane (Zhan et al., 2002). In phagocytes, there is good evidence for the differential activation of cell surface resident versus intracellular pools of NOX2 (Serrander et al., 1999; Li et al., 2010), and potentially similar mechanisms could be at work in the post-synapse.

However, the penetration range of hydrogen peroxide exceeds with a good measure the size of most synapses, which speaks against a resolution of LTD/LTP-associated differential redox signaling based on physical distance alone. Another, independent or reinforcing, speculative mechanism therefore lies in the different membrane permeabilities of superoxide (charged and impermeable) and hydrogen peroxide (fairly permeable). It is curious that extracellular SOD3 abolishes LTP induction (Thiels et al., 2000), even though the enzyme converts superoxide into hydrogen peroxide, the generally accepted relayer of redox signals (Winterbourn, 2013; Sies and Jones, 2020). Could it be that specificity for one form of plasticity over the other could in part be achieved by cell surface-resident NOX2 and superoxide-mediated oxidation of cell surface proteins on the extracellular aspect? Being membrane-impenetrable, superoxide action would be restricted to redox targets on the surface in the immediate vicinity of NOX2, further reinforced by the quick dismutation to hydrogen peroxide. Only a few examples of superoxide in redox signaling are known however (Sies and Jones, 2020), and the proposed mechanism breaks with the current dogmatic view of cell surface receptor-induced NOX activation, which relies on back-diffusion of hydrogen peroxide through the membrane directly or through aquaporins to modulate intracellular redox targets. It is unknown whether synapses express aquaporins (which allows hydrogen peroxide to move along its concentration gradient), and to what extent vesicular NOX2 in synapses contributes to oxidant production, but endosomal NOX2-mediated oxidant production has been proposed in other cell types (Oakley et al., 2009; Lamb et al., 2012), and NOX2 storage vesicles also have oxidant production capability (Moreland et al., 2007; Ejlerskov et al., 2012).

The redox targets of NOX2 in synapses are entirely unknown. However, a major function of NOX2 is to regulate, by oxidative inactivation, the activity of both tyrosine and serine/threonine phosphatases (Sies, 2014). LTD and LTP are governed by a balance of kinases like PKC and Ca2+-calmodulin-dependent protein kinase II (CaMKII) (promotes LTP), and opposing phosphatases calcineurin (PP2B), PP1 and PP2A (promotes LTD) (Collingridge et al., 2010). Phosphorylation of AMPA receptors increases conductance and their synaptic incorporation during LTP, while dephosphorylation promotes their endocytosis, and LTD and synapse weakening. Interestingly, calcineurin, PP1A, and PP2A are all inactivated by hydrogen peroxide (Rhee et al., 2000). and NOX2 derived oxidants could activate PKC (in a feedback loop) (Knapp and Klann, 2002), and similarly, Akt, which also phosphorylates and activates p47phox (Hoyal et al., 2003), is in part positively regulated by redox modification (Luo et al., 2012) (Su et al., 2019). Finally, NMDARs are targets for redox modification themselves. Redox modifications of cysteine residues in the cytosolic tails of particularly NR1B modulate NMDAR function (Lipton et al., 2002), and there is evidence that NOX2 contributes to this process (Di Maio et al., 2011). Interestingly, evidence for NOX2-derived oxidant alteration of the stoichiometric composition of the NMDAR (upregulation of NR2B) has been presented following cholinergic stimulation of m1R metabotropic receptors (Di Maio et al., 2011). In addition, metabotropic receptors can be redox modified (Campanucci et al., 2008; Coddou et al., 2009).

Outside of synapses it has been shown that NOX2 activity is required for axonal development by causing Ca2+ release from endoplasmatic reticulum through Ryanodine receptors (Wilson et al., 2016). However, it was not investigated whether the ryanodine receptor was a direct target of redox modification, as observed in other cell types where evidence of NOX4 participation is particularly strong (Sun et al., 2011). Notably, store operated calcium entry is affected in HD (Czeredys, 2020) likely downstream of an interaction between mHtt and the IP3R1 receptor in the rER, which sensitizes the IP3R calcium channel, such that calcium in rER is depleted and subsequently activates the store operated entry of calcium (Wu et al., 2016).



NOX2, LTD/LTP AND HD PATHOLOGY

The memory deficits that are characteristic of HD, and demonstrated in patients as well as mouse models, include failure in recognition memory (Giralt et al., 2011), and cognitive dysfunction (Milnerwood et al., 2006) which are manifest early in the disease (Montoya et al., 2006).

Electrophysiological measurements in brain slices from several different genetic mouse models have consistently shown LTP dysfunction in HD, not only the most commonly characterized hippocampal LTP (Hodgson et al., 1999; Usdin et al., 1999; Murphy et al., 2000; Quirion and Parsons, 2019) but also in the cortico-striatal synapse (Kung et al., 2007; Dallérac et al., 2011; Plotkin et al., 2014; Sepers et al., 2018). The effect of mutant huntingtin on the ability to evoke stimulation-induced LTD, also studied in various HD mouse models, is less clear. LTD evocation has been shown to be diminished in the perirhinal cortex in the R6/1 mouse model (Cummings et al., 2007) and in cortico-striatal synapses (Ghiglieri et al., 2019; Kim et al., 2020), but reports of similar changes in hippocampus has not been consistent (Murphy et al., 2000; Milnerwood and Raymond, 2007; Ghilan et al., 2014).

Different mechanisms have been proposed to convey these effects, including changes in dopamine receptor function and endocannabinoid receptor activity (Sepers et al., 2018; Ghiglieri et al., 2019). Dopamine D1 receptor activity has been shown to regulate the expression and activity of NMDAR, which as described above is essential for LTP and LTD; as D1 receptor hypersensitivity has been shown in HD this presents a potential mechanism for the involvement of mutant huntingtin in synaptic plasticity (Ghiglieri et al., 2019). Another potential mechanism involves the “alternative” brain-derived neurotrophic factor (BDNF) receptor p75NRT: BDNF exerts neurotrophic actions and stimulates LTP and LTD through activation of the TrkB receptors, however, BDNF binding to p75NRT has been proposed to have antagonistic effects on synaptic plasticity (Brito et al., 2014). Interestingly, increased protein levels of p75NRT has been shown in HD patients and mouse models (Brito et al., 2014), and in cortico-striatal synapses HD-associated abnormalities in LTP were restored by inhibiting p75NRT (Plotkin et al., 2014). p75NRT activation acts through PTEN, which, as described previous in this review, may be inhibited by NOX-derived ROS (Le Belle et al., 2011).



MICROGLIA AND NOX2 IN HD

Glial cells might be contributors to the pathology of HD (Wilton and Stevens, 2020), and when it concerns NADPH oxidases, by far, the most literature on NOX2 in the brain involves microglia, the resident CNS phagocytes, which additionally express NOX1 (Cheret et al., 2008). As phagocytes, they are equipped for high level oxidant production following pathogen encounter, and the very same pattern of recognition receptors come into play in the recognition of extracellular amyloids (Fellner et al., 2012; Qiao et al., 2015; Wang et al., 2015).

Relative to the common neurodegenerative diseases like Alzheimer’s (AD) and Parkinson’s disease (PD), the mass of literature on microglia in HD is limited. Search terms ‘AD/PD/HD’ AND ‘microglia’ retrieves 5755, 2600, and 257 records from PubMed, respectively. The information on NOX2 activity in microglia of animal models of HD is virtually non-existent and has only been addressed peripherally in vitro.

This despite the fact that PET scanning of HD patients with peripheral benzodiazepine receptor ligands (11C-(R)-PK11195), as measure of microglia activation, indicates that microglia are activated well before clinical disease onset (Pavese et al., 2006; Tai et al., 2007). Post mortem HD brains show typical signs of neuroinflammation including cytokine production and complement deposition (Singhrao et al., 1999) as well as markers of oxidative stress (see references in Bono-Yagüe et al. (2020)).

Transcriptional profiling of AD brain shows a clear inflammatory signature (Block et al., 2007) (Malik et al., 2015), and a significant correlation between NOX activity and cognitive decline exists (Ansari and Scheff, 2011). In PD models, dopaminergic neuron death can be instilled by the mere stereotactic infusion of LPS into the substantia nigra to activate microglia and NOX2 specifically (Qin et al., 2004).

The situation is somewhat different in animal models of HD, where microglia activation and neuroinflammation seems more subdued. While microglia in early disease in the R6/2 HD model decrease ramification and assume more activated shapes, indicating that microglia are detecting (Kraft et al., 2012) and responding to a deviation from homeostasis, possibly derangement of synaptic function (Milnerwood and Raymond, 2007), a neuroinflammatory profile with full blown microglia activation and proinflammatory cytokine production is observed only late in the disease (see Wilton and Stevens (2020) for an overview). At this point microglia activation is not necessarily disease-specific but represents a prototypical response to neuronal death processes, particularly so in the R6/2 mouse model where the course of disease is very aggressive (mice die at 16 weeks of age). Therefore, the recent demonstration that shRNA knock-down of Galectin 3 in R6/2 mice dampens microglia activation, neuroinflammatory profile, and ameliorates disease (increasing survival) is surprising (Siew et al., 2019). It will be interesting to see whether microglia activation also plays out as a driver of pathology in other HD animal models with a more protracted disease course than R6/2 mice (Plotkin and Surmeier, 2015).

In contrast to idiopathic brain disease, where microglia are typically initially activated down-stream of neuronal dysfunction or extracellular amyloid aggregates, all glia cells in HD endogenously express mutant huntingtin, which affects their activation and function from within (Wilton and Stevens, 2020). In the R6/2 model, microglia display pro-inflammatory transcriptional activation by increasing the expression and transcriptional activities of the myeloid lineage-determining factors PU.1 and C/EBPs (Crotti et al., 2014). Of note, increased transcription of PU.1 and C/EBP target genes was microglia specific in the R6/2 model, which contrasts with the monocytic priming by mutant huntingtin expression observed early in human patients (Bjorkqvist et al., 2008). It has also been noted that microglia, and myeloid cells in general, in experimental HD models or patients show a reduced migratory response versus chemotactic stimuli in vitro or laser-induced injury in vivo (Kwan et al., 2012). However, selective depletion of mutant huntingtin in myeloid cells, including microglia, has no bearing on disease development in the BACHD HD mouse model (Petkau et al., 2019).

Whereas both amyloid-β (Bianca et al., 1999; Zhang et al., 2011) and α-synuclein (Fellner et al., 2012; Qiao et al., 2015; Wang et al., 2015) aggregates induce NOX2-dependent superoxide production in microglia through specific scavenger receptors, no such data are available for mutant huntingtin aggregates. In fact, no internalization or signaling cell surface receptors are known for mutant huntingtin in microglia (or in any other cell type for that matter). To date therefore, no publications have specifically addressed microglial NOX-mediated oxidant production in an in vitro or in vivo setting of HD models, discounting studies that, too optimistically, rely only on apocynin or other general anti-oxidant inhibition as measure of NOX involvement (Maldonado et al., 2010; O’Regan et al., 2021).



CONCLUSION

While the role of microglia and NOX2-mediated oxidant production in the progression of late stage neurodegenerative disease is undisputed, the involvement of neuronal NOX isoforms in physiology and brain pathology are just in the process of being unraveled. From the early recognition of a requirement for superoxide for LTD/LTP instigation, several groups have now contributed to the delineation of the pathways that lead to NOX2 activation following NMDAR engagement in synaptic parts of neurons. However, the redox circuits downstream of NOX2 oxidant production, and in particular how both LTD and LTP are redox controlled by NOX2, awaits further elucidation, and presumably identification of protein redox targets. It will also be interesting to see whether the deleterious effects of extrasynaptic NMDAR signaling are mediated in part by NOX2 activity and by which pathway; if different from synaptic NOX2 activation they could perhaps be uncoupled pharmacologically.

Any specific effects of neuronal NOX activity in HD would depend in the (1) stage of the disease, (2) specific cell type and NOX isoform involved, and (3) subcellular localization of the enzyme – the latter given the complex neuronal morphology and extensive length of the axons, allowing for several redox signaling microcircuits to occur within the same cell. And last but not least, (4) NOX-derived ROS from other cell types, in this particular case microglia, may also play a role in HD disease progression, which has not been fully explored yet.

We have presented evidence that NOX function could potentially participate from the very start of developmental defects seen in HD, including altered neurogenesis, neurite growth, and axonal pathfinding, while also having a possible role in mature neurons where NOX2 regulates NMDAR signaling and synaptic plasticity, known to be affected in presymptomatic HD. It will be essential to follow up on the present isolated findings of mHtt modulation of PI3K and Rac1 signaling, as it will be important to establish whether mHtt interacts with NOX2 in lipid raft compartments of the membrane to interfere with crucial synaptic processes that mediate synaptic plasticity and maintenance. To the extent that the “dying back” pattern of degeneration in which loss of synaptic connectivity and axonal degeneration precedes and provokes neuronal death over time (Han et al., 2010), a lot could potentially be gained by remedying initial synaptic dysfunction in the striatum, which would also presumably ameliorate early motor symptoms.

We hope that it can be conjectured from the present review that the relative ‘under-representation’ of literature on NOX in HD compared to other NDDs cannot simply be explained by the different prevalence of these diseases; there is certainly room for future research into the roles of NOX and oxidants in HD.
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Hippocampus Cortex
APOE4 vs. APOE3 FAD vs. Control >5 mo vs. <3 mo Female vs. Male APOE4 vs. APOE3 FAD vs. Control >5 mo vs. <3 mo Femalevs. Male change

S1P(d18:1) n.s. n.s. n.s. n.s. 7.20€-05 n.s. 30
Ceramides ns. ns. 1.91E-04 ns. 2.85E-08 8.69E-26

Cer(d18:1/14:0) n.s. n.s. n.s. n.s. n.s. 7.57E-24

Cer(d18:1/16:0) n.s. n.s. n.s. n.s.

Cer(d18:1/18:0)) ns. ns. n.s. ns. 20
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Cer(d18:1/24:0), n.s. n.s. 2.00E-03 n.s. ‘

Cer(d18:1/24:1) ns. ns. ns 3.006-03 i

Cerebellum Plasma
APOE4 vs. APOE3 FAD vs. Control >5 mo vs. <3 mo Female vs. Male APOE4 vs. APOE3 FAD vs. Control >5 mo vs. <3 mo Femalevs. Male 1

$1P(d18:1) n.s. n.s. 1.05€-04 n.s. n.s. n.s. n.s.
Ceramides ns. ns. 3.00E-03 1.278-03 ns. 2.34E-06 5.61€-17

Cer(d18:1/14:0) n.s. n.s. n.s. 15 n.s. n.s. 1.20E-02 n.s.
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Cer(d18:1/18:0)) n.s. n.s. n.s. n.s. n.s. 2.04e-04 2.41E-06 05

Cer(d18:1/20:0)) ns. n.s. n.s. n.s. 1.40€-02 n.s.

Cer(d18:1/22:0)) ns. n.s. n.s. n.s. nsi o 14se07

Cer(d18:1/24:0)) n.s. n.s. n.s. n.s. 3.10E-02 n.s.

Cer(d18:1/24:1) n.s. n.s. n.s. ns. n.s EEE) o1
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Somata Plasma membrane gp91PhoX (Wang G. et al., 2004; Glass et al., 2006), p47P"°x (Coleman et al., 2013)
Mitochondria gp91PNoX (Wang G. et al., 2004; Girouard et al., 2009; Coleman et al., 2013)
MVBs gp91PMox (Glass et al., 2006), p47P"%* (Coleman et al., 2013)
Vesicular organelles of the cytoplasm gp91PNX (Glass et al., 2006; Girouard et al., 2009), p22Pho%, p47PNo% (Glass et al., 2006) p47Phox
(Coleman et al., 2013)
Rough ER gp91PNX (Glass et al., 2006), p47P"* (Coleman et al., 2013)
Golgi Complex gp91PNX (Wang G. et al., 2004), p22PM°X (Glass et al., 2006), p47P"%% (Glass et al., 2006)
Cytosol p47PhoX (Coleman et al., 2013)
Dendrites Plasma membrane gp91PNx (Glass et al., 2006), p47P"% (Coleman et al., 2013)
Perisynaptic plasma membrane gp91PNX (Glass et al., 2006; Wang et al., 2015), p22PNoX | p47PNoX (Coleman et al., 2013) (Glass
et al., 2006; Coleman et al., 2013)
Mitochondria gp91PhoX (Glass et al., 2006), p22P"o% (Glass et al., 2006), p47PhoX (Coleman et al., 2013)
Smooth ER gp91PN%X (Wang G. et al., 2004)
MVBs gp91PNoX (Wang G. et al., 2004)
Vesicular organelles of the cytoplasm gp91PNX (Glass et al., 2006), p22Phox, p47Phox (Glass et al., 2006)
Undefined endomembrane beneath synapse gp91P"X (Glass et al., 2006; Girouard et al., 2009), p47P"°X (Coleman et al., 2013)
Cytosol gp91PNoX (Glass et al., 2006; Coleman et al., 2013)
Axons The plasma membrane of an axon terminal gp91PX (Wang et al., 2015)

Clear vesicles of an axon terminal

gp91P"X (Wang G. et al., 2004; Wang et al., 2015)

The most thorough studiies used immunogold labeling and immunoperoxidase staining to reveal co-localization of cytbssg and p47°PM°% in mainly intracellular vesicu-
lar organelles, or cell surface in dendrites of the nucleus tractus solitarius (Glass et al., 2006); or localization of p47Ph°% in the paraventricular thalamic nucleus
(Coleman et al., 2013).
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Brain regions Female Male Total

Genotype Young (<3 months) Older (>5 months) Young (<3 months) Older (>5 months)

APOE3 9 9 10 9 37
APOE4 10 9 10 7 36
ESFAD 9 10 8 7 34
E4FAD 10 10 10 8 38
Total 38 38 38 31 145
Plasma Female Male Total
Genotype Young (<3 months) Older (>5 months) Young (<3 months) Older (>5 months)

APOE3 9 5 8 6 28
APOE4 10 7 10 4 31
ESFAD 9 8 9 6 32
E4FAD 9 6 10 6 31
Total 37 26 37 22 122

Brain and plasma of these animals were analyzed.
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S1P (d18) Ceramide (d18)
Hippocampus Cortex Hippocampus Cortex
APOE3 28 (+9) 25 (+14) 17927 (£9021) 20763 (+9203)
APOE4 18 (£10) 21 (£21) 23601 (£11789) 22244 (+8663)
Fold difference 0.66 0.85 1.32 1.07
p-value 0.032 0.923 0.063 0.541
<3 months 20 (+£10) 17 (£14) 16985 (+4879) 21586 (+£9277)
>5 months 26 (£11) 29 (+£20) 24542 (+£13517) 21570 (£8592)
Fold difference 1.27 1.72 1.44 1.00
p-value 0.118 0.363 0.111 0.871
Male 20 (£12) 33 (+20) 26970 (£11277) 17664 (+4695)
Female 26 (+9) 12 (+7) 14557 (+£5047) 25492 (+10188)
Fold difference 1.31 0.37 0.54 o144
p-value 0.096 0.036 0.003 0.011

P-values are not corrected for multiple testing, p < 0.05 is marked bold, red indicates lower levels and blue indicates higher levels.
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Gender (e male/gfemale) 62/084

Age y +5D) 705+80
Education (y D) 12.4+82
Handedness (1 = 104) 90right, 16 left, 8 ambidextrous
Total CERAD score (:SD) 54.3+133
CERAD subscores (+SD)
Verbal fluency (animals) 128+ 5.4
Modified BNT 123+26
MMSE (SD) 227+ 4.4
Word list learning total 113+ 46
Word list learning 1 25+15
Word list learning 2 38+17
Word list learning 3 48+17
Word list recall 21+19
Word list intrusion 17+23
Word list savings 424 +331
Word list recognition-discriminabilty (%) 825+ 135
Constructional praxis 91+23
Constructional recall 33+8.0
Savings figures 30,0+ 280
CERAD+ scores (+SD)
Verbal fluency (S-words) 92+50
TMTA ) 85.9+ 406
TMTE ) 185.6 = 85.3
TMT AB ) 29+11
Clinical follow-up (D) 2374138
Total GERAD score follow up (8D, 1 = 49) 515+137

SD, standard deviation; MMSE, mini-mental-state-examination; CERAD, Consortium to
Establish a Registry for Alzheimer's disease; BNT, Boston Naming Test; TMT, Trail Making
Test: y, years; m, months; s, seconds.
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Subscore Visual

Semiquantitative

Left g (p) Right g (p) Left g (p) Right g (p)
Verbal fluency (animals) 0.466 (<0.001) 0.142 (n.s.) 0.389 (<0.001) 0.177 (n.s)
Modified BNT 0.262 (0.018) 0.037 (n.s.) 0.349 (<0.001) 0.194 (n.s.)
MMSE 0.520 (<0.001) 0.297 (0.018) 0.542 (<0.001) 0.429 (<0.001)
Word list learning total 0.460 (<0.001) 0.159 (n.s.) 0.446 (<0.001) 0.240 (n.s.)
Word list learning 1 0.393 (<0.001) 0.121 (n.s) 0.437 (<0.001) 0.273 (n.s.)
Word list learning 2 0.398 (<0.001) 0.204 (n.s.) 0.339 (0.004) 0.219 (n.s.)
Word list learning 3 0.307 (0.018) 0.274 (n.s.) 0.257 (n.s.) 0.247 (n.s.)
Word list recall 0.248 (n.s.) 0.208 (n.s.) 0.130 (n.s.) 0.093 (n.s.)
Word list intrusion 0.012 (n.s.) 0.098 (n.s.) 0.031 (n.s.) 0.053 (n.s.)
Word list savings —0.010 (n. 0.185 (n.s.) —0.103 (n.s.) 0.043 (n.s.)
Word list recognition — discriminability 0.094 (n.s 0.125 (n.s.) 0.088 (n.s.) 0.115 (n.s)
Constructional praxis 0.202 (n. 0.180 (n.s.) 0.259 (0.018) 0.292 (0.008)
Constructional recall 0.209 (n.s.) 0.183 (n.s.) 0.229 (n.s.) 0.217 (n.s)
Savings figures 0.163 (n.s.) 0.165 (n.s.) 0.158 (n.s.) 0.167 (n.s.)
Verbal fluency (S-words) 0.287 (0.008) 0.004 (n.s.) 0.310 (0.003) 0.089 (n.s.)
T™MT A 0.232 (ns.) 0.162 (n.s.) 0.252 (n.s.) 0.232 (n.s.)
T™T B 0.331 (ns) 0.210 (n.s.) 0.152 (n.s.) 0.100 (n.s.)
T™MT A/B 0.185 (n.s.) —0.046 (n.s.) 0.011 (n.s.) —0.088 (n.s.)

CERAD, Consortium to Establish a Registry for Alzheimer's disease; FDG, F-18-fuorodeoxyglucose; PET, positron-emission-tomography; BNT, Boston Neming Test; MMSE,

mini-mental state examination; TMT, Trail Making Test: n.s., non-significant.
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Reference Drug class Mechanism Key findings

Sharma (2019) Cholinesterase inhibitors  Blocks cholinesterase, which degrades Limited efficacy, high doses associated with negative side
acetylcholine. effects, such as worsened cognition.

Matsunaga et al. 2015)  Memantine Blocks NMDA receptors, preventing neuron More promising efficacy, some improvements in cognition,
loss. welltolerated, but small effect sizes of clinical studies limit

evidence.

Abbreviation: NMDA, N-Methyl-D-aspartic acid or N-Methyi-D-aspartate.
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Reference Drug class Mechanism Key findings
Moussa-Pacha et al. BACE1 BACE inhibitor, reduces AB production. Insignificant physiclogical effects, some
(2020) shown to worsen cognition. Several early
phase trials ongoing.
Hung and Fu (2017) pTau Derivative of methyl bitie shown to inhibit Phase 2 clinical trial suggests improvernent
tau aggregation. in cogrition at low doses. Research
ongoing.
Hung and Fu (2017) pTau Enhancing immunotherapy pTau clearance Al early phase trials. No data yet but
via synthetic peptide of truncated and research ongoing.
misfolded tau.
Hung and Fu (2017) pTau Microtubule stabllizing agents. Several falled due to toxic side effects.
Additional clinical trials in early phase.
Boada et al. (2020) Alburnin Removal of A bound to alburmin plasrma. New therapy. Suggests greater effect on

Deane (2012)

van Dyck (2018)

Hung and Fu (2017)

Hung and Fu (2017)

Hung and Fu (2017)

Avgerinos et al. (2018)

1 Immunoglobulin
Plasma Exchange
RAGE

AB

AB

y-secretase

Intravenous

Immunoglobin

Intranasal Insulin

Antagonist of RAGE receptors transporting
circulating Ag to brain.
Human monocional anti-AB antibodies

provide passive immunity against AB
accumulation.

AB clearance enhanced by active
immunotherapy from Ap peptides.

y-secretase inhibitors shift APP cleavage
toward production of shorter, less toxic Ap
peptides.

Anaturally occurring antibody from the
plasma of healthy donors. IVIG may direct
antibodies against AB.

Brains affected by AD show decreased
concentration of insulin and increased
concentration of insulin receptors,
modulated A in early AD.

cognition in moderate stages of AD,
additional research needed.

Clinical trials not effective.

Completed trials have yielded either faled
or seen non-significant outcomes.
Aducanumab specifically shows more
promise for improving MMSE and CDR but
is in early phase testing.

Several trals discontinued due to adverse
immune responses. Addtional trials
ongoing in early phases.

Clinical trials discontinued due to adverse
side effects. One small unpublished study
suggested some improvement in cognition.

No beneficial effects observed.

Some positive results in function status and
ADL but no other cognitive indicators. Has
been suggested that different insulin types
and doses may have variable effects on
different APOE patients.

Abbreviations: BACET, p-secretase 1; pTau, hyperphosphorylated tau; AB, amyloid beta; AD, Alzheimer's disease; RAGE, receptor for advanced glycation end products; MMSE, Mini
Mental State Examination; CDR, Clinical Dementia Rating: APP. Amyloid Precursor Protein; APOE, Apolipoprotain E: APOE &4 allle is a risk factor for AD.
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Region Visual FDG-PET Visual asymmetries Semiquantitative Semiquantitative
(3DSSP-rating) (left-right) FDG-PET (SUVr) asymmetries (Al)
Hermispheres (:SD) Right —31+23 —07+25 0.85+0.07 —1.04+ 3,63
Left —38+22 083007
Parietal cortex (:SD) Right —12+10 —02+10 087 +008 —1.33+ 852
Left —14£10 085008
Temporal cortex (+SD) Right —0.7+09 —02+1.1 0.81+007 —0.60+4.14
Left —1.0+09 082007
Posterior cingulate cortex (+SD) Right —12+09 —04+07 0.89+0.09 —2.44+229
Left —1.6+08 085008

SD, standard deviation; FDG, F-18-fluorodesoxyglucose; PET, pasitron-emission-tomography; 8DSSR, three-dimensional stereotactic surface projections; SUVE, standardized uptake

value ratios; Al, asymmetry index.





OPS/images/fnagi-13-721858/fnagi-13-721858-t004.jpg
Reference Drug target Mechanism Brief conclusions

Fitz et al. (2019) Retinoid X Receptors Important for APOE expression, retinoid Research is focused on activating LXF/RXR
acid-mediated signaling, neuronal plasticity, in the brain using nonsteroid synthetic
and memory: anti-inflammatory effects of ligands. Mice studies have seen variable
RXR/LXR. outcomes.

Fitz et al. (2019) Liver X Receptors Include LRXx and LRX. LRXs are Early phases of research; stil needs
transcriptional regulators of lipid metabolism validation in anirml studies but has shown
and inflammation. LRXp Is expressed in reduced levels of insoluble AB in mice.
brain and spinal cord as the brain is the Research is focused on activating LXF/RXR
most cholesterol-rich organ and peripheral in the brain using nonsteroid synthetic
cholesterol cannot cross BBB. LRXS K/O ligands.

ice display motor netron degeneration
and impaired coordination.

Fitz et al. (2019) Nuclear Receptors Widely expressed in the brain. By directly Early phases of research; stil needs
binding to PPARS and LXRs, nuclear validation in anirmal studies.
receptors ultimately induce stabilization of
nuclear complexes that promote neuro-
and peripheral inflammatory genes.

Abbreviations: RXR, retinoid X receptors; APOE, apolipoprotein E: LXR, liver X receptors; BBB, blood-brain-barrier: K/O, knock-out: PPAR, peroxisome proliferator-activated receptor.
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Independent variable Covariates

Region Asymmetry B (p) Age (p) Gender f (p) YoE f (p) Total burden FDG-PET  (p)
Visual

Hermispheres —0.288 (<0.001) —0.168 (0.020) 0.477 (0.017) 0.220 (0.002) 0.435 (<0.001)
Parietal lobe —0.276 (<0.001) —0.163 (0.024) 0.168 (0.023) 0.211 (0.004) 0.40 (<0.001)
Temporal lobe —0.262 (<0.001) —0.181 (0.01) 0.161 (0.029) 0.231(0.002) 0.429 (<0.001)
Posterior cingulate cortex —0.219 (0.008) —0.149 (0.045) 0.158 (0.037) 0.238 (0.001) 0.414 (<0.001)
Semiquantitative

Hermispheres —0.451 (<0.001) —0.140 (0.049) 0.181 (0.071) 0.185 (0.012) 0.442 (<0.001)
Parietal lobe —0.419 (<0.001) —0.125 (0.081) 0.110 (0.129) 0.191(0.010) o 414 (<0.001)
Temporal lobe —0.445 (<0.001) —0.143 (0.046) 0.139 (0.057) 0.191(0.010) 444 (<0.001)
Posterior cingulate cortex —0.168 (0.025) —0.089 (0.251) 0.069 (0.376) 0.269 (0.001) o 308 (<0.001)

CERAD, Consortium to Establish a Registry for Alzheimer’s disease. FDG-PET, F-18-fluorodeoxyglucose positron emission tomography.
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Disease Prevalence (Millions) 9% Total population 9% Population >65 years Mortality rate >65 years

Obesity 139* 42.4 42.8 19.6¢
Type |l Diabetes 340 105 26.8 62.39
Pre-Diabetes 8g8® 26.9 71.0 -
Cardiovascular Disease 85° 124 68.5 40"
Non-Alcoholic Fatty Liver Disease 649 195 276 68.7'
Alzheimer's Disease 5.8° 2 10 254

@Hales et al. (2020)
bCenters for Disease Control and Prevention (2020)
“Mozaffarian et al. (2016)

9Mitra et al. (2020)

®Centers for Disease Control and Prevention (2018)
fThorpe and Ferraro (2004)

9Bertoni et al. (2002)

hNorth and Sinclair (2012)

iPerumpai et al. (2017) and

iTaylor et al. (2017).
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Biomarkers Unadjusted Adjusted

OR(95%Cl)  P-value ~ OR(95%Cl)  P-value

Apa2 1.00(0.99-1.00 001 1.00(099-1.00) 002
ABAO 100(099-100 000  1.00(099-1.00) 000
P-tau 1.03(1.01-108) 001 1.04(101-1.08) 000
T-tau 1.01 (1.00-1.01) 0.00 1.01(1.00-1.01) <0.001

OR, relative risk; CI, confidence interval; CSF, cerebrospinalfluid. After adding Ap42, AB40,
P-tau, T-tau, multivariate regression analysis was performed.
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SCD group (N = 111) NC group (N = 103) P-value

Age (year), mean  SD 6052 + 1063 63.06 + 10.50 008
Male, n (%) 57(51.35) 62 (60.19) 0.19
Years of education, n (%)

4 8(7.21) 7(680) 010
1-9 49 (44.14) 45 (43.69) 057
10-13 26 (23.42) 25 (24.27) 035
14-17 18(16.22) 17 (16.50) 021
>17 10 9.01) 9(8.74) 017
Height (cm), mean £ SD 169.61 £7.23 168.41 £5.43 0.86
Body weight (kg), mean  SD 6823+ 863 65.17 + 10.72 072
BMI (kg/m?), mean  SD 2623 + 3,61 2462+ 253 008
ASAclass, n (%)

1 48 (43.24) 45 (43.69) 077
[ 63 (56.76) 58 (56.31) 055
Dependence on smoking (n), n (%) 31(27.99) 35 (33.98) 034
Alcohol abuse, n (%) 31(27.99) 33(32.04) 051
Coronary heart disease, n (%) 33(20.79) 35 (33.98) 051
Hypertension, n (%) 38(34.29) 40 (38.89) 0.49
Diabetes, n (%) 15 (13.51) 18 (17.48) 042
Family history of dementia, n (%) 5(4.50) 4(3:88) 1.00
Time of anesthesia (min), mean + SD 141.38 £ 25.41 147.82 £ 23.41 0.76
Time of surgery (min), mean  SD 133.14 £ 25,35 13676+ 31.73 088
Estimated volume of infusion (mi), mean = SD 911.27 + 33.86 922.45 + 36.89 074
Estimated blood loss (m), mean  SD 111.97 £ 545 12028 +7.79 059
Preoperative the highest MMSE score, median, and 25-75 percentie 24 (22-27) 25 (23-28) 031
Preoperative the highest MoGA score, median, and 25-75 percentile 27 (26-29) 28 (26-30) 0.18
Post-operative the highest MDAS score, median, and 2575 percentile 18 (10-15) 12 (9-15) 079
Post-operative the highest VAS score, median, and 25-75 percentile 2(1-9) 3(2-5) 061

The length of anesthesia was defined from the time that the anesthesiologists started the spinal anesthesia in the patients to the time when the patients were sent to the post-anesthesia
care unit. The length of surgery was defined from the time of initial incision to the time of the closure of the skin. BMI, Body Mass Index; ASA, American Society of Anesthesiologists; cm,
centimeter; min, minute; kg, kilogram; mi, miliiter; SD, standard deviation; MMSE, Mini-Mental State Examination; MOCA, Montreal cognitive assessment; MDAS, Memorial Delirium
Assessment Scale; VAS, visual analog scale.
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Biomarkers SCD group (V=111)  NC group (N =103)  P-value

AB4O (pg/ml, £5)  4751.00 + 242544 6233.88 + 3450.97 < 0.001

AB42 po/ml, k) 18681+ 136.24 233.33  128.59 0009
P-tau (pg/m,  5) 41.42 £ 16.99 35.43 + 12.23 0,003
Ttau(pg/ml, £5)  224.55 £ 146.39 16756+ 71.18 <0001

SCD, subjective cognitive decline; NC, normal cognitive; CSF, cerebrospinal fluid.
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Factors of interest Unadjusted Adjusted

OR (95%Cl)  P-value  OR (95%Cl) P-value

scp 1.87(101-849) 004  282(1.18-455) 001
Apa2 0.10(0.99-1.00) 000  099(0.99-1.00)  0.00
AB4O 1.00(099-100) 007  100(0.99-1.00) 004
P-tau 1.04(102-1.06) <0.001 104 (1.01-1.08)  0.00
Ttau 1.00(100-101) 000  100(1.00-101) 001

OR, relative risk; Ci, confidence interval. After adding SCD, AB42, Ap40, P-tau, Ttau,
multivariate regression analysis was performed.
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PCR array of NF-kB target genes

————BEND3— ——— ————shSirt3-BEND3————

Control HG + PA Control HG + PA

Cox-2 1 124 2.4 256
CXCLA1 1 27.9 1.01 309
RANTES 1 6.1 1.8 15
GADD45B 1 6.8 -1.14 10.9
Adrenomedullin 1 7.4 —-1.04 10.9
CXCL10 1 22 1.2 5.5
NQO1 1 3.0 1.6 3.1
Myc 1 2.6 —1.05 2.4
NF-«kBIA 1 2.3 1.2 28

The cells were processed for RNA isolation and pathway-specific gene expression
array was performed. Fold inductions over BEND3-control are presented. shSirt3,
Sirt3-silenced.





OPS/images/fnagi-13-721858/crossmark.jpg





OPS/images/fnagi-13-716616/fnagi-13-716616-g003.jpg
A kDa SIRT3 Claudin-5 Z0-1

SIRT3 | e v P 120
2~ 100 100 100
‘m O
g ":;:' 80 # 80 80
9o 4 *
- 0 * 60 * 60
*%
=
i m< 20 20 20
PacCtin | e we— w— w— 37
0 0 0
Con HG PA HG+PA Con HG PA HG +PA Con HG PA HG +PA Con HG PA HG+PA

5 HG+PA






OPS/images/fnagi-13-716616/fnagi-13-716616-g004.jpg
pg/ng Gapdh

pg/ng Gapdh

Cox-2
CXCLA1

Cox-2
1400 =
1
1200
1000
800
*k
600
400
200
0 - J—
12 3 45 6 7 8
-BEND3- shSirt3 BEND3
RANTES
45
*
40 .
35 * *
30 *
25
20

15

10

12 34 5 67 8

-BEND3-

shSirt3 BEND3

kDa

-75

-10

RANTES [== == == == = o o = 10

GADD4583

B actin

20

T S e D D Gy Gaw

-37

1 2 3

—--BEND3----

4 5 6 7 8
shSirt3 BEND3

2000
1800
1600
1400
1200
1000
800
600
400
200

250

200

150

100

50

Band intensity
(% of control)

CXCL1

1

2 3456178
-BEND3-

shSirt3 BEND3
GADD4583

1 2

-BEND3-

1200

1000

(o]
o
o

<))
(=]
o

'S
o
o

N
[=]
o

o

34 5617 8
shSirt3 BEND3

Cox-2

12 34 5617 8

--BEND3-- shSirt3 BEND3






OPS/images/fnagi-13-716616/fnagi-13-716616-g005.jpg
k

-; | shS|rt3
--BEND3- -- BV2 --

BEND3/BV2 shSirt3(BEND3/BV2)






OPS/images/fnagi-13-668775/cross.jpg
3,

i





OPS/images/fnagi-13-668775/fnagi-13-668775-g001.jpg
8 weeks of supplementations

(Placebo/L-DOPA/AP-32/RM/A-RM) I

Week 0 Week 6" Week 10t Week 14t
6-OHDA Checking point: Apomorphine-induced *Catwalk-gait test
lesion Apomorphine-induced rotation test *Apomorphine-induced
rotation test rotation test
‘ *DXA

*Fecal, blood, and tissue

Animal Grouping lecti
collection






OPS/images/fnagi-13-611891/fnagi-13-611891-t002.jpg
Thalamus
Globus
pallidus
Putamen
Caudate
nucleus
Red
nucleus
Substan
tia nigra
Dentate
nucleus

Mean value

0.04 &+ 14.37
185.82 £ 47.47

98.79 + 31.49
83.24 + 22.94

149.58 + 42.62

1568.96 £ 39.90

111.16 £ 40.86

Left

0.40 4 14.58
184.08 £ 48.25

97.45 £ 33.09
83.89 £+ 23.78

148.19 £ 44.53

169.13 £43.10

111.88 £ 42.38

Right

0.33 &+ 15.96
187.57 +£49.78

100.12 4 33.056
82.59 £24.13

150.98 4+ 44.36

168.78 4 40.06

11042 £41.12

t

0.724 0.470

—1.461

0.147

—1.8358 0.178
0.967 0.336

—-1.13

0.261

0.152 0.879

0.871

0.386
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CMBs No (83)
Yes (22)
WMH 0(31)
1(74)
Lacunes 0(89)
1(16)
Hypertension 0 (46)
Yes (59)
Diabetes o (82)
Yes (23)
Hyperlipidemia No (73)
Yes (32)
E4 gene o (88)
Yes (14)
Smoke o (79)
Yes (26)
Gender M (48)
F (67)

Thalamus Globus pallidus Putamen Caudate nucleus Red nucleus Substantia nigra Dentate nucleus
Susceptibility ~ Statistical Susceptibility Statistical Statistical Susceptibility Statistical Susceptibility Statistical Susceptibility Statistical Susceptibility Statistical
value value value value value value value value value value value value value
t P t P t P t P t P t P t P

-1.62 £ 1360 -2.190 0.037 186.96 +£48.35 0.476 0.635 95.53+29.41 -2.094 0.039 82.33+22.03 -0.786 0.434 14894 +40.14 -0.301 0.794 159.58 £37.54 0.309 0.758 111.47 £4260 0.154 0.878
5.89 + 15.97 181.52 + 44.77 111.09 + 36.54 86.67 + 26.37 152.03 £ 51.92 156.61 £ 48.73 109.95 + 34.34

0.20+15.27 0.076 0.940 181.69+43.50 -0.575 0.566 93.74+30.00 -1.064 0.290 83.47 £25.15 0.068 0.946 152.68+40.24 0.480 0.632 162.26 +38.45 0.548 0.585 109.13 +44.13 -0.327 0.744
-0.03 + 14.08 187.55 + 49.21 100.90 + 32.06 83.14 £22.12 148.29 £ 43.78 157.57 £+ 40.66 112.00 + 39.70

-0.49 +£ 1484 -0.893 0.374 187.52 +48.55 0.865 0.389 97.49+31.83 -1.000 0.320 83.25+23.08 0.010 0.992 153.17 £41.23 2.065 0.047 160.87 £38.29 1.163 0.248 11291 +42.36 1.042 0.300
2.99+11.36 176.36 + 41.02 106.04 + 29.43 83.18 £ 22.88 129.64 + 46.03 148.29 + 47.88 101.36 + 30.44

213+16.85 13256 0.188 190.74+46.77 0.936 0.351 97.61+30.60 -0.338 0.736 83.78+24.38 0.213 0.831 161.25+36.39 2.541 0.013 165.95+38.43 1.599 0.113 118.90+44.04 1.732 0.086
-1.60 £+ 13.00 182.00 + 48.05 99.71 £ 32.41 82.81 +£21.95 140.49 £ 45.14 153.50 + 40.49 105.11 £ 37.47

-1.33+£14.26 -1.858 0.066 186.54 +48.46 0.292 0.711 9554 +£33.36 -2.024 0.046 80.21 £23.18 -2.623 0.010 145.53 £43.31 -1.860 0.066 156.87 +£38.16 -1.014 0.313 106.12+41.18 -2.440 0.016
4.90 + 14.00 183.20 + 44.64 110.36 £+ 23.92 94.02 +£18.77 164.02 £+ 37.45 166.41 £ 45.93 129.10 + 34.91

-0.156+15.29 -0.199 0.842 190.50+51.98 1.534 0.128 97.64+33.19 -0.565 0.574 82.44+£23.92 -0.533 0.595 152.52 +£42.57 1.029 0.306 161.42+37.99 0956 0.341 112.35+44.07 0.451 0.653
0.46 +£12.23 175.16 + 33.38 101.42 £ 27.55 85.04 £ 20.77 143.12 £ 42.69 153.33 + 44.07 108.42 + 32.85

-0.94 +£14.05 -1.792 0.076 185.64+48.92 -0.229 0.819 99.30+29.95 -0.274 0.785 83.53+21.37 -0.859 0.392 150.21 £41.33 0.208 0.835 159.67 £40.66 0.466 0.642 11512+41.81 1.619 0.109
6.48 + 16.46 188.82 + 35.75 101.756 £ 37.98 89.00 + 26.77 147.62 £+ 53.22 154.23 £+ 40.31 96.36 + 27.89

-1.65+12.81 -2.004 0.048 184.30 +£43.97 -0.572 0.568 95.98+28.33 -1.606 0.111 82.50+20.95 -0.571 0.569 148.68 £41.95 -0.379 0.706 157.27 £36.68 -0.753 0.453 112.81 £43.35 0.725 0.470
486 +17.75 190.46 + 57.54 107.33 £ 39.00 86.47 + 28.50 162.34 £ 45.34 164.08 + 48.88 106.10 + 32.35

149+16.18 0.949 0.345 182.50+52.27 -0.657 0.513 97.19+35.03 -0.476 0.635 81.67 £24.39 -0.641 0.523 146.74 +40.93 -0.626 0.533 161.60 +44.49 0.622 0.533 103.47 £41.56 -1.786 0.077
“1.19 £ 12.66 188.62 + 43.29 100.14 + 28.43 84.56 £ 21.77 151.98 + 44.21 156.73 + 35.84 117.62 + 39.47

Significant p-values < 0.10 are highlighted in italics.
CMBs, cerebral microbleeds; WMH, white matter hyperintensity.
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Thalamus Globus pallidus Putamen Caudate nucleus Red nucleus Substantia nigra Dentate nucleus

r —0.060 0.306 0.383 0.270 0.112 0.113 0.221
P 0.570 0.002 0.000 0.005 0.257 0.252 0.024

The Bonferroni method was used for multiple hypothesis correction to avoid type | error, and the new p-value level was adjusted to 0.007.
DGM, deep gray matter.
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Factors

Smoking

Age
Diabetes

Age
Diabetes

Age
Diabetes
Hypertension

Age
Diabetes
Hypertension

7.120

1.895
14.494

0.967
13.643

1.533
19.459
—-27.122

1:91.7
23.972
—21.968

Adjusted r

0.212

0.381
0.191

0.267
0.247

0.310
0.185
—0.317

0.297
0.244
—0.268

2.166

4.257
2137

2.897
2.682

3.164
2.069
—3.236

3.126
2.682
—2.818

P

0.033

0.000
0.035

0.005
0.009

0.001
0.041
0.002

0.002
0.009
0.006

R of model

0.212

0.428

0.366

0.392

0.409

F of model

4.692

11.447

7.882

5.170

6.657

P of model

0.033

0.000

0.001

0.000

0.000





OPS/images/fnagi-13-611891/fnagi-13-611891-g005.jpg





OPS/images/fnagi-13-611891/fnagi-13-611891-g006.jpg
ppb
200

-200






OPS/images/fnagi-13-611891/fnagi-13-611891-g007.jpg
B C






OPS/images/fnagi-13-611891/fnagi-13-611891-t001.jpg
Variable

Participants
(had one MR scan)

Participants
(had two MR scans)

No. of participants
Age (years)
Education (years)
Gender
Hypertension
Diabetes
Hyperlipidemia
Smoking

WMHs

Lacunes

CMBs

E4 gene

F
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

105
65.25 + 6.33
11.38 + 2.57
48 (45.71)
7 (54.29)
6 (43.81)
9 (56.19)
2 (78.10)
3 (21.90)
3 (69.52)
2 (30.48)
9 (75.24)
26 (24.76)
1(29.52)
4 (70.48)
9 (84.76)
6 (15.24)
3 (79.05)
2 (20.95)
8 (86.27)
4(13.79)

44
59.19 + 5.31
11.91 + 2.64
22 (50.00)
22 (50.00)
2 (27.27)
32 (72.73)
31 (70.45)
3(29.55)
7 (61.36)
7 (38.64)
4 (77.27)
(22 73)
28 (63.64)
6 (36.36)
43 (97.73)
1 (2.27)
30 (68.18)
4(31.82)
38 (86.36)
6(13.64)

Participants who had one MR examination were referred to as individuals who had
an MR brain scan from October 2018 to August 2019. Participants who had two
MR examinations were referred to as individuals who had MRI scans at two time
points: the first was from July 2010 to December 2011, the second was from
October 2018 to August 2019, and the time interval was approximately 8 years. The
Apolipoprotein E4 (APOE4) gene carrier status of 102 patients was determined by
using blood samples obtained from October 2018 to August 2019. Individuals with
E4 alleles were coded as Yes, and individuals without E4 alleles were coded as No.
CMBs, cerebral microbleeds; WMHSs, white matter hyperintensities.
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SCFAs (mM) NC PD L AP-32 RM A-RM

Total acid 6.43 &+ 0.64 4.48 +£1.37% 5.38+1.28 6.39 £ 0.42* 6.42 £+ 0.87* 6.50 &+ 1.73"
Acetic acid 4.33 +£0.61 3.63 £ 1.36 3.99 £0.92 4.49 4+ 0.53 4.96 £0.79 4.92 £0.90
Propionic acid 1.06 £ 0.06 0.58 + 0.16" 0.95+0.12* 0.93 £0.10* 1.00 £ 0.07* 116 £0.37*
Isobutyric acid 0.03 £ 0.01 0.03 £0.00 0.03 £ 0.01 0.05+0.01* 0.04 £0.02 0.04 £0.01
Butyric acid 1.80+£0.13 0.54 +0.11* 0.90 4+ 0.38 1.57 +£ 0.38* 123 £0.21* 1.21+£0.61*
Isovaleric acid 0.02 £0.00 0.01 £0.00 0.01 £0.01 0.08 +£0.01* 0.08 £ 0.01* 0.02 £0.00
Valeric acid 0.08 £ 0.01 0.06 £ 0.01 0.05 £ 0.01 0.07 £ 0.02 0.05 £0.03 0.05 £0.02

Data are expressed as mean + SEM (n = 5 rats/group). *p < 0.05 PD group compared to NC group. “p < 0.05 L, AP-32, RM, and A-RM groups compared to PD group.
There is no significant difference between AP-32, RM, and A-RM. One-way ANOVA with Tukey’s post hoc test. SCFAS, short-chain fatty acids.
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Biochemistry levels NC PD L AP-32 RM A-RM
TCHO (mg/dL) 81.8+21.2 84.4 +£14.7 75.8 £13.6 85+ 17.5 A £11:1 77.3+111
TG (mg/dL) 108.8 + 46.7 94 +44.7 96.8 +£46.2 104.7 + 25.6 107.7 £14.9 95.0 £ 56.4
HDL (mg/dL) 448 +£9.6 46.7 £15.0 46.8 £6.3 39.2+6.0 39.7 £ 111 33.3+3.8
AST (u/L) 183.3 £ 54.5 247 £ 55.3 185 + 52.0 141.3.8 £ 31.1 2743+ 50.5 318.0 £ 50.8
ALT (u/L) 478 £ 41 543 £8.0 435 +5.2 43 £ 3.7 46.7 £ 5.3 89.3+99
ALB (g/dL) 46+09 3.7+02 43+0.7 39+04 35401 38402
TP (g/dL) 7.2408 6.4 +£0.3 6.8 +0.6 6.4+0.3 6.1 +£02 6.4+02

All data are expressed mean + SEM (n = 5 rats/group). There is no significant difference between groups. NC, normal control; PD, untreated PD as negative control;
L, PD treated with 8 mg of L-DOFA as a positive control; AP-32, PD treated with 1.03 x 109 CFU/kg BW of AP-32; RM, PD treated with 62 mg/kgBW of residues of
microbial culture medium RM; A-RM, PD treated with AP-32 and 62 mg/kgBW of residues of microbial culture medium RM. TCHO, Total Cholesterol; TG, Triglycerides;
HDL, High Density Lipoprotein-Cholesterol; AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase; ALB, Albumin; TR, Total Protein.
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Week NC PD L AP-32 RM A-RM

gt 0.0+£0.0 221.0 + 13.9* 2204 +£9.3 223.8 + 16.1 221.0+121 2148+ 124
10h 0.0+£0.0 258.2 4+ 31.3% 233.6 +20.6 187.6 + 24.8* 191.4 £27.6* 194.0 £ 20.8*
14 0.0+£0.0 269.6 + 29.5% 2568.4 +23.3 90.2 & 24.6* 131.4 £20.8* 107.0 £ 21.2*

Apomorphine-induced rotation test was conducted at 6, 10, and 14 weeks after 6-OHDA lesion. Data are expressed mean + SEM (n = 5 rats/group). *p < 0.05 PD
group compared to NC group. “p < 0.05 L, AP-32, RM, and A-RM groups compared to PD group. There is no significant difference between AP-32, RM, and A-RM.
One-way ANOVA with Tukey's post hoc test. BW, Bodyweight; FCE, Food Consumption Efficiency (an increase of BW/total calorie intake).
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Parameter NC PD L AP-32 RM

BW gain (g)/rat 3202 +95 127.6 + 14.2% 200.8 + 14.7* 295.0 + 25.4* 207.6 + 8.5
Food intake (Kcal)/day/rat 112.8 £ 14.4 101.4+9.2 1071 493 1050 +7.7 10354 84
FCE (%) 29+0.3 1.3 + 0.2* 19+02* 2.8+ 08" 224028
Water intake (ml)/day/rat 42427 339+14 42 £ 1.7 349+ 21 3234382

A-RM

250.4 + 14.7*%
102.8 4+ 6.9
2.4 +01*
343+26

Data are expressed mean -+ SEM (n = 5 rats/group). *p < 0.05 PD group compared to NC group. *o < 0.05 L, AP-32, RM, and A-RM groups compared to PD group.
$p < 0.05 RM and A-RM groups compared to AP-32 group. One-way ANOVA with Tukey’s post hoc test. BW, Bodyweight; FCE, Food Consumption Efficiency (an

increase of BW/total calorie intake).
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