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Editorial on the Research Topic
 Current advances in genetic presentations of dementia and aging, volume II




Dementia associated with causative genes refers to a group of inherited disorders that cause progressive cognitive decline and dementia. These disorders are caused by mutations in certain genes that are involved in the normal function of the brain (Loy et al., 2014). The most common dementia associated with the causative gene is Huntington's disease. Aging is a natural process that affects all organisms, and it is a major risk factor for many diseases, including dementia. As we age, the structure and function of the brain change, and this can lead to cognitive decline and an increased risk of developing dementia (Singh et al., 2019). Some forms of genetic presentations of dementia are associated with accelerated aging and an earlier onset of cognitive decline. Similarly, mutations in certain genes can lead to accelerated aging and an earlier onset of cognitive decline. However, it is important to note that not all forms of genetic presentations of dementia are associated with accelerated aging, and the relationship between genetics, aging, and dementia is complex and not fully understood.

This topic aims to address the relationship between dementia associated with causative genes and aging, including the mechanism of action of various dementia risk genes during aging, identification of aging biomarkers associated with dementia associated with causative genes and strategies for aging prevention and treatment associated with dementia The topic will provide a comprehensive overview of the aging risk genes associated with causative genes and strategies to prevent and treat aging. This publication focuses on Alzheimer's disease (AD), neuronal intranuclear inclusion disease (NIID), type 2 diabetes mellitus (T2DM)-related cognitive impairment, Schizophrenia (SCZ), and co-morbid RNA-binding proteins (RBPs) of glioma and cerebral ischemia. This topic will provide potential new therapeutic strategies for aging-related dementia associated with causative genes.

AD is the most common type of dementia attributed to aging. The ε4 allele of the apolipoprotein E (APOE) gene is recognized as a strong genetic risk factor for AD. However, the role of cerebral blood flow (CBF) in cognition-related brain regions in mediating the association of APOE with cognition is unknown. The clinical study of Wang et al. proposed for the first time that CBF based on arterial spin labeling (ASL) technology could partially mediate the correlation between APOE genotype and cognition. Neurotrophic factors and their receptors have long been promising targets for the treatment of AD. The results of animal experiments by Wei et al. showed that the MET protein showed an age-dependent progressive decrease in the early stage of AD, and affected the activity of its ligand hepatocyte growth factor (HGF), suggesting that the decrease of the HGF/MET signaling pathway may be a potential cause of AD. One of the pathogenic mechanisms. Heart fatty acid binding protein (HFABP) is a regulatory factor in lipid metabolism and is considered to be a novel biomarker involved in the pathogenesis of AD. Fu et al. found that the level of HFABP in cerebrospinal fluid was correlated with the classic AD pathological marker p-Tau, which may affect the longitudinal changes of cognitive function by mediating the level of p-Tau. Visuospatial impairment is common in AD patients. Tokushige et al. investigated whether gaze exploration patterns during visual tasks could help predict cognitive decline in the early stages of AD.

Unlike AD, NIID, first reported in 1968, is a rare neurodegenerative disease that affects cognitive function. The current diagnosis of NIID relies on CGG repeat expansion in the 50 UTR of the NOTCH2 NLC gene, or p62-positive intranuclear inclusions in skin biopsy. Skin biopsies are limited in scope due to their novelty. The study of Zhou et al. suggested that urine cytology is a sensitive and reliable non-invasive method for diagnosing NIID, although its accuracy is not as good as that of skin biopsy.

T2DM is an important risk factor affecting cognitive function in the elderly. Liu G. et al. found that T2DM may be related to dementia by affecting the volume of the fourth ventricle in a cross-sectional study of Chinese elderly communities, but this conclusion still needs further large-scale and multi-center verification. Zhang Y. et al. used astragaloside IV (AS-IV) to intervene in T2DM model rats, and found that its therapeutic effect may be achieved by regulating the Nrf2/Keap1/HO1/NQO1 pathway to reduce oxidative stress and neuroinflammation. In addition to AS-IV, quercetin, a traditional Chinese medicine, has recently been considered to prevent diabetic cerebrovascular endothelial cell injury by targeting VCAM1 (Huang et al., 2022).

SCZ is a multi-etiological mental illness that can cause cognitive impairment and neuropsychological disorders. It currently affects about 20 million people worldwide and is one of the leading causes of disability. The results of bioinformatics-based research by Zhang C. et al. showed that NEUROD6, NMU, PVALB, and NECAB1 may be potential biomarkers for predicting SCZ. In addition, Lin et al. also explored the comorbid RBPs of glioma and ischemic stroke, namely POLR2F, DYNC1H1, SMAD9, TRIM21, BRCA1, and ERI1. Among them, upregulated SMAD9 is associated with dementia, while downregulated POLR2F is associated with aging-related hypoxic stress. In the future, RBP is expected to be used as a comorbidity biomarker of glioma and ischemic stroke to guide clinical prevention and treatment.

ASL and urine cytology techniques offer no innovative options for early diagnosis and treatment of AD and NIID. The mechanisms of HGF/MET, HFABP in the pathogenesis of AD have been further explored. T2DM-related cognitive impairment has been at the forefront of research, and the detection of Nrf2/Keap1/HO1/NQO1 signaling pathway and fourth ventricular volume has helped to unravel the pathogenic mechanisms of the disease. Interestingly, bioinformatics has an increasingly prominent role in predicting neurological diseases such as SCZ, glioma and cerebral ischemic comorbidity RBPs. In addition, gaze exploration patterns may also be important indicators of response to early AD. In conclusion, the genetic manifestations of dementia are complex and current studies are insufficient to present the full picture of the disease, especially its concomitant aging manifestations deserve further investigation.
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Background: The ε4 allele of the apolipoprotein E (APOE) gene is a strong genetic risk factor for aging-related cognitive decline. However, the causal connection between ε4 alleles and cognition is not well understood. The objective of this study was to identify the roles of cerebral blood flow (CBF) in cognitive-related brain areas in mediating the associations of APOE with cognition.

Methods: The multiple linear regression analyses were conducted on 369 subjects (mean age of 68.8 years; 62.9% of women; 29.3% of APOE ε4 allele carriers). Causal mediation analyses with 5,000 bootstrapped iterations were conducted to explore the mediation effects.

Result: APOE ε4 allele was negatively associated with cognition (P < 0.05) and CBF in the amygdala, hippocampus, middle temporal gyrus, posterior cingulate, and precuneus (all P < 0.05). The effect of the APOE genotype on cognition was partly mediated by the above CBF (all P < 0.05).

Conclusion: CBF partially mediates the potential links between APOE genotype and cognition. Overall, the APOE ε4 allele may lead to a dysregulation of the vascular structure and function with reduced cerebral perfusion, which in turn leads to cognitive impairment.

Keywords: APOE ε4, cerebral blood flow, cognition, causal mediation, CIBL study


INTRODUCTION

According to World Alzheimer Report 2019, the number of people with dementia is over 50 million currently, which is projected to be 82 million in 2030 and 152 million in 2050 (Sheet, 2019). According to the latest epidemiological survey, the incidence of mild cognitive impairment is 15.5% among people aged over 60 years in China (Jia et al., 2020). The vascular factor and apolipoprotein E gene (APOE) ε4 allele are important factors associated with cognitive impairment (Bretsky et al., 2003; Strickland, 2018). Previous studies have drawn conflicting conclusions concerning the association between CBF and cognition. Some argued that reduced cerebral blood flow (CBF) is independently associated with worse cognitive performance (Bracko et al., 2020; Visser et al., 2020), especially, in the hippocampus, posterior cingulate, precuneus, thalamus, and caudate (Nation et al., 2013; Okonkwo et al., 2014). However, Steffener et al. suggested that cognition is negatively correlated with CBF in the posterior central gyrus, hippocampus, and part of the temporal cortex. Therefore, the relationship between cognition and CBF still needs further exploration. Besides, the relationship between CBF and APOE is still contradictory (Zlatar et al., 2014; Michels et al., 2016; Dounavi et al., 2021). The PREVENT-Dementia study shows that CBF is higher in ε4 carriers than in non-carriers across the general population (Dounavi et al., 2021), whereby a small-sample study of 48 subjects finds an inverse relationship between CBF and APOE ε4 (Michels et al., 2016). Moreover, the relationship is inconclusive at different stages of Alzheimer’s disease (AD) (Wierenga et al., 2012; Kim et al., 2013; Michels et al., 2016; McKiernan et al., 2020). CBF is significantly increased in the cognitively normal (CN) ε4 carriers, (Wierenga et al., 2012; McKiernan et al., 2020) and decreased in mild cognitive impairment (MCI) ε4 carriers (Wierenga et al., 2012). However, the results are exactly the opposite in an age-matched cohort study (Kim et al., 2013). However, it has been widely accepted that APOE ε4 is the most common genetic risk factor for cognitive decline, and the mechanism underlying ε4 allele effects on cognition is not clear. Previous mediation analyses reveal that APOE ε2 may exert a protective effect on neurofibrillary tangles by two pathways: a direct effect of the ε2 allele (direct pathway) and via its effect on neuritic plaques (indirect pathway) (Serrano-Pozo et al., 2015). Thus, it could be speculated that the ε4 allele exerts its effects on cognition by both direct and indirect pathways. To date, the roles of CBF on the associations of APOE genotype with cognition have not been studied carefully. Herein, we aimed (1) to explore the relationships of APOE genotype with CBF and cognition and (2) to test whether the influences of APOE genotype on cognition is mediated by CBF.



MATERIALS AND METHODS


The Chinese Imaging, Biomarkers and Lifestyle Database

The Chinese Imaging, Biomarkers and Lifestyle (CIBL) Study of Alzheimer’s Disease is an ongoing large-scale study mainly focused on radiographic changes, biomarkers, and risk factors of AD, aiming to construct prediction models for early diagnosis of AD. The samples were recruited at Beijing Tiantan Hospital Affiliated with Capital Medical University since September 2020. All enrolled participants underwent neuroimaging examination, blood collection, and clinical and neuropsychological assessments via a structured questionnaire. The clinically cognitive diagnoses of MCI and AD were aligned with the National Institute on Aging-Alzheimer’s Association (NIA-AA) criteria (Albert et al., 2011; McKhann et al., 2011). Exclusion criteria for this study were (1) education illiterate groups; (2) cognitive impairment attributable to alcohol use, depression, medication use, or medical illness; (3) magnetic resonance imaging (MRI) contraindications; (4) using drugs or substance that affected cerebral perfusion on the same day as the MRI; (5) history of significant psychiatric disorder or neurological disease (e.g., central nervous system infection, traumatic brain injury, epilepsy, or other major neurological disorders); (6) life-threatening somatic disease; and (7) family history of Mendelian inheritance. All participants provided written informed consent prior to enrollment in the CIBL study, which was approved by the Research Ethics Committee of Beijing Tiantan Hospital in accordance with the Declaration of Helsinki.



Participants

In this study, participants who had data seen as extreme values (situated outside ± 3 standard deviations) were removed from the analysis. Finally, 369 participants without a history of stroke or other structural brain abnormality were included in the CIBL study. Individual information including gender, age, APOE ε4 genotyping, educational level, systolic blood pressure (SBP), body mass index (BMI), history of hypertension, Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), and CBF values was derived from arterial spin labeling (ASL). Age status was categorized as midlife (40 < age < 65) and late-life (age ≥ 65).



Apolipoprotein E Genotypes and Cognitive Assessment

DNA samples were extracted from 10 ml ethylene diamine tetraacetic acid (EDTA) overnight fasting blood samples. All individuals were genotyped at WeGene Lab using a customized Illumina WeGene V3 Array by Illumina iScan System, which contains roughly 700,000 markers. APOE genotypes comprising ε2, ε3, and ε4 alleles were defined by single nucleotide polymorphisms (SNPs) rs429358 and rs7412. Participants in this study were classified as APOE ε4 non-carriers and APOE ε4 carriers (presence of at least one APOE ε4 allele). Global cognitive function was assessed for all participants using the MoCA test (Hemmy et al., 2020).



Brain Magnetic Resonance Imaging

All participants in this study underwent brain MRI using a 3.0-T MR scanner (SIGNA Premier; GE Healthcare, Milwaukee, WI, United States) with the 48-channelhead coil. The imaging parameters for high-resolution three-dimensional (3D) T1-weighted scans were as follows: repetition time, 1,900 ms; echo time, 3.0 ms; flip angle, 12°; slice thickness, 1.0 mm; number of slices, 176; field of view, 256 × 256 mm2; acquisition matrix, 256 × 256; and scan time, 4 min 56 s. The perfusion-weighted MRI was performed using 3D pseudocontinuous arterial spin labeling (pCASL) sequences.

The acquisition parameters for eASL were as follows: repetition time, 4,849 ms; echo time, 10.6 ms; field of view, 220 × 220 mm2; acquisition matrix, 512 × 512; slice thickness, 4 mm; number of slices, 36; and scan time, 4 min 22 s. CBF of PLD (2,025 ms) was calculated according to the standard one-compartment model (Alsop et al., 2015). The perfusion regions of interest (ROIs) included the amygdala, hippocampus, parahippocampal gyrus, middle temporal gyrus, posterior cingulate, precuneus, and thalamus.



Statistical Analyses

The statistical analyses and figure preparation were performed using SPSS version 24.0, R version 4.0.3, and GraphPad Prism version 8.0. According to the APOE genotypes, subjects were categorized into APOE ε4 carrier and non-carrier groups, and t-test (for continuous variables) and chi-square test (for categorical variables) were used to test the difference of baseline between-group characteristics. P-values were corrected for multiple hypotheses using the Benjamini–Hochberg method (Klipper-Aurbach et al., 1995).

First, multiple linear regressions (MLRs) were used to explore associations of cognition with APOE genotypes and CBF averaged across left and right hemispheres, adjusting for different covariates. Then, to assess the influence of hemispheric dominance on cognitive ability, CBF of both left and right hemispheres was included in the same MLR model (DELETED). Furthermore, to examine whether cerebral perfusion could modulate the relationship between APOE and cognition, causal mediation analyses were conducted based on the method suggested by Baron and Kenny (Baron and Kenny, 1986). The relative indirect effects (βIE) through CBF, natural direct effect (βDE), total effect (βtotal), and proportion of mediation (βIE/βtotal) were analyzed using bootstrapping with 5,000 iterations. A two-tailed P-value less than 0.05 was considered statistically significant.




RESULTS


Description of the Subjects

Patient demographics and baseline characteristics are shown in Table 1. A total of 369 subjects were recruited for the study, including 92 CN, 124 MCI, and 153 Alzheimer’s dementia. The mean age was 68.82 ± 11.24 years and 62.87% were women. Of these, 108 (29.26%) were APOE ε4 allele carriers (≥ 1 ε4 allele). Compared with APOE ε4 non-carriers, APOE ε4 carriers were less educated (P = 0.02) (Araque Caballero et al., 2018) and performed significantly less well on the MMSE and the MoCA (P < 0.0001). No differences were registered in terms of age, gender, blood pressure, BMI, and history of hypertension (P > 0.05).


TABLE 1. Characteristics of subjects.

[image: Table 1]



Associations of Apolipoprotein E Genotype With Cerebral Blood Flow and Cognition

As can be seen in Figure 1, in the general study population, mean CBF of middle temporal gyrus (P = 0.004), hippocampus (P = 0.036), posterior cingulate (P = 0.009), and precuneus (P = 0.011) was significantly higher in the APOE ε4 non-carriers than in carriers. Similarly, as presented in Table 1, APOE ε4 carriers had lower value of all the above regional CBF in both left-hemisphere and right-hemisphere than non-carriers (all P < 0.05). APOE genotype was associated with CBF of amygdala (P = 0.04), hippocampus (P = 0.03), middle temporal gyrus (P = 0.02), posterior cingulate (P = 0.02), and precuneus (P = 0.04) but not in parahippocampal gyrus (P = 0.126) and thalamus (P = 0.593). Besides, comparison of the CBF among different APOE allele types is shown in Supplementary Table 1.


[image: image]

FIGURE 1. Associations of APOE ε4 allele with mean cerebral blood flow (CBF) of 7 different brain regions. Comparisons between groups were analyzed using t-tests. The asterisks mean significant, and ns indicates non-significant.


As shown in Table 2, APOE genotype correlated negatively with MoCA (β = −0.215, P < 0.001), after adjusting for age, gender, and years of education (model 1). Additionally, adjusting for SBP and BMI (model 2), the association of APOE and MoCA became weaker (β = −0.167, P = 0.002), indicating that blood pressure and BMI are important risk factors for cognition. Besides, the APOE genotype was significantly associated with lower mean CBFs of the amygdala, hippocampus, parahippocampal gyrus, middle temporal gyrus, posterior cingulate, precuneus, and thalamus (all P < 0.001). In model 3, as for model 2 and additionally adjusting for APOE genotype, CBF of different brain areas was positively correlated with MoCA (β range from 0.193 to 0.454, all P < 0.001). Among these, the most significantly associated region was middle temporal gyrus (β = 0.454, P < 0.001), followed by posterior cingulate (β = 0.447, P < 0.001) and precuneus (β = 0.438, P < 0.001). Subgroup analysis was performed according to age, all but the relationship of thalamic CBF with cognition in the late-life group remained, as in Supplementary Table 2. In addition, correlation values were higher in the midlife group than that in the late-life group.


TABLE 2. Associations of cognition with APOE and different regional CBF.
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To further explore the influence of the dominant hand hemisphere, we performed a subgroup analysis of the left and right hemispheres. When the left CBF and the right CBF were simultaneously included in the linear regression model, as shown in Table 3, the significances of correlations between MoCA and right amygdala, right hippocampus, right parahippocampal gyrus, right middle temporal gyrus, and right precuneus were lost (DELETED).


TABLE 3. Associations of CBF with cognition (DELETED).
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Mediation Analysis Identified Indirect Effects Through Cerebral Blood Flow in the Associations of Apolipoprotein E Genotype With Cognition

The above findings demonstrated that there may be possible pathobiological pathways leading from APOE genotype to impaired cognition. We identified CBF of 5 regions mediating the effect of APOE genotype on cognition, after correcting for age, gender, education (refer to Figure 2). Of them, middle temporal gyrus (βIE = −0.74, 95% CIIE = −0.56 to −0.93), posterior cingulate (βIE = −0.65, 95% CIIE = −0.48 to −0.84), and precuneus (βIE = −0.63, 95% CIIE = −0.47 to −0.79) showed strong mediating effects, accounting for 24.41%, 21.51%, and 20.88% of the total effects of APOE genotype on cognition, respectively. Besides, CBF of the hippocampus (Proportion IE = 11.51%) and amygdala (Proportion IE = 7.92%) was also a potential modulator of APOE. Results of the left and right hemispheres are congruent with the results in Figure 2, and we found that brain regions of the left side have a stronger mediation than the right side (refer to Supplementary Figure 1).
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FIGURE 2. Mediation analyses of CBF of different brain regions (A–E) on the association of APOE genotype with MoCA, adjusting for age, gender, and education. Black lines show the total effect of APOE genotype on MoCA, green lines show the direct effect (i.e., without mediation), and blue lines depict the CBF mediation effect. Path weights are presented in B-values (unstandardized coefficients), and the asterisks mean that the indirect/direct/total effect is significant. Significance was determined using bootstrapping with 5,000 iterations. Additionally, the red figure within the gray box represents the proportion of mediation. Abbreviations: CBF, cerebral blood flow; MoCA, Montreal Cognitive Assessment; ParaHippo, parahippocampal gyrus; Temporal_Mid, middletemporalgyrus; Cingulate_Post, posterior cingulate.





DISCUSSION

In this prospective cohort study, three main findings were summarized as follows: (1) APOE ε4 carriers had lower perfusion in multiple brain areas compared with non-carriers; (2) cerebral perfusion had a positive association with cognition, particularly for the left (dominant) hemisphere; (3) APOE was related to cognition through a CBF-mediated pathway. Taken together, our results clearly demonstrated that APOE genotypes could associate not only with cognition but also with cerebral perfusion. Cerebral perfusion of multiple brain regions could mediate the influences of APOE on cognition, suggesting the potentially causal connections between APOE and neurodegenerative changes in the brain.

Consistent with previous theoretical work, we found that APOE ε4 carriers had reduced CBF, (Hays et al., 2016, 2019) especially in the middle temporal gyrus, hippocampus, posterior cingulate, and precuneus. In addition, the BLSA study reported that the carriers had a more rapid cerebral perfusion decline than that of non-carriers (Beason-Held et al., 2007). One longitudinal study of cognitively unimpaired older individuals showed that the hippocampus, posterior cingulate, and precuneus declined faster than other gray matter regions (McKiernan et al., 2020; Wang et al., 2021), and the heterogeneity in different brain regions may result from different causative mechanisms. A cross-sectional study from the PREVEBT-Dementia cohort also concluded that the compensatory hyperperfusion would occur at the early stages of neurodegeneration, conversely decreasing CBF at the subclinical phase of AD (McKiernan et al., 2020). During the spectrum of AD, relationships between APOE ε4 and CBF were incongruent. CBF was decreased in CN APOE ε4 carriers (Kim et al., 2013; Michels et al., 2016), but others were not (Wierenga et al., 2012; McKiernan et al., 2020). In addition, for MCI APOE ε4 carriers, findings were also contradictory (Wierenga et al., 2012; Kim et al., 2013).

However, the precise mechanisms underlying the effects of APOE on CBF and cognition are poorly defined. A study in ApoE-4 targeted replacement mice demonstrated that reduced resting CBF of APOE ε4 carriers was associated with vascular rarefaction rather than the slow velocity of a microvascular red blood cell (Koizumi et al., 2018). Besides, Østergaard et al. (2013) summarized that APOE ε4 can increase the likelihood of heterogeneity of capillary blood flow, reducing CBF, ultimately resulting in oxidative stress, activation of inflammatory pathways, and neurodegeneration. A randomized, double-blinded, placebo-controlled crossover study found that vascular function was impaired in ε4 carriers, and the peak time and magnitude of the blood oxygenation level-dependent hemodynamic response to breath-hold significantly decreased with age (Rasmussen et al., 2019). In addition, functional magnetic resonance imaging studies show that APOE ε4 carriers experienced reduced cerebrovascular reactivity, indicating highly sensitive to hypoperfusion and hypoxia (Suri et al., 2015; Koizumi et al., 2018). This conclusion is supported by preclinical and human studies, suggesting that the APOE ε4 allele was associated with higher oxidative stress and a higher pro-inflammatory state (Jofre-Monseny et al., 2008). A multimodal meta-analysis noted that APOE ε4 carriers presented a higher risk of developing white matter hyperintensity (Schilling et al., 2013), which had been widely accepted that was clearly associated with cognition decline (Wang et al., 2020).

The mediating finding in our study provided first that the causal relationship between APOE and cognition can be explained in terms of CBF. Mouse models carrying the APOE ε4 also experienced reduced CBF, and glucose metabolism and rapamycin could rescue cerebrovascular functions, CBF and incipient learning, and memory deficits in young ApoE4 mice (Lin et al., 2017). The above results increased our belief that the CBF was a mediator. Further experimental validation of this causality was required in vitro and in vivo. However, whether APOE ε4 is beneficial or aggravating remains controversial and seems to depend on the age. For example, Mondadori et al. (2007) and McKiernan et al. (2020) found that relative hyperperfusion and better cognition were observed in young APOE ε4 carriers. But ε4 carriers exhibited lower resting CBF in old age and increased the risk of AD (Thambisetty et al., 2010; Wierenga et al., 2013). When additional correction for age was applied to the association of CBF and cognition in our study, the effect size was much reduced especially in the elderly, indicating significantly affected by age. In addition, a few small studies (sample size < 100) revealed no significant correlation of APOE ε4 with CBF and cognition (Su et al., 2015; Matura et al., 2016).

This study had several strengths. We had a population-based design with a large sample size and imaging data. The data reported in this study will serve as a baseline for follow-up studies and be conducted to pursue an in-depth understanding in this regard. CBF was obtained by non-invasive ASL MRI, which had good agreements with quantitative CBF values derived from 15O-H2O PET (Kamano et al., 2013). Additionally, an imaging examination was performed after overnight fasting for 8 h, minimizing the effects of metabolic factors. However, several potential limitations should be addressed. First, our study was hospital-based, and the generalizability of conclusions warrants further validation in large community-based longitudinal studies. Second, ASL measurements were not corrected for partial volume effect (PVE), until now, the correction approaches are inconsistent, and the consistent benefit of adjusting for PVE has not been shown (Chappell et al., 2021). In addition, we did not consider the influence of the whole brain CBF. Currently, examination of serum or cerebrospinal fluid biomarkers related to neurodegenerative diseases has been not performed in the CIBL cohort. Besides, multi-delay ASL was required to verify these results, due to the effect of different arterial transit times.



CONCLUSION

Results demonstrated cerebral perfusion as an independent risk factor not only for cognitive impairments but also an important mediator for the effects of APOE genotype on the cognitive deficiency. The adverse genetic influence of APOE ε4 on cognition may be moderated by improved cerebral vasculature and CBF.
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Alzheimer's disease (AD) is a neurodegenerative disorder strongly associates with aging. While amyloid plagues and neurofibrillary tangles are pathological hallmarks of AD, recent evidence suggests synaptic dysfunction and physical loss may be the key mechanisms that determine the clinical syndrome and dementia onset. Currently, no effective therapy prevents neuropathological changes and cognitive decline. Neurotrophic factors and their receptors represent novel therapeutic targets to treat AD and dementia. Recent clinical literature revealed that MET receptor tyrosine kinase protein is reduced in AD patient's brain. Activation of MET by its ligand hepatocyte growth factor (HGF) initiates pleiotropic signaling in the developing brain that promotes neurogenesis, survival, synaptogenesis, and plasticity. We hypothesize that if reduced MET signaling plays a role in AD pathogenesis, this might be reflected in the AD mouse models and as such provides opportunities for mechanistic studies on the role of HGF/MET in AD. Examining the 5XFAD mouse model revealed that MET protein exhibits age-dependent progressive reduction prior to overt neuronal pathology, which cannot be explained by indiscriminate loss of total synaptic proteins. In addition, genetic ablation of MET protein in cortical excitatory neurons exacerbates amyloid-related neuropathology in 5XFAD mice. We further found that HGF enhances prefrontal layer 5 neuron synaptic plasticity measured by long-term potentiation (LTP). However, the degree of LTP enhancement is significantly reduced in 5XFAD mice brain slices. Taken together, our study revealed that early reduction of HGF/MET signaling may contribute to the synaptic pathology observed in AD.

Keywords: Alzheimer's disease, MET receptor tyrosine kinase, hepatocyte growth factor, synaptic plasticity, regeneration


INTRODUCTION

An estimated 50 million people worldwide are currently living with dementia (Scheltens et al., 2021), among which Alzheimer's disease (AD) accounts for the majority of these cases (Masters et al., 2015). AD is increasingly a global public health priority as the aging population increases. The current lack of effective therapeutics derives from our limited understanding of the mechanisms underlying AD pathogenesis, which hinders development of novel therapeutic and interventional approaches (Alexiou et al., 2019). Aside from the well-characterized extracellular amyloid plaques and neurofibrillary tangles composed of β-amyloid (Aβ) and phosphorylated tau proteins, an early pathology in AD is the loss of functional synapse and disruption in synaptic plasticity that occur before overt neurodegeneration (Cleary et al., 2005; Hsieh et al., 2006; Lacor et al., 2007; Shankar et al., 2007; Chen et al., 2010; Kim et al., 2014; Chung et al., 2016). Disruption of molecular mechanisms governing synaptic homeostasis and plasticity, such as activity-dependent long-term potentiation (LTP) (Gonzalez Burgos et al., 2012; Koch et al., 2012; Vanleeuwen and Penzes, 2012; Megill et al., 2015; Prieto et al., 2017), may render synapses dysfunctional and is considered an early pathological hallmark that instigates AD progression (Huh et al., 2016; Mango et al., 2019). While AD treatment strategies have been largely focused on Aβ and tau protein, the synapse itself could be a direct target to consider regarding disease intervention. Synaptic function may be preserved by preventing mechanisms of synapse degeneration and/or promoting mechanisms favoring homeostasis or regeneration (Smith et al., 2009).

Mesenchymal epithelial transition factor (MET) receptor tyrosine kinase and its ligand, hepatocyte growth factor (HGF), are expressed in the nervous system from prenatal development to adult life. The human MET gene plays a pleiotropic role in cell proliferation, morphogenesis, differentiation, survival, and regeneration of many tissue types. Upon HGF binding, MET is activated by autophosphorylation of intracellular tyrosine residues that serve as multi-substrate docking sites for signaling adaptors (Naldini et al., 1991a,b; Ponzetto et al., 1994). These adaptor proteins in turn activate pleiotropic molecular cascades including PI3K-AKT, MAPK/ERK, mTOR, and STAT (Stefan et al., 2001; Trusolino et al., 2010) to elicit a repertoire of cell behaviors collectively known as mitogenic, motogenic, and morphogenic. Our recent work reveals that MET in the developing cortical circuits controls dendritic spine formation and synaptogenesis (Qiu et al., 2011), refinement of circuit connectivity (Qiu et al., 2014; Peng et al., 2016), and the timing of excitatory synapse maturation (Qiu et al., 2011; Ising et al., 2019). Importantly, MET signaling persists in the adult brain but is restricted to the site of excitatory synapse (Akimoto et al., 2004; Eagleson et al., 2013) and is capable of modifying synaptic function and plasticity.

Existing literature supports that MET signaling is neurotrophic and neuroprotective in multiple neurodegenerative mouse models ranging from multiple sclerosis (Bai et al., 2012; Benkhoucha et al., 2014; Matsumoto et al., 2014), Parkinson's disease (Koike et al., 2006), to ALS (Genestine et al., 2011). HGF has also been shown to confer neuroprotection during stroke (Doeppner et al., 2011), ischemia (Shibuki et al., 2002), and Aβ-induced cognitive impairment in mice (Takeuchi et al., 2008). Moreover, the HGF-MET duo modifies central and peripheral immune functions (Benkhoucha et al., 2010), which are emerging as the key regulators of AD pathogenesis (Labzin et al., 2018; Ising et al., 2019; Gate et al., 2020). AD pathology accompanies numerous molecular changes that may coalesce into key signaling components, such as PI3K, STAT, PTEN, and mTOR (Oddo, 2012; Sanabria-Castro et al., 2017; Chen and Mobley, 2019; Yamazaki et al., 2019), which are also downstream players of MET signaling (Peng et al., 2013). Consistent with the posited neuroprotective role of MET signaling in AD, recent clinical literature demonstrated reduced levels of MET protein in the cerebral cortex and hippocampus of patients with AD (Hamasaki et al., 2014; Matsumoto et al., 2014). In addition, a transcriptome study also revealed MET as one of the major downregulated genes in AD brain (Liu et al., 2018). In this study, we further appraised the role of potential reduction of HGF/MET signaling in a 5XFAD AD mouse model. Our data support a novel contributory role of reduced HGF/MET signaling to the synaptic pathophysiology in this mouse model.



MATERIALS AND METHODS


Animals and Disease Model

The 5XFAD mice used in this study were purchased from The Jackson Laboratory (Catalog #34848-JAX). This line overexpresses both mutant forms of human amyloid precursor protein gene APP (K670N/M671L, V717I, and I716V) and mutant forms of human PS1 gene (M146L and L286V) under the Thy1 promoter (Oakley et al., 2006). Mice genotypes were identified according to JAX protocol. Mutant and wild-type alleles were amplified by polymerase chain reaction (PCR) using pairs of three primers (“wild type,” ACC TGC ATG TGA ACC CAG TAT TCT ATC; “common,” CTA CAG CCC CTC TCC AAG GTT TAT AG; and “mutant,” AAG CTA GCT GCA GTA ACG CCA TTT). All 5XFAD mice used in this study are heterozygotes. The forebrain-specific Met conditional knockout mice (cKO) were generated by breeding hemizygote male mice with a floxed Met gene (Metfx/+) and emx1Cre knock-in allele (Gorski et al., 2002) to homozygous female Metfx/fx mice (Judson et al., 2009; Qiu et al., 2014). Both Metfx/fx and emx1Cre lines were backcrossed onto the C57Bl/6 background and were genotyped by PCR as we previously reported (Xia et al., 2021). To obtain the Metfx/fx:emx1cre:5XFAD mice, Metfx/+:emx1cre:5XFAD mice were used as breeders. 5XFAD:Metfx/fx:emx1cre mice (aka. 5XFAD:MetcKO) and their 5XFAD littermates (no cre transgene, irrespective of floxed Met allele status) were used for neuropathological comparisons. All experimental procedures conformed to NIH guidelines and were approved by the Institutional Animal Care and Use Committee of the University of Arizona.



Immunohistochemistry / Immunofluorescence

Mice were euthanized with 3–5% isoflurane and transcardially cleared with cold 0.01 M PBS. Four percent paraformaldehyde (PFA) formulated in 0.1 M phosphate buffer (pH 7.4) was then perfused. Brains were dissected and postfixed in cold 4% PFA overnight. After cryoprotection in 30% sucrose for 2 days, brains were embedded in OCT cutting compound and sectioned on a sliding microtome (Leica SR-2000). About 40-μm-thick floating brain sections were washed 3X in 0.01 M PBS and permeabilized in PBS-0.2% Triton. For APP/Aβ+Iba1+Thio-S staining, the free-floating sections were blocked in primary antibody dilution solution (0.01M PBS containing 0.2% Triton, 5% normal goat serum, and 1% BSA) for 2 h. Anti-APP/Aβ primary antibody (clone 6E10, Biolegend, Cat# SIG-39320. Antibody Registry ID: AB_662798. 1:500 dilution) mixed with anti-Iba1 (#019-19741, Wako, 1:500 dilution) was applied for 24 h with slow rotation. Sections were washed 3X in 0.01 M PBS and further incubated with Alexa 555-conjugated goat anti-mouse antibody and Alexa 647-conjugated goat anti-rabbit antibody for 2 h. Sections were extensively washed in 0.01 M PBS and further stained with 0.025% Thio-S (prepared in 50% ethanol−50% PBS) for 10 min. After briefly destaining in 50% ethanol, sections were washed in 0.01 M PBS and mounted on the SuperFrost Plus slides (VWR Scientific, West Chester, PA) using DAPI-containing Vectashield mounting medium (H-1200, Vector Laboratories). Images were acquired on a LSM 710 confocal microscope (Zeiss GmbH, Germany) with appropriate laser lines and filters. We kept all the acquisition parameters constant through different experiments to allow comparisons, including photomultiplier tube detector gain, pinhole size, laser intensity, and image sizes. To count the number of Iba1+ microglia and coverage of APP/Aβ and Thio-S, we used maximum projection images from a 25-μm-Z stack plane (with 1-μm Z interval). Pseudo-colors of confocal image channels may be redefined to enhance visualization in figure preparation. To quantify signal area/size and co-localizations between channels, confocal .czi files were imported into Imaris or ImageJ for customized analyses.



Western Blot Analysis

Western blots was performed using specific antibodies to detect proteins of interest. Total protein content of the micro-dissected PFC and CA1 tissues was quantified using a micro-BCA assay, after being homogenized in NP40 lysis buffer (FNN0021, Invitrogen) supplemented with proteinase inhibitor cocktail (Sigma-Aldrich, P8340, 1:100). The samples are then mixed with equal amount of 2 × Laemmli loading buffer and boiled for 5 min. Samples were separated by electrophoresis on 4–15% SDS-polyacrylamide gels. Proteins were then transferred to PVDF membrane (Immobilon-P, Sigma-Aldrich) and blocked with 0.01 M PBS-Tween 20 with 5% non-fat dry milk. Primary antibody was diluted in the same blocking solution and applied to the PVDF membrane in a humidified chamber on a glass plate covered with parafilm. After overnight primary antibody incubation, the PVDF membrane was washed three times in 0.01 M PBS-Tween 20. Secondary antibodies directed to the correct species that are conjugated to horseradish peroxidase were applied for 2 h. The protein signal was developed using an enhanced chemiluminescence method (SignalFire, Cell Signaling Technology) and captured on an X-ray film (Amersham ECL Hyperfilm). The following antibodies were used for this study: From Santa Cruz Biotechnology, mouse anti-MET (Cat# sc-8057); from Millipore/Chemicon, rabbit anti-GluA1 (AB5849), rabbit anti-PSD95 (AB9708); from Cell Signaling Technology, rabbit anti-phospho-MET (Y1234/1235) (#3077), rabbit anti-GAPDH (#5174). The final dilutions of antibodies were between 1:1,000 and 1:2,000. The optical intensity of protein signal band captured on Hyperfilm was digitized by a film scanner (Epson V850) into an 8-bit gray scale image and quantified by densitometry using ImageJ/FIJI.



Synaptic Plasticity/Long-Term Potentiation

Standard extracellular field excitatory postsynaptic potential (fEPSP) recording was used to investigate long-term potentiation (LTP) changes in the prefrontal cortex (PFC) layer 5 (L5) region. Mice were euthanized using 3–5% isoflurane, followed by intra-cardiac perfusion of ice-cold choline solution (in mM: 110 choline chloride, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgSO4, 25-d glucose, 11.6 sodium ascorbate, and 3.1 sodium pyruvate, saturated with 95% O2/5% CO2) to improve brain slice viability. The brains were quickly harvested, and 350-μm-thick parasagittal slices were made on a vibratome (VT-1200S, Leica) at an angle that preserves intra-cortical L23>L5 connectivity (Qiu et al., 2011). Slices were cut in ice-cold choline solution, after which they were kept in artificial cerebrospinal fluid (ACSF, contains in mM: 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, and 10-d glucose; saturated with 95% O2 /5% CO2) for 30 min at 35°C and then maintained at 24°C RT until recording.

Brain slices were transferred to an interface chamber (AutoMate Scientific) that is maintained at 32°C and superfused with ACSF saturated with 95% O2/5% CO2. This facilitates long-term slice viability. fEPSPs were recorded using a glass patch electrode in the PFC L5 region, while a bipolar tungsten stimulating electrode (FHC, Bowdoin, ME) was placed on the L23. The patch electrode had an electrical resistance of 1–2 MΩ at 1 kHz when filled with ACSF. Biphasic electrical stimuli were generated through a Digidata 1440A device (Molecular Devices, San Jose, CA) and delivered through an optic isolator (Iso-flex, A.M.P.I). Stimulus (100-μs duration) intensity ranged from 10 to 50 μA and was delivered at 0.05Hz for baseline and LTP recordings. fEPSP signals were amplified using a differential amplifier (model 1800, A–M Systems, Carlsborg, WA), low-pass filtered at 2 kHz, and digitized at 10 kHz through the Digidata 1440A board.

For each of the fEPSP recordings in PFC slices, a stimulus-response (input–output) curve was first obtained by measuring the fEPSP slope (first 1-ms response after fiber volley) as a function of the fiber volley amplitude. This curve was then used to quantify the strength of basal synaptic transmission. We adopted a stimulus intensity that produces a ~40–50% maximum monosynaptic fEPSP responses throughout the experiments. A 10-min stable baseline responses of stimulus-evoked fEPSPs were first obtained, and the paired-pulse responses at inter-pulse intervals ranging from 20 to 200 ms were recorded to assess potential changes in presynaptic transmission. Another pre-LTP 10-min baseline was then recorded, and LTP was induced by a theta-burst stimulation protocol, which consists of a 2-s long 5 Hz train (each train consists four pulses at 100 Hz) repeated 5 times at a 10-s interval (Qiu et al., 2006; Ma et al., 2019). fEPSP responses were recorded for an additional 1 h after LTP induction. Quantification of LTP amplitude was conducted in Clampfit 10.6, or using MATLAB by reading the .abf file with the abf2load.m function. To test the effects of HGF on LTP in control and 5XFAD slices, 10 nM recombinant human HGF (Millipore Sigma, Cat# GF116) was added to the ACSF perfusate for 30 min prior to the LTP induction. A subset of slices were collected after LTP studies, and L5 region was micro-dissected for western blot detection of phospho-MET (Tyr1234/1235), which was used as a surrogate of MET activation.



ELISA Measurement of Aβ1-42 Levels

Brains were weighed, sliced, and subjected to sequential Aβ extraction. Prefrontal cortical tissues (L5 region) were dissected and homogenized in 2% SDS-RIPA buffer (containing: 150 mM NaCl, 1% NP-40, 50 mM Tris-base, 2% SDS in aqueous solution, 5 mM EDTA, and 0.5% Na-deoxycholate). The SDS-RIPA buffer also contains protease inhibitor cocktail (1:100, Sigma P8340). Tissue homogenates were incubated on ice for 15 min to extract proteins, followed by centrifugation at 16,000 g for 90 min at 4 C. The supernatant containing RIPA-soluble fraction of Aβ1−42 was collected. The pellet containing the insoluble fraction was further incubated for 30 min with 15X volume 70% fomic acid at room temperature and further centrifuged at 16,000 g for 60 min at 4°C. The supernatant collected now contains the RIPA-insoluble fractions of Aβ1−42. For both soluble and insoluble fractions, total protein content was determined using the micro-BCA method. Aβ1−42 levels were measured using an amyloid beta 42 mouse colorimetric ELISA Kit (Cat# KMB3441, Thermo Fisher) that is provided in a 96-well format, according to the manufacturers' instructions. A microplate reader (Tecan) was used to measure absorption at 450 nm.



Statistical Analyses

The experimenters were blinded to grouping/genotype information during data collection and analyses. Sample sizes and number of independent experiments were estimated by power analyses using an R script (“pwr” package on CRAN) that takes pre-specified effect size, type I and II errors as input arguments. Shapiro–Wilk test and F test were first employed to test normality and equal variance. All data that passed normality/equal variance tests were reported as mean ± SEM (standard error of the mean). For normal-distributed/equal variance data, Student's t-test or multiple t-tests were used. Statistical analyses and graphing were performed using GraphPad Prism 8.0, Microsoft Excel, and MATLAB. P-Value < 0.05 was considered statistically significant for all tests. Figures were prepared using Adobe Creative Cloud.




RESULTS


5xFAD Mice Show Age-Dependent Decrease of MET Protein in Prefrontal Cortex and Hippocampus

It has been reported that AD brain shows early reduction of MET (Hamasaki et al., 2014; Matsumoto et al., 2014). We examined MET protein levels in the heterozygote 5xFAD mice PFC- L5 and HPC-CA1 tissues at three different ages (Figure 1): P21-25, during which the brain shows no overt Aβ/amyloid pathology; P45-50, a pre-symptomatic stage when Aβ is dramatically increased; and P105-120, during which amyloid plaques are prominent (Oakley et al., 2006). Western blot analyses revealed that compared to littermate controls, MET proteins in 5xFAD tissues were of similar levels at P21-25 in both PFC-L5 and HPC-CA1 tissues (Figures 1A,B), but were dramatically reduced at P45-50 in both regions (Figures 1A,C, PFC-L5, p = 0.019, n = 4; HPC-CA1, n = 4, quantification not shown). At P105-120, MET is severely depleted in both brain regions in 5XFAD brain (Figures 1A,C, PFC-L5, p = 0.012, n = 4; HPC-CA1, n = 4, quantification not shown). MET protein reduction in PFC and HPC parallels the abrupt, qualitative increase in Aβ load in the 5XFAD mice at this age (Figure 1B).
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FIGURE 1. Age-dependent decrease of MET protein in PFC and HPC in 5XFAD mice. (A) Western blot showing MET protein levels from control and 5XFAD hippocampus CA1 regions at three ages: P21-25, P45-50, and P105-120. (B) MET and other synaptic protein levels in micro-dissected L5 PFC tissues. The same age-dependent reduction of MET protein is observed (signals normalized to GAPDH loading control). Abrupt increase in Aβ levels was seen in P45-50 and older tissues. Other synaptic proteins, including PSD95 and GluA1, were not different between control and 5XFAD PFC L5 tissues. (C) Quantification of western blot results in PFC tissues. MET protein shows a significant reduction at P45-50 (*p = 0.019) and P105-120 (*p = 0.012). No difference in the levels of PSD95 and GluA1 was seen.


The early reduction of MET proteins in 5XFAD brain can be due to specific reduction of HGF/MET signaling that is related to AD pathology or APP/Aβ overloading, or it could be simply a non-specific effects of early synapse loss. We therefore probed levels of PSD95, a postsynaptic protein, and GluA1, an AMPA receptor subunit of the excitatory synapse, in the PFC-L5 tissues. After normalizing to the GAPDH loading controls, quantification of MET, PSD95, and GluA1 is shown in Figure 1C. We found that PSD95 and GluA1 protein levels were not changed in PFC at all three ages (Figure 1C, p > 0.05 for quantification of PSD95 and GluA1 at P45-50, n = 4; other ages, data not shown). As such, the early reduction of MET protein in PFC and HPC at P45-50 or later cannot be explained by the gross loss of synapse at this stage, as other synaptic proteins markers were not affected.



Genetic Ablation of MET Signaling Exacerbates Aβ-Related Neuropathology in 5XFAD Mice

The early reduction in MET protein in 5XFAD mice, together with reported neuroprotective role of HGF/MET in animal models (Doeppner et al., 2011), suggests that MET could be a protective factor in AD. If this is the case, ablation of MET signaling, which could be achieved through the cre-loxP technology, may aggravate neuropathology in the 5XFAD mice. We crossed the forebrain excitatory neuron-specific Met cKO mice (Metfx/fx:emx1cre) to the 5XFAD mice (refer to Methods). Emx1cre drives inactivation of the Met gene from mid-gestation stage. We compared the 5XFAD mice (no cre transgene, irrespective of floxed Met allele status) with their littermate mice harboring the inactivated Met gene (5XFAD:MetcKO) for their neuropathological markers. We immunostained PFC sections for Iba1, a marker for reactive microglia; APP/Aβ, and Thio-S, a marker for non-soluble fibrillary β-sheet forms of amyloid plaques (Figure 2A).
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FIGURE 2. Genetic ablation of MET signaling exacerbates Aβ-related neuropathology. (A) Representative confocal images showing triple staining of Iba1/APP-Aβ/Thio-S in 12-week-old 5XFAD and 5XFAD:MetcKO mice mPFC L5 regions. (B) Quantification of density of Iba1+ active microglia. 5XFAD:MetcKO mice show significantly increased microglia density (**p = 0.006). (C) Quantification of density of APP/Aβ+ plaque area. 5XFAD:MetcKO mice show significantly increased plaque coverage (**p = 0.005). (D) Quantification of Thio-S+ percentage areas. Increased Thio-S+ coverage was seen in 5XFAD:MetcKO mice (*p = 0.014).


We first counted the number and density of Iba1+ microglia from L5 mPFC regions in 12-week-old (postnatal days 82–89) 5XFAD and the 5XFAD:MetcKO mice. 5XFAD:MetcKO mice show significantly increased Iba1+ microglia density [Figure 2B, number of cells/mm2: 5XFAD, 1827 ± 67; 5XFAD:MetcKO, 2518 ± 188. t(10) = 2.43, p = 0.006]. Next, we quantified the APP/Aβ+ plaque coverage as a percentage of the imaged L5 area. 5XFAD:MetcKO mice show significantly increased percentage areal coverage of APP/Aβ [Figure 2C, 5XFAD, 2.85 ± 0.19; 5XFAD:MetcKO, 3.93 ± 0.23. t(10) = 3.58, p = 0.005]. To estimate the density of non-soluble fibrillary forms of amyloid plaques, we quantified the Thio-S+ areas. 5XFAD:MetcKO mice also show significantly increased percentage areal coverage of Thio-S staining [Figure 2D, 5XFAD, 2.58 ± 0.25; 5XFAD:MetcKO, 3.49 ± 0.18. t(10) = 2.98, p = 0.014]. Taken together, these data show that genetic ablation of MET signaling developmentally aggravates or accelerates neuropathology in the 5XFAD mouse model.



Genetic Ablation of MET Signaling Increases Production of Aβ in 5XFAD Mice

Based on the observed changes in neuropathology, we asked whether Met cKO may exacerbate production of Aβ, which is an essential component of the phenotypic signature of AD. We again used the ~12-week-old mPFC tissues and micro-dissected the L5 regions (Figure 3A). We biochemically isolated the 2% SDS soluble and insoluble forms of beta-amyloid and used an ELISA kit to measure the Aβ1−42 species (refer to Methods). We found that Met cKO significantly increased the levels of soluble Aβ1−42 [Figure 3B, 5XFAD, 1.14 ± 0.10 ng/mg total protein; 5XFAD:MetcKO, 1.77 ± 0.25. t(8) = 2.33, p = 0.04]. In addition, the amyloid plaque associated insoluble fraction of Aβ1−42 was even more dramatically elevated [Figure 3C, 5XFAD, 26.0 ± 2.31 ng/mg total protein; 5XFAD:MetcKO, 35.9 ± 2.39. t(8) = 2.99, p = 0.017]. These data are consistent with the neuropathological findings and suggest that MET signaling could be a neuroprotective factor during AD pathogenesis.
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FIGURE 3. Genetic ablation of MET signaling increases Aβ production in 5XFAD mice. (A) Schematic illustration of micro-dissected mPFC L5 tissues that are used for ELISA measurement of Aβ1−42. (B) 5XFAD:MetcKO mice L5 mPFC tissues show significantly increased soluble forms of Aβ1−42 (*p = 0.04). (C) Compared to 5XFAD tissues, 5XFAD:MetcKO mice L5 mPFC tissue shows significantly increased insoluble forms of Aβ1−42 (*p = 0.017).



Differential Responses to HGF-Induced Plasticity in the PFC L5 Synapses in 5XFAD Mice

It has been previously shown that HGF, when acutely applied to juvenile rat hippocampus slices, enhanced synaptic LTP in the HPC-CA1 region. This enhancement is most likely due to augmenting NMDA receptor-mediated currents in slices by HGF (Akimoto et al., 2004). Our recent work also suggests the timing of HGF/MET signaling affects the age-dependent synaptic plasticity in the hippocampus (Ma et al., 2019). We next investigated how synaptic plasticity in 5XFAD and control PFC slices response acutely to HGF application, and any potential differences may be due to the differential MET signaling state. We chose to study the plasticity measures in ~2-month (P55-68)-old 5XFAD mice and littermate controls by conducting fEPSP recording at the PFC L23>L5 synapse. After obtaining stable baseline fEPSP responses, LTP was induced by theta-burst stimulation (Figure 4A). It was found that in control slices, theta-burst stimulation on its own leads to robust LTP that lasts at least 1 h postinduction (Figure 4B). This LTP magnitude was dramatically elevated when HGF (10 nM) was pre-applied for 30 min (Figure 4B). In comparison, LTP magnitude induced by theta-burst alone was smaller in 5XFAD PFC slices, although HGF was capable of leading to an enhancement (Figure 4C). When LTP magnitude was quantified using the last 6-min recording, it was found that theta-burst-induced LTP magnitude was significantly reduced in 5XFAD slices [Figure 4D, 5XFAD, 35.8 ± 3.3%; control, 145.9 ± 2.3%. t(10) = 27.2, p < 0.0001]. We also quantified HGF-induced LTP enhancement. HGF leads to significantly lower LTP enhancement in 5XFAD slices [Figure 4E, Control, 41.2 ± 3.1; 5XFAD, 25.7 ± 7.2. t(10) = 2.88, p = 0.016].
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FIGURE 4. 5XFAD mice show impaired PFC-L5 synaptic plasticity and HGF-induced LTP enhancement. (A) Schematic illustration of LTP recording in PFC-L5. A bipolar stimulating electrode was placed in L23 to elicit monosynaptic fEPSP responses (right). The first 1-ms fEPSP response after fiber volley was used to calculate slope of response. (B) LTP time course in control slices in the absence (ACSF) and the presence of 10 nM HGF. HGF clearly elevates LTP magnitude. (C) LTP time course in 5XFAD slices in the absence (ACSF) and the presence of 10 nM HGF. HGF shows smaller enhancement of LTP magnitude in 5XFAD slices compared to that from control slices. (D) Quantification of theta-burst-induced LTP magnitude in control and 5XFAD slices (last 6-min recordings were used). LTP magnitude in 5XFAD slices was dramatically reduced compared to that from control slices (****p < 0.0001). (E) Quantification of HGF-induced potentiation of the LTP magnitude. 5XFAD slices show significantly reduced HGF-induced LTP enhancement compared to that from control slices (*p = 0.016). (F) Differential basal levels of p-MET (Y1234/1235) and HGF-induced p-MET levels in 5XFAD vs. control slices that were collected after LTP recordings. N = 4, quantification not shown.


The reduced level of theta-burst-induced LTP and HGF enhancement of LTP magnitude in 5XFAD PFC slices may reflect the overall lower levels of MET at this age (Figures 1B,C) or reduced baseline MET signaling levels at this age. We next quantified p-MET (Tyr1234/1235) levels in micro-dissected L5 tissues after recording under the above four experimental conditions. Strikingly, we found that p-MET levels in 5XFAD slices were very low, so that it is practically undetectable in 5XFAD slices under ACSF condition (Figure 4F). In comparison, p-MET is clearly detectable in control littermate slices. More importantly, 10 nM HGF application, which results in enhanced LTP (Figures 4B,C), also leads to quantitatively or qualitatively increased p-MET levels in control and 5XFAD slices (Figure 4F, N = 4 biological replicates, quantification now shown). These data suggest that baseline activation of MET is much lower in 5XFAD mouse brain at a pre-symptomatic age, yet the endogenous level of MET is still capable of responding to HGF-induced signaling.





DISCUSSION

In this study, we found early reduction of MET receptor tyrosine kinase in the 5XFAD mouse model for AD. This is consistent with clinical literature reporting a reduction of MET protein in the AD brain, including the hippocampus and cortical regions (Hamasaki et al., 2014; Matsumoto et al., 2014; Liu et al., 2018). Importantly, early MET reduction in the 5XFAD mice cannot be due to overall early loss of synapse, as other synaptic proteins (PSD95, GluA1) were not changed at early ages. It is also likely the reduction of MET signaling promotes AD progression and severity, as genetic ablation of Met results in exacerbated pathological changes in the 5XFAD mice. These are reflected by the increased amyloid plaque deposition, dense core fibrillar forms of plaque, increased soluble and insoluble forms of Aβ, and increased microglia activation. All of these observations suggest that HGF/MET reduction may contribute to AD pathogenesis in this mouse model featuring aggressive amyloid deposition.

Our findings have translational implications for AD therapeutics. The pathophysiology of AD is extremely complex. Existing literature suggests that protein aggregation, neuroinflammation, disrupted energy metabolism, vascular pathology, and immune dysregulation all play a role (Kinney et al., 2018; Guo et al., 2020; Yu et al., 2021). HGF/MET signaling is also pleiotropic, engaging a plethora of molecular pathways that are reportedly disrupted in AD (Wright and Harding, 2015; Desole et al., 2021). At cellular level, early synaptic loss and impairment of plasticity occur prior to overt neuronal loss and degeneration (Oakley et al., 2006; Richard et al., 2015; Forner et al., 2021; Oblak et al., 2021), which may instigate progressive decline in memory and cognition. As such, focusing on the synaptic regeneration and preserving plasticity across the lifespan presents some important conceptual and strategic issues regarding translational AD research, may inform future clinical practice with the aim to preserve synapse and circuit connectivity, and restore cognitive function in AD and other neurodegenerative diseases.

The HGF/MET signaling is highly pleiotropic and influences a plethora of early neurodevelopmental events, including neural induction (Streit et al., 1995), proliferation (Ieraci et al., 2002), neurite outgrowth (Maina et al., 1997, 1998; Korhonen et al., 2000; Gutierrez et al., 2004), and survival and regeneration (Hamanoue et al., 1996; Wong et al., 1997; Davey et al., 2000; Maina et al., 2001). We and others have shown that MET is a temporally- and spatially-regulated receptor enriched in dorsal pallial-derived structures during mouse forebrain development. Peak levels of MET expression in cortex coincide with periods of rapid neuronal growth and synaptogenesis. MET in developing cortical circuits controls dendritic spine formation and synaptogenesis (Qiu et al., 2011), refinement of circuit connectivity (Qiu et al., 2014; Peng et al., 2016), and the timing of excitatory synapse maturation (Qiu et al., 2011; Ising et al., 2019). The cellular and circuit origins of HGF, on the other hand, are less understood. Early immunohistochemistry staining suggests astrocytes and a small number of microglia may be the main source of HGF (Yamada et al., 1994, 1997; Yamagata et al., 1995). It is thus likely that the HGF/MET signaling duo involves multiple cellular types and may be modified by physiology states of the brain. In contrast to its neurodevelopmental role, MET signaling in adult brain is less understood. However, MET protein persists in adult brain but is restricted to the site of excitatory synapse (Eagleson et al., 2013) and is capable of modifying synaptic function and plasticity (Akimoto et al., 2004). We recently found that in Met conditional knockout (cKO, Metfx/fx:emx1cre) mice, there was a disruption in hippocampus LTP and an early cognitive decline (Ma et al., 2019); conversely, in transgenic mice overexpressing Met, cortical excitatory neurons exhibit altered synaptic proteins and the timing of critical period plasticity (Chen et al., 2020). MET signaling also engages molecular mechanisms governing de novo spine morphogenesis; for example, MET signaling activates small GTPases (Cdc42, Rac1) to control actin dynamics (e.g., cofilin phosphorylation). The signaling is capable of promoting dendritic spines/synapses morphogenesis de novo in response to neuronal activity (Qiu et al., 2014; Chen et al., 2020). Therefore, existing literature suggests that MET signaling is neuroprotective, modifies synaptic function and plasticity, and has synapse regeneration potential.

In summary, our study revealed that MET protein and its mediated signaling are reduced in the 5XFAD mouse model for AD. The study complements recent clinical literature reporting reduced MET protein levels in AD patient's brain and the posited beneficial effects of HGF/MET activation in AD therapeutics (Sharma, 2010; Hua et al., 2022) and further supports the view that HGF/MET signaling is neurotrophic and neuroprotective. The current findings, combined with our recent work in developmental neurobiology that revealed molecular mechanisms that controls de novo spine genesis (Qiu et al., 2014; Peng et al., 2016; Chen et al., 2020), suggest that restoring/enhancing MET signaling levels may represent a promising direction in AD therapeutics.
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There is mounting evidence that ischemic cerebral infarction contributes to vascular cognitive impairment and dementia in elderly. Ischemic stroke and glioma are two majorly fatal diseases worldwide, which promote each other's development based on some common underlying mechanisms. As a post-transcriptional regulatory protein, RNA-binding protein is important in the development of a tumor and ischemic stroke (IS). The purpose of this study was to search for a group of RNA-binding protein (RBP) gene markers related to the prognosis of glioma and the occurrence of IS, and elucidate their underlying mechanisms in glioma and IS. First, a 6-RBP (POLR2F, DYNC1H1, SMAD9, TRIM21, BRCA1, and ERI1) gene signature (RBPS) showing an independent overall survival prognostic prediction was identified using the transcriptome data from TCGA-glioma cohort (n = 677); following which, it was independently verified in the CGGA-glioma cohort (n = 970). A nomogram, including RBPS, 1p19q codeletion, radiotherapy, chemotherapy, grade, and age, was established to predict the overall survival of patients with glioma, convenient for further clinical transformation. In addition, an automatic machine learning classification model based on radiomics features from MRI was developed to stratify according to the RBPS risk. The RBPS was associated with immunosuppression, energy metabolism, and tumor growth of gliomas. Subsequently, the six RBP genes from blood samples showed good classification performance for IS diagnosis (AUC = 0.95, 95% CI: 0.902–0.997). The RBPS was associated with hypoxic responses, angiogenesis, and increased coagulation in IS. Upregulation of SMAD9 was associated with dementia, while downregulation of POLR2F was associated with aging-related hypoxic stress. Irf5/Trim21 in microglia and Taf7/Trim21 in pericytes from the mouse cerebral cortex were identified as RBPS-related molecules in each cell type under hypoxic conditions. The RBPS is expected to serve as a novel biomarker for studying the common mechanisms underlying glioma and IS.

KEYWORDS
 elderly, glioma, ischemic stroke, RNA binding protein (RBP), dementia


Introduction

There is mounting evidence that ischemic cerebral infarction contributes to vascular cognitive impairment and dementia in elderly, but the origins of ischemic cerebral infarction are unclear. Understanding the vascular pathologies that cause ischemic cerebral infarction may yield strategies to prevent their occurrence and reduce their deleterious effects on brain function (Hartmann et al., 2018). Worldwide, ischemic stroke (IS) accounts for about 70% of all stroke events, with a proportion as high as 87% in the United States, and is also the second leading cause of death (Musuka et al., 2015; Benjamin et al., 2019; Phipps and Cronin, 2020). Glioma is a common type of invasive brain tumor and the leading cause of primary brain tumor-related deaths (Musuka et al., 2015; Velasco et al., 2019; Wang E. et al., 2019). Among them, glioblastoma multiforme (GBM; WHO IV) accounts for 45.2% of all primary malignant tumors of the central nervous system (CNS) and is one of the fatal tumor types, with a median survival time of fewer than 15 months (Ostrom et al., 2013; Bi et al., 2020; Wang et al., 2020).

Clinical studies show that glioma and cerebral ischemia can promote each other's occurrence during disease development and treatment (Fraum et al., 2011; Seidel et al., 2013; Wojtasiewicz et al., 2013; Farkas et al., 2018; Noda et al., 2022). Previous studies have reported that the incidence of brain tumors is higher in a cohort of patients with IS than in those without a history of IS (Qureshi et al., 2015; Chen et al., 2017; Tanislav et al., 2019). Similarly, stroke is a common complication among patients with tumor. A postmortem-based study reported that about 14.6% of non-CNS cancer cases showed cerebrovascular disease (CVD) (Graus et al., 1985). Moreover, embolic strokes are the most common cause of strokes in patients with cancer, possibly due to intravascular coagulopathy (Cestari et al., 2004); patients with active cancer show multiple infarcts (Kikuno et al., 2021). Gliomas account for 60% of ischemic strokes secondary to primary brain tumors, whereby complications due to surgery and radiotherapy form the majority (Kreisl et al., 2008). In these coexisting diseases, stroke is usually missed, often leading to increased neurological disabilities and injuries in susceptible individuals. Therefore, the pathogenesis of glioma could provide potential mechanisms for cerebral ischemia.

RNA-binding protein (RBP) is a large protein family, which plays a vital role in regulating gene expression through interactions with RNA. These proteins participate in many biological processes, such as splicing, lysis, and polyadenylation, as well as mRNA editing, localization, stabilization, and translation (Kedde et al., 2007; Liao et al., 2020; Van Nostrand et al., 2020). In addition, some studies suggest that the interaction between RBP and RNA plays a vital role in the occurrence and development of cancers (including renal cell carcinoma, triple-negative breast cancer, and lung squamous cell carcinoma) (Mohibi et al., 2019; Duan and Zhang, 2020; Kim et al., 2020; Li et al., 2020; Qin et al., 2020). In this context, many RBPs are reportedly associated with a poor prognosis of gliomas (Shao et al., 2013; Barbagallo et al., 2018; Lan et al., 2020). In IS, several RBPs participate in the development and influence the prognoses of these patients by promoting inflammatory reactions (Zhou et al., 2014; Sharma et al., 2021), increasing cerebrovascular permeability, promoting vasogenic cerebral edema (Ardelt et al., 2017), regulating apoptosis (Si et al., 2020; Zhang et al., 2020), and protecting neurons (Fang et al., 2021).

In the development of glioma and ischemic stroke events, some common pathways, such as hypoxia, brain inflammation, angiogenesis, and hypercoagulability, have been identified (Ghosh et al., 2019). Among them, hypoxia is the most widely accepted basis for building research models for studying the common mechanisms underlying glioma and IS (Søndergaard et al., 2002; Kasivisvanathan et al., 2011). However, the specific mechanism of co-occurrence or mutual promotion of glioma and ischemic stroke remains unclear. Many clinical studies have described this problem from a clinical perspective and expounded the possible common pathway underlying the pathogenesis from the perspective of each disease. Several RBP molecular or molecular combination markers are used to identify specific subgroups of patients with glioma, showing poor survival. Similarly, several RBPs are involved in the development of IS. However, there is a lack of a comprehensive analysis of the RBP family of genes in the common pathway underlying glioma and IS. Through an in-depth study on the role of RBPs, we hypothesized that RBP signature could not only provide an effective identification for molecular subtypes of patients with glioma with a poor prognosis but also yield certain reference values for the diagnosis of IS. Such biomarkers will also provide more reliable risk stratification and treatment targets for the clinicians to customize more accurate personalized treatment plans and ultimately improve the treatment efficacy.

Bioinformatics based on medical big data has solid advantages for analyzing the common molecular mechanisms and pathways for such coexisting diseases. In addition, the combination of radiomics and machine learning shows a good performance in image-based diagnosis or molecular subtype prediction and is more convenient for clinical application (Acs et al., 2020). The primary purpose of this study was to identify a group of RBP genes related to the prognosis of glioma and the occurrence of IS, and elucidate their mechanism in glioma, dementia, and IS. First, we identified a panel of RBP genes related to the prognosis and analyzed the pathogenesis of these genes in glioma. Next, using the radiomics features from MRI images, an automatic machine learning classifier was used to predict risk stratification based on this RBP gene signature in glioma. Finally, using bulk RNA sequencing (RNA-seq) and single-cell RNA sequencing (scRNA-seq) data, the classificatory performance and the potential mechanism of these RBP genes in IS were analyzed.



Materials and methods


Research design and data extraction

According to the research purpose, the study design was divided into two stages. The first stage involved the identification of a 6-RBP gene signature (RBPS) and functional analysis of the RBPS in glioma. The second stage was evaluating the expression and functions of the RBPS in IS and mouse cerebral cortex cells under hypoxic conditions.

The first stage could be subdivided into three steps as follows: the discovery and verification of biological gene markers and automatic machine learning prediction based on radiomics features. First, the standardized RNA expression profile data of 677 patients with glioma (including 698 tumor tissues and 5 adjacent normal tissue samples) were downloaded from TCGA (https://portal.gdc.cancer.gov/), and a 6-RBP gene signature related to the prognosis of glioma was identified. Next, the identified biomarkers were verified in independent clinical data sets using the transcriptome RNA expression profile data and clinical characteristics of patients with glioma (N = 970; Verification Cohort 1) in CGGA (https://www.cgga.org.cn/). Moreover, the clinical data of patients with Grade IV glioma in the GSE72951 data set (Erdem-Eraslan et al., 2016) (N = 110; Validation Cohort 2) and the gene expression profile data from gene chip analysis were obtained from the Gene Expression Omnibus (GEO) database for verification. Finally, using MRI-based radiomics features, an automatic machine learning classifier was constructed to predict the RBPS. MRI-based radiomics feature data from 132 patients with glioma were downloaded from TCIA (Clark et al., 2013) and used to train classifiers for predicting RBPS risk stratification (Bakas et al., 2017; Beers et al., 2018).

In the second stage, the possible mechanism underlying the six RBP genes in stroke and dementia was evaluated, and the gene regulatory network related to hypoxia was analyzed in mouse cerebral cortex cells. First, the GSE16561 dataset was retrieved from the GEO database to examine differentially expressed genes (DEGs) related to ischemic stroke. RNA-seq data in this dataset were derived from peripheral blood samples of 39 patients with ischemic stroke and 24 healthy controls (Barr et al., 2010; O'Connell et al., 2016, 2017). The GSE36980 dataset was used to explore DEGs associated with Alzheimer's disease, which included 33 patients with AD and 47 non-AD controls (Hokama et al., 2014). In addition, to study the expressions of the related genes at a single-cell level, RNA-seq data from 7,925 isolated mouse cerebral cortex cells were obtained from the GSE125708 dataset. In this data set, mice were divided into two groups: one group living in indoor air for 7 days was the normal oxygen concentration group, and the other group living in 7.5% oxygen concentration for 7 days was the hypoxia concentration group. Using this dataset, we examined the regulatory changes for the RBPS-related genes with changes in the oxygen concentration (Heng et al., 2019).



Analysis of differentially expressed RBP genes

A total of 1,542 RNA-binding protein genes were collected from a published dataset (Gerstberger et al., 2014). Differentially expressed RBP genes were analyzed between tumor samples and normal samples adjacent to cancer in the TCGA-glioma dataset. An adjusted p value < 0.05 using the Benjamini-Hochberg false discovery rate (FDR) method (FDR < 0.05) and a logarithmic value of fold change >1 (|log2FC| > 1) were used as the cut-off criteria to screen differentially expressed RBP genes. Differentially expressed genes (DEGs) were used to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using the online DAVID database. The protein-protein interaction (PPI) analysis of DE-RBP genes was performed using STRING software (https://string-db.org/). Cytoscape software was used to build a sub-network to identify the PPI network's core DEGs. The “limma” (Ritchie et al., 2015) and “sva” (Leek et al., 2012) R packages were used to remove the batch effect for the gene expression data of the shared RBP genes in TCGA, CGGA, and GSE72951 datasets.



Construction of a 6-RBP gene signature

To identify a clinically translatable RBP gene signature, the univariate Cox proportional hazard regression model and the Lasso penalty Cox regression model were used for evaluating the association of RBP genes in predicting overall survival (OS) in patients with glioma. Next, RBPS was constructed, and its value in predicting OS was evaluated. The risk score (RS) of the RBPS was calculated based on the linear combination of the gene expression (EXPi) multiplied by the corresponding coefficient (Coefi).
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The median value of the gene signature risk score was used as a cut-off threshold to divide the entire patients with glioma into high- and low-risk groups. The Kaplan-Meier (K-M) method was used to plot survivor curves. The log-rank test was used to calculate the statistical difference between the two groups to evaluate the correlation of the RBPS with the OS outcome. Receiver operator characteristic (ROC) curve analysis of the RBPS with prognosis was performed using the “survivalROC” package (https://CRAN.R-project.org/package=survivalROC), and 95% confidence intervals (CI) of the area under the curve (AUC) were calculated by the “timeROC” (Blanche et al., 2013) package.



Risk stratification of the RBPS

The expressions of the RBPS genes in samples were analyzed using the “pheatmap” package. The risk scores of RBPS were sorted from low to high to evaluate the relationship between the risk scores and patients' living status and overall survival time. Circosplot was drawn using the “RCircos” (Zhang et al., 2013) package to show the copy number variant status distribution of the RBPS genes and their position on chromosomes. To explore the relationship between the expression and copy number variant status of the RBPS genes, the differential expression analyses of RBPS genes among different copy number variants were performed to explore the role of a gene copy number variant in RBPS genes expression.



Gene set enrichment analysis

Gene set enrichment analysis (GSEA) is a bioinformatics algorithm used to identify the differential expression of biological pathways between two biological states (Subramanian et al., 2005). GSEA was used to identify the pathway related to the RBPS. The “c2.cp.kegg.v7.1.symbols.gmt[Curated]” gene set collection from the Molecular Signatures Database (MSigDB) was used as a reference for enrichment analysis (Subramanian et al., 2005; Liberzon et al., 2011, 2015). The false discovery rate (FDR) and the normalized enrichment score (NES) were used to sort the KEGG pathways.



Association between the RBPS and glioma stemness

The tumor stemness index refers to the gradual loss of cell differentiation phenotype and acquisition of progenitor cell and stem-cell-like characteristics during tumor progression (Malta et al., 2018). Two types of glioma stemness indices, namely, the RNA expression-based stemness score (RNAss) and the DNA methylation-based stemness score (DNAss) were downloaded from UCSC Xena (Goldman et al., 2020) to evaluate the correlation between the RBPS and glioma stemness indices. The stemness indices range from 0 to 1, where 0 indicates a high degree of differentiation, and 1 indicates undifferentiated.



Immune-related tumor microenvironment and potential compounds

First, the “ESTIMATE” algorithm (Yoshihara et al., 2013) was used to calculate the immune-related tumor microenvironment features from gene expression data, including stromal, immune, and ESTIMATE scores. The profiles of six immune subtype categories representing TME features and potential therapeutic and prognostic implications were downloaded from UCSC Xena (Thorsson et al., 2018). In addition, the abundance of 22 infiltrating immune cell types was calculated and inferred from RNA expression profiles using CIBERSORTx (Newman et al., 2019). Moreover, a list of important immune checkpoint molecules, including PD-1, PDL1, and CTLA-4, was obtained. In the TCGA-glioma cohort, the correlations between these immune-related features and RBPS were analyzed. Finally, to identify the potential drugs targeting these RBPS genes, drug concentration and gene expression profiles were downloaded from CellMiner (Reinhold et al., 2012) to perform correlation analysis. Drugs were filtered according to FDA's approval results for clinical trials.



Radiomics-based TPOT analysis

Radiomics features data were downloaded from TCIA to establish an Automatic Machine Learning (AutoML) prediction model. Radiomics features were extracted from T1WI, T2WI, Flair, and T1Gd images (Bakas et al., 2017; Beers et al., 2018), including 483 usable features. Univariate logistic regression analysis evaluated the association between each Radiomics feature and RBPS in patients with glioma, and RBPS-related radiomics features were selected for autoML model training. The steps of autoML model construction include features selection, parameters selection, and final model selection, which were fully automated using the Tree-based Pipeline Optimization Tool (TPOT) (Le et al., 2020). TPOT is an automated machine learning tool based on Python, which uses genetic algorithm programming (https://github.com/rhiever/tpot) to optimize the machine learning pipeline. Before TPOT analysis, the dataset was randomly divided into a training set (99 patients) and a test set (33 patients) according to 3:1, and the random number state was fixed at 42. The training process was set as follows: generations = 100, population size = 100, and 10-fold cross-validation on the training set. Finally, TPOT will return a model with the best classification performance and parameters. The TPOT was repeated 20 times, and the models were sorted by the area under the curve (AUC). After that, the top 10 models with the best performance were screened out. In addition, ROC curves and precision-recall curves were also used to compare the performance of these ten models. By comparing the sensitivity, specificity, accuracy, AUC, and average precision (AP) of these ten models, the best model was finally determined based on the accuracy metrics (Su et al., 2019).



Single-cell analysis

RNA-seq data of 7,925 single cells from the mouse cerebral cortex under normoxia and hypoxia conditions were analyzed using the “Seurat” package (Stuart et al., 2019). Based on pre-set filter conditions (at least 200 expressed genes but no more than 6,000 expressed genes, RNA counts >1,000, mitochondrial gene expression <20%, and hemoglobin-related gene expression <1%), a total of 7,789 cells and 14,271 gene features were filtered for further single-cell analysis. The scRNA-seq data were integrated with the “SCTransform” function and then processed using “RunPCA” and “RunUMAP” functions, including noise removal, information extraction, and cell dimension reduction. The results of cell dimensionality reduction were visualized with uniform manifold propagation and projection (UMAP) (Becht et al., 2019) to observe the effect of batch effect removal between groups. The “FindNeighbors” and “FindClusters” functions were used to detect cell clusters. Finally, each cell cluster was annotated according to the commonly used marker genes of cell types. After cell annotation, microglia, astrocytes, and pericytes were extracted as cell subsets, and “FindMarker” was used to calculate differentially expressed genes in those cell types between hypoxia and normoxia conditions.



Single-cell regulatory network inference and clustering

Single-cell regulatory network inference and clustering (SCENIC) was used to identify the main gene regulatory networks in each cell type between different groups from single-cell transcripts (Aibar et al., 2017). First, pySCENIC (version 0.11) was used to identify the major transcription factors and their corresponding gene regulatory networks in mouse cerebral cortex cells. Transcription factors and their gene regulatory networks constitute a regulatory module called regulon. Based on the expression of transcription factors and downstream-regulated molecules in the regulon, the regulon activity score (RAS) is used to measure the regulatory ability of each regulon in each cell. Finally, based on the RAS, the regulon activity score (RSS) is calculated to describe the regulatory power of each regulon in each cell subtype, and the regulons in each cell type are ranked according to RSS so as to infer the influence of each regulon on cell transcription regulation in a specific cell type.



Pseudotime analysis and cell trajectory inference

Monoclec3 (version 1.0) and Monoclec2 (version 2.4) (Trapnell et al., 2014; Qiu et al., 2017a,b; Cao et al., 2019) were used to calculate the pseudotime and analyze cell trajectory based on scRNA-seq transcripts from the mouse cerebral cortex for further identifying transcriptional differences among these cells and examining changes in RBPS and its transcription factors during cell fate transition. First, differentially expressed genes were determined for each cell type between normoxia and hypoxia groups. Then, the “DDRTree” method was used to calculate the cell state for each cell type. The velocyto.py (version 11.2) was used to calculate the RNA velocity in each cell. The workflow, annotation files, and visual tools can be obtained following the methods described in the previous studies (Vidal et al., 2019; Lin et al., 2021).



Statistical analysis

All statistical analyses were performed using the R software (version 4.0.2, R Foundation for Statistical Computing, Vienna, Austria; http://www.r-project.org/) and Python (version 3.8). The “rms” R package was used to draw the nomogram. Spearman correlation coefficient and the Benjamini-Hochberg method adjusted-p value (FDR) were used for correlation analysis. All p-values were two-sided, and p < 0.05 was considered statistically significant.




Results


Differentially expressed RBP genes

First, a panel of 1,542 RBP genes was collected. Among them, 1,472 were selected to analyze the differentially expressed RBP genes between tumor and normal samples in TCGA. A total of 170 DEGs were identified according to the preset filter conditions, and the results are shown in the heat map (Supplementary Figure 1A). Subsequently, the GO and KEGG pathways for DEGs were analyzed, and the results showed that the differentially expressed RBP genes were mainly enriched in RNA processing-related pathways (Table 1). Furthermore, the protein-protein interactions (PPI) of DEGs were predicted and analyzed using the STRING website, following which a PPI sub-network analysis of DEGs was performed using the Cytoscape software (Supplementary Figures 1B,C). The core genes and molecular interaction networks related to the differential RBP genes were obtained through PPI analysis.


TABLE 1 GO function and KEGG pathway enrichment result.
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Identification of the 6-RBP gene signature

First, 170 differentially expressed RBP genes were screened and the commonly shared intersecting genes in RNA expression profiles of patients with glioma in TCGA, CGGA, and GSE72951 datasets were obtained. The filtered expression profiles from these three datasets were further processed to remove batch effects. Next, by univariate Cox analysis for TCGA glioma expression profile data, a total of 100 RBP genes were analyzed along with the total survival time data, and the top 17 RBP genes significantly related to survival were screened out (Figure 1A). Finally, in the TCGA training set, the Lasso penalty Cox regression analysis was performed to screen gene variables, and a prognosis model was constructed according to the multivariate Cox regression model. Using the lambda.min threshold (Figure 1G), a 6-RBP gene signature (RBPS) was identified, comprising 6 RBP genes (TRIM21, BRCA1, ERI1, POLR2F, DYNC1H1, and SMAD9). The RBPS was associated with the adverse OS in glioma. The volcanic plot showed the differential analysis results of these six RBP genes, which showed that POLR2F and DYNC1H1 were downregulated in glioma, while TRIM21, BRCA1, ERI1, and SMAD9 were upregulated in glioma (Figure 2A). Figure 2B showed the copy number variation of these six RBP genes and their positions on 24 chromosomes. The RBPS risk score (RS) was calculated based on the linear combination of the expression values of the six RBP genes multiplied by their corresponding coefficients. The formula for calculating the RBPS RS was as follows:
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Among the six RBP genes constituting the RBPS, higher expression levels of POLR2F, DYNC1H1, and SMAD9 were associated with a lower risk of death (HR < 1). In contrast, higher expressions of TRIM21, BRCA1, and ERI1 were associated with poorer overall survival (HR > 1; Figure 1B; Supplementary Table 1). Patients with glioma were stratified according to the median value of the RBPS risk score in the TCGA cohort and were divided into high-risk and low-risk groups. The 5-year OS rates for RBPS-derived high- and low-risk patients were 19 and 75%, respectively; WHO II-IV (HR: 6.76, 95% CI: 4.84–9.44; p < 0.001), WHO II (HR: 3.47, 95% CI: 1.68–7.18, p < 0.001), WHO III (HR: 2.85, 95% CI: 1.75–4.64, p < 0.001), WHO IV (HR: 1.54, 95% CI: 1.04–2.26, p = 0.028; Figure 1C; Supplementary Figures 2A–C).
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FIGURE 1
 Construction of a prognostic signature based on OS events in glioma. (A) Univariate Cox analysis for the top 17 RBP genes. (B) Multivariate Cox analysis for six RBP genes. Survival analysis for patients with glioma between the high- and low-risk groups in (C) TCGA and (D) CGGA datasets. Yellow indicates high risk and blue indicates low risk for glioma. Bioinformatics analyses for the 6-gene risk stratification signature; receiver operator characteristic curve analysis for the 6-gene signature in (E) TCGA and (F) CGGA datasets. (G) Selection of the tuning parameter (lambda) in Cox-penalized regression analysis via 10-fold cross-validation in the TCGA cohort. The vertical dotted lines on the left and the right indicate “lambda.min” and “lambda.1se” criteria, respectively. The red dots represent partial likelihood deviation values, while the gray lines are the corresponding standard errors. AUC, the area under the curve.



[image: Figure 2]
FIGURE 2
 Characteristics of the six RBP genes in the RBPS. (A) Differently expressed genes between the normal and tumor samples are shown in the volcano plot. The dots in red represent upregulated genes (Yang et al., 2020), while those in green are signed downregulated genes (Boucas et al., 2015) in tumor samples. Significant differences were determined using the thresholds of |log2 FC|> 1 and FDR < 0.05. (B) The location of the six RBP genes on the 24 chromosomes, as well as the copy number variation events. The expression of the six RBP genes, distribution of the RBPS risk scores, survivor status, and survival time of the patients with glioma ranked by their risk scores in (C) TCGA and (D) the CGGA datasets.


Subsequent validation in the CGGA dataset showed the outcomes were consistent with the findings in the TCGA cohort; WHO II-IV (HR: 4.11, 95% CI: 3.40–4.95; p < 0.001), WHO II (HR: 2.02, 95% CI: 1.32–3.10; p = 0.001), WHO III (HR: 3.12, 95% CI: 2.32–4.19; p < 0.001), and WHO IV (HR: 1.28, 95% CI: 1.03–1.60, p = 0.027; Figure 1D; Supplementary Figures 2D–F). These findings indicated that Subsequent validation in tRBPS could predict adverse prognosis for patients with glioma as well as the glioma subgroups based on the WHO grades. In addition, the gene expression differences for these six RBP genes with respect to copy number variation events were analyzed (Supplementary Figures 3A–F). The results showed that copy number variants were significantly associated with mRNA expressions of POLR2F (p < 0.001), DYNC1H1 (p < 0.001), TRIM21 (p < 0.001), SMAD9 (p < 0.001), and ERI1 (p = 0.005). This suggests that copy number variants may be an important factor in the poor prognosis of RBPS.



RBPS is associated with a poor OS for glioma

In the TCGA discovery cohort, the RBPS showed robustness for identifying the poor survival of gliomas, as evidenced by the good AUC values for WHO grades: WHO II-IV (AUC = 0.887, 95% CI: 0.854–0.937), WHO II (0.736, 95% CI: 0.577–0.919), WHO III (0.775, 95% CI: 0.7–0.893) and WHO IV (0.665, 95% CI: 0.417–0.855; Figure 1E). Similarly, in the CGGA validation cohort, the AUC value of RBPS for identifying poor OS prognoses in all patients with glioma was 0.819 (95% CI: 0.794–0.851): WHO II (0.705, 95% CI: 0.622–0.799), WHO III (0.769, 95% CI: 0.721–0.829), and WHO IV (0.603, 95% CI: 0.507–0.687; Figure 1F). These results indicated that the RBPS had a potential clinical value, and the gene signature comprised of the six RBP genes could be used to identify the adverse OS in patients with glioma with various WHO grades. Additionally, in the CGGA validation cohort, the expression of the six RBP genes, survival status, and survival time distribution for patients according to their RBPS risk scores are shown in Figures 2C,D.



RBPS is an independent predictor of glioma risk and survival outcome

To further evaluate the performance of RBPS as a clinical marker for risk stratification, its utility was analyzed along with clinical features for predicting survival and prognosis. First, in the TCGA cohort, univariate and multivariate Cox regression analyses were performed for various clinical features, including age, sex, WHO grade, and histopathology, along with the RBPS. In univariate analysis, age (p < 0.001), WHO grade (p < 0.001), histopathology (p < 0.001), and RBPS (p < 0.001) were important predictors for adverse OS (Supplementary Figure 3G). Subsequently, multivariate Cox regression analysis showed that age (p < 0.001), grade (p < 0.001), and RBPS (p < 0.001) were independent risk factors in predicting adverse OS in patients with glioma (Supplementary Figure 3H). In the CGGA cohort, univariate and multivariate cox regression analyses were conducted. Apart from age, WHO grade, and histopathology, the clinical features included radiotherapy, chemotherapy, IDH mutation, 1p19q codeletion, and methylation status of the MGMT gene promoter region (MGMTp). The results showed that WHO classification (p < 0.001), age (p = 0.012), and RBPS (p < 0.001) remained independent risk factors in predicting adverse OS (Supplementary Figures 3I,J). These results verified that RBPS based on these six RBP genes was reliable in predicting OS and could be used as an independent predictor of survival outcomes in patients with glioma.

The GSE72951 dataset included patients with recurrent glioblastoma only. In this dataset, K-M analysis showed that the median survival time in the high-RBPS-risk group was longer than that in the low-RBPS-risk group (p = 0.010, Supplementary Figures 4A,B), while univariate and multivariate Cox analyses suggested no statistical correlation between RBPS and survival outcomes (Supplementary Figures 4C,D). According to statistical significance and comparison of RBPS risk scores of WHO IV glioma in the three data sets, it was speculated that the RBPS risk scores of patients with WHO IV glioma in the GSE72951 dataset were relatively close to each other, thereby resulting in no statistically significant correlation between RBPS and survival outcomes (Supplementary Figures 4E–L). In addition, the expressions of protective genes (POLR2F, DYNC1H1, and SMAD9) for glioma in the GSE72951 dataset increased, while those of the risk genes (TRIM21, BRCA1, and ERI1) decreased so that the risk scores of patients in GSE72951 were the lowest among the three groups, but the median overall survival time was the shortest among the three datasets. The survival time of patients with WHO IV in the GSE72951 data set was the shortest, which could be attributed to the fact that the total survival time in this data set was calculated from the first recurrence and could be related to the inclusion of patients with recurrent glioblastoma. In addition, these patients received CCNU and/or bevacizumab treatment, which may be the reason why gliomas in the GSE72951 data set have lower RBPS risk scores. These findings suggested that the RBPS risk score may show dynamic changes with chemotherapy, which may, in turn, reflect the therapeutic efficacy.



Construction of a nomogram for predicting the OS for patients with glioma

In order to further improve the predictive ability and applicability of RBPS in clinical practice, RBPS, and other critical clinical features (WHO grade, age, radiotherapy, chemotherapy, and 1p19q codeletion) were used to construct a multivariate Cox regression model and a risk nomogram for ease of use in clinical settings for predicting survival probabilities of patients with glioma. The parameters of this model are listed in Table 2. As shown in Figure 3A, the total score was calculated based on the sum of scores for each factor. The higher the total score, the lower the OS rate for 1 year, 3 years, and 5 years. As shown in the example (the red dot) in the figure, a patient with WHO grade III and an RBPS risk score of 1 (wherein no radiotherapy, no chemotherapy, and no 1p19q codeletion all corresponded to 34 points, WHO grade III corresponded to 70 points, and the RBPS risk score of 1 corresponded to 33 points in the nomogram), the total score corresponding to all characteristics was 233 points, and the predicted survival probabilities for 3 years and 5 years based on this total score were 0.344 and 0.219, respectively. Figure 3B shows the AUC of the model between 0.74 and 0.85 for predicting the overall survival rate for 1–5 years. The calibration curve showed that the predicted values using the model were in good agreement with the actual values (Figure 3C), suggesting a good prediction performance.


TABLE 2 Prediction factors for survival in glioma.
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FIGURE 3
 Construction of a CGGA-based clinical prediction model. (A) The nomogram for predicting the 3- and 5-year overall survival of patients with glioma based on the six independent prognostic factors from the CGGA dataset. (B) Relationship between the AUC values for the prognostic prediction model and the correspondingly predicted survival times. (C) The calibration plot shows that the prediction using the model is in good agreement with the actual situation. (D) Glutathione metabolism, an amino sugar, and nucleotide sugar metabolism, lysosome, pyrimidine metabolism, viral myocarditis, base exception repair, and cytosolic DNA-sensing path were significantly differentially enriched between the high- and low-risk-score groups in the TCGA dataset. (E) JAK-STAT signaling, ECM-receptor interaction, cytokine-cytokine receptor interaction, systematic lupus erythematosus, intestinal immune network for IgA production, focal adhesion, and small cell lung cancer pathways were differentially enriched between the high- and low-risk groups in the CGGA database.




Gene set enrichment analysis for RBPS

GSEA was performed using MSigDB Collection [c2. cp.kegg. v7.1. symbols (curated)] to identify differentially expressed signaling pathways in gliomas between high- and low-risk groups of patients with glioma. All genes were ranked according to their fold changes between the high- and low-risk groups, following which a GSEA was performed. FDR < 0.05 was used to filter and select significant enrichment signaling pathways. The results showed that a high RBPS risk score was related to the carcinogenesis of glioma, including multiple pathways related to cellular metabolism, immunity, and proliferation (Figures 3D,E). Furthermore, based on the sharing signaling pathways in TCGA and CGGA datasets, GSEA showed that the RBPS was associated with cytokine-cytokine receptor interaction (TCGA: NES = 1.72, size = 264, FDR = 0.046; CGGA: NES = 1.91; size = 209; FDR = 0.037) and intestinal immune network for IgA production (TCGA: NES = 1.75, size = 46, FDR = 0.048; CGGA: NES = 1.86; size = 42; FDR = 0.040). Taken together, the activity of immune, metabolic, and proliferative pathways may be enhanced, which may be related to the enhanced carcinogenic phenotype in patients with a high RBPS risk score.



Relationship between RBPS and glioma stemness

To evaluate the relationship between RBPS and tumor stemness of glioma, the correlation of the RBPS score with DNAss and RNAss was calculated (Figure 4A). In all WHO grade II-IV gliomas, DNAss was positively correlated with the RBPS score, ERI1, BRCA1, and TRIM21, while negatively correlated with POLR2F, DYNC1H1, and SMAD9 [Spearman correlation, Benjamini-Hochberg (BH)-adjusted p < 0.05]. However, RNAss was negatively correlated with the RBPS score, ERI1, BRCA1, and TRIM21, while positively correlated with POLR2F, DYNC1H1, and SMAD9 (Spearman, BH-adjusted p < 0.05). In WHO grade II and III gliomas, the correlation of RBPS with DNAss and RNAss also showed a similar pattern in the overall glioma cohort. However, no significant correlation between RBPS and stemness index was observed in WHO grade IV gliomas, which may be attributed to their high malignancy and stemness.
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FIGURE 4
 (A) Correlation analysis for the expression of the six RBPs and the RBPS with stemness (RNAss and DNAss), TME (the stromal score, the immune score, the ESTIMATE score, and tumor purity), and immune checkpoints (CD274, CD276, CD80, CD86, CTLA4, PDCD1, PDCD1LG2, and VTCN1). Correlation analysis of RBPS for Grades II, III, and IV glioma, respectively; red: positive correlation and blue: negative correlation. Relationship of the expressions of the six RBP genes (POLR2F, DYNC1H1, SMAD9, TRIM21, BRCA1, and ERI1) and RBPS with (B) infiltration of eight types of immune cells (B cells, CD8+ T cells, CD4+ T cells, NK cells, monocytes, macrophages, dendritic cells, neutrophils), and (C) immune subtypes in TCGA.




Correlation between RBPS and tumor microenvironment

GSEA showed that RBPS was associated with immune-related pathways. In order to evaluate the relationship between RBPS and the immune microenvironment of glioma, the correlation between RBPS and immune-related characteristics was analyzed. Figure 4A shows that RBPS and these six RBP genes were significantly correlated with the stromal score (Spearman, BH-adjusted p < 0.05), the immune score (Spearman, BH-adjusted p < 0.05), the ESTIMATE score (Spearman, BH-adjusted p < 0.05), and tumor purity (Spearman, BH-adjusted p < 0.05), as, also, tumors of all WHO subtypes.

As shown in Figure 4B, significant correlations between RBPS and individual immune cell types were observed. Specifically, RBPS was positively correlated with CD8+ T cells, M1 and M0 macrophages, activated memory CD4+ T cells, regulatory T cells, γδ T cells, and neutrophils (Spearman, BH-adjusted p < 0.05), and negatively correlated with naive B cells, naive CD4+ T cells, eosinophils, activated mast cells, activated NK cells, monocytes, and dendritic cells (Spearman, BH-adjusted p < 0.05). In addition, the RBPS scores and the expressions of the six RBP genes were significantly different among the immune subtypes C1, C3, C4, C5, and C6 (the Kruskal-Wallis test, p < 0.05; Figure 4C). Among the WHO subtypes of glioma, the expression differences for RBPS and the six RBP genes among different immune subtypes were analyzed, and the results are illustrated in Supplementary Figure 5.

To further elucidate the potential role of RBPS in immunotherapy, the correlations of RBPS and six RBP genes with common immune checkpoint molecules were analyzed. The results showed that, for glioma, the RBPS scores were positively correlated with the expression of immune checkpoint molecules, PDCD1, CD274, PDCD1LG2, CTLA4, CD86, CD80, CD276, and FAS (Spearman, BH-adjusted p < 0.05) but negatively correlated with VTCN1 (Spearman, BH-adjusted p < 0.05; Figure 4C). In WHO grades II, III, and IV gliomas, RBPS was positively correlated with CD274, CD276, CD80, CD86, CTLA4, FAS, and PDCD1LG2. Finally, to identify potential drugs that targeted RBPS, the potential drugs related to the expression of these six RBP genes were queried in the database, and a correlation analysis was performed. The top 16 compounds with the highest correlation with the six RBP genes are shown (Supplementary Figure 5D). As shown, the top 16 predicted compounds were mainly related to DYNC1H1 and POLR2F.



Radiomics features for RBPS and automatic machine learning prediction model

First, by univariate logistic regression analysis, 180 radiomics features were selected according to p < 0.05 and included in the automatic machine learning model (Figure 5A). When splitting the training and test sets from the whole dataset to reduce the randomness in selecting patients for high- and low-RBPS risk between training different models and comparing their performances, the samples of the two sets were fixed (the random state was set at 42) and standard TPOT was performed. TPOT was used to calculate the average cross-validation score (AC) for each model in the training set (each model was trained 100 times/generation) and return the model with the best accuracy in the test set. Finally, by repeating the TPOT process ten times, ten independent classificatory models were obtained to predict the risk stratification according to RBPS. Overall, these 10 models showed good classification performances in training and test sets, along with high accuracy (Accuracy, ACC) (Supplementary Tables 2, 3). During the training process, each model showed the following performance in training and test sets: Model 1 (AC = 0.829, ACC = 0.727), Model 2 (AC = 0.868, ACC = 0.758), Model 3 (AC = 0.868, ACC = 0.667), Model 4 (AC = 0.829, ACC = 0.697), Model 5 (AC = 0.858, ACC = 0.818), Model 6 (AC = 0.859, ACC = 0.697), Model 7 (AC = 0.858, ACC = 0.697), Model 8 (AC = 0.839, ACC = 0.727), Model 9 (AC = 0.848, ACC = 0.788), Model 10 (AC = 0.829, ACC = 0.727), and 10 Average of models generated based on TPOT (AC = 0.848, ACC = 0.736). Among them, according to the accuracy in the test set, Model 5 was selected as it showed the best classification performance. Figures 5B,C show the average accuracy (AP) and the area under the curve (AUC) for the 10 models in the test set. The parameters of Model 5 are as follows: Model [5] = make_pipeline [binarizer (threshold = 0.3), OneHotEncoder (minimum_fraction = 0.15, sparse = false, threshold = 10], GradientBoostingClassifier [the learning_rate = 0.5, max_depth = 8, max_features = 0.3, min_samples_leaf = 1, min_samples_split = 3, n_estimators = 1t00, subsample = 0.95)]. In this model, Binarizer and OneHotEncoder were used to process the radiomics features (see Supplementary Table 4 for detailed parameter descriptions of the other nine models).
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FIGURE 5
 (A) The heatmap of the 180 radiomics features between the high- and low-RBPS-risk-score samples. (B) Receiver operating characteristic curves and (C) precision-recall curves for 10 models based on the testing set. AP, average precision; AUC, area under the curve.




The six RBP genes are associated with ischemic stroke, dementia, and aging

In order to examine the potential role of RBPS genes in ischemic stroke, RNA transcripts from peripheral blood samples of 39 patients with ischemic stroke and 24 healthy controls were analyzed. The six RBP genes included in the RBPS could distinguish IS from the healthy control group (Figure 6A, AUC = 0.950). Differentially expressed analysis showed that POLR2F, BRCA1, and TRIM21 in this RBPS were associated with ischemic stroke. Among them, TRIM21 and BRCA1 were upregulated, while POLR2F was downregulated in IS (Figure 6B). GSEA showed that the upregulation of TRIM21 was significantly related to upregulated pathways, including (REACTOME) response to elevated platelet cytosolic Ca2+, (REACTOME) cellular response to hypoxia, (KEGG) complex and coagulation cascades, and (KEGG) focal adhesion (Figure 6C). In BRCA1-upregulated samples, (REACTOME) oncogenic MAPK signaling, (REACTOME) platelet activation signaling and aggregation, (WP) angiogenesis, and the (PID) VEGFR1 and VEGFR2 pathway were upregulated, while the (REACTOME) respiratory electron transport pathway was downregulated significantly (Figure 6D). In POLR2F-upregulated samples, (REACTOME) response to elevated platelet cytosolic Ca2+, (KEGG) complement and coagulation cascades, and (KEGG) focal adhesion pathways were downregulated, while (REACTOME) cellular response to hypoxia was upregulated (Figure 6E). In IS, the upregulation of TRIM21 was related to platelet function activation, increased coagulation, and response to hypoxia. Upregulation of BRCA1 was related to tumor progression, platelet activation, and angiogenesis. The downregulation of POLR2F was accompanied by an upregulation of platelet reaction and coagulation, and downregulation of hypoxia-related response.
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FIGURE 6
 Diagnostic efficacy of the six RBP genes for IS. (A) Diagnostic efficacy of the six RBP genes for IS using blood samples (AUC = 0.950, 95% CI: 0.902–0.994). (B) The volcano plot shows the DERBPs associated with IS. GSEA for (C) TRIM21, (D) BRCA1, and (E) POLR2F in IS. (F) The volcano plot shows SMAD9 is associated with dementia. (G) The correlation heatmap shows that aging correlates with POLR2F and ERI1 expression.


Further analyses revealed that SMAD9 in the RBPS was associated with the Alzheimer's disease onset (Figure 6F). In addition, aging was positively associated with ERI1 expression and negatively with POLR2F expression (Figure 6G).



Cell clustering shows the highest proportion of microglia and astrocytes

First, quality control for single-cell RNA-seq (scRNA-seq) data (Supplementary Figures 6A–G) was performed according to cell characteristic distributions and preset quality filtering conditions. UMAP showed no significant batch effects for cells between the two groups after integration analysis (Supplementary Figure 6H). By clustering, 16 cell clusters were finally identified, and 11 cell types were annotated (Figures 7A–C; Supplementary Figures 6I, 7). Among them, microglia and astrocytes had the highest proportion (Figure 7D).


[image: Figure 7]
FIGURE 7
 Cell clustering and annotation for the mouse cerebral cortex. (A) Single-cell analysis shows 16 cell clusters in hypoxic and normoxic conditions. (B) Expression of marker genes for cell annotation between the cell clusters. (C) Cell annotation results show 11 cell types. (D) Comparison of proportions of cells between the normoxia and the hypoxia groups.




RBPS-related genes associated with pseudotime in microglia

Pseudotime analysis showed three main cell stages of microglia at normal- and low-oxygen concentrations (Figures 8A,B, Supplementary Figure 8). In microglia, Sox4 and Tcf7l2, which regulated Brca1, and Irf5, which regulated Trim21, were significantly related to the pseudotime of these cells (Figures 8C,D). The expression of transcription factors and RBPs in microglia during the transition from hypoxia to normal oxygen concentrations (Figures 8A,E) were observed using the pseudotime distribution plot. Sox4, Irf5, and Tcf7l2 were downregulated at the early stages of pseudotime but upregulated at normal-oxygen concentrations. These results suggested that Sox4 and Tcf7l2, which regulated Brca1, and Irf5, which regulated Trim21, may change under hypoxia, thus participating in cellular phenotypic changes.
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FIGURE 8
 Results of pseudotime analysis for microglia. (A) The pseudotime distribution plot of microglia. (B) The RNA velocity plot; the longer is the arrow, the stronger is the transcriptional activity. (C) The Sankey diagram shows the RBPS-related transcription factors (E2f4, Elk3, Irf1, Irf5, Nr3c1, Sox11, Sox4, Sox8, Taf7, Tcf712, and Zbtb7a), which are associated with the pseudotime. (D,E) Changes in the expression of these RBPS-related transcription factors with changes in pseudotime.




RBPS-related genes associated with pseudotime in astrocytes

Pseudotime analysis showed that astrocytes went through eight major cell stages in normal-oxygen concentration and hypoxia conditions (Figures 9A,B; Supplementary Figure 9). According to SCENIC analysis, a regulatory relationship between Tcf7l2 and Brca1 was observed (Figure 9C). In astrocytes, Tcf7l2 was an important pseudotime-related gene (Figure 9D). In addition, from the pseudotime distribution map, astrocytes were found in the early, middle, and late pseudotime stages in the normal oxygen concentration group, while, in the hypoxia group, astrocytes were dominant in the middle stage and lesser in the early and late stages; Tcf7l2 increased in the early stages and decreased toward the later stage (Figures 9A,E). These results suggested that (Brca1-related) Tcf712 may play a role in the transition to a hypoxic environment.
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FIGURE 9
 Results of pseudotime analysis for astrocytes. (A) The pseudotime distribution plot of astrocytes. (B) The RNA velocity plot, wherein the longer the arrow, the stronger the transcriptional activity. (C) The Sankey diagram shows the RBPS-related transcription factors (Bclaf1, E2f4, Rad21, Sap30, Six1, Sox8, Tcf712, and Zbtb7a), which are associated with the pseudotime. (D,E) Changes in the expression of these RBPS-related transcription factors with changes in pseudotime.




RBPS-related genes associated with pseudotime in pericytes

Pseudotime analysis showed that pericytes went through six cell stages (Figures 10A,B; Supplementary Figure 10) in normal oxygen concentration and hypoxia conditions. According to the prediction of the gene regulatory network by SCENIC analysis, a regulatory relationship between Taf7 and Trim21 was obtained (Figure 10C). In astrocytes, Taf7 was an important pseudotime-related gene (Figure 10D). In addition, as shown in the pseudotime distribution plot, pericytes were obviously stagnating in the early pseudotime stages under hypoxia (Figure 10A). Taf7 increased at an early stage of pseudotime but decreased toward the end stage; pericytes under hypoxia were mostly dominant in the early stage of pseudotime (Figure 10E). These results suggested that Taf7 may play an important role in cell-state transition between hypoxia and normal oxygen conditions.
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FIGURE 10
 Results of pseudotime analysis for pericytes. (A) The pseudotime distribution plot of pericytes. (B) The RNA velocity plot, wherein the longer the arrow, the stronger is the transcriptional activity. (C) The Sankey diagram shows the RBPS-related transcription factors (Bclaf1, Nr3c1, Taf7), which are associated with the pseudotime. (D,E) Changes in the expression of these RBPS-related transcription factors with changes in pseudotime.




Pseudotime-related regulons

SCENIC analysis was performed for single-cell data to identify important regulons of each cell subtype. In the SCENIC analysis flow, UMAP and tSNE showed single-cell dimension reduction results and the distributions for each cell type (Supplementary Figure 11). Figures 11A–C show the distribution of microglia, astrocytes, and pericytes under normal- and low-oxygen conditions. Irf5 was an essential and specific regulon of microglia in the normal oxygen and hypoxia concentration groups (Figures 11D,G,J). The RSS and rank of Tcf7l2 were related to oxygen concentration. The rank of Tcf7l2 in the normoxia group was higher than that in the hypoxic group (Figures 11E,H,K). The Taf7 regulon played a regulatory role in many other cells apart from pericytes (Figures 11F,I,L).


[image: Figure 11]
FIGURE 11
 Major regulons in microglia, astrocytes, and pericytes. (A–C) tSNE shows the distribution of microglia, astrocytes, and pericytes. (D–F) Major gene regulatory networks in the three types of cells under normoxia condition, wherein red dots represent the gene regulatory networks regulated by corresponding transcription factor related to the RBPS. (G–I) Major gene regulatory networks in the three types of cells under hypoxia condition. (J–L) Distribution of regulons associated with the RBPS in cells.





Discussion

The RBP family of proteins plays an important regulatory role in glioma and IS (Shao et al., 2013; Zhou et al., 2014; Barbagallo et al., 2018; Lan et al., 2020; Si et al., 2020; Zhang et al., 2020; Sharma et al., 2021); however, there is a lack of a systematic analysis of the role of RBP in both these diseases. Herein, we describe a set of previously unreported six RBP genes that can be used to predict the prognosis of glioma and diagnostic classification for IS. In particular, we found that the RBPS was associated with tumor immunosuppression in glioma and hypoxia and coagulation in IS. In addition, automatic machine learning was used to predict the risk stratification based on RBPS in glioma. In this RBPS, SMAD9 was found to be associated with dementia; POLR2F and ERI1 were identified to be associated with aging. In view of hypoxia as the basis of common models for studying glioma and IS, the expressions of these six RBP genes in microglia, astrocytes, and pericytes, along with their gene regulatory networks, were analyzed using single-cell data from the mouse cerebral cortex. The six RBP genes and the transcription factors in their gene regulatory networks were analyzed using pseudotime analyses between normal oxygen and hypoxia conditions. Irf5/Trim21 and Tcf712/Brca1 in microglia, Tcf712/Brca1 in astrocytes, and Taf7/Trim21 in pericytes were identified as RBPS-related genes that were regulated in response to hypoxia. These new findings indicated that RBPs, post-transcriptional regulators, are essential regulatory molecules involved in the underlying common pathways in the development of glioma and IS.


Significance of identification of molecular markers for glioma

Glioma is the most common primary intracranial tumor with high mortality, among which glioblastoma is the most malignant type (Liu et al., 2020). According to molecular genetic characteristics, some important glioma subtypes, including IDH mutation, TERT promoter, and 1p/19q codeletion, improve the therapeutic efficacy for glioma (Wang et al., 2020). It is worth trying to identify biomarkers that are robust and can guide the treatment and predict a prognosis so as to stratify the patients according to the risk and help choose appropriate treatment methods.



Role of RBP in tumors

Previous studies have shown that RBP plays a vital role in tumor progression. For example, in the progression of HCC, global changes in RBP are more evident than those of transcription factors (Dang et al., 2017). In immunity, RBP CAPRIN1 promotes innate immunity mediated by IFN-γ-STAT1 by stabilizing the Stat1 mRNA (Xu H. et al., 2019). In addition, some studies suggest that the genetic system of RBP dysfunction can provide methods for describing different immunological conditions (Kafasla et al., 2014). In AML, the effects of RBM39 deletion on splicing further lead to preferential lethality for AML with spliceosome mutations, which provides a strategy for the treatment of those carrying RBP-splicing mutations (Wang E. et al., 2019; Villanueva et al., 2020). In glioma, although some studies report several RBPs related to a poor prognosis of these patients (Boucas et al., 2015; Bhargava et al., 2017; Barbagallo et al., 2018; Velasco et al., 2019; Wang J. et al., 2019; Lan et al., 2020; Wang et al., 2020), their potential clinical application, including for an individual prognostic risk assessment, lacks systematic evaluation. In the research on RBPs, some new technologies have been developed to enrich and extract RBPs and their homologous RNAs, such as the orthogonal organic phase separation (OOPS) (Villanueva et al., 2020), which is a fast, efficient, and reproducible method to purify cross-linked RNA-protein complexes in an unbiased manner, thus making it more efficient for identifying and studying new RBPs. Taken together, we first developed a risk stratification gene signature based on RBP gene expression profiles and an automatic machine learning prediction model based on radiomics for individualized risk assessment of patients with glioma. Below, we discuss the roles of these core RBPs in glioma genesis.



Identification of RBPS and the role of the six RBP genes in glioma

First, six prognostic-related RBP genes (POLR2F, DYNC1H1, SMAD9, TRIM21, BRCA1, and ERI1) were obtained from the TCGA-glioma dataset. Based on these six RBP genes, a 6-RBP gene signature (RBPS) with risk stratification characteristics was constructed. Among them, POLR2F, DYNC1H1, and SMAD9 in tumor tissues of patients with glioma were downregulated as compared to normal tissues adjacent to cancer, while TRIM21, BRCA1, and ERI1 were upregulated. In literature, only BRCA1, TRIM21, and POLR2F have been implicated in the progression of glioma (Rasmussen et al., 2016; Yang et al., 2020; Zhao et al., 2020). Breast cancer susceptibility gene (BRCA) mutations, including BRCA1, are found in several tumors (Sun et al., 2020). Umphlett et al. (2020) reported a case of a patient with GBM with extensive metastases, whereby BRCA1 (p.I571T) was considered the possible driving mutation. Through bioinformatics analyses based on the GSE53733 dataset, Yang et al. (2020) report that POLR2F is one of the four potential key genes that affect the OS in GBM. Higher levels of TRIM21 expression are associated with a poor prognosis of glioma and promote proliferation, drug resistance, and migration of glioma cells (Zhao et al., 2020). SMAD9 mutations have been reported in the progression of gastrointestinal ganglioma. In addition, a low expression of SMAD9 is related to a poor OS in lung adenocarcinoma (Ngeow et al., 2015; Zhai et al., 2021). The microtubule motor protein encoded by DYNC1H1 is involved in many cellular processes, such as mitosis and intracellular transport. DYNC1H1 mutations have been implicated in nervous system diseases (Hoang et al., 2017) and pancreatic cancer (Furukawa et al., 2011), and these mutations are consistent with a high immune activity of tumor mutation load in various cancer types (Bai et al., 2020). In addition, DYC1H1 is upregulated in gastric cancer (Gong et al., 2019) and downregulated in primary gallbladder carcinoma (Huang et al., 2014). In mice, Eri1 is a histone mRNA-related protein involved in RNA metabolism pathways and various cellular processes regulated by RNA (Thomas et al., 2014). Declercq et al. (2020) show that the exogenous nuclease, ERI1, interacts with PB2, PB1, and NP components of the viral ribonucleoprotein, thus promoting viral transcription. Previous studies have reported that gene copy number variations in glioma may lead to changes in RBP gene expression (Bhargava et al., 2017), which was also observed in this study. In addition, in tumor stemness, RBPS was positively correlated with DNAss but negatively correlated with RNAss. For results of RBP genes and tumor stemness, we speculated that, due to the characteristics of post-transcriptional regulation of RBPs, the correlations of DNAss and RNAss with RBP would be different, and the underlying mechanism needs to be elucidated in the future.



A high risk of RBPS in glioma is related to immunosuppression

GSEA showed differences in immune-related functional pathways between high- and low-RBPS-risk-score groups. By evaluating the relationship between RBPS and immune-related characteristics, it was possible to improve the understanding of the anti-tumor immune intervention and highlight feasible immunotherapeutic strategies. Therefore, the associations of RBPS with the tumor microenvironment, immune subtypes, immune cell types, and immune checkpoint molecules were further analyzed. Xu et al. (2021) report that higher stromal and immune scores predict a poor prognosis in patients with LGG. In LGG and GBM of this study, gliomas with higher RBPS risk are related to higher immune and stromal scores, thus indicating that the RBPS index was related to immune responses in gliomas. A previous study reports that macrophage infiltration indicates a worse OS in GBM (Iglesia et al., 2016). Differentiated GBM cells promote GSC-dependent tumor progression by enhancing macrophage infiltration into tumor tissues (Uneda et al., 2021). RBPS also showed a positive correlation with the proportion of infiltrated macrophages in the tumor, which indicated that RBPS may play a potential role in the involvement of macrophage infiltration in the development of glioma. Conventional type-1 dendritic cells (cDC1) play an important role in immunotherapy-mediated reactivation of tumor-specific CD8+ T cells to promote tumor regression (Liang et al., 2021). In this study, RBPS was negatively correlated with dendritic cell infiltration and positively correlated with CD8+ T cells, which implied that, in gliomas with a high RBPS risk, a complete CD8+ T cell reactivation for immunotherapy may be difficult due to the lack of dendritic cells, thus making the anti-tumor effects difficult to be achieved. Due to several reasons, including inherent challenges in drug application, a unique immune environment of the brain, and heterogeneity between and within tumors, immune checkpoint blockade therapy has not been effective for GBM (Khasraw et al., 2020). A comprehensive understanding of the unique tumor microenvironment of the brain is important for glioma immunotherapy with immune checkpoint blockade (Qi et al., 2020). In this study, RBPS was positively correlated with the expressions of CD274, CD276, CD80, CD86, CTLA4, FAS, PD1, and PDL1 in gliomas, indicating that the expressions of immune checkpoint-related genes increased with a high RBPS risk, thus leading to a worse prognosis. The relationship between RBPS and immune checkpoint molecules needs further studies.



Automatic machine learning model predicts RBPS

Generally, the RBPS showed reliable prognostic value for predicting the OS and immune-related characteristics of glioma and comprised only six RBP genes, making its clinical translation convenient. Recently, with the development of computing power, researchers have tried to replace some expensive molecular detection techniques using MR image-based artificial intelligence so as to stratify the risk of tumor phenotypes, screen patients with cancer, and predict their responsiveness to treatment (Acs et al., 2020). Therefore, using MRI-based radiomics features, we developed an automatic machine learning classification model to predict the risk of RBPS in glioma, thus making the molecular signature more convenient and attractive for preoperative evaluation.



Diagnostic performance and the roles of the six RBP genes in IS

The prediction model based on the six RBP genes from blood samples could also predict the occurrence of IS, suggesting their association with IS. Among the six RBP genes, TRIM21 and BRCA1 were upregulated in IS, while POLR2F was downregulated in IS. Functional pathway enrichment analysis showed that TRIM21 upregulation was related to platelet activation, enhanced coagulation, and response to hypoxia. Previous studies have shown that TRIM21 is mainly expressed in hematopoietic cells, wherein it is induced by IFNs in case of infections and autoimmune diseases (Sjöstrand et al., 2013). Pan et al. (2016) show that TRIM21 modulates redox homeostasis through the ubiquitination of p62, and TRIM21-deficient cells exhibit enhanced antioxidant responses and reduced cell death under oxidative stress. In addition, TRIM21 deficiency induces naive T cells to differentiate into Th17 and promotes IL-17 expression, along with a stable atherosclerotic plaques phenotype formation (Brauner et al., 2018). In cerebral ischemia/reperfusion (I/R), BRCA1 overexpression can alleviate or prevent nerve injury caused by I/R due to reduced production of reactive oxygen species (ROS) and lipid peroxidation (Xu et al., 2018). Overexpression of BRCA1 in neural stem cells (NSCs) reduces apoptosis and oxidative stress after the oxygen-glucose deprivation/reoxygenation (OGD/R) insert, stimulating their proliferation, thus improving the therapeutic effects of NSC transplantation in cases of ischemic stroke (Xu P. et al., 2019). Genome-wide association analysis shows that POLR2F (22q13.1) is associated with periventricular white matter hyperintensions (PVWMH), and PVWMH are associated with ischemic stroke (Armstrong et al., 2020).



Dual action of ROS under hypoxia

In the cerebrovascular unit, hypoxia can induce astrocytes, microglia, pericytes, and neuronal cells to produce ROS and reactive nitrogen species (RNS) (Sumbayev and Yasinska, 2007; Chen et al., 2013). ROS and RNS play dual roles in the neurovascular unit, destroying tissues and macromolecules upon injury (global cerebral ischemia and reperfusion injury) while promoting cellular proliferation, tissue repair and regeneration, and angiogenesis in the recovery stage (acute ischemic stroke and hypoxic tumor core) (Kalogeris et al., 2014).



The role of hypoxic stress in tumor immunity and angiogenesis

In tumors, hypoxic stress plays an important role in tumor progression and immune escape by controlling angiogenesis, promoting immunosuppression, and tumor resistance (Noman et al., 2015). Several hypoxia-induced immunosuppressive cells in the hypoxic zones of solid tumors, such as myeloid-derived suppressor cells, tumor-associated macrophages (MDSCs), and T-regulatory (Treg) cells, have been reported (Mantovani et al., 2002; Ohta et al., 2011). Hypoxia increases MDSC-mediated T cell tolerance by upregulating the tumoral MDSC expression of PD-L1 (Noman et al., 2014); hypoxia-inducible factor-1 (HIF-1) is the primary regulator of PD-L1 (Barsoum et al., 2014). Hypoxia decreases the expression of several molecular markers of differentiation and maturation of DCs in response to lipopolysaccharide and inhibits the stimulating ability of DCs to activate T cell functions (Mancino et al., 2008). In addition, VEGF produced by human tumors can inhibit the functional maturation of DCs and promote the escape of tumor cells (Gabrilovich et al., 1996). Hypoxic stress increases the lytic functions of CD8+ T cells and decreases their proliferation and differentiation (Noman et al., 2015). Hypoxia attracts Treg cells to the tumor bed by affecting the distribution of cytokines in the tumor microenvironment and enhancing the immunosuppressive functions of Treg cells (Noman et al., 2015). For cancer stem cells (CSCs), hypoxia and HIFs are considered to induce tumor cells to dedifferentiate into immature phenotypes and maintain their stemness (Kallergi et al., 2009; Semenza, 2012). In this study, RBPS in glioma was related to tumor immunosuppression. Glucose and amino acid metabolism increased in gliomas with a high RBPS risk score. This may serve the increased demand for energy and oxygen of highly proliferating tumor masses. In addition, among these six RBP genes, the upregulation of TRIM21 and BRCA1 in IS was related to angiogenesis and responses to hypoxia. The upregulation of TRIM21 and BRCA1 and the downregulation of POLR2F were related to platelet activation and increased coagulation, thus suggesting that an imbalance among these genes may result in a state of hypercoagulation, which could easily lead to an ischemic cerebral infarction. Along with aging, POLR2F was downregulated, while ERI1 was upregulated. In IS, downregulated POLR2F was associated with downregulation of pathways in response to hypoxic responses, implying that POLR2F may be associated with aging-related hypoxic stress.

Astrocytes, microglia, and pericytes are important cells that maintain brain homeostasis. In order to observe the regulation and potential mechanism underlying the six RBP genes in the hypoxic environment at the cellular level, the gene regulatory network in various cell types was investigated.



Gene regulatory networks in astrocytes

Astrocytes are the most abundant cell types in the central nervous system. As an integral part of the neuron-glial system, astrocytes serve as housekeeping functions, including the formation of the blood-brain barrier (BBB), regulation of cerebral blood flow, repair of blood vessels (Williamson et al., 2021), and the resistance to oxidative stress (Blanc et al., 1998; Ransom and Ransom, 2012). After an ischemic stroke, reactive astrogliosis involving astrocytes exerts harmful and beneficial effects on neuronal survival and nerve recovery (Liu and Chopp, 2016; Xu et al., 2020). The upregulation of BRCA1 in IS was related to tumor promotion, platelet activation, and angiogenesis. On examining the gene regulatory network in astrocytes, Brca1 was identified in Tcf712 regulon that was upregulated under hypoxia. These results suggested that Tcf712/Brca1 may play an important role in the response of astrocytes to hypoxic stress.



Gene regulatory networks and immune responses of microglia

As resident macrophages in the central nervous system, microglia are the first immune cells that perceive and respond immediately during cerebral ischemia (Lambertsen et al., 2019). During a stroke, with the dynamic changes in pathology, microglia undergo polarization (Tsuyama et al., 2018). According to the phenotypic changes in microglia, they can be roughly classified into pro-inflammatory (M1) or anti-inflammatory (M2) types (Ransohoff, 2016). The interferon regulatory factor (IRF) family of proteins has an important relationship with microglial polarization after stroke (Zhao et al., 2017; Al Mamun et al., 2018). For instance, IRF4 negatively regulates inflammation and promotes M2 polarization of macrophages (Eguchi et al., 2013), while IRF5 induces M1 polarization (Paun et al., 2008). Recent studies have shown that the IRF5-IRF4 regulatory axis in microglia regulates neuroinflammation after ischemic stroke and affects stroke outcomes (Al Mamun et al., 2020). IRF5 mediates pro-inflammatory activation of microglia and affects anti-inflammatory responses (Fan et al., 2020; Al Mamun et al., 2021). We found that Irf5 regulon was an important regulator in microglia, and Trim21 was a downstream molecule in this gene regulatory network. The expression of Irf5 was downregulated under hypoxia, which may be related to the time of experimental conditions, suggesting that the main microglia types may be changing toward the anti-inflammatory phenotype after living in 7.5% oxygen concentration for 7 days. The Tcf712 regulon was another important gene regulatory network identified in microglia, and Brca1 was a member of this network. The expression of Tcf712 was also downregulated under hypoxia.



Multiple microvascular regulatory functions of pericytes

Pericytes play an important role in regulating various microvascular functions, such as angiogenesis (Winkler et al., 2011), the formation and maintenance of the BBB (Armulik et al., 2010; Daneman et al., 2010), capillary blood flow regulation (Hall et al., 2014; Korte et al., 2022), neuroinflammatory regulation (Stark et al., 2013; Korte et al., 2022), glial plaque formation (Göritz et al., 2011), and stem cell characterization (Özen et al., 2014; Nakagomi et al., 2015). Pericytes are important therapeutic targets in stroke, glioma, Alzheimer's disease, spinal cord injury, and other diseases due to their vital role in the nervous system diseases (Cheng et al., 2018). Variable permeability of BBB can be observed in the high cell proliferation regions, which may be related to an increase in the NG2-expressing pericytes herein (Jackson et al., 2017). In addition, hypoxic regions of tumors recruit activated pericytes through the regulation of hypoxia-inducible factors (Svensson et al., 2015). In acute ischemic stroke, pericyte HIF-1 can destroy BBB and affect the prognosis of stroke (Tsao et al., 2021). In addition, glioma stem cells can also differentiate into pericytes, thus supporting BBB integrity and angiogenesis (Cheng et al., 2013; Segura-Collar et al., 2021). Under hypoxia, in vitro, pericytes derived from the human brain acquire a microglial phenotype and are a new source of inflammatory cells during cerebral ischemia (Özen et al., 2014). Interestingly, Trim21 (Irf5 and Taf7 regulon) is present in different gene regulatory networks of microglia and pericytes in response to hypoxia. This suggests that RBPs, as post-transcriptional regulators, participate in different regulatory pathways, thus performing various cellular functions.

Owing to the heterogeneity of pericytes (Armulik et al., 2011), the selection of specific cell markers and the correct identification of pericytes in “-omics” studies pose a challenge (Cheng et al., 2018). Using transcriptomics and proteomics, mRNA and protein expressions in pericytes at different positions of the capillary bed would be accurately defined.

This study is the first attempt to comprehensively evaluate the role of RBPs in glioma and IS using computational biology, thus providing a panoramic map of a panel of genes between the two diseases and a research paradigm for the study of such scientific issues. Using bulk RNA-seq and scRNA-seq data, we examined the important roles of a panel of RBP genes in glioma and IS and identified the relationship between the two diseases. In this study, a prognostic RBPS consisting of six RBP genes was identified for glioma. These six RBP genes obtained from blood samples had a high classificatory performance for diagnosing IS. RBPS was associated with immunosuppression, enhanced energy metabolism, and tumor growth in glioma, and hypoxia response, angiogenesis, and enhanced coagulation in IS. In this RBPS, SMAD9 was found to be associated with dementia; POLR2F and ERI1 were identified to be associated with aging. Under hypoxia, Irf5/Trim21 in microglia and Taf7/Trim21 in pericytes were identified as RBPS-related networks. There are some limitations to this study. The gene signature was developed based on large publicly available databases and retrospective cohorts. However, no independent clinical cohort in local hospitals for validation was evaluated. In addition, the properties of these RBP genes need to be verified at cellular levels and using animal models. With the identification of new RBP molecules, computational biological analyses need to be updated to identify important molecules in the occurrence and development of glioma and IS.




Conclusion

In conclusion, we developed a 6-RBP gene signature associated with a glioma prognosis and an IS diagnosis. In addition, an automatic machine learning classification model based on radiomics features from MRI was developed to stratify the RBPS risk. The RBPS was associated with immunosuppression, energy metabolism, and enhanced tumor growth in glioma, and hypoxia response, angiogenesis, and increased coagulation in IS. Upregulation of SMAD9 was associated with dementia, while downregulation of POLR2F was associated with aging-related hypoxic stress. The RBPS is expected to serve as a biomarker to study the common mechanism between glioma and IS. These six RBP gene markers play a critical role in the association of IS with glioma, as revealed by our study.
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Objective: The diagnosis of neuronal intranuclear inclusion disease (NIID) is currently based on CGG repeat expansion in the 5′UTR of the NOTCH2NLC gene, or p62-positive intranuclear inclusions in skin biopsy. The purpose of this study is to explore the value of non-invasive pathological findings in urine sediment cells from NIID patients.

Materials and methods: Ten patients with clinically suspected NIID were enrolled for skin biopsy and gene screening. Morning urine (500 ml) was collected from each patient, and cell sediment was obtained by centrifugation. Urine cytology, including Giemsa staining, p62 immunostaining, and electron microscopic examination, were conducted on cell sediment.

Results: The main clinical symptoms of 10 patients included episodic disturbance of consciousness, cognitive impairment, tremor, limb weakness, and so on. Cerebral MRI showed that 9 patients had linear DWI high signal in the corticomedullary junction. Genetic testing found that the number of CGG repeat ranged from 96 to 158 in the NOTCH2NLC gene. Skin biopsy revealed that all patients showed p62-positive intranuclear inclusions in 18.5 ± 6.3% of the duct epithelial cells of sweat gland. In contrast, urine sediment smears revealed that only 3 patients had p62 positive intranuclear inclusions in 3.5 ± 1.2% of the sedimentary cells. Ultrastructural examinations showed that intranuclear inclusions were also identified in the cell sediment of the 3 patients.

Conclusion: Urine cytology may be a new and non-invasive pathological diagnosis technique for some NIID patients, although the positive rate is not as high as that of skin biopsy, which is a sensitive and reliable pathological method for NIID.
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neuronal intranuclear inclusion disease, skin biopsy, urine cytology, NOTCH2NLC gene, pathological diagnosis


Introduction

Neuronal intranuclear inclusion disease (NIID) is a rare neurodegenerative disease, initially named after the pathological features characterized by eosinophilic intranuclear inclusions in neurons (Liufu et al., 2022). Further studies have found that eosinophilic intranuclear inclusions also exist in the cells of peripheral nervous system and the most other organs (Miki et al., 2022). Abnormal CGG repeat expansion in the 5′-untranslated region (5′UTR) of the NOTCH2NLC gene is the genetic cause of NIID (Deng et al., 2019; Ishiura et al., 2019; Sone et al., 2019; Tian et al., 2019). In addition, studies have shown that the repeat expansion is also associated with Parkinson’s disease (PD) (Shi et al., 2021), essential tremor (Sun et al., 2020), multiple system atrophy (Fang et al., 2020), motor neuron disease (Yuan et al., 2020), peripheral neuropathy (Wang et al., 2021), and oculopharyngodistal myopathy (OPDM) (Yu et al., 2021). Collectively, these phenotypes are referred to as NOTCH2NLC-related repeat expansion disorders (NREDs) (Lu and Hong, 2021). Among them, NIID is the most common subtype, and its clinical manifestations show great heterogeneities, such as sudden disturbance of consciousness, episodic psychiatric or cognitive impairments, seizures, limb weakness, tremor, miosis, and autonomic dysfunctions (Sone et al., 2016; Liang et al., 2020; Wang et al., 2020). Although the causative gene of the NIID has been identified, the relationship between the phenotype and genotype remains uncertain in some NIID patients. Therefore, pathological examination still plays a crucial role in the accurate and timely diagnosis of NIID (Chen et al., 2020b).

Skin biopsy has been developed as a sensitive and specific method for pathological diagnosis of NIID, which is characterized by p62-positive eosinophilic intranuclear inclusions in fibroblasts, adipocytes, and duct epithelial cells of sweat gland (Sone et al., 2011). As an invasive examination, open skin biopsy usually takes specimens deep into the dermis and subcutaneous adipose tissue, thus increasing the risk of potential infection and pain in patients. In addition, the genetic screening is expensive and unavailable to most patients. Therefore, it is necessary to find a non-invasive and economic examination for the diagnosis of NIID patients. In this study, 10 patients with NIID were diagnosed according to the clinical, radiological, pathological and genetic characteristics, and then the urine of 10 patients was collected in the acute phase of hospitalization to explore whether urine cytology was helpful to the diagnosis of NIID.



Materials and methods


Subjects

A total of 10 NIID patients who were referred to the Department of Neurology, the First Affiliated Hospital of Nanchang University were recruited from January 2021 to February 2022. The clinical features and radiological data of the patients were collected, and their family history and symptoms of family members were obtained from the subjects and their relatives. This study was approved by the Ethics Committee of The First Affiliated Hospital of Nanchang University. The tissue samples of the patients and controls were obtained under a written consent signed by each individual in compliance with the bioethics laws of China as well as the Declaration of Helsinki.



Genetic screening

Peripheral blood was taken from each patient in 3 ml for DNA extraction. Repeat-primed polymerase chain reaction (RP-PCR) was initially used to identify the repeat expansion in the NOTCH2NLC gene. RP-PCR was performed as described in our previous study (Deng et al., 2019). The PCR primer mix contained three primers: NOTCH2NLC-F:5′-FAM-GGCATTTGCGCCTGTGCTTCGGACCGT-3′, M13-(GGC)4 (GGA)2-R:5′-CAGGAAACAGCTATGACCTCCTCCGCCGC CGCCGCC-3′, and M13-linker-R: 5′-CAGGAAACAGCTA TGACC-3′. A saw-tooth tail pattern in the electropherogram was considered to be the disease-associated repeat expansion. Fluorescence amplicon length polymerase chain reaction (AL-PCR) was used to detect the length of GGC repeat expansion. The composition of PCR mix was identical to that of RP-PCR except for the use of 50 ng genomic DNA as a template and a different primer pair: NOTCH2NLC-AL-F: 5′-VIC-CATTTGCGCCTGTGCTTCGGAC-3′; NOTCH2NLC-AL-R: 5′-AGAGCGGCGCAGGGCGGGCATCTT-3′. The PCR conditions were the same as for RP-PCR. Electrophoresis was performed on a 3500xl Genetic analyzer (Thermo Fisher Scientific, Waltham, MA, United States) and the data were analyzed using GeneMapper software (Thermo Fisher Scientific). The length of the highest signal peak of expanded allele was used to calculate the repeat number.



Pathological examination of skin biopsy

Skin biopsy in the distal part of the leg (10 cm above the external malleous) was performed in the 10 patients. A part of the specimen was fixed by 4% formalin solution, embedded in paraffin, cut into 4-mm thick sections, and stained with hematoxylin and eosin (H&E). The immunohistochemical and immunofluorescent staining were performed with anti-p62 antibody (sc-28359, Santa Cruz Biotechnology, CA, United States). The rate of p62-positive intranuclear inclusions was calculated by the number of positive cells to the total number of the duct epithelial cells of sweat gland. For electron microscopy, a portion of the specimens were initially fixed in 2.5% glutaraldehyde, subsequently fixed in 1% osmium tetroxide, and embed in Epon 812. Ultrathin sections were examined through electron microscope (JEOL-1230, Japan).



Pathological examination of urine sediment

Five hundred milliliters of morning urine were collected in the 10 NIID patients and 6 healthy controls, subsequently centrifuged at 1500 rpm/min for 5 min, discarded the supernatant, and collected the urine sediment into a cell cryopreservation tube. Suspending a small amount of sediment with phosphate buffered saline (PBS) for suspension, and then 100 μl of the suspension was drawn and dropped on the glass slide for natural drying, and were used for Wright’s Giemsa staining and anti-p62 immunostaining, respectively. The rate of p62-positive intranuclear inclusions was calculated by the number of positive nuclei to the total number of the nuclei on six random 100× microscopic fields. The remaining urine sediment were centrifuged at 5000 rpm/min for 5 min, discarded the supernatant. 1 ml 2.5% glutaraldehyde solution was added to the urine sediment for fixation, subsequently embedded in epoxy resin, stained with uranyl acetate and lead citrate. Ultrastructural pathological changes were observed under transmission electron microscope (JEOL-1230, Japan).




Results


Clinical features

Half of the patients (5/10) had family history (only the probands included), and 5 (5/10) patients were sporadic cases, including 4 male and 6 female patients. The age of onset was 54–73 (65.90 ± 4.95) years old, and the disease duration was 0.5–20 (6.95 ± 6.90) years. The presenting symptoms included episodic disturbance of consciousness (4/10), episodic headache (2/10), tremor (2/10), cognitive impairment (1/10), and episodic psychiatric disorder (1/10). The episodic disturbance of consciousness or mental disorder usually lasted from a few hours to several weeks, and most of them could return to their pre-onset state. Episodic headaches were similar to migraine attacks, lasting from a few hours to a few days, and usually relieved within a day. The main neurological clinical symptoms at visit included cognitive impairments (7/10), tremor (4/10), limb weakness (4/10), bradykinesia (2/10), psychiatric symptoms (2/10), sensory dysfunction (2/10), visual dysfunction (2/10), and seizures (1/10). Other multi-system symptoms included urinary dysfunction (4/10), dry cough (3/10), episodic fever (3/10), constipation (3/10), episodic abdominal pain (2/10), episodic nausea/vomiting (2/10), and diabetes (2/10). Physical examination revealed paresthesias in 4 patients (4/10), hyporeflexia of lower limb in 4 patients (4/10), decreased muscle tone in 4 patients (4/10), increased muscle tone in 3 patients (3/10), pyramidal signs in 3 patients (3/10), cerebellar ataxia in 2 patients (2/10), and miosis in one patient (1/10) (Table 1).


TABLE 1    Clinical data of 10 patients with neuronal intranuclear inclusion disease (NIID).
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Nerve conduction studies revealed that all patients had different degrees of peripheral neuropathy, including demyelinating sensorimotor neuropathy in 6 patients (6/10), mixed sensorimotor neuropathy in 3 patients (3/10), and demyelinating sensory neuropathy in one patients (1/10) (Table 2). Cerebral magnetic resonance imaging (MRI) showed 9 patients (9/10) with abnormal curve-like hyperintensity along the corticomedullary junction on diffusion weighted imaging (DWI) (Figure 1A), and 2 patients (2/10) had involvements in the corpus callosum (Figure 1B). White matter hyperintensities were symmetrically observed in the corona radiata, the center of the semiovale, and the lateral ventricle in 9 patients (9/10) (Figure 1C). One patient (1/10) presented with edema of the left temporo-occipital cortex, which was significantly enhanced on contrast scan (Figure 1D).


TABLE 2    Electrophysiological changes in 10 patients with neuronal intranuclear inclusion disease (NIID).
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FIGURE 1
Cerebral magnetic resonance imaging (MRI) features of neuronal intranuclear inclusion disease (NIID) patients. Diffusion weighted imaging (DWI) showed curve-like hyperintensity along the corticomedullary junction (A); DWI also showed lesions in the corpus callosum (B); T2-weighted showed symmetrical white matter lesions (C); Contrast T1-weighted showed the left temporal occipital cortical edema with enhancement (D).




Genetic mutation

Repeat-primed PCR amplification of the 5′UTR of the NOTCH2NLC gene revealed that the chromatograms of all patients showed long saw-tooth curves, indicating the presence of CGG repeat expansion variant (Figure 2A). In addition, the AL-PCR amplification showed that the number of CGG repeat in these patients ranged from 96 to 158, with an average number of 119 ± 23 (Figure 2B).
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FIGURE 2
Dynamic variant of the NOTCH2NLC gene. Repeat-primed polymerase chain reaction (RP-PCR) chromatogram of patients 1 showed a long saw-tooth curve, indicating the presence of CGG repeat expansion (A); Amplicon length polymerase chain reaction (AL-PCR) showed that the number of CGG repeat was 102 (B).




Skin pathological features

Skin biopsies were performed in all 10 patients. The skin had no structural abnormalities and inflammatory cell infiltrations in the subcutaneous fatty tissue. Eosinophilic intranuclear inclusions were observed in the nuclei of fibroblasts, adipocytes, and duct epithelial cells of sweat gland (Figures 3A,D), and some of the inclusions presented with halo, especially in the nuclei of sweat gland duct epithelial cells. Occasionally, multiple inclusions were observed in a single nucleus. P62 antibody staining showed that positive intranuclear inclusions were observed in the nuclei of sweat gland duct epithelial cells, fibroblasts, and adipocytes in all patients (Figures 3B,E). The mean rate of p62-positive intranuclear inclusions accounted for 18.5 ± 6.3% of the duct epithelial cells of sweat gland in all patients. Electron microscopy revealed that intranuclear inclusions included filamentous materials with no membrane components around or within them (Figures 3C,F).
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FIGURE 3
Skin pathology of neuronal intranuclear inclusion disease (NIID) patients with positive and negative urine sediment. H&E staining showed eosinophilic intranuclear inclusions in the nuclei of epithelial cells of the skin sweat gland ducts (Panels A,D, arrow); anti-p62 immunohistochemical staining showed positive intranuclear inclusions (Panels B,E, arrow); The intranuclear inclusions were seen as filamentous materials under electron microscope (C,F).




Pathological changes of urinary sediment

Different degrees of leukocytes, epithelial cells, erythrocytes, bacteria, and casts were observed in the urine sediment smear of all patients, while no intranuclear inclusions could be observed in the nuclei of the nucleated cells on Giemsa staining (Figure 4A). Five patients (5/10) received indwelling catheterization before or during hospitalization, and three patients (3/5) showed urinary tract infection in routine urine examination. Therefore, more urine sediments were collected from these 3 patients, and more nucleated cells were observed under the light microscope. Urine sediment smears of all patients were stained for p62 antibody through both immunohistochemistry and immunofluorescence. P62-positive materials could be observed in the cytoplasm of sediment cells in all patients and controls (Figure 4B), but p62-positive intranuclear inclusions were only observed in 3 patients with urinary tract infection (Figures 4C–F). The mean rate of cells with p62-positive inclusions accounted for only 3.5 ± 1.2% of the sedimentary cells in the 3 patients (3.2, 2.5, and 4.9%, respectively). The positive rate of skin biopsy was significantly higher than that of urine sediment (p < 0.01). Electron microscopy revealed filamentous inclusions in the nuclei of urinary neutrophils (Figures 5A–C) or monocyte (Figures 5D–F) in the patients.
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FIGURE 4
Urine cytology in neuronal intranuclear inclusion disease (NIID) patients. Leukocytes, epithelial cells, and epithelial cells were observed in the urinary sediment on Giemsa staining (A). Immunohistochemistry showed p62-positive materials in the cytoplasm of sediment cells in patient 1 (Panel B, arrow). Immunofluorescence revealed that p62-positive intranuclear inclusions were observed in patient 1 (Panels C–F were magnification, arrow).
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FIGURE 5
Electron microscopy of urine sediment cells. In the patient 1, electron microscopy showed the appearance of filamentous inclusions in a neutrophil (Panels A–C were magnification). In the patient 6, electron microscopy showed the appearance of filamentous inclusions in a monocyte (Panels D–F were magnification).





Discussion

In the period when autopsy pathology was the main diagnostic method, our understanding for the NIID was mainly limited to the nervous system (Cao et al., 2021; Fan et al., 2022; Huang et al., 2022). However, with the discovery of the NIID causative gene, the understanding about the disease was already beyond the scope of the previous cognition (Deng et al., 2019; Ishiura et al., 2019; Sone et al., 2019; Tian et al., 2019). In this study, the NIID patients showed great clinical heterogeneity, while deep analysis of the phenotypic features of the patients revealed some clues to the diagnosis. First, episodic symptoms were very common in our patients. Seven patients presented with episodic symptoms, including sudden disturbance of consciousness, sudden psychiatric disorder, and sudden headache, and some patients also experienced multiple episodes of fever, abdominal pain, and nausea and vomiting in the course of the disease. The duration of these episodic symptoms could vary greatly, but the symptoms were reversible after symptomatic treatment. Second, all patients in this cohort showed varying degrees of peripheral neuropathy. Some patients had no clinical symptoms of peripheral neuropathy, but electrophysiological studies exhibited that there were length-dependent sensorimotor demyelinating neuropathy, mainly characterized by mild NCV reduction and latency delay (Liao et al., 2022). Demyelinating impairment in these patients was more extensive and severe than axonal impairment, which might partly explain the absence of obvious neuropathy symptoms in some NIID cases. Third, in addition to the prominent neurological symptoms, these patients also showed multi-system symptoms, such as dry cough, paroxysmal abdominal pain, and paroxysmal nausea and vomiting (Chen et al., 2020a). Finally, the symptoms in some NIID patients were non-specific. Whether it was paroxysmal symptoms, autonomic nervous disorders or other visceral symptoms, they were easily neglected in the context of chronic degenerative diseases. In fact, the timely diagnosis in most our patients benefited from the characteristic features of cerebral MRI rather than the clinical phenotype.

In this study, nine of ten patients showed curve-like DWI high-intensity along the corticomedullary junction mainly in the fronto-parietal lobe, which was common in adult NIID patients, and also a specific radiological biomarker for the clinical diagnosis of NIID patients (Sone et al., 2014). The pathological basis of these imaging change may be associated with the progressive spongiform degeneration of subcortical U fibers (Yokoi et al., 2016). Our patients also presented with symmetrical distribution of white matter lesions, which were thought to be closely associated with oligodendrocyte degeneration. Abnormal CGG repeat expansion in the NOTCH2NLC gene was a major cause of non-vascular white matter lesions, so the characteristics of white matter lesions should be emphasized when interpreting the images of NIID patients (Liu et al., 2022). Meanwhile, two patients had persistent DWI hyperintensities in the corpus callosum. Previous study had reported this imaging feature, which might be related to degeneration of the large projective fibers of the corpus callosum (Wang et al., 2020). Notably, one patient did not have curve-like DWI high intensity and no white matter lesions, but temporo-occipital cortex edema and enhancement were the main image changes, similar to mitochondrial encephalomyopathy. Previous studies had reported a few cases of this distinct subtype of NIID (Liang et al., 2020).

Since the discovery of CGG repeat expansion in the 5′UTR of NOTCH2NLC, there have been more and more reports of expansion mutation, and the reported cases were mainly concentrated in Asia rather than Europe (Chen et al., 2020b). At present, it was believed that the number of CGG repeat in NOTCH2NLC was less than 40 in the normal controls. The number of CGG repeat between 41 and 60 was intermediate and might be associated with a few Parkinson’s disease or essential tremor (Fan et al., 2022). The number of CGG repeat more than 60 was pathogenic, and the typical phenotype of NIID usually had about 120 repeats. The number of CGG repeat in the 10 patients was more than 60, and the average number was approximately to 120. Therefore it was necessary to measure the CGG repeat number to determine its pathogenicity in the genetic diagnosis of NIID patients. The repeat expansion in NOTCH2NLC also showed some rare clinical phenotypes, such as neurodegenerative dementia (Jiao et al., 2020), non-vascular leukoencephalopathy (Liu et al., 2022), motor neuron disease (Yuan et al., 2020), sensorimotor with autonomic neuropathy (Wang et al., 2021), distal motor neuropathy (Wu et al., 2022), as well as oculopharyngeal distal myopathy (OPDM) (Yu et al., 2021). Because of the small number of these cases, the relationship between the clinical phenotype and the number of CGG repeat had not been established, but distal motor neuropathy and OPDM were generally considered to have more repeats. In addition, some studies had shown that carriers with more than 300 repeats exhibited very mild symptoms or no symptoms (Deng et al., 2022).

Neuronal intranuclear inclusion disease was named after its pathological characteristics. Therefore, the pathological examination of the intranuclear inclusions was still considered as one of the indispensable procedures for diagnosing the disease, although the disease-causative gene had been cloned. Sone et al. (2011) found that there were eosinophilic inclusions in the nuclei of sweat gland duct epithelial cells, adipocytes, and fibroblasts in the skin biopsies of NIID patients, and their composition and structural characteristics were almost the same as those in the CNS (Sone et al., 2011). Subsequent studies also confirmed the high consistency between the intranuclear inclusions of skin cells and the abnormal CGG repeat expansion in NOTCH2NLC (Deng et al., 2019). Our study also confirmed this association between genetic mutation and skin pathology. Collectively, skin biopsy had become the most important pathological diagnosis method for NIID.

Due to the great heterogeneity of NIID, especially when patients lacked typical features, such as DWI high-intensity along the corticomedullary junction, we needed more evidence to support the diagnosis of NIID or distinguish the diseases from other neurodegenerative diseases. However, open skin biopsy should not be routinely performed for every patient clinically suspected as NIID. In addition, conventional genetic screening was expensive and time-consuming. Considering that there were eosinophilic inclusions in the nuclei of renal tubular epithelial cells, we intended to search the intranuclear inclusions in the exfoliative cells in urine sediment cells (Sone et al., 2016). Among the 10 NIID patients confirmed by genetic screening and skin biopsy pathology, we found typical intranuclear inclusions in urine sediment cells of 3 patients by immunostaining, but the cell type could not be determined based the cell morphology alone. We further confirmed the filamentous inclusions in the nuclei of neutrophils and monocytes from the urine sediment by electron microscopy. Although the sensitivity of urine sediment was relatively lower than that of skin biopsy, it showed a certain value of application as a non-invasive examination.

In this study, there were some limitations in the pathological examination of urinary sediment cells. (1) The quantity and quality of cell sediment of 500 ml urine were quite different in these NIID patients, which directly affected the quality of subsequent cell smears and electron microscope examination. It might improve the positive rate of examination to collect more urine for cell sediment. (2) Because of the small amount of urine sediment, we could not conduct quantitative analysis before preparing the cell smear, resulting in a great difference in the cell density of the smear. The number of smear cells in some patients was too sparse to be observed, but the number of smear cells in other patients was too crowded to interfere with the observations. This might partly explain the low positive rate of urine sediment cytology for the pathological diagnosis of NIID. (3) Since the protocol characteristics of the study design and the relatively insufficient number of NIID cases, the area under curve (AUC) of receiver operating characteristic curve (ROC) could not be calculated in this study. In order to evaluate the diagnostic significance of urine cytology, a large-sample controlled trial will be needed in the future. (4) We found that p62-positive intranuclear inclusions were only observed in the three patients with urinary tract infection or indwelling catheterization, indicating that this method had some limitations, and urinary tract infection could improve the quantity and quality of urine sediment cells. Conversely, the limitation might be improved in patients with urinary tract infection, if urine cytology was performed before antibiotic treatment. (5) Most nucleated cells on the urine smear showed p62-positive materials in the cytoplasm. The epithelial cells and inflammatory cells in urine might gradually degenerate and lead to an increase in p62 levels in the cytoplasm (Ruppert et al., 2015), although the exact mechanism of p62 cytoplasmic positivity needed to be further explored. The p62-positive cytoplasmic materials greatly interfered with the rapid determination of intranuclear inclusions. If some specific antibodies can easily identify cell types and sources of urine sediment, the positive rate of urine cytology may be further improved.

In summary, our study showed that NIID had great clinical heterogeneity, of which episodic symptoms were various and non-specific. Skin biopsy had almost identical diagnostic value to the CGG repeat expansion in the NOTCH2NLC gene. Cytological pathology, a non-invasive and convenient pathological examination, showed p62-positive intranuclear inclusions in urine sediment cells of some patients with urinary tract infection, although the positive rate of urine sediment was not as high as that of skin biopsy. The method of urine cytology needed to be further optimized to improve the positive rate, and the number of patients needed to be further expanded.
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Due to the high clinical heterogeneity of neuronal intranuclear inclusion disease (NIID), it is easy to misdiagnose this condition and is considered to be a rare progressive neurodegenerative disease. More evidence demonstrates that NIID involves not only the central nervous system but also multiple systems of the body and shows a variety of symptoms, which makes a clinical diagnosis of NIID more difficult. This review summarizes the clinical symptoms in different systems and demonstrates that NIID is a multiple-system intranuclear inclusion disease. In addition, the core triad symptoms in the central nervous system, such as dementia, parkinsonism, and psychiatric symptoms, are proposed as an important clue for the clinical diagnosis of NIID. Recent studies have demonstrated that expanded GGC repeats in the 5′-untranslated region of the NOTCH2NLC gene are the cause of NIID. The genetic advances and possible underlying mechanisms of NIID (expanded GGC repeat-induced DNA damage, RNA toxicity, and polyglycine-NOTCH2NLC protein toxicity) are briefly summarized in this review. Interestingly, inflammatory cell infiltration and inflammation were observed in the affected tissues of patients with NIID. As a downstream pathological process of NIID, inflammation could be a therapeutic target for NIID.
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Introduction

Neuronal intranuclear inclusion disease (NIID) was first described in 1968 and is considered to be a rare neurodegenerative disease (Lindenberg et al., 1968). With the development of imaging technology and the increasing knowledge about this disease, more NIID cases have been reported in many countries (Takahashi-Fujigasaki et al., 2016); however, compared with other neurodegenerative diseases, its incidence is still extremely low according to current case reports. The characterization of its clinical manifestations is symptom heterogeneity, including cognitive dysfunction, Parkinsonism-like behavior, peripheral neuropathy, cerebellar ataxia, tremor, gait instability, myotonia, involuntary movement, muscle weakness, seizure, and headache (Sone et al., 2016; Takahashi-Fujigasaki et al., 2016; Tian et al., 2019; Wang et al., 2019a). Similar to amyloid plaques in Alzheimer’s disease (AD) and α-synuclein aggregates in Parkinson’s disease (PD), intranuclear eosinophil inclusion bodies are the main characteristic pathological changes in the central and peripheral nervous systems, as well as in various organs (Takahashi-Fujigasaki, 2003). However, unlike AD and PD, which are most sporadic in the population, most recently reported NIID cases are familial (Sone et al., 2016).

Repeated GGC expansion in the 5′UTR of the NOTCH2NLC gene was identified as the causative mutation for NIID in Japan and China in 2019 (Ishiura et al., 2019; Sone et al., 2019; Tian et al., 2019). These findings provide a potential and important criterion for the diagnosis of NIID, owing to the rapidly increased number of reported NIID cases. However, some studies also reported that some symptoms or signs, such as essential tremor and leukoencephalopathy, are associated with GGC repeat expansion in the NOTCH2NLC gene (Okubo et al., 2019; Sun et al., 2020). Moreover, in many studies, patients previously diagnosed with AD, PD, or frontotemporal dementia (FTD) were found to have this GGC repeat expansion in the NOTCH2NLC gene (Sone et al., 2019; Jiao et al., 2020; Sun et al., 2020). Due to the heterogeneity of the clinical phenotypes of NIID, clinical diagnosis of NIID is still difficult. In this review, we summarize the advances in the clinical features, pathology, genetics, and diagnosis of NIID, as well as NOTCH2NLC-related repeat expansion disorders.



Clinical symptoms of neuronal intranuclear inclusion disease

Hundreds of NIID cases have been reported so far, and the most common feature of NIID is symptom heterogeneity; different families and individuals have different symptoms of NIID. In early clinical studies, the major clinical manifestations of previously described cases were cerebral cortical dysfunction and extrapyramidal symptoms, including cognitive dysfunction and dementia (Wang et al., 2020a; Zhang et al., 2020), PD-like behavior (Wang et al., 2020c), tremor (Kitagawa et al., 2014), ataxia (Imai et al., 2018), muscle weakness (Qin et al., 2021), bradykinesia, paroxysmal encephalopathy (Li et al., 2020b), and stroke-like episodes (Lin et al., 2020). However, except for nervous system symptoms, other symptoms, such as cough, vomiting (Okamura et al., 2020), retinal degeneration (Nakamura et al., 2020), and bladder dysfunction (Chen et al., 2020c), have been increasingly reported in many cases (Schuffler et al., 1978; Kimber et al., 1998; Horino et al., 2018). Here, we summarize the common nervous system symptoms and non-nervous system symptoms related to NIID, the details are presented in Figure 1 and Table 1.
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FIGURE 1
Clinical symptoms in different systems of patients with NIID. The clinical manifestations of NIID are highly heterogeneous. Patients with NIID may have symptoms/signs of the nervous system and/or symptoms/signs of other systems, including the respiratory system, urinary system, digestive system, and motor system.



TABLE 1    The clinical symptoms of NIID in different systems.
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Nervous system symptoms


Dementia

Dementia was one of the main symptoms described in a patient with NIID in 1978 (Schuffler et al., 1978). Since then, an increasing number of NIID patients with dementia have been reported, and patients with dementia are considered to be a subtype group of patients with NIID (Tian et al., 2019). Sone et al. (2016) analyzed the clinical features in 54 patients with NIID and found that dementia was the most prominent initial symptom in sporadic adult-onset NIID and familial NIID patients who are more than 40 years old. Araki et al. (2016) performed neuropsychological assessments in patients with NIID and revealed that language and executive functions were more prominent in these patients with dementia. In these patients, brain magnetic resonance imaging (MRI) showed leukoaraiosis and global cortical atrophy, especially in the cingulate and the temporal cortex regions (Cupidi et al., 2019). Moreover, a decline in the Mini-Mental State Examination score was found in both sporadic and familial NIID cases (Sone et al., 2016). Some patients previously diagnosed with AD were found to have GGC repeat expansions in the NOTCH2NLC gene (Tian et al., 2019), implicating that NIID should be considered as a differential diagnosis of AD.



Parkinson’s disease-like symptoms

Parkinson’s disease-like symptoms are regarded as another common and typical representative symptom in patients with NIID (Tian et al., 2019). PD-like symptoms in patients with NIID include resting tremors, rigidity, walking difficulty, clumsiness, and ataxia (Sone et al., 2016). Patients with PD-like symptoms usually respond well to levodopa treatment but easily develop dopa-induced motor fluctuations (O’Sullivan et al., 2000; Vermilion et al., 2019). Typical NIID pathology was found in some families with symptoms of PD (Tian et al., 2019). Recently, more groups found that patients with a diagnosis of PD or essential tremor have expended GGC repeats in the NOTCH2NLC gene (Tian et al., 2019; Ma et al., 2020; Sun et al., 2020; Shi et al., 2021). However, some groups showed that PD-like symptoms were the early-stage symptoms of NIID (Chen et al., 2020b; Yang et al., 2021). Therefore, PD-like symptoms are the dominant phenotypes of NIID (Huang et al., 2021). Patients with familial PD or essential tremors should be considered for the diagnosis of NIID or NOTCH2NLC gene-related disorders.



Personality changes and mood disorders

It is worth noting that a significant proportion of patients with NIID have adverse changes in terms of mood and personality (Sone et al., 2016; Chen et al., 2020a), but due to the non-specificity of these symptoms, personality changes and mood disorders are usually ignored in patients with NIID. Many patients with familial NIID gradually develop emotional instability, such as apathy, irritability, depression, and anxiety (Chen et al., 2020a). A previous case report also showed the presence of behavioral abnormalities in patients with NIID. Malandrini et al. (1996) reported a patient with NIID confirmed by a rectal biopsy having episodes of rage and aggressiveness that preceded other symptoms. Vermilion et al. (2019) reported that a NIID patient developed depression and anxiety at the age of 11 years, social isolation at 16 years, and increasing impulsivity at 17 years. Kawarabayashi et al. (2018) described a patient with NIID with the acute onset of apathy, and symptoms existed for a long time. In a recent study, approximately 60.8% of patients with NIID identified with genetic tests had different extents of abnormal behaviors, such as irritability, anxiety, depression, obsession, and impulsivity (Chen et al., 2020a). Based on the pathological and imaging results in patients with NIID (Sone et al., 2016; Chen et al., 2020a), it is reasonable that diffuse brain damage by neuronal intranuclear inclusion causes behavioral abnormalities. Therefore, abnormal behaviors or mood disorders are an ignored but important sub-phenotype of NIID.



Peripheral nervous symptoms

Sone et al. (2016) showed the involvement of peripheral nerve injury in patients with NIID and found a delay in conduction velocity or a decrease in amplitude in the electromyogram of motor and sensory nerves. Hirose et al. (2018) proposed that abnormalities in nerve conduction velocity and somatosensory-evoked potentials may be the diagnostic basis of NIID. In addition, the reflexes in some patients with NIID were hyporeflexia (Hirose et al., 2018). A recent study reported a case of NIID with mitochondrial encephalomyopathy, lactic acidosis, and stroke (MELAS)-like episodes in chronic polyneuropathy, and this patient developed slowly progressing muscle weakness and paraesthesia in all extremities (Ishihara et al., 2020).

Limb weakness was found in many patients with NIID and is one of the key phenotypes of NIID (Sone et al., 2016; Chen et al., 2020a). A previous study reported that a NIID patient had dyskinesia and upper limb chorea and could not walk or sit up without support (Pilson et al., 2018). Tian et al. (2019) demonstrated that the average onset age of muscle weakness in NIID patients with initial clinical manifestations was approximately 36 years. Muscle weakness tends to begin in the distal lower limbs and then move to the throat muscles and face. Recent studies have shown that many diseases with limb weakness, such as amyotrophic lateral sclerosis and oculopharyngodistal myopathy, are associated with NIID or NOTCH2NLC-related GGC repeat expansion disorders (Ogasawara et al., 2020; Yuan et al., 2020; Jih et al., 2021; Sugiyama et al., 2021). A recent clinical study indicated that 62.7% of patients with NIID had muscle weakness (Chen et al., 2020a). Due to the high occurrence of limb weakness in patients with NIID, the limb weakness-dominant subtype was proposed as one of the clinical phenotypes of patients with NIID (Sone et al., 2016).



Episodic attacks

Although progressive symptoms, such as cognitive impairment and parkinsonism, are key features of NIID as a neurodegenerative disease, episodic attacks are also found in some patients with NIID, such as encephalitis-like, vestibular migraine-like attacks, or MELAS-like or epileptic episodes (Xiao et al., 2018; Yamanaka et al., 2019; Ishihara et al., 2020; Li et al., 2020b; Ataka et al., 2021; Zhao et al., 2021).

Han et al. (2019) reported a 63-year-old male with NIID who had recurrent acute encephalopathy syndrome, including recurrent headaches, personality changes, and abnormal mental behavior for 3 years. Shindo et al. (2019) reported that a 65-year-old patient with NIID had recurrent paroxysmal nausea and vomiting that lasted 2–3 days for each episode, and this patient later developed a non-convulsive epileptic status with generalized periodic electrical discharge identified by an EEG test. In addition to case reports, Sone et al. (2016) found that sporadic patients with NIID had generalized convulsions (13.2%), disturbance of consciousness (39.5%), and encephalitic episodes (21%). These findings demonstrated that episodic attacks are common symptoms in patients with NIID. Recently, Wang et al. (2020b) proposed that episodic encephalopathy prior to other neurological symptoms was a valuable diagnostic indicator for adult-onset NIID.



Other symptoms in the nervous system

Several ophthalmological manifestations have been reported in patients with NIID, such as abnormal pupillary functions, miosis, oculogyric crisis (Vermilion et al., 2019), reduced eye movements, nystagmus, blepharospasm (Ogasawara et al., 2020), ptosis (Ogasawara et al., 2020), and loss of pigment in the retinal pigment epithelium (Haltia et al., 1986; Arrindell et al., 1991; Yamada et al., 2017). Pupillary dysfunction was reported to be a sensitive indicator of NIID (Arrindell et al., 1991). Adult-onset NIID patients with CGG repeat expansion in the NOTCH2NLC gene had similar ophthalmological characteristics, including rod-cone dysfunction with progressive retinal degeneration in the peripapillary and midperipheral regions; the most common symptoms in these patients were reduced visual acuity and night blindness (Nakamura et al., 2020). Therefore, retinal dystrophy was proposed as a NOTCH2NLC-related GGC repeat expansion disorder (Hayashi et al., 2020; Nakamura et al., 2020). In addition, pupil constriction (56.9%) and neurogenic bladder (23.5%) were found to be very common symptoms in patients with NIID and were considered to involve the autonomic nervous system (Chen et al., 2020a).




Non-nervous system symptoms and signs

Except for the nervous system, many studies have indicated that other systems are involved in the pathology of NIID (Sone et al., 2016; Chen et al., 2020a). The non-nervous system manifestations of NIID make the diagnosis of NIID more difficult.


Respiratory system symptoms

A recent study showed that ubiquitin and p62-positive cells are found in the lung tissues of patients with NIID, indicating the presence of intranuclear inclusion bodies in the lung (Chen et al., 2020a). By interviewing the symptoms of patients with NIID, approximately 78.4% of patients had respiratory system symptoms, and the most common symptoms were intractable irritant dry cough (51.0%) (Chen et al., 2020a). Among these patients, 89.5% had positive chest CT results, and chronic inflammation signs, lung nodules, and interstitial changes were found in chest CT (Chen et al., 2020a). Lung biopsy showed the infiltration of neutrophil monocytes in the pulmonary interstitium, suggesting chronic inflammation in the lungs of patients with NIID (Chen et al., 2020a). In an overview of all the NIID-reported cases, a surprising and unexpected finding was that some reported patients eventually died of respiratory diseases, such as respiratory distress (Malandrini et al., 1998), bronchopneumonia (Kimber et al., 1998), or aspiration pneumonia (Pilson et al., 2018; Vermilion et al., 2019); however, the underlying mechanisms are still unclear.



Circulatory system symptoms

Cardiomyopathy and coronary atherosclerosis are reported to be associated with circulatory symptoms in patients with NIID. Oyer et al. (1991) found the presence of cardiomyopathy with intranuclear inclusions in myocytes in a NIID patient confirmed on postmortem, which expanded the known pathological spectrum of NIID. Parker et al. (1987) reported a 23-year-old patient with NIID with severe premature coronary atherosclerosis but no known risk factors. A recent study showed that approximately 72.5% of patients had circulatory system symptoms and signs (Chen et al., 2020a). In this study, paroxysmal chest pain (35.3%) and postural hypotension (29.4%) were common symptoms in the circulatory system (Chen et al., 2020a). Some non-specific changes in electrocardiograms, such as T wave or ST-T changes and atrial or ventricular premature beats, were found in patients with NIID. Cells in blood vessels from different tissues were found to be ubiquitin- and p62-positive (Chen et al., 2020a), suggesting the presence of intranuclear inclusions in the blood vessels.



Urinary system symptoms

In previous studies, intranuclear inclusions were found in the kidneys of patients with NIID (Horino et al., 2018; Motoki et al., 2018; Nakamura et al., 2018), but urinary system symptoms were not obvious. A case report showed an eosinophilic intranuclear inclusion in a renal biopsy obtained 12 years prior to the diagnosis of NIID, suggesting the possibility that the formation of intranuclear inclusions in kidneys may occur prior to neuronal degeneration for years (Motoki et al., 2018). Clinical symptoms and laboratory examinations by a clinical evaluation demonstrated the involvement of the urinary system in 66.7% of patients; common clinical manifestations, such as frequent and urgent urination, were found in 49.0% of patients with NIID (Chen et al., 2020a). Renal function insufficiency and abnormal urine routine tests were found in some patients with NIID; intranuclear inclusions detected by p62 and ubiquitin antibodies were observed in kidney and bladder tissues (Chen et al., 2020a). Bladder biopsy in three cases showed diffuse inflammatory cell infiltration, suggesting an inflammatory response by intranuclear inclusions in NIID (Chen et al., 2020a). A recent urodynamic report demonstrated bladder dysfunction in patients with NIID, including detrusor overactivity, decreased bladder sensation, and large post-void residual urine (Aiba et al., 2020). Current evidence shows the involvement of the urinary system in NIID.



Digestive system symptoms

Digestive system symptoms in patients with NIID commonly manifest as severe nausea and vomiting, which can occur alone, but in most cases, nausea and vomiting occur together. A case report showed that a patient with NIID repeatedly vomited for 7 years before the apparent abnormality in DWI was found, suggesting that periodic vomiting could be the only symptom of NIID in the early stages of NIID (Okamura et al., 2020). Gastrointestinal symptoms that presented in patients with NIID included bouts of constipation, gastroenteritis, dehydration, intestinal pseudo-obstruction, achalasia, colonic diverticulosis, and dilated esophagus (Barnett et al., 1992). Two siblings of patients with NIID were reported to present primary gastrointestinal dysfunction, such as abdominal pain, distention, and vomiting for 40 years (Schuffler et al., 1978). A systemic clinical evaluation showed that approximately 64.7% of patients had digestive system symptoms, including nausea, vomiting, and constipation; a portion of patients (15.6%) had abnormal liver functions, and 83.3% of patients had gastrointestinal polyps (Chen et al., 2020a). Diffused ubiquitin- and p62-positive cells were found in esophageal, stomach, gallbladder, and rectal tissues (Chen et al., 2020a), indicating the high involvement of digestive organs in NIID.



Other system symptoms

The patients with familial NIID were reported to have erectile dysfunction beginning in the first or second decade of life (Zannolli et al., 2002). Chen et al. (2020a) reported that approximately 43.1% of patients with NIID had sexual dysfunction. Many cases have reported prostatic hyperplasia in over 60-year-old male patients with NIID (Sone et al., 2014; Araki et al., 2016; Yamada et al., 2017; Chen et al., 2020a). Joint and spine MRI/CT showed joint degeneration and joint and/or ligament injury in all patients (Chen et al., 2020a). Approximately one-third of patients with NIID have endocrine abnormalities, such as high glycosylated hemoglobin and hypothyroidism (Chen et al., 2020a). In addition, blurred vision, hearing loss, and skin ulcers are common symptoms in patients with NIID (Chen et al., 2020a).



The sequences of involvement in different systems

Although different systems and organs are involved in NIID, the sequences of involvement in different systems may vary in individual patients according to previous case reports; for example, the existence of intranuclear inclusions and symptoms in systemic organs, such as the stomach and kidneys, precedes the onset of nervous system symptoms in NIID case reports (Morimoto et al., 2017; Motoki et al., 2018). Therefore, the age of onset in different systems may indirectly reflect the involvement of different systems. In a recent study, the median onset age was used to evaluate the sequence of involvement of different systems (Chen et al., 2020a). The median onset age in different systems was as follows; the locomotor system (3 years), reproductive system (28.5 years), digestive system (30 years), circulatory system (38.5 years), respiratory system (40 years), nervous system (50 years), and urinary system (55 years) (Chen et al., 2020a). Therefore, the nervous system was affected by NIID much later than most other systems.





Brain imaging features of neuronal intranuclear inclusion disease

Imaging examination is of great value in the clinical diagnosis of NIID. The earlier reported MRI findings were atrophy of the cerebellar hemispheres and no specific imaging for NIID (Zannolli et al., 2002). With the development of MRI technologies, high intensity of bilateral cerebral white matter on T2 and FLAIR, as well as a specific high-intensity signal in the corticomedullary junction on DWI (as shown in Figure 2) was found in patients with NIID identified by skin biopsy (Sone et al., 2014). These specific changes in the DWI sequence of MRI were further confirmed in a large number of patients with NIID and case reports (Sone et al., 2014, 2016; Chen et al., 2020a). Therefore, DWI high-intensity signals along the corticomedullary junction became a strong clue for the diagnosis of NIID (Sone et al., 2016). Usually, the DWI high-intensity signal in the corticomedullary junction extends with the disease worsening from a small regional portion in the frontal lobe to the cerebellum but does not expand into the deep white matter even with T2 widely expanded leukoencephalopathy (Sone et al., 2016); however, some cases also reported that the DWI high-intensity signal disappears several years later (Yokoi et al., 2016; Chen et al., 2018; Kawarabayashi et al., 2018). In the T2 flair sequence of MRI, except for abnormal intensity signals in the corticomedullary junction and periventricular areas, abnormal signals are also found in the callosum, cerebellum, and brainstem, indicating diffuse lesions in the brains of patients with NIID (Chen et al., 2020a). Recent studies also demonstrated that the high-intensity signal in the corticomedullary junction is consistent with the neuropathological findings that are spongiotic changes proximal to the U-fibers in subcortical white matter (Yokoi et al., 2016; Cupidi et al., 2019).
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FIGURE 2
The typical brain magnetic resonance imaging (MRI) in patients with NIID. Curved or ribbon-like high signals along the corticomedullary junction, a strong clue for NIID, are found in the DWI sequence of head MRI of some patients with NIID.




Neuronal nuclear inclusions, the typical pathological changes in neuronal intranuclear inclusion disease

Neuronal nuclear inclusions (NIIs) in the skin or biopsy samples of other tissues are the characteristic histopathologic findings of NIID. NIIs are not limited to NIID, but are also present in a variety of multiple neurodegenerative diseases, such as fragile X-associated tremor/ataxia syndrome (FXTAS), distal ophthalmopharyngeal myopathy, and oropharyngeal myopathy, which have overlapping clinical symptoms and similar pathological outcomes, and even have some commonalities in genetic diagnosis (Boivin and Charlet-Berguerand, 2022; Ogasawara et al., 2022; Zhou et al., 2022). The existence of NIIs and the dysfunction of the ubiquitin-proteasome system (UPS) are the shared pathological features in NIID and other neurodegenerative diseases. Similar to these neurodegenerative diseases, the impairment of the UPS, such as the increase of ubiquitinated proteins and P62 protein, is found in the pathological changes of NIID (Oh et al., 2015; Hagerman and Hagerman, 2021; Boivin and Charlet-Berguerand, 2022; Ogasawara et al., 2022; Ribot et al., 2022; Zhou et al., 2022). However, how expanded GGC repeats cause the formation of NIIs and dysfunction of the UPS is generally unknown in the pathogenesis of NIID.

The NIID was defined as an intranuclear inclusion disease when it was first described in Lindenberg et al. (1968). In 1980, a case with progressive behavioral abnormalities, involuntary movements, ataxia, and dementia was reported, and pathological findings indicated that intranuclear inclusions were found in all types of central, peripheral, and autonomic neurons from almost all neuronal systems; therefore, this disease was proposed as NIID (Sung et al., 1980). Some studies confirmed the existence of NIIs in the cerebral cortex, basal ganglia, brain stem, and spinal cord, as well as in neurons and astrocyte glial cells (Greco et al., 2002; Zannolli et al., 2002; Takahashi-Fujigasaki, 2003; Nakamura et al., 2014; Sone et al., 2016; Yamaguchi et al., 2018). Intranuclear inclusions in glial cells were more commonly found in adult cases (Weidenheim and Dickson, 1995; Nakamura et al., 2014). However, later studies found that intranuclear inclusions involved multiple systems and not occurred only in the nervous system (Yamaguchi et al., 2018). Intranuclear inclusions have been observed in the following systems: the respiratory system, including the lungs (Yamaguchi et al., 2018); the gastrointestinal system, including the liver, spleen, pancreas, esophagus, stomach, jejunum, ileum, colon, and rectum (Sloane et al., 1994; El-Rifai et al., 2006; Mori et al., 2011); the endocrine system, including the parathyroid gland, pituitary gland, thyroid gland, and adrenal gland (Tateishi et al., 1984; Patel et al., 1985); the urinary system, including the kidney and urinary bladder (Motoki et al., 2018; Yamaguchi et al., 2018); the circulatory system, including the heart and lymph nodes (Oyer et al., 1991; Sone et al., 2016; Yamaguchi et al., 2018); the reproductive system, including ovaries and uterus (Yamaguchi et al., 2018); the locomotor system, including muscles (Morimoto et al., 2017); and the miscellaneous system, including the skin (Takumida et al., 2017; Hirose et al., 2018). A recent study systemically examined the distribution of NII detected by ubiquitin and P62 antibodies in tissue samples and found that NIID was in different systems except for the nervous system, indicating that NIID actually is a systemic intranuclear inclusion disease (Chen et al., 2020a). The spatial and temporal distribution in different systems may explain the highly heterogeneous phenotypes of NIID.

These inclusion bodies are circular, 1.5–10 μm in diameter, and are located near nucleoli, and ubiquitin/p62 staining, but not tau epitope, can be seen around NIIs (Bergmann et al., 1994; Takahashi et al., 2000). Electron microscopy showed a cluster of circular halo-shaped filamentous materials (8–12 nm) without limiting the membrane structure in the nucleus center (Deng et al., 2019). Intranuclear inclusions are considered to be formed when there is an excessive accumulation of proteins in the nucleus, and the abnormal alteration of nuclear bodies might be related to the pathogenesis of NIID (Takahashi et al., 2010; Nakano et al., 2017). Excessive protein accumulation in intranuclear inclusions might impair the ubiquitin-dependent degradation process and consequently result in the dysfunction of neurons or somatic cells (Liu et al., 2019a). The exact components of intranuclear inclusions are still unknown; previous studies have demonstrated that many nonspecific proteins, such as glucocorticoid receptor, promyelocytic leukemia protein (PML), histone deacetylase 4 (HDAC4), small ubiquitin modifier-1 (Sumo-1), fused in sarcoma, optineurin, myosin 6, heat shock protein 90, and dynamin-1, were found to be present in intranuclear inclusions by immunostaining (McFadden et al., 2005; Takahashi-Fujigasaki et al., 2006; Pountney et al., 2008; Nakamura et al., 2014; Nakano et al., 2017). The roles of these proteins and why these proteins are trapped in the intranuclear inclusions are still unclear and need further investigation.

Except for the NIIs in the different tissues, in the pathological examination of NIID tissues, diffuse inflammatory cell infiltration near the intranuclear inclusions, such as neutrophil monocytes and macrophages, was found in the affected tissues, including the brain, lung, bladder, and prostate gland (Chen et al., 2020a), indicating that inflammatory cell infiltration or inflammation in tissues are related to intranuclear inclusions. The inflammatory injury and edema can be seen in the brain from the DWI sequence of MRI as shown in the corticomedullary junction (Sone et al., 2014). In addition, edema was also found in the tissues of patients with NIID, supporting that dehydrate and anti-inflammatory drugs can be used for NIID treatment (Chen et al., 2020a; Liang et al., 2020). So far, a lack of clinical data supports the use of anti-inflammatory drugs in patients with NIID.



Genetic and epigenetic progress of neuronal intranuclear inclusion disease


NOTCH2NLC gene

In 2019, studies reported GGC repeat expansion at the 5′ region of NOTCH2NLC as the genetic cause of NIID (Deng et al., 2019; Sone et al., 2019; Tian et al., 2019). NOTCH2NLC is one of the three human-specific NOTCH2-derived genes (NOTCH2NLA, NOTCH2NLB, and NOTCH2NLC) on chromosome 1q21.1 and is highly expressed in the brain. The genomic sequences of the NOTCH2NL paralogs are similar to NOTCH2, including the NOTCH2 promoter and six N-terminal epidermal growth factor (EGF)-like domains from NOTCH2 exons 1 to 4 but without the transmembrane and cytoplasmic domains of NOTCH2 (Fiddes et al., 2018; Suzuki et al., 2018). These genes are considered to be involved in the evolutionary expansion of the human brain, and the mutations in these genes result in the reduction of brain size (Fiddes et al., 2018; Suzuki et al., 2018). NOTCH2NLC mRNA levels are unaltered in individuals with NIID (Ishiura et al., 2019; Sone et al., 2019; Tian et al., 2019), suggesting that GGC repeat RNA may change the functions of NOTCH2NLC mRNA/protein but not change the expression of NOTCH2NLC mRNA/protein to play an important role in the molecular pathogenesis of NIID.

Sun et al. (2020) identified that abnormal GGC repeat expansion in the 5′ region of the NOTCH2NLC gene is associated with essential tremor, which may explain tremor as a kind of symptom and sign of NIID in some relevant cases. Whether dynamic and/or postural tremors are the phenotypes of NIID requires a longer follow-up clinical and pathological examination (Chen et al., 2020b). Later studies demonstrated that many different diseases, such as amyotrophic lateral sclerosis, PD, dementia, oculopharyngodistal myopathy, leukoencephalopathy, and multiple system atrophy, were associated with GGC repeat expansion in the NOTCH2NLC gene (Okubo et al., 2019; Fang et al., 2020; Jiao et al., 2020; Ma et al., 2020; Ogasawara et al., 2020; Yuan et al., 2020). These studies showed two aspects: on the one hand, these diseases showed similar symptoms as NIID, indicating the symptom heterogenicity of NIID; on the other hand, similar to different variants of the same gene associated with distinct genetic diseases, different lengths of GGC repeat expansion in the NOTCH2NLC gene may cause different diseases with variable phenotypes, which are already reported in some studies (Sone et al., 2019; Tian et al., 2019). However, the association between GGC repeat size and different phenotypes is inconclusive (Huang et al., 2021). Therefore, to avoid confusion, NOTCH2NLC-related repeat expansion disorders were proposed to name symptom-heterogeneous diseases associated with GGC repeat expansion in the NOTCH2NLC gene (Westenberger and Klein, 2020).

Based on a multiethnic cohort of gene-confirmed patients with NIID from Southeast Asia, it was suggested that the presence of GGA interruptions in the repeated expansion of GGC may play a role in modifying the disease in terms of age at symptom onset (Chen et al., 2020c). Based on an in-depth study of NIID patients with European ancestry, GGC expansion in the NOTCH2NLC gene had a very low occurrence in Europe, suggesting that NOTCH2NLC repeat expansion is not the only cause of NIID onset or NII formation (Chen et al., 2020d); however, there was no evidence to support the hypothesis of gene heterogenicity of NIID (Li et al., 2020a).



Epigenetic regulation of neuronal intranuclear inclusion disease

A previous study demonstrated that the NIIs in sporadic and familial NIID contained Sumo-1 and SUMOylation substrate PML and HDAC4 (Takahashi-Fujigasaki et al., 2006). Based on their results, both PML and Sumo-1 are major components of nucleosomes, suggesting that intranuclear inclusions in polyglutamine disease may originate from these functional domains that act as ubiquitin-related protein degradation sites. HDAC4 is also a major part of NIIs. HDAC is a transcriptional suppressor that regulates histone remodeling, and nucleosome is thought to be a site that controls histone acetylation levels. The presence of PML, Sumo-1, and HDAC4 in NIIs suggests that transcriptional activity regulated by histone acetylation may contribute to the disease process of NIID (Takahashi et al., 2010). In addition, previous studies also reported abnormal methylation in the CpG islands of the NOTCH2NLC gene (Tian et al., 2019; Deng et al., 2021). Hypermethylated CpG islands in the NOTCH2NLC gene were found in patients and asymptomatic carriers (Tian et al., 2019; Deng et al., 2021), suggesting that the hypermethylation status of the NOTCH2NLC gene may be related to the number of GGC repeats but not clinical symptoms. However, the mechanisms by which GGC expansion in the NOTCH2NLC gene influences methylation itself are still unclear (Tian et al., 2019).




Possible mechanisms of neuronal intranuclear inclusion disease

Although GGC repeat expansion in the NOTCH2NLC gene has been proven to be the cause of NIID, the molecular mechanisms underlying NIID remain unclear. Similar to FXTAS (GGC repeats in the FMR1 gene), Huntington’s disease (CAG repeats in the HTT gene), amyotrophic lateral sclerosis/FTD (GGGGCC repeats in the C9ORF72 gene), and myotonic dystrophy (DM1, CUG repeats in the DMPK gene), NIID is one kind of nucleotide repeat expansion disorder or microsatellite repeat expansion disorder with expanded GGC repeats in the NOTCH2NLC gene. Therefore, NIID may share some similar mechanisms to these microsatellite repeat expansion disorders. Here, we briefly propose some possible mechanistic models of NIID at the DNA, RNA, and protein levels (Figure 3). For more details, excellent review articles thoroughly discuss the various molecular mechanisms underlying pathogenesis in microsatellite diseases (Rodriguez and Todd, 2019; Boivin et al., 2021; Depienne and Mandel, 2021; Malik et al., 2021; Guo et al., 2022).
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FIGURE 3
Proposed mechanistic models of NIID at different levels. (A) At the DNA level, expanded GGC repeats in the NOTCH2NLC gene induce the formation of RNA-DNA hybridization R-loops during transcription, promoting DNA damage and neuronal death. In addition, the hypermethylation of the NOTCH2NLC gene leads to gene silencing and the subsequent loss of protein function. (B) After transcription, extended GGC repeats sequester many RNA-binding proteins, forming RNA foci in the nucleus and resulting in the functional loss of RNA-binding proteins. (C) GGC repeat expansion initiates a near-homologous ACG codon located upstream of the GGC repeats in the NOTCH2NLC gene and is translated into the polyglycine (polyG)-NOTCH2NLC protein, which inhibits nucleocytoplasmic transport, leading to the accumulation of polyG-NOTCH2NLC and protein toxicity.



Polyglycine protein toxicity

Unconventional translation, named repeat-associated non-AUG translation (RAN), of expanded repeats in toxic proteins has been identified in a variety of microsatellite disorders (Zu et al., 2011; Gao and Richter, 2017; Cleary et al., 2018; Cheng et al., 2019). For example, expanded GGC repeats located within the 5′UTR sequence of the FMR1 gene are embedded in a small upstream ORF (uORF), which is translated through initiation at a near-cognate ACG codon in a small polyglycine-containing protein, FMRpolyG (Krans et al., 2016, 2019; Sellier et al., 2017). The expression of FMRpolyG in cell and/or animal models forms protein inclusions and is toxic for neuronal cells, which could be associated with the presence of typical ubiquitin-positive intranuclear inclusions and neuronal cell death in the Fragile X Tremor Ataxia Syndrome (FXTAS) neurodegenerative disease (Glineburg et al., 2018; Hagerman and Hagerman, 2021; Zhao and Usdin, 2021). Similarly, two recent reports suggest that expanded GGC repeats embedded in the 5′UTR of the NOTCH2NLC gene are located in a small uORF, in which translation initiation starts at a canonical AUG codon, resulting in the expression of small polyglycine-containing proteins either named uN2CpolyG or N2NLCpolyG (Boivin et al., 2021; Zhong et al., 2021). Alike in FXTAS, the expression of uN2CpolyG/N2NLCpolyG forms protein aggregates and is toxic in cell and animal models. Moreover, antibodies directed against this polyglycine-containing protein stain the ubiquitin-positive intranuclear inclusions typical of NIID (Boivin et al., 2021; Zhong et al., 2021). Overall, these results may explain the origin of intranuclear inclusions and neuronal cell dysfunctions in NIID. Of interest, in both FXTAS and NIID, expanded CGG/GGC repeats are located in uORFs, in which translation starts ahead of the repeats and expression is independent of the downstream main FMRP or NOTCH2NLC proteins (Malik et al., 2021; Boivin and Charlet-Berguerand, 2022). Finally, these FMRpolyG and uN2CpolyG/N2NLCpolyG proteins were found to have liquid phase separation properties and impair nucleocytoplasmic transport, potentially illuminating putative molecular pathogenic mechanisms (Asamitsu et al., 2021; Zhong et al., 2021).



RNA toxicity and RNA foci

Previous studies have demonstrated that repeat expansion-containing RNAs from the non-coding regions of genes linked to diverse human diseases, such as myotonic dystrophy type 1 and FXTAS, can form intramolecular hairpin secondary structures, bind to many RNA-binding proteins, and form RNA-protein aggregates in the pathology of these neurodegenerative diseases, resulting in toxic gain-of-function of these mRNAs (La Spada and Taylor, 2010; Xu et al., 2021). NOTCH2NLC mRNAs were supposed to have similar toxic gain-of-function; however, no evidence has shown the toxicity of NOTCH2NLC mRNAs in the pathology of NIID thus far. Recently, many reports have shown that these NOTCH2NLC mRNAs containing extended GGC repeats colocalize with p62 in nuclear inclusion bodies of patients with NIID, as well as in many RNA-binding proteins (Sam68, hnRNPA2/B1, MBNL1, DGCR, etc.) sequestered in the secondary structure of NOTCH2NLC mRNAs (Glineburg et al., 2018; Deng et al., 2021). These findings also indirectly support the RNA toxicity theory of NIID. Different repeat sizes, repeat locations, and sequestered RNA-binding proteins may influence RNA toxicity (Huang et al., 2021). Among them, sequestered RNA-binding proteins may play a critical role in RNA toxicity. Previous studies have shown that extended GGC repeats sequester many RNA-binding proteins and form RNA foci in the nucleus, resulting in the loss of RNA-binding protein functions and the occurrence of neurodegenerative diseases (Jain and Vale, 2017; Kong et al., 2017; Sanders and Brangwynne, 2017; Deng et al., 2021). RNA FISH technology combined with immunofluorescence demonstrated that RNA foci were observed in NIID-affected patients but not in the controls or asymptomatic carriers (Deng et al., 2021). However, the RNA-binding proteins that are specifically affected and their downstream signaling pathways need to be further identified.



DNA damage and neuronal death

Extended GGC repeats may cause the pathology of neurodegenerative diseases not only at the protein level and the RNA level but also at the DNA level. A previous study indicated that GC enrichment in the extended GGC repeats of the FMR1 gene increases the propensity of the formation of RNA-DNA hybrid R-loops (Hamperl and Cimprich, 2014; Kong et al., 2017). These cotranscriptional R-loops can activate the DNA damage response and a series of signaling events, which result in DNA breakage and neuronal death (Barzilai, 2010; Kong et al., 2017). Due to similar extended GGC repeats in the NOTCH2NLC gene as in the FMR1 gene, extended GGC repeat-induced RNA-DNA hybrid R-loops and neuronal death may also contribute to the pathophysiology of NIID, which needs more investigation. In addition, recent studies have shown changes in the methylation level of the NOTCH2NLC gene (Deng et al., 2021; Huang et al., 2021). This methylation modification may also influence the transcriptional and translational levels that are linked to RNA toxicity and protein toxicity in the mechanisms of NIID. Therefore, different mechanisms of NIID may crosstalk or interact and contribute to the pathology of NIID.




Diagnosis of neuronal intranuclear inclusion disease and differential diagnosis


Diagnosis of neuronal intranuclear inclusion disease

In early case reports, autopsy, rectal biopsy, and nerve biopsy were mostly used to diagnose patients with NIID (Lindenberg et al., 1968; Funata et al., 1990; Goutieres et al., 1990; Zannolli et al., 2002; Yadav et al., 2019). Sone et al. (2011) found that the p62-positive nuclei of eosinophils detected by skin biopsy could be used for pathological diagnosis for NIID. Since then, many clinical cases have been confirmed by skin biopsy (Sone et al., 2014, 2016). With imaging development, the DWI sequence of head MRI showed a specific high signal along the corticomedullary junction (Sone et al., 2014). Therefore, the DWI imaging of head MRI became the key cue for the clinical diagnosis of NIID (Sone et al., 2016; Yu et al., 2019). After repeat GGC expansion in the NOTCH2NLC gene was confirmed as the cause of NIID in 2019 (Ishiura et al., 2019; Sone et al., 2019; Tian et al., 2019), genetic testing for GGC repeats in the NOTCH2NLC gene was performed and became the criteria for the diagnosis of NIID. The flowchart for the diagnosis of NIID and its differential diagnosis is shown in Figure 4.
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FIGURE 4
The flowchart for the diagnosis of NIID and its differential diseases. Different background colors in the chart show the four critical parts of the diagnosis protocol. AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; FXTAS, fragile X-associated tremor/ataxia syndrome; NII, neuronal intranuclear inclusion; PD, Parkinson’s disease.


Due to the high heterogeneity and multisystem symptoms of this disease, it is difficult to reach the diagnosis of NIID in clinical practice. The diagnosis of NIID can be considered from typical MRI signals, clinical manifestations, pathology of NIIs, and genetic tests. DWI high-intensity signals in head MRI are the strong indicators for the diagnosis of NIID. If patients had no typical MRI changes, the triad of clinical manifestations such as dementia, PD-like behaviors, and personality changes is a good cue for the diagnosis of NIID. For patients without the triad of NIID and DWI high-intensity signals, NIIs in the pathological findings from skin or other tissues are also a cue to suspect the diagnosis of NIID. Once the diagnosis of NIID is suspected, a genetic test for GGC repeats in the NOTCH2NLC gene should be performed to confirm or rule out the diagnosis of NIID, as shown in Figure 4.



Differential diagnosis of neuronal intranuclear inclusion disease

Because NIID is a symptom-heterogeneous disease and shares similar imaging features with some diseases, NIID has many differential diagnoses from other diseases.

Because FXTAS and NIID are both autosomal-dominant GGC trinucleotide repeat expansion diseases in different genes (FMR1 gene and NOTCH2NLC gene, respectively) (Padilha et al., 2018; Toko et al., 2021), FXTAS is an important disease to differentiate from NIID. More importantly, FXTAS has similar clinical symptoms and radiological features to late-onset NIID, such as ataxia, tremor, Parkinsonism, cognitive decline, and bilateral high-signal abnormalities along the corticomedullary junction in DWI sequences (Leehey, 2009; Padilha et al., 2018). Therefore, genetic tests for the GGC repeats in the FMR1 gene and NOTCH2NLC gene may be a suitable method to distinguish FXTAS and NIID.

Neuronal intranuclear inclusion disease should be distinguished from Creutzfeldt–Jakob disease and some diseases with leukoencephalopathy or dementia. Creutzfeldt–Jakob disease has progressive cognitive impairment and myoclonus in the extremities, as well as characteristic lacy high-intensity signals in the cortex, caudate nucleus, or putamen on brain DWI. A recent study proposed that brain DWI is the key to differentiate from Creutzfeldt–Jakob disease and different leukoencephalopathy grades (Tokumaru et al., 2021).

Middle cerebellar peduncle lesions are considered to be a characteristic finding of NIID (Okamoto et al., 2003), but they can be found in other neurodegenerative disorders, such as multiple system atrophy and spinocerebellar ataxia, and diseases due to other etiologies (neoplasm, metabolic, cerebrovascular, inflammatory, and demyelinating diseases). Many neurodegenerative diseases, such as progressive supranuclear palsy, corticobasal degeneration, dementia with Lewy bodies, Perry syndrome, Huntington’s disease, dopa-responsive dystonia, Wilson disease, and neurodegeneration with brain iron accumulation, have PD-like behavior. Therefore, sometimes it is very difficult to differentiate these diseases from clinical symptoms. High-intensity signals along the corticomedullary junction on DWI at the late stage may also help clinicians distinguish NIID from the above neurodegenerative diseases and gelsolin amyloidosis, which can present with neuropathy, ataxia, and dementia (Pihlamaa et al., 2012).




Treatment of neuronal intranuclear inclusion disease

Currently, there is no treatment to cure or slow down the process of NIID, but medications that control symptoms, such as muscle weakness, impaired consciousness, abnormal behavior, and sensory impairment, can improve a patient’s quality of life (Raza et al., 2020). Clinical treatment methods mainly adopt symptomatic treatment (Shindo et al., 2019). According to previous case reports, most patients with NIID are responsive to symptomatic treatment; for example, patients with NIID with Parkinsonism are sensitive to levodopa treatment (Lai et al., 2010; Ma et al., 2020), and patients with NIID with seizures are relieved by intravenous phenytoin and then carbamazepine (Fujita et al., 2017). However, some patients may experience relapse after effective treatment and/or develop other symptoms (Imai et al., 2018; Liu et al., 2019a; Li et al., 2020b). Because previous NIID cases eventually died of respiratory diseases, such as bronchopneumonia or aspiration pneumonia (Kimber et al., 1998; Malandrini et al., 1998; Pilson et al., 2018; Vermilion et al., 2019), it is necessary to prevent pulmonary infection and respiratory aspiration, particularly in patients with disturbed consciousness. Because diffuse inflammatory cell infiltration and edema were found in different tissues containing intranuclear inclusions (Chen et al., 2020a), dehydrate and anti-inflammatory drugs could be used to relieve the inflammation in patients with NIID, particularly in those with episodic attacks. In addition, nutritional support and psychotherapy should be provided during clinical treatments.

Recently, different therapeutic strategies have been proposed for NIID, for example, antisense oligonucleotide therapy, RNA interference, small molecule RNA drugs, and CRISPR-based therapy (Xu et al., 2021). Although these strategies are promising, the major challenge is the low specificity and high possibility of out-of-target therapies.



Conclusion and future directions

With an increasing number of reported cases of NIID, the clinical manifestations of NIID are well characterized. Early studies showed that NIID mainly has neurological symptoms; the latest studies demonstrated that there are a variety of symptoms and signs in various systems, indicating the high heterogeneity of clinical symptoms and signs of NIID. This increases the difficulty in the clinical diagnosis of NIID. Although patients with NIID present heterogeneous symptoms, they also show some core symptoms, such as triad symptoms in the central nervous system (dementia, Parkinsonism, and psychiatric symptoms). Before the NOTCH2NLC gene was linked to the etiology of NIID, tissues/skin biopsy and DWI high-intensity signals along the corticomedullary junction were strong clues for the diagnosis of NIID; now, genetic tests for expanded GGC repeats in the NOTCH2NLC gene have become the gold standard for NIID.

Expanded GGC repeats in the NOTCH2NLC gene have been confirmed as the cause of NIID, but how expanded GGC repeats in the NOTCH2NLC gene cause pathological changes and the accumulation of NII in the nucleus remains unclear. As a nucleotide repeat expansion disorder, NIID may share similar mechanisms to other nucleotide repeat expansion disorders, such as expanded nucleotide repeat-induced DNA damage, RNA toxicity, and abnormal encoded protein toxicity. Although recent studies have demonstrated the presence of polyG-NOTCH2NLC protein in the animal models and tissues of patients with NIID, the mechanism by which the polyG-NOTCH2NLC protein causes toxicity still needs more investigation. RNA toxicity and DNA instability theory need to be identified in the mechanisms of NIID. How do expanded GGC repeats in the NOTCH2NLC gene induce the formation of NIIs? What are the components in expanded GGC repeat-induced RNA foci? Which RNA-binding proteins are involved in the pathogenesis of NIID? These questions await more investigation, and the answers to these questions will help to guide the treatment of NIID. To date, no effective treatment is available. Even though different gene therapies, such as antisense oligonucleotide therapy and RNA interference, have been proposed, many great challenges must be overcome, such as the specificity and out-of-target nature of RNA drugs. Recent findings have shown that inflammation is involved in the pathological changes of NIID and may be downstream of expanded GGC repeat-induced RNA/protein toxicity. Therefore, the role of inflammation should be further identified in the pathology of NIID, and anti-inflammation could be a promising therapeutic strategy for NIID.
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Background: Previous studies have confirmed that diabetes is associated with cognitive impairment, but there is little data on this among older Chinese.

Methods: This study included 192 dementia patients, 610 patients with mild cognitive impairment (MCI), and 2,218 normal controls. Their general demographic information (such as gender, age, education, etc.), disease-related information (hypertension), and diabetes information (such as whether you have diabetes, course of the disease, etc) were collected by standardized questionnaires. The mini-mental state examination (MMSE) and Montreal Cognitive Assessment (MoCA) were used to assess their overall cognitive function, Moreover, 84 healthy, randomly selected older adults also underwent brain MRI scans at the same time, and the target brain regions included the hippocampus, the third, fourth, and fifth ventricles.

Results: The proportion of type 2 diabetes was significantly higher in the dementia group (25.5%) than that in the normal elderly group (15.6%) and the MCI group (17.7%). By using stepwise multiple logistics regression analysis, we found that type 2 diabetes was associated with dementia (p = 0.005*, OR = 1.805, 95%CI: 1.199–2.761), but not with MCI (p > 0.05). The volume of the fourth ventricle of the healthy elderly with diabetes was significantly larger than that of the healthy elderly without diabetes (p < 0.05), but there was no statistical difference (p > 0.05) in the volume of the hippocampus, the third ventricle, and the fifth ventricle between the two groups. However, we did not find an association between the fourth ventricle and cognitive scores (MMSE and MoCA).

Conclusions: In conclusion, type 2 diabetes in elderly Chinese people is associated with dementia, but not MCI. Type 2 diabetes may impair cognitive function by affecting the volume of the fourth ventricle. However, larger longitudinal follow-up studies are needed to confirm these conclusions.

Keywords: type 2 diabetes, cognition, elderly, MRI, the fourth ventricle


INTRODUCTION

Dementia is a serious neurodegenerative disease that increases in incidence with age (Reddy and Hashmi, 2020). A recent meta-analysis suggested that the pooled prevalence of all-cause dementia among individuals aged 50 and over in the community was 697 (CI95%: 546–864) per 10,000 persons, and the number approximately doubles every 5 years (Cao et al., 2020). China has 249.49 million people aged 60 and above, accounting for 17.9% of the total population (140 million), indicating a higher prevalence of dementia (Cao et al., 2020). There is no doubt that caring for these dementia patients will place a heavy burden on the public and healthcare systems (Jia et al., 2020a). To make matters worse, there are currently no effective strategies to treat dementia or delay cognitive decline.

Mild cognitive impairment (MCI) is considered a transitional stage between unimpaired cognitive function and dementia (Jia et al., 2020b). It is defined as objective cognitive impairment relative to a person’s age and is associated with cognitive symptoms in a person with basically normal functional activities but without dementia (Cooper et al., 2015). According to some epidemiological studies, the prevalence of MCI is about 6 percent in the general population, while rising to 20 percent in people 65 and older (Lopez et al., 2007; Sachdev et al., 2015). People with MCI generally have a higher risk of developing dementia, with about 46 percent developing dementia within 3 years, compared with 3 percent of the same age group (Tschanz et al., 2006). However, not all patients with MCI will necessarily develop dementia, and a significant proportion of patients with MCI will revert to normal status after appropriate intervention (Karssemeijer et al., 2017). Therefore, there is a consensus that cognitive intervention should be initiated at the MCI stage (Jia et al., 2020b).

Of all the risk factors for dementia and MCI, diabetes stands out. Epidemiological studies confirm that people with diabetes are at increased risk of developing dementia and MCI (Biessels et al., 2006; Koekkoek et al., 2015), suggests that diabetes may play an important role in the pathogenesis of cognitive decline. Current information from neuroimaging and neuropathologic studies suggests that elderly patients with diabetes have significant evidence of subclinical infarction and cerebral atrophy (Mayeda et al., 2015). More interestingly, patients with diabetes often exhibit pathologic changes similar to those seen in early Alzheimer’s disease (AD; Ninomiya, 2014), and the mechanism may involve immunity, inflammation, and insulin resistance (Li et al., 2015). However, similar studies in China are relatively scarce, and their conclusions are also inconsistent. For example, in Jia et al. (2020b) study, they found that diabetes was a risk factor for both dementia and MCI, while other studies have not reached the same conclusion (Li et al., 2016; Qin et al., 2020).

In the current study, we used data from a large community sample of older adults to specifically explore the relationship between diabetes, dementia, and MCI. Unlike other studies, we also added structural magnetic resonance data to a subset of healthy people. Our hypothesis is that diabetes has an impact on both dementia and MCI, and that patients with diabetes already have changes in brain structure even when there is no significant change in their cognitive function.



METHODS


The study population

Data were obtained from the China Longitudinal Aging Study (CLAS), which has been described in detail in our previous studies (Xiao et al., 2013; Lin et al., 2019). A total of 3,020 community-based individuals aged 60 years or older [including 610 patients with mild cognitive impairment (MCI), 192 patients with dementia, and 2,218 normal controls] were included in the current study. All subjects need to meet the following conditions: (1) age 60 and older; (2) vision and hearing were normal; (3) without a combination of life-threatening diseases, such as myocardial infarction, cerebral infarction, etc.; and (4) without serious mental illness, such as schizophrenia, major depression, etc. If these subjects were: (1) younger than 60 years of age; (2) associated with type 1 diabetes; (3) associated with diseases that affect blood glucose metabolism, such as Cushing’s syndrome; (4) associated with diseases that affect cognitive functions, such as syphilis and vitamin B12 deficiency, would be excluded; and (5) hyperthyroidism, Cushing syndrome, primary hyperaldosteronism or other diseases that affect glucose metabolism of the elderly would also be excluded. Then all the eligible elderly were required to complete a general demographic survey, neuropsychological assessment, and clinical assessment. The diagnosis of MCI was according to Petersen’s criteria (Petersen, 2011), while the diagnosis of dementia was according to DSM IV. All the diagnostic and evaluation procedures were performed by experienced clinicians (Biedermann and Fleischhacker, 2016). Moreover, T1 phase Brain MRI scans were also performed on 84 older adults with normal cognitive function in a random lottery.

This study was approved by the Ethics Committee of Shanghai Mental Health Center, and informed consent was signed by patients or their families before the study began. The whole study was carried out in accordance with the principles of the Declaration of Helsinki.



Diagnosis of type 2 diabetes

Participants were considered to have type 2 diabetes if their fasting serum glucose level was ≥7.0 mmol/L (126 mg/dl) or their 2-h value in an oral glucose tolerance test was ≥11.1 mmol/L. Moreover, self-reported physician’s diagnosis or treatment with oral hypoglycemic agents and/or insulin were also considered to have type 2 diabetes (Gao et al., 2015).



Cognitive assessment

The Mini-Mental State Examination (MMSE; Folstein et al., 1975) and Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005) are the most commonly used assessment tools in the field of geriatric cognition. Both of them have a total score of 30, and both have good sensitivity and specificity. However, compared with MMSE, the MoCA scale has better sensitivity. Therefore, the former was mainly used to screen for dementia, while the latter was mainly used to screen for MCI (Ciesielska et al., 2016).



T1 phase structure MRI

Baseline cranial MRI was performed on 84 elderly subjects with normal cognitive function. T1 structural images were obtained using the Magnetom Verio 3.0 T scanner (Siemens, Munich, Germany), and the parameters were as follows: TR = 2,300 ms, TE = 2.98 ms, flip angle 9°, slice thickness 1.2 mm, matrix size 240*256, field of view (FOV) 240*256 mm, and 17,614 slices. All sMRI data were processed using FreeSurfer V6.0 software Clinica (Brown et al., 2020), including spatial registration, cortical thickness estimation, cortical surface segmentation, extraction of subcortical structures, and inclusion of blocks to 46 global structures. Previous studies have shown that the hippocampus is most closely related to cognitive function, while diabetes is often related to the increase in ventricular volume (Sadykova and Nazhmutdinova, 2009; Opitz, 2014; Eichenbaum, 2017; Lisman et al., 2017; Boutouyrie et al., 2022). Therefore, our target brain regions mainly included the hippocampus, third ventricle, fourth ventricle, and fifth brain region.



Covariates

We also collected general demographic information (age, sex, education level), lifestyle information (smoking, drinking, tea drinking, physical exercise hobbies), and disease-related information (hypertension) through standardized questionnaires. Among these variables, those that differed among the MCI group, the dementia group, and the normal control group were considered covariates.




STATISTICAL METHODS

Continuous variables were expressed by Mean ± Standard Deviation (SD), while classified variables were expressed by frequency (%). Univariate ANOVA and Chi-square test were used to compare continuous and categorical variables among the MCI group, dementia group, and normal control group, respectively. Stepwise multivariate logistic regression analysis was used to explore the association between type 2 diabetes and cognitive impairment (Model 1 only contained type 2 diabetes; model 2 contained type 2 diabetes, age, sex, and education levels; model 3 contained type 2 diabetes, age, sex, education levels, smoker, tea drinker, hobby, physical exercise, and hypertension). Next, the ROC curve was used to explore the sensitivity and specificity of type 2 diabetes in predicting dementia. Then the independent sample T-test was used to detect differences in brain area volume between the diabetes group and the non-diabetes group. Then the correlation analysis was used to explore the correlation between type 2 diabetes and cognitive scores and cognitive brain regions (gender, age, and education are controlled). Two-tailed tests were used at a significance level of p < 0.05 for all analyzes. The data were analyzed using SPSS 22.0 (IBM Corporation, Armonk, NY, USA).



RESULTS


General demographic data of the research object

Table 1 presents the general demographic data of the research object. The proportion of type 2 diabetes was significantly higher in the dementia group (25.5%) than that in the normal elderly group (15.6%) and the MCI group (17.7%), while there was no statistical difference between the latter two groups. In addition, there were also statistical differences in age (p < 0.001), education (p < 0.001), gender (p < 0.001), smoker (p = 0.009), tea drinker (p < 0.001), hobby (p < 0.001), hypertension (p = 0.006), physical exercise (p < 0.001), MMSE (P < 0.001), and MoCA (p < 0.001) among the three groups, so these variables would eventually be considered as covariables.

TABLE 1. Demography, lifestyle, type 2 diabetes, and cognitive function in the overall database of study participants.
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Stepwise logistic regression model was used to investigate the relationship between type 2 diabetes, dementia, and MCI

Stepwise multivariate logistic regression models were used to explore the association between type 2 diabetes and dementia/MCI. In model 1, without controlling for any variables, we found that type 2 diabetes was only associated with dementia (p < 0.001* OR = 1.854, 95%CI: 1.314–2.615), but not MCI (p > 0.05); In model 2, after controlling for age, education, and gender, we found that type 2 diabetes was also an influential factor for dementia (p = 0.003*, OR = 1.836, 95%CI: 1.237–2.724), but not MCI (p > 0.05); In model 3, smoker, tea drinker, hobbies, diabetes, and physical exercise were further controlled on the basis of Model 2, and the above association still existed (dementia: p = 0.005*, OR = 1.805, 95%CI: 1.199–2.761, MCI: p > 0.05). Then the Receiver Operating Characteristic (ROC) curve was used to investigate the sensitivity and specificity of type 2 diabetes in predicting dementia, and the area under the curve was 0.453 (P = 0.028, 95%CI: 0.409–0.497). Table 2 and Figure 1 presents the results.


[image: image]

FIGURE 1. ROC curve to explore the sensitivity and specificity of diabetes in predicting dementia.



TABLE 2. Different regression models were used to explore the association between diabetes and dementia.
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The association between type 2 diabetes and brain structure

To investigate the possible mechanism of type 2 diabetes affecting cognitive function, T1 structural cranial magnetic resonance imaging was performed on a random sample of healthy elderly people. Based on type 2 diabetes, 84 cognitively normal adults (their average age was 69.06 ± 6.66; there were 42 males and 42 females) were divided into two groups: diabetes (n = 36) and non-diabetes (n = 48). There were no statistically significant differences (p > 0.05) in age, education, sex, smoking, alcohol consumption, tea consumption, physical exercise, hobbies, hypertension, total brain volume, MMSE score, and MoCA score between the two groups. Therefore, in this study, the hippocampus volume and ventricular volume were mainly used as our main observation indicators. Finally, we found that the fourth ventricle volume of diabetic patients was significantly larger (p > 0.05) than that of non-diabetic patients, while there were no statistical differences in hippocampus, third ventricle volume, and fifth ventricle volume between the two groups. Table 3 and Figure 2 presents the results. However, we did not find any specific association between the fourth ventricle volume and cognitive score.


[image: image]

FIGURE 2. Comparison of fourth ventricle volume between diabetic and non-diabetic patients. *means p < 0.05.



TABLE 3. Comparison of brain region structure and neuropsychological tests between diabetic and non-diabetic patients.
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DISCUSSION

Both cognitive dysfunction and diabetes are common diseases among the elderly, and cognitive dysfunction is one of the important comorbidities of diabetes mellitus. There are different stages of diabetes-related cognitive dysfunction, each with different cognitive characteristics, affected age groups, and outcomes, which may also have different underlying mechanisms (Biessels and Despa, 2018). In the current study, we investigated the association between type 2 diabetes and cognitive dysfunction among the elderly in the Chinese community and found that: (1) type 2 diabetes was associated with dementia, but not MCI; and (2) older cognitively normal adults with type 2 diabetes had greater fourth ventricle volume compared with older cognitively normal adults without type 2 diabetes.

In our study, we found that dementia patients had a significantly higher rate of diabetes than normal elderly and MCI patients. Using stepwise logistic regression analysis, we found that type 2 diabetes was an important predictor of dementia, independent of gender, age, and education. However, no association was shown between type 2 diabetes and MCI. In Fei et al. (2013) study, they found that type 2 diabetes was associated with dementia and its subtypes amongst elderly people in the Chinese population. In Wang and Liu (2021) study, they found that early-onset diabetes had a stronger association with an increased risk of stroke, all dementia, and Alzheimer’s disease (AD) dementia than later-onset. In Shang et al. (2020) study, they found that diabetes, but not prediabetes, was associated with an increased risk of ischemic stroke and post-stroke dementia. In Jia L. et al.’s study, they found that type 2 diabetes was a risk factor for both dementia and MCI, but we did not find an association between type 2 diabetes and MCI. The reasons for the above differences may be as follows: (1) MCI was not divided into specific groups to distinguish between amnestic MCI and vascular MCI; (2) the sensitivity of males and females to diabetes was different; and (3) some confounding factors, such as APOE E4, may have a significant impact on the study results. Therefore, we are relatively certain that type 2 diabetes is closely associated with dementia, but the association with MCI needs to be further verified.

To investigate the possible mechanism of type 2 diabetes affecting the progression of dementia, we randomly selected some healthy elderly people with normal cognitive function and performed cranial magnetic resonance imaging of the T1 structural phase. Based on whether they had type 2 diabetes, those 84 cognitively normal elderly people were divided into diabetes (n = 36) and non-diabetes groups (n = 48), with no differences in gender, age, education, daily biochemical variables, disease-related variables, or cognitive scores. Although there was no difference in hippocampal volume or total brain volume between the two groups, the fourth ventricle volume was significantly larger in individuals with type 2 diabetes than in individuals without type 2 diabetes. Unfortunately, we did not find an association between the fourth ventricle and cognitive scores (MMSE and MoCA).

The fourth ventricle, also known as the cerebellum medulla cistern, is a closed chamber between the cerebellum and the medulla oblongata. The fourth ventricle is filled with cerebrospinal fluid. Its main function is buffering and nutritional support, and it is an important structure for cerebrospinal fluid to flow down and return to venous blood for reabsorption. Accumulated evidence shows that the fourth ventricle is closely related to blood glucose regulation, for example, in 1854, Claude Bernard, a French physiologist, discovered that a lesion at the base of the fourth ventricle in rabbits would cause sugar levels to rise in the blood (Tups et al., 2017). Moreover, it is now thought that the fourth ventricle may be an important medium for the brain to regulate blood sugar (Coppari, 2015). Since our sample size was small and no association between the fourth ventricle and cognitive score was found, we could not determine whether type 2 diabetes affected cognitive function by affecting the volume of the fourth ventricle. But the significance of our study is that it may provide new ideas for future research and new targets for finding brain structures in which glucose metabolism affects cognitive function.

We have to admit that there were some limitations in our study. Firstly, since this study was only a cross-sectional study, it could not indicate the causal effect between type 2 diabetes and cognitive impairment; secondly, information on diabetes was obtained through self-report rather than objective assessment, so there was the possibility of recall bias; thirdly, the sample size was relatively small, so we did not find an association between the fourth ventricle and cognitive function, so further expansion of the sample size is needed in the future; fourthly, we did not further distinguish between dementia and MCI subtypes, which may have influenced the results of the study.



CONCLUSIONS

In conclusion, type 2 diabetes among the Chinese elderly is associated with a higher risk of dementia, but not MCI, and type 2 diabetes may impair cognitive function by affecting the volume of the fourth ventricle.
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Astragaloside IV supplementation attenuates cognitive impairment by inhibiting neuroinflammation and oxidative stress in type 2 diabetic mice
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Although diabetic cognitive impairment is one of the most common complications of type 2 diabetes mellitus (T2DM), optimized therapeutic strategies are not available yet. Astragalosides IV (AS-IV) is a traditional Chinese medicine possessing diverse pharmacological properties including anti-inflammatory and antioxidant effects. However, the effects of AS-IV on diabetes-related cognitive impairment and its precise mechanisms remain largely unknown. T2DM mice, induced by a high-fat diet (HFD) and an intraperitoneal injection of low-dose streptozotocin (STZ) were administrated with AS-IV every other day for eight consecutive weeks. Learning and memory abilities were assessed subsequently using the Ymaze test and the anxious behavior was evaluated using an open field test. Then, the morphology and number of neurons and microglia were observed by HE staining or immunohistochemistry. Oxidative stress biomarkers and pro-inflammatory cytokines were determined using relevant kits. In addition, the expression levels of Nrf2, Keap1, HO-1, and NQO1 were determined by Western blot analyses. The results indicated that AS-IV administration significantly improved neuronal damage and cognitive deficit in T2DM mice. Meanwhile, oxidative stress and neuroinflammation were also ameliorated in T2DM mice, which might be attributed to the regulation of Nrf2/Keap1/HO-1/NQO1 pathway in T2DM mice. Taken together, these data suggested that AS-IV ameliorates cognitive impairment in T2DM mice by attenuating oxidative stress and neuroinflammation, possibly through modulating the Nrf2/Keap1/HO1/NQO1 pathway.

Keywords: astragalosides IV, cognitive impairment, type 2 diabetes mellitus, neuroinflammation, oxidative stress


INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a lifelong metabolic disease that results in various complications and is thus becoming a main public health problem. Diabetes-related cognitive impairment is a common but grossly underestimated complication of T2DM (Biessels and Despa, 2018; Srikanth et al., 2020). T2DM has been reported to significantly accelerate the deterioration of cognitive function. Clinical and epidemiological studies have also demonstrated that patients with T2DM have nearly twice the risk of developing dementia (Feil et al., 2011). Given the prevalence of T2DM, the incidence of diabetes-related cognitive impairment is expected to surge and cause an unpredictable social and economic burden. Thus, it is of great importance to decipher the underlying mechanisms of diabetes-related cognitive impairment and to develop effective therapeutic agents for the disease.

An increasing number of studies have indicated that oxidative stress and neuroinflammation are key contributors to the initiation and progression of diabetes-related cognitive impairment (Piatkowska-Chmiel et al., 2021; Wang et al., 2021; Wu et al., 2022). For example, increased oxidative stress was associated with neuronal damage and memory deficit in T2DM (Hoyos et al., 2022). Besides, excessive neuroinflammation leading to a cognitive deficit was also observed in T2DM (Marioni et al., 2010; Zhao et al., 2019; Ko et al., 2021). Nuclear factor erythroid 2-related factor 2 (Nrf2) is a redox-sensitive transcription factor that has been proved to be a master regulator of both neuroinflammation and oxidative stress (Ma, 2013; Ahmed et al., 2017). A growing body of studies has established the protective role of Nrf2 against oxidative stress and neuroinflammation in T2DM. It has been reported that Nrf2 increases the transcription of heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase 1 (NQO1) that mitigates the oxidative stress and inflammation of the brain and eventually improves the cognitive impairment in T2DM (Feng et al., 2018; Wang G. et al., 2020; Pang et al., 2021).

Astragaloside IV (AS-IV), a major active component extracted from Astragalus membranaceus, exerts multiple pharmacological activities including anti-inflammation and anti-oxidation (Gui et al., 2013b; Zhang and Frei, 2015). The protective effect of AS-IV against diabetes complications and neurological disease has been widely investigated in numerous literatures (Qiao et al., 2017; Wang et al., 2017, Wang E. et al., 2020; Xia et al., 2020). However, whether AS-IV treatment improves diabetes-related cognitive impairment and if so, what are the underlying mechanisms, are still unrevealed. Therefore, in the present study, we explored the hypothesis that AS-IV might improve diabetes-related cognitive impairment in T2DM mice by modulating the Nrf2/Keap1/HO-1/NQO1 pathway.



MATERIALS AND METHODS


Animals and experimental protocols

Four-week-old male C57BL/6J mice were housed in an SPF-barrier environment under standard conditions of temperature (22 ± 2°C), humidity (55%–65%), and light (12:12 h light/dark cycle) and were randomly divided into three groups: wild type group (WT; n = 10), T2DM model group (T2DM; n = 10) and T2DM + AS-IV treatment group (AS-IV; n = 10). The mice in the WT group were given a normal diet (10% calories from fat; Research Diet, New Jersey, United States), while the mice in the other groups were fed with HFD (60% calories from fat; Research Diet, New Jersey, United States) during the whole experimental period. After 4 weeks of HFD (Zhu et al., 2022), mice in the T2DM and AS-IV group were fasted for 8 h overnight and then injected intraperitoneally with STZ (35 mg/kg, dissolved at 0.1 mm cold citrate buffer, pH 4.4; Yeasen Biotechnology, Shanghai, China) for three consecutive days to induce T2DM (Zhang et al., 2018). The mice were considered diabetic when the blood glucose levels were higher than 11.6 mmol/L 3 days after STZ injection. Then, referring to previous reports, mice in AS-IV group were intragastrically administered with 40 mg/kg of AS-IV (Song et al., 2018; Yuanye Biotechnology, Shanghai, China) every other day for 8 weeks while mice in T2DM and WT group were intragastrically administered with a vehicle. The fasting blood glucose levels of each mouse in all groups were tested every 4 weeks. All animal experiments were carried out according to the ethical committee on animal welfare of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital and the principles outlined in the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.



Y maze test

Learning and memory abilities were measured using a Y maze apparatus that was made up of three similar arms (A, B, C) with dimensions of 33 cm long, 15 cm high, and 10 cm wide at 120° angles to each other. After at least 30 min of acclimatization in the test room, the mouse was placed in the center of the apparatus and was allowed to move freely for 5 min. Spontaneous alternation was evaluated by the pattern of complete entry into each arm (the mouse’s hind paws go entirely into the arm). Actual alternation was defined as the number of consecutive entries into the three arms on overlapping triplet sets, and the alternation behavior (%) was calculated as follows (You et al., 2020):
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Open field test

Anxiety-like behavior was measured using an open field apparatus of 50 cm long, 50 cm wide, and 50 cm high. After at least 30 min of acclimatization in the test room. Each mouse was placed in the center of the apparatus and was allowed to explore freely for 5 min. The apparatus was disinfected with 75% alcohol after each test. The central area was defined as half of the total area located in the center of the apparatus. Time spent in the center area and the number of times entering the center area of each mouse were recorded for data analysis (Yoshizaki et al., 2020).



Hematoxylin and eosin staining

After the behavioral tests of cognitive ability, mice were anesthetized deeply and transcardially perfused with 400 ml phosphate buffer saline (PBS) followed by 400 ml 4% paraformaldehyde. Then, the brain was removed and postfixed in 4% paraformaldehyde for 24 h at 4°C. After dehydration in graded series of alcohol, the brain tissue was embedded in paraffin and cut into 5 μm thickness. The sections were further stained with hematoxylin and eosin and were observed under a light microscope (IX53, Olympus, Tokyo, Japan).



Dihydroethidium staining

After postfixed for 24 h, the formalin preserved brain tissue was kept in 30% sucrose until it sank to the bottom. Then, the brain tissue was embedded in OCT and cut into 10 μm thick frozen sections. Dihydroethidium (DHE) staining detecting ROS level in situs was performed as previously described (Zhao et al., 2021). Briefly, the brain sections were incubated with 10 mmol/L DHE (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 30 min in a humidified chamber protected from light. 1 μg/ml 4,6-diamidino-2-phenylindole, dilactate (DAPI; Thermo Scientific, Waltham, MA, USA) was used before the sections were coverslipped. The brain sections were then visualized under a fluorescence microscope (IX53, Olympus, Tokyo, Japan).



MDA level and SOD activity evaluation

MDA is one of the end products of lipid peroxidation and is considered as a marker of oxidative stress, while SOD activity is used as an antioxidant marker. Hippocampal tissues of different groups were homogenized to obtain the supernatant for subsequent analyses and the level of MDA and SOD activity was detected using biochemical assay kits (Nanjingjiancheng, Nanjing, China) following the manufacturer’s protocol.



Immunohistochemistry

To detect the status of microglia, immunohistochemical staining was performed. After deparaffinization and antigen retrieval (0.05% citraconic acid), the sections were treated with endogenous peroxidase (3% H2O2 in PBS) for 10 min, followed by a blocking buffer containing 10% bovine serum albumin in PBS for 1 h. Next, the sections were incubated with the antibody of ionized calcium-binding adapter molecule 1 (Iba1; Abcam, Cambridge, United Kingdom) overnight, and followed by incubation with biotinylated secondary antibodies (1:500) for 30 min the following day. The sections were then incubated with the avidin-biotin complex (Vector Laboratories, Burlingame, CA, USA) for 30 min, and visualized by 3,3-diaminobenzidine (DAB; Vector Laboratories) reaction. After dehydration in ethanol and clarification in xylene, the sections were visualized under a microscope (IX53, Olympus, Tokyo, Japan).



ELISA assays

The levels of pro-inflammatory cytokines including tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and interleukin one beta (IL-1β) of cerebral hemispheres were determined using ELISA kits (Multisciences, Hangzhou, China) following the procedures of the manufacturer.



Western blot analysis

Samples of hippocampal tissue of different groups stored at −80°C were homogenized in prechilled radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors (Beyotime, Shanghai, China). The protein concentration of the samples was determined using the BCA kit (Beyotime, Shanghai, China). The same amounts (20–30 μg) of brain protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 7.5% or 12% gels and then transferred onto a polyvinylidene difluoride membranes (PVDF). The membranes were incubated overnight at 4°C with different primary antibodies. The primary antibodies used were as follows: Nrf2 (1:1,000, Abcam), Keap1(1:1,000, Abcam), HO-1(1:1,000, ABclonal), NQO1(1:1,000, Servicebio), and β-actin (1:5,000, CST). The next day, the membranes were incubated with relevant secondary antibodies at room temperature for 1 h. The immunocomplexes were detected using a chemiluminescence reagent (Thermo Scientific, Waltham, MA, USA) with automatic chemiluminescence apparatus (BIO-RAD, USA) and the images with a specific molecular band were analyzed using ImageJ.



Statistical analysis

Data in our study were expressed as the mean ± standard error of the mean (SEM). Statistical significance was assessed by two-way ANOVA with posttest (Turkey) for data of fasting blood glucose, and the other data were assessed by one-way ANOVA with posttest (Turkey). Values of P < 0.05 were considered statistically significant. Statistical data were analyzed using GraphPad Prism 7.0.




RESULTS


Astragalosides IV ameliorates the hyperglycemia in T2DM mice

The experimental design is shown in Figure 1A. After 4 weeks of HFD treatment, mice in T2DM and AS-IV groups were injected with STZ for 3 days. One week after the STZ injection, the fasting blood glucose levels of the mice in T2DM and AS-IV groups were detected. The results showed that fasting blood glucose levels of the mice were higher than 11.6 mmol/L, which suggests that the T2DM model was successfully established (Figure 1B). To evaluate whether AS-IV had effects on the metabolic parameters of T2DM mice, the fasting blood glucose levels of mice in each group were detected. We found that the fasting blood glucose levels were consistently high in T2DM mice, while decreased fasting blood glucose levels were observed after 8 weeks of AS-IV treatment (Figure 1C). Therefore, these findings illustrated that AS-IV treatment could partly reverse the glucose metabolism abnormalities in T2DM mice.
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FIGURE 1. Effects of AS-IV on body weight and fasting blood glucose of type 2 diabetes mellitus (T2DM) mice. (A) The experimental design scheme for high-fat diet (HFD)/STZ-induced T2DM. Male 4-week-old C57BL/6J mice were fed with either the normal diet or HFD for 4 weeks. The HFD-fed mice were injected intraperitoneally (i.p.). with freshly prepared STZ (35 mg/kg) for 3 days to induce T2DM. From week 16 the T2DM mice were intragastrically (i.g.) administered with AS-IV (40 mg/kg) or vehicle for another 8 weeks. WT mice on a normal diet received vehicle administration. (B) 2-D structure of AS-IV. (C) Fasting blood glucose levels. Data are presented as the mean ± standard error of the mean (SEM; n = 8). **P < 0.01; ***P < 0.001 T2DM vs. WT; #P < 0.05; ###P < 0.001 AS-IV vs. T2DM.





Astragalosides IV improves cognitive impairment in T2DM mice

Y maze test and Open field test were performed to evaluate the effects of AS-IV on cognitive impairment in T2DM mice. Y maze test, based on the general tendency of rodents to explore new environments, was used to evaluate the learning and memory abilities of mice in each group. Mice with normal learning and memory abilities usually tend to alternate among the three arms of the Y maze (You et al., 2020). However, the results showed that compared to the WT group, the percentage of spontaneous alternations in the T2DM group was significantly decreased, while AS-IV treatment reversed the decline (Figure 2A). Meanwhile, an Open field test was used to investigate the autonomous exploratory behavior of mice in the new environment, which can reflect the anxiety phenotype of mice. An increase in the frequency of exploration behavior often means a decrease in anxiety phenotype. Compared to the WT group, mice in T2DM group tended to spend less time in the center area and the number of entries in the center area was also decreased, while AS-IV treatment significantly reversed the decrease (Figures 2B–D). Together, these results indicated that AS-IV treatment improved cognitive impairment including learning and memory deficiency and anxiety in T2DM mice.
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FIGURE 2. AS-IV ameliorated cognitive impairment in T2DM. (A) The representative exploring traces of mice in the open field. (B) The percentage of spontaneous alternation in the Y maze. (C) Time spent in the center area of the open field. (D) Number of entries in the center area of the open field. Data are presented as the mean ± SEM (n = 8). *P < 0.05; **P < 0.01 T2DM vs. WT; #P < 0.05 AS-IV vs. T2DM.





Astragalosides IV attenuates neuronal damage in T2DM mice

HE staining was used to detect the change in the number and morphology of neurons in the cortex and hippocampal CA1 regions that play important roles in memory formation and retrieval (Zhao et al., 2021). We found that AS-IV treatment noticeably reversed the reduction in neuronal number in T2DM mice (Figures 3A–C). Compared with the WT group, neurons of mice in T2DM group were shrunk and the nucleus was deeply stained, while AS-IV treatment rescued these morphological abnormalities in neurons of T2DM mice (Figure 3A). These findings indicated that AS-IV treatment alleviated neuronal damage in T2DM mice.
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FIGURE 3. AS-IV reduced neuronal death in the cortex and hippocampus CA1 of T2DM mice. (A) Represented photomicrographs of HE staining in the cortex and hippocampus CA1 (magnification ×200 or ×400, scale bar = 50 μm or 20 μm). (B) Number of neuronal cells in the cortex. (C) Number of neuronal cells in hippocampus CA1. Data are presented as the mean ± SEM (n = 3). **P < 0.01; ***P < 0.001 T2DM vs. WT; ##P < 0.01 AS-IV vs. T2DM.





Astragalosides IV alleviates oxidative stress in T2DM mice

Oxidative stress is implicated in neuronal damage in various neurological diseases (Chong et al., 2005). To examine whether AS-IV could protect the brain tissue from oxidative stress damage in T2DM, the ROS, MDA levels, and SOD activities were measured. The ROS levels were detected using DHE staining and the results showed that AS-IV treatment markedly ameliorated ROS increase in the cortex and hippocampus CA1 of T2DM mice (Figures 4A–C). In addition, MDA levels and SOD activities of the hippocampus were also detected using the relevant kits. In T2DM group, MDA levels were dramatically increased, while SOD activities were dramatically decreased. Treatment with AS-IV reduced MDA levels and increased SOD activities of T2DM mice (Figures 4D,E). Collectively, these data demonstrated that AS-IV treatment attenuated oxidative stress in T2DM mice.
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FIGURE 4. AS-IV ameliorated oxidative stress in T2DM mice. (A) Represented photomicrographs of dihydroethidium (DHE) staining for ROS in the cortex and hippocampus CA1 (magnification ×200, scale bar = 50 μm). (B) The relative level of ROS (ratio to WT group) in the cortex. (C) The relative level of ROS (ratio to WT group) in hippocampus CA1. (D) MDA levels of the hippocampus . (E) SOD activity of the hippocampus. Data are presented as the mean ± SEM (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001 T2DM vs. WT; #P < 0.05; ###P < 0.001 AS-IV vs. T2DM.





Astragalosides IV mitigates neuroinflammation in T2DM mice

Microglia are innate immune cells of the central nervous system that play an important role in the development of neuroinflammation. Therefore, to investigate whether T2DM could promote microglia activation and the subsequent production of neurotoxic pro-inflammatory cytokines, we analyzed the number and morphology of microglia in cortex and hippocampus CA1 using immunohistochemistry. We found that T2DM produced an increase of Iba-1-positive microglia that had been transitioned from a lacy, highly ramified morphology indicative of a quiescent state to morphology with shortened processes and larger size, indicative of inflammatory activation (Figures 5A–C). After 8 weeks of treatment with AS-IV, the number and morphological changes of microglia in T2DM mice were significantly improved (Figures 5A–C). Furthermore, we detected the level of pro-inflammatory cytokines including IL-1β, IL-6, and TNF-α of hippocampus using ELISA kits. We found that when compared with the WT group, the levels of IL-1β, IL-6, and TNF-α were much higher in T2DM group, while AS-IV treatment suppressed the levels of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in the brain (Figures 5D–F). Overall, these findings indicated that AS-IV exerts anti-inflammatory effects in T2DM mice.
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FIGURE 5. AS-IV reduced microglia activation and pro-inflammatory cytokines production in T2DM mice. (A) Represented photomicrographs of immunohistochemistry using Iba-1 in the cortex and hippocampus CA1 (magnification ×200 or ×400, scale bar = 50 μm or 20 μm). (B) Number of Iba-1 positive cells in the cortex. (C) Number of Iba-1 positive cells in hippocampus CA1. (D) IL-1β levels of the hippocampus. (E) TNF-α levels of the hippocampus. (F) IL-6 levels of the hippocampus. Data are presented as the mean ± SEM (n = 3). **P < 0.01; ***P < 0.001 T2DM vs. WT; #P < 0.05; ##P < 0.01; ###P < 0.001 AS-IV vs. T2DM.





The effects of astragalosides IV were involved in Nrf2/Keap1/HO-1/NQO1 pathway

To further reveal the mechanism underlying the neuroprotective effects of AS-IV on T2DM mice, we measured the expression levels of Nrf2 pathway-related proteins including Nrf2, Keap1, HO-1, and NQO1 using Western blot analysis. As the results showed, compared to the mice in the WT group, the protein expressions of Nrf2, HO-1, and NQO1 in T2DM mice were significantly decreased while the protein expression level of Keap1 was increased (Figures 6A–E). After 8 weeks of treatment of AS-IV, the protein expression levels of Nrf2, HO-1, and NQO1 were all increased, while the protein expression level of Keap1 was decreased (Figures 6A–E). These findings suggested that the neuroprotective effects of AS-IV on T2DM mice might be due to the Nrf2/Keap1/HO-1/NQO1 pathway.
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FIGURE 6. Nrf2/Keap1/HO-1/NQO1 signaling pathway was involved in the protective effect of AS-IV. (A) Representative bands of Western blot data. (B) Quantitative analysis of the Western blot bands of Nrf2. (C) Quantitative analysis of the Western blot bands of Keap1. (D) Quantitative analysis of the Western blot bands of NQO1. (E) Quantitative analysis of the Western blot bands of HO-1. Data are presented as the mean ± SEM (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001 T2DM vs. WT; #P < 0.05; ###P < 0.001 AS-IV vs. T2DM.






DISCUSSION

Diabetes and cognitive impairment are two highly prevalent chronic disorders that frequently coexist in people older than 65 years old worldwide (Srikanth et al., 2020). Currently, increasing evidence shows that T2DM is an independent risk factor for cognitive impairment (Biessels et al., 2006; Biessels and Despa, 2018). However, the mechanisms by which T2DM causes cognitive impairment remain largely unknown, and there are still no effective strategies to prevent or delay the progression of cognitive impairment in T2DM (Srikanth et al., 2020). Thus, it is of great importance to find effective drugs for the treatment of diabetes-related cognitive impairment. AS-IV is a multifunction molecule with great oral bioavailability and brain-blood barrier penetration (Wang E. et al., 2020). The protective effects of AS-IV have been extensively studied in various neurodegenerative diseases and diabetic complications. It has been reported that AS-IV improves cognitive dysfunction in Alzheimer’s disease (AD) and chronic cerebral hypoperfusion-induced dementia (Kim et al., 2015; Wang et al., 2017). Moreover, a previous study reported that AS-IV improved blood glucose levels and attenuated renal dysfunction in diabetic rats (Zhang Y. et al., 2020). However, its role in diabetes-related cognitive impairment remains unknown. Therefore, in this study, we sought to explore whether AS-IV exerted neuroprotective effects on T2DM-related cognitive impairment and the possible mechanisms involved. Herein, a combination of HFD and low-dose STZ, which closely resembles human T2DM development, was used to induce T2DM in mice (Chen et al., 2022). We observed that AS-IV treatment slightly reduced the blood glucose levels and significantly improved cognitive dysfunction in T2DM mice.

Numerous studies have reported that both oxidative stress and neuroinflammation are the underlying pathogeneses of diabetes-related cognitive impairment (Piatkowska-Chmiel et al., 2021; Hoyos et al., 2022; Wu et al., 2022). Oxidative stress is one of the major factors that contribute to the development of cognitive impairment in T2DM. Multiple studies have demonstrated that excessive oxidative stress accompanied by impaired antioxidant capacity in T2DM encouraged the generation of ROS that further led to neuronal damage and cognitive dysfunction in T2DM (Valko et al., 2007; Gocmez et al., 2019; Michailidis et al., 2022). Furthermore, studies have shown that AS-IV exerts neuroprotective effects on AD and chronic cerebral hypoperfusion-induced dementia depending on the inhibition of oxidation stress (Kim et al., 2015; Chen et al., 2021). Consistent with the preceding studies, our current study showed that the activities of SOD were decreased, while the MDA levels were increased in T2DM mice. Treatment with AS-IV reversed the decline in SOD activity, while concomitantly reducing MDA levels in the brain of T2DM mice. On the other hand, oxidative stress has also been shown to be a facilitator of neuroinflammation, which is another primary contributor to the progression of cognitive decline in T2DM (Pang et al., 2021). A clinical study showed that pro-inflammatory cytokines including TNF-α, IL-6, and IL-1β were strongly associated with poor cognitive performance in T2DM (Piatkowska-Chmiel et al., 2021) and the elevated pro-inflammatory cytokines have been reported to directly destroy the brain-blood barrier and inhibit the synaptic activity, resulting in the neuronal damage and cognitive dysfunction (Zhao et al., 2019; Michailidis et al., 2022). Moreover, AS-IV has been proven to exert potent protective effects on diabetic nephropathy via inhibiting the expressions of inflammatory genes in a rat model of T2DM (Gui et al., 2013a). Meanwhile, a previous study indicated that AS-IV was an effective anti-inflammatory agent in the treatment of an AD mouse model (Chen et al., 2021). In our study, the levels of TNF-α, IL-6, and IL-1β were increased in T2DM mice, while treatment with AS-IV exhibited a significantly anti-inflammatory prowess by decreasing the levels of those pro-inflammatory cytokines in T2DM mice.

Nrf2 is a transcription factor that forms a complex with Keap1 under physiological conditions. However, when oxidative stress or inflammation occurs, Nrf2 separates from Keap1, and translocates to the nucleus, inducing the expressions of antioxidant enzymes including HO-1 and NQO1, etc. (He et al., 2020). Nrf2 signaling pathway has been demonstrated to be a multifunctional signaling pathway related to anti-oxidative stress and anti-neuroinflammatory response. It has been reported that Nrf2 knockout markedly exacerbated the oxidative stress and neuroinflammatory damage and aggravated learning and memory deficits of the AD mice (Rojo et al., 2017). In addition, activation of Nrf2/HO1 signaling pathway has been demonstrated to provide neuroprotective effects against T2DM-related cognitive impairment by ameliorating oxidative stress and neuroinflammation (Zhao et al., 2019; Zhang L. et al., 2020; Pang et al., 2021). Similarly, in the present study, the expressions of Nrf2, HO-1, and NOQ1 were decreased while Keap1 was increased in T2DM mice. AS-IV administration suppress the expression of Keap1 and reversed the reduction of Nrf2, HO-1, and NOQ1. These data suggested that AS-IV ameliorated cognitive impairment in T2DM mice possibly through modulating Nrf2/Keap1/HO1/NQO1 pathway. However, we still do not know how AS-IV stimulates Nrf2, which is a limitation of this study. AS-IV may either directly or indirectly impact Nrf2, which then promotes the expression of HO-1 and NQO-1 and finally results in the improvement of neuroinflammation and oxidative stress. This will be addressed in further researches.

Overall, our study illustrated that AS-IV decreases the fasting blood glucose levels, alleviates oxidative stress and neuroinflammation, and ultimately improves cognitive impairment probably via Nrf2/Keap1/HO-1/NQO1 pathway in T2DM mice. It is the first time to demonstrate the neuroprotective effects of AS-IV in diabetes-related cognitive impairment, indicating that AS-IV may be a therapeutic agent for the treatment of cognitive dysfunction in T2DM.
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Background: Perturbation of lipid metabolism is associated with Alzheimer’s disease (AD). Heart fatty acid-binding protein (HFABP) is an adipokine playing an important role in lipid metabolism regulation.

Materials and methods: Two datasets separately enrolled 303 and 197 participants. First, we examine the associations of cerebrospinal fluid (CSF) HFABP levels with cognitive measures [including Mini-Mental State Examination (MMSE), Clinical Dementia Rating sum of boxes (CDRSB), and the cognitive section of Alzheimer’s Disease Assessment Scale] and AD biomarkers (CSF amyloid beta and tau levels). Second, we examine the longitudinal associations of baseline CSF HFABP levels and the variability of HFABP with cognitive measures and AD biomarkers. Structural equation models explored the mediation effects of AD pathologies on cognition.

Results: We found a significant relationship between CSF HFABP level and P-tau (dataset 1: β = 2.04, p < 0.001; dataset 2: β = 1.51, p < 0.001). We found significant associations of CSF HFABP with longitudinal cognitive measures (dataset 1: ADAS13, β = 0.09, p = 0.008; CDRSB, β = 0.10, p = 0.003; MMSE, β = −0.15, p < 0.001; dataset 2: ADAS13, β = 0.07, p = 0.004; CDRSB, β = 0.07, p = 0.005; MMSE, β = −0.09, p < 0.001) in longitudinal analysis. The variability of HFABP was associated with CSF P-tau (dataset 2: β = 3.62, p = 0.003). Structural equation modeling indicated that tau pathology mediated the relationship between HFABP and cognition.

Conclusion: Our findings demonstrated that HFABP was significantly associated with longitudinal cognitive changes, which might be partially mediated by tau pathology.
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Introduction

Alzheimer’s disease (AD) is the primary cause of dementia in the elderly worldwide, and its prevalence is projected to triple over the next 20 years (Alzheimer’s Association, 2011; Prince et al., 2013). AD is characterized by neuropathological markers of neurofibrillary tangles made of filamentous hyperphosphorylated tau and neuritic amyloid-β plaques (Kirkitadze et al., 2002; Selkoe and Hardy, 2016). The underlying mechanisms of extensive and considerable neuropathology of AD are still unclear. Genome-wide association studies implicated lipid metabolism in several neurodegenerative diseases, including AD, and several studies demonstrated the association between lipid/lipoprotein metabolism and AD pathology (Hamilton et al., 2015; Marschallinger et al., 2020).

Changes in lipid metabolism during aging are crucial for a variety of biological processes (Papsdorf and Brunet, 2019). Dysfunction of lipid metabolism affects membrane lipid composition and fluidity, thus contributing to age-related neuronal cell dysfunction and neurologic disease (Mori et al., 2001; Siino et al., 2018). Therefore, lipid-binding proteins seem to be involved in the pathogenesis of AD. Recent studies suggested that heart fatty acid-binding protein (HFABP or FABP3), a lipid-binding protein facilitating the intracellular transport of fatty acids, may contribute to AD diagnosis and prognosis in the earliest stages (Rosén et al., 2011). A study found that the association between elevated levels of HFABP and longitudinal atrophy of crucial brain structures was significant among amyloid positive individuals and occurred irrespective of tau pathology (Chiasserini et al., 2017). However, other studies found that increased cerebrospinal fluid (CSF) HFABP was related to tau pathology and neurodegeneration (Chiasserini et al., 2010, 2017). There is a dearth of research investigating the longitudinal association of HFABP with cognition functioning and AD biomarkers and the mediational role of AD pathology in the relationship between lipid metabolism and cognition.

Here, in this investigation, we examined the association of AD biomarkers and cognition with HFABP from Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset. We evaluated whether CSF HFABP is associated with CSF AD biomarkers and cognition at baseline and follow-up and whether CSF HFABP change is associated with AD biomarkers and cognition over time. We also examined whether AD pathology is a potential mediator of the relationship between HFABP and cognition.



Materials and methods


Data description

The data used in the preparation of this were downloaded from the ADNI dataset1 (Weiner et al., 2010, 2012). The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies, and non-profit organizations, as a $60 million, 5-year public-private partnership. For up-to-date information, see text footnote 1. Written consent was obtained at enrollment from all participants and the study was approved by each participating site’s institutional review board.



Alzheimer’s disease neuroimaging initiative participants

Our study population consisted of all patients, including cognitively healthy control (CN), patients with mild cognitive impairment (MCI), and patients with AD dementia, with available CSF HFABP data from the ADNI cohort. Inclusion and exclusion criteria are described in detail online (see text footnote 1)

(Petersen et al., 2010). Finally, participants 55–90 years of age have been included, among whom individuals had available follow-up information. CN participants had a MMSE score of >24 and a clinical dementia rating score of 0. Patients with early MCI had a MMSE score of ≥24, a clinical dementia rating score of 0.5, preserved activities of daily living, and absence of dementia. Patients with AD dementia fulfilled the National Institute of Neurological Communicative Disorders and Stroke–Alzheimer Disease and Related Disorders Association criteria for probable AD (McKhann et al., 1984), had MMSE scores of 20–26, and had CDR scores of 0.5–1.0.



Measurements of cerebrospinal fluid biomarkers analysis

We download the first data set of participants whose CSF HFABP protein levels were evaluated using a Myriad Rules Based Medicine platform (Human Discovery MAP, v1.0; see ADNI “Materials and methods” Section). A second data set from the Foundation for the National Institutes of Health (FNIH) Biomarker Consortium CSF Proteomics Project included 197 participants with CSF HFABP protein concentrations which were evaluated with the multiple Multi Reaction Monitoring (MRM) targeted mass spectroscopy at baseline and during follow-up.

Alzheimer’s Disease Neuroimaging Initiative CSF protocols, including Aβ1–42, tau, and p-tau181, have previously been described in detail (Shaw et al., 2009). The CSF Aβ1–42, tau, and p-tau181 levels were measured with the multiplex xMAP Luminex platform and Innogenetics INNO-BIA AlzBio3 (Innogenetics-Fujirebio, Ghent, Belgium) immunoassay reagents. The intra-assay coefficient of variation (CV) of duplicate determinations for concentration ranged from 2.5 to 5.9% for Aβ1–42, 2.2–6.3% for tau, and the inter-assay CV for CSF pool samples ranged from 5.1 to 14% for Aβ1–42, 2.7–11.2% for tau. Further information on standard operation procedures was described in previous publications (Shaw et al., 2009, 2011) and online (see text footnote 1).



Cognitive measures

In ADNI, all participants received detailed cognitive evaluations, including the global cognition by Mini-Mental State Examination (MMSE), Clinical Dementia Rating sum of boxes (CDRSB), and the cognitive section of Alzheimer’s Disease Assessment Scale (ADAS13).



Statistical analyses

All data management and analyses were conducted using R version 4.0.1 using the data. Table package version 1.14.0, the dplyr package version 1.0.2, the lme4 package version 1.1.29, the lmerTest package version 3.1.3, and the car package version 3.0.10. Figures were plotted using ggplot2 version 3.2.1. Additionally, stringr package version 1.4.0 and fst package version 0.9.4 were used for data management. All variables were log-transformed to improve normality.

First, multiple linear regression models were used to examine the cross-sectional relationship among CSF HFABP and cognition after adjusting for age, sex, education, and Apolipoprotein E (APOE) ε4 status, and AD core biomarkers after adjusting for age, sex, education, APOE ε4 status, and diagnosis. Second, to assess the association of baseline CSF HFABP levels with the longitudinal cognitive measures and AD core biomarkers. Linear mixed-effect models were used for the analysis, adjusting for the same covariables as the baseline models and additionally including time as an interacting variable with CSF HFABP levels. Third, estimated slopes for changes in the CSF HFABP concentrations were calculated for each individual using linear mixed-effect models for repeated measures. After that, the HFABP change rate was included in the linear mixed-effect models as independent variables to investigate the association between longitudinal CSF HFABP changes and longitudinal cognitive and AD core biomarkers changes. Finally, mediation models were conducted in the current study to investigate whether the association of HFABP with cognition was mediated by AD pathology. These models were adjusted for age, sex, education, and APOE ε4 status. Two other mediation analyses were used to determine whether the association of baseline and longitudinal CSF HFABP with longitudinal clinical outcomes were mediated respectively by baseline and longitudinal AD biomarkers. The same covariates as in the first model were used in two other models.




Results


Characteristics of participants

As for the ADNI dataset 1, 303 participants aged 56–89 years (mean age 75.14 years) were included in the present study at baseline. The mean education years of the study sample were 15.66, 39.4% were female, and 48.0% were APOE4 carriers (Table 1). As for ADNI dataset 2, 197 participants aged 55–89 years (mean age 72.69 years) were included in the present study at baseline. The mean education years of the study sample were 16.16, 44.4% were female, and 39.3% were APOE4 carriers (Table 1).


TABLE 1    Baseline characteristics of participants.
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The cross-section association of heart fatty acid-binding protein with cognition measures and Alzheimer’s disease biomarkers

In dataset 1, multivariate analyses showed the strong association of CSF HFABP with cognition measures and AD biomarkers. Individuals with higher HFABP levels had lower cognition measures, as indicated by higher ADAS13 score (β = 0.68, p < 0.001), higher CDRSB score (β = 0.69, p < 0.001), and lower MMSE score (β = −0.60, p = 0.002), and had higher concentration of P-tau (β = 2.04, p < 0.001). In dataset 2, similar results were observed in the relationship between HFABP and P-tau (β = 1.51, p < 0.001). However, there were no significant relationships between cognition measures, except ADAS13 score (β = 0.39, p = 0.021). This demonstrated the positive association of HFABP with P-tau and the negative association with cognition (Figure 1 and Supplementary Table 1).
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FIGURE 1
Linear associations between fatty acid binding protein and Mini-Mental State Examination (MMSE), Clinical Dementia Rating sum of boxes (CDRSB), ADAS13, Amyloid beta (ABETA), TAU, and PTAU. The size of the bubble represents the correlation levels. The color of the bubble represents the beta coefficient levels. Red: positive correlation. Blue: negative correlation. MMSE, Mini-Mental State Examination; CDRSB, Clinical Dementia Rating sum of boxes; ADAS13, the cognitive section of Alzheimer’s Disease Assessment Scale; ABETA, Amyloid beta; P-tau, phosphorylated tau.




The longitudinal association of heart fatty acid-binding protein with cognition measures and Alzheimer’s disease biomarkers

To examine the association of baseline HFABP with cognitive measures and AD biomarkers, we constructed mixed effects models of these measures and biomarkers and observed that HFABP was associated with rate of cognitive change (interacted with time) in both datasets (dataset 1: ADAS13, β = 0.09, p = 0.008; CDRSB, β = 0.10, p = 0.003; MMSE, β = −0.15, p < 0.001; dataset 2: ADAS13, β = 0.07, p = 0.004; CDRSB, β = 0.07, p = 0.005; MMSE, β = −0.09, p < 0.001). However, the results for the association between HFABP and AD biomarkers were inconsistent of both dataset 1 and dataset 2. Baseline HFABP level was associated with P-tau (β = −0.06, p = 0.015) on dataset 1 and Aβ42 (β = −0.04, p = 0.008) on dataset 2 in a longitudinal model. To determine whether HFABP variability is associated with cognitive measures and AD biomarkers, we calculated the difference in CSF HFABP levels between baseline and follow-up and associated this difference with cognitive measures and AD biomarkers. HFABP variability was associated with increased CSF protein level of P-tau (β = 3.62, p = 0.003). This is consistent with the association between baseline HFABP and P-tau in cross-section and longitudinal models (Figure 2 and Supplementary Table 2).
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FIGURE 2
Longitudinal association between fatty acid binding protein and Mini-Mental State Examination (MMSE), Clinical Dementia Rating sum of boxes (CDRSB), ADAS13, Amyloid beta (ABETA), TAU, and PTAU. (A) Scatter plots of the association of heart fatty acid-binding protein (HFABP) and HFABP change with cognition and AD biomarkers changes; (B) standardized coefficients for the association of HFABP and HFABP change with cognitive measures and AD biomarkers. The size of the bubble represents the correlation levels. The color of the bubble represents the beta coefficient levels (interacted with time). Red: positive correlation. Blue: negative correlation. MMSE, Mini-Mental State Examination; CDRSB, Clinical Dementia Rating sum of boxes; ADAS13, the cognitive section of Alzheimer’s Disease Assessment Scale; ABETA, Amyloid beta; P-tau, phosphorylated tau.




Causal mediation analyses

Considering the association of HFABP with cognition and tau pathology shown above, HFABP was associated with not only cognitive impairment but also CSF P-tau concentration. We investigate whether high HFABP levels contribute to cognitive impairment via tau pathology. In dataset 1, we found that the relationship between HFABP and cognition (MMSE: IE = −0.36, p = 0.038; ADAS13: IE = 4.64, p = 0.002; CDRSB: IE = 0.73, p = 0.028) and longitudinal cognition change (MMSE change: IE = −0.09, p = 0.000; ADAS13 change: IE = 0.08, p = 0.000; CDRSB change: IE = 0.09, p = 0.000) was mediated by tau pathology (Figures 3, 4 and Supplementary Tables 3, 4). However, in dataset 2, we only found tau pathology mediated the relationship between HFABP and longitudinal cognition change (MMSE change: IE = −0.05, p = 0.001; ADAS13 change: IE = 0.05, p = 0.000; CDRSB change: IE = 0.05, p = 0.001) (Figures 3, 4 and Supplementary Tables 3, 4).
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FIGURE 3
Mediation analyses showed that the relationship between heart fatty acid-binding protein (HFABP) and cognitive measures were mediated by tau pathology. (A) Global cognition measured by Mini-Mental State Examination (MMSE); (B) global cognition measured by ADAS13; (C) global cognition measured by CDRSB. MMSE, Mini-Mental State Examination; CDRSB, Clinical Dementia Rating sum of boxes; ADAS13, the cognitive section of Alzheimer’s Disease Assessment Scale; ABETA, Amyloid beta; P-tau, phosphorylated tau; IE, Indirect effects; DE, Direct effects.
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FIGURE 4
Mediation analyses showed that the relationship between heart fatty acid-binding protein (HFABP) and longitudinal cognition change was mediated by tau pathology. (A) Global cognition measured by Mini-Mental State Examination (MMSE); (B) global cognition measured by ADAS13; (C) global cognition measured by Clinical Dementia Rating sum of boxes (CDRSB). MMSE, Mini-Mental State Examination; CDRSB, Clinical Dementia Rating sum of boxes; ADAS13, the cognitive section of Alzheimer’s Disease Assessment Scale; ABETA, Amyloid beta; P-tau, phosphorylated tau; IE, Indirect effects; DE, Direct effects.





Discussion

The present study found that (1) HFABP was associated with baseline tau pathology; (2) HFABP was associated with longitudinal cognition change; (3) HFABP variability was associated with an increased CSF protein level of P-tau; and (4) the influence of HFABP on cognition was mediated by tau pathology. These findings consolidated the close relationships of HFABP with AD pathology and cognition, supporting the validity of the biomarker-based diagnosis of preclinical AD.

Previous studies found that CSF levels of HFABP in AD patients were higher than in MCI subjects and older people without cognition impairment (Chiasserini et al., 2017; Höglund et al., 2017; Dulewicz et al., 2021). Furthermore, other studies found significantly elevated CSF HFABP levels have been described in MCI subjects compared with the cognitively healthy group, but no difference between the dementia group and the progressive MCI subgroup (Guo et al., 2013). These results demonstrated that CSF levels of HFABP are already increased in the early stages of AD and increased with the progress of AD. This is in line with our studies, as we observed the association between baseline CSF HFABP and longitudinal cognition change. These findings suggested that changes in the CSF levels of HFABP may reflect the roles of lipid-related metabolism in the development of AD. High HFABP levels might result from increasing pathological processes and associate with the neurodegeneration process. Previous studies found that HFABP was significantly correlated with tau pathology (Chiasserini et al., 2010, 2017). The results of these studies are consistent with our research. We also found the longitudinal link between HFABP and tau pathology. Additionally, a study suggested a relationship between HFABP and neurodegeneration-related amyloid pathology and brain atrophy, while we failed to identify the association in the present study (Desikan et al., 2013).

The mechanisms underlying the association between HFABP and cognition remain unknown. Several possible mechanisms might be implicated. First, HFABP in the brain may regulate the lipids components of neuronal cell membranes, thereby affecting synaptic degeneration and regeneration and involving in a number of neurodegeneration diseases (Sellner et al., 1995; Mauch et al., 2001; Shioda et al., 2010; Yamamoto et al., 2018). Second, lipid rafts might mediate pathogenesis-related proteins, including α-synuclein (Fortin et al., 2004; Yabuki et al., 2020) and prions (Hooper, 2005; Taylor and Hooper, 2007), in a number of protein-misfolding neurodegenerative disorders. Thus, we speculated that HFABP and tau pathology have synergistic effects on AD development. Third, HFABP may also regulate dopamine D2R (dopamine receptor 2) function in the striatum and anterior cingulate cortex and mediates αSyn neurotoxicity in septal GABAergic neurons to affect cognitive function and emotional behavior (Yamamoto et al., 2018; Matsuo et al., 2021). Finally, recent studies suggested HFABP was associated with specific features of brain atrophy and white matter Hyperintensities burden, independently of amyloid and tau pathology biomarkers (Clark et al., 2022; Vidal-Piñeiro et al., 2022).

There are several limitations to this work. First, our study was limited by sample size. The sample size was too small for performing subgroup analyses to detect significant differences. Second, our study included patients with and without dementia to maximize the sample size, which might introduce heterogeneity and slight bias. Finally, we did not determine the plasma levels of HFABP, which will likely influence the CSF levels of HFABP.



Conclusion

In summary, the present study demonstrated that HFABP was associated with tau pathology and longitudinal cognitive function. Tau pathology might partially mediate the association between HFABP and cognition. Further analyses in large cohorts are needed to validate such findings. Our findings suggested that tau pathology may mediate the role of lipid metabolism in AD development.
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Schizophrenia (SCZ), which is characterized by debilitating neuropsychiatric disorders with significant cognitive impairment, remains an etiological and therapeutic challenge. Using transcriptomic profile analysis, disease-related biomarkers linked with SCZ have been identified, and clinical outcomes can also be predicted. This study aimed to discover diagnostic hub genes and investigate their possible involvement in SCZ immunopathology. The Gene Expression Omnibus (GEO) database was utilized to get SCZ Gene expression data. Differentially expressed genes (DEGs) were identified and enriched by Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and disease ontology (DO) analysis. The related gene modules were then examined using integrated weighted gene co-expression network analysis. Single-sample gene set enrichment (GSEA) was exploited to detect immune infiltration. SVM-REF, random forest, and least absolute shrinkage and selection operator (LASSO) algorithms were used to identify hub genes. A diagnostic model of nomogram was constructed for SCZ prediction based on the hub genes. The clinical utility of nomogram prediction was evaluated, and the diagnostic utility of hub genes was validated. mRNA levels of the candidate genes in SCZ rat model were determined. Finally, 24 DEGs were discovered, the majority of which were enriched in biological pathways and activities. Four hub genes (NEUROD6, NMU, PVALB, and NECAB1) were identified. A difference in immune infiltration was identified between SCZ and normal groups, and immune cells were shown to potentially interact with hub genes. The hub gene model for the two datasets was verified, showing good discrimination of the nomogram. Calibration curves demonstrated valid concordance between predicted and practical probabilities, and the nomogram was verified to be clinically useful. According to our research, NEUROD6, NMU, PVALB, and NECAB1 are prospective biomarkers in SCZ and that a reliable nomogram based on hub genes could be helpful for SCZ risk prediction.
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Introduction

Schizophrenia (SCZ) is a multifaceted mental illness with a broad variety of clinical and physiological manifestations; this disorder affects 20 million people and ranks among the top 25 leading causes of disability worldwide (Roy, 1986; GBD 2019 Diseases and Injuries Collaborators, 2020). SCZ is related with an approximately 15-year reduction in life expectancy in comparison to the gross population and a 5–10 percent lifetime risk of suicide. The low quality of life caused by cognitive impairment and mortality risks make SCZ a severe public health burden (Cloutier et al., 2016; Avramopoulos, 2018; Wahbeh and Avramopoulos, 2021). Despite the abundance of literature of SCZ manifestations, its exact etiology and pathogenesis are poorly known. Therefore, research on the pathogenesis and genetic mechanisms of SCZ is crucial.

The whole-transcriptome gene expression profiling study has been extensively utilized to discover SCZ-associated genes, identify disease-associated biomarkers, and anticipate treatment benefit. FOS was found to be a biomarker related to central and peripheral changes in SCZ (Huang et al., 2019), with NFKBIA, CDKN1A, BTG2, and GADD45B being recognized as core SCZ genes (Feng et al., 2022). Autophagy-related competing endogenous RNAs have been found to exhibit diagnostic efficacy in SCZ (Li R. et al., 2021). Moreover, S100B is regarded as a marker of nervous system impairment, and elevated levels have been seen in individuals with SCZ at illness onset as well as in drug-naive patients (Langeh et al., 2021). Several additional immunological indicators in microglia cells, such as cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2), have been proposed as possible new therapeutic targets for SCZ treatment (Najjar et al., 2013). However, due to a lack of objective diagnostic methods, definitive assessment and therapy selection for SCZ remain problematic. To increase the efficacy of treatment methods, it is critical to develop innovative biomarkers that are strongly connected with SCZ.

Our research intended to investigate gene expression alterations in the pathophysiology of SCZ and to develop new possible diagnostic biomarkers. In this work, we scrutinized two Gene Expression Omnibus (GEO) datasets and sorted out 24 differentially expressed genes (DEGs) from prefrontal cortex (PFC) samples. The essential modules associated with SCZ were identified and four hub genes, NEUROD6, NMU, PVALB, and NECAB1, were sorted using the support vector machine–recursive feature elimination (SVM-RFE), random forest (RF), and least absolute shrinkage and selection operator (LASSO) algorithms. Then, utilizing hub genes, we developed and validated a predictive nomogram for clinical SCZ diagnosis. The diagnostic values of the four hub genes and the nomogram model were validated with good accuracy per receiver operating characteristics (ROC) curves. The selected four hub genes and nomogram could help improve SCZ diagnosis in high-risk patients, thereby helping to elucidate the neuropsychiatric etiology of SCZ.



Materials and methods


Data processing

GSE211381 and GSE539872 [GPL570 platform (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0] were obtained from the GEO database. We collected datasets including PFC samples, of which GSE21138 contained 29 normal and 30 SCZ samples and GSE53987 contained 19 normal and 15 SCZ samples. Then, the R packages limma and sva were applied for profiles combination and the normalization. Probes not matching any known gene were eliminated. If more than one probe matched to a gene, the average expression was aggregated. The Perl programming language was used to remove lncRNA profiles and identify mRNA matrix files. The R package ggplot2 was used to normalize data after processing. Information of datasets is listed in Supplementary Table 1. The study’s flow diagram is shown in Figure 1.


[image: image]

FIGURE 1
Study workflow.




Differentially expressed genes identification

To find DEGs between SCZ and healthy samples, the limma R package was employed. The cutoff criteria were adjusted P < 0.05 and | log fold change (FC) | > 0.5. Using the ggplots package, the heatmap and volcano diagram were generated.



Enrichment analysis

To determine the biological implications of genes and functions, DEGs were subjected to GO, Kyoto Encyclopedia of Genes and Genomes (KEGG), and DO analyses using clusterProfiler and DOSE package. A P-value of less than 0.05 was set as the cutoff criterion.



Gene set enrichment

GSEA is a computer tool to determine the accordance of a highly enriched gene set. The reference gene set, “c2.cp.kegg.v6.2. symbols.gmt,” was downloaded from the Molecular Signature Database (MSigDB). Enrichment sets comprising fewer than 10 or more than 200 genes were omitted. The upregulated pathways had a normalized enrichment score (NES) greater than zero, whereas the downregulated pathways had a NES less than zero. Five of the most essential pathways were determined (FDR < 0.05).



Weighted gene co-expression network analysis

We combined and batch-processed the data from GSE21138 and GSE53987. Weighted gene co-expression network analysis (WGCNA) package was used to assess the trait-related modules. A topological overlap matrix was constructed from the expression profile. The soft-thresholding power of 5 and minimum module size of 30 were set to screen core modules. A height limit of 0.25 was used as a guideline for modules combination. The modules were then tested using Pearson’s correlation test at a significance threshold of P 0.05.



Support vector machine, random forest, and least absolute shrinkage and selection operator model construction

First, candidate genes were found by crossing DEGs with genes of WGCNA hub module. Next, hub genes were classified by overlapping genes from the SVM-RFE method with the e1071 package (Noble, 2006), the RF algorithm with the randomForest R package (Paul et al., 2018), and the LASSO algorithm with glmnet package (Vasquez et al., 2016).



Single sample gene set enrichment analysis

Single sample gene set enrichment analysis (ssGSEA), using the GSVA package, was performed to compare the infiltration of 28 immune cells within normal and SCZ samples (Hänzelmann et al., 2013). We identified 28 immunocytes: immature dendritic cells, type 1 T helper cells, activated CD4 + T cells, T follicular helper cells, activated dendritic cells, CD56 dim NK cells, central memory CD4 + T cells, effector memory CD4 + T cells, eosinophils, gamma delta T cells, activated CD8 + T cells, CD56 bright natural killer (NK) cells, mast cells, myeloid-derived suppressor cells, B cells, effector memory CD8 + T cells, monocytes, natural killer cells, natural killer T cells, macrophages, neutrophils, plasmacytoid dendritic cells, regulatory T cells, central memory CD8 + T cells, immature B cells, type 17 T helper cells, and type 2 T helper cells, memory B cells.



Nomogram model construction

To forecast the incidence of SCZ, rms package was applied to develop the diagnostic nomogram model. “Points” denotes scores of the corresponding factor. Following that, the nomogram model’s predictive ability was evaluated using a calibration curve (Chen et al., 2019). Finally, the practical applicability of the model was assessed using decision curve analysis (DCA) (Vickers and Elkin, 2006). We used the pROC package (Wolbers et al., 2009) to conduct ROC curve and the diagnostic capacities of hub genes and the nomogram model were examined using the area under the curve (AUC).



qRT-PCR validation

SCZ models were obtained from rats injected intraperitoneally with saline or MK801 (Sigma-Aldrich, St.) (0.5 mg/kg body weight) for 6 days continuously. Total RNA from the rat PFCs was extracted with TRIzol reagent (Takara, Shiga, Japan). 500 ng mRNA in total was transcribed reversely using a Prime-Script RT reagent Kit (Takara), and qRT-PCR was performed at a final volume of 20 μL. Thermal settings were 95°C for 30 s, 40 cycles of 95°C for 10 s, and 60°C for 30 s. Hub gene expression was determined using the 2–Δ Δ CT methodology. Primers information is shown in Table 1.


TABLE 1    Primer sequences used in this study.
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Connectivity map analysis

The online platform Connectivity Map (CMap)3 was used to measure the connectivity between illnesses gene expression features and compound-induced gene signatures to better comprehend drug mechanisms and uncover novel therapeutic compounds. Thus, DEGs were uploaded to the CMap database to anticipate the possible therapeutic small-molecule medicines on SCZ.



Statistical analysis

R software (version 4.1.3) was used for data examination. The Wilcoxon test was performed for groups comparation, and P < 0.05 was defined as a significant difference.




Results


Differentially expressed genes identification in schizophrenia and healthy control groups

In this study, two microarray datasets (GSE21138 and GSE53987) were used to analyze differential expression. The expression matrix before and after normalization is shown in Supplementary Figure 1. In the integrated expression matrix, there were 24 DEGs revealed, with 10 upregulated and 14 downregulated, as shown in Figures 2A,B. The protein–protein interactions of the DEGs are shown in Supplementary Figure 2.


[image: image]

FIGURE 2
DEG screening between SCZ and healthy control. (A) Volcano graphic visualizing DEGs of SCZ and normal samples. (B) Heatmap of DEGs among normal and SCZ samples.




Functional analysis

GO analysis revealed 232 biological processes (BP), 29 cellular components (CC), and 28 molecular functions (MF), as shown in Supplementary Table 2. Figure 3A lists the top 10 GO items. DEGs were significantly enriched in neuropeptide pathways, adult behavior, aging, pallium development, axon terminals, neuron projection terminals, and receptor-ligand activity. According to KEGG analysis, DEGs were enriched in neurofunctional ligand-receptor interactions, as shown in Figure 3B. DO analysis revealed 54 items, as shown in Supplementary Table 3. Figure 3C shows the top ten items revealed by each functional and enrichment analysis. GSEA as shown in Supplementary Table 4 demonstrated the genes upregulated were primarily enriched in the Notch and TGF-beta signaling pathway, as shown in Figures 4A,B; downregulated genes were enriched in neurofunctional processes, as shown in Figure 4A, including GABAergic synapses, serotonergic synapses, circadian entrainment, synaptic vesicle cycle, morphine addiction, and dopaminergic synapses. Figure 4C shows the top five items.
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FIGURE 3
Functional DEG enrichment. (A) GO analysis. (B) KEGG pathway analysis. (C) DO analysis.
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FIGURE 4
GSEA analysis for DEGs. (A) Ridgeline plot of GSEA analysis results. (B) Top five enrichment terms for upregulated DEGs. (C) Top five enrichment terms for downregulated DEGs.




Overlap between schizophrenia-related module genes with differentially expressed genes

A scale-free network with a soft threshold of 5 (R2 = 0.91) was built, as shown in Figure 5A and Supplementary Figure 3. Subsequently, we computed module eigengenes, which indicate the total gene expression level of each module and were grouped based on their association. Three modules were identified, as shown in Figure 5B. Only one module was correlated with SCZ (turquoise; cor = -0.27, P = 0.01). The 64 genes related with SCZ identified in this module were maintained for future investigation, as shown in Figures 5C,D. Finally, eight genes were determined to overlap between DEGs and the selected Genes in MEturquoise and are also shown in Figure 5E.
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FIGURE 5
Identification of critical modules by WGCNA. (A) Scale-free fit index and mean connectivity for different soft-thresholding powers. (B) Topological overlap dissimilarity aggregation of DEGs clusters. (C) Module-feature correlations Each row represents a module list, whereas each column represents a clinical characteristic. The first line of each cell includes the associated correlation, while the second line gives the P-value. (D) Scatter plot of the turquoise module. (E) Venn diagram for overlapped genes.




Hub gene identification

To discover gene signatures, the eight candidate genes were submitted into SVM-RFE, RF, and LASSO. We identified an eight-gene signature using SVM with a precision of 0.711, as shown in Figures 6A,B. The random forest method sorted eight genes with importance scores greater than four, as shown in Figures 6C,D. LASSO regression analyses identified four gene signatures, as shown in Figures 6E,F. To obtain a robust gene signature for SCZ, we determined which genes overlapped from the three methods and obtained four hub genes: NEUROD6, NMU, PVALB, and NECAB1, as shown in Figure 6G. NEUROD6, NMU, PVALB, and NECAB1 were significantly decreased in SC samples compared to control, as shown in Figures 7A,B. Correlation analysis showed that the four genes had robust positive correlations with each other, as shown in Figure 7C.
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FIGURE 6
Hub gene identification. (A) Eight gene signatures were identified by SVM-RFE analysis with an accuracy of 0.711. (B) Error of 0.289. (C) Prediction accuracy of the RF model. (D) Gene importance scores of RF model. (E) Cross-validation to select the optimal tuning parameter log (Lambda) in LASSO regression analysis. (F) LASSO coefficient profiles of candidate genes. (G) Venn diagram of four hub genes shared by the SVM-RFE, RF, and LASSO algorithms.
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FIGURE 7
Expression analysis of hub genes. (A) Expression of four hub genes in SCZ and control groups. (B) Heatmap of hub gene expression. (C) Correlation between hub genes. **P < 0.01, ***P < 0.001 vs. Ctrl.




Gene set enrichment of the hub genes

To further uncover the probable roles of NEUROD6, NMU, PVALB, and NECAB1, we conducted GSEA. Genes in the low expression categories of the four hub genes were significantly enriched in allograft rejection, autoimmune thyroid disease, graft vs. host disease, antifolate resistance, and glycosaminoglycan biosynthesis, as shown in Figure 8.
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FIGURE 8
GSEA analysis of hub genes. Top 5 GSEA enrichment in the high and low expression gene set of (A) NEURO6, (B) NMU, (C) PVALB, and (D) NECAB1.




Correlation of hub genes and immunocyte infiltration

We investigated the pattern of immunocytes infiltration using ssGSEA and found that the abundance of CD56 bright NK cells, gamma delta T cells, mast cells, follicular T helper cells, and central memory CD8 + T cells were much greater in SCZ samples than in normal samples, whereas the regulatory T cells and effector memory CD8 + T cells was significantly reduced, as shown in Figure 9A and Supplementary Figure 4. Furthermore, we calculated the correlation between hub gene expression and infiltrating immune cells, and the results showed that most immunocytes had a significant negative connection with hub genes, as shown in Figure 9B. These results imply that the inflammatory components may play an essential role in the development of SCZ, and hub genes may have a novel regulatory role in immune function.
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FIGURE 9
Immune cell distribution in SCZ. (A) Differences in infiltrated immune cells between SCZ and control groups. (B) Correlation analysis between hub genes and immune cells.




Diagnostic model construction

A nomogram model for SCZ diagnosis was established based on NEUROD6, NMU, PVALB, and NECAB1, as shown in Figure 10A. The calibration curve indicated that the variance between observed and predicted risk was limited, indicating that the nomogram model performed very well in predicting SCZ, as shown in Figure 10B. At the risk threshold of 0.1–1.0, DCA showed that the hub genes curve was above the gray line and indicated a significant net benefit from using nomograms to forecast SCZ risk, as shown in Figure 10C. The AUC of the nomogram reached at 0.724, and the 95% confidence interval (CI) ranged from 0.622 to 0.827, as shown in Figure 10D. High-accuracy risk prediction of the diagnostic nomogram for SCZ was observed.
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FIGURE 10
Nomogram model construction for SCZ diagnosis. (A) Nomogram to predict SCZ risk. (B) Calibration curve evaluation for the diagnostic potential of the nomogram model. (C) DCA curve to assess the nomogram practical efficacy. (D) ROC curve to evaluate prediction accuracy.




Diagnostic evaluation of hub genes

We further evaluated the diagnostic values of the four hub genes (NEUROD6, NMU, PVALB, and NECAB1) and nomogram model scores in GSE21138 and GSE53987 using ROC curves. The AUC values of hub genes in SCZ and healthy samples measured in GSE21138 were NEUROD6:0.731 (95% CI, 0.600–0.862), NMU: 0.737 (95% CI, 0.602–0.871), PVALB: 0.739 (95% CI, 0.613–0.865), and NECAB1:0.668 (95% CI, 0.526–0.810). The AUC of the nomogram model score was 0.813 (95% CI, 0.702–0.923), as shown in Figure 11A. In GSE53987, the AUC of hub genes were NEUROD6: 0.867 (95% CI, 0.739–0.995), NMU: 0.758 (95% CI, 0.572–0.994), PVALB: 0.877 (95% CI, 0.764–0.990), and NECAB1: 0.723 (95% CI, 0.535–0.911). The AUC of the nomogram model score was 0.937 (95% CI, 0.863–1.000), as shown in Figure 11B. These results indicate that the four hub genes may have significant diagnostic value for SCZ. The AUC of the nomogram model based on the four hub genes was larger than that of a single hub gene, suggesting that when hub genes were regarded together, the diagnostic value was greater, which is more conducive to clinical SCZ prediction.
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FIGURE 11
Diagnostic evaluation of hub genes and nomogram score. ROC curve to evaluate prediction accuracy in (A) GSE21138 and (B) GSE53987.




Hub gene validation

The experimental design was approved by the Animal Ethics Committee of the First Hospital of Jilin University (NO: 20210637). NEURO6, NMU, and NECAB1 were downregulated in the MK801-induced SCZ rat model compared to the control. Nevertheless, no significant changes were observed in PVALB expression, as shown in Figure 12.
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FIGURE 12
qPCR validation. Comparison of gene expression between SCZ rat model and control in (A) NEURO6, (B) NMU, (C) PVALB, and (D) NECAB1. *P < 0.05, ***P < 0.001 vs. Ctrl.




Drug prediction for schizophrenia treatment

Differentially expressed mRNAs in SCZ were submitted to the CMap database to predict prospective small-molecule compounds with SCZ therapeutic potential. Drugs exhibiting negative correlations have the potential to improve SCZ symptoms. The top ten small molecular drugs (all connectivity scores > 0.7) are shown in Figure 13. Among these, LE-300 is a dopamine receptor antagonist, WAY-161503 is a serotonin receptor agonist, and endo-IWR-1 is an inhibitor of the Wnt/-catenin signaling pathway.
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FIGURE 13
Drugs prediction. CMap instances organized by compounds and cell lines depict the most significant positive and negative correlations to the impact on SCZ. The connection score, shown on the x-axis, represents the strength of the association.





Discussion

SCZ is a psychiatric disorder with high global prevalence and a multifactorial biological etiology. The mechanics of SCZ are yet to be completely understood. Clinical manifestations of SCZ include hallucinations, disordered emotions, and social isolation caused by disruptions of the immunological, metabolic, and endocrine systems (McCutcheon et al., 2020). Owing to the likelihood of developing disability and rising prevalence, SCZ not only significantly impacts patient health but also has major public health implications (Carpenter and Buchanan, 1994). Therefore, understanding the critical pathways and gene signatures in SCZ could aid in the assessment of risk evaluation, pathogenesis, and personalized therapy.

In this work, we conducted a comprehensive examination of SCZ using PFC samples, which was revealed as a hub region correlated with SCZ. Impaired cognitive functions and aberrant behaviors have been consistently implicated in patients with SCZ with decreased PFC volumes (Tomasik et al., 2016). Despite the complexity of PFC functional regions, the connectivity between the basal ganglia, inferior frontal gyrus, hippocampus, lateral habenular, and other brain atlases is characterized by extremely complex anatomical networks and variability in behavior and activation (Zhou et al., 2015; Brady et al., 2019; Mathis et al., 2021). However, both hypo- and hyperfrontality have been hypothesized as valid and informative reflections of PFC dysfunction in SCZ. The basis of this dysfunction and its exact contributions remain unclear (Manoach, 2003). These variables may also impact the co-prevalence of certain autoimmune illnesses and some instances of SCZ (Tomasik et al., 2016).

Cells of the immune system and the central nervous system can interact. The immune system responds to infection, tissue damage and trauma by releasing substances that trigger an inflammatory response. Inflammatory cytokines released by the immune system are considered to be a key feature of neurological pathology, such as chronic pain, neurodegenerative diseases, spinal cord injuries, and neuropsychiatric disorders, particularly SCZ (Skaper et al., 2014). Immune infiltration impairment was found in the SCZ PFC, which is consistent with previous findings (Maas et al., 2017). A higher CD56 bright NK cells proportion has been observed in SCZ patients, with activation to secrete TNF-α and IFN-γ, which causes damage to the central nervous system (Miller et al., 2013). Mast cell infiltration may also affect cognitive performance (Skaper et al., 2014). Increased gamma/delta T lymphocytes in unmedicated patients with SCZ impair the blood–brain barrier (Wo et al., 2020). Abundant increases in any of these cell types of influence SCZ pathology. Moreover, the number of regulatory T cells (Treg) was found to decrease in SCZ samples. Inflammatory disorders and SCZ have been linked throughout the recent decades. Immunological-mediated neuropathology is a rising issue, and new research emphasizes the significance of innate immune signaling in SCZ (Hartwig et al., 2017; Yang and Tsai, 2017). Tregs may contribute to the improvement of negative symptoms in SCZ (Kelly et al., 2018). Elevated Tregs in SCZ are correlated with fewer negative symptoms, possibly by counteracting ongoing inflammatory processes (Corsi-Zuelli and Deakin, 2021). Recent studies have demonstrated regulatory connections between microglia, astrocytes, and Tregs. Treg cell dysfunction relates to glial damage, low-level inflammation, and reduced life expectancy in SCZ (Kelly et al., 2018; Corsi-Zuelli et al., 2021). Tregs are also capable of promoting oligodendrocyte differentiation and (re)myelination. Treg knockout mice had markedly reduced remyelination and oligodendrocyte differentiation, resulting in cognitive impairment (Dombrowski et al., 2017). Our study revealed the immune infiltration landscape of SCZ, which paved the way for designing immunotherapy for SCZ based on molecular alterations.

For decades, pathophysiological investigations on SCZ have concentrated on dopaminergic and glutamatergic neurotransmission abnormalities, with scant clinical advancements. Microarray data may now be utilized to uncover hub genes, interaction networks, and pathways that interpret SCZ, according to the tremendous progress of bioinformatics. In this study, DEGs were mainly enriched for neurofunctional activities. The CMap database predicted highly correlated molecular drugs (connectivity scores > 0.7) for SCZ treatment. Bumetanide is a selective antagonist of Na-K-Cl cotransporter (NKCC1) which can reduce intracellular chloride concentrations and enhances the inhibitory effect of GABAergic neurons, an FDA-approved drug with the potential to treat or prevent cognitive impairment in SCZ syndrome (Lemonnier et al., 2016). CCL2 levels are significantly higher in patients with SCZ, dysregulated CCL2 may be one of the important reasons for the negative symptoms of SCZ, and the duration of the disease is closely related to the negative symptoms (Hong et al., 2017). CCL2 inhibition by oral administration of bindarit may potentially improve symptoms of SCZ (Raghu et al., 2017). Rifaximin can reduce gut-derived inflammation, which may also contribute to the relief of SCZ (Li H. et al., 2021; Patel et al., 2022). The brain-gut axis refers to the two-way communication network between the brain and the gut. Different signals from the gastrointestinal tract can regulate brain function through neural, endocrine, immune, metabolic and other pathways (Lach et al., 2018). When the types of intestinal microbes change, the central nervous system will also change accordingly, which is mainly due to the change of metabolites of intestinal microbes (Erny et al., 2015). Although the reasons for this are not fully understood, altering the gut microbiome can improve mental activity, emotional and cognitive processes and behavior in animals (Zheng et al., 2016; Valles-Colomer et al., 2019). Further analyses are necessary to analyze the effect of these molecules on behavioral tests in animal models of SCZ and patients with SCZ.

Based on bioinformatics methods, this is the first study to find four hub genes closely related to SCZ (NEUROD6, NMU, PVALB, and NECAB1). Enrichment and immune infiltration analyses showed that these genes might lead to the onset of SCZ by regulating the genetic process of cells or affecting the immune environment. The NEUROD family (NEUROD1, 2, 4, 6) is a key regulator of neural progenitor cell differentiation (Tutukova et al., 2021). NEUROD6 plays a role in cytoskeletal protein function, mitochondrial trafficking, membrane potential regulation, and mitochondrial chaperoning (Cherry et al., 2011). NEUROD6 may also improve cellular resistance to oxidative stress, which is important in neurodegenerative illness prevention including Parkinson’s disease and autism spectrum disorder (Viereckel et al., 2016). Recently, NEUROD6 was revealed as a potential biomarker for of Alzheimer’s disease (AD) diagnosis. Alzheimer’s animal models and postmortem Alzheimer’s patients have both shown low levels of NEUROD6 expression (Satoh et al., 2014). Locomotion was dramatically increased in NEUROD6-KO mice with repeated psychostimulant administration, and optogenetic stimulation of NEUROD6-Cre VTA neurons was found to trigger glutamatergic postsynaptic currents as well as DA secretion in nucleus accumbens (Bimpisidis et al., 2019). Information processing is affected by γ-aminobutyric acid (GABA) neurons that produce parvalbumin, somatostatin, or vasoactive intestinal peptides (Fachim et al., 2018). Parvalbumin (PVALB) deficits or downregulation are common in patients with SCZ (Tsubomoto et al., 2019). PV-deficient (PV-/-) mice exhibit a strong autism-like behavioral phenotype. PVALB neurons exhibit precise control over spike timing, leading to the formation and regulation of gamma rhythms, which are necessary for sensory perception and awareness (Janickova et al., 2021). NMDA receptor hypofunction in pyramidal cells results in decreased activity of PVALB neurons, thus reducing network gamma oscillatory activity (Kaur et al., 2020). Neuromedin U (NMU) is widely distributed neuropeptide. NMU is involved in physiological activities, including feeding behavior, metabolism, physiological stress, circadian rhythmicity, and inflammatory processes (Ly and Root, 2021; Sasaki-Hamada et al., 2021), as well as reward circuits (Anan et al., 2020). The ability of neuropeptides to reduce food intake in rodents prompted the modification of peptide ligands (Vallöf et al., 2020). NMU receptor activation promotes GABAergic neurons in the hippocampus (Ghashghayi et al., 2022). Recent research indicates that NMU may regulate psychomotor activity. NMU-21 elicits anxiolytic-like effects in the goldfish brain (Matsuda et al., 2020). As the major calcium-binding protein in CB1/CCK-positive interneurons, neuronal calcium-binding protein 1 (NECAB1) is found in several excitatory neuron populations in the rat spinal cord. The soma volume of pyramidal cells immunoreactive for NECAB1 is significantly reduced in SCZ (Maldonado-Avilés et al., 2006).

Correlation analysis found that the four hub genes were highly positively correlated with one another (all cor > 0.6). Therefore, we suspect that they play a vital role in SCZ pathology. Furthermore, we established a nomogram model for SCZ risk prediction. The diagnosis and treatment of SCZ currently are mostly dependent on clinical surveys with inadequate response rates. Recurrence of symptoms is typical among people who cease treatment. Precise diagnosis and early precautions for SCZ are essential to help reduce suffering and enhance the prognosis of the condition. In the present two datasets of SCZ, the AUCs of the four hub genes were greater than 0.65. These results suggest that NEUROD6, NMU, PVALB, and NECAB1 have good diagnostic values. Moreover, the AUC of the nomogram model reached 0.813 (GSE21138) and 0.937 (GSE53987), which exhibited excellent accuracy for disease prediction. Collectively, NEUROD6, NMU, PVALB, NECAB1, and the nomogram model of the four hub genes have great potential as diagnostic biomarkers and therapeutic targets for SCZ.

This study was subjected to the following limitations. First, four hub genes were identified by qPCR, and their localization and distribution should be verified, and the model method may cannot completely simulate SCZ. This may be one of the reasons that the results of qPCR were not completely consistent with expectations. Second, the scope of this study was insufficient to include detailed validation of in vivo and in vitro. Third, more clinical and demographic characteristics of patients with SCZ should be included in the study for further subgroup analysis.



Conclusion

Based on bioinformatics methods, a gene signature of NEUROD6, NMU, PVALB, and NECAB1 that intimately associated to SCZ were initially identified. A predictive nomogram for the clinical diagnosis of SCZ was established. This predictive nomogram can be applied clinically to identify patients at high risk of SCZ.
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Objective: We performed this systemic review to investigate the therapeutic potential and safety of adjunctive accelerated repetitive transcranial magnetic stimulation (aTMS) for older patients with depression.

Methods: We included published randomized clinical trials (RCTs) and observational studies targeting adjunctive aTMS for older patients with depression.

Results: Two open-label self-controlled studies (n = 29) fulfilled the criteria for inclusion. The included studies reported significant improvements in depressive symptoms from baseline to post-aTMS (all Ps < 0.05). One study reported a dropout rate of 10.5% (2/19). Mild headache was the most common adverse reaction.

Conclusion: The currently available evidence from two open-label self-controlled studies indicates that adjunctive aTMS is a safe and effective therapy for older patients with depression.

KEYWORDS
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Introduction

Depression is a leading cause of disability (World Health Organization, 2017), and occurs in 7% of the elderly population worldwide (World Health Organization, 2016). A diagnosis of depression in old age is often associated with poorer long-term prognoses, higher recurrence rates, lower quality of life, and a greater likelihood of morbidity and early mortality (Mitchell and Subramaniam, 2005; Aziz and Steffens, 2013). Up to 1/3 of individuals experiencing major depressive disorder (MDD), particularly in the elderly population, fail to achieve clinical remission after acute pharmacological treatment (Rush et al., 2006). Because comorbid physical diseases are common, elderly patients with depression are highly likely to experience side effects of medication (Kok and Reynolds, 2017). Thus, non-pharmacological treatments, such as electroconvulsive therapy (ECT) (Dong et al., 2018; Jiang et al., 2020), transcranial magnetic stimulation (TMS) (Blumberger et al., 2015; Conelea et al., 2017), transcranial direct current stimulation (tDCS) (Kumar et al., 2020; Brooks et al., 2021), vagus nerve stimulation (VNS) (van Rooij et al., 2020), deep brain stimulation (DBS) (McDonald, 2016) and theta-burst stimulation (TBS) (Cristancho et al., 2020), may be reasonable alternatives for older patients with depression.

A type of non-invasive brain stimulation, repetitive transcranial magnetic stimulation (rTMS), was approved by the FDA as a treatment for MDD in 2008 (Holtzheimer et al., 2010). A network meta-analysis of 81 randomized clinical trials (RCTs) found that active rTMS showed a significantly higher clinical response and remission rates than non-active rTMS (Brunoni et al., 2017). A typical course for rTMS involves five days of treatment/week over a period of 3–6 weeks (Holtzheimer et al., 2010). However, this schedule may be inconvenient for patients and can hinder compliance (Frey et al., 2020). Thus, consolidating the treatment (e.g., over 2–3 days) may make it more accessible and could potentially increase compliance.

Accelerated rTMS (aTMS) protocols have been studied as a potential solution for this problem (Sonmez et al., 2019). Recent meta-analyses have found that aTMS protocols may be effective for individuals suffering from depression (Sonmez et al., 2019) and post-stroke depression (PSD) (Frey et al., 2020). A randomized controlled study (RCT) of twice-daily rTMS for the treatment of MDD found that rTMS given twice daily was effective and safe (Loo et al., 2007). Two open-label studies have also reported positive findings for adjunctive aTMS as a therapy in addition to antidepressants for older patients with depression (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019). For example, Dardenne et al. reported that aTMS was safe and well-tolerated in older patients with MDD (≥65 years old) (Dardenne et al., 2018). Similarly, a recent study reported that aTMS protocol (two sessions per day) is a safe and effective treatment for older patients (≥60 years old) suffering from treatment-resistant depression (TRD) (Desbeaumes Jodoin et al., 2019).

To date, no systematic review examining the therapeutic role and safety of adjunctive aTMS for older patients with depression has been published. In view of this important gap, we conducted this review to systematically investigate the efficacy and safety of adjunctive aTMS for older patients with depression.



Methods


Search strategy and selection criteria

Two investigators (X-YZ and RX) independently searched electronic databases (including PsycINFO, Cochrane Library, PubMed, EMBASE, Chinese Journal Net, and WanFang) and manually checked reference lists of the included studies (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019) and relevant reviews (Mutz et al., 2019; Sonmez et al., 2019) for eligible studies on adjunctive aTMS for older patients with depression. The initial search was completed by two investigators (XYZ and RX) on December 16, 2021, using the following search terms: (accelerated TMS OR accelerated rTMS OR aTMS OR accelerated transcranial magnetic stimulation OR accelerated repetitive transcranial magnetic stimulation) AND (depression OR depressed OR depressive) AND (aged OR elderly OR older adult OR aging).

In line with PRISMA guidelines (Moher et al., 2009), we included studies that fulfilled the following PICOS criteria. Participants: older patients (≥60 years old) suffering from uni- or bi-polar depression, as defined by the respective studies. Intervention vs. Comparison: real aTMS with antidepressants vs. antidepressant monotherapy or sham aTMS wiht antidepressants; aTMS added to antidepressants (observational studies). Outcomes: the primary outcome was changed in depressive symptoms as measured by depression scales [i.e., the Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979; Zhong et al., 2011)]. Key secondary outcomes reported in this systematic review were study-defined response and remission, dropout rate, and adverse events. Study: only published RCTs or observational studies (single-group, before-after design) investigating the efficacy and safety of aTMS in combination with antidepressants for older patients with uni- and bi-polar depression were eligible for inclusion. As reported previously (Mutz et al., 2019), TBS included the following three different treatment strategies: intermittent TBS, continuous TBS, or bilateral TBS. Thus, studies with at least two rTMS sessions rather than one TBS session per day were included. Review articles, retrospective studies, and case reports/series were excluded.



Data extraction

Two independent investigators (X-YZ and RX) extracted relevant data from each included study. Any disagreements were resolved through consensus or, if needed, through discussion with the senior author (WZ). Missing data were requested by contacting first and/or corresponding authors and/or searching for the data from other reviews (Sonmez et al., 2019).



Quality assessment

The quality of RCT were independently evaluated by two investigators (X-YZ and RX) using the Cochrane risk of bias (Higgins et al., 2011).




Results


Study selection

As shown in Figure 1, we identified a total of 109 hits in this systematic review. In the end, two open-label self-controlled studies met the inclusion criteria and were included in our qualitative analysis (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019).


[image: Figure 1]
FIGURE 1
 PRISMA flow diagram.




Study characteristics

The characteristics of the two observational studies (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019), covering 29 older patients with MDD (n = 27) or bipolar depression (n = 2), are summarized in Table 1. One of the studies (n = 10) (Dardenne et al., 2018) was conducted in Belgium; the other (n = 19) (Desbeaumes Jodoin et al., 2019) was conducted in Canada.


TABLE 1 Summary of characteristics of included studies.

[image: Table 1]



Assessment of study quality

We did not use the Cochrane risk of bias assessment because no RCTs fulfilled the inclusion criteria.



Depressive symptoms

As shown in Table 2, the two included studies consistently reported significant improvements in depressive symptoms from baseline to post-aTMS (all Ps < 0.05). In Dardenne et al.'s (2018) study, 40% (4/10) of older patients with MDD showed responses, and 20% (2/10) met the remission criteria. In Desbeaumes Jodoin, Miron and Lespérance (2019) study, 14 out of 19 older patients (73.7%) responded to aTMS, and 63.2% (12/19) met remission criteria.


TABLE 2 The improvement of depressive symptoms after aTMS.

[image: Table 2]



Dropout rate and adverse events

Dropout rate and adverse events are summarized in Table 3. The dropout rate was 10.5% (2/19) in Desbeaumes Jodoin, Miron and Lespérance (2019) study and 0% (0/10) in Dardenne et al.'s (2018) study. Mild headaches were the most common adverse events, accounting for 40% of side effects (Dardenne et al., 2018).


TABLE 3 Dropout rate and adverse events.
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Discussion

This article is the first systematic review to examine the potential therapeutic role and safety of adjunctive aTMS for older patients (≥60 years old) suffering from depression. Only two observational studies (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019) involving 29 older patients with depression were included in this systematic review. The two studies (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019) were published within the last three years, indicating that this is a novel and clinically important topic. This systematic review provides preliminary support for the utility of aTMS for reducing depressive symptoms in older patients with depression. Furthermore, adjunctive rTMS was safe and well-tolerated in elderly depressed patients. However, aTMS may have resulted in higher discomfort rates than standard daily rTMS (Fitzgerald et al., 2018).

According to this systematic review, adjunctive aTMS appears to be effective in treating older patients suffering from depression, although the long-term efficacy was not reported. The rationale for an accelerated approach comes from the idea that repeated application of stimulation within short time intervals could be associated with greater antidepressant effects (Sonmez et al., 2019). A recent review reported that high-frequency (HF) rTMS delivered over the left dorsolateral prefrontal cortex (DLPFC) could reduce suicidal behavior in individuals with the treatment-resistant depression (Godi et al., 2021).

The response rates of HF rTMS tended to range from 20 to 30% (O'Reardon et al., 2007; Avery et al., 2008; George et al., 2010), which was far lower than the response rate to aTMS (73.7%) (Desbeaumes Jodoin et al., 2019). However, a recent RCT, involving 115 outpatients with MDD who randomly received either aTMS or standard daily rTMS, found that aTMS and rTMS had comparable efficacy for treating depression (Fitzgerald et al., 2018). Although this systematic review found that aTMS may be an effective therapy in elderly patients with depression, a variety of parameters have been applied to the two included studies (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019). For example, the total stimuli of aTMS ranged between 31,200 and 90,000, and the optimal parameters for aTMS remain unclear.

The following limitations must be considered. First, only two open-label self-controlled studies (single-group, before-after design) examining the efficacy and safety of adjunctive aTMS for older patients with depression were included (Dardenne et al., 2018; Desbeaumes Jodoin et al., 2019). Second, the relatively small sample sizes in both studies potentially reduced their power and increased the possibility of type II error. Third, this systematic review on adjunctive aTMS for older patients with depression has not been registered. Fourth, given that the heterogeneity between the studies, a quantitative analysis could not be performed in this study. Finally, some important outcome measures, such as cognitive functioning, were not reported in the included studies.



Conclusions

The current evidence from open-label self-controlled studies, while limited, indicates that adjunctive aTMS is a safe and effective therapy for older patients with depression. Further RCTs with rigorous methodology need to be performed in order to confirm and extend these findings.
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With the development trend of an aging society, Alzheimer’s disease (AD) has become an urgent problem in the field of medicine worldwide. Cognitive impairment in AD patients leads to a decline in the ability to perform daily living and abnormalities in behavior and personality, causing abnormal psychiatric symptoms, which seriously affect the daily life of patients. Currently, mainly drug therapy is used for AD patients in the clinic, but a large proportion of patients will experience drug efficacy not working, and even some drugs bring severe sleep disorders. Acupuncture, with its unique concept and treatment method, has been validated through a large number of experiments and proved its reliability of acupuncture in the treatment of AD. Many advances have been made in the study of the neurobiological mechanisms of acupuncture in the treatment of AD, further demonstrating the good efficacy and unique advantages of acupuncture in the treatment of AD. This review first summarizes the pathogenesis of AD and then illustrates the research progress of acupuncture in the treatment of AD, which includes the effect of acupuncture on the changes of biochemical indicators in AD in vivo and the specific mechanism of action to exert the therapeutic effect. Changes in relevant indicators of AD similarly further validate the effectiveness of acupuncture treatment. The clinical and mechanistic studies of acupuncture in the treatment of AD are intensified to fit the need for social development. It is believed that acupuncture will achieve new achievements in the treatment of AD as research progresses.

KEYWORDS
Alzheimer’s disease, senile dementia, mechanism of action, acupuncture therapy, curative effect


Introduction

Alzheimer’s disease (AD) is a chronic brain degenerative disease characterized by progressive distant and near memory impairment, decreased ability of analysis and judgment, emotional changes, behavioral disorders, and even disturbance of consciousness. it is one of the major diseases seriously endangering the health of the elderly (Pfundstein et al., 2022; Rodini et al., 2022). The etiology of AD is related to many factors. The typical pathological changes are a large number of senile plaques (SP) between nerve cells, neurofibrillary tangles (NFTs) in nerve cells, and neuronal loss. Among all dementia patients, AD patients are the most common and account for the vast majority (about 60–70% of the total number of dementia). Autopsy studies of dementia show that 50 of 70% of the patients are AD (Aborode et al., 2022; Flores et al., 2022). Recent reports have shown that there are about 46 million AD patients worldwide, which will double every 20 years in the future. AD poses a serious threat to the health and safety of the elderly. Thirty years later, it is estimated that the global number of AD patients will reach an alarming 131.5 million. The incidence of AD was positively correlated with age, and there were more females than males. Since the 1980s, the epidemiological survey data on the prevalence of AD in various countries around the world are relatively similar, and the prevalence of dementia in people over 65 years old is about 5% (Eid et al., 2022; Kishino et al., 2022). AD is present at a higher prevalence of 20% in individuals older than 80 years, and the prevalence increases with age. The highest prevalence of AD in people aged 60 and over in Europe and North America was 5.4 and 6.4%, respectively; 4.9% in Latin America; 3.8 and 3.9% in Eastern Europe; China 4%.

At present, for this intractable type of disease, there are no effective drugs and technical means for clinical treatment given at home and abroad (Martersteck et al., 2022; Ruengchaijatuporn et al., 2022). There are currently several claims in the clinic to the related pathogenesis of Alzheimer’s disease, namely the cholinergic doctrine, the tau protein hypothesis, the neurovascular doctrine, the oxidative stress doctrine, the β- Amyloid theory, the brain-gut axis theory, etc., whether brain extracellular amyloid peptide exists β (Aβ) Deposition and intracellular tau protein (Tau) hyperphosphorylation while neurofibrillary tangles are the pathological diagnostic criteria of the disease, but the exact etiology of the AD is not well understood, and an effective cure for the AD is lacking to date. AD is a multi-factor and multi-mechanism disease, which has posed a serious threat to human health. As an important part of traditional medicine, acupuncture has the characteristics of multi-target, multi-way, and multi-level functions. Similarly, there are many clinical studies on acupuncture for the treatment of AD. Li R. et al. (2020) randomized 60 AD patients into treatment and control groups, 30 each. Patients in both groups were treated with oral donepezil hydrochloride and conventional therapy. The control group was given conventional acupuncture. In the treatment group, “Fengchi,” “Tianzhu,” “Wangu,” “Panfeng,” “Fengfu,” and “Zhongwan” acupoints were sampled. In the control group, they were treated with common acupuncture, including “Baihui,” “Sishencong,” “Intang,” “Shenting,” “Taixi,” and “Xuanzhong” acupoints. The overall response rate was 82.1% in the treatment group and 72.4% in the control group. Moreover, cognition and memory were significantly improved after treatment.

This article reviews the recent studies on acupuncture and moxibustion in the treatment of AD at home and abroad. It is found that acupuncture can regulate the overall regulation of AD by regulating abnormal protein expression in the brain, regulating the physiological and pathological state of microglia, regulating mitochondrial autophagy, regulating epigenetic modification, giving full play to neuron protection, improving synaptic plasticity, regulating oxidative stress and regulating energy metabolism. In-depth analysis of the effect mechanism of acupuncture and moxibustion in the treatment of AD, and reveal its deep action principle, to provide a scientific and reasonable theoretical basis for clinical diagnosis and treatment of AD.



Research status of action mechanism


Pathways and effects of acupuncture in the treatment of AD

From the perspective of traditional Chinese medicine, neurodegenerative diseases are diseases of the brain. At present, numerous studies have shown that acupuncture at the “Baihui” acupoint can promote the treatment of encephalopathy. The acupoint selection criteria for the treatment of memory disorders, except the “Baihui” acupoint, are based on the symptoms of the brain disease itself and associated underlying diseases (de Pins et al., 2019; Li G. et al., 2019).

Acupuncture stimulation intensity and frequency are also important for the treatment of diseases. Found that high-intensity acupuncture at “Baihui,” and “Dazhui” acupoints improved the learning and memory function of AD rats better than low-intensity acupuncture. Wang et al. (2020c) studied the therapeutic effects of acupuncture “Baihui” and “Shenshu” at different frequencies (50, 30, and 2 Hz) on AD rats and the underlying mechanisms. The results showed that acupuncture downregulated GSK-3β levels in the hippocampus of AD Rats, upregulated GAP-43 levels, and 50 Hz acupuncture improved learning and memory function and repaired synaptic damage in AD rats better than 30 and 2 Hz (Lin et al., 2018).

Combination drugs have also tried to improve the effect of acupuncture on memory impairment. Yang et al. (2021) explored the efficacy and mechanism of a combination of electroacupuncture at “Baihui,” and “Yintang” acupoints and donepezil in the treatment of AD. The results showed that acupuncture enhanced the effect of donepezil on improving learning and memory function in AD rats and facilitated the transport of donepezil through the blood-brain barrier by regulating the expression of matrix metalloproteinase nine, low-density lipoprotein receptor-related protein one and PGP Aβ (Wegmann et al., 2018).

Acupuncture at the acupoints “Baihui,” “Dazhui,” and “Zusanli” combined with gastrodin in the treatment of learning and memory impairment in AD rats. Acupuncture or gastrodin both improved cognitive function and upregulated SIRT1, Bcl2, and PGC-1α in AD rats expression, inhibiting the expression of Bax, and protecting hippocampal neurons, but the effect of combined acupuncture and gastrodin was better than that of acupuncture or gastrodin alone. Interestingly, laser acupuncture improved cognitive impairment induced by cerebral ischemia and modulated the expression of CREB, BDNF, Bcl2, and Bax genes, exerting neuroprotective effects. In addition, some physical therapies, such as transcranial magnetic stimulation, moxibustion, massage, and rehabilitation therapy, can also improve the effect of acupuncture, which needs attention (Jiang et al., 2017; Guo et al., 2020; Hang et al., 2022).

As shown in Figure 1, the mechanism of action of acupuncture is closely related to the repair of synaptic plasticity in the hippocampus. This review focuses on the pathogenesis of AD (synaptic proteins, ad signature proteins, gut flora, neuroinflammation, neuronal apoptosis, and changes in energy metabolism) and the role of acupuncture in the treatment of AD. It is also worth highlighting that synaptic plasticity in the hippocampus may be a central and common link to the above mechanisms.
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FIGURE 1
Effects of acupuncture intervention on neuroplasticity in AD pathogenesis. With the focus on synaptic plasticity in the hippocampus, the mechanisms by which acupuncture affects memory impairment are reviewed in terms of synaptic proteins, ad signature proteins, gut microflora, neuroinflammation, and energy metabolism.




Acupuncture intervention modulates central neurotransmitter release

Neurobiochemistry reveals that amino acid neurotransmitters are hardly related to learning and memory (Al-Nasser et al., 2022). Glutamate (Glu) is the capital excitatory neurotransmitter of pyramidal neurons, which acts an essential role in learning and memory, synaptic plasticity in development, neuronal survival, and dendritic growth and degeneration. Its function is regulated by N-methyl-D-aspartate (NMDA) receptor. Long-term synaptic enhancement (LTP) is considered to be a physiological mechanism of information storage and memory formation in the brain (Khavinson et al., 2021). DMNA receptors are considered to be closely related to learning and memory due to the existence of LTP. The relationship between Glu and LTP can be summarized as follows: stimulation-> postsynaptic NMDA receptor activation-> channel opening-> Ca2+ influx-> cell membrane depolarization-> LTP (Catarzi et al., 2007). There are excitatory amino acids and inhibitory amino acids in the brain, which play the role of neurotransmitters and act a crucial role in the process of learning and memory (Noda, 2016; Du et al., 2020).

The pathogenesis of AD associated with changes in excitatory amino acid content in brain tissue has long been demonstrated. Tang et al. (2005) used alginic acid injection to make a rat dementia model, acupuncture “Dazhui,” “Shenshu,” “Taixi,” and “Housanli” acupoints to observe the function of acupuncture on the content of Glu and aspartic acid (Asp) in the brain of senile dementia rats. It was detected by high-performance liquid chromatography and ultraviolet spectrophotometer colorimetry. The results showed that the level of Glu and Asp in the brain tissue of the model group were significantly lower than those of the sham operation group (P < 0.01), suggesting that the changes in Glu and Asp contents were closely related to the pathogenesis of AD, which was consistent with the related experiment outcome (Hynd et al., 2004; Natale et al., 2006). After acupuncture and dihydroergotamine methanesulfonamide (Hydergine) treatment, the level of Glu and ASP in the brain of model rats decreased significantly (P < 0.05), suggesting that increasing the content of excitatory amino acids in the brain of senile dementia rats may be one of the effective mechanisms of acupuncture in the treatment of senile dementia. According to AD’s glutamatergic hypothesis, the increase of synthesis and release of excitatory amino acids (EAAS), especially Glu, leads to excitatory neurotoxicity, which leads to neuronal degeneration and death is an important mechanism of AD brain degeneration (O’Neill et al., 2004). Shi and Zhuang (2020) observed the synthesis and release of EAAS in different brain regions by acupuncture at “Shuigou” and “Neiguan” acupoints of SAM-P/8 mice, the results point out that acupuncture could decrease the abnormally increased content of Glu, Asp, and glutamine, suggesting that the regulating effect of acupuncture on EAAS metabolism may be one of the important mechanisms in the treatment of AD.



Acupuncture intervention modulates the activity of acetylcholine (ACh), acetylcholine transferase (ChAT), and acetylcholinesterase (AChE)

It has been found that the cholinergic projection system from the basal forebrain nucleus to the cerebral cortex and hippocampus is called the forebrain cholinergic system, which is closely related to advanced neural activities such as learning and memory (Zhang et al., 2022). The most obvious changes in the central cholinergic system of AD are the basal forebrain cholinergic system, including the basal nucleus of Meynert and the medial septal nucleus, which project to an extensive region of the hippocampus and cerebral cortex. About 90% of cholinergic neurons are lost in the basal forebrain of patients with AD (Li, 2022). Neurobiochemical studies have shown that Ach synthesis and ChaT activity are decreased in patients with AD, which is inextricably linked to the progression of dementia.

The degeneration of the cholinergic system in the basal forebrain may be the major cause of cognitive impairment in patients with AD (Gu and Wang, 2021; Letsinger et al., 2022). Wang and Zhou (2009) established the AD model by microinjection of Aβ1-40 into bilateral Meynert basal nuclei of rats to study the effect of acupuncture on the contents of Ach, ChAT, and AchE in the brain of AD model rats. After acupuncture at “Baihui,” “Zusanli,” and “Shenshu” acupoints for 1 month, to test the function of acupuncture on the synthesis and decomposition of ACh in the hippocampus and cortex, it is important to detect the activity and content of ache, ACh, and chat It was found that the activity of ChAT and the content of Ach in the cortex and hippocampus of AD rats induced by Aβ1-40 decreased significantly, while the activity of AchE increased significantly, and the rate of AchE and Ach in brain tissue increased significantly, which was consistent with AD’s cholinergic theory (Vecchio et al., 2021). The outcome points out that the level of activities of Ach, ChAT, and AchE in the cortex and hippocampus in the acupuncture group were different from those in the model group (P < 0.01). It has been proved that acupuncture can increase the activity of ChAT, inhibits the activity of AchE, promote the synthesis of Ach, inhibit the decomposition of Ach, increases the content of Ach in brain tissue, and reverse memory loss (Reale and Costantini, 2021). Yu et al. (2021) used scopolamine injection to make a senile dementia model in rats and mice, and acupuncture at the “Yongquan” acupoint was carried out alternately for 30 days. The activity of AchE in the brain of senile dementia mice and the hippocampus of senile dementia rats were detected, respectively. The experimental demonstration that the activity of AchE in the brain of mice in the scopolamine model group was significantly lower than that in the control group (P < 0.05), and the brain AchE in the model group was significantly higher than that in the model group after acupuncture (P < 0.05). The hippocampal AchE of senile dementia model rats was significantly lower than that of the control group, and acupuncture had a significant effect on hippocampal AchE response of senile dementia model rats, which was significantly different from that of the model group. In a word, it is suggested that acupuncture has a significant function on the activity of acetylcholinesterase in the brain of senile dementia mice and the hippocampus of senile dementia rats (Sutalangka et al., 2013; Yang Q. et al., 2019; Zhang et al., 2019).



Acupuncture modulates monoamine neurotransmitter release

Monoamine neurotransmitters in brain tissue include: 5-HT, NA, and DA, 5-HT are important neurotransmitters for maintaining normal intelligence. The brain system of patients with AD was severely damaged, with an average reduction of 61% of the concentration of 5-HT in the frontal lobe (Plini et al., 2021; Tripathi and Mazumder, 2021). NA is widely projected to the entire central nervous system through axonal connections, participates in the regulation of the excited state of the entire cerebral cortex, and has a wide range of effects on arousal, sensory, emotional, and higher cognitive functions.

The activity of NA in the cerebral cortex of AD decreased significantly, and the loss of NA neurons and the change in NA activity were related to the severity of AD. Ma et al. (2020) made an AD model by microinjection of 6-hydroxydopamine into the ascending dorsal tract of NA in the rat brain, resulting in the decrease of learning and memory function in rats, which proved that the levels of central NA and DA were closely related to learning and memory. Bao and Lv (2003) used Alcl3 to replicate the senile dementia model of chronic aluminum poisoning, acupuncture at “Fengfu” acupoint for 14 days, and drug control treatment with nimodipine tablet (NM), intragastric administration once a day for 14 days (Kaur et al., 2021). The contents of monoamine neurotransmitters 5-HT, NA, and DA in brain tissue were determined, and the behavior test was carried out by a Y-type electric maze. The results showed that acupuncture at the “Fengfu” acupoint could significantly improve the memory impairment of dementia-like mice, and significantly increase the low contents of 5-HT, NA, and DA in brain tissue (P < 0.05). It is suggested that the mechanism of acupuncture at “Fengfu” acupoint in the treatment of senile dementia may be to increase the content of monoamine neurotransmitters in brain tissue (Von Linstow et al., 2017; Wang et al., 2018; Babić Leko et al., 2021). Zhao et al. (1999) the aged SD rats were stochastically divided into the aged group and the aged acupuncture group, the young SD rats were the young control group, and the elderly acupuncture group was treated with acupuncture at “Yongquan” acupoints of both hindlimbs alternately every other day for 30 days (Esteban et al., 2017). The results prove that the level of monoamine neurotransmitters in the brain of aged acupuncture rats and aged rats were significantly lower than that of young rats (P < 0.05). The content of monoamine neurotransmitters in the brain of aged acupuncture rats was significantly higher than that of aged rats (P < 0.05). It shows that the excitability of central nervous system activity which is closely related to learning and memory ability decreases after aging, and acupuncture can reduce the extent of its decline (Nazarali and Reynolds, 1992; Storga et al., 1996; Trabace et al., 2007; Dekker et al., 2015; Gruden et al., 2016; Vermeiren et al., 2016).



Mechanisms of inflammatory action in the brain of patients with AD and acupuncture inhibition of inflammatory responses in brain tissue

A large number of research have demonstrated that the inflammatory mechanism acts a vital role in the pathogenesis of AD (Cheng et al., 2022; Sun et al., 2022). The neuroinflammatory mechanism of AD has been studied for more than 20 years, but it is still not fully understood. A large number of genetic and immunological analyses show that there is a significant link between inflammation and AD pathology, as shown in Figure 2 (Wang et al., 2022). Modern medical studies have shown that the core pathological mechanism of AD is that Aβ deposition activates microglia to cause inflammation in neuroinflammatory plaques. In the early stage of inflammation, microglia express phagocytic receptors to clear Aβ (An et al., 2022). With the increase of Aβ, Aβ blocks phagocytosis receptors and makes microglia lose phagocytosis. On the contrary, microglia are activated to release inflammatory cytokines, such as IL-1β, IL-6, TNF-α, and so on. These inflammatory factors in turn activate microglia and astrocytes to produce APP and Aβ, forming a malignant positive feedback loop, resulting in a sharp increase in the amount of APP and Aβ (Yousaf et al., 2022). Recent studies have shown that cytokines IL-1 and IL-6 are not only important immune regulatory factors but also have a wide range of central regulatory effects. IL-1 is a kind of cytokine with an immunomodulatory function.
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FIGURE 2
Mechanism of cerebral nerve inflammation in healthy people and patients with AD. A large number of genetic and immunological analyses have demonstrated a significant link between inflammation and AD pathology.


In patients with AD, IL-1 is overexpressed in the receptive area of the cerebral cortex, and the concentration in the tissue increases accordingly (Yue et al., 2022). Tang et al. (2005) used the method of chemical damage to establish the AD rat model, and selected acupoints: “Dazhui,” “Shenshu,” “Taixi,” and “Housanli” acupoints (Wang et al., 2020c). A total of 30 days was a course of treatment. The level of IL-1 and IL-6 in rat brain tissue were tested by radioimmunoassay. The experimental results indicated that the levels of IL-1 and IL-6 in the sham operation group were significantly lower than those in the model group (P < 0.01), while the content of IL-1 and IL-6 in the acupuncture group and Hydergine group were significantly lower than those in the model group (P < 0.05), but significantly higher than those in the sham operation group (P < 0.05) (Cai et al., 2019). The results suggest that the increase of IL-1 and IL-6 levels in brain tissue is closely related to the pathogenesis of AD, which is consistent with the conclusions of previous studies. And acupuncture can significantly reduce the levels of IL-1 and IL-6 in the brain tissue of AD model rats, its effect is similar to that of Hydergine (Jiang et al., 2021; Liao et al., 2022). It is suggested that acupuncture can reduce the levels of IL-1 and IL-6 in the brain tissue of AD rats, which may be one of the effective mechanisms of acupuncture in the treatment of AD. Huang et al. (1998) observe the effect of acupuncture on the inflammatory reaction of AD. RT-PCR (reverse transcriptase polymerase chain reaction) was used to detect the expression of IL-1β and IL-6 in the brain of AD model rats induced by bacterial lipopolysaccharide (Li Y. et al., 2020; Wang et al., 2020b,c; Xie et al., 2021). Acupuncture can reduce the expression of IL-1β and IL-6, suggesting that acupuncture can play a therapeutic role by inhibiting the specific inflammatory reaction in the brain of AD (Fang et al., 2013; He et al., 2017; Cai et al., 2019; Wang et al., 2020a; Yang and Dong, 2020).



Acupuncture ameliorates neuronal antioxidant damage as well as the free radical scavenging effect

Many pieces of evidence suggest that mitochondrial abnormalities are closely related to the disease. However, the significant increase in oxidative damage of neurons is limited to the cytoplasm of susceptible neurons (Aborode et al., 2022; Beura et al., 2022; Estévez-Silva et al., 2022; Maina et al., 2022). We believe that abnormal mitochondria in susceptible neurons play a source role by providing diffusible hydrogen peroxide on the membrane to the surrounding cytoplasm, as shown in Figure 3. The cytoplasm is more vulnerable to hydrogen peroxide because: (1) The cytoplasm is less protected than mitochondria (Kaur et al., 2022); (2) the catalase / SOD ratio decreased in patients with AD, thus reducing the ability to effectively scavenge hydrogen peroxide (Mesa-Herrera et al., 2022; Yoshida et al., 2022); (3) abundant oxidizing metal ions catalyze the Fenton reaction to produce highly active hydroxyl radicals. Therefore, by releasing excess hydrogen peroxide, abnormal mitochondria transmit a series of events involving rich metal ions and cause damage in the cytoplasm (Abu-Elfotuh et al., 2022).
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FIGURE 3
The source and mechanism of cytoplasmic oxidative damage are involved in AD. The mitochondrial (intrinsic) apoptotic pathway includes the release of proapoptotic factors located in the mitochondrial intermembrane space via the mitochondrial permeability transition (MPT). Once in the cytoplasm, mitochondrial proteins such as cytC, Smac/Diablo, and Omi/HtrA2 mediate caspase-dependent, whereas endog and AIF induce caspase-independent apoptosis.


While the current study showed that acupuncture largely improved the symptoms of AD by inhibiting oxidative stress in AD (Wu et al., 2017). As shown in Figure 4, it is clear to us that acupuncture specifically ameliorates oxidative stress in AD by which pathways and ways: (1) It further alleviates oxidative stress by increasing the synthesis of antioxidant components in the body, thereby reducing the generation of ROS. (2) Acupuncture exerts its effects against oxidative stress by regulating ROS-related signaling pathways and the generation of downstream proteins, thereby reducing apoptosis. (3) Acupuncture directly affects Aβ Protein generation and packing. (4) Acupuncture repairs proteins, lipids, and DNA that are directly damaged by ROS. (5) Acupuncture similarly inhibits oxidative stress by ameliorating neuroinflammation (Tain and Hsu, 2017). In addition to the specific action pathways of acupuncture described above (Nrf2/ARE related signaling pathway), acupuncture can reduce oxidative stress and reduce neuroinflammation through multiple signal transduction pathways, Aβ Production, aggregation, and phosphorylation of tau. Acupuncture can activate Nrf2 and PGC-1α, Inhibit NOx, thereby reducing ROS production. In addition, acupuncture can reverse mitochondrial dysfunction and further decrease the phosphorylation of Tau (Chang et al., 2019).
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FIGURE 4
Acupuncture ameliorates AD by suppressing the effects of oxidative stress. Acupuncture can reduce oxidative stress and reduce neuroinflammation through multiple signal transduction pathways, Aβ Production, aggregation, and phosphorylation of Tau.


Oxidative stress acts an increasingly crucial role in the pathogenesis of AD. Lipid peroxidation is not only the inducement of cell membrane aging but also the result of cell aging (Wei et al., 2022; Xin et al., 2022). Lipid peroxidation is induced by oxygen free radicals, and the cytotoxicity of lipid peroxidation products such as MDA plays a vital role in neuronal degeneration and necrosis, leading to the occurrence and development of AD. Wang et al. (2004) used free radical theory and cholinergic theory, to explore the effects of acupuncture on antioxidation and cholinergic system function of the hippocampus and cerebral cortex of pseudo-AD rats (Chang et al., 2019). It was found that the level of MDA in the cerebral cortex of the acupuncture group was significantly lower than that of the model group (P < 0.01), while the activity of SOD was significantly increased (P < 0.01). In the determination of AchE, the activity of AchE in the model group was significantly lower than that in the acupuncture group (P < 0.01) (Yang J. et al., 2019; Zhang et al., 2019). The experimental results show that acupuncture treatment of AD may be achieved through antioxidation. Liu and Fu (2014) made an AD rat model by intraperitoneal injection of D-galactose. The effects of acupuncture at “Baihui,” “Fengfu,” “Shenshu,” and “Xuanzhong” acupoints on the behavior and the contents of serum MDA and T-AOC in AD rats were observed. It turned out that the acupuncture group and acupuncture combined with the medicine group could prolong the latency of the step-down test, reduce the number of errors (P < 0.05), decrease the level of serum MDA and increase the content of T-AOC (P < 0.05) (Wu et al., 2017). To summarize the above results, acupuncture can improve the level of serum T-AOC, enhance the ability of antioxidation, and reduce the damage of free radicals in AD rats. Guan et al. (2001) in the observation of the effects of acupuncture at “Baihui,” “Dazhui,” and “Mingmen” acupoints on the level of nitric oxide (NO), MDA, and the activity of SOD in the brain tissue of subacute aging mice induced by D-galactose, the experiments proved that the level of NO and MDA in the brain tissue of subacute aging mice increased significantly, while the activity of SOD decreased significantly, which could reverse the above indexes after acupuncture, suggesting that acupuncture at “Baihui,” “Dazhui,” and “Mingmen” acupoints has the effect of anti-brain aging (Ye et al., 2017). Its mechanism may be related to its ability to inhibit the free radical reaction and increase the activity of antioxidant enzymes.



Inhibition of neuronal apoptosis

Long-term experimental results proved that mitochondria are the critical factors in the early induction and regulation of apoptosis (Li Y. et al., 2022; Weber Boutros et al., 2022). Apoptotic stimuli such as DNA damage, ROS, or Fas signals mediate the death of mitochondrial cells by causing the release of small pro-apoptotic proteins generally located in the intermembrane space of the mitochondria, as shown in Figure 5 (Xiong et al., 2022). Once in the cytoplasm, pro-apoptotic proteins such as Cytochrome c (Cyt c), mitochondrial-derived second caspase activator/low-PI direct IAP binding protein (Smac/Diablo), AIF, and endonuclease G trigger caspase-dependent or independent apoptotic death pathways. In the caspase-dependent mechanism, Cyt c binds to a junction molecule, apoptotic protein activator-1 (APAF-1), to form an apoptotic body. In the presence of ATP or dATP, Caspase 9 is recruited and activated. Caspase 9 further cleaves and activates effector Caspase 3 and/or 7, which treats substrates such as caspase-activated DNA enzyme (ICAD) or PARP, and leads to DNA fragmentation. AIF translocates to the nucleus in a caspase-independent manner, where it induces DNA fragmentation and chromatin agglutination, while ending induces internucleosomal DNA fragmentation.
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FIGURE 5
Mitochondrial apoptotic pathway. The mitochondrial (intrinsic) apoptotic pathway includes the release of proapoptotic factors located in the mitochondrial intermembrane space via the mitochondrial permeability transition (MPT). Once in the cytoplasm, mitochondrial proteins such as cytC, Smac/Diablo, and Omi/HtrA2 mediate caspase-dependent, whereas endog and AIF induce caspase-independent apoptosis.


It is well known that acupuncture can improve the symptoms of AD patients by inhibiting the apoptosis of nerve cells in a variety of ways and pathways, as shown in Figure 6. (1) On the one hand, increasing the synthesis of antioxidants, and on the other hand, reducing the generation of oxidative stress products, thereby exerting a protective effect on nerve cells. (2) Exerts anti-apoptotic effects on nerve cells by regulating ROS-related signaling pathways and the expression of downstream proteins. (3) Acupuncture inhibition α-Synuclein production as well as accelerating its clearance. The effect of acupuncture on improving neuronal apoptosis in AD via the Nrf2/ARE-related pathway is shown in Figure 6 (Ebrahimi-Fakhari et al., 2016). On the other hand, we can also clearly see that acupuncture inhibits GSK-3β by upregulating the expression of BDNF, PI3K/Akt, and Protein Kinase C pathway, further increasing the nuclear translocation, accumulation, and transactivation of Nrf2. In addition, acupuncture can also exert a protective effect on nerve cells by affecting the nuclear translocation of NFkB and thereby downregulating the expression of proinflammatory genes. In addition, acupuncture also promotes mitochondrial biogenesis. Interestingly, the effect of acupuncture on the p38 MAPK pathway has a duality (Gao et al., 2021).
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FIGURE 6
Acupuncture ameliorates neuronal apoptosis in AD by regulating the Nrf2/ARE-related pathway in vivo. NFκB the antioxidant effect of Nrf2 can be inhibited by blocking the area region and thereby preventing gene transcription.


Apoptosis refers to the orderly, cell-autonomous death of cells controlled by genes that maintain homeostasis (Ynag et al., 2021). The apoptosis of brain neurons in patients with AD is 30–50 times higher than that in normal subjects, resulting in a decrease in neurons in the hippocampus, basal forebrain, and neocortex, so apoptosis is one of the important reasons for the decrease in the number of neurons in AD brain tissue (Song et al., 2020; Zhang et al., 2020). It has been found that the changes in morphological structure and function of mitochondria are the key links leading to the disturbance of energy metabolism in the brain, and the disturbance of energy metabolism is closely related to the loss of AD neurons, the formation of senile plaque, nerve fiber tangles and so on. It is well known that apoptosis refers to the programmed death of cells, and as the key molecule “Bcl” of the apoptosis family, one, in turn, divides it into two categories, Bcl2 and Bax, according to the role it plays. Dong et al., found that acupuncture at the “Baihui” and “Shenting” acupoints could directly inhibit apoptosis of cells and thus ameliorate symptoms (improve memory impairment) in MCAO rats by regulating the interaction of Bax and BCL2. Huang et al. (1998) found that by acupuncture model rats (Aβ-140 stimuli) of “Baihui,” “Dazhui,” and “Zusanli” acupoints, which can significantly downregulate Bax protein expression in the rat hippocampus, while upregulating Bcl2 protein expression, thereby inhibiting hippocampal neuronal apoptosis (Yang et al., 2021). Zhang et al. (2017) found that acupuncture at “Baihui,” “Fengfu,” and “Renyu” acupoints significantly decreased the expression levels of Caspase 3 and Bax proteins in the hippocampus of model mice (APP / PS1), which exert protective effects on nerve cells, further improve the symptoms of mice (improved learning and memory ability). In addition to this, numerous studies directly point out that acupuncture exerts anti-apoptotic effects by inhibiting C-Jun amino-terminal protein kinase signaling pathway and thereby inhibiting hippocampal neuronal apoptosis in AD model mice (Huang et al., 2019).



Activation of hippocampal protein kinase

Protein kinase (PKC) takes part in physiological processes related to cognitive ability (Yang S. et al., 2022). To some degree, PKC is included in so-called cognitive kinases (Lu et al., 2022). It regulates synaptic transmission, and several of its substrates, including Marcks, GAP-43, and NMDA receptors, take part in information processing and storage (Wu et al., 2022). For GAP-43 at least, PKC phosphorylation sites act a crucial role in regulating memory-related tasks, as shown in Figure 7 (Yamahashi et al., 2022).
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FIGURE 7
Possible role of PKC activation in AD. Activation of PKC directly inhibits GSK 3β of activity, increases APP protein processing, and in turn inhibits Tau hyperphosphorylation; And reduces Aβ accumulation of proteins.


In recent years, it has been found that the dysfunction of the signal pathway in the brain of senile dementia is closely related to the decrease in the activity of protein kinase. the imbalance between the activity of protein kinase and phosphatase will lead to the hyperphosphorylation of the tau protein, which aggravates the pathological changes of senile dementia (Ortiz-Sanz et al., 2022). Traditional Chinese medicine and acupuncture have certain advantages in the treatment of senile dementia, and whether their mechanism is related to the activation of the suppressed protein kinase signal pathway in the hippocampus is worthy of in-depth study (Zou et al., 2022). Tang et al. (2005) cut off the fimbria-fornix to establish the model of senile dementia. “Baihui,” “Yongquan,” “Taixi,” and “Xuehai” acupoints were selected in the acupuncture group. After 20 times of treatments, the contents of membrane PKC and tyrosine-protein kinase (PTK) in hippocampal tissue cells of each group were measured by radioimmunoassay (Wang et al., 2021). The results show that acupuncture may activate membrane receptors to activate protein kinases such as PKC through corresponding signal transduction pathways and participate in cell growth factor signal transduction: One may be by activating the intracellular PTK connected to it, which can take the receptor itself as the substrate and transduce the signal of tyrosine phosphorylation by PTK, which converts the growth factor signal into an intracellular signal; and maintains the normal metabolism, proliferation, and growth of cells; promote the regeneration of neurons (Li G. et al., 2019; Zheng et al., 2020). The second is that acupuncture promotes the synthesis of nerve growth factor (NGF) in the hippocampus of senile dementia rats. Together with activated PTK, activating PKC; PKC through PLC or IP3-Ca2+ pathway can further promote protein synthesis or related gene expression necessary for the formation of learning and memory, to improve the learning and memory impairment of senile dementia (Lin et al., 2015; Zhang et al., 2017).



Inhibition of microtubule-associated protein expression

The Aβ cascade hypothesis suggests that the treatment of AD can start with the restoration of the Aβ balance in the brain (Li Q. et al., 2019; Wang et al., 2021). Based on this, there are mainly four ways to reduce the formation of Aβ, that is, to prevent or reduce the formation of Aβ by targeting amyloid precursor secretase, to clear the deposition of amyloid in the brain by active or passive immunity, to prevent or reduce the accumulation of Aβ and to enhance the clearance of Aβ, as shown in Figure 8 (Zhang et al., 2017).
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FIGURE 8
The hypothesis of amyloid cascade with the participation of tau protein. Targeting amyloid precursor secretase thereby prevents or reduces Aβ formation, clearance of amyloid deposits from the brain by active or passive immunization, and prevention or reduction of Aβ aggregation and enhancement of Aβ of clearance.


Current research has demonstrated that the phosphorylation of tau protein is closely related to NFT and AD, and tau protein is the only essential component of NFT (Li R. et al., 2022; Yang B. et al., 2022). Hyperphosphorylation of Tau protein not only reduces its activity of promoting microtubule assembly but also further destroys microtubules by consuming normal tau protein, microtubule-associated protein MAP1, and MAP2, resulting in axoplasmic transport disorder, neuronal process breakage, neuronal degeneration and disintegration, neuronal degeneration and formation of NFT (Teja et al., 2021). Neuronal fiber degeneration caused by NFT act an essential role in the pathogenesis of AD and is parallel to the clinical dementia symptoms of AD patients (Wang et al., 2021). Jiang (2020) taking the AD model rats induced by intraperitoneal injection of D-galactose and intragastric feeding of AlCl3 as the research object, acupuncture at “Baihui,” “Dazhui,” “Shenshu,” “Zusanli,” and “Taixi” acupoints (Yu et al., 2020a). The number of Tau protein-positive cells in the hippocampal CA1 region was detected by immunohistochemistry and in situ hybridization. The results showed that the expression of Tau protein in the hippocampal CA1 region in the acupuncture group and western medicine group was significantly lower than that in the blank group and model control group (P < 0.01). It is suggested that acupuncture can prevent and treat AD by inhibiting the expression of the microtubule-associated protein Tau (Lee et al., 2009; Liu and Fu, 2014; Zhang et al., 2017; Huang et al., 2020; Ma et al., 2020; Yang et al., 2020; Yu et al., 2020b,2021).



Thinking and prospect

As one of the characteristic parts of nonpharmacological therapies and traditional Chinese medicine (TCM), acupuncture plays an effective defensive and therapeutic role for ad with many advantages: (1) It can obviously improve AD symptoms, green and safe with no toxic side effects; (2) Most existing studies of acupuncture have confirmed that acupuncture treatment of ad is not achieved by only one mechanism of action, but by multi-target multi-pathway intervention; (3) All derived from traditional Chinese medicine ideas, according to the characteristics of different etiological disease mechanisms combined with traditional Chinese medicine theory and acupuncture theory as a support based on acupoint selection group formula, is a new idea and method of delaying the progress of AD, and is a new way to prevent and treat AD; (4) Forming a standardized diagnosis and treatment protocol, and making clear the selection of points, operations, parameters, courses, etc., are significant for the promotion of clinical practical applications, it also needs to be continually verified and continually improved in clinical practice, aiming to enrich the means of acupuncture treatment and improve clinical efficacy.

With the development trend of social aging, AD is an urgent problem to be solved in the medical field all over the world. at present, there is no specific drug to treat this disease. Acupuncture with its unique ideas and treatment methods, through a large number of experiments, to verify the reliability of acupuncture treatment of AD. Many advances have been made in the study of the neurobiological mechanism of acupuncture in the treatment of AD, which further proves the good efficacy and unique advantages of acupuncture in the treatment of AD. Animal experiments on related indicators have been widely carried out, but there are few studies on clinical cases, which is also related to the fact that patients and their families do not pay enough attention to the disease. Strengthen the clinical and mechanism research of acupuncture and moxibustion treatment of AD to meet the needs of social development. It is believed that with the progress of research, acupuncture will make new achievements in the treatment of AD.
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Background: Patients with Alzheimer’s disease (AD) are known to exhibit visuospatial processing impairment, as reflected in eye movements from the early stages of the disease. We investigated whether the pattern of gaze exploration during visual tasks could be useful for detecting cognitive decline at the earliest stage.

Methods: Sixteen AD patients (age: 79.1 ± 7.9 years, Mini Mental State Examination [MMSE] score: 17.7 ± 5.3, mean ± standard deviation) and 16 control subjects (age: 79.4 ± 4.6, MMSE score: 26.9 ± 2.4) participated. In the visual memory task, subjects memorized presented line drawings for later recall. In the visual search tasks, they searched for a target Landolt ring of specific orientation (serial search task) or color (pop-out task) embedded among arrays of distractors. Using video-oculography, saccade parameters, patterns of gaze exploration, and pupil size change during task performance were recorded and compared between AD and control subjects.

Results: In the visual memory task, the number of informative regions of interest (ROIs) fixated was significantly reduced in AD patients compared to control subjects. In the visual search task, AD patients took a significantly longer time and more saccades to detect the target in the serial but not in pop-out search. In both tasks, there was no significant difference in the saccade frequency and amplitude between groups. On-task pupil modulation during the serial search task was decreased in AD. The number of ROIs fixated in the visual memory task and search time and saccade numbers in the serial search task differentiated both groups of subjects with high sensitivity, whereas saccade parameters of pupil size modulation were effective in confirming normal cognition from cognitive decline with high specificity.

Discussion: Reduced fixation on informative ROIs reflected impaired attentional allocation. Increased search time and saccade numbers in the visual search task indicated inefficient visual processing. Decreased on-task pupil size during visual search suggested decreased pupil modulation with cognitive load in AD patients, reflecting impaired function of the locus coeruleus. When patients perform the combination of these tasks to visualize multiple aspects of visuospatial processing, cognitive decline can be detected at an early stage with high sensitivity and specificity and its progression be evaluated.
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Introduction

In the aging population, there is an ever-increasing number of patients with Alzheimer’s disease (AD), a common form of dementia characterized by progressive memory disorder (Lopez and Kuller, 2019). Along with the deposition of tau protein and amyloid-beta protein, neurodegeneration occurs in multiple brain areas such as the hippocampus, posterior cingulate gyrus, and the associative areas of the cerebral cortex in AD.

The mainstay therapy using acetylcholine esterase inhibitors and NMDA receptor antagonists is largely symptomatic and provides no real cure. New disease-modifying therapy to stop/remove the amyloid accumulation does not reverse the cognitive impairment that has already set in. Given that disease progression becomes irreversible at some stage of neurodegenerative progression (Viña and Sanz-Ros, 2018), early diagnosis is essential in the context of novel treatment strategies. Reversing cognitive decline by restoring the metabolic process at an early stage has emerged as a novel and promising measure for improving cognitive decline in AD and for improving the quality of life in patients (Bredesen, 2014; Bredesen et al., 2016). In this context, the challenge is how early we can make an accurate diagnosis, that is, at the very beginning of cognitive impairment. Conventional neuroimaging such as computed tomography (CT) and magnetic resonance imaging (MRI) can detect brain atrophy only after neurodegeneration has progressed to a certain stage. Amyloid positron emission tomography (PET) and cerebrospinal fluid tau protein may enable earlier diagnosis by detecting the accumulation of amyloid, but these tests are costly, not performed by all facilities, and only available to a limited number of patients. There is an imminent need for developing methods that can diagnose AD at its earliest stage with high sensitivity and reasonable cost.

Based on the recognition that abnormalities of eye movement appear very early in the disease course of AD, many studies have attempted to use eye movement tasks for the detection of cognitive impairment. Elementary oculomotor tasks for saccades have reported slower reaction times than controls in gap and overlap tasks (Crawford et al., 2015), latency correlating with Mini Mental State Examination (MMSE) score (Yang et al., 2013), decreased accuracy of saccades made toward the instructed target contained in presented photographs or figure sets (Boucart et al., 2014; Lenoble et al., 2015), and an increased proportion of (uncorrected directional) errors made by AD patients as compared to control subjects in antisaccade tasks, in which subjects have to make saccades in the opposite direction of the presented target (Crawford et al., 2013; Heuer et al., 2013). Studies have also demonstrated that eye tracking can be used to detect cognitive decline in AD and assess disease progression (Crawford et al., 2015; Beltrán et al., 2018, for review). Some studies have addressed more cognitive aspects of oculomotor behavior, for example, during a reading task, which involves working memory and memory retrieval function. Researchers have reported failure to recognize targets presented in the center rather than in the periphery (Vallejo et al., 2016), longer or shorter gaze duration compared with controls when reading high, medium, and low predictable sentences (Fernandez et al., 2014a,2015a,2015b; Galetta et al., 2017), more fixations, and altered visual exploration while reading sentences, some with lack of context predictability (Fernandez et al., 2013, 2014b,2015b). However, the impaired performance of patients may reflect subject responses to cognitive impairment hampering task performance that has already appeared but not as a manifestation of cognitive decline to eye movements per se; the very fact that patients cannot perform the required task properly is reflected in the way patients look at the targets.

While such tasks require the active cooperation of the subjects and prior knowledge from the context, eye-tracking can also provide a sensitive measure of cognitive impairment by directly looking at the exploration patterns of the eye movements themselves without explicitly giving instructions. For example, by observing the pattern of looking at presented images, we can visualize the abnormalities in attentional deployment (Delazer et al., 2018). Evidence is accumulating that the eye movement pattern can be an effective biomarker of AD. Daffner et al. (1992) compared eye movements of AD patients and control subjects while looking at pairs of regular (“congruous”) and irregular (“incongruous”) figures. They found that control subjects spend more time viewing irregular figures than regular ones, while AD patients viewed regular and irregular figures equally. This result suggested that AD patients’ gaze reflects diminished curiosity, which can be evaluated by their eye movements. Mosimann et al. (2004) found that, when AD patients are reading clocks, their visual explorations were less focused, with fewer fixations inside the informative regions of interest (ROIs), compared to control subjects. Oyama et al. (2019) developed a cognitive assessment utilizing eye-tracking technology that showed good diagnostic performance in detecting patients with dementia, mild cognitive impairment (MCI), and control subjects. Their results demonstrate that observation of the eye movement patterns in visual exploration can be used as a biomarker of AD, although the eye movement patterns may just be the result of cognitive impairment, with subjects responding with their eyes instead of verbally. Thus, any abnormal responses in those tasks may be equal to giving wrong verbal answers and/or responses to having made an inappropriate response or failure to respond to the question.

For the early diagnosis of cognitive impairment, subtle abnormal exploration patterns should be detected at the very beginning of the cognitive impairment, even before overt deterioration becomes apparent. In addition to memory disorder, patients with AD are known to exhibit various cognitive disorders, including a decline in visuospatial cognition, which is reflected in eye movement patterns. Even when task performance requiring a verbal response is still within the normal range, subtle cognitive impairment can manifest in the form of abnormal attentional deployment, slowed visual information processing speed, and the increased cognitive effort of the subjects when performing the tasks. Based on these premises, we have developed new methods to test visuospatial cognition by eye-tracking (Matsumoto et al., 2011a,b, 2012; Matsuda et al., 2014; Tokushige et al., 2018): a visual memory task and a visual search task. In the visual memory task, the eye movements are recorded while subjects tried to memorize figures in order to visualize the fixation pattern relating to which part of the figure was frequently seen by the subject. In the visual search task, the eye movements while searching for a target among an array of distractions is recorded, which indicates how efficiently the subject can search for the target. Contrary to clinically used cognitive tests requiring verbal responses, which subjects with dementia often fail to perform properly, these are tasks that these subjects can perform to some extent with relative ease. Eye tracking successfully revealed the abnormal visual processing in these subjects, which was correlated with the degree of cognitive decline. This method is expected to be useful in the early detection of cognitive decline in at-risk subjects in the early stage of AD by revealing multiple aspects of cognitive impairment, such as attentional allocation, visual processing, and task engagement.

It is important to note that eye tracking parameters in the visual memory and search tasks cannot be used as a direct measure of impaired cognitive (visuospatial) processing alone, or should be considered reflections of visuospatial processing, visual attention and memory. In this study, to enable early detection of cognitive decline, we aimed to evaluate the earliest changes in eye tracking patterns that occurred at the earliest stage of cognitive decline, rather than differentiating the components one by one, and studied whether these occur in correlation with the cognitive decline.



Materials and methods


Participants

Sixteen AD patients and sixteen control subjects were recruited (Table 1). Between these groups, there was no significant difference in the age (T-test, p = 0.914) or in the gender (Fisher’s test, p = 0.722). The MMSE score was significantly lower in the AD group (T-test, p < 0.001). The diagnosis of AD was clinically made as probable AD by brain MRI and single photon emission computed tomography (SPECT), based on the revised NINCDS (National Institute of Neurological and Communicative Disorders and Stroke)-ADRDA (Alzheimer’s Disease and Related Disorders Association) criteria (Dubois et al., 2007). Since positron emission tomography (PET) could not be performed, it was substituted by the results of SPECT. Patients using bilateral intraocular lenses were excluded because light reflection on the lens surface disturbed eye tracking. Patients who could not perform the tasks or could not follow the instructions to perform the tasks due to advanced cognitive decline or loss of visual acuity were also excluded. Written informed consent to participate in the study was obtained from all participants before the experiments. The experimental procedures were approved by the Ethics Committee at the University of Tokyo (No. 2411), which was conducted in accordance with the ethical standards of the Declaration of Helsinki.


TABLE 1    Summary of subjects in the visual memory task.
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Visual memory task

The procedure has been previously described by Matsumoto et al. (2011a,b, 2012). Briefly, subjects viewed images of various complexities [Figure 1A, Image 1: a clock in Western Aphasia Battery (WAB), Image 2: a house in WAB, Image 3: Rey-Osterrieth Complex Figure (Osterrieth, 1944), Image 4: a landscape in WAB] on a 17-inch computer display (1024 × 768 pixels) placed 50 cm in front of their eyes for 10 s trying to memorize them, and after the images disappeared from the screen, drew the images on a paper based on their memory. Eye movements made during task performance were recorded with video-oculography Eyelink1000® (SR Research, Mississauga, Ontario, Canada) (Figure 1B).
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FIGURE 1
(A) The four images presented in the visual memory task. Blue circles, which are not visible to the subjects, indicate the informative regions of interest (ROIs) that characterize the image. We determined the locations of these informative regions based on previous studies (Mosimann et al., 2004; Matsumoto et al., 2011b). The radius of these ROIs was 1.9 deg in visual angle. (B) The eye-tracking system. A 17-inch computer display is placed 50 cm in front of the subject’s eyes. The images are presented on the display, and the subject’s eye movements (fixations and saccades) while looking at the image are recorded by the video-oculography camera (Eyelink 1000®). The scanned area is defined by the convex envelope of all fixation points. (C) The images used in the visual search tasks. In the serial search task, the target Landolt ring is placed upwards and others are placed downwards. In the pop-out task, the target ring is red and the others are black. In both tasks, the number of rings was 4 or 48. (D) An example of time distribution in 10 s while a subject is looking at an image. The gray bars indicate the fixation periods, and the white bars indicate other times (saccades, blinks, face displacements, and so on) that indicate failure of fixation. The red rectangle indicates the 5 s that include the longest total time duration of fixations. (E) An example of a pupil size plot during the visual search task. Pupil size data (blue line) cannot be recorded during blinks (arrow). The red line is the upper envelope of pupil size data, which is not influenced by saccades.


The ROIs were defined as visually salient positions that have important information in the figure and on which control subjects most frequently fixated according to the methods of Matsumoto et al. (2011a,2012); they are indicated by blue circles in Figure 1A (the blue circles were invisible to the subjects). The radius of the ROI, 50 pixels in the display, corresponded to 1.9 deg in visual angle.

The accuracy of the recalled pictures drawn by the subjects was scored with the following drawing scores: images 1 and 2 (both 0–5 points) were assessed by scores in WAB, and image 3 (0–36 points) was assessed based on Osterrieth (1944). There was no scoring system for image 4, and the number of items the subjects drew was his/her drawing score. For example, if someone drew only a man and a dog, the drawing score was 2.



Visual search tasks

We employed two visual search tasks, serial search and pop-out, as described by Matsuda et al. (2014), based on the methods of Treisman (1998). Briefly, from among an array of multiple Landolt rings arranged on the display, subjects searched for a sole target ring (target ring) with a different orientation (serial search) or different color (pop-out search) from the other rings. In the serial search task, the cleft of the target Landolt ring was oriented upward, whereas the other non-target Landolt rings were oriented downward. In the pop-out search task, the target Landolt ring was red while the non-target Landolt rings were black (Figure 1C). After detection of the target ring, the subjects were instructed to gaze at it and to press the button immediately, at which point the image disappeared from the screen. The time limit for button press was 60 s after the start of image presentation. The trial was automatically terminated in 60 s and the task proceeded to the next trial if no button was pressed.

The number of Landolt rings on the display was either 4 or 48. The number of Landolt rings determines the difficulty of the serial search task. When there are only 4 rings, it is easy to find out the target (there is even no need to search for it), but when there are 48 rings, the search is difficult so that subjects have to look at the rings one by one. Thus the effect of cognitive decline was expected to appear in the 48 ring task, but not in the 4 ring task. The selection of the numbers of stimuli were based on previous reports (Treisman and Gelade, 1980; Matsuda et al., 2014). The reason for the large difference in number of the stimuli, 4 and 48, was because we wanted to detect the slightest cognitive decline through the difference in task performance; a moderate difference in number of stimuli may result in a failure to detect the difference between groups (cognitive impaired and control subjects). By comparing the results of 4 rings task and 48 rings task, we would be able to detect the effect of dementia clearly.

Each trial was repeated 10 times with the target location randomly assigned every time. Eye movements made during task performance were recorded with video-oculography using Eyelink1000. Among the subjects participating in the visual memory task, the data of four AD patients were excluded, since they could not complete the visual search task properly, and thus the data from twelve AD patients and sixteen control subjects (Table 2) were analyzed. Between these groups, there was no significant difference in the age (T-test, p = 0.785) and in the gender (Fisher’s test, p = 0.702). The MMSE score was significantly lower in the AD group (T-test, p < 0.001).


TABLE 2    Summary of subjects in the visual search task.
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Data processing

We used the Eyelink Data viewer software (ver1.3.37, SR Research, Mississauga, Ontario, Canada) for data processing. During the visual memory task, images were presented for 10 s for the subjects to memorize, but the pupil data could not necessarily be obtained for the entire 10 s. This was because eye tracking was sometimes truncated as a result of a variety of events, and there were periods during which the gaze and pupil size data were lost within the 10 s. These truncating events included blinks that occluded visual inputs from the camera, and displacement of the face sometimes interrupted the eye tracking transiently. Furthermore, the gaze of some subjects, especially AD patients, occasionally went outside of the display during the trials, possibly due to distraction. Figure 1D shows an example of the composition of a 10 s period during which an image was presented. The gray bars indicate periods of fixation, and the white bars indicate time periods other than fixation with pupil data loss (these included saccades, blinks, face displacements, and so on). For analysis, we took the continuous 5 s period that contained the longest summed time duration of fixation periods among the entire presentation period of 10 s (red rectangle in Figure 1D). During this 5 s period, the density of the fixation period is higher than that during the entire 10 s period, and it excludes the time period with the least pupil data. However, despite selecting the period with the longest summed fixation period, some subjects could not fixate on the images for an adequately long duration. The data of subjects who could not fixate on the screen for 3 s within the selected 5 s (in other words, when the summed durations of gray bars in the red rectangle in Figure 1D were less than 3 s) were excluded.

The total number and mean amplitude of saccades, duration of fixation, proportions of the scanned area, dwell time within ROIs, and number of ROIs fixated were measured for each figure. The subjects were considered to have fixated a ROI if the gaze (i.e., fixation point on the screen) entered the ROI circle (Figure 1A) with the radius of 50 pixels (1.9 deg in visual angle). The proportion of the scanned area was calculated by dividing the area of a minimal convex polygon enclosing all of the fixation points (Figure 1B) by the entire area of the screen. The dwell time within ROIs represents the summed duration of fixations made within the ROI during image presentation. The number of focused ROIs was the number of ROIs (Figure 1A) that the subjects’ gaze entered at least once during image presentation. These parameters were calculated individually for every session in all subjects.

For the visual search tasks, in addition to the saccade number and amplitude, we measured the frequency of saccades (number of saccades made per second, counts/s) and the search time (ms), which was the time required for the subjects’ eyes to finally reach the target. We judged the eyes to have reached the target when the fixation point on the display approached the center of the target, within a radius twice as large as that of the target ring. Some subjects fixated the target more than once (target re-fixation); the gaze of subjects entered the circle twice as large as the target ring, left the circle, and re-entered the circle again, which occurred more than once during the search. In such cases, the last time the fixation point entered the circle was regarded as the search time.



Pupil size analysis

From the eye tracking data in the visual search task, we extracted the time-varying data of the pupil size at a sampling rate of 1,000 Hz. The pupil size was given by the count of pixels included within the pupil ellipse detected by the eye tracking camera. An example of a pupil size plot is shown in Figure 1E (blue line). Whenever a blink occurs, the pupil is hidden and the pupil size captured by the camera will be lost; as such, the curve temporarily goes to zero, producing a blink artifact in the pupil size plot (arrow). To compensate for this artifact by interpolating for the lost data, we made upper envelopes of the pupil size plot (Figure 1E, red line). Then we averaged the pupil size for the duration of each figure presentation in each subject. Pupil size in each trial was expressed as a ratio to the average pupil size in the first trial in each subject (pupil size ratio). These analyses of pupils were performed only for the data of serial search task, but not for the visual memory or pop-out tasks.



Statistical assessment

The parameters of visual search were compared between AD and control subjects. In the visual memory task, for each parameter (number of saccades, saccade amplitude, duration of fixation, scanned area, dwell time in ROI, and number of focused ROIs), repeated measures two-way analysis of variance (ANOVA) was performed with the group (AD vs. control) as a between-subject factor and image (images 1–4) as a within-subject factor. Where necessary, the Greenhouse-Geisser correction was used to evaluate non-sphericity. The correlation between these parameters and the MMSE score or drawing score was assessed by the Pearson correlation coefficient with Bonferroni correction. If there was a significant difference between AD and control groups in a saccade parameter, we performed receiver operating characteristic (ROC) analyses to determine whether these parameters could efficiently differentiate these groups at certain cut-off values.

In the visual search task, each parameter (search time, number of saccades, saccade frequency, and saccade amplitude) was averaged across the images (1–10) for each subject, and compared between AD and control subjects using the t-test. Again, the correlation between these parameters and the MMSE score was assessed by the Pearson correlation coefficient with Bonferroni correction. As in the visual memory task, if there was a significant difference between AD and control groups in a saccade parameter, we also performed ROC analyses to determine whether these parameters could effectively differentiate these groups.

The pupil size ratio in the visual search task (serial search), averaged for images 1 to 10, was compared between AD and control subjects using the t-test. The correlation between the pupil size ratio and the MMSE score was assessed by the Pearson correlation coefficient. As in the experiments above, if there was a significant difference between these groups, we performed ROC analyses to determine how efficient this parameter was for the differentiation of these groups.




Results


Visual memory task

The results of the visual memory task are shown in Figure 2. Figure 2A shows a representative example of reproduced figures. AD patients tended to be poorer at reproducing any of the images than control subjects. Mann-Whitney’s U-test showed that the drawing scores were significantly lower in AD patients for the images (bottom figures of Figure 1; Image 1, AD 2.81 ± 1.38, control 4.75 ± 0.77, p < 0.001; Image 2, AD 1.88 ± 1.09, control 3.56 ± 0.81, p < 0.001; Image 4, AD 1.69 ± 1.66, control 5.94 ± 2.77, p < 0.001) except for image 3, in which the difference showed a trend (AD 3.25 ± 2.58, control 5.19 ± 3.04, p = 0.057). For all of the presented images, the drawing score showed a significant positive correlation with MMSE score (Image 1: R = 0.621, p < 0.001, Image 2: R = 0.602, p < 0.001, Image 3: R = 0.548, p = 0.00116, Image 4: R = 0.682, p < 0.001).
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FIGURE 2
(A) The result of image drawing of the visual memory task. Examples of images drawn by AD patients and control subjects are shown. The drawing scores tended to be lower in AD patients. (B–G) Comparison of saccade parameters in the visual memory task between AD patients and control subjects. By repeated measures two-way ANOVA, the difference between these groups was significant only in panel (G) the number of focused ROIs (see the text). (H) The ROC analysis of the number of focused ROIs, averaged for images 1-4. When the cut-off was set to 3.125, the sensitivity was 1.0 and the specificity was 0.538. *p < 0.05.


The number of saccades while viewing the images is compared in Figure 2B. Repeated measures two-way ANOVA indicated that the effect of the group (F[1, 23] = 0.0482, p = 0.828), the image (F[3, 69] = 0.865, p = 0.464), or their interaction (F[3, 69] = 0.407, p = 0.749) was not significant, showing that both AD patients and control subjects made a similar number of eye movements (saccades) while viewing the images.

Figure 2C compares the saccade amplitude while viewing the images. The effect of the image (repeated measures two-way ANOVA: F[3, 69] = 3.11, p = 0.0320) was significant, while the effects of the group (F[1, 23] = 0.0054, p = 0.942) and their interaction (F[3, 69] = 0.884, p = 0.454) were not, which suggested that the saccade amplitude depends on the image presented; this did not differ between AD patients and control subjects.

Figure 2D compares the average duration of fixation between the AD patients and control subjects. The effect of the group (repeated measures two-way ANOVA: F[1, 23] = 0.640, p = 0.432), the image (F[3, 69] = 1.60, p = 0.197), or their interaction (F[3, 69] = 1.02, p = 0.390) did not reach significance. This implied that the duration of fixation in AD patients was not significantly different from that of control subjects, regardless of the image viewed.

Figure 2E depicts the total area scanned by the gaze while subjects viewed the images. The scanned area of AD patients appeared to be smaller than that of control subjects. However, by repeated measures two-way ANOVA, the effect of the group (repeated measures two-way ANOVA: F[1, 23] = 0.760, p = 0.393), the image (F[3, 69] = 0.839, ε = 0.681, p = 0.441), and their interaction (F[3, 69] = 0.231, ε = 0.681, p = 0.799) did not reach significance, showing that the total area scanned by the subjects’ gaze of AD patients was comparable to that of control subjects across the images presented.

We also compared the dwell time of the gaze within the ROIs (Figure 2F), which refers to the length of time the subjects’ gaze stayed within the informative ROIs of each image (blue circles in Figure 1A). Repeated measures two-way ANOVA showed that the effects of the group (F[1, 23] = 0.382, p = 0.543) or image (F[3, 69] = 0.704, p = 0.553) were not significant, while their interaction (F[3, 69] = 2.99, p = 0.0370) was. This suggested that AD patients and control subjects differed in their dwell time within ROIs of different images; AD patients’ gaze spent more time within the ROIs while viewing simple images while control subjects’ gaze dwelled more in the ROIs while viewing complex images, as depicted in the bar graph for images 1 and 4 in Figure 2F.

The number of ROIs fixated, that is, the number of informative ROIs that their eyes entered within a certain distance (see section “Materials and methods”) at least once, is compared in Figure 2G. Here, the effect of the group (F[1, 23] = 5.42, p = 0.0291) reached significance, but the effect of the image (F[3, 69] = 2.21, ε = 0.717, p = 0.117) or their interaction (F[3, 69] = 1.50, ε = 0.717, p = 0.234) did not. This indicated that AD patients look at a smaller number of informative ROIs than control subjects do. AD patients collect information from a smaller number of ROIs within the images compared to control subjects, although subjects in both groups explored each image for the same duration of time and their eye fixation time and saccade frequency made per unit time was similar (Figures 2B, D).

Since AD patients tended to focus on a smaller number of informative ROIs than control subjects, we tested whether this feature could be used to differentiate AD patients from control subjects by ROC analysis (Figure 2H). When the cut-off value was set to 3.125, the sensitivity was 1.0 and the specificity was 0.538.

Table 3 shows the correlation between the drawing score and the saccade parameters. We performed Bonferroni correction with the significance level of p value set at 0.003125, i.e., 0.05 divided by the number of comparisons 16. According to this criterion, none of the parameter significantly correlated with the drawing score. Table 4 shows the correlation between the MMSE score and saccade parameters; again, there were no significant correlations after Bonferroni correction (p > 0.003125).


TABLE 3    The correlation between the drawing score and saccade parameters in the visual memory task.
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TABLE 4    The correlation between the MMSE score and saccade parameters in the visual memory task.
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Visual search task

The results of the visual search task are shown in Figure 3, and the results of the t-test are summarized in Table 5. In the serial search task with 4 rings, AD patients required significantly more time and a larger number of saccades to search for the target, while the saccade frequency and amplitude showed no significant difference between AD patients and control subjects. A similar trend was also noted in the serial search task with 48 rings, where AD patients required significantly more time and number of saccades although there was no significant difference in the saccade frequency or amplitude compared to control subjects.


[image: image]

FIGURE 3
Comparisons of saccade parameters in the visual search tasks. T-test shows that AD patients required significantly longer search time and more saccades than control subjects, mainly in the serial search task. *p < 0.05.



TABLE 5    The p values of T-test of saccade parameters between AD patients and control subjects in the visual search task.

[image: Table 5]

In the pop-out task with 48 rings, there was no significant difference in the search time, saccade counts, frequency, or amplitude between AD patients and control subjects. In the pop-out task with 4 rings, AD patients required more saccades to arrive at the target, but there was no significant difference in the search time, saccade frequency, or amplitude between the two groups.

Table 6 shows the correlations between the MMSE score and saccade parameters in the visual search task. Here again, we performed Bonferroni correction with the significance level of p value set at 0.003125. The search time and the number of saccades showed a significant negative correlation with the MMSE score in the serial search tasks (p < 0.001), but not in the pop-out tasks. Saccade frequency and amplitude did not correlate significantly with the MMSE score in any of the tasks.


TABLE 6    The correlation between the MMSE score and the saccade parameters in the visual search task.
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Since the search time and the number of saccades in the serial search task showed significant differences between the AD and control groups, we performed ROC analyses to determine whether these parameters can effectively differentiate the groups by setting certain cut-off values. Figure 4 shows the results of the ROC analyses. Whereas both the search time and the number of saccades effectively differentiate these groups, the search time performed better. In the 4 ring task, when the cut-off time was set at 1070.6 ms, the sensitivity was 0.917 and the specificity was 0.875. In the 48 ring task, when the cut-off time was set at 3775.106 ms, the sensitivity of the search time was 1.0 and the specificity was 0.688. The results of ROC analysis on the number of saccades were as follows: in the 4 ring task, the sensitivity was 0.75 and the specificity was 0.938 when the cut-off value was 6.45; and in the 48 ring task, the sensitivity was 1.0 and the specificity was 0.625 when the cut-off value was 14.


[image: image]

FIGURE 4
The ROC analysis of search time and number of saccades in the visual search task (serial search).




Pupil size analysis

Figure 5A shows the change in pupil size in AD patients and control subjects in sequential tasks, which was expressed as a ratio (pupil size ratio) calculated by dividing the mean pupil size during the current by its baseline value, that is, the mean pupil size in the first task for each subject. The pupil size ratio of AD patients was lower than that of control subjects, especially when the number of Landolt rings was 48.


[image: image]

FIGURE 5
(A) The change of pupil size ratio during the serial search task as the task progressed. The red and blue lines indicate the average data of AD patients and control subjects, respectively, and the width of the color bars around the red or blue lines indicate their standard deviations. The pupil dilatation of AD patients tended to be less than that of control subjects, especially in the 48 ring task. (B) Comparison of pupil size ratio averaged across all 10 images (4 rings or 48 rings) between AD and control groups, which shows that pupil dilatation of AD patients is significantly less than that of control subjects in the 48 ring task, by t-test. The correlation between the MMSE score and the pupil size ratio was significant only in the 48 ring task. (C) The ROC analysis of the pupil size ratio in the 48 ring task. When the cut-off value is set to 0.962, the sensitivity was 0.5 and the specificity was 1.0. *p < 0.05.


Figure 5B compares the mean pupil size ratio of AD patients and control subjects in the 4 and 48 ring tasks (upper figures) and shows the correlation between the pupil size ratio and the MMSE score (lower figures). In the 4 ring task, the pupil size ratio did not differ significantly between AD patients and control subjects (t-test, p = 0.135). There was no significant correlation between the pupil size ratio and the MMSE score (R = 0.338, p = 0.0788). However, in the 48 ring task, the pupil size ratio of AD patients was significantly smaller than that of control subjects (t-test, p = 0.00569). There was a significant positive correlation between the pupil size ratio and the MMSE score (R = 0.608, p < 0.001).

Since the pupil size ratio in the 48 ring serial search task differed significantly between the AD and the control group, we performed ROC analysis to differentiate these groups using this parameter (Figure 5C). When the cut-off value was set at 0.962, the sensitivity was 0.5, the specificity was 1.0, and the area under the curve was 0.771.




Discussion

In this study, we analyzed the eye movements of AD patients and control subjects performing visual memory and search tasks. In the visual memory task, while saccade parameters such as the frequency or amplitude of saccades did not differ significantly between the two groups, AD patients fixated fewer informative ROIs in the images, even when there was sufficient time to do so. This resulted in a poorer recall of the memorized images, which deteriorated with cognitive decline. In the visual search task, AD patients needed to make more saccades and spent more time before finding the target than control subjects, whereas, again, the saccade frequency (per unit time) and amplitude did not differ significantly from control subjects. The pupil size analysis in the visual search task showed that pupils of control subjects increased in size accumulatively as they performed consecutive trials of the visual search task with 48 rings, although this was not observed in AD patients. Taking these measures together, our visual scanning task could successfully characterize and detect the dysfunction of visuospatial processing in AD patients with high sensitivity and specificity, and could thus become a new biomarker for the early diagnosis and evaluation of cognitive decline.


Impaired deployment of attention and reduced recall of memory in AD patients

We gather visual information from the outer world by making repeated saccades and fixations on a scene, paying particular attention to the informative areas. Thus, deploying visual attention efficiently over a scene, whether bottom-up or top-down, is important to collect visual information from the scene. In the visual memory task, AD patients became increasingly impaired at recalling the line drawings as cognitive decline progressed; AD patients also tended to view a smaller number of informative, visually salient ROIs in the images during the visual memory task compared to control subjects (Figure 2G).

Perceptual salience may emerge mainly under low task constraints, such as during free viewing or scene memorization, as used in this task. For example, when we look at someone’s face, our fixation points are concentrated on the eyes, nose, or mouth, and the contour of these components, but not much on the skin in between (Yarbus, 1967). In exploring a scene, subjects may selectively direct attention to objects using both bottom-up, image-based saliency cues or top-down, task-dependent cues (Itti and Koch, 2001). In the bottom-up mode, the gaze is drawn automatically to visually salient regions of the scene. The visually salient and less salient positions, respectively, form a peak and trough in the salience map, and the visually salient locations draw bottom-up attention and saccades toward that location during visual exploration. Instead, in the top-down mode, the ROIs are not visually salient, and the viewer would have to actively deploy their gaze, and possibly their attention as well, over the scene. If subjects fail to pay attention to the informative areas, they would fail to collect visual information from the outer world efficiently, and hence have a lower drawing score. The duration of fixations on individual objects within a scene is shown to affect later recall of the same object (Chapman, 2005).

The inability of AD patients to pay attention to the informative areas of what they are viewing has been reported using a clock reading task. Mosimann et al. (2004) demonstrated that the visual exploration of AD patients was less focused, with fewer fixations on the task-relevant ROIs (the numbers on the clock surface pointing to the time of the clock) compared to control subjects. Normally, while visual search does not leave a memory of its trajectory, an inhibition-of-return mechanism acts on the already-selected locations, and should promote looking at unseen locations of the images (Bridgeman et al., 1975; Horowitz and Wolfe, 1998). Their study and ours both demonstrated that AD patients are poorer at allocating attention broadly to all of the informative areas, even when they had sufficient time to do so, suggesting a restriction in attentional deployment.

AD patients were taking AD medicine (mainly acetylcholinesterase inhibitors such as donepezil). Although the effect of AD drugs on visual memory or search tasks remains to be clarified, a previous study showed that donepezil improves visual working memory performance (Reches et al., 2014). In view of this result, the medicines may have improved the performance of visual memory or search tasks. Even considering this potential drug effect, the performance of the patients was demonstrated to be lower than the age-matched control subjects.

The performance of AD patients may be compared to Parkinson’s disease (PD) patients who also showed reduced area of scanning when viewing similar scenes for later recall. PD patients were more restricted in the area scanned within the image, which resulted from reduced saccade amplitude and lower frequency of saccades compared to control subjects (Matsumoto et al., 2011b; Terao et al., 2013). Notably, the performance of PD patients characterized by reduced saccade frequency and amplitude, presumably caused by basal ganglia dysfunction, was most deviated from control subjects for less complex figures, and approached control performance for more complex figures. This improvement in saccade performance was explained by “ocular” kinesie paradoxale, in which the reduced scanning area became closer to control since PD patients could use the visual cues contained in the figures as a guide to improve the frequency and size of ocular movements (Matsumoto et al., 2011b,2012), and the smaller scanning area of the images became comparable to control subjects. In contrast, the saccade amplitude and frequency in AD patients was similar to that of control subjects, suggesting that the underlying pathophysiology for the reduced scanning area was different from that of PD patients. Thus, the restriction in attentional deployment may result from dysfunction of the visuospatial processing in the cerebral cortex and working memory in patients, rather than from abnormal basic saccade control by the basal ganglia and/or brainstem. The saccade amplitude of AD patients was not significantly different from that of control subjects (Figure 2C).

ROC analysis for the visual memory task showed that the number of ROIs viewed showed a high sensitivity but low specificity for cognitive decline (Figure 2H), which can be used as a screening method for AD diagnosis, but not for ruling out subjects with a preserved cognitive functions.



Inefficient visual processing in AD patients

In the serial but not pop-out visual scanning task, AD patients required more saccades and more time than control subjects before they could detect the target, in both the 4 and 48 ring tasks (Figure 3). In AD patients, the search time and number of saccades correlated negatively with the MMSE score, that is, it increased with the progression of cognitive decline (Table 6), whereas saccade frequency and amplitude stayed almost constant with disease progression. Thus, the increased search time with increased number of saccades indicated that visual search was inefficient in AD patients. These results are consistent with those of previous studies that showed a relatively preserved single-feature search as opposed to a more impaired feature-conjunction search in AD (Cormack et al., 2004; Hao et al., 2005; Viskontas et al., 2011; Landy et al., 2015; see Ramzaoui et al., 2018 for review). These findings translate here to preserved bottom-up, involuntary engagement of attention (pop-out task) and deficits in top-down, voluntary attention (serial search task).

As in the visual memory task, subjects repeatedly made saccades and fixations during the visual search task to search for the target, but in the visual search task, guidance was also made largely from bottom-up perceptual guidance. The visual search strategy was initially likened to a serial scanning process in which task subjects must judge what he/she is currently looking at every time they look (overt attention) or the covert attentional window which captures the object included in the search array, either the target or the distractor (Findlay and Gilchrist, 2005). If the subjects recognize that the object that they overtly captured by eye movement or covertly scanned by the attentional window is the target, the search is terminated without further saccade processing. On the other hand, if the subjects judge that they are looking at the distractor, they have to start programming another saccade to the next potential target. In this successive process, the visual search may occur in three stages: (1) judgment of the object as the target or the distractor, (2) seeking out the candidate location for the next potential saccade, and (3) programming and initiation of the saccades. This model posits a covert attentional window (if not the gaze or central visual field themselves) that is scanning the array of objects, including the target and the distractors. However, this model proved to be unable to explain all of the visual search findings to date (see Findlay and Gilchrist, 2005 for review). First, there does not appear to be any apparent discontinuity in the search time between serial and pop-out searches. Second, for large search arrays, there was a close correlation between search time and the number of saccades made before the target is located, and it appears implausible for a rapid attentional scan to be operative with each fixation to seek out the candidate location for the next saccades’ destination within the fixation period of around 200 ms. Thus, the prevailing view is a hybrid of parallel processing within each fixation with serial saccade scanning. Items closer to fixation and similar to the target will tend to have higher salience in the saliency map and be more likely to be selected as a next target. If the prolonged search time of AD patients comes from impaired saccade programming, the saccade frequency of AD patients must differ from that of control subjects, which was not the case (Figure 3). The longer search time of AD patients may thus arise from the defect in constructing a proper salience map rather than the serial overt or covert attentional scan being defective, because there was no significant difference in the saccade parameters (frequency and amplitude) between AD patients and control subjects.

Problems in low-level visual processes have been reported among the earliest symptoms in AD (Armstrong, 2009; Kirby et al., 2010; Verheij et al., 2012). While AD patients show high reliance on guidance from perceptual features (or saliency, i.e., preserved performance in the pop-out task), they exhibit difficulty in locating targets when target contrast or texture difference with the background was reduced, as in the case of a serial search task with many objects. However, understandably, these tasks tax the cognitive function of AD patients and the difficulty of accomplishing the task itself may affect the gaze pattern during visual search. Our present task did not require much effort on the part of patients, and most of the AD patients could complete the task without much difficulty. Thus, behavioral change was not the result of the subjects being unable to search for the target, but rather, was due to delayed visual scanning caused by inefficient visual processing in the patients.

The inefficient visual search was already compromised in AD patients at an early stage. Remarkably, ROC analysis showed that search time and number of saccades made until target detection in the 48 ring task achieved a high sensitivity (100%, Figure 4) and specificity. These measures also showed a significant correlation with the MMSE score (Table 6). Because of its high sensitivity and specificity, the search time and saccade number in the visual search task can be effective in detecting subjects sensitively.



Pupil dilation during visual search in AD patients

In control subjects, accumulating evidence indicates a link between pupil size and visual attention, in which the pupil diameter gets more enlarged as the cognitive load required for task performance increases (Gabay et al., 2011; Geng et al., 2015; Salvaggio et al., 2022). Pupil dilation with performance of the visual search task can be interpreted in terms of the cognitive demand required. Searching for a target from among 48 rings was a more cognitively demanding task than searching from among 4 rings, and required sustained and concentrated visual attention the task-related dilation of pupils during the visual search task was not as prominent as that of control subjects, which was observed in the 48 ring task but not in the 4 ring task (Figures 5A, B).

Pupil size modulation is important in the context of AD or even MCI, since task-related pupil dilation reflects the activity of the locus coeruleus (LC), which is one of the initial sites of subcortical tau deposition in early stage AD (Braak et al., 2011). According to Aston-Jones and Cohen (2005), LC neurons exhibit two modes of activity, phasic and tonic. Phasic LC activation is driven by the outcome of task-related decision processes and facilitates strategies for ensuing behaviors and to help optimize task performance (exploitation). Phasic LC activity regulates cortical encoding of salience information, which would be beneficial for the target detection (Vazey et al., 2018). When the utility of exploitation decreases, LC neurons exhibit a tonic activity mode, facilitating disengagement from the current task and switching to an alternative behavior (exploration).

In this context, modulation of pupillary responses is reported as a potential sensitive indicator for early risk for MCI and AD risk prediction, and even as a midlife indicator of risk for AD (Granholm et al., 2017; Kremen et al., 2019). This compensatory enhancement of task-related pupil dilation was observed in the context of a short-memory task such as the digit span. This task required more effort on the side of patients, and can be a response to not being able to memorize and recall properly, or even failed rehearsal of memorized digits during the memorization. Enhanced task-related pupil dilation may represent a compensatory effort to maintain performance through attentional engagement in the exploration mode, especially in amnestic MCI subjects; amnestic MCI patients may exert more effort in performing the task because they are closer to their maximum capacity for compensation (Riediger et al., 2006; Stern et al., 2018). In contrast, our task was performed more easily by most subjects participating and did not incur working memory or executive function, requiring less effort on the part of subjects. The task may be performed more ‘automatically’ or ‘subconsciously’ in the exploitation mode, and the task-related pupil dilation was diminished rather than enhanced in AD patients, which may reflect dysfunction of the LC. The modulation also showed a strong correlation with the MMSE score. Since the pupil size modulation in our task exhibited a high selectivity but low sensitivity, it can be useful for confirming diagnosis of dementia rather than screening of dementia in general public.



Limitations of the study

There are some limitations in our study. First, the statistical power we obtained was relatively weak, which implies that we cannot apply our present experimental procedure directly to the clinical diagnosis of AD.

Second, the images we used in the visual scanning task are all line drawings, with black lines drawn on a white background (Figure 1A). Future research should adopt a more ecological or naturalistic design, with images simulating the outer world we see every day, which is much more complex, composed of more complex shapes and full of colors, containing many informative ROIs. For example, if we had used photographs or movies in the visual scanning task, the difference in the visual attention of AD patients and control subjects would be differentiated more clearly (Reading et al., 2012; Ramzaoui et al., 2018).

The third limitation is the small number of participants in this study, both AD patients and control subjects. We should increase the statistical power by studying more large-scale populations in the future.

The fourth limitation concerns the evaluation of pupil size change. In this study, we divided the pupil sizes by the averaged pupil sizes in the first trial of each subject, and this relative pupil size was analyzed. We took the pupil sizes in the first trial as a baseline because they are not affected by the execution of search tasks. Admittedly, the pupil size during the first trial may already be dilated by the cognitive effort and novelty effects, and may not necessarily be used as a reliable baseline. Unfortunately, we have not collected data for pupil size just-before the trials for a sufficient period. During the intersession period, the pupil size often deviated largely from the intrasession pupil size, partially because subjects moved their eyes during the period, and possibly because of distraction and/or mind wandering, i.e., the mental status was not stable during the intrasession period, so that it was difficult to take the intersession pupil size as baseline. As a compromise, we took the pupil sizes in the first trial, which was the period the subjects just started the session, as a baseline because they are not affected by the execution of search tasks. The same analysis was done both for AD patients and control subjects, which allowed comparison between the two groups.




Conclusions

Most of the AD patients were able to complete the present task without much difficulty. This may be because the present task addressed attentional function related to visuospatial processing using the visual task and visual search in combination with eye tracking, instead of directly requiring responses to asked questions, which would necessitate explicit verbal processing and rely more on memory or executive function. Nevertheless, the task successfully visualized the multiple aspects of attention associated with cognitive decline, making it amenable even to AD patients with apathy and memory disturbance. The reduced fixation on informative ROIs in the visual memory task reflected impaired visuospatial attentional allocation due to defective executive/working memory function, leading to poorer recall of visual content, which could detect cognitive decline in AD patients with high sensitivity. Increased search time and saccade number until target detection in the visual search task indicated inefficient visual scanning, suggesting defective visual processing, especially in the serial search mode with a large number of items, which was related to top-down versus bottom-up attentional engagement. These results showed a high sensitivity in differentiating between AD patients and control subjects. On the other hand, decreased pupil size modulation during the visual search task suggested a diminished ability to increase visual attention to adapt to the cognitive load of the task and to optimize the performance, possibly associated with dysfunction of the LC. Pupil size modulation during the visual search task could be used to differentiate between subjects with normal cognition and those with cognitive decline because of its high specificity. Despite some limitations, considering the multiple aspects of visuospatial processing associated with attention in combination, we were able to detect aspects of early cognitive decline and this may become a new biomarker for the early detection and evaluation of cognitive decline that has high sensitivity and specificity.
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Continuous variables are shown as mean + standard deviation (SD) and examined by the t-test. a, Categorical variables are shown as number (N) and percent and
examined by chi-square test. FDR_BH indicates the Benjamini-Hochberg method corrected P-value. Bold indicates that the results were significant. FDR, false discovery
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Model 1 Model 2 Model 3 Model 4

B P-value B P-value B P-value B P-value
APOE genotype —4.542 < 0.001 —-0.215 < 0.001 -0.167 0.002 -0.167 0.002
Amygdala 0.250 < 0.001 0.179 < 0.001 0.200 < 0.001 0.193 < 0.001
Hippocampus 0.278 < 0.001 0.245 < 0.001 0.293 < 0.001 0.286 < 0.001
Parahippocampal gyrus 0.294 < 0.001 0.219 < 0.001 0.268 < 0.001 0.264 < 0.001
Middle temporal gyrus 0.311 < 0.001 0.448 < 0.001 0.458 < 0.001 0.454 < 0.001
Posterior cingulate 0.219 < 0.001 0.403 < 0.001 0.454 < 0.001 0.447 < 0.001
Precuneus 0.260 < 0.001 0.420 < 0.001 0.443 < 0.001 0.438 < 0.001
Thalamus 0.146 < 0.001 0.182 < 0.001 0.214 < 0.001 0.214 < 0.001

Model 1: univariate linear regression of the relationship between cognition and variables in the first column.
Model 2: adjusting for age, sex, and years of education.
Model 3: adjusting for age, sex, years of education, systolic blood pressure, and BMI.
Model 4: adjusting for age, sex, years of education, systolic blood pressure, BMI, and APOE.
APCOE, apolipoprotein E gene; CBF, cerebral blood flow; BMI, body mass index.
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R2 t B 95% ClI P-value

Lower Upper
Amygdala_L 0.323 2.285 0.228 0.032 0.425 0.023
Amygdala_R —0.520 —0.055 —0.262 0.152 0.603
Hippocampus_L 0.347 2.443 0.318 0.062 0.574 0.015
Hippocampus_R —-0.527 —0.064 —0.304 0.176 0.599
Parahippocampal gyrus _L 0.338 2.801 0.387 0.115 0.659 0.005
Parahippocampal gyrus _R —1.096 —-0.135 -0.377 0.108 0.274
Middle temporal gyrus _L 0.450 4127 0.260 0.136 0.384 <0.001
Middle temporal gyrus _R 0.143 0.011 —0.135 0.157 0.886
Posterior cingulate _L 0.461 6.075 0.307 0.207 0.406 <0.001
Posterior cingulate _R —2.310 —0.140 —0.260 —0.021 0.022
Precuneus_L 0.439 4.007 0.313 0.159 0.467 <0.001
Precuneus_R —0.882 —0.070 —0.226 0.086 0.379
Thalamus_L 0.341 3.812 0.355 0.172 0.538 <0.001
Thalamus_R —2.264 —0.208 —0.389 —0.027 0.024

All models were adjusted for age, gender, education, APOE genotype, systolic blood pressure, BMI, and CBF of the specific brain area (left and right). Bold indicates that
the results were significant (P < 0.05). L, left; R, right; CBF, cerebral blood flow.
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Dementia (n = 192) MCI (n =610) Normal (n =2,218) F/X* P
Age, years 7883754 7386 £824 70104753 <0.001*
Education, years 5674502 9254572 <0.001*
Males, n (%) 233 (38.2) 1,074 (48.4) <0.001*
Smoker, n (%) 43(224) 147 (24.1) 0.009°
Drinker, n (%) 31(16.1) 119 (19.5) 0.162
Tea drinker, n (%) 57(29.7) 220 (36.1) <0.001*
Hobby, n (%) 48(25.0) 267 (43.8) 4) <0.001*
Diabetes, n (%) 49(25.5) 108 (17.7) 346 (15.6) <0.001*
Hypertenslon, n (%) 112(58.3) 294 (48.2) 1,029 (46.4) 0.006*
Physical Exerclse, n (%) 92(47.9) 389 (63.8) 1,689 (76.1) <0.001*
MMSE 1397 £7.41 26,80 %351 <0.001*
MoCA 9.10 %625 1672 %6 2794518 <0.001*

Note: *p < 0.05; MoCA, Montreal Cognitive Assessmef

IMSE, Mini-mental State Examination; MCI, mild cognitive impairment.
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Variables B . ‘Wald P OR 95% confidence interval
Dementia

Diabetes (model 1) 0617 0176 12362 1 <0.001% 1314-2615
Diabetes (model 2) 0607 0.201 9.101 1 0.003* 1237-2724
Age (model 2) 0118 0.011 107.672 1 <0.001* . 1.100-1.151
Education (model 2) —0.117 0.019 38.090 1 <0.001% 0.589 0.857-0.923
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Male (model 3) 0.091 0.216 0.179 1 0.672 1.09% 0.718-1.673
smoker (model 3) 0023 0240 0.009 1 0923 1.024 0.639-1.639
Tea (model 3) —0.777 0.201 14.910 1 <0.001* 0.460 0.310-0.682
Physical exercise (model 3) —0.691 0177 15.202 1 <0.001* 0501 0.345-0.709
Hobby (model 3) —0.771 0203 14.385 1 <0.001% 0.463 0.311-0.689
Hypertension (model 3) 0322 0.177 3.332 1 0.068 1.380 0.977-1.951

Note: *p < 0.05.
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*p < 0.05. MoCA, Montreal Cognitive Assessment; MMSE, Mini-mental State Examination; MCI, mild cognitive impairment.
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Serial search

Pop-out

4 rings 48 rings 4 rings 48 rings
p value R p value p value R p value
Search time —0.664 <0.001* —0.752 <0.001* —0.298 0.123 —0.371 0.0521
Number of saccades —0.671 <0.001* —0.738 <0.001* —0.348 0.0695 —0.194 0.323
Saccade frequency 0.289 0.136 0.134 0.496 0.0342 0.863 —0.0427 0.829
Saccade amplitude 0.067 0.735 0.242 0.215 —0.220 0.260 —0.0397 0.841

*p < 0.003125 (Bonferroni correction).
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Serial search Pop-out

4rings | 48rings | 4rings | 48 rings

Search time 0.0383* 0.0059* 0.0839 0.0823
Number of saccades 0.016* 0.00878* 0.0255* 0.0780
Saccade frequency 0.169 0.0773 0.563 0.801
Saccade amplitude 0.515 0.389 0.943 0.571

*p <0.05.
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Image 1 Image 3

p value p value

Number of saccades 0.00824

Amplitude of saccades 0.0784 0.675 0.0774 0.690 0.0262 0.891 0.0421 0.828
Duration of fixation 0.0471 0.801 0.0456 0.814 —0.0638 0.737 0.344 0.068
Scanned area -0.220 0.234 0.158 0.414 0.029 0.879 0.0353 0.856
Dwell time in ROI -0.298 0.104 0.231 0.228 —0.165 0.384 0.233 0.225

Number of focused ROIs 0.111
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Number of saccades

Image 2

p value

—0.026

Image 3

p value

0.0935

Amplitude of saccades -0.0739 0.693 0.00641 0.974 0.00244 0.99 0.0623 0.748
Duration of fixation -0.269 0.143 —0.0773 0.690 —0.158 0.403 0.240 0.210
Scanned area 0.137 0.462 0.462 0.0116 0.204 0.278 0.0707 0.716
Dwell time in ROI -0.342 0.0598 0.242 0.205 0.0529 0.781 0.269 0.158

Number of focused ROIs

0.334

0.254
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D Term P-value

hsa03010 Ribosome <0.001
hsa03015 mRNA surveillance pathway <0.001
hsa03018. RNA degradation <0.001
hsa03013 RNA transport 0011
hsa03040 Spliceosome 0022
GO:0000956 Nuclear-transcribed mRNA catabolic <0.001
process
GO:0006401 RNA catabolic process <0.001
GO:0006402 mRNA catabolic process <0.001
GO:0022626 Cytosolic ribosome <0.001
GO:0000184 Nuclear-transcribed mRNA catabolic <0.001

process, nonsense-mediated decay

hsa03013 RNA transport <0.001
hsa03018 RNA degradation 0.020
hsa03015 MRNA surveillance pathway 0020
hsa04914 Progesterone-mediated oocyte 0020

‘maturation

hsa03008 Ribosome biogenesis in eukaryotes 0.022
hsa04114 Oocyte meiosis 0.027
hsa04962 Vasopressin-regulated water 0.028

reabsorption

hsa05134 Legionellosis 0.040
GO:0008380 RNA splicing <0.001
GO:0043484 Regulation of RNA splicing <0.001
GO:0050684 Regulation of mRNA processing <0.001
GO:0048024 Regulation of mRNA splicing, via <0.001

spliceosome.
GO:0000377 RNA splicing, via transesterification <0.001
reactions with bulged adenosine as

nucleophile
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Variables Prediction model

B Hazard ratio (95% CI) P value

Grade (11l vs. I1) 1074 2,928 (2.506-3.421) <0.001
Grade (IV vs. 11) 1753 5.773 (4.905-6.795) <0.001
Age 0011 1011 (1.007-1.014) 0.006
Radiotherapy (yes vs.no) ~ —0.252 0.777 (0.689-0.876) 0035
Chemotherapy (yes vs.no) ~ —0357 07 (0.623-0.785) 0.002
1p19q codeletion (yes vs. no) —1.043 0.352(0.3-0.413) <0.001
Risk score 0.062 1.064 (1.048-1.079) <0.001

B is the Cox regression coefficient. For grade, radiotherapy, and 1p19q codeletion, HR

represents the average HR over the entire time period.
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Variables

Age (years)

Sex

Disease duration (years)
Family history
Cognitive impairment
Tremor

Limb weakness
Bradykinesia
Psychiatric symptoms
Sensory dysfunction
Visual dysfunction
Seizures

Urinary dysfunction
Dry cough

Episodic fever
Constipation

Episodic abdominal pain

Episodic nausea and vomiting

Diabetes

Paresthesia

Reduced reflex
Increased muscle tension
Pathological signs
Ataxia

Miosis

P1

70

P2

54

P3

69

P4

73

pP5

66

17

Pé6

67

20

p7

64

P8

63

15

P9

64

P10

69

0.5
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P Age (y)* Motor NCV Sensory NCV

Median nerve Ulnar nerve Peroneal nerve Tibial nerve Median nerve Sup peron. nerve Sural nerve
DML CV CMAP DML Cv. CMAP DML CV CMAP DML CV CMAP CV SNAP CV  SNAP CV  SNAP

(<40 (=50 (=40 (<30 (=50 (=35 (<53 (=40 (=20 (<5.0 (=40 (=35 (=50 (=5 (=40 (=1 (=40 (=1

ms) m/s) mV) ms) m/s) mV) ms) m/s) mV) ms) m/s) mV) m/s) wv) m/s) V) m/s) V)
1 70 37 45 7.4 33 49 82 49 55 33 45 36 6.5 46 35 NA NA 38 48
2 54 43 47 48 35 48 55 38 38 3.0 NA NA NA 40 57 NA NA NR NR
3 69 3.6 48 53 2 55 8.8 47 36 %7 45 33 8.8 46 23 44 26 NA NA
4 73 42 50 6.4 29 52 7.2 5.9 37 0.1 40 36 7.3 45 16.7 NA NA 48 6.7
5 66 41 33 33 3.0 37 27 6.5 26 0.8 6.7 29 L5 38 3.1 NR NR 30 0.9
6 67 43 52 5.5 28 51 7.1 38 40 5.5 45 40 57 54 11.9 2 28 35 45
7 64 3.6 38 35 27 40 34 41 38 15 37 34 42 39 9.3 27 32 32 59
8 63 33 45 6.6 36 47 42 38 33 36 NA NA NA 48 48 NR NR NR NR
9 64 47 37 38 25 50 45 39 35 14 44 36 34 35 42 2 46 NA NA
10 69 3.9 48 9.7 26 53 57 6.0 37 26 6.5 39 3.8 46 6.4 31 42 NA NA

*Age at examination; reference value at age of 65 years in our lab. CMAP, compound motor action potential; CV, conduction velocity; DML, distal motor latency; SNAP, sensory nerve action potential; NA, not available; NR, no response; NCV, nerve
conduction velocity.
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