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Abstract

Objective The aims of this project were to (a) perform a systematic review and meta-analysis 

of the associations between multiple neurological disorders (or neurological diseases) and 

potential influencing factors, including the association between fine particulate matter (PM2.5) 

and intestinal dysfunction, and (b) investigate the mechanisms and toxicological effects of 

PM2.5 exposure in the brain and intestines using a mouse model of Alzheimer’s disease (AD). 

Design A systematic review and meta-analysis was conducted to assess the risks of PM2.5

exposure, as manifested by the incidence of exposure-associate neurological disorders or 

intestinal dysfunction. An APP/PS1 transgenic mouse model for AD was used to study the 

brain damage resulting from PM2.5 exposure, and the miRNA/mRNA regulatory mechanisms

contributing to this damage. The inflammatory injuries and bacterial community changes in 

the intestines of AD mice exposed to PM2.5 were also investigated.

Data sources Articles for systematic review and meta-analysis were obtained by searching 

PubMed and China National Knowledge Infrastructure (CNKI), which were published for 

more than ten years. Animal experiments were conducted at Shanxi University of Taiyuan in 

China, and toxicological tests were performed according to the stipulated methods and 

protocols. 

Review and experimental methods Data on the risks of incidence of neurological disorders 

associated with the environmental factor (PM2.5) and biological factors (intestinal disorders and 

bacteria) were obtained, and random- or fixed-effects models (depending on the I2 value) were 

used to pool the odds ratios (OR) with the 95% confidence intervals (CI) from individual 

studies. In the animal experiments, mice were divided into four groups of five animals per

group, as follows: normal control mice in filtered air, AD mice in filtered air, normal control 

mice in PM2.5 air, and AD mice in PM2.5 air. PM2.5 mice were exposed to ambient PM2.5 in a 

whole-body inhalation exposure device for 8 weeks in Taiyuan, China. Well-established
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methods were used to explore the toxicological mechanisms by which PM2.5 exacerbated brain 

damage in AD mice, namely open-field testing, enzyme-linked immunosorbent assay (ELISA), 

real-time quantitative RT-PCR, hematoxylin-eosin (HE) staining, and transmission electron 

microscopy (TEM). Brain damage and related biomarkers in the brains were measured, and 

miRNA and mRNA profiles were detected using high-throughput sequencing methods. The 

signaling pathways of miRNAs or mRNAs were predicted and summarized, and specific

miRNAs and mRNAs were screened to explore the possible regulatory mechanisms of PM2.5-

induced brain damage in AD mice. Intestinal and fecal samples from these mice were also 

subjected to 16S rRNA gene sequencing. HE staining, ELISA, and metagenome bacterial 

diversity analyses were performed to investigate the effects of PM2.5 inhalation on intestinal 

tissue damage, inflammatory responses, and changes of bacterial diversity and communities in 

AD mice.

Results Long-term PM2.5 exposure has been associated with increased risks of stroke, dementia, 

AD, autism spectrum disorder (ASD), and Parkinson’s disease (PD) in humans, with the risks 

of ischemic and hemorrhagic stroke being higher than that of stroke in general. Furthermore, a

relatively higher risk of stroke has been observed in heavily polluted countries compared to 

less polluted countries. It is known that some intestinal disorders and related problems such as 

constipation, inflammatory bowel disease, irritable bowel syndrome, small intestinal bacterial 

overgrowth, and diarrhea significantly increase the risks of developing AD or PD. For example, 

the risk estimates of Helicobacter pylori infection were significantly associated with AD and 

PD. From another angle, preliminary animal experimental results showed that PM2.5 promoted 

brain morphological damage and decreased spatial exploration ability in AD mice, and was 

concomitant with increases in the concentrations of amyloid-β-42, acetylcholinesterase, tumor 

necrosis factor-α, and interleukin-6 and decreases in the concentrations of choline 

acetyltransferase. High-throughput sequencing and bioinformatics analyses revealed that 

miRNAs and mRNA had differential expression profiles subsequent to PM2.5 exposure, which 
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suggested that these species are involved in the molecular regulatory mechanisms and possible 

signal pathways of PM2.5-aggravated brain injury in AD mice. These PM2.5-aggravated brain 

injuries were correlated with pathological intestinal injury, inflammatory responses, and 

changes in bacterial diversity in the intestines and feces of PM2.5-exposed AD mice, and 

decreases in predominant bacteria were identified. These data will assist in delineating the 

ability of PM2.5 exposure to induce pathological changes in the brain and gut tissue via the 

brain-gut axis and thereby aggravate AD. 

Conclusions A systematic review and meta-analysis showed that there is a significant 

association between PM2.5 exposure and the occurrence of stroke, dementia, AD, ASD, and PD, 

and a strong association between intestinal disorders and the presence of certain bacteria and

the development of AD and PD. PM2.5 (environmental factors) and intestinal disorders 

accompanied by changes in bacterial diversity (internal biological factors) appeared to be the 

two most important factors that increase the risk of developing neurological disorders. 

Experimental animal data showed that PM2.5 potently damaged the brain and intestines of AD 

mice, and that the toxicological mechanisms of this PM2.5-mediated brain injury led to 

morphological changes, inflammation, and perturbation of miRNA/mRNA regulation in the 

brain. These data suggest that PM2.5 inhalation also have modulatory effects on the abundance 

and diversity of intestinal bacteria in AD mice. The findings of this study have clarified positive 

relationships between environmental and biological factors and neurological disorders and 

have elucidated the potential mechanisms by which PM2.5 may mediate the initiation or 

exacerbation of AD. 

Keywords: Neurological disorders, Alzheimer’s disease, PM2.5, Intestinal disorders, Meta-

analysis, Brain, Intestine, Toxicological effects
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Chapter 1

Literature review of major neurological disorders and the potential 

factors affecting their development

1.1 Neurological disorders

Neurological disorders are any central or peripheral nervous system disorders that 

afflict the brain or spinal cord (World Health Organization, 2016). As noted by the World 

Health Organization (WHO), common neurological disorders can result in a range of 

pathological states, such as dementia, Alzheimer’s disease (AD), Parkinson’s disease (PD), 

cerebrovascular diseases, stroke, or multiple sclerosis. Hundreds of millions of people 

worldwide suffer from neurological disorders, and the WHO estimates that approximately 50 

million people worldwide are afflicted with dementia, with approximately 10 million new cases 

per year. 

Many neurological disorders are related to the human brain and can be classified into 

three categories. The first category comprises the disorders of low intelligence, which are 

typically caused by congenital deficiencies and acquired dysplasias. The second category 

comprises stroke and sequelae of cerebral apoplexy, and related disorders caused by cerebral 

injuries and the resulting sequelae of nerve damage. The third category comprises

neurodegenerative disorders, such as dementia, AD, and PD, which are largely caused by 

chronic degeneration of brain cells.

The reality of aging societies worldwide is generating a research and policy focus on 

neurological disorders, as they increase the challenge of caring for the elderly. The increasing 

worldwide rate of neurological disorders results in large increases in healthcare costs and 

consumes an enormous amount of social resources. Disorders such as congenital deficiencies, 
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acquired dysplasias, and neurodegenerative diseases cause a particularly high degree of human 

suffering, and mortality related to neurological disorders is increasing year by year. For 

example, stroke is the fifth most common cause of death worldwide (Shatri et al., 2018). 

The etiologies of neurological disorders are complex. They can be caused by physical 

injury affecting the functions of the spinal cord, brain, and nerves, or solely due to biochemical 

dysfunction. Furthermore, the factors that can increase the risk of neurological disorders appear 

to be even more complex and have yet to be comprehensively identified. Thus, research in this 

area is warranted. 

1.1.1 Stroke

Stroke is a brain attack caused by the death of cerebral cells due to a cerebrovascular 

accident, i.e., an interruption of the blood supply to the brain, resulting in brain damage (Shatri 

et al., 2018). According to a global perspective in The Lancet, 10.3 million strokes occur 

annually worldwide, resulting in more than a hundred million disability-adjusted life years 

(Pandian et al., 2018). Stroke is also the fifth leading cause of death and the most common 

cause of disability (Shatri et al., 2018). 

The two main types stroke are ischemic stroke and hemorrhagic stroke, accounting for 

85% and 15% of all acute stroke cases, respectively (Shatri et al., 2018). Ischemic stroke is 

caused by vascular obstruction, whereby increased blood viscosity or deposited atheroma, or 

cerebral embolism caused by arterial obstructions outside the brain, such as fragments of tissue, 

results in cerebral thrombosis. This insufficiency of cerebral blood supply causes cellular 

dysfunction and hypoxic necrosis in the affected brain region, and such a hypoxic insult – even 

for a short time – can cause irreversible brain damage (Ferdinand et al., 2016). Hemorrhagic 

stroke occurs less frequently than ischemic stroke and results from intracranial hemorrhage 

(Caceres et al., 2012). A primary cause of hemorrhagic stroke is blood-clotting dysfunction, 
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which can mean that an initial hematoma expansion or intraventricular hemorrhage leads to

continued hemorrhage from the primary hemorrhagic vessel or secondary bleeding into the 

periphery of the clot (S. Chen et al., 2014). Hematoma expansion has been associated with the 

interaction of hyperglycemia and hypertension (Kazui et al., 1997), and it has been shown that 

neuronal cell death may occur around the angiorrhexis due to the lack of blood supply (Fricker 

et al., 2018). 

1.1.2 Dementia

Dementia is one of the most representative neurodegenerative disorders. WHO

estimates that there are approximately 50 million dementia patients worldwide, with 10 million

new patients per year(World Health Organization., 2019a). It is predicted that in 2050, the 

number of dementia patients will exceed 150 million worldwide (World Health Organization, 

2019a). The syndrome of cognitive function deterioration caused by dementia is chronic and 

progressive and distinct from the natural aging process. This abnormal cognitive dysfunction

in dementia leads to progressive loss of independence among dementia patients, especially 

older adults suffering from dementia.

The insufficiency of knowledge on dementia means that the its diagnosis and timely 

medical treatment can be difficult. The substantial deterioration in thinking ability and memory 

caused by dementia severely affects sufferers’ daily life, and as there is no cure for dementia,

patients need long-term care and treatment. Dementia does not directly cause mass mortality, 

but its social and financial costs to the society are enormous. 

1.1.3 AD and mild cognitive impairment

AD is also a chronic and progressive neurodegenerative disorder, like dementia, and 

the most common type of dementia and neurodegenerative disease, accounting for more than 

60% of all dementia cases (WHO, 2019a). More than 10 million AD patients have problems 
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with memory, behavior, and mental-processing capacity (Parkinson’s Foundation, 2018), and 

treatment and social security expenses associated with AD in the United States cost > US$25 

billion per year. As mentioned, WHO estimates that approximately 50 million people suffer 

from dementia worldwide, and this number is continually increasing, such that by 2030, it is 

expected that the AD patient population will comprise 80 million people, with this number 

doubling by 2050. This will increase AD-associated costs in the United States beyond US$800

billion (Armel et al., 2017).

The early stages of AD are typified by mild cognitive impairment (MCI), and thus,

MCI is an intermediate state between normal mental function and AD (Petersen, 2009). MCI 

has two common types of symptoms, classified as amnestic MCI (a preclinical stage of AD) 

and anamnestic MCI. Amnestic MCI patients suffer from regular instances of memory loss, 

such as forgetting crucial aspects of personal information, whereas non-amnestic MCI patients 

suffer from impairments of thinking ability (Petersen, 2009). MCI is in itself a serious 

neurodegenerative disorder that negatively affects mental development, especially when it 

occurs in children and teenagers, and should never be ignored. Akin to AD, the impairment of 

mental health resulting from MCI can have a social and financial cost. 

In the preliminary stage of AD, patients display symptoms associated with speech and 

language impairment, cognitive impairment, and apraxia, and less commonly (short-term) 

memory loss. As AD progresses, patients may gradually lose the ability of speech and become 

unable to process language (Tarawneh et al., 2012); subsequently, cognitive impairment and 

amnesia worsens until patients in the terminal stages of AD need full care from others, as they 

are unable to complete any activity by themselves. 

The pathogenesis of AD remains unclear, although some hypotheses have been 

proposed. One of the most prominent has been the beta-amyloid (Aβ) hypothesis (Games et al., 

1995), which holds that the accumulation of redundant Aβ in the brain results in the formation 
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of amyloid plaques that increase the risk of AD by weakening the connections between neurons

(Roher et al., 2017). It has been suggested that many genes are responsible for the build-up of 

Aβ, with the findings from some studies indicating that amyloid precursor protein (APP)-

associated genes can increase the production of Aβ42 form of Aβ or alter the percentage of 

Aβ42 in cells (Bi et al., 2019; Theuns et al., 2006). However, these findings have not been 

consistently reproducible, and the influence of certain genes has not been validated.

In another example, the tau hypothesis holds that tau protein, a type of microtubulin 

present between neurons, becomes excessively or abnormally phosphorylated and thus forms

“tangles” in the brain that inhibit neuronal function (Iqbal et al., 2010; Mandelkow et al., 2011). 

Although the etiology and mechanisms of AD formation remain to be determined, the 

continued investigation of its risk factors is essential, as the financial and social effects of AD 

place a great burden on the society. 

1.1.4 PD

PD is the second most common neurological disorder, after AD. The incidence of PD

doubled to over 6 million patients from 1990 to 2015, and its incidence is predicted to double 

again by 2040 (Dorsey et al., 2018). PD affects motor functions more than AD does, causing,

for example, tremors, stiffening, and bradykinesia (Mazzoni et al., 2012). As a chronic 

neurodegenerative disease, the symptoms of PD usually worsen over time, and PD patients 

may gradually lose the motor control of the their body, especially their limbs (Mazzoni et al., 

2012).

A hallmark of PD is the death of dopaminergic neurons in the brain (Surmeier, 2018), 

which affects motor control and can result in disorders of cognition, behavior, language, and 

thinking (Mazzoni et al., 2012). Executive dysfunction is a typical symptom of PD, resulting 
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in PD patients gradually becoming unable to plan and complete tasks. PD is a common disease 

in the elderly and can also cause memory loss (Mazzoni et al., 2012). Some pharmaceutical 

treatments can alleviate the symptoms of PD, but there is no cure for PD.

Dopaminergic neurons account for 3%–5% of all neurons in the substantia nigra area 

of the brain, and damage to this area causes bradykinesia and stiffness. PD also generates non-

movement symptoms such as constipation, depression, and anosphrasia (olfactory anesthesia), 

which can occur before the diagnosis of PD (Parkinson’s Foundation, 2018). 

Many factors can trigger PD, but unlike AD, it is not generally considered as a 

hereditary disease. However, findings from studies on the genetic risk factors of PD have 

revealed that genetic mutation can lead to the development of PD. Some of the genes that 

become mutated have been identified by gene coding, e.g., alpha-synuclein, Parkin E3, and 

PINK1(J. Liu et al., 2017). The mechanism of the how these genes are associated with PD has 

also been reported; for example, alpha-synuclein may cause the ataxia telangiectasia-mutated 

serine mutation, resulting in the disruption of DNA damage-repair mechanisms (Schaser et al., 

2019). It has also been pointed out that alpha-synuclein may be linked to the death of 

dopaminergic neurons in some areas of the brain. The nonhomologous end-joining repair of 

double-strand breaks can be activated by alpha-synuclein, leading to the accumulation of alpha-

synuclein and other abnormal proteins in Lewy bodies, which may contribute to PD formation

(Schaser et al., 2019). 

Environmental factors can increase the risks of developing PD. For instance, 

occupational exposure to carbamates, organophosphorus, and organochlorines pesticides can 

increase the risk of PD (Narayan et al., 2017). Further studies on the environmental factors 

affecting the development of PD are still needed. 
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1.1.5 Autism spectrum disorder (ASD)

ASD is defined by the Diagnostic and Statistical Manual of Mental Disorders (DSM-

5) as a type of developmental disorder, and it is manifest as difficulties with communication 

and behavior (National Institute of Mental Health, 2019). As a spectrum disorder, ASD can 

afflict people with different backgrounds and experiences. The symptoms of ASD vary, but 

abnormal socialization and interaction are common, typified by sensitive and repetitive 

behaviors (National Institute of Mental Health, 2019). 

The causes of ASD remain unclear, but its genesis may involve polygenic risks and 

epigenetic factors. Gene-environment interactions have also been hypothesized and 

investigated as cause of ASD. In terms of non-genetic factors, the parental age and pre-term 

birth have been identified as primary risk factors for ASD. ASD is a lifelong 

neurodevelopmental disorder, and further investigations of its epidemiological causes and 

treatment must be performed. Notably, maternal exposure to air pollution during pregnancy 

increases the risks of her child exhibiting ASD (Lyall et al., 2017). 

1.2 Fine particulate matter pollution

Air pollution results from harmful substances and particulates entering the atmosphere . 

It is produced by human activities and during natural environmental changes, and can lead to 

building damage and risks to human health worldwide. As a result, the reduction of air 

pollution is an aim of many researchers and policymakers across the world. 

Fine particulate matter (PM2.5) is a type of air pollutant with an aerodynamic diameter 

of ≤2.5 μm. It can trigger allergies and cause ill effects in humans. In the United States, more 

than 50,000 deaths are attributable to PM2.5 exposure each year (Dellinger et al., 2001), and 

thus, PM2.5 is a major epidemiological concern. Generally, research is focused on the role of 
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PM2.5 in respiratory, cardiopulmonary, and cardiovascular diseases, because the inhalation of 

PM2.5 has direct or indirect effects on the tissues and organs afflicted by these diseases. 

PM2.5 has a variety of sources, such as emissions from industries and vehicles and from 

biomass combustion (M. Zhang et al., 2019). The components of PM2.5 are complex, 

comprising organic constituents such as polycyclic aromatic hydrocarbons (PAHs) and their

derivatives such as nitro-PAHs and hydroxy-PAHs, inorganic anions such as SO4
2− and NO3

−, 

heavy metals such as iron (Fe) and lead (Pb), and microbes (M. Zhang et al., 2019; Y. Zhang 

et al., 2019). It has also been confirmed that PM2.5 exposure could increase the concentrations

of reactive oxygen species (ROS) and induce oxidative stress and DNA damage reactions( Li 

et al., 2018; Mehta et al., 2008).

Moreover, it has recently been shown that PM2.5 can enter the brain via the olfactory 

bulb (Maher et al., 2016) and also via the blood-brain barrier (Hajal et al., 2018). These findings 

imply that PM2.5-mediated mechanisms may contribute to the development of brain disorders. 

For example, the ability of PM2.5 to induce ROS production could lead to various deleterious 

effects in the brain tissue (Lakey et al., 2016). 

1.3 Objectives

Human life expectancy has dramatically increased in recent decades, and thus,

neurological disorders that are more common in the elderly, especially neurodegenerative 

diseases such as PD and AD, have become a global public health challenge. A critical aspect 

of public health and epidemiological research is determining how to reduce the health and 

financial burden of neurodegenerative disorders via prevention and treatment.

As has been mentioned above, determining the best approaches for prevention is a 

complex undertaking and requires further study. Thus, in this project, the various 
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environmental and biological factors that may contribute to the genesis and progression of 

neurological disorders were examined, and the potential toxicological mechanism whereby 

these factors may cause neurological illness were investigated. The collected findings of this 

project therefore provide a scientific framework for future empirical investigations, helpful 

guidance on possible epidemiology studies, and general advice on the prevention and treatment 

of related neurological disorders. Big data-based statistics and other computer science 

techniques were used in the project, together with novel experimental designs using special 

instruments and animal models, to comprehensively investigate this important area.
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Chapter 2

The association between PM2.5 exposure and neurological disorders: 

a systematic review and meta-analysis

2.1 Abstract

Background: Recent meta-analyses have tried to identify an association between PM2.5 

exposure and stroke, but none could find conclusive or statistically significant evidence. 

Moreover, the associations between PM2.5, neurodegenerative diseases and 

neurodevelopmental disorders have never been reviewed. We aimed to assess the effects of 

PM2.5 exposure on stroke, dementia, AD, autism spectrum disorder (ASD), PD, and MCI.

Methods: We searched PubMed and CNKI databases for articles published until June 2018. 

Studies were eligible for analysis if they were human studies and provided risk estimates with 

95% CI. We screened 1645 articles and identified 80 eligible studies covering 26 countries 

across all continents except Antarctica. Risks of incidence and mortality were extracted and 

stratified by types of neurological disorders, PM2.5 concentration and duration of PM2.5 

exposure. 

Results: We found a significant association between PM2.5 exposure and stroke, dementia, AD, 

ASD, PD. The risks of ischemic and hemorrhagic stroke were higher than that of stroke in 

general, and that hemorrhagic stroke had by far the highest mortality. The risk of stroke for 

heavily polluted countries was significantly higher than that of lightly polluted countries. 

Short- and long-term PM2.5 exposure was associated with increased risks of stroke (short-term 

odds ratio 1.01 [per 10 μg/m3 increase in PM2.5 concentrations], 95% CI 1.01–1.02; long-term 

1.14, 95% CI 1.08–1.21) and mortality (short-term 1.02, 95% CI 1.01–1.04; long-term 1.15, 
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95% CI 1.07–1.24) of stroke. Long-term PM2.5 exposure was associated with increased risks 

of dementia (1.16, 95% CI 1.07–1.26), AD (3.26, 95% 0.84–12.74), ASD (1.68, 95% CI 1.20–

2.34), and PD (1.34, 95% CI 1.04–1.73).

Conclusions: There is a strong association between PM2.5 exposure and neurological disorders. 

National governments should exert greater efforts to improve air quality, given its health 

implications.

Keywords: Air pollution; PM2.5; Neurological disorders; Meta-analysis 



12

2.2 Introduction

Air pollution has attracted wide public attention due to its impact on air quality and public 

health (Pöschl, 2005; Valavanidis et al., 2008). When inhaled, aerosol particles with an 

aerodynamic diameter less than 2.5 µm (PM2.5) are known to trigger allergic responses and 

cause damages to the human airways. Recent studies have shown that PM2.5 can enter the 

bloodstream, cross the blood-brain barrier and gain access to the central nervous system (F. 

Liu et al., 2015; Power et al., 2016). These particles, typically made up of heavy metals, organic 

carbon and polycyclic aromatic hydrocarbons, can induce inflammation, apoptosis and DNA 

damage through the production of reactive oxygen species, causing various complications in 

the human brain (Calderón-Garcidueñas et al., 2004; Clifford et al., 2016; Dellinger et al., 2001; 

Power et al., 2016; Riva et al., 2011; Upadhyay et al., 2003).

Systematic reviews and meta-analyses that assess the association between PM2.5 exposure 

and neurological disorders have so far been limited. In studies independently conducted by Yu 

et al. (2014), Wang et al. (2014), and Shah et al. (2015), short-term PM2.5 exposure was 

associated with increased risks of stroke, stroke mortality, and ischemic stroke. In a study 

conducted by Scheers et al. (2015), long-term PM2.5 exposure was associated with increased 

risks of stroke and stroke mortality. In another study conducted by Lam et al. (2016), long-

term PM2.5 exposure was linked to an increased risk of ASD. Although these studies have 

preliminarily established an association between PM2.5 exposure, stroke, and ASD, the 

relationship between PM2.5 exposure and other neurological disorders remains unclear. 

Moreover, a closer inspection of the data used to assess the effects of PM2.5 exposure reveals 

that these meta-analyses covered at most seven countries — and nearly all were lightly polluted 

countries (24-hour mean mass concentration of PM2.5 < 25 μg/m3) (World Health Organization, 

2006).
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In this study, we systematically review the literature to assess the effects of PM2.5 exposure 

on stroke, dementia, AD, ASD, PD and MCI. To the best of our knowledge, we are the first to 

use meta-analysis to examine the impact of PM2.5 exposure on neurodegenerative diseases. 

Also, our meta-analysis represents the most comprehensive assessment of PM2.5 exposure and 

its associations with stroke and ASD to date. The articles used in our analysis included more 

than 6.33 million people from 26 countries across Africa, Asia, Australia, Europe, North 

America and South America. Some of these countries, namely Chile, China, Hong Kong, India

and Taiwan, are known to be heavily polluted (24-hour mean concentration of PM2.5 ≥ 25 μg/m3) 

(World Health Organization, 2006).

2.3 Methods

2.3.1 Search strategy and selection criteria

In the systematic review, we searched PubMed and China National Knowledge 

Infrastructure (CNKI) databases for articles published until June 2018 that assessed the 

association between PM2.5 exposure and neurological disorders (Figure S1 in the Appendix of 

Chapter 2, where each Figure Sx can be found in the Appendix of its Chapter accordingly). 

Search terms were combined so that each search query contained at least one term related to 

PM2.5 exposure (e.g., “PM2.5”, “air pollution”, “particulate matter”) and one term related to 

neurological disorders (e.g., “stroke”, “autism spectrum disorder”, “Alzheimer’s disease”). 

Full details are provided in the appendix. We included all original studies published either in 

English or Chinese that evaluated the impact of PM2.5 exposure on one or more of the following 

neurological disorders: stroke, dementia, AD, ASD, PD, and MCI. These studies must have 

reported risk estimates (e.g., incidence or mortality rates) — in the form of odds ratios (OR), 

hazard ratios (HR), relative risks (RR), regression coefficients (β) or percentage changes —

with 95% confidence interval (CI) in their abstract. We excluded duplicate studies, systematic 
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reviews and meta-analyses, but the references of systematic reviews and meta-analyses were 

used to identify other potentially relevant studies. A general search on Google, Lancet, BMJ, 

NEJM, JAMA, CMAJ, Nature, Science, and PNAS websites was used to identify grey 

literature. Incidence and mortality rates of neurological diseases were extracted from each 

paper provided that the data were attributable to PM2.5 exposure.

2.3.2 Data analysis

Data from each article were registered in a standardized form that include: name of first 

author, year of publication, location of study, duration of PM2.5 exposure (e.g., short-term, long-

term), design of study (e.g., case-crossover, case-control, cohort, cross-sectional, and time-

series studies), size of study population, mean age, mean PM2.5 concentration, units of 

concentration, interquartile range, type of neurological disorder, type of risk estimates (e.g., 

incidence or mortality), OR, and lower/upper limits of CI (Table S1, in Appendix of Chapter 2 

where each Table Sx can be found in each Appendix of its Chapter). For three studies that 

provided risk estimates for Europe rather than for its individual countries, the location of the 

study was referred to as “Europe.” For studies that did not specify the mean age of participants, 

an age range was provided (or left as blank if the information was not available). For studies 

that did not specify the mean concentration of PM2.5, a concentration range was provided (or 

left as blank if the information was not available).

Risks of incidence and mortality were extracted and stratified by type of neurological 

disorder and duration of PM2.5 exposure. For uniformity, all risk estimates were rounded to two 

decimal places and converted to the standard unit of “per 10 μg/m3 increase in PM2.5 

concentrations”. When multiple articles of the same study were available, we used the latest or 

the most comprehensive report.
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Note that in this meta-analysis, we considered AD to be a subtype of dementia. Also, 

following the advice of Pope and Szpiro, we considered time-series, case-crossover and case-

control studies as “short-term studies”, and cohort studies as “long-term studies” (Pope, 2007; 

Szpiro et al., 2014). Finally, we defined “lightly polluted countries” as countries with 24-hour 

mean PM2.5 concentration < 25 μg/m3, and “heavily polluted countries” as countries with 24-

hour mean PM2.5 concentration ≥ 25 μg/m3.

The quality of individual articles was assessed independently by PF and FMHC using a 

modified quality assessment checklist recommended by the Agency for Healthcare Research 

and Quality (Rostom et al., 2004). An article would receive one point (maximum score of 10) 

if it: (1) indicated the source of data (e.g., the Center for Medicaid and Medicare); (2) indicated 

the design of the study (e.g., cohort study); (3) listed inclusion and exclusion criteria for 

participants; (4) indicated the period of study (e.g., between 1999 and 2010); (5) indicated the 

demographics of subjects (e.g., an elderly population from the northeastern United States); (6) 

indicated the size of the study population; (7) described any assessment undertaken for quality 

assurance purposes (e.g., sensitivity analysis); (8) listed criteria for excluding certain data 

during analysis; (9) described how confounding was assessed and/or controlled (e.g., results 

were adjusted for age); and (10) explained whether there were missing data and how missing 

data were handled in the analysis.

Sensitivity analysis was carried out wherein poor-quality studies (i.e., studies that scored 

five or below in quality assessment) were removed and risk estimates were recalculated. 

Heterogeneity was quantified by I2 statistics with a cut off for significance of I2 = 0.5. For I2 > 

0.5, a random-effects model was used to calculate the risk estimates and their 95% CI (Lau et 

al., 1997). Publication bias was assessed by Egger’s test. Meta-regression was performed to 

determine if the design of the study, size of the study population, mean age, mean PM2.5
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concentration and units of concentration were sources of heterogeneity, particularly if 

heterogeneity persisted after the subgroup analysis.

All analyses were performed with STATA version 14.0 (STATA Corp, College Station, 

Texas, USA).

2.4 Results

Our search identified 1645 studies (1617 from PubMed and 28 from CNKI). After 

excluding 163 duplicate studies, the abstracts of 1482 studies were screened for OR and 95% 

CI. After review, 169 articles were found to satisfy the inclusion criteria and their full texts 

were further screened. Of these articles, we excluded 92 studies either because they were 

systematic reviews and meta-analyses or because they did not provide data on neurological 

disorders associated with PM2.5. Although we excluded systematic reviews and meta-analyses, 

their references helped us identify two relevant studies not found on PubMed or CNKI. In 

addition, we identified a recently published study in Lancet through a generic search whose 

data can be used for our meta-analysis (H. Chen et al., 2017). In total, we identified 80 studies 

for use in our meta-analysis (details available in the Appendix). Most studies were of good 

quality, as assessed by our modified quality assessment checklist. The average score was 8.13. 

Only nine studies had a score of five or below. Sensitivity analysis showed that our meta-

analysis is robust, as the elimination of “poor-quality” studies had little to no effect on the 

outcome. Meta-regression did not find the design of the study, size of study population, mean 

PM2.5 concentration, or units of concentration to be a source of heterogeneity.

Of the 80 included studies, 77 were published in English and three were published in 

Chinese. The earliest study was published in August 2000 (Lippmann et al., 2000), while the 

latest study was published in May 2018 (Lipsett et al., 2011). When stratified by the design of 

the study, 26 were case-crossover studies, 27 were cohort studies, 16 were time-series studies, 
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eight were cross-sectional studies, and three were case-control studies. When stratified by 

location, 42 were conducted in North America (33 in US, eight in Canada and one in Mexico), 

33 in Europe (six in UK, five in Italy, four in Germany, three in each of Finland, Netherlands, 

Spain, Sweden, two in each of Denmark, France, one in each of Greece, Norway, and 

Switzerland). 22 in Asia (ten in China, five in Taiwan, three in Japan, two in Hong Kong, one 

in each of India and Russia), two in Africa (Ghana and South Africa), and one in each of South 

America (Chile) and Australia (Figure 2-1). When stratified by type of neurological disorder, 

56 evaluated the impact of PM2.5 exposure on stroke, nine on MCI, six on PD, six on ASD, 

three on each of AD and dementia. Note that the number of countries or studies on a 

neurological disorder do not add up to 80 because an investigation may cover more than one 

country or neurological disease.

Figure 2-1 A global map of the included studies on the association between PM2.5 exposure and neurological 

disorders. Number in brackets indicates the number of studies conducted in that country. Color is used to indicate 

the level of mean PM2.5 concentration.
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Our meta-analysis covered approximately 6.33 million people with ages ranging from four 

to 85 years old. The assessed countries had PM2.5 concentrations ranging from 2.84 to 100 

μg/m3. The shortest and longest period of studies were one and 21 years, respectively. We 

began our analysis by stratifying all studies according to the type of neurological disorder and 

duration of PM2.5 exposure and then calculating risk estimates for each neurological disorder. 

For short-term PM2.5 exposure, risks of stroke and stroke mortality were 1.01 (95% CI 1.01–

1.02) and 1.02 (95% CI 1.01–1.04), respectively (Figure 2-2 and Figure 2-3). For long-term 

PM2.5 exposure, risks of stroke and stroke mortality were 1.14 (95% CI 1.08–1.21) and 1.15 

(95% CI 1.07–1.24), respectively. When short- and long-term studies were pooled, risks of 

stroke and stroke mortality were 1.02 (95% CI 1.01–1.02) and 1.14 (95% CI 1.11–1.17) (Figure 

S2 and Figure S3). Risks of dementia, AD, ASD, PD, and MCI were 1.16 (95% CI 1.07–1.26), 

3.26 (95% 0.84–12.74), 1.68 (95% CI 1.20–2.34), 1.34 (95% CI 1.04–1.73) and 0.98 (95% CI 

0.96–1.01), respectively (Figure 2-4).
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NOTE: Weights are from random effects analysis
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Figure 2.2 Meta-analysis of the association between PM2.5 exposure and stroke incidence.
Figure 2-2 Meta-analysis of the association between PM2.5 exposure and stroke incidence.
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Figure 2-3 Meta-analysis of the association between PM2.5 exposure and stroke mortality.

NOTE: Weights are from random effects analysis
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Figure 2-4 Meta-analysis of the association between PM2.5 exposure, dementia, and Alzheimer’s disease, ASD, 

Parkinson’s disease, and MCI
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We repeated the analysis of stroke by stratifying all studies into two categories: those 

conducted in lightly polluted countries and those conducted in heavily polluted countries. 

Short- and long-term studies were pooled due to the few numbers of studies (Figure S4). For 

lightly polluted countries, the risk of stroke and stroke mortality was 1.01 (95% CI 1.00–1.02) 

and 1.06 (95% CI 1.02–1.10), respectively. For heavily polluted countries, the risk of stroke 

was 1.02 (95% CI 1.01–1.03). Here we excluded one study conducted in the United States 

(PM2.5 concentration ranging from 15 to 40 μg/m3) because it did not fit either category. In any 

case, the results would remain the same, even if the study was included in either category. Note 

that the risk of stroke mortality for heavily polluted countries was not calculated due to a lack 

of data.

We also calculated risk estimates for ischemic and hemorrhagic stroke to assess the impact 

of PM2.5 exposure on different stroke types (Figure S5). They were 1.03 (95% CI 1.01–1.04) 

and 1.04 (95% CI 1.00–1.07), respectively.

2.5 Discussion

PM2.5 exposure is a major risk factor for respiratory and cardiovascular diseases, but its 

contribution to neurological disorders is unclear. In this study, we performed a systematic 

review and meta-analysis to assess the association between PM2.5 exposure and neurological 

disorders. Our results show that PM2.5 exposure increases risks of stroke, dementia, AD, ASD, 

PD, but not MCI.

Previously, three groups have assessed the association between PM2.5 exposure and stroke 

using systematic reviews and meta-analyses. Yu et al. (2014), Wang et al. (2014) and Shah et 

al. (2015) studied short-term PM2.5 exposure and found that it had little (i.e., OR = 1.01) to no 

association (i.e., the null value OR = 1.00 was contained within the 95% CI) with ischemic 

stroke, hemorrhagic stroke or stroke in general. Scheers et al. (2015) studied long-term PM2.5
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exposure and found that it was associated with increased risks of stroke (1.12, 95% CI 1.04–

1.21) and stroke mortality (1.26, 95% CI 1.01–1.51) of stroke. In our study, we found that 

short- and long-term exposure to PM2.5 were both associated with increased risks of stroke and 

stroke mortality. Furthermore, risks of stroke and stroke mortality for long-term PM2.5 exposure 

were significantly steady to those for short-term PM2.5 exposure. The results suggest that the 

duration of PM2.5 exposure affects both stroke incidence and mortality.

Through stratification of data, we showed for the first time that the risk of stroke for 

heavily polluted countries was significantly higher than that of lightly polluted countries. The 

results suggest a positive correlation between mean PM2.5 concentration and stroke risk. This 

finding is important because it means people living in heavily polluted countries are most 

susceptible to the adverse effects of PM2.5. It also explains why previous work found little to 

no association between PM2.5 exposure and stroke — they lacked data from heavily polluted 

countries.

We also found that risks of ischemic and hemorrhagic stroke were higher than that of 

stroke in general. This is in line with the expectation that ischemic and hemorrhagic stroke are 

the two most common stroke subtypes. However, we were puzzled why the risk of hemorrhagic 

stroke was highest, given that ischemic stroke accounts for 85% of stroke cases. Nonetheless, 

a search of the relevant literature revealed a fundamental difference between the two-stroke 

subtypes: ischemic stroke is caused by the obstruction of blood vessels, whereas hemorrhagic 

stroke is caused by the leakage of weakened blood vessels. Given that PM2.5 may cross the 

blood-brain barrier, we hypothesize that PM2.5 exposure may act on the exterior of blood 

vessels and promote the weakening of blood vessels. PM2.5 might promote hemorrhagic stroke 

by crossing the blood-brain barrier and weakening blood vessels within the brain. However, 

the underlying causes of PM2.5-increased the risks of hemorrhagic stroke and ischemic stroke 

mortality remain to be further studied.
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Previously, Lam et al. (2016) had conducted a systematic review and meta-analysis and 

found that PM2.5 exposure was strongly associated with increased risk of ASD (OR: 2.32, 95% 

CI 2.15–2.51). Our results agree well with those of Lam et al. (2016), though the 95% CI of 

our pooled risk estimate was undeniably wider (Lam et al., 2016). More studies of better quality 

and larger study populations may help to reduce the width of this 95% CI.

We found that PM2.5 exposure was strongly associated with increased risks of dementia, 

AD, and PD. Specifically, AD had the highest risk, followed by dementia and PD in equal 

second. The results are particularly interesting because recent studies have shown that bacterial 

infection in mouse brain can trigger the development of AD and that the formation of amyloid 

plaques may serve as a last line of defense to protect the central nervous system (Itzhaki et al., 

2004, 2016; Gérard et al., 2006).We hypothesize that PM2.5 may act as environmental antigens 

and trigger the development of AD by promoting the formation of amyloid plaques in the 

human brain. The finding is worrisome because it means PM2.5 exposure has implications not 

only for neurodevelopmental diseases, but also for neurodegenerative diseases. In other words, 

children and the elderly are highly susceptible to the adverse effects of PM2.5. Notably, we 

could not establish an association between PM2.5 exposure and MCI. The results suggest that 

MCI may not have an environmental cause, and that the pathogenesis of MCI-related AD may 

be very different from that of PM2.5-induced AD (Figure 2-5).
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Figure 2-5 Hypothetical pathogenic pathways of Alzheimer’s disease. Like bacteria, PM2.5 may induce 

Alzheimer’s disease by acting as environmental antigens and triggering the formation of amyloid plaques. In 

contrast, the progression towards Alzheimer’s disease through MCI is caused by genetic factors.

Despite the strengths of our study, we would like to note that our meta-analysis does have 

several limitations. First, we acknowledge that PM2.5 has only a size definition but can be very 

different in nature. Our meta-analysis did not account for this as we do not have access to 

primary data. We can only hope that by including a greater number of papers (80 in our meta-

analysis), our work can provide a more visual and accurate estimate of the PM2.5-associated 

neurological risks. Second, we have performed meta-regression to see if the design of the study, 

size of the study population, mean age, mean PM2.5 concentration and units of concentration 

were sources of heterogeneity. Among these parameters, we identified mean age as the most 

likely source of heterogeneity (i.e., meta-regression plot shows regression coefficient of 

opposite sign to that of meta-analysis), especially for stroke incidence due to short-term PM2.5

exposure, dementia, and AD. For future studies, considerations on the composition of PM2.5

(e.g., heavy metal, organic matter) and age of the study population are recommended.
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2.6 Conclusions

The results from our study suggest that PM2.5 exposure is associated with a wide spectrum 

of neurological disorders, and that incidence and mortality are significantly influenced by mean 

PM2.5 concentration and the duration of exposure. We hypothesize that PM2.5 may cross the 

blood-brain barrier and promote hemorrhagic stroke by weakening blood vessels in the brain. 

In addition, PM2.5 may induce AD by acting as environmental antigens and triggering the 

formation of amyloid plaques. Consequently, children, elderly and people living in heavily 

polluted countries are most susceptible to the adverse effects of PM2.5 exposure. We advise that 

governments around the world should set up strategies for controlling PM2.5 emission, as well 

as guidelines for limiting PM2.5 exposure.
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Chapter 3

Association of intestinal disorders with Parkinson’s disease and 

Alzheimer’s disease: A systematic review and meta-analysis

3.1 Abstract

PD and AD are the most common neurodegenerative disorders, with an overall global 

incidence of 40 million. Many studies have revealed the association of intestinal disorders and 

bacterial infections with PD, but few studies have found such a relationship with AD. In this 

meta-analysis, related articles published up to September 2018 were searched in PubMed. Of 

the 2,121 related articles screened initially, 56 were found to be eligible. Data on the risks of 

PD and AD due to five intestinal disorders and infection with Helicobacter pylori (H. pylori), 

as a representative intestinal microbe, were obtained, and a fixed- or random-effects model was 

used to pool the odds ratios (ORs) with 95% confidence interval (CIs) from individual studies. 

The combined OR for all types of intestinal disorders with an increased risk of PD was 3.36 

(95% CI: 2.70–4.17). The ORs for each category were as follows: constipation, 4.05 (95% CI, 

3.24–5.06); inflammatory bowel disease (IBD), 1.16 (95% CI, 0.89–1.52); irritable bowel 

syndrome (IBS), 1.75 (95% CI, 0.55–5.56); small intestinal bacterial overgrowth (SIBO), 5.15 

(95% CI, 3.33–7.96); and diarrhea, 1.27 (95% CI, 0.28–5.75). The combined OR of all types 

of intestinal disorders with an increased risk of AD was 1.52 (95% CI, 1.09–2.13). The ORs 

for IBS and IBD were 1.42 (95% CI, 1.02–1.99) and 2.40 (95% CI, 1.00–5.76), respectively. 

The risk estimates of H. pylori infection in PD and AD patients were as follows: OR, 1.65 (95% 

CI, 1.43–1.91) and OR, 1.40 (95% CI, 1.12–1.76), respectively. These findings suggest that 

PD and AD are significantly associated with intestinal disorders. The negative roles of H. pylori 

in the development of PD or AD should be evaluated to shed new light on the diagnosis and 
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treatment of PD and AD. National governments should periodically inspect the intestinal 

condition of residents and extend health plans to improve intestinal health to prevent potential 

neurological disorders.

Keywords Parkinson’s disease; Alzheimer’s disease; Intestinal disorders; H. pylori; Meta-

analysis
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3.2 Introduction

PD is currently the second most common neurodegenerative disease after AD. It is a 

movement disorder accompanied by cognitive impairment, and its incidence is rapidly 

increasing worldwide. Based on data from Parkinson’s Foundation(Parkinson’s Foundation, 

2018), more than 10 million people are living with PD. The healthcare cost of PD is estimated 

to be more than 50 billion dollars per year in the United States alone, and it is expected to 

increase with the rapid increase in the diagnosis of new PD cases(Parkinson’s Foundation, 

2018).

AD is the most common cause of dementia(Blennow et al., 2006). Based on data from the 

World Health Organization(World Health Organization., 2019b), there are nearly 50 million 

dementia patients worldwide, and associated healthcare costs are estimated to be 818 billion 

dollars each year. Furthermore, dementia has become one of the major causes of disability 

worldwide(World Health Organization., 2019b). 

The precipitating factors of PD and AD include aging, hereditary factors, dietary factors, 

lifestyle, gastrointestinal dysfunction and environmental pollution(Barnard et al., 2014; Fasano 

et al., 2015; Shin et al., 2018) and these factors are closely associated with the prevention and 

treatment of the disorders. With rapidly aging populations and the increase in the average life 

span, the sharp increase in the incidence of neurodegenerative diseases has become a global 

public health challenge. With the rise in the health burden of AD and PD, their causes, 

prevention, and therapeutic treatments have become key research topics in cognitive 

neuroscience.

The common intestinal disorders include but are not limited to SIBO, constipation, 

diarrhea, IBS, and IBD. These intestinal disorders can cause some serious symptoms and 

inflammatory responses. Recent studies found the occurrence of these five intestinal disorders 
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to be associated with PD(Gonera et al., 1997; Mertsalmi et al., 2017; Mishima et al., 2017; 

Mukherjee et al., 2016; Tan et al., 2014). Intestinal dysfunction could trigger the onset of PD 

by affecting the central nervous system via the brain–gut axis(Mukherjee et al., 2016; Poirier 

et al., 2016), a bidirectional connection between the brain and gut that plays an essential role 

in the association between intestinal disorders and neurological disorders(Fasano et al., 2015; 

Junges et al., 2018; Mukherjee et al., 2016). 

In contrast, few studies on AD have reported an association with SIBO, constipation, or 

diarrhea. Some studies have suggested that IBS and IBD can increase the risk of AD(Caini et 

al., 2016; C. H. Chen et al., 2016). However, these studies are in an early stage and have not 

investigated the underlying mechanisms of the involvement of the gut-brain axis in AD onset.

Apart from the intestinal disorders, some studies have found that certain alterations in the 

gut microbiota composition can increase the risk of PD and AD (Jiang et al., 2017; Mulak et 

al., 2015). Most studies on the related mechanisms have highlighted that abnormal changes in 

the intestinal flora structure and abundance are associated with neurological disorders(Bouhnik 

et al., 1999; C. H. Chen et al., 2016; Mertsalmi et al., 2017; X. L. Niu et al., 2016; Scheperjans 

et al., 2015). For example, SIBO has been found to be a common intestinal dysfunction in PD 

patients with characteristic changes in the bacterial community(Bouhnik et al., 1999; X. L. Niu 

et al., 2016). Specifically, overgrowth of Helicobacter pylori (H. pylori) and a decrease in the 

abundance of Prevotella sp. have been linked to both PD and AD(Huang et al., 2018; 

Scheperjans et al., 2015; Tsolaki et al., 2015). Furthermore, some studies have demonstrated 

the association of intestinal bacteria with PD and AD development(Jiang et al., 2017; Mulak 

et al., 2015). In particular, studies have shown that gut microbial metabolites play a role in 

altering gut hormones and the function of neurons and neurotransmitters(Cryan et al., 2012; 

Galland, 2014; Huang et al., 2018), thereby affecting cerebral function. Intestinal bacteria and 

their metabolites can induce intestinal inflammation, causing the release of multiple 
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inflammatory factors(Houser et al., 2017) that can enter the brain through the blood-brain 

barrier and promote neuroinflammation. Notably, an association of H. pylori with PD and AD 

has been revealed in some recent studies(Huang et al., 2018; Tsolaki et al., 2015). However, a 

study in Japan found no difference in the prevalence of H. pylori infection between AD patients 

and controls(Shiota et al., 2011). Studies on the association between neurodegenerative 

disorders and other characteristic intestinal bacteria such as Lactobacillus sp. and Escherichia 

coli (E. Coli) are limited. 

H. pylori, a gram-negative bacterium, can spread by oral transmission and induce infection 

by attaching to the duodenum. It is present in roughly 50% of the human population worldwide, 

and the incidence of infection is over 70% in developing countries(Bravo et al., 2018). H. pylori

had been linked to gastric, cardiovascular, neurological, dermatological, obstetric, 

immunological, and metabolic diseases(Ražuka-Ebela et al., 2018). Infection with H. pylori

might increase the risk of PD or AD(Beydoun et al., 2018; Shen et al., 2017), but the available 

evidence is inconsistent(Fani et al., 2018). There were many studies that supported the positive 

association between H. pylori and the increased risks of PD and AD(Huang et al., 2018; Tsolaki 

et al., 2015). It would be valuable to investigate the association between H. pylori and 

neurological disorders. 

As a widely studied bacterium with high prevalence, it will be valuable to investigate its 

association, in addition to that of other intestinal bacteria, with neurodegenerative disorders, 

especially because many studies suggest there is an association with increased risks of PD and 

AD. 

Although some experimental and clinical evidence indicates that it is premature to 

consider gut bacteria as specific biomarkers of PD or AD(Jiang et al., 2017; X. L. Niu et al., 

2016; Scheperjans et al., 2015), the great potential of modifying the gut bacteria and improving 
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the symptoms of intestinal disorders suggest novel territory for therapeutic interventions in PD 

or AD(Akbari et al., 2016; Barboza et al., 2015; Magistrelli et al., 2019). This study aimed to 

systematically summarize and meta-analyze the associations of the two most common 

neurodegenerative disorders, namely AD and PD, with five intestinal disorders, namely 

constipation, diarrhea, SIBO, IBS, and IBD, and the gut bacterium H. pylori. Knowledge about 

such associations can suggest new approaches to preventing and diagnosing PD and AD and 

improve the efficacy of their treatments.

3.3 Methods

3.3.1 Search strategy and selection criteria

In this systematic review and meta-analysis, articles published until September 2018 

were searched to analyze the association of PD and AD with intestinal disorders and gut 

bacteria. The search items were set as the combinations and crossovers of one or more 

keywords related to intestinal symptoms, diseases (such as constipation, SIBO, and IBS), and 

bacteria such as H. pylori with names of neurological disorders (PD and AD). The inclusion 

criteria were original articles published in English, discussing at least one association of an 

intestinal disorder(s) with PD or AD. The title and abstract of each article were screened to 

check whether it included the risk estimates of disorders and decide whether the full text should 

be examined. Duplicate studies, systematic reviews and meta-analyses were excluded to avoid 

double-counting of data. The full text and reference list of each included article were manually 

screened to check for additional potentially useful data. The detailed search strategy is 

documented in Appendix A.
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3.3.2 Data analysis

Standardized forms were used to record all useful data of the screened articles, 

including the name of the first author, published year, study design (such as case-control or 

cohort), study population, mean age, types of intestinal symptoms, types of intestinal microbes, 

types of neurological disorders, risk estimates, and lower and upper confidential intervals. For 

the studies that did not specify the mean age, the age range was included, whereas for the 

studies that did not provide age information, we left as blank. When multiple articles were 

derived from one study, the newest or most comprehensive article was included. 

To evaluate the quality of the included studies, a quality scoring system modified from 

the original version of the Agency for Healthcare Research and Quality was used. Studies were 

given one point for each of the following item: if they(Rostom et al., 2004) (1) mentioned the 

data source (such as the Center for Medicaid and Medicare); (2) described the study design 

(such as case-control/cohort); (3) provided the inclusion and exclusion criteria for participant 

selection; (4) provided the age information of population (such as the mean age); (5) provided 

the demographics of the participants (such as the male adults from the Nevada State, United 

States); (6) provided the population size of the study; (7) described the implementation of 

quality assurance models (such as sensitivity analysis); (8) described the exclusion criteria of 

specified data in the study; (9) adjusted the confounding or other factors (such as age) from the 

results; and (10) described whether there were any missing data and how they were handled.

Sensitivity analysis was performed using the meta-inf function of STATA 14.0 (STATA 

Corp., College Station, Texas, USA), which re-estimated the results by omitting each study 

one at a time to determine the effect of each individual study on the whole result. The between-

study heterogeneity was quantified using the I2 statistic. A fixed model was used when I2 was 

<0.5, and a random model was used otherwise(Lau et al., 1997). Publication bias was assessed 
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using Egger’s test. A meta-regression analysis was performed to explore the potential sources 

of heterogeneity. All statistical analyses were performed using STATA 14.0 (STATA Corp).

3.4 Results

In total, 2,121 related studies from PubMed were screened, 1,343 of which were excluded 

as duplicates. The titles and abstracts of the remaining 778 studies were screened for estimated 

risks, for example, odds ratio (OR) and its 95% confidence interval (CI), which yielded 173 

studies that met the criterion. The full texts of these studies were further screened, leading to 

the exclusion of 138 studies that did not provide data on the association between intestinal 

disorders/bacteria and neurological disorders or were systematic reviews/meta-analyses. 

Further, 21 studies that were not found in PubMed during the initial screening were added from 

other systematic reviews and meta-analyses. Finally, 56 studies were included in this 

systematic review and meta-analysis (Figure 3-1). Most of the studies were of high quality, 

with an average score of 7.95/10. Only four studies scored less than 5 points. The results were 

robust, given that sensitivity analysis revealed no significant differences. Egger’s test revealed 

that the risk of bias was not significant across the studies. The meta-regression analysis showed 

that study design, population size, and the study period were not sources of heterogeneity.



35

Some studies have reported that changes in the intestinal environment can affect the brain 

through the brain-gut axis(Fasano et al., 2015; Junges et al., 2018; Mishima et al., 2017; 

Mukherjee et al., 2016), yet the associations of intestinal disorders with neurodegenerative 

disorders remain unclear. Some meta-analyses have illustrated the association of a single 

intestinal disorder or gut bacterium with PD but not with AD. For example, based on a 10-year 

study, Adams-Carr et al. (2016) reported that constipation could increase the risk of 

PD(Adams-Carr et al., 2016). Shen et al. (2017) reported an OR of 1.59 (95% CI, 1.37–1.85) 

for the association between H. pylori infection and PD(Shen et al., 2017), suggesting that H. 

pylori infection is associated with the occurrence of PD. Compared with these previous studies,

we found stronger and more comprehensive associations between the two neurodegenerative 

disorders and intestinal disorders. We also found that H. pylori infection is closely related to 

not only PD but also AD.

Figure 3-1 Flow diagram



36

We performed multiple subgroup analyses in this study. Positive associations between 

each of PD and AD and the selected intestinal disorders had been found. 

The earliest related study was published in 1991, and the most recent was published in 

2018. In the subgroup analysis based on study design, 44 were case-control studies and 12 were 

cohort studies. In the subgroup analysis based on the continent, 27 studies originated in Europe, 

16 in North America, 16 in Asia, 2 in Oceania, and 1 in Africa. In the subgroup analysis based 

on neurological disorder, 50 were on PD, 8 on AD, 31 on constipation, 13 on H. pylori infection, 

5 on IBD, 5 on SIBO, 4 on IBS, and 2 on diarrhea. Note that although we have included 56 

studies in the meta-analysis, the total number for each category may not be 56 because some 

studies investigated more than one continent or disorder type (Table S1).

The population size covered in this study was more than one million, and the period 

covered was 1977 to 2018. The risk estimates of each intestinal disorder for PD and AD were 

initially calculated. For PD, the combined OR of all types of intestinal disorders was 3.36 (95% 

CI, 2.70–4.17), and the OR of individual disorders was as follows: constipation, 4.05 (95% CI, 

3.24–5.06); IBD, 1.16 (95% CI, 0.89–1.52); IBS, 1.75 (95% CI, 0.55–5.56); SIBO, 5.15 (95% 

CI, 3.33–7.96); and diarrhea, 1.27 (95% CI, 0.28–5.75) (Figure 3-2). For AD, the combined 

OR of all types of intestinal disorders was 1.52 (95% CI, 1.09–2.13), and the OR of IBS and 

IBD individually was 1.42 (95% CI, 1.02–1.99) and 2.40 (95% CI, 1.00–5.76), respectively 

(Figure 3-3). 

The risk estimates of H. pylori infection in PD and AD patients were 1.65 (95% CI, 1.43–

1.91) and 1.40 (95% CI, 1.12–1.76), respectively (Figures 4 and 5). 
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Figure 3-2 Meta-analysis of the association between PD and intestinal disorders.
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Figure 3-3 Meta-analysis of the association between PD and H. pylori.
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Figure 3-4 Meta-analysis of the association between AD and intestinal disorders.
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Figure 3-5 Meta-analysis of the association between AD and H. pylori.

In the subgroup analysis based on continents, the risk estimates of constipation with PD 

were 20.50 (95% CI, 6.09–69.02) in Africa, 5.51 (95% CI, 3.04–9.96) in Asia, 4.23 (95% CI, 

2.68–6.68) in Europe, and 3.21 (95% CI, 2.07–4.98) in North America (Figure S1); those of 

SIBO with PD were 10.79 (95% CI, 3.86–30.18) in Europe, 5.09 (95% CI, 2.07–12.56) in 

North America, and 4.13 (95% CI, 3.04–9.96) in Asia (Figure S2); those of H. pylori infection 

with PD were 3.36 (95% CI, 0.98–11.50) in North America, 2.04 (95% CI, 1.45–2.88) in Asia, 

and 1.55 (95% CI, 1.32–1.82) in Europe (Figure S3); and those of H. pylori infection with AD 

were 1.60 (95% CI, 1.20–2.15) in Asia and 1.09 (95% CI, 0.91–1.31) in Europe (Figure S4).

We repeated all meta-analysis by subgroups after adjusting the raw data. The adjusted OR 

of PD by the intestinal disorders was 2.61 (95% CI, 2.01–3.40). We did not repeat it for AD 

since all AD data were already adjusted data (Figure S5). The adjusted OR of H. pylori
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infection with PD and AD was 1.78 (95% CI, 1.40–2.27) and 1.40 (95% CI, 1.12–1.76), 

respectively (Figure S6 and S7).

3.5. Discussion

3.5.1 Possible mechanisms underlying the induction of PD and AD associated with intestinal 

disorders

As suggested by some studies, the incidence of AD and PD is associated with the 

geographic location, probably due to variations in economic development and lifestyles(Qiu et 

al., 2009; Wright Willis et al., 2010). Thus, we also performed subgroup analyses based on 

geographic locations. The results confirmed the presence of significant differences in the OR 

of both PD and AD due to the geographic locations and culture differences, indicating that the 

environment and lifestyles in different countries may be risk factors for PD and AD. The 

hierarchical differences found in the strong association of PD with constipation and SIBO for 

each continent are shown in Figure S1 and S2. This finding supports the suggestions of the

previous studies that various dietary and lifestyle factors implicated in intestinal disorders can 

associate with neurological health(Barnard et al., 2014; Gonzalez-Correa et al., 2017). The 

highest estimated risk of each intestinal disorders was associated with PD. For example, the 

strongest association in Africa was found between PD and constipation and in Europe, and it

was found between PD and SIBO. These results demonstrate the differences in the association 

of PD with intestinal disorders between various continents and cultures. 

Many studies have suggested that the neuroendocrine system, immune system, enteric 

nervous system, vagus nerve, gut hormones, inflammatory factors, and neurotransmitters 

participate in the brain-gut–microbiome axis regulation(Cryan et al., 2012; Galland, 2014; 

Houser et al., 2017; Jiang et al., 2017; Junges et al., 2018; Mulak et al., 2015). Thus, the 
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mechanism of PD and AD onset due to intestinal disorders and intestinal bacterial infections 

warrant more in-depth discussion. 

Constipation is categorized into two types: ‘slow-transit’ constipation related to the 

prolonged intestinal passage and ‘outlet’ constipation related to anorectal dysfunction. Both 

types are risk factors for PD onset, and either type can occur as an early manifestation of 

PD(Stocchi et al., 2017). Our meta-analysis results showed that the OR for PD patients having 

constipation ranged from 3.21 in North America to 20.50 in Africa, indicating that the 

association between PD and constipation in North America is noticeably strong. This finding 

demonstrated that constipation could be one key disabling non-motor symptom in PD patients 

and should be considered during diagnosis and therapy. In a study by Zhu et al. (2014)(Zhu et 

al., 2014), compared with the control group, the abundance of Prevotella sp. sharply reduced 

in the constipation group, whereas that of Firmicutes increased. No significant change was 

found in the abundance of the probiotic genera Lactobacillus sp. and Bifidobacterial sp.(Zhu 

et al., 2014). Another notable observation was that the abundance of intestinal Prevotella sp.

in PD patients had decreased as sharply as that in constipation patients(Scheperjans et al., 2015). 

In terms of mechanism, constipation may impair reflex relaxation of the distal smooth muscle 

and colonic motility because of the loss of inhibitory motor neurons in the enteric nervous 

system (ENS), which may trigger or exaggerate PD symptoms(Stirpe et al., 2016). One 

possible reason could be that dopamine in the ENS activates presynaptic D2 receptors and, in 

turn, inhibits acetylcholine release, thereby impairing intestinal motility(Stirpe et al., 2016). 

The OR of PD patients having SIBO was similar to that for constipation, but the 

mechanisms of these disorders differ. Bacterial overgrowth in the small intestine is a serious 

condition that can cause diarrhea as one of the symptoms. In this meta-analysis, the OR for PD 

patients having SIBO and constipation were the highest, with that OR of SIBO (5.05) 

individually being higher than that for constipation (4.05). Trillions (1013–1014) of bacteria 
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reside in the human gastrointestinal tract, and they are known to play an important role in the 

communication between the brain and guts(Junges et al., 2018). The association of intestinal 

bacteria with nutrition, digestion, inflammation, immunity, and neurotrophic activities has 

been established. Recently, the bidirectional processes along with the brain-gut axis have been 

receiving increasing attention, including their association with the risks of PD and AD and the 

underlying mechanisms(Jiang et al., 2017; Mulak et al., 2015). SIBO is characterized by an 

abnormally large number of anaerobic bacteria, such as Bacteroides sp., Lactobacillus sp., and 

Clostridium sp., and microaerophilic bacteria, such as Streptococcus sp., Escherichia coli, 

Proteus sp., Staphylococcus sp., and Klebsiella sp.(Bouhnik et al., 1999). These bacteria 

increase intestinal permeability, leading to excessive stimulation of the innate immune system 

and systemic inflammation(Klingelhoefer et al., 2015), eventually increasing the risk of PD(X. 

L. Niu et al., 2016). 

IBS is a common functional bowel disorder mainly affecting the large intestine as opposed 

to SIBO, which affects the small intestine. It can be categorized into IBS with constipation, 

IBS with diarrhea (IBS-D), and IBS mixed diarrhea and constipation(Raskov et al., 2016). The 

diversity of intestinal bacteria, especially of the predominant bacteria, in IBS patients is lower 

than that in healthy people(Noor et al., 2010). Besides, a new obligate anaerobe called strain 

RT94 has been found to be highly abundant in IBS-D patients and is considered as an important 

factor for diarrhea(Hynönen et al., 2016). Most patients with IBS have the symptoms of SIBO, 

which is mainly characterized by the increase in the abundance of E. coli, Enterococcus sp., 

and Streptococcus pneumoniae(Pyleris et al., 2012) and a decrease in that of Lactobacillus sp. 

and Bifidobacterium sp.(Zhu et al., 2014). IBS patients exhibit an increase in the abundance of 

E. coli, Fusobacterium sp., and Gammaproteobacteria and a decrease in that of Bacteroides 

sp., Mollicutes, Clostridia sp., Ruminococcaceae sp., Bifidobacterium sp., Lactobacillus sp., 

and Faecalibacterium prausnitzii in the intestine(Kostic et al., 2014). Our meta-analysis 
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revealed that the OR of PD with IBS (1.75) was higher than that of AD with IBS (1.42), when 

both results of OR reflected a positive association between IBS and PD or AD. Some studies 

have reported the mechanisms of such associations(C. H. Chen et al., 2016; Mertsalmi et al., 

2017). In the intestine with IBS, the intestinal mucosal cells and enteroendocrine cells secrete 

higher levels of proinflammatory cytokines and acute-phase reaction proteins, thereby 

increasing the intestinal mucosal permeability. Bacterial flora imbalance in the intestines may 

alter the intestinal microenvironment. An elevation of bacterial lipopolysaccharide (LPS), 

which is one of the main components of the cell wall of gram-negative bacteria such as E. coli

and H. pylori, can induce the intestinal inflammatory responses. Meanwhile, the elevated 

bacteria trigger the production of pro-inflammatory cytokines by the enteric neurons, which 

are transmitted via the vagus nerve to the brain, where they cause neuroinflammation; this 

mechanism underlies the pathogenesis of PD and AD. 

In contrast to the results with IBS, the OR of PD with IBD (1.16) was lower than that of 

AD with IBD (2.40). This difference may be attributable to the differences in the causes and 

pathologies between these two intestinal disorders. Compared with IBS, IBD is a continuous 

chronic disorder often accompanied by inflammation and intestinal tract bleeding, and its 

causes are considered multifactorial. The association of IBD with PD has been reported 

previously(Caini et al., 2016; Villumsen et al., 2018). Weimers et al. (Weimers et al., 2019)

suggested that the proinflammatory cytokines interleukin (IL)-1β and tumor necrosis factor 

alpha (TNF-α) play an important role in regulating the inflammatory responses and could be 

linked to the onset of PD similar to the mechanism underlying the onset of AD due to TNF-α. 

Although not much data is available for diarrhea in relation to neurological disorders, it has 

been reported to be associated with the risk of PD. As diarrhea is a common symptom of many 

common intestinal disorders, its etiology and pathology may vary. Nevertheless, either as an 

independent factor or as a symptom of SIBO or IBS, it will be valuable to understand the effects 
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of diarrhea on the occurrence of neurological disorders. It can also be considered as a sign of 

PD-related autonomic dysfunction or the prodromal phase of PD(Gonera et al., 1997).

In addition to the multiple constituents described for each intestinal disorder, some other 

constituents may also play a significant role in the mechanisms of neurodegenerative disorders. 

For example, α-synuclein, a biomarker for early PD, is mainly distributed in the neurons. Some 

recent studies have revealed the presence of misfolded α-synuclein in the endocrine cells of 

both humans and rats(Chandra et al., 2017) and that the bacterial amyloid protein fibers present 

outside the cells can promote α-synuclein deposition in the brain and intestine(S. G. Chen et 

al., 2016). Further studies have revealed that intestinal disorders such as SIBO can induce the 

intestine to secrete α-synuclein(Mulak et al., 2015; Stocchi et al., 2017), which gets transported 

to the cerebral cortex and aggregated. This has been suggested as one of the mechanisms 

underlying PD onset(Holmqvist et al., 2014; Klingelhoefer et al., 2015; Stocchi et al., 2017). 

Thus, α-synuclein detection in the intestine can be useful for the early diagnosis of PD.

Bile acid is one of the final products of cholesterol metabolism metabolized by the intestinal 

bacteria. Recently, Nho et al. (Nho et al., 2018) and MahmoudianDehkordi et al.

(MahmoudianDehkordi et al., 2018) systematically analyzed the correlation between the 

altered bile acid profile due to gut microbial metabolic disorders and AD pathology. Their 

findings suggested that altered bile acid profiles are significantly associated with high levels 

of cerebrospinal fluid markers in AD patients (such as Aβ-42, total-Tau, and phosphorylated-

Tau), low levels of glucose metabolism and greater brain atrophy(MahmoudianDehkordi et al., 

2018; Nho et al., 2018). These findings indicate the potential role of gut microbiota metabolic 

disorders and the gut-brain axis in AD pathology. 
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3.5.2 Possible mechanisms for the increased risks of PD and AD associated H. pylori 

infection 

The association between H. pylori and neurodegenerative diseases was also found to differ 

between Asia and Europe (Figure S3 and S4). In particular, the risks of both AD and PD caused 

by H. pylori infection were 50% higher in Asia than in Europe, probably attributable to the 

major differences in the ecological environment, cultures, and especially, infection rates 

between these two continents. Notably, Holcombe (1992) revealed that dietary habits affect 

the occurrence of H. pylori infection(Holcombe, 1992). The H. pylori infection rate was 

reported to be much higher in Asian countries, especially in Thailand, Malaysia, India, and 

Pakistan(Zaidi, 2016). In turn, more intestinal disorders and intestinal bacterial infections were 

also reported in these developing countries than in developed countries(Zaidi, 2016). In fact, 

Asia and Europe showed a distinct difference in this association regardless of the history, 

ecological environment, or dietary and lifestyle habits. Future studies focusing on intestinal 

disorders, intestinal bacterial infections, and their association with neurodegenerative disorders 

should consider the differences observed between countries and continents. The outcomes of 

such specific studies could help establish relevant health policies for different regions and 

reduce the risks of AD and PD.

Several studies have demonstrated that the H. pylori infection is associated with the 

incidence of PD and AD(Fani et al., 2018; Kountouras et al., 2012; Shen et al., 2017). In 

particular, some studies reported improvements in the symptoms of PD and AD after the 

eradication of H. pylori infection(Chang et al., 2013; Rees et al., 2011). Our meta-analysis also 

showed that both PD and AD had a strong positive association with H. pylori infection, with 

the OR higher for PD than for AD. This difference could be attributable to the differences in 

pathogenesis between these disorders. The pathological feature of AD is the formation of 

neurofibrillary tangles, extracellular Aβ-42 deposits within senile plaques, and Tau protein 
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phosphorylation in the central nervous system. Previous studies have indicated that intestinal 

H. pylori are engulfed by monocytes after it enters the blood circulation and is then transported 

to the brain. This can disrupt the blood-brain barrier, causing the brain cells to release 

inflammatory factors, such as TNF-α, IL-1β, IL-6, reactive oxygen species, and reactive 

nitrogen species(Doulberis et al., 2018; Kountouras et al., 2007), leading to neuronal 

degeneration. H. pylori can also increase Aβ-42 and Tau protein phosphorylation(X. L. Wang, 

Zeng, Feng, et al., 2014; X. L. Wang, Zeng, Yang, et al., 2014), thereby triggering or 

aggravating AD pathology. Studies have shown that H. pylori infection can cause oxidative 

stress and inflammation of neurons through the blood circulation pathway and loss of 

dopaminergic neurons in the substantia nigra, thus aggravating PD pathology(J. Yan et al., 

2014). Additionally, H. pylori infection can induce α-synuclein aggregation(McGee et al., 2018)

and activate microglial cells to produce pro-inflammatory cytokines, such as IL-1β(Codolo et 

al., 2013), leading to inflammation, which may further aggravate the degeneration of 

dopaminergic neurons(J. Yan et al., 2014). In another study, patients with both SIBO and H. 

pylori infection showed the most severe motor fluctuations, suggesting that the synergy 

between SIBO and H. pylori infection also aggravates PD pathology(Fasano et al., 2013).

One study has revealed a positive association between H. pylori seropositivity and AD 

mortality in men and higher socioeconomic status groups(Beydoun et al., 2018), and another 

has revealed that H. pylori infection is associated with the risk of PD(Shen et al., 2017); 

however, few studies have reported that H. pylori infection is not associated with the risk of

dementia and has some protective effects against IBD(Fani et al., 2018; Y. Yu et al., 2018). 

Overall, the study results suggested that H. pylori contribute to PD or AD pathological 

processes via oxidative stress and inflammation(Doulberis et al., 2018; Kountouras et al., 2007; 

J. Yan et al., 2014). However, more comprehensive and detailed studies are required to validate 

our findings. The mechanisms underlying the association of intestinal disorders and intestinal 
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bacterial infections with the pathological processes of PD and AD are illustrated in Figure 3-6, 

which shows that the vagus nerve pathway and the blood circulation pathway play essential 

roles. Notably, signaling molecules such as pro-inflammatory cytokines and α-synuclein 

produced by the intestinal cells during intestinal disorders or metabolites such as cholesteryl 

glucosides and bile acid produced by certain bacteria (especially H. pylori) can be transported 

to the brain through blood circulation and the vagus nerve. This process disturbs the blood-

brain barrier, triggering oxidative stress, inflammation, Aβ-42 accumulation, Tau 

phosphorylation, and α-synuclein aggregation, eventually leading to neuronal injury or 

degeneration and the loss of dopaminergic neurons in the substantia nigra. This underlies the 

pathogenesis of the onset and aggravation of PD or AD. Furthermore, after phagocytosis by 

monocytes, H. pylori can directly injure the brain via the blood circulation pathway. These 

findings suggest that the trigger for the onset of PD and AD starts from the ENS and extends 

to the central nervous system. Further studies are also warranted to clarify the detailed 

mechanisms of the brain-gut–microbiome axis in the development of PD and AD.

Figure 3-6 Possible mechanism of intestinal disorders on PD and AD.
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Despite the significance and originality of our results, our study has several limitations. 

First, because of the lack of data, we could not analyze the complex conditions of intestinal 

disorders or their different stages. Second, in terms of the association with intestinal bacterial 

infections, only H. pylori were analyzed as no adequate data were available for other types of 

bacteria. Third, not all of the raw data were in the form of adjusted ratios, such as OR and 

relative risk, in each original study. The combination of adjusted data and crude data might 

have yielded an exaggerated result. Nevertheless, when we repeated the meta-analysis by 

excluding the crude data, we obtained stable positive results that supported our original results. 

We believe that a large number of original studies (56) included in our study provided a reliable 

and comprehensive estimate of the association between intestinal disorders and the two most 

common neurodegenerative disorders. Future studies should evaluate the complexities of the 

intestinal environment in association with neurodegenerative disorders.

3.6 Conclusions

In conclusion, this meta-analysis identified an increased risk of PD or AD in patients with 

constipation, diarrhea, SIBO, IBS, IBD, or H. pylori infection. We speculate that abnormal 

changes in the intestinal environment trigger the onset of neurodegenerative diseases via the 

brain-gut axis. In addition, we found that the associations of these abovementioned factors with 

the increased risk of AD or PD varied distinctly across the continents. The differences may be 

attributable to the ecological environment, cultures, lifestyle, and dietary factors that affect the 

occurrence of intestinal disorders and bacterial infections. Thus, individuals in intestinal 

disorders should pay more attention to changes in their bodies and seek professional advice to 

reduce the risk of neurodegenerative diseases. We suggest that governments should establish 

health policies to monitor the intestinal health of susceptible individuals to predict the onset of 

neurological disorders and prevent them. 
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Chapter 4

PM2.5 aggravates intestinal and brain injury and affects bacterial 

community structure of intestine and feces in Alzheimer’s disease 

transgenic mice

4.1 Abstract

PM2.5 was a risk factor for neurological disorders when emerging studies revealed that PM2.5

affected the bacterial community structure of gut in AD patients. The purpose of this study was 

to explore the effects of PM2.5 on intestinal and brain injury and on bacterial community 

structure in the intestine and feces of APP/PS1 transgenic mice exposed to PM2.5 for eight 

weeks with a real-world whole-body inhalation exposure system in Taiyuan, China. The brain 

and intestinal tissues were collected to evaluate histopathological changes by HE staining. 

TNF-α and IL-6 levels in intestines, brains, and serums, and Aβ-42 levels in brains were 

detected. Intestinal and fecal samples were subjected to 16S rRNA gene sequencing. Results 

showed that PM2.5 significantly aggravated the pathological injury in intestines and brains in 

AD mice with elevated pro-inflammatory cytokine levels. The estimators of Shannon, Simpson, 

Chao1, and ACE indexes reflected the diversity and richness of the bacterial community. 

Compared with the FA-WT group, the FA-AD group had lower diversity and richness when 

the PM2.5-AD group had the highest ones. PCA and NMDS revealed the specific influence of 

PM2.5 on the bacterial community of intestine and feces because that the PM2.5-FA and PM2.5-

AD group clumped visibly closer than the other groups in both bacterial communities of 

intestine and feces. The KEGG pathway analysis predicted the vital functional genes and 

metabolic pathways in the bacterial community of PM2.5-AD mice. This study indicated the 
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histopathological changes and inflammation in the intestine and brain were seriously caused in 

PM2.5-AD mice when the α-diversity of the bacterial community in intestine and feces was 

visibly changed. 

Keywords: Fine particulate matter; Intestine; Brain; Feces; Bacterial community; Alzheimer’s 

disease transgenic mice 
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4.2 Introduction

AD has been the most common neurodegenerative disease with a rising trend. As a 

chronic mental disorder, the steady deterioration of AD condition can last for years with 

pathological changes and eventually come to some typical symptoms such as cognition decline, 

and executive function and memory loss(Mistridis et al., 2015). There were around 46.8 million 

AD patients worldwide in 2014, and the number will reach 135 million by 2050(Prince et al., 

2014). Given this epidemic scale, it is vital to understand the pathogenesis and find an effective 

therapeutic intervention to reduce the risks of AD.

Amyloid hypothesis prevalently considered linking to AD formation. The amyloid-beta 

(Aβ) peptide accumulates during the proteolytic processing of the amyloid precursor protein 

and then triggers the immune response, which can drive inflammation and degeneration of 

nerve, and eventually develop to the cause of AD (Köhler et al., 2016). Aging was wildly 

considered as the most primary risk factor for AD, while some other factors should never ignore. 

For example, the changes in the bacterial community in the intestine may lead to AD. A recent 

review pointed that the involved bacterial biodiversity in the gastrointestinal ecosystem was so 

complex that it could exert influence on the brain-gut axis, which is a bidirectional 

communication system and associated with neurological disorders such as AD(Jiang et al., 

2017). AD affected by gut permeability rising or weakening due to microbiome dysbiosis,

which is associated with the abundant secretion of amyloid protein and lipopolysaccharide. 

Such a gut-derived inflammatory response can contribute to the formation of AD(Jiang et al., 

2017). It exerts an essential role in the neurodegeneration formation process when the intestinal 

bacterial community changes, adjusting the neuro-immune functions(Köhler et al., 2016). 

Notably, the regulatory role of the brain-gut axis in AD has aroused people’s attention(Zhuang 

et al., 2018), in which the change of the intestinal bacterial community plays an important 
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role(Kong et al., 2018). It is worth noting such pathology when the intestinal bacterial 

community changes influencing AD. 

Ambient PM2.5, a common air pollutant, is a substantial public health risk factor for its 

adverse effects on the human cardiopulmonary system, nervous system and reproductive 

system(Badyda et al., 2017; Kioumourtzoglou et al., 2016; Wu et al., 2017). Notably, our recent 

study indicated that PM2.5 exposure could significantly increase the risks of AD incidence and 

exert a toxicological role in AD formation(Fu et al., 2019). It suggested a hypothesis that PM2.5

could act as an environmental antigen and trigger the amyloid plaques formation. Moreover, 

another study certified that the PM2.5 exposure aggravates the oligomeric amyloid beta-induced 

neuronal injury and promotes the AD by NLRP3 inflammasome activation(B. R. Wang et al., 

2018). 

Interestingly, PM2.5 can not only have an influence on AD via entering the brain directly 

but also on the intestine by altering the structure and bacterial community. The changes caused 

by PM2.5 can be associated with AD through the brain-gut-axis(Shou et al., 2019). PM2.5-

induced pathological damage responses like edema, discrete epithelial lesion and sporadic 

inflammatory cell infiltration in intestines following 6-week exposure appeared in the intestine 

of mice(D. Li et al., 2019). Exposure to PM2.5 altered the bacteria throughout the intestine in 

C57BL/6 mice, which contributed to the PM2.5-induced inflammation in the intestine(Mutlu et 

al., 2018). Meanwhile, PM2.5 caused gut bacterial community dysbiosis in C57BL/6 mice, 

accompanying the abnormalities in glucose metabolism(W. Wang et al., 2018).

Yan et al. (2018) detected the bacterial community composition in airborne PM2.5 samples 

by high-throughput sequencing(D. Yan et al., 2018). Besides, higher PM2.5 concentration gave 

a lower rise to bacterial richness and diversity(S. Zhong et al., 2019). It is still unclear whether 

PM2.5-bound bacteria can enter the body and affect the structure of the intestinal microbial 

community. 
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Taiyuan is the capital city of Shanxi Province, with 4.4 million registered population. The 

annual mean concentration of PM2.5 ranged from 59.7 to 74.2 μg/m3 from 2013 to 2017 

according to the data of Greenpeace. Such exposure levels far exceed the average daily 

standard limit of 35 μg/m3 for PM2.5 (Ambient Air Quality Standards, GB 3095-2012). Notably, 

the daily mass PM2.5 concentration was above 200 μg/m3 during certain times in the winter 

heating period, when being vastly higher than other places or seasons. Coal-burning, industrial 

emission, and vehicle exhausts contribute as the primary local pollution sources(R. J. Li et al., 

2014). Thus, Taiyuan is a representative of major cities in China with heavy PM2.5 pollution 

and fits to study the PM2.5 toxicological effects on public health. 

Taken together, considering PM2.5-caused adverse impacts on AD and intestine, when 

neurological and intestinal disorders can have a strong association, we investigated the effect 

of PM2.5 on injury and bacterial changes in the intestine of APP/PS1 transgenic mice (AD 

model mice) which exposed ambient PM2.5 for eight weeks during wintertime in Taiyuan, 

China, with a real-ambient PM2.5 exposure system. Furthermore, we conducted the 16S rRNA 

gene sequencing to examine the further structure and biodiversity changes of intestinal bacteria 

in APP/PS1 AD mice caused by PM2.5. This work aimed to investigate the influences of PM2.5

on intestinal and brain injury, and on the changes of bacterial community structure in intestine 

and feces of AD mice. The more profound understanding of PM2.5-caused intestinal bacterial 

imbalance can benefit further studies on the pathogenesis of PM2.5-aggravated AD. 

4.3 Materials and Methods

4.3.1 PM2.5 collection and component analysis

We collected the PM2.5 samples at Shanxi University, China, from December 2018 to 

February 2019. A PM2.5 middle volume sampler (ADS-2062E, AMAE CO., LTD., Shenzhen, 

China) was used with the quartz fiber filters. The pump flow rate was 100 L/min. The Dust 
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Trak™Ⅱ Aerosol Monitor (TSI Inc., USA) was used to measure the mean daily concentration 

of PM2.5 during the experiment.

The sample extraction for the determination of polycyclic aromatic hydrocarbons (PAHs) 

was performed by a mixed solvent of ether/hexane (10/90, v/v). The concentrated and purified 

extraction by the silica gel column was analyzed by high performance liquid chromatography 

with C18 column (4.60 mm × 250 mm) (LC-1260, Agilent, USA) for the US EPA priority 

PAHs, including naphthalene (Nap), acenaphthene (Acy), acenaphthene (Ace), fluorine (Flu), 

phenanthrene (Phe), anthracene (Ant), fluoranthene (FLA), pyrene (Pyr), benzo[a]anthracene 

(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), BaP, 

dibenzo[a,h]anthracene (DBA), benzo[ghi]perylene (BghiP), and indeno[1,2,3-cd] pyrene 

(InP). 

We used the inductively coupled plasma-mass spectrometry (ICP-MS) (7900, Agilent, 

USA) to analyze the concentrations of metal elements in the PM2.5 samples. 

4.3.2 Animals and whole-body inhalation exposure to ambient PM2.5

The experimental male animals, APP/PS1 double transgenic mice with AD mice and the 

wild-type (WT) littermate mice (B6 strain) weighing 24–31 g, were bought from the Model 

Animal Research Center of Nanjing University (Nanjing, Jiangsu, China) with the animal 

qualified number (No. 201806300). Animals were divided into four groups with five mice for 

each: control (normal WT mice plus filtered air (FA), FA-WT mice), AD mice plus FA (FA-

AD mice), PM2.5 plus WT mice (PM2.5-WT mice) and PM2.5 plus AD mice (PM2.5-AD mice). 

All mice were respectively accommodated in the FA control chamber equipped with three 

layers of HEPA filters or real-ambient PM2.5 exposure chamber equipped with a special 

membrane that allows PM2.5 passing and entering the chamber for eight weeks with ad libitum 

access to food and water. The exposure chamber used Individual Ventilated Cage (IVC) 
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System (Junshi Laboratory Animal Equipment Co., Ltd, Suzhou, China). The in-cage 

temperature was about 25 ℃, and the humidity was about 35%. The exposure site was set in 

Shanxi University, Taiyuan, China, from December 2018 to February 2019 during the winter 

heating period. The measurement of the concentrations of PM2.5 in the chambers for in- and 

outside of the chambers used DustTrak TM II Aerosol Monitor (TSI Inc., USA).

The animal care and procedures were approved by the Animal Investigational Committee 

of Shanxi University and performed under the Guide for the Care and Use of Laboratory 

Animals published by the Ministry of the Health People’s Republic of China.

4.3.3 Histopathological analysis and ELISA 

During 24 hours after the last PM2.5 exposure, the mice were sacrificed by ether 

anesthesia. Blood samples were collected from the mouse heart using the disposable sterilized 

syringe. The serum sample was prepared at one time. A piece of the intestine and brain was cut 

respectively, washed with ice-cold phosphate-buffered saline (PBS), fixed in 4%

paraformaldehyde in PBS and paraffin-embedded for the hematoxylin and eosin (HE) staining 

analysis. Another intestine and brain tissues were weighted and homogenized (10%, 0.1 g 

tissue in 1 ml PBS), and then the homogenates were centrifuged (10 min, 3000 rpm, 4 °C). 

After the homogenization and centrifugation, the supernatants of the intestine and brain 

samples were taken for the determination using special ELISA kits for TNF-α, IL-6 and Aβ-

42 (R&D Company, Minneapolis, USA). TNF-α and IL-6 levels in serums were detected 

simultaneously. All the experiments were strictly carried out following the kit instructions. The 

absorbance was measured by Multifunctional Microplate Reader (Thermo Scientific Varioskan 

Flash, USA) at 450 nm. 
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4.3.4 16S rRNA gene high-throughput sequencing and biological information analysis

After 24 hours since the last treatment, the intestinal and fecal samples were collected and 

stored at -80 °C. The high-throughput sequencing of microbial 16S rRNA gene in intestinal 

and fecal samples of different groups was conducted by Sangon Bioengineering Co., Ltd 

(Shanghai, China). Total DNA was extracted by an E.Z.N.A.Soil DNA Kit (Omega Bio-Tek, 

Norcross, GA, U.S.), and the DNA integrity was validated by agarose gel electrophoresis. DNA 

expression was performed by PCR amplification, and the amplified region of PCR was V3-V4. 

Bacterial 16S rRNA gene was amplified with the primer sets as follows: 341 F (5’-

CCCTACACGACGCTCTTCCGATCTG-3’) and 805 R (5’-

GACTGGAGTTCCTTGGCACCCGAGAATTCCA-3’). 

The 16S rRNA gene sequences classified the bacterial operational taxonomic units 

(OTUs). Microbial diversity and richness analysis OTU-based alpha diversity was estimated 

using four indexes: Shannon, Simpson, ACE, and Chao 1. Shannon and Simpson indexes, as 

quantitative indicators of biodiversity in a region, a larger Shannon estimator or a smaller 

Simpson estimator represents higher community diversity. ACE and Chao 1 estimators reflect 

the richness of the microbial community when the more significant ACE and Chao1 estimators 

present the higher richness of the microbial community. 

The OTU similarity among samples was analyzed by principal component analysis (PCA) 

and non-metric multidimensional scaling (NMDS). Furthermore, we performed the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway functional annotations to understand 

the changes in bacterial composition in AD mice induced by PM2.5 exposure and to validate 

the changes by metabolic pathways. 
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4.3.5 Statistical analysis

Data of TNF-α, IL-6, and Aβ-42 (expressed as mean ± standard deviation) were 

statistically analyzed for statistical significance with one-way ANOVA using the SPSS19.0. 

Homogeneity and post hoc tests between different groups were examined with LSD (least 

significant difference test). It can compare the significant differences in TNF-α, IL-6, and Aβ-

42 among different groups. It was considered as statistically significant when P-value < 0.05. 

4.4 Results

4.4.1 PM2.5 concentrations and PM2.5-bound main component contents

The mean mass PM2.5 concentrations in outdoor air and exposure cage during the 

experiment were detected. The atmospheric PM2.5 average concentration during the experiment 

was 87 ± 51 μg/m3, and the PM2.5 concentration in the cage was about 61 μg/m3 which was 

approximately 70% of the outdoor concentration. The PM2.5 level in FA inhalation cage was 

less than the limit of detection (LOD=1 μg/m3).

Among 16 PAHs in PM2.5 samples, the mean mass concentrations of NaP, Acy, Flu, Ace, 

Phe, Ant, FLA, Pyr, Chr, BaA, BbF, BkF, BaP, DBA, BghiP and InP were 3.01, 5.39, 0.03, 

0.41, 15.11, 2.07, 23.08, 26.59, 8.99, 14.06, 15.16, 15.16, 12.72, 1.5, 2.67, 8.55 ng/m3, 

respectively. 

The mean concentrations of 9 heavy metals such as Se, Bi, Cd, Mn, As, Ni, Sb, Sn and 

Mo were detected which contents were 0.8, 5.11, 0.28, 5.82, 0.82, 1.24, 2.33, 1.12 and 2.34 

ng/m3, respectively.

4.4.2 Histopathology of intestine tissues in different groups

Compared with the control (FA-WT mice), the bodyweight gains in FA-AD mice and 

PM2.5-WT mice were not significant (P > 0.05) by the end of the experiment. Whereas for the 
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PM2.5-AD mice, their body weight visibly gained compared with the control or PM2.5-WT mice 

(P < 0.05) (Table S1).

Figure 4-1 showed the intestinal histopathologic examination results of four mice groups. 

Under the optical microscope, we did neither find the intestines of the control group when the 

tissue structure of intestinal mucosa was intact nor inflammatory cell infiltration in the 

muscular layer and serous membrane (Figure 4-1A). However, we observed some slight 

pathological changes, such as disorder of mucosa epithelial cells and sporadic inflammatory 

cell infiltration in the intestines of the mice in PM2.5-WT mice and FA-AD mice (Figure 4-1B 

and 4-1C). In the PM2.5-AD mice group, the histopathologic changes were more severe with 

inflammatory cell infiltration in the mucosa, abscission of in mucosa epithelial cells, epithelial 

lesion, and edema than that of PM2.5-WT mice or FA-AD mice (Figure 4-1D).
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Figure 4-1 Representative histopathological images of mouse intestines of mice in different groups. (H&E, 

magnification 400 ×). A: FA-WT mice; B: FA-AD mice; C: PM2.5-WT mice; D: PM2.5-AD mice. 

The red arrows indicate sites of epithelial lesion and edema in mucosa, the blue arrow indicates site of the sporadic 

inflammatory cell infiltration.

HE staining results showed no apparent alterations in brain tissue in the FA-WT control 

mice and PM2.5-WT mice (Figure 4-2A-A and 4-2A-C). However, noticeable histopathological 

injury, such as structural disorder, hyperemia, and sporadic inflammatory cell infiltration was 

found in the brain of FA-AD mice (Figure 4-2A-B). The brain injury was aggravated in PM2.5-

AD mice compared to FA-AD mice (Figure 4-2A-D). Histological features of the CA1 region 

of mice hippocampus were depicted in Figure 4-2B. The pyramidal cells in the hippocampus 

CA1 region were orderly and tightly arranged in the FA-WT mice (Figure 4-2B-E). The CA1 

pyramidal cells in PM2.5-WT mice appeared in a little disorder arrangement (Figure 4-2B-G). 
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The disorderly arranged cells were cognized in the CA1 region of the hippocampus in FA-AD 

mice (Figure 4-2B-F), along with pale (lighter stains of hematoxylin) and oval nucleus of a 

small number of cells compared to the controls. It corroborates that PM2.5 exposure 

significantly aggravated the severity of neuronal pathomorphological changes in AD model 

mice (Figure 4-2B-H).
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Figure 4-2 Histopathology of brains of mice in different groups. Representative histopathological images of mouse 

cerebrum (H&E, magnification 200 ×) shown in Figure 2A. A: FA-WT mice; B: FA-AD mice; C: PM2.5-WT mice; 

D: PM2.5-AD mice. The red arrows indicate sites of structural disorder and hyperemia, the blue arrow indicates 

site of the sporadic inflammatory cell infiltration. Representative histopathological images of mouse hippocampus 

(H&E, magnification 400 ×) shown in Figure 2B. E: FA-WT mice; F: FA-AD mice; G: PM2.5-WT mice; H: PM2.5-

AD mice. The yellow arrow indicates sites of structural disorder in CA1 region of the hippocampus; the green arrow 

indicates site of the with pale and oval nucleus and more cytoplasm.

4.4.3 The TNF-α, IL-6, and Aβ-42 levels in different groups

ELISA was used to analyze the levels of TNF-α and IL-6 in the intestines of mice of 

different groups (Figure 4-3A). The levels of TNF-α in the intestinal tissue of FA-AD mice or 

PM2.5-AD mice had increased more highly than that of the control (P < 0.05). IL-6 levels in 

intestines of FA-AD mice, PM2.5-WT mice, and PM2.5-AD mice significantly increased 

compared with that of the control (P < 0.05, or P < 0.01). The IL-6 levels of PM2.5-AD mice 

markedly raised compared with FA-AD mice or PM2.5-WT mice (P < 0.05, or P < 0.01). Also, 
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in Figure 4-3A, the levels of TNF-α in the serum of PM2.5-AD mice remarkably raised 

compared with the FA-WT mice, PM2.5-WT mice or FA-AD mice (P < 0.01). Serum IL-6 levels 

in FA-AD mice, PM2.5-WT mice, and PM2.5-AD mice significantly increased compared with 

that of the FA-WT mice (P < 0.05). The IL-6 levels in the PM2.5-AD mice markedly raised 

compared with PM2.5-WT mice or FA-AD mice (P < 0.01).

In Figure 4-3B, the TNF-α levels in brains of PM2.5-AD mice had more significantly raised 

than that of the control (P < 0.01), and IL-6 levels in brains of FA-AD mice and PM2.5-AD 

mice significantly increased than that of the control (P < 0.05, or P < 0.01). The IL-6 levels of

in PM2.5-AD mice were higher than that of FA-AD mice (P < 0.01). Figure 4-3B also exhibited 

that the Aβ-42 levels in the brains of FA-AD mice and PM2.5-AD mice substantially increased 

compared with that in the control group (P < 0.01). No significant change of the Aβ-42 level 

was observed in PM2.5-WT mice compared with that in the control group. PM2.5 inhalation 

increased Aβ-42 levels in brains in AD mice versus that of PM2.5-WT mice (P < 0.05).
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Figure 4-3 TNF-α and IL-6 levels in intestines and serums (A) and Aβ-42, TNF-α and IL-6 levels in brains (B) of 

mice in the different groups. Data were expressed as mean ± SD (n = 5); *P < 0.05, **P < 0.01 versus FA-WT 

control; #P < 0.05 versus the PM2.5-WT mice; △△P < 0.05 versus FA-AD mice.
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4.4.4 The abundance of OTUs of bacteria in the intestine and feces in different groups

A total of 12 intestinal and fecal samples in four mice groups (n=3 for each group) were 

collected and conducted by 16S rRNA gene high throughput sequencing. 16S rRNA gene, the 

gene of ribosome subunits of coded prokaryotic organisms, has been one of the most common 

and useful biomarkers in the bacterial classification studies because of its moderated molecular 

size and low mutation rate. The abundance of OTUs and the taxonomic profiles were evaluated 

and shown as in Table S2. The order of OTUs in the intestines among all groups was: PM2.5-

WT > FA-WT > FA-AD mice, while the order of bacterial abundance (OTUs) in fecal samples 

was: FA-WT > PM2.5-AD > PM2.5-WT > FA-AD. Meanwhile, as for the intestinal samples, we 

got 453,609 high-quality sequences (with a mean level of sequences: 41,108.67 for control, 

49,543.33 for FA-AD mice, 29,071 for PM2.5-WT mice and 31,480 for PM2.5-AD mice), then 

we observed that it delineated into totally 11,994 OTUs at the 98.4% similarity threshold. As 

for fecal samples, we got 691,292 high-quality sequences (with the mean level of sequences: 

62,436 for control, 51,383 for FA-AD mice, 57,732 for PM2.5-WT mice and 58,879.67 for 

PM2.5-AD mice), and the similarity coverage of OTUs reached 99.8%. The sequencing results 

adequately reflected the structural composition and the bacterial communities in the intestinal 

and fecal samples. 

4.4.5 α-diversity of the bacteria in the intestine and feces in different groups

Table 1 showed the diversity and richness of bacterial communities in the intestinal and 

fecal samples. For the α-diversity analysis, the Shannon indexes of FA-WT, FA-AD, PM2.5-

WT, and PM2.5-AD in the intestine were 3.39, 2.27, 3.14, and 4.28, respectively, when of these 

in feces were 3.64, 3.54, 3.87, and 3.66, respectively. For the abundance and richness analysis, 

the Chao1 index of FA-WT, FA-AD, PM2.5-WT, and PM2.5-AD in the intestine were 1223.19, 

1207.99, 1278.23, and 1331.65, respectively, when of these in feces were 610.56, 544.41, 

588.28, and 547.90, respectively. The Simpson and ACE analysis results suggested a common 
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trend with that of Shannon and Chao1, which can be found in Table 4-1. It reflected that PM2.5

inhalation altered the α-diversity of the bacteria in AD mice.

Table 4-1 The estimators of α-diversity indexes of intestines and feces in different groups

Intestine Shannon Simpson Chao1 ACE

FA-WT mice 3.39 0.144 1223.19 1273.33

FA-AD mice 2.27 0.358 1207.99 1238.66

PM2.5-WT mice 3.14 0.236 1278.23 1291.04

PM2.5-AD mice 4.28 0.056 1331.65 1529.51

Feces Shannon Simpson Chao1 ACE

FA-WT mice 3.64 0.097 610.56 680.86

FA-AD mice 3.54 0.101 544.41 654.93

PM2.5-WT mice 3.87 0.042 588.28 711.04

PM2.5-AD mice 3.66 0.056 547.90 600.43

4.4.6 Clustering analysis of bacterial communities

Figure 4-4 showed the bacterial community clustering with a great difference in the 

intestine and faces among all groups. We observed the distinct similarity in bacterial flora 

colonies between PM2.5-WT mice and PM2.5-AD mice, and bacterial communities between FA-

WT mice and FA-AD mice for the results of taxonomic classification (NMDS analysis) and 

multi-dimension analysis (PCA analysis). Notably, the bacterial communities clustered more 

closely with each other in the FA-AD mice, which differed from the FA-WT mice, PM2.5-WT 

mice, and PM2.5-AD mice (Figure 4-4A and 4-4B). Figure 4-4C and 4-4D showed a tendency 

of fecal bacterial community changes in four groups, which was similar to that of the intestine. 

More interestingly, the groups having PM2.5 intervention clustered much closer than other 

groups. It suggested that PM2.5 had some specific influence on the bacterial community in both 
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intestine and feces. All the clustering analyses can provide evidence of the changes in the 

bacterial community related to PM2.5 exposure happening in both intestine and feces of AD 

mice as well. 
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Figure 4-4 The significant difference in clustering of bacterial communities in the intestine and feces in four 

experimental groups.

A: Taxonomic classification (group-merge genus NDMS bray-crutis-tree) in intestine; B: Multi-dimension analysis 

(PCA for group-merge genus) in intestine; C: Taxonomic classification (group-merge genus NDMS bray-crutis-

tree) in feces; D: Multi-dimension analysis (PCA for group-merge genus) in feces.

4.4.7 Distribution of dominant bacteria at different levels in the intestine and feces in four 

experimental groups

Figure 4-5 and Figure S1A-D illustrated the bacterial community abundance analysis and 

dominant bacterial distribution at different levels in the intestine of all groups. 

At the phylum level, we found that Firmicutes were the most common bacteria in the 

intestines of four groups, and Proteobacteria and Actinobacteria presented higher proportions 
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among all bacteria. The abundance of Bacteroidetes and Verrucomicrobia in PM2.5-AD mice 

was higher than those of the other three group mice, especially FA-AD mice. (Figure 4-5A, 

Figure S1A-D). 

At the class level, Bacilli presented its predominancy in all intestinal samples of four 

groups. Compared to the other three groups, Erysipelotrichia showed a better abundance in the 

FA-WT mice. Gammaproteobacteria existed more in the FA-AD mice, while its rate dropped 

sharply in the PM2.5-AD mice. Besides, few Bacteroidia were found in the FA-WT mice and 

FA-AD mice, whereas their levels were markedly elevated in the PM2.5-AD mice (Figure 4-

5B).

At the order level, the most abundant bacteria were Lactobacillales, followed by 

Erysipelotrichales. The abundance of Bacteroidales was lowest in the FA-WT mice and FA-

AD mice, whereas it became the highest in the PM2.5-AD mice (Figure 4-5C). 

At the family level, the most abundant bacteria were Lactobacillaceae, followed by 

Erysipelotrichaceae and Streptococcaceae. The ratio of Porphyromonadaceae was lowest in 

the FA-WT mice and FA-AD mice, but the ratio in the PM2.5-AD mice dramatically increased 

(Figure 4-5D).

At the genus level, Lactobacillus spp. showed their large number in all intestinal samples 

of four groups, especially in FA-AD mice. Allobaculum spp. had lower abundance in the FA-

AD mice, while had higher in the PM2.5-AD mice. The vary of Streptococcus spp. in the PM2.5-

AD mice with low abundance was opposite to that in the FA-AD mice with high abundance. 

Interestingly, a high proportion of unclassified bacterial genus was observed in the PM2.5-WT 

mice and PM2.5-AD mice when compared to the FA-WT mice or FA-AD mice, suggesting that 

some novel bacteria might influence the community structure of intestinal bacteria in AD mice 

after PM2.5 exposure (Figure 4-5E). 
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Figure 4-5 The distribution of dominant bacteria at different levels in the intestine in four experimental groups. 

A: Phylum; B: Class; C: Order; D: Family; E: Genus

Figure S1E-H and Figure S2 showed the bacterial distribution at different levels and the 

ratio of bacterial changes at the phylum level in the fecal samples. The top five bacteria in the 

frequency of phylum from high to low were Bacteroidetes, Firmicutes, Proteobacteria, 

Verrucomicrobia, and Actinobacteria. Compared with the control group, PM2.5-AD mice 

showed a reduction of Firmicutes and an increase of Proteobacteria and Actinobacteria. At 

the genus level, although the unclassified genus exceeded 40%, the top six genera in the 

frequency of genus were Barnesiella spp., Lactobacillus spp., Allobaculum spp., Akkermansia 

spp., Desulfovibrio spp. 

4.4.8 KEGG pathway analysis

We performed KEGG pathway functional annotations (Figure 4-6 and Figure S3) to 

validate the changes of the bacterial composition and metabolic pathways induced by PM2.5

exposure in AD mice. The frequency number represents the counts of differentially functional 
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genes in the metabolic pathway. For the intestinal samples, forty-one candidate markers were 

initially identified and featured in Figure 4-6. Amino acid metabolism, carbohydrate 

metabolism, lipid metabolism, membrane transport, endocrine system, and digestive system 

were identified as the most critical pathways changing the intestinal bacterial ecology. Notably, 

the expressions of functional genes in metabolic pathways in the intestinal bacteria related to 

the nervous system and neurodegenerative diseases were predicted to be reduced in the FA-

AD mice versus to the FA-WT, but the expressions were speculated to increase in the PM2.5-

AD mice compared to the FA-AD mice.

Figure 4-6 KEGG function analysis and prediction for the intestine samples.
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Forty-one candidate markers in the feces were initially identified and featured in Figure 

S3, and the main functional genes in metabolic pathways paralleled that of the intestine.

4.5 Discussion

Recently, it has been proved that the brain-gut axis is associated with AD(Junges et al., 

2018). AD may start from the intestine and is closely related to the intestinal bacterial 

disturbance(Hu et al., 2016), and its risk ratio is strongly associated with PM2.5 exposure(Fu et 

al., 2019; Shou et al., 2019). Generally, the blood-brain barrier and olfactory nerve are 

recognizable ways for PM2.5 to enter the brain(Hajal et al., 2018; Maher et al., 2016). Besides, 

PM2.5 can also enter the gastrointestinal tract and influence central nervous system diseases by 

inducing intestinal microecological imbalances(Shou et al., 2019). Chronic exposure to PM2.5

can change the intestinal microecological condition and induce intestinal dysbiosis in mice 

model(W. Wang et al., 2018). The study enlightened that the understanding of the PM2.5-

induced intestinal bacterial changes played an important role in AD formation and processing. 

Nevertheless, there still lacks the studies based on exposure system models to investigate such 

PM2.5-induced intestinal bacterial changes in AD mice model. 

To our knowledge, this was the first study using a real-world whole-body inhalation 

exposure system and APP/PS1 transgenic mouse model to characterize the injury of the brain 

and intestine and the changes of the composition and the biodiversity in the intestine and feces 

of AD mice after PM2.5 exposure. Our results found that PM2.5 considerably aggregated 

pathological injury the brain with the elevated levels of Aβ-42 and proinflammatory cytokines 

in brain tissues of AD mice. Besides, we also examine that PM2.5 elicited intestinal damage and 

changed the α-diversity and composition of the bacterial communities in the intestinal and fecal 

samples in AD mice. All these pathological injuries and the bacterial changes could associate 

with AD development.
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4.5.1 PM2.5 caused pathological injury and inflammation in the brain and intestine in AD 

mice

Brain inflammation and Aβ-42 increase are essential characteristics during the processing 

of AD development(Cattaneo et al., 2017; Harach et al., 2017; McCaulley et al., 2015). As 

shown in Figure 4-3B, the elevation of pro-inflammatory cytokine levels (TNF-α and IL-6) 

visually occurred in the brains of the FA-AD mice compared with the FA-WT mice, and these 

levels elevation in the PM2.5-AD mice was more significant than in the PM2.5-WT mice. 

Compared with the control group, the Aβ-42 levels in FA-AD mice and PM2.5-AD mice 

presented a remarkedly elevation. Besides, the Aβ-42 levels in PM2.5-AD mice were higher 

than that of FA-AD mice, while the difference was not statistically significant. It could because 

the Aβ-42 level had already been high enough in the brains of the AD mice. Besides, as a 

particular environmental factor, PM2.5 has been noticed that the iron-bearing nanoparticles can 

enter the brain directly via the olfactory bulb(Maher et al., 2016) and that the tiny particles and 

soluble components of PM2.5 can cross the blood-brain barrier and transport into the brain 

through the respiratory tract and systemic blood circulation(Hajal et al., 2018). As a result, it 

may induce brain injury without a direct increased level of Aβ-42. Importantly, the HE staining 

displayed that pathological brain injury was aggravated in PM2.5-AD mice compared with that 

in the FA-AD mice. It suggested that PM2.5 promoted pathological brain injury in AD mice. 

The roles of inflammation and Aβ-42 could have more influence if with more exposure time 

and higher PM2.5 concentration.

Our results indicated that PM2.5 induced pathological injury and inflammation in the 

intestine in AD mice at one time (Figure 4-1 and Figure 3A). Previous studies reported that 

intestinal pro‐inflammatory cytokines could increase the permeability of intestinal epithelial 

cell monolayers and damage the intestine(Sánchez de Medina et al., 2014). Another also 



79

pointed out that PM2.5 caused intestinal damage in mice(D. Li et al., 2019). These results were 

in accordance with ours.

The increased pathological injury and pro-inflammatory cytokine levels in intestines and 

brains in AD mice suggested the possible synergetic effect of PM2.5. It indicated that intestinal 

damage and inflammation were linked to AD and emphasized the promoting effects of PM2.5

on each of intestine and brain.

4.5.2 Relationship between intestinal bacteria and inflammatory cytokines

Bacteria living in the intestinal tract adhere to the intestinal mucosal surface of epithelial 

cells, forming bacterial flora, thereby affecting the intestinal integrity and 

permeability(Takiishi et al., 2017). When the harmful bacteria destroyed the integrity of 

intestinal epithelial cells, the inflammation reaction was triggered or aggravated accompanied 

by the increase of inflammatory cytokine (e.g., IL-6 and TNF-α) levels in intestines(Kanwal et 

al., 2018). Compared to healthy individuals, a declined trend of intestinal bacterial flora 

diversity was observed in IBD patients (Matsuoka et al., 2015), which is in common with our 

findings. 

The reduction of given beneficial bacteria increased the inflammation, which can be 

harmful to the intestinal structure. Such reduction can be characterized mainly in Firmicutes 

spp. and Bifidobacteria spp. (Laparra et al., 2009; Matsuoka et al., 2015; L. L. Zhang et al., 

2010). Metabolites secreted by Firmicutes spp. decreased the production of pro-inflammatory 

factors such as TNF-α and then inhibited the occurrence of inflammation(Orbe-Orihuela et al., 

2017). Probiotics such as Lactobacillales spp. and Bifidobacteriales spp. improved the 

conditions of inflammation and intestinal epithelial barrier function impairment(Laparra et al., 

2009; L. L. Zhang et al., 2010). It is worth to notice that compared to the FA-WT mice (60.8%, 

in phylum level, 22.44% in order level, and 6.99% in order level), there was a decline of 
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Firmicutes, Lactobacillales and Bifidobacteria (43.33%, 17.19%, and 3.19%) in the intestine 

of the PM2.5-AD mice (Figure S1A, Figure S1I, Figure S1J), revealing that the reduction of 

beneficial bacteria was a potential cause of intestinal inflammation in AD mice exposed to 

PM2.5.

The intestinal microbiota-related pro-inflammatory cytokines are possibly associated with 

cognitive impairments such as AD. Some studies demonstrated an essential role of gastro-

intestinal microbes in the development of cerebral Aβ amyloidosis, and an increase in the 

abundance of gut microbiota along with a peripheral inflammatory state and brain 

amyloidosis(Cattaneo et al., 2017; Harach et al., 2017). As a result, it is of great importance to 

investigate the pathological mechanism of the brain-gut axis on PM2.5-aggravated AD. In the 

FA-AD group of our study, we observed the increase of Aβ-42 levels in brains, which had a 

further raising in the PM2.5-AD group (Figure 4-3B). The increases of Aβ-42 levels in the brain 

coincided with the elevation of TNF-α and IL-6 in intestines and serums from FA-AD and 

PM2.5-AD groups in various degrees, along with the bacterial community changes. Such results 

implied that PM2.5 might endanger in tissue damage of the intestine and brain, which can 

associate with the changes in bacteria condition.

4.5.3 PM2.5 altered the bacterial community structure in the intestine and feces samples in 

AD mice 

In our investigation, the structural variability or similarity in the intestine and feces in 

different treatment groups was assessed by PCA results (Figure 4-4). As the PCA results shown, 

the eigenvalue summation of the two main OTU variates in intestine and feces had both 

exceeded 80% of the total variance, when each eigenvalue of intestine and feces were 74% and 

76% already. No matter in intestine or feces, PCA showed a similar trend and distribution of 

each group. The points with long-distance evidenced the differences between the AD and 

control groups. The previous study supported this finding for AD-changed the intestinal 
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bacteria(Haran et al., 2019). It is worth noted that the groups of PM2.5-FA and PM2.5-AD mice 

clumped visibly closer than the other groups without PM2.5 exposure, which emphasized that 

the bacteria community tended to be more consistent under the intervention of PM2.5. The 

NMDS described a similar result of PCA (Figure 4-4). It further proved the robustness of our 

findings. It well presented the influence on intestinal and fecal bacteria changes led by PM2.5, 

especially in AD mice.

The bacteria community normally can directly reflect the health status of the host by 

forming a certain proportion in the intestinal tract to control the bacterial flora balance. The 

changes in bacterial diversity and richness can lead to the dysfunctions of the bacterial 

community, and trigger intestinal disorders such as IBD (Nishida et al., 2018). According to 

our previous study, these intestinal disorders were considered as linking to neurodegenerative 

disorders, especially AD and PD (Fu, Gao, et al., 2020). In this study, PM2.5 exposure changed 

the bacterial diversity in the intestine and feces. The Chao1 and ACE index showed slight 

changes, meaning that the abundance of the bacterial community in intestine and feces may 

not be very sensitive to PM2.5. Nevertheless, as the Shannon and Simpson index indicated, the 

FA-AD mice presented the lowest bacterial community diversity, while the PM2.5-AD mice 

showed the highest. It suggested that compared with the control, AD could be associated with 

the diversity deduction of the bacterial community. Previous studies proved that the decline of 

bacterial diversity in AD patients, which was similar to our results (Bostanciklioğlu, 2019; 

Vogt et al., 2017). However, standing on the bacterial community diversity deduction caused 

by AD, PM2.5 can stimulate and increase the diversity in both intestine and feces of AD mice. 

The amount of stimulated bacterial diversity even exceeded that of the control group. Since 

such stimulation of bacterial diversity presented in both intestine and feces, it proved the 

findings were not by coincidence. Accordingly, our study sheds light on the new combined 

effects of intestinal bacterial community diversity between AD and PM2.5, which can help to 
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understand the toxicological mechanism of PM2.5 on AD. It might be beneficial to the diagnosis 

and treatment of AD with the intestinal bacterial conditions. 

We evaluated the relative abundance of bacterial communities in the intestine at the 

phylum level and noticed the higher intensity of Firmicutes, Proteobacteria, Bacteroidetes and 

Actinobacteria in the FA-AD mice and PM2.5-AD mice groups. In these bacterial communities, 

we also observed that Firmicutes presented the highest proportion in the FA-WT mice group. 

Compared with the FA-WT mice, the diversity of bacterial species in the PM2.5-WT mice group 

increased after exposure to PM2.5, when the most abundant phylum were Firmicutes,

Proteobacteria, and Bacteroidetes, respectively. 

At the phylum level, fewer Firmicutes and Actinobacteria and more Bacteroidetes were 

found in the intestinal microbiota of AD patients or APP/PS1 transgenic mice than healthy 

controls(Harach et al., 2017; Vogt et al., 2017), which suggested that bacterial dysbiosis was 

positively associated with AD. In the FA-AD mice group, the proportion of Firmicutes in the 

intestine was 30% more than that of the FA-WT control group, while the Proteobacteria and 

Bacteroidetes visibly decreased relative to the control group. The previous reports 

characterized alterations in Firmicutes, Proteobacteria, and Bacteroidetes in APP/PS1 

transgenic mice(Bäuerl et al., 2018; M. Wang et al., 2019), which were in accordance with our 

findings.

The intestinal bacterial community changes not only induced by AD or PM2.5 singly but 

also can by the combined effects of these two factors. The Firmicutes had a 50% decrease in 

PM2.5-AD mice compared with that in FA-AD mice, while the Bacteroidetes in PM2.5-AD mice 

decupled at that in FA-AD mice (Figure 4-5). These changes further emphasized the 

combination effects of AD and PM2.5 on the intestinal bacterial community changes. PM2.5

could also induce such changes in the bacterial community in feces. 
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It made our findings even more important as the previous study reported that PM2.5 had 

already carried different kinds of bacteria, including the three dominant bacteria above(D. Yan 

et al., 2018). It hinted that PM2.5-bound bacteria might take hold of intestinal bacterial 

communities in the FA-WT mice. 

The previous study indicated that total organic compounds (TOC), water-soluble 

inorganic ions (NH4
+, K+, Na+, Ca2+, Mg2+, SO4

2−, NO3
−, and Cl−) and metals (Cd, Se, Sb, Zn, 

As, and Pb) had an effort on shaping the bacterial community structure of airborne PM2.5 in 

some big cities of China(Guo et al., 2018; S. Zhong et al., 2019). The most abundant phyla 

were Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and Cyanobacteria in Beijing, 

while Firmicutes, Proteobacteria, and Bacteroidetes were dominant phyla in Guilin(D. Yan et 

al., 2018; S. Zhong et al., 2019). These results proved that PM2.5 influenced the bacterial 

structure, especially the specific bacterial types. Taiyuan, in this study, is a north China city 

closing to Beijing. The causes of air pollution in Taiyuan are mostly similar to those in Beijing, 

which mainly come from coal combustion and vehicle exhaust. Notably, visible inductions of 

some predominant bacterial genera had been found in Taiyuan sandstorms particle samples 

versus the non-sandstorm controls(An et al., 2015), which differed from other cities above in 

China. In our study, in the mice’s intestine after exposure to PM2.5, Firmicute, Proteobacteria, 

Actinobacteria, Bacteroidetes and Verrucomicrobia in the phylum level were the most 

common bacteria, while Bacteroidetes, Firmicutes, Proteobacteria, Verrucomicrobia, and 

Actinobacteria were the major ones in the fecal samples. It suggested that there can be some 

correlations between bacteria carried by PM2.5 and bacteria in the intestine and feces of mice 

exposed in PM2.5. Due to the sources and the components of PM2.5 can be different, further 

studies on changes of bacterial community and diversity are still needed. 

We also drew attention to the differences in the bacterial community structure in the 

intestine and feces. The intestinal bacteria compositions are thoroughly complex, related to 
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nutrition, digestion, inflammation, immunity, and neurotrophic activities. The structure of the 

bacterial community in feces can reflect intestinal microecology. In this study, feces and 

intestines shared some dominant bacteria at the phylum and genus level, showed the similarities 

between the two samples. The diversity changing scale with a similar trend was smaller in 

feces than in the intestine. It was understandable as the feces participated much less in 

metabolic activities than intestine and could be the end of the digestive system.

As far as we know, this is a novel study of PM2.5-affected on intestinal bacteria structure 

change in AD mice in Taiyuan. The intestinal bacteria participate in the functional response in 

the brain-gut axis, which makes a significant contribution to the communication between the 

brain and intestine(Junges et al., 2018). Genetic and environmental factors may affect the 

intestinal bacteria and give rise to differences in the composition of the intestinal bacterial 

community. The analysis of bacterial biodiversity in the intestine and feces supported to screen 

of the dominant bacteria in FA-AD mice and PM2.5-AD mice and to reveal the association 

between PM2.5 and AD. Due to the combined effects of PM2.5, the dominant intestinal and fecal 

bacteria significantly changed in AD mice at one time. The complicated relationships between 

brain and intestinal bacteria under the intervention of PM2.5 remain vague, and the influences 

on the composition, abundance, functions, structure, and diversity, and as complex as that of 

bacteria needed further investigation. 

4.5.4 Functional prediction and analysis

KEGG pathway is a collection of manually drawn pathway maps and a multipurpose tool 

to predict the molecular interaction and relation networks for metabolism, genetic information 

processing, environmental information processing, cellular processes, organismal systems, and 

human diseases. The intestinal bacterial flora exerts essential physiological functions,

including digestion, immune, metabolism, energy absorption, with a direct impact on public 

health. In this study, the KEGG pathway was used to discover specific metabolic pathways 
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associated with the intestinal bacteria in AD mice after PM2.5 exposure and to understand the 

relationships between injury of the intestine and bacterial changes of intestine and feces. Figure 

4-6 and Figure S3 listed the details of pathways in each sample group.

Zhang et al. (L. Zhang et al., 2017) demonstrated that more than 30 metabolic pathways 

in the intestine samples of AD mice for conceivably being associated with amyloid deposition 

and ultrastructural abnormalities. Peng et al. (Peng et al., 2018) signified that alternations of 

the intestinal bacteria may contribute to AD pathogenesis through metabolic pathways, 

including inorganic ion, coenzyme, nucleotide, and lipid transport, and metabolism. These 

results of intestinal microbiota-influenced functional genes and metabolism pathways in AD 

mice are consistent with ours. In our study, compared with the KEGG pathway results of the 

control, the frequency of functional proteins reduced in mice of the FA-AD group, which could 

link to the decrease of bacterial diversity and richness.

Relatively, the frequency of functional proteins augmented in the PM2.5-AD group could 

associate with the increase of bacterial richness and diversity. Of note that our KEGG pathway 

analysis results predicted that after PM2.5 exposure, the disturbed intestinal bacteria in AD mice 

vigorously associated with dysregulation of basic metabolic processes such as amino acid 

metabolism, lipid metabolism, and carbohydrate, dysbiosis of the endocrine and digestive 

system, and neurodegenerative diseases, especially AD. We speculated that PM2.5 inhalation 

may attribute to modulatory effects on intestinal bacteria in AD mice, then lead to the 

pathological injury and dysfunction of the intestine and brain. In particular, a high proportion 

of unclassified bacteria in the genus level in the intestine and feces of PM2.5-WT mice and 

PM2.5-AD mice was a sign of PM2.5-induced bacteria existed in the intestine (Figure 4-5E, 

Figure S2E). It requires further study on the regulation mechanisms of bacteria on the 

pathogenesis of PM2.5-aggravated AD when affecting intestinal structure and inflammation. 
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This study could have potential limitations. Even though our study had supported 

sufficient evidence, further investigations on the toxicological mechanisms of the brain-gut-

bacteria axis in PM2.5-aggravated AD are needed. Our study mainly designed for the 

distribution of dominant bacteria in the intestine of different groups. Nevertheless, the 

regulatory roles in inflammation still need to be further explored. 

4.6 Conclusions

This study evidenced that the ambient PM2.5 in the typical polluted area intensified 

pathological and inflammation injury in the intestine and brain in AD mice. Meanwhile, PM2.5

can exacerbate the changes of the bacterial community in intestine and feces in mice, when 

such changes became more serious in AD mice. The intestinal susceptibility of AD mice can 

be increased after PM2.5 exposure, accompanied by visible changes of the intestinal bacterial 

community. Via the analysis of the KEGG pathway and diversity, we speculated that the 

abnormality of some metabolic pathway, functional genes and bacterial diversity at the 

abundance levels may associate with the intestinal injury in AD mice exposed to PM2.5. 
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Chapter 5

An integrative analysis of miRNA and mRNA expression in the

brains of Alzheimer’s disease transgenic mice exposed to PM2.5

5.1 Abstract

PM2.5 is associated with an increased risk of neurological disorders, including AD. However, 

the toxicological mechanisms underlying PM2.5-induced AD are largely unknown. The study 

aims to investigate the influences of PM2.5 on ultrastructural damage and miRNA and mRNA 

expression in the brains of APP/PS1 transgenic mice (AD mice). Wild-type and AD mice were 

exposed to either filtered air (FA) or ambient PM2.5 for two months with a realistic whole-body 

ambient exposure system in Taiyuan, China. An open field test was conducted before the 

evaluation of morphological changes in the collected brain tissues from four experimental 

mouse groups by transmission electron microscopy (TEM). Immunohistochemical methods 

were used to measure Aβ-42, TNF-α, and IL-6 expression in mouse brain tissue. The enzyme-

linked immunosorbent assay (ELISA) was used to detect acetylcholine esterase (AChE) and 

choline acetyltransferase (ChAT) concentrations, and miRNA and mRNA expression profiles 

of the mouse brain samples were generated using high-throughput sequencing. The results 

indicate that exposure to PM2.5 can remarkably aggravate the ethological and brain pathological 

injuries of AD mice. Pro-inflammatory cytokine expression, Aβ-42, and AChE levels were 

elevated, concomitant with reduced ChAT levels. Differentially expressed (DE) miRNAs 

(mmu-miR-193b-5p, 122b-5p, 466h-3p, 10b-5p, 1895, 384-5p, and 6412) and genes (Pcdhgb8, 

Unc13b, Robo3, Prph, Pter, and Tbata) were found and verified in AD mice following PM2.5

exposure. DE miRNA-target gene pairs, significantly enhanced Gene Ontology (GO) pathways, 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for DE target genes AD 
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mice’s brains after PM2.5 exposure were predicted and analyzed. Synaptic and postsynaptic 

regulation, axon guidance, and Wnt, MAPK, and mTOR pathways were found to be involved 

in the pathological response. Overall, we identified promising miRNA and mRNA biomarkers 

of PM2.5-induced AD in mice and proposed potential miRNA-mRNA interaction networks that 

suggest increased AD risks exist in conditions of PM2.5 exposure. 

Keywords: Fine particulate matter; mRNAs; miRNAs; Brain; Alzheimer’s disease; 

Transgenic mice 
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5.2 Introduction

AD is one of the most prevalent chronic mental neurodegenerative disorders. Globally, 

there were more than 50 million AD patients, and cases are rapidly increasing, such that AD is 

predicted to afflict up to more than 130 million patients by 2050 (Prince et al., 2014). AD 

patients experience neurodegeneration, cognitive impairment, and memory loss due to the 

pathological brain abnormality (Mistridis et al., 2015). The extent of the financial and social 

costs of AD means that it is essential that an improved understanding of the etiology and new 

treatments for AD are developed. 

AD is pathologically identified by the amyloid accumulation, abnormal proteins, neuritic 

plaques, and neurofibrillary tangles comprising hyperphosphorylated tau proteins (Tiwari et 

al., 2019). It has been shown that mutations in APP, PSEN1, and PSEN2 might lead to 

autosomal dominant AD, while the mitochondrial genes TRMT61B, FASTKD2, and 

NDUFA4L2 were determined with significantly differentially expressed in AD patients (Sekar 

et al., 2015; Van Giau et al., 2019). Furthermore, eight upregulated genes (CPLX3, NR4A2, 

GRIK3, TESPA, SLCO4A1, SERPINA5, ADAM33, and SERPINA1) and 14 downregulated 

genes (BHLHE22, PRSS12, NEUROD6, PCDH8, NRN1, DUSP4, CAMK1D, NEUROD1, 

GRIA1, SYTL5, PRKCG, ARC, SCN11A, and LOC400891) were also identified in AD 

patients (Annese et al., 2018). These genes could be related to the formation and development 

and AD and are thus potential targets for novel AD drug therapies. 

In addition to the genetic factors described above, environmental factors like PM2.5

regarded as contributing to AD development (Finch et al., 2019). PM2.5 is a common and 

complex pollutant of the urban environment. It has been found that iron-bearing nanoparticles 

can make an entrance into the brain by a direct route from the olfactory bulb (Maher et al., 

2016). Likewise, the small-scaled and soluble constituents of PM2.5 could pass over the 

respiratory tract and systemic blood circulation and finally enter the brain (Hajal et al., 2018). 
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Not only the epidemiological studies but our recent study noticed that PM2.5 exposure could 

grow the AD risk (Fu et al., 2019; Kioumourtzoglou et al., 2016). The higher PM2.5 

concentration was exposed, the higher AD risk was found in older women whose ages ranging 

from 73 to 87 (Younan et al., 2020). Furthermore, a recent study pointed out that the exposure 

of PM2.5 could accelerate pathological brain aging in older women who have a certain variant 

of the APOE4 gene that was considered increasing the AD risk (Cacciottolo et al., 2017). A 

toxicological study using an in vitro model of AD through activation of the NLRP3 

inflammasome determined the aggravation influences of PM2.5 on neuronal injury (B. R. Wang 

et al., 2018). PM2.5 could also increase many inflammatory cytokines’ concentrations in the 

mouse brain and improve some early AD-like pathologies (Bhatt et al., 2015). However, the 

extent to which PM2.5 aggravates the pathological symptoms of AD and the underlying 

molecular mechanisms of this process remain unclear.

mRNA is the product of transcription from DNA, and thus forms the template for protein 

translation. In contrast, miRNA is a small molecule consisting of ~20 nucleotides and is non-

protein-coding. In the processing of gene expression, miRNAs are functionally of service to be 

crucial post-transcriptional regulators via regulation of target mRNAs, affecting downstream 

gene-expression in specific signaling pathways. These regulatory interactions between 

miRNAs and mRNAs can lead to changes at the level of protein translation. Gene regulatory 

networks involving miRNAs and mRNAs significantly contributed to animal development, 

cell differentiation, and metabolism. Researchers inquired into the PM2.5’s influence on 

miRNA and mRNA expression in human airway and endothelial cells, likewise in mouse lungs 

and fibroblasts following PM2.5 exposure (Jardim et al., 2009; C. Liu et al., 2015; Motta et al., 

2013). PM2.5 was found to upregulate miR-574-5p expression and downregulate BACE1 

expression in the hippocampal region of C57BL/6 mice, and to cause differential expressions 

of some miRNAs and target genes in the hippocampus and cerebral cortex of fetal rats (Chao 
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et al., 2017; Ku et al., 2017). However, the part of miRNAs and mRNAs in the context of 

PM2.5-induced AD has not been established and needs to be further investigated. 

Taiyuan, a typical city in north China with a population of more than four million, is 

strongly affected by coal smoke-generated PM2.5 pollution with a high concentration. 

According to the China National Environmental Monitoring Center, the annual mean PM2.5 

concentration in Taiyuan was approximately 66.95 μg/m3 between 2013 and 2017, which far 

exceeded the daily PM2.5 limit of 35 μg/m3 advised by the Chinese National Ambient Air 

Quality Standard, Grade-II, GB3095-2012. The PM2.5 pollution becomes even worse during 

the winter in Taiyuan when fuel is burned for heating, with exposure levels reaching up to 200 

μg/m3 during this period. The primary pollution sources in Taiyuan are coal burning, industrial 

emissions, and vehicle exhausts (R. J. Li et al., 2014). 

We used a PM2.5 exposure system in the winter of Taiyuan in this study to investigate the 

potential damage to APP/PS1 transgenic mouse brains (AD mice) following real-world PM2.5 

exposure. Specifically, we used high-throughput sequencing to analyze for the influences of 

PM2.5 on regulating the miRNA and mRNA expression in the APP/PS1 transgenic mice. This 

work aimed to identify the molecular mechanisms underlying observed brain injuries and the 

differential regulation of mRNA and miRNA in AD mice under high PM2.5 concentrations in 

a real-world exposure system. The data we obtained give an in-depth concept of the changes 

of miRNA and mRNA expression related to PM2.5 and will aid future studies into its 

pathogenesis at a transcriptional and post-transcriptional level. 

5.3 Methods

5.3.1 The collection and suspension preparation of pollutants

We collected pollutant samples at Shanxi University, China, for two months until 

February 2019, which covers the winter period when heating was used. A PM2.5 middle-volume 
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sampler (ADS-2062E, AMAE CO., LTD., Shenzhen, China, pump flow rate of 100 L/min) and 

Whatman QM-A quartz-fiber filter membranes were used. We used the Dust Trak™ II Aerosol 

Monitor (TSI Inc., USA) to take the measurements of mean daily PM2.5 concentrations, as our 

previous study used (R. J. Li et al., 2015). PM2.5 was extracted from membranes into Milli-Q 

water using ultrasonic processing. Following vacuum freeze-drying, PM2.5 suspension was 

repeatedly suspended in sterilized physiological saline for use in animal experiments.

5.3.2 Mouse models and exposure system 

We purchased APP/PS1 double transgenic AD mice and wild-type (WT) littermate mice 

(B6 strain) from the Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, 

China). The weights of all mice ranged from 24 to 31 g. We divided the mice into four groups 

(n = 5 for each), as follows: WT mice inhaling filtered air (FA) were termed the control group, 

AD mice inhaling FA were termed the FA-AD mice group, WT mice inhaling PM2.5 were 

termed the PM2.5-WT mice group, and AD mice inhaling PM2.5 were termed the PM2.5-AD 

mice group. Each group was separately lodged to the realistic whole-body inhalation exposure 

system for eight weeks with ad libitum diets. The FA control chamber was equipped with three 

high-efficiency particulate air (HEPA) filter layers, and the exposure chamber equipped with 

a particular membrane only allowed the particle’s aerodynamic diameter ≤ 2.5 μm to enter. 

The exposure chambers were individually ventilated cage (IVC) systems (Junshi Laboratory 

Animal Equipment Co., Ltd, Suzhou, China). During the period of the experiment, the settings 

for the in-cage temperature and humidity were ~25°C and ~35%, respectively. We used the 

DustTrak TM II Aerosol Monitor (TSI Inc., USA) to monitor PM2.5 concentrations in both the 

chamber and ambient air. 

The care of and procedures involving animals in this study were in line with those 

recommended by the Animal Investigational Committee at Shanxi University. This study was 
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according to the “Guide for the Care and Use of Laboratory Animals” issued by the Ministry 

of Health of the People’s Republic of China.

5.3.3 Open field tests

Twenty-five panes (10 cm × 10 cm) in the bottom of a cardboard box (50 cm × 50 cm × 

30 cm) were used for open field tests, as used by Shan et al. (Shan et al., 2013). We placed 

each mouse in the middle of the box and recorded its behavior for five minutes, namely the 

number of times it ran across a pane, and the number of times it reared up on its hind legs. 

Three examiners observed the test at the same time in a silent room, with each recording the 

frequency of these two behaviors. 

5.3.4 Tissue extraction and subsequent analysis

Mice were weighed 24 h after their last exposure and then sacrificed by ether anesthesia. 

Brains were dissected, washed with ice-cold PBS, and dried before weighed. The brain samples 

were studied using transmission electron microscopy (TEM) and immunohistochemical 

analysis and were also subject to enzyme-linked immunosorbent assay (ELISA) and 

mRNA/miRNA expression profile analysis.

5.3.5 TEM and immunohistochemistry analysis

We fixed a piece approximately 1 mm3 of each brain in 2.5% glutaraldehyde in PBS, and 

then post-fixed in 1% buffered osmium tetroxide. We performed the TEM of the brain tissues 

as the previous study (R. J. Li et al., 2015). Ultrastructural brain changes in different groups 

were observed via TEM under 25,000× magnification.

For immunohistochemistry analysis, one piece of brain tissue (2-3 mm3 for each piece) 

representative of each experimental mouse group was fixed in 10% formalin, embedded into 

wax blocks. The tissue sections were stained with specific antibodies against IL-6, TNF-α, and 
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Aβ-42. The antibody concentrations of TNF-α (bs-2081R, Bioss, Beijing, China), IL-6 (bs-

0782R, Bioss, Beijing, China), and Aβ-42 (bs-0107R, Bioss, Beijing, China) were 1:1000. The 

tissue sections were washed with a solution of horseradish peroxidase-conjugate polyclonal 

rabbit anti-mouse secondary antibody (Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, 

China), and staining was then visualized by diaminobenzidine (DAB). PBS was used as the 

substitute for TNF-α, IL-6, and Aβ-42 antibodies of the negative control. The positive and 

negative staining of target genes was observed under a light microscope at 400× magnification.

5.3.6 ELISA

We weighed and homogenized the brain tissues in ice-cold PBS to obtain a 10%

homogenate (w/v) in four group mice, and centrifuged the homogenates (4°C, 3000 rpm for 10 

min). The resulting supernatants were analyzed using ELISA kits for AChE and ChAT (R&D 

Company, Minneapolis, USA), as per instruction. Absorbances were recorded at 450 nm on a 

Multifunctional Microplate Reader (Thermo Scientific Varioskan Flash, USA). 

5.3.7 miRNA and mRNA expression profile analysis

RNA extraction and high-throughput sequencing of the miRNA and mRNA expression 

profiles of frozen brain samples from different experimental groups were performed by Sangon 

Bioengineering Co., Ltd (Shanghai, China). The software and databases shown in Table S1 

were used to identify DE miRNAs and mRNAs, and the analytical flow chart followed during 

high-throughput sequencing analysis is shown in Figure S1. To understand the roles of the 

target genes identified in mice with PM2.5-induced AD, we performed functional annotations 

on the basis of GO and KEGG pathways. Cluster and bioinformatic analyses were performed 

to screen for changes to the gene expression profiles of PM2.5-AD mice and to identify DE 

miRNAs and mRNAs (i.e., fold change ≥ 2 and P-value ≤ 0.05). Chosen genes were tested and 

verified by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 
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procedures. Resulting bioinformatics data were combined with data on the relationship 

between miRNA and mRNA, enabling gene-regulatory networks of the PM2.5-exposed AD 

mice to be built. Highly expressed miRNAs and mRNAs were regarded as possible biomarkers 

of susceptibility to PM2.5-induced AD. 

To verify the identified mRNAs, we assessed the expression of several genes by qPCR in 

an iCycler iQ real-time PCR detection system (Bio-Rad Hercules, CA, USA) with the SYBR 

Premix ExTaqTM kit (TaKaRa, Dalian, China). The PCR amplification methods followed 

other studies (R. J. Li et al., 2015). Thermal cycling and melting curve analysis were performed, 

followed by determination of the relative target genes expression concerning the housekeeping 

gene β-actin, with the copy number of the target gene/β-actin mRNA ratio being determined. 

Table S2 showed the GenBank accession numbers and all primer sequences of above PCR-

amplified fragments, target genes, and β-actin. 

To verify the representative miRNAs, we assessed the expression levels of several 

identified genes by miRNA sequencing using the miRNA real-time qPCR kit (Sangon 

Bioengineering Co., Ltd, Shanghai, China). For internal control, we used U6 for the 

measurement of the copy number of the target gene and U6 miRNA. Table S3 showed the 

primer sequences of the above target genes and U6. 

5.3.8 Statistical analysis

The expression levels of AChE and ChAT and the ratio of positive expression of TNF-

α, IL-6, and Aβ-42 were statistically analyzed (with mean ± standard deviation) by one-way 

ANOVA by SPSS19.0 (IBM, NY, USA). We conducted Fisher’s least significant difference 

(LSD) test to assess the tests of post hoc and homogeneity and the gene-expression differences 

among different mouse groups. The statistically significance was regard when P-values < 0.05. 
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5.4 Results

We quantified the mean PM2.5 mass concentrations of samples from both outdoor air and 

the exposure cages. It of atmospheric air was 87 ± 51 μg/m3, while the mean PM2.5 mass 

concentration of cage air was 61 ± 36 μg/m3, 70% of the former. In the FA cage, the PM2.5

concentration was below the instrument detection limit (1 μg/m3). 

As shown in Figure S2, we found no significant alterations in body weight gain and 

brain/body weight ratio in PM2.5-WT mice in comparison to FA-AD mice (P > 0.05), and in 

comparison to the control (FA-WT mice). In contrast, in the PM2.5-AD group, these two 

indexes were significantly elevated versus the control and PM2.5-WT group (P < 0.05).

In the open field tests (Figure 5-1), the distance of horizontal movement of the FA-AD 

mice and PM2.5-AD mice was visibly reduced when the frequency and numbers of mice rearing 

up on their hind legs were also reduced. Following exposure to PM2.5, the PM2.5-AD mice 

displayed more substantial degenerative symptoms and movement disorders compared with 

the FA-AD mice, in addition to the declines in spatial cognitive ability, excitability, and 

exploratory behaviors also exhibited by the FA-AD mice.
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5.4.1 Ultrastructural changes to brain tissues in different groups

The results of the brain ultrastructural examination of the four experimental mice groups 

are shown in Figure 5-2. No abnormalities were visible in the brains of mice in the FA-WT 

group by optical microscopy: the brain tissue-structure was intact, with normal mitochondria, 

synapses, and myelin sheaths being present (Figure 5-2A). However, severe damage to the 

brain was visible in the FA-AD group, such as the disordering of cristae and vacuolation of 

mitochondria, synaptic abnormalities, and loose myelin sheaths (Figure 5-2B). Some slight 

pathological changes were perceived in the brains of PM2.5-WT mice, such as degenerated 

mitochondria and disordered synapses (Figure 5-2C). Significantly, the histopathologic 

changes recognized in the PM2.5-AD group were more severe than those seen in the PM2.5-WT 

Figure 5-1 The behavioral open field test.

*P < 0.05, **P < 0.01, compared with the control (FA-WT mice); #P < 0.05, ##P < 0.01, compared with the 

PM2.5-WT mice; △△P < 0.01, compared with the FA-AD mice.
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group or FA-AD group (Figure 5-2D), which corroborated the ability of PM2.5 to significantly 

aggravate the pathomorphological alterations in neurons of AD mice’s brain. 

Figure 5-2 TEM images of brain tissues after PM2.5 real exposure in mice from FA-WT group (a), FA-AD group 

(b), PM2.5-WT group (c), and PM2.5-AD group (d); 25,000× magnification.

The red arrows indicate sites of mitochondria, the green arrow indicate sites of synapses, and the blue arrow 

indicate sites of myelin sheaths.

5.4.2 Expression changes of TNF-α, IL-6, and Aβ-42

With immunohistochemistry, we determined the expression TNF-α, IL-6, and Aβ-42 

levels in the brains of mice from the four groups (Figure 5-3). As can be seen in Figure 5-3A, 

TNF-α and IL-6 positively expressed restricting to the cytoplasm and/or nucleus in the mouse 

brain. Significant elevations can be seen in the expression levels of TNF-α and IL-6 in the 

brains of the FA-AD group and PM2.5-AD group (Figure 5-3A-b-d, g-i) compared with the 

corresponding controls (Figure 5-3A-a, f). TNF-α and IL-6 protein expression in the PM2.5-AD 



99

group was significantly elevated in relation to that in FA-AD mice. The alterations in TNF-α 

or IL-6 expression were obviously noticed in the PM2.5-WT group in comparison to that in the 

FA-WT group. 

Aβ-42 expression was predominantly localized to the cell membrane and cytoplasm in the 

brain of mice. No change in Aβ-42 expressions was perceived in the PM2.5-WT group in 

comparison to the FA-WT group (Figure 5-3A-l), while its expression was remarkably elevated 

in the brains of the FA-AD group and PM2.5-AD group (Figs. 3A-m and n) as against the control 

(Figs. 5-3A-k). The Aβ-42 expression also showed a remarkable increase in the PM2.5-AD mice 

group (Figs. 3A-n) in comparison to FA-AD mice (Figure 5-3A-m). With no treatment of TNF-

α, IL-6, or Aβ-42 antibody in negative control slides, weak background staining was noticed. 

(Figure 5-3A-e, j, o).

A semi-quantitative analysis of TNF-α, IL-6, and Aβ-42 expression can be seen in Figure 

5-3B when the positive cell expression ratios of these three targets for the FA-WT control were 

47.4%, 48.5%, and 47.4%, respectively (P < 0.01), while these three genes were more highly 

expressed in the PM2.5-WT mice, with expression ratios of 70.8%, 71.5%, and 68.9%, 

respectively (P < 0.01). Furthermore, the expression ratios of TNF-α, IL-6, and Aβ-42 were 

notably increased in brains of FA-AD mice (83.2%, 76.4%, and 75.6%) and PM2.5-AD mice 

(83.1%, 90.9%, and 85.9%) as against the FA-WT control (P < 0.01). Especially, remarked 

elevations of TNF-α and IL-6 expression were observed in the PM2.5-AD group in comparison 

to that in the corresponding FA-AD or PM2.5-WT group (P < 0.01). 
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Figure 5-3 Immunohistochemical (A) and semi-quantitative analysis (B) of the expression of TNF-α, IL-6, and Aβ-

42 in brains of mice in different groups. 

Immunohistochemical staining (a–d) for TNF-α, (f–i) for IL-6, and (k–n) for Aβ-42 in brains of FA-WT mice, FA-

AD mice, PM2.5-WT mice, and PM2.5-AD mice, respectively; and (e, j, o) negative control without primary antibody 

of TNF-α, IL-6, and Aβ-42. Negative control without primary antibody. At 400× magnification, arrow indicates 

positive staining. 

The values are the mean ± SD from three individual samples. Using one-way ANOVA, compared with the FA-WT 

group, significant difference is indicated by aP < 0.01; compared with the PM2.5-WT group, significant difference 

is indicated by bP < 0.05 and cP < 0.01; compared with the FA-AD group, significant difference is indicated by dP 

< 0.05 and eP < 0.01.

5.4.3 AChE and ChAT levels in the different experimental groups

As seen in Figure 5-4, the AChE levels in brains of FA-AD and PM2.5-AD group were 

markedly elevated as against those of the control FA-WT group (P < 0.01), and AChE levels 

in PM2.5-AD group increased more than those of the PM2.5-WT group or FA-AD group (P < 

0.05, or P < 0.01). In contrast, ChAT levels were markedly decreased in the brains of the PM2.5-

AD group versus those of the FA-WT group (P < 0.01).
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Figure 5-4 Changes in AChE and ChAT levels in brain tissues of different groups.

*P < 0.05, **P < 0.01, compared with the control (FA-WT mice); #P < 0.05, ##P < 0.01, compared with the PM2.5-

WT mice; △△P < 0.01, compared with the FA-AD mice.

5.4.4 Differential expression analysis of mRNA and miRNA in the brains of different group 

mice

Twelve brain samples from mice from each of the four groups (n = 3 for each) were 

gathered and sent for high-throughput mRNA and miRNA sequencing. The DE levels of 

mRNA and miRNA in the brain samples of mice from each of the four groups in our study are 

shown in Table S4 and Table S5. In addition, the ten most up-regulated and ten most down-

regulated mRNAs and miRNAs are shown in Table 1 and Table 2. 
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Seven DE miRNAs (miR-193b-5p, miR-122b-5p, miR-466h-3p, miR-10b-5p, miR-1895, 

miR-384-5p, and miR-6412) and six DE genes (protocadherin gamma subfamily B8 (Pcdhgb8), 

Unc13b, Robo3, peripherin (Prph), Pter and Tbata) were selected for integrated analysis to 

verify the detected DE patterns. The qRT-PCR results indicated that the expressions of Prph, 

Pter, and Tbata were up-regulated and that the expressions of Pcdhgb8, Unc13b, and Robo3 

were down-regulated in the brains of FA-AD and PM2.5-AD group in comparison to those in 

FA-WT group (Figure S3A). Moreover, the expression levels of miR-10b-5p, miR-1895, miR-

384-5p, and miR-6412 were up-regulated and those of miR-193b-5p, miR-122b-5p, and miR-

466h-3p were down-regulated in the brains of FA-AD group in comparison to those in FA-WT 

group (Figure S3B). Such expression trends of the seven DE miRNAs and the six DE genes

were consistent with the results of our mRNA and miRNA high-throughput sequencing 

analyses (Table S6). 

In Figure S4, it can be seen that the DE counts of up-regulated or down-regulated miRNAs 

in the PM2.5-AD group are obviously higher those in the FA-AD group or PM2.5-WT group, 

relative to FA-WT group. The relative DE counts of up-regulated or down-regulated miRNAs 

in FA-AD mice were lowest, while the DE counts of miRNAs in PM2.5-AD mice were 

significantly elevated. 

5.4.5 Interaction of mRNA and miRNA expression profiles in different groups

Ten up-regulated and ten down-regulated DE miRNAs and mRNAs in brains of AD model 

mice after sub-chronic PM2.5 exposure were identified by analyzing expression profiles of 

miRNA and mRNA (Table 1 and Table 2). Moreover, the miRNA-target gene analysis of 

PM2.5-AD mice concerned that of FA-AD mice: as shown in Figure 5-5, of 409 miRNA-mRNA 

interaction pairs, 136 up-regulated miRNA-mRNA pairs, and 273 down-regulated miRNA-

mRNA pairs were predicted. 
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Next, we scanned 12 miRNAs (miR-34a-5p, miR-10b-5p, miR-10a-5p, let-7b-5p, miR-

125b-5p, miR-466h-3p, miR-193b-5p, miR-29a-3p, miR-107-3p, miR-15a-3p, miR-146b-3p, 

and miR-181c-3p) and 409 DE targets (Figure 5-5), where these were selected based on the top 

10 DE miRNAs (Table 2), the top 20 miRNA family total reads (Figure S5), information on 

miRNA-mRNA target pairs, and the literature related to miRNAs especially relevant to AD 

patients (Kiko et al., 2014). it appeared that miR-10b-5p, miR-10a-5p, miR-193b-5p, and miR-

466h-3p were the top DE miRNAs (Table 2), and the presence of miR-10b-5p, miR-193b-5p 

and miR-466h-3p, was verified by experiments (Figure S3B).
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Figure 5-5 Differentially expressed miRNA-mRNA interaction network related to AD in the presence of PM2.5

exposure. A red-colored diamond represents up-regulated miRNAs and blue ellipse represents the down-regulated 

target genes (A), while a blue-colored diamond represents down-regulated miRNAs and a red ellipse represents up-

regulated target genes (B). The arrows indicate miRNA-target pairs with negative correlations.
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5.4.6 GO and KEGG pathway analysis

We performed functional annotation analyzes based on the GO pathway and the KEGG 

pathway to understand the protein and metabolic functions affected by the observed changes 

in the miRNAs and mRNAs expression levels in AD mice exposed to PM2.5, as shown in Figure 

5-6A and 5-6B. As can be seen in Figure 5-6A, GO pathway analysis revealed that the 

important biological process, cellular component, and molecular function pathways that were 

most affected were the Wnt pathway and those related to neuronal cell bodies, postsynaptic 

density, axons, synapses, protein kinase activity, and the GTPase activator activity pathway. 

In Figure 5-6B, KEGG pathway analysis initially identified 20 candidate pathways as being 

those most altered in the AD mice’s brains with PM2.5 exposure, comprising pathways related 

to axon guidance, the MAPK pathway, the thyroid hormone pathway, the Wnt pathway, the 

mTOR pathway, and the regulation of the actin cytoskeleton.
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Figure 5-6 Most significantly enriched GO pathways and KEGG pathways for differentially expressed target genes.
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5.5 Discussion

A unique and real-world ambient PM2.5 exposure system was operated in this study in 

Taiyuan, a northern city in China with a very high ambient PM2.5 concentration, for two months. 

APP/PS1 transgenic mice were used as an AD model for open field tests and Aβ-42 expression 

analyses, which revealed that this AD model indeed had more significant degenerative 

symptoms and Aβ-42 accumulation than non-AD mice. In particular, we investigated the 

pathological injury in PM2.5-AD mice’s brains and the miRNA-mRNA-based regulatory 

mechanism of PM2.5-AD mice. As far as we know, it constituted the initial use of a real-world 

whole-body inhalation exposure system to explore the miRNA-mRNA interaction network in 

APP/PS1 transgenic mice with PM2.5 exposure. 

We noticed PM2.5 significantly aggravated pathological injuries in AD mice’s brain tissues 

by elevating the expression ratio of positive cells of Aβ-42 and pro-inflammatory cytokines 

(TNF-α and IL-6) and causing an imbalance in the level of two enzymes key to maintaining 

acetylcholine neurotransmitter levels, i.e., AChE and ChAT. The miRNA and mRNA DE 

profiles of AD mice were obtained after PM2.5 exposure, and the identity and function of genes 

targeted by miRNAs were also determined.

5.5.1 PM2.5 induces brain-injury responses in AD mice

5.5.1.1 PM2.5 causes behavioral alterations and promotes pathological brain injury in AD mice

We used an open field behavioral test to examine the changes that environmental 

pollutants may cause in nervous system function and general body organization. These tests 

aimed to detect the behavioral changes of experimental animals, in terms of activity, 

excitability, inquiry behavior, and alertness, when these animals were placed in a new 

environment. The results revealed the crossing and rearing behavior of the PM2.5-AD and FA-

AD mice significantly decreased in frequency in comparison to that of the FA-WT ones, with 
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the PM2.5-AD mice showing more substantial decreases in frequency compared with the FA-

AD ones (Figure 5-1). 

The TEM results also proved that the brain tissues of the PM2.5-AD group exhibited more 

severe pathological damage, including mitochondrial damage and disordered myelin sheaths 

and synapses, in comparison to that visible in the FA-AD group (Figure 5-2). These data 

demonstrated that PM2.5 might exacerbate AD symptoms in mice.

5.5.1.2 PM2.5 alters Aβ-42, TNF-α, and IL-6 expression and neurotransmitter concentrations in 

AD mice’s brains

Nerve inflammation was considered as a critical factor contributing to the AD

development (Calsolaro et al., 2016). Aβ-42, TNF-α, and IL-6 are biomarkers of inflammation 

and AD pathological changes, and thus elevated concentrations of these proteins in the brains 

of AD mice are essential to AD pathogenesis (Su et al., 2016; Thal et al., 2015). Elevations of 

these biomarkers in our study were recognized with much higher positive cell ratios evident in 

the brains of the PM2.5-AD group than that in the brains of the FA-AD group (Figure 5-3B). 

This was attributable to the fact PM2.5 can be transferred to the brain via respiratory or blood 

circulatory systems (Hajal et al., 2018; Maher et al., 2016), where it may elevate concentrations 

of Aβ-42, TNF-α, and IL-6, leading to aggravated neurotoxicity in the AD brain.

Aberrant concentrations of neurotransmitters, such as acetylcholine (ACh), dopamine, γ-

aminobutyric acid, serotonin, and N-methyl-D-aspartate in the brain are the leading cause of 

cognitive dysfunction in AD patients (Reddy, 2017). ACh is a key central cholinergic 

neurotransmitter, which contributes significantly to the ability to learn and remember in the 

limbic system or the cerebral cortex (Haam et al., 2017). ACh is produced by acetyl coenzyme-

A under the catalysis of ChAT and is decomposed into choline and acetic acid under the action 

of AChE. The onset of AD is closely related to an imbalance between cholinergic 
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neurotransmitter enzymes, such as AChE and ChAT (Ferreira-Vieira et al., 2016). When AD 

occurs, the synthesis, storage, and release of ACh are significantly reduced, leading to 

cognitive function loss and memory impairment. Drugs elevating the ACh levels in the brain 

can considerably improve the memory of AD patients (Wilkinson et al., 2004). 

We examined AChE and ChAT concentration changes in the brains of four groups, and 

found a considerable decrease in ChAT activity and an increase in AChE activity in the FA-

AD mice’s brains in comparison to that in FA-WT mice’s brains (Figure 5-4). An imbalance 

of ACh metabolism in AD model mice is manifest as a reduction in ACh synthesis, and notably, 

there were greater increases in AChE levels and decreases in ChAT levels in PM2.5-AD mice’s 

brains than in FA-WT mice’s or FA-AD mice’s brains (Figure 5-4). This was evidence that 

PM2.5 exposure exacerbated the imbalance in ACh metabolism in AD model mice. 

5.5.2 Integrative analysis of miRNA and mRNA expression profiling in PM2.5-AD mice

5.5.2.1 PM2.5 changes miRNA expression patterns in PM2.5-AD mice’s brains

As shown in Figure S4, there was comparatively little DE of miRNAs and mRNA in AD-

FA mice’s brains, whereas there were considerable differences in the DE miRNAs in PM2.5-

AD mice. This suggested that miRNA expressions were unstable in front of PM2.5, but that this 

was unrelated to mRNA expression. Thus, many DE changes of miRNA-target genes must 

cause the distinct, adverse effects observed in AD. 

5.5.2.2 PM2.5 affects the DE mRNA profile in PM2.5-AD mice’s brains

We identified ten up-regulated and down-regulated DE mRNAs in the brains of AD mice 

after sub-chronic PM2.5 exposure (Table 5-1 and Table 5-2). We also uncovered some genes, 

such as Pcdhgb8, Robo3, Unc13b, Prph, Pter, and Tbata in the brains of the PM2.5-AD group 

that were DE in comparison FA-WT controls. These DE genes have generally been linked to 

AD, with these linkages being verified in our study. 
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Table 5-1 Top 10 up-regulated and 10 down-regulated mRNAs of different groups

Group Gene 

(up regulation)

Fold

change

Gene 

(down regulation)

Fold 

change

FA-AD_

vs_control

Prnp 1.27 Pcdhgb8 -7.29

Zfp579 1.33 Kcnj13 -2.90

Paqr6 1.59 mt-Th -2.28

Gpx3 1.67 Tnfrsf25 -2.25

D130058E05Rik 2.16 mt-Tl2 -2.22

Calca 2.31 0610030E20Rik -2.05

Serpinb1b 2.66 Malat1 -1.99

Prph 2.84 Robo3 -1.77

Pter 4.16 Mlxip -1.73

Hotairm1 4.25 Kcnh4 -1.72

FA-M2.5_

vs_control

Pter 3.27 Pcdhgb8 -9.21

n-R5s118 3.84 Oxt -7.38

n-R5s194 3.40 Gm22357 -6.51

Gm24312 4.00 AC124484.1 -6.03

n-R5s130 4.03 Gm22579 -5.52

Rnu3b4 4.45 Hcrt -5.11

Rnu3b2 4.52 Gm14286 -4.97

Gm27640 4.89 Avp -4.88

AC157822.1 6.96 Malat1 -4.38

Gm26712 7.43 Mir5125 -4.15

PM2.5-AD_

vs_control

Cnpy1 8.49 Gm6977 -16.58

Crtam 9.10 Ptprv -7.47

Slc6a5 9.23 Junb -4.12

Cbln3 9.84 Gm6344 -4.00

Pcp2 9.88 Kcnh4 -3.91

Gabra6 10.61 Cd4 -3.66

Sycp1 15.89 Drd1 -3.51

Lamr1-ps1 16.02 Serpina9 -3.50
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Lbx1 16.09 Egr2 -3.46

Tlx3 16.53 Gpr6 -3.37

Note: absolute values of log2 Fold Change in the above data are more than 1, along with 

statistically significant difference (P <0.05), n=3.

Table 5-2 Top 10 up-regulated and 10 down-regulated miRNAs of different groups

Group miRNA 

(up regulation)

Fold

change

miRNA 

(down regulation)

Fold 

change

FA-AD_

vs_control

mmu-miR-7237-3p 2.92 mmu-miR-802-3p -2.51

mmu-miR-6412 3.17 mmu-miR-6901-3p -2.0

mmu-miR-96-5p 3.31 mmu-novel-21-mature -1.92

mmu-miR-183-5p 3.50 mmu-miR-193b-5p -1.40

mmu-miR-10a-5p 3.98 mmu-miR-669h-5p -1.36

mmu-miR-615-3p 4.17 mmu-miR-1224-3p -1.32

mmu-miR-350-3p 4.30 mmu-miR-466h-3p -1.31

mmu-miR-1895 4.53 mmu-miR-122-5p -1.31

mmu-miR-10b-5p 4.62 mmu-miR-26a-1-3p -1.09

mmu-miR-10b-3p 4.96

FA-M2.5_

vs_control

mmu-miR-190b-3p 2.85 mmu-miR-92b-3p -2.47

mmu-miR-6412 2.88 mmu-novel-21-mature -2.03

mmu-miR-700-5p 3.12 mmu-miR-466h-3p -1.52

mmu-miR-3072-5p 3.16 mmu-miR-144-3p -1.49

mmu-novel-305-mature 3.49 mmu-miR-1947-5p -1.43

mmu-miR-206-3p 4.12 mmu-miR-7080-3p -1.36

mmu-novel-84-mature 4.20 mmu-miR-199a-5p -1.19

mmu-miR-383-3p 4.23 mmu-miR-541-3p -1.06

mmu-novel-27-mature 5.12 -

mmu-miR-1895 6.74 -

PM2.5-AD_

vs_control

mmu-miR-196a-5p 5.03 mmu-novel-169-mature -4.92

mmu-novel-293-mature 5.05 mmu-novel-103-mature -4.49
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mmu-novel-85-mature 5.05 mmu-novel-271-mature -4.49

mmu-miR-10b-5p 5.06 mmu-novel-195-mature -4.35

mmu-novel-34-mature 5.26 mmu-novel-142-mature -2.84

mmu-novel-174-mature 5.58 mmu-miR-92a-1-5p -2.42

mmu-novel-266-mature 5.58 mmu-novel-173-mature -2.21

mmu-miR-10b-3p 5.79 mmu-miR-3964 -1.94

mmu-miR-206-3p 5.81 mmu-miR-193b-5p -1.90

mmu-miR-615-3p 6.02 mmu-miR-139-5p -1.67

Note: absolute values of log2 Fold Change in the above data are more than 1, along with 

statistically significant difference (P <0.05), n=3.

For example, Pcdhg protein is present in most neurons and is necessary for the formation 

of the neural circuit during brain development (El Hajj et al., 2016; X. Wang et al., 2002). The 

absence of Pcdhg cluster can reduce numbers of spinal cord synapses in the mouse model 

(Weiner et al., 2005) and decreased Pcdhg expression may lessen dendrite arborization and 

growth in cortical neurons (El Hajj et al., 2016). Pcdhgb8 is one of the isoforms of the Pcdhg 

gene cluster, and we observed significant down-regulation of Pcdhgb8 expression in the PM2.5-

AD mice’s brains. Although the function of Pcdhgb8, the brain development process remains 

unclear, this shows that such analyses can provide extensive evidence on biomarkers, thus 

elucidating the mechanism by which PM2.5 injures the brain of AD mice. 

Interestingly, we found that miR-125b expression was augmented in PM2.5-treated AD 

mice and that the predicted results of miRNA-mRNA target pairing showed that miR-125b 

negatively regulated Pcdhgb8 (Figure 5-5A). This finding was in keeping with the fact that 

miR-125b was found the distorted expression in dementia patients, and that it directly reduced 

levels of neural cell adhesion molecule protein (L. Y. Zhang et al., 2019). The overexpression 

of miR-125b can further increase downstream GSK3β activity and tau phosphorylation, which 

leads to the neurofibrillary tangles generation and neuropathological progression of AD (L. Y. 
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Zhang et al., 2019). Thus, the interaction of miR-125b-5p with its apparent target gene Pcdhgb8 

may be a pathological mechanism of PM2.5-induced AD.

Robo3 has been critical to the axonal formation in the developing forebrain and the 

migration of cortical interneurons, and an absence of Robo3 reduces the number of cortical 

interneurons in the mouse model (Barber et al., 2009). Consequently, the Robo3 down-

regulation that we noticed in the PM2.5-AD mice’s brains suggested that PM2.5 had interfered 

in this migration process and thus affected cortex development, causing further brain injury.

Unc13b (also called Munc13-2) is instrumental in normal release probability at 

hippocampal mossy fiber synapses when the absence of Unc13b sharply increases paired-pulse 

and frequency facilitation of neuron synapses in mouse models (Breustedt et al., 2010). Thus, 

the decrease of Unc13b expression in the PM2.5-AD mice’s brains indicated that PM2.5 exposure 

might have deteriorated in the dynamics of synaptic communication and synaptic function.

Brain injury has been found to lead to accumulated more for Prph expression and Prph in 

neurons of the cortex, thalamus, and hippocampus, which could be connected to the higher pro-

inflammatory cytokine levels like IL-6 observed in AD (Beaulieu et al., 2002). In our results, 

the elevated expression of Prph and IL-6 in PM2.5-AD mice’s brains indicated that Prph and 

IL-6 participated in pathological brain damage. 

It has been found that Tbata (also known as SPATIAL) is down-regulated in primary 

hippocampal cells, indicating the role of Tbata in maintaining the polarity of neurons by 

ensuring proper neurite outgrowth (Yammine et al., 2014). We also observed that the level of 

Tbata was elevated in PM2.5-AD mice’s brains in comparison to those in FT-AD mice, 

suggesting an association between PM2.5 and aberrant neurite outgrowth.

Chemokine and profibrotic cytokine production may be linked to inflammation, and it has 

been shown that Pter up-regulation may engage in modulating chemokine and producing 
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profibrotic cytokine in the kidneys of mice with membranous nephropathy (Cheng et al., 2014). 

Thus, the over-expression of Pter that we observed in PM2.5-AD mice’s brains hinted that Pter 

may be a new protein sensor of PM2.5-induced AD. The precise mechanism by which Pter 

mediated the brain injury of PM2.5-induced AD mice is worthy of further investigation.

5.5.2.3 PM2.5 influences miRNAs and their target genes in AD mice’s brains

The high-throughput sequencing analysis showed that there was a significant expression 

of miRNA-mRNA target pairs in the brains of FM2.5-AD mice, and we scanned each of the 

target genes. We found that these genes were targeted by 12 miRNAs: mu-miR-34a, 10b-5p, 

10a-5p, let-7b-5p, 125b-5p, 466h-3p, 193b-5p, 29a-3p, 107-3p, 15a-3p, 146b-3p, and 181c-3p 

(Figure 5-5A and 5-5B). These 12 miRNAs were thus involved in AD pathogenesis and might 

be biomarkers for further studies on the epigenetic mechanisms underpinning the biological 

response of AD mice to PM2.5. Furthermore, we found that the target genes of these miRNAs 

participated in inflammation, nervous system development, and multiple regulation pathways. 

Thus, these unique miRNA-target gene pairs provide solid scientific evidence for further 

research on the toxicological mechanisms of action of atmospheric PM2.5. 

It is particularly notable that we identified the most relevant miRNA biomarkers, namely 

miR-193b-5p, miR-466h-3p, and miR-10b-5p. These miRNA biomarkers were not only related 

to AD development but also significantly expressed in the brains of PM2.5-AD mice, as 

determined by high-throughput miRNA sequencing. Moreover, we verified the down-

regulation of miR-193b-5p and miR-466h-3p and up-regulation of miR-10b-5p in our 

experiment. 

In a related vein, miR-193b has been demonstrated being a potential biomarker for AD, 

as the inhibition of miR-193b expression is linked to elevated expression of amyloid precursor 

proteins (Liu et al., 2014). At one time, miR-193b could promote cell proliferation in glioma 
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via the TGF-β pathway by regulating Smad3 (Q. Zhong et al., 2014). Our miRNA-target gene 

analysis indicated that putative miR-193b targets are Brd2, Cdon, Id2, and Scn8a (Figure 5-5B, 

Table S3). These genes have been associated with the function of dendrites and axons of 

neurons in the cerebral cortex, development of cortical neurons, gliomas and oligodendrocytes, 

and glial amino acid metabolism (K. Chen et al., 2009; Garcia-Gutierrez et al., 2014; L. C. 

Wang et al., 2016; Zhao et al., 2015). Thus, these genes regulated by miR-193b could elucidate

the influences of such miRNA biomarkers on PM2.5-induced AD pathogenesis. 

Up-regulation of miR-466h has been pointed out to repress anti-apoptotic genes and 

induce apoptosis, while down-regulation of miR-466h may promote proliferation (Druz et al., 

2011). We found that miR-466h-3p could regulate genes such as activating transcription factor 

1 (ATF-1), myocyte enhancer factor 2 (MEF2D), IL-17RA, and TGF-β receptor 2 (TGF-βR2) 

(Figure 5-5B, Table S3). It is known that these genes may be involved in the neuroendocrine 

system and circadian rhythms, neuronal survival, chemokine secretion, and neuronal polarity 

in the brain (Borlikova and Endo, 2009; Chen et al., 2017; Liu et al., 2014; Yi et al., 2010), 

thus functional brain disorders caused by the changes of miR-466h may be involved in AD 

formation. 

It had been shown that upregulated miR-10b expression was found in both low-grade and 

high-grade gliomas and may promote glioma cell growth (Gabriely et al., 2011). Our data 

suggested that miR-10b-5p-cortactin was the specific miRNA-target gene pair of miR-10b 

(Figure 5A, Table S3) Given that a previous study delineated a possible role for cortactin in 

the regulation of brain maturation and axonal regeneration processes (Decourt et al., 2005), we 

speculate that miR-10b-5p may regulate cortactin gene expression and affect brain 

development in AD mice exposed to PM2.5. 
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Overall, we believe that all of these newfound miRNA-mRNA pairs will be invaluable 

bases for further studies on the mechanisms of miRNA-target gene interactions in the PM2.5-

induced brain injury of AD mice.

Remarkably, hsa-miR-197-3p, hsa-miR-29a-3p, hsa-miR-15a-5p, hsa-miR-16-5p, and 

hsa-miR-92a-3p have been regarded as that would significantly express in blood samples with 

their target genes in humans, after short-term air-pollutant exposure, including to PM2.5 (Espín-

Pérez et al., 2018). Similarly, we perceived that after real PM2.5 exposure, there was DE of 

mmu-miR-29a-3p and mmu-miR-15a-5p in AD mice’s brains. 

5.5.2.4 GO pathways and KEGG pathways analysis in PM2.5-AD mice’s brain

We used GO and KEGG annotation to predict the possible functions of DE miRNA-

targeted genes, such as in biological processes, cellular components, and molecular functions. 

Thus, the analyzing results of PM2.5-FA, AD-FA, and PM2.5-AD mice in comparison to the 

WT-FA mice showed (Figure 5-6) that the targeted genes were involved in synaptic and 

postsynaptic regulation, the axon guide pathway, the Wnt pathway, the MAPK pathway, and 

the mTOR pathway. 

Taken together with the miRNA and mRNA expression results, we propose that this 

suggests that specific miRNAs can participate in the regulation of certain GO or KEGG 

pathways. For instance, miR-193b-5p, 466h-3p, and 10b-5p and their target genes, as well as 

some DE genes such as Pcdhgb8, Unc13b, Tbata, Robo3, Prph, and Pter, were associated with 

the functions of axons, synapses, the cerebral cortex, and glioma formation and inflammation. 

Notably, it is known that miR-34a may affect the AKT/mTOR pathway and Wnt signaling, and 

may thus have conspicuous influences on glioma malignancy (Rathod et al., 2014). Thus, our 

data suggest that this differential enrichment of miRNA-mediated signaling pathways may 
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indicate that these are regulatory pathways related to central nervous development and the 

occurrence and development of PM2.5-induced AD. 

We further speculate that PM2.5 inhalation may partially modulate the miRNA and mRNA 

expression profile in AD mice’s brains, thus bringing about the brain pathological injuries and 

dysfunctions. It is therefore of great importance to determine such PM2.5-mediated modulation 

of miRNAs and mRNA, to decipher the mechanisms of PM2.5-induced exacerbation of AD. 

Overall, we used a real-world whole-body inhalation exposure system in a northern 

Chinese city with typical heavy PM2.5 pollution in an open field test of the effects of this 

pollution on AD mice behavior and brain structure. TEM, ELISA, and immunohistochemistry 

methods found that there were typical AD symptoms and dysfunctions in PM2.5-AD mice’s 

brains, such as abnormal behaviors, ultrastructural damages, inflammatory responses, and an 

imbalance of AChE and ChAT levels. Our findings, therefore, constitute evidence of how 

PM2.5 exposure may exacerbate the progression of AD. 

The strength of this study lies in our histological observation of brain changes and high-

throughput sequencing analysis of miRNA-mRNA-mediated regulatory mechanisms. By 

analyzing the DE of both miRNAs and mRNAs, we predicted the miRNA–target gene pairing 

in AD mice exposed to PM2.5. Based on GO and KEGG analyses, we further predicted the 

potential signaling pathway and roles of the affected proteins. Thus, we have identified some 

of the possible mechanisms underlying changes in PM2.5-AD mice’s brains, which will be 

useful for further studies on both the prevention and treatment of AD. These findings will also 

be useful for environmental policy-making, by demonstrating the associations between the 

most common and threatening neurodegenerative disorder in humans and increasingly popular 

air pollutants.
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5.5.3 Possible and potential causes of PM2.5 composition in brain injuries of AD mice

PM2.5 may increase AD risk (Fu et al., 2019; Kioumourtzoglou et al., 2016), and PM2.5

components should be analyzed to determine their contribution to the neurotoxicity of PM2.5. 

Specifically, PM2.5 contains metals, water-soluble inorganic ions, and organic compounds, 

which may have different neurotoxic effects associated with AD and nerve degeneration. For 

example, metals like Fe, Cu, Zn, Mn, Pb, Al, and Cd perturb metal homeostasis and immune-

related pathways in the brain, contributing to AD development (Huat et al., 2019). 

Benzo[a]pyrene (BaP) may bring on significant changes in the neurobehavioral function 

and neurotransmitter levels, including AChE (Q. Niu et al., 2010), and may cause neurotoxicity, 

correlating with cognitive dysfunctions and memory loss (Chepelev et al., 2015). According to 

our recent report (Fu, Bai, et al., 2020), 16 polycyclic aromatic hydrocarbons (PAHs) were 

detected in PM2.5 samples, when the mean BaP concentration was 12.72 ng/m3. In addition, 

mean concentrations of Cd, Mn, Fe, Cu, Zn, and Pb were also measured in PM2.5 samples. The 

results implied that PM2.5-bound metals and BaP might be components of PM2.5 responsible 

for exacerbating AD pathology. Therefore, relationships between various PM2.5 compositions 

and PM2.5-induced neurodegenerative disorders require more depth discovery. 

Although our study was logically and comprehensively designed, it still has some potential 

limitations. First, as the toxicological effects and interrelationships of PM2.5 components such 

as metals and PAHs can be complicated, the specific effects of each PM2.5 component need 

further study. Second, although we have identified many essential miRNAs and target genes, 

their underlying mechanisms will be improved with a more explicit examination. Third, the 

sample sizes in this study were relatively small: larger sample sizes can further determine the 

occurrence of other, less prominent changes in the brain being exposed to PM2.5. 
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5.6 Conclusions

In the past two decades, much has been realized about the dangers of global PM2.5 

pollution and the links between PM2.5 and public health, especially neurological disorders. 

Nevertheless, there has been little research on the relationships between PM2.5 and AD in China

by a real-world whole-body inhalation exposure system, although very high atmospheric 

concentrations of having plagued the country for many years. 

In this study, we identified a group of DE miRNAs and protein-coding genes in AD mice’s 

brains exposed to airborne PM2.5. Among these, specific DE miRNAs (mmu-miR-193b-5p, 

miR-122b-5p, miR-466h-3p, miR-10b-5p, miR-1895, miR-384-5p, and miR-6412) and 

mRNAs (Pcdhgb8, Unc13b, Robo3, Prph, Pter, and Tbata) were significantly expressed after 

PM2.5 inhalation in mice and verified to be associated with AD exacerbation. Overexpression 

of miR-34a, 10b-5p, 10a-5p, let-7b-5p, and 125b-5p and underexpression of miR-466h-3p, 

193b-5p, 29a-3p, 107-3p, 15a-3p, 146b-3p, and 181c-3p and these miRNAs’ corresponding 

target genes were detected and key regulation pathways were predicted. These are possible 

biomarkers and pathways for further investigation of AD pathogenesis in mice under ambient 

PM2.5 exposure. Our study highlights the mechanism of PM2.5-induced AD and other related 

biological effects that warrant investigation in future work. 
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Chapter 6

Conclusions

This project comprised four parts. The first two parts involved the use of meta-analysis 

to statistically analyze the associations of PM2.5 exposure with multiple neurological disorders,

intestinal disorders, and intestinal bacterial changes. In the third and fourth parts, animal 

experiments were performed in AD mice to elucidate the toxicological effects of PM2.5 on the 

brain and intestinal tissues. These experiments involved open-field testing, HE staining, TEM, 

ELISA, real-time quantitative RT-PCR, high-throughput sequencing of miRNAs/mRNAs, and 

16S rRNA gene sequencing, with the resulting data used to reveal possible regulatory 

mechanisms driven by the effects of PM2.5 on miRNA and mRNA expression, and the effects 

of PM2.5 on the bacterial community of the intestine and feces in a mouse model.

The main conclusions of this project are as follows: 

(1) PM2.5 exposure was positively associated with a wide spectrum of neurological disorders, 

and disorder incidence and mortality were significantly affected by PM2.5 concentrations and 

the duration of exposure. Specifically, PM2.5 inhalation elevated the risks of developing stroke, 

dementia, AD, ASD, and PD. For example, there are higher incidences of stroke in countries 

with high atmospheric concentrations of PM2.5, and the risks of ischemic and hemorrhagic 

stroke are higher than that of stroke in general under PM2.5 exposure conditions. Enhancing air 

quality is therefore particularly important for improving public health, and both governments

and businesses should thus make efforts to control or decrease severe air pollution, especially 

PM2.5 pollution.

(2) The meta-analysis indicated that there is an increased risk of PD or AD in patients with 

constipation, diarrhea, SIBO, IBS, IBD, or H. pylori infection. Associations of intestinal 

disorders and H. pylori infection with an increased risk of AD or PD varied greatly between 
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residents of different continents. It appears possible that abnormal alterations in the intestinal 

environment may trigger the onset of neurodegenerative diseases via the brain-gut axis, which 

warrants further investigation. The existence of multiple intestinal disorders reveals the extent 

of interrelationships within the human body and provides evidence that these disorders and 

bacterial changes are associated with the development of PD and AD. In turn, this suggests 

that adjusting the diet and the body condition may assist in the treatment of PD and AD.

(3) The effects of PM2.5 on intestinal and brain injury and on the bacterial community structure 

in the intestine and feces of APP/PS1 transgenic mice exposed to PM2.5 for 8 weeks were 

studied using a real-world whole-body inhalation exposure system in Taiyuan, China. This 

showed that the ambient PM2.5 in this typical polluted area intensified pathological and 

inflammation injury in the intestine and brain of AD mice. Furthermore, changes were 

observed in the intestinal bacterial community in AD mice after PM2.5 inhalation, and the 

KEGG pathway analysis further delineated these potential mechanisms. This suggested that 

PM2.5 has a regulatory effect on the intestinal bacterial community in AD mice and could thus 

exacerbate AD development in mice. These findings to some extent support the second 

conclusion that intestinal disorders and bacterial changes are associated with AD.

(4) PM2.5 exposure significantly aggravated the ethological and brain pathological injury of 

AD mice. Concentrations of pro-inflammatory cytokine, Aβ-42, and AChE were increased, 

concomitant with reduced concentrations of ChAT. High-throughput sequencing analyses 

indicated that there were significant changes in the expression of miRNA and mRNA after 

PM2.5 exposure. Differentially expressed (DE) miRNAs (mmu-miR-193b-5p, 122b-5p, 466h-

3p, 10b-5p, 1895, 384-5p, and 6412) and genes (Pcdhgb8, Unc13b, Robo3, Prph, Pter, and 

Tbata) were screened and verified in AD mice following PM2.5 exposure. DE miRNA-target 

gene pairs and significantly enriched GO and KEGG pathways in the brains of AD mice 

exposed to PM2.5 were predicted and analyzed. Synaptic and postsynaptic regulation, axon 



123

guidance, and Wnt, MAPK, and mTOR pathways were found to be involved in the pathological 

responses in AD. Thus, potential evidence was found for pathogenic mechanisms underlying 

PM2.5-aggravated AD at the transcriptional and post-transcriptional levels, which will signpost

further studies that are required to delineate the mechanisms of AD development after PM2.5

exposure and will lead to the identification of possible biomarkers for a more precise diagnosis 

of AD. These data therefore support the first conclusion that PM2.5 pollution increases the risk 

of developing AD. 

The innovation of this project comprises two key aspects:

(1) To the best of the author’s knowledge, it is the most comprehensive meta-analysis to date

on the associations of PM2.5 exposure with multiple neurological disorders and the associations 

of intestinal disorders with AD and PD.

(2) To the best of the author’s knowledge, it is the first study to use a real-world whole-body 

inhalation exposure system and an APP/PS1 transgenic mouse model to explore the miRNA-

mRNA interaction network in the brain and to investigate the intestinal bacterial community 

changes in AD mice exposed to PM2.5. 

The etiology of neurological disorders is complex, as it involves multiple influencing 

factors, such as environmental and biological factors. The toxicological mechanisms whereby 

PM2.5 affects the pathogenesis of neurological disease are also very complicated, as many 

factors are involved in pathophysiologic processes. For example, AD development is linked to 

an extensive gene-network regulation system, in which each gene or factor plays a specific role

and there is also a subtle regulatory relationship between genes and environment, and between 

genes themselves at the transcriptional, post-transcriptional, and translational levels. Thus, 

extensive research remains to be done to clarify the mechanisms whereby PM2.5 may increase 

the incidence and severity of AD. 
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The research findings of each part of this project fulfilled the overall aims of the project, 

revealing that many factors can affect neurological disorders. These factors should continue to 

be considered by all involved, whether medical staff, residents, scientists, or patients. This 

project will thus assist these parties to develop improved approaches to prevent and treat

neurological disorders via policymaking targeted at pollution control. 
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Figure S2

NOTE: Weights are from random effects analysis
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Figure S3

Heterogeneity between groups: p = 0.186

Overall  (I-squared = 43.7%, p = 0.008)
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NOTE: Weights are from random effects analysis
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B

NOTE: Weights are from random effects analysis
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C

Figure S4 A, B &C

NOTE: Weights are from random effects analysis
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Figure S5

NOTE: Weights are from random effects analysis
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1.04 (1.00, 1.07)

0.83 (0.67, 1.03)

1.21 (1.04, 1.41)

1.02 (0.94, 1.10)

1.01 (0.97, 1.05)

0.99 (0.98, 1.00)

1.13 (0.98, 1.26)

1.06 (0.98, 1.14)

1.07 (1.04, 1.10)

0.95 (0.71, 1.28)

0.96 (0.91, 1.01)

1.18 (1.05, 1.33)

1.03 (1.00, 1.06)

1.03 (0.99, 1.07)

1.01 (0.97, 1.05)

0.95 (0.87, 1.04)

1.04 (0.90, 1.21)

1.00 (1.00, 1.00)

0.97 (0.84, 1.12)

1.04 (1.01, 1.07)

1.12 (0.70, 1.77)

1.18 (0.85, 1.20)

OR (95% CI)

1.01 (1.01, 1.01)

0.99 (0.84, 1.16)

1.02 (1.00, 1.05)

1.06 (0.98, 1.14)

1.01 (1.01, 1.01)

1.03 (1.01, 1.04)

100.00

8.58

%

3.29

1.36

0.37

0.10

2.57

8.17

0.14

0.43

5.92

29.43

0.14

0.29

1.00

2.93

7.40

0.42

1.02

4.38

0.08

2.09

0.46

4.21

3.32

2.93

0.78

0.31

8.62

0.32

4.24

0.03

0.23

Weight

8.55

0.25

5.39

1.02

8.61

70.57

1.03 (1.02, 1.04)

1.00 (1.00, 1.00)

1.00 (0.97, 1.04)

1.22 (1.14, 1.30)

1.11 (0.97, 1.27)

0.90 (0.70, 1.17)

0.99 (0.95, 1.04)

1.09 (1.09, 1.10)

1.14 (0.92, 1.44)

1.07 (0.95, 1.22)

1.08 (1.06, 1.11)

1.04 (1.00, 1.07)

0.83 (0.67, 1.03)

1.21 (1.04, 1.41)

1.02 (0.94, 1.10)

1.01 (0.97, 1.05)

0.99 (0.98, 1.00)

1.13 (0.98, 1.26)

1.06 (0.98, 1.14)

1.07 (1.04, 1.10)

0.95 (0.71, 1.28)

0.96 (0.91, 1.01)

1.18 (1.05, 1.33)

1.03 (1.00, 1.06)

1.03 (0.99, 1.07)

1.01 (0.97, 1.05)

0.95 (0.87, 1.04)

1.04 (0.90, 1.21)

1.00 (1.00, 1.00)

0.97 (0.84, 1.12)

1.04 (1.01, 1.07)

1.12 (0.70, 1.77)

1.18 (0.85, 1.20)

OR (95% CI)

1.01 (1.01, 1.01)

0.99 (0.84, 1.16)

1.02 (1.00, 1.05)

1.06 (0.98, 1.14)

1.01 (1.01, 1.01)

1.03 (1.01, 1.04)

100.00

8.58

%

3.29

1.36

0.37

0.10

2.57

8.17

0.14

0.43

5.92

29.43

0.14

0.29

1.00

2.93

7.40

0.42

1.02

4.38

0.08

2.09

0.46

4.21

3.32

2.93

0.78

0.31

8.62

0.32

4.24

0.03

0.23

Weight

8.55

0.25

5.39

1.02

8.61

70.57

  
1.1 .5 1
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eTables 1. 

Author Study 

populatio

n size

PM2.5 

levels 

(μg/m3

)

TypeType

of risk

increase

Location Female

%

Male% Design 

of 

Study 

(eg, 

cohort 

study)

Age 

group

Perio

d

Ailshire and Clarke 

(2015)

3617 13.8 MCI USA 61 39 Cross-

Sectiona

l

>65 2001–

2002

Ailshire and 

Crimmins (2014)

13996 13.8 MCI USA 56 44 Cross-

Sectiona

l

64 2004

Ailshire et al. 

(2017)

779 13.8 MCI USA 61 39 Cross-

Sectiona

l

67.94 2001–

2002

Alessandrini et al. 

(2013)

26557 25.6 Stroke Italy 0 0 Time-

series

<14 

and >3

5

2001–

2004

Al–Hamdan et al. 

(2018)

22153 12.63 ASD USA 0 0 Cohort 8 2000–

2012

Anderson et al. 

(2001)

0 14.5 Stroke UK 0 0 Time-

series

/ 1994–

1996

Becerra et al. 

(2013)

7603 19.6 ASD USA 17.6 82.4 Cohort 39 1998–

2009

Beelen et al. (2009) 120852 / Stroke Netherlands 58 42 Cohort 62–64 1987–

1996

Beelen et al. (2014) 367383 6.1–31 Stroke Europe: 

Sweden, 

Norway, 

Finland, 

Denmark 

United 

Kingdom, The 

Netherlands, 

Germany, 

France, 

Austria, 

Switzerland 

Italy and 

Greece

0 0 Cohort 50 2008–

2011

Bell et al. (2008) 6909 31.6 Stroke Taiwan 0 0 Time-

series

/ 1995–

2002

Butland et al. 

(2017)

1758 15.3 Stroke UK 51.35 48.65 Case-

crossove

r

>65 2005–

2012

Chan et al. (2006) 7341 31.5 Stroke Taiwan 40 60 Case-

crossove

r

>50 1997–

2002

Chen et al. (2014) 16344 18.5 Stroke Taiwan 0 0 Time-

series

65 2004–

2008

Chen et al. (2017a) 275188 9.7 Dementia, 

Parkinson’s 

disease

Canada 53.2 46.8 Cohort 20–50 

and 

55–85

2001–

2006

Chen et al. (2017b) 257816 10.4 Dementia Canada 55.3 46.7 Cohort 55–85 2001–

2013

Chiu et al. (2014) 12520 27.06 Stroke Taiwan 0 0 Case-

crossove

r

/ 2006–

1010

Cox et al. (2017) 228369 9.5 Stroke USA 38 62 Time-

series

>50 2008–

2012

Crichton et al. 

(2016)

1800 15.4 Stroke UK 47.7 52.3 Case-

crossove

r

68.8 2005–

2012

Culqui et al. (2017) 1183 17.1 Alzheimer’s 

disease

Spain 0 0 Time-

series

>60 2001–

2009

Delfino et al. 

(2009)

40856 35 Stroke USA 0 0 Time-

series

/ 2003

Desikan et al. 

(2016)

1800 15.35 Stroke UK 0 0 Cohort 68.8 2005–

2012

Dominici et al. 

(2006)

200000 13.4 Stroke USA 0 0 Time-

series

>65 1999–

2002

Faustini et al. 

(2012)

145681 20.2 Stroke Italy 54.8 45.2 Case-

crossove

r

>35 1998–

2009
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Franklin et al. 

(2007)

95687 15 Stroke USA 0 0 Case-

crossove

r

>75 1997–

2002

Gatto et al. (2014) 1496 16.5–

20.2

MCI USA 79.4 20.6 Cross-

Sectiona

l

60.5 2000–

2006

Guan et al. (2017) 1292010 64.21 Stroke China 49.6 51.5 Case-

crossove

r

>60 2013–

2015

Guo et al. (2017) 95,562 41 Stroke China 42 58 Case-

crossove

r

71.2–

71.9

2013–

2015

Guxens et al. 

(2016)

8079 8.4–

22.4

ASD Europe: 

Netherlands 

Italy Spain 

Sweden

49 51 Cohort 4–10 2008–

2011

Halonen et al. 

(2009)

3265 5.5 Stroke Finland 0 0 Time-

series

>65 1998–

2004

Hoffmann et al. 

(2015)

4433 18.4 Stroke USA 52.1 47.9 Cohort 59.3 2000–

2003

Huang et al. (2016) 147624 89.8 Stroke China 38.7 61.3 Case-

crossove

r

68.2 2013–

2014

Jalaludin et al. 

(2006)

0 9.5 Stroke Australia 0 0 Time-

series

>65 1997–

2001

Jerrett et al. (2013) 73711 5.3 Stroke USA 56.6 43.4 Cohort 56.6 1982–

2000

Johnson et al. 

(2011)

336 5 Stroke Canada 0 0 Cohort / 2003–

2007

Jung et al. (2015) 95690 34.4 Alzheimer’s 

disease

Taiwan 45 55 Case-

control

65 2001–

2010

Kettunen et al. 

(2007)

3265 7.8 Stroke Japan 0 0 Case-

crossove

r

65 1998–

2004

Kioumourtzoglou 

et al. (2016)

589613 12 Alzheimer’s 

disease, 

Parkinson’s 

disease and 

dementia

USA 57.3 42.7 Cohort 75 1999–

2010

Kirrane et al. 

(2015)

52394 12.6 Parkinson’s 

disease

USA 28 72 Case-

control

51–60 1993–

2010

Kloog et al. (2012) 57704 9.65 Stroke USA 58 42 Case-

crossove

r

80 2000–

2006

Leiva et al. (2013) 33624 31 Stroke Chile 0 0 Time-

series

/ 2002–

2006

Lin et al. (2017) 45625 23.09 Stroke China, Ghana, 

India, Mexico, 

Russia, and 

South Africa

51.41242

9

48.5875

7

Cohort >18 2007–

2010

Lippmann et al. 

(2000)

0 18 Stroke Canada 0 0 Time-

series

65 1985–

1990

；

1992–

1994

Lipsett et al. (2011) 124614 15.64 Stroke USA 100 0 Cohort 20–80 1995–

2000

Lisabeth et al. 

(2008)

3508 7 Stroke USA 54 46 Case-

crossove

r

72 2001–

2005

Liu et al. (2016) 3313 15.4–

25.9

Parkinson’s 

disease

USA 25.8 74.2 Case-

control

63.8 1995–

2006

Liu et al. (2016) 7212 34.5 Stroke China 0 0 Time-

series

/ 1995–

1996

Liu et al. (2017) 348379 63.5 Stroke China 35.1 64.9 Case-

crossove

r

64.9 2014–

2015

Loop et al. (2013) 20150 6.6–21 MCI USA 57 43 Case-

crossove

r

64 2003–

2007

Matsuo et al. 

(2016)

6885 20.5 Stroke Japan 39.4 60.6 Case-

crossove

r

72.2 1999–

2010

McClure et al. 

(2017)

30239 12–150 Stroke USA 48.5 51.5 Cohort 70 2003–

2007

Mechtouff et al.

（2012）
376 23.8 Stroke France 53.7 46.3 Cohort 76.6 2006–

2007



170

Miller et al. (2007) 1816 13.5 Stroke USA 100 0 Case-

crossove

r

63 1994–

1998

O’Donnell et al. 

(2011)

9202 6.9 Stroke Canada 49 51 Case-

crossove

r

72 2003–

2008

Palacios et al. 

(2014)

121700 17.4 Parkinson’s 

disease

USA 100 0 Cohort 58 1990–

2008

Palacios et al. 

(2017)

50352 13.1–

16.3

Parkinson’s 

disease

USA 0 100 Cohort 57 1988–

2007

Pope et al. (2004) 319000 17.1 Stroke USA 0 0 Cohort >30 1982–

1988

Puett et al. (2011) 2813 17.8 Stroke USA 0 100 Cohort >30 1979–

2000

Qian et al. (2016) 46362 58.31 Stroke China 0 0 Time-

series

/ 2011–

2014

Qiu et al. (2017) 6733 35.8 Stroke Hong Kong 65.9 34.1 Cohort 65 1998–

2001

Raz et al. (2015) 116430 14.6 ASD USA 15 85 Cohort 36 1989–

2005

Schikowski et al. 

(2015)

2116 17.4 MCI Germany 0 0 Cross-

Sectiona

l

73.4 2008–

2009

Stafoggia et al. 

(2014)

99446 20 Stroke Europe: 

Finland, 

Sweden, 

Denmark, 

Germany,

and Italy.

56.5 43.5 Cohort 44–74 1992–

2007

Sun et al. (2015) 810 60.6 Stroke China 0 0 Time-

series

/ 2006–

2016

Talbott et al. (2015) 443 2.84 ASD USA 47 53 Cohort 30.4 2005–

2009

Tian et al. (2017) 63956 99.5 Stroke China 33.5 66.5 Case-

crossove

r

66.4 2010–

2012

To et al. (2015) 29549 12.5 Stroke Canada 35 65 Cohort 66 1992–

2013

Tonne et al. (2014) 10308 14.9 MCI UK 35 65 Cross-

Sectiona

l

66 2007–

2009

Tzivian et al.(2016) 4086 18.4 MCI Germany 51 49 Cross-

Sectiona

l

66 2006–

2008

Villeneuve et al. 

(2006)

12422 / Stroke Canada 51.7 48.3 Case-

crossove

r

>65 1992–

2002

Villeneuve et al. 

(2012)

5927 8.1 Stroke Canada 50.4 49.6 Case-

crossove

r

>20 2003–

2009

Vivanco–Hidalgo 

et al. (2018)

2742 17.5 Stroke Spain 50.55 49.45 Case-

crossove

r

75.02 2005–

2014

Volk et al. (2013) 524 14 ASD USA 16 84 Cohort / 1995–

2000

Wang et al. (2018) 54236 17.97–

24.67

Stroke China 0 0 Case-

crossove

r

/ 2013–

2016

Wellenius et al. 

(2012)

1705 <40 Stroke USA 100 0 Case-

crossove

r

73 1999–

2008

Weuve et al. (2012) 19409 14.2 MCI USA 100 0 Cross-

Sectiona

l

74 1995–

2001

Wing et al. (2015) 2948 7.7 Stroke USA 51.3 48.7 Case-

crossove

r

71 2000–

2012

Wing et al. (2017) 3216 7.7 Stroke USA 53 47 Case-

crossove

r

72 2000–

2012

Wong et al. (2015) 66820 32.6 Stroke Hong Kong 65 35 Cohort 72 1998–

2001

Yorifuji et al. 

(2011)

41440 21.6 Stroke Japan 0 0 Case-

crossove

r

66 2003–

2008

Zanobetti and 

Schwartz (2009)

330613 5.6–100 Stroke USA 0 0 Time-

series

/ 1999–

2005
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Appendix of Chapter 3.

Appendix A – Search criteria

("constipation"[MeSH Terms] OR "constipation"[All Fields]) AND ("parkinson 

disease"[MeSH Terms] OR ("parkinson"[All Fields] AND "disease"[All Fields]) OR 

"parkinson disease"[All Fields] OR ("parkinson's"[All Fields] AND "disease"[All 

Fields]) OR "parkinson's disease"[All Fields])

("intestine, small"[MeSH Terms] OR ("intestine"[All Fields] AND "small"[All 

Fields]) OR "small intestine"[All Fields] OR ("small"[All Fields] AND 

"intestinal"[All Fields]) OR "small intestinal"[All Fields]) AND bacterial[All Fields] 

AND overgrowth[All Fields] AND ("parkinson disease"[MeSH Terms] OR 

("parkinson"[All Fields] AND "disease"[All Fields]) OR "parkinson disease"[All 

Fields] OR ("parkinson's"[All Fields] AND "disease"[All Fields]) OR "parkinson's 

disease"[All Fields])

("irritable bowel syndrome"[MeSH Terms] OR ("irritable"[All Fields] AND 

"bowel"[All Fields] AND "syndrome"[All Fields]) OR "irritable bowel 

syndrome"[All Fields] OR ("irritable"[All Fields] AND "bowel"[All Fields]) OR 

"irritable bowel"[All Fields]) AND ("diagnosis"[Subheading] OR "diagnosis"[All 

Fields] OR "symptoms"[All Fields] OR "diagnosis"[MeSH Terms] OR 

"symptoms"[All Fields]) AND ("parkinson disease"[MeSH Terms] OR 

("parkinson"[All Fields] AND "disease"[All Fields]) OR "parkinson disease"[All 

Fields] OR ("parkinson's"[All Fields] AND "disease"[All Fields]) OR "parkinson's 

disease"[All Fields])

("inflammatory bowel diseases"[MeSH Terms] OR ("inflammatory"[All Fields] AND 

"bowel"[All Fields] AND "diseases"[All Fields]) OR "inflammatory bowel 

diseases"[All Fields] OR ("inflammatory"[All Fields] AND "bowel"[All Fields] AND 

"disease"[All Fields]) OR "inflammatory bowel disease"[All Fields]) AND 

("parkinson disease"[MeSH Terms] OR ("parkinson"[All Fields] AND "disease"[All 

Fields]) OR "parkinson disease"[All Fields] OR ("parkinson's"[All Fields] AND 

"disease"[All Fields]) OR "parkinson's disease"[All Fields])

("diarrhoea"[All Fields] OR "diarrhea"[MeSH Terms] OR "diarrhea"[All Fields]) 

AND ("parkinson disease"[MeSH Terms] OR ("parkinson"[All Fields] AND 

"disease"[All Fields]) OR "parkinson disease"[All Fields] OR ("parkinson's"[All 

Fields] AND "disease"[All Fields]) OR "parkinson's disease"[All Fields])

("intestines"[MeSH Terms] OR "intestines"[All Fields] OR "intestinal"[All Fields]) 

AND bacterial[All Fields] AND ("parkinson disease"[MeSH Terms] OR 
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("parkinson"[All Fields] AND "disease"[All Fields]) OR "parkinson disease"[All 

Fields])

("helicobacter pylori"[MeSH Terms] OR ("helicobacter"[All Fields] AND 

"pylori"[All Fields]) OR "helicobacter pylori"[All Fields]) AND parkinson[All 

Fields]

("constipation"[MeSH Terms] OR "constipation"[All Fields]) AND ("alzheimer 

disease"[MeSH Terms] OR ("alzheimer"[All Fields] AND "disease"[All Fields]) OR 

"alzheimer disease"[All Fields] OR ("alzheimer's"[All Fields] AND "disease"[All 

Fields]) OR "alzheimer's disease"[All Fields])

("intestine, small"[MeSH Terms] OR ("intestine"[All Fields] AND "small"[All 

Fields]) OR "small intestine"[All Fields] OR ("small"[All Fields] AND 

"intestinal"[All Fields]) OR "small intestinal"[All Fields]) AND bacterial[All Fields] 

AND overgrowth[All Fields] AND ("alzheimer disease"[MeSH Terms] OR 

("alzheimer"[All Fields] AND "disease"[All Fields]) OR "alzheimer disease"[All 

Fields] OR ("alzheimer's"[All Fields] AND "disease"[All Fields]) OR "alzheimer's 

disease"[All Fields])

("irritable bowel syndrome"[MeSH Terms] OR ("irritable"[All Fields] AND 

"bowel"[All Fields] AND "syndrome"[All Fields]) OR "irritable bowel 

syndrome"[All Fields] OR ("irritable"[All Fields] AND "bowel"[All Fields]) OR 

"irritable bowel"[All Fields]) AND ("diagnosis"[Subheading] OR "diagnosis"[All 

Fields] OR "symptoms"[All Fields] OR "diagnosis"[MeSH Terms] OR 

"symptoms"[All Fields]) AND ("alzheimer disease"[MeSH Terms] OR 

("alzheimer"[All Fields] AND "disease"[All Fields]) OR "alzheimer disease"[All 

Fields] OR ("alzheimer's"[All Fields] AND "disease"[All Fields]) OR "alzheimer's 

disease"[All Fields])

("inflammatory bowel diseases"[MeSH Terms] OR ("inflammatory"[All Fields] AND 

"bowel"[All Fields] AND "diseases"[All Fields]) OR "inflammatory bowel 

diseases"[All Fields] OR ("inflammatory"[All Fields] AND "bowel"[All Fields] AND 

"disease"[All Fields]) OR "inflammatory bowel disease"[All Fields]) AND 

("alzheimer disease"[MeSH Terms] OR ("alzheimer"[All Fields] AND "disease"[All 

Fields]) OR "alzheimer disease"[All Fields] OR ("alzheimer's"[All Fields] AND 

"disease"[All Fields]) OR "alzheimer's disease"[All Fields])

("diarrhoea"[All Fields] OR "diarrhea"[MeSH Terms] OR "diarrhea"[All Fields]) 

AND ("alzheimer disease"[MeSH Terms] OR ("alzheimer"[All Fields] AND 

"disease"[All Fields]) OR "alzheimer disease"[All Fields] OR ("alzheimer's"[All 

Fields] AND "disease"[All Fields]) OR "alzheimer's disease"[All Fields])
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("intestines"[MeSH Terms] OR "intestines"[All Fields] OR "intestinal"[All Fields]) 

AND bacterial[All Fields] AND ("alzheimer disease"[MeSH Terms] OR 

("alzheimer"[All Fields] AND "disease"[All Fields]) OR "alzheimer disease"[All 

Fields] OR ("alzheimer's"[All Fields] AND "disease"[All Fields]) OR "alzheimer's 

disease"[All Fields])

("gastrointestinal microbiome"[MeSH Terms] OR ("gastrointestinal"[All Fields] 

AND "microbiome"[All Fields]) OR "gastrointestinal microbiome"[All Fields] OR 

("intestinal"[All Fields] AND "microbiota"[All Fields]) OR "intestinal 

microbiota"[All Fields]) AND ("alzheimer disease"[MeSH Terms] OR 

("alzheimer"[All Fields] AND "disease"[All Fields]) OR "alzheimer disease"[All 

Fields] OR ("alzheimer's"[All Fields] AND "disease"[All Fields]) OR "alzheimer's 

disease"[All Fields])

("helicobacter pylori"[MeSH Terms] OR ("helicobacter"[All Fields] AND 

"pylori"[All Fields]) OR "helicobacter pylori"[All Fields]) AND ("alzheimer 

disease"[MeSH Terms] OR ("alzheimer"[All Fields] AND "disease"[All Fields]) OR 

"alzheimer disease"[All Fields] OR ("alzheimer's"[All Fields] AND "disease"[All 

Fields]) OR "alzheimer's disease"[All Fields])

("constipation"[MeSH Terms] OR "constipation"[All Fields]) AND 

("dementia"[MeSH Terms] OR "dementia"[All Fields])

("intestine, small"[MeSH Terms] OR ("intestine"[All Fields] AND "small"[All 

Fields]) OR "small intestine"[All Fields] OR ("small"[All Fields] AND 

"intestinal"[All Fields]) OR "small intestinal"[All Fields]) AND bacterial[All Fields] 

AND overgrowth[All Fields] AND ("dementia"[MeSH Terms] OR "dementia"[All 

Fields])

("irritable bowel syndrome"[MeSH Terms] OR ("irritable"[All Fields] AND 

"bowel"[All Fields] AND "syndrome"[All Fields]) OR "irritable bowel 

syndrome"[All Fields] OR ("irritable"[All Fields] AND "bowel"[All Fields]) OR 

"irritable bowel"[All Fields]) AND ("diagnosis"[Subheading] OR "diagnosis"[All 

Fields] OR "symptoms"[All Fields] OR "diagnosis"[MeSH Terms] OR 

"symptoms"[All Fields]) AND ("dementia"[MeSH Terms] OR "dementia"[All 

Fields])

("inflammatory bowel diseases"[MeSH Terms] OR ("inflammatory"[All Fields] AND 

"bowel"[All Fields] AND "diseases"[All Fields]) OR "inflammatory bowel 

diseases"[All Fields] OR ("inflammatory"[All Fields] AND "bowel"[All Fields] AND

"disease"[All Fields]) OR "inflammatory bowel disease"[All Fields]) AND 

("dementia"[MeSH Terms] OR "dementia"[All Fields])
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("diarrhoea"[All Fields] OR "diarrhea"[MeSH Terms] OR "diarrhea"[All Fields]) 

AND ("dementia"[MeSH Terms] OR "dementia"[All Fields])
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Appendix B – Quality scores of eligible literatures
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Appendix C – Egger’s test for: A: Meta-analysis of the association between 

Parkinson’s disease and intestinal disorders. B. Meta-analysis of the association 

between Parkinson’s disease and Helicobacter pylori. C. Meta-analysis of the 

association between Alzheimer’s disease and intestinal disorders. D. Meta-analysis of 

the association between Alzheimer’s disease and Helicobacter pylori.
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Egger's publication bias plot
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C

Egger's publication bias plot
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D

Egger's publication bias plot
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Appendix D – Sensitivity analysis for: A: Meta-analysis of the association between 

Parkinson’s disease and intestinal disorders. B. Meta-analysis of the association 

between Parkinson’s disease and Helicobacter pylori. C. Meta-analysis of the 

association between Alzheimer’s disease and intestinal disorders. D. Meta-analysis of 

the association between Alzheimer’s disease and Helicobacter pylori.
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B
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Appendix E – Meta-regression

Appendix E –Meta-regression for:

A, Disorder types for: A1. Meta-analysis of the association between Parkinson’s 

disease and Intestinal disorders; A2. Meta-analysis of the association between 

Parkinson’s disease and H. Pylori; A3. Meta-analysis of the association between 

Alzheimer’s disease and Intestinal disorders; A4. Meta-analysis of the association 

between Alzheimer’s disease and H. Pylori;

B, Study design for: A1. Meta-analysis of the association between Parkinson’s 

disease and Intestinal disorders; A2. Meta-analysis of the association between 

Parkinson’s disease and H. Pylori; A3. Meta-analysis of the association between 

Alzheimer’s disease and Intestinal disorders; A4. Meta-analysis of the association 

between Alzheimer’s disease and H. Pylori;

C, Population size for: A1. Meta-analysis of the association between Parkinson’s 

disease and Intestinal disorders; A2. Meta-analysis of the association between 

Parkinson’s disease and H. Pylori; A3. Meta-analysis of the association between 

Alzheimer’s disease and Intestinal disorders; A4. Meta-analysis of the association 

between Alzheimer’s disease and H. Pylori;

D, Age range for: A1. Meta-analysis of the association between Parkinson’s disease 

and Intestinal disorders; A2. Meta-analysis of the association between Parkinson’s 

disease and H. Pylori; A3. Meta-analysis of the association between Alzheimer’s 

disease and Intestinal disorders; A4. Meta-analysis of the association between 

Alzheimer’s disease and H. Pylori;

E, Data adjustment for: A1. Meta-analysis of the association between Parkinson’s 

disease and Intestinal disorders; A2. Meta-analysis of the association between 

Parkinson’s disease and H. Pylori; A3. Meta-analysis of the association between 

Alzheimer’s disease and Intestinal disorders; A4. Meta-analysis of the association 

between Alzheimer’s disease and H. Pylori;

F, Continent for: A1. Meta-analysis of the association between Parkinson’s disease 

and Intestinal disorders; A2. Meta-analysis of the association between Parkinson’s 

disease and H. Pylori; A3. Meta-analysis of the association between Alzheimer’s 

disease and Intestinal disorders; A4. Meta-analysis of the association between 

Alzheimer’s disease and H. Pylori;
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Appendix of Chapter 4.

Table S1 Body weight gains in mice of different groups 

Data were expressed as mean ± SD (n = 5); *P < 0.05 versus control; #P < 0.05 versus the 

PM2.5-FA group.

Table S2 Distribution of Seq_num, OTU_num and coverage of intestines and feces in 

different groups

Figure S1. The ratio changes of bacteria at the phylum level in the intestine and feces in four 

experimental groups. 

A-D: intestine samples; E-H: feces samples

Figure S2. The distribution of dominant bacteria at different levels in the fecal samples.

A: Phylum; B: Class; C: Order; D: Family; E: Genus

Figure S3. KEGG function analysis and prediction for the feces samples
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Figure S1A



213

Figure S1B
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Figure S1C
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Figure S1D
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Figure S1E
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Figure S1F
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Figure S1G
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Figure S1H
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Figure S1I
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Figure.SIJ
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Figure S2A



223

Figure S2B
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Figure S2C
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Figure S2D
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Figure S2E
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Figure S3



228

Table S1

Groups FA-WT mice FA-AD mice PM2.5-WT 

mice

PM2.5-AD mice

Gains of body weight 2.14±0.44 1.88±0.33 2.04±0.74 1.18±0.60*#
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Table S2

Intestine Seq_num OTU_num Coverage

FA-WT mice 41108.67 1049.33 99.2%

FA-AD mice 49543.33 887.33 99.4%

PM2.5-WT mice 29071.00 1060.67 98.9%

PM2.5-AD mice 31480.00 100.67 98.4%

Total 453609 11994

Feces Seq_num OTU Coverage

FA-WT mice 62436.00 471.67 99.8%

FA-AD mice 51383.00 386.67 99.8%

PM2.5-WT mice 57732.00 412.00 99.8%

PM2.5-AD mice 58879.67 419.67 99.8%

Total 691292 5070
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Appendix of Chapter 5.

Table S1 Information on software and high-throughput sequencing databases used in this 

study

Table S2 Primer sequence of the verified genes in high-throughput sequencing of mRNA

Table S3 Primer sequence of the verified miRNA in high-throughput sequencing of miRNA

Table S4 Numbers of DE mRNAs in brains among different groups

Table S5 Numbers of DE miRNAs in brains among different groups 

Table S6 Expression results of seven DE miRNAs and six DE genes in brains of different 

experimental mice as obtained by high-throughput sequencing analysis

Figure S1. Analytical flow chart of high-throughput sequencing used in this study

Figure S2. Bodyweight gains and brain/body weight ratio in different groups

Figure S3. qRT-PCR results of DE miRNAs (A) and DE genes (B) in different groups

Figure S4. Differential expression counts of miRNAs of different groups. The red column 

represents the count of up-regulated miRNAs while the blue column represents the count of 

down-regulated miRNAs

Figure S5. Top 20 miRNAs family reads.
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Figure S1
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Figure S2
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Figure S3A
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Figure S3B
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Figure S4
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Figure S5
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Table S1

software version site

trimmomatic v0.36 http://www.usadellab.org/cms/?page=trim momatic

FastQC v0.11.5 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

mirDeep2 v2.0.0.8 https://www.mdc-berlin.de/8551903/en/

blast 2.6.0 https://blast.ncbi.nlm.nih.gov/Blast.cgi

bowtie 1.1.1 http://bowtie-bio.sourceforge.net/index.shtm

miranda 3.3a http://34.236.212.39/microrna/getDownloads.do

R 3.4.1 https://www.r-project.org

ggplot2 2.2.1 https://cran.r-project.org

pheatmap 1.0.8 https://cran.r-project.org

VennDiagram 1.6.17 https://cran.r-project.org

edgeR 3.18.1 https://www.bioconductor.org

clusterProfiler 3.4.4 https://www.bioconductor.org

igraph 1.1.2 https://cran.r-project.org

python3 3.6.3 https://www.python.org/

cutadapt 1.14 -

perl v5.16.3 http://www.perl.org/

database version site

rfam 12.0 http://rfam.xfam.org/

mirbase 21 http://www.mirbase.org/ftp.shtml

Gene Ontology - http://www.geneontology.org/

KEGG Pathway - http://www.genome.jp/kegg/pathway.html

http://www.usadellab.org/cms/?page=trim
http://www.perl.org/
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Table S2

Genes Accession Nos. Sequences

β-actin NM_007393 Forward primer 5'-CCTTTATCGGTATGGAGTCTGCG-3'

Products 109bp,60°C Reverse primer 5'-CCTGACATGACGTTGTTGGCA-3'

Pcdhgb8 NM_033580 Forward primer 5'-GCTCCCAGCTCTTGGTCCTA-3'

Products 155bp,60°C Reverse primer 5'-TGCGGCCATGTCCTCTCTAA-3'

Unc13b NM_021468 Forward primer 5'-ATTGTGGATGAATTCGCTATGC-3'

Products 157bp,60°C Reverse primer 5'-CAGTTGTGTGAGCATAATAGGC-3'

Robo3 NM_001164767 Forward primer 5'-CAAGTTCTCCTCTCAGCGTATC-3'

Products 168bp,60°C Reverse primer 5'-GAGTCATCTCTCCAGTTACCTG-3'

Tbata NM_001017433 Forward primer 5'-CATCCTCTAGTGAGTCCAAAGG-3'

Products 129bp,60°C Reverse primer 5'-GATCAGCTCGAAATCCACAATG-3'

Pter NM_001305437 Forward primer 5'-GACTGACAGCGAGAGAAAGATA-3'

Products 204bp,60°C Reverse primer 5'-AACTCCAGCAGCTCTTTCTTAT-3'

Prph NM_013639 Forward primer 5'-TGAGTTCCTCAAGAAGCTACAC-3'

Products 204bp,60°C Reverse primer 5'-TCTCGCACTTTCGACTTATACC-3'
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Table S3

miRNAs Sequences

miR-10b-5p Forward 5’-CGCTACCCTGTAGAACCGAATTTGTG-3’

miR-384-5p Forward 5’-CGCCTGTAAACAATTCCTAGGCAATGT-3’

miR-1895 Forward 5’-TATACCCCCGAGGAGGACGAG-3’

miR-6412 Forward 5’-CCGTCGAAACCATCCTCAGCTACTA-3’

miR-466h-3p Forward 5’-TACGCACGCACACACACAC-3’

miR-122b-5p Forward 5’-CGCCGTTTAGTGTGATAATGGCGTTTG-3’

miR-193b-5p Forward 5’-CGGGGTTTTGAGGGCGAGAT-3’

U6 Forward Provided in the PCR Kit

Universal primer Reverse Provided in the PCR Kit
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Table S4

Target Up-

regulated 

mRNA 

numbers

Down-

regulated 

mRNA 

numbers

Total mRNA 

numbers

(up/down 

regulated)

Percent in all 

genes

FA-PM2.5_vs_control 326 975 1301 2.51%

FA-AD_vs_control 14 36 50 0.01%

PM2.5-AD_vs_control 278 175 453 0.87%

PM2.5-AD_vs_FA-PM2.5 376 221 597 1.15%

PM2.5-AD_vs_FA-AD 63 16 79 0.15%

Note: absolute values of log2 Fold Change in the above data are more than 1, along with 

statistically significant difference (P <0.05), n=3.
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Table S5

Target Up-

regulated 

miRNA 

numbers

Down-

regulated 

miRNA 

numbers

Total miRNA 

numbers

(up/down 

regulated)

Percent in all 

genes

FA-PM2.5_vs_control 35 8 43 1.69%

FA-AD_vs_control 23 9 32 1.26%

PM2.5-AD_vs_control 81 22 103 4.04%

PM2.5-AD_vs_FA-PM2.5 41 28 69 2.71%

PM2.5-AD_vs_FA-AD 48 27 75 2.94%

Note: absolute values of log2 Fold Change in the above data are more than 1, along with 

statistically significant difference (P <0.05), n=3.
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Table S6

mRNAs FA-PM2.5_vs_control FA-AD_vs_control PM2.5-AD_vs_control

prph No data 2.8 3.3

pter 3.2 4.1 No data

Tbata No data No data -2.87

Pcdhgb8 -9.2 -7.3 No data

Unc13b -2.6 -1.18 -1.49

Robo3 No data -1.77 -3.1

miRNAs FA-PM2.5_vs_control FA-AD_vs_control PM2.5-AD_vs_control

miR-10b-5p 1.49 4.6 5.06

miR-1895 6.7 4.5 4.58

miR-384-5p No data 1.1 1.3

miR-6412 2.88 3.17 2.89

miR-193b-5p No data -1.39 -1.89

miR-122b-5p No data -1.31 -1.21

miR-466h-3p -1.5 -1.31 -1.37
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