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Parkinson’s disease (PD) is a neurodegenerative disease that is generally thought to be caused by multiple factors, including environmental and genetic factors. Emerging evidence suggests that intestinal disturbances, such as constipation, are common non-motor symptoms of PD. Gut inflammation may be closely associated with pathogenesis in PD. This review aims to discuss the cross-talk between gut inflammation and PD pathology initiation and progression. Firstly, we will highlight the studies demonstrating how gut inflammation is related to PD. Secondly, we will analyze how gut inflammation spreads from the gastro-intestine to the brain. Here, we will mainly discuss the neural pathway of pathologic α-syn and the systemic inflammatory routes. Thereafter, we will address how alterations in the brain subsequently lead to dopaminergic neuron degeneration, in which oxidative stress, glutamate excitotoxicity, T cell driven inflammation and cyclooxygenase-2 (COX-2) are involved. We conclude a model of PD triggered by gut inflammation, which provides a new angle to understand the mechanisms of the disease.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease that is characterized by the degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) (Hostiuc et al., 2016) and the presence of Lewy bodies (LBs) (Engelhardt, 2017), in which the primary protein component is misfolded and aggregated α-synuclein (α-syn) (Spillantini et al., 1998). PD patients typically exhibit motor symptoms, such as tremor, stiffness, unstable posture, and slowness of movement (Jankovic, 2008), which are accompanied, and often preceded by a series of non-motor symptoms, such as intestinal dysfunction (Mukherjee et al., 2016), sleep disorders (Partinen, 1997; Ciric et al., 2018), depression (Taylor et al., 1986) and cognitive impairment (Starkstein et al., 1989). Among these non-motor symptoms, intestinal dysfunction has been paid special attention to, not only because it often appears prior to the motor symptoms (Suzuki et al., 2019), but also because α-syn aggregates have been detected in the gastrointestinal tract years before the motor-symptom onset (Cersosimo, 2015; Stokholm et al., 2016; Kim et al., 2017; Lu et al., 2017). LBs present in the gastrointestinal tract were first described in 1986 by Qualman et al. (1984) in which LBs were detected in the esophagus and colon in 2 PD patients with dysphagia. Since then, more reports reinforced the discoveries of pathological α-syn in the ENS (Wakabayashi et al., 1988, 1990; Braak et al., 2006). Braak et al. (2003) postulated that LBs were first localized in the dorsal motor nucleus of the vagus (DMNV) and then spread to the upper brain regions, which inspired more researches on the time course of the presence of LBs in the gut and brain. Stokholm et al. (2016) found that phosphorylated α-syn positive profiles were seen in 22 of 39 (56%) prodromal PD subjects and 30 of 67 (45%) prodromal tissue blocks, which were significantly higher compared to control subjects. Rota et al. (2019) found that the gastrointestinal α-syn pathology precedes in the CNS at least by 6 month in human-A53T α-syn transgenic mice. These evidences consolidate the view that PD patients and animal models of PD are characterized by enteric α-syn pathology at the early stages of the disease. Therefore, it has been proposed that PD may be initiated from the gut (Braak et al., 2004).

Crohn’s disease (CD) and ulcerative colitis (UC) are the two main inflammatory bowel diseases (IBD) with UC mainly affecting the colon and rectum, and CD impacting the small and large intestine (Baumgart and Carding, 2007; Baumgart and Sandborn, 2007). Coincidentally, IBD shares some features with PD, including a negative correlation with smoking (Hernán et al., 2001, 2002; James, 2003; Breckenridge et al., 2016; Kridin et al., 2018; Salih et al., 2018; Wang et al., 2018) and several shared risk genes, such as LRRK2 (Miyake et al., 2010; Hui et al., 2018) and CARD15 (Bialecka et al., 2007). Interestingly, Devos et al. (2013) reported the inflammatory responses in the gut since the early stages of PD, by analyzing the ascending colonic biopsies of PD patients, they found that the pro-inflammatory cytokines (TNF-α, IF-γ, IL-6, and IL-1β) and glia markers GFAP and Sox-10 were significantly elevated, and some of them (IL-6, IL-1β, and Sox-10) were negatively correlated with disease duration. Cote et al. (2011) treated MYD 88 knockout mice with MPTP intraperitoneal administration, they found that MYD 88 knockout mice protected against MPTP induced TH-immunoreactive neuron degeneration in the myenteric plexus of distal ileum, although they detected no macrophage density changes compared with MPTP treated WT mice, the MYD 88 knockout mice exhibited a predominant pro-repair phenotype. Moreover, Cote et al. (2015) found clear presence of M1 monocytes and increased IL-1βand IL-6 in the gut, while in the partial depletion of M1 monocytes the mice protected against MPTP induced TH expression in the gut but not in the striatum, in the meanwhile the microglia activation showed no difference in microglia activation in the brain. In addition, several studies have reported the causal relationship between IBD and PD in recent years (Lin et al., 2016; Fujioka et al., 2017; Wan et al., 2018; Zhu et al., 2019). Here, we analyzed the recent studies on the relationship between PD and intestinal disorders, and highlighted the potential underlying mechanisms of gut inflammation triggering PD.

RELATIONSHIP BETWEEN GUT INFLAMMATION AND PD

In the earlier years, most of the findings were supportive of a relationship between PD and IBD. Lin et al. (2016) demonstrated that IBD was associated with an increased incidence of PD, especially in CD, in a retrospective clinical cohort from 2000 to 2011. In a Danish nationwide cohort study (1977–2014), Villumsen et al. (2019) also found that patients with IBD had a 22% increased risk of developing PD, compared to non-IBD individuals. However, the increased risk of PD was significantly higher in the patients with UC, but not significantly different among patients with CD. These findings were questioned by Weimers et al. (2018), however, after a thorough re-examination, the same conclusions were drawn (Villumsen et al., 2018). In contrast to these favorable reports, some studies have challenged the view on the association between PD and IBD. Fujioka et al. (2017) identified only 2 patients with CD among 876 PD patients, which was comparable to the incidence in the general population. Moreover, PD was even inversely associated with either CD or UC, in some of the newly diagnosed PD cases (Camacho-Soto et al., 2018). Although Weimers et al. (2019) found that IBD was associated with a higher risk of PD, the correlation appeared to be caused by a surveillance bias (Weimers et al., 2018).

In a systematic review and meta-analysis, Wan et al. (2018) found that IBD patients did not show increased risk of PD, however, a subgroup analysis showed a significant difference in the more aged patients (>60 years old). Zhu et al. (2019) suggested that both CD and UC patients have an increased risk of PD compared to the control subjects. To date, although no consensus has been reached, among all of the researches, the most recent data implied that IBD exacerbates PD (Peter et al., 2018). However, the underlying mechanisms on how IBD could trigger PD pathogenesis are still unclear.

EVIDENCE OF GUT INFLAMMATION SPREADING TO THE BRAIN

As we hypothesized, gut inflammation was able to trigger PD symptoms, the three key factors, (1) the initiator from gut inflammation, (2) the pathways, and (3) the subsequent effects of gut inflammation in the brain must be analyzed step by step. In the gut the inflammatory response induces the disrupted intestinal mucosal barrier, resulting in the exposure to microbiota. Thus, the enteric nervous system, immune system, and microbiota interplayed, which is considered to be a mutually integrated interaction network (Yoo and Mazmanian, 2017). Then, the products or stimulation of these comprehensive interactions can spread to the brain, which may summarize as the microbiota-immune-neuro gut-brain axis. Considering that pathologic α-syn was reported as triggers of PD, we analyzed the inflammatory response and microbiota induced α-syn pathology in the gut. In addition, the inflammatory response itself was also estimated as the pathological process. Therefore, for the pathways, we will mainly introduce (1) the systemic inflammatory routes that spread proinflammatory factors and (2) the pathologic α-syn propagation pathway.

The Crosstalk Among Microbiota, Inflammatory Response and Pathological α-Syn in the Enteric Microenvironment

Although researches have demonstrated that anti-inflammatory treatment is effective to ease PD symptoms (Gagne and Power, 2010; Thome et al., 2015, 2016), there is a lack of evidence of gut inflammation induced pathologic α-syn directly. However, increased inflammation in the gut, can increase gut permeability, thereby leaking intruders from the gut lumen, such as microbiota and their metabolites, may trigger aggregation of α-syn (Chorell et al., 2015; Bhattacharyya et al., 2019). Interestingly, the dysbiosis in PD is widely reported (Scheperjans et al., 2015; Cassani et al., 2015) and the fecal microbiota transplant is proven to ease symptoms of PD (Ananthaswamy, 2011), suggesting an important role of microbiota in the initiation of PD. A growing body of evidence highlight the potential role of microbiota inducing pathologic α-syn (Fitzgerald et al., 2019). The first proposed mechanism is conceived from the gut lumen harbors Escherichia coli which can produce Curli, an extracellular bacterial amyloid protein. In a study conducted by Chen et al. (2016) rats exposed to curli-producing bacteria displayed increased neuronal α-syn deposition in both gut and brain compared to rats exposed to either mutant bacteria unable to synthesize curli, or to vehicle alone. They also found that α-syn-expressing Caenorhabditis elegans fed on curli-producing bacteria expressed enhanced α-syn aggregation (Chen et al., 2016). The key element of Curli, CsgA, contains amyloidogenic peptide repeat motifs shared by human and yeast prions (Cherny et al., 2005; Evans et al., 2015), indicating that the α-syn deposition induced by curli may result from the cross-seeding effects between with α-syn and CsgA in the gut (Chen et al., 2016). Besides, the chaperon-like proteins CsgC and CsgE encoded by the Curli operon are also found to modulate α-syn amyloid formation (Chorell et al., 2015). Another mechanism is that α-syn aggregation could be induced by lipid structure in lipopolysaccharide (LPS) (Bussell and Eliezer, 2003), one of the triggers of PD (Qin et al., 2007), which is mainly in the outer membrane of gram-negative bacteria. By semi-quantitative analysis using nuclear magnetic resonance (NMR), Bussell and Eliezer (2003) proved that unbroken helical α-syn structure adopted an unusual, slightly unwound, α11/3 helix conformation to bind the lipid surface, indicating that α-syn can bind to the lipid structure of LPS. More substantial evidence supports this theory. Kim et al. (2016) found that α-syn monomers after being incubated with LPS, showed a strong thioflavin T fluorescence. When these α-syn fibrils were injected into the striatum of mice (C57BL/6J), phosphorylated-α-syn pathology was found throughout the brains, including the striatum, SNpc, amygdala, and auditory cortex (Kim et al., 2016), demonstrating that LPS induced α-syn fibrils are toxic. Besides, in the study of Bhattacharyya et al. (2019) LPS was found to modulate the overall aggregation kinetics of α-syn in a concentration-dependent manner.

The microbiota is also involved in the inflammatory responses (Hooper et al., 2012). It was reported that Bacteroides fragilis, can induce colitis through the activation of STAT3 and Th17 response (Wu et al., 2004) via the NF-κB pathway, which leads to an increase of IL-8 production by intestinal epithelial cells (Wu et al., 2009). Prindiville et al. (2000) described that 19.3% of IBD patients with active disease have enterotoxigenic B. fragilis in their stool specimen, while control subjects did not show this subset of bacteria. However, the changes of Bacteroides in PD is still of controversy: Hasegawa et al. (2015) reported a decrease in PD patients, while Keshavarzian et al. (2015) reported an increase. The inconsistent reports may result from the different stages of the patients. In a 2-year follow-up study, Minato et al. (2017) reported that the deteriorated group (worsening of UPDRS I scores) had lower counts of Bifidobacterium, B. fragilis, than the stable group at year 0 but not at year 2. Besides, the intestinal inflammation was reported to promote the overgrowth of Enterobacteriaceae (Lupp et al., 2007; Zeng et al., 2016), of which the E. coli strains is able to induce IL-1β through NLR family pyrin domain containing 3 (NLRP3) -dependent mechanism in PD patients (De la Fuente et al., 2014). Moreover, the Prevotellaceae that reported to be decreased in both intestinal inflammation and PD, is also involved in the inflammation. Prevotellaceae is one of main source of short chain fatty acids (SCFAs), which is reported to provide primary energy for intestinal epithelial cells to maintain the stability of the intestinal barrier, contribute to the development of colonic regulatory T (Treg) cells to limit local inflammation and engage the G protein-coupled receptor GPR43 on neutrophils to diminish their infiltration into tissues (Maslowski et al., 2009; Smith et al., 2013; Morrison and Preston, 2016).

Neural Pathway of Pathologic α-Syn Spreading

After intensive examination of tissues from the peripheral nervous system and the brain, Braak and his colleagues proposed that the α-syn pathologies may be initiated from the olfactory system and low brain stem, which is connected to the peripheral tissues, such as the gut, via the vagal nerve. Pathological studies with postmortem tissues from the brain and the peripheral tissues suggest that pathological α-syn nucleation and aggregation may occur in the enteric neurons of the gastrointestinal tract and can propagate from the gut to the brain (Braak et al., 2003). According to this hypothesis, LBs may first be initiated in the gut (Braak et al., 2006) and then spread via the vagal nerves to the DMNV, locus coeruleus (LC), substantia nigra (SN) and cortex in sequence (Braak et al., 2003). We and others have provided direct evidence of this route (Holmqvist et al., 2014; Uemura et al., 2018). We injected a human PD brain lysate containing different forms of α-syn or different aggregated forms of recombinant α-syn into the intestinal wall of Sprague Dawley rats and found that the exogenously delivered human α-syn could be rapidly transported via the vagal nerve and reach the DMNV in the brainstem in a time-dependent manner (Holmqvist et al., 2014). Uemura et al. (2018) found phosphorylated α-syn-positive LB-like aggregates in the DMNV 45 days after α-syn preformed fibrils (PFFs) were injected into the mouse gastric wall. Although these studies did not examine whether the pathological a-syn in the DMNV were of exogenous or endogenous origin, they could support a prion-like spreading of a-syn whereby α-syn replicates through a mechanism of self-propagating conformation and assembles into filaments, which can act as a seed to recruit the soluble form of the protein and enhance filament load through the seed extension (Goedert et al., 2010; Hansen and Li, 2012). Very recently, Kim et al. (2019) further reinforced the evidence for gut-to-the-brain α-syn pathology spread (Kim et al., 2019). After injecting α-syn PFFs into the muscular layer of the mouse duodenum and pylorus, the authors detected phosphorylated α-syn in DMNV, LC, SNpc and up to upper brain regions (Kim et al., 2019). More importantly they observed dopaminergic degeneration and motor and non-motor behavioral deficits in response to α-syn PFF injections in the gut (Kim et al., 2019). Vagotomy, which interrupts the spreading of α-syn PFFs from the gut the brain, alleviated the severity of morphological and behavioral alterations (Kim et al., 2019). Interestingly, no pathology was observed when the recipient mice are in α-syn knock-out background (Kim et al., 2019). This study provides strong evidence that α-syn pathology can be spread from the gut to the brain via the route of the vagal nerve, can induce neuronal degeneration, and can cause respective neuronal dysfunction and behavioral defects.

SYSTEMIC INFLAMMATORY ROUTES

Not only can pathological α-syn induced by intestinal inflammation be transmitted to the brain, but also the inflammatory response itself in the gut can influence the brain. The inflammatory response in the gut may affect the brain through two routes, the neuroimmune pathway and the humoral pathway.

Neuroimmune Pathway

The neuroimmune pathway of gut inflammation transmitting to brain is mainly conducted by the vagal nerve. It was reported that vagotomized mice and rats presented attenuated social exploration and depression in social investigation induced by intraperitoneal injection of recombinant rat IL-1β (Bluthe et al., 1996a, b). Besides, vagal nerve stimulation could decrease the inflammatory response and improve survival in experimental sepsis, hemorrhagic shock, ischemia reperfusion injury, and other conditions of cytokine excess (Borovikova et al., 2000; Johnston and Webster, 2009; Huffman et al., 2019).

Up to now, the specific mechanisms of the neuroimmune pathway are not clear, but some studies have suggested that the vagal nerve plays a dual role in inflammatory regulation both through its afferent and the efferent fibers (Bonaz et al., 2017). The vagal afferents target the hypothalamic-pituitary-adrenal (HPA) axis. Vagal afferents activate neurons from the A2 noradrenergic group in the nucleus tractus solitarius (NTS). These neurons project to the parvo-cellular paraventricular nucleus of the hypothalamus (PVH), where the corticotrophin-releasing factor (CRF) neurons are stimulated to release CRF, which in turn induces the pituitary to release adrenocorticotropic hormone (Bonaz et al., 2016). Adrenocorticotropic hormone then stimulates the adrenal glands to release glucocorticoid, which plays a role in the inhibition of peripheral inflammation (Bonaz et al., 2017). In addition, Lubbers et al. (2010) showed that activating cholecystokinin-1 receptors on vagal afferents can also regulate inflammation. The vagal efferents are involved in the cholinergic anti-inflammatory pathway. This pathway regulates systemic inflammation through the release of acetylcholine (Ach) by the vagal nerve (Zhai et al., 2017). The details of this pathway remain obscure, but studies have showed that a subunit of the α7 nicotinic Ach receptor (α7nAchR), one of the Ach receptors, is expressed on macrophages, and the α7nAchR-agonist, GTS, is able to restrain systemic inflammation (Wang et al., 2003; Cai et al., 2009).

Humoral Pathway

Humoral pathways of gut inflammation spreading to brain are mainly involved in the leakage of the Blood–Brain Barrier (BBB), which can be divided into disruptive and non-disruptive approaches, respectively, reflecting the physical conditions of the BBB (Varatharaj and Galea, 2017).

Disruptive BBB change is usually evident in the structural alterations, and can be detected using inserted tracers (Varatharaj and Galea, 2017). A considerable number of reports have shown that the BBB is damaged in PD patients (Pisani et al., 2012; Gray and Woulfe, 2015). In addition, 60% of LPS induced PD models exhibited disrupted BBB (Varatharaj and Galea, 2017). In the event that the blood-brain barrier is damaged, proinflammatory cytokines and immune cells such as T cells (Engelhardt and Ransohoff, 2012) and mast cells (Jones et al., 2019) from peripheral inflammation are able to enter the brain.

Non-disruptive BBB changes usually occur at a molecular level, and are not visible in histological architecture (Varatharaj and Galea, 2017). The changes can be mediated by special transporters (Xaio et al., 2001; Osburg et al., 2002; Hartz et al., 2006; Pan et al., 2008; Jaeger et al., 2009; Wittmann et al., 2015), cytokines (Herkenham et al., 1998; Skelly et al., 2013), prostaglandins (PGs) (Vasilache et al., 2015) and cellular transmigration (Bohatschek et al., 2001; Wang et al., 2008; Banks et al., 2012). In addition, substances can also enter the brain through the areas that lack the BBB, such as the circumventricular organs (Ferrari and Tarelli, 2011). Therefore, proinflammatory cytokines such as IL-1α, IL-1β, IL-6, TNF-α, etc., can enter the brain and activate microglia or astrocytes to induce inflammatory response (Vallieres and Rivest, 1997; Osburg et al., 2002; Sato et al., 2012; Neniskyte et al., 2014).

SUBSEQUENT EFFECTS OF GUT INFLAMMATION IN THE BRAIN

Pathological α-syn, which could be triggered by intestinal bacterial components, is the main component of LB, whose neurotoxicity is related to its structure and post-translational modification, such as phosphorylation at Ser129 (Arawaka et al., 2017) and nitration (He et al., 2019). These pathological proteins, on the one hand, recruit normal α-syn and disrupt its physiological functions; on the other hand, their toxicity can act as environmental stress to increase inflammation, oxidative stress, and interfere with other physiological effects (Xu et al., 2013; Zhang et al., 2017). Another subsequent effect is that the immune cells and proinflammatory cytokines in the brain can cause additional release of inflammatory and neurotoxic molecules, contributing to chronic neuroinflammation and neuronal death (Ferrari and Tarelli, 2011; Tufekci et al., 2012). The underlying mechanisms of these subsequent effects inducing neurodegeneration are unclear, however, they may be involved in a series of molecular mechanisms.

It should be emphasized that the pro-inflammation and pathological α-syn propagation may not work alone, they are interrelated both in the brain and the gut. For example, marmosets with colitis show significantly increased phosphorylated α-syn in the colonic myenteric ganglia (Resnikoff et al., 2019). In the brain, fibrillar α-syn is found to produce pro-inflammatory mediators, such as IL-1β. IL-1β via the activation of the microglial NLRP3 inflammasome (Codolo et al., 2013; Gordon et al., 2018). α-Syn is also found to activate pro-inflammatory TLR4 pathways in astrocytes (Rannikko et al., 2015) and disrupt the anti-inflammation of Dopamine D2 receptor (Du et al., 2018). In contrast, in a study conducted by Horvath et al. (2018) pro-inflammatory factor S100A9 is also reported to induce α-syn aggregation.

Oxidative Stress

Oxidative stress occurs when excessive oxygen free radicals are produced within cells. When the concentration of these active substances is not controlled by internal defense mechanisms, such as antioxidants or oxygen free radical removal enzymes, protein lipids, and DNA are oxidized causing damage (Gagné, 2014). Studies have shown that the production of high levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS) and the reduction of antioxidant substances lead to neuronal cell death in neurodegenerative diseases (Farooqui and Farooqui, 2009; Melo et al., 2011).

Oxidative stress in the brain is usually found along with inflammatory responses such as activated immune cells, cytokines and other inflammatory mediators (Leszek et al., 2016). These inflammatory responses activate microglia, then microglial activation with gliosis results in an oxidative burst, which releases ROS, including superoxide anion (O2–), hydrogen peroxide (H2O2), the highly reactive hydroxyl radical (HO⋅) and RNS such as nitric oxide (NO) into the environment (Tufekci et al., 2012). In addition, NO can react with O2–, producing peroxynitrite (ONOO–), which is a powerful oxidant and may decompose to form HO⋅ (Melo et al., 2011).

Pathological α-syn is also reported to be involved in causing oxidative stress in a large number of reports (Esteves et al., 2009; Renella et al., 2014; Deas et al., 2016; Perfeito et al., 2017; Russo et al., 2019). Oxidative stress-induced toxicity depends on the structures of α-syn. Deas et al. (2016) found that although both oligomeric and fibrillar α-syn can induce free radicals, only oligomeric forms of a-syn cause neurotoxicity and endogenous glutathione reduction. They also found that oligomer-induced ROS depends on the presence of metal ions, because the addition of metal chelators can block oligomer-induced ROS and reduce neuronal death (Deas et al., 2016). Interestingly, α-syn also mediates oxidative stress caused by metal ions: down-regulation of the α-syn protein significantly increases cell viability and reduced oxidative stress in maltose-aluminated cells (Saberzadeh et al., 2016). Therefore, the oxidative stress induced by metal ions or α-syn, is probably the result of the two co-factors.

Glutamate Excitotoxicity

Glutamate is the main cognitive neurotransmitter in the brain, inducing an excitatory response when binding to its receptors (Dong et al., 2009). In order to maintain a high signal-to-noise ratio outside the synapse, the extracellular concentration of glutamate is required to be very low. The overspill of glutamate and excessive activation of glutamate receptors can lead to neuronal dysfunction and cell death, known as excitatory toxicity (Dong et al., 2009).

Pathological α-syn has been shown to affect all of the glutamate receptors: N-methyl-D-aspartic acid (NMDA), α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) and kainic acid (KA) receptors (Dong et al., 2009). Firstly, prolonged exposure to α-syn oligomers are reported to increase basal synaptic transmission through NMDA receptor activation, triggering enhanced contribution of calcium-permeable AMPA receptors (Diogenes et al., 2012). Secondly, nanomolar concentrations of large α-syn oligomers, formed by incubating α-syn with organic solvent and Fe (3+) ions, altered both pre- and post-synaptic mechanisms of AMPA-receptor-mediated synaptic transmission (Huls et al., 2011). Furthermore, Chang et al. (2012) found that melatonin attenuates KA-induced neurotoxicity through the reduction of KA-increased α-syn aggregation, which indicates that KA-induced neurotoxicity may be mediated by α-syn aggregation. Thus, pathological α-syn may lead to the activation of ionotropic receptors, contributing to glutamate excitotoxicity.

It has also been widely demonstrated that inflammation can induce glutamate excitatory toxicity. Firstly, monocyte-derived macrophages and activated microglia are able to induce glutamate excitotoxicity, which may result from their function of extruding glutamate into the extra synaptic space in exchange for cystine via the cystine/glutamate exchanger (Xc) – transporter (Kigerl et al., 2012). Secondly, the astrocyte function of clearing, buffering and containing glutamate abilities can be decreased by inflammatory factors, such as TNF-α, IL-1β, and IF-γ (Haroon and Miller, 2017; Haroon et al., 2018). In addition, immune activation can increase glutamate-like molecular, quinolinic acid, which (1) over excites the NMDA receptor, (2) inhibits glutamine synthetase, a critical enzyme in the glutamate-glutamine cycle in astrocytes, keeping the stable glutamate level and (3) promotes glutamate release (Guillemin, 2012).

T-Cell Driven Inflammation

The central nervous system was thought to be isolated from the adaptive immune system for a long period of time (Carson et al., 2006). However, Louveau et al. (2015) discovered the lymphatic system in the brain of mice, which were verified in monkeys and humans thereafter (Absinta et al., 2017). In addition, inflammatory factors from peripheral inflammation, such as IL-1β, TNF-α can also act on the blood–brain barrier to allow peripheral lymphocytes to enter the brain.

It is well established that, T cells, especially the CD4+ T-cells, are involved in PD. Brochard et al. (2009) found a significant increase of T-cells but not B-cells in post-mortem brains of PD patients. Later, they identified that lacking CD4+ cells, but not CD8+ cells, led to an attenuated response to MPTP-induced dopaminergic cell death in mice (Brochard et al., 2009). Additionally, Reynolds et al. (2010) identified that the subsets of CD4+ cells, T-helper-1 (Th1) and T-helper-17 (Th17), are the main causers of MPTP-induced cell death. The mechanism by which gut inflammation causes PD through CD4+ T-cells can be seen. First of all, peptides derived from two regions of α-syn (the Tyr 39 and phosphorylated Ser129 region) can act as antigenic epitopes (Sulzer et al., 2017). Therefore, pathological α-syn can be captured at the lymph node, and be presented to CD4+ T-cells by antigen presenting cells (APCs) (Campos-Acuña et al., 2019). If naïve CD4+ cells are activated, they transform into their subtypes: Th1 and Th17. When the BBB is damaged, Th1 and Th17 infiltrate the brain, where the microglia act as local APCs, presenting α-syn antigen via MHC II, polarizing CD4+ T-cells to the Th1 and Th17 subtypes (Campos-Acuña et al., 2019). The Th1 and Th17 cells produce a large number of inflammatory factors, such as, TNF, IFN-γ, IL-1, IL-2, and IL-21 (Kaiko et al., 2008), which in turn re-stimulate glial cells (M1 microglia) to produce large amounts of glutamate, inflammatory factors, ROS and RNS (Gonzalez et al., 2015), thereafter recruiting leukocytes from the blood and exaggerating more inflammatory reactions (Mosley et al., 2012).

COX-2

Cyclooxygenase-2 (COX-2), also known as prostaglandin-endoperoxide synthase 2, is one of the three cyclooxygenases (COX-1, COX-2, and COX-3) (Teismann, 2012) that primarily induces the synthesis of prostaglandins from arachidonic acid (Kirkby et al., 2016). COX-2 is mainly detected in distal dendrites and dendritic spines, especially in excitatory neurons (Kaufmann et al., 1997). In general, COX-2 is not detected in dopaminergic structures such as the SN and striatum (Teismann et al., 2003). However, in PD patients and MPTP-induced mouse models, the immunopositive reaction of COX-2 in dopaminergic neurons is intense (Teismann et al., 2003). Therefore, there exists a high possibility that COX-2 may be related with dopaminergic neuron death.

The mechanisms through which COX-2 damages neurons may be through two mechanisms. (1) The first one is via oxidative stress. Arachidonic acid can be converted to PGH2 in two steps. Firstly, arachidonic acid reacts with 2O2 to form the prostaglandin G2 (PGG2). Secondly, PGG2 is converted by the cyclooxygenases to form prostaglandin H2 (PGH2) (Smith et al., 2000). The second step of COX-2 induction reacts far more rapidly than COX-1, however, the COX-1 reaction involves the reduction of two electrons of superoxide substrate, while about 40% of the COX-2 conversion just reduces one electron of superoxide substrate (Teismann, 2012). In this situation, the leaked electrons can react with oxygen to produce reactive oxygen species (Teismann, 2012). (2) Another possible cause of COX-2 induced neuron death is the crosstalk between cytokines and PGs, one of COX-2’s metabolized products (Yao and Narumiya, 2019). Traditionally, PGs are mostly reported to have an inhibitory effect on acute inflammation (Narumiya and Furuyashiki, 2011). However, the expression of COX-2 are widely found in chronic inflammation, such as IBD (Wallace, 2001), rheumatoid arthritis (Mikos, 1976; Jasani and Bach, 1979; Svendsen et al., 1985; Fattahi and Mirshafiey, 2012; Kirkby et al., 2016), and multiple sclerosis (Mirshafiey and Jadidi-Niaragh, 2010). Based on this, studies found that PGs can crosstalk with cytokines and amplify the cytokines’ effects. On the one hand, PGs induce expression of relevant cytokine receptors, which is typically observed in Th1 cell differentiation and Th17 cell expansion (Yao et al., 2009); on the other hand, PGs and cytokines synergistically activate NF-κB to induce expression of inflammation-related genes, including chemokines and COX-2 itself (Yao and Narumiya, 2019). These signals amplify chronic immune inflammation and exacerbate

neuronal death. In addition, the overexpression of COX-2 in dopaminergic neurons also plays a role in α-syn accumulation (Bartels and Leenders, 2010).

THE REACTION OF CENTRAL NEUROINFLAMMATION IN GUT

Among the various pre-clinic PD animal models, the intranigral injections of 6-OHDA or LPS directly act on the nigra-striatal system, thus, they could be used to elucidate the effect of nigral-striatal degeneration on the gut, comparing to the peripheral administration which may affect the gut first or at the same time. In the 6-OHDA induced PD model, gastrointestinal dysfunctions have widely been reported (see Table 1), such as delayed gastric empty (Zheng et al., 2011, 2014; Toti and Travagli, 2014; Vegezzi et al., 2014; Feng et al., 2019), impaired gastric motility (Zheng et al., 2011, 2014; Vegezzi et al., 2014; Feng et al., 2019), impaired colonic transit (Fornai et al., 2016; Pellegrini et al., 2017), decreased weight and water content of the feces (Zhu et al., 2012), colonic relaxation defect (Colucci et al., 2012), decreased intraluminal pressure (Colucci et al., 2012), decreased frequency of peristalsis (Colucci et al., 2012). In addition, in the studies of Pellegrini et al., inflammatory evidence is also presented in the model of intranigral injection of 6-OHDA, such as the increased GFAP, TNFα, IL-1β, eosinophils and mast cell in colon. In addition, in the study of intranigral injection of LPS, the impaired gastric motility is also observed. Further, in a study conducted by Ulusoy et al. (2017) the pathological α-syn was transported from the brain to the stomach. Therefore, the central neuroinflammation and nigrostriatal degeneration could, in turn, spread to the ENS and contribute to exacerbated intestinal inflammatory responses and gastrointestinal dysfunction via brain-to-the-gut descending pathways, thus generating a positive loop that could drive the chronicization of the ongoing central and peripheral neuroinflammatory and neurodegenerative processes and contribute to gut motor dysfunctions.

TABLE 1. Summary of intestinal function and inflammatory alterations in Parkinson’s disease (PD) animal models of intranigral injection of 6-OHDA or LPS.

[image: image]

CONCLUSION

Based on the analyses above, we summarize the potential association of intestinal inflammation in PD pathogenesis, as shown in Figure 1. Increased intestinal permeability caused by gut inflammation induces the leakage of flora and its metabolites into the body (Berg, 1995; Camilleri et al., 2012; Mu et al., 2017), stimulating the production of pathologic α-syn or pro-inflammatory cytokines (Chen et al., 2016; Kim et al., 2016; Fukui, 2017). Pathologic α-syn can be spread to the brain via the vagal nerve and pro-inflammatory cytokines and immune cells transmit to the brain through the humoral system. In addition, the leakage of flora and its metabolites from gut lumen can also activate immune cells, such as T cells. These immune cells can infiltrate into the brain via the disrupted BBB caused by the pro-inflammatory cytokines. In the brain, the two factors, pathologic α-syn and pro-inflammatory cytokines and immune cells enhance the dysfunction and degeneration of dopaminergic neurons. They, together with tissue debris or diseased proteins released from lysed cells, trigger the cascade and feedback loop of inflammation, including microglial activation, and neuronal dysfunction and cell death.


[image: image]

FIGURE 1. Possible pathways involved in gut inflammation induced neuron death in the brain. Gut inflammation may increase intestinal permeability, allowing the leakage of bacteria and their metabolites which may trigger pathologic α-syn aggregation and pro-inflammatory cytokine production and release in the ENS. Pathologic α-syn is propagated to the brain via the vagal nerve, and inflammatory cytokines are transported to the brain through the humoral pathway or stimulate the vagal nerve to produce pro-inflammatory factors in the brain. Pro-inflammatory cytokines and synucleinopathies in the brain may induce neuronal injury and death, which in turn enhance more severe inflammatory responses.



Of note, although a large body of evidence has implied the relationship between PD and gut inflammation, details on how the process takes place are still largely unknown. Further investigations are required to clarify the mechanisms of the mutual transformation between intestinal inflammation, microbiota and pathological α-syn or other PD-related pathogens.

Overall, we have briefly addressed the mechanisms on how gut inflammation is transmitted to the brain and how it causes damage in the brain. We hope that this will provide some clues for further studies in this interesting field of research.

AUTHOR’S NOTE

This material has not been published in whole or in part elsewhere. The manuscript is not currently being considered for publication in another journal. All authors have been personally and actively involved in substantive work leading to the manuscript, and will hold themselves jointly and individually responsible for its content.

AUTHOR CONTRIBUTIONS

Q-QC and J-YL conceived of the review and drafted the manuscript. CH and WL edited the manuscript. All authors approved the manuscript.

FUNDING

This work was supported by grants from the National Natural Science Foundation of China (No. 81430025, 31800898, and U1801681) and the Key Field Research Development Program of Guangdong Province (2018B030337001). Acknowledgments are also to the supports of the Swedish Research Council (K2015-61X-22297-03-4), EU-JPND (aSynProtec) and EU-JPND (REfreAME), EU H2020-MSCA-ITN-2016 (Syndegen), the Strong Research Environment MultiPark (Multidisciplinary research on Parkinson’s disease), the Swedish Parkinson Foundation (Parkinsonfonden), Torsten Söderbergs Foundation and Olle Engkvist Byggmästere Foundation.

ACKNOWLEDGMENTS

We would like to thank Dr. Andrew C. McCourt for the language editing.

REFERENCES

Absinta, M., Ha, S. K., Nair, G., Sati, P., Luciano, N. J., Palisoc, M., et al. (2017). Human and nonhuman primate meninges harbor lymphatic vessels that can be visualized noninvasively by MRI. eLife 6:e29738. doi: 10.7554/eLife.29738

Ananthaswamy, A. (2011). Faecal transplant eases symptoms of Parkinson’s disease. New Sci. 209, 8–9. doi: 10.1016/s0262-4079(11)60124-3

Arawaka, S., Sato, H., Sasaki, A., Koyama, S., and Kato, T. (2017). Mechanisms underlying extensive Ser129-phosphorylation in alpha-synuclein aggregates. Acta Neuropathol. Commun. 5:48. doi: 10.1186/s40478-017-0452-6

Banks, W. A., Niehoff, M. L., Ponzio, N. M., Erickson, M. A., and Zalcman, S. S. (2012). Pharmacokinetics and modeling of immune cell trafficking: quantifying differential influences of target tissues versus lymphocytes in SJL and lipopolysaccharide-treated mice. J. Neuroinflamm. 9, 231–231. doi: 10.1186/1742-2094-9-231

Bartels, A. L., and Leenders, K. L. (2010). Cyclooxygenase and neuroinflammation in Parkinson’s disease neurodegeneration. Curr. Neuropharmacol. 8, 62–68. doi: 10.2174/157015910790909485

Baumgart, D. C., and Carding, S. R. (2007). Inflammatory bowel disease: cause and immunobiology. Lancet 369, 1627–1640. doi: 10.1016/s0140-6736(07)60750-8

Baumgart, D. C., and Sandborn, W. J. (2007). Inflammatory bowel disease: clinical aspects and established and evolving therapies. Lancet 369, 1641–1657. doi: 10.1016/s0140-6736(07)60751-x

Berg, R. D. (1995). Bacterial translocation from the gastrointestinal tract. Trends Microbiol. 3, 149–154. doi: 10.1016/S0966-842X(00)88906-4

Bhattacharyya, D., Mohite, G. M., Krishnamoorthy, J., Gayen, N., Mehera, S., Navalkar, A., et al. (2019). Lipopolysaccharide from gut microbiota modulates alpha-Synuclein aggregation and alters its biological function. ACS Chem. Neurosci. 10, 2229–2236. doi: 10.1021/acschemneuro.8b00733

Bialecka, M., Kurzawski, M., Klodowska-Duda, G., Opala, G., Juzwiak, S., Kurzawski, G., et al. (2007). CARD15 variants in patients with sporadic Parkinson’s disease. Neuroscience Res. 57, 473–476. doi: 10.1016/j.neures.2006.11.012

Bluthe, R. M., Michaud, B., Kelley, K. W., and Dantzer, R. (1996a). Vagotomy attenuates behavioural effects of interleukin-1 injected peripherally but not centrally. Neuroreport 7, 1485–1488. doi: 10.1097/00001756-199606170-00008

Bluthe, R. M., Michaud, B., Kelley, K. W., and Dantzer, R. (1996b). Vagotomy blocks behavioural effects of interleukin-1 injected via the intraperitoneal route but not via other systemic routes. Neuroreport 7, 2823–2827. doi: 10.1097/00001756-199611040-00083

Bohatschek, M., Werner, A., and Raivich, G. (2001). Systemic LPS injection leads to granulocyte influx into normal and injured brain: effects of ICAM-1 deficiency. Exp. Neurol. 172, 137–152. doi: 10.1006/exnr.2001.7764

Bonaz, B., Sinniger, V., and Pellissier, S. (2016). Anti-inflammatory properties of the vagus nerve: potential therapeutic implications of vagus nerve stimulation. J. Physiol. 594, 5781–5790. doi: 10.1113/JP271539

Bonaz, B., Sinniger, V., and Pellissier, S. (2017). The Vagus Nerve in the neuro-immune axis: implications in the pathology of the gastrointestinal tract. Front. Immunol. 8:1452. doi: 10.3389/fimmu.2017.01452

Borovikova, L. V., Ivanova, S., Zhang, M., Yang, H., Botchkina, G. I., Watkins, L. R., et al. (2000). Vagus nerve stimulation attenuates the systemic inflammatory response to endotoxin. Nature 405, 458–462. doi: 10.1038/35013070

Braak, H., de Vos, R. A., Bohl, J., and Del Tredici, K. (2006). Gastric alpha-synuclein immunoreactive inclusions in Meissner’s and Auerbach’s plexuses in cases staged for Parkinson’s disease-related brain pathology. Neurosci. Lett. 396, 67–72. doi: 10.1016/j.neulet.2005.11.012

Braak, H., Del Tredici, K., Rub, U., de Vos, R. A. I., Steur, E., and Braak, E. (2003). Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 24, 197–211. doi: 10.1016/s0197-4580(02)00065-9

Braak, H., Ghebremedhin, E., Rub, U., Bratzke, H., and Del Tredici, K. (2004). Stages in the development of Parkinson’s disease-related pathology. Cell Tissue Res. 318, 121–134. doi: 10.1007/s00441-004-0956-9

Breckenridge, C. B., Berry, C., Chang, E. T., Sielken, R. L. Jr., and Mandel, J. S. (2016). Association between Parkinson’s disease and cigarette smoking, rural living, well-water consumption, farming and pesticide use: systematic review and meta-analysis. PLoS One 11:e0151841. doi: 10.1371/journal.pone.0151841

Brochard, V., Combadiere, B., Prigent, A., Laouar, Y., Perrin, A., Beray-Berthat, V., et al. (2009). Infiltration of CD4+ lymphocytes into the brain contributes to neurodegeneration in a mouse model of Parkinson disease. J. Clin. Invest. 119, 182–192. doi: 10.1172/JCI36470

Bussell, R. Jr., and Eliezer, D. (2003). A structural and functional role for 11-mer repeats in alpha-synuclein and other exchangeable lipid binding proteins. J. Mol. Biol. 329, 763–778. doi: 10.1016/s0022-2836(03)00520-5

Cai, B., Chen, F., Ji, Y., Kiss, L., de Jonge, W. J., Conejero-Goldberg, C., et al. (2009). Alpha7 cholinergic-agonist prevents systemic inflammation and improves survival during resuscitation. J. Cell Mol. Med. 13, 3774–3785. doi: 10.1111/j.1582-4934.2008.00550.x

Camacho-Soto, A., Gross, A., Searles Nielsen, S., Dey, N., and Racette, B. A. (2018). Inflammatory bowel disease and risk of Parkinson’s disease in Medicare beneficiaries. Parkinsonism Relat. Disord. 50, 23–28. doi: 10.1016/j.parkreldis.2018.02.008

Camilleri, M., Madsen, K., Spiller, R., Greenwood-Van Meerveld, B., and Verne, G. N. (2012). Intestinal barrier function in health and gastrointestinal disease. Neurogastroenterol. Motil. 24, 503–512. doi: 10.1111/j.1365-2982.2012.01921.x

Campos-Acuña, J., Elgueta, D., and Pacheco, R. (2019). T-Cell-Driven inflammation as a mediator of the gut-brain axis involved in Parkinson’s disease. Front. Immunol. 10:239. doi: 10.3389/fimmu.2019.00239

Carson, M. J., Doose, J. M., Melchior, B., Schmid, C. D., and Ploix, C. C. (2006). CNS immune privilege: hiding in plain sight. Immunol. Rev. 213, 48–65. doi: 10.1111/j.1600-065X.2006.00441.x

Cassani, E., Barichella, M., Cancello, R., Cavanna, F., Iorio, L., Cereda, E., et al. (2015). Increased urinary indoxyl sulfate (indican): new insights into gut dysbiosis in Parkinson’s disease. Parkinsonism Relat. Disord. 21, 389–393. doi: 10.1016/j.parkreldis.2015.02.004

Cersosimo, M. G. (2015). Gastrointestinal biopsies for the diagnosis of alpha-synuclein pathology in Parkinson’s disease. Gastroenterol. Res. Pract. 2015:476041. doi: 10.1155/2015/476041

Chang, C. F., Huang, H. J., Lee, H. C., Hung, K. C., Wu, R. T., and Lin, A. M. (2012). Melatonin attenuates kainic acid-induced neurotoxicity in mouse hippocampus via inhibition of autophagy and alpha-synuclein aggregation. J. Pineal Res. 52, 312–321. doi: 10.1111/j.1600-079X.2011.00945.x

Chen, S. G., Stribinskis, V., Rane, M. J., Demuth, D. R., Gozal, E., Roberts, A. M., et al. (2016). Exposure to the functional bacterial amyloid protein curli enhances alpha-synuclein aggregation in aged fischer 344 rats and Caenorhabditis elegans. Sci. Rep. 6:34477. doi: 10.1038/srep34477

Cherny, I., Rockah, L., Levy-Nissenbaum, O., Gophna, U., Ron, E. Z., and Gazit, E. (2005). The formation of Escherichia coli curli amyloid fibrils is mediated by prion-like peptide repeats. J. Mol. Biol. 352, 245–252. doi: 10.1016/j.jmb.2005.07.028

Chorell, E., Andersson, E., Evans, M. L., Jain, N., Gotheson, A., Aden, J., et al. (2015). Bacterial chaperones CsgE and CsgC differentially modulate human alpha-synuclein amyloid formation via transient contacts. PLoS One 10:e0140194. doi: 10.1371/journal.pone.0140194

Ciric, J., Lazic, K., Kapor, S., Perovic, M., Petrovic, J., Pesic, V., et al. (2018). Sleep disorder and altered locomotor activity as biomarkers of the Parkinson’s disease cholinopathy in rat. Behav. Brain Res. 339, 79–92. doi: 10.1016/j.bbr.2017.11.021

Codolo, G., Plotegher, N., Pozzobon, T., Brucale, M., Tessari, I., Bubacco, L., et al. (2013). Triggering of inflammasome by aggregated alpha-synuclein, an inflammatory response in synucleinopathies. PLoS One 8:e55375. doi: 10.1371/journal.pone.0055375

Colucci, M., Cervio, M., Faniglione, M., De Angelis, S., Pajoro, M., Levandis, G., et al. (2012). Intestinal dysmotility and enteric neurochemical changes in a Parkinson’s disease rat model. Auton. Neurosci. 169, 77–86. doi: 10.1016/j.autneu.2012.04.005

Cote, M., Drouin-Ouellet, J., Cicchetti, F., and Soulet, D. (2011). The critical role of the MyD88-dependent pathway in non-CNS MPTP-mediated toxicity. Brain Behav. Immun. 25, 1143–1152. doi: 10.1016/j.bbi.2011.02.017

Cote, M., Poirier, A. A., Aube, B., Jobin, C., Lacroix, S., and Soulet, D. (2015). Partial depletion of the proinflammatory monocyte population is neuroprotective in the myenteric plexus but not in the basal ganglia in a MPTP mouse model of Parkinson’s disease. Brain Behav. Immun. 46, 154–167. doi: 10.1016/j.bbi.2015.01.009

De la Fuente, M., Franchi, L., Araya, D., Diaz-Jimenez, D., Olivares, M., Alvarez-Lobos, M., et al. (2014). Escherichia coli isolates from inflammatory bowel diseases patients survive in macrophages and activate NLRP3 inflammasome. Int. J. Med. Microbiol. 304, 384–392. doi: 10.1016/j.ijmm.2014.01.002

Deas, E., Cremades, N., Angelova, P. R., Ludtmann, M. H., Yao, Z., Chen, S., et al. (2016). Alpha-Synuclein oligomers interact with metal ions to induce oxidative stress and neuronal death in Parkinson’s disease. Antioxid. Redox Signal. 24, 376–391. doi: 10.1089/ars.2015.6343

Devos, D., Lebouvier, T., Lardeux, B., Biraud, M., Rouaud, T., Pouclet, H., et al. (2013). Colonic inflammation in Parkinson’s disease. Neurobiol. Dis. 50, 42–48. doi: 10.1016/j.nbd.2012.09.007

Diogenes, M. J., Dias, R. B., Rombo, D. M., Vicente Miranda, H., Maiolino, F., Guerreiro, P., et al. (2012). Extracellular alpha-synuclein oligomers modulate synaptic transmission and impair LTP via NMDA-receptor activation. J. Neurosci. 32, 11750–11762. doi: 10.1523/jneurosci.0234-12.2012

Dong, X.-X., Wang, Y., and Qin, Z.-H. (2009). Molecular mechanisms of excitotoxicity and their relevance to pathogenesis of neurodegenerative diseases. Acta Pharmacol. Sin. 30, 379–387. doi: 10.1038/aps.2009.24

Du, R.-H., Zhou, Y., Xia, M.-L., Lu, M., Ding, J.-H., and Hu, G. (2018). α-Synuclein disrupts the anti-inflammatory role of Drd2 via interfering β-arrestin2-TAB1 interaction in astrocytes. J. Neuroinflamm. 15:258. doi: 10.1186/s12974-018-1302-6

Engelhardt, B., and Ransohoff, R. M. (2012). Capture, crawl, cross: the T cell code to breach the blood-brain barriers. Trends Immunol. 33, 579–589. doi: 10.1016/j.it.2012.07.004

Engelhardt, E. (2017). Lafora and Tretiakoff: the naming of the inclusion bodies discovered by Lewy. Arq. Neuropsiquiatr. 75, 751–753. doi: 10.1590/0004-282x20170116

Esteves, A. R., Arduino, D. M., Swerdlow, R. H., Oliveira, C. R., and Cardoso, S. M. (2009). Oxidative stress involvement in alpha-synuclein oligomerization in Parkinson’s disease cybrids. Antioxid. Redox Signal. 11, 439–448. doi: 10.1089/ARS.2008.2247

Evans, M. L., Chorell, E., Taylor, J. D., Aden, J., Gotheson, A., Li, F., et al. (2015). The bacterial curli system possesses a potent and selective inhibitor of amyloid formation. Mol. Cell 57, 445–455. doi: 10.1016/j.molcel.2014.12.025

Farooqui, T., and Farooqui, A. A. (2009). Aging: an important factor for the pathogenesis of neurodegenerative diseases. Mech. Ageing Dev. 130, 203–215. doi: 10.1016/j.mad.2008.11.006

Fattahi, M. J., and Mirshafiey, A. (2012). Prostaglandins and rheumatoid arthritis. Arthritis 2012:239310. doi: 10.1155/2012/239310

Feng, X. Y., Yang, J., Zhang, X., and Zhu, J. (2019). Gastrointestinal non-motor dysfunction in Parkinson’s disease model rats with 6-hydroxydopamine. Physiol. Res. 68, 295–303. doi: 10.33549/physiolres.933995

Ferrari, C. C., and Tarelli, R. (2011). Parkinson’s disease and systemic inflammation. Parkinsons. Dis. 2011:436813. doi: 10.4061/2011/436813

Fitzgerald, E., Murphy, S., and Martinson, H. A. (2019). Alpha-Synuclein pathology and the role of the microbiota in Parkinson’s disease. Front. Neurosci. 13:369. doi: 10.3389/fnins.2019.00369

Fornai, M., Pellegrini, C., Antonioli, L., Segnani, C., Ippolito, C., Barocelli, E., et al. (2016). Enteric dysfunctions in experimental Parkinson’s disease: alterations of excitatory cholinergic neurotransmission regulating colonic motility in rats. J. Pharmacol. Exp. Ther. 356, 434–444. doi: 10.1124/jpet.115.228510

Fujioka, S., Curry, S. E., Kennelly, K. D., Tacik, P., Heckman, M. G., Tsuboi, Y., et al. (2017). Occurrence of Crohn’s disease with Parkinson’s disease. Parkinsonism Relat. Disord. 37, 116–117. doi: 10.1016/j.parkreldis.2017.01.013

Fukui, H. (2017). Endotoxin and other microbial translocation markers in the blood: a clue to understand leaky gut syndrome. Cellular & Molecular Medicine: open access Fukui H. Endotoxin and other microbial translocation markers in the blood: a clue to understand leaky gut syndrome. Cell Mol. Med. 2016:3. doi: 10.21767/2573-5365.100023

Gagné, F. (2014). “Chapter 6 - Oxidative Stress,” in Biochemical Ecotoxicology, ed. F. Gagné, (Oxford: Academic Press), 103–115.

Gagne, J. J., and Power, M. C. (2010). Anti-inflammatory drugs and risk of Parkinson disease: a meta-analysis. Neurology 74, 995–1002. doi: 10.1212/WNL.0b013e3181d5a4a3

Goedert, M., Clavaguera, F., and Tolnay, M. (2010). The propagation of prion-like protein inclusions in neurodegenerative diseases. Trends Neurosci. 33, 317–325. doi: 10.1016/j.tins.2010.04.003

Gonzalez, H., Contreras, F., and Pacheco, R. (2015). Regulation of the neurodegenerative process associated to Parkinson’s disease by CD4+ T-cells. J. Neuroimmune Pharmacol. 10, 561–575. doi: 10.1007/s11481-015-9618-9

Gordon, R., Albornoz, E. A., Christie, D. C., Langley, M. R., Kumar, V., Mantovani, S., et al. (2018). Inflammasome inhibition prevents alpha-synuclein pathology and dopaminergic neurodegeneration in mice. Sci. Transl. Med. 10:eaah4066. doi: 10.1126/scitranslmed.aah4066

Gray, M. T., and Woulfe, J. M. (2015). Striatal blood-brain barrier permeability in Parkinson’s disease. J. Cereb. Blood Flow Metab. 35, 747–750. doi: 10.1038/jcbfm.2015.32

Guillemin, G. J. (2012). Quinolinic acid, the inescapable neurotoxin. FEBS J. 279, 1356–1365. doi: 10.1111/j.1742-4658.2012.08485.x

Hansen, C., and Li, J.-Y. (2012). Beyond α-synuclein transfer: pathology propagation in Parkinson’s disease. Trends Mol. Med. 18, 248–255. doi: 10.1016/j.molmed.2012.03.002

Haroon, E., Chen, X., Li, Z., Patel, T., Woolwine, B. J., Hu, X. P., et al. (2018). Increased inflammation and brain glutamate define a subtype of depression with decreased regional homogeneity, impaired network integrity, and anhedonia. Transl. Psychiatry 8:189. doi: 10.1038/s41398-018-0241-4

Haroon, E., and Miller, A. H. (2017). Inflammation effects on brain glutamate in depression: mechanistic considerations and treatment implications. Curr. Top. Behav. Neurosci. 31, 173–198. doi: 10.1007/7854_2016_40

Hartz, A. M., Bauer, B., Fricker, G., and Miller, D. S. (2006). Rapid modulation of P-glycoprotein-mediated transport at the blood-brain barrier by tumor necrosis factor-alpha and lipopolysaccharide. Mol. Pharmacol. 69, 462–470. doi: 10.1124/mol.105.017954

Hasegawa, S., Goto, S., Tsuji, H., Okuno, T., Asahara, T., Nomoto, K., et al. (2015). Intestinal dysbiosis and lowered serum lipopolysaccharide-binding protein in parkinson’s disease. PLoS One 10:e0142164. doi: 10.1371/journal.pone.0142164

He, Y., Yu, Z., and Chen, S. (2019). Alpha-Synuclein nitration and its implications in Parkinson’s disease. ACS Chem. Neurosci. 10, 777–782. doi: 10.1021/acschemneuro.8b00288

Herkenham, M., Lee, H. Y., and Baker, R. A. (1998). Temporal and spatial patterns of c-fos mRNA induced by intravenous interleukin-1: a cascade of non-neuronal cellular activation at the blood-brain barrier. J. Comp. Neurol. 400, 175–196. doi: 10.1002/(sici)1096-9861(19981019)400:2<175::aid-cne2>3.0.co;2-6

Hernán, M. A., Takkouche, B., Caamaño-Isorna, F., and Gestal-Otero, J. J. (2002). A meta-analysis of coffee drinking, cigarette smoking, and the risk of Parkinson’s disease. Ann. Neurol. 52, 276–284. doi: 10.1002/ana.10277

Hernán, M. A., Zhang, S. M., Rueda-deCastro, A. M., Colditz, G. A., Speizer, F. E., and Ascherio, A. (2001). Cigarette smoking and the incidence of Parkinson’s disease in two prospective studies. Ann. Neurol. 50, 780–786. doi: 10.1002/ana.10028

Holmqvist, S., Chutna, O., Bousset, L., Aldrin-Kirk, P., Li, W., Bjorklund, T., et al. (2014). Direct evidence of Parkinson pathology spread from the gastrointestinal tract to the brain in rats. Acta Neuropathol. 128, 805–820. doi: 10.1007/s00401-014-1343-6

Hooper, L. V., Littman, D. R., and Macpherson, A. J. (2012). Interactions between the microbiota and the immune system. Science 336, 1268–1273. doi: 10.1126/science.1223490

Horvath, I., Iashchishyn, I. A., Moskalenko, R. A., Wang, C., Wärmländer, S. K. T. S., Wallin, C., et al. (2018). Co-aggregation of pro-inflammatory S100A9 with α-synuclein in Parkinson’s disease: ex vivo and in vitro studies. J. Neuroinflammation 15:172. doi: 10.1186/s12974-018-1210-9

Hostiuc, S., Drima, E., and Buda, O. (2016). Shake the disease. Georges Marinesco, Paul Blocq and the Pathogenesis of Parkinsonism, 1893. Front. Neuroanat. 10:74. doi: 10.3389/fnana.2016.00074

Huffman, W. J., Subramaniyan, S., Rodriguiz, R. M., Wetsel, W. C., Grill, W. M., and Terrando, N. (2019). Modulation of neuroinflammation and memory dysfunction using percutaneous vagus nerve stimulation in mice. Brain Stimul. 12, 19–29. doi: 10.1016/j.brs.2018.10.005

Hui, K. Y., Fernandez-Hernandez, H., Hu, J., Schaffner, A., Pankratz, N., Hsu, N. Y., et al. (2018). Functional variants in the LRRK2 gene confer shared effects on risk for Crohn’s disease and Parkinson’s disease. Sci. Transl. Med. 10:eaai7795. doi: 10.1126/scitranslmed.aai7795

Huls, S., Hogen, T., Vassallo, N., Danzer, K. M., Hengerer, B., Giese, A., et al. (2011). AMPA-receptor-mediated excitatory synaptic transmission is enhanced by iron-induced alpha-synuclein oligomers. J. Neurochem. 117, 868–878. doi: 10.1111/j.1471-4159.2011.07254.x

Jaeger, L. B., Dohgu, S., Sultana, R., Lynch, J. L., Owen, J. B., Erickson, M. A., et al. (2009). Lipopolysaccharide alters the blood-brain barrier transport of amyloid beta protein: a mechanism for inflammation in the progression of Alzheimer’s disease. Brain Behav. Immun. 23, 507–517. doi: 10.1016/j.bbi.2009.01.017

James, W. H. (2003). Coffee drinking, cigarette smoking, and Parkinson’s disease. Ann. Neurol. 53:546; authorrely 546. doi: 10.1002/ana.10510

Jankovic, J. (2008). Parkinson’s disease: clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 79, 368–376. doi: 10.1136/jnnp.2007.131045

Jasani, M. K., and Bach, C. S. (1979). Prostaglandins, rheumatoid arthritis, fibrin and lymphoedema. Agents Actions Suppl. 1979, 222–231.

Johnston, G. R., and Webster, N. R. (2009). Cytokines and the immunomodulatory function of the vagus nerve. Br. J. Anaesth. 102, 453–462. doi: 10.1093/bja/aep037

Jones, M. K., Nair, A., and Gupta, M. (2019). Mast cells in neurodegenerative disease. Front. Cell Neurosci. 13:171. doi: 10.3389/fncel.2019.00171

Kaiko, G. E., Horvat, J. C., Beagley, K. W., and Hansbro, P. M. (2008). Immunological decision-making: how does the immune system decide to mount a helper T-cell response? Immunology 123, 326–338. doi: 10.1111/j.1365-2567.2007.02719.x

Kaufmann, W. E., Andreasson, K. I., Isakson, P. C., and Worley, P. F. (1997). Cyclooxygenases and the central nervous system. Prostaglandins 54, 601–624. doi: 10.1016/S0090-6980(97)00128-7

Keshavarzian, A., Green, S. J., Engen, P. A., Voigt, R. M., Naqib, A., Forsyth, C. B., et al. (2015). Colonic bacterial composition in Parkinson’s disease. Mov. Disord. 30, 1351–1360. doi: 10.1002/mds.26307

Kigerl, K. A., Ankeny, D. P., Garg, S. K., Wei, P., Guan, Z., Lai, W., et al. (2012). System x(c)(-) regulates microglia and macrophage glutamate excitotoxicity in vivo. Exp. Neurol. 233, 333–341. doi: 10.1016/j.expneurol.2011.10.025

Kim, C., Lv, G., Lee, J. S., Jung, B. C., Masuda-Suzukake, M., Hong, C. S., et al. (2016). Exposure to bacterial endotoxin generates a distinct strain of alpha-synuclein fibril. Sci. Rep. 6:30891. doi: 10.1038/srep30891

Kim, J. S., Park, I. S., Park, H. E., Kim, S. Y., Yun, J. A., Jung, C. K., et al. (2017). alpha-Synuclein in the colon and premotor markers of Parkinson disease in neurologically normal subjects. Neurol. Sci. 38, 171–179. doi: 10.1007/s10072-016-2745-0

Kim, S., Kwon, S. H., Kam, T. I., Panicker, N., Karuppagounder, S. S., Lee, S., et al. (2019). Transneuronal propagation of pathologic alpha-synuclein from the gut to the brain models Parkinson’s disease. Neuron 103, 627.e–641.e. doi: 10.1016/j.neuron.2019.05.035

Kirkby, N. S., Chan, M. V., Zaiss, A. K., Garcia-Vaz, E., Jiao, J., Berglund, L. M., et al. (2016). Systematic study of constitutive cyclooxygenase-2 expression: role of NF-kappaB and NFAT transcriptional pathways. Proc. Natl. Acad. Sci. U.S.A. 113, 434–439. doi: 10.1073/pnas.1517642113

Kridin, K., Zamir, H., and Cohen, A. D. (2018). Cigarette smoking associates inversely with a cluster of two autoimmune diseases: ulcerative colitis and pemphigus. Immunol. Res. 66, 555–556. doi: 10.1007/s12026-018-9021-8

Leszek, J., Barreto, G. E., Gasiorowski, K., Koutsouraki, E., Avila-Rodrigues, M., and Aliev, G. (2016). Inflammatory mechanisms and oxidative stress as key factors responsible for progression of neurodegeneration: role of brain innate immune system. CNS Neurol. Disord. Drug Targets 15, 329–336. doi: 10.2174/1871527315666160202125914

Lin, J.-C., Lin, C.-S., Hsu, C.-W., Lin, C.-L., and Kao, C.-H. (2016). Association between Parkinson’s disease and inflammatory bowel disease: a nationwide taiwanese retrospective cohort study. Inflamm. Bowel Dis. 22, 1049–1055. doi: 10.1097/MIB.0000000000000735

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al. (2015). Structural and functional features of central nervous system lymphatic vessels. Nature 523, 337–341. doi: 10.1038/nature14432

Lu, Q. B., Zhu, Z. F., Zhang, H. P., and Luo, W. F. (2017). Lewy pathological study on alpha-synuclein in gastrointestinal tissues of prodromal Parkinson’s disease. Eur. Rev. Med. Pharmacol. Sci. 21, 1514–1521. doi: 10.1002/ana.24648

Lubbers, T., de Haan, J. J., Luyer, M. D., Verbaeys, I., Hadfoune, M., Dejong, C. H., et al. (2010). Cholecystokinin/Cholecystokinin-1 receptor-mediated peripheral activation of the afferent vagus by enteral nutrients attenuates inflammation in rats. Ann. Surg. 252, 376–382. doi: 10.1097/SLA.0b013e3181dae411

Lupp, C., Robertson, M. L., Wickham, M. E., Sekirov, I., Champion, O. L., Gaynor, E. C., et al. (2007). Host-mediated inflammation disrupts the intestinal microbiota and promotes the overgrowth of Enterobacteriaceae. Cell Host Microbe 2, 119–129. doi: 10.1016/j.chom.2007.06.010

Maslowski, K. M., Vieira, A. T., Ng, A., Kranich, J., Sierro, F., Yu, D., et al. (2009). Regulation of inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature 461, 1282–1286. doi: 10.1038/nature08530

Melo, A., Monteiro, L., Lima, R. M., Oliveira, D. M., Cerqueira, M. D., and El-Bacha, R. S. (2011). Oxidative stress in neurodegenerative diseases: mechanisms and therapeutic perspectives. Oxid. Med. Cell Longev. 2011:467180. doi: 10.1155/2011/467180

Mikos, E. (1976). Prostaglandins in exudates of patients with rheumatoid arthritis and the effect of gold salts on their release. Reumatologia 14, 361–365.

Minato, T., Maeda, T., Fujisawa, Y., Tsuji, H., Nomoto, K., Ohno, K., et al. (2017). Progression of Parkinson’s disease is associated with gut dysbiosis: two-year follow-up study. PLoS One 12:e0187307. doi: 10.1371/journal.pone.0187307

Mirshafiey, A., and Jadidi-Niaragh, F. (2010). Prostaglandins in pathogenesis and treatment of multiple sclerosis. Immunopharmacol. Immunotoxicol. 32, 543–554. doi: 10.3109/08923971003667627

Miyake, Y., Tsuboi, Y., Koyanagi, M., Fujimoto, T., Shirasawa, S., Kiyohara, C., et al. (2010). LRRK2 Gly2385Arg polymorphism, cigarette smoking, and risk of sporadic Parkinson’s disease: a case-control study in Japan. J. Neurol. Sci. 297, 15–18. doi: 10.1016/j.jns.2010.07.002

Morrison, D. J., and Preston, T. (2016). Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut Microbes 7, 189–200. doi: 10.1080/19490976.2015.1134082

Mosley, R. L., Hutter-Saunders, J. A., Stone, D. K., and Gendelman, H. E. (2012). Inflammation and adaptive immunity in Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2:a009381. doi: 10.1101/cshperspect.a009381

Mu, Q., Kirby, J., Reilly, C. M., and Luo, X. M. (2017). Leaky gut as a danger signal for autoimmune diseases. Front. Immunol. 8:598. doi: 10.3389/fimmu.2017.00598

Mukherjee, A., Biswas, A., and Das, S. K. (2016). Gut dysfunction in Parkinson’s disease. World J. Gastroenterol. 22, 5742–5752. doi: 10.3748/wjg.v22.i25.5742

Narumiya, S., and Furuyashiki, T. (2011). Fever, inflammation, pain and beyond: prostanoid receptor research during these 25 years. FASEB J. 25, 813–818. doi: 10.1096/fj.11-0302ufm

Neniskyte, U., Vilalta, A., and Brown, G. C. (2014). Tumour necrosis factor alpha-induced neuronal loss is mediated by microglial phagocytosis. FEBS Lett. 588, 2952–2956. doi: 10.1016/j.febslet.2014.05.046

Osburg, B., Peiser, C., Domling, D., Schomburg, L., Ko, Y. T., Voigt, K., et al. (2002). Effect of endotoxin on expression of TNF receptors and transport of TNF-alpha at the blood-brain barrier of the rat. Am. J. Physiol. Endocrinol. Metab. 283, E899–E908. doi: 10.1152/ajpendo.00436.2001

Pan, W., Yu, C., Hsuchou, H., Zhang, Y., and Kastin, A. J. (2008). Neuroinflammation facilitates LIF entry into brain: role of TNF. Am. J. Physiol. Cell Physiol. 294, C1436–C1442. doi: 10.1152/ajpcell.00489.2007

Partinen, M. (1997). Sleep disorder related to Parkinson’s disease. J. Neurol. 244(4 Suppl. 1), S3–S6.

Pellegrini, C., Antonioli, L., Colucci, R., Tirotta, E., Gentile, D., Ippolito, C., et al. (2017). Effects of L-DOPA/benserazide co-treatment on colonic excitatory cholinergic motility and enteric inflammation following dopaminergic nigrostriatal neurodegeneration. Neuropharmacology 123, 22–33. doi: 10.1016/j.neuropharm.2017.05.016

Pellegrini, C., Fornai, M., Colucci, R., Tirotta, E., Blandini, F., Levandis, G., et al. (2016). Alteration of colonic excitatory tachykininergic motility and enteric inflammation following dopaminergic nigrostriatal neurodegeneration. J Neuroinflammation, 13:146. doi: 10.1186/s12974-016-0608-5

Perfeito, R., Ribeiro, M., and Rego, A. C. (2017). Alpha-synuclein-induced oxidative stress correlates with altered superoxide dismutase and glutathione synthesis in human neuroblastoma SH-SY5Y cells. Arch. Toxicol. 91, 1245–1259. doi: 10.1007/s00204-016-1788-6

Peter, I., Dubinsky, M., Bressman, S., Park, A., Lu, C., Chen, N., et al. (2018). Anti-Tumor necrosis factor therapy and incidence of parkinson disease among patients with inflammatory bowel disease. JAMA Neurol. 75, 939–946. doi: 10.1001/jamaneurol.2018.0605

Pisani, V., Stefani, A., Pierantozzi, M., Natoli, S., Stanzione, P., Franciotta, D., et al. (2012). Increased blood-cerebrospinal fluid transfer of albumin in advanced Parkinson’s disease. J. Neuroinflammation 9:188. doi: 10.1186/1742-2094-9-188

Prindiville, T. P., Sheikh, R. A., Cohen, S. H., Tang, Y. J., Cantrell, M. C., and Silva, J. Jr. (2000). Bacteroides fragilis enterotoxin gene sequences in patients with inflammatory bowel disease. Emerg. Infect. Dis. 6, 171–174. doi: 10.3201/eid0602.000210

Qin, L., Wu, X., Block, M. L., Liu, Y., Breese, G. R., Hong, J. S., et al. (2007). Systemic LPS causes chronic neuroinflammation and progressive neurodegeneration. Glia 55, 453–462. doi: 10.1002/glia.20467

Qualman, S. J., Haupt, H. M., Yang, P., and Hamilton, S. R. (1984). Esophageal Lewy bodies associated with ganglion cell loss in achalasia. Similarity to Parkinson’s disease. Gastroenterology 87, 848–856. doi: 10.1016/0016-5085(84)90079-9

Rannikko, E. H., Weber, S. S., and Kahle, P. J. (2015). Exogenous α-synuclein induces toll-like receptor 4 dependent inflammatory responses in astrocytes. BMC Neurosci. 16:57. doi: 10.1186/s12868-015-0192-0

Renella, R., Schlehe, J. S., Selkoe, D. J., Williams, D. A., and LaVoie, M. J. (2014). Genetic deletion of the GATA1-regulated protein alpha-synuclein reduces oxidative stress and nitric oxide synthase levels in mature erythrocytes. Am. J. Hematol. 89, 974–977. doi: 10.1002/ajh.23796

Resnikoff, H., Metzger, J. M., Lopez, M., Bondarenko, V., Mejia, A., Simmons, H. A., et al. (2019). Colonic inflammation affects myenteric alpha-synuclein in nonhuman primates. J. Inflamm. Res. 12, 113–126. doi: 10.2147/JIR.S196552

Reynolds, A. D., Stone, D. K., Hutter, J. A., Benner, E. J., Mosley, R. L., and Gendelman, H. E. (2010). Regulatory T cells attenuate Th17 cell-mediated nigrostriatal dopaminergic neurodegeneration in a model of Parkinson’s disease. J. Immunol. 184, 2261–2271. doi: 10.4049/jimmunol.0901852

Rota, L., Pellegrini, C., Benvenuti, L., Antonioli, L., Fornai, M., Blandizzi, C., et al. (2019). Constipation, deficit in colon contractions and alpha-synuclein inclusions within the colon precede motor abnormalities and neurodegeneration in the central nervous system in a mouse model of alpha-synucleinopathy. Transl. Neurodegener. 8:5. doi: 10.1186/s40035-019-0146-z

Russo, I., Kaganovich, A., Ding, J., Landeck, N., Mamais, A., Varanita, T., et al. (2019). Transcriptome analysis of LRRK2 knock-out microglia cells reveals alterations of inflammatory- and oxidative stress-related pathways upon treatment with alpha-synuclein fibrils. Neurobiol. Dis. 129, 67–78. doi: 10.1016/j.nbd.2019.05.012

Saberzadeh, J., Arabsolghar, R., and Takhshid, M. A. (2016). Alpha synuclein protein is involved in Aluminum-induced cell death and oxidative stress in PC12 cells. Brain Res. 1635, 153–160. doi: 10.1016/j.brainres.2016.01.037

Salih, A., Widbom, L., Hultdin, J., and Karling, P. (2018). Smoking is associated with risk for developing inflammatory bowel disease including late onset ulcerative colitis: a prospective study. Scand. J. Gastroenterol. 53, 173–178. doi: 10.1080/00365521.2017.1418904

Sato, A., Ohtaki, H., Tsumuraya, T., Song, D., Ohara, K., Asano, M., et al. (2012). Interleukin-1 participates in the classical and alternative activation of microglia/macrophages after spinal cord injury. J. Neuroinflammation 9:65. doi: 10.1186/1742-2094-9-65

Scheperjans, F., Aho, V., Pereira, P. A. B., Koskinen, K., Paulin, L., Pekkonen, E., et al. (2015). Gut microbiota are related to parkinson’s disease and clinical phenotype. Mov. Disord. 30, 350–358. doi: 10.1002/mds.26069

Skelly, D. T., Hennessy, E., Dansereau, M. A., and Cunningham, C. (2013). A systematic analysis of the peripheral and CNS effects of systemic LPS, IL-1beta, [corrected] TNF-alpha and IL-6 challenges in C57BL/6 mice. PLoS One 8:e69123. doi: 10.1371/journal.pone.0069123

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly, Y. M., et al. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341, 569–573. doi: 10.1126/science.1241165

Smith, W. L., DeWitt, D. L., and Garavito, R. M. (2000). Cyclooxygenases: structural, cellular, and molecular biology. Annu. Rev. Biochem. 69, 145–182. doi: 10.1146/annurev.biochem.69.1.145

Spillantini, M. G., Crowther, R. A., Jakes, R., Cairns, N. J., Lantos, P. L., and Goedert, M. (1998). Filamentous alpha-synuclein inclusions link multiple system atrophy with Parkinson’s disease and dementia with Lewy bodies. Neurosci. Lett. 251, 205–208. doi: 10.1016/S0304-3940(98)00504-7

Starkstein, S. E., Preziosi, T. J., Berthier, M. L., Bolduc, P. L., Mayberg, H. S., and Robinson, R. G. (1989). Depression and cognitive impairment in Parkinson’s disease. Brain 112(Pt 5), 1141–1153. doi: 10.1093/brain/112.5.1141

Stokholm, M. G., Danielsen, E. H., Hamilton-Dutoit, S. J., and Borghammer, P. (2016). Pathological alpha-synuclein in gastrointestinal tissues from prodromal Parkinson disease patients. Ann. Neurol. 79, 940–949. doi: 10.1002/ana.24648

Sulzer, D., Alcalay, R. N., Garretti, F., Cote, L., Kanter, E., Agin-Liebes, J., et al. (2017). T cells from patients with Parkinson’s disease recognize alpha-synuclein peptides. Nature 546, 656–661. doi: 10.1038/nature22815

Suzuki, K., Fujita, H., Matsubara, T., and Hirata, K. (2019). Non-motor symptoms in postural instability/gait difficulty subtype in the early stage of Parkinson’s disease. Eur. J. Neurol. 26:e37. doi: 10.1111/ene.13828

Svendsen, U. G., Gerstoft, J., Hansen, T. M., Christensen, P., and Lorenzen, I. (1985). Urinary excretion of prostaglandins and changes in plasma renin levels in patients with rheumatoid arthritis associated with cardiac decompensation treated with thiazides. Ugeskr Laeger 147, 612–614.

Taylor, A. E., Saint-Cyr, J. A., Lang, A. E., and Kenny, F. T. (1986). Parkinson’s disease and depression. A critical re-evaluation. Brain 109(Pt 2), 279–292. doi: 10.1093/brain/109.2.279

Teismann, P. (2012). COX-2 in the neurodegenerative process of Parkinson’s disease. Biofactors 38, 395–397. doi: 10.1002/biof.1035

Teismann, P., Vila, M., Choi, D. K., Tieu, K., Wu, D. C., Jackson-Lewis, V., et al. (2003). COX-2 and neurodegeneration in Parkinson’s disease. Ann. N. Y. Acad .Sci. 991, 272–277. doi: 10.1111/j.1749-6632.2003.tb07482.x

Thome, A. D., Harms, A. S., Volpicelli-Daley, L. A., and Standaert, D. G. (2016). microRNA-155 regulates alpha-synuclein-induced inflammatory responses in models of Parkinson disease. J. Neurosci. 36, 2383–2390. doi: 10.1523/JNEUROSCI.3900-15.2016

Thome, A. D., Standaert, D. G., and Harms, A. S. (2015). Fractalkine signaling regulates the inflammatory response in an alpha-synuclein model of Parkinson disease. PLoS One 10:e0140566. doi: 10.1371/journal.pone.0140566

Toti, L., and Travagli, R. A. (2014). Gastric dysregulation induced by microinjection of 6-OHDA in the substantia nigra pars compacta of rats is determined by alterations in the brain-gut axis. Am. J. Physiol. Gastrointest. Liver Physiol. 307, G1013–G1023. doi: 10.1152/ajpgi.00258.2014

Tufekci, K. U., Meuwissen, R., Genc, S., and Genc, K. (2012). Inflammation in Parkinson’s disease. Adv. Protein Chem. Struct. Biol. 88, 69–132. doi: 10.1016/B978-0-12-398314-5.00004-0

Uemura, N., Yagi, H., Uemura, M. T., Hatanaka, Y., Yamakado, H., and Takahashi, R. (2018). Inoculation of alpha-synuclein preformed fibrils into the mouse gastrointestinal tract induces Lewy body-like aggregates in the brainstem via the vagus nerve. Mol. Neurodegener. 13:21. doi: 10.1186/s13024-5

Ulusoy, A., Phillips, R. J., Helwig, M., Klinkenberg, M., Powley, T. L., and Di Monte, D. A. (2017). Brain-to-stomach transfer of alpha-synuclein via vagal preganglionic projections. Acta Neuropathol. 133, 381–393. doi: 10.1007/s00401-016-1661-y

Vallieres, L., and Rivest, S. (1997). Regulation of the genes encoding interleukin-6, its receptor, and gp130 in the rat brain in response to the immune activator lipopolysaccharide and the proinflammatory cytokine interleukin-1beta. J. Neurochem. 69, 1668–1683. doi: 10.1046/j.1471-4159.1997.69041668.x

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

Vasilache, A. M., Qian, H., and Blomqvist, A. (2015). Immune challenge by intraperitoneal administration of lipopolysaccharide directs gene expression in distinct blood-brain barrier cells toward enhanced prostaglandin E(2) signaling. Brain Behav. Immun. 48, 31–41. doi: 10.1016/j.bbi.2015.02.003

Vegezzi, G., Al Harraq, Z., Levandis, G., Cerri, S., Blandini, F., Gnudi, G., et al. (2014). Radiological analysis of gastrointestinal dysmotility in a model of central nervous dopaminergic degeneration: comparative study with conventional in vivo techniques in the rat. J. Pharmacol. Toxicol. Methods 70, 163–169. doi: 10.1016/j.vascn.2014.08.003

Villumsen, M., Aznar, S., Pakkenberg, B., Brudek, T., and Jess, T. (2018). Authors’ response: association between IBD and Parkinson’s disease: seek and you shall find? Gut 68:1722. doi: 10.1136/gutjnl-2018-317336

Villumsen, M., Aznar, S., Pakkenberg, B., Jess, T., and Brudek, T. (2019). Inflammatory bowel disease increases the risk of Parkinson’s disease: a danish nationwide cohort study 1977-2014. Gut 68, 18–24. doi: 10.1136/gutjnl-2017-315666

Wakabayashi, K., Takahashi, H., Ohama, E., and Ikuta, F. J. A. N. (1990). Parkinson’s disease: an immunohistochemical study of Lewy body-containing neurons in the enteric nervous system. Acta Neuropathol. 79, 581–583. doi: 10.1007/bf00294234

Wakabayashi, K., Takahashi, H., Takeda, S., Ohama, E., and Ikuta, F. (1988). Parkinson’s disease: the presence of Lewy bodies in Auerbach’s and Meissner’s plexuses. Acta Neuropathol. 76, 217–221. doi: 10.1007/bf00687767

Wallace, J. L. (2001). Prostaglandin biology in inflammatory bowel disease. Gastroenterol. Clin. North Am. 30, 971–980. doi: 10.1016/S0889-8553(05)70223-5

Wan, Q.-Y., Zhao, R., and Wu, X.-T. (2018). Older patients with IBD might have higher risk of Parkinson’s disease. Gut doi: 10.1136/gutjnl-2018-317103 [Epub ahead of print].

Wang, H., Sun, J., and Goldstein, H. (2008). Human immunodeficiency virus type 1 infection increases the in vivo capacity of peripheral monocytes to cross the blood-brain barrier into the brain and the in vivo sensitivity of the blood-brain barrier to disruption by lipopolysaccharide. J. Virol. 82, 7591–7600. doi: 10.1128/jvi.00768-08

Wang, H., Yu, M., Ochani, M., Amella, C. A., Tanovic, M., Susarla, S., et al. (2003). Nicotinic acetylcholine receptor alpha7 subunit is an essential regulator of inflammation. Nature 421, 384–388. doi: 10.1038/nature01339

Wang, P., Hu, J., Ghadermarzi, S., Raza, A., O’Connell, D., Xiao, A., et al. (2018). Smoking and inflammatory bowel disease: a comparison of China, India, and the USA. Dig. Dis. Sci. 63, 2703–2713. doi: 10.1007/s10620-018-5142-0

Weimers, P., Halfvarson, J., Sachs, M. C., Ludvigsson, J. F., Peter, I., Olén, O., et al. (2018). Association between inflammatory bowel disease and Parkinson’s disease: seek and you shall find? Gut 68, 175–176. doi: 10.1136/gutjnl-2018-316937

Weimers, P., Halfvarson, J., Sachs, M. C., Saunders-Pullman, R., Ludvigsson, J. F., Peter, I., et al. (2019). Inflammatory bowel disease and parkinson’s disease: a nationwide swedish cohort study. Inflamm. Bowel Dis. 25, 111–123. doi: 10.1093/ibd/izy190

Wittmann, G., Szabon, J., Mohacsik, P., Nouriel, S. S., Gereben, B., Fekete, C., et al. (2015). Parallel regulation of thyroid hormone transporters OATP1c1 and MCT8 during and after endotoxemia at the blood-brain barrier of male rodents. Endocrinology 156, 1552–1564. doi: 10.1210/en.2014-1830

Wu, S., Powell, J., Mathioudakis, N., Kane, S., Fernandez, E., and Sears, C. L. (2004). Bacteroides fragilis enterotoxin induces intestinal epithelial cell secretion of interleukin-8 through mitogen-activated protein kinases and a tyrosine kinase-regulated nuclear factor-kappaB pathway. Infect. Immun. 72, 5832–5839. doi: 10.1128/iai.72.10.5832-5839.2004

Wu, S., Rhee, K. J., Albesiano, E., Rabizadeh, S., Wu, X., Yen, H. R., et al. (2009). A human colonic commensal promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nat. Med. 15, 1016–1022. doi: 10.1038/nm.2015

Xaio, H., Banks, W. A., Niehoff, M. L., and Morley, J. E. (2001). Effect of LPS on the permeability of the blood-brain barrier to insulin. Brain Res. 896, 36–42. doi: 10.1016/S0006-8993(00)03247-9

Xu, B., Wu, S. W., Lu, C. W., Deng, Y., Liu, W., Wei, Y. G., et al. (2013). Oxidative stress involvement in manganese-induced alpha-synuclein oligomerization in organotypic brain slice cultures. Toxicology 305, 71–78. doi: 10.1016/j.tox.2013.01.006

Yao, C., and Narumiya, S. (2019). Prostaglandin-cytokine crosstalk in chronic inflammation. Br. J. Pharmacol. 176, 337–354. doi: 10.1111/bph.14530

Yao, C., Sakata, D., Esaki, Y., Li, Y., Matsuoka, T., Kuroiwa, K., et al. (2009). Prostaglandin E2-EP4 signaling promotes immune inflammation through Th1 cell differentiation and Th17 cell expansion. Nat. Med. 15, 633–640. doi: 10.1038/nm.1968

Yoo, B. B., and Mazmanian, S. K. (2017). The enteric network: interactions between the immune and nervous systems of the gut. Immunity 46, 910–926. doi: 10.1016/j.immuni.2017.05.011

Zeng, M. Y., Inohara, N., and Nuñez, G. (2016). Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol. 10, 18–26. doi: 10.1038/mi.2016.75

Zhai, Q., Lai, D., Cui, P., Zhou, R., Chen, Q., Hou, J., et al. (2017). Selective activation of basal forebrain cholinergic neurons attenuates polymicrobial sepsis-induced inflammation via the cholinergic anti-inflammatory pathway. Crit. Care Med. 45, e1075–e1082. doi: 10.1097/CCM.0000000000002646

Zhang, Q. S., Heng, Y., Yuan, Y. H., and Chen, N. H. (2017). Pathological alpha-synuclein exacerbates the progression of Parkinson’s disease through microglial activation. Toxicol. Lett. 265, 30–37. doi: 10.1016/j.toxlet.2016.11.002

Zheng, L. F., Song, J., Fan, R. F., Chen, C. L., Ren, Q. Z., Zhang, X. L., et al. (2014). The role of the vagal pathway and gastric dopamine in the gastroparesis of rats after a 6-hydroxydopamine microinjection in the substantia nigra. Acta Physiol. 211, 434–446. doi: 10.1111/apha.12229

Zheng, L. F., Wang, Z. Y., Li, X. F., Song, J., Hong, F., Lian, H., et al. (2011). Reduced expression of choline acetyltransferase in vagal motoneurons and gastric motor dysfunction in a 6-OHDA rat model of Parkinson’s disease. Brain Res. 1420, 59–67. doi: 10.1016/j.brainres.2011.09.006

Zheng, L.-F., Zhang, Y., Chen, C.-L., Song, J., Fan, R.-F., Cai, Q.-Q., et al. (2013). Alterations in TH- and ChAT-immunoreactive neurons in the DMV and gastric dysmotility in an LPS-induced PD rat model. Auton. Neurosci. 177, 194–198. doi: 10.1016/j.autneu.2013.04.012

Zhu, F., Li, C., Gong, J., Zhu, W., Gu, L., and Li, N. (2019). The risk of Parkinson’s disease in inflammatory bowel disease: a systematic review and meta-analysis. Dig. Liver Dis. 51, 38–42. doi: 10.1016/j.dld.2018.09.017

Zhu, H. C., Zhao, J., Luo, C. Y., and Li, Q. Q. (2012). Gastrointestinal dysfunction in a Parkinson’s disease rat model and the changes of dopaminergic, nitric oxidergic, and cholinergic neurotransmitters in myenteric plexus. J. Mol. Neurosci. 47, 15–25. doi: 10.1007/s12031-011-9560-0

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Chen, Haikal, Li and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnmol-12-00218-t001.jpg
Model (species)

Functional evidence

Inflammatory evidence

References

Bilateral intranigral injection of
6-OHDA (rat)

Unilateral intranigral injection of
6-ohda (rat)

Bilateral intranigral injection of
LPS (rat)

Delayed gastric empty; Impaired gastric motility;

Delayed gastric empty; Impaired gastric motility;

Delayed gastric empty and intestinal transport;
decreased fecal pellets and content

Delayed gastric empty;

Delayed gastric empty; Constipation

Decreased weigh and water Content of fecal matter;
Impaired colonic transit;

Impaired colonic transit;

Colonic relaxation defect; Decreased intraluminal
pressure; Decreased frequency of peristalsis

Impaired gastric motility

GFAP1(colon); TNF-at(colon);
IL-1B1(colon); Eosinophils?t (colon); Mast
cellst (colon)

TNF+1 (colon); IL-181 (colon); Eosinophilst
(colon); Mast cellst (colon)

Zheng et al., 2011

Zheng et al., 2014
Feng et al., 2019

Toti and Travagli, 2014

Vegezzi et al., 2014
Zhu et al., 2012
Fornai et al., 2016
Pellegrini et al., 2017
Colucci et al., 2012

Pellegrini et al., 2016

Zheng et al., 2013





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Molecular Neuroscience

Gut Inflammation in Association
With Pathogenesis of Parkinson’s
Disease







OPS/images/fnmol-12-00218-g001.jpg
s 3 ﬁ*\%

athologlc a-syn Hea y neuron Injured neuron ead neuron

romflammatory

cytoklnes ' N4

\ Heathy neuron Injured neuron Dead neuron

\ Q Activated T Cell

\ -H_—r———

Promflah1matory
\ & ytokl\nes @ Activated T Cell
(N [ [ s e = = [ v et

Vagus nerve

T S 5 | = = 0 = [ = o =
P

- ) - PrgAnflammatory
Activated T Cell@ i cytokines
_ Pathologi | |
9 y , 3 « - Proinflammatory
) >® 7 *i*t cytokines

|crob|ota Metabolltes DC Activated T Cell
Enteric neuron

~N

Gut

Microbiota Metabolites

Brain

Blood vessel

Blood vessel

Lamina propria

Lumen







OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





