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Abstract
Parkinson’s disease (PD) is characterized by alpha-synucleinopathy that affects all levels of the brain-gut axis including the central, autonomic, and enteric nervous systems. Recently, it has been recognized that the brain-gut axis interactions are significantly modulated by the gut microbiota via immunological, neuroendocrine, and direct neural mechanisms. Dysregulation of the brain-gut-microbiota axis in PD may be associated with gastrointestinal manifestations frequently preceding motor symptoms, as well as with the pathogenesis of PD itself, supporting the hypothesis that the pathological process is spread from the gut to the brain. Excessive stimulation of the innate immune system resulting from gut dysbiosis and/or small intestinal bacterial overgrowth and increased intestinal permeability may induce systemic inflammation, while activation of enteric neurons and enteric glial cells may contribute to the initiation of alpha-synuclein misfolding. Additionally, the adaptive immune system may be disturbed by bacterial proteins cross-reacting with human antigens. A better understanding of the brain-gut-microbiota axis interactions should bring a new insight in the pathophysiology of PD and permit an earlier diagnosis with a focus on peripheral biomarkers within the enteric nervous system. Novel therapeutic options aimed at modifying the gut microbiota composition and enhancing the intestinal epithelial barrier integrity in PD patients could influence the initial step of the following cascade of neurodegeneration in PD.
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Core tip: Parkinson’s disease (PD) is characterized by alpha-synucleinopathy affecting all levels of the brain-gut axis. Both clinical and neuropathological evidences indicate that neurodegenerative changes in PD are accompanied by gastrointestinal symptoms that may precede or follow the central nervous system impairment. Dysregulation of the brain-gut-microbiota axis may significantly contribute to the pathogenesis of PD. The gut seems to play a critical role in the pathophysiology of PD representing a rout of entry for a putative environmental factor to initiate the pathological process. The close relationship between gut dysbiosis, intestinal permeability and neurological dysfunction suggests that the gut microbiota modification may provide a promising therapeutic option in PD.
Mulak A, Bonaz B. Brain-gut-microbiota axis in Parkinson’s disease. World J Gastroenterol 2015; In press

INTRODUCTION
Parkinson’s disease (PD) is a multicentric neurodegenerative disorder characterized by the accumulation and aggregation of alfa-synuclein (α-syn) in the substantia nigra in the central nervous system (CNS) and in other neural structures[1,2]. The classical motor symptoms like bradykinesia, resting tremor, rigidity and late postural instability result from the death of dopamine-generating cells in the substantia nigra. There is also a wide spectrum of non-motor manifestations involving for example olfactory (loss of smell), gastrointestinal (GI), cardiovascular, and urogenital systems[3]. It has become evident that the different levels of the brain-gut axis including the autonomic nervous system (ANS) and the enteric nervous system (ENS) may be affected in PD[4-8]. Recently, it has been also recognized that the brain-gut axis interactions may be essentially influenced by the gut microbiota[9-12]. On the one hand, dysregulation of the brain-gut-microbiota axis in PD may result in GI dysfunction, which are present in over 80% of PD subjects[13]. On the other hand, this dysregulation may also significantly contribute to the pathogenesis of PD itself, supporting the hypothesis that the pathological process is spread from the gut to the brain[4,7].

INTERACTIONS WITHIN THE BRAIN-GUT-MICROBIOTA AXIS
Bidirectional communication between the CNS and the GI tract – the brain-gut axis – occurs both in health and disease. The neural network for the control of GI functions involves the intrinsic and extrinsic nervous systems and forms a hierarchic four-level integrative organization[14,15]. 

The first level is the ENS represented by neurons of the myenteric (Auerbach’s) and submucosal (Meissner’s) plexi and enteric glial cells (EGCs)[16]. Local reflexes, such as the migrating motor complex and peristaltic reflex, are under the ENS control through intrinsic primary afferent neurons (IPANs). The IPANs, located in the myenteric and submucosal plexi, project dentritic processes that synapse with motor neurons and interneurons. The primary excitatory enteric motor neurons and interneurons are cholinergic. Neurons expressing VIP and/or NO elicit smooth muscle relaxation, and submucosal VIP neurons also stimulate intestinal secretion[17]. Enteric dopaminergic neurons, which may inhibit intestinal motility, are also present and distributed along an oral-aboral gradient within the GI tract[17]. Dopaminergic neurons account for 14%-20% of the enteric neurons of the upper GI tract, whereas their proportion decreases to 1%-6% in the lower small intestine and large bowel[17]. 

The second level is the prevertebral ganglia modulating many peripheral visceral reflex responses[18]. 

The third level is the ANS within the spinal cord (origin of the sympathetic (T5-L2) and sacral (S2-S4) parasympathetic nervous systems( and the brainstem with the nucleus tractus solitarius (NTS) and dorsal motor nucleus of the vagus nerve (DMVN), which receives and gives origin to the afferent and efferent fibers of the vagus nerve (VN), respectively. The DMVN influence is most prominent in the upper GI tract, where cholinergic myenteric neurons mediate vagal excitatory effect, and VIP/NO neurons mediate inhibitory reflexes[19]. 

The fourth level includes higher brain centers. Information from the cortical and subcortical centers, including the basal ganglia, funnels down to specific brainstem nuclei, from where many GI functions are controlled. Disturbances at every level of that neural control may affect modulation of the GI functions including mechanisms at the local enteric reflexes, and extrinsic neural control[15]. 

Recently, a role of the enteric microbiota, including both commensal and pathogenic organisms, in the brain-gut axis interactions has been essentially recognized[10]. This has been reflected by a revised nomenclature to the more inclusive brain-gut-enteric microbiota axis[9]. The impact of the gut microflora on the brain-gut axis regulation involves immunological, neuroendocrine, and direct neural mechanisms[12]. The gut microbiota is known to upregulate local and systemic inflammation due to lipopolisaccharides (LPS) from pathogenic bacteria and synthesis of pro-inflammatory cytokines. Excessive stimulation of the innate immune system resulting from gut dysbiosis and/or small intestinal bacterial overgrowth and increased intestinal permeability may produce systemic and/or CNS inflammation[20]. Additionally, the adaptive immune system may be disturbed by bacterial proteins cross-reacting with human antigens. The gut bacteria are able to synthesize numerous neurotransmitters and neuromodulators such as γ-aminobutyric acid, serotonin, dopamine or short-chain fatty acids[12,21]. The production of these neurochemicals enables also intracellular communication between the members of the microbiota. Therefore, the existence of so-called “microbial organ-specific nervous system” could be even speculated[21]. Bacterial enzymes may also produce neurotoxic metabolites such as D-lactic acid and ammonia[20]. The direct neural communication between the gut and the brain occurs via the VN, as bacteria can stimulate afferent neurons of the ENS[22]. Vagal signals from the gut can evoke an anti-inflammatory response protecting against microbial-induced sepsis in a nicotinic acetylcholine receptor α7 subunit-dependent manner. Many of the effects of the gut mcirobiota or potential probiotics on brain function have been shown to be dependent on vagal activation[10,11,22]. Furthermore, bacterial colonization of the gut plays a major role in the postnatal development and maturation of the immune, endocrine and even neural systems[23]. These processes are key factors underpinning CNS signaling. Dysfunction of the brain-gut-microbiota axis has been implicated in stress-related disorders such as depression, anxiety, irritable bowel syndrome, and inflammatory bowel disease, as well as neurodevelopmental disorders such as autism[12,23-26].

GASTROINTESTINAL DYSFUNCTION IN PARKINSON’S DISEASE
Among many causes of parkinsonism, including multiple system atrophy, progressive supranuclear palsy or corticobasal degeneration, GI symptoms have been best characterized in the classical PD[13]. In the study of Edwards et al[27] evaluating the frequency of various GI symptoms in 98 patients with PD, abnormal salivation, dysphagia, nausea, constipation and defecatory dysfunction were present in 70%, 52%, 24%, 29%, and 66% of subjects, respectively. Among the studied parameters, only PD activity and duration correlated with GI dysfunction. No correlation was found between the GI symptoms and patients’ age, gender, antiparkinsonian treatment, level of activity or dietary fiber intake[27]. 

Hypersalivation typical in PD results not from salivary hypersecretion (in fact saliva production is even diminished), but from decreased swallowing frequency. Swallowing dysfunction may be symptomatic in up to 50% of PD patients[28]. Apart from common oro-pharyngeal dysfunction described in videofluoroscopy in more than 85% of PD cases, significant dysfunction in either the esophageal body or lower esophageal sphincter has been also revealed in 61%-73% of patients during esophageal manometry[28-30]. A serious complication of dysphagia in PD is an aspiration pneumonia occuring with a frequency ranging from 15% to 56%[31]. 

Impaired gastric emptying is an important manifestation of PD and is characterized by symptoms such as postprandial bloating or abdominal discomfort, early satiety and nausea. In patients with both early and advanced PD electrogastrography has confirmed gastric motility abnormalities[32]. Reduced amplitude of stomach contractions in PD can be also detected using real-time magnetic resonance imaging[33]. However, symptoms of the upper GI dysfunction do not always correlate with objective measurements of gastroparesis[34]. Delayed gastric emptying may also have potentially relevant pharmacokinetic implication causing an impaired absorption of L-dopa and thus worsening motor fluctuations[35]. In addition, PD has been associated with a higher prevalence of ulcer disease and Helicobacter pylori infection[36].

Uncomfortable sensation of abdominal bloating experienced by some individuals with PD, especially as an “off” phenomenon, could be the consequence of small bowel dysmotility shown by manometry[37]. Moreover, observed dysmotility may predispose for small intestinal bacterial overgrowth (SIBO), the prevalence of which is increased in PD patients[38]. 

Constipation, the most prominent GI dysfunction of PD, seems to be an early manifestation of the disease process itself[6,13,37,39-41]. Increased colon transit time has been recorded in both treated and untreated subjects, and even in PD patients without symptomatic constipation[42]. In sever cases it may lead to megacolon[43]. Interestingly, a retrospective analysis exploring the association between the frequency of bowel movements and further risk for PD revealed an increased risk of PD in men with infrequent bowel movements[44]. 

Defecatory dysfunction characterized by excessive straining and incomplete evacuation are another common and distressing problems in PD[45,46]. Pelvic floor dyssynergia in PD has been confirmed using anorectal manometry, defecography, and anal sphincter electromyography in more than 65% of patients[27,42,47].

PATHOPHYSIOLOGY OF GASTROINTESTINAL DYSFUNCTION IN PARKINSON’S DISEASE
The pathophysiology of GI dysfunction in PD may reflect both the central and peripheral derangements. While dopaminergic deficiency secondary to nigrostriatial damage may be responsible for some aspects of GI symptoms in PD, it is quite clear that the additional sites of involvement play an important role as well[13]. The lesions of the medullar, spinal and peripheral autonomic nervous system present in PD could be sufficient to induce GI disturbances[48,49]. The involvement of the basal ganglia, the central pattern generator of swallowing, the DMVN, and the median raphe nucleus of the pons have been described in PD. Neurodegeneration and dysfunction of the locus ceruleus (LC) in PD has been also observed[50]. The LC is the major brain noradrenergic candidate for modulating the migrating motor complex (MMC) pattern and it has been shown that lesions in the LC in rats increase the duration of MMC[51]. The LC has close connections with the Barrington nucleus that sends descending projections to the sacral parasympathetic command of the distal colon and bladder functions[52]. Disturbances in the neural network involving the LC and the frontal cortex, hippocampus, as well as the spinal cord may contribute to abdominal pain occuring in PD. Clinical presentation of autonomic dysfunction in PD includes not only GI dysfunction, but cardiovascular and urogenital system as well as sudomotor, thermoregulatory, pupillary, sleep and respiratory abnormalities[53].

The lesions of the ENS, affecting not only dopaminergic neurons, are also commonly considered as being responsible for the digestive symptoms. However, the available data on the structural and neurochemical alterations of enteric neurons are still incomplete[7,37]. Slow colonic transit time most likely reflects early involvement of the myenteric plexus neurons as supported by finding in a transgenic mouse model of PD[54]. In other studies conducted in mice which overexpressed α-syn driven by the Thy-1 promoter, alterations in propulsive colonic motor activity reminiscent of colonic dysmotility encountered by PD patients were displayed[55,56]. The respective contribution of intrinsic and extrinsic innervations in GI dysfunction has not been yet fully elucidated. 

Noteworthy, GI dysfunction in PD, at least to some extent, may be associated with the side effects of the treatment. Anticholinergic agents, popular in the past, can delay GI transit, whereas dopaminergic compounds may induce nausea[57].

ALPHA-SYNUCLEINOPATHY SPREAD ALONG THE BRAIN-GUT AXIS
Under physiological conditions, α-syn is abundantly expressed in the CNS and involved in the regulation of neurotransmission. Insoluble fibrils of phosphorylated α-syn have been implicated in several neurodegenerative disorders, such as PD and Alzheimer’s disease[58]. The two pathological hallmarks of PD are a loss of dopaminergic neurons in the substantia nigra and the presence of cytoplasmatic eosinophilic α-syn-containing inclusions termed Lewy bodies (LBs) in perikarya and Lewy neurites (LNs) in neuronal process of the remaining neurons[7]. However, in PD these inclusions are not restricted to the CNS only, but present also in peripheral tissues and body fluids[59,60]. The association of α-syn and PD has been identified through the genetic finding reported in 1997 by Polymeropoulos et al[61], which concerns the A533T mutation of SNCA gene encoding α-syn in a family with autosomal dominant familial PD. Recent studies consistently show that the single nucleotide polymorphisms in SNCA gene are related to the risk for sporadic PD. 

LBs can be seen in autonomic regulatory regions, including hypothalamus, sympathetic system (intermediolateral nucleus of thoracic cord and sympathetic ganglia), and parasympathetic system (vagal and sacral parasympathetic nuclei). LBs were also found in the adrenal medulla and in the neural plexi innervating the gut and the heart[53]. Thus GI dysfunction related to dysautonomia may result from central mechanisms mediated through the brainstem autonomic centers and/or peripheral mechanisms due to post-ganglionic lesions. 

Recent reports have shown that lesions in the ENS occurred at a very early stage of the disease, even before the involvement of the CNS[7,62-64]. This led to Braak’s hypothesis according to which α-syn pathology starts in the submucosal plexus of the ENS and propagates retrogradely to the CNS via vagal preganglionic axons of the DMVN[4]. From the DMVN there would be predictable caudo-rostral spread of pathology to other areas of the brainstem including the substantia nigra and finally to the basal forebrain and neocortex[1,65-68]. It has been also suggested that the spread of pathology in PD may be from neuron to neuron in a prion-like fashion[69]. In fact, host-to-graft disease propagation has been reported based on the observation that LBs were detectable in grafted neurons in subjects with PD[70,71]. The dual-hit hypothesis presented by Hawkes et al[67] in 2007 supported their theory, indicating that α-syn pathology is transmitted to midbrain through two different pathways: (1) nasal, from the olfactory bulb to the temporal lobe, and (2) gastric, through the ENS, secondary to swallowing of nasal secretion in saliva. 

The disease may start in the ENS and then spread retrogradely toward the CNS or vice versa. Retrograde transport (from gut to brain) of α-syn can be concomitant with anterograde (from brain to gut) diffusion[72]. The first direct experimental evidence of PD pathology spread from the GI tract to the brain in rats has been just proved[73]. However, there are also recent reports indicating that the GI dysfunction may result from CNS damage[74]. Zheng et al[74] using an animal model of PD showed that 6-hydroxydopamine-induced lesions of the substantia nigra resulted in impaired gastric motility and emptying that could be prevented by vagotomy. It is also possible, that in some cases the neuropathy first occurs in the ENS, while in others in the CNS, that α-syn can move between the ENS and CNS and that the pathology could arise in both places with different time courses (or reach thresholds for detection at different times in the ENS and CNS) in susceptible patients[72,75].

There is a rostrocaudal gradient of α-syn associated histopathology within the GI tract[76,77]. The submandibular gland and lower esophagus have the highest frequency of LBs, followed by the stomach, small intestine, colon and rectum. This rostrocaudal gradient coincides with the distribution of vagal innervation from the DMVN[78]. Moreover, the rostrocaudal gradient from ascending colon to the rectum in the distribution of Lewy pathology has been also demonstrated to have important practical implication, as rectal biopsies have substantially lower sensitivity than ascending colon biopsies to detect Lewy pathology in the gut[79]. Noteworthy, the presence of α-syn within the ENS may not be always regarded as a pathological correlate, as it is a regular finding in adults with increasing age[58].

Accumulating evidence shows that α-syn plays a crucial role in neuroinflammation by triggering and/or potentiating astroglial and microglial activation[80-82]. Recent studies have also shown that dysfunction of EGCs at the ENS level occurs in PD[83]. EGCs, which represent in the digestive tract counterpart for brain astrocytes, may be critically involved in gut inflammation and modulation of intestinal epithelial barrier integrity[84]. Devos et al[84] found that expression of pro-inflammatory cytokines and glial markers are increased in colonic biopsies from PD patients and that they are correlated with the disease duration. 

Both clinical and neuropathological evidences indicate that neurodegenerative changes are accompanied by GI symptoms that may precede or follow the CNS impairment[72]. Based on these observations a mechanistic hypothesis presenting the gut as the gateway in neurodegenerative diseases has been proposed[85]. Accordingly, the ENS seems to play a critical role in the pathophysiology of PD representing a rout of entry for a putative environmental factor to initiate the pathological process. Furthermore, regarding the parallel manifestations of neuropathologies in the ENS and CNS, the ENS may provide a more accessible target for studies of neural function, histopathology, and biochemistry in PD[72]. Thus, the ENS can be considered not only as “the second brain”, but also as a window towards ”the first brain”[63]. 

GUT MICROBIOTA AND PARKINSON’S DISEASE
Changes in the gut microbiota composition may cause alterations in the gut barrier function and intestinal permeability, affecting not only GI epithelial cells and immune system, but also the ENS including both neurons and glial cells[86]. The bidirectional brain-gut-microbiota axis interactions modulate pro- and anti-inflammatory responses[87]. It has been suggested that the gut microbiota changes associated with intestinal inflammation may contribute to the initiation of α-syn misfolding[84,88]. There is a growing number of evidence confirming that the gut microbiota alterations precede or occur during the course of PD[89]. However, the causal relationship between the microbiota changes and the pathogenesis of PD remains unclear.

The interesting concept of molecular mimicry involving the microbiota in neurodegeneration has been also proposed. Indeed, Friedland[90] suggested that bacterial proteins may elicit cross-seeded misfolding, inflammation and oxidative stress, and cellular toxicity in neurodegeneration, initiating or otherwise influencing the development of PD, Alzheimer’s disease and other related disorders. Pathways of molecular mimicry processes induced by bacterial amyloid may involve TLR2/1, C14, and NFκB among others. Priming of the innate immune system by the microbiota (residing in the gut and oral/nasal cavities) may enhance the inflammatory response to cerebral amyloids such as α-syn. Trudler et al[91] postulated that cerebral amyloid may mimic viral or bacterial infection resulting in glial cell activation through TLRs. Specifically, it has been documented that neuroinflammation in PD is associated with upregulation of TLR2 signaling and activation of microglia[92]. TLR2, playing an important role in the regulation of intestinal barrier integrity, has been also found to activate microglial cells in the CNS[92]. It has been suggested that the peripheral immune response characterized by the presence of pro-inflammatory cytokines such as TNF-α, IL-1β and IL-8 in the serum induces a disruption of the blood-brain barrier and promotes microglia-mediated inflammation and neurotoxicity[36,93]. In a germ-free animal model, it has been found that the gut microbiota influences the blood-brain barrier permeability associated with reduced expression of the tight junction proteins in a homological way as it affects the intestinal epithelial barrier[94]. Very recently, Sui et al[95] proved that a bidirectional transport of α-syn into and out of the brain by the blood-brain barrier is possible and suggested that LPS-induced inflammation could increase α-syn uptake by the brain by disrupting the blood-brain barrier.

In an animal model of PD, peripherally-induced inflammation was shown to induce the microglial complement pathway to damage dopaminergic neurons[96]. Several studies have demonstrated that pro-inflammatory factors associated with chronic GI diseases induce brain inflammation and the death of dopaminergic neurons and could eventually be responsible for parkinsonism[97,98]. 

Importantly, some genetic risk factors may play a crucial role in the interactions between the brain-gut-microbiota axis with respect to gut inflammation. It has been also shown that the methylation status in the SNCA promoter region may affect α-syn expression and the risk for PD[99]. Therefore, a potential role of the gut microbiota as an epigenetic factor influencing DNA methylation may be speculated. Moreover, genetic variant of the component of innate immune system – TERM2 (Triggering Receptor Expressed on Myeloid cells) has been reported to be associated with a higher risk for PD[100]. The ε4 allele of apolipoprotein E (ApoE) has been shown to increase the risk for dementia in synucleinopathies such as PD[101]. Potentially, ApoE genotype, by influencing bile acid secretion, could affect the composition of the gut microbiota to favor the development of organisms triggering misfolding[90]. Moreover, three single nucleotide polymorphisms in CARD15 gene, known to be associated with Crohn’s disease, have been also shown to be over-expressed in PD patients, supporting the observation that GI inflammation contributes to the pathogenesis of PD[102].

Quantitative and qualitative changes in the gut microbiota in Parkinson’s disease

Just recently, the first report on alterations in the gut microbiota composition in PD and its association with clinical phenotype of the disease has been published by Scheperjans and colleagues[103]. They showed a reduced abundance of the Prevotellaceae bacteria family in PD patients compared with healthy controls, and greater abundance of Enterobacteriaceae among those patients with the postural instability and gait difficulty phenotype compared to those with tremor-dominant PD[103]. Prevotellaceae bacteria as commensals are involved in mucin synthesis in the gut mucosal layer and production of neuroactive short-chain fatty acids (SCFA) through fiber fermentation[104]. Thus the reduced abundance of Prevotellaceae could result in decreased mucin synthesis and increased intestinal permeability leading to the greater local and systemic exposure to bacterial antigens and endotoxins, which in turn would trigger or maintain excessive α-syn expression in the colon or even promote its misfolding[105,106]. The presence of inflammation and evidence of EGCs dysregulation in colonic biopsies from patients with PD have been shown[83,84,107]. The inflammatory changes in PD are associated with increased colonic permeability, which was observed both in a mouse model of the disease as well as in PD patients[105,108]. Another suggested possibility, by which the gut microbiota could affect α-syn pathology, is that α-syn intra- and extraneuronal clearance mechanisms are impaired by SCFA-dependent modulation of gene expression[86].

Recent studies reported high prevalence of SIBO in PD, ranging from 54% to 67%[38,109,110]. PD being associated with gastroparesis and impaired GI motility may predispose to SIBO. In the study by Fasano and colleagues[38], the presence of SIBO reported in 54% of PD subjects, was associated not only with the GI symptoms but also with the motor symptoms. Interestingly, the improvement in the motor fluctuations following treatment with rifaximin was observed[38]. In another study SIBO was detected in 25% of PD patients and occurred early in the disease course[109]. According to that report, SIBO was not associated with worse GI function, but independently predisposed to worse motor function[109]. It is possible that SIBO contributes to motor dysfunction by disrupting small intestinal integrity leading to immune stimulation and/or alteration in L-dopa absorption. SIBO may cause changes in the gut permeability which promote translocation of bacteria and endotoxins across the intestinal epithelium, inducing the pro-inflammatory response[111]. A recent study involving newly-diagnosed PD patients confirmed that intestinal permeability in these subjects was markedly increased compared with healthy controls, and this was associated with more intense staining of Escherichia coli in the intestinal mucosa and with systemic exposure to LPS[105]. Noteworthy, these alterations were correlated with abnormal accumulation of α-syn in enteric neurons[105]. LPS is a gut-derived, pro-inflammatory bacterial endotoxin that may cause delayed and progressive nigral pathology when administered systematically and serves even as a progressive model of PD[108,112,113]. These data reinforce the link between gut dysbiosis, intestinal permeability and neurological dysfunction (Figure 1). The potential role of antibiotic therapy in improving motor symptoms has generated a considerable interest in the interplay between the gut microbiota and PD, but well designed treatment trials are needed to fully elucidate a causal link between SIBO and motor function in PD. It should also encourage further studies on a new therapeutic approach based on the manipulation of the gut microbiota with probiotics, prebiotics, or even fecal microbiota transplantation. Some preliminary reports on favorable outcome of fecal microbiota transplantation in PD already exists[114]. 

Specific pathogens as potential triggering factors

Helicobacter pylori: The potential role of Helicobacter pylori (HP) in PD, both with regard to the pathogenesis of PD itself and the development of motor symptoms fluctuation, remains controversial[36,115-119]. Gastric ulcers, strongly related to HP infection, have been associated with PD since 1960s[117]. Based on the observation of an age-associated increase in the levels of antibodies against HP in PD patients, Dobbs et al[120] proposed that HP infection predisposes to autoimmunity that results in neuronal damage leading to eventual parkinsonism. In fact, HP infection may increase the risk of PD[117]. Nielsen et al[117] showed that prescription of HP eradication drugs and proton pump inhibitors five or more years prior to the diagnosis of PD were associated with 45% and 23% increase in the PD risk, respectively. At the same time eradication of HP infection has been shown to ameliorate symptoms of PD[121]. Currently, HP eradication in PD patients treated with L-dopa is recommended as it may improve the bioavailability of the drug and reduce motor fluctuation[38,119,122-124]. 
Moreover, there is an increased mortality from PD amongst livestock farmers, which has been associated with Helicobacter suis being the most common zoonotic Helicobacter in man[125]. That observation is supported by the recent finding that a significantly higher frequency of Helicobacter suis is observed in patients with idiopathic parkinsonism then in control patients[125].

Mycobacterium paratuberculosis: An association between Mycobacterium avium ss. paratuberculosis (MAP) and several inflammatory diseases including Crohn’s disease has been suggested. As mentioned above, genetic studies concerning the polymorphism of CARD15 gene revealed a link between PD and Crohn’s disease[102]. Moreover, the polymorphisms of LRRK2 and PARK genes are associated both with PD and susceptibility to mycobacterial infection, as they are related to xenophagy, an autophagic pathway involved in the removal of intracellular pathogens[126-128]. The same genetic defects are associated with disruption of cellular homeostasis resulting in protein (e.g., α-syn) folding abnormalities. Dow[126] proposed that genetic defects associated with PD allow persistent infection with MAP, and that MAP is the triggering factor of α-syn aggregation. He postulated that beginning as an enteric infection, MAP – via the VN – initiates a pathological process that results in a targeted neuroinvasion of the CNS. The iron concentration in the substantia nigra in PD subjects could be caused by sequestered iron in MAP spheroplasts. According to Dow[126], protein aggregation associated with LBs formation is due to iron toxicity and/or to “consumptive exhaustion” of the processes that both maintain cellular protein homeostasis and influence removal of intracellular pathogens. Importantly, as MAP is competent as a bioaerosol, the additional/alternative route of neuroinvasion via the olfactory nerve does not eliminate MAP from consideration as the environmental triggering agent. To support his hypothesis Dow points at the recent findings: anti-mycobacterial rifampicin has a protective function in PD[129], mycobacterial heat shock proteins (hps 65 and hps 70) have been found in the cerebral spinal fluid of PD patients[130], and BCG vaccination partially preserves the substantia nigra integrity in an animal model of PD[131]. 
Influence of age, diet, coffee and smoking on the gut microbiota composition
The age-related changes in the gut microbiota, in particular a decreased diversity of species, together with other factors including impaired gut motility, impaired gut-blood barrier, and suppressed immune function may be linked to the age-related neurodegeneration[23,90]. Recent studies reported a great inter-individual variation among elderly regarding the gut microbiota composition, and a significant relationship between microbiota, diet and institution or community living[132]. The gut microbiota-related mechanisms could also explain the differences in PD prevalence between rural and urban environment, between countries or even sexes[86]. Fiber-rich diet enhances the growth of colonic bacteria that produce SCFA, which have systemic anti-inflammatory effect[133]. Therefore, intervention studies with probiotics and prebiotics offer promising way to bring benefits in elderly’s health.

Although unequivocal epidemiologic evidence indicates that the risk of PD is lower in smokers and coffee drinkers, explanations for these findings remain controversial[134,135]. In the large meta-analysis of 61 case-control and cohort studies, the risk of PD was found to be 60% lower among current cigarette smokers than among never smokers, and 30% lower among coffee drinkers than among non-drinkers[136]. It has been also shown that consumption of caffeine-containing beverages other than coffee, such as black tea and Japanese and Chinese teas, is also inversely related to the PD risk[137]. Derkinderen et al[134] proposed that the beneficial effects of smoking and coffee consumption on PD may be mediated through the modulation of the brain-gut-microbiota axis. Both cigarette and coffee consumption can alter the composition of the gut microbiota in a way that mitigates intestinal inflammation. This, in turn, could lead to less misfolding of α-syn in the ENS, reducing the risk of PD by minimizing propagation of the protein to the CNS[134]. In fact, a marked shift in the composition of the intestinal microbiota was observed in humans after smoking cessation[138]. The potential immunomodulatory effect of smoking, possibly via alteration of the gut microbiota, is also observed in patients with ulcerative colitis in whom smoking cessation may be linked to the disease onset[139]. It has been also shown that consumption of coffee in both mice and humans induces a significant increase in the number of Bifidobacteria, which exert anti-inflammatory properties[140,141]. Additionally, coffee and tobacco might promote bacteria that counteract certain forms of chronic GI infection, such as that caused by HP, the presence of which has been associated with the increased risk for PD[117,134].

Putative role of viral infection or neurotoxins
Dysfunction of the intestinal epithelial barrier resulting from dysregulation of the brain-gut-microbiota axis could promote invasion of neuroactive substances, including neurotropic viruses, unconventional pathogens with prion-like properties, or slow neurotoxins, as suggested by Braak[67]. Some environmental toxins, as the pesticide rotenone used in animal models of PD, could also induce the release of α-syn by the enteric neurons[142]. Numerous studies showed that environmental factors such as herbicides, pesticides, and metal pollution may be related to the occurrence of PD[68,143-145].

The possible role of viral invasion (e.g., with influenza virus of herpes simplex virus) has been suggested[67]. As it has been demonstrated in a mouse model, the H5N1 influenza virus may travel from the periphery to the CNS and induce neuroinflammation, accumulation of phosphorylated α-syn and dopaminergic cell loss[146]. Hepatitis C virus (HCV) has been also shown to invade the CNS and release the inflammatory cytokines, which may play a role in the pathogenesis of PD. Recently, Wu et al[147] have corroborated the dopaminergic toxicity of HCV (but not HBV) in the midbrain neuron-glia coculture system in rats and demonstrated a significantly positive epidemiological association between HCV infection and PD in human.

CONCLUSION
A better understanding of the brain-gut-microbiota axis interactions should bring a new insight in the pathophysiology of PD, permit an earlier diagnosis with a focus on peripheral biomarkers within the ENS, as well as lead to novel therapeutic options in PD. Dietary or pharmacological interventions should be aimed at modifying the gut microbiota composition and enhancing the intestinal epithelial barrier integrity in PD patients or subjects at higher risk for the disease. This could influence the initial step of the following cascade of neurodegeneration in PD. The elucidation of the temporal and casual relationship between the gut microbiota alterations and the pathogenesis of PD will be of great clinical relevance. Further studies on a new therapeutic approach in PD based on the modification of the gut microbiota with probiotics, prebiotics, or even fecal microbiota transplantation are awaited.
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Figure 1 The link between gut dysbiosis, intestinal permeability and neurological dysfunction. There is a close mutual relationship between gut dysbiosis, intestinal permeability and gut inflammation. The enteric nervous system (ENS) is a key player participating in these interactions. Changes in the intestinal permeability may promote translocation of bacteria and endotoxins across the epithelial barrier inducing immunological response associated with the production of pro-inflammatory cytokines. The activation of both enteric neurons and glial cells may result in neurological dysfunction spreading along the brain-gut axis.
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