
Dysbiosis Of The Gut Microbiome Associated
With Parkinson’s Disease Pathophysiology

Item Type text; Electronic Thesis

Authors Mierau, Peyton Chase

Citation Mierau, Peyton Chase. (2019). Dysbiosis Of The Gut Microbiome
Associated With Parkinson’s Disease Pathophysiology (Bachelor's
thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:16:09

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/632781

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/632781


 

 

 

DYSBIOSIS OF THE GUT MICROBIOME ASSOCIATED WITH 

PARKINSON’S DISEASE PATHOPHYSIOLOGY 

By 

PEYTON CHASE MIERAU 

 

____________________ 
 

 

A Thesis Submitted to The Honors College 

In Partial Fulfillment of the Bachelor’s Degree 
With Honors in 

 

Physiology 

THE UNIVERSITY OF ARIZONA 

MAY 2019 

 
Approved by 
 
_______________________ 
 
Dr. Andrew Fuglevand 
Departments of Physiology and Neuroscience  
 
 



 
Abstract 
 

It’s often presumed that the brain is an impenetrable organ, exempt from the health 

effects wrought on other systems of the body. However, research has been exposing the clear 

association between neurological diseases and gastrointestinal (GI) health. Studies continue to 

demonstrate the effects of a healthy microbiome on the overall health of an individual, or 

conversely, the neurological implications of an imbalanced gut microbiome. While a healthy 

microbiome protects the body against external pathogens by serving as a physical and chemical 

barrier, an imbalanced microbiome allows for pathogenic invasion and inflammation which can 

spread as far as the brain.  

Parkinson’s disease (PD) has historically been viewed as a strictly neurological disorder 

but new research has found that imbalances in the gut microbiome have led to the expression of 

misfolded a-synuclein proteins. A-synuclein appears in GI cells years prior to its appearance in 

the brain, leading to the theory that the protein spreads via a prion like transfer from the GI tract 

to the brain. Should this association result from a causative relationship, PD research could be 

revolutionized. Instead of treating the symptoms of the disease, researchers could focus their 

attention on culling the disease at its origin; the gut microbiome. 

 

 

 

 

 

 



Basis of GI Protection: The Epithelial Cells 

Throughout the GI tract, the body is protected against pathogens by a single layer of 

epithelial cells. Although only a single layer wide, these epithelial cells produce a variety of 

antimicrobial compounds to reduce the risk of pathogenic invasion. The antimicrobial 

compounds produced depend on the type of cell, with four primary intestinal epithelial cells 

(IECs) present. Cell types present in the epithelium include Paneth cells, Goblet cells, 

Enterocytes, and Enteroendocrine cells.  

 

Enterocytes 

The main epithelial cell type is enterocytes. These cells are responsible for the uptake of 

ions, water, nutrients, vitamins, and bile salts. Enterocytes also produce mucin proteins which 

help make up the glycocalyx. The endothelial glycocalyx is a foundation of carbohydrate rich 

glycoprotein and proteoglycan bodies that line the vascular endothelium. While this fibrous 

meshwork has general structural components, the structure and biochemical composition can be 

modified based on physiochemical conditions of the lumen. Not only does the glycocalyx 

prevent molecules from reaching the endothelium but it also influences oncotic pressure to 

reduce red blood cell efflux from the blood vessels. Both the epithelial cell and the glycocalyx, 

while playing vital roles in intestinal homeostasis, are physically vulnerable against pathogenic 

invasion. The glycocalyx can be easily damaged from inflammation caused by exposure to 

proinflammatory cytokines such as tumor necrosis factor alpha (TNF-a) as well as alterations to 

the gut microbiome. Exposure to both inflammatory cytokines and imbalanced microbial ratios 

reduce carbohydrate synthesis from glycoprotein (1, 2). With reduced carbohydrate synthesis, 

impairment of intercellular adhesion, recognition and communication occurs which damages the 



glycocalyx and weakens the adhesion of the mucus layer built atop the glycocalyx. When the 

glycocalyx is damaged, studies have found accelerated inflammation, loss of vascular response, 

and capillary leaks which effects the integrity of the epithelial cell (3). Enterocytes also possess 

pathogen recognition receptors (PRR) which recognize conserved molecular structures of 

pathogenic bacteria. Pathogenic recognition allows enterocytes to signal an immune response to 

combat the infection. Although the cells of the intestine are physically vulnerable, the rapid turn-

over rate prevents aging cells from weakening the integrity of the GI tract. These cells are 

replaced every 2 to 6 days and are thus constantly undergoing proliferation and differentiation. 

However, in the case of germ free mice, it was found that the epithelial turnover rate was 

reduced leaving the epithelium at increased risk for invasion (6). During this phase of 

differentiation and migration towards the luminal surface, tight junction proteins are formed at 

cell-cell contact sites. Tight junctions are multi protein complexes that form selectively 

permeable channels allowing for movement of ions, nutrients, and water between epithelial cells 

(7,8). Research has found that prolonged exposure to TNF-a and interleukin-13 (IL-13), as well 

as low levels of interleukin-10 (IL-10) have been seen to increase tight junction permeability 

(7,8). 

 

Paneth Cells 

Paneth cells are only found in the small intestine and are responsible for synthesis and 

secretion of antimicrobial peptides (AMP) and proteins. The peptides secreted by Paneth cells 

include defensins, lysozymes, secretory phospholipase A2, and RegIII with defensins being the 

main AMP family (9). Paneth cells could not be effective without the commensal microbiome 

just as the commensal bacteria could not be effective without Paneth cells. Researchers 



investigating the relationship between human a-defensin type 5 (HD5) and the microbiome found 

that with healthy levels of AMP, there was an increased concentration of beneficial Bacteroides, 

decreased amount of Firmicutes, and a loss of pathogenic bacteria (10). Conversely, when 

Bacteroides concentrations were increased there was a decrease in pathogenic binding and 

reduced production of AMP by Paneth cells (10). This research demonstrates the close 

relationship between Paneth cells and the gut microbiome, with inhibition of one directly 

impacting the output of the other. In addition to the release of AMPs, Paneth cells are also 

capable of directly sensing enteric bacteria through the presence of TLR. Luminal sensing can 

allow for an immune response and the release of proinflammatory cytokines. 

 

Goblet Cells 

Goblet cells only compose about 10% of IECs but they play an important role in 

epithelium integrity through the secretion of mucus. The mucus secreted by goblet cells provides 

the scaffold and energy stores necessary for microbial colonization of the GI tract. Similar to 

Paneth cells where one cannot exist without the other, the microbiome exerts important 

physiological effects on the health of goblet cells (11,12). When the microbiome is eliminated or 

damaged, the ability to produce adequately sized and numerous functioning goblet cells is 

impaired (12). The primary secretion of goblet cells is mucin. Mucins are glycosylated 

glycoproteins rich in serine and threonine which are linked to O-linked oligosaccharide side 

chains. Mucin secretion is stimulated following exposure to neuropeptides, microbes, 

inflammatory cytokines, and reactive oxygen species. MUC2 is the major mucin synthesized by 

the goblet cell and a main constituent in the viscous mucus layers that protect the GI tract. 

MUC2’s highly glycosylated repeat domain is flanked by cysteine rich domains that are 



responsible in dimerization and oligomerization. This arrangement produces a highly viscous, 

gel like mucin network. This thick mucin network serves as a protective border against 

exogenous microbes while also allowing nutrient transport. When MUC2 is absent, intestinal 

permeability and pathogenic adherence increases due to the loss of the intestinal mucus layers 

(13).  

The intestinal mucus is composed of two separate layers; the impermeable inner layer 

and a microbe rich outer layer. Large sources of oligosaccharides and MUC2 support a microbial 

rich environment by providing microbial attachment sites and energy sources. Although the inner 

layer is also composed of oligosaccharides and MUC2, the dense nature of this layer and the 

small size of its pores prevent bacterial colonization of this sterile zone (14). In germ free mice 

however, the MUC2 that composed the mucosal layers, specifically the inner layer, was reduced 

illuminating the microbiome’s important role in goblet cell homeostasis and prevention of 

pathogenic invasion (Figure 1). 

 

 

 

 

 

 

 

 

 

 



 
Figure 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Enteroendocrine Cells 

Enteroendocrine cells (EEC) only compose about 1% of the epithelial cell population. 

Although these cells compose such a small percentage of the epithelial population, the EEC 

constitute the largest endocrine tissue of the body. The enteric nervous system (ENS) is a vast 

network of neurons and glial cells located along the GI tract. It is a major component of the 

autonomic nervous system, responsible for regulation of gastrointestinal motility, fluid secretion 

and absorption, and blood flow. The EECs that make up this system secrete intestinal hormones 

and peptides into the bloodstream following luminal sensing which triggering a neurological 

(A) Johannson tested Muc2 protein amounts in germ free (GF) mice as well as conventionally 
raised (Convr) mice. Mass spectrometry was used to determine Muc2 amounts and it was 
found that there was a significantly higher amount of Muc2 in Convr mice compared to GF 
mice. (B) Mucus permeability to beads the size of bacteria (0.5-2 µm) was measured and it  
was found that there was a significant difference between GF and Convr mice. (11) 
(*=P<0.05, ***=P<0.001)  
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response. The cell’s apical surface faces towards the lumen in order to sense luminal content and 

release hormones necessary to regulate luminal imbalances. The orientation and location of the 

EECs allow for a direct pathway between the substances in the GI tract and neural functioning. 

The largest category of EECs is enterochromaffin (EC) cells which make up approximately 50% 

of EEC population and produce over 90% of the body’s serotonin (13). In germ free mice, it was 

found that serotonergic neuronal networks were essentially absent. This inhibition of serotonin 

repressed healthy maintenance of the ENS and subsequently damaged the CNS. In order to 

properly regulate and sense GI content, the gut mucosa is innervated with both extrinsic and 

intrinsic enteric nerves. Sensory nerves however are prevented from directly interacting with the 

gut microbiome due to the epithelial layer, instead receiving stimulation from hormones released 

from EEC cells. These hormones are capable of directly stimulating vagal sensory neurons on 

vagus nerve endings. Vagal nerves innervate the lining of the GI tract, where they are in close 

contact with the mucosal epithelium. The receptors located along the vagal afferent nerve are 

effected by hormones secreted by the EEC, allowing for a stimulus to be delivered from the 

lumen to the brain. Unlike other neurons throughout the spinal cord and brain, enteric neuronal 

stem cells are present even after birth. The presence of these stem cells support a dynamic 

nervous system that can be altered depending on the homeostatic state of the environment. When 

germ free mice experienced microbial colonization from a conventionally raised donor, their 

impaired ENS was corrected (14). Innervation of the GI tract has a direct pathway to the brain, 

sending signals and hormones based on the status of the luminal environment. When the luminal 

environment is altered and the gut microbiome is unable to regulate the functionality of the ENS 

and protect the epithelium from pathogens, the brain finds itself on the receiving end of signaling 

malfunctions.  



 

The Gut Microbiome 

Society has conditioned us to see bacteria as synonymous with disease and illness yet our 

health is greatly dependent on the health of the bacteria that constitutes the GI tract. The GI tract 

is home to over 1014 bacteria which outnumbers human cells by approximately 10x and contains 

100x more genes that its host (15, 16). The gut microbiome, otherwise known as the gut flora or 

gut microbiota, is composed of a variety of different bacterial, archaea, and eukaryotic species 

that have coevolved with humans for thousands of years. The most common bacterial phyla are 

Firmicutes, Bacteroidetes, and Proteobacteria (17). Of these phyla, Firmicutes and Bacteroides 

account for more than ¾ of the microbiome. This coevolution has allowed for the formation of a 

complex, mutually beneficial environment that aids in the regulation and maintenance of 

numerous physiological functions. The gut microbiome plays a multitude of different roles that 

are integral to our health but their most important responsibilities include host protection, 

immune system development, and nutrient metabolism. 

 

Host Protection 

The mucus secreted by the goblet cells interact with, and fuels, the gut microbiota. The 

oligosaccharides that make up mucus provide carbohydrates for the commensal bacteria to 

consume while the loosely bound mucin of the outer layer provides an ideal niche for the various 

bacterial species to inhabit (13). The outer layer offers a habitat for bacteria to coevolve, 

proliferate, and harness resources. Just as the outer mucus layer is ideal for colonization of 

commensal bacteria, so too is it ideal for pathogenic colonization and habitation. Although this 

layer is ideal for pathogens, the likelihood for pathogenic binding in a physiological state is 



unlikely due to the massive concentration of commensal bacteria. When pathogens attempt to 

compete against commensal bacteria for a binding site, they are so drastically outnumbered that 

the chance for infection is greatly reduced.  

If the physical deterrent of commensal bacteria isn’t a strong even defense against 

pathogens, the microbiome is also capable of producing bacteriocins. Bacteriocins are 

antimicrobial substances that specifically inhibit members of the same or similar bacterial 

species (18). In addition to reducing the viability of competing pathogens, bacteriocins are also 

capable of altering the environmental conditions to eliminate the risk for pathogenic infection. 

The intestinal pH typically ranges from 5 to 7 but the pH can be acidified through bacterial 

fermentation and the production of bacteriocins. The vaginal flora for instance is capable of 

altering the pH to create a more acidic environment which is unfavorable for urinary tract 

pathogens that prefer a neutral pH (19). Additional bacteria can create short chain fatty acids 

(SCFAs) that alter the local pH to inhibit pathogenic growth (20). In many diseased states, the 

pH is altered which can lead to microbial death for commensal bacteria who favor various pH’s 

as well as reduced energy utilization and production due to this bacterial death. Should the 

bacteriocins and the competitive nature of microbial binding not be enough to eradicate 

pathogens, epithelial cell/pathogen contact can result in an inflammatory response, triggering the 

release of peptides, cytokines, and white blood cells to fight off the threat.  

 

Immune System Development and Function 

Development of immune homeostasis begins at birth. The fetal gastrointestinal tract is 

believed to be sterile until the fetus is passed through the birth canal. At this point, the infant is 

exposed to their mother’s vaginal microbiota, which is composed largely of Lactobacilla. The 



initial exposure to these commensal bacterium is attributed to a strengthened immune system of 

infants who are delivered vaginally in comparison to caesarean (C)-section (21). Unlike vaginal 

delivery which exposes the infant to vital microbes found in the mother’s birth canal, infants 

delivered via (C)-section experience greatly reduced levels of these same bacteria. Instead, 

children delivered via C-section develop microbial communities mimicking those of the skin. 

Rather than having high initial concentrations of Lactobacillus and Prevotella, infants born via 

C-section have high concentrations of Staphylococcus, Corynebacterium, and Propionibacterium 

(21). These differences in gut microbiota remain for several months after birth and are 

fundamental in shaping the microbial composition in the GI tract as well as the functionality of 

the immune system. 

The initial microbial colonization of the GI tract greatly impacts the functionality of the 

GI system in the long term. Alterations of the microbial community due to delivery method, 

while still providing abundant bacteria to fill the niches in the outer mucus layer, are lacking in 

concentrations of the beneficial bacteria that play important roles in metabolism, signaling, and 

immune regulation. Unlike those delivered via C-section who lack essential bacteria, individuals 

delivered vaginally were resistant to endotoxic lipopolysaccharides (LPS) reducing the activation 

of the inflammatory response (22). Numerous studies have demonstrated the importance of gut 

flora derived signals to initiate an immune response. Antigen presenting cells of the intestines, 

having coevolved with the gut microbiome, are capable of protecting the body while maintaining 

immune tolerance against the normal gut microbiota. For example, macrophages in the GI tract 

who are in close proximity to the microbiota possess a non-inflammatory profile when they come 

into contact with microbial stimuli in physiological conditions (23). Not only does the gut 

microbiome influence the excitability of immune cells, but they also influence the development 



of these cells. Mice who lack microbial colonization were found to possess smaller mesenteric 

lymph nodes and payer patches, as well as reduced quantities of IgA cells, CD4 T-cells, and CD8 

T cells all of which result in reduced immune responses (24). Naïve CD4 T cells in the intestine 

are primarily located in the lamina propria where they can differentiate into Th1, Th2, Th17, or 

regulatory T cells (Treg). Adequate differentiation and balance of these four subcategories are 

imperative in avoiding an autoimmune response which has been seen with excessive Th1 and 

Th17 production (25, 26,27) as well as providing adequate immunity against pathogens. Th17 is 

a T-helper cell responsible for host protection against bacterial cells, particularly at mucosal 

surfaces. Th17 is also capable of secreting a variety of proinflammatory cytokines including 

interleukin (IL)-17, IL-21, IL-22, and IL-26. In acute inflammation, Th17 production is 

important in removing the threat but prolonged exposure can be detrimental. While some 

bacterial species are capable of regulating the differentiation of CD4 cells, others including 

Bacteroides fragilis, Bifidobacterium infantis, and Firmicutes can produce Treg anti-

inflammatory cells which suppress inflammation induced by Th17 (27,33). The anti-

inflammatory effect of commensal bacteria might be less altruistic that anticipated, with a 

decreased inflammatory response reducing host intolerance of the microbial community. The 

microbiome proves its necessity not only through protection against invasion and inhibition of 

chronic inflammation but also through its role in nutrient metabolism. 

 

Nutrient Metabolism 

Without the microbiome, nutrient metabolism would be greatly hindered and the 

absorption of certain vitamins and minerals would be repressed. Because of the additional genes 

that commensal bacteria possess, necessary enzymatic proteins are encoded and made available 



to facilitate host metabolism. Bacteria are provided energy from the intestinal mucus through the 

availability of carbohydrates derived from glycan chains of mucin. Depending on the location in 

the GI tract, the microbial concentration varies due to the metabolic capabilities of certain 

bacteria. For instance, the small intestine which is rich in mono and disaccharides supports the 

growth of Proteobacteria and Firmicutes while the large intestine, being rich in complex 

carbohydrates is best digested by Bacteroidetes and Firmicutes (29). Often the alteration of 

concentrations of key bacteria in the gut have been found in a diseased state. Chronic 

inflammation of the GI tract was shown to be linked to less bacterial diversity and decreased 

numbers of Bacteroides and Firmicutes (29). The high Bacteroide and Firmicutes concentration 

found in the distal colon work to metabolize important dietary byproducts that were left 

undigested in the small intestine. Without the microbiota, fermentation of starches and soluble 

fiber to produce SCFA would be impossible. These SCFA can then be used to synthesize vitamin 

B and K, metabolize bile acids, and act as an energy source (28,29,30). Additionally, SCFA have 

been found to increase the abundance of Treg cells to provide a protective role against 

inflammation. Vitamin B5 and Vitamin B12 are exclusively synthesized by intestinal microbiota 

and their roles as coenzymes are required for proper nervous system functioning. Deficiencies of 

B vitamins have been correlated with neurodegeneration due to the altered homeostasis of 

homocysteine levels (32). The nervous system isn’t the only system impacted by SCFA. 

Inadequate SCFA synthesis can lead to systemic inflammation well beyond the normal realm of 

SCFA regulation. This occurs through SCFA, specifically butyrate’s, role in strengthening the 

epithelial barrier function through promotion of goblet cell differentiation and mucus production 

(33). Butyrate’s role in epithelial homeostasis, and immune regulation through inhibition of NF-

kB activation and other inflammatory pathways establishes the SCFA as an anti-inflammatory 



compound (9). Butyrate also supplies the colonic epithelium with 70% of its energy requirements 

(9). Initial colonization of the gut microbiome is imperative for the development of a long term 

intestinal health, but even in adulthood, the gut microbiome is fluid. Just as we see a growth of 

diverse and abundant microbes in the GI tracts of infants, we see a microbial shift towards 

increased concentrations of Bacteroides and Clostridium cluster IV in the elderly. This bacterial 

shift has been seen to impair the ability to carry out metabolic processes such as short chain fatty 

acid (SCFA) production and amylolysis (34). The decreased ability to produce SCFA in the 

elderly has been linked to chronic inflammation.  

 

The Inflammatory Response 

Inflammation, when acute, is the body’s defense mechanism against pathogenic invasion 

and it is extremely effective at eradicating invasions without damaging the host cells. The 

hallmark characteristics of inflammation include swelling, heat, pain, and redness, all of which 

are direct results from immune and vascular responses to the infection. During the inflammatory 

response, the vasculature of the surrounding area changes, increasing blood flow to the site of 

inflammation and decreasing vascular diameter leading away from the site. This allows for faster 

delivery of leukocytes, which can then escape the vasculature through increased blood vessel 

permeability. Following the delivery of these leukocytes to the invasion site, the pathogenic 

debris are phagocytized. If pathogenic material isn’t properly removed, the inflammatory 

response is continuously stimulated since the pathogen containing the sensed antigens is still 

present. 

The inflammatory response is triggered through PRR activation after coming into contact 

with conserved molecular structures on pathogens. These conserved molecular structures are 



known as pathogen associated molecular patterns (PAMPS) and recognition leads to activation 

of inflammatory mechanisms such as NF-kB. In physiological condition, this ability to recognize 

pathogenic patterns is vital in stimulating an acute inflammatory response to remove the 

pathogen. When PRRs, specifically TLRs, are continuously being activated and continuously 

releasing pro-inflammatory cytokines, systemic damage occurs. TLR4 is a member of the TLR 

protein family and is responsible for the recognition of gram negative bacteria. TLR4 plays an 

important role in recognizing endotoxic lipopolysaccharide (LPS) from the outer membrane of 

these gram negative bacteria.  

Oligomerization of TLR4 produces an adaptor complex through the assembly of 

autonomous MyD88-dependent TLR. Through the MyD88-TLR complex, TLR4 is able to 

trigger expression of additional antimicrobial factors to help eradicate pathogens and aid in 

intestinal homeostasis (35). When mice are deficient in MyD88, they produce decreased AMPs 

and mucus, making them highly susceptible to inflammatory diseases and bacterial infections 

due to inhibition of the protective effects of the microbiome (36). Conversely, chronic activation 

of inflammatory markers also results in elevated susceptibility through increased epithelial 

permeability and reduced microbial density preventing pathogen binding. The proinflammatory 

activity of NF-kB has been found to be downregulated by certain species of commensal bacteria 

including Lactobacillus and Bifidobacterium species (4,5). With approximately 70% of the 

immune system located in the cells making up the lining of the GI tract and 80% of IgA cells 

being produced in the lamina propria, it is vital for the microbiome to be fully functioning in 

order to prevent autoimmune or hyperactive immune responses (37). When the microbiome falls 

out of homeostasis, the consequences extend far beyond gastrointestinal disorders. 

 



Dysbiosis of The Gut Microbiome 

Dysbiosis results when large shifts in the ratio between phyla lead to the expansion of a 

particular bacterial group. These microbial shifts are irreversible and can cause functional 

damage at the protein and genetic level. Shifted bacterial ratios lead to disease promoting 

imbalances through the decreased diversity and functionality of the microbiome 

(38, 39, 40, 41). A single factor is often insufficient in inducing dysbiosis but combined factors 

can frequently shift the microbial concentration to threshold. The imbalance of the microbiome 

can be triggered through antibiotic usage, toxin exposure, pathogenic infection, and unhealthy 

dietary habits. Without proper regulation of the microbiome, the immune response is 

dysregulated and can lead to chronic inflammation. 

 

Antibiotics 

Antibiotics are administered to kill specific microorganisms but due to their 

multifunctional nature, antibiotics are destructive to numerous related microorganisms. These 

related microorganisms often make up the microbiome and the widespread damage that they face 

due to antibiotic usage leads to microbial death and increased vulnerability to infection. When 

mice were given streptomycin, it was found that they were more prone to pathogenic invasion 

compared to mice who did not receive antibiotic treatment (42). The antibiotic treatment was 

seen to decrease microbial diversity and microbial concentration. Because the microbiome is 

composed of microbial species that occupy specific niches throughout the GI tract, destruction of 

microbial species impacts bacterial interactions and lead to damage not only to that specific 

niche but others through microbial cross talk. Additionally, the destruction of microbes necessary 

for metabolism and fermentation can lead to impaired production of SCFA and well as other 



metabolites (43, 44). Because the metabolites of bacterial fermentation play important anti-

inflammatory roles, inhibition of their production increases the risk for infection. Not only does 

antibiotic usage reduce the production of SCFAs but it also leads to accumulation of secondary 

bile and impaired serotonin metabolism in the colon. Antibiotics impair serotonin production 

through eradication of bacteria that synthesize serotonin as well as bacteria that produce 

tryptophan hydroxylase, the enzyme necessary for serotonin synthesis. Since the GI tract 

produces approximately 90% of the body’s serotonin, reduced output in this system causes 

effects throughout the body. It was found that the serotonin levels of the brain are negatively 

impacted when the gut microbiome was damaged by impairment of the gut microbiome (45, 46). 

As Figure 2 demonstrates, GF mice produced significantly reduced amounts of 5-HT when 

compared to mice displaying a conventional microbiome (SFB) as well as GF mice who then 

experienced conventional microbial colonization (GF+ conv.). 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 

Figure 2 

Figure 2, taken from JM. Yano, demonstrates that germ free (GM) mice produced a 
significantly reduced amount of 5-HT when compared to segmented filamentous bacteria 
(SFB). GF mice that were colonized with conventional bacteria (GF+ conv.) similarly saw 
significant difference in the amount of 5-HT produced. (45) 
(**=P<0.01, ***=P<0.001) 



 

Inhibition of SCFA production and serotonin production can both explain the increased 

neuroinflammation found in antibiotic treated mice due to the reduced neuroprotective 

capabilities of these two products. However, researchers have also found that orally administered 

antibiotics stimulated amyloidosis in mice models (47). Amyloidosis is a key component to PD, 

which is characterized by a-synuclein aggregation. The fact that antibiotic usage and its 

deleterious effect on the microbiome has been found to stimulate amyloidosis introduces the GI 

tract as an origin, or at least stimulant for a-synuclein aggregation. Reduced microbial diversity 

may allow amyloid producing pathogenic bacteria to bind to the mucus and be recognized by 

TLR in the epithelium. Rats exposed orally to Escherichia coli (E. coli) producing amyloid fibers 

had increased a-synuclein production in the GI tract as well as aggregation of a-synuclein in the 

brain (48). Rats exposed to E. coli producing amyloid fibers had elevated proinflammatory 

cytokines, specifically IL-17 and IL-22, found within their brain when compared to mice 

exposed to E. coli unable to produce these amyloid fibers. (49, 50) 

 

Diet 

In addition to antibiotics, exposure to certain dietary components have been found to 

invoke changes to the gut microbiome (51). These dietary modifications can significantly 

influence the gut microbiome in as little as twenty-four hours (52). While some diets, namely 

high fiber high protein diets increased microbial diversity, western diets high in fat and sugar 

were found to reduce microbial diversity (53) Animals fed a high saturated fat diet had a 

reduction in lactic acid bacteria, Bacillus bifidus and Enterococcus while the general 

Bacteroidetes phylum had an overall reduction (54). As seen in Figure 3, diets high in saturated 



fat increase bile acid levels and produce greater amounts of lipopolysaccharides which increases 

activation of toll like receptors (55). The activation of toll like receptors trigger the immune 

system’s inflammatory response.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Conversely, dietary fiber, particularly soluble fiber, are capable of being fermented by bacteria to 

produce SCFA. Inadequate fiber consumption reduces SCFA production and caused the 

microbiome to attack the mucus layer (56). 

Physiological changes associated with aging can impact diet through decreased nutrient 

absorption and impaired swallowing or chewing abilities. These changes can prompt a state of 

Figure 3 

Figure 3 demonstrates Y. Lee’s findings that a diet high in saturated fats, but not unsaturated 
fats, leads to an increase in inflammatory markers such as IL-1a, iNOS, and COX-2 as 
evidenced by COX-2, iNOS, IL-1a, and GAPDH immunoblots. (55) 



malnutrition. When individuals experience rapid weight loss, a frequent reality for the elderly, 

the microbial ratio between Bacteroidetes and Firmicutes changes. This change is owed to a 

decreased concentration of Firmicutes. Reduction of Firmicutes can inhibit Treg, leading to 

inflammation in an already immunocompromised population (27, 57). Decreases in the diversity 

of the microbiome leads to increased concentrations of yeasts in the GI tract. Candida albicans 

species of yeast and bacteria such as Clostridium difficile and Staphylococcus, which normally 

reside in low gastrointestinal concentrations, are elevated leading to reduced digestive 

functioning and inflammation of the GI tract (43). The elderly population is frequently 

malnourished as well as often prescribed antibiotics which simultaneously cause the microbiome 

irreversible damage. The imbalanced microbiome, while detrimental to any age, is particularly 

dangerous for elderly due to their immunocompromised state. This irreversible dysbiosis can 

stimulate disease progression and development that is equally unalterable. 

 

Parkinson’s Disease 

Parkinson’s Disease (PD) is an idiopathic, progressive neurodegenerative disease expressing 

both motor and non-motor symptoms. Various factors including abnormally folded a-synuclein 

aggregates, altered dopamine metabolism, impaired mitochondrial functioning, inflammation, 

oxidative stress, and accelerated apoptosis are all characteristics of the disease progression. 

These factors lead to a massive loss of dopaminergic cells in the substantia nigra region of the 

brain. Currently, the pathological hallmark of this disease are the presence of Lewy bodies which 

are composed primarily of a-synuclein as well as ubiquitin and other proteins.  

Parkinson’s patients experience massive cell loss in the substantia nigra region of their 

brain, specifically within the dopaminergic neurons of the pars compacta. Reduced output of 



dopamine inhibits the control of motor function, leading to the common symptoms of 

bradykinesia, rest tremor, rigidity, and postural or gait impairments. In addition to motor activity, 

regulation of motivation is also dictated by the basal ganglia and is modulated by dopaminergic 

cells. Damage to both dopaminergic cells themselves and the overall basal ganglia leads to 

impaired motor function and depressive behavior. While the motor symptoms associated with 

PD are attributed to degradation of striatal dopaminergic cells, non-motor symptoms are 

associated with neuronal loss in non-dopaminergic areas. Lewy bodies have been found in the 

cortex, amygdala, locus coeruleus, and peripheral autonomic system leading to less notorious 

symptoms such as sleep, autonomic or olfactory dysfunction. These non-motor symptoms often 

predate motor symptoms by many years and their presence suggests the involvement of 

neurotransmitter such as glutamatergic, cholinergic, serotonergic, and adrenergic systems (58). 

Patients with PD experience GI abnormalities such as constipation and delayed gastric emptying 

for years prior to diagnosis. 

Although the cause of the PD is unknown, it is believed to be a combination of genetic 

and environmental factors. The greatest risk factor for the development of PD is age, with 1% of 

the population over 60 developing the disease and 5% of individuals over 80 developing the 

disease. It was found that even in the elderly who did not develop the disease, dopaminergic cells 

were reduced (59). A distinguishing factor between elderly who experience reduced levels of 

dopaminergic cells due to age versus those that have been diagnosed with PD is the presence of 

Lewy Bodies. Dopaminergic neurons have an extremely high metabolic demand and high 

turnover rate which could explain their susceptibility to oxidative stress. As you age, the 

dopaminergic cells are believed to become increasingly susceptible to mitochondrial dysfunction 

(60). Mitochondrial dysfunction is heightened in dopaminergic cells due to the metabolism of 



dopamine. Monoamine oxidase, the enzyme necessary to metabolize dopamine, generates 

oxygen radicals and H2O2. Dopamine transport (DAT) is the primary protective factor against 

oxidative stress associated with dopamine metabolism and it functions by sending damaged 

dopamine back to nerve terminals. At the nerve terminal, it can be repackaged into synaptic 

vesicle. Not only is there decreased dopaminergic cells in elderly, but there are also decreased 

concentrations of DAT in the substantia nigra (61). Although Parkinson’s research has been 

focused on the effects of dopaminergic cell lose in the substantia nigra, new studies are 

demonstrating the prion like spread of a major constituent of lewy bodies throughout the 

peripheral nervous system and non-dopaminergic brain. 

 

A-synuclein & Lewy Body Formation 

A-synuclein is a small presynaptic neuronal protein. The exact function of physiological 

a-synuclein remains unclear, however researchers believe it plays a role in neurotransmitter 

release through an effect on the SNARE complex. Along with cysteine string protein-a (CSP-a), 

a-synuclein functions as a chaperone like function to assemble the SNARE complex (62). 

Physiological a-synuclein is typically unfolded, however mutations and external factors can lead 

to abnormal folding which generates b-sheets. These initially soluble oligomeric forms of a-

synuclein eventually become insoluble and merge into fibrils. The folding of soluble a-synuclein 

proteins into a fibril formation is known as a-synuclein aggregation. Insoluble a-synuclein 

inhibits neurotransmitter release through a variety of pathways, one of which misregulates and 

redistributes the proteins making up the SNARE complex. This change of function impairs 

tethering, docking, priming, and fusion of synaptic vesicles. Not only is the ability of synaptic 

vesicles priming and fusion impaired but high levels of toxic a-synuclein reduces the size of 



synaptic vesicle pools resulting in reduced trafficking (63). The presence of misfolded a-

synuclein and dopamine are inversely proportional, with a-synuclein playing the role of a 

negative modulator through inhibition of enzymes necessary for dopamine synthesis (63, 64). A-

synuclein is capable of interacting with tyrosine hydroxylase (TH), the enzyme responsible for 

converting tyrosine to L-3, 4-dihydroxyphenylalanine (L-DOPA). Through the reduction of TH, 

there is a reduced production of dopamine (63). 

A-synuclein is a major constituent of lewy bodies (LB), the hallmark pathology of PD. 

These abnormal protein aggregates are composed of more than 70 different molecules although 

a-synuclein is the primary component. Although dopaminergic cells fall victim to these insoluble 

aggregation and subsequent cell death, the cells themselves are not predisposed to LB 

aggregation. This can be seen when fetal nerve tissue was transplanted to PD patients. The fetal 

tissue quickly began to express these LB aggregates, demonstrating the non-traditional 

movement of toxic aggregates throughout the CNS (65). Lewy bodies have been found primarily 

in the substantia nigra of the CNS but they have also been observed in the peripheral nervous 

system and the enteric nervous system (66). Impairment of the ENS due to a-synuclein could 

explain the gastrointestinal symptoms of PD as well as possibly bring to light a previously 

unrelated origin of the disease. 

 

The Neurological Implication of Microbial Dysbiosis 

The direct effects of the gut microbiome on neural health can be explained through the 

gut brain axis. The gut brain axis is composed of the CNS, the autonomic nervous system (ANS), 

the ENS and the hypothalamic-pituitary-adrenal (HPA) axis. The gut delivers visceral feedback 

to the brain through afferent spinal nerves and vagal sensory neurons while pre-autonomic 



neuronal input influences the gut. While this neural route is theorized to be the route in which a-

synuclein first impacts the brain, the gut brain axis extends beyond the neural routes connecting 

it and instead functions through immune and hormonal signaling. This connection ensures 

effective release of hormones by the brain to help regulate and coordinate gastrointestinal 

function while it simultaneously allows feedback from the GI tract and microbiome to effect 

mood, behavior, motor and cognitive function. The feedback between the GI tract and the brain 

is continuously changing due to the luminal environment. Considering their closely intertwined 

nature, it is no surprise to see that the microbiome plays vital roles in neurological development 

and subsequent neurological health (67, 68). 

 

Hormonal Signaling 

Research has found that stress influences the composition of the gut microbiome resulting in 

reduced epithelial integrity, and inhibition of peristalsis, secretion, and mucin production (69). 

Conversely, when the microbiome falls into dysregulation, there is an exacerbated stress 

response through hypersensitive activation of the HPA axis (70, Figure 4).  

 
 
 Figure 4 

Figure 4 displays Crumeyrolle’s research 
regarding the activity of corticosterone 
(CORT) in germ free (GF) mice compared to 
specific pathogen free (SPF) mice. The results 
demonstrated a significant difference between 
CORT levels of GF mice and SPF mice. (70) 
(***=P<0.001) 



 
 

 

The HPA axis serves as the body’s central stress response system, incorporating the CNS as well 

as the endocrine system to produce cortisol. The release of adrenocorticotropic hormone (ACTH) 

stimulates the release of cortisol from the adrenal cortex. In a physiological state, the axis 

experiences a negative feedback loop, regulating elevated levels of inflammatory cortisol and 

stimulating the release of hormones to downregulate cortisol release. However, an over active 

HPA axis can cause prolonged cortisol release which has been linked to exacerbated motor 

symptoms and behavior disorders in PD patients (71). In germ free mice, it was found that there 

was increased plasma ACTH and corticosterone levels which could be reduced through 

colonization of Bifidobacterium infantis (72). This stress response caused by an overactive HPA 

axis was reversed due to B. infantis’ ability to increase plasma tryptophan level. By altering the 

microbiome to stimulate over activity of the HPA axis, prolonged cortisol exposure could induce 

Parkinsonian symptoms (67, 71, 73, Figure 5). 

 
 
 
 

 

Figure 5 

In Figure 5, H. Dias depicts 
increased spontaneous motor 
activity of GF mice in comparison 
to the specific pathogen free (SPF) 
mice. Both mice were placed in an 
open field box and were allowed to 
travel throughout it for 60min. GF 
mice traveled a significantly greater 
distance throughout the box than 
SPF mice. (67) (*=P<0.05) 



 
 

Neuronal Signaling 

In a physiological environment, the diverse microbiome is capable of producing 

neurotransmitters including acetylcholine, gamma-amino butyrate (GABA), norepinephrine, 

serotonin, and dopamine (74). The metabolites and neurotransmitters produced by bacteria target 

the ENS to stimulate the sympathetic nervous system, and influence memory and mood through 

the various neural connections leading to the brain (75). The functionality of these 

neurotransmitters are largely due to the variety of the microbiome and when the microbiome falls 

into dysbiosis, neurotransmitter efficacy is impaired (76). Impairments of these neurotransmitters 

influence the viability of trophic factors that interact with them. BDNF, a trophic factor 

responsible for regulation of cell survival, neurotransmitter release, and synaptic plasticity, has 

been widely found to be reduced in PD patients (77). BDNF plays a variety of different roles in 

neurogenesis, neuronal survival, regulation of mitochondrial biogenesis, and oxidative stress 

resistance.  

 

BDNF and the excitatory neurotransmitter, glutamate, when in a physiological state play 

important roles in cellular and synaptic plasticity. However, the bi-directional communication 

between the two systems allows for widespread damage to occur when either system falls out of 

homeostasis. BDNF signaling is downregulated by stress hormones, those of which that are 

frequently overactive in a dysbiotic microbial state. With impaired BDNF levels due to stress 

hormones, uncoupled glutamate activation can induce excitotoxicity when BDNF’s 

neuroprotective effect is absent. The reduction in BDNF leads to an impaired protective effect of 

the striatal dopaminergic neurons as well as reduced regulation of synaptic connectivity (78). 



This decrease in BDNF is not exclusive to the dopaminergic cells but instead has been found to 

be similarly reduced in the cerebrospinal fluid of the diseased brain (79). The reduction in BDNF 

is detrimental due to an impaired protective effect of the striatal dopaminergic neurons as well as 

reduced regulation of synaptic connectivity. To emphasize the importance of BDNF in 

dopaminergic cell survival, researchers over expressed BDNF in dopaminergic neurons of PD 

mice. The mice were found to recover striatal innervation, dendritic spines, and motor behavior 

(80). Figure 6 depicts Dias’ research in the effect that absence of the microbiome plays on 

neurological function. They found that in GF mice, the substantia nigra had accelerated turnover 

of noradrenaline, serotonin, and dopamine (Figure 6, 67). Without the presence of bacterial 

metabolites, dopamine production and maintenance can be greatly hindered. 

 

 
 
 Figure 6 

Figure 6 shows that there is elevated turnover rate in noradrenaline (NA), dopamine (DA), 
and serotonin (5-HT). The major noradrenaline metabolite, 3-methyl-4-
hydroxyphenylgycol (MHPG) shows significant differences between germ free (GF) mice 
and specific pathogen free (SPF) mice. Dopamine’s major metabolite, 
dihydroxyphenylacetic acid (DOPAC) is found to be significantly different between GF 
and SPF mice. Lastly, serotonin’s major metabolite, hydroxyindoleacetic acid (5-HIAA) 
were found to be significantly different. (67) 
(*=P<0.01) 
 
 



 
 

Just as BDNF plays a role in glutamate, so too does it aid in the release of GABA. GABA 

is an inhibitory neurotransmitter responsible for activation of the GABAergic system. This 

system plays a role in neurotransmitter regulation in the CNS while GABA itself impacts cell 

differentiation, proliferation, and outgrowth facilitation. The dysregulation between the 

excitatory glutamatergic system and the inhibitory GABAergic system are believed to further 

neurodegeneration and PD pathology. In PD patients, there was found to be significant reduction 

of GABA in the substantia nigra as well as the cerebrospinal fluid (81). Of the physiological gut 

microbiome, the Bacteroides species, an essential segment of microbial diversity was found to 

produce large quantities of GABA. This bacterial species was found to be reduced in the 

diseased state, leading to reduced GABA levels further unbalancing a skewed 

excitatory/inhibitory state (82). 

Another neurotransmitter produced in bulk by the ENS is serotonin. With over 90% of 

the body’s serotonin originating from the ENS, bacterial diversity finds itself a key contributor to 

systemic serotonin levels due to its role in development and maintenance of the ENS. Microbial 

influence is not restricted to the maintenance of the ENS and research has found that the gut 

microbiome is capable of inducing mucosal 5-HT secretion in the GI tract through SCFA 

production and generation of tryptamine (83). The 5-HT serotonin compound have been found to 

have strong neurogenerative and neuroprotective properties (84). More specifically, it was found 

that release of 5-HT from enteric neurons aids in the development and survival of dopaminergic 

neurons (46). When serotonin producing microbes were restricted, decreased levels of serotonin 

led to alterations of CNS and ENS development, intestinal immunity, cognition, reduced 

dopaminergic concentrations, and depression (85). In addition to producing neurotransmitters 



necessary for neuronal survival, the gut microbiome and the ENS have also found themselves as 

the center of attention for a new pathway of disease propagation. 

While researchers one believed a-synuclein to be a strictly intracellular protein, it has 

now been shown that the protein can be secreted in non-classical secretory pathways. The 

secreted protein can then be easily incorporated into surrounding cells. More specifically, 

oligomeric aggregates of a-synuclein are capable of easy transmission, spreading their fibrillated 

form to surrounding neuronal cells (86). Serving as a template, the original aggregates creates 

additional misfolded aggregates in the cells around it. Researchers injected oligomeric a-

synuclein into the dopamine rich regions of mice brains. Upon injection, it was found that the 

mice developed key characteristics of PD pathology including increased LB formation. The 

manifestation was not limited to the site of infection but rather spread to nearby neurons 

indicating a prion like method of transmission (87). This discovery of prion like transfer of a-

synuclein demonstrates the possibility of the disease originating beyond the substantia nigra 

region. Further research has found that a-synuclein has been found in the ENS up to 20 years 

prior to development in the substantia nigra region of the brain (88). Because the development 

and maintenance of the ENS is influenced so much by the concentration of the microbiome and 

the luminal content, an origin of misfolded a-synuclein in the ENS is likely indicative to 

dysbiosis of the microbiome. A dysbiotic microbiome allows for hyperactive TLRs and ENS 

activation. Activation of the ENS results in cell signaling via the vagus nerve. The direct 

pathway from the gut to the brain, which in a physiological state normally allows for lumen 

sensing, allows for intestinal pathogens to directly impact the brain in a dysbiotic state. The 

theory of a prion like transmission was further emphasized when research discovered misfolded 

a-synuclein appearing in the glossopharyngeal and vagal nerve (87). As the primary nerve 



innervating the ENS, the vagal nerve has been the subject of interest in this relationship between 

the ENS and a-synuclein aggregation in the substantia nigra. It was found that vagotomized 

patients were at a decreased risk for developing PD, strongly supporting the notion that the vagal 

nerve serves as a pathway for a-synuclein transmission (89, Figure 7).  

 
 
 

 
 
 
 
 
 
 
 
 

However, alterations of the gut microbiome impacted neurological health even in 

vagotomized mice models, indicating that the connection between these two systems extends 

beyond the neural route (90). The continued neurological manifestations even in the case of 

vagotomization indicates additional pathways impacting the spread of a-synuclein and microbial 

influence in the health of the CNS. In addition to glossopharyngeal propagation, immunological 

and hormonal influences are similarly creating an inflamed environment supporting further 

dopamine loss (91). 

 

 

Figure 7 

Lui’s research, seen in Figure 
5, demonstrates the 
cumulative incidence of 
Parkinson’s Disease among 
truncal vagotomized patients 
compared to reference 
individuals (91) 



Immune Signaling 

Dysbiosis of the microbiome leads to promotion of a leaky gut, or a more permeable 

space between tight junctions. This allows for foreign pathogens to translocate across the 

epithelial cell. Even in the case of healthy guts, translocation of bacteria occurs in small amounts 

but these depressed levels are easily removed by Th1 and Th17 cells. Not only is there increased 

permeability in a dysbiotic GI tract, but researchers have found that there is a dependence on the 

microbiome to differentiate Th17 from naïve T cells (92). Without the presence of the 

microbiome, there is a reduction in the Th17 cells necessary to fight off translocated pathogens 

and an increased likelihood for systemic inflammation. With dysbiosis, the small amounts of 

translocated bacteria are exponentially larger, leading to an over active immune response. Mass 

translocation leads to continuous activation of TLRs, leading to overexpression of pro-

inflammatory cytokines and damage to the gut epithelium.  

Chronic inflammation due to a dysbiotic microbiome leads to continuous release of pro-

inflammatory cytokines in the blood stream. Once in the blood stream, these pro-inflammatory 

markers have the capability of spreading to different systems and induce inflammatory states in 

the target destination. Although it has been historically perceived that the blood brain barrier 

prevents pathogens as well as circulating immune cells from entering the parenchyma, the notion 

is no longer held to high regard. Numerous neurodegenerative diseases, including Parkinson’s 

disease, express increased permeability of their blood brain barrier, allowing for increased 

pathogenic and immunological stimulants to get through. When these proinflammatory cytokines 

and immune cells contact latent microglia in the cerebrospinal fluid, they prompt a 

neuroinflammatory response (93). Not only are Parkinson’s patient subject to increased 

permeability of the blood brain barrier, but researchers have also found that germ free mice had 



increased blood brain barrier permeability that could be rectified if the GI tract is colonized by a 

conventional microbiota (94).  

Cytokines from the peripheral nervous system can affect the brain via access through an 

increasingly permeable blood brain barrier as well as through local activation of peripheral nerve 

afferent, particularly the vagal ganglia located along the GI tract.	Glial cells presenting TLRs 

were found to have altered genetic profiles and morphology in germ free mice along with 

disturbances of the neuronal network and diminution of microglial response to viral infection 

(95). Parkinson’s patients experiencing peripheral inflammatory stimulus were seen to have an 

exacerbation of the neurodegenerative process (96). The symbiotic role of the microbiome and 

the health of the ENS greatly dictates the ability for pathogenic invasion in the GI tract. It was 

found that the microbiome plays key roles in neuroplasticity, influencing neurogenesis and 

microglia activation depending on microbial diversity (97).  Peripheral inflammation, the type 

that impacts an imbalanced GI tract, can transform a latent microglia into an active microglia. 

Neurodegenerative diseases are characterized by microglia activation which worsens disease 

progression through upregulation of proinflammatory cytokines and release of free radicals to 

promote a neurotoxic state. Postmortem tissue of the substantia nigra found activated microglial 

cells and proinflammatory cytokines including IL-1β, TNF-a, IL-2 and CD4 as well as CD8 

lymphocytes (98). In addition to the high metabolic rate of the dopaminergic cells, the substantia 

nigra also possesses the highest density of microglia. This high concentration leaves this region 

of the brain vulnerable to rapid and excessive levels of microglia activation and inflammation 

(99,100). 

Short term neuroinflammation targets subcortical structure such as the basal ganglia in 

order to induce behavioral changes to support fighting infection and wound healing. In an acute 



inflammatory state, neuronal inflammation presents a protective effect to the brain. Short term 

inflammation leads to changes in neurotransmitter metabolism, alterations of monoamines to 

induce fever, and activation of the HPA axis. (101) The alteration of monoamine metabolism 

leads to reduced locomotor activity and depressed emotional response, which allows the body to 

transition the energy and metabolic resources to combat infection (102, 103). When exposed to 

the brain in long term, these pro-inflammatory cytokines have been found to primarily target 

dopamine function in the basal ganglia by impacting monoamine neurotransmitter systems and 

behavior. Serum cytokines levels have been associated with PD symptom severity as well as the 

rate of disease progression (104). Neuroinflammation stimulates rapid dopamine loss and 

progression of PD, so culling the release of chronic pro-inflammatory cytokines when they first 

become activated is important. 

 

Conclusion 

Without the microbiome, the single layer of epithelial cells that protects the GI tract 

would be over-run by pathogens. Even though the epithelial cells are capable of producing 

antimicrobial peptides, the constant exposure of epithelial TLRs to PAMPs would generate 

chronic inflammation and release pro-inflammatory cytokines into the local environment as well 

as throughout the bloodstream. In small doses, this inflammatory response is capable of 

eliminating the threat without significant damage on our own body, however chronic 

inflammation poses additional health risks. The microbiome is capable of preventing chronic 

inflammation through the bacterial habitation of different niches of the outer mucus membranes. 

The massive presence of bacteria in the GI tract, numbering over 1014 prevents pathogenic 

attachment to the mucus membrane through concentration alone (15). And should the volume of 



commensal bacteria not be enough to prevent pathogenic invasion, these bacteria are also 

capable of producing antimicrobial substances that inhibit the growth of similar bacterial species. 

The gut microbiome and the epithelial cells have a strong mutualistic relationship, 

strengthened by thousands of years of co-dependence. Research continues to show that 

alterations of one directly effects the health of the other. Without the mucus secreted by goblet 

cells, the microbiome would lose its habitat and energy stores and without the microbiome, the 

size and efficacy of goblet cell output is reduced (12). The carbohydrates available for the gut 

microbiome to ferment allows for the production of SCFA. Without the microbiome, SCFA 

production would not be available and the epithelial integrity would be impaired due to SCFA’s 

roles in mucus production and goblet cell differentiation (33). 

When the gut microbiome experiences alterations in phylum concentrations, a state of 

dysbiosis can occur. This irreversible shift reduces microbial diversity and clears up niches in the 

outer mucus layers which can then be occupied by pathogens. Antibiotic usage and diets can 

induce this dysbiotic state by destroying microbes responsible for carbohydrate fermentation and 

serotonin release. Patients with PD were found to have a dysbiotic microbiome leading to the 

prelease of proinflammatory cytokines as far as the cerebrospinal fluid and increased neuronal 

activity between the gut and the brain via the vagus nerve. This increased neuronal activation 

also saw increases in a-synuclein in the ENS years prior to development in the substantia nigra 

region of the brain. The presence of a-synuclein in the ENS as well as the vagal nerve, which 

primarily innervates the GI tract, highlight a possible prion to prion like spread of a-synuclein 

proteins (89, 90). However, research in vagotomized mice found that PD symptoms still 

developed, indicating that hormonal and immunological influences were factors in PD 

development, both of which can be caused through imbalances in the microbiome. Dysbiosis of 



the gut microbiome led to an exacerbated stress response via the HPA axis and in PD patients, it 

was found that this prolonged cortisol release led to motor impairments and behavior disorders 

(71). However, this neurological response could be reversed when the gut microbiome was 

colonized by a specific species of Bifidobacterium (72). Dysbiosis of the gut also allows for 

increased bacterial translocation across the epithelial cells and the subsequent release of pro-

inflammatory cytokines to fight of the infection. These cytokines can permeate the brain where a 

high cytokine presence can activate microglia in the dopamine, and microglia, rich region of the 

brain. Although the causes of PD are multifactorial, many of the neurological processes that are 

abnormal can be linked back to dysbiosis of the gut microbiome.  

The presence of misfolded a-synuclein in the ENS years prior to its presence in the 

substantia nigra can cast light on a new focus of Parkinson’s research. Should the theory that PD 

progresses through a prion like transmission via the vagal nerve, exacerbated through 

immunological and hormonal hyperactivity, a new emphasis can be placed on looking beyond 

the substantia nigra as a region of origin for the disease. Altering the perception from the idea 

that organ systems are distinct entities rather than various components to a bigger system, 

researchers can begin acknowledging that factors beyond the brain can be impacting neurological 

health. Rather than treating the symptoms, the focus can be shifted to preventing the cause of the 

disease by monitoring and ensuring the health of the gut microbiome. 
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