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Abstract

The gut microbiome comprises the collective genome of the trillions of microorganisms residing 

in our gastrointestinal ecosystem. The interaction between the host and its gut microbiome is a 

complex relationship whose manipulation could prove critical to preventing or treating not only 

various gut disorders, like irritable bowel syndrome (IBS) and ulcerative colitis (UC), but also 

central nervous system (CNS) disorders, such as Alzheimer’s and Parkinson’s diseases. The 

purpose of this review is to summarize what is known about the gut microbiome, how it is 

connected to the development of disease and to identify the bacterial and biochemical targets that 

should be the focus of future research. Understanding the mechanisms behind the activity and 

proliferation of the gut microbiome will provide us new insights that may pave the way for novel 

therapeutic strategies.
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2. Introduction

Among the many microbial communities colonizing the human body, the gut microbiome is 

emerging as a major player influencing the health status of the host. The composition of the 

gut microbiome is established early during the host’s development and can undergo a 

myriad of changes throughout a lifetime. The complex interaction between host physiology 

and the gut microbiome is a topic of research that is still in its infancy. Yet broadening our 

understanding of this interaction could lead to beneficial therapeutic strategies for improving 

human health. Although we are only in the beginning stages of defining the biomarkers, 
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bacterial species, and diets necessary to manipulate and study the human microbiome, we 

can appreciate the potential implications this research has on the future of medicine. The 

objective of this review is to summarize current findings linking host gut microbiome and 

health and to identify future directions necessary for unraveling the gut microbiome’s role in 

the pathogenesis of chronic metabolic and central nervous system diseases.

3. The Gut Microbiome

The gut microbiome comprises the collective genome of roughly 100 trillion 

microorganisms residing in the gastrointestinal tract (Tsai & Coyle, 2009). The gene 

repertoire of our gut bacteria contains 150 times more unique genes than the human genome 

(Qin, et al., 2010).

The fetal gastrointestinal tract (GIT) is sterile prior to birth with microbial colonization first 

occurring at delivery (Morelli, 2008). In vaginally delivered infants, the GIT is primarily 

colonized by bifidobacteria as well as lactobacilli, Bacteroides, Proteobacteria and 

Actinobacteria. In contrast, infants delivered via cesarean section have more Escherichia 

coli (E. coli) as well as Clostridia, especially C. difficile, and fewer Bacteroides and 

bifidobacteria (Penders, et al., 2006). Similarly, breast-fed infants showed a higher 

abundance of bifidobacteria, whereas in formula-fed infants, bifidobacteria and Bacteroides 

as well as Clostridia and Staphylococci were found in equal numbers (Harmsen, et al., 

2000). Conversely, other groups have shown an abundance of Bifidobacterium, 

Actinomyces, and Haemophilus in breast-fed babies while formula-fed babies had an 

abundance of Firmicutes and Bacteroidetes in their gut (Yatsunenko, et al., 2012). This 

discrepancy in estimating the gut microbiome population is possibly due to differences in 

the techniques used to sample and analyze the data. However, despite these discrepancies, 

most studies emphasize that both the type of diet and mode of delivery can preferentially 

promote certain bacterial communities over others. While the mechanism remains unclear, it 

is known that the earliest gut microbiota primarily consists of bacteria that can metabolize 

the lactose absorbed from breast milk or infant formulas made from cow’s milk. However, 

with the introduction of solid food, the gut becomes dominated by bacterial species 

associated with carbohydrate, protein and fat utilization as well as vitamin synthesis 

(Koenig, et al., 2011). The host also selectively favors particular bacterial species in 

different regions of the gut. For example, butyrate-synthesizing bacteria such as the 

Firmicutes are present in higher proportions in the colon and are less well represented in the 

upper small intestine. This is beneficial and quite necessary since short chain fatty acids like 

butyrate are the main source of energy for colonic epithelial cells (Hooper, Midtvedt, & 

Gordon, 2002; Roediger, 1980; Wong, de Souza, Kendall, Emam, & Jenkins, 2006).

Not surprisingly, the interaction between an organism and its gut microbes is not 

unidirectional but involves feedback with the host environment affecting the gut microbiotic 

composition and the colonized bacteria, influencing host development. Following bacterial 

colonization, certain physiological changes have been observed in the gut, including 

increased production of neurotransmitters such as serotonin (5-HT) and γ-aminobutyric acid 

(GABA) as well as the expression of various cytokines. These changes are integral to gut 

homeostasis and to programming of the hypothalamic-pituitary-adrenal (HPA) axis, which 
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plays an important role in stress responses (Diaz Heijtz, et al., 2011; Sudo, et al., 2004). As 

shown in Figure 1, early colonization of certain enterotypes can have a long-lasting 

influence on the health status of the host. For example, infants with a higher prevalence of 

Bifidobacterium and Collinsella at age 6 months showed lower adiposity at 18 months 

(Dogra, et al., 2015). In another study, overweight subjects exhibited decreased numbers of 

Bifidobacteria and the Bacteroides (Santacruz, et al., 2010). The gut microbiome 

composition throughout a host’s lifespan is not static, but measuring these changes proves 

difficult due to confounding changes in diet, environment, and disease state throughout life. 

As previously stated, numerous studies have studied gut microbiome composition early in 

life, yet much fewer studies have reported gut microbiome changes in middle-aged and 

elderly subjects. Shifts from Bifidobacterium to Clostridia and Bacteriodetes occur as the 

host develops from a newborn into an adult (Yatsunenko, et al., 2012). Decreases in 

Faecalibacterium prauznitzii and its anti-inflammatory relatives occur as young adults 

mature to become elderly or even centenarians (Biagi, et al., 2010). However, determining 

to what extent such changes reflect normal development and maturation versus dietary/

environmental changes or pathological deficiencies will require further study.

3.1 The Gut Microbiome and Health

It was initially thought that gut microbes were mainly commensals whose only benefit was 

controlling the population of pathogenic bacteria. We now know that these symbionts play 

important roles in aiding digestion, in the production of essential metabolites and in the 

development of the immune system (Walker & Lawley, 2013). Gut bacteria play a pivotal 

role in immune modulation and development of the nervous system and are the main source 

of vitamin K, and to a lesser extent the vitamin B complex (Kelly, King, & Aminov, 2007; 

Littman & Pamer, 2011; Resta, 2009). Indeed, germ-free rats require a higher intake of 

exogenous sources of vitamins K, B12 and B6 compared to their conventional counterparts 

(Gustafsson, 1959; Sumi, Miyakawa, Kanzaki, & Kotake, 1977; Wostmann, 1981). 

Recognition of the importance of the gut microbiota in infant development has been greatly 

aided by the development of gnotobiotic animal models. Germ-free rodents fed sterile chow, 

identical in all other respects to that consumed by their conventional mates, showed 

decreased basal metabolic rate, increased cholesterol in liver and blood as well as structural 

and functional differences in the enteric nervous system (ENS) (Danielsson & Gustafsson, 

1959; Dupont, Jervis, & Sprinz, 1965; Wostmann, Wiech, & Kung, 1966). Furthermore, 

systemic T- and B-cell deficiencies in these animals are thought to result from the lack of 

exposure of the naïve immune cells to microbial products generally found in animals with 

normal intestinal microbiota (Falk, Hooper, Midtvedt, & Gordon, 1998; Mazmanian, Liu, 

Tzianabos, & Kasper, 2005; Szeri, Anderlik, Banos, & Radnai, 1976).

Other studies have shown that seemingly abrupt and chaotic shifts in the gut microbiota 

correspond to changes in the host’s environment, diet and genetic predisposition. Dysbiosis 

of the gut microbiome has been implicated in numerous disorders, ranging from intestinal 

diseases, such as colorectal cancer and inflammatory bowel disease (IBD), to more systemic 

diseases such as diabetes, metabolic syndrome and atopy (Walker & Lawley, 2013). The gut 

microbiome also influences various Type-2 Diabetes (T2D)-related complications (Fig. 2), 

including diabetic retinopathy, kidney toxicity, atherosclerosis, hypertension, diabetic foot 

Ghaisas et al. Page 3

Pharmacol Ther. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ulcers, and cystic fibrosis (Zhang & Zhang, 2013). Recent research has also linked microbial 

dysbiosis to neurological disorders, such as Parkinson’s and Alzheimer’s diseases, multiple 

sclerosis and autism. The CNS connects with the gut via sympathetic and parasympathetic 

nerves. However, the importance of these connections had not been studied in depth until 

the past decade. Villaran and co-workers reported that peripheral inflammation in the form 

of dextran sodium sulfate (DSS)-induced colitis can aggravate LPS-induced 

neuroinflammation and neurodegeneration (Villaran, et al., 2010) as shown by increased 

mRNA transcripts of TNFα, iNOS and IL-6 in the midbrain. Interestingly, even rats with 

colitis alone (no midbrain injection of LPS) showed increased mRNA transcripts of TNFα, 

iNOS and IL-6 in the midbrain. Other studies have also shown that recurring systemic 

infections can increase the probability of developing multiple sclerosis, Alzheimer’s or 

Parkinson’s disease (Serres, et al., 2009; Tilvis, et al., 2004). A concise summary of the 

changes seen in the gut and CNS in various diseases is shown in Figure 3.

3.2 Systemic Diseases and Gut Microbiome Dysbiosis

Multi-disciplinary studies incorporating advances in next generation sequencing (NGS), 

have revealed that various systemic diseases, such as arthritis, atherosclerosis, IBD, as well 

as diabetes and obesity, show significant changes not only in the composition of the resident 

gut microbiota but also in the host’s gut homeostasis and metabolic processes (Musso, 

Gambino, & Cassader, 2011; Scher, et al., 2015; Vieira, et al., 2015; Yamashita, et al., 

2015). In essence, the gut microbiota influence and even facilitate various metabolic 

processes such as regulating xenobiotic metabolism and energy production. As discussed 

later in this review, diet and environment play an important part in maintaining gut bacterial 

populations. Perturbations in this ecosystem can have negative and prolonged effects on host 

physiology. While there are many such systemic disorders that show an inherent gut 

microbiota dysbiosis, we summarize two common and well-studied diseases-ulcerative 

colitis and type-2 diabetes.

3.2.1 Ulcerative colitis—Ulcerative colitis (UC) is a type of IBD characterized by 

chronic inflammation and sores (ulcers) along the lining of the large intestine and rectum. In 

addition, neuroplastic changes in the ENS are observed in UC, including degeneration of 

ganglion cells and nerve hyperplasia (Vasina, et al., 2006). UC results from a combination 

of host genetic risk factors, environment, and alterations in gut microbiome composition. 

Dysbiosis in the gut microbiome of UC patients is characterized by a lower proportion of 

Firmicutes and a higher percentage of Gammaproteobacteria, sulfate-reducing 

Deltaproteobacteria, Actinobacteria and Proteobacteria compared to that of healthy hosts 

(Lepage, et al., 2011; Sokol, Lepage, Seksik, Dore, & Marteau, 2007; Sokol, et al., 2009). In 

general, Gram-negative bacteria populations tend to increase, while those of Gram-positive 

bacteria tend to decrease. Increases in Gram-negative bacteria like E.coli may lead to 

increased Lipopolysaccharide (LPS) translocation in the gut and consequently to a chronic 

state of low-grade inflammation as seen in UC. In addition to changes in the composition of 

the gut microbiome in IBD patients, gene expression for amino acid metabolism and 

biosynthesis are greatly downregulated while the expression of lysine, histidine, and 

arginine transport genes is upregulated. Expression in UC patients of transport and 

metabolism genes for the antioxidant glutathione (a tripeptide synthesized by bacterial 
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species) also increases, thus possibly revealing the mechanism by which the gut microbiome 

responds to inflammatory oxidative stress (Gardiner, et al., 1993; Morgan, et al., 2012). 

Besides UC, gut microbiome dysbiosis also occurs in other forms of IBD where it causes 

vast changes in gut microbiome metabolic function and microbiotic reaction to the 

inflammatory response. Neither the extent to which dysbiosis alters GI microbiome function 

nor the specific consequences of such changes in gut microbiome composition are fully 

understood, and both require further metabolic and genetic study.

3.2.2 Diabetes—T2D is a chronic metabolic disorder wherein the body either does not 

produce enough insulin or cannot effectively metabolize glucose despite insulin production. 

Assessing the gut microbiome of healthy and T2D-diagnosed individuals showed that 

Betaproteobacteria were present in higher proportions in T2D individuals (Larsen, et al., 

2010). This difference correlated more with increased glucose plasma levels than with body 

mass indices (BMI), suggesting that this species might be involved in glucose metabolism 

(Larsen, et al., 2010).

Although research linking PD to diabetes is still in its infancy, preliminary studies suggest 

that individuals with T2D have a higher incidence of PD than do non-T2D individuals (Hu, 

Jousilahti, Bidel, Antikainen, & Tuomilehto, 2007; Schernhammer, Hansen, Rugbjerg, 

Wermuth, & Ritz, 2011; Sun, et al., 2012). During a 9-year study, diabetic patients in 

Taiwan had a significantly increased risk of developing PD in both sexes and most age 

groups. Although the mechanistic link between T2D and PD is not known, chronic 

inflammation and oxidative stress are also linked in the risk of PD. Furthermore, insulin 

plays a role in regulating central dopaminergic signaling, and thus insulin dysregulation in 

T2D patients may contribute to nigrostriatal dopaminergic dysfunction. Peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) is an important gene 

involved in mitochondrial biogenesis, regulating energy homeostasis relative to 

environmental stimuli (Knusel, Michel, Schwaber, & Hefti, 1990; Puigserver & Spiegelman, 

2003; Z. Wu, et al., 1999). PGC-1α and its downstream targets are downregulated in both 

PD and T2D patients (Mootha, et al., 2003; Zheng, et al., 2010). Recently, it has been found 

that the zinc finger protein Parkin Interacting Substrate (PARIS) binds to the insulin 

response sequences in the PGC-1α promoter. This interaction represses the expression of 

PGC-1α and Nuclear Respiratory Factor-1 (NRF-1) genes in dopaminergic neurons leading 

to their loss (J. H. Shin, et al., 2011). Thus, both T2D and PD share common 

pathophysiological mechanisms including oxidative stress, inflammation and mitochondrial 

dysfunction.

Since individuals with T2D run an increased risk of developing PD, we need to better 

understand the effect of anti-diabetic drugs on PD. A patient’s risk of developing PD 

increases 2.2 fold when diagnosed with T2D, but that risk is lowered to only 1.3 fold with 

oral anti-hyperglycemic agent (OAA) therapy, suggesting that OAAs could also protect 

against neurodegenerative diseases like Parkinson’s (Wahlqvist, et al., 2012). Metformin is 

an oral anti-hyperglycemic agent prescribed to treat T2D and metabolic syndrome (Knowler, 

et al., 2002). It is a well-tolerated drug that has been extensively used for decades, and thus, 

testing the drug’s efficacy against neurodegenerative diseases seems promising. 

Metformin’s mechanism of action was originally reported to involve activating AMPK 
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through inhibition of mitochondrial respiration (El-Mir, et al., 2000; Owen, Doran, & 

Halestrap, 2000). However, recent evidence indicates that the metformin induced AMPK 

activation occurs independent of mitochondrial respiration (Bergheim, et al., 2006). We 

found that metformin does not inhibit mitochondrial respiration in neuronal cells at 

therapeutic concentrations. Recent evidence suggests that altering the gut microbiome to 

favor Akkermansia muciniphila, a newly discovered mucin-degrading bacterium, in mice fed 

a high-fat diet (HFD) may contribute to the anti-diabetic effects of metformin (N. R. Shin, et 

al., 2014). Treatment with A. muciniphila can reverse HFD-induced metabolic disorders 

such as adipose tissue inflammation, weight gain, and insulin resistance (Everard, et al., 

2013). Metformin also affects host levels of methionine and folate, two nutrients essential to 

human health yet not produced de novo, but instead are synthesized by certain gut microbes. 

Folates are B-vitamins involved in the biosynthesis of purines and pyrimidines as well as the 

biotransformation of amino acids within the host. Interestingly, deficiencies in B-12 

vitamins, and folate specifically, have been implicated in Alzheimer’s disease patients 

(Lahiri & Maloney, 2010). Methionine is a sulfur-containing amino acid that occurs in 

proteins with proposed antioxidant activity (Levine, Mosoni, Berlett, & Stadtman, 1996). 

Folate and methionine are just two examples of possible gut byproducts that influence 

bacterial and host metabolism and the development of CNS disease.

3.3 Central Nervous System Disorders and Gut Microbes

Although not well understood, the gut microbiome could have a significant influence on 

behavior and psychosis. Adult mice that had been separated as neonates from their mother 

for a protracted time showed elevated levels of basal and stress-evoked adrenocorticotropic 

hormone (ACTH) and corticotropic releasing hormone (CRH). This response was inversely 

related to the age of the mice at the time of maternal separation (Schmidt, Oitzl, Levine, & 

de Kloet, 2002), thus development of the HPA axis may have a maturation window 

influenced and regulated to some extent by the gut microbial composition. Sudo and 

colleagues showed that germ-free (GF) BALB/c mice had significantly higher levels of 

plasma corticosterone and ACTH compared to specific pathogen-free (SPF) mice in 

response to restraint stress (Sudo, et al., 2004). This response was tempered by the presence 

of Bifidobacterium infantis, which is known to be present in the neonate gut. In a highly 

intuitive experiment, they showed that gnotobiotic BALB/c mice colonized with 

enteropathogenic Escherichia coli (EPEC) developed an exaggerated response to stress, 

much higher than what the GF mice had shown. However, another set of mice colonized 

with the mutant EPEC strain ΔTir, did not display a heightened HPA response to stress. ΔTir 

bacteria lack the intimin receptor, thus preventing microbial adherence and internalization in 

the intestinal tissue. This study showed that early colonization by intestinal bacteria 

regulates the development of the HPA axis. Colonization with commensal bacteria that are 

known to produce pro-health micronutrients is essential because neurodevelopment is 

impaired if pathogenic bacteria colonize the gastrointestinal tract.

3.3.1 Neurodevelopmental disorders

Autism spectrum disorder (ASD): Human studies have shown that gut problems in early 

childhood might contribute to autism development. Various disorders, such as Attention 

Deficit Hyperactive Disorder (ADHD) and Autism Spectrum Disorder (ASD) share 
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behavioral abnormalities in sociability, communication, and/or compulsive activity (Hsiao, 

et al., 2013). An abnormal HPA response and altered microbial and metabolic profiles have 

been implicated in these disorders (Kaneko, Hoshino, Hashimoto, Okano, & Kumashiro, 

1993; King, Barkley, & Barrett, 1998; Ming, Stein, Barnes, Rhodes, & Guo, 2012). Ming 

and colleagues showed altered amino acid metabolism and increased oxidative stress in 

ASD children relative to age-matched controls (Ming, Stein et al. 2012). A sub-group of 

ASD children with a history of gastrointestinal perturbations had an altered microbial profile 

compared to controls. The ASD group showed decreased levels of both 5-amino-valerate, 

which is thought to act as a weak GABA agonist, and 3-(3-hydroxyphenyl) propionic acid, 

an antioxidant.

ASD children usually have a higher abundance of Proteobacteria and Bacteroidetes and a 

lower abundance of the Firmicutes and bifidobacteria when compared to healthy controls 

(Finegold, et al., 2010; Finegold, Downes, & Summanen, 2012; Mezzelani, et al., 2014). 

Interestingly, of the many classes of bacteria that constitute the Firmicutes, one class in 

particular, the Clostridia, is shown to be present in higher numbers in autistic children with a 

history of GI problems (Song, Liu, & Finegold, 2004). Similarly, despite the overall 

abundance of Bacteroidetes in autistic subjects, lower counts of Prevotella are seen. Thus 

along with quantifying the relative increase or decrease in the populations of certain phyla, it 

is necessary to determine the populations of specific gut symbionts in order to understand 

the significance of certain physiological changes in the gut and/or the brain. One of the 

reasons why Clostridia are implicated in ASD is because autistic children subjected to oral 

Vancomycin treatment showed a regression of the characteristic symptoms of this disorder. 

Vancomycin is not absorbed in the intestine but can readily kill Gram-positive bacteria such 

as Clostridia. However, when the treatment was discontinued, the patients reverted back to 

their autistic behavior (Finegold, 2008). It is thought that clostridial spores, which are 

temperature-, pH- and antibiotic-resistant, also sporulate, further multiplying the mucosal 

populations of endotoxin-producing bacteria. Indeed, according to one current theory, the 

“leaky gut” syndrome, high counts of pathogenic bacteria in the gut impair the intestinal 

barrier by producing neuro- and endotoxins, which then expose the mucosa and sub-mucosa 

to bacteria. The bacterial invasion of this previously aseptic environment causes immune 

cell activation and infiltration as well as up-regulation of pro-inflammatory cytokines such 

as TNFα and Il-1β. This inflammatory response further increases barrier permeability 

thereby perpetuating an inflammatory cycle. Sandler et al. (2000) hypothesized that in a 

subgroup of children, disruption of indigenous gut microbiota might promote colonization 

by one or more neurotoxin-producing bacteria, contributing, at least in part, to eliciting 

autistic signs. These same investigators found that with broad-spectrum antimicrobial 

exposure followed by chronic persistent diarrhea, previously acquired skills deteriorated and 

autistic features emerged (Sandler, et al., 2000). In a recent study of offspring exposed to 

maternal immune activation (MIA), Hsaio et al. revealed that oral treatment with 

Bacteroides fragillis corrects gut permeability, alters microbial composition, and ameliorates 

defects in communicative, stereotypic, anxiety-like and sensorimotor behaviors mainly by 

altering the HPA axis response to stress. This experiment supports a microbiome-gut-brain 

connection in a mouse model of ASD and identifies a potential probiotic therapy for GI 
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disorders and particular behavioral symptoms in human neurodevelopmental disorders 

(Hsiao, et al., 2013).

Besides ASD, there has been considerable interest in understanding the role the gut 

microbiota plays in the development of ADHD and schizophrenia. In one study, infants were 

given either Lactobacillus rhamnosus GG or placebo during the first 6 months of life and 

gut microbiota was assessed over a period of 13 years. The study found a correlation 

between lower counts of Bifidobacterium species and development of ADHD or Asperger’s 

Syndrome (Partty, Kalliomaki, Wacklin, Salminen, & Isolauri, 2015).

3.3.2 Neurodegenerative Disorders

Parkinson’s disease: The role of the gut microbiome in the pathogenesis of chronic 

neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases is beginning to 

emerge. In PD, GI dysregulation is often seen several years before the disease is even 

detected. Braak and colleagues hypothesized that the disease begins in the gut and spreads 

from gut to brain via the gut-brain axis, i.e., vagus nerve and spinal cord. Indeed, the 

parasympathetic fibers of the vagus nerve that innervate the intestine among other regions 

arise from the dorsal motor nucleus (DMVX). Lewy bodies (aggregated proteins, mainly 

alpha-synuclein and ubiquitin), which are the hallmark of PD, were found in the ENS in 

post-mortem cases of early PD (Braak, de Vos, Bohl, & Del Tredici, 2006). The presence of 

these protein aggregates correlated with the increasing stages of PD and was subsequently 

found in the spinal cord, DMVX, prefrontal cortex and finally the mid-brain region of 

postmortem PD subjects. A recent study demonstrated that alpha-synuclein injected in the 

gut wall of rats migrated to the brain stem via the vagus nerve at a rate estimated to be 5–10 

mm/day (Holmqvist, et al., 2014). The idea that PD patients have a low-grade inflammation 

of the gut has been around for some time. Indeed, increased mRNA expression of pro-

inflammatory cytokines has been observed in colonic biopsies of PD patients compared to 

control subjects (Devos, et al., 2013). This chronic low-grade inflammation might be the 

trigger that leads to blood brain barrier leakiness, immune cell activation and infiltration and 

ultimately neuro-inflammation in the CNS.

Investigators are developing considerable interest in understanding the role of the gut 

microbiota in the context of PD. In one study, fecal microbiota collected from 72 PD 

subjects and age-matched controls showed higher counts of Enterobacteriaceae and reduced 

Prevotellaceae in PD patients. Prevotella is known to break down complex carbohydrates, 

providing short chain fatty acids (SCFA’s) as well as thiamine and folate as byproducts that 

promote a healthy intestinal environment. Decreased Prevotella numbers are likely to result 

in reduced production of these important micronutrients. Unless compensated by dietary 

changes to supply these nutrients exogenously, decreased thiamine and folate might result in 

reduced production of essential vitamins and impaired secretions of gut hormones 

(Scheperjans, et al., 2015). However, the study did not evaluate whether or not the patients 

had a history of GI disturbances or significant inflammation. Nevertheless, taken together, 

these results suggest that changes in the gut microbiome could have a direct effect on the 

CNS via the gut-brain axis with chronic mild systemic inflammation possibly driving the 

pathogenesis. Cyanobacteria present in small numbers in the GI tract are thought to produce 
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β-N-methylamino-L-alanine (BMAA), which is elevated in the brains of AD, PD and 

amyotrophic lateral sclerosis (ALS) patients. BMAA is an excitotoxin that activates 

metabotropic glutamate receptor 5, thereby inducing depletion of the major antioxidant 

glutathione. As a result, neurons and glial cells are unable to effectively control ROS and 

RNS production in the brain. The BMAA protein is also implicated in aiding protein 

misfolding and aggregation typically seen in AD, PD and ALS (Brenner, 2013). However, 

whether patients showing elevated levels of BMAA in their brain also show increased 

cyanobacteria populations in the gut is not clear and needs further study.

A majority of the clinically diagnosed PD cases are of the sporadic form, which is likely 

caused by a complex interplay of genetic and environmental factors. During the last few 

years, a number of epidemiological and clinical studies have suggested potential 

environmental risk factors for PD, including environmental exposure to certain pesticides 

and fungicides such as paraquat, rotenone and maneb, and some surrogate factors such as 

living in rural areas, drinking well water and farming. In addition, exposure to heavy metals 

such as iron, lead, mercury, cadmium, arsenic and manganese, as well as to metal-based 

nanoparticles, has also been shown to increase the risk of PD through the accumulation of 

metals in the mid brain and increased oxidative stress-mediated apoptosis (Aboud, et al., 

2014; Afeseh Ngwa, et al., 2009; Afeseh Ngwa, et al., 2011; Harischandra, Jin, Anantharam, 

Kanthasamy, & Kanthasamy, 2015; Kanthasamy, et al., 2012; Milatovic, Zaja-Milatovic, 

Gupta, Yu, & Aschner, 2009). Currently, the effect of environmental factors on the host gut 

microbiome is completely unknown.

Manganese is an essential trace element vital for normal bone development, fat and 

carbohydrate metabolism, blood sugar regulation, and the biological functions of a number 

of enzymes (Aschner & Aschner, 2005; Bowman, Kwakye, Herrero Hernandez, & Aschner, 

2011). However, excessive manganese is considered a neurotoxic pollutant in the 

environment and recently gained importance as a putative risk factor for environmentally-

linked PD. Chronic exposure to occupational or environmental sources of manganese can 

cause a neurodegenerative disorder known as Manganism, characterized by severe 

neurological deficits that often resemble the involuntary extrapyramidal symptoms 

associated with PD. Manganism most frequently occurs from occupational manganese 

exposure during mining, welding metals, and dry battery manufacturing. Other manganese-

containing products presenting a public exposure risk include fertilizers, varnish, fungicides, 

gasoline additives and livestock feeding supplements. The growing evidence indicates that 

manganese primarily causes damage to the basal ganglia in humans, where it affects 

dopamine release and causes GABA dysregulation (Brouillet, Shinobu, McGarvey, 

Hochberg, & Beal, 1993; Erikson & Aschner, 2003; Fitsanakis, Au, Erikson, & Aschner, 

2006; Roth, Li, Sridhar, & Khoshbouei, 2013). Yet, despite its prevalence and potential risk 

to human health, the mechanisms by which manganese exerts its toxic effects on the gut and 

gut microbiome have yet to be elucidated.

Preliminary experiments were conducted in our laboratory to assess the impact of 

manganese in altering gut physiology by exposing mice to 15 mg/kg/day MnCl2 for 30 days 

via oral gavage. Manganese-exposed mice displayed increased whole gut transit time and an 

altered fecal metabolic profile. GC-MS studies carried out in stool samples showed that 
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manganese exposure decreases butyrate production as well as α-tocopherol, which is 

involved in Vitamin-E synthesis, whereas it increases compounds such as cholic acid, which 

is known to saturate bile salts leading to the development of gall stones (Table 1). Thus, our 

results provide initial evidence that metal toxicity can influence gut motility and key gut 

microbial metabolites. Thus, it is likely that exposure to environmental toxins can influence 

the gut microbiome profile with potentially unfavorable physiological effects.

4. Factors Influencing Microbiome-Gut-Brain regulation

4.1 Environment

A recently described epigenetic model of disease development, called the LEARn model 

(Latent Early-Life Associated Regulation), predicts that early-life exposures to nutritional 

imbalances, metals, maternal care variations, or other environmental stressors can lead to 

modified expression of disorder-associated genes over the course of an individual’s lifespan 

(Lahiri & Maloney, 2010). An early environmental influence is the maternal environment. 

The gut microbiota of mouse littermates are more similar than are those of pups born to 

different mothers despite being reared in adjacent boxes in the same animal room (Benson, 

et al., 2010). Bacteria present in the mother’s vaginal tract and on her skin serve as the first 

bacteria to colonize the neonate gut. Later, microbes present in the colostrum form a part of 

the gut microbiome, thus increasing the complexity of this environment. Our locality also 

plays an important role in determining individual gut microbiota profiles One study noted 

that ASD patients showed a gut microbiota profile similar to their healthy siblings, while 

unrelated healthy controls had significantly different profiles (Parracho, Bingham, Gibson, 

& McCartney, 2005).. Besides locality, additional environmental factors affecting the gut 

microbiome include ethnicity and culture (Annalisa, et al., 2014; De Filippo, et al., 2010; 

Holmes, Wilson, & Nicholson, 2008).

4.2 Diet, Microbes and Health

The relative abundance of gut microbiome is dependent upon the energy source available to 

them and their ability to utilize this source. In one study, switching from a low-fat, plant 

polysaccharide-rich diet to a high-fat, high-sugar diet shifted the community structure of the 

microbiome within a single day, changed the representation of metabolic pathways in the 

microbiome, and altered microbiome gene expression (Turnbaugh, et al., 2009). Firmicutes, 

especially Lactobacillaceae, Veillonellaceae, and Lachnospiraceae, were seen in greater 

proportions in obese individuals. Conversely, a high-fiber, low-fat diet decreased the 

population of Firmicutes (Parnell & Reimer, 2012).

While individual variations are seen, in general, diets high in animal fat and protein are 

associated with an abundance of Bacteroides, high-fiber diets with Prevotella, while plant-

based diets are predominated by both Bacteroides and the Firmicutes (David, et al., 2014; G. 

D. Wu, et al., 2011). Furthermore, the gut microbiome composition is more complex in a 

host whose diet is primarily plant-based as opposed to animal-based (G. D. Wu, et al., 

2011). Also, bacteria that can degrade complex carbohydrates are present in high-fiber diets 

in higher numbers, while bacteria that primarily break down proteins predominate in animal-

based diets. However, the fact must be reiterated that while different studies state the overall 
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change in bacterial phyla, it is important to understand which species show population 

changes. This is also necessary to know since commensal as well as pathogenic bacteria are 

present in each phylum. Summaries of the factors that potentially affect the host-gut 

microbiome relationship are shown in figure 4.

Changing one’s diet towards complex carbohydrates such as less processed whole grain 

foods, fermented vegetables, and prebiotic-containing foods has been shown to induce 

weight loss, to reduce blood pressure, cholesterol and heart rate, and to decrease toxin-

producing bacteria while increasing beneficial bacteria in the gut (Hvistendahl, 2012). 

Prebiotics are not digested by the host, but metabolized by the gut bacteria, thereby favoring 

specific changes in the activity and composition of the gut microbiome that benefit host 

health and wellness (Gibson, Probert, Loo, Rastall, & Roberfroid, 2004). Preliminary 

research suggests that the risk of developing cardiovascular disease, T2D, obesity, and 

osteoporosis is reduced with the addition of a prebiotic to the host’s diet (Roberfroid, 2000). 

One of the first prebiotics an infant receives is oligosaccharides present in the mother’s milk 

(Partty, et al., 2015). Unlike the sugars found in infant formula, the oligosaccharides present 

in breast milk are only partially digested in the small intestine and so reach the colon where 

they provide an energy source for the development of bifidobacteria. A probiotic, on the 

other hand, is a microbe (bacterial or yeast) that is administered to the host to confer health 

benefits (Maslowski & Mackay, 2011). They are found in our food (yogurt, fermented 

vegetables) and have been implicated in alleviating lactose intolerance and boosting immune 

function. Common probiotics include Propionibacterium, lactic acid bacteria (LAB), 

bifidobacteria, and certain yeasts to name a few. Numerous studies have investigated the 

effects of probiotics on behavior and intestinal health (Bravo, et al., 2011; D’Mello, et al., 

2015; Ostan, et al., 2015; Savignac, Kiely, Dinan, & Cryan, 2014).

5. Biomarkers of interest

As mentioned before, gut microbiota produce various metabolites, some of which are 

involved in the host’s metabolic processes while others help maintain a healthy gut 

environment. Although the gut residence times of these metabolites differ, they can be 

detected in the host’s blood, urine, feces, or breath. Thus a useful and non-invasive way of 

diagnosing bacterial dysbiosis is by profiling biofluids for such compounds using 

metagenomics technology. For example, using 1H NMR spectroscopy and targeted analysis, 

Schicho and colleagues were able to identify a number of urine, serum and plasma 

metabolites found in higher numbers in colitis patients verses healthy controls (Schicho, et 

al., 2012). Another method employed to detect gut bacterial dysbiosis is by using selected 

ion flow tube mass spectrometry [SIFT-MS] to measure volatile compounds in the breath, 

stool or urine of patients. Volatile organic compounds (VOC), such as ethane, methane, 

pentane, dimethyl sulfide, ammonia, dimethylamine, trimethylamine, are produced in part 

by bacteria. These can be measured in biofluids like urine, and saliva or breath and stool. 

Changes in the levels of these compounds could serve as a potential diagnostic tool. For 

example, elevated levels of pentane and ethane are found in individuals diagnosed with 

asthma and chronic obstructive pulmonary disorder (Van Berkel, et al., 2010).
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SCFAs are one of the most important gut microbial products. They affect a range of host 

processes, including energy utilization, host-microbe signaling, and colonic pH, with 

consequent effects on gut microbiome composition, gut motility, and epithelial cell 

proliferation (Musso, et al., 2011). Butyrate, a common gut microbiome byproduct, and 

propionate can inhibit histone deacetylase (HDAC) enzymes and alter the expression of 

specific genes via conformational changes in the active site of HDAC leading to its 

inactivation (Aoyama, Kotani, & Usami, 2010; Dashwood, Myzak, & Ho, 2006). Microbe-

derived butyrate can trigger cell cycle arrest and apoptosis in rapidly dividing colonocytes, 

and thus has proven effective at preventing colon cancer (Rooks & Garrett, 2011; 

Shenderov, 2012; Waby, et al., 2010). In vitro studies have shown that butyrate amplifies the 

antioxidant properties of glutathione-S-transferase (Ebert, et al., 2003). Fecalibacterium 

prausnitzii, Roseburia intestinalis, Eubacteria hallii, E.coli and Butyricicoccus 

pullicaecorum are some of the bacteria that produce butyrate in the gut. During ulcerative 

colitis, the populations of these bacteria decline (Kumari, Ahuja, & Paul, 2013). Although 

gut microbial dysbiosis in T2D patients is moderate compared to the dramatic dysbiosis 

reported in obese patients, a study done by Qin et al. revealed that T2D patients exhibit 

fewer butyrate-producing bacteria and more opportunistic pathogens. They also reported an 

enrichment of microbial functions conferring sulphate reduction and increased oxidative 

stress, which are indicative of pathogenicity (Qin, et al., 2012). This promotes the idea that 

butyrate-producing bacteria protect the host against various diseases. Given that other 

intestinal diseases show a loss of butyrate-producing bacteria with a commensurate increase 

in opportunistic pathogens, it is worth considering butyrate as a potential biomarker for 

intestinal health.

Regarding the gut microbiome’s influence on neurotransmitters, a recent study has shown 

that patients diagnosed with depression have increased volatile fatty acids such as isovaleric 

acid in their stool (Szczesniak, Hestad, Hanssen, & Rudi, 2015). Isovaleric acid can cross 

the blood-brain barrier (BBB) and affect neurotransmitter release in the CNS, thus possibly 

worsening this disorder. This has diagnostic importance since a patient’s stool can be 

screened for increased volatile fatty acids. Factor-S, a sleep promoting substance, 

accumulates in the brain and fluids of sleep-deprived individuals. It is in fact derived from 

the bacterial cell wall and thus released by gut bacteria (Collins & Bercik, 2009) and it 

provides yet another example of how bacterial products can influence brain activity and 

function. Rats given a strict antibiotic regimen exhibited greatly reduced slow-wave sleep 

and increased sleep onset latency (Brown, Price, King, & Husband, 1990).

6. Current model systems

Currently, 16s rRNA gene sequence analysis or shotgun sequencing for identifying bacteria 

is widely used. By applying these techniques, changes in the gut microbiome composition, 

from phyla to species level, can be ascertained. To analyze the gut microbial content in T2D 

patients, Qin et al. developed a novel metagenome-wide association study (MGWAS) (Qin, 

et al., 2012). Using deep shotgun sequencing of the gut microbiome of 345 Chinese 

individuals, they identified roughly 60,000 T2D markers, thus allowing them to establish a 

linkage group for bacterial species-level analysis. Larsen et al. examined fecal content to 

characterize the composition of the colonic microbiome in adults with T2D using qPCR and 
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tag-encoded amplicon pyrosequencing of the V4 region of the 16s rRNA gene (Larsen, et 

al., 2010). This hyper-variable V4 region is a bacterial gene segment used for distinguishing 

different bacteria, in this case phyla: Bacteroidetes, Firmicutes, Actinobacteria, 

Verrucomicrobia, and Proteobacteria. This study involved 36 males of varying BMIs, half 

with T2D and half serving as non-diabetic controls. Compared to controls, the diabetic 

group had elevated concentrations of plasma glucose and significantly reduced proportions 

of the phylum Firmicutes and class Clostridia.

One of the main obstacles in this area is the lack of an animal model system that 

successfully replicates a healthy or a diseased individual’s gut microbiome. Since rodent 

diets differ substantially from the diet of humans, making comparisons between human and 

mouse gut microbiota studies inherently problematic (Flint, 2011; Ravussin, et al., 2012). 

While studies have been done using conventional mice as the model organism, in some 

cases, the alterations seen in the intestinal bacterial population in mice are not validated by 

human data. For example, bacteria like Prevotella and Ruminococcus are dominant in the 

human gut but are under-represented in the mouse gut. Also, due to limited sequencing 

depth, many smaller microbial populations in both humans and mice may not be detected 

(Nguyen, Vieira-Silva, Liston, & Raes, 2015). However, while species differences exist 

between humans and rodents, the overall dominant families are more or less represented 

similarly between the two. Hence studies involving mouse models of different diseases/

disorders can be used to understand certain changes in human gut microbiome structure. 

However, these findings must be validated with human gut microbiome sequencing studies. 

An integrative approach, involving detailed epidemiological surveys (e.g., lifestyle, diet, 

health history), high-throughput sequencing as well as the use of advanced analytical tools, 

is needed to better understand the gut microbiome and its role in various biological systems 

in the body. Furthermore, another approach to bridging the translational gap posed by rodent 

model systems is by making “humanized mice” by adding specific bacterial strains common 

to the human GIT into germ-free mice (Martin, et al., 2008; Turnbaugh, et al., 2006; 

Turnbaugh, et al., 2009).

7. Conclusions and Future directions

Understanding the complex transgenomic metabolic interactions within the gut microbiome 

perhaps poses the ultimate challenge in deciphering and learning how to optimize our gut 

microbiome to promote health and longevity. Understanding the gut microbiome has the 

potential to revolutionize the way human and animal diseases are treated. Novel antibiotics, 

prebiotics, probiotics, and even microbiome transplants could replace expensive surgeries or 

drug treatments. Actively managing the gut microbiome holds considerable potential in the 

realm of preventive medicine as well as the treatment of acquired diseases. The most 

difficult undertaking will be dissecting the complex metabolic, environmental, and genomic 

interactions between the host and its gut microbiome. Some of the pertinent areas to be 

studied are as follows:

1. The dynamics and impact of maternal gut microbiome transfer and the influence of 

infant nutrition on development of the gut microbiome in early childhood.
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2. The influence of host genome variations and the fetal environment on the future gut 

microbiome and the influence of fetal development on the HMMA.

3. The effects of antibiotic use on the gut microbiome in utero, during childhood, and 

in the elderly population.

4. The influence of the gut microbiome on metabolism, pharmacokinetics, and the 

biotransformation of drugs and toxicants.

5. The effect of drugs and toxicants on gut microbiome population and gut 

metabolites.

6. The influence of the gut microbiome and the gut-brain axis on repair and 

remodeling in the CNS as well as on the development and progression of 

neurodegenerative diseases.

7. Developing a cost-effective technique to map an individual’s complete gut 

microbiome at any point in time to better help physicians create a therapeutic 

regimen.

Along with advances in metabolomics and metagenomics, a greater understanding of the 

potential health benefits of our gut microbiome is within reach. Considering the complex 

and dynamic nature of the microbial population and its effect on the individual, 

collaboration in the fields of microbiology, neurobiology, biochemistry, immunology, 

gastroenterology, genetics, epidemiology, pharmacology, and toxicology is warranted to 

gain a better understanding of this important host-bacteria relationship.
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Figure 1. 
Schematic representation of potentially harmful and potentially beneficial bacteria present in 

the gut microbiome. Pro-biotic bacteria such as Lactobacillus and Bifidobacteria modulate 

the gut environment by releasing bioactive compounds that enhance enteric epithelial barrier 

function as well as by competitively binding to the epithelium thus outcompeting pathogenic 

bacteria. Eubacterium rectale and Fusobacterium produce fatty acids such as acetic acid, 

propionate and butyrate that are important as an energy source for intestinal epithelial cells 

as well as for modulating mucosal immune responses. In contrast, higher counts of bacteria 

such as Staphylococcus and Pseudomonas are seen in various metabolic disorders such as 

diabetes and obesity. Clostridum tetani spores are resistant to the acidic environment of the 

stomach and to regular antibiotic treatments. Production of the tetanus toxin by these 

bacteria is thought to contribute to the “leaky gut syndrome” prevalent in autistic children. 

E.coli is a common commensal of the gut microbiome. However, certain serotypes are 

pathogenic and are known to cause gastroenteritis and urinary tract infections.
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Figure 2. 
Bacterial species relevant to research on Autism, Parkinson’s disease, Alzheimer’s disorder, 

and Type-2 Diabetes. Clostridia are prevalent in many diseases and notably, presence of C. 

tetani in the gut microbiome of autistic children may contribute the “leaky gut” syndrome 

seen in these children. Lower counts of probiotic bacteria like Lactobacillus are also seen in 

many disorders. Understanding the differences in bacterial species seen in healthy and 

diseased states is crucial to understanding their importance to host health.
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Figure 3. 
The Gut-Brain axis: Bidirectional signaling between the gastrointestinal tract (GIT) and 

central nervous system (CNS) occurs through spinal afferents and the vagus nerve. This 

mode of communication is thought to occur through peptides such as Neuropeptide Y 

(NpY), Cholecystokinin (CcK), ghrelin, leptin as well as by neurotransmitters like dopamine 

(DA), serotonin (5-HT), GABA, acetylcholine (Ach) and glutamate. Human and animal 

studies of various diseases demonstrate that these two systems are not exclusive of one 

another but do in fact show some parallels in terms of expression of pro-inflammatory 

cytokines and altered physiological functions.
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Figure 4. 
Factors affecting gut microbiota composition: The host-microbiota interaction is a complex 

and dynamic symbiosis. While diet and environment are well known factors affecting the 

populations of different phyla in the gut, some reports suggest that the host’s genetic 

composition might pre-dispose the continued growth of certain microbiota. The microbiome 

population can also be modulated by the presence of neurotransmitters and metabolites 

secreted by the host.
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Table 1

The fecal metabolic profile was altered by manganese treatment from day 10 until the completion of the study. 

The table above shows some key compounds that were different between treatment and control groups. 

Notably, decreased vitamin E and increased production of cholic acid were seen in manganese-exposed mice 

compared to healthy age-matched controls.

Compound Manganese-treated mice Physiological relevance

α-tocopherol Decreased levels Antioxidant, requires proper nerve conduction

Cholesterol Decreased levels Structural component of cell membranes and an important pre-cursor for production of steroids, 
bile acids, etc.

Cholestane Decreased levels Reduces number of synaptic vesicles, helps regulate neurotransmitter release

Palmitic acid Higher levels Induces anxiety-like behavior in mice. Can be a mild antioxidant.

Cholic acid Higher levels Downregulates bile acid synthesis increasing the tendency to develop gall stones.
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