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Overview

The Gut and Brain Connectomes 101

The bidirectional communication within the Brain Gut 
Microbiome (BGM) system

Diet and Lifestyle in BGM Interactions

Role of altered BGM system in brain disorders



The Enteric Nervous System –
 The “Second Brain”

The Gut-Based Immune System

The Gut Endocrine System

The 3 Components of the Gut Connectome



The Gut Connectome – The Second Most 
Complex Organ in the Body

G. Ribeiro et al, 2022

• 70% of immune 
system

• Enteric nervous 
system: 150 M 
neurons

• Glial and 
epithelial cells

• Extrinsic 
innervation

• Endocrine system
• Inhabitated by 

100 T microbes

The Healthy Gut:
Coordinated interactions of neurons, immune cells, endocrine cells and 
luminal microbial organisms (”the gut connectome”)



Default mode network

The Brain Connectome 



Alterations in gut brain 
signaling
• Microbioal neuroactive 

metabolites
• Immune mediators

Alterations in brain 
networks:
• Stress react
• Anxiety
• Sensory 
 perception

Stress:
• Chronic stress
• Early adverse life events
• Trauma

Stress- induced 
alterations of gut 
connectome
• Dysbiosis
• Increased gut 

permeability
• Immune 

activation

Bidirectional Communication in the BGM System



Brain Gut Microbiome 101



• There are five nonillion (1 followed by 54 zeros) bacteria in the Earth's 
ecosystem, including the ones found in living beings

• Microbes are the oldest and most abundant lifeform on the planet (>4 B years)
• Microbes are the second biggest biomass on earth (70 G tons, 15% of global) 

only surpassed by plants
• Microbes make up 70% of marine biomass

The Microbiome Revolution



• Highest density of microbes in the human colon
• 100 trillion microorganisms (bacteria, archae, fungi), 40% of number of human 

cells; 10x > than neurons in the brain
• Holobiont – Human organism and microbial species have lived in symbiosis for 

a million years
• Mutually beneficial interactions between host and gut microbiome influence 

human physiology, metabolism, nutrition and immune function

The Human Gut Microbiome



The Brain Talks to the Gut



Psychosocial 
Stress

Anxiety, fear
Anger
Sadness

Stress-induced changes of gut microbes and their 
environment:

• GI motility (regional alterations in intestinal transit)
• Intestinal fluid and mucus secretion (biofilm?)
• Gastric/bile acid secretion
• Paneth cell secretion (antimicrobials)
• Enteroendocrine cell function
• Intraintestinal pH
• Immune modulation
• Epithelial and blood brain barrier permeability Rhee et al. NRGH 2009

Stress and Emotion Modulation of Gut Microbial Behavior



Timid
“Introvert”

Outgoing
“Extrovert”

Normal gut 
microbes

Germ-free

Timid
“Introvert”

Transplanted

Cryan & Dinan, Nat reviews 13:701-12, 2012

The Gut Talks to the Brain



Courtesy of R. Knight



Courtesy of R. Knight



Tillisch, Mayer et al, Gastroenterology 2013

Microbes in the Gut Can Talk to the Human Brain 



Presented by Dr. R. Knight at NIH Emerging Themes symposium, August 16-18, 2017

The Human Microbiome – We Are Only Scratching On the Surface



3.5 billion 500 million

1 million

Year
s

Why is there Communication Between the Gut Microbes and the Brain?

Emeran Mayer TEDx 2015

• Oldest and most abundant life form on 
planet
• Developed universal biological language
• Perfected communication with mammalian 

nervous system for 500 million years



Biological Language 2.0: 
The Microbiome Translates Food Components into 

Thousands of Biologically Active Metabolites

Cox et al. Genome Medicine 2022



Host-Derived
Primary Bile Acids
Steroid Hormones

De Novo
Biosynthetic Precursors

Xenobiotics

Diet-Derived
Polysaccharides

Polyphenols
Amino Acids

Microbe-Derived
Cell Wall Components

Diet-related Microbial 
Signals

Short-Chain Fatty Acids

• Simple Phenols
• Estrogens

• Neurotransmitters
• Indoles
• Polyamines
• Phenols

Microorganism-
Associated Modular 

Patterns (MAMS, LPS)

Secondary Bile Acids

Active Hormone
Metabolites

Toxins

Ross et al. Biol Psychiatry 2024



Needham BD et al, Nature Reviews Neurosci, 2020

The Yin and Yang of Gut Microbe to Brain Signaling -
Inflammatory and Antiinflammatory Influences on the Brain
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Example Tryptophan: 
The Microbiome Turns Dietary Tryptophan into 

Brain Modulating Molecules

Dietary 
Tryptophan

Brain Serotonin (5%)
Gut Serotonin (95%)
Kynurenin

Brain Health

Indols



The Microbiome 
Turns Large, Unabsorbable Molecules Into Brain 

Modulating Signals

Brain Serotonin (5%)
Gut Serotonin (95%)
Kynurenin
Indols

Large Molecules• Many 
herbal 
compounds;

• Fiber
• Polyphenols



Early Programming



Clinical
Phenotype

Sex

Wellness vs
Chronic DiseaseGene Expression

Race

SaliencyMotivation 
Drive

Stress

Resilience

The Brain Gut Microbiome Axis is Programmed Throughout Life 
by Interactions between Genes & Environment

Exposome 
(Diet, microbes)

Maternal Child 
Interactions



Early Programming of Gut Microbiome 



Prenatal Programming of Gut Microbiome 

Jasarevic & Bale, Front Neuroendocrinol 2019



Postnatal Programming of Gut Microbiome 

Lyons et al, Nutrients 2020







The Influence of Lifestyle on BGM 
Interactions



Diet
Plant based
Minimally 
processed

Sustainably 
produced

Brain
Psychological 

stress, 
Emotions
Wellness

Sleep

Perturbations of the Gut Microbial Ecosystem Throughout Life

Lifestyle
Physical Exercise

Social connectedness
Hygiene

Mind
Connectedness

Eudaimonia
Compassion

Empathy



What we have learned 
from the Yanomami

Film Expedition to the Yanomami on the Upper 
Orinoco River 1977



Welcome to the Standard American Diet

FiberFiber

The Standard American Diet



Traditional Symbiotic Relationship of Gut Microbiome and 
Gut Connectome

Symbiotic relationship between ancient gut 
microbiome with human GI tract



Rapid Adaptation of Microbiome to Changing Environment

Dramatic changes of 
exposome during 
past 75 years



Slow (10-15,000 
years) adaptation) of 
gut to altered 
microbiome (20,000 
genes)

Immune system 
activation, metabolic 
endotoxemia

Poor Gut Health Can Have Widespread Effects on the Body



Immune system 
activation, metabolic 
endotoxemia; 
disease in vulnerable 
individuals

Poor Gut Health Can Have Widespread Effects on the Body

Mismatch



Healthy Diet
• Complex carbohydrates
• High fiber
á Fiber degradation
á Gut microbiome diversity
á Abundance of mucus-

stimulating 
microorganisms

á Prevotella abundance

á Mucus thickness

Intact gut barrier

Healthy Gut “Leaky” Gut
Chronic Stress
Western diet
• Refined carbohydrates, 

sugar
• High fat
• Low fiber
â Fiber degradation
â Gut microbiome diversity
â Abundance of mucus-

stimulating microorganisms
â Prevotella abundance

â Mucus thickness

â Gut barrier

NAFLD Cognitive decline (AD)Colon cancer Parkinson’s Disease

Increased genetic risk

Mayer, Osadchyi, Gupta, Nature Rev Gastro Hepatol 2020

Depression

• Metabolic endotoxemia

Metabolic syndrome



Depression

Parkinson’s 
Disease

Alzheimer’s
Disease

Autism
Spectrum
Disorder

Obesity

Gut Health

Colon
Cancer

Cardiovascular
Disease

Nonalcoholic
Fatty Liver

Disease

Metabolic
Syndrome

The Mind Gut Immune Connection, 2021

Gut Health is at the Center of the Chronic Non-
Communicable Disease Network



Diet and BGM Interactions



The Healthy Diet Pyramid and Gut Health

FiberFiber

The Standard American Diet

The Gut Healthy Diet



“Lessons” from Today’s Diet Gurus – 
Non-scientific Media Are Dominating the Conversation



Healthy Food makes healthy microbes makes healthy humans

The simple solution

Picture from article: Is There A Link Between Gut Bacteria And Weight Loss? By Leanne Edermaniger

Courtesy from H. Hirt

The best Approach to Improve the Gut Microbiome

https://atlasbiomed.com/blog/author/leanne/


Best Dietary Strategy for Optimal Gut Health: 
High Consumption of a Large Variety of Fruits & Vegetables

Image from Comida: 16 productos sanos | Miguel 
Pena Roma - Pasando por la cocina Courtesy from H. Hirt

D. McDonald et al. mSystems 2018

http://www.miguelpena.com/comida-16-productos-sanos/
http://www.miguelpena.com/comida-16-productos-sanos/


The Traditional Korean Diet –
 Variety of Naturally Fermented Foods



The Traditional Mediterranean Diet



EAT Lancet Commission Report, 2019



Reported Association of Brain Disorders With Gut 
Dysbiosis

Needham, Kaddurah-Daouk, Mazmanian, Nat Rev Neurosci 21:717. 2020



G Oppenheimer Center for Neurobiology of Stress and Resilience



“a disordered state of the stomach 
and bowels may induce a morbid 
action in a part of the medulla 
spinalis”

© Filip Scheperjans

“there appears to be sufficient reason for hoping that 
some remedial process may ere long be discovered, 
by which, at least, the progress of the disease may 
be stopped.” 

James Parkinson, 1817

Parkinson’s Disease



Pfeiffer, Lancet Neurol. 2003 Feb;2(2):107-16.

Gastrointestinal 
manifestations of 

Parkinson’s Disease

• Dysphagia
• Gastroparesis
• Slow transit constipation
• Dyschezia
• Visceral hypersensitivity



Svensson et al. Ann Neurol. 2015 Oct;78(4):522-9.

Parkinson’s Disease 
 Putative Role of Gut Microbial Brain Communication

Courtesy of F. Schepperjans

Kalia and Lang, Lancet. 2015
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Epilepsy:  
Gut Microbiome Brain Interactions and Diet

Cell 2018



Olson, Hsiao et al. 2018

Ketogenic Diet and Seizure Susceptibility in the Mouse



G Oppenheimer Center for Neurobiology of Stress and Resilience



Autism Spectrum Disorder 
Putative Role of Brain Gut Microbiome Interactions

Vuong & Hsiao, Biol Psych 2016



‘‘Our findings…raise the
exciting prospect that probiotics
could be a safe and effective
treatment for…autism’’

Autism Spectrum Disorders





Preliminary: open-label, 18 children, 8 weeks: improved both GI and 
behavioral symptoms



Courtesy of E. 
Schadt

Is Microbiome Science Causing a Fundamental 
Transformation of Our View of Health and Wellness?

Science is a series of peaceful 
interludes punctuated by 
intellectually violent revolutions 
… in each of which one 
conceptual world view is 
replaced by another..

The Structure of Scientific Revolutions, 
Thomas S. Kuhn, 1962





The Brain Gut Microbioome Connection Goes Mainstream



Learn much more about Brain Gut Microbiome Immune 
Interactions at:

emeranmayer.com
Sign up for:

•  the weekly Mind Gut Connection Newsletter

Thank You!


