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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 3 Components of the Gut Connectome

The Enteric Nervous System — The Gut-Based Immune System
The “Second Brain”

Hormone producing Cells in the Gut

The Gut Endocrine System



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

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:

: iz%_\ JLU @ .‘

' = 4 '. O
Beneficial Neuroactlve
Bacteria molecules

Gut Lumen

/ e 0

: neuron Gut Hormones
:Vagus YA
' p Y /" & GLP'1
i nerve @ > . IS
' l A ,_,/»’.‘1 '-,_’\ 2 - A .* :
<K ) e
Neuropod I 5
3 83
.-'.- ') ° (= ‘_}
Dt S “W ..... i (i
Sl s Entero Entero
Tightjunctions chromaffin endocrine
: Cell Dietary Cell
Trp

OHoOH

OH
SCFAS

Systemic Inflammatory Response

IgG~& ‘\& \\&

— 1~\1 \ |
WX ) 5

Systemic Circulation =

v M

Inflammation

@ & ;{\ e REY

5 ( & L) 5=,
\
Endotoxms Intestinal Bile acid

LPS Inflammation metabolism
Altered Microbiota

& ,\f,éomp??snﬁb

Coordinated interactions of neurons, immune cells, endocrine cells and
luminal microbial organisms ("the gut connectome”)




Salience network

Central executive network - Sensorimotor network

The Brain Connectome




Bidirectional Communication in the BGM System

Alterations in brain

Stress:
networks: « Chronic stress
) Stre.ss react  Early adverse life events
* Anxiety « Trauma
« Sensory
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Brain Gut Microbiome 101



The Microbiome Revolution

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 Human Gut Microbiome

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 Brain Talks to the Gut




Stress and Emotion Modulation of Gut Microbial Behavior
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Psychosocial ﬁnx'ety’ fear
nger

Stress Sadness

Stress-induced changes of gut microbes and their
environment:

« Gl moatility (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




The Gut Talks to the Brain

Timid Outgoing Timid
“Introvert” “Extrovert” “Introvert”

Normal gut
microbes

Germ-free Transplanted

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









Microbes in the Gut Can Talk to the Human Brain

Y- B A -

Immune cells Epnhehal cells Enteric neurons SMC/CCs

Tillisch, Mayer et al, Gastroenterology 2013



The Human Microbiome — We Are Only Scratching On the Surface

<

2-20 million
microbial genes

We neglect 99%
of the system!

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



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

* Oldest and most abundant life form on
planet

* Developed universal biological language

* Perfected communication with mammalian
nervous system for 500 million years

Year 3.5 billion 500 million

1 million

Emeran Mayer TEDx 2015



Biological Language 2.0:
The Microbiome Translates Food Components into
Thousands of Biologically Active Metabolites
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Cox et al. Genome Medicine 2022



Short-Chain Fatty Acids
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* Simple Phenols

* Estrogens Microorganism-

Associated Modular

Neurotransmitters Patterns (MAMS, LPS)

Indoles
Polyamines
Phenols

Secondary Bile Acids

. Toxins
Active Hormone

Metabolites

Host-Derived /

De Novo
Primary Bile Acids Biosynthetic Precursors
Steroid Hormones Xenobiotics
Diet-Derived Microbe-Derived
Polysaccharides Cell Wall Components
Polyphenols

Amino Acids . .
Ross et al. Biol Psychiatry 2024



The Yin and Yang of Gut Microbe to Brain Signaling -
Inflammatory and Antiinflammatory Influences on the Brain
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Needham BD et al, Nature Reviews Neurosci, 2020



Example Tryptophan:
The Microbiome Turns Dietary Tryptophan into
Brain Modulating Molecules

iﬁ%w

Brain Serotonin (5%)

T Gut Serotonin (95%)

Tryptophan Kynurenin
Indols

Brain Health




The Microbiome
Turns Large, Unabsorbable Molecules Into Brain
Modulating Signals

Brain Structure

Many Large Molecules Small Intestines Cogpnitive Function
herbal

compounds; <E%

Fiber absorbed

Polyphenols

Intact
polyphenols

Small
phenolic
compounds

Prebiotic antimicrobial
source for bioactive ——P
metabolites




Early Programming



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

Contents lists available at ScienceDirect

: Frontiers in Neuroendocrinology
|

ELSEVIER journal homepage: www.elsevier.com/locate/yfrne

Prenatal and postnatal contributions of the maternal microbiome on )
offspring programming £
Eldin JaSarevié, Tracy L. Bale®
Center for Epigenetic Research in Child Health and Brain Devel D of Ph logy, University of Maryland School of Medicine, Baltimore, MD 21230,
United States

Mode of nutritional provision Mode of delivery

Breast- Diet Casaraun Vaginal

feeding v formula
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Prenatal Programming of Gut Microbiome

Masomad infection,
Aeuse, moedcation

! T.L. Bale

Factors that impact
maternal microbiota
* Diet

« Stress

+ Infection

Fetal developmental
factors

« Metabolites

- Growth factors

+ Immune molecules

l

Maternal microbiome
» Composition

« Function

« Metabolite availability

J

Materral nutrition Materral stress

Maternal gut
microbiota-derived
metabolites

Jasarevic & Bale, Front Neuroendocrinol 2019



Postnatal Programming of Gut Microbiome

i

Lyons et al, Nutrients 2020
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") Check for updates

ARTICLE
OPEN

The composition of human vaginal microbiota
transferred at birth affects offspring health in a
mouse model

Eldin Jadarevic'2®, Elizabeth M. Hill"2, Patrick J. Kane'?, Lindsay Rutt34, Trevonn Gyles'?, Lillian Folts"?,
Kylie D. Rock"2, Christopher D. Howard'2, Kathleen E. Morrison"2, Jacques Ravel® 34 & Tracy L. Bale® 2>*




Cell

Maternal Fecal Microbiota Transplantation in
Cesarean-Born Infants Rapidly Restores Normal Gut
Microbial Development: A Proof-of-Concept Study

Graphical Abstract Authors

1-3 Months Intestinal Microbiota Katri Korpela, Otto Helve,
. Kaija-Leena Kolho, ..., Anne Salonen,

X S Sture Andersson, Willem M. de Vos
Vaginal &
\ birth [ o
N - Bacteroides Correspondence
@ willem.devos@wur.nl

Bifidobacteria In Brief

C-soction birth & b A proof-of-concept safety study shows
+ maternal FMT = = that oral fecal transplantation can shift
Pathobionts the microbiome composition of infants
@ - who are bom via cesarean section to a
profile that is more similar to those bom
Clostridium via vaginal delivery.
-_
Ll
Lachnospiraceas &

Ruminococcaceae




The Influence of Lifestyle on BGM
Interactions



Perturbations of the Gut Microbial Ecosystem Throughout Life

Diet
Plant based
Minimally —F——
processed
Sustainably
produced

Mind
Connectedness
Eudaimonia
Compassion
Empathy

I

Stability landscape of the human
microbial ecosystem

Stable state 1

Stable state 2

Brain
Psychological

1

Lifestyle
Physical Exercise
Social connectedness
Hygiene

> stress,

Emotions

Wellness
Sleep



What we have learned
from the Yanomami
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Welcome to the Standard American Diet

LW ’i

’3"“'.:‘ .' ~}

¢ \
L o S irs Longwood Burge ), | Direct absorption/Small intestine | .’.
3 =
T — >w W o A . irect absorption ma intestine

TRY oun“ﬁ’iaw MENU ITEMS TODAY! p / |
< | = ‘ Saturated

Starchy

Sugar Fats Carbohydrates AICOhOI

Longwood Grille + Bar 342 deood Avenue, Boston, MA 02115 :E:

The Standard American Diet



Traditional Symbiotic Relationship of Gut Microbiome and
Gut Connectome
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Rapid Adaptation of Microbiome to Changing Environment
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Poor Gut Health Can Have Widespread Effects on the Body

Lifestyle Early colonization Medical practices
Diet Birth in hospitals Vaccination use
Stress Altered exposure Antibiotic
to microbes Hygiene
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Slow (10-15,000
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gut to altered
microbiome (20,000
genes)



Poor Gut Health Can Have Widespread Effects on the Body

Lifestyle Early colonization Medical practices
Diet Birth in hospitals Vaccination use
Stress Altered exposure Antibiotic
to microbes Hygiene
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Healthy Diet
® Complex carbohydrates
® High fiber
N Fiber degradation
N Gut microbiome diversity

N Abundance of mucus-
stimulating
microorganisms

N Prevotella abundance

N Mucus thickness

Intact gut barrier

Depression NAFLD

“ ” Chronic Stress
Healthy Gut Leaky” Gut Western diet

® Refined carbohydrates,
l sugar

;: ® High fat
e o |
%ﬁ;k DM ; ® Low fiber
R g:@ \ Fiber degradation

N/ Gut microbiome diversity
V' Abundance of mucus-

stimulating microorganisms
V Prevotella abundance

' Mucus thickness

\ Gut barrier

® Metabolic endotoxemia

ﬂ

Increased genctic risk

Colon cancer Cognitive decline (AD) Parkinson’s Disease Metabolic syndrome

Mayer, Osadchyi, Gupta, Nature Rev Gastro Hepatol 2020



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

Depression

Alzheimer’s , )
Disease

Autism
Spectrum

Disorder ‘ Gut Health

Metabolic _ \ N
Syndrome / Colon
\\ Cancer
@ Cardiovascular
Disease

Nonalcoholic
Fatty Liver
Disease

The Mind Gut Immune Connection, 2021
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The Healthy Diet Pyramid and Gut Health

Mediterranean Diet Pyramid j

A contemporary approach to delicious, healthy eating

o
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© 2009 Oldways Preservation and Exchange Trust » www.oldwayspt.org

The Gut Healthy Diet

Phytochemicals Fiber

Polyphenols

\ Omega 3 Fatty Acids
Gut mlcrobes/Large mW
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Calories

| Direct absorption/Small intestine |
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The Standard American Diet
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“Lessons” from Today’s Diet Gurus —
Non-scientific Media Are Dominating the Conversation
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150 Delicious Recipes to Nourish Your
Microbiome and Restore Your Gut Health

@ healthunr, more satislying dut.” —TOAY COSORVE, MD, CFO OF CLEWELAND CLINK

NEW YORK TIMES BESTSELLER

EAT FAI,
GET THIN

Why the Fat We Eat Is the Key
to Sustained Weight Loss
and Vibrant Health

“Finally we can all kack that low-fat
MAfin 10 the curd. Asd get our
Slim, healthy bodees back ™

Why Leaky Gut May Be the Root
Cause of Your Health Problems and
5 Surprising Steps to Cure it
ConyrigMed Materiad

Copneigttind Mot il ot

Mare Than 150 Life-Changing Gluten-Free Recipes Al EJ A N D RO JuU N G E R M.D.

to Transform Your Heath ~  Newlork Tima besoelling author of Clean

#1 BESTSELLING AUTHOR OF
The Blood Sugar Solution

“BRAIN

COOKBOOK

*Eliminting Disease
and Revolutionizing Your Health

DAVID PERLMUTTER MN

The suthorized compa the #1 New York Times bestseller Gra

Copyrigtted Staterial



The best Approach to Improve the Gut Microbiome

The simple solution §

Courtesy from H. Hirt


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

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

Less than 10 plants  More than 30 plants

# Lachnospiraceae
, Lachnospiraceaa
Ruminococcaceae
S : Ruminococcaceas
: Ruminococcaceae
- Blautia
Spinach Tomato Brocoli Lemon & Lime “ Clostridiales
_ . Clostndiales
' F. prausnitzii <4
, - Erysipelotrichaceae -
: y J ; Lachnospiraceae -
— Lachnospiraceae -
= Onion Garlic Ginger Avocado - Blautia =
, ( - . Blautia -
4 : ; Dorea -
& . X Ruminococcus
> - R. gnavus -
/ " E. lenta =
Olive Oil Salmon Peanuts Raisins N R. torques
: T ! T
/g \ 0.02 0.00 0.02
&, & = D) o
Cantaloupe Raspberrie Yogurt Aprlcot I
WA AN D. McDonald et al. mSystems 2018

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



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
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Our Food in the
Anthropocene:
Healthy Diets
From Sustainable
Food Systems

EAT Lancet Commission Report, 2019



Reported Association of Brain Disorders With Gut
Dysbiosis

Neurological disorders

* Schizophrenia

* Alzheimer disease

* Autism spectrum
disorder

* Attention-deficit
hyperactivity disorder

* Parkinson disease

e Multiple sclerosis

* Depression

* Huntington disease

* Anorexia nervosa?

* Epilepsy?

Gut
dysbiosis

Needham, Kaddurah-Daouk, Mazmanian, Nat Rev Neurosci 21:717. 2020
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Article https://doi.org/10.1038/s41467-022-34504-1

The gut microbiota and depressive
symptoms across ethnic groups
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depressive symptoms
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Parkinson’s Disease

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

“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

Gastrointestinal
manifestations of

Dysphagia

Gastroparesis

Slow transit constipation
Dyschezia

Visceral hypersensitivity

Mouth

Pooling of saliva and
problems with movements
needed to brush teeth
can cause dental
dysfunction. Motor effects
cause jaw tremors.

Oesophagus
Symptoms of
oesophageal
dysphagia include
slow oesophageal
transit, segmental
oesophageal spasm,
spontaneous
contractions of
proximal oesophagus,
air trapping,
aperistalsis, and
gastro-oesophageal
influx

Small intestine
Dilatation

Colon

Colonic dysmotility,
constipation,
megacolon, volvulus,
and bowel perforation.

Figure 1. Qverview of gastrointestinal dysfunction in PD.

Salivary glands
Reduced saliva
production, but low
swallowing frequency
causes drooling.

Pharynx
Oropharyngeal
dysphagia increases
risk of aspiration.

Stomach

Impaired gastric
emptying
(gastroparesis)
cause nausea,
bloating, early
satiety, and weight
loss.

Rectum
Anorectal
dysfunction leads
to difficulty with
defecation

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



Parkinson’s Disease
Putative Role of Gut Microbial Brain Communication

Pre-motor/prodromal period
Early
Complications
2
3 Motor
8
2
Bradykinesia
Rigidity
Tremor
s Pain Urinary Non-motor
Hyposmia Fatigue Orthostatic hypotension
Constipation RBD Depression M Dementia
»
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FIGURE 1: Cumulative incidence curves of Parkinson's dis-

ease for patients who underwent truncal vagotomy com-

pared to a matched general population cohort.
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FIGURE 2: Cumulative incidence curves of Parkinson's dis-

ease for patients undergoing superselective vagotomy com-
pared to a matched general population cohort.

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

Human brain

Progression
of synucleopathy

from gut to brain
‘ may take 20 years

Propagation via
the spinal cord
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Epilepsy:

Gut Microbiome Brain Interactions and Diet

The Gut Microbiota Mediates the Anti-Seizure
Effects of the Ketogenic Diet

Christine A. Olson,’ Helen E. Vuong,' Jessica M. Yano,' Qingxing Y. Liang,' David J. Nusbaum, and Elaine Y. Hsiao"*"
"Department of Integrative Biology and Physiology, University of California, Los Angeles, Los Angeles, CA 90095, USA

2L ead Contact

*Correspondence: ehsiao@ucla.edu

https://doi.org/10.1016/j.cell.2018.04.027 Ce” 2018
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Ketogenic Diet and Seizure Susceptibility in the Mouse

Ketogenic diet
+ Highfat, low carbohydrates

Gut microbiota
» Decreased alpha-diversity 4
* Increased A. muciniphilaand Parabacteroides spp.
+ Decreased gamma-glutamyltranspeptidase activity

=0 =0/ OO oS
( () (Y () (" '8
. 4 = (U OB - : (U = =

\,)
Colonic lumenal metabolome () & 3 0
» Decreased gamma-glutamyl amino acids 0 O

l? ) /e > 8 ) — > » S >

Blood metabolome
* Decreased gamma-glutamyl amino acids

o ordil, Yo

Brain metabolites
* Increased GABA/glutamate content -

e

Seizure susceptibility
» Protection against 6-Hz seizures
» Reduced spontaneous seizures in Kcna1” mice

Olson, Hsiao et al. 2018




nature reviews gastroenterology & hepatology https://doi.org/10.1038/541575-023-00857-1

Review article ™ Check for updates

Autismspectrumdisordersand the
gastrointestinal tract: insights into
mechanisms and clinical relevance

Lin Y. Hung®' & Kara Gross Margolis ® "**

énse' G Oppenheimer Center for Neurobiology of Stress and Resilience



Autism Spectrum Disorder
Putative Role of Brain Gut Microbiome Interactions

ASD ETIOLOGICAL FACTORS

GENETIC SUSCEPTIBILITY

Shart nudeatide palymarnphisms
Copy rumbsr varisms

D novo mutations

Epigenatic modfications

ENVIRONMENTAL RISK Y\

L

Parmatal infections

Maternal pharmacelogical Y

eNpasUres
Obstetric complications
Early life stross

Advanced parental age

Vuong & Hsiao, Biol Psych 2016

GUT DYSFUNCTION
Compromised intestinal barrder
Abnormal gut motilty
Abdominal pain

Acid reflux
Entark Inflammation

ASD CO-MORBIDITIES

MICROBIAL DYSBIOSIS
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Altered bacteria abundance
Altered bacteria diversity
Changes In gers exprassion
Changes in matabolito profile
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ASD NEUROPATHOLOGIES

ABNORMAL BRAIN
DEVELOPMENT & FUNCTION
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Alverad synaptic transmiasion
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Autism Spectrum Disorders

Microbiota Modulate Behavioral and
Physiological Abnormalities Associated
with Neurodevelopmental Disorders

Elaine Y. Hsiao,"-*" Sara W. McBride,’ Sophia Hsien,” Gil Sharon,” Embriette R. Hyde,” Tyler McCue,” Julian A. Codelli,”
Janet Chow,! Sarah E. Reisman,? Joseph F. Petrosino,® Paul H. Patterson,’+* and Sarkis K. Mazmanian®.+*
Division of Biology and Biclogical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
“Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
FAlkek Center for Metagenomics and Microbiome Research, Baylor College of Medicine, Houston, TX 77030, USA
“These authors contributed equally to this work
*Comrespondence: ehsiao@caltech.edu (EY.H.), php@caltech.edu (P.H.P.), sarkis@caltech.edu (S.K.M.)
hitp://dx.doi.orgM10.1016/.cell. 2013.11.024

probiotic treatment of mice with autism features

alters the composition e c:ia ,_., -

of the gut microbiota - ; \’ N\

, o MTAAMANN

improves epithelial :

barrier integrity N . . .

Our findings...raise the
duceslealaot - exciting prospect that probiotics
particular Gl metabolites .

could be a safe and effective
restores serum metabolites treatment for . au‘“sm”

ameliorates specific autism-related behavioral abnormalities



Cell

Human Gut Microbiota from Autism Spectrum
Disorder Promote Behavioral Symptoms in Mice
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In Brief

Repetitive and social behavioral
abnormalities in mice with microbiomes
from patients with autism spectrum
disorder can be corrected by the
administration of specific metabolites.

Highlights
e Mice harboring human ASD, but not TD, microbiomes exhibit
ASD-like behaviors

e ASD and TD microbiota produce differential metabolome
profiles in mice

e Extensive alternative splicing of risk genes in brains of mice
with ASD microbiota

« BTBR mice treated with 5AV or taurine improved repetitive
and social behaviors
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Preliminary: open-label, 18 children, 8 weeks: improved both Gl and
behavioral symptoms
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Is Microbiome Science Causing a Fundamental
Transformation of Our View of Health and Wellness?

Schadt

Courtesy of E.

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
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The Brain Gut Microbioome Connection Goes Mainstream
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CONNECTION

Within Our Bodies Impacts Our Mood,
Our Choices, and Our Overall Health

Emeran Mayer, MD

Thank You!

| Help Us Regain
Our Health

Gut-Immune
| CONN ECTIO N

; A/ iy
P

‘ Emeran Masz_,_ MD

Acthor of The Mind-Gut

’('

Mind-Gut
IMMUN E

CONNECTION

Understanding How Food Impacts
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Learn much more about Brain Gut Microbiome Immune
Interactions at:

emeranmayer.com
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