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“All disease begins in the gut”
“A bad digestion is the root of all
evil”

“Death sits in the bowe
Hippocrates, circa 400 BC
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Inflammatory

bowel disease
Crohn's disease

Ulcerative colitis

Heart disease

Hypertension

Atherosclerosis

Cancer
Lung cancer
Colorectal cancer

Pancreatic cancer

Liver disease

Cirrhosis
Hepatitis

Microbiota

Oral cancer

disease
Asthma

Bronchitis

Chronic kidney
disease

Diabetes
Type1

disorders
Parkinson’s disease

Alzheimer’s disease
Depression

Type2

Gestational

ou et al., Signal Transduction and Targeted Therapy 2022



You are what you eat HIGHLIGHTS

Anthelme Brillat-Savarin 1826

(® MicrOBIOME

Your microbiome is what you eat

Ashley York. Nat. Rev. Microbiol. 2019



Gut microbiota
eat what you eat

Gut microbiota metabolism

Microbiota-
accessible
carbohydrates

The Gut-Systemic Axis

Gut epithelium Portal vein

Autism

Parkinson’s disease
Alzheimer’s disease
Depressive disorder

1° Bile acids
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Cholic acid * taurine/glycine

CDCA £ taurine/glycine “z&:} @

_’ Short chjc\in
fatty acid

Acetate, propionate, butyrate

Cardiovascular
disease

S

mdl 2° bile acids

Deoxycholic acid * taurine/glycine
Lithocholic acid * taurine/glycine

Hypertension
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y-butyobetaine, TMA

>

Type |l diabetes
Insulin resistance
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Betaine, TMA

S Amino acid derivatives

Indoxyl

Amino acids

Tryptophan
Tyrosine
Histidine
Phenylalanine

@
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sulfate,
p-cresol
sulfate

Indole
p-cresol
Indolepropionic acid
Imidazole propionate
Phenylacetic acid

Lipid metabolism
Obesity

V4

Linoleic acid
Acyl-CoA pool
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Wu et al.,

Bl Fatty acid derivatives

Conjugated linoleic acid
Sphingolipids

Energy expend|ture
Insulin sensitivity

Chronic renal disease
Renal fibrosis

Rapid Communications in Mass Spectrometry 2019



Gut Microbial Metabolites and Cardiometabolic Diseases

Atherosclerosis
Thrombosis
Cardiorenal fibrosis
Modulate inflammation

Modulation of
Inflammation,
Immunity, 1
Vascular function

Bacterial
Wall

Modulation of

Lipid metabolism
Glucosel/insulin metabolism
Inflammation

Atherosclerosis
Thrombosis

ADRB2
ADRA2A
ADRA2B

Blood pressure

, homesostasis
Myocardial repair
Modulate inflammation

of Acetate
Propionate
Butyrate

\50“ Aromatic
hydrocarbon
receptor

T~y

Renal dysfunction
Increase Fibrosis, ROS
and inflammation

Witkowski et al., Circulation Research 2020
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Thrombosis
potential

Activated platelets

Heart attack
Stroke
Heart Failure
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TMAO: a well-studied pathophysiological molecular from gut microbiota

o Adverse Cardiovascular Event
Gut mlcrobnota
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TMAO may serve as a therapeutic target for CKM Syndrome

choline

& carnitine@

fibrosis
& loss of
function

Gut lumen Gut microbiota
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Platelet hyper-
responsiveness

Atherosclerosis
Vascular Inflammation

Cell Metabolism

Trimethylamine N-Oxide Binds and Activates PERK
to Promote Metabolic Dysfunction

Graphical Abstract

DIETARY
FACTORS

Gut /
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Microbes
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TMA [ TMAO Nielaus
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TMAO ’—> Gépc, Pck1,
PERK + etc.
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HepatocytN

S

HYPERGLYCEMIA AND
METABOLIC DYSFUNCTION

Witkowski et al., Circulation Research 2020
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In Brief

The gut-derived metabolite
trimethylamine N-oxide (TMAO) is
increased by insulin resistance. Chen

et al. identify the endoplasmic reticulum
stress kinase PERK as a receptor for
TMAO: TMAO binds PERK, selectively
activates the PERK arm of the unfolded
protein response, and promotes
hyperglycemia. The nutraceutical 3,3'-
diindolylmethane reverses these effects,
suggesting that the TMAO-PERK
pathway could be targeted to ameliorate
metabolic disorders.

Chen et al., Cell Metabolism 2019
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Oral Substrate Challenge Test: A Functional Assessment of Gut Microbiota

@ \( Inputs: @
Oral ' Y7 Fermentaﬁ Oral

Administration Substrate Administration
of Substrate  J L of L-Carnitine

©, ©,

Assessment |~ = Gut ey Gut Microbial
of Production >~ Microbial 2245 TMAO Production
Potential I Bioreactor S Potential
= - -

@ \ |/ Output: lég{“& T L Cl) @
Measurement 5 Microbial 4% ~27 7 o N o Measurement
of Metabolite /7"y Metabolites P Lyt of TMAO in
in Body Fluid of Interest % €5 CH; Blood/Urine

blood urine stool
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Oral Carnitine Challenge Test \° é $

(OCCT) Baseline 24 HR 48 HR
120 =@l High producer, n = 14 . 3000 r P <0.0001
— —@— Low producer, n = 14 5 | |
= 100 2 2500 |
N *k*k% ><
2 80 = 2000 |
S 60k High-TMAO =
— . Producer Q 1500 F High-TMAO
- i * =
7 = 1000 Producer
<20 “5
ol o ° 8 500
Low-TMAO Producer < 0

0 24 48  hour Low-TMAO Producer \y, etal. Gut 2019



Omnivores Differs from Vegetarians in TMAO Producer Phenotype

5000 B Q4 | Omnivore Vegetarian
O B Q2-Q3

4000 | -y

3000 F

AUC of TMAO (uM x hour)

2000 F
I High producer
_ 1 Intermidiate producer
1 000 Il Low producer
0 - High producers, n=14

= Omnivore
(14%) (86%) Il Vegetarian

All participants _ OR = 10.8 (1.69-68.94)

receiving CCT (64%) (36%)
n=2957 Low producers, n=14

Wu et al., Gut 2019



TMAO Producer Phenotypes Can be Transferred to GF mice by FMT

TMAO high producer

Germ Free Mice TMAO low producer
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Wu et al., Gut 2019



Log urine TMAO

(mmol/mol creatinine)

Blood and Urine TMAO were Highly Correlated
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Wu et al., Gut 2019



dietary carnitine/choline gut microbiota host FMO activity

Oral carnitine/choline TMAO measurement
challenge test with serial

blood or urine sampling

A\

Baseline 24 HR

TMAO

24HR 48HR

48 HR 0 HR

2, pav

Dietary Drug development Diet-induced Benchmark for fecal
intervention efforts thrombosis risk biomarker Investigation
guidance assessment survey

Wu et al., Gut 2019
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Wu et al. Microbiome 2020



The Journal of Clinical Investigation

CLINICAL MEDICINE |homomax |4
Roseburia sp.

L-Carnitine in omnivorous diets induces an atherogenic
gut microbial pathway in humans

omnivore
L-carnitine =—————)> BB

Vegan/vegetarian

L-carnitine n—————)» BB

==

-

TMA

| Emergencia timonensis
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cm—————)
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uTMAOmax

2000
2
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Bacteroides sp. | | 10
Lachnospiraceae NK4A136 group 0
uncultured Ruminecoccaceae P he"OtV pe
Peptococcaceae uncultured bacterium Low producer
‘ Ruminococcaceae UCG-005 -2 High producer
Blautia sp.
[Eubacterium)] brachy group uncultured bacterium
Christensenellaceae R-7 group uncultured bacterium -4 Pearson.r
‘ Blautia sp. 0.46
Ruminococcaceae UCG-004
Ruminococcaceae UCG-013
Christensenellaceae R-7 group uncultured bacterium 0.34

Moryella sp.

Ruminococcaceae UCG-002

Ruminococcaceae UCG-005

[Eubacterium) coprostanoligenes group uncultured bacterium
| Ruminococcaceae UCG-002

Coprocoeeus sp.

uncultured Clostridium sp.

uncultured Eubacterium sp.

Bacteroides sp.

Ruminococcus sp. UNK.MGS-30

Ruminococcaceae UCG-005

Bacteroidales bacterium DJF_B268

[Eubacterium] hallii group uncultured bacterium

Lachnospiraceae UCG-010

Regulated by diet

Emergencia timonensis

1osi

(% relative abundance)

0.06-

0.03-

P <0.0001
1

o

8

0.00-

-

Low High
producer producer
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O
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QQ) o
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o

o

0.03 0.06 0.1 0.2
E. timonensis
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0.00

Hazen et al., JC/ 2019

High-TMAO producer (n=51)

Bl E. timonesis (+)
B E. timonesis (-)

Butyricimonas sp.

Alistipes timonensis JC136

uncultured Ruminococcaceae
| Bacteroides eggerthii DSM 20697

Christensenellaceae R-7 group uncultured bacterium

Ruminococcaceae NK4A214 group uncultured bacterium

Subdoligranulum sp.

Ruminococcaceae UCG-002

Shuttleworthia sp.

Low-TMAO producer (n=61)

Sensitivity: 25.5%
Specificity: 100%

Emergencia timonensis

Wu et al.
Microbiome 2020



True positive rate

1.0

0.0

Random forest model built using 39 species strongly
associated with TMAO production.

RF models built from healthy cohort

All OTUs AUC=0.78 (0.69 - 0.87)
39 TMAO HC OTUs AUC=0.81 (0.73 - 0.89)
CVD patients validation cohort

All OTUs AUC=0.79 (0.66 — 0.93)
39 TMAO HC OTUs AUC=0.80 (0.67 — 0.93)

0.0

0.4 0.6 0.8 1.0

False positive rate

OTU accession number
— FMFL01000037.54378.55871
— AB506286.1.1507

— FM873964.1.1487

— DQ824510.1.1390

— FLKM01000009.1335473.1
— EF405506.1.1499

— CDYX01009064.346.1860
— HQ793252.1.1444

— AB506250.1.1525

— EU939412.1.1505

— AY916294.1.1399

— FMDX01000032.25335.26845
— AY858446.1.1525

— EF400494.1.1487

— ABVO01000045.3575.5089
— LBCKO01000002.354569.356059
— BABA01013952.1.1506

— EF404722.1.1476

— FJ371788.1.1354

— CEA001012899.477.1987

— HQ785433.1.1445

— FPLO01008368.163.1683

— GQ871714.1.1480

— DQ794610.1.1387

— CAEG01000022.14.1521

— EU531900.1.1464

— AB506408.1.1519

— HQ716304.1.1393

— DQ793426.1.1406

— FPLO01003969.16.1529

— EU728723.1.1495

— DQ808601.1.1285

— EF405456.1.1481

— AB506237.1.1522

— AB969380.1.1523

— FMDZ01000001.16887.18386
— DQ796126.1.1392

— DQ238615.1.1524

— CDYX01006463.17899.19409

-0.005

I
0.005 0.015
Mean decrease accuracy

taxonomy annotation

uncultured Ruminococcus sp.
Ruminococcaceae UCG-005

Emergencia timonensis

Snutiewortnia sp.
Roseburia sp.

Bacteroides sp.

Ruminococcaceae UCG-005
[Bacteroides cellulyticus#

Peptococcaceae uncultured bacterium

Uncultured Clostridium sp.

Ruminococcaceae UCG-005
Christensenellaceae R-7 group uncultured bacterium
Bacteroides eggerthii DSM 20697

Ruminococcus sp. UNK.MGS-30

Moryella sp.

uncultured Ruminococcaceae

[Eubacterium] coprostanoligenes group uncultured bacterium
Ruminococcaceae UCG-013

Butyricimonas sp.

Lachnospiraceae NK4A136 group

Subdoligranulum sp.

Coprococcus sp.

Alistipes timonensis JC136

Ruminococcaceae UCG-002

Christensenellaceae R-7 group uncultured bacterium
Mollicutes RF39

Ruminococcaceae UCG-002

Christensenellaceae R-7 group uncultured bacterium
Bacteroidales bacterium DJF_B268
Ruminococcaceae UCG-002

uncultured Ruminococcaceae

Blautia sp.

Ruminococcaceae UCG-004

uncultured Eubacterium sp.

[Eubacterium] hallii group uncultured bacterium
Blautia sp.

Ruminococcaceae NK4A214 group uncultured bacterium

Wu et al. Microbiome 2020



A new microbe highly correlated with TMAO production was

identified using the human microbiota-associated mice model
A —— B

human donor feces Germ free mice Humanized
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5 204 e 3
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i ﬁdmré"‘—’*- 0 2 4 6 8 10 0 2 4 6 8 10
=] V25 hGM
- Time (hour) Time (hour) Time (hour)
c V12 D E F
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GM hGM 032 0.024~ 2001
015 hGM r= 04131
hGM a5 o X p = 5.982e-008
%) - = 1504
é § 0.018 fo) 2 8) O o
@3 7 100{ O
121 E® 0.012- = o ©
32 o 9 507
0 -—
Ihubacter massiliensis g 3 0.006 8 o C% © o
Bifidobacterium bifidum £8 7 o) 0- Sensitivity 43%
. . & 11 Specificity 97%
unclassified Ruminococcaceae 0.000- ﬂ 0 0 0 0 63 0 0 6 1 0j1 sz

1 - . —_— . 3 H I + i s . +
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Wu et al. Microbiome 2020
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Oral carnitine challenge test

Low-TMAO producer /
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g supplement
2t < tmao< " TMA
T —————
CVD risk

Validation
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39 TMAO productivity

highly-correlated
AUC

Study : 0.81
Validation : 0.80

TMAO producer
predicter

Emergencia timonensis

High-TMAO producers

Low-TMAO producers

Bl E. timonensis/l. massiliensis (+)
W Both negative 0OR=22.4 p =0.0001

Ihubacter massiliensis

Wu et al. Microbiome 2020



Elucidation of an anaerobic pathway for metabolism of
L-carnitine—derived y-butyrobetaine to trimethylamine
in human gut bacteria

Lauren J. Rajakovich®, Beverly Fu®®, Maud Bollenbach®®, and Emily P. Balskus®"

?Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA 02138
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Rajakovich et al., PNAS 2021
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carnitine > TMA-> TMAO-> excretion
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Stronger correlation of gbu genes with OCCT than with fasting TMAO

=
Log uTMAOauc

®
3.03 ° % Spearmanr=0.380  3.0-§ o ® o Spearmanr=0436 3.0 : 0% Spearmanr=0.337  3.0§ o Spearman r = 0.394
! p <0.001 I p <0.001 I p <0.001 ! p <0.001
25 1 T T 1 25 1 T T 1 .5 1 T T 1 25 I I 1 1
-2 -1 0 1 -2 -1 0 1 2 -1 0 1 -2 -1 0 1
Log gbuA abundance Log gbuB abundance Log gbuC abundance Log gbuE abundance A

OCCT correlation coefficient = 0.337-0.436, all p < 0.001

25 25 25
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Fasting plasma TMAO correlation coefficient = 0.137-0.185, p = 0.002-0.019
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gbu genes-mapping bacteria gbuA gbuB gbuC gbuE

PTMAO uTMAOmax uTMAOauc PTMAO uTMAOmax uTMAOauc ~ PTMAO uyTMAOmax uTMAOauc PTMAO uTMAOmax uTMAOauc
Agathobaculum desmolans ATCC 43058 Spearmalll's i

Agathobaculum sp. NSJ-28 NA NA NA NA NA NA NA NA NA NA NA NA 08
Agathobaculum sp._015-33 - 0.6

Clostridia bacterium UC5.1-1D1 NA NA NA NA NA NA NA NA NA NA NA NA 0.4
Emergencia timonensis strain SN18 *k * Fkk Fkk *k *k * * 0.2

Epulopiscium sp. Nuni2H NA NA NA NA NA NA NA NA NA NA NA NA [ o
Eubacterium minutum ATCC 700079 NA NA NA NA NA NA 0.2
Intestinibacillus sp. Marseille-P4005 NA NA NA NA NA NA NA NA NA 0.4
Intestinibacillus sp. Marseille-P6563 -06
JAGTTRO1 sp018223385 Kk kkkk * KAk Fkkk Li *hx A ‘ -08
Uncultured Eubacterium sp. 2789STDY5834905 * * *

-1
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JAGTTRO1 sp.
NTUH-002-81

3,622,424 bp

5 gbu gene cluster

W GC Content
M GC Skew+
M GC Skew-
M RNA
I cbs
M RNA
I tmRNA
W repeat_region .

JAGTTRO1 sp.

NTUH-002-81
JAGTTRO1
sp018223385 T 5 T
gbu gene cluster
0.5 Mb

Average Nucleotide Identity (ANI): 97.6255
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Design degenerate
primer for gPCR of
gbuB using templates
of six gbu gene
cluster-containing
bacteria
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gbuB ampllcon sequencmg

100
_ JAGTTRO1 may serve as a key gut
X
5 microbes for determining TMAO
[72] e  ® °
g .| level from Carnitine Consumption
:
5
S 40- mm JAGTTRO1 sp018223385
g' mm  Emergencia timonensis SN18
: mwm Agathobaculum sp. NSJ-28
_g 207 i Intestinibacillus sp. Marseille-P6563
> Agathobaculum sp. 015-33
0 Uncultured Eubacterium sp. 2789STDY5834905
= Intatnivachius sp Marseile-posss 5 Agatiohacm ap 1535 S Rea Eunacionam ap. 2788STOYS834905 B oo
O Agathobaculum desmolans ATCC 43058 O Intestinibacillus sp. Marseille—-P4005 B Eubacterium minutum ATCC 700079 ONenNsitsstinibacillus sp. Marseille-P4005 (0.2%)
= Clostridla bacterium UCs. =101 = Unannotated sequences w=  Eubacterium minutum ATCC 700079 (©.07%)
Metagenome sequen Ci ng mm  Clostridia bacterium UC5.1-1D1 (0.003%)
1007 == Unmapped sequences (22%)
S
S »-
:§
g- == JAGTTRO1 sp018223385
9 60 == Emergencia timonensis SN18
'-'g mw  Intestinibacillus sp. Marseille-P6563
S w0 wm  Agathobaculum sp. 015-33
“E’ Uncultured Eubacterium sp. 2789STDY5834905
g Agathobaculum desmolans ATCC 43058 (0.4%)
% 20 0 Eubacterium minutum ATCC 700079 (0.8%)
=
0J
B Agathobacuium ap, 015-33 5 Gnoultured Eubaciorsum sp. 2789STDYS834905 ) Agathobaculum desmolans ATCC 43058

B Eubacterium minutum ATCC 700079 Wu et al. Gut Microbes 2025




Finally; Broken-Heart Migt;ebes:
Gotcha!




A Gut Microbiome-based Personalized Nutrition

Oral Carnitine Challenge Test (OCCT)

L-carnitine Hig VS
Produce

(HP)

Fecal gbu abundance

TMAO
-------h---------

TMAO AUC

H L-carnitin«e( Shotgun
Q7 Fonr  Foanr famnr 0 gbu abundancd

Created with BioRender.com

gbu-containing bacteria ID and isolation

Others
17.9%

Emergencia
timonensis

. @ Invitro and
In vivo validation

gbu gene cluster collection

y
I
I
|
| g
Y
| Y
% # -
P o
SR
g L "\
— S
K )

‘ gbuB qPCR Personalized
nutrition

Wu et al. Gut Microbes 2025



MicrobipieEbispnelisadddutrition Q: Why don’ t 1 eat
Pers%ali Nutridion 2.0 Red Meat?

2= I A: My doctor discover that my
sy e T [ CONG: Yo & ) gut bacteria fove eating meat,
e producing harmful toxins that
are bad for my heart, kidney
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ec‘f?e@gb ¥ne
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