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A Comprehensive Appraisal of Causality Versus

Biomarker Association in Cardiovascular Disease
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| THE DIRECT TOXIN HYPOTHESIS
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High TMAO is linked to 91% higher all-cause Is TMAO simply a systemic reporter of
mortality and 67% higher risk of MACE renal decling, insulin resistance, and diet?
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i ~_To uncover the truth, we must follow the molecule from the plate to the systemic circulation ‘]
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1 HE PRECGUIRSGIRSIFANIDS CAPE

_L-Carnitine:
Abundant in red meat. Found in full-fat dairy and

cellular membranes.

[hese nutrients are essential,
ut a fraction escapes proximal
absorption and transits to the
distal gut, initiating a multi-
organismal metabolic cascacdle.

Choline: e
Concentrated in egg
yolks and poultry.

Phosphatidylcholine (Lecithin):




THE MICROBIAL ANOXIC CONVERSION
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¢ The yBB Bottleneck (Major): Cyan L-Carnitine enters an anaerobic
bacterial cluster -> Massive conversion to y-butyrobetaine (yBB).

¢ Direct Route (Minor): Cyan Choline -> microbial cutC/cutD genes ->
Vivid Magenta gas (TMA).

[

o8 > >1,000-fold Higher Volume
- yBB is generated at a rate roughly 1,000 \
times higher than direct TMA formation in the |

gut, acting as an independent intermediate or
converting later to TMA via crotonobetaine. ) |




PATIC OXIDATION: THE FMO3 HUB '

I'he flavin-containing
monooxygenase 3 (FMO3)
‘isoform is the most abundant
‘and active in the adult human
liver. It serves as a metabolic

- hub linking the gut
microbiome, host lipid
transport, and systemic
energy homeostasis.




THE FMOS3 INSULIN BRAKE

INSULIN SENSITIVE

Impaired via _
DAG/PKC-epsilon g

In selective hepatic insulin
resistance (LIRKO mice), Fmo3
mMRNA increases >1,000-fold,

driving a 2.5-fold increase in .
= plasma TMAQ. T v e
Low & Contained TMAO Production .- High & Uninhibited TMAO Production ~ - * |
Conclusion: In subjects with preserved renal function, elevated plasma TMAOQ tracks hepatic insulin sensitivity. )/'
| - - . e )




Systemic TMAOQ Pool

Exponential Rise
as eGFR Drops

= RENAL CLEARANC’" CH

HECKPOINT

High
eGFR (Estimated Glomerular Filtration Rate)

Low

L n'r normal conditions,
- systemic TMAO is distributed
“in extracellular fluid and

Glomerular filtration is the
single most important
determinant of
steady-state plasma
concentrations.

cleared chiefly by the kidneys.
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TMAQ

Tang 2013 (NEJM)

| | chlattarella 2017 Meta- analysm

| @ 0i 2018 Meta-analysis
"« 11 cohorts.

" 23% higher risk of cardiovascular
events; 5% higher all cause
rnortailty

e 4,007 elective angiography
patients.

e HR 2.54 for death, M|, or
stroke (highest vs lowest
quartile).

e 26 167 subjects

per 10 pmol/L incre_ment.
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® 91% higher all-cause mortality.
7.6% increase in mortality risk

In animal models, TMAQ upregulates scavenger receptors (CD36, SR-A) and enhances
platelet activation. The case for a causal toxin appears closed.
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THE GENETIC ALIBI

| MENDELIAN RANDOMIZATION |
i (LIFETIME EXPOSURE)

OBSERVATIONAL
STUDIES

“A massive bidirectional
two-sample MR (DIAGRAM,
CARDIoGRAMplusC4D, UK

Biobank) found that genetically
- predicted higher TMAO and
L-carnitine were not associated wit
CAD, MI, stroke, atrial fibrillation,

or T2DM (P < 0.0005).

Reverse Causation Identified: The genetic

data revealed the opposite direction: genetic

liability to Type 2 Diabetes (P < 0.0001)

and CKD (P =0.004) causes higher
circulating TMAO.




g R

THE CONFOUNDING POWER O
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| | OPENDRAIN |

7 The PREVEND Cohort:
TMAO predicted mortality (HR 1.36).
But after adjustment for eGFR and albuminuria, the
association was abolished (HR 1.15, non-significant).

[ CLOGGED DRAIN |

F RENAL FLUID DYNAMICS

The Type 1 Diabetes Cohort:

TMAO predicted all endpoints. After baseline eGFR

adjustment, ALL associations became non-significant.
TMAO and eGFR were inversely related (R* = 0.29, P < 0.001).

Adjusting for kidney function frequently kills the TMAO prognostic signal.

4 ‘ i If the drain is clogged, the pool rises independently of diet or microbiome. l %
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The Dual-Nature Interpretation

Normal (eGFR > 60, no albuminuria)

» Typical TMAO: Low, highly
diet-responsive.

* Prognostic Association:
Weak/absent after adjustment.

e Best Interpretation: Passenger
marker of diet and microbiome.

Mild—Moderate CKD

» Typical TMAOQ: Progressively
elevated. '

* Prognostic Association: Present, but
deeply entangled with eGFR decline.

* Best Interpretation: Marker of
clearance and disease severity.

— 4

Advanced CKD / Dialysis

» Typical TMAO: Severalfold elevated 2
(supraphysiological). >
e Prognostic Association: Strong;
tracks renal function tightly.

e Best Interpretation: Plausible active
contributor to cardiorenal injury
(NLRP3 inflammasome, TGF-p fibrosis).
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Dietary Phenotypes and Metabolic Capacity

ﬁ Dietary Phenotype “ Fasting TMAO ﬂ Post-challenge kinetics “ Microbiome i
Vegans Low I, Lacks cutC/cutD ||
(minimal TMAO/yBB generation)
Fasting TMAO: — High diversity,

\WELEERERE

Low-moderate variable capacity

(residual conversion retained)

. Fasting TMAQO: : :
oo asting ™ Higher carriage of

Moderate (TObUST POSEprandial rise converting taxa

|
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: Fasting TMAO: _/\\__ Enriched carnitine- |
High Red Meat Elevated utilizing pathway ||

| (enriched carnitine-utilizing pathway) | |
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Suppressing microbiota with broad-spectrum antibiotics abolishes post-challenge

L TMADO in all groups, proving the obligatory microbial step.




/ =

V==

The Fish Consumption Paradox

Data: Post-meal TMAO
reaches low triple digits.

Clinical Reality: Associated
with higher CVD risk.
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If circulating TMAO were

a direct vascular toxin,
fish-rich diets should
accelerate disease.

Instead, they are
cardioprotective.

This weighs heavily
against TMAO acting as
a primary vascular toxin
at moderately elevated

concentrations.
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Data: Preformed TMAO acts as a
marine osmolyte. Post-meal TMAO
Into the thousands of pmol/L (rapid
spikes bypassing the microbiome).

e

Clinical Realitﬁssociated with
V] reduced coronary heart disease,

stroke, and all-cause mortality. P
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Disentangling Red M_eat Toxicity

Unprocessed red meat carries several bioactive components linked to vascular injury.

Component -H' Proposed Mechanism | “Assocrated Biomarkers f |
. \ ¢ Saturated Fatty Acids ] Downregulate LDL receptors, raise ApoB l LDL-C, ApoB ]
| . Heme Iron 1 Catalyzes ROS via Fenton chemistry . 0)(|dlzed LDL, MDA J |
( Sodium (Processed) i Endothelial shear stress, stiffness | Blood pressure ] \
| é%“%?gﬁgééygjggg) ] RAGE engagement, NF-kB activation hSCRP, IL-6 ' |
i L-Carnitine/TMAO ](Suppresses reverse cholesterol transport l TMAO, yBB ]
A — )

(— Key Takeaway: The proatherogenic potential of red meat is driven by the broader dietary

|-

matrlx not TMAO generation in isolation. Incorporating lean beef into a fiber-rich J
Mediterranean pattern actually lowers TMAO. J

— e v,



)
The Causal Verdict: Bradford Hill Appralsal '
Strength Biological Gradient PIaUS|b|I|ty Experiment Analogy
*—
Consiﬁst.ency (High for | Specificity (Unmet): &hUNSPEClFlc) (
association; Low across designs): Elevated TMAO accornpames diabetes, NAFLD, |

Highly reproducible in cohorts, but zero

corroboration in Mendelian randomization.
N —

obesity, and CKD. It is a general metabolic
signal, not spemflc to vascular disease.
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N
Temporality (Confounded): (3¢ SELERSE, 4O) Coherence ( Partlally Unmet): (€) CONFLICTING

TMAO precedes events, but bidirectional MR ‘
proves this is confounded by reverse causation

(CKD/T2DM cause high TMAO). __J

The fish paradox directly conflicts with a
simple toxin model.

(53 » coNCLUSION

The framework supports TMAO as a robust risk marker, but falls short

of establishing it as a primary causal driver of human ASCVD.
e ——
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GRADE Certainty Tiers: Stratifying the Claims =/ ™

Very Low Certainty

Lowering TMAO in humans improves hard clinical outcomes.
(No randomized human outcome trial exists).

- Low Certainty

Genétically predicted TMAQ causally
drives human ASCVD events.

Moderate Certamty

TMAD predicts MACE and mortality in high-risk (CAD/HF/CKD)
cohorts, though deeply entangled with renal function.

A

ngh Certamty

Gut micrabiota generate TMA from diet; red meat raises and
plant-diets lower TMAQ; seafood causes massive spikes.
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The Divergence in Expert Interpretation

The Experimentalists ) The Epidemiologists
—————
‘\:\ — o /
o Bnth accept the pmgnnstlc “1 . Often led by cardiovascular and |
» Often IEFI by groups generating - . value and the microbial | nutrition researchers. |
foundational mechanistic data. - .+ pathway. The divergence - S iv—
» Focus: Rodent atherosclerosis, » . frestsonone - P e 2 TEGER
| platelet hyperreactivity, TMA-lyase - empirical question: - e ey (g et S
| inhibitor success in animals. _.Will selectively lowering. . 4 R
| o i | -.“;\ mrculatmg TMAO alter <+ '} -« Interpretation: TMAO is chiefly
/, Interpretation: IMAOIsa =~ s . human events? - 2l & a marker of diet, microbiome, \
t modifiable causal contributor. - =8 R SR ., and kidney-heart crosstalk. )




The Ultimate Systemic Check Engine Light

r-‘_c:lignals diet quality
(meat vs fiber) and
microbiome taxonomic

L_c:nmpnsitinn.
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- Reports on hepatic W
insulin resistance

u}:and FMO3 nverdrwe;'
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Gunctmns as a highly sensitive
gauge of glomerular filtration
u’:ll'ld renal clearance. JJ
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l TMAO is not a simple toxin. It is a uniquely integrative metabolic reporter that synthesizes '

diet, hepatic health, and renal clearance into a single measurable biomarker.




" The Frontier: Unanswered Questions
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@) Rodent models lack CETP and differ in
bile-acid handling, limiting translation.

N
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%) Mendelian randomization assumes lifelong =

effects but cannot exclude acute toxicities.
e ‘

@) No human trial has tested TMAO reduction
against hard cardiovascular endpoints.
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Until trials prove otherwise, clinical focus should remain on the
fundamental drivers: diet quality, insulin sensitivity, and renal health.
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Futu re::!E:lzrections

‘%) Do non-lethal TMA-lyase inhibitors reduce
MACE in humans, and are they safe?
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e
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@; Is there a defined toxic threshold where

TMAO transitions from marker to
pathogen in advanced CKD?
“, - \

%) Do common FMO3 genetic variants alter
human cardiovascular risk?
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