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Background

Trimethylamine N-oxide (TMAO) has recently
gained increasing scientific interest in the field of
cardiovascular disease. An association between
elevated plasma concentration of TMAO and an
increased prevalence of diabetes, atherosclerosis
and ischemic heart disease was observed [1, 2].
TMAO originates from the liver, which oxidizes
trimethylamine (TMA), TMAO precursor. TMA
is produced by conversion of L-carnitine, betaine
and choline by intestinal symbiotic bacteria [3].
The rich source of the nutrients includes red meat,
eggs and cheese. Recently, several studies have
shown that TMA is deleterious for the circula-
tory system, and that TMAO may be a surrogate
marker only [3, 4]. Nevertheless, an interventional

study conducted by Gawrys-Kopczyska et al. [5]
reported that TMAO applied to heart failure (HF)
rats reduced mortality, which was associated with
diuretic, natriuretic and hypotensive effects [5, 6].
Hence, unlike its precursor — TMA, TMAO might
exert some favourable effects on the cardiovascular
system. However, the role of TMAO in the patho-
genesis of human diseases remains to be defined.

Aortic stenosis (AS) is the most common
organic valvular heart disease, affecting approxi-
mately 7.6 million people over 75 years of age
in North America and Europe alone [7]. The
prevalence of AS is expected to increase due to
an ageing population [8]. In the course of AS,
aortic valve orifice gradually narrows, leading to
chronic left ventricular (LV) pressure overload, LV
hypertrophy and fibrosis [9]. Once AS symptoms
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(including HF symptoms, syncope, and/or angina)
occur, if the patient is left untreated, the annual
mortality oscillates around 25%, with an average
survival of 2 to 3 years [10]. Hence, symptomatic
patients with severe AS should promptly undergo
either surgical aortic valve replacement (SAVR)
or transcatheter aortic valve implantation (TAVI)
[11]. The choice of the method of treatment (SAVR
vs. TAVI) is mainly determined by the patients’
individual risk of surgery, as assessed by the Heart
Team [11]. SAVR is preferred in patients under 75
years old and with low perioperative risk, while
TAVI is recommended in high-risk patients not
suitable for SAVR, as assessed by the Heart Team
[12]. Noteworthy, adverse LV remodeling due
to AS is partially reversible after interventional
treatment [13, 14]. However, in some patients, LV
remodeling with LV dysfunction (mainly diastolic,
but also systolic in patients with a long history of
severe AS) and HF symptoms persists after inter-
vention [14]. The course of reversible remodeling
might be evaluated using circulating markers of
cardiac fibrosis such as matrix metalloproteinase
2 and 9 (MMP-9, MMP-2), collagen I C-terminal
telopeptide (CITP) and galectin-3 (gal-3) [15-17].
Uremic toxins such as indoxyl sulphate (IS) were
also shown to exacerbate fibrosis and proliferation
of cardiomyocytes [18, 19].

To some extent, LV pressure overload in pa-
tients with AS may resemble hydrostatic pressure
affecting deep-sea marine animals [20, 21]. Based
on the fact that TMAO plays a protective role in
marine animals, it was hypothesized herein, that
TMAO might play a role in protection of the heart
against pressure overload in patients with AS. The
primary aim of the present study is to investigate
the association between serum and urine TMAO
concentrations, and (i) echocardiographic, (i1)
biochemical and (iii) histopathological indices of
HF in patients with severe AS referred for SAVR
or TAVI. The secondary aim of the study is to
evaluate the relationship between baseline TMAO
concentrations and changes in clinical status, echo-
cardiographic and biochemical parameters after
interventional treatment of severe AS.

Methods

Study design

The TASTE (TMAO in severe Aortic STenosis:
association with Echocardiographic, biochemical and
histopathological indices of heart failure) study is
a prospective, observational study. The recruitment
phase started in January 2019 and its duration was

expected to be 24 months, however, due to the
coronavirus disease 2019 (COVID-19) pandemic, it
has been prolonged for another 24 months.

Selection of participants

Inclusion and exclusion criteria are listed in
Table 1. Patients are enrolled among those (i) aged
from 18 to 99 years, (ii) admitted to the depart-
ment of cardiology or cardiac surgery in a tertiary
referral, university hospital due to severe AS, and
(i) qualified for treatment with either SAVR or
TAVI by the Heart Team. Patients with HF due
to causes other than AS, patients with coexist-
ing significant aortic regurgitation and those who
underwent myocardial infarction within the last
3 months or coronary revascularization within
the last month are excluded from the study. Since
TMAO is excreted by the urinary tract, patients
with chronic kidney disease (CKD) with esti-
mated glomerular filtration rate (eGFR) < 45 mL/
/min/1.73 m®, calculated using the Modification
of Diet in Renal Disease (MDRD) formula, are
excluded as well. Finally, because the intestinal
metabolism of TMAO is affected by the state of
gastrointestinal tract and its microbiota, patients
with acute or chronic gastrointestinal diseases, au-
toimmune disease, treated with antibiotics within
the last 2 months or taking dietary supplements
within the last 7 days are excluded from the study.
All patients provide written informed consent.

Study schedule

The study schedule is presented in Figure 1.
Screening and eligibility check are performed after
qualification for treatment (TAVI or SAVR). All
patients screened are registered in the screening
log. Patients not eligible for enrolment are regis-
tered as a screen failure with a reason for failure
and not followed-up.

Patients enrolled in the study are evaluated
at 4 time points: (i) prior to SAVR or TAVI, (ii)
5-7 days after the procedure (before hospital dis-
charge) (follow-up visit 1), (iii) 1 month after the
procedure (follow-up visit 2), and (iv) 6 months
after the procedure (follow-up visit 3). At each
visit, data regarding medical history and concomi-
tant pharmacotherapy are collected, a thorough
physical examination is conducted, transthoracic
echocardiogram (TTE) is performed, and blood and
urine samples are collected for laboratory tests.

Laboratory tests
Venous blood is collected to EDTA tubes to
prepare plasma and to clotting activator tubes
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Table 1. Eligibility criteria, laboratory and non-biochemical parameters assessed in the TASTE study.

Complete blood count

Heart failure

Inflammatory markers

NT-proBNP C-reactive protein
Fibrosis Renal function Glucose and lipid metabolism
MMP-2 Creatinine Fasting glucose'
MMP-9 eGFR? Lipid profile’
CIPT Urea in blood
Gal-3
Hepatic function Metabolites Other parameters
ALT TMAQ? Potassium and sodium’
AST TMA? Thyroid-stimulating hormone'

IS® Fibrinogen'

Main echocardiographic
parameters

Left heart catheterization
(in patients undergoing TAVI)

Exclusion criteria

E/e’ (assessment of LV
filling pressures)

End-diastolic and end-systolic LV
and aortic pressures

Heart failure etiology other than AS
Chronic intestinal disease

e’ (lateral and septal)
S’ (LV)
Liels Informed consent to participate

LAVI in the study
Severe AS, defined as AVA < 1.0 cm?

Coexisting, hemodynamically
significant aortic regurgitation

Inclusion criteria

Rege beineen (B el Bl jeis Myocardial infarction within

the last 3 months

Coronary revascularization
within the last month or

LVEDV or indexed AVA < 0.6 cm?m? planned during TAVI or SAVR
LVESV as calculated by the continuity equa- Chronic kidney disease with
RV and RA dimensions tion on transthoracic echocardiogra- eGFR < 45 mL/min/1.73 m?

phy, regardless of transvalvular gradi- Acute gastrointestinal disease
S" (RV) ent, with or without coexisting within the last month

symptoms of heart failure
LAVI YR Active neoplastic disease

Qualification for SAVR or TAVI by the s ]
TAPSE Heart Team in accordance with Chronic |T1flammato_ry disease
TRV and estimated SPAP Autoimmune disease

European Society of
Histopathological study Cardiology guidelines [11] Ant;ﬁl:?g:s:hze;igzt\évslthm
(in patients undergoing SAVR)

Dietary supplements within
the last 7 days

Severity of myocardial fibrosis

'Parameters assessed only at enrolment.

?eGFR is calculated based on serum creatinine using the Modification of Diet in Renal Disease (MDRD) formula.

3Concentrations of these parameters will be measured both in serum and urine.

ALT — alanine transaminase; AS — aortic stenosis; AST — aspartate aminotransferase; AVA — aortic valve area; CITP — collagen | C-terminal
telopeptide; eGFR — estimated glomerular filtration rate; Gal-3 — galectin-3; IS — indoxyl sulfate; MMP-2, MMP-9 — matrix metalloproteinase 2
and 9; NT-proBNP — N-terminal prohormone of B-type natriuretic peptide; TMAO — trimethylamine-N-oxide; TMA — trimethylamine; LV —
left ventricular; e’ — early diastolic mitral annular velocity (lateral and septal); S" — systolic mitral annular velocity; GLS — global longitudinal
strain; LAVI — left atrial volume index; EDV — end-diastolic volume; ESV — end-systolic volume; RV — right ventricular; RA — right atrial;
SAVR — surgical aortic valve replacement; SPAP — systolic pulmonary artery pressure; TAPSE — tricuspid annular plane systolic; TAVI — trans-
catheter aortic valve implantation; TRV — tricuspid regurgitation velocity

to prepare serum. Urine is collected to sterile
urine cups. For standard laboratory tests, blood is
transferred to the accredited hospital laboratory.
For TMAO analysis, EDTA-anticoagulated blood
is centrifuged for 15 min at 2,000 g within 60
min after blood collection to prepare plasma [22].
Both plasma and urine are aliquoted and stored in
a freezer at —80°C until analyzed. The analysis is
performed in the Center of Preclinical Research
and Technology, Medical University of Warsaw. All

collected samples are coded with a unique number
and will be analyzed in one block by operators
blinded to patient data. Concentrations of TMAO in
plasma and urine will be measured using a Waters
Acquity Ultra Performance Liquid Chromatograph
coupled with a Waters TQ-S Triple-Quadrupole
Mass Spectrometer. The mass spectrometer will
be operated in the multiple-reaction monitoring-
-positive electrospray ionization mode, as previ-
ously described [23].
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Patients with severe
aortic stenosis (n = 70)
Informed TAVI or Follow-up Follow-up Follow-up
consent SAVR visit 1 visit 2 visit 3
0-7 5-7 1 month 6 months
- -
days days [ + 7 days T + 14 days T
Blood Blood Blood Blood
Urine Urine Urine Urine
TTE (1) TTE (2) TTE (3) TTE (4)

Figure 1. Study schedule; SAVR — surgical aortic valve replacement; TAVI — transcatheter aortic valve implantation;

TTE — transthoracic echocardiography.

Echocardiographic examination

Each patient undergoes TTE at four prespeci-
fied time points. Echocardiographic examination
includes evaluation of: (i) LV end-diastolic and
end-systolic dimensions and volumes, LV wall
thickness and LV mass index, (ii) LV systolic func-
tion, including assessment of LV ejection fraction
(EF; using biplane Simpson’s method) and global
longitudinal strain, (iii) LV diastolic function (us-
ing tissue Doppler imaging [TDI]) and estimated
left atrial pressure, (iv) left atrial dimension and
indexed volume, (v) right ventricular size and
systolic function (tricuspid annular plane systolic
excursion, S’ from TDI), right atrial size, (vi) maxi-
mal and mean aortic gradients, aortic valve area
(AVA), indexed AVA, indexed LV stroke volume,
(vii) presence and severity of aortic regurgitation
or — after intervention — paravalvular leaks, (viii)
function of other heart valves, and (ix) probability
of pulmonary hypertension. At follow-up visit 2
(7 days after the procedure), echocardiographic as-
sessment may not include all the above parameters
due to limited visualization.

Severe AS is defined as AVA < 1.0 cm® or
indexed AVA < 0.6 cm’/m” as calculated by the con-
tinuity equation on TTE. The study includes both
patients with high-gradient severe AS, and those
with low-flow, low-gradient severe AS, regardless
of LVEE. In patients with low-flow, low-gradient
AS and reduced LVEF to differentiate between
true severe AS and pseudo-severe AS, dobutamine
stress echocardiography is typically performed,
and in patients with low-flow, low-gradient AS and
preserved LVEF — computed tomography with
assessment of aortic valve calcium score, as rec-
ommended by the European Society of Cardiology
(ESC) guidelines [11].
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Histopathological evaluation

In patients undergoing SAVR, biopsy of inter-
ventricular septum is performed during surgery
(a specimen of ~2 mm in diameter) for histo-
pathological evaluation of myocardial fibrosis.
The material is temporarily stored in 5% solution
of formalin and transferred to the Department of
Physiology and Experimental Pathophysiology,
Medical University of Warsaw for histopathological
evaluation. All collected samples are coded with
a unique number and will be analyzed in one block
by operators blinded to patient data. Microscopic
examination of each sample will include assess-
ment of myocardial morphology and interstitial
fibrosis or inflammation. Only samples containing
at least 50% of the cardiac muscle tissue will be
examined.

Left heart catheterization

In patients undergoing TAVI, before and after
prosthesis implantation end-diastolic and end-
-systolic LV and aortic pressures are measured.

Endpoints

The primary endpoint of this study is the asso-
ciation between serum and urine TMAO concentra-
tions and (1) echocardiographic, (ii) biochemical and
(i11) histopathological indices of HE. This will be as-
sessed by (i) comparing clinical, echocardiographic,
biochemical and histopathological variables in pa-
tients with TMAO concentrations above and below
median, and (ii) analyzing correlations between
TMAO concentrations and those parameters (for
continuous variables). TMAO concentrations will
also be correlated with LV pressures measured
invasively during TAVI. The secondary endpoints
include relationship between baseline TMAO
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concentrations and post-treatment clinical status,
echocardiographic and biochemical parameters in
6-month follow-up. This will include assessment
whether TMAO is an independent predictor of
clinical and/or echocardiographic improvement at
6 months. Clinical improvement will be defined
as an improvement of at least 1 New York Heart
Association class. In addition, changes in serum
and urine TMAO, TMA and IS concentrations
after the procedure will be analyzed in relation to
other biochemical and echocardiographic changes.
Clinical end-points, including all-cause death, HF
death, HF hospitalizations and other cardiovascular
hospitalizations will be recorded.

Sample size

Because insufficient data are available to as-
sess the association between the concentration
of TMAO and severity of echocardiographic, bio-
chemical and histopathological features of HF
in patients with severe AS, the calculation was
based on two previous studies [24, 25]. Required
sample size was calculated by a power test at
a significance level of 0.05 with the following as-
sumptions (i) the expected correlation coefficient
R 0.35, (i1) nominal test power 0.8, (iii) p-value con-
sidered significant 0.05. Based on this sample size
estimation, a total of 62 patients should be enrolled
in the trial. Assuming that up to 15% of patients may
be potentially lost to follow-up, we estimated that 70
patients should be enrolled in the trial. As of January
2021, 26 patients have been included in the study.

Legal considerations

The study protocol was approved by the
Bioethical Committee of the Medical University
of Warsaw, and registered in the ClinicalTrials
database (NCT04406805). The study is conducted
according to good clinical practice, the ethical prin-
ciples described in the Declaration of Helsinki, the
requirements of the European Medicines Agency
and local legal and regulatory requirements. Data
storage is conducted in compliance with local data
protection laws. Authorities may request access
to the study documentation in case of an inspec-
tion or audit. Documentation can be copied during
inspection or audit only in case the identity of the
participant has been made unrecognizable.

Statistical analysis

Statistical analysis was conducted using IBM
SPSS Statistics, version 24.0 (IBM). Categori-
cal variables will be presented as number and
percentage and compared using the y* test. The

Shapiro-Wilk test will be used to assess normal
distribution of continuous variables. Continuous
variables will be presented as mean and stand-
ard deviation or median with interquartile range
and compared using an unpaired t-test or the
Mann-Whitney U test. The Pearson or Spearman
correlation coefficient will be used to analyze
a correlation between serum and urine TMAO
concentration and continuous echocardiographic,
biochemical and histopathological variables. The
analyses will also include a comparison of patient
groups with TMAO concentrations above and
below the median, and patients with and without
echocardiographic and clinical improvement at
6 months. The Cox regression model will be used
to determine the prognostic ability of TMAO to
predict echocardiographic, clinical and biochemi-
cal improvement at 6 months. Mortality and other
adverse events will be reported descriptively.
A p-value below 0.05 will be considered significant.

Discussion

The TASTE study is the first clinical study to
evaluate the association between concentrations
of TMAO and TMA and the severity of HF in pa-
tients with AS in an investigator-blinded way [22].
Recently, it has been shown that TMA, but not
TMAO reduced rat cardiomyocytes viability, likely
due to its disturbing effect on proteins, whereas
a concomitant treatment with TMAO protected
cardiomyocytes against the deleterious effect of
TMA. Therefore, TMA but not TMAO seems to
be a toxin and a marker of cardiovascular risk [22].
This study is expected to shed a light on the re-
spective roles of TMA and TMAO in cardiovascular
disease in a human model of pressure overload
(AS). Noteworthy, the study offers an opportunity
to assess the correlation of TMA and TMAO with
the histopathology of human heart tissue. The
state-of-the art methods to analyze TMAO and
TMA will account for the reliability of results.

In this study, other promising markers of car-
diac fibrosis will also be measured, such as MMP-9,
MMP-2, CITP, gal-3 and IS. Indoxyl sulphate is
considered to be a molecule linking CKD and HE,
involved in the pathogenesis of the cardiorenal
syndrome (CRS) [18, 26]. CRS is a condition char-
acterized by kidney and HE, where the failure of
one organ may induce dysfunction of the other, thus
further accelerating the progressive failure of both
organs [27]. Given the fact that AS and CKD often
coexist, and that over half of patients have an im-
provement in eGFR after interventional treatment
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of severe AS, assessment of IS concentrations in
this study offers a unique possibility to investigate
its role in the development of CRS in patients with
severe AS [18, 28, 29].

TASTE is expected to determine whether
TMAO and/or TMA reflect the severity of HF in AS
patients, or predict clinical and echocardiographic
improvement after interventional treatment of AS.
This could be yet another step to understand the
role of TMAO and TMA in cardiovascular disease
[30]. If the association between TMAO and the
severity of HF is confirmed, TASTE might provide
a basis for future studies aimed to develop new
methods for cardiac muscle protection by increas-
ing the concentration of TMAO, for example by
diet or supplements rich in TMAO precursors, and
to diminish the detrimental effect of LV pressure
overload on LV structure and function in patients
with AS or arterial hypertension. Altogether, TMAO
may be the key to discover new, breakthrough ways
to prevent and/or treat HE The findings of this study
might potentially change the present paradigm of
TMAO as a cardiovascular risk marker and trigger
a debate on the protective effects of TMAO.
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