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Abstract 

Introduction  The relationship between sodium glucose co-transporter 2 inhibitors (SGLT2i) and trimethylamine 
N-oxide (TMAO) following acute myocardial infarction (AMI) is not yet explored.

Methods  In this secondary analysis of the EMMY trial (ClinicalTrials.gov registration: NCT03087773), changes 
in serum TMAO levels were investigated in response to 26-week Empagliflozin treatment following an AMI compared 
to the standard post-MI treatment. Additionally, the association of TMAO changes with clinical risk factors and cardio-
renal biomarkers was assessed.

Results  The mean age of patients (N = 367) was 57 ± 9 years, 82% were males, and 14% had type 2 diabetes. 
In the Empagliflozin group, the median TMAO value was 2.62 µmol/L (IQR: 1.81) at baseline, 3.74 µmol/L (2.81) 
at 6 weeks, and 4.20 µmol/L (3.14) at 26 weeks. In the placebo group, the median TMAO value was 2.90 µmol/L (2.17) 
at baseline, 3.23 µmol/L (1.90) at 6 weeks, and 3.35 µmol/L (2.50) at 26 weeks. The serum TMAO levels increased 
significantly from baseline to week 6 (coefficient: 0.233; 95% confidence interval 0.149–0.317, p < 0.001) and week 
26 (0.320, 0.236–0.405, p < 0.001). The average increase in TMAO levels over time (pinteraction = 0.007) was significantly 
higher in the Empagliflozin compared to the Placebo group. Age was positively associated with TMAO, whereas eGFR 
and LVEF were negatively associated with TMAO.

Conclusions  Our results are contrary to existing experimental studies that showed the positive impact of SGLT2i 
on TMAO precursors and cardiovascular events. Therefore, we recommend further research investigating the impact 
of SGLT2i therapy on acute and long-term changes in TMAO in cardiovascular cohorts.
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Introduction
Trimethylamine N-oxide (TMAO) is a gut microbiome-
derived metabolite that is synthesized from the dietary 
sources of choline, phosphatidylcholine, betaine, and 
l-carnitine [1, 2]. TMAO has recently been implicated 
in the development and progression of atherosclerotic 
cardiovascular diseases (CVD) [3]. It was shown to mod-
ulate cholesterol and lipid metabolism, promote inflam-
mation, vascular dysfunction, and platelet hyperactivity, 
and facilitate the formation of macrophage foam cells 
and atherosclerotic plaques [4–6].

Clinical and epidemiological studies also suggest a 
strong association between elevated TMAO levels and 
adverse CVD outcomes in patients with acute cardio-
vascular manifestations. For example, elevated plasma 
TMAO levels have been associated with an increased 
risk of short- and long-term major adverse cardiovascu-
lar events (MACE) in patients with acute coronary syn-
drome and myocardial infarction [7–10]. TMAO has 
been correlated with a high coronary atherosclerotic bur-
den of ST-elevation myocardial infarction (STEMI), non-
ST elevation myocardial infarction (NSTEMI) [11–13], 
and plaque rupture in STEMI patients [14]. Our previous 
study showed elevated baseline TMAO levels in patients 
with MI-induced post-traumatic stress disorder [15]. In 
heart failure patients, significant correlations of TMAO 
with N-terminal prohormone of brain natriuretic peptide 
(NT-proBNP) and adverse prognosis have been docu-
mented [15, 16].

Although studies have identified TMAO as a potential 
risk factor and prognostic biomarker of atherosclerotic 
CVD, only a single measurement of TMAO has been 
considered in most analyses. In a large cohort study, it 
was shown that persistently increased TMAO levels over 
10 years were associated with an increased risk of coro-
nary heart disease and longitudinal measurements of this 
metabolite improved CVD risk stratification [16]. Fur-
thermore, some studies conducted in patients with acute 
ischemic events have reported considerable variations in 
TMAO over time, which may offer a better understand-
ing of the severity and prognosis of these events. For 
instance, TMAO levels declined within 24  h after myo-
cardial infarction and increased in subsequent months, 
and its latter values predicted future CVD events bet-
ter than its acute values [17, 18]. Another study showed 
that changes in TMAO levels following acute myo-
cardial infarction (AMI) were significantly associated 
with MACE [19]. Similar longitudinal trajectories were 
observed in stroke patients at 48  h and 3  months [20]. 
Moreover, TMAO levels are significantly influenced by 
various clinical factors such as age, gender, obesity, smok-
ing, renal function, and cardiometabolic abnormalities 
[1, 8, 21]. Hence, longitudinal changes in TMAO levels 

following the AMI with respect to these factors are worth 
exploring.

Sodium glucose co-transporter 2 inhibitors (SGLT2i), 
a class of oral glucose-lowering drugs, have been shown 
to significantly reduce CVD risk and improve heart fail-
ure outcomes in people with and without diabetes by 
targeting metabolic and anti-inflammatory mechanisms 
and modifying various signaling pathways [22, 23]. How-
ever, the exact mechanisms by which SGLT2i improve 
CVD outcomes are yet to be fully uncovered. A growing 
number of experimental studies have shown that SGLT2i 
can induce modest yet beneficial alterations in various 
microbiome sub-classes [24]. For instance, Empagliflo-
zin treatment restored the gut microbiome in previously 
high-fat diet/streptozocin-treated mice [25]. Another 
study showed that SGLT2 inhibition was positively asso-
ciated with TMAO precursors i.e., choline, phosphatidyl-
choline, and glycine [26]. While Dapagliflozin treatment 
caused minor alterations in the gut microbiome of dia-
betic mice compared to control mice [27]. These data 
suggest that the cardioprotective effects of SGLT2i 
could partly be modulated by the gut microbiome and 
its metabolites including TMAO. However, the direct 
impact of SGLT2i on TMAO and its alterations over time 
has not been explored.

In this study, we investigated changes in TMAO lev-
els in response to Empagliflozin treatment initiated 
within 72 h following AMI for 26 weeks compared to the 
standard post-MI treatment. As various factors can alter 
TMAO levels, we also investigated its association with 
established clinical risk factors, cardiac function param-
eters, and heart failure and renal biomarkers.

Methods
EMMY trial
A secondary analysis of the EMMY (EMpagliflozin in 
acute MYocardial infarction) trial was conducted. The 
methodological details and primary results of the trial 
have been published recently [28, 29]. Briefly, the EMMY 
was a multicenter, randomized (1:1 ratio), double-blind, 
and placebo-controlled trial that investigated the effect 
of Empagliflozin (10  mg once daily), administered for 
26 weeks, on cardiac function and heart failure biomark-
ers in patients with AMI.

The trial enrolled patients who underwent percutane-
ous coronary intervention within 72  h after AMI and 
were 18–80  years, haemodynamically stable, and had a 
blood pressure > 110/70 mmHg. Patients with other than 
type 2 diabetes, a blood pH < 7.32, haemodynamic insta-
bility, acute urinary tract or genital infections, on current 
SGLT2i therapy, or who have received SGLT2i treatment 
within four weeks before enrolment were excluded from 
the trial.
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Ethical considerations
The EMMY trial was approved by the Ethics committee 
of the Medical University of Graz, Austria (EK 29-179 
ex16/17, EudraCT 2016-004591-22) and registered at 
ClinicalTrials.gov (NCT03087773). The trial conformed 
to the 1964 Declaration of Helsinki and adhered to the 
guidelines of Good Clinical Practice (ICH GCP E6).

Outcome variable
In this secondary analysis, the outcome variable was 
TMAO, defined as the mean change from randomiza-
tion (baseline) to 26  weeks. Fasting serum TMAO lev-
els were measured at three timepoints: randomization, 
week 6, and week 26. Serum TMAO was measured with a 
high-performance liquid chromatography-tandem mass 
spectrometry method on a SCIEX QTRAP 6500 triple 
quadrupole instrument (Applied Biosystems, Framing-
ham, MA, USA) [30]. Briefly, 10  µL serum was depro-
teinized by adding 50 µL of ice-cold methanol containing 
2 µg/mL trimethylamine-13C3N-oxid (Toronto Research 
Chemicals, Toronto, Canada) as internal standard. After 
vortexing and centrifugation at 11,000g for 5 min, 2 μL of 
the supernatant was injected into the LC–MS/MS system 
for analysis. Separation was performed with a Hyper-
carb 150 × 4.6  mm, 7  µm column (Thermo) at 40  °C by 
isocratic elution with a mobile phase (0.01% formic acid, 
v/v) at a flow rate of 1.5  mL/min. TMAO and internal 
standards were monitored in positive multiple reaction 
monitoring mode using characteristic precursor–prod-
uct ion transitions: m/z 76.2 → 58.2 and m/z 79.2 → 61.2, 
respectively. Within-day CVs for TMAO were 5.5% 
(2.8  µmol/L) and 2.2% (12.6  µmol/L), and between-day 
CVs were 9.9% (2.8 µmol/L) and 7.6% (12.6 µmol/L).

Explanatory variables
The explanatory variables considered in this analysis 
were Empagliflozin versus placebo treatment groups, age, 
gender, smoking status, hyperlipidemia, type 2 diabetes, 
and measurements of body mass index (BMI), estimated 
glomerular filtration rate (eGFR), left-ventricular ejection 
fraction (LVEF), and NT-proBNP collected at baseline.

Statistical analysis
A complete case analysis of EMMY trial participants 
with available TMAO measurements for all visits was 
performed. Continuous variables were reported as 
mean ± standard deviation (SD) or median with inter-
quartile range (IQR) and categorical variables as fre-
quencies with percentages (%). A linear mixed effect 
model (LMEM) was applied to analyze the change in 
TMAO levels over visits. The TMAO values for each 
visit were log-transformed using the natural logarithmic 

scale before adding in the LMEM and study visits, treat-
ment, and visit-by-treatment interaction were treated 
as fixed effects in the model. In addition, the associa-
tions of TMAO with clinical factors (age, gender, type 2 
diabetes, BMI, smoking, type of myocardial infarction, 
hyperlipidemia), and biomarkers (eGFR, NT-proBNP, 
and LVEF) were investigated using univariable and mul-
tivariable LMEMs. In the univariable LMEM, the asso-
ciation of TMAO over time was assessed with each risk 
factor and results were reported as the least square mean 
[LSM] ± standard error of mean (SEM) and  the coeffi-
cient with corresponding 95% confidence interval (CI) 
and p-value. The variables found significant in the simple 
LMEM were simultaneously included in the multivari-
able LMEM along with treatment, visit, treatment-visit 
interaction, baseline TMAO values, age, diabetes, 
and sex. The results of the multivariable LMEM were 
reported only for significant factors. All statistical analy-
ses were performed in the Stata software version 17.0.

Results
The mean age of EMMY participants with available 
TMAO levels included in the current analysis (N = 367) 
at baseline was 57 ± 9 years and the majority were males 
(82%) and smokers (72%). Of the total participants, 14% 
had type 2 diabetes and 27% had hyperlipidemia. The 
mean BMI was 28 ± 4  kg/m2, eGFR was 90 ± 17  mL/
min/1.73 m2, and LVEF was 48 ± 8%, and the median NT-
proBNP was 764  pg/mL (IQR:1371). The TMAO levels 
and other characteristics were similar between Empa-
gliflozin and Placebo treatment groups. See Table  1 for 
details.

The overall median TMAO value was 2.78  µmol/L 
(IQR: 1.98) at baseline, 3.51  µmol/L (IQR: 2.42) at 
6  weeks, and 3.71  µmol/L (IQR: 2.75) at 26  weeks. In 
the Empagliflozin group, the median TMAO value 
was 2.62  µmol/L (IQR: 1.81) at baseline, 3.74  µmol/L 
(IQR: 2.81) at 6  weeks, and 4.20  µmol/L (IQR: 3.14) at 
26 weeks. In the placebo group, the median TMAO value 
was 2.90  µmol/L (IQR: 2.17) at baseline, 3.23  µmol/L 
(IQR: 1.90) at 6  weeks, and 3.35  µmol/L (IQR: 2.50) at 
26 weeks. The IQR of TMAO increased over time in the 
Empagliflozin groups, whereas, it decreased in the Pla-
cebo group (Additional file 1: Fig. S1).

Overall TMAO levels increased significantly over time 
(p < 0.001 each) i.e., from baseline to week 6 (coefficient: 
0.233; 95% CI 0.149–0.317, p < 0.001) and week 26 (coef-
ficient: 0.320, 95% CI 0.236–0.405, p < 0.001) with a much 
more rapid increase within 6  weeks following the AMI 
in both groups. The mean TMAO value (coefficient: 
0.117; 95% CI 0.047–0.186, p = 0.001) was significantly 
higher in participants on the Empagliflozin therapy than 
those on the Placebo over the entire follow-up period as 
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well as at 6  weeks (p = 0.002) and 26  weeks (p < 0.001) 
each. The average increase in TMAO levels over time 
(pinteraction = 0.007) was also significantly higher in the 
Empagliflozin compared to the Placebo group (Fig. 1 and 
Table 1). The results remained significant after adjusting 

for baseline TMAO values, established CVD risk factors, 
and cardiorenal biomarkers.

In both unadjusted and adjusted LMEM analyses, 
age was positively associated with higher TMAO levels, 
whereas average increases in eGFR and LVEF were asso-
ciated with lower TMAO levels. Other variables such as 
gender, BMI, smoking, type 2 diabetes and its interaction 
with treatment (p-interaction = 0.841), hyperlipidemia, 
and NT-proBNP were not associated with TMAO altera-
tions over time (Tables 2 and 3).

Discussion
We investigated changes in plasma TMAO levels in 
patients who underwent PCI following an AMI and were 
randomized to  the Empagliflozin therapy for 26  weeks 
compared to those on placebo. In addition, we ascer-
tained the association of TMAO changes with various 
baseline clinical risk factors and cardiorenal biomarkers. 
Serum TMAO levels increased over time following MI 
in both treatment groups; however, the average increase 
in TMAO levels over time was substantially higher in 

Table 1  Baseline characteristics of EMMY trial participants with available TMAO measurements

CRP: C-reactive protein, eGFR: estimated glomerular filtration rate, IQR: interquartile range, LVEF: left ventricular ejection fraction, NT-proBNP: N-terminal pro-hormone 
of brain natriuretic peptide, STEMI: ST elevation myocardial infarction, TMAO: trimethylamine N-oxide

Categorical variables were reported as frequencies and percentages (%) and compared with treatment group using Chi-square tests. Normally distributed quantitative 
variables were reported as mean ± standard deviation (SD) and compared with treatment group using unpaired t-tests. Non-normally distributed quantitative 
variables were reported as median and interquartile range (IQR) and compared with treatment group using Wilcoxon rank-sum tests

Variables All (n = 367) Empagliflozin (n = 182) Placebo (n = 185) P-value

Age (years), mean ± SD 57.49 ± 9.11 57.30 ± 8.67 57.67 ± 9.57 0.700

Gender, n (%)

 Male 301 (82.02) 145 (79.67) 156 (84.32) 0.246

 Female 66 (17.98) 37 (20.33) 29 (15.68)

Smoking status, n (%)

 Smokers 263 (71.66) 130 (71.43) 133 (71.89) 0.922

 No-smokers 104 (28.34) 52 (28.57) 52 (28.11)

Hyperlipidemia, n (%)

 Yes 100 (27.25) 42 (23.08) 58 (31.35) 0.075

 No 267 (72.75) 140 (76.92) 127 (86.65)

Type 2 diabetes, n (%)

 Yes 51 (13.90) 27 (14.84) 24 (12.97) 0.606

 No 316 (86.10) 155 (85.16) 161 (87.03)

Body mass index (kg/m2), mean ± SD 28.11 ± 4.28 28.25 ± 4.31 27.97 ± 4.26 0.542

eGFR (mL/min/1.73 m2), median (IQR) 89.94 ± 17.51 90.28 ± 18.35 89.59 ± 16.68 0.709

CRP (mg/dL), median (IQR) 6.20 (12.45) 5.60 (11.20) 6.70 (13.70) 0.150

eGFR categories, n (%)

 < 60 18 (4.92) 10 (5.49) 8 (4.35) 0.724

 60–90 154 (42.08) 79 (43.41) 75 (40.76)

 > 90 194 (53.01) 93 (51.10) 101 (54.89)

LVEF (%), mean ± SD 48.21 ± 7.97 47.51 ± 7.44 48.93 ± 8.44 0.091

NT-proBNP (pg/mL), median (IQR) 764.30 (1371.00) 746.00 (1097.00) 800.45 (1623.50) 0.261

TMAO (µmol/L), median (IQR) 2.78 (1.98) 2.62 (1.81) 2.90 (2.17) 0.193

p = 0.007
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Fig. 1  Mean ± SEM of log-TMAO levels over visits, by Empagliflozin 
and placebo groups
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the Empagliflozin versus the placebo group. Among the 
investigated clinical factors and biomarkers, age was 
positively associated with TMAO, while LVEF and eGFR 
were negatively associated with TMAO.

Our data revealed an increase in TMAO levels from 
baseline (less than 72  h after AMI) to 6  weeks and 
26  weeks in both Empagliflozin and placebo patients. 
This persistent rise in TMAO levels could reflect an over-
active inflammatory response, disturbances in metabo-
lism, and imbalance in gut microbiome following an 

AMI, particularly within the first 6 weeks, and then sta-
bilizes to some extent over the course of time, and hence 
may provide valuable predictive and prognostic infor-
mation in this patient population. However, we did not 
assess the association of longitudinal values of TMAO 
with subsequent CVD outcomes, as the study duration 
was only 26 weeks. A study from Japan also showed a sig-
nificant rise (p = 0.048) in TMAO values from the acute 
(5.63  μM) to the chronic (6.76  μM) phase of STEMI 
(10  months). In addition, chronic phase TMAO signifi-
cantly predicted future CVD events, but not acute phase 
TMAO [18]. Two studies measured TMAO at admis-
sion and 1-month follow-up in patients with AMI and 
found that patients with high TMAO values at both 
timepoints showed a higher risk of MACE, whereas 
patients with high TMAO levels at admission and low 
levels at follow-up showed no association with MACE 
risk [19, 31]. Similarly, a decline in TMAO levels from 
admission (4.13 ± 4.37 μM) to 24 h (3.41 ± 5.84 μM), and 
an increase from 24  h to 4  months (3.70 ± 3.86  μM) in 
STEMI patients was reported by another recent study. 
Also, a decline in TMAO from admission to 4  months 
was inversely correlated (rho = − 0.16, p = 0.024) with 
infarct size [17]. The results of these studies underscore 
the clinical importance of repeated measurements of 
TMAO and its different fluctuation patterns during acute 
and chronic phases of post-ischemic events for predict-
ing future CVD events.

Interestingly, the post-MI rise in TMAO levels at each 
visit in our study was lower than the levels reported in 
previous study cohorts from the Netherlands, Japan, and 
China [17–19]. This finding is intriguing and raises the 
question whether this modest rise in TMAO is clinically 
significant for increasing the risk of future CVD events. 

Table 2  Average marginal means and univariable linear 
mixed effects regression of log-transformed TMAO levels with 
Empagliflozin versus placebo and other baseline variables

BMI: body mass index, eGFR: estimated glomerular filtration rate, LSM: least 
square mean, LVEF: left ventricular ejection fraction, NT-proBNP: N-terminal 
pro-hormone of brain natriuretic peptide, SEM: standard error of mean, STEMI: 
ST-segment elevation myocardial infarction, NSTEMI: non-ST-segment elevation 
myocardial infarction

Variables LSM ± SEM Coefficient ± SEM P-value

Visit

 Baseline 1.05 ± 0.03 Reference

 6 weeks 1.31 ± 0.03 0.268 ± 0.042 < 0.001

 26 weeks 1.38 ± 0.03 0.336 ± 0.042 < 0.001

Treatment group

 Placebo 1.18 ± 0.02 Reference

 Empagliflozin 1.31 ± 0.02 0.123 ± 0.034 0.001

Gender

 Female 1.21 ± 0.04 Reference

 Male 1.25 ± 0.02 0.044 ± 0.045 0.319

Age—5 years change – 0.046 ± 0.009 < 0.001

BMI—kg/m2 – − 0.003 ± 0.004 0.427

Smoking status

 Non-smoker 1.31 ± 0.03 Reference

 Smoker 1.22 ± 0.02 − 0.086 ± 0.038 0.024

Type 2 diabetes

 No 1.24 ± 0.02 Reference

 Yes 1.31 ± 0.05 0.074 ± 0.049 0.137

Hyperlipidemia

 No 1.24 ± 0.02 Reference

 Yes 1.27 ± 0.03 0.026 ± 0.038 0.504

Type of MI

 NSTEMI 1.22 ± 0.02 Reference

 STEMI 1.25 ± 0.05 0.026 ± 0.050 0.604

eGFR—10 mL/
min/1.73 m2 change

– − 0.037 ± 0.010 < 0.001

eGFR categories

 < 60 1.39 ± 0.08 Reference

 60–90 1.30 ± 0.03 − 0.084 ± 0.081 0.300

 > 90 1.19 ± 0.02 − 0.194 ± 0.081 0.017

LVEF—5% change – − 0.022 ± 0.011 0.039

NT-proBNP, pg/mL – 0.018 ± 0.013 0.162

Table 3  Multiple mixed linear effect regression of log-
transformed TMAO levels with Empagliflozin versus placebo and 
other variables

eGFR: estimated glomerular filtration rate, LVEF: left ventricular ejection fraction, 
SEM: standard error of mean

Variables Coefficient ± SEM P-value

Visit

 Baseline Reference

 6 weeks 0.254 ± 0.043 0.041

 26 weeks 0.326 ± 0.043 0.005

Treatment group

 Placebo Reference

 Empagliflozin 0.117 ± 0.035 0.001

Age—5 years change 0.023 ± 0.011 0.042

eGFR—10 mL/min/1.73 m2 
change

− 0.025 ± 0.011 0.023

LVEF—5% change − 0.023 ± 0.011 0.035
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Also, previous studies have shown that TMAO levels 
fell considerably after AMI and stroke [17, 20] and then 
returned to normal, which could also be the same for our 
data; however, we could not confirm it due to the unavail-
ability of TMAO data before the MI. Moreover, a recent 
mass spectrometric analysis of 694 individuals without 
clinical CVD, CKD, and type 2 diabetes revealed that the 
median level of TMAO was 3.91 μmol/L (IQR: 2.87–6.10) 
in men and 3.56 μmol/L (IQR: 2.41–5.15) in women [32]. 
Another mass spectrometric analysis showed a median 
TMAO concentration of 3.45 μM (2.25–5.79) in healthy 
individuals [33]. Hence, TMAO levels in our post-MI 
population are not significantly different from the general 
population and its rise over time may reflect the normali-
zation of the gut microbiome after the acute ischemic 
event. It is important to note that the quantitative com-
parison of TMAO levels across studies is challenging 
because previous studies have shown vast differences in 
TMAO levels in both different and same CVD cohorts 
due to differences in TMAO quantification standards and 
methods [6, 34, 35].

Our analysis revealed that TMAO levels increased 
at a higher rate during 26-week follow-up in patients 
receiving Empagliflozin therapy compared to the pla-
cebo group after AMI with a higher dispersion over vis-
its in the former group. It is a surprising finding, as we 
expected a decline or at least a lower increase in TMAO 
in the Empagliflozin group than placebo. This expecta-
tion was based on the assumption that the SGLT2i have 
well-known cardioprotective effects, which could also 
be exerted by dysbiosis of microbiome colonies result-
ing from glucose absorption impairment in the small 
intestine and glucose delivery facilitation in the large 
intestine. Such changes in the gut microbiome have been 
shown to significantly alter the synthesis and regulation 
of various metabolites including TMAO precursors such 
as choline, phosphatidylcholine, betaine, and l-carnitine, 
as demonstrated by experimental studies [24–26]. Clini-
cal studies also support that high levels of TMAO predict 
worse MACE outcomes and poor CVD prognosis [1, 18]. 
As SGLT2i are known to reduce the eGFR shortly after 
the initiation of the treatment [36], a non-significant dip 
was also observed in our study. However, eGFR levels 
were similar in both groups after 26 weeks of treatment; 
hence renal function cannot explain our finding on both 
increase in TMAO levels and its variability over time in 
patients receiving Empagliflozin compared to placebo. 
In addition, how SGLT2i interfere with TMAO secre-
tion or filtration is also not well known. The increase in 
TMAO variability over visits in the Empagliflozin group 
can be explained by some extreme TMAO values in this 
group in our trial population. However, TMAO is a sensi-
tive metabolite and the data from the general population 

and CVD cohorts demonstrate that its distribution is 
highly skewed could be influenced by a vast number of 
demographic, clinical, dietary, and biological factors, and 
the concomitant pharmacotherapy, particularly in the 
post-hospitalization period [1, 32, 33]. Nevertheless, the 
EMMY study being a multi-site randomized clinical trial 
minimizes the impact of such factors on the observed 
pattern of TMAO alterations in response to Empagli-
flozin, as these were well-balanced in both treatment 
groups. We also adjusted for various known factors in 
our analysis to account for their residual confounding. 
The BIOSTAT-CHF study also supports this claim, as it 
reported no significant impact of standard heart failure 
therapy on TMAO levels [31]. Notwithstanding, the evi-
dence on the exact mechanisms by which SGLT2i can 
influence TMAO concentrations in post-MI cohorts is 
still premature.

We investigated the association of TMAO with various 
factors and biomarkers such as age, smoking, BMI, hyper-
lipidemia, diabetes, type of myocardial infarction, eGFR, 
LVEF, and NT-proBNP. In our analysis, LVEF and eGFR 
were found to be inversely associated with increasing 
TMAO levels. The link between TMAO and kidney func-
tion has been increasingly recognized as plasma TMAO 
is excreted by kidneys, and its levels have been shown to 
increase with the degree of renal impairment in healthy 
individuals and those with heart failure and chronic kid-
ney disease [32, 37, 38]. Also, enhanced uraemia in kid-
ney disease could elevate TMAO levels by unsettling the 
gut microbiome [39]. The relationship between cardiac 
function and TMAO has been investigated in various 
CVD cohorts with contrasting results. Interestingly, it 
was found to be associated with advanced left ventricular 
diastolic dysfunction, but not with systolic dysfunction in 
patients with chronic heart failure [14]. In heart failure 
mice models, TMAO was significantly associated with 
worse LVEF [40]. In contrast, dietary supplementation of 
TMAO drastically reduced diastolic dysfunction in heart 
failure mice models [41]. Whereas TMAO was not asso-
ciated with left ventricular systolic dysfunction at 30-day 
follow-up in patients with STEMI [42]. These conflicting 
results in animal and clinical studies accentuate the need 
for more longitudinal studies on TMAO and various car-
diac function parameters in CVD cohorts and the impact 
of cardiovascular disease modifying drugs on TMAO lev-
els and their predictive potential.

Limitations
This study is not without limitations. Post-MI trajectories 
of TMAO are greatly influenced by renal function, as it is 
mainly excreted through urine. The EMMY trial excluded 
patients with eGFR below 45  mL/min/1.73  m2, and the 
mean eGFR of study participants was above the normal 
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range (92  mL/min/1.73  m2). Therefore, the degree of 
association between TMAO and eGFR in our data might 
be attenuated due to this exclusion criterion. Moreover, 
dietary intake is well-known to impact TMAO levels 
considerably [43], whereas dietary information was not 
prospectively collected in the EMMY trial. Last, we did 
not measure trimethylamine, the precursor metabolised 
by hepatic flavin monooxygenases 3 to TMAO. Hence, 
whether Empagliflozin potentially affects TMA genera-
tion or metabolisation to TMAO remains to be further 
elucidated.

Conclusions
To conclude, TMAO levels increased significantly over 
time following myocardial infarction, with a greater 
increase in people receiving Empagliflozin therapy com-
pared to those on placebo. These results are surpris-
ing and in contrast with existing experimental data that 
demonstrated the beneficial impact of SGLT2i on the gut 
microbiome and TMAO precursors and an increased risk 
of subsequent MACE in association with sustained high 
TMAO levels. In light of these findings, we recommend 
more studies investigating acute and long-term altera-
tions in TMAO in response to SGLT2i therapy and their 
impact on future CVD outcomes and prognosis.
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