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Abstract

Aims Trimethylamine N-oxide (TMAOQ) is a metabolite derived from the gut microbiota. Elevated TMAO levels are associated
with a poor prognosis in patients with heart failure with reduced ejection fraction. However, the prognostic effect of elevated
TMAO levels on heart failure with preserved ejection fraction (HFpEF) remains unclear.

Methods and results We consecutively enrolled 146 patients who were hospitalized and discharged from Tottori University
Hospital with the primary diagnosis of HFpEF (ejection fraction > 50%). High TMAO levels were defined as those greater than
the median value in the patients (20.37 umol/L). Patients with high TMAO levels had a significantly higher prevalence of prior
hospitalization for heart failure and severe renal dysfunction than those with low TMAO levels. They also had a significantly
higher acylcarnitine to free carnitine ratio than those with low TMAO levels, which indicated abnormal fatty acid metabolism
and relative carnitine deficiency. After adjustment for differences in the patients’ background in multivariate analysis, high
TMAO levels remained independently associated with a high incidence of the composite endpoints of death due to cardiac
causes and hospitalization for heart failure (adjusted hazard ratio, 1.91; 95% confidence interval, 1.01 to 3.62; P < 0.05). There
was a significant interaction between TMAO and nutritional status on the primary outcome, and the prognostic effect of
TMAO was enhanced in patients with malnutrition.

Conclusions Elevated TMAQO levels at discharge are associated with an increased risk of post-discharge cardiac events in pa-
tients with HFpEF, especially those with the complication of malnutrition.
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Introduction Hypoperfusion and congestion of the intestine lead to a de-

crease in blood flow to intestinal epithelial cells, resulting in

Changes in the gut microbiota and its metabolites are closely
associated with the pathogenesis and prognosis of various
diseases, including hypertension,* diabetes,? peripheral vas-
cular disease,® and myocardial infarction.* Heart failure (HF)
is the end-stage manifestation of various types of cardiovas-
cular disease. Recent evidence has also highlighted the po-
tential importance of an altered gut microbiota and its
metabolites on the pathophysiology and prognosis of HF.>™

cell hypoxia, anaerobic metabolism, and overexpression of
sodium/hydrogen exchanger 3.>° This enhances sodium ab-
sorption, and hydrogen ions are exchanged into the gut lu-
men, decreasing the local pH of the gut and altering the
composition of the intestinal microbiota.** An imbalance
in the gut microbiota leads to an increase in harmful metab-
olites produced by gut bacteria. Trimethylamine N-oxide
(TMAO) is a molecular metabolite that is derived from the
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gut microbiota.'? Choline, betaine, and L-carnitine, which are
included in red meat, eggs, fish, and dairy products, are con-
verted to trimethylamine via certain gut microbial enzymes
and then metabolized by the liver to TMAO. This promotes
atherosclerosis and is associated with increased morbidity
and mortality in coronary artery disease.’****3 TMAO also di-
rectly affects the heart by inducing myocardial hypertrophy
and fibrosis,** inflammation,*® and mitochondrial dysfunction
of the myocardium,*® which may affect development and
prognosis of HF.? The association between TMAO and prog-
nosis has been investigated in patients with HF with reduced
ejection fraction (HFrEF).>® However, the association be-
tween TMAO and prognosis in patients with HF with pre-
served ejection fraction (HFpEF) has not been well
established.?”*® Therefore, this study aimed to examine the
prognostic effect of elevated TMAO levels in patients with
HFpEF.

Methods
Patients

The present study consecutively enrolled 146 patients who
were hospitalized for acute decompensated HF and
discharged from Tottori University Hospital with the primary
diagnosis of HFpEF from January 2012 to December 2017.

Patients with HFpEF were defined as follows®®%°: (i) pa-
tients with symptoms and signs of HF as defined by the
Framingham criteria, together with pulmonary congestion
on X-rays or pulmonary hypertension evaluated by Doppler
echocardiography as previously described; and (ii) patients
with a left ventricular ejection fraction > 50%. The following
patients were excluded: those with surgically unrepaired se-
vere valve disease or congenital disease; those with arrhyth-
mia requiring pacemaker treatment (complete atrial
ventricular block or sick sinus syndrome); and those with con-
strictive pericarditis, primary pulmonary hypertension, pul-
monary embolism, or acute myocardial infarction. Patients
under chronic dialysis and those with chronic diseases of
the gastrointestinal tract were also excluded.

Data collection

Medical records were reviewed for demographics, medical
history, co-morbidities, laboratory data, echocardiograms,
medications, and the clinical course. All measurements were
taken at discharge when HF control was stable. Echocardio-
graphic data were measured according to the recommenda-
tion of the American Society of Echocardiography.?>?? Early
diastolic mitral annular velocity was obtained from the septal
site of the mitral leaflet. We collected prognostic information
from electronic medical records for patients followed at our

institution and conducted a telephone survey for patients
followed at other hospitals every year.

Measurement of trimethylamine N-oxide and
serum L-carnitine levels

Fasting serum and plasma blood samples were collected, and
these samples were then immediately processed and frozen
at —80°C until later analysis. TMAO levels were measured
by ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (Agilent Technologies, CA,
USA) as previously described.?® High TMAO levels were de-
fined as those greater than the median value of the patients
(20.37 umol/L). Serum L-carnitine levels were measured by
enzymatic cycling methods (carnitine assay kit; Kainos Labo-
ratories Co., Tokyo, Japan) as previously described.?*%*

Geriatric Nutritional Risk Index

The Geriatric Nutritional Risk Index (GNRI) was recently pos-
tulated as a nutritional risk screening tool in patients with
HFpEF. The GNRI was calculated from serum albumin levels
and body mass index (BMI) as previously described.™

Clinical outcomes

We evaluated the composite endpoints of death due to cardiac
causes and first events of unplanned re-hospitalization for HF
during the follow-up period. Death from a cardiac cause was
defined as death due to HF and sudden death.

The investigation conformed to the principles outlined in
the Declaration of Helsinki. The study was approved by the
research ethics committee of Tottori University. Written
informed consent was provided by each subject.

Statistical analysis

Continuous variables are expressed as median and interquar-
tile range. Differences in continuous variables were com-
pared using the Mann—-Whitney U test. Categorical variables
were compared using Fisher’s exact test. The event-free sur-
vival curve after discharge from hospital was estimated by
the Kaplan—Meier method. Cox proportional hazards models
were used to assess the effect of high TMAO levels on the pri-
mary outcome and its interaction with each subgroup. To ad-
just for differences in the patients’ background, a propensity
score indicating high TMAO levels was entered into the Cox
hazard model. For each patient, a propensity score was calcu-
lated by logistic regression analysis, into which age, sex, and
all baseline characteristics that were associated with high
TMAO levels (P < 0.05) were entered: history of HF
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hospitalization, the levels of haemoglobin, blood urea nitro-
gen, estimated glomerular filtration rate, acylcarnitine, and
free carnitine, and acylcarnitine/free carnitine ratio. A P
value < 0.05 was considered statistically significant. All anal-
yses were performed using EZR (Saitama Medical Center, Jichi
Medical University, Saitama, Japan), which is a graphical user
interface for R (Version 2.13.0; R Foundation for Statistical
Computing, Vienna, Austria).

Results
Patients’ characteristics

The median age of the cohort was 80 (73-85) years, and
53.6% of the patients were women. Underweight (BMI <
18 kg/m?) and obesity (BMI > 25 kg/m?), according to the
definition in Japanese,?® were found in 23.8% and 17.9% of
the patients, respectively. Moderate or severe nutritional risk
as assessed by the GNRI (<92)*° was found in 55.6% of the
patients. A total of 20% of the patients were in New York
Heart Association functional class Ill. A history of hospitaliza-
tion for HF was found in 21.2% of the patients. The preva-
lence of cardiac co-morbidities, including coronary artery
disease and atrial fibrillation, was 31.8% and 49.0%, respec-
tively. Non-cardiac co-morbidities, including chronic obstruc-
tive pulmonary disease, diabetes mellitus, anaemia
(haemoglobin levels of <13 g/dL in men and <12 g/dL in
women), and severe renal dysfunction (chronic kidney
disease stages 4-5; estimated glomerular filtration rate < 30

Figure 1 Distribution of TMAO levels in the patients. IQR, interquartile
range; TMAQ, trimethylamine N-oxide.
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mL/min/1.73 m?), were found in 7.3%, 40.4%, 73.3%, and
27.1% of the patients, respectively.

Figure 1 shows the distribution of TMAO in the patients.
The median value of TMAO was 20.37 (10.45-38.31)
umol/L. Patients with high TMAO levels had a significantly
higher prevalence of prior hospitalization for HF and severe
renal dysfunction than those with low TMAO levels
(P < 0.05) (Table 1). Patients with high TMAO levels also
had significantly lower haemoglobin levels and higher levels
of blood urea nitrogen, free carnitine, and acylcarnitine, and
the acylcarnitine to free carnitine ratio than those with low
TMAO levels (P < 0.05). There were no significant differences
in B-type natriuretic peptide levels and other parameters be-
tween the two groups.

Trimethylamine N-oxide and cardiac events

During the mean follow-up of 872 + 500 days, the composite
endpoints of death due to cardiac causes and hospitalization
for HF occurred in 20 (27.4%) patients in the low TMAO group
and in 34 (46.6%) patients in the high TMAO group (unad-
justed hazard ratio, 2.06; 95% confidence interval, 1.18 to
3.58; P =0.01). We also confirmed that, when TMAO was di-
vided into quartiles, the highest and second highest quartile
groups had significantly poorer prognosis compared with
the lowest quartile group (P < 0.05) (Supporting Information,
Figure SI1). Even after adjustment for differences in the pa-
tients’” background using the propensity score, high TMAO
levels were independently associated with a high incidence
of primary outcomes (adjusted hazard ratio, 1.91; 95% confi-
dence interval, 1.08 to 3.62; P < 0.05) (Table 2 and Figure 2).
We also examined whether the effect of high TMAO levels on
cardiac events was modified by age, sex, co-morbidities, and
values of B-type natriuretic peptide and carnitine (Figure 3).
We found a significant interaction between TMAO and nutri-
tional status as assessed by the GNRI on the primary outcome
(P < 0.01). High TMAO levels were associated with a worse
prognosis in patients with low nutritional status compared
with those with a preserved nutritional status.

Discussion

The present study showed that elevated TMAO levels, which
is a metabolite derived from the gut microbiota, were inde-
pendently associated with an increase in composite end-
points of readmission for HF and cardiac death in patients
with HFpEF. Furthermore, the prognostic effect of elevated
TMAO levels was likely to be enhanced in patients with
HFpEF and a low nutritional status.

Previous studies have reported that elevated TMAO levels
are associated with a poor prognosis in patients with
HFrEF.>"® In contrast, the prognostic effect of TMAO in HFpEF
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Table 1 Characteristics of patients with low and high trimethylamine N-oxide levels

Low TMAO (n = 73) High TMAO (n = 73) P value
Age (years) 80 [71-83] 81 [75-86] 0.10
Female, n g%) 40 (54.8) 40 (54.8) 1.00
BMI (kg/m?) 21.23 [19.03-23.44] 21.03 [18.44-23.12] 0.54
GNRI 91.44 [86.489-7.85] 90.84 [85.97-95.30] 0.45
SBP (mmHg) 122 [110-132] 115 [107-130] 0.14
Prior HF hospitalization, n (%) 10 (13.7) 21 (28.8) 0.04
NYHA class I/I/II/IV, n 0/57/16/0 0/60/13/0 0.68
Co-morbidity condition
Coronary artery disease, n (%) 19 (26.0) 27 (37.0) 0.21
Hypertension, n (%) 60 (82.2) 57 (78.1) 0.68
Dyslipidaemia, n (%) 35 (48.6) 30 (41.7) 0.50
Diabetes, n (%) 26 (35.6) 33 (45.2) 0.31
Atrial fibrillation, n (%) 37 (50.7) 36 (49.3) 1.00
COPD, n (%) 4 (5.5) 7 (9.6) 0.53
Anaemia, n (%) 50 (68.5) 57 (78.1) 0.26
CKD stage 4-5, n (%) 8(11.0) 28 (38.4) <0.01
Medication
ACE-I/ARB, n (%) 62 (84.9) 60 (82.2) 0.82
Beta-blocker, n (%) 57 (78.1) 55 (75.3) 0.85
Loop diuretics, n (%) 64 (87.7) 69 (94.5) 0.24
Mineralocorticoid blocker, n (%) 31 (42.5) 27 (37.0) 0.61
Laboratory values
Haemoglobin (g/dL) 11.50 [10.20-12.70] 11.00 [9.60-11.90] 0.03
Sodium (mEq/L) 139.00 [138.00-142.00] 140.00 [138.00-142.00] 0.60
BUN (mg/dL) 22.00 [17.00-26.70] 37.30 [28.20-52.00] <0.01
eGFR (mL/min/1.73 m2) 55.57 [42.82-73.10] 32.49 [24.23-45.58] <0.01
CRP (mg/dL) (n = 145) 0.16 [0.06-0.53] 0.23 [0.08-0.54] 0.44
BNP (pg/mL) (n = 145) 160.95 [72.28-301.48] 164.00 [89.80-329.60] 0.40
TMAO (umol/L) 10.39 [6.92-15.58] 38.34 [27.16-57.79] <0.01
FC (umol/L) 63.60 [52.40-71.70] 68.80 [58.70-84.70] 0.01
AC (umol/L) 13.30 [11.50-16.30] 21.00 [15.50-27.50] <0.01
AC to FC ratio 0.23[0.18-0.28] 0.28 [0.20-0.37] <0.01
Echocardiography
LV mass index (g/mz) 125.20 [108.10-148.10] 120.50 [103.02-145.42] 0.57
RWT 0.49 [0.42-0.56] 0.47 [0.42-0.55] 0.41
LVEF (%) 59.80 [55.00-66.00] 59.10 [54.45-65.00] 0.36
E’ (septal) (cm/s) (n = 140) 4.20 [3.30-5.10] 4.10 [3.20-5.20] 0.81
E/E’ (septal) ratio (n = 140) 17.98 [13.10-24.66] 19.29 [13.29-23.03] 0.97
LA volume index (mL/m?) (n = 139) 55.33 [41.26-71.47] 58.54 [47.79-77.15] 0.21
TRPG (mmHg) 26.00 [19.25-29.00] 24.00 [20.00-32.00] 0.74

AC, acylcarnitine; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BNP; B-type
natriuretic peptide; BUN, blood urea nitrogen; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive
protein; E, early diastolic mitral inflow; E’, early diastolic annular velocity; eGFR, estimated glomerular filtration rate; FC, free carnitine;
GNRI, Geriatric Nutritional Risk Index; HF, heart failure; LA, left atrial; LV, left ventricular; LVEF, left ventricular ejection fraction; NYHA,
New York Heart Association; RWT, relative wall thickness; SBP, systolic blood pressure; TMAO, trimethylamine N-oxide; TRPG, tricuspid re-
gurgitation pressure gradient.

Data are median and interquartile range.

Table 2 Cox hazard analysis for clinical outcomes between the low and high trimethylamine N-oxide groups

Low TMAO no. of  High TMAO no. of
events/patients

Unadjusted HR
events/patients (95% Cl) P value

Adjusted HR
(95% Cl)? P value

Primary composite outcomes 20/73 34/73 2.06 (1.18-3.58) 0.01 1.91 (1.01-3.62) <0.05
Cardiac cause death 5/73 14/73 3.31(1.19 9.21) 0.02 2.03 (0.62-6.64) 0.10
HF hospitalization 18/73 29/73 1.93 (1.07 3.49) 0.03 1.96 (0.99-3.87) 0.05

Cl, confidence interval; HF, heart failure; HR, hazard ratio; TMAOQ, trimethylamine N-oxide.
°Adjusted for propensity scores for high TMAO levels (age, sex, prior hospitalization for HF, haemoglobin, blood urea nitrogen, estimated
glomerular filtration rate, free carnitine, acylcarnitine, and the acylcarnitine to free carnitine ratio).

has not been well established. Schuett et al. reported that el-  to our report, elevated TMAO levels provided prognostic in-
evated TMAO levels predicted all-cause mortality and cardio-  formation in patients with HFpEF.*® One of the potential rea-
vascular mortality in patients with HFrEF, but not in those sons for the inconsistent results among studies could be
with HFpEF.Y” However, Salzano et al. showed that, similar  partially explained by the fact that the HFpEF population is
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heterogeneous.?” Because we found that the effect of TMAO
on prognosis may interact with nutritional status, the prog-
nostic effect of TMAO may depend on the phenotype of
HFpEF. Furthermore, regional and racial differences have
been reported to affect TMAO values and its effects on prog-
nosis in HF.28%° In a previous study reported by Salzano et al.,

Figure 2 Kaplan—Meier curve for the composite endpoints of death due
to cardiac causes and hospitalization for heart failure between the low
and high TMAO groups, with adjustment for differences in the patients’
background. TMAQ, trimethylamine N-oxide.
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the median levels of TMAO in the enrolled patients with
HFpEF were 6.6 (4.3-12.2) umol/L, and the cut-off value used
to predict prognosis in HFpEF was the highest quartile of
TMAO levels in patients without HF, which was 5 pmol/L or
higher.*® On the other hand, TMAO levels of the enrolled pa-
tients with HFpEF in our study were 20.4 (10.5-38.3) umol/L.
The TMAO values in our study were higher than those in the
study by Salzano et al., which may be due to racial differ-
ences and the higher proportion of renal dysfunction in the
enrolled patients. Yazaki et al. have reported that Japanese
patients with HF have significantly higher TMAO levels than
Caucasian patients with HF: 9.9 (5.2-22.8) umol/L vs. 5.9
(3.6-10.8) umol/L.?® In addition, because TMAO is excreted
by the kidneys, renal dysfunction increases the levels of
TMAO. In a previous study examining TMAO in patients with
chronic kidney disease, the median levels of TMAO ranged
from 43 to 88 pumol/L3® The median levels of estimated
glomerular filtration rate in our study were lower than those
in the study by Salzano et al.*®: estimated glomerular filtra-
tion rate, 44 (30-60) vs. 69 (50-85) mL/min/1.73 m?, which
may also explain high levels of TMAO in the current study.
Whether high TMAO levels are a cause or result of poor
prognosis of HF is controversial,” but, in the present study,
we confirmed that high TMAO was associated with poor
prognosis independent of established prognostic indicators
such as previous hospitalization for HF, renal dysfunction,
and anaemia. In addition, even if B-type natriuretic peptide
and nutritional indicators, BMI and GNRI, were included in

Figure 3 The association between high TMAO levels and the composite endpoints of death due to cardiac causes and hospitalization for heart failure
in the subgroups. AC, acylcarnitine; BNP, B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; FC, free carnitine; GNRI, Geriatric

Nutritional Risk Index; TMAO, trimethylamine N-oxide.
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the propensity score, high TMAO still remained to be associ-
ated with poor prognosis (P < 0.05) (data not shown). These
results at least suggest that TMAO is not simply a marker for
sicker and more debilitated patients. Several recent studies
have suggested that TMAO itself may worsen HF as follows.
TMAO directly affects the heart by inducing myocardial
hypertrophy and fibrosis,** inflammation of endothelial cells
of blood vessels,®® and mitochondrial dysfunction of the
myocardium.*® TMAO was also found to contribute to inter-
stitial fibrosis and dysfunction in the kidney,*! which may pro-
mote sodium and water retention and increase the risk of
worsening HF.? This finding is partially supported by our find-
ing that high TMAO levels were associated with renal dys-
function. Because TMAO is excreted by the kidneys, renal
failure increases TMAO and further worsens renal function,
creating a vicious cycle. In our study, high TMAO levels were
also associated with elevated levels of free carnitine and
acylcarnitine and a high acylcarnitine to free carnitine ratio.
Carnitine is metabolized by some gut microbial taxa to form
TMAO,*? but the association between carnitine metabolism
and TMAQO levels has not been well investigated in patients
with HF. Carnitine plays an important role in energy metabo-
lism in the cardiac and skeletal muscles through transporting
fatty acids into the mitochondria.?* Incomplete fatty acid me-
tabolism results in the accumulation of highly toxic acyl
CoA.3%33 Free carnitine is consumed and reduced owing to
detoxification of acyl CoA, and its metabolite, acylcarnitine,
increases.®® In addition, persistent local inflammation may re-
sult in leakage of carnitine from the myocardium into the
bloodstream through myocardial cell membranes damage.
3334 The levels of C-reactive protein, a non-specific marker
of inflammation, were not different between the low and
high TMAO groups in our study. However, it has been re-
ported that TMAO induces local inflammation in the
myocardium by increasing tumour necrosis factor-a levels in
a mouse model.>® Therefore, even though free carnitine
levels in the blood are high, carnitine in myocardial cells
may be reduced due to myocardial cell membranes damage
in patients with HFpEF with high TMAO. This may increase
acylcarnitine but decrease free carnitine in the myocardium,
resulting in an elevated acylcarnitine to free carnitine ratio
that reflects relative carnitine deficiency. Our and other re-
cent studies showed that an elevated acylcarnitine to free
carnitine ratio was associated with a poorer prognosis in pa-
tients with HFpEF than in those with HFrEF.2*3® The prognos-
tic effect of TMAO may be partially explained by abnormal
fatty acid metabolism and relative carnitine deficiency. The
prognostic effect of TMAO was modified by nutritional status,
with low body weight and low albumin levels, as assessed by
the GNRI. The detailed mechanisms of our findings require
further studies. However, the close relationship between
gut microbiota and the nutritional status may contribute to
the pathogenesis of HF. This is because chronic inflammation

derived from intestinal microorganisms is involved in the
pathogenesis of wasting and cachexia in patients with HF.’

There are several limitations to this study. Although the
HFA-PEFF score has recently been proposed as a diagnostic
criterion of HFpEF,3® this study could not evaluate left ven-
tricular filling pressure according to this diagnostic criterion.
Thus, we may not be able to completely exclude
HFpEF-likely HF. Measurement of TMAO levels was only
made at one time point. Changes in TMAO during the course
of acute decompensated HF and recompensation are un-
known. Thus, further studies are necessary to assess the best
time point for the measurement of TMAO to predict outcome
in HFpEF. In addition to gut bacteria, dietary habits may af-
fect TMAO levels.*® However, because our study included pa-
tients who were in the hospital and ate a therapeutic diet,
dietary effects, even if present, were likely to be small. Racial
and regional differences may affect TMAO values.?® Further-
more, the sample size of this study was small. A large-scale
survey that includes a variety of races and regions is neces-
sary in the future.

In conclusion, elevated TMAO levels at discharge are asso-
ciated with an increased risk of post-discharge cardiac events
in patients with HFpEF, especially with the complication of
malnutrition. Further investigations are necessary to assess
interventions for the gut microbiota in patients with HFpEF.
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