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Abstract 

Background: Heart failure (HF) is a growing complication and one of the leading causes of mortality in people living 
with type 2 diabetes (T2D). Among the possible causes, the excess of red meat and the insufficiency of vegetables 
consumption are suspected. Such an alimentation is associated with nutritional biomarkers, including trimethylamine 
N‑oxide (TMAO) and its precursors. Here, we aimed to study these biomarkers as potential prognostic factors for HF in 
patients with T2D.

Methods: We used the SURDIAGENE (SURvival DIAbetes and GENEtics) study, a large, prospective, monocentric 
cohort study including 1468 patients with T2D between 2001 and 2012. TMAO and its precursors (trimethylamine 
[TMA], betaine, choline, and carnitine) as well as thio‑amino‑acids (cysteine, homocysteine and methionine) were 
measured by liquid chromatography‑tandem mass spectrometry. The main outcome was HF requiring Hospitalization 
(HFrH) defined as the first occurrence of acute HF leading to hospitalization and/or death, established by an adjudica‑
tion committee, based on hospital records until 31st December 2015. The secondary outcomes were the compos‑
ite event HFrH and/or cardiovascular death and all‑cause death. The association between the biomarkers and the 
outcomes was studied using cause‑specific hazard‑models, adjusted for age, sex, history of coronary artery disease, 
NT‑proBNP, CKD‑EPI‑derived eGFR and the urine albumin/creatinine ratio. Hazard‑ratios (HR) are expressed for one 
standard deviation.

Results: The data of interest were available for 1349/1468 of SURDIAGENE participants (91.9%), including 569 (42.2%) 
women, with a mean age of 64.3 ± 10.7 years and a median follow‑up of 7.3 years [25th–75th percentile, 4.7–10.8]. 
HFrH was reported in 209 patients (15.5%), HFrH and/or cardiovascular death in 341 (25.3%) and all‑cause death in 447 
(33.1%). In unadjusted hazard‑models, carnitine (HR = 1.20, 95% CI [1.05; 1.37]), betaine (HR = 1.34, [1.20; 1.50]), choline 
(HR = 1.35, [1.20; 1.52]), TMAO (HR = 1.32, [1.16; 1.50]), cysteine (HR = 1.38, [1.21; 1.58]) and homocysteine (HR = 1.28, 
[1.17; 1.39]) were associated with HFrH, but not TMA and methionine. In the fully adjusted models, none of these 
associations was significant, neither for HFrH nor for HFrH and/or CV death, when homocysteine only was positively 
associated with all‑cause death (HR = 1.16, [1.06; 1.27]).
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Introduction
Diabetes is a globally-increasing condition and is 
expected to affect more than 10% of humans worldwide 
in 2030 [1]. In addition to microvascular complications, 
cardiovascular disease is one of the leading causes of 
morbidity and mortality in patients with diabetes [2, 3]. 
Subjects living with diabetes present an excess risk of 
coronary artery disease (CAD) and diabetic cardiomyo-
pathy, which are the two main causes of heart failure 
(HF). Recently, a large meta-analysis considering over 
12 million individuals evidenced a two-fold greater risk 
of HF in individuals with type 2 diabetes (T2D) com-
pared to those without, both in men and women [4].

Among the multiple factors associated with such com-
plex diseases, nutrition appears to be essential since it is 
a possible target for preventive and/or therapeutic actions, 
as a modifiable risk factor for both T2D and HF. In that 
respect, glycemic index and load were recently shown to 
be related to cardiovascular disease in a large-scale global 
epidemiological approach. However, when scrutinizing 
the effect of different outcomes, it turned out that glyce-
mic index and load were associated with atherosclerosis-
related cardiovascular events but not with HF [5].

So far, the impact of nutrition in HF is often under-esti-
mated. In the guidelines of the ESC (European Society of 
Cardiology), nutrition in HF mainly relates to malnutri-
tion and obesity as contributor of HF. Dietary recommen-
dations are mainly focused on salt intake, healthy eating, 
maintenance of body weight and refraining from excessive 
alcohol intake in case of toxic cardiomyopathy [6]. We pre-
viously evidenced the association between markers of red 
meat consumption (trimethylamine N-oxide [TMAO] and 
related metabolites) and the occurrence of major adverse 
cardiovascular events (MACE), but also mortality in 
patients with T2D [7]. However, we did not evaluate the 
impact of nutritional biomarkers on HF, a critical outcome 
in persons living with diabetes.

A 2019 initiative, the EAT-Lancet commission on 
healthy diet, recommended to consider 14 key items for 
universal healthy diet [8]. Being able to identify nutri-
tional biomarkers associated with HF is an important issue 
especially in T2D. This could in particular enable the early 
identification of patients susceptible to develop HF and for 
whom specific management including nutritional counsel-
ling could be considered in a preventive manner. Such an 

approach could pave the way for personalized nutrition of 
patients with T2D.

Thus, we aimed to assess how baseline nutritional bio-
markers related to red meat intake (TMAO and related 
compounds, i.e. trimethylamine [TMA], betaine, choline 
and carnitine) and to vegetable intakes (thio-amino-acids: 
cysteine, homocysteine and methionine) were associated 
with the incidence of HF requiring Hospitalization (HFrH) 
in patients with T2D, regardless of their history of HF.

Methods
SURDIAGENE cohort and study population
The design of the SURvival DIAbetes and GENEtics 
(SURDIAGENE) cohort has already been described else-
where [9]. Briefly, SURDIAGENE is a large, prospective, 
monocentric cohort study with the consecutive inclusion 
of 1468 T2D patients taken care at the Diabetes Depart-
ment at Poitiers University Hospital, France, between 
2001 and 2012. The study was primarily designed to 
identify the genetic determinants of micro- and mac-
rovascular diabetic complications. At baseline, clinical 
and biological data were collected and blood/urine sam-
ples were drawn. Clinical events corresponding to end-
points of interest were collected during follow-up, based 
on consultations with general practitioner and hospital 
records.

Renal function was assessed using estimated glomeru-
lar filtration rate (eGFR) calculated with the CKD-EPI 
2009-formula [10]. For the present analysis, we excluded 
patients with: baseline eGFR < 30 mL/min. 1.73  m2; renal 
replacement therapy (need for dialysis or history of renal 
transplant); missing data for ≥ 1 of the following: NT-
proBNP, urine albumin/creatinine ratio (uACR), nutri-
tional biomarkers of red meat intake (methylamines: 
carnitine, betaine, choline, TMAO, TMA) and of veg-
etable intake (amino-acids: cysteine, homocysteine and 
methionine).

Definition of clinical history
History of CAD was defined as history of angina pecto-
ris and/or coronary revascularization and/or myocardial 
infarction. Cerebrovascular disease (CVD) was defined as 
history of stroke and/or transient ischemic attack. Lower 

Conclusions: TMAO and its precursors do not appear to be substantial prognosis factors for HFrH, beyond usual 
cardiac‑ and kidney‑related risk factors, whereas homocysteine is an independent risk factor for all‑cause death in 
patients with T2D.
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limb artery disease was defined as lower limb revascular-
ization and/or amputation.

Biology assays
The methylamines (TMAO and its precursors, TMA, 
betaine, choline and carnitine) as well as the thio-amino-
acids (cysteine, homocysteine and methionine) were 
analysed in baseline fasting plasma samples by liquid 
chromatography-tandem mass spectrometry as detailed 
in Additional file  1. Samples were stored at − 80  °C until 
final use with only 2 freeze/thaw cycle. The intra- and 
inter-assay imprecisions of the analytical method were 
assessed throughout experiments and were below 10.2% 
for all compounds. All compounds were found stable in a 
set sample of 10 patients with diabetes provided by CHU 
Nantes (“maladies métaboliques” collection) after 3 freeze/
thaw cycles with mean recovery ranging from 93.7% to 
111.1%. At completion of the study, a representative set of 
samples (~ 10% of the cohort) was arbitrarily re-analysed 
6 months after the initial determination. The new plasma 
concentrations did not vary by more than 7.2% (from 
− 6.8% to 7.2%; median: 3.2% [− 4.3%; 5.5%]) in compari-
son with the first analysis.

NT-proBNP was measured in baseline plasma-EDTA 
samples by an electrochemiluminescence automated 
assay (Roche Diagnostics, Mannheim, Germany).

Outcomes
The primary outcome of the study was the first occur-
rence of HFrH during follow-up. HFrH was defined as the 
first occurrence of one of the following events, whichever 
came first: acute HF requiring hospitalization or leading 
to death, validated by an adjudication committee includ-
ing both diabetologists and cardiologists, after careful 
evaluation of hospital and discharge records. We proposed 
the study of two secondary outcomes: (i) all-cause death, 
established after linking French national death registry in 
SURDIAGENE participants; and (ii) HFrH and/or cardio-
vascular (CV) death, the latter validated by an adjudica-
tion committee. Follow-up data were collected until 31st 
December, 2015.

Statistical analyses
For baseline analysis, patients’ characteristics were pre-
sented as numbers (%) for categorical parameters, and 
mean ± SD or median (25th–75th percentile) for quanti-
tative parameters. They were compared according to the 
final follow-up event for HFrH and all-cause death. Inde-
pendence between categorical parameters was tested using 
Fisher’s exact test. For testing difference for quantitative 
parameters between two groups, we proposed Student’s 
t-test or Mann–Whitney U-test according to variable dis-
tribution, as deemed appropriate.

For longitudinal analysis, we proposed 5 models for 
each nutritional biomarker of interest, with differ-
ent adjustment levels. The nutritional biomarkers were 
tested one-by-one, separately. Model 1  (M1): biomarker 
only; Model 2  (M2):  M1 adjusted for age and sex; Model 
3A  (M3A):  M2 adjusted for cardiac covariates (history of 
CAD and NT-proBNP); Model 3B  (M3B):  M2 adjusted 
for renal covariates (eGFR and uACR); Model 4  (M4, full 
model):  M2 adjusted for both cardiac and renal covari-
ates. We considered all-cause death as a competing risk 
in the analysis of HFrH and followed the recommenda-
tion summarized by Austin et al. [11]. So, we calculated 
HR for (i) cause-specific hazards using Cox regression 
models, and (ii) relative incidences, using subdistribu-
tion hazard models [12]. For quantitative parameters, 
log-transformation was applied when appropriate and 
HR were calculated for an increase of 1 SD. Additionally, 
plots of the cumulative incidence functions (CIF, here 
with a quartile-based approach) are proposed for HFrH 
and all-cause death.

A global p-value < 0.05 was considered as statistically 
significant. Considering 8 parameters studied in 3 main 
analyses (survival for HFrH, HFrH and/or CV death, and 
all-cause death), and disregarding the different models 
used (M1 to M4, cause-specific and subdistribution haz-
ards models) considered as heavily correlated, we pro-
posed a conservative threshold = 0.0021 (≈0.05/24) for 
individual p-value, following a Bonferroni approach.

We challenged the linearity assumption using frac-
tional polynomials of degree 2 (FP2) [13] to test for other 
potential shapes of the HR function linking each bio-
marker and HFrH. However, even with an alpha value 
for FP2 as high as 0.50, no transformation was proposed, 
supporting therefore the linearity.

As an exploratory analysis, we also proposed subgroups 
analyses of the population according to baseline status 
for CAD, obesity and NT-proBNP level (below or above 
125 pg/mL), using cause-specific hazard models adjusted 
for age and sex for the study of HFrH.

All results are presented using available data, without 
imputation. All statistical analyses were performed using 
R version 4.0.0., particularly with “cpmrsk” package [14, 
15].

Results
The SURDIAGENE study included 1468 patients with 
T2D, of which 106 patients (7.2%) were secondarily 
excluded because of eGFR < 30  mL/min. 1.73   m2 and/
or renal replacement therapy at baseline. In order to 
ensure data consistency and nested multivariable regres-
sion models, 13 patients (1.0%) were also removed from 
the present analysis because of missing data for methy-
lamines and/or NT-proBNP and/or uACR. Finally, 1349 
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patients (91.9%) were included in the present analysis, 
with a median follow-up of 7.3  years [25th–75th per-
centile, 4.7–10.8]. HFrH occured in 209 patients (15.5%), 
HFrH and/or CV death in 341 patients (25.3%) and all-
cause death in 447 patients (33.1%). Flow-chart details 
can be found in Fig. 1.

A comparison between baseline characteristics accord-
ing to the occurrence of the outcomes is proposed 
Table  1. Patients who met the HFrH event were older 
(70.3 ± 9.4 vs 63.2 ± 10.5  years, p < 0.0001) and had a 
lower body mass index (BMI, 30.4 ± 6.1 vs 31.6 ± 6.3 kg/
m2, p = 0.012) than patients without HFrH. They pre-
sented more characteristics of microangiopathy, with a 
greater proportion of macroalbuminuria (32.0 vs 16.5%, 
p < 0.001), a lower eGFR (66.1 ± 20.1 vs 78.7 ± 20.5  mL/
min.  1.73   m2, p < 0.0001) and a greater proportion of 
severe non-proliferative or proliferative retinopathy (21.8 
vs. 11.1%, p < 0.0001). They also presented a greater pro-
portion of macroangiopathy-related history, such as CAD 
(50.2 vs 27.2%, p < 0.0001), CVD (17.7 vs 11.8%, p = 0.024) 
and lower limb artery disease (17.2 vs 6.7%, p < 0.0001).

The relationship between the baseline concentrations 
of nutritional biomarkers of dietary components is avail-
able in Additional file 2: Fig. S1. As expected, betaine and 
choline concentrations were positively correlated, as well 
as homocysteine and cysteine concentrations.

Regarding methylamines-related biomarkers, com-
pared to participants who did not develop HFrH, those 
who developed HFrH had higher concentrations of car-
nitine (45.8 ± 14.8  µmol/L vs. 43.7 ± 12.0, p = 0.044), 
betaine (36.5 ± 16.1  µmol/L vs. 33.0 ± 13.6, p = 0.0030), 
choline (1.57 ± 0.43  µmol/L vs. 1.46 ± 0.37, p < 0.0001) 
and TMAO (8.8  µmol/L [5.3; 17.0] vs. 6.6 [4.0; 12.3], 

p < 0.0001), but not for TMA (0.75 ± 0.27 vs. 0.77 ± 0.27) 
(Table 2).

Regarding nutritional biomarkers of vegetable intake, 
among the 3 considered thio-amino-acids, homocyst-
eine was higher in patients ultimately yielding HFrH 
(10.9  µmol/L [5.7; 18.0] vs. 8.6 [4.7; 14.1], p < 0.0001), 
but no statistical difference was found for cysteine and 
methionine concentration.

The results of the cause-specific hazard models for 
HFrH, HFrH and/or CV death and all-cause death are 
presented in Table  3, and the subdistribution hazard 
models are presented in Additional file  2 Table  S1. In 
unadjusted hazard-models, carnitine (HR = 1.20, 95% CI 
[1.05; 1.37], p = 0.0065), betaine (HR = 1.34, [1.20; 1.50], 
p < 0.0001), choline (HR = 1.35, [1.20; 1.52], p < 0.0001), 
TMAO (HR = 1.32, [1.16; 1.50], p < 0.0001), cysteine 
(HR = 1.38, [1.21; 1.58], p < 0.0001) and homocysteine 
(HR = 1.28, [1.17; 1.39], p < 0.0001) were associated with 
HFrH, but not TMA and methionine. These associa-
tions remained significant after adjustment for age and 
sex. After further adjustment for eGFR and uACR, only 
betaine remained statistically associated with HFrH 
(HR = 1.33, [1.17; 1.50], p < 0.0001). In the fully adjusted 
models, none of these associations remained significant. 
The curves for cumulative incidence functions for HFrH 
are plotted in Fig. 2, and Additional file 2: Fig. S2 for all-
cause death. For betaine and homocysteine, the increased 
risk of HFrH seemed associated with the upper quarter of 
concentrations.

When studying the risk of all-cause death, 
betaine (HR = 1.28, [1.18; 1.39], p < 0.0001), cho-
line (HR = 1.26, [1.16; 1.38], p < 0.0001), TMAO 
(HR = 1.20, [1.10; 1.31], p < 0.0001), cysteine 

Fig. 1 Study flow‑chart. CKD: Chronic Kidney Disease; CV: Cardiovascular; HFrH: Heart Failure requiring Hospitalization, defined as the first 
occurrence of acute HF leading to hospitalization and/or death; NT‑proBNP: N‑terminal prohormone of brain natriuretic peptide; TMAO: 
trimethylamine N‑oxide
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(HR = 1.34, [1.22; 1.48], p < 0.0001) and homocyst-
eine (HR = 1.30, [1.23; 1.38], p < 0.0001) were asso-
ciated with all-cause death in univariate model, but 
not carnitine, TMA and methionine. After adjust-
ment for age, sex, eGFR and uACR, the association 
with all-cause death remained significant for betaine 
(HR = 1.18, [1.08; 1.30], p = 0.0004) and homocyst-
eine (HR = 1.18, [1.09; 1.27], p < 0.0001). In the fully 
adjusted models, only homocysteine remained signifi-
cant (HR = 1.16, [1.06; 1.27], p = 0.0011). For HFrH 

and/or CV death, no association with the biomarkers 
remained significant in the fully adjusted models.

In an exploratory analysis, we analyzed whether the rela-
tionship between nutritional biomarkers and outcomes was 
modified when stratifying on relevant sub-groups (Addi-
tional file  2: Fig. S3A–C). Interestingly, the association 
between nutritional biomarkers of red-meat and vegetable 
intakes with clinical outcomes was not strongly influenced 
by history of CAD, obesity (BMI ≥ 30 kg/m2) and possible 
history of HF (NT-propBNP ≥ 125 pg/mL).

Table 1 Baseline characteristics of the cohort classified by status for HFrH and all‑cause death during follow‑up

Data are expressed using number (%) for categorical data, and mean ± SD or median [25th–75th percentile] for quantitative data, as appropriate. P-values are 
calculated using Fisher’s exact test for categorical data, and Student T-test or Mann–Whitney U-test for quantitative data

Coronary artery disease was defined as any of the following: angina, coronary revascularization, myocardial infarction. Cerebrovascular disease was defined as any of 
the following: stroke, transient ischaemic attack. Lower limb artery disease was defined as lower limb revascularization and/or amputation

BMI: Body Mass Index; BP: blood pressure; CKD: Chronic Kidney Disease. HDL-c: high-density-lipoprotein-cholesterol; HFrH: Heart Failure requiring Hospitalization, 
defined as the first occurrence of acute HF leading to hospitalization and/or death; LDL-c: low-density-lipoprotein-cholesterol; NT-proBNP: N-terminal prohormone of 
brain natriuretic peptide; uACR: urine albumin/creatinine ratio

Baseline characteristics All (n = 1349) Event: HFrH Event: All-cause death

No (n = 1140) Yes (n = 209) P-value No (n = 902) Yes (n = 447) P-value

Sex (female) 569/1349 (42.2%) 480/1140 (42.1%) 89/209 (42.6%) 0.94 414/902 (45.9%) 155/447 (34.7%) < 0.0001

Age (y) 64.3 ± 10.7 63.2 ± 10.5 70.3 ± 9.4 < 0.0001 61.5 ± 10.4 70 ± 8.8 < 0.0001

Weight (kg) 86.4 ± 18.5 87.2 ± 18.5 81.9 ± 17.8 < 0.0001 87.2 ± 18.5 84.8 ± 18.5 0.025

BMI (kg/m.2) 31.4 ± 6.3 31.6 ± 6.3 30.4 ± 6.1 0.012 31.7 ± 6.3 30.8 ± 6.2 0.012

Diabetes duration (y) 12 [6; 20] 11 [5; 19] 18 [12; 27] < 0.0001 11 [5; 17] 16 [10; 25] < 0.0001

HbA1c (%) 7.8 ± 1.6 7.8 ± 1.6 7.9 ± 1.4 0.61 7.8 ± 1.6 7.9 ± 1.5 0.15

Smoker 0.0090 0.37

 Never 689/1331 (51.8%) 584/1125 (51.9%) 105/206 (51.0%) 471/890 (52.9%) 218/441 (49.4%)

 Former 493/1331 (37.0%) 404/1125 (35.9%) 89/206 (43.2%) 318/890 (35.7%) 175/441 (39.7%)

 Active 149/1331 (11.2%) 137/1125 (12.2%) 12/206 (5.8%) 101/890 (11.3%) 48/441 (10.9%)

Heart rate (bpm) 70.9 ± 13.6 70.9 ± 13.5 71.0 ± 14.0 0.90 70.5 ± 13.1 71.6 ± 14.4 0.19

Systolic BP (mmHg) 132 ± 17.4 131.4 ± 16.8 135.1 ± 19.8 0.013 130.1 ± 16.5 135.7 ± 18.5 < 0.0001

Diastolic BP (mmHg) 72.5 ± 11.1 72.7 ± 10.9 71.0 ± 12.2 0.059 72.6 ± 11 72.2 ± 11.4 0.47

Albuminuria stage < 0.0001 < 0.0001

 Normal to mildly increased 547/1204 (45.4%) 482/1010 (47.7%) 65/194 (33.5%) 423/797 (53.1%) 124/407 (30.5%)

 Moderately increased 428/1204 (35.5%) 361/1010 (35.7%) 67/194 (34.5%) 273/797 (34.3%) 155/407 (38.1%)

 Severely increased 229/1204 (19.0%) 167/1010 (16.5%) 62/194 (32.0%) 101/797 (12.7%) 128/407 (31.4%)

uACR (mg/mmol) 3 [1; 10] 2 [1; 9] 7 [2; 31] < 0.0001 2 [1; 7] 7 [2; 30] < 0.0001

eGFR (CKD‑EPI, mL/min/1.73 m.2) 76.7 ± 21.0 78.7 ± 20.5 66.1 ± 20.4 < 0.0001 80.8 ± 19.7 68.5 ± 21.1 < 0.0001

Coronary artery disease 364/1349 (27.0%) 259/1140 (22.7%) 105/209 (50.2%) < 0.0001 187/902 (20.7%) 177/447 (39.6%) < 0.0001

Cerebrovascular disease 172/1349 (12.8%) 135/1140 (11.8%) 37/209 (17.7%) 0.024 88/902 (9.8%) 84/447 (18.8%) < 0.0001

Carotid revascularisation 30/1349 (2.2%) 22/1140 (1.9%) 8/209 (3.8%) 0.12 16/902 (1.8%) 14/447 (3.1%) 0.12

Lower limb artery disease 112/1349 (8.3%) 76/1140 (6.7%) 36/209 (17.2%) < 0.0001 44/902 (4.9%) 68/447 (15.2%) < 0.0001

Total cholesterol (mmol/L) 4.78 ± 1.14 4.78 ± 1.15 4.75 ± 1.11 0.70 4.75 ± 1.09 4.83 ± 1.24 0.23

LDL‑c (mmol /L) 2.73 ± 0.95 2.75 ± 0.96 2.65 ± 0.88 0.14 2.72 ± 0.93 2.77 ± 0.99 0.39

HDL‑c (mmol /L) 1.21 ± 0.41 1.20 ± 0.40 1.26 ± 0.46 0.065 1.21 ± 0.39 1.20 ± 0.46 0.68

Triglycerides (mmol/L) 1.89 ± 1.43 1.88 ± 1.44 1.91 ± 1.37 0.81 1.85 ± 1.22 1.96 ± 1.77 0.28

NT‑proBNP (pg/mL) 102 [47; 261] 82 [41; 202] 339 [161; 828] < 0.0001 70 [36; 165] 234 [97; 578] < 0.0001
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Discussion
In this monocentric cohort of patients with T2D, we 
were able to establish that nutritional biomarkers of red 
meat consumption (methylamines, TMAO and related 
compounds) and of vegetables (thio-amino-acids, homo-
cysteine and related compounds) were associated with 
incident acute HFrH, HFrH and/or CV death, and all-
cause death, in univariate analysis. However, when per-
forming adjustment for renal parameters, betaine was 
the only biomarker remaining associated with incident 
HFrH. When adjusting on cardiac biomarkers (NT-
proBNP and history of CAD), we found no remaining 
effect of those nutritional biomarkers. Likewise, no bio-
markers were significantly associated with HFrH and/or 
CV death in the fully adjusted models. Interestingly, we 
found that homocysteine concentration was a significant 
and independent risk factors for all-cause death after 
multiple adjustments including renal and cardiac bio-
markers, and after a conservative correction for multiple 
testing.

Characteristics of patients with HF—external validation
In this study, we confirmed that established risk factors 
for HFrH were present such as older age, longer diabe-
tes duration, increased systolic blood pressure (SBP) 
and NT-proBNP concentrations, and renal parameters 
(CKD and macroalbuminuria). Of note, CAD was found 
in approximately half of the participants with incident 
HFrH, in agreement with the data from large cohorts 
studying this condition [16]. SURDIAGENE cohort is 
of peculiar value as it is specific of T2D and its related 
complications. We namely found that those participants 

who had HFrH during the follow-up had higher renal and 
retinal complications compared to those who remained 
free of HFrH during follow-up. This point was previ-
ously suggested in the EMPAREG Outcome study where 
the greater risk of HF was significantly associated with a 
greater number of microvascular complications [17]. Par-
ticularly, we found a greater risk of HFrH in those par-
ticipants with diabetic retinopathy, in accordance with 
previous reports on microvascular disease and HFrH [18, 
19].

Dietary approach to prevent HF
The current approach considered nutritional biomarkers 
potentially indicative of red meat (TMAO, betaine, cho-
line and carnitine) and of vegetable consumption, more 
specifically folate intake (homocysteine, cysteine and 
methionine). An intake of red meat (specifically ≤ 28  g/
day of pork, lamb and beef ) and of vegetables ≥ 200 g/day 
is part of the EAT-Lancet score. So far, to our knowledge, 
the EAT-Lancet score was not reported in the field of HF. 
Red (and processed) meat consumption and cardiovascu-
lar disease was reviewed by Ferreira et al. and altogether 
evidenced a deleterious effect of red meat consumption, 
while plant protein intakes were seen very positively. [20] 
However, no specific mention of HF was available to our 
knowledge.

The DASH (Dietary Approach to Stop Hypertension) 
emphasizes a diet focusing on decreased intake of red 
meat and increased intake of vegetables, compared to the 
usual American diet [21]. Of interest, the DASH diet was 
largely tested and provided rather positive effects in the 
context of established HF, with the meta-analysis of two 

Table 2 Baseline values for the nutritional biomarkers of interest, classified by status for follow‑up events

Data are expressed using mean ± SD or median [25th–75th percentile] for quantitative data, as appropriate. P-values are calculated using Fisher’s exact test for 
categorical data, and Student T-test or Mann–Whitney U-test for quantitative data

HFrH: Heart Failure requiring Hospitalization, defined as the first occurrence of acute HF leading to hospitalization and/or death; TMA: trimethylamine; TMAO: 
trimethylamine N-oxide

Baseline characteristics All (n = 1349) Event: HFrH Event: All-cause death

No (n = 1140) Yes (n = 209) P-value No (n = 902) Yes (n = 447) P-value

Methylamines

 Carnitine (µmol/L) 44.0 ± 12.4 43.7 ± 12.0 45.8 ± 14.8 0.044 43.9 ± 12.0 44.2 ± 13.3 0.66

 Betaine (µmol/L) 33.5 ± 14.1 33.0 ± 13.6 36.5 ± 16.1 0.0030 32.5 ± 13.0 35.5 ± 15.8 0.001

 Choline (µmol/L) 1.48 ± 0.38 1.46 ± 0.37 1.57 ± 0.43  < 0.0001 1.44 ± 0.34 1.54 ± 0.44  < 0.0001

 TMAO (µmol/L) 6.8 [4.2; 12.8] 6.6 [4.0; 12.3] 8.8 [5.3; 17.0]  < 0.0001 6.5 [4.0; 11.7] 7.9 [4.8; 15.3]  < 0.0001

 TMA (µmol/L) 0.76 ± 0.27 0.77 ± 0.27 0.75 ± 0.27 0.53 0.76 ± 0.26 0.76 ± 0.28 0.93

Thio‑amino‑acids

 Cysteine (µmol/L) 23 [13; 39] 23 [13; 39] 23 [14; 40] 0.38 24 [13; 40] 21 [14; 37] 0.57

 Homocysteine (µmol/L) 8.9 [4.7; 14.8] 8.6 [4.7; 14.1] 10.9 [5.7; 18.0]  < 0.0001 8.2 [4.5; 13.5] 10.9 [5.7; 17.5]  < 0.0001

 Methionine (µmol/L) 26.1 ± 7.1 26.1 ± 6.8 26.1 ± 8.2 0.93 26.3 ± 6.8 25.7 ± 7.5 0.20
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studies concluding to a HR of HF at 0.71 suggesting a sig-
nificant benefit of this dietary approach, in an analysis in 
which subjects with T2D were excluded [22]. However, 
the DASH diet is also associated with a restriction in salt 
intake, which limits the conclusion to a specific effect of 
this diet on HF.

The Mediterranean diet including the standardized 
PREDIMED diet also insists on the reduction of the red 

meat intake and the increase in vegetables consumption 
compared to usual diet [23]. Of interest, the Mediterra-
nean diet was associated with a reduction in HF incidence 
and mortality in cohort studies. Conversely, using a ran-
domized controlled strategy, the PREDIMED trial found 
no significant effect of the evaluated nutritional interven-
tions on incident HF. The study population included 7403 
participants without established HF, also including 3610 

Table 3 Survival analysis for HFrH, the composite HFrH and/or CV death event and all‑cause death

* TMAO was natural-log transformed before standardization. Cause-specific hazard models were fitted using two adjustment models, unadjusted and fully adjusted. 
Covariates added in the fully adjusted models were age, sex, history of CAD, log transformed NT-proBPNP, eGFR and log transformed uACR. The nutritional biomarkers 
were tested separately from each other in the different adjustment models. All HR are given per 1 SD of the given parameter

Abbreviations: CV: cardiovascular; eGFR: estimated glomerular filtration rate calculated with the CKD-EPI 2009-formula; HFrH: Heart Failure requiring Hospitalization, 
defined as the first occurrence of acute HF leading to hospitalization and/or death; HM: Hazard model; HR: Hazard-ratio; NT-proBNP: N-terminal prohormone of brain 
natriuretic peptide; TMA: trimethylamine; TMAO: trimethylamine N-oxide; uACR: urine albumin/creatinine ratio

Unadjusted model Fully adjusted model

HR  (95%CI) P-value HR  (95%CI) P-value

Cause‑specific HM for HFrH

 Carnitine 1.20 [1.05; 1.37] 0.0065 1.13 [0.99; 1.29] 0.061

 Betaine 1.34 [1.20; 1.50] < 0.0001 1.11 [0.97; 1.27] 0.13

 Choline 1.35 [1.20; 1.52] < 0.0001 0.94 [0.82; 1.08] 0.39

 TMAO* 1.32 [1.16; 1.50] < 0.0001 1.09 [0.94; 1.26] 0.24

 TMA 1.01 [0.89; 1.15] 0.86 0.98 [0.86; 1.13] 0.78

 Cysteine 1.38 [1.21; 1.58] < 0.0001 1.10 [0.95; 1.28] 0.20

 Homocysteine 1.28 [1.17; 1.39] < 0.0001 1.05 [0.91; 1.21] 0.49

 Methionine 1.02 [0.89; 1.18] 0.73 1.06 [0.93; 1.22] 0.38

Cause‑specific HM for HFrH and/or CV death

 Carnitine 1.12 [1.01; 1.25] 0.037 1.06 [0.95; 1.17] 0.32

 Betaine 1.27 [1.16; 1.40] < 0.0001 1.04 [0.93; 1.17] 0.46

 Choline 1.28 [1.17; 1.42] < 0.0001 0.91 [0.82; 1.02] 0.093

 TMAO* 1.31 [1.19; 1.45] < 0.0001 1.10 [0.98; 1.23] 0.11

 TMA 1.02 [0.93; 1.13] 0.65 0.99 [0.89; 1.10] 0.81

 Cysteine 1.31 [1.17; 1.46] < 0.0001 1.04 [0.92; 1.18] 0.49

 Homocysteine 1.28 [1.20; 1.37] < 0.0001 1.08 [0.97; 1.21] 0.16

 Methionine 0.96 [0.85; 1.08] 0.46 1.00 [0.89; 1.11] 0.93

Cause‑specific HM for all‑cause death

 Carnitine 1.05 [0.95; 1.15] 0.32 1.01 [0.92; 1.11] 0.84

 Betaine 1.28 [1.18; 1.39] < 0.0001 1.07 [0.97; 1.18] 0.20

 Choline 1.26 [1.16; 1.38] < 0.0001 0.94 [0.85; 1.04] 0.23

 TMAO* 1.20 [1.10; 1.31] < 0.0001 1.03 [0.94; 1.14] 0.52

 TMA 1.05 [0.97; 1.14] 0.26 1.01 [0.93; 1.10] 0.83

 Cysteine 1.34 [1.22; 1.48] < 0.0001 1.08 [0.97; 1.20] 0.15

 Homocysteine 1.30 [1.23; 1.38] < 0.0001 1.16 [1.06; 1.27] 0.0011

 Methionine 0.96 [0.87; 1.06] 0.37 0.98 [0.89; 1.07] 0.66

Fig. 2 Cumulative Incidence Function for HFrH. Quartile values for the different parameters of interest: carnitine (median = 42.6, [25th–75th] 
percentile = [35.4–50.7]); betaine (31.5, [24.6–38.9]); choline (1.43, [1.22–1.68]); TMAO (6.8, [4.2–12.8]); cysteine (23, [13–39]); homocysteine (8.9, 
[4.7–14.8]). HFrH: Heart Failure requiring Hospitalization, defined as the first occurrence of acute HF leading to hospitalization and/or death; TMAO: 
trimethylamine N‑oxide

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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with T2D. However, the incidence of HF was rather low 
with a total of 94 events during a follow-up of 4.8 years. 
In the HOPE-2 trial, homocysteine lowering with folate 
was not associated with differences in hospitalization for 
HF [24]. In addition, a Cochrane meta-analysis suggested 
no role of vitamin B-based homocysteine-lowering inter-
ventions on all-cause death [25].

Methylamines and health outcomes
To our knowledge, the association between TMAO and 
related metabolites and incident HFrH was poorly exam-
ined in the literature. The majority focused on popula-
tions with established HF, which was summarized in a 
recent meta-analysis, showing that TMAO was a risk 
factor for MACE and all-cause death [26]. We previously 
found an association between plasma TMAO concen-
trations and MACE/death in the SURDIAGENE cohort, 
which was not restricted to patients with established HF 
[7]. The results presented here, considering multivariable 
models, did not reach statistical significance regarding 
an impact of TMAO on risk of HF in persons living with 
T2D. Of interest, the plasma concentration of TMAO 
was reported to be higher in those patients with HF com-
pared to the others [27, 28]. This could partly explain our 
finding of an association between TMAO and HFrH, 
which did not persist when adjusting for other cardiac 
biomarkers, even if plasma concentrations of TMAO 
and linked metabolites were not correlated to NT-
proBNP concentrations. Introducing data on gut micro-
biota, which is clearly a key explanation when studying 
this metabolite, is well-above the scope of this paper but 
should be addressed in future studies [26].

Thio-amino-acids and health outcomes
Our results suggest no obvious and strong relation-
ship between thio-amino-acids and HFrH. Particularly, 
homocysteine was associated with the HFrH in univari-
ate model but this relationship was not sustained when 
renal and/or cardiac biomarkers were added to the mod-
els. Very similar results were found in patients from the 
IDNT trial, with T2D and overt nephropathy [29]. How-
ever, we found that homocysteine concentration was 
associated with all-cause death, even when adjusting on 
age, sex, and, notably, renal and cardiac biomarkers. Of 
interest, a recent meta-analysis found that homocysteine 
concentrations were higher in patients with HF com-
pared with those without [30]. Our results suggest against 
a strong effect of folate consumption regarding HF. How-
ever, it can also be argued that vegetables are part of a 
dietary pattern which proved to be beneficial regarding 
all-cause death in the PREDIMED trial [31]. This clearly 

illustrates the complexity of nutritional intervention and 
the difficulty to isolate the effect of one specific nutrient.

The interpretation of our findings regarding homocyst-
eine association with all-cause death remains an open 
question. Our data were observational, while interven-
tions altogether tend to be negative. This implies that 
we do not have enough scientific evidence to suggest 
for an increase in nutrients able to decrease homocyst-
eine to lower all-cause death. However, our results can 
also be viewed as an important finding to establish bio-
markers associated with key outcomes, in terms of epi-
demiology. In a computerized era, whether inclusion of 
homocysteine will lead to a better classification of HFrH-
hazard will require continuous efforts, but our results 
are a strong impetus for such a step on the way to 4P 
medicine.

Limitations and strengths
The current study has limitations to acknowledge. The 
primary outcome considered in the current analysis can 
be questioned. Indeed, in HF trials, a composite endpoint 
combining CV death and hospitalization for HF is very 
consistently used. However, as the majority of the SURD-
IAGENE cohort was not affected by HF at baseline, we 
focused on HFrH, defined as the first occurrence of acute 
HF leading to hospitalization and/or death. CV death 
was not specific enough at variance with HF trials where 
CV death is mostly secondary to the ominous evolution 
of the condition. Still, the study of the composite event 
of HFrH and/or CV death was given along with the main 
outcome. One obvious question in our present approach 
was whether the lack of strong effect was related to a 
weak statistical power. After multiple adjustment, we 
found that the upper limit of the 95% confidence interval 
of the HR was 1.27 for betaine and 1.21 for homocysteine 
(for an increase of 1 SD of the given parameter), which 
does not support a strong relationship between these 
proxies of nutritional intakes and incident heart failure. 
So, even if we must acknowledge for a limited statisti-
cal power, considering a larger population and a greater 
number of events is unlikely to lead to highly clinically 
relevant association of red meat and folates intakes with 
HF. Also, the deleterious effect of homocysteine on all-
cause death can be challenged. Whether this is due to a 
spurious result secondary to multiple testing was exam-
ined. When applying a very conservative Bonferroni cor-
rection (24 tests), homocysteine was still associated with 
all-cause death, suggesting that it truly represents a rel-
evant risk factor for death in patients with T2D. More-
over, the analyses presented here relied on previously 
established observations of the link between TMAO and 
derivates and red meat intake, on one hand, and between 
homocysteine and folate intake, on the other hand. 
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Unfortunately, this study could not confront nutritional 
biomarkers to individual nutritional habits. Also, the 
exposure (dosing of nutritional biomarkers) was meas-
ured only once, at baseline. Also, the exposure (dosing of 
nutritional biomarkers) was measured only once, at base-
line. Therefore, the study results are based on the hypoth-
esis that these determinations were representative of the 
mean values of the biomarkers. Repeated data would be 
needed to increase the study accuracy. Thirdly, the obser-
vational design of our study leads to low-grade guide-
lines, even though randomized clinical trials might be 
challenging requiring some comparisons between animal 
meat and plant-derived meat, as mentioned by Ferreira 
et al. [20]. Lastly, a history of HF prior to inclusion in the 
cohort was not established. No questionnaire is avail-
able, to our best knowledge, to establish chronic or pre-
vious HF, in a similar fashion as the Rose questionnaire 
for CAD. However, when we stratified on the recom-
mended threshold of NT-proBNP to indicate potential 
HF (≥ 125 pg/mL) [32], we did not evidence a strong dif-
ference regarding the association of TMAO with HFrH 
between the two groups. Of note, caution must be taken 
as our subgroup analysis was not pre-specified.

This study also has some strengths including its long-
term follow-up, the adjudication of clinical endpoints by 
an independent adjudication committee and the use of 
state of the art methodological determinations using mass 
spectrometry showing good stability and reproducibility.

Conclusion
To summarize, our study searched for an association 
between methylamines but also between thio-amino-acid 
plasma concentrations and severe HF. We did not evidence 
any major effect of these nutritional biomarkers associated 
with red meat consumption and folate intakes on incident 
HF in patients with T2D. The research strategy applied here 
remains rarely used while it could be considered as an alter-
native to time- and resource-consuming food questionnaire, 
to establish the impact of nutritional environment on health 
outcomes, such as HF. Our results could prove interesting 
with regard to other specific nutritional biomarkers for the 
prevention of HF. In addition, multiple approaches add-
ing nutritional biomarkers to other exposome markers are 
surely a relevant research strategy in complex conditions 
such as cardiovascular metabolic diseases.
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