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Abstract 

Background: Glutamate, a key intermediate in myocardial metabolism, may enhance myocardial recovery after 
ischemia and possibly reduce the incidence and severity of postoperative heart failure in coronary artery bypass sur-
gery (CABG). N-terminal pro-B-type natriuretic peptide (NT-proBNP) can be used to assess postoperative heart failure 
(PHF) after CABG. Our hypothesis was that glutamate enhances myocardial recovery in post-ischemic heart failure 
and, therefore, will be accompanied by a mitigated postoperative increase of NT-proBNP.

Methods: Substudy of the GLUTAmate for Metabolic Intervention in Coronary Surgery (GLUTAMICS) trial (ClinicalTri-
als.gov Identifier: NCT00489827) a prospective triple-center double-blind randomized clinical trial on 399 patients 
undergoing CABG with or without concomitant procedure for acute coronary syndrome at three Swedish Cardiac 
Surgery centres (Linköping, Örebro, and Karlskrona) from May 30, 2007 to November 12, 2009. Patients were randomly 
assigned to intravenous infusion of 0.125 M l-glutamic acid or saline (1.65 mL/kg of body weight per hour) intraopera-
tively and postoperatively. Plasma NT-proBNP was measured preoperatively, the first (POD1) and third postoperative 
morning (POD3). A Clinical Endpoints Committee, blinded to both intervention and NT-proBNP used prespecified cri-
teria to diagnose PHF. The primary endpoints were the absolute levels of postoperative NT-proBNP and the difference 
between preoperative and postoperative levels of NT-proBNP.

Results: Overall no significant difference was detected in postoperative NT-proBNP levels between groups. However, 
in high-risk patients (upper quartile of EuroSCORE II ≥ 4.15; glutamate group n = 56; control group n = 45) glutamate 
was associated with significantly lower postoperative increase of NT-proBNP (POD3-Pre: 3900 [2995–6260] vs. 6745 
[3455–12,687] ng•L−1, p = 0.012) and lower NT-proBNP POD3 (POD3: 4845 [3426–7423] vs. 8430 [5370–14,100] ng•L−1, 
p = 0.001). After adjusting for significant differences in preoperative demographics, NT-proBNP POD3 in the glutamate 
group was 0.62 times of that in the control group (p = 0.002). Patients in the glutamate group also had shorter ICU 
stay (21 [19–26] vs. 25 [22–46] h, p = 0.025) and less signs of myocardial injury (Troponin T POD3 (300 [170–500] vs. 
560 [210–910] ng•L−1, p = 0.025).
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Background
Postoperative heart failure is the main cause for mortality 
after cardiac surgery [1, 2].

B-type natriuretic peptide (BNP) and N-terminal pro-
B-type natriuretic peptide (NT-proBNP) are established 
biomarkers for diagnosis and management of heart fail-
ure in cardiology [3, 4]. Other biomarkers for heart fail-
ure such as adrenomedullin, ST2 and galectin-3 could 
have been considered but they were not available to us 
when the study was conducted. Although these biomark-
ers are promising NT-proBNP and BNP remain the gold 
standards for heart failure and they have also received 
more thorough evaluation in cardiac surgery. High post-
operative levels of NT-proBNP and BNP are reported 
to be associated with need of postoperative inotropes, 
mechanical support and postoperative heart failure 
[5–10].

Glutamate plays a key role in myocardial metabolism. 
Although the contribution of amino acids as energy sub-
strates is modest the qualitative role of certain amino 
acids is important during ischemia [11–15]. The myocar-
dial glutamate (and aspartate) amino acid pool is criti-
cally important for anaerobic metabolism and recovery 
of oxidative metabolism after ischemia [12, 14, 15]. Dur-
ing ischemia regeneration of cytosolic NAD is essential 
for anaerobic glycolysis for which these amino acids play 
a key role through their involvement the malate-aspartate 
shuttle [12, 14]. Glutamate also contributes to an alterna-
tive anaerobic pathway in the mitochondria regenerating 
high-energy phosphates by substrate level phosphoryla-
tion in the Krebs cycle. Myocardial ischemia is associated 
a depletion of these amino acids and Krebs cycle inter-
mediates [12, 15]. After ischemia glutamate contributes 
to replenishment of Krebs cycle intermediates lost dur-
ing ischemia to enhance recovery of oxidative metabo-
lism in postischemic hearts [12, 13, 15]. In animal models 
glutamate administration to ischemic or hypoxic hearts 
has been associated with improved maintenance of high 
energy phosphate levels, improved utilization of oxygen 
after ischemia and improved recovery of myocardial con-
tractility [11–15]. These mechanisms seem to play an 
important role also in human hearts as metabolism of 
hearts with coronary artery disease is characterized by 

increased uptake of glutamate and increased release of 
alanine [16–18]. Early after coronary artery bypass sur-
gery (CABG) glutamate is extracted at fraction rates only 
matched by oxygen suggesting increased demands [18]. 
Infusion of glutamate after coronary surgery increased 
myocardial uptake of glutamate and enhanced meta-
bolic recovery observed as a shift from release of lactate 
and ammonia to their uptake. Metabolic recovery was 
associated hemodynamic recovery [19, 20]. In the GLU-
TAmate for Metabolic Intervention in Coronary Sur-
gery GLUTAMICS-trial (ClinicalTrials.gov Identifier: 
NCT00489827), glutamate infusion was associated with 
a reduced risk of developing severe heart failure in high-
risk groups [21].

Our hypothesis was that glutamate enhances myo-
cardial recovery in post-ischemic heart failure and, 
therefore, will be accompanied by a mitigated postop-
erative increase of NT-proBNP. In this substudy of the 
GLUTAMICS-trial our aim was to assess the influence 
of intravenous glutamate infusion on postoperative NT-
proBNP levels in patients undergoing CABG for acute 
coronary syndrome.

Methods
Ethics
The Regional Ethical Review Board in Linköping, Swe-
den (original protocol no M76-05; addendum 26-07) 
approved this substudy of the GLUTAMICS trial. The 
study was conducted according to the Helsinki Declara-
tion of Human Rights and all patients were enrolled in 
the study after written informed consent.

Patients
This substudy was initiated after amendments to the 
Swedish Medical Product Agency and the Regional 
Ethical Review Board when NT-proBNP became avail-
able to the investigators of the GLUTAMICS. The study 
population consisted of 399 consecutive patients from 
the GLUTAMICS trial with acute coronary syndrome 
undergoing urgent CABG with or without concomitant 
valve procedure at three Swedish Cardiac Surgery cen-
tres (Linköping, Örebro, and Karlskrona) from May 30, 
2007 to November 12, 2009 [21]. Originally powered 

Conclusions: Post hoc analysis of postoperative NT-proBNP suggests that intravenous infusion of glutamate may 
prevent or mitigate myocardial dysfunction in high-risk patients undergoing CABG. Further studies are necessary to 
confirm these findings.
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for 2214 patients with regard to the intervention the 
trial was terminated per protocol after interim analysis 
because of prespecified stopping criteria [21]. A total 
of 1064 patients with acute coronary syndrome, eligible 
for CABG intervention, were assessed and 861 patients 
were included in the original study [21]. A flow chart of 
the patients in the present study is given in Fig. 1. Sam-
ple size was thus limited by the volume of patients with 
NT-proBNP measurements in the GLUTAMICS-trial. 
Details of number of patients with NT-proBNP samples 
at different time points are given in the results section.

Study design
This is a prespecified substudy of an investigator-ini-
tiated, prospective, double-blind randomized clinical 
trial, the GLUTAMICS-trial to assess the influence 
of intravenous glutamate infusion on postoperative 
NT-proBNP levels in patients undergoing CABG for 
acute coronary syndrome [21]. The patients were ran-
domly allocated to blinded intravenous infusion of 
0.125 M l-glutamic acid or saline at a rate of 1.65 mL/
kg of body weight per hour beginning at the induction 
of anesthesia. The infusion was temporarily stopped 
during cardioplegic arrest and resumed after declamp-
ing the aorta for an additional 2 h, after which the infu-
sion rate was halved and an additional 50 mL infused. 
The maximum volume infused to any patient did not 
exceed 500  mL of study solution. The concentration 
of the solution was determined by the solubility of 

l-glutamic acid and the dosage of glutamate was based 
on data showing that increase of arterial whole blood 
levels by two- to threefold was sufficient to saturate 
the myocardial capacity to extract glutamate from the 
circulation early after CABG [22]. For further details 
regarding the GLUTAMICS-trial and the glutamate 
solution see Additional file 1 or the original publication 
[21].

Post-hoc analysis of high-risk patients belonging to 
the upper quartile according to EuroSCORE II (≥ 4.15) 
and patients treated with inotropes was also performed.

Venous blood samples for NT-proBNP were drawn 
at three time points: before induction of anesthesia, 
the first and third morning after surgery. NT-proBNP 
in plasma was measured with electro-chemoilumi-
nescence immunoassay on a Roche Elecsys 2010 
automated platform (Roche Diagnostics, Basel, Swit-
zerland). The assay had an effective measuring range of 
5–35,000  ng/L. The inter-assay coefficient of variation 
was at 175  ng/L CV = 2.7%, 355  ng/L CV = 2.4% and 
1068  ng/L CV = 1.9%. The results of the assays were 
released from the laboratory when the trial was termi-
nated. An independent professional monitoring team 
(Clinical Research Support Örebro, Sweden) performed 
external monitoring of all key study data (correct inclu-
sion, signed informed consent, serious adverse events, 
suspected unexpected serious adverse reactions, stroke, 
mortality, troponin-T, CK-MB, electrocardiogram, and 
the criteria used for PHF and severe PHF).

Fig. 1 Flow chart of the patients
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Study endpoints
The primary endpoints were the absolute levels of post-
operative NT-proBNP and the difference between pre-
operative and postoperative levels of NT-proBNP.

Clinical management
Clinical management was standardized and similar at 
the three participating centres with minor differences 
concerning choice of anesthetic drugs. Standard surgi-
cal techniques were used. In 387 patients standard use 
of cardiopulmonary bypass (CPB) and aortic cross-
clamping was employed. Cold blood cardioplegia was 
used for myocardial protection in 81% of the patients 
whereas crystalloid cardioplegia was used in the 
remaining patients operated on pump. Twelve patients 
were operated off pump.

A surgical pulmonary artery catheter was introduced 
intraoperatively in all patients for measurement of 
mixed venous oxygen saturation  (SvO2) and pulmonary 
artery pressures [23]. Transesophageal echocardiogra-
phy was routinely employed.

After discharge from the ICU, patients were trans-
ferred to a step-down semi-intensive care unit for at 
least 24  h before going to the general ward. Further 
details on clinical management can be found in Addi-
tional file 1.

Definitions
Postoperative heart failure
Patients were considered to have PHF if criteria a + b 
were fulfilled.

a. Decision reached by the Endpoints committee that 
heart failure was evident at weaning from cardio-
pulmonary bypass or during the early hours after 
surgery based on criteria below and supported by 
available clinical records, echocardiography and 
hemodynamic data.

b. SvO2 criteria in relation to systolic arterial pres-
sure (SAP) that could not be explained by shivering, 
anemia or hypovolemia. The criteria were based on 
extensive studies on  SvO2 with regard to outcome 
and clinical experience regarding the relationship 
between  SvO2 and SAP while using fast acting vaso-
dilators [23–26].

SvO2 < 50% and SAP < 130 mmHg
SvO2 < 55% and SAP < 110 mmHg
SvO2 < 60% and SAP < 90 mmHg
SvO2 < 65% and SAP < 70 mmHg

Severe postoperative heart failure
Severe postoperative heart failure was defined as PHF 
associated with death or requiring treatment with intra-
aortic balloon pump or need for at least one inotropic 
agent in dosages listed in the Additional file  1 ≥ 24  h 
admission to ICU in patients requiring extended ICU 
stay (≥ 48 h). Further details are given in Additional file 1.

Hospital mortality
Hospital mortality was defined as mortality during the 
first hospitalisation period including stay at the referral 
hospital after discharge from the cardiac surgical unit. 
Cardiac cause of death was defined as death caused by or 
initiated by a cardiac event such as heart failure or myo-
cardial infarction.

Myocardial injury
Myocardial injury was measured with Creatine Kinase-
MB isoenzyme (CK-MB) on the first postoperative morn-
ing and with Troponin T on the third postoperative day. 
The different time points for sampling were chosen with 
regard to the different release kinetics of these biomark-
ers in permanent myocardial injury [27].

Acute kidney injury
Acute kidney injury (AKI) was defined as a postop-
erative increase of plasma-Creatinine by 50% or more 
compared with preoperative level in accordance with 
RIFLE-criteria.

Postoperative stroke
Postoperative stroke was defined as neurological or cog-
nitive deficit with a cerebral injury verified on (Computed 
Tomography) CT-scan. All suspected cases of stroke 
underwent CT-scan.

Left ventricular dysfunction
Moderate left ventricular dysfunction corresponds to an 
ejection fraction of 0.45–0.31 according to echocardiog-
raphy. Severe left ventricular dysfunction corresponds to 
an ejection fraction of 0.30 or less.

Statistical analysis
Categorical variables are presented as percentages and 
continuous variables that were not normally distrib-
uted are expressed as medians with interquartile range. 
To minimize data loss, missing data were managed with 
pairwise deletion when possible. Fisher’s exact test was 
used to compare categorical data. Mann–Whitney U test 
was used to compare continuous variables not following 
a normal distribution.

NT-proBNP was  log10 transformed before linear 
regression analysis because of its skewed distribution. 
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A multivariable linear regression model with regard to 
log10 postoperative NT-proBNP was used to assess the 
role of glutamate on postoperative NT-proBNP level, 
adjusting for preoperative and intraoperative variables 
that differed significantly between glutamate group and 
control group. A p-value < 0.05 was considered to be sta-
tistically significant; all p-values were two-sided.

Statistical analyses were performed with SPSS statistics 
version 23 (IBM) for windows.

Results
A total of 399 patients (glutamate group n = 200, control 
group n = 199) patients undergoing CABG for acute cor-
onary syndrome had at least one available NT-proBNP 
measurement as follows: preoperative (n = 383), postop-
erative day 1 (n = 334) and postoperative day 3 (n = 339). 
A complete set of NT-proBNP data was available at 
all time points in 280 patients; Preop and POD1 in 320 
patients; Preop and POD3 in 325 patients. The median 
age was 69 [63–75] years and 19% were female. In 17 
patients CABG with a concomitant procedure was done 
(mitral valve surgery n = 8, aortic valve surgery n = 7, 
and ablation for atrial fibrillation n = 2). The median 

EuroSCORE II was 2.44 [1.65–4.15]. Postoperative heart 
failure developed in 40 patients and 10 of these devel-
oped severe circulatory failure. Preoperative, intraopera-
tive and postoperative characteristics of the 399 patients 
are presented in Table 1.

Preoperative, intraoperative and postoperative data did 
not differ significantly between the glutamate group and 
the control group (Tables 1 and 2).

Influence of glutamate on postoperative NT‑proBNP
In the whole cohort, postoperative NT-proBNP levels 
did not differ significantly between the glutamate group 
and the control group (POD1: 2220 [1484–4040] vs. 2041 
[1236–3429] ng•L−1, p = 0.18; POD3: 3640 [2335–6155] 
vs. 3781 [2081–6020] ng•L−1, p = 0.95).

Influence of glutamate on postoperative NT‑proBNP 
in patients with increased preoperative risk (EuroSCORE 
II ≥ 4.15)
Post hoc analysis was done on 101 patients in the upper 
quartile of risk according to preoperative EuroSCORE 
II ≥ 4.15 (glutamate group n = 56; control group n = 45). 
The perioperative characteristics for patients with 

Table 1 Preoperative characteristics of all patients, the glutamate group and the control group (saline)

Data given as medians [interquartile range] or percentages (number)

AMI < 3 weeks: acute myocardial infarction within 3 weeks of surgery; Angina at rest < 48 h preoperatively: angina at rest within the last 48 h before surgery

BMI body mass index, CCS Canadian Cardiovascular Society, COPD chronic obstructive pulmonary disease, EuroSCORE II European system for cardiac operative risk 
evaluation II, LV left ventricular, eGFR estimated glomerular filtration rate according to MDRD formula

Variables All patients
(n = 399)

Glutamate (n = 200) Control
(n = 199)

p‑value

Age (years) 69 [63–75] 69 [63–76] 68 [62–75] 0.45

Female gender 19% (77) 17% (34) 22% (43) 0.26

BMI (kg•m2) 27 [24–30] 26 [24–76] 27 [25–30] 0.18

EuroSCORE II 2.44 [1.66–4.15] 2.52 [1.72–4.41] 2.35 [1.61–3.89] 0.42

Diabetes 23% (93) 21% (41) 26% (52) 0.19

Hypertension 60% (240) 62% (123) 59% (117) 0.54

COPD 7% (27) 9% (17) 5% (10) 0.23

NT-proBNP (ng•L−1) 440 [150–1017] 470 [185–1070] 420 [140–999] 0.31

Hemoglobin (g•L−1) 139 [129–147] 138 [128–146] 139 [130–149] 0.58

Troponin T (ng•L−1) 0 [0–60] 0 [0–50] 10[0–70] 0.46

p-Creatinine (μmol•L−1) 91 [79–104] 92 [81–106] 90 [78–104] 0.24

eGFR (mL•min−1•1.73 m−2) 76 [58–97] 73 [57–95] 77 [59–100] 0.23

Cerebrovascular disease 9% (34) 8% (16) 9% (18) 0.72

Three-vessel disease 77% (306) 76% (152) 77% (154) 0.81

Left main stenosis 36% (145) 39% (78) 34% (67) 0.3

AMI < 3 weeks 65% (260) 67% (134) 63% (126) 0.46

History of AMI 73% (291) 75% (150) 71% (141) 0.37

CCS IV 60% (239) 59% (119) 61% (122) 0.61

Angina at rest < 48 h preoperatively 16% (62) 14% (27) 18% (35) 0.27

Moderate LV dysfunction 13% (52) 14% (28) 12% (24) 0.66

Severe LV dysfunction 4% (16) 3% (5) 6% (11) 0.14
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EuroSCORE II ≥ 4.15 are given in Tables  3 and 4. The 
groups were evenly distributed, with the exception of 
higher preoperative Troponin T (40 [0–390] vs. 0 [0–30] 
ng•L−1, p < 0.0001) and more patients with angina at rest 
less than 48 h before surgery (36% vs. 13%, p = 0.007) in 
the control group.

In the glutamate group patients had significantly lower 
postoperative increase of NT-proBNP (POD3-Pre: 3900 
[2995–6260] vs. 6745 [3455–12,687] ng•L−1, p = 0.012,) 
and lower absolute levels of NT-proBNP POD3 com-
pared to the control group (POD3: 4845 [3426–7423] vs. 
8430 [5370–14,100] ng•L−1, p = 0.001) (Table  4, Fig.  2). 
Similar results were also found if only patients with com-
plete data sets of NT-proBNP were analyzed (Table 5).

After adjusting for preoperative Troponin T and inci-
dence of angina at rest less than 48  h before surgery, 
only glutamate remained in the final multivariable linear 
regression model with regard to  log10NT-proBNP POD3. 
NT-proBNP POD3 in the glutamate group was 0.62 
times of that in the control group (adjusted coefficient 
−  0.208, 95%CI −  0.336 to −  0.080; p = 0.002). Type of 
myocardial protection did not influence the results.

Postoperatively patients in the glutamate group had 
less signs of myocardial injury (Troponin T POD3: 290 
[160–480] vs. 550 [210–860] ng•L−1, p = 0.015), shorter 

ICU stay (21 [19–26] vs. 25 [22–45] h, p = 0.022) and a 
trend towards lower incidence of PHF (14%, n = 8 vs. 
31%, n = 14, p = 0.053) and severe PHF (4%, n = 2 vs. 16%, 
n = 7, p = 0.074) (Table 4).

NT‑proBNP in patients treated with inotropes
Patients treated with inotropes had substantially higher 
NT-proBNP levels both preoperatively and postopera-
tively at all time points (Additional file 1: Table S1). How-
ever, patients in the glutamate group had significantly 
lower increases of NT-proBNP postoperatively and sig-
nificantly lower absolute levels of NT-proBNP on POD3 
(Additional file 1: Tables S2, S3).

Discussion
In this substudy of the GLUTAMICS trial we were unable 
to detect an effect of glutamate on postoperative NT-
proBNP levels in the whole cohort. However, in a post 
hoc analysis of patients belonging to the upper quartile of 
operative risk glutamate was associated with less increase 
of NT-proBNP from preoperative level to POD3 and 
significantly lower absolute levels on POD3. In patients 
treated with inotropes glutamate was associated with 
less increase of NT-proBNP and significantly lower lev-
els on POD3. To our knowledge, this is the first study 

Table 2 Intraoperative and  postoperative characteristics of  all patients, the  glutamate group and  the  control group 
(saline)

Data given as medians [interquartile range] or percentages (number)

AKI acute kidney injury, CK-MB creatine kinase-MB isoenzyme, CPB cardiopulmonary bypass, ICU intensive care unit, POD postoperative day

Variables All patients
(n = 399)

Glutamate
(n = 200)

Control
(n = 199)

p‑value

Aortic crossclamp time (min) 50 [40–64] 53 [39–63] 48 [40–65] 0.95

CPB time (min) 76 [63–97] 77 [62–97] 76 [64–97] 0.94

Reperfusion time (min) 21 [15–29] 20 [16–30] 21 [15–28] 0.49

NT-proBNP POD1 (ng•L−1) 2175 [1340–3770] 2220 [1484–4040] 2041 [1236–3429] 0.18

NT-proBNP POD3 (ng•L−1) 3690 [2239–6065] 3640 [2335–6155] 3781 [2081–6020] 0.95

Delta NT-proBNP POD1-Pre (ng•L−1) 1590 [1029–2725] 1640 [1069–2801] 1522 [910–2640] 0.49

Delta NT-proBNP POD3-Pre (ng•L−1) 3067 [1617–5038] 2995 [1671–5009] 3110 [1580–5297] 0.94

CK-MB POD1 (µg•L−1) 15 [10–23] 14 [10–23] 15 [11–23] 0.43

TroponinT POD3 (ng•L−1) 250 [140–510] 260 [150–490] 250 [140–550] 0.87

Delta troponin T POD3-Pre (ng•L−1) 190 [95–385] 195 [90–390] 180 [100–370] 0.84

Inotropic support 24% (95) 28% (56) 20% (39) 0.06

ICU stay (h) 21 [17–23] 20 [17–23] 21 [17–24] 0.21

ICU stay > 72 h 6% (23) 6% (12) 6% (11) 1

Ventilation time (h) 4 [3–6] 4 [3–6] 4 [3–6] 0.77

Ventilation time > 48 h 3% (11) 3% (6) 3% (5) 1

PHF 10% (40) 10% (19) 11% (21) 0.74

Severe PHF 3% (10) 2% (3) 4% (7) 0.22

Postoperative stroke 2% (7) 2% (4) 2% (3) 1

AKI 15% (61) 17% (33) 14% (28) 0.58

Hospital mortality 1% (5) 1% (2) 2% (3) 0.69
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to evaluate the impact of glutamate on NT-proBNP in 
patients undergoing CABG.

Glutamate plays a key role in myocardial metabo-
lism in particular during myocardial ischemia [11, 12, 
14, 15]. The contractile function of the heart is imme-
diately and inextricably linked to substrate metabolism 
[28]. As glutamate has no intrinsic functional effect on 
the myocardium and we have been unable to detect a 
significant vasodilator effect with the used solution and 
infusion rate its effect is dependent on whether there is 
a metabolic derangement which glutamate can facilitate 
the recovery of [19, 20, 29, 30]. As described in detail 
in the introduction glutamate could act in two different 
ways. Firstly, glutamate might improve myocardial toler-
ance to ischemia during ongoing ischemia by facilitating 
anaerobic metabolism in the cytosol through its role in 
the malate-aspartate shuttle and by substrate level phos-
phorylation in the mitochondria [11, 12, 14, 15]. Sec-
ondly, glutamate could enhance recovery of myocardial 
oxidative metabolism after ischemia by replenishment of 
Krebs cycle intermediates [12–15]. The first mechanism 
has been demonstrated in animal experiments and in 
patients with angina but has been difficult to show in the 

setting of cardiac surgery [11, 12, 14, 15, 31]. A possible 
reason might be that myocardial infarcts in association 
with CABG often are caused by ischemia preoperatively 
just before surgery or during the early stages of surgery 
[32]. The second mechanism, enhancement of post-
ischemic recovery of myocardial metabolism has been 
shown in patients with proven metabolic disturbances 
[19, 20]. As might be expected such an effect could not 
be detected in low risk patients with no or minimal meta-
bolic derangement [33].

The impact of glutamate infusion on functional recov-
ery of the heart thus seems to be related to the magni-
tude of metabolic derangement before treatment [30]. 
In the GLUTAMICS-trial, a high proportion of low risk 
patients were included [21]. Glutamate administration 
contributes little to these patients as the high myocardial 
extraction rate of glutamate from blood seen normally 
early after CABG is sufficient for recovery of myocardial 
metabolism in most of these patients [18]. This might 
explain why there was no evident the impact of glutamate 
on postoperative NT-proBNP in the whole cohort.

High plasma concentrations of BNP and NT-proBNP 
postoperatively are associated with increased use of 

Table 3 Preoperative characteristics in patients with EuroSCORE II ≥ 4.15

Data given as medians [interquartile range] or percentages (number)

AMI < 3 weeks: acute myocardial infarction within 3 weeks of surgery; Angina at rest < 48 h preoperatively: angina at rest within 48 h before surgery

BMI body mass index, CCS: Canadian Cardiovascular Society, COPD chronic obstructive pulmonary disease, EuroSCORE II European system for cardiac operative risk 
evaluation II, LV left ventricular eGFR: estimated glomerular filtration rate according to MDRD formula

Variables EuroSCORE II≥ 4.15 
(n = 101)

Glutamate
(n = 56)

Control
(n = 45)

p‑value

Age (years) 76 [71–79] 76 [70–79] 76 [72–79] 0.85

Female gender 38% (38) 32% (18) 44% (20) 0.22

BMI (kg•m2) 25 [22–28] 25 [22–28] 26 [23–28] 0.64

EuroSCORE II 5.83 [4.89–7.85] 5.86 [5.00–7.54] 5.83 [4.54–8.97] 0.82

Diabetes 29% (29) 27% (14) 33% (15) 0.38

Hypertension 72% (72) 68% (38) 76% (34) 0.50

COPD 18% (18) 21% (12) 13% (6) 0.31

NT-proBNP (ng•L−1) 1010 [450–2345] 790 [425–1895] 1265 [465–2915] 0.15

Hemoglobin (g•L−1) 132 [121–142] 133 [125–143] 130 [115–139] 0.08

Troponin T (ng•L−1) 10 [0–90] 0 [0–30] 40 [0–390] < 0.0001

p-Creatinine (μmol•L−1) 97 [88–122] 97 [87–115] 97 [90–123] 0.51

eGFR (mL•min−1•1.73 m−2) 50 [41––68] 50 [44–72] 51 [38–66] 0.38

Cerebrovascular disease 21% (21) 20% (11) 23% (10) 0.81

Three-vessel disease 83% (83) 82% (46) 82% (37) 1

Left main stenosis 48% (48) 45% (25) 51% (23) 0.55

AMI < 3 weeks 73% (73) 73% (41) 71% (32) 0.83

History of AMI 82% (82) 82% (46) 80% (36) 0.80

CCS IV 80% (80) 82% (46) 76% (34) 0.47

Angina at rest < 48 h preoperatively 23% (23) 13% (7) 36% (16) 0.007

Moderate LV dysfunction 21% (21) 23% (13) 18% (8) 0.62

Severe LV dysfunction 14% (14) 9% (5) 20% (9) 0.15
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Table 4 Intraoperative and postoperative characteristics in patients with EuroSCORE II ≥ 4.15

Data given as medians [interquartile range] or percentages (number)

AKI acute kidney injury, CK-MB creatine kinase-MB isoenzyme, CPB cardiopulmonary bypass, ICU intensive care unit, PHF postoperative heart failure, POD 
postoperative day

Variables EuroSCOREII ≥ 4.15
(n = 101)

Glutamate
(n = 56)

Control
(n = 45)

p‑value

Aortic crossclamp time (min) 53 [42–67] 54 [41–65] 52 [42–67] 0.91

CPB time (min) 80 [65–106] 81 [64–104] 79 [67–107] 0.74

Reperfusion time (min) 23 [16–30] 24 [17–30] 21 [16–29] 0.53

NT-proBNP POD1 (ng•L−1) 4170 [2850–6185] 3786 [2630–5380] 4675 [3010–6650] 0.21

NT-proBNP POD3 (ng•L−1) 6650 [3800–9970] 4845 [3426–7423] 8430 [5370–14,100] 0.001

Delta NT-proBNP POD1-Pre (ng•L−1) 2800 [1650–4760] 2653 [1540–3675] 3050 [2030–5560] 0.13

Delta NT-proBNP POD3-Pre (ng•L−1) 5210 [3115–8595] 3900 [2995–6260] 6745 [3455–12,687] 0.012

CK-MB POD1 (µg•L−1) 18 [11–25] 14 [9–23] 19 [12–26] 0.12

TroponinT POD3 (ng•L−1) 390 [190–730] 290 [160–480] 550 [210–860] 0.015

Delta Troponin T POD3-Pre (ng•L−1) 270 [135–600] 270 [130–450] 350 [150–680] 0.44

Inotropic support 43% (43) 43% (24) 42% (19) 1.00

ICU stay (h) 22 [19–42] 21 [19–26] 25 [22–45] 0.022

ICU stay > 72 h 18% (18) 16% (9) 20% (9) 0.61

Ventilation time (h) 5 [3–12] 4 [3–9] 5 [3–20] 0.3

Ventilation time > 48 h 11% (11) 11% (6) 11% (5) 1

PHF 22% (22) 15% (8) 31% (14) 0.053

Severe PHF 9% (9) 4% (2) 16% (7) 0.074

Postoperative stroke 4% (3) 4% (2) 4% (2) 1

AKI 29% (29) 25% (14) 33% (15) 0.51

Hospital Mortality 5% (5) 4% (2) 7% (3) 0.65

Fig. 2 Perioperative NT-proBNP levels in patients with EuroSCORE II ≥ 4.15 (upper quartile). Data expressed as medians with interquartile range. 
*p < 0.05. POD postoperative day, Preop preoperative
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inotropes and or intra-aortic balloon pump in cardiac 
surgery [5–9, 34, 35]. Adjusting for significant differ-
ences in preoperative demographics NT-proBNP on 
POD3 was substantially lower in the glutamate group 
compared to controls. Glutamate may thus have influ-
enced postoperative NT-proBNP levels by facilitating 
post-ischemic recovery of myocardial oxidative metab-
olism in line with our hypothesis. Undeniably though 
post hoc analyses preclude any firm conclusions.

Not unexpectedly, the results are in accordance with 
the main results of the GLUTAMICS-trial, which failed 
to prove an effect in the whole cohort on the composite 
primary endpoint, which were postoperative mortal-
ity, postoperative myocardial infarct and left ventricu-
lar heart failure on weaning from CPB. Originally the 
GLUTAMICS trial was planned for patients requir-
ing urgent surgery because of CCS class IV angina 
but, since only three Swedish centers participated, the 
inclusion criteria were widened to include all patients 
with acute coronary syndrome. This implied that a 
large proportion of the included patients were low risk 
patients scheduled for urgent surgery because of non-
ST-segment elevation myocardial infarction (NSTEMI) 
[21]. However, secondary endpoints and post hoc anal-
yses found a relative risk reduction exceeding 50% for 
developing severe postoperative heart failure in most 
high-risk groups undergoing isolated CABG with the 
exception diabetics [21]. A subsequent post hoc analy-
sis demonstrated that the number of inotropes needed 
and the duration of treatment was shorter in glutamate 
treated patients with heart failure at weaning from 
CPB [29]. The current analysis supports those find-
ings by demonstrating that glutamate was associated 
with a mitigated increase and lower postoperative NT-
proBNP levels on POD3 in patients treated with ino-
tropes (Additional file 1: Tables S2, S3).

Certain study limitations deserve comment. The major 
limitation is that the significant results of this study were 
evident only in our post hoc analyses of risk patients. Fur-
thermore, the impact of glutamate on NT-proBNP POD3 
among the patients with EuroSCORE II ≥ 4.15 should be 
interpreted cautiously due to relatively small sample size. 
The study did not include specific assessment of myocar-
dial contractility or metabolism. On the other hand, the 
results fit available knowledge about glutamate in myo-
cardial metabolism and potential mechanisms of action. 
Further assessment of glutamate is warranted, particu-
larly given the risks associated with inotropic treatment 
of the ischemic heart and the role of postoperative heart 
failure or low cardiac output syndrome as the major 
cause for morbidity and mortality in cardiac surgery [1, 
2, 36–38].

Conclusions
Our study on perioperative NT-proBNP changes con-
firms previous findings that patient selection is a factor 
that could influence the impact of metabolic treatment. 
Assessment of postoperative NT-proBNP suggests that 
intravenous infusion of glutamate may prevent or miti-
gate myocardial dysfunction in high-risk patients under-
going CABG. Further studies are necessary to confirm 
these findings.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1296 7-020-02351 -7.

Additional file 1. List additional methods and results on NT-proBNP in 
patients treated with inotropes related to glutamate (Table S1–S3).

Abbreviations
AKI: Acute kidney injury; AMI: Acute myocardial infarction; AUC : Area under the 
curve; BMI: Body mass index; BNP: B-type natriuretic peptide; CABG: Coronary 

Table 5 Perioperative NT-proBNP in patients with complete data sets of NT-proBNP Preop and POD1 or NT-proBNP Preop 
and POD3 and EuroSCORE II ≥ 4.15

Data given as medians [interquartile range] or percentages (number)

Preop preoperative, POD postoperative day
a Patients with complete data sets of NT-proBNP Preop and POD1
b Patients with complete data sets of NT-proBNP Preop and POD3

Variables EuroSCORE II ≥ 4.15 
(n = 81a/83b)

Glutamate
(n = 41a/47b)

Control
(n = 37a/36b)

p‑value

NT-proBNP  Prea (ng•L−1) 1090 [460–2430] 980 [435–2057] 1340 [460–2910] 0.38

NT-proBNP  POD1a (ng•L−1) 4390 [2950–6300] 3802 [2715–5570] 4690 [3060–6650] 0.19

Delta NT-proBNP POD1-Prea (ng•L−1) 2800 [1650–4760] 2653 [1540–3675] 3050 [2030–5560] 0.13

NT-proBNP  Preb (ng•L−1) 970 [425–2345] 740 [395–1810] 1265 [465–2985] 0.10

NT-proBNP  POD3b (ng•L−1) 6650 [3840–10,085] 5140 [3490–7423] 8220 [5339–14,550] 0.002

Delta NT-proBNP POD3-Preb (ng•L−1) 5210 [3115–8595] 3900 [2995–6260] 6745 [3455–12,686] 0.012
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artery bypass surgery; CCS: Canadian Cardiovascular Society; CI: Confidence 
interval; CK-MB: Creatine kinase-MB isoenzyme; COPD: Chronic obstructive 
pulmonary disease; CPB: Cardiopulmonary bypass; eGFR: Estimated glomeru-
lar filtration rate according to MDRD formula; EuroSCORE II: European system 
for cardiac operative risk evaluation II; GLUTAMICS: GLUTAmate for Metabolic 
Intervention in Coronary Surgery trial; ICU: Intensive care unit; LV: LEFT 
ventricular; NT-proBNP: N-terminal pro-B-type natriuretic peptide; NSTEMI: 
Non-ST-segment elevation myocardial infarction; PHF: Postoperative heart 
failure; POD: Postoperative day; ROC: Receiver operating characteristic analysis; 
SAP: Systolic arterial blood pressure; SvO2: Mixed venous oxygen saturation; 
URL: Upper reference limit.
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