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Abstract: Background: Preclinical studies suggest that methylglyoxal (MG) increases within the
myocardium upon acute myocardial infarction (AMI) and thereafter contributes to adverse postinfarct
remodeling. The aims of this study were to test whether MG increases in plasma of humans after
AMI and whether this increase is related to the left ventricular ejection fraction (LVEF). Methods: The
plasma samples of 37 patients with ST elevation AMI undergoing primary percutaneous coronary
intervention (pPCI) acquired in a previously conducted randomized controlled trial testing remote
ischemic conditioning (RIC) were analyzed by means of high-performance liquid chromatography.
Time courses of the variables were analyzed by means of mixed linear models. Multiple regression
analyses served to explore the relationship between MG levels and the LVEF. Results: Compared to
the MG levels upon admission due to AMI, the levels were increased 2.4-fold (95% CI, 1.6–3.6) 0.5 h
after reperfusion facilitated by pPCI, 2.6-fold (1.7–4.0) after 24 h and largely returned to the baseline
after 30 d (1.1-fold, 0.8–1.5). The magnitude of the MG increase was largely independent of that of
cardiac necrosis markers. Overall, the highest MG values within 24 h after AMI were associated with
the lowest LVEF after 4 d. While markers of myocardial necrosis and stretch quantified within the
first 24 h explained 52% of the variance of the LVEF, MG explained additional 23% of the variance
(p < 0.001). Conclusions: Considering these observational data, it is plausible that the preclinical
finding of MG generation after AMI negatively affecting the LVEF also applies to humans. Inhibition
of MG generation or MG scavenging might provide a novel therapeutic strategy to target post-AMI
myocardial remodeling and dysfunction.

Keywords: acute myocardial infarction; methylglyoxal; cardiac function; remodeling

1. Introduction
1.1. Background

Despite significant improvements in the care of patients with acute myocardial in-
farction (AMI) in the recent decades, AMI remains associated with high morbidity and
mortality [1]. Rapid restoration of blood flow has been proven beneficial; however, the
resulting reperfusion of the ischemic myocardium acutely exacerbates tissue damage, a
phenomenon known as ischemia-reperfusion injury [2,3]. Different interventions target-
ing ischemia-reperfusion injury have been tested in preclinical and clinical studies so far,
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although no intervention has yielded a convincing effect that would result in its imple-
mentation in the clinical routine, as reviewed previously [2]. One of these interventions is
remote ischemic conditioning (RIC), whereby brief and repetitive ischemia and reperfusion
cycles in a remote tissue or organ lead to tissue protection. In this regard, one can differ-
entiate between pre-, per- and postconditioning, i.e., conditioning that takes place before,
during or after the ischemia causing infarction [4]. Preclinical results have been promis-
ing [5,6], and preconditioning is impossible for the treatment of AMI in humans, but large
clinical trials applying per- or postconditioning strategies have ultimately failed to show
the cardioprotective effect of RIC in patients with ST elevation myocardial infarction [7,8].

After myocardial infarction, the main driver of morbidity and mortality is the resulting
myocardial dysfunction, ultimately resulting in subsequent heart failure. An important de-
terminant of the latter is the final infarct size [9]. However, myocardial dysfunction remains
only partly explained by the loss of cardiomyocytes. As such, the concept of myocardial
dysfunction following AMI involves several other processes. These include inflammatory
ones that can be detected in the border zone of the infarcted myocardium, which largely
contribute to adverse left ventricular remodeling resulting in cardiac dysfunction [10,11].

In this regard, advanced glycation end-products (AGEs) have been linked to worse
outcomes after AMI. Specifically, an important AGE precursor methylglyoxal (MG) was
shown in a preclinical study to causally affect myocardial dysfunction. Blackburn et al. [12]
demonstrated that myocardial ischemia stimulates the production of MG within the my-
ocardium. Overexpression of glyoxalase-1 (GLO1)—which constitutes the rate-limiting
step in the detoxification of MG [13]—not only reduced the intramyocardial methylglyoxal
levels, but also partially reversed the damage inflicted by infarction as measured with the
left ventricular ejection fraction (LVEF). Notably, this functional difference occurred despite
similar infarct sizes in both groups. Additionally, MG was shown as an independent
predictor of the prognosis of patients with congestive heart failure [13]. This motivated us
to investigate whether a negative association of MG levels after AMI and the subsequent
LVEF exists in humans. In this case, translatability of the findings of Blackburn et al. [12]
would seem plausible.

1.2. Objectives

Currently, it is unclear whether AMI in humans also leads to increased MG levels.
Therefore, the primary objective of this study was to test whether MG levels increase over
time in patients admitted to hospital due to AMI with ST elevation undergoing primary
percutaneous coronary intervention (pPCI). To this end, the plasma samples previously
acquired in the course of a randomized controlled trial investigating the effects of RIC on
myocardial damage in patients with acute ST elevation AMI were analyzed. Thus, another
exploratory objective was to test whether RIC affects MG levels, markers of myocardial
damage and the myocardial function. The third objective was to investigate whether the
negative impact of MG levels on the LVEF observed in mice [12] translated to a negative
correlation of MG and the LVEF in patients.

2. Materials and Methods
2.1. Trial Design

The original study was a single-center, open-label, parallel-group randomized con-
trolled trial. Patients with ST elevation AMI were randomized to RIC or sham in a 1:1 ratio.
The associative research question addressed in the present report refers to observations
of patients participating in the abovementioned trial. In this regard, the present analysis
corresponds to an observational cohort study.

2.2. Participants, Setting and Recruitment

All the patients who presented with ST elevation AMI to the Third Medical Department
(Cardiology) at Klinik Ottakring, Vienna, Austria, with intended interventional treatment
by pPCI that gave written informed consent were included. We excluded patients if the
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symptom onset exceeded 8 h at the time of presentation to the emergency department,
those with a regular intake of drugs affecting the KATP channel, patients with neurological
disorders (i.e., diabetic neuropathy) and those in cardiogenic shock or other circumstances
making informed consent impossible. In addition, four apparently healthy control subjects
were included for assay development.

2.3. Interventions

The intervention was “remote ischemic conditioning” (RIC). It was carried out as
previously described [14] using a blood pressure cuff applied to the left arm filled with a
pressure of 200 mm Hg over 5 min. In case the patient’s systolic blood pressure exceeded
200 mm Hg, the cuff was inflated to exceed that pressure by 15 mm Hg. The RIC protocol
consisted of four cycles of 5 min inflation each. In between, the pressure was released for
5 min to allow reperfusion. RIC was performed as soon as possible after admission and
following informed consent but prior to and without delaying reperfusion of the culprit
lesion. The patients in the sham control group were fitted with a blood pressure cuff for
40 min without inflating it.

2.4. Outcomes

The primary outcomes for the present analysis are the levels of MG in plasma, their
association with the measured myocardial necrosis markers, RIC and the LVEF. Details can
be found in the Appendix B.5.

2.5. Safety Considerations

A major concern could be that RIC delays the start of myocardial reperfusion. There-
fore, RIC was started as soon as possible after the arrival of each patient to the hospital.
In all those cases where the RIC protocol could not be fully performed before the start of
reperfusion, the missing cycles were continued throughout the routine procedures and in
case of very early reperfusion in the sense of “remote ischemic postconditioning”.

2.6. Sample Size

The present analysis includes all consecutive patients included from April 2016 to
March 2018. No power calculation for the final sample considering the presented analyses
was performed as this analysis is of exploratory character. The primary aim of the original
randomized controlled trial was to confirm the previously reported benefit of RIC with
respect to infarct size. White et al. [15] reported a reduction of infarct size from 24.5% in the
control subjects to 18% in the RIC-treated ones. Based on their reported group difference
and an assumed common standard deviation of 12%, it was calculated that 54 patients per
group would be necessary to detect the relevant difference with a power of 80% accepting
a type I error rate of 5%. As a dropout rate of 10% was expected, it was aimed for a total of
120 patients. The study was terminated after 37 of the intended 120 patients for the reasons
provided below.

2.7. Randomization and Blinding

The allocation sequence was generated using a computer-based randomization tool
generating 1:1 randomization in blocks of 8. The allocation sequence was available using
serially numbered envelopes. The patients were informed that an additional intervention
was offered as part of a clinical trial with a 50% chance of receiving this intervention, which
might reduce damage to the heart. Due to the nature of the intervention, the patients and
the physicians were not blinded regarding the group allocation. All the persons performing
laboratory assessments were blinded to group allocation.

2.8. Methylglyoxal Measurements

Details on the methods, including Figures A1–A3, can be found in Appendix A.
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2.9. Statistical Methods

Mixed linear models, partial correlation coefficients and multiple linear regression
analyses are described in detail in Appendix B. The analyses were performed with IBM
SPSS Statistics 27. They were not predefined in the study protocol, and no adjustment for
multiplicity was performed; therefore, the results need to be interpreted accordingly. Only
two-sided p-values are reported; p-values ≤ 0.05 were considered statistically significant.

3. Results
3.1. Participants

Between April 2016 and March 2018, 37 patients were randomized. In this period,
several studies were published, which provide evidence that the beneficial effect of RIC
is, at best, minimal [8]. Additionally, the recruitment of patients was far slower than ex-
pected, wherefore a decision was made to stop the study prematurely. The baseline patient
characteristics were already published previously [14]. Plasma samples of 33 patients were
available for MG measurements; the data of these patients are presented in this paper
(Figure 1).
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3.2. Myocardial Infarction Is Associated with a Transient Increase in Plasma Methylglyoxal Levels
Independent of RIC

Compared to the MG values at 0 h, the levels were increased 2.4-fold (95% CI, 1.6–3.6,
p < 0.001) after 0.5 h and 2.6-fold (1.7–4.0, p < 0.001) after 24 h. Thirty days after admission,
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MG levels did not significantly differ from the ones upon admission (1.1-fold, 0.8–1.5,
p = 0.42). There was no evidence of an effect of RIC (interaction time * group p = 0.15, mixed
linear model with time as a discrete variable, Figure 2A).
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Figure 2. Time course of plasma MG levels after hospital admission due to myocardial infarction.
(A) Individual time courses of plasma MG levels of the RIC and sham patients after presentation in
the context of the plasma MG levels of four healthy control subjects as reference. Remote ischemic
conditioning (RIC, red) or sham intervention (blue) were performed between 0 and 0.5 h. Logarithmic
axis scaling allows visual discrimination between individual datapoints. (B) Estimated geometric
mean time courses of methylglyoxal within the period until 24 h after admission. Error bands are 95%
confidence intervals. (C) Estimated fold difference of MG levels between the RIC patients (red) and
the sham patients (blue). Abbreviations: MG—methylglyoxal, RIC—remote ischemic conditioning,
PR—presentation.

Exploration of the data using a mixed linear model with time as a continuous variable
showed that they could be well-described by means of a cubic function (linear, quadratic
and cubic terms p < 0.001 each, interactions with group p > 0.09 each), suggesting a RIC-
independent nonlinear time course (Figure 2B,C, predicted vs. observed, Appendix B
Figure A4A). The peaks of the estimated curves occur at 4 h and would correspond to a
6.7-fold (RIC: 6.1, sham: 7.2) increase compared to 0 h.

3.3. Release of Enzymes Indicative of Myocardial Damage or Dysfunction Is Not Reduced by RIC
after Myocardial Infarction

As markers of myocardial damage, CK-MB, total CK and TnI were repeatedly deter-
mined in plasma. To repeatedly assess myocardial dysfunction, NT-proBNP was quantified.
Taken together, the following analyses are hardly consistent with a beneficial effect of RIC
and rather point in the opposite direction, i.e., a detrimental effect.

CK-MB data (Figure 3A) were modelled using quartic polynomials (linear, quadratic,
cubic, quartic terms p < 0.001 each; further increasing the order of the polynomial did
not improve the fit; quintic term p = 0.067). Interactions of these terms with the fac-
tor group suggest different time courses for each group (Figure 3B, linear term * group
p = 0.002, quadratic term * group p = 0.004, cubic term * group p = 0.009, quartic term * group
p = 0.054). The estimated differences on a multiplicative scale (Figure 3C) suggest higher
CK-MB levels in the RIC group compared to the sham group, with the difference most
pronounced at around 2 h.

The time course of the total plasma CK levels were also well-described by a quartic
polynomial (linear, quadratic, cubic, quartic terms p < 0.001 each); however, there was no
evidence for group-specific parameters (all interaction terms p > 0.22, Figure 3D–F). Never-
theless, point estimates of the fold differences due to RIC are constantly well above one.

Concerning TnI levels (Figure 3G), the applied statistical model suggested a group-
specific time course (Figure 3H, linear, quadratic terms p < 0.001 each, cubic p = 0.007,
quartic p = 0.022, linear term * group p = 0.004, quadratic term * group p = 0.017, cubic term *
group p = 0.038, quartic term * group p = 0.34). Similar to CK-MB, the estimated differences
on a multiplicative scale (Figure 3I) show nearly threefold higher TnI levels compared to
the sham treatment at around 2 h. Notably, the uncertainty of this estimate, quantified
using the 95% confidence error band, needs to be considered. A sensitivity analysis showed
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no relevant impact on the estimates by the two highest outlying datapoints (Figure A5 in
Appendix B).
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Figure 3. Biomarker levels in plasma after admission to the hospital due to myocardial infarction.
The left panels show the raw values, with red lines indicating RIC and blue lines indicating sham
control. The middle panels show the geometric means with 95% confidence bands estimated using
mixed linear models. The right panels show the estimated fold difference of the RIC group compared
to the control group with 95% confidence bands. Panels: (A–C) CK-MB, (D–F) CK, (G–I) TnI and
(J–L) NT-proBNP.

Regarding NT-proBNP, the polynomial model suggested a group-specific time course
as well (Figure 3J). In contrast to the abovementioned markers of myocardial damage, there
was no evidence that a higher-order polynomial would fit the data better than a linear fit
(linear and quadratic terms p = 0.005 and 0.24, Figure 3K). However, the slope of the lines
differed between the groups (linear term * group p = 0.016), resulting in approximately
1.5-fold NT-proBNP levels increase towards the end of the day after MCI (Figure 3L).
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3.4. Changes in MG Levels after AMI Are Only Weakly Dependent on Changes in CK, CK-MB,
TnI or NT-proBNP, but Might Be Affected by Diabetes

As one would expect for different indices of the same underlying cause, i.e., CK-MB
and TnI as markers of myocardial damage, they were strongly correlated within the patients
(Figure 4A, partial r = 0.86, p < 0.001). TnI and NT-proBNP showed weak correlations with
changes in methylglyoxal levels (NT-proBNP partial r = 0.22, p = 0.19, TnI partial r = 0.22,
p = 0.14, Figure 4B,C). Myocardial damage markers CK-MB and CK were only moderately
correlated with changes in methylglyoxal levels (CK-MB partial r = 0.41 p = 0.024, CK partial
r = 0.45, p < 0.001, Figure 4D,E). When entered into a single multiple regression model,
NT-proBNP, TnI, CK-MB and CK explained only 2.5% of the variance of methylglyoxal
(p = 0.8). This suggests that the extent of myocardial damage cannot be the main de-
terminant of the methylglyoxal level increase following AMI. As diabetes is associated
with increased methylglyoxal levels, we explored whether the presence of diabetes type
II might be an additional determinant. Although only two diabetic patients were among
the included ones, these two patients indeed had comparably high methylglyoxal lev-
els (Figure 4F), a difference that reached formal significance in the applied polynomial
mixed linear model (interactions linear term * group p = 0.008 and quadratic term * group
p = 0.008).
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timepoints from a patient. Red indicates RIC, blue—sham. Correlation of changes can be appreci-
ated by approximately parallel lines. (B) Correlations between intraindividual changes in methyl-

Figure 4. Correlations between myocardial damage and methylglyoxal. (A) Relationship between
changes in TnI levels and changes in CK-MB. Each line represents measurements taken at different
timepoints from a patient. Red indicates RIC, blue—sham. Correlation of changes can be appreciated
by approximately parallel lines. (B) Correlations between intraindividual changes in methylglyoxal
levels with changes in NT-proBNP, (C), TnI, (D) CK-MB and (E) CK. (F) Methylglyoxal levels of two
patients with diagnosed type 2 diabetes (dotted lines) in the context of respective levels of all the
nondiabetic patients.

3.5. Association of Methylglyoxal Levels within 24 h after AMI with the Myocardial Function after
4 Days

To assess the relationships between myocardial damage, methylglyoxal levels and
myocardial dysfunction, the area under the curve (AUC) of CK-MB, TnI, CK and NT-
proBNP was calculated for 24 h after admission for each patient. The AUC values of
CK-MB, TnI and CK were highly correlated with each other (Figure 5A, p < 0.001 each).
Higher levels of the latter two markers for myocardial damage were weakly associated
with higher NT-proBNP levels (Spearman ρ = 0.43, p = 0.01 and Spearman ρ = 0.41,
p = 0.02), whereas no relevant correlation between CK-MB and NT-pro-BNP was observed
(p = 0.16). Methylglyoxal showed no relevant association with any of the abovementioned
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variables. There were, however, moderate negative pairwise correlations between the LVEF
and each of the biomarkers CK-MB, TnI, CK and NT-proBNP (p < 0.007 each).
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Figure 5. Methylglyoxal levels partially explain the myocardial function after myocardial infarction.
(A) Changes in the parameters except for the LVEF were assessed by their area under the curve within
the first 24 h. Heatmap of the Spearman correlation matrix including AUCs of enzymes in plasma
indicating myocardial damage, AUCs of NT-proBNP, AUCs of methylglyoxal and the left ventricular
ejection fraction. (B) LVEF values predicted without methylglyoxal. Entering each patient’s values
into the formula results in their predicted LVEF. The dotted line represents the perfect prediction.
(C) Plot analogous to B, with inclusion of MG as a linear and quadratic predictor. (D) Relationship
between AUC(MG) and the LVEF. The covariates other than MG were kept constant at their means.
The AUC(MG) values in the observed range were entered into Model 2.

Next, a multivariable regression analysis was carried out to investigate whether
methylglyoxal levels are associated with the LVEF independently of markers of myocardial
damage and NT-proBNP. First, a model was built that predicts the LVEF (Figure 5B, Model 1)
using CK, CK-MB, age, TnI and NT-proBNP. This model explained 52% of the variance
of the LVEF (p < 0.001). Next, MG was added as a linear and quadratic term, the latter of
which allows a nonlinear relationship between methylglyoxal and the LVEF. This Model 2
(Figure 5C) explained 23% more variance (R2 change p = 0.001) than Model 1, namely 75%.
This means that methylglyoxal levels within the 24 h after AMI contained information
regarding the LVEF measured approximately three days later in addition to the information
contained in NT-proBNP, CK, CK-MB, TnI and age. The relationship between methylglyoxal
and the LVEF was significantly curvilinear (logAUC(MG) linear and quadratic terms
p < 0.001 each, Figure 5D). By plotting the predicted LVEF values against the range of
observed AUC(MG) values, a curvilinear relationship can be appreciated, with the highest
MG levels associated with the lowest LVEF. Additionally, there was no evidence that RIC
affected the LVEF (Figure A6, Appendix B).
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3.6. Harms

No serious adverse events related to placing the blood pressure cuff (and inflation in
case of RIC) were observed. Overall, there was one death due severely impaired cardiac
function following ST-elevation AMI in the RIC group.

4. Discussion

The main finding of this exploratory study is the observation that in patients admitted
to a hospital due to ST elevation AMI who have undergone reperfusion by pPCI, MG levels
in plasma rise substantially within a few hours and return to levels similar to the ones upon
admission within 30 days. We speculate that AMI with subsequent reperfusion causes this
transient elevation. It needs to be emphasized that based on our study design, it is not
possible to deduce if AMI causes higher MG levels or if reperfusion by pPCI causes them.
However, given the results in mice, which clearly show that AMI alone causes increased
levels of MG-derived advanced glycation end-products within the myocardium [12], it is
highly plausible that in humans AMI itself causes an increase in MG. However, a clear
differentiation from a potential additional effect on MG levels due to reperfusion is not
possible [16].

The second central finding is an association of higher MG levels within the first day of
hospitalization with lower LVEF values after 4 days. In particular, an exploratory statistical
analysis showed a nonlinear association between the methylglyoxal burden within the first
24 h after admission and the LVEF four days after AMI. Thereby, the highest MG levels
seemed to be associated with the lowest LVEF values. This is in line with the previous
preclinical data, showing that reducing the MG burden after AMI improves the LVEF [12].
Based on this preclinical observation, our study for the first time demonstrates a similar
effect in humans with AMI undergoing reperfusion, suggesting a potential new target
for treatment strategies. For instance, as soon as the exact mechanism of MG generation
within the myocardium during AMI and following reperfusion is elucidated, one could
try to interfere with it to improve the LVEF, e.g., by increasing the glyoxylase-1 activity.
Alternatively, in case generation cannot be addressed, one could aim to scavenge MG, a
concept that has been implemented experimentally [17]. It might also be possible that
MG exerts its negative effects on the myocardial function by the formation of advanced
glycation end-products. In this case, it might constitute an additional option to interfere
with the interaction of MG with proteins or lipids.

Under the assumption that MG indeed reduces the LVEF after AMI, it seems relevant
which factors determine the extent of MG increase thereafter. Moreover, the extent of
MG increase seems to be independent of the measured surrogate markers for myocardial
damage. Thus, other factors not involved in our models seem to alter MG. Among those,
inflammation seems to be an important driver as previously shown in preclinical mod-
els [12]. Hence, although AMI might trigger the MG increase, its extent is determined by
an unknown factor. A possible candidate factor could be diabetes, as this metabolic state
is generally associated with higher MG levels [16]. Our observation that the two diabetic
patients exhibited comparatively high MG increases after AMI compared to nondiabetic
patients would fit this hypothesis; however, this needs to be investigated with an adequate
sample size.

As the samples from an RCT investigating RIC in the context of AMI were analyzed,
a RIC effect in MG or cardiac enzymes indicative of myocardial damage could also be
assessed. In this regard, we found no evidence that RIC affects MG levels or markers
of myocardial necrosis. Furthermore, our study did not reveal any significant benefit of
RIC on these markers, nor did RIC have any significant influence on cardiac function
thereafter. On the contrary, our analyses suggest a potential higher enzyme release in the
RIC group that, based on the regression model, is most pronounced at 2 h after reperfusion.
However, in sight of the smaller than expected sample size and the significant width
of the confidence intervals, these results should be interpreted with caution and do not
necessarily imply causality. Overall, previous studies and their pooled analysis showed a
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very small effect in favor of RIC on infarct size and cardiac function [8]. In line, the largest
clinical trial conducted demonstrated a neutral effect with respect to occurrence of death or
hospitalization for heart failure following AMI [7].

Limitations and Generalizability

The results of this study seem plausible considering the published data, e.g., regarding
the non-superiority of RIC compared to the control regarding myocardial damage or the
MG increase after AMI and reperfusion that was already observed in preclinical studies.
Nevertheless, several limitations need to be taken into consideration. Besides the effects
of RIC, which were investigated in an experimental design, all other findings are of ob-
servational nature, i.e., no causal interpretation is possible. Consequently, it cannot be
excluded that the MG increase is related not to AMI or reperfusion, but to an unknown
confounder. Additionally, the low sample size adds some uncertainty, and validation of
our results by independent researchers would be beneficial. Future studies should also
include LVEF measurements at later timepoints after AMI. Another limitation concerns the
multiplicity of statistical analyses. The polynomial modelling included several sequential
decisions and thus might have resulted in false positive conclusions. Additionally, AUC
calculations are based on the estimates derived from mixed linear models and thus are
subject to some degree of uncertainty. Another limitation relates to the quantification of
MG. In our view, the absolute concentration in plasma cannot be given due to matrix effects.
For this purpose, a standard curve based on MG spiked, but otherwise an MG-free solution
would be required. There is no method to remove MG from plasma without altering the
matrix. However, the AUC of a given amount of MG obtained by HPLC heavily depends
on the matrix, e.g., water, saline or plasma. The standard curve generated in H2O clearly
did not reflect the DMQ/IS relationship to MG in plasma. Of note, this does not affect the
conclusions of this study, which are based on relative MG concentration changes.

5. Conclusions

In conclusion, we found a temporal relationship between the occurrence of AMI treated
with reperfusion and a subsequent increase in plasma MG. We also observed an association
between the magnitude of the MG increase within the first day after the infarction with the
left ventricular function four days later despite statistical adjustment for the known positive
association of the established cardiac necrosis markers. Based on this observation, future
studies investigating the causal relationship between MG and cardiac function in humans
are warranted. Overall, MG might serve as a new target for the treatment of myocardial
dysfunction, reperfusion injury and associated remodeling following AMI if confirmed in
future randomized controlled trials.

Author Contributions: Conceptualization, S.H., P.M.H., A.K., B.J., K.H. and M.J.M.F.; methodology,
S.H., P.M.H., B.J., K.H. and M.J.M.F.; formal analysis, S.H.; investigation, P.M.H., A.K., B.J., K.H. and
M.J.M.F.; data curation, S.H., P.M.H., B.J., K.H. and M.J.M.F.; writing—original draft preparation, S.H.
and P.M.H.; writing—review and editing, S.H., P.M.H., A.K., B.J., K.H. and M.J.M.F.; visualization,
S.H.; supervision, A.K., B.J., K.H. and M.J.M.F.; project administration, P.M.H., A.K., B.J., K.H. and
M.J.M.F.; funding acquisition, P.M.H. and A.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ludwig Boltzmann Institute for Cardiovascular Research,
the Association for Research on Arteriosclerosis, Thrombosis and Vascular Biology (ATVB) and by a
grant of the Medical Scientific Fund of the Mayor of the City of Vienna (grant number 17091).

Institutional Review Board Statement: The study was performed according to the Declaration of
Helsinki and Good Clinical Practice and approved by the competent ethics committee of the City of
Vienna (EK 16-009-0216 on 6 April 2016).

Informed Consent Statement: All the patients gave written informed consent prior to enrolment.

Data Availability Statement: Data are available upon reasonable request after contacting the
corresponding author.



Biomedicines 2022, 10, 605 11 of 17

Acknowledgments: The authors acknowledge Thomas Fleming for advice and providing pure
methylglyoxal as a reference.

Conflicts of Interest: P.M.H. reports honoraria from Beckman Coulter and is supported by a grant of
the Faculty of Medicine, University of Hamburg, and the German Centre for Cardiovascular Research
(DZHK), all outside of the present study. The funders of the study had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

Appendix A. Quantification of Methylglyoxal in Plasma Samples

The assay follows the principles described earlier [18,19]. Methylglyoxal can be quan-
tified by detection of its derivative 6,7-dimethoxy-2-methylquinoxaline (DMQ), which
is formed upon addition of 1,2-diamino-4,5-dimethoxybenzene (DDB). DMQ is well-
detectable due to its chromophoric and fluorophoric properties. Based on availability,
we relied on measuring absorption at 352 nm. Like methylglyoxal, butanedione can be
derivatized by addition of DDB, which produces a suitable internal standard of the same
substance class, 6,7-dimethoxy-2,3-dimethylquinoxaline (DDMQ), detectable at the same
wavelength (Figure A1).
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Figure A1. Compounds relevant for methylglyoxal quantification by HPLC. 4,5-Dimethoxybenzene-
1,2-diamine (A) is added to methylglyoxal (B) upon which 6,7-dimethoxy-2-methylquinoxaline (DMQ,
(C)) is formed. DMQ can be detected by HPLC. Similarly, 4,5-dimethoxybenzene-1,2-diamine (A) can
react with butanedione (B) and forms 6,7-dimethoxy-2,3-dimethylquinoxaline (DDMQ, (C)), which
serves as the internal standard.

For analytical procedures 2,3-Butanedione and 4,5-dimethoxybenzene-1,2-diamine
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), trifluoroacetic acid (Thermo Scientific,
Waltham, MA, USA), and acetonitrile (Merck, Darmstadt, Germany) were purchased.
Methylglyoxal was a gift from Thomas Fleming (Heidelberg, Germany).

The internal standard 6,7-dimethoxy-2,3-dimethylquinoxaline (DDMQ) was synthe-
sized as previously described [18]. Plasma (300 µL) was spiked with 6 µL of the internal
standard DDMQ (250 µM), vortexed, and then mixed with 1.2 mL acetonitrile to achieve
precipitation of the proteins. The mixture was cooled on ice for 15 min and then centrifuged
(20 min, 20,000× g). The supernatant (1300 µL) was acidified with 13 µL of trifluoroacetic
acid (99%). Freshly dissolved DDB (30 µL; 12 mM) was added under nitrogen and the
mixture was agitated at room temperature for 2 h, protected from light. The mixture was
freeze-dried, and the residue was dissolved in 40 µL of the mobile phase (2% acetonitrile
in 0.1% TFA/water), of which 35 µL were analyzed by means of HPLC. Measurements
obtained from plasma samples with less than 300 µL (35 of 123 samples) were filled up to a
total volume of 300 µL with saline (150 mM NaCl).



Biomedicines 2022, 10, 605 12 of 17

Reverse-phase high-performance liquid chromatography (RP-HPLC) was performed
on a Dionex UHPLC focused UltiMate 3000 system (Sunyvale, CA, USA). The samples
were run on a Phenomenex Kinetex C18 column (150 × 3.0 mm, 2.6 µm) (Torrance, CA,
USA) in a mobile phase consisting of acetonitrile, water and 0.1% trifluoroacetic acid at a
rate of 0.3 mL/min. An initial period of five minutes with 1.8% acetonitrile was followed by
a gradient for acetonitrile from 1.8% to 66.6% within 24 min, DMQ had a peak elution after
approximately 17.5 min, DDMQ—after 17.95 min (full protocol in Figure A2). Detection
of the analyte was achieved at 352 nm at room temperature. For recovery of the column,
acetonitrile was reduced back to 1.8% within 3 min, maintained for 10 min.
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Figure A2. Acetonitrile gradient used for quantification of the analyte and the internal standard (IS).

Plasma samples of the four young and healthy control subjects with unknown methyl-
glyoxal concentrations were spiked with methylglyoxal before adding acetonitrile. The
added concentrations of methylglyoxal were 1000, 500, 350, 250, 176, 125, 87, 62, 29 and
0 nM. The assay was carried out as described above. Calibration curves were constructed
by plotting the concentrations of methylglyoxal against the peak area of DMQ normalized
to the peak area of the internal standard.

Spiking of plasma of the four healthy control subjects (not included in the CONSORT
flow diagram above) with different amounts of MG increased the measured quotient of
DMQ and IS (internal standard, Figure A3A). The linear regression lines fitted to each
healthy volunteer’s data resulted in DMQ/IS values of 0.090, 0.089, 0.042 and 0.037 for
unspiked plasma (0 µM, intercepts). Notably, spiking of H2O resulted in a substantially
different slope. Under the assumption that the reason for the intercepts to be >0 is en-
dogenous methylglyoxal, one can deduce a linear relation of plasma methylglyoxal and
DMQ/IS, whereby DMQ/IS value of 0 represents 0 µM methylglyoxal and 1 µM increase
in plasma would be reflected by an increase in the DMQ/IS value by 0.15 (Figure A3B).
As it is unknown whether this assumption holds, this relationship should be interpreted
with caution, but this has no impact on intraindividual time series. Subsequent statistical
analyses were performed with DMQ/IS values.

Biomedicines 2022, 10, x FOR PEER REVIEW 13 of 19 
 

 
Figure A2. Acetonitrile gradient used for quantification of the analyte and the internal standard (IS). 

Plasma samples of the four young and healthy control subjects with unknown 
methylglyoxal concentrations were spiked with methylglyoxal before adding acetonitrile. 
The added concentrations of methylglyoxal were 1000, 500, 350, 250, 176, 125, 87, 62, 29 
and 0 nM. The assay was carried out as described above. Calibration curves were con-
structed by plotting the concentrations of methylglyoxal against the peak area of DMQ 
normalized to the peak area of the internal standard. 

Spiking of plasma of the four healthy control subjects (not included in the CONSORT 
flow diagram above) with different amounts of MG increased the measured quotient of 
DMQ and IS (internal standard, Figure A3A). The linear regression lines fitted to each 
healthy volunteer’s data resulted in DMQ/IS values of 0.090, 0.089, 0.042 and 0.037 for 
unspiked plasma (0 µM, intercepts). Notably, spiking of H2O resulted in a substantially 
different slope. Under the assumption that the reason for the intercepts to be >0 is endog-
enous methylglyoxal, one can deduce a linear relation of plasma methylglyoxal and 
DMQ/IS, whereby DMQ/IS value of 0 represents 0 µM methylglyoxal and 1 µM increase 
in plasma would be reflected by an increase in the DMQ/IS value by 0.15 (Figure A3B). As 
it is unknown whether this assumption holds, this relationship should be interpreted with 
caution, but this has no impact on intraindividual time series. Subsequent statistical anal-
yses were performed with DMQ/IS values. 

 
Figure A3. Relationship between DMQ/IS and methylglyoxal concentration. (A) DMQ/IS values re-
sulting from spiking plasma of the four apparently healthy control subjects. (B) Estimated relation-
ship with 95% CI between DMQ/IS and plasma methylglyoxal concentration. 

  

Figure A3. Relationship between DMQ/IS and methylglyoxal concentration. (A) DMQ/IS val-
ues resulting from spiking plasma of the four apparently healthy control subjects. (B) Estimated
relationship with 95% CI between DMQ/IS and plasma methylglyoxal concentration.
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Appendix B. Supplemental Statistical Methods

Appendix B.1. Assessment of Treatment-Specific Time Courses

To test the hypothesis that MG levels increase after AMI and reperfusion, a mixed
linear model with the fixed factors time (levels: presentation, 0.5 h, 24 h and 30 d after
PCI) and group (sham or RIC) was used. The patients were included as levels of a random
factor, resulting in a random intercept for the patients. The duration of ischemia before
reperfusion was included as continuous covariate. A diagonal covariance structure was
selected based on the smallest Akaike information criterion. DMQ/IS as a dependent
variable was log-transformed prior to analysis.

Time courses of MG, CK, CK-MB, TnI and NT-proBNP were modelled using the
following mixed linear model approach. The time from admission with the unit hours
was transformed (transformed hours = log10(hours+1). Additionally, the dependent vari-
ables were log10-transformed. In the first step, a basic model of the time course of the
dependent variables was built by allowing each patient to have a random intercept and
a random slope. The log10(hours+1) time variable was entered as a fixed covariate and
as its quadratic, cubic, quartic and quintic form. Beginning with the highest-order poly-
nomial, each term was removed separately until the highest-order remaining term was
significant. Based on this basic model, the binary fixed factor group was introduced to-
gether with its interactions with all the polynomial terms remaining in the previous step.
Following this, the group * polynomial term interactions were removed, beginning with
the interaction with the highest-order polynomial until only significant interactions were
left or no interaction with the factor group remained. Approximate normal distribution
of residuals was checked visually, scatterplots showing predicted vs. observed values are
presented in Figure A4. Least-squares means with confidence intervals were computed for
timepoints closely enough together to appear as a continuous function in the graphs and
back-transformed and thus represent the estimated geometric means. Group comparisons
were also back-transformed and thus represent differences on a multiplicative scale (i.e.,
fold group differences).

Appendix B.2. Correlation between Intraindividual Changes in Methylglyoxal with Intraindividual
Changes in Cardiac Enzymes and NT-proBNP

For this purpose, partial correlation coefficients were calculated. Adjustment for
dependence of data originating from within patients was performed by including n–1 binary
dummy variables. To quantify how much of the variance of methylglyoxal can be explained
by CK, CK-MB, TnI and NT-proBNP, all the patient dummy variables were entered in the
first block, the abovementioned enzymes and NT-proBNP—in the second block. The
change in R2 between the two blocks was taken as a measure of variance explained by
enzymes and NT-proBNP.

Appendix B.3. Association of Methylglyoxal Levels with the Myocardial Function

To assess whether methylglyoxal might be related to the myocardial function, i.e.,
the LVEF, the area under the curve of the predictors methylglyoxal, CK, CK-MB, TnI and
NT-proBNP was calculated. For this purpose, the predicted values of the polynomial
mixed linear models were used by applying the trapezoidal rule. The predicted values
were chosen instead of the raw values because there were several raw values missing. Of
note, the missingness is based on organizational and technical reasons and not related
to any predictors or the LVEF. Thus, bias seems unlikely. Nevertheless, this approach
represents a potential limitation of the statistical approach, and the results need to be
confirmed independently.
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Appendix B.4. Estimation of Methylglyoxal Levels in Healthy Subjects

A general linear model with the predictor “spiked MG concentration” as a continuous
covariate and the four volunteers as levels of a factor was applied. This resulted in a
parameter estimate for the covariate, which is the change in DMQ/IS for each unit in the
spiked MG concentration increase. Further, this resulted in n–1 parameters indicating
by how much the intercept for three volunteers is shifted in the y-direction compared to
the reference subject. For the latter, the intercept of the model applies. By adding the
parameters of the three subjects to the model intercept (which equals the intercept of one
reference individual), each volunteer’s intercept was calculated.

Appendix B.5. Additional Outcomes

The primary outcome of the initially conducted randomized controlled trial was infarct
size quantified by single photon emission computer tomography one day after admission
and one month, which will be reported elsewhere. Additionally, the predefined secondary
outcomes included the area under the curve of the biomarkers associated with myocardial
necrosis measured within 24 h after admission and the left ventricular ejection fraction
(LVEF) measured four days after AMI by echocardiography. The biomarkers included
creatine kinase (CK), creatine kinase myocardial band (CK-MB) and troponin I (TnI).
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Appendix B.6. TnI Sensitivity Analysis
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distribution. The resulting estimated mean curve is plotted as a black line in the third row on top of 
the raw data. For the final plots, the data with their polynomial curve describing the central ten-
dency was back-transformed. Thus, the black line in row four represents the estimated geometric 
mean on the original scale. Below, the p-values of the original model are listed. At the bottom, Figure 
3G is reproduced to allow direct comparison with the analysis after exclusion of the outliers. The 

Figure A5. Sensitivity analysis of the TnI time course. The left column shows details of the analyses
depicted in Figure 3G. In the first row, the raw data are depicted (sham control in blue and RIC in
red). The two values visually identified as outliers are plotted as the dotted lines. As data are heavily
right-skewed, they were log10-transformed prior to analysis; log10-transformed data are depicted
in the second row. Notably, log transformation resulted in a distribution much closer to a normal
distribution. The resulting estimated mean curve is plotted as a black line in the third row on top of
the raw data. For the final plots, the data with their polynomial curve describing the central tendency
was back-transformed. Thus, the black line in row four represents the estimated geometric mean on
the original scale. Below, the p-values of the original model are listed. At the bottom, Figure 3G is
reproduced to allow direct comparison with the analysis after exclusion of the outliers. The right
column represents the corresponding plots of the sensitivity analysis without the dotted outliers.
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