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Background. Heart failure with reduced ejection fraction (HFrEF) constitutes a global health issue. While proinflammatory
cytokines proved to have a pivotal role in the development and progression of HFrEF, less attention has been paid to the cellular
immunity. Regulatory T lymphocytes (Tregs) seem to have an important role in the induction and maintenance of immune
homeostasis. Therefore, we aimed to investigate the impact of Tregs on the outcome in HFrEF. Methods. We prospectively
enrolled 112 patients with HFrEF and performed flow cytometry for cell phenotyping. Individuals were stratified in ischemic
(iHFrEF, n = 57) and nonischemic etiology (niHFrEF, n = 55). Cox regression hazard analysis was used to assess the influence of
Tregs on survival. Results. Comparing patients with iHFrEF to niHFrEF, we found a significantly lower fraction of Tregs within
lymphocytes in the ischemic subgroup (0.42% vs. 0.56%; p = 0:009). After a mean follow-up time of 4.5 years, 32 (28.6%)
patients died due to cardiovascular causes. We found that Tregs were significantly associated with cardiovascular survival in the
entire study cohort with an adjusted HR per one standard deviation (1-SD) of 0.60 (95% CI: 0.39-0.92; p = 0:017). A significant
inverse association of Tregs and cardiovascular mortality in patients with iHFrEF with an adj. HR per 1-SD of 0.59 (95% CI:
0.36-0.96; p = 0:034) has been observed, while this association was not evident in the nonischemic subgroup (adj. HR per 1-SD
of 0.62 (95% CI: 0.17-2.31); p = 0:486). Conclusion. Our results indicate a potential influence of Tregs in the pathogenesis and
progression of iHFrEF, fostering the implication of cellular immunity in iHFrEF pathophysiology and proving Tregs as a
predictor for long-term survival among iHFrEF patients. A preview of this study has been presented at a meeting of the
European Society of Cardiology earlier this year.

1. Introduction

Hearth failure with reduced ejection fraction (HFrEF) repre-
sents a major health issue in western-industrialized coun-
tries with an estimated prevalence of more than 37 million
people worldwide [1]. As multifaceted syndrome caused by
structural damage and subsequent dysfunction of the cardiac
tissue, it is mainly promoted via inflammatory response trig-
gered by cardiac tissue damage and functional remodeling
[2–5]. In this regard, there has been growing evidence of

close pathophysiological links between the progression of
HFrEF and both local and peripheral proinflammatory
states. Inflammatory biomarkers such as high-sensitivity C-
reactive protein (hsCRP) or cytokines were found to have a
major predictive potential on the development and progres-
sion of HFrEF. However, while data on peripheral cytokines
has been widely investigated, less attention has been paid to
the association of cellular immunity. In this regard, T lym-
phocytes were recently found among cardiac tissue in both
patients with ischemic and nonischemic HFrEF—suggesting
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their importance in the modulation of cardiac remodeling
driven by inflammatory stimuli [6, 7]. It is well investi-
gated that exaggerated immune activity is closely related
to HFrEF severity and patient outcome by an increase of
proinflammatory cytokines and both activation and
recruitment of several T cell lines [8–10]. Among these,
intrinsic proinflammatory stimuli, mostly TNF-alpha and
its involvement in cardiac remodeling through the recruit-
ment of further—especially cytotoxic—T cell populations,
have recently been identified as an independent predictor
for outcome in HFrEF individuals [11]. As a major mod-
ulator of the inflammatory response, regulatory T cells
(Tregs) induce and maintain immune homeostasis through
TGF-b, IL-2, and IL-10. It consequently suppresses T cell
activation, proliferation, and cytokine production and
therefore inhibits an exaggerated immune response and most
importantly potentially unjustified tissue damage and cardiac
fibrosis. Considering the strong association of T lymphocytes
and outcome in HFrEF, it seems intuitive that regulatory
Tregs might have a major impact on the limitation of
inflammation-triggered local tissue damage, cardiac fibrosis,
and subsequently the outcome of patients at risk. Therefore,
we aimed to investigate the impact of regulatory T cells on
patient outcome in HFrEF.

2. Methods

2.1. Study Population. Within the present investigation, we
prospectively enrolled 112 patients with HFrEF between
January 2008 and December 2010 at a specialized outpa-
tient department for the management of heart failure of
the Medical University of Vienna, Department of Cardiol-
ogy (Austria). All patients received an optimal and person-
alized medical treatment approach in accordance to the
latest guidelines of the European Society of Cardiology
(ESC). The presence of HFrEF was defined in accordance
to the current guidelines of the ESC for the management
of heart failure: New York Heart Association functional
classification ðNYHAÞ ≥ II and either left ventricular
ejection fraction ðLVEFÞ < 40% and/or N-terminal pro B-
type natriuretic peptide (NT-proBNP) values > 500pg/ml.
Ischemic HFrEF was classified as acquired heart failure
based on significant coronary vessel disease and/or prior
acute myocardial infarction. Patients presenting with any
kind of inflammatory conditions, active infections, autoim-
mune diseases, or malignancies were not eligible for study
inclusion. The total study population was stratified into
two subgroups according to etiology—ischemic (iHFrEF,
n = 57) and nonischemic etiology (niHFrEF, n = 55).
Peripheral venous blood samples of all 112 subjects were
available for flow cytometry analysis. Participants were
followed prospectively until December 2014 or until the
primary endpoint was reached. No patient was lost during
this period. All participants gave written informed consent
for enrollment. The study protocol was approved by the
ethics committee of the Medical University of Vienna
and complies with the Declaration of Helsinki. Data
reporting was performed according to the STROBE and
MOOSE guidelines.

2.2. Data Acquisition and Flow Cytometry. At the time of
study enrollment, the patient characteristics were assessed;
additionally, peripheral venous blood samples were taken
and available for all study participants. All patients were
enrolled in a stable condition free of any signs of congestion
of acute cardiac ischemia. In patients presenting with ische-
mic HFrEF, the definition of heart failure was made at least
6 weeks after the acute ischemic event to overcome selection
bias based on postinfarction myocardial stunning as recom-
mended by the European Society of Cardiology [12, 13]. Rou-
tine laboratory parameters were analyzed and processed
according to the local standards of the Department of Labo-
ratory Medicine of the Medical University of Vienna. In
addition, cells from fresh EDTA blood samples were stained
with APC-Cy7-conjugated Anti-CD4 (BD Biosciences, San
Jose, CA, USA) and FITC-conjugated Anti-CD8. Regulatory
T cells were identified via their intracellular forkhead-box
protein P3 (Fox-P3) and CD25 expression using PE-
conjugated Anti-Fox-P3 (BioLegend, San Diego, CA, USA)
as well as APC-conjugated Anti-CD25 (BioLegend, San
Diego, CA, USA) in a second FACS panel. Stained cells were
analyzed using a BD FACS Canto II Flow Cytometer System
and FACSDiva software.

2.3. Follow-Up and Study Endpoints. The primary study
endpoint was defined as cardiovascular mortality. The
cause of death was evaluated by screening the national reg-
istry of death and revision of death certificated for the clas-
sification of cardiovascular mortality. Causes of death were
specified according to the International Statistical Classifi-
cation of Disease and Related Health Problem 10th revision
(ICD-10). Cardiovascular mortality was determined as sud-
den cardiac death, fatal myocardial infarction, death after
cardiovascular intervention, stroke, and causes of death
effected from cardiac diseases.

2.4. Statistical Analysis. Categorical values were illustrated
in counts and the respective percentage, continuous data
as median and interquartile range (IQR). Categorical data
are analyzed using the chi-square test, continuous data
using the Kruskal-Wallis and Mann-Whitney U test. Cox
regression hazard analysis was used to assess the influence
of Tregs on survival. Accordingly, the influence of Tregs
is presented as hazard ratio (HR) and the respective confi-
dence interval (CI) which refers to an increase per one
standard deviation (1-SD) in continuous values. To exclude
all potential confounders, the multivariate model was
adjusted for age, gender, and NT-proBNP. Moreover, sur-
vival curves of cardiovascular mortality were generated as
the Kaplan-Meier plot. In statistical hypothesis, testing a
p value of >0.05 (2-sided) was considered significant. A
sample size of 100 patients (50 per group) was calculated to
identify an assumed relative risk increase in mortality by 30%
(power 80%, alpha 0.05). STATA 11 software (StataCorp LP,
College Station, TX, USA) and PASW 18.0 (IBM SPSS,
Armonk, NY, USA) were applied for statistical analysis.

The datasets gathered and analyzed during the current
study are available from the corresponding author on reason-
able request.
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3. Results

3.1. Baseline Characteristics. A detailed description of the
entire study population (n = 112) and stratified in iHFrEF
(n = 57) and niHFrEF (n = 55) is illustrated in Table 1. In
short, the average age was 65.6 years (IQR: 57.1-70.1) and
75% of participants were male. Comparing individuals with
iHFrEF and niHFrEF, we observed a balanced cardiovascular
risk profile in both groups, with regard to hypertension and
type II diabetes mellitus. As expected, iHFrEF individuals
presented with increased rates of hypercholesterolemia
(iHFrEF: 68.4% vs. niHFrEF: 36.4%; p = 0:002) and coronary
vessel disease (iHFrEF: 3.6% vs. niHFrEF: 100.0%; p < 0:001).
Additionally, disease severity indicated via left ventricular
ejection fraction (LVEF; p = 0:802) and N-terminal pro-
Brain Natriuretic Peptide (Nt-proBNP; p = 0:790) were
found to be comparable between types of HFrEF.

3.2. Distribution of T Cell Subsets.While the fraction of CD4+

(p = 0:080), CD3+ (p = 0:707), and CD8+ (p = 0:273) cells
within T lymphocytes was comparable between iHFrEF and
niHFrEF, a significantly higher fraction of Tregs was
observed within the niHFrEF subgroup (iHFrEF: 0.42% vs.
niHFrEF: 0.56%; p = 0:009; see Table 2).

3.3. Survival Analysis

3.3.1. Cox Regression Analysis. After a mean follow-up time
of 4.5 years, 32 (28.6%) patients died due to cardiovascular
causes. We observed a significant inverse association of the
fraction of Tregs with cardiovascular mortality in the entire
study population with a crude HR per 1-SD of 0.53 (95%
CI: 0.36-0.79; p = 0:002). Interestingly, while the predictive
potential of Tregs was lost in the niHFrEF (crude HR
per 1-SD of 0.41 (95% CI: 0.12-1.44, p = 0:163)) subgroup,
its prognostic effect remained stable within the iHFrEF
population (crude HR per 1-SD of 0.57 (95% CI: 0.36-0.96,
p = 0:019)). Of note, the association remained stable even
after comprehensive adjustment for potential confounders
(adj. HR per 1-SD of 0.59 (95% CI: 0.36-0.96, p = 0:034),
Table 3).

3.3.2. Kaplan-Meier Survival Curves. The Kaplan-Meier sur-
vival curves according to tertiles of frequencies of Tregs were
plotted and compared using the log-rank test in the total
study collective, as well as patients stratified in iHFrEF and
niHFrEF. Tertiles were stratified in 1= low, 2=mid, and
3=high frequencies of Tregs. A period of 55 months was
observed. The cardiovascular mortality event rate stratified

Table 1: Baseline characteristics.

Total collective Ischemic HFrEF (n = 57) Nonischemic HFrEF (n = 55) p value

Age, years (IQR) 65.6 (57.1-70.7) 66.6 (57.7-70.8) 61.9 (56.4-70.7) 0.094

Male gender, n (%) 84 (75.7) 47 (82.5) 37 (69.1) 0.098

BMI, kg/m2 (IQR) 28.1 (24.6-31.3) 28.7 (25.3-31.9) 27.5 (24.1-30.8) 0.994

Diabetes mellitus, n (%) 42 (38.2) 23 (41.1) 19 (32.5) 0.478

Hypertension, n (%) 76 (68.5) 43 (75.4) 33 (61.8) 0.187

Current smoker, n (%) 20 (18.0) 11 (19.3) 9 (16.4) 0.682

Hypercholesterolemia, n (%) 59 (53.2) 39 (68.4) 20 (36.4) 0.002

Coronary vessel disease, n (%) 59 (53.2) 57 (100.0) 2 (3.6) <0.001
Atrial fibrillation, n (%) 56 (50.5) 28 (49.1) 28 (51.9) 0.774

Left ventricular ejection faction 0.802

>40%, n (%) 27 (32.7) 18 (32.7) 19 (35.8)

30-40%, n (%) 39 (36.4) 21 (38.2) 18 (34.0)

<30%, n (%) 32 (29.9) 16 (29.1) 16 (30.2)

Nt-proBNP, pg/ml (IQR) 1120 (443-2632) 1353 (449-3105) 851 (431-2117) 0.790

eGFR, ml/min/1.73m2 (IQR) 45.9 (35.0-54.7) 38.9 (32.2-50.2) 52.4 (41.9-59.9) 0.823

CRP, mg/dl (IQR) 0.36 (0.18-0.71) 0.32 (0.18-0.66) 0.37 (0.16-0.83) 0.520

Categorical data are presented as counts and percentages, continuous as median and IQR (interquartile range). Categorical data are analyzed using the chi-
square test, continuous data using the Kruskal-Wallis test.

Table 2: Distribution of T cell subsets.

Ischemic HFrEF Nonischemic HFrEF p value

Total lymphocytes (IQR) 2811 (2032-3753) 2986 (2260-4507) 0.183

% regulatory T cells within lymphocytes (IQR) 0.42 (0.30-0.68) 0.56 (0.39-0.80) 0.009

% CD4+ T cells within lymphocytes (IQR) 7.1 (5.2-10.4) 6.3 (4.2-8.3) 0.080

% CD3+ T cells within lymphocytes (IQR) 71.7 (67.6-76.6) 71.6 (65.8-77.5) 0.707

% CD8+ T cells within lymphocytes (IQR) 22.9 (17.7-34.2) 22.1 (14.1-32.3) 0.273

Continuous data are presented as median (interquartile range) and were compared between subgroups using the Mann-Whitney U test.
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by Treg fraction within the entire study population was
42.5% (low) vs. 24% (mid) vs. 16% (high) (p = 0:014; see
Figure 1(a)). Moreover, a cardiovascular event rate of 52.5%
(low) vs. 26% (mid) vs. 20% (high) (p = 0:013; see
Figure 1(b)) was found in patients with iHFrEF. Patients with
niHFrEF presented a cardiovascular mortality rate of 36% vs.
6% vs. 29% (tertile 1-3) (p = 0:295; see Figure 1(c)).

4. Discussion

To the best of our knowledge, the present investigation
mirrors the first and largest in literature that highlighted a
clear association of Tregs and patient outcome in HFrEF.
Additionally, we were able to highlight that the observed
effect of risk prediction is mainly attributed to ischemic
etiology of HFrEF.

Recently, proinflammatory cytokines proved to have a
pivotal role in the development and progression of
HFrEF—however, less attention has been paid to the
impact of cellular immunity. Shear stress and inflammatory
mediators released by damaged myocardial tissue encourage
sterile inflammation among myocytes and subsequently car-
diac fibrosis [14] in HFrEF. Besides affecting the cardiac tis-
sue itself, released cytokines proved to indirectly impact
other organs as well [14, 15]. Moreover, the observation has
been made that patients with HFrEF show elevated levels of
inflammatory cytokines, such as IL-1β and IL-6 and TNF-
alpha [16]. The latter correlates with disease severity, but
generally, cytokines and their receptors seem to be a predic-
tor of mortality in patients with progressed HFrEF [8, 16].

IL-1β promotes increased proliferation of monocytes in
the spleen and monocytosis through the stimulation of stem

Table 3: Outcome analysis.

Cardiovascular mortality Crude HR (95% CI) p value Adjusted HR (95% CI) p value

Entire study cohort 0.53 (0.36-0.79) 0.002 0.60 (0.39-0.92) 0.017

Ischemic HFrEF 0.57 (0.35-0.91) 0.019 0.59 (0.36-0.96) 0.034

Nonischemic HFrEF 0.41 (0.12-1.44) 0.163 0.62 (0.17-2.31) 0.486

Cox proportional hazard model for % regulatory T cells within lymphocytes in patients with iHFrEF and niHFrEF. Hazard ratios (HR) for continuous variables
refer to a 1-SD increase. The multivariate model was adjusted for age, gender, and NT-proBNP.
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Figure 1: Survival curves of cardiovascular mortality. The Kaplan-Meier plots showing survival free of cardiovascular mortality in the total
study collective (a) and patients stratified in ischemic HFrEF (b) as well as nonischemic HFrEF (c) according to tertiles of frequencies of
regulatory T cells. Tertile 1 = low; tertile 2 =mid; tertile 3 = high.
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cells in the bone marrow [17, 18]. Additionally, TNF-alpha
modifies inflammation in the musculoskeletal system and
adipose tissue [19, 20]. Both mentioned cytokines are also
able to downregulate the expression of Ca2+ regulation gens
in myocytes [21, 22]. This subsequently leads to a direct neg-
ative inotropic effect through disturbed intracellular Ca2+

homeostasis and therefore promotes cardiac remodeling, loss
of LVEF, and tissue fibrosis in HFrEF [23, 24]. Furthermore,
it has been illustrated that TNF-alpha and IL-1β are able to
upregulate angiotensin II type 1 receptors on cardiac fibro-
blasts which additionally supports fibrosis [25, 26].

It is well established that the neurohumoral mecha-
nism through the β-adrenergic nervous system and the
renin angiotensin aldosterone system is trying to preserve
the required cardiac function; however, this can lead to
inflammation in other organs [27, 28]. Angiotensin II
and catecholamine release that further stimulates the
monocytopoiesis in the spleen and subsequently through
long-term vasoconstriction skeletal muscle is harmed due
to inadequate perfusion; thus, further inflammation is
induced [29, 30]. Intestinal organs may suffer from under-
perfusion which potentially results in increased mucosal
permeability and subsequently promotes systemic inflam-
mation through translocation of bacteria and toxins into
the blood stream [31–33]. Generally, inflammation leads
to apoptosis of cardiomyocytes, myofibroblast differentia-
tion, hypertrophy, endothelial dysfunction, and ultimately
to myocardial remodeling and therefore dysfunction of
the left ventricle [14, 15]. Thus, inflammatory processes,
whether cardiac or systemic (e.g., obesity and rheumatoid
arthritis), can trigger HFrEF through variable pathophysio-
logical mechanisms.

Treg cells are the most important immune regulators and
defined as CD4+CD25+Foxp3+ T cells. The intracellular tran-
scription factor Foxp3 is a master regulator of Treg function
and development and at present the most reliable molecular
marker for Tregs. Moreover, it is vital for the identification
of Tregs, as a T cell subset cannot be independently defined
by their CD25 receptor surface expression [34].

This specific regulatory T cell population plays a pivotal
role in fostering immune homeostasis and disruption of
function or development is a primary cause of inflammatory
and autoimmune diseases, e.g., rheumatoid arthritis. Tregs
have been documented in inflammatory or damaged muscle
tissue and atherosclerotic plaques [35, 36]. Through the
secretion of anti-inflammatory cytokines such as TGF-b,
IL-10, and IL-35, they prevent further progression of athero-
sclerosis and postinfarction inflammation [37–39]. In terms
of myocardial infarction, genetic ablation of Foxp3+ Tregs
leads to pronounced infiltration by proinflammatory T cells
and thus severe cardiac inflammation and impaired cardiac
function [40].

In addition, Tregs foster the healing process after myo-
cardial infarction by modulating monocyte and macro-
phage differentiation [40]. The tissue regenerative effect of
Tregs has been subject of emerging studies, but the specific
mechanism of recruitment, and how they utilize regulatory
effects within various local environments, remains yet
unknown [41].

Our results further support the idea of cellular immunity
in iHFrEF pathophysiology and corroborate Tregs as a pre-
dictor for long-term survival among iHFrEF patients. Higher
levels of Tregs apparently contributed to a better overall sur-
vival. In our study collective, the niHFrEF subgroup showed
both elevated levels of Tregs and better survival. In contrast,
we found lower levels of Tregs and thus worse outcome
within the iHFrEF subgroup. This observation supports pre-
vious findings [36], which documented reduced frequencies
of circulating Tregs and also compromised function of Tregs
in patients presenting with HFrEF. The latter, however, was
not subject of the present study but would be interesting for
further investigation.

Furthermore, the specific cause of the observed differ-
ences between the niHFrEF and iHFrEF subgroup remains
unclear. A possible explanation for lower Treg counts in
patients presenting with iHFrEF could be due to the inflam-
matory origin of the disease. iHFrEF is clearly related to ath-
erosclerosis, which is driven by endothelial cell activation and
plaque inflammation predominately mediated by Th1 cells
[42]. In addition, an augmentation of the Th17/Treg ratio
has been reported in ischemic heart tissue [43, 44]. The
importance of this ratio has been discovered in other autoin-
flammatory diseases and could be related to plasticity of
CD4+ T cell lineage differentiation [45]. Recently, the possi-
bility of conversion to other phenotypes was discovered and
lead to revision of the concept of terminally differentiated
effector T cell lineage [46]. Thus, the influence of cell plastic-
ity could have an important meaning in iHFrEF and would
be an intriguing area for further investigation.

Previous research has also found decreased frequencies of
Tregs in patients with nonischemic HFrEF [47]. However,
the pathogenesis of niHFrEF is much more diverse than in
iHFrEF due to its multifactorial causes, which are not limited
to autoinflammatory etiology. Various other factors, for
example, genetic predisposition or virus infections have been
suggested as causes of niHFrEF. Moreover, no etiology can be
found in the majority of cases and cardiomyopathy is consid-
ered idiopathic [48].

Overall, there is evidence for inflammatory processes in
both etiologies of HFrEF, but the inflammatory component
is apparently more dominant in iHFrEF due to its origin in
atherosclerosis. Thus, it seems plausible that a lower fre-
quency of Tregs is more closely associated with a worse out-
come in the iHFrEF than in the niHFrEF subgroup. Cell
plasticity and conversion to proinflammatory CD4+ cells
could be a possible explanation for the lower Treg fraction
in iHFrEF.

4.1. Limitations. The major limitation of the present study
mirrors its small sample size. However, considering the per-
formed methodology and flow cytometry, a satisfactory
number of participants has been enrolled.

5. Conclusion

The frequency of Tregs in patients with iHFrEF was found to
have a strong and inverse association with mortality in
HFrEF. The present investigation supports the hypothesis
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that Tregs are an independent predictor of cardiovascular
mortality in HFrEF patients. Most importantly, we extended
the current knowledge by demonstrating that their prognos-
tic potential is manly attributed via the predictive effect in
iHFrEF while there was no effect observed in niHFrEF. Our
results indicate a clear influence of Tregs in the pathogenesis
and progression of HFrEF—especially in individuals present-
ing with iHFrEF, fostering the implication of cellular immu-
nity in its pathophysiology. Tregs mirror an independent
predictor for long-term survival among iHFrEF patients.
Future investigations are needed to clarify the exact predic-
tive mechanism of Tregs in HFrEF.
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Myocardial ischemia reperfusion syndrome is a complex entity where many inflammatory mediators play different roles, both to
enhance myocardial infarction-derived damage and to heal injury. In such a setting, the establishment of an effective therapy to
treat this condition has been elusive, perhaps because the experimental treatments have been conceived to block just one of the
many pathogenic pathways of the disease, or because they thwart the tissue-repairing phase of the syndrome. Either way, we
think that a discussion about the pathophysiology of the disease and the mechanisms of action of some drugs may shed some
clarity on the topic.

1. Introduction

Myocardial infarction (MI) or acute myocardial infarction is
a term used to refer to an event of heart attack. MI occurs
when the cardiac muscle is injured by hypoxia, which hap-
pens when a coronary artery is blocked [1]. MI is classified
as being either an ST-segment elevation myocardial infarc-
tion (STEMI) or a non-ST-segment elevation myocardial
infarction (NSTEMI). Moreover, unstable angina (UA) is
closely related to NSTEMI, and together, these entities are
referred to as non-ST-segment elevation acute coronary
syndromes (NSTEACS). Both STEMI and NSTEACS share
an underlying pathophysiology: a superimposed thrombus
caused by a disruption of an atherosclerotic plaque, which
results in subtotal occlusion (NSTEACS) or total occlusion
(STEMI) of a coronary artery [2], thus causing damage at
the heart’s muscle through hypoxia induction.

The principal symptoms of MI are chest pain, which
travels to the left arm or left side of the neck, shortness of

breath, sweating, nausea, vomiting, abnormal heart beating,
anxiety, and fatigue [3]. Risk factors include an advanced
age, tobacco smoking, high blood pressure, diabetes, lack of
physical activity, obesity, and chronic kidney disease [4]. Risk
factors can be categorized into nonmodifiable and modifi-
able. Nonmodifiable risk factors include age of more than
45 years in men and more than 55 years in women, family
history of early heart disease, and African-American race
[5]. Modifiable risk factors include hypercholesterolemia,
specifically related to elevation of low-density lipoprotein
cholesterols (LDL-C), hypertension, tobacco abuse, diabetes
mellitus, obesity, lack of physical activity, metabolic syn-
drome, and/or mental distress and depression [5]. The differ-
ence between both types of risk factors evidently lies in what
can be prevented and what cannot.

There is an estimated five-million emergency department
visits each year in the US for acute chest pain. Annually, over
800,000 people experience an MI, of which 27% die, mostly
before reaching the hospital [6]. On the other hand, heart
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disease is Mexico’s leading cause of death [7], accounting
for 18.8% of total deaths, of which 59% are attributable to
myocardial infarction.

In several studies, reperfusion therapy (fibrinolysis
and coronary angioplasty) has demonstrated to produce a
decrease in the morbidity and mortality associated with myo-
cardial infarction [8]. However, the process of myocardial
reperfusion can, paradoxically, enhance myocardial injury
through inflammation, finally contributing to 50% of the
final MI size [9]. The precise role inflammation plays in the
setting of MI has been debated since the 1980s with the infil-
tration of leukocytes now being recognized as inflammatory
mediators, as opposed to the previous concept of them being
bystanders of the damage [10].

Nonetheless, in the therapeutic setting, the requirement
for best preserving myocardial structure and function upon
MI is to restore coronary blood flow as early as possible,
using thrombolytic therapy and/or angioplasty [11], but as
soon as blood flow is restored, an inflammatory response
arises in the damaged section of the heart. This immune
response further expands the damage made by the occlusion,
originating a phenomenon known as myocardial ischemia
reperfusion injury, or myocardial ischemia reperfusion syn-
drome (MIRS). Actually, MIRS is a major challenge to the
treatment of MI [12], because its characteristic local and
systemic inflammatory response is able to greatly enhance
MI-derived damage, worsening the patient’s prognosis [13].
Moreover, current pharmacopeia lacks a specific treatment
for such condition. The treatment has been elusive because
the immune-muscular-vascular interplay that characterizes
MIRS is very complex, and a midpoint between downreg-
ulating the inflammatory tissue-damaging response and
allowing the leucocyte-orchestrated reparative phase must
be achieved.

On the other hand, ischemia reperfusion injury (IRI) is
not exclusive to MI, as it also happens as a consequence to
brain, kidney, liver, testis, or lung ischemia [14]. In such
a tonic, we think that some lessons can be learned from
these separate entities that may be applicable in the setting
of MIRS. Also, information about MIRS-specific tissue-
damaging and tissue-remodeling mediators is currently
very vast, so that it may be useful to analyze the current
baggage of knowledge on the topic, with aims to pinpoint
some of the pathogenic pathways that may help to restrain
MIRS upon blockage, as well as some strategies that may be
of use for that purpose.

2. Pathophysiology of Myocardial Ischemia
Reperfusion Syndrome

In general terms, MIRS must be understood as a complex
phenomenon that arises upon blood flow restoration, where
reperfused leukocytes find many damage-associated molecu-
lar patterns (DAMPs), such as extracellular Ca+ and ATP
released by necrotic cells, which induce the activation of
many TLR pathways to promote an inflammatory response.
Thus, an acute Th1 response is rapidly induced to clean the
necrotic debris, but such an immune response, unfortunately,
expands MI-associated damage [9, 15]. Myocardial reperfu-

sion is unavoidable, as it occurs as a consequence to common
MI treatments such as thrombolysis, angioplasty [16], and
coronary bypass [17, 18]. At a later stage, the Th1-immune
response subsides to a Th2-driven immunity, where leuko-
cytes shift their phenotype in order to orchestrate tissue
remodeling to avoid cardiac rupture [19]. A highly potent
Th2 response, nonetheless, may induce pathological scarring,
rendering the whole phenomenon as highly dependent on
a very precise immune regulation. Thus, the mediators of
this immunopathology must be precisely understood to find
areas of opportunity for the development of a specific treat-
ment (Figures 1 and 2).

2.1. Immunopathological Mechanisms of MIRS. The main
trigger for MIRS is the vascular and cardiomyocyte cell
death [11], which by the release of fragments of mitochon-
drial DNA, ATP, high mobility group box 1 protein
(HMBGB1), and Ca+ into the extracellular space acts as
DAMPs [20], inducing the activation of the NLRP3-
inflammasome [21] and TLR9 [22], which converge on the
activation of the myeloid differentiation primary response
gene 88 (MyD88) and nuclear factor-κB (NF-κB) pathways,
thus inducing the release of a number of inflammatory
mediators, including monocyte-chemoattractant protein 1
(MCP1), interleukin-1β (IL-1β), IL-6, tumor-necrosis fac-
tor-α (TNF-α), and IL-18 [23]. Inflammasome activation
amplifies IL-1β and IL-18 secretion by cardiac fibroblasts
and induces the caspase-1-dependent death of nearby cardi-
omyocytes, termed pyroptosis—a highly inflammatory form
of cell death, characterized by features that are typical of
both apoptosis and necrosis [23].

Macrophage inflammatory protein-2α (MIP-2α), leuko-
triene B4 (LTB4), cytokine-induced neutrophil chemoattrac-
tant 1 (CINC-1), IL-8, CXCL8, and complement 5a massively
recruit neutrophils [24] to infiltrate the MI-damaged area in
the first few hours following onset of ischemia [25], peaking
at days 1–3, and starting to decline at day 5. Neutrophils then
generate high levels of reactive oxygen species (ROS), pro-
duce neutrophil-extracellular traps (NETs), and secrete gran-
ule components including myeloperoxidase and proteases,
which exacerbate local vascular and tissue injury [26] with
the purpose of removing necrotic cell debris from the affected
zone [27] (Figure 1).

Along with neutrophils, complement proteins infiltrate
the reperfused area. The complement is composed of 30 pro-
teins and protein fragments, many of which are circulating as
proenzymes and are activated by proteases in response to
DAMPs. In this setting, all these proteins converge on two
of the three common (terminal) complement pathways,
which result in (a) inflammation to attract additional phago-
cytes (complements C3a, C4a, and C5a) and (b) activation
of the cell-killing membrane attack complex (complement
C5b-9 or MAC). Thus, the complement cascade amplifies
MIRS-derived inflammation and damage [28] (Figure 1).

Both complement elements like C3a, C4a, and C5a and
chemokines like MCP1 rapidly recruit monocytes [29] into
the reperfused area. Such cells are produced in the bone mar-
row and are released into the blood in 2 waves, the first one
being dominated by inflammatory Ly6Chi monocytes (which
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peak at days 3–4 post MI) and the second one by anti-
inflammatory Ly6Clow monocytes (which peak at day 7
post-MI). The infiltrating Ly6Chi cells contribute to debris
clearing and vascular/muscular damage, mainly through
phagocytosis (for the earlier function) and ROS production

(for the latter function) [30]. Monocytes then differentiate
into M1-type macrophages, which have enhanced abilities to
the phagocyte, produce ROS, and amplify inflammation
through local antigen presentation and costimulation [31]
(Figure 1). Subsequently, Ly6Clowmonocytes start to infiltrate
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N1, Ly6Chi, and M1-mediated degradation of tissue integrity. Also, M2 macrophages induce Th2 and Treg differentiation, while both
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the reperfused area, andM1macrophages start to differentiate
into M2-type cells (which suppress T-cell activation through
negative costimulation and IL-10 production and orchestrate
tissue remodeling and vascularization by the secretion of
TGF-β), to orchestrate tissue remodeling (as it will be dis-
cussed in the following section). Nonetheless, high levels of
Th1-inducing factors deter the shift from anM1-type of mac-
rophages to an M2 phenotype, thereby reducing the healing
potential of the chronic MIRS phase [32] (Figure 1).

The systemic release of diverse cytokines and chemokines
induces the activation of CD4+ T-cells, which in the acute
phase of MIRS differentiate into a Th1 phenotype, releasing
chemokines like CCL7 and cytokines like interferon-γ
(IFN-γ), IL-2, and TNF-α, which as a cluster reinforce Th1
differentiation; enhance N1, Ly6Chi, and M1 cells’ tissue-
damaging abilities [33]; recruit CD8+ T-cells [34]; and
enhance B cell activity [35]. Both CD8+ and B cells have been
described to amplify inflammation during this stage and to
produce damage on their own, by degranulation, in the case
of T-cytotoxic cells [34], and antibody-mediated comple-
ment activation, in the case of B-lymphocytes [35] (Figure 1).

In this way, the immunopathology of MIRS can be suc-
cinctly described as the interplay between the innate and
adaptive arms of the immune system, where a Th1-type
immunity is critical for damage induction. In such a system,
M1 macrophages and N1 neutrophils are key players on IRI
induction, while the adaptive immunity component mainly
amplifies the effector mechanisms of the aforementioned
innate cells and complement.

2.2. The Th2-Mediated Reparative Phase of MIRS. On days
4-7 after MI, the Th1 tissue-destructive phase of MIRS enters
a resolution stage, driven by a Th2 immune response induced
by many changes in the cardiac microenvironment. This is
regulated by the activation of endogenous inhibitory path-
ways that suppress the inflammatory phenotype in infiltrated
leukocytes located in the MI zone [36].

After producing a high level of tissue damage, when most
inflammatory debris have been cleared from the extracellular
environment, neutrophils shift from their N1 phenotype to
become N2-type cells. This change is accompanied by the
production of high levels of IL-10, which aids in the suppres-
sion of the acute tissue-damaging Th1 response, by blocking
the activation of CD4+, CD8+, B, N1, M1, and Ly6Chi cells
[37]. Moreover, they produce phosphatidylserine (PS), which
facilitates ingestion of apoptotic neutrophils by macrophages,
resulting in a phenotypic change for macrophages from the
M1 to theM2 type, which secrete anti-inflammatory and pro-
fibrotic cytokines such as IL-10 and TGF-β, thus promoting
tissue repair and vascularization, while aiding in the suppres-
sion of inflammation [38] (Figure 2).

Also, the polarization of monocytes and macrophages
(M/M) from the tissue-damaging and proinflammatory
Ly6Chi and M1 phenotypes to the anti-inflammatory and
tissue-repairing Ly6Clow and M2 phenotypes is critical to
the reparative phase following MI [39], as these cells are able
to produce an enzyme that is known as Arginase-1 (Arg-1).
Such an enzyme catalyzes the conversion of L-arginine into
L-ornithine, which is further metabolized into proline and

polyamines. Both metabolites drive collagen synthesis and
bioenergetic pathways that are critical for cell proliferation,
respectively, thus contributing to tissue repair. Also, Arg-1
competes for the same substrate, but with more affinity, with
the inducible-nitric oxide synthase (iNOS) enzyme, which is
responsible for NO production [40]. In this way, M2 macro-
phages block ROS production by M1, N1, and Ly6Chi cells,
thus limiting the extent of tissue damage by the remaining
N1 and M1 cells (Figure 2).

The shift in M/M and neutrophil phenotype is mirrored
by CD4+ T-cells, as Th1 cells subside to a vaster Th2 popula-
tion that apparently amplifies the strength of the reparative
actions of the M/M population [41]. This effect may be due
to Th2-derived high levels of IL-4 and IL-13, which are able
to induce M2 activation in macrophages [34]. Moreover,
recent studies suggest that invariant natural killer (iNK)
T-cells and γδT-cells have an important role in the settling
of the Th1 acute inflammatory response through the secre-
tion of anti-inflammatory cytokines such as TGF-β and
IL-10, overall working with T-cells to dampen inflamma-
tion [42, 43]. Nonetheless, it has been observed that an
enhanced Th2 response is able to induce pathological scar-
ring with increased fibrosis in several settings [44, 45], in
such a way that even the Th2 response must be controlled
(Figure 2).

In the last decade, CD4+ CD25+ FoxP3+ T-regulatory
(Tregs) cells have been recognized not only for their ability
to dampen Th1 and Th2 lymphocyte activation and prolifer-
ation but also for their ability to downregulate innate immune
cells’ effectormechanisms [46, 47], while altering the cytokine
milieu [48]. Tregs downregulate M1-macrophage activation
and develop in parallel with M2 cells, presumably to control
their level of activity [49]. In the setting of MIRS, Tregs have
been shown to prevent cardiomyocyte apoptosis to limit fur-
ther damage [48] and to downmodulate differentiation of
fibroblasts into myofibroblasts, in order to avoid pathological
scarring [50]. Their enhanced production of IL-10 has even
been linked with a decrease inNKT cell activation [51]. In this
way, they limit both the Th1- and Th2-mediated immunopa-
thology [43] (Figure 2).

In a normal heart, there are a number of fibroblasts,
which become activated during the reparative phase [52]
mainly by the secretion of TGF-β [53], while the EDA-
coated fibronectin produced by the newly transdifferentiated
myofibroblasts induces extracellular matrix-protein (EMP)
deposition [54]. Myofibroblast differentiation is also potenti-
ated by the initial production of high levels of IL-1β and
interferon-γ-inducible protein- (IP-) 10 [55], so that the
extent of scarring is also determined by the significance of
the Th1 response.

Moreover, activated myofibroblasts then modify the
extracellular matrix environment, by the expression of EMPs
like fibronectin and nonfibrillar collagens [55, 56], all of
which support myofibroblast migration and adherence in
order for them to close the wound.

On the other hand, from a wound-healing perspective,
three phases of the process are recognized: (1) the inflamma-
tory, (2) the proliferative, and (3) the remodeling stages, the
first one being dominated by a Th1 response, the second
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one by Th2 immunity, and the third one being characterized
by the reorganization, degradation, and resynthesis of the
EM, in order to obtain maximum tensile strength. It is
noteworthy that the latter process can last up to a year
and only starts when Th2 cytokines have been downregu-
lated, but also that in general, the strength and duration of
each stage depends upon the strength and duration of the
anterior phase [57]. In this way, Tregs have been linked to
the transition from the Th1-mediated inflammatory stage
to the Th2-mediated proliferative phase and finally to the
remodeling phase, in such a way that these cells appear
to promote the whole process of wound healing, while
downregulating pathological scarring [58].

3. The Clinical Management of an MI Event

According to the European Society of Cardiology [59, 60],
the best proceeding for the management of an MI is to obtain
a 12-lead ECG as soon as possible, with the optimum
proposed time lapse of 10 minutes in order to determine
the precise location, extension, and kind of myocardial
infarction for each patient, in order to personalize the surgi-
cal procedure. Pain relief should be practiced as soon as pos-
sible to avoid the increase of the heart’s workload. It is usually
done with the use of titrated opioids, although it is currently
under debate if such drugs may interfere with the action of
antiplatelet aggregation agents [61, 62]. Oxygen should also
be administered in patients whose O2 saturation is less than
90%, along with a mild tranquilizer in order to reduce stress.
When the diagnosis of STEMI is made in a prehospital set-
ting, immediate activation of the catheterization laboratory
is encouraged, in order to reduce treatment delays and
patient mortality [63]. Either way, after diagnosis, pain man-
agement, and oxygenation, the next step is an attempt to lyse
the blood clot by the use of thrombolytic drugs [59, 60].

Two scenarios may happen after thrombolysis: (1) the
heart may recover blood flow or (2) the heart’s blood flow
alterations may persist. In the first case, MIRS starts upon
thrombolysis, while in the second, primary percutaneous
coronary intervention (PCI) is the preferred strategy that
should be applied to patients with confirmed STEMI diagno-
sis within the first 12 h of symptom onset. In this second
scenario, MIRS will happen after surgical reperfusion.

3.1. Periprocedural Pharmacotherapy. Patients undergoing
primary PCI should receive aspirin and a P2Y12 inhibitor,
in order to dampen platelet aggregation. The oral dose of
aspirin should be administered without an enteric coat to
ensure rapid action [59, 60].

Routine postprocedural anticoagulant therapy is not
indicated after primary PCI, except when there is a separate
indication for either full-dose anticoagulation or prophylac-
tic doses for the prevention of venous thromboembolism in
patients requiring prolonged bed rest, but ECG monitoring
for arrhythmias and ST-segment deviations is recommended
for at least 24 h after symptom onset in all STEMI patients.
Afterwards, lifestyle changes are suggested to patients in
order to prevent further risks [59, 60].

It should be noted that current medical guidelines do not
mention any anti-inflammatory treatment to cope with
MIRS, in such a way that the phenomenon still allows for
an enhanced risk of post-MI injury progression [9].

4. Immunoregulation as a Modern
Alternative to Immunosuppression

While the pathophysiological mechanisms of MIRS have
been extensively studied, to the point where many inflamma-
tory mediators, such as leukocytes and cytokines, and their
role in the whole phenomenon are known, current pharma-
copeia lacks a specific treatment to avoid MIRS. Despite this,
much research has been done to attack the different pathways
involved in postischemic injury progression, and it may be
important to review these attempts in order to understand
what has failed and what could be done.

As stated in the above sections, neutrophils have been
identified as major targets in MIRS because of their ability
to massively infiltrate the infarct area upon reperfusion
[64], to locally produce high levels of tissue-damaging ROS,
NETs [65], and granule components such as myeloperoxi-
dase and proteases. As such, research using animal models
has shown that the inhibition of their tissue-damaging mech-
anisms [66] and recruitment into the reperfusion site [67]
may be a viable option to limit MIRS-associated damage.
Nonetheless, clinical trials using αCD11/CD18 integrin
blocking antibodies to avoid neutrophil recruitment during
myocardial reperfusion have shown limited success in the
reduction of MI size and the improvement of short-term
(30 days after infarct) clinical outcome [68, 69].

Despite the inflammatory, tissue-damaging role that
neutrophils have on the acute phase of MIRS, after ≈7 days,
the inflammatory Ly6G+ CD206- neutrophil population is
replaced by a Ly6G+ CD206+ population that has been
described to play an important role in the orchestration of
the reparative phase, as reviewed in [70]. Also, apoptotic neu-
trophils induce an M2 phenotype in infiltrated macrophages
upon their phagocytosis, which inhibits the macrophage pro-
inflammatory tissue-damaging response and leads them to
produce IL-10 and TGF-β [71, 72]. Importantly, IL-10 may
serve to dampen both Th1 and Th2 inflammation, thus
inhibiting MIRS-derived damage, as well as excessive tissue
scarring during the reparative phase, while TGF-β may also
play an important role in infarct revascularization (Figure 3).

Thus, blocking neutrophil recruitment may not be a good
alternative to reduce reperfusion-derived damage. Rather,
the inhibition of the pathogenic effects of such cells may have
a beneficial effect on MIRS. For instance, glucocorticoids
have been shown to inhibit NET formation [73] and ROS
production [74], while enhancing neutrophil mobilization
[75], which renders them as good candidates for the reduc-
tion of neutrophil-derived damage (Figure 3).

Moreover, upon activation and apoptosis, neutrophils
release proinflammatory alarmins that recruit inflammatory
Ly6Chi monocytes [76], which are also important players
in the acute production of ROS. In later stages (1-2 days
after MI), these cells undergo differentiation (peaking at 3-4
days post MI) into the proinflammatory tissue-damaging
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M1-type of macrophages [77]. Also, M1 macrophages
can be directly recruited and activated through MCP1 early
production by damaged endothelial cells and cardiomyocytes
[78, 79]. Either way, increased Ly6Chi cell counts after reper-
fusion have been associated with increased MIRS-derived
damage [80, 81] as well as M1 macrophages, which further
potentiate IRI [82]. At day 7 post MI, both the Ly6Chi

and the M1-macrophage populations subside to the
inflammation-resolving tissue-remodeling Ly6Clow mono-
cytes and M2 macrophages, which by Arg-1 expression
deplete NO production and produce IL-10, TGF-β, poly-
amines, and proline, thus undermining the inflammatory
tissue-damaging acute phase of the MIRS and promoting tis-
sue repair and vascularization. Nonetheless, an excess of both
M2 macrophages and Ly6Clow monocytes has also been asso-
ciated with pathologic myocardial scarring [19, 83]. In this
way, both the proinflammatory and the anti-inflammatory
M/M fractions can have a pathogenic role in MIRS, so that
they represent an important target to limit MIRS-associated
damage as a whole (Figure 3).

Despite these evidences, blocking the inflammatory M/M
recruitment into the MI zone might not be beneficial, as
the adoptive transfer of M2 macrophages and Ly6Clow

monocytes has shown to reduce MIRS-associated damage
[84–86], so that the avoidance of M/M recruitment in the
first place may limit the reparative phase of MIRS. On the
other hand, M/M phenotype modulation to dampen such a
cell’s ability to produce oxidative and inflammatory stress
may be a better strategy. Following this line of thought,
IL-1β-blocking antibodies have been proposed as therapeutic
alternatives to limit IRI, but results obtained from clinical
trials have been contradictory, ranging from promising to
discouraging [87–89]. Disregarding the results from clinical
trials, animal models of this disease have shown a good

limitation of MIRS-associated damage in relation to the use
of IL-1β-blocking antibodies administered to diabetic rats,
which has more translational value because most MI patients
are diabetic. Importantly, the MIRS blockage with this kind
of antibody was effective to improve systolic function even
when it was administered 80 days after reperfusion [90, 91]
(Table 1).

Current data on the phenomenon does not allow an exact
explanation of this phenomenon, but it can be speculated
that the lack of effect in some cases may be due to a vast array
of M1-inducing cytokines and Ly6Chi-recruiting chemo-
kines, other than IL-1β, being secreted at the MI zone upon
reperfusion. Several cytokines and chemokines produced
during MIRS, like TNF-α, IFN-γ, and MCP1, are known to
have concomitant effects on the activation of inflammatory
pathways like NF-κB [92, 93], PI3K/Akt [94], and JAK/STAT
[95] in such a way that the inhibition of just one of the
cytokines that signal through any of those pathways would
not be able to have a consistent effect on the reduction of
MIRS-associated damage (Figure 3).

In such line of thought, chemerin-15 [85] and netrin-1
[86] have been used in animal models to induce an M2 phe-
notype in macrophages during ischemia reperfusion, with
the effect of reducing lesion size. Concordantly, glucocorti-
coid administration has shown to induce an alternative acti-
vation in macrophages, in such a way that they protect
against inflammatory injury and are able to induce Treg
expansion [96]. Such an effect may be attributable to the inhi-
bition of the NF-κB pathway. Also, widely available drugs like
azithromycin have shown to induce M2-type activation in
macrophages to protect from ischemic stroke injury [97], in
an effect associated with the inhibition of the PI3K/Akt path-
way [98]. Moreover, the modulation of innate immunity
using the C-type lectin, galectin-1, has also been proven to
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effectively dampen inflammation, mainly through AAM
induction [99]. Interestingly, galectin-1 knockout mice
showed enhanced cardiac inflammation (characterized by
increased numbers of macrophages, natural killer cells, and
T-cells) and a reduced frequency of regulatory T-cells that
are associated with impaired cardiac function and ventricular
remodeling. In the same study, the authors treated infarcted
mice with recombinant galectin-1, which led to attenuated
cardiac damage [100] (Table 1).

Whether this strategy induces pathological scarring was
not evaluated, but the possibility should not be ruled out.
To our notice, no clinical trials have been made exploring
any immunoregulatory drug that has a direct effect on the
M/M phenotype, and it may be important to gather such data
due to a wide variation between the characteristics of MI in
animal models and the clinical reality in human patients
[19] (Figure 3).

On the other hand, CD4+ T lymphocytes and B cells are
recruited within the first 90 minutes after reperfusion and
appear to play a pathogenic role during the acute stage of
MIRS, presumably because of their ability to promote an
inflammatory tissue-damaging phenotype in M/M cells
[33, 101]. Furthermore, in the tissue-remodeling stage of
MIRS CD4+, T-cells may also play a pathological role, as they
have been described to induce excessive scarring [102].
Nonetheless, there is an increasingly clear role for Treg cells
in the dampening of both the pathogenic Th1 and Th2
inflammation phenomena [103] that is supported by several
data (Figure 3).

Firstly, the induction of IL-10 secreting Treg cells by
intranasal troponin administration shortly after reperfusion
has shown to reduce MIRS-associated damage by 50%, eval-
uated 1.5 months after reperfusion [104]. Moreover, pharma-
cologic activation/recruitment of CD4+ CD25+ FoxP3+ cells
using a super-antagonistic αCD28 antibody has been linked
to a change in the phenotype of macrophages from M1 to
M2, which promotes an enhanced, but not pathogenic,
healing through the local production of TGF-β [49]. The
observed suppression of pathogenic scarring may be due
to a direct effect for Treg cells in the modulation of a
fibroblast phenotype, in such a way that the latter cells
migrate less, thus limiting their ability to form bigger scars
[50] (Figure 3) (Table 1).

Another potentially important strategy to limit MIRS
may be the use of statins, as they have been rendered as
potent cardioprotectors that have an interesting effect on
T-cell activation [105]. For instance, rosuvastatin has been
shown to limit MIRS through Treg expansion in a murine
model [106], but the effect may not be exclusive to animal
models, as a meta-analysis performed by Sorathia et al. shows
a vast increase in Tregs in patients that use rosuvastatin [107]
(Figure 3) (Table 1).

Another important early player in the field of MIRS is the
complement cascade, where C1 and C5/C5a proteins have
been targeted. While C5 has been targeted with limited
success on limiting IRI size [108, 109], C1 inhibition with
monoclonal antibodies was able to reduce injury on several
clinical trials [110–112], so that complement-blocking anti-
bodies, like Cetor or Berinert, may be used concomitantly

to reduce IRI extension. Additionally, corticosteroids have
been used to regulate complement-gene expression and acti-
vation [113, 114] (Figure 3) (Table 1).

Finally, the potentiation of cardiomyocyte survival
should be considered as a valuable alternative to be coopted
in the treatment of MIRS. An interesting approach is the
modulation of the low-density lipoprotein receptor-related
protein 1 (LRP1), which is able to both downregulate the
NF-κB-related inflammation during MIRS and enhance car-
diomyocyte survival through the activation of the PI3K/Akt
and ERK1/2 pathways in such cells, as thoroughly reviewed
in [115]. As an example of this approach, a clinical trial using
plasma-derived alpha-1 antitrypsin, an agonist of the LRP1
receptor, showed shorter time-to-peak creatine kinase myo-
cardial band (CK-MB) values [116] in relation to a significant
reduction on CRP [117] (Table 1).

4.1. As Paracelsus Said: The Dose Makes the Potion. In the
70s, a word of caution was emitted against the use of cor-
ticosteroids to treat MIRS as it was observed that in some
studies, it caused myocardial thinning and delayed healing
[119–121]. Nonetheless, in all these studies, high doses of
such hormones were administered and for prolonged times.
In this way, even a decade later, this dosing was questioned
by studies comparing MI size and healing pace between high
and low corticosteroid dose groups [118], finding that as
Paracelsus said, “the dose makes the potion.”

It can be speculated that the high doses used in such
studies blocked the proliferative and remodeling stages of
MIRS, along with the inflammatory phase that was initially
the intended target. Nowadays, a protective role for cortico-
steroids in MIRS has been described in both experimental
[122, 123] and clinical settings. Concordantly, a meta-
analysis by Giugliano et al. [124] showed this cardioprotective
effect for corticosteroids in MIRS in patients. On the other
hand, corticosteroids have been successfully used to reduce
IRI in kidneys [125], liver [126], and brain [127], with the
added benefit of attenuating pathogenic fibrosis during the
reparative phase [128].

In this way, the current understanding on the pathophys-
iology of MIRS and a brief review about the use of such drugs
in MIRS-reduction allow us to think that a low dose of corti-
costeroids administered prior to reperfusion may help to
reduce the inflammatory damage of such a syndrome, while
allowing the healing phases of the syndrome.

5. Conclusions

MIRS is an unavoidable consequence of MI, with the poten-
tial to duplicate the damage made by the ischemic condition.
As such, it represents a serious complication to one of the
most prevalent diseases worldwide. Designing an effective
therapy for such a condition has been challenging because
the inflammatory phenomenon behind its pathophysiology
is very complex. First, it involves a Th1 response that greatly
contributes to tissue damage, which is relatively easy to
dampen, but a chronic Th2-type immune response that con-
tributes to the resolution of the inflammatory damage, and
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tissue remodeling comes later, and its suppression has been
associated with increased damage.

As such, a therapy that downregulates the acute Th1
tissue-damaging response, but promotes the later Th2
tissue-repairing phase of the disease, appears to be a good
choice. Some well-known, widely used drugs, like rosuvasta-
tin, azithromycin, corticosteroids, Cetor, or Berinert, have
been purported as candidates to treat MIRS in the experi-
mental setting, producing good results. Nonetheless, much
research is needed in order to confirm such findings as they
have not been used concomitantly, and a correct dose may
be challenging to find, as too much Th1 undermining may
result in a weak reparative stage, but too little may not prop-
erly limit the damage.

Innate immune cells, like M/M and neutrophils, appear
to be good targets, because they are effector mediators of
the damage and because they can regulate the adaptive
immune response, both in potency and in profile, so that
drugs like azithromycin, which can induce an M2 phenotype
in macrophages, or corticosteroids that can reduce ROS
production in both cell types could have a positive effect on
MIRS management. Also, rosuvastatin may be cardiopro-
tective beyond its effects on dyslipidemia, as it can recruit
Treg cells at the injured heart. Such lymphocyte popula-
tion has been associated to the resolution of both the
Th1- and Th2-type responses, thus allowing a healthy scar
maturation.

Another point to be considered is the rational use for cor-
ticosteroids, as they can limit the extent of MIRI and induce
protective leukocyte populations, but overdoses with such a
drug have producedmyocardial thinning anddelayed healing.

Finally, complement-blocking antibodies have been used
successfully in the clinical setting, so that they may be
coopted with the aforementioned drugs to design a more
complete treatment.
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Background. To compare the performance of our institutionally refined microplegia protocol in conjunction with minimal
extracorporeal circulation system (MiECC) with off-pump coronary artery bypass grafting (OPCAB). Methods. We conducted a
single center study including patients undergoing isolated CABG surgery performed either off-pump or on-pump using our
refined microplegia protocol in conjunction with MiECC. We used propensity modelling to calculate the inverse probability of
treatment weights (IPTW). Primary endpoints were peak values of high-sensitivity cardiac troponin T (hs-cTnT) during
hospitalization, and respective first values on the first postoperative day. Endpoint analysis was adjusted for intraoperative
variables. Results. After IPTW, we could include 278 patients into our analyses, 153 of which had received OPCAB and 125 of
which had received microplegia. Standardized differences indicated that treatment groups were comparable after IPTW. The
multivariable quantile regression yielded a nonsignificant median increase of first hs-cTnT by 39 ng/L (95% CI -8 to
87 ng/L, p = 0:11), and of peak hs-cTnT by 35 ng/L (CI -13 to 84, p = 0:16), when microplegia was used, as compared to
OPCAB. Major adverse cardiac and cerebrovascular events (MACCE) occurred with equal frequency in both groups (7.8%
vs. 5.0%; p = 0:51), and length of stay in the intensive care unit (ICU) was significantly shorter after the use of microplegia
(geometric mean 1.6 days versus 1.3 days; p = 0:01). Conclusion. The use of our institutionally refined microplegia in
conjunction with MiECC was associated with similar results with regard to ischemic injury, expressed in hs-cTnT
compared to OPCAB. MACCE was seen equally frequent. ICU discharge was earlier if microplegia was used.

1. Introduction

Despite a Ib recommendation for off-pump coronary artery
bypass grafting (OPCAB) in patients with significant athero-
sclerotic aortic disease and a IIa recommendation for
OPCAB for high-risk patients, OPCAB is not consistently
applied [1, 2]. This is most probably due to the missing proof
of long-term benefits of the OPCAB procedure since large
randomized controlled trials failed to show a clear benefit
for OPCAB procedures [3–7].

To reduce the potential negative side effects of the extra-
corporeal circulation systems (ECC), such as systemic

inflammatory response syndrome or postoperative renal
insufficiency, the minimal extracorporeal circulation system
(MiECC) was introduced [8–10]. The use of the MiECC in
coronary artery bypass grafting (CABG) was shown to be
associated with excellent outcomes [11, 12]. Moreover, with
regard to perioperative myocardial damage, the use of
MiECC was shown to be comparable to OPCAB [11]. How-
ever, it is unknown to which extent the perioperative myo-
cardial damage is dependent on the applied cardioplegic
protocol. To further optimize MiECC in CABG surgery, we
introduced the Myocardial Protection System (MPS®) in
our clinic to deliver a novel microplegia solution [13]. This
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strategy, also referred to as Basel Microplegia Protocol
(BMP), was shown to be beneficial regarding perioperative
myocardial damage and length of stay on the intensive care
unit (ICU) [14].

However, in comparison to OPCAB, the clinical role of
the Basel Microplegia Protocol is undetermined. To better
address this issue, we used observational data and performed
a propensity modelling to calculate inverse probability of
treatment weights (IPTW). These data were adjusted for
possible confounding factors by indication.

2. Material and Methods

2.1. Ethical Approval. The local ethical committee (EKNZ
BASEC Req-2018-00923) approved the study protocol,
which is in accordance with the principles of the Declaration
of Helsinki. The ethical committee has waived the need to
obtain informed consent.

The trial was registered at ClinicalTrials.gov (ID
NCT03609723). The authors designed the study, gathered
and analyzed the data, vouched for the data and analysis,
wrote the paper, and decided to publish.

2.2. Patients and Study Design (Figure 1). The preferred
revascularization strategies for isolated CABG surgery in
our clinic were either OPCAB or MiECC-assisted surgery.
In May 2017, we started to deliver our institutionally refined
microplegia (Basel Microplegia Protocol) using the MPS® as
an adjunct to the MiECC [13]. Since it performed excellently,
this combination became a routine in isolated CABG with
MiECC in our clinic [13, 14].

OPCAB is preferably used in patients with a high throm-
boembolic risk when manipulation of the aorta has to be
minimized, in patients with severe renal insufficiency, and
in patients with impaired myocardial function. Conventional
ECC is only applied in emergency operations or concomitant
non-CABG surgeries.

To investigate the effect of the two operation techniques
(microplegia versus OPCAB) on the basis of our own
observational data, we performed a propensity modelling to
calculate inverse probability of treatment weights (IPTW)
to adjust for possible confounding by indication.

Using a prospectively maintained institutional registry
(Intellect 1.7, Dendrite Clinical Systems, Henley-on-Thames,
UK), we identified all patients who underwent isolated
CABG in our institution from February 2010 on. All clinical
data were exported from this registry, where data are regu-
larly controlled for completeness and accuracy [13, 14].
Intraoperative data were collected prospectively with a stan-
dardized protocol, and serological parameters were assessed
according to the standard clinical algorithm in our hospital,
beginning on the first postoperative day (POD) at 06:00
a.m. and continued during the following days until a normal-
ization of the values was achieved. According to previous
studies, we recorded the first postoperative value and the
peak value of high-sensitivity cardiac troponin T (hs-cTnT)
as well as creatine kinase (CK) and CK-MB as indicators
for myocardial damage [13, 14]. As a safety endpoint, major
adverse cardiac and cerebrovascular events (MACCE) were

assessed, defined as a composite of myocardial infarction,
stroke, or all-cause mortality. Moreover, we recorded the
duration of ICU stay, in-hospital mortality, postoperative
atrial fibrillation, and intraoperative parameters such as aor-
tic cross-clamping time and number of distal anastomoses.
Perioperative acute myocardial infarction was assessed by
the treating clinicians (mainly on the intensive care unit)
according to the recent guidelines [15–17].

Patients with nonstandard cardioplegic strategy, con-
comitant ablation, or previous myocardial infarction within
7 days before the operation, as well as patients undergoing
minimally invasive direct coronary artery bypass grafting
(MIDCAB), were excluded from this analysis (Figure 1).

2.3. Technical Aspects and Surgical Technique. Our tech-
niques for OPCAB and isolated CABG using our novel
microplegia protocol were previously described in detail
[11, 13, 14]. All operations were performed through median
sternotomy. When using the MiECC, the ascending aorta
and the right atrium were cannulated after full heparinisa-
tion. Cardioplegic arrest was induced using microplegia after
cross-clamping, as previously described [13, 14]. In brief, the
microplegia (composed of patient’s blood with potassium
(K), magnesium (Mg), and lidocaine, thus normovolemic)
is applied under pressure and flow control via the aortic root.
The targeted flow is approximately 300mL/min, and for
safety reasons, the pressure is limited to 250mmHg (mea-
sured directly in the MPS® console). The microplegia proto-
col consists of a 4-minute induction time (with reduced
dosage of K after 2 minutes) and repetitive administration
of 2 minutes every 20 minutes. Before declamping, a hot shot
is given for 1 minute [13, 14].

The internal mammary artery (IMA), the radial artery, or
the great saphenous vein were used as graft material. The vast
majority of OPCAB procedures was performed by two
experienced off-pump surgeons.

2.4. Statistical Analysis.We conducted an inverse probability
of treatment (IPTW) analysis and included age, body mass
index, ejection fraction (EF), diabetes, three-vessel coronary
artery disease, peripheral artery disease, preoperative
stroke, preoperative renal failure, prior myocardial infarc-
tion (MI), hypertension, hypercholesterolemia, NYHA
class 3 or 4, current smoking status, and EuroSCORE 2
as covariates into the propensity model. We trimmed the
tails of the propensity score distribution according to Figure
1S (supplemental Figure 1S). Differences between the
treatment groups (microplegia and OPCAB) before and
after IPTW were expressed as standardized differences to
assess comparability independently of the number of
observations; the standardized differences are displayed in
Figure 2S (supplemental Figure 2S). Standardized
differences of ≤0.1 are considered sufficiently small to
indicate no relevant differences. To investigate the impact
of treatment on hs-cTnT, CK-MB, and CK, we used IPT-
weighted median regression, given the skewed distribution
of these cardiac markers. We included the number of distal
anastomoses, duration of operation, main stem stenosis,
and the use of both internal mammary arteries (BIMA) as
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covariates into median regression, as we expect the
association between treatment and endpoint to be
confounded by these intraoperative variables. We also show
crude values before IPTW as median and interquartile
range with a Kruskal-Wallis test for differences.

All other continuous data are reported as mean ±
standard deviation comparisons being made using linear

regression. However, length of stay on the ICU and hospital
stay are shown as geometric means with confidence intervals
that were back-transformed from the logarithmic scale (due
to skewed distribution). Categorical data are reported as
numbers with percentage and compared using logistic
regression. Confidence intervals and p values are two-sided;
a p value below 0.05 is considered significant. All analyses

(i) Patients operated with OPCAB
(n = 175)

(ii) Patients operated using Basel
Microplegia Protocol (n = 148)

(i) Other cardioplegic strategy (n = 1902) 

(ii) MIDCABG (n = 82)

(iii) Concomitant ablation (n = 1)

(iv) Myocardial infarction within 7 days before

surgery (n = 120)

(V) Preoperative dialysis (n = 5)

2,433 consecutive patients
undergoing isolated CABG from
February 2010 to October 2018

2110 patients excluded

323 patients included

Figure 1: Patient flow chart.

Table 1: Patient characteristics.

Before IPTW After IPTW
OPCAB
(n = 175)

Microplegia
(n= 148)

Diff. p
OPCAB
(n = 153)

Microplegia
(n = 125) Diff. p

Age in years, m (SD) 69.3 (10.2) 68.0 (8.7) -0.143 0.205 68.1 (10.4) 68.2 (9.7) 0.005 0.969

BMI in kg/m2, m (SD) 26.8 (4.0) 27.9 (4.7) 0.253 0.023 27.0 (4.3) 26.9 (5.1) -0.017 0.890

Ejection fraction in %, m
(SD)

53.0 (11.2) 56.3 (10.2) 0.306 0.007 54.4 (10.4) 54.2 (15.4) -0.016 0.899

EuroSCORE 2, m (SD) 2.3 (2.0) 1.6 (1.6) -0.383 0.001 1.9 (1.3) 1.8 (3.3) -0.010 0.938

Female, n (%) 33 (18.9) 28 (18.9) -0.002 0.989 27 (17.9) 23 (18.4) -0.014 0.914

Diabetes, n (%) 57 (32.6) 60 (40.5) -0.166 0.138 52 (33.9) 42 (33.5) 0.009 0.948

Peripheral artery disease,
n (%)

45 (25.7) 22 (14.9) 0.272 0.018 32 (21.2) 25 (19.9) 0.033 0.811

Preoperative stroke, n (%) 24 (13.7) 11 (7.4) 0.205 0.074 17 (11.4) 11 (8.5) 0.096 0.460

Renal disease, n (%) 8 (4.6) 3 (2.0) 0.143 0.221 4 (2.4) 3 (2.3) 0.002 0.987

COPD, n (%) 18 (10.3) 17 (11.5) -0.039 0.730 15 (9.7) 15 (12.1) -0.077 0.546

Prior myocardial
infarction, n (%)

75 (42.9) 44 (29.7) 0.276 0.015 60 (39.1) 49 (39.4) -0.007 0.961

Hypertension, n (%) 158 (90.3) 126 (85.1) 0.157 0.160 135 (88.4) 110 (88.2) 0.006 0.964

Hypercholesterolemia, n (%) 141 (80.6) 113 (76.4) 0.103 0.357 120 (78.3) 100 (80.0) -0.043 0.739

NYHA III or IV, n (%) 36 (20.6) 23 (15.5) 0.131 0.245 27 (17.9) 22 (17.7) 0.006 0.965

Preoperative atrial
fibrillation, n (%)

9 (5.1) 9 (6.1) -0.041 0.714 7 (4.5) 5 (4.4) 0.005 0.969

Current smoker, n (%) 31 (17.7) 29 (19.6) -0.048 0.665 30 (19.8) 28 (22.1) -0.056 0.689

Diff.: standardized differences. Data are presented as mean and standard deviation or as numbers (%). OPCAB: off-pump coronary artery bypass grafting;
COPD: chronic obstructive pulmonary disease; IPTW: inverse probability of treatment weighting.

3Mediators of Inflammation



were performed by a biostatistician (BG) using Stata 15 (Sta-
taCorp, Texas).

3. Results

3.1. Preoperative Data (Table 1). From February 2010 until
October 2018, 2433 patients underwent isolated CABG sur-
gery in our institution. 323met the inclusion criteria and thus
represent the cohort of this study (Figure 1). Before IPTW,
patients undergoing OPCAB had significantly lower ejection
fraction (EF), higher EuroSCORE 2, more peripheral artery
disease, and more previous MIs. After IPTW, groups were
comparable in regard to pretreatment characteristics.

After IPTW, 278 patients were analyzed, 153 of which
had received OPCAB and 125 of which had received micro-
plegia. Absolute standardized differences between treatment
groups dropped below 0.1 for all baseline characteristics,
indicating no relevant difference (Table 1).

3.2. Intraoperative Data (Table 2). Before IPTW, patients
undergoing CABG using microplegia were more likely to
have three-vessel coronary artery disease and main stem ste-
nosis, and they had longer operation times compared to
patients undergoing OPCAB. Moreover, patients undergoing
on-pump CABG had more distal anastomoses; the radial
artery was more frequently used.

These differences maintained even after IPTW, indicat-
ing that they relate to the treatment itself rather than to
patient characteristics. This supports the concept of includ-
ing these variables as covariates. Intraoperative data are pro-
vided in Table 2.

3.3. Postoperative Data (Table 3). No differences regarding
in-hospital mortality, postoperative MI, postoperative stroke,
or atrial fibrillation at discharge remained after IPTW. How-
ever, length of stay on the ICU was significantly shorter in
patients operated using microplegia. Postoperative results
are depicted in Table 3.

3.4. Endpoint Analysis (Table 4, Figures 2–4). After IPTW,
both median (IQR) POD1 and peak hs-cTnT values were
numerically higher in the microplegia group than in the
OPCAB group, but this difference did not reach statistical
significance (POD1: 174 ng/L (73-274 ng/L) in the OPCAB
group versus 213 ng/L (117-308 ng/L) in the microplegia
group, p = 0:105; peak: 178 ng/L (68-289 ng/L) in the OPCAB
group versus 213 ng/L (109-318 ng/L) in the microplegia
group, p = 0:155). Median (IQR) CK-MB was significantly
lower in patients undergoing OPCAB than in patients receiv-
ing microplegia (POD1: 6.7μg/L (1.3-12.1μg/L) versus
11.6μg/L (6.7-16.4μg/L); p < 0:001; peak: 8.0μg/L (2.7-
13.4μg/L) versus 12.0μg/L (7.2-16.8μg/L), p = 0:002).
Median (IQR) CK on POD1 was significantly higher in the
microplegia group than in the OPCAB group (174U/L (0-
376U/L) versus 295U/L (113-478U/L), p = 0:012), whereas
median (IQR) peak CK values were higher in the OPCAB
group than in the microplegia group; this difference, how-
ever, was not statistically significant (404U/L (166-642U/L)
versus 371U/L (156-585U/L), p = 0:522).

4. Discussion

The aim of this study was to compare our institutionally
refined microplegia, applied with the MPS® (Basel Microple-
gia Protocol), in patients undergoing isolated CABG surgery
using the MiECC, with mere OPCAB revascularization. We
report five major findings.

First, OPCAB as well as CABG using the Basel Microple-
gia Protocol is safe and feasible in isolated CABG surgery,
with low in hospital mortality and low MACCE rates in both
groups. Second, the number of distal anastomoses was signif-
icantly lower among patients undergoing OPCAB procedure
than in patients operated on-pump. Third, cardiac markers
were extraordinarily low in both groups. While there were
no significant differences regarding POD1 and peak hs-
cTnT, POD1 values of CK-MB and CK as well as peak values
of CK-MB were significantly lower in the OPCAB group.

Table 2: Intraoperative data.

Before IPTW After IPTW
OPCAB
(n = 175)

Microplegia
(n = 148) Diff. p

OPCAB
(n = 153)

Microplegia
(n = 125) Diff. p

Number of distal anastomoses, m (SD) 3.2 (1.2) 3.8 (0.9) 0.613 0.000 3.3 (1.1) 3.7 (1.1) 0.370 0.002

Duration of operation in minutes, m (SD) 191.6 (42.9) 222.9 (50.2) 0.670 0.000 194.3 (42.7) 217.0 (63.4) 0.420 0.001

Three vessel coronary artery disease, n (%) 132 (75.4) 137 (92.6) -0.481 0.000 132 (86.0) 105 (84.0) 0.057 0.696

Presence of main stem stenosis, n (%) 21 (12.0) 42 (28.4) -0.417 0.000 19 (12.6) 37 (29.9) -0.434 0.001

Total arterial revascularization, n (%) 45 (25.7) 34 (23.0) 0.064 0.568 34 (22.0) 30 (23.8) -0.044 0.740

LIMA, n (%) 164 (93.7) 146 (98.6) -0.260 0.041 145 (94.6) 123 (98.2) -0.194 0.295

RIMA, n (%) 40 (22.9) 26 (17.6) 0.132 0.241 37 (24.4) 22 (17.8) 0.163 0.223

BIMA, n (%) 38 (21.7) 26 (17.6) 0.105 0.352 36 (23.4) 22 (17.8) 0.139 0.295

Use of the radial artery, n (%) 15 (8.6) 43 (29.1) -0.543 0.000 15 (9.9) 33 (26.7) -0.444 0.001

IV inotropes at end of operation, n (%) 32 (18.4) 27 (18.5) -0.003 0.981 28 (18.1) 29 (23.0) -0.121 0.383

Data are presented as mean and standard deviation or as numbers (%). Diff.: standardized differences; OPCAB: off-pump coronary artery bypass grafting;
LIMA: left internal mammary artery; RIMA: right internal mammary artery; BIMA: both internal mammary arteries; IV: intravenous; IPTW: inverse
probability of treatment weighting.
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Fourth, we found no significant differences regarding postop-
erative atrial fibrillation between the two groups. Fifth, length
of stay on the ICU was significantly lower in patients under-
going MiECC assisted CABG surgery using the microplegia
than in OPCAB patients.

These data corroborate our promising first results that we
have achieved after having introduced our institutionally
refined dose/volume-dependent microplegia applied with
the MPS® in isolated CABG surgery using the MiECC
[13, 14].

The question of whether to perform OPCAB or on-pump
surgery has been the subject of controversy for decades.
While OPCAB provides advantages due to the missing con-
tact between blood and foreign material or air as well as
due to the absence of aortic cannulation potentially causing
embolisms, there are also concerns regarding the long-term
patency rates and completeness of revascularization in
OPCAB procedures [3, 8, 9, 18, 19]. Large randomized con-
trolled trials failed to show a clear benefit for OPCAB proce-
dures [3–6]. Moreover, after worse composite outcomes and

poorer graft patency rates after one year in the Randomized
On/Off Bypass (ROOBY) study, the ROOBY-FS study
showed a higher prevalence of death from any cause and of
the composite outcome consisting of death from any cause,
repeat revascularization, and nonfatal myocardial infarction
after 5 years in patients undergoing OPCAB [3, 7]. However,
OPCAB may still be the preferred technique for experienced
surgeons in selected patient cohorts, such as elderly, calcified,
or high-risk patients [20–22].

Regarding our results, a few points merit consideration:
First, the number of distal anastomoses was significantly
lower in patients undergoing OPCAB, but still higher com-
pared to other studies (Shroyer et al.: 2:9 ± 0:9; Parmeshwar
et al.: 2:79 ± 0:8) [3, 23]. Lower numbers of anastomoses
among patients undergoing OPCAB are a common finding;
yet, it questions the completeness of revascularization [3].
However, there is also literature indicating that completeness
of revascularization is dependent not only on the number of
grafts performed but also on the number of grafts needed
[24]. Second, we found no significant difference regarding

Table 3: Postoperative data.

Before IPTW After IPTW
OPCAB
(n = 175)

Microplegia
(n = 148) Diff. p

OPCAB
(n = 153)

Microplegia
(n = 125) Diff. p

Operative mortality, n (%) 6 (3.4) 0 (0.0) 0.266 0.033 4 (2.5) 0 (0.0) 0.228 0.130

MACCE, n (%) 14 (8.0) 6 (4.1) 0.166 0.150 12 (7.8) 6 (5.0) 0.113 0.507

Postoperative MI, n (%) 4 (2.3) 1 (0.7) 0.134 0.272 5 (3.0) 0 (0.0) 0.249 0.130

Postoperative stroke, n (%) 5 (2.9) 5 (3.4) -0.030 0.788 5 (3.2) 6 (5.0) -0.089 0.568

Pulmonary infection, n (%) 12 (6.9) 5 (3.4) 0.158 0.171 11 (6.9) 4 (3.3) 0.168 0.193

Postoperative renal failure, n (%) 15 (8.6) 5 (3.4) 0.220 0.062 13 (8.6) 3 (2.7) 0.255 0.077

AF at discharge, n (%) 34 (19.4) 35 (23.6) -0.103 0.357 25 (16.5) 27 (21.9) -0.136 0.281

Reoperation for bleeding, n (%) 3 (1.7) 5 (3.4) -0.106 0.347 3 (1.7) 7 (5.8) -0.218 0.157

Intubation > 72 h, n (%) 2 (1.1) 0 (0.0) 0.152 0.502 2 (1.1) 0 (0.0) 0.149 0.503

Length of ICU stay in days, geometric mean (CI) 1.7 (1.5-1.9) 1.3 (1.2-1.4) 0.423 0.003 1.6 (1.5-1.8) 1.3 (1.2-1.4) 0.419 0.014

Length of stay in days, geometric mean (CI) 8.5 (7.9-9.2) 8.7 (8.3-9.2) 0.658 0.399 8.7 (8.0-9.4) 8.8 (8.3-9.4) 0.646 0.395

Data are presented as geometric mean and standard deviation back-transformed from the log scale or as numbers (%). Diff.: standardized differences; OPCAB:
off-pump coronary artery bypass grafting; MACCE: major adverse cardiac and cerebrovascular events; ICU: intensive care unit; MI: myocardial infarction;
IPTW: inverse probability of treatment weighting.

Table 4: Cardiac markers.

Crude nonparametric analysis,
before IPTW

Adjusted, after IPTW

OPCAB
(n = 175)

Microplegia
(n = 148) p

OPCAB
(n = 153)

Microplegia
(n = 125)

Effect on
median

p

hs-cTnT, POD1 in ng/L, median (IQR) 176 (106-258) 225 (159-372) <0.001 174 (73-274) 213 (117-308) 39 (-8-87) 0.105

Peak hs-cTnT in ng/L, median (IQR) 187 (112-318) 237 (167-380) 0.001 178 (68-289) 213 (109-318) 35 (-13-84) 0.155

CK-MB POD1 in μg/L, median (IQR) 8.6 (5.3-13.9) 13.4 (9.3-19.7) <0.001 6.7 (1.3-12.1) 11.6 (6.7-16.4) 4.9 (2.3-7.4) 0.000

Peak CK-MB in μg/L, median (IQR) 9.4 (5.6-14.6) 13.4 (9.3-19.9) <0.001 8.0 (2.7-13.4) 12.0 (7.2-16.8) 4.0 (1.4-6.5) 0.002

CK POD1 in U/L, median (IQR) 357 (233-542) 503 (322-691) <0.001 174 (0-376) 295 (113-478) 121 (27-216) 0.012

Peak CK in U/L, median (IQR) 508 (339-783) 577 (401-768) 0.296 404 (166-642) 371 (156-585) -34 (-137-70) 0.522

Note that average cardiac markers on the right hand side are estimated from median regression at the average of the covariates (main stem stenosis, use of
BIMA, duration of operation, and number of distal anastomoses) after IPTW. Data are presented as median with an interquartile range. OPCAB: off-pump
coronary artery bypass grafting; hs-cTnT: high-sensitivity cardiac troponin T; CK: creatine kinase; CK-MB: creatine kinase-myocardial type; POD:
postoperative day; IPTW: inverse probability of treatment weighting.
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postoperative hs-cTnT values between the groups, and the
values were on a remarkably low level [13, 14]. Moreover,
there were no differences regarding in-hospital mortality or
MACCE. However, there is evidence for an association
between high postoperative hs-cTnT values and adverse
outcomes after on-pump cardiac surgery including CABG
[25–27]. Therefore, we believe that optimizing cardioplegic
solutions, reflected by low postoperative cardiac markers,
is a crucial cornerstone in CABG surgery to provide the
best possible outcomes. The low levels of cardiac markers
are especially important when considering that OPCAB
surgery in our clinic is only performed by two experienced
off-pump surgeons, while on-pump CABG is an important
part of the education of younger and unexperienced car-
diac surgeons. The remarkably low values of cardiac
markers achieved with our microplegia protocol allow for
a good cardiac protection, even during longer operations
with multiple anastomoses. Third, patients operated using
microplegia were significantly shorter on the ICU than
patients operated off-pump. This supports previous find-
ings regarding shorter length of stay on the ICU after
the use of microplegia [14, 28].

While hs-cTnT levels were similar in both groups, levels
of CK-MB and CK on POD1 were significantly lower in the
OPCAB group, indicating a possible increased myocardial
damage in the microplegia group. Whether these differences
are based on different pathophysiological mechanisms
remains speculative.

Comparing these results to standard on-pump CABG
surgery is difficult since various factors influence levels of
cardiac markers. First, it was shown that the use of
MiECC was associated with lower cTnI values compared
to the use of ECC [29]. Moreover, also the use of the
cardioplegia solution influences postoperative values of
cardiac markers [14].

Some limitations warrant consideration when inter-
preting the findings of this study. First, it was an observa-
tional single-center study, which may compromise the
external validity of our findings. Second, due to the pro-
pensity modelling method, the final study population is
relatively small, which increases the risk of results being
attributable to chance. Further studies with larger sample
sizes will be more beneficial to enlighten the topic. On
the other hand, the standardized differences after propen-
sity modelling indicate that the treatment groups are very
similar with respect to patient characteristics. Thus, differ-
ences observed during the postoperative course are likely
related to the treatment, particularly because records that
were suspicious for residual confounding have been
trimmed. Third, the ingredients that were used as arrest
agents (K, Mg, and lidocaine) have the drug approval
and are licensed to be used in humans. A possible off-
label use is to be considered [13].

5. Conclusion

The use of our institutionally refined microplegia in conjunc-
tion with the MiECC was associated with comparable results
to OPCAB revascularization in regard to hs-cTnT while

values of CK-MB and CK on POD1 were lower in the
OPCAB group. MACCE were seen equally frequent in both
patient groups, and patients could be discharged from the
ICU earlier when microplegia was used than when OPCAB
was applied.
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Background. Single-dose cardioplegia is preferred in minimal invasive mitral valve surgery to maintain the adjustment of the
operative site without change of preset visualization. The aim of our study was to compare two widely used crystalloid
cardioplegias Bretschneider (Custodiol®) versus St. Thomas 2 in patients who underwent mitral valve repair via small
anterolateral right thoracotomy. Material and Methods. From May 2012 until February 2019, 184 isolated mitral valve
procedures for mitral valve repair via anterolateral right thoracotomy were performed using Bretschneider (Custodiol®)
cardioplegia (n = 123) or St. Thomas (n = 61). Primary efficacy endpoint was peak postoperative high-sensitivity cardiac
troponin (hs-cTnT) during hospitalization. Secondary endpoints were peak creatine kinase-muscle brain type (CK-MB) and
creatine kinase (CK) as well as safety outcomes. We used inverse probability of treatment weighting (IPTW) in order to adjust
for confounding by indication. Results. Peak hs-cTnT was higher after use of Bretschneider (Custodiol®) (geometric mean
716mg/L, 95% confidence interval (CI) 605-847mg/L) vs. St. Thomas 2 (561mg/L, CI 467-674mg/L, p = 0:047). Peak CK-MB
(geometric mean after Bretschneider (Custodiol®): 40μg/L, CI 35-46, St. Thomas 2: 33μg/L, CI 27-41, p = 0:295) and CK
(geometric mean after Bretschneider (Custodiol®): 1370U/L, CI 1222-1536, St. Thomas 2: 1152U/L, CI 972-1366, p = 0:037)
showed the same pattern. We did not see any difference with respect to postoperative complications between treatment groups
after IPTW. Conclusion. Use of St. Thomas 2 cardioplegia was associated with lower postoperative peak levels of all cardiac
markers that reflect cardiac ischemia such as hs-cTnT, CK, and CK-MB as compared to Bretschneider (Custodiol®) in
propensity-weighted treatment groups.

1. Introduction

Mitral regurgitation is the second most common valve dis-
ease and a common indication for valve surgery in Europe.
Therefore, mitral valve repair is the gold standard for the cor-
rection of severe mitral regurgitation and recommended
(class I) by current ESC/EACTS guidelines for the manage-
ment of valvular heart disease [1]. Minimal invasive mitral
valve surgery via a minithoracotomy has become a preferred
surgical approach to treat mitral valve pathologies. This pro-
cedure is less invasive; hence, it has a lower risk of severe
wound complications and is cosmetically more attractive to

patients, while being technically more demanding for the car-
diac surgeon. Several studies have shown the benefit of min-
imal invasive cardiac surgery due to decreased blood loss and
shorter ICU stay [2]. Anesthesia management has improved
along with postoperative care and as a consequence has the
surgical outcome. Due to the increasing complexity of
patients and limited surgical access, myocardial protection
strategies became the focus of surgical attention. During the
procedure of mitral valve repair, there is no doubt that opti-
mal myocardial protection plays a key role in achieving a suc-
cessful outcome and in minimizing myocardial damage.
However, there is an ongoing discussion about the optimal
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cardioplegic solution for myocardial preservation. Several
smaller studies have shown the benefit of using crystalloid
cardioplegia in cardiac surgery [3–9]. The striking advantage
of crystalloid solutions is the longevity of duration of a single
dose with avoidance of several adjustments of the operative
site, which is necessary in other cardioplegic formulas with
repetitive administrations. To assess possible differences
among crystalloid cardioplegia solutions, we included
patients in whom single-dose antegrade crystalloid cardio-
plegia with either Bretschneider (Custodiol®) or St. Thomas
2 was used. Both are very appealing for minimally invasive
cardiac surgery due to their single-dose application and
secure cardioprotective arrest for up to two hours.

The aim of our study was to investigate whether St.
Thomas 2 provides superior myocardial protection and
decreases myocardial damage compared to Bretschneider
(Custodiol®) in patients undergoing full endoscopic minimal
invasive anterolateral right minithoracotomy.

2. Methods

2.1. Ethical Approval. The local ethical committee (EKNZ
BASEC Req-2019-00070) approved the study protocol,
which is in accordance with the principles of the declaration
of Helsinki. The ethical committee has waived the need to
obtain informed consent.

The trial was registered at the ClinicalTrials.gov
(ID NCT03818113). The authors designed the study, gath-
ered and analyzed the data, vouched for the data and analysis,
wrote the paper, and decided to publish.

2.2. Study Population. We included patients who underwent
isolated mitral valve surgery using an anterolateral minithor-
acotomy with femoral installation of extracorporeal circula-
tion (ECC) in the department of cardiac surgery at the
University Hospital Basel from May 2012 until February
2019. Patients received either St. Thomas 2 or Bretschneider
(Custodiol®) cardioplegia as a single dose. Standard protocol
for Bretschneider (Custodiol®) included antegrade delivery
of 20mL/kg and for St. Thomas 2 30mL/kg within 6 minutes
at 4°C perfusion temperature. We excluded patients who had
known coronary artery disease, mitral valve replacement,
second cross-clamping, and combined cardiac procedures.

A group of 123 patients, who received Bretschneider
(Custodiol©) cardioplegia, was compared to 61 patients with
St. Thomas 2 cardioplegia. Given the observational origin of
the data, we used IPTW to adjust for confounding by indica-
tion, including age, female gender, logistic EuroSCORE, and
hypertension as covariates into the propensity model. We
trimmed the tails of the propensity score, as the correspond-
ing records are suspicious of residual confounding, and cal-
culated standardized differences to assess comparability of
treatment groups after IPTW.

2.3. Surgical Technique. In brief, minimally invasive mitral
valve repair is performed through a right anterolateral thora-
cotomy with a periareolar incision, usually entering the tho-
racic cavity through the fourth intercostal space. Usually, the
left groin is used for venous and arterial femoral cannulation

for the cardiopulmonary bypass. For the first two years, we
used the Chitwood clamp; later, we switched to the Glauber
clamp for aortic cross-clamping. Either St. Thomas 2 or
Bretschneider (Custodiol®) cardioplegia as a single dose is
administered. In all our cases, mitral valve repair with leaf-
let resection and/or implantation of artificial chordae in
combination with ring annuloplasty is exclusively performed.
Every patient is monitored by transesophageal echocardiog-
raphy, which is used perioperatively to evaluate the surgical
results.

2.4. Outcomes. Primary efficacy outcome was the highest
postoperative hs-cTnT level measured before discharge; sec-
ondary outcomes were peak CK-MB and CK and the first
postoperative hs-cTnT, CK-MB, and CK, which have been
measured at the first day after surgery at 6 am. Safety out-
comes were postoperative complications such as myocardial
infarction, MACCE, and need for defibrillation at the end
of surgery. Operative mortality was defined as death during
surgery. Postoperative stroke was defined as a new, perma-
nent neurological disability or deficit. Atrial fibrillation was
defined as a new and permanent postoperative atrial fibrilla-
tion during hospitalization. Length of hospital stay was
defined as one day prior to the procedure until discharge.

2.5. Statistical Analysis.We conducted an IPTW analysis and
included age, female gender, EuroSCORE 2, hypertension,
last preoperative creatinine, ejection fraction (EF), prior
myocardial infarction (MI), and preoperative stroke as
covariates into the propensity model. We trimmed the tails
of the propensity score distribution. Differences between
the treatment groups (Bretschneider (Custodiol®) and St.
Thomas cardioplegia 2) after IPTW were expressed as stan-
dardized differences to assess the difference independent of
the number of observations. We considered an absolute stan-
dardized difference above 0.1 to be indicative for a possibly
meaningful difference. Given the skewed distribution of
hs-cTnT, CK-MB, and CK, these variables were analyzed
as geometric mean with confidence interval which was back
transformed from the logarithmic scale. To investigate the
impact of cardioplegic solution on these cardiac markers,
we used IPT-weighted Poisson regression with robust stan-
dard errors. We included size of ring for annuloplasty as
covariate into the model as a first sensitivity analysis. As a
second sensitivity analysis, we included year of surgery as
fractional polynomial covariate into the model to adjust for
the impact of changes in surgical details that might have hap-
pened within 7 years of patients’ enrolment.

Normally distributed continuous data were reported as
mean ± standard deviation, and comparisons were made
using linear regression. Nonnormally distributed continuous
variables were analyzed the same way as cardiac markers.
Categorical data are reported as numbers with percentage
and compared using logistic regression. Confidence intervals
and p values are two-sided; a p value below 0.05 is considered
significant. All analyses were done by a biostatistician (BG)
using Stata 15 (StataCorp, Texas).
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3. Results

3.1. Baseline Characteristics. From January 2009 to February
2019, 871 patients underwent 904 mitral valve operations at
our hospital. In 695 patients who received mitral valve repair,
anterolateral thoracotomy was chosen as surgical access in
269 patients. 184 of which met the inclusion criteria of
this study.

The median age of the patients in the group of Bretsch-
neider (Custodiol®) was 63 years (SD = ±11:8) and in the
group of St. Thomas 2 64 years (SD = ±10:2), respectively
(p = 0:48). Male gender was predominant in both groups
(Bretschneider (Custodiol®) n = 64% vs. St. Thomas 2
n = 66%). Before IPTW, groups were comparable with
respect to hemodynamic profiles and all other baseline
characteristics except hypertension which was more fre-
quent in patients treated with Bretschneider (Custodiol®).
After IPTW, treatment groups were similar with respect
to patient characteristics and mitral valve pathology
(Tables 1 and 2).

3.2. Surgical Results. Duration of operation and aortic clamp-
ing time were similar in both groups (208min vs. 207min
and 90min vs. 88min, respectively). There was no statistical
difference in perfusion time. Defibrillation was more fre-
quently used in patients receiving Bretschneider (Custodiol®)
cardioplegia (50%) vs. St. Thomas 2 (36%). Both cardiople-
gias were given as a single-shot antegrade. Neither of the
two groups received a second injection of Bretschneider
(Custodiol®) or St. Thomas 2 cardioplegia. The hemody-

namic profiles of the matched patients were comparable
in both groups. Both groups had predominantly a valve
annuloplasty.

3.3. Postoperative Data. The in-hospital outcomes and com-
plications are summarized in Table 3 after IPTW. In terms
of in-hospital mortality, there was no significant difference
between the two groups (Bretschneider (Custodiol®) n = 1
(0.7%) vs. St. Thomas 2 n = 0 (0%); p = 0:484). Although
there were three cases (n = 2:4%) of myocardial infarction
in the group of Bretschneider (Custodiol®), these were with-
out statistical significance in comparison with the group of St.
Thomas 2 (n = 0%, p = 0:22). Moreover, we did not find any
statistically significant difference in the stay of the hospital
length in days and for atrial fibrillation at discharge (Bretsch-
neider (Custodiol®) n = 32 (28.5%) vs. St. Thomas n = 15
(27.7%); p = 0:918).

3.4. Efficacy Outcome. Postoperative biomarkers including
creatine, CRP, GFR, potassium, hemoglobin, leucocytes,
sodium, hs-cTnT, CK, and CK-MB are shown in Table 4.

After IPTW, our primary outcome peak hs-cTnT was
higher after use of Bretschneider (median = 716 ng/L) as
compared to St. Thomas 2 (median = 561 ng/L; p = 0:0047).
The first hs-cTnT and CK showed the same pattern.

There was a statically significant difference in the first
CRP (Bretschneider (Custodiol®) mean = 51:1mg/L vs. St.
Thomas 2 mean = 64:2mg/L; p = 0:005). Additionally, the
first potassium was significantly lower in the group of
Bretschneider (Custodiol®) (p = 0:017) but in the normal

Table 1: Patient characteristics.

Before IPTW After IPTW
Bretschneider
(n = 123)

St. Thomas
(n = 61) Diff p

Bretschneider
(n = 113)

St. Thomas
(n = 55) Diff p

Age (years) 63:0 ± 11:5 64:2 ± 9:8 0.114 0.480 63:3 ± 11:8 64:0 ± 10:2 0.063 0.696

Female 44 (35.8%) 22 (36.1%) -0.006 0.969 39 (34.3%) 19 (34.0%) 0.007 0.965

Diabetes 3 (2.4%) 1 (1.6%) 0.057 0.728 3 (2.4%) 1 (2.2%) 0.015 0.933

Hypertension 78 (63.4%) 27 (44.3%) 0.391 0.014 66 (58.7%) 31 (56.4%) 0.045 0.791

Hypercholesterolemia 24 (19.5%) 14 (23.0%) -0.084 0.588 21 (18.7%) 12 (22.7%) -0.099 0.561

Current smoker 13 (10.6%) 6 (9.8%) 0.024 0.878 11 (9.4%) 5 (9.9%) -0.016 0.921

BMI 25:3 ± 4:6 25:2 ± 3:8 -0.024 0.884 25:1 ± 3:8 25:5 ± 4:0 0.108 0.519

Preoperative stroke 9 (7.3%) 2 (3.3%) 0.181 0.289 5 (4.6%) 3 (5.4%) -0.035 0.851

Renal disease 1 (0.8%) 1 (1.6%) -0.075 0.618 1 (1.0%) 0 (0.0%) 0.141 0.484

Last preoperative creatinine
(μmmol/L)

80:5 ± 17:9 84:8 ± 20:7 0.225 0.143 82:0 ± 17:8 80:6 ± 16:1 -0.080 0.622

COPD 3 (2.4%) 3 (4.9%) -0.132 0.382 3 (2.8%) 1 (2.7%) 0.005 0.977

NYHA III or IV 27 (22.0%) 14 (23.0%) -0.024 0.878 24 (21.1%) 12 (22.0%) -0.022 0.896

AF preoperative 24 (19.5%) 12 (19.7%) -0.004 0.979 23 (20.3%) 12 (21.1%) -0.019 0.910

Ejection fraction 60:6 ± 7:9 62:0 ± 8:9 0.167 0.277 60:9 ± 7:8 61:4 ± 9:0 0.061 0.717

EuroSCORE 2 1:2 ± 0:8 1:3 ± 0:9 0.054 0.727 1:2 ± 0:8 1:2 ± 0:7 -0.064 0.690

Additive EuroSCORE 3.5 (3.3 to 3.9) 3.8 (3.4 to 4.2) 0.670 0.550 3.5 (3.2 to 3.8) 3.7 (3.3 to 4.2) 0.659 0.589

Logistic EuroSCORE 2.7 (2.4 to 3.0) 2.8 (2.5 to 3.3) 0.586 0.825 2.7 (2.4 to 3.0) 2.8 (2.4 to 3.3) 0.572 0.889

BMI: body mass index; COPD: chronic obstructive pulmonary disease; NYHA: New York Heart Association; AF: atrial fibrillation.
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range of lab analysis. All cardiac markers measured in blood
were higher in the group of Bretschneider (Custodiol®).
These results were robust after further adjustment for size
of ring (p = 0:027) but less pronounced after adjustment for
year of enrolment (p = 0:054).

4. Discussion

This study has shown the benefit of St. Thomas 2 cardiople-
gia regarding the postoperative cardiac markers in minimally
invasive mitral valve repair.

Table 3: Postoperative outcomes: clinical outcomes.

After IPTW
Bretschneider (n = 113) St. Thomas 2 (n = 55) Diff p

30 days mortality 1 (0.7%) 0 (0.0%) 0.118 0.484

Postoperative stroke 0 (0.0%) 1 (1.2%) -0.155 0.151

MACCE 3 (3.1%) 1 (1.2%) 0.130 0.415

Postoperative MI 3 (2.4%) 0 (0.0%) 0.220 0.321

Postoperative renal failure 0 (0.0%) 1 (1.3%) -0.164 0.151

Pulmonary infection 4 (3.3%) 0 (0.0%) 0.260 0.223

Sternal infection 1 (0.8%) 0 (0.0%) 0.129 0.484

Intubation > 72 h 1 (1.2%) 0 (0.0%) 0.157 0.484

Reoperation for bleeding 3 (2.7%) 0 (0.0%) 0.235 0.223

Permanent pacemaker 1 (0.7%) 0 (0.0%) 0.118 0.484

AF at discharge 32 (28.5%) 15 (27.7%) 0.018 0.915

Ejection fraction (%)∗ 50:3 ± 10:3 49:1 ± 14:2 -0.097 0.580

Length of stay (day) 8.5 (8.1 to 8.9) 9.0 (8 to 10) 0.734 0.186

MACCE: major adverse cardiac and cerebrovascular events; MI: myocardial infarction; AF: atrial fibrillation.

Table 4: Postoperative biomarkers.

After IPTW
Bretschneider (n = 113) St. Thomas 2 (n = 55) Diff p

First creatinine (μmmol/L) 71:0 ± 19:8 73:8 ± 19:3 0.144 0.381

Max. creatinine (μmmol/L) 86:1 ± 27:5 89:9 ± 27:0 0.138 0.403

First CRP (mg/L) 51:1 ± 26:7 64:2 ± 28:1 0.477 0.005

Max. CRP (mg/L) 163:6 ± 68:0 145:0 ± 81:3 -0.248 0.147

First GFR (mL/min/1.7) 91:5 ± 20:1 88:9 ± 22:8 -0.120 0.479

Max. GFR (mL/min/1.7) 97:1 ± 15:8 92:7 ± 21:4 -0.237 0.173

First potassium (mmol/L) 4:4 ± 0:4 4:6 ± 0:5 0.412 0.017

Max. potassium (mmol/L) 4:6 ± 0:4 4:7 ± 0:5 0.160 0.356

First hemoglobin (g/L) 104:3 ± 16:3 104:1 ± 13:5 -0.011 0.943

Max. hemoglobin (g/L) 118:2 ± 13:9 118:6 ± 16:6 0.028 0.871

First leucocytes (×109/L) 14:1 ± 5:4 13:8 ± 5:8 -0.055 0.744

Max. leucocytes (×109/L) 15:4 ± 5:1 14:7 ± 5:1 -0.142 0.391

First sodium (mmol/L) 139:0 ± 3:5 138:6 ± 2:9 -0.124 0.441

Max. sodium (mmol/L) 141:6 ± 3:9 141:4 ± 2:2 -0.047 0.754

First hs-cTnT (ng/L) 604 (482 to 756) 512 (426 to 616) 0.317 0.052

Max. troponin hs-cTnT (ng/L) 716 (605 to 847) 561 (467 to 674) 0.350 0.047

First CK (U/L) 1186 (1042 to 1351) 1023 (837 to 1250) 0.417 0.103

Max. CK (U/L) 1370 (1222 to 1536) 1152 (972 to 1366) 0.449 0.037

First CKMB (μg/L) 36.5 (32.3 to 41.3) 31.2 (26.6 to 36.7) 0.454 0.059

Max. CKMB (μg/L) 40.0 (35.1 to 45.6) 33.4 (27.3 to 40.8) 0.400 0.295

CRP: C-reactive protein; GFR: glomerular filtration rate; hs-cTnT: high-sensitivity cardiac troponin; CK: creatine kinase; CK-MB: creatine kinase-muscle
brain type.
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The purpose of cardioplegia is to cause myocardial arrest,
to support normal physiology during ischemia, and to
decrease the metabolism. Bretschneider (Custodiol®) and
St. Thomas 2 are appealing cardioplegic agents for minimal
invasive cardiac surgery. Both are given as a single dose and
offer myocardial protection for up to 2 hours. On the one
hand, Bretschneider (Custodiol®) cardioplegia is an intracel-
lular crystalloid cardioplegic solution with low concentration
of calcium and sodium. On the other hand, St. Thomas 2 car-
dioplegia is an extracellular cardioplegic solution, which is
based on potassium and magnesium. Few studies compare
the effect of either Bretschneider (Custodiol®) or St. Thomas
2 with other established cardioplegic solutions, but they have
never been compared directly [10–13].

This retrospective analysis focused on patients with a
minimally invasive mitral valve repair via an anterolateral
right thoracotomy. Patients receiving a single dose of Bretsch-
neider (Custodiol®) were comparedwith patients receiving St.
Thomas 2 cardioplegia regarding the postoperative cardiac
markers such as hs-cTnT, CK, andCK-MB.Our primary end-
point was the hs-cTnT postoperatively, and the secondary
endpoints were the CK, CK-MB, and safety outcomes. The
patients’ characteristics were similar in both groups.

Wemeasured significantly lower cardiac markers postop-
eratively in patients receiving St. Thomas 2 cardioplegia in
mitral valve repair via an anterolateral thoracotomy. Since
the surgeons had the same experience, the duration of the
operation, the cross-clamping time, and the perfusion time
were statistically not significant. The number of perioperative
defibrillation was statistically not significant, but there is a
tendency in the group of St. Thomas 2, which needed fewer
defibrillations (n = 20 (37%) as compared to Bretschneider
(Custodiol®) n = 56 (50%); p = 0:130). There were no statisti-
cally significant differences in the postoperative outcomes.
However, all postoperative cardiac markers were elevated in
the group of Bretschneider (Custodiol®). In particular, the
maximum values of hs-cTnT and CK were significantly
increased compared to the group with St. Thomas 2 cardio-
plegia (hs-cTnT: median 716ng/L vs. 561 ng/L; p = 0:047;
CK: median 1370U/L vs. 1152U/L; p = 0:037).

There are some limitations in our study: First, this is a
single-center observational study. The sample size is rela-
tively small, and there is a mismatch in the number of
patients in these two groups. After IPTW, 113 patients were
treated with Bretschneider (Custodiol®) as cardioplegic
solution versus 55 patients who were given St. Thomas 2
cardioplegic solution for myocardial protection during car-
diac surgery. Second, measurement of the postoperative
biomarkers was not according to a specific time. Time
frame for the first postoperative hs-cTnT, CK, and CK-
MB was within the first 36 hours after the cardiac surgery.
The maximum values of high-sensitive troponin, creatine
kinase, and creatine kinase-myocardial type were defined/-
measured as maximum during hospitalization. Additionally,
in comparison to hs-cTnT and CK-MB, CK has a low speci-
ficity as a biomarker for myocardial damage. Concerning St.
Thomas 2, it seems unusual to use it as a single shot, but we
never had to reperfuse St. Thomas 2 cardioplegia due to car-
diac activity while performing mitral valve repair.

5. Conclusion

It is important to understand that such a complex operation
like mitral valve repair with Bretschneider (Custodiol®) or St.
Thomas 2 cardioplegia should be done without having inter-
ruption or complex changes in the position of the heart.
Single-dose antegrade cold Bretschneider (Custodiol®) and
St. Thomas 2 in elective valve surgery are both effective in
protecting the myocardium. Both cardioplegia strategies
had a similar cross-clamp time. All postoperative cardiac
markers were higher in the group of Bretschneider (Cus-
todiol®) cardioplegia. In addition to that, there was a sta-
tistically significant difference in the maximum values of
hs-cTnT and CK.

In summary, St. Thomas 2 cardioplegic solution was
associated with significant lower levels of postoperative car-
diac biomarkers compared to Bretschneider (Custodiol®)
cardioplegic solution and therefore should be recommended
in patients undergoing minimal invasive mitral valve repair.
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Introduction. Fever is frequently observed after acute ischemic events and is associated with poor outcome and higher mortality.
Targeted temperature management (TTM) is recommended for neuroprotection in comatose cardiac arrest survivors, but
pyrexia after rewarming is proven to be detrimental in clinical trials. However, the cellular mechanisms and kinetics of post-
TTM rebound pyrexia remain to be elucidated. Therefore, we investigated the effects of cooling and post-TTM pyrexia on the
inflammatory response and apoptosis in a cardiomyocyte ischemia-reperfusion (IR) injury model. Methods. HL-1
cardiomyocytes were divided into the following groups to investigate the effect of oxygen-glucose deprivation/reperfusion
(OGD/R), hypothermia (33.5°C), and pyrexia (40°C): normoxia controls maintained at 37°C and warmed to 40°C, OGD/R
groups maintained at 37°C and cooled to 33.5°C for 24 h with rewarming to 37°C, and OGD/R pyrexia groups further warmed
from 37 to 40°C. Caspase-3 and RBM3 were assessed by Western blot and TNF-α, IL-6, IL-1β, SOCS3, iNOS, and RBM3
transcriptions by RT-qPCR. Results. OGD-induced oxidative stress (iNOS) in cardiomyocytes was attenuated post-TTM by
cooling. Cytokine transcriptions were suppressed by OGD, while reperfusion induced significant TNF-α transcription that was
exacerbated by cooling. Significant inductions of TNF-α, IL-6, IL-1β, and SOCS3 were observed in noncooled, but not in cooled
and rewarmed, OGD/R-injured cardiomyocytes. Further warming to pyrexia induced a sterile inflammatory response in
OGD/R-injured groups that was attenuated by previous cooling, but no inflammation was observed in pyrexic normoxia groups.
Moreover, cytoprotective RBM3 expression was induced by cooling but suppressed by pyrexia, correlating with apoptotic
caspase-3 activation. Conclusion. Our findings show that maintaining a period of post-TTM “therapeutic normothermia” is
effective in preventing secondary apoptosis-driven myocardial cell death, thus minimizing the infarct area and further release of
mediators of the innate sterile inflammatory response after acute IR injury.

1. Introduction

Therapeutic hypothermia (TH) is the standard of care for
neuroprotection in selected term newborns with hypoxic-
ischemic encephalopathy (HIE) and is most effective when
applied at 33.5°C for 72 hours [1]. Currently, a targeted tem-
perature management (TTM) of 32-36°C for 24-48 hours is
the recommended guideline for mitigating neurological
injury in comatose adults with out-of-hospital cardiac arrest
[2, 3]. However, the development of fever after rewarming

from TTM, termed rebound pyrexia, has been observed in
41% of surviving patients in a multicenter cohort study [4].
They defined pyrexia as a temperature ≥ 38°C within 24h
following rewarming from postarrest TTM, and pyrexia
temperature > 38:7°C was associated with worse neurological
outcome but not overall lower survival at discharge. Recent
randomized TTM control trials even suggest that the preven-
tion of fever or temperature variability by actively maintain-
ing the patient’s temperature at 36°C may be just as effective
for long-term neurological outcomes as applying mild TH to
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approximately 33°C [5, 6]. Moreover, Rungatscher et al.
observed that postoperative hyperthermia (>37°C) after
rewarming from deep hypothermic circulatory arrest was
associated with increased morbidity and mortality [7]. While
the adverse effects of experimentally induced fever on neuro-
nal damage after global ischemia have been observed [8], the
effects of post-TTM rebound pyrexia on ischemia-reperfu-
sion- (IR-) injured cardiomyocytes remain to be elucidated.

Acute myocardial infarction (AMI) has been shown to
result in increased expression of proinflammatory cytokines,
including tumor necrosis factor- (TNF-) α, interleukin- (IL-)
6, and IL-1β [9], that can lead to cardiac cell death and dys-
function, as well as ventricular remodeling [10]. Moreover,
elevated blood concentrations of IL-6 and TNF-α have been
reported as independent predictors of mortality in this
cohort [11, 12]. Although the majority of proinflammatory
cytokines and chemokines are derived from infiltrating
monocytes/macrophages to the infarct site after AMI, they
are also expressed and secreted by resident cardiac cells
[13]. Cardiomyocytes make up 25% of cells in the normal
heart and play an active role in mediating innate inflam-
matory responses, which can result in acute inflammation
after IR injury [14]. Therefore, controlling cytokine release
from resident cardiomyocytes is a plausible strategy for
preventing further tissue damage following prolonged
ischemia-reperfusion injury.

We previously demonstrated that IR injury simulated by
exposure to oxygen-glucose deprivation (OGD) and subse-
quent reperfusion (OGD/R) resulted in reduced ATP pro-
duction, leading to myocardial cell death [15]. Moreover,
intra-OGD therapeutic hypothermia (IOTH) attenuated
mitochondrial impairment, restored cellular metabolic activ-
ity, attenuated cardiomyocyte cell death, and induced RNA
binding motif protein 3 (RBM3) expression, a cold shock
protein with cytoprotective properties that is expressed in
response to hypothermia and various other mild stresses
[15, 16]. However, the effect of hypothermia and subsequent
rewarming to normothermia or pyrexia on the sterile
inflammatory response in an OGD/R cardiomyocyte injury
model remains to be elucidated. Therefore, we investigated
the efficacy of moderate therapeutic hypothermia (33.5°C) to
attenuate the ischemia/reperfusion injury-mediated sterile
inflammatory response and the adverse effects of rebound
pyrexia in a murine cardiomyocyte model. Additionally, we
also investigated the effect of rebound pyrexia on RBM3
expression and further myocardial cell death after an acute
ischemia-reperfusion injury.

2. Materials and Methods

2.1. HL-1 Cell Culture. HL-1 cardiomyocytes are derived
from the murine atrial AT-1 tumor cell lineage and were
obtained fromWilliam C. Claycomb, Ph.D. (LSU Health Sci-
ences Center, New Orleans, LA, USA). They are reported to
show spontaneous contractions and a phenotype comparable
to adult cardiomyocytes [17] and were cultured following the
methods of Krech et al. [16]. Briefly, culture flasks and Petri
dishes were precoated with 0.2 μg/cm2

fibronectin in 0.02%
gelatine for 1 h at 37°C. Cardiomyocytes were cultured at

21% O2 and 5% CO2 in Claycomb Medium (Sigma-Aldrich),
supplemented with 10% FBS (Sigma-Aldrich), 50 μg/ml Pri-
mocin (InvivoGen), 2mM L-glutamine (Merck Millipore),
and 0.1mM norepinephrine (Sigma-Aldrich). Cells were
passaged upon reaching 90% confluency at 1 : 2 to 1 : 5 using
trypsin/EDTA (0.05/0.02%, respectively; Biochrom). HL-1
cardiomyocytes were divided into the following groups to
investigate the effect of OGD/R, hypothermia (33.5°C), and
pyrexia (40°C): normoxia control groups maintained at
37°C and warmed to 40°C, OGD/R groups maintained at
37°C and cooled to 33.5°C for 24 hours with subsequent
rewarming to 37°C, and OGD/R pyrexia groups further
warmed from 37 to 40°C.

2.2. Oxygen-Glucose Deprivation/Reperfusion (OGD/R).
Ischemia-reperfusion injury was simulated in vitro by expo-
sure to OGD/R, as previously established in our laboratory
[16]. Briefly, HL-1 cardiomyocytes were deprived of oxy-
gen and glucose for 6 hours in glucose/serum-free DMEM
(Biochrom) at 0.2% O2 and 5% CO2 in a CO2 incubator
(Binder) [15]. Control groups were kept at normoxia (21%
O2) in DMEM containing glucose (Biochrom) and 10%
FBS (Biochrom). After 6h of OGD, reperfusion was simulated
by restoration of nutrients in complete Claycomb Medium
(Sigma-Aldrich) and 21% O2 in all the groups. All experi-
mental media were supplemented with 50 μg/ml Primocin
(InvivoGen) and 2mM L-glutamine (Merck Millipore).

2.3. Targeted Temperature Management (TTM). We pre-
viously established a time-temperature protocol for intrais-
chemic cooling (33.5°C) for the HL-1 cardiomyocytes,
based on the guidelines from the European Resuscitation
Council for cardiac arrest survivors (see Figure 1) [15, 18].
Briefly, normothermic OGD/R-injured groups were main-
tained at 37°C for the duration of the experiment, while
TTM groups were cooled to 33.5°C after 3-hour exposure to
OGD and maintained during simulated reperfusion for 24
hours. All experimental cooled groups were then rewarmed
to and maintained at 37°C. Cooled pyrexia groups were
maintained at 37°C for only 2 hours, then along with nor-
mothermic pyrexia groups further warmed to 40°C at 29 h
after experimental start and maintained for an additional
24 hours. Samples were analyzed directly after OGD (6h),
2 hours into the early reperfusion phase (8 h), the end of
the cooling phase (27 h), 2 hours after rewarming to normo-
thermia (29 h), and 2, 12, and 24 hours after initiation of
pyrexia (31, 41, and 53h after experimental start, respec-
tively) in order to thoroughly investigate the effects of
OGD/R, TTM, and pyrexia on the cardiomyocytes.

2.4. Protein Extraction and Western Blot Analysis. Caspase-3
activation and RBM3 expression were assessed by Western
blot following the methods of Krech et al. [16]. Briefly, HL-
1 cardiomyocytes were seeded onto 22 cm2 cell culture dishes
at a density of 5 × 105 cells per dish 48 h before conducting
the experiments as described above. Attached cells were
mechanically scratched off the plate surface and lysed using
a modified RIPA buffer (50mM Tris-HCl, pH7.5), 150mM
sodium chloride, 1% Triton X-100, 0.1% sodium dodecyl
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sulfate, 0.5% Na-deoxycholate, 2mM ethylenediaminetetra-
acetic acid, 1mM phenylmethylsulfonyl fluoride, sodium
fluoride, and protease inhibitor cocktail 3 (all from Sigma-
Aldrich) and quantified using a BCA-Protein Assay Kit
(Pierce Biotechnology). Protein extracts (30 μg) were electro-
phoresed on 15% SDS polyacrylamide gels and transferred to
PVDFmembranes. Membranes were blocked with 5% nonfat
dried milk powder in Tris-buffered saline+0.1% Tween-20
and incubated with anti-caspase-3 (1 : 500) and anti-RBM3
(1 : 1000) or blocked with 5% BSA for incubation with
anti-β-actin (1 : 15,000) at 4°C overnight. All primary anti-
bodies were rabbit polyclonals purchased from Cell Signal-
ing Technology. An HRP-conjugated donkey anti-rabbit
secondary antibody (Dianova) was incubated for 1 h and
detected with SuperSignal™ West Dura Chemiluminescent
Substrate (Pierce Biotechnology). Densitometry quantifica-
tion of the Western blots was performed using Image Lab
(Bio-Rad Laboratories) and normalized to β-actin for equal
protein loading.

2.5. RNA Isolation and RT-qPCR. Sterile inflammatory
response was assessed by real-time quantitative PCR (RT-
qPCR). Total RNA from HL-1 cardiomyocytes was isolated
using the GeneMatrix Universal RNA Purification Kit
(Roboklon) according to the manufacturer’s instructions.
RNA concentration and purity were determined by spectro-
photometric measurements at 260 and 280 nm using Nano-
Drop 2000 (NanoDrop) and agarose gel electrophoresis.
cDNA was transcribed from 1.5 μg total RNA using a
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) using a PTC200 Thermal Cycler (MJ Research).

Expression of target genes and the endogenous control
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
assessed by real-time qPCR using the TaqMan® Gene
Expression Assays (see Table 1) and StepOnePlus™ Real-
Time PCR System (Applied Biosystems) according to the
manufacturer’s recommendations. Reactions with no reverse
transcripts and templates were included as negative controls.
Relative quantification of gene expression was normalized to
the housekeeping gene GAPDH, using the 2-ΔΔct method,
and illustrated as fold change [15].

2.6. Statistical Analysis. Data were analyzed and graphed
using GraphPad Prism 5 (GraphPad Software). Results
were expressed as means ± standard deviations. Experiments
were independently repeated at least three times. One-way
ANOVA followed by Tukey’s posttest was used for multiple
group comparison, and p < 0:05 was considered statistically
significant.

0 h 3 h 6 h 8 h 27 h 29 h 31 h 41 h 53 h
2 h pyrexia 12 h pyrexia 24 h pyrexia

Time

40 °C

37 °C

33.5 °C

Temperature

Cooling Rewarming

Hypothermia Normothermia

OGD Reperfusion

Pyrexia

Figure 1: Experimental time-temperature protocol. Normothermic OGD/R-injured groups were maintained at 37°C for the duration of the
experiment, while TTM groups were cooled to 33.5°C after 3-hour exposure to OGD and maintained during simulated reperfusion for 24
hours. All experimental cooled groups were then rewarmed to and maintained at 37°C. Cooled pyrexia groups were maintained at 37°C
for only 2 hours and then along with normothermic pyrexia groups further warmed to 40°C at 29 h after experimental start and
maintained for an additional 24 hours. Samples were analyzed directly after OGD (6 h), 2 hours into the early reperfusion phase (8 h), the
end of the cooling phase (27 h), 2 hours after rewarming to normothermia (29 h), and then 2, 12, and 24 hours after initiation of pyrexia
(31, 41, and 53 h after experimental start, respectively).

Table 1: TaqMan® Gene Expression Assays.

Gene Assay ID

GAPDH 99999915_g1

IL-1β 00434228_m1

IL-6 00446190_m1

iNOS 00440502_m1

RBM3 01609819_g1

SOCS3 00545913_s1

TNF-α 00443260_g1
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3. Results

3.1. OGD/R Induces Oxidative Stress in HL-1 Cardiomyocytes.
We investigated the effect of exposure to OGD/R, hypother-
mia, and pyrexia on the inducible NO synthase (iNOS)
expression in the HL-1 cardiomyocytes (see Figure 2) and
observed a significant increase in iNOS expression relative
to normoxia control after exposure to OGD that was not
attenuated by the brief period of hypothermia (6 h), but no
significant increases were observed in the reperfusion phase
(8–27 h). Even after posthypothermia rewarming to 37°C,
iNOS transcription stayed significantly attenuated by cooling
compared to noncooled OGD/R groups (29–41 h). Further
warming to pyrexia also resulted in a significant increase in
iNOS expression (31-53 h) that was attenuated by cooling
in the early pyrexia phase (31-41 h), but not after 24 hours
(53 h). Interestingly, exposure to pyrexia alone did not induce
increased iNOS transcription in the undamaged control car-
diomyocytes that were warmed to pyrexia.

3.2. OGD/R-Induced Sterile Inflammatory Response Is
Exacerbated by Pyrexia. We investigated the effect of hypo-
thermia and subsequent warming to pyrexia on OGD/R-
induced TNF-α (see Figure 3(a)), IL-6 (see Figure 3(b)),
and IL-1β (see Figure 3(c)) expression, as well as the negative
regulator of cytokine signaling, SOCS-3 (see Figure 3(d)), in
the HL-1 cardiomyocytes. A significant decrease in TNF-α
transcription relative to normoxia control was observed after
exposure to OGD (6h) that was followed by a significant
spike in the early reperfusion phase, which was augmented
by cooling (8 h). TNF-α transcription eventually diminished
to normoxia control levels in the cooled groups (27–53 h),
but stayed significantly higher in the noncooled groups
at the later reperfusion time points (31-41 h). Warming
OGD/R-injured cardiomyocytes to pyrexia also resulted in
significantly higher TNF-α transcription relative to normoxia

controls at 37°C as well as normoxia groups warmed to
pyrexia (31–53 h), but not to the OGD/R-injured groups that
were either maintained at or rewarmed to 37°C (31-41 h).
Additionally, no significant attenuations by cooling were
observed in the OGD/R-injured groups after 24-hour expo-
sure to pyrexia (53 h).

Similar to TNF-α, IL-6 transcription was also signifi-
cantly suppressed relative to normoxia control by exposure
to OGD (6h). Unlike TNF-α, IL-6 transcription did not peak
in the reperfusion phase (8-29 h). A brief increase in IL-6
transcription was observed in the noncooled OGD/R group,
but not in the cooled OGD/R group in the late reperfusion
phase (31 h). Further warming to pyrexia resulted in the
greatest increases in IL-6 transcriptions in both cooled and
noncooled OGD/R groups relative to both normoxia control
and OGD/R groups maintained at or rewarmed to 37°C
(41 and 53 h). Even though previous cooling attenuated this
increase in IL-6 after 12-hour exposure to pyrexia (41 h) in
the cooled OGD/R group compared to the noncooled
OGD/R group, this protective effect was no longer observed
after 24-hour exposure to pyrexia (53 h). Pyrexia alone how-
ever did not induce IL-6 expression in the undamaged nor-
moxia control cardiomyocytes.

The expression of IL-1β was observed to be compara-
ble to IL-6 expressions in all experimental groups during
the OGD/R phase and was not significantly induced by
hypothermia. However, a significantly lower IL-1β transcrip-
tion was observed in the cooled OGD/R group rewarmed
to 37°C relative to the noncooled OGD/R-injured group
(31 h). Moreover, warming to pyrexia resulted in a significant
increase in IL-1β transcription in the noncooled OGD/R-
injured group (53 h).

Suppressor of cytokine signaling 3 (SOCS-3) gene expres-
sion was significantly decreased by OGD (6h) relative to
normoxia control, recovered to normoxia level in the reper-
fusion phase, and was significantly induced in the noncooled
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Figure 2: Hypothermia attenuated OGD/R- and pyrexia-induced iNOS expression in the HL-1 cardiomyocytes in the late reperfusion and
pyrexia phase (31–53 h). Data from 3 to 5 independent experiments is presented as mean ± SD. ∗p ≤ 0:05 and #p ≤ 0:05 as compared to
normoxia control at 37°C (normalized to 1).

4 Mediators of Inflammation



OGD/R-injured group but not in the cooled groups (29 and
31 h). Rewarming to pyrexia, however, induced significant
increases in SOCS-3 transcription in the OGD/R-injured
cardiomyocytes compared to both normoxia control and
corresponding OGD/R-injured groups maintained at or
rewarmed to 37°C (41 and 53 h), which was briefly attenuated
by previous cooling after 12-hour exposure to pyrexia (41 h).
Interestingly, no significant increased SOCS-3 expression
was observed in the undamaged normoxia control cardio-
myocytes warmed to 40°C.

3.3. Cold Shock RBM3 Is Induced by Hypothermia and
Suppressed by Pyrexia. Exposure to moderate hypothermia
for 24 hours significantly induced both RBM3 mRNA and

protein expressions in the HL-1 cardiomyocytes (27 h) (see
Figure 4). Induced RBM3 expression was observable up to
14 hours after rewarming to normothermia (37°C at 29, 31,
and 41h), 2 hours after further warming to pyrexia (31 h),
and gradually returned to baseline levels after 24 hours. How-
ever, prolonged exposure to pyrexia for 24 hours resulted in a
significant suppression of RBM3 expression in all groups at
the mRNA and protein levels (53 h).

3.4. Pyrexia Induces Apoptosis in OGD/R-Injured
Cardiomyocytes. Further warming to fever induced a second-
ary cell death mechanism in the cardiomyocytes exposed to
OGD/R. We observed significant increases in caspase-3 acti-
vation, a hallmark of the apoptosis programmed cell death
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Figure 3: (a) TNF-α expression was suppressed by OGD (6 h). OGD/R-induced damage leads to a significant increase in TNF-α expression
relative to normoxia control in the early reperfusion phase (8 h), which was significantly higher in the cooled than in the noncooled group.
During late reperfusion (31 and 41 h), however, the noncooled OGD/R-injured group stayed significantly elevated, whereas the cooled group
showed no such effect. Further warming to pyrexia induced TNF-α expression in OGD/R-injured groups irrespective of previous temperature
management. (b) IL-6 expression was suppressed by OGD (6 h), and hypothermia temporarily attenuated pyrexia-induced IL-6 expression in
OGD/R-injured cardiomyocytes (41 h). (c) Pyrexia increased IL-1β expression in noncooled OGD/R-injured cardiomyocytes that was not
attenuated by hypothermia (53 h). (d) SOCS-3 expression was significantly inhibited by OGD (6 h) and increased during late reperfusion
(31 h) in the noncooled OGD/R-injured groups. Warming to pyrexia significantly induced SOCS-3 expression in both cooled and
noncooled OGD/R-injured cardiomyocytes and was briefly attenuated by hypothermia (41 h). Data from 3 to 5 independent experiments
is presented as mean ± SD. ∗p ≤ 0:05 and #p ≤ 0:05 as compared to normoxia control at 37°C (normalized to 1).
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mechanism, in OGD/R-injured cardiomyocytes after warm-
ing to pyrexia at 41 h and 53 h (see Figure 5). Previous treat-
ment with cooling could temporarily attenuate caspase-3
cleavage at 41 h but could not maintain protection for a pro-
longed exposure to pyrexia (53 h). Pyrexia in noninjured car-
diomyocytes also led to apoptosis (31 and 53h), but to a
significantly lesser extent than in the OGD/R-injured cells
(41 and 53 h). Rewarming of the OGD/R-injured cardiomyo-
cytes to normothermia however did not result in increased
activation of caspase-3.

4. Discussion

Ischemia-reperfusion injury causes myocardial cell death by
inducing intracellular calcium overload, oxidative stress,
and inflammation, which can be exacerbated by pyrexia. IR
induces necrotic cell death during the ischemic phase followed

by ATP-dependent apoptotic signaling cascades during the
reperfusion phase, leading to an apoptosis-induced secondary
cell death that can account for up to 50% of the infarct area
[16]. Correspondingly, we previously observed that exposure
to OGD induces mitochondrial dysfunction and cell death in
the HL-1 cardiomyocytes that could be attenuated by hypo-
thermia [15, 16]. OGD/R as well as changes in temperature
can cause increased production of reactive oxygen species
or free radicals, resulting in oxidative stress and terminal
apoptosis and/or cell death [19]. In correlation with previous
findings, we observed an increase in OGD/R-induced iNOS
transcription that was also attenuated by cooling in the HL-1
cardiomyocytes, presumably due to the inhibition of nuclear
factor kappa B (NF-κB) translocation to the nucleus [20].

While necrosis is generally observed after an acute
ischemic incident, apoptosis is the primary myocardial cell
death mechanism following reperfusion. We did not observe
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Figure 4: Hypothermia induces while pyrexia inhibits RBM3 (a) mRNA transcriptions and (b) intracellular protein levels in HL-1
cardiomyocytes. Data from 3 to 5 independent experiments is presented as mean ± SD. ∗p ≤ 0:05 and #p ≤ 0:05 as compared to normoxia
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the induction of apoptosis in the reperfusion phase, but warm-
ing to pyrexia after OGD/R with or without hypothermia
resulted in the induction of apoptosis, as evidenced by signif-
icant increases in the cleavage of caspase-3 (53h). Unlike
necrosis, apoptosis can have beneficial effects and be reversed
by the activation of prosurvival pathways, including the Janus
kinase- (JAK-) STAT signaling pathway in which cardiac-
specific SOCS-3 plays a key role in promoting myocardial
IR-induced injury [21]. Nagata et al. observed that induced
cardiac-specific SOCS-3 expression correlated with decreased
activation of prosurvival STAT3, AKT, and ERK1/2, as well
as decreased expression of myeloid cell leukemia-1 (Mcl-1),
a member of the antiapoptotic Bcl-2 family. Moreover, they
also observed significantly reduced cleavage of caspase-3
and smaller infarct sizes in cardiac-specific SOCS-3-KOmice
at 6 hours and 24 hours after reperfusion, respectively [22].
This is in correlation with our findings that pyrexia induces
SOCS-3 expression, resulting in increased cleavage of cas-
pase-3, which could be temporarily attenuated by hypother-
mia. We previously observed that hypothermia significantly
increased the Bcl-2/Bax ratio to protect OGD/R-injured
HL-1 cardiomyocytes from apoptosis [16] but did not
observe any significant increases upon warming to pyrexia
(data not shown). However, the expression of Mcl-1 warrants
further investigation as a key STAT3 activator gene of apo-
ptosis after myocardial IR-induced injury.

Moreover, our observation of suppressed RBM3 expres-
sion by pyrexia in the HL-1 cardiomyocytes corresponds
with previous findings that showed that blood RBM3 mRNA
levels were also decreased in febrile children [23]. RBM3 has
been shown in vitro to have antiapoptotic effects in a variety
of cellular stress situations, including OGD/R, staurosporine,
H2O2, and nitric oxide (NO) treatment, by attenuating

caspase-3 activation and PARP cleavage, as well as inducing
Bcl-2 expression [24–26]. Our observation of increased
caspase-3 activation in conjunction with suppressed RBM3
expression by pyrexia in OGD/R-injured cardiomyocytes
further supports the cytoprotective properties of RBM3 and
warrants further investigation as a promising therapeutic
strategy against IR injury.

The heart is normally not a key source of inflammatory
cytokines and therefore is not considered an immunologi-
cally active organ [27]. However, a variety of stresses, includ-
ing infection by pathogens, mechanical stretch, oxidative
stress, and ischemia, can induce innate immune responses
that can lead to acute inflammation, and the extent of the
inflammatory response after an acute ischemic incident is a
key factor that dictates the severity of damage to cardiac tissue.
Moreover, IR injury induces the release of host damage-
associated molecular patterns (DAMPs) into the extracellular
matrix where they bind to various pattern recognition recep-
tors (PRRs) on the surface of neighboring structural cardiac
cells, such as cardiomyocytes, endothelial cells, and fibroblasts,
or recruited immune cells to also activate endogenous
inflammatory signaling cascades (see Figure 6). This activates
various signaling transcription factors, in particular NF-κB,
to induce the expression of proinflammatory cytokines,
including IL-1β, IL-18, IL-6, and TNF-α [28].

In correlation with previous reported findings [27], we
did not observe significant changes in IL-1β transcription
after exposure to OGD/R and hypothermia followed by
rewarming to normothermia. However, we did observe sig-
nificant increases in IL-1β transcription after prolonged
exposure to pyrexia (53 h), which could be attenuated by pre-
ceding hypothermia. Interestingly, this pyrexia-induced
expression of IL-1β correlates with the significant induction
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of IL-6 transcription observed at the same time point after
warming to pyrexia. Our findings further support previous
reports of increased IL-6 expression in cardiomyocytes in
response to increased IL-1β [28], which acts to recruit leuko-
cytes and propagates inflammation in the heart [29]. We
also observed a tendency towards increased MCP-1/CCL2
transcription after warming to pyrexia, though not to signif-
icance, that also plays a role in regulating leukocyte traffick-
ing (data not shown).

IL-6 has been shown to have cardioprotective effects [29],
but chronic or excessive expression of IL-6 can be fatal and
has been shown to cause heart failure in a rodent model
[30]. Additionally, IL-6 along with IL-1β and TNF-α has
been known to act as endogenous pyrogens, thus contribut-
ing to the induction of fever [31]. We observed that cooling
effectively maintained IL-6 transcription at normoxia control
levels at all investigated time points and throughout rewarm-
ing to 37°C. Therefore, attenuating IL-6 expression in cardi-
omyocytes may be an essential strategy to minimize the
systemic inflammatory response often referred to as rebound
pyrexia in hypothermia-treated cardiac arrest patients.

SOCS-3 is a member of the STAT-induced STAT
inhibitor (SSI) family that functions as a negative regulator
of cytokine signaling to control immune homeostasis in both
physiological and pathological conditions. It therefore plays

an important role in restraining inflammation, yet allowing
optimal immune response against infections. However, sim-
ilar to the findings of Nagata et al., we also observed signifi-
cant increases in TNF-α, IL-6, and IL-1β transcriptions
relative to normoxia control that correlated with significant
increases in SOCS-3 in the OGD/R groups upon warming
to pyrexia [20], whereas previously cooled OGD/R groups
rewarmed to normothermia did not show this inflammatory
response and even resulted in attenuated IL-1β expression.

Limitations of our study lie in the use of a cardiomyocyte
monoculture model, as our focus was to investigate the
specific contribution of resident cardiomyocytes to the
inflammatory response. Of course the interaction between
leukocytes, cardiac fibroblasts, and resident cardiomyocytes
plays an important role in the inflammatory response after
IR-induced cardiac injury and warrants further investigation.
Moreover, the release of cardiac-specific DAMPs from
necrotic myocardial cells was not addressed in this study
but is currently under investigation in a primary murine car-
diomyocyte model in our lab.

5. Conclusion

Targeted temperature management is an effective therapeutic
strategy for ischemia/reperfusion injury, but preventing post-
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Figure 6: Synopsis of the sterile inflammatory response and myocardial apoptotic cell death induced by ischemia-reperfusion injury,
hypothermia, and post-TTM rebound pyrexia in the HL-1 cardiomyocytes.
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TTM rebound pyrexia is crucial to minimizing the sterile
inflammatory response and subsequent cardiomyocyte apo-
ptosis after an acute ischemia-reperfusion injury. Optimiza-
tion of the TTM protocol for postcardiac arrest care is
currently a topic of great research interest. Although most
efforts are focused on the application of TTM, including
optimal cooling temperature, rates of cooling and subse-
quent rewarming, practical methods of cooling that allow
for adequate and consistent temperature control, and eligi-
ble patient cohort, preventing the onset of post-TTM
rebound pyrexia warrants further investigation. Our find-
ings show that maintaining a period of post-TTM normo-
thermia, referred to as “therapeutic normothermia” by
Leary et al., is effective in preventing secondary apoptosis-
driven myocardial cell death, thus minimizing the infarct
area and further release of various mediators of the innate
sterile inflammatory response after an acute ischemia/re-
perfusion injury.
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Background. The relevance of neutrophil extracellular traps (NETs) in acute ST-elevation myocardial infarction (STEMI) is unclear.
We explored the temporal profile of circulating NET markers and their associations to myocardial injury and function and to
adverse clinical events in STEMI patients. Methods and Results. In 259 patients, blood samples were drawn before and after PCI,
on day 1, and after 4 months. Double-stranded deoxyribonucleic acid (dsDNA) and myeloperoxidase-DNA (MPO-DNA) were
measured in serum by a nucleic acid stain and ELISA. Cardiac magnetic resonance imaging assessed microvascular obstruction
(MVO), area at risk, infarct size, myocardial salvage index, left ventricular ejection fraction (LVEF), and change in indexed left
ventricular end-diastolic volume (LVEDVi). Clinical events were registered after 12 months. dsDNA and MPO-DNA levels
were highest before PCI, with reduced levels thereafter (all p ≤ 0:02). Patients with high vs. low day 1 dsDNA levels
(>median; 366 ng/ml) more frequently had MVO, larger area at risk, larger infarct size acutely and after 4 months, and
lower myocardial salvage index (all p < 0:03). Moreover, they had lower LVEF acutely and after 4 months, and larger
change in LVEDVi (all p ≤ 0:014). High day 1 dsDNA levels also associated with risk of having a large infarct size (>75th
percentile) and low LVEF (≤49%) after 4 months when adjusted for gender, time from symptoms to PCI, and infarct
localization (OR 2.3 and 3.0, both p < 0:021), and patients with high day 1 dsDNA levels were more likely to experience
an adverse clinical event, also when adjusting for peak troponin T (hazard ratio 5.1, p = 0:012). No such observations were
encountered for MPO-DNA. Conclusions. High day 1 dsDNA levels after STEMI were associated with myocardial infarct
size, adverse left ventricular remodeling, and clinical outcome. Although the origin of dsDNA could be discussed, these
observations indicate a potential role for dsDNA in acute myocardial ischemia. This trial is registered with S-08421d,
2008/10614 (Regional Committee for Medical Research Ethics in South-East Norway (2008)).

1. Introduction

Despite today’s state-of-the-art management of acute ST-
elevation myocardial infarction (STEMI), including rapid
revascularization with percutaneous coronary intervention
(PCI) and modern antithrombotic treatment, one-year
mortality still remains approximately 10% [1]. While the

inflammatory aspect of atherosclerosis and coronary artery
disease (CAD) development is well established [2], data also
indicate that the inflammatory response to acute myocar-
dial ischemia affects infarct size and how the left ventricle
is remodeled [3, 4]. The delicate interplay and transition
from the early post-STEMI proinflammatory phase where
myocardial ischemia and cell death lead to the production
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of reactive oxygen species (ROS), the recruitment of
immune cells, and a general proinflammatory “cytokine
burst” to the subsequent reparative phase aimed at myocar-
dial healing and scar formation, are complex and poorly
understood [3, 4].

As first-line defenders against injury, circulating
neutrophils infiltrate ischemic myocardium within hours of
injury [3]. Neutrophils are key effectors in the early postin-
farction proinflammatory phase by phagocytosing cellular
debris, generating ROS, degrading extracellular matrix
through neutrophil granule proteins, and chemotaxis involv-
ing monocytes [3–5]. Epidemiological data reporting that
increased neutrophil count after PCI in STEMI patients asso-
ciates with larger infarct size and deteriorated left ventricular
function underpin the clinical importance of neutrophil
actions in the early postinfarction phase [6].

Recently, it has been shown that neutrophils are able to
release web-like structures comprising nuclear chromatin in
the form of double-stranded deoxyribonucleic acid (dsDNA)
and histones studded with neutrophil proteins into the extra-
cellular space in a process termed NETosis [7]. Neutrophil
extracellular traps (NETs) have gained attention in STEMI
as they have been identified in coronary thrombi [8–10]
and have prothrombotic properties including activation of
platelets and the coagulation cascade [11, 12]. A certain asso-
ciation towards infarct size has been reported for circulating
dsDNA in STEMI patients [13, 14], whereas NET burden
within coronary thrombi has been shown to impact infarct
size and ST-segment resolution, the latter representing an
indirect measure of coronary no-reflow and ischemia reper-
fusion (IR) injury [8]. To what extent circulating NET
markers in the acute phase of STEMI affect direct IR injury
indices, as well as the post-MI left ventricular remodeling
process and clinical outcome is unclear. Any contribution
of NET components to myocardial injury and function or
clinical outcome may pave the way for novel treatment strat-
egies aimed at NET destruction or inhibition.

The aims of this study were, in a cohort of STEMI
patients, to explore the temporal profile of the circulating
NET markers dsDNA and myeloperoxidase-DNA (MPO-
DNA) during the acute event and in a stable condition after
4 months. Whether the NET markers were associated with
indices of myocardial injury, left ventricular function, and
remodeling assessed by cardiac magnetic resonance (CMR),
or with adverse clinical outcome, were further investigated.
As the specificity of circulating dsDNA as a NET marker
beyond a marker of cellular death can be questioned, gene
expression of peptidylarginine deiminase 4 (PAD4), an
assumed essential enzyme for NETosis, was also measured
in circulating leukocytes in a subset of the cohort.

2. Material and Methods

This study was a substudy of the POSTEMI (Postcondition-
ing in ST-elevation Myocardial Infarction) trial, a prospec-
tive, randomized, single-center nonblinded clinical trial
aimed at investigating whether ischemic postconditioning
has cardioprotective effects [15]. As previously reported, no
cardioprotective effects on infarct size or other prespecified

study outcomes were observed [16]. The POSTEMI trial
was approved by the Regional Committee for Medical
Research Ethics in South-East Norway in 2008 (registration
number S-08421d, 2008/10614), and all included patients
gave written informed consent. The study conformed to the
principles outlined in the Declaration of Helsinki. The sup-
porting CONSORT (CONsolidated Standards Of Reporting
Trials) checklist is provided in the Supplementary Materials.
In brief, 272 patients with first-time STEMI admitted to Oslo
University Hospital Ullevål within 6 hours of symptom onset
were included between January 2009 and August 2012.
Patients were randomized in a 1 : 1 fashion to ischemic post-
conditioning or standard care after angiographic verification
of an acute coronary occlusion (Thrombolysis In Myocardial
Infarction (TIMI) 0-1 flow) and successful revascularization
(TIMI 2-3 flow) of the infarct-related artery (IRA). Patients
with previous myocardial infarction (MI), renal failure,
contraindications to CMR, clinical instability, or who were
unable to give informed consent, were excluded.

2.1. Laboratory Analyses. Blood samples were drawn before
and immediately after PCI, at day 1, and after 4 months.
The median time from symptom onset to blood sampling
before PCI was 2.8 hours, while the day 1 blood samples were
drawn at a median of 18.3 hours after PCI. Serum was
separated within 1 hour by centrifugation at 2500 g for
10min and kept frozen at -80°C until analyzed for dsDNA
and myeloperoxidase-deoxyribonucleic acid (MPO-DNA)
in batches.

Levels of dsDNA were quantified by the fluorescent
nucleic acid stain Quant-iT PicoGreen® (Invitrogen Ltd.,
Paisley, UK) and fluorometry (Fluoroskan Ascent® fluorom-
eter, Thermo Fisher Scientific Oy, Vantaa, Finland). Levels of
MPO-DNA were quantified by an in-house enzyme-linked
immunosorbent assay (ELISA) technique [17] where plates
were coated and incubated overnight with the capture anti-
body anti-MPO (AbD Serotec, Hercules, CA, USA) and, after
blocking with bovine serum albumin (BSA), patient serum
and a peroxidase-labeled anti-DNA antibody (Cell Death
Detection Kit, Roche Diagnostics GmbH, Mannheim,
Germany) were added. After 2 hours of incubation, a
peroxidase substrate was added and absorbance was mea-
sured after 40 minutes as optical density (OD) units. The
interassay CVs for dsDNA and MPO-DNA were 6.1% and
10.3%, respectively.

For gene expression of PAD4, PAXgene Blood RNA
tubes collected immediately after PCI and on day 1 were used
for RNA extraction from circulating leukocytes in a subset of
100 consecutively included patients. Total RNA was reversely
transcribed into complementary DNA (cDNA) by the use
of qScript cDNA SuperMix (Quanta BioSciences, Inc.,
Gaithersburg, USA), and expression of PAD4 mRNA was
assessed by real-time polymerase chain reaction (RT-PCR)
on the ViiA 7 Real-Time PCR System (Applied Biosystems,
by Life Technologies, Foster City CA, USA) using Taq-
Man Universal PCR Master Mix, No AmpErase UNG,
and the PAD4 TaqMan assay (Hs01057483_m1). PAD4
mRNA levels were measured as relative quantification
(RQ) (2-ΔΔCt method) [18] with beta-2-microglobulin
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(β2M) as housekeeping gene (Assay ID Hs99999907_m1)
(all Applied Biosystems).

Serial measurements of serum troponin T were
performed by electrochemiluminescence technology (Elecsys
2010, Roche Diagnostics GmbH, Mannheim, Germany), and
levels of N-terminal pro-B-type natriuretic peptide (NT-
proBNP) were determined by an Elecsys proBNP sandwich
immunoassay on an Elecsys 2010. C-reactive protein (CRP)
was measured by conventional routine laboratory methods.

2.2. CMR Analyses. Details regarding the CMR protocol in
the POSTEMI trial have been published previously [19]. In
brief, CMR was performed at a median of 2 days after
admission and repeated after 4 months. All images were
taken with a 1.5 T scanner (Philips Intera, release 11 or
Philips Achieva, release 3.2, Philips Medical Systems, Best,
The Netherlands). T2-weighted images in the short-axis
plane were used for the determination of the “area at risk,”
defined as myocardium with a signal intensity of >2
standard deviations above the signal intensity in remote,
noninfarcted myocardium. Images with late gadolinium
enhancement obtained 15 minutes after contrast injection
(gadolinium-DTPA 469mg/ml, 0.15mmol/kg; Magnevist,
Schering AG, Germany) in short-axis and 2- and 4-
chamber long-axis views were used to calculate infarct
size. Microvascular obstruction (MVO), defined as a dark
area within the hyperintense area of infarcted myocar-
dium, was determined in late enhancement images in the
acute phase as present or not. Myocardial salvage index
(%) was calculated as ½ðarea at risk in the acute phase − infarct
size after 4monthsÞ/area at risk in the acute phaseÞ� × 100. LV
short-axis images were obtained for volume analyses including
left ventricular ejection fraction (LVEF), indexed LV end-
systolic volume (LVESVi), and indexed left ventricular end-
diastolic volume (LVEDVi).

2.3. Adverse Clinical Events and Follow-Up. Adverse clinical
events, defined as a composite endpoint of death, MI,
unscheduled revascularisation ≥ 3months after the index
infarction, stroke, or rehospitalization for heart failure, were
registered after 4 months and one year.

2.4. Statistics. Due to a skewed distribution of the NET
markers, nonparametric statistics were used throughout.
Correlation analyses were performed by Spearman’s rho.
For comparisons of NET marker levels at different time
points, Friedman’s test followed by Wilcoxon’s signed rank
test were used. For group comparisons of two or more
continuous variables, the Mann-Whitney U test and the
Kruskal-Wallis test were performed. Proportional data were
compared using chi-square tests, including the Mantel-
Haenszel test for linear-by-linear association. Logistic regres-
sion analyses were performed for dsDNA levels > median on
day 1 with large infarct size (defined as infarct size > 75th
percentile) and low LVEF (<49%) as dependent variables.
Covariates were entered into the multivariable models based
on either clinical relevance, or an association with dsDNA
levels on day 1 or the dependent variable with a p value of
<0.10. Cox’s regression was used for the assessment of

dsDNA levels > median on day 1 and risk of adverse clinical
endpoints. Due to a modest number of endpoints and thus
restriction in how many variables could be included into
the model, the TIMI risk score, a composite risk score for
the estimation of 1-year mortality in STEMI patients [20],
was used. No correction for multiple comparisons was per-
formed, as this was an exploratory, hypothesis-generating
study. All statistical analyses were performed by IBM SPSS
software version 25 (SPSS Inc., Chicago, Illinois).

3. Results

3.1. Baseline Characteristics. Baseline characteristics stratified
according to below/above median dsDNA levels (median
366 ng/ml) on day 1 are shown in Table 1. Patients with high
dsDNA levels on day 1 were significantly more often male
and had more often anterior MIs, higher peak troponin T,
and peak CRP, as well as higher creatinine levels at admis-
sion, than patients with low dsDNA levels on day 1
(Table 1). No significant differences in baseline characteris-
tics were encountered for patients with MPO-DNA levels
below/above median on day 1 (data not shown).

3.2. Temporal Profiles of NET Markers. Levels of dsDNA and
MPO-DNA throughout the study period are shown in
Figure 1. Both markers were highest before PCI. While
dsDNA levels were significantly reduced at all subsequent
time points (all p < 0:01), MPO-DNA levels were signifi-
cantly reduced after PCI and at 4 months (Figure 1). The
ischemic postconditioning procedure did not affect the
NET marker levels at any time point (data not shown). The
results are therefore presented for the total cohort.

The two NET markers intercorrelated moderately but
significantly at all time points (r = 0:22‐0:40, p < 0:001).

PAD4 mRNA levels were significantly higher after PCI
compared to on day 1 (2.33 (1.54, 3.81) vs. 0.95 (0.60, 1.38),
p < 0:001), but they did not correlate significantly to dsDNA
or MPO-DNA levels neither after PCI nor on day 1, nor did
PAD4 mRNA differ across NET marker quartiles (data not
shown). The same pattern was observed for a change in
PAD4 mRNA levels (data not shown).

3.3. Associations between NET Markers and Indices of
Myocardial Infarct Size. dsDNA levels on day 1 correlated
significantly to myocardial area at risk and infarct size mea-
sured in the acute phase (r = 0:264, p < 0:001 and r = 0:298,
p < 0:001, respectively) and correlated inversely to myocar-
dial salvage index and to final infarct size measured after 4
months (r = −0:157, p = 0:033 and r = 0:139, p = 0:032,
respectively). Day 1 MPO-DNA levels correlated weakly to
myocardial area at risk and infarct size in the acute phase
(r = 0:154, p = 0:032 and r = 0:137, p = 0:041, respectively).

Based on trend analyses of quartiles of dsDNA and
MPO-DNA on day 1, the median values were identified as
a cut-off for low and high levels related to MVO, area at risk,
infarct size, and myocardial salvage index (Supplementary
Figure 2). As outlined in Figures 2(a)–2(e), patients with
high dsDNA levels on day 1 had significantly more
frequent MVO, larger area at risk, larger infarct size in the
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acute phase and after 4 months, and lower myocardial
salvage index (p ≤ 0:03 for all). No such relationships were
encountered for MPO-DNA (data not shown).

In univariate regression analyses, patients with high
dsDNA levels on day 1 had significantly higher risk of having
a large final infarct (defined as >75th percentile) at 4-month
follow-up (odds ratio (OR): 2.9; 95% confidence interval
(CI): 1.5–5.4; p = 0:001) (Table 2). After adjustment for
clinical covariates (gender, time from symptom onset to
PCI, infarct localization, and ischemic postconditioning),
the association remained significant (OR of 2.3, 95% CI
1.1–4.6, p = 0:021). After further adjustment for peak CRP
and troponin T, however, the association between dsDNA
and infarct size was lost (Table 2).

3.4. Associations between NET Markers and Left Ventricular
Remodeling. Day 1 dsDNA levels were significantly inversely
correlated to LVEF measured both in the acute phase and
after 4 months (r = −0:323, p < 0:001 and r = −0:285, p <
0:001, respectively). The same pattern was observed for
dsDNA measured immediately after PCI. MPO-DNA levels
did not correlate with LVEF at any time point. Neither
dsDNA nor MPO-DNA correlated significantly to a change
in LVEDVi or LVESVi from the acute phase to 4 months.

Based on trend analyses for quartiles of dsDNA and
MPO-DNA on day 1 (Supplementary Figure 3), the median
was identified as a cut-off for low and high levels as related
to LVEF and a change in LVEDVi at 4-month follow-up.
As outlined in Figures 2(f)–2(h), patients with high levels
of dsDNA on day 1 had significantly lower LVEF acutely
and after 4 months, as well as a larger change in LVEDVi
(p ≤ 0:014 for all). No significant associations with LV
remodeling indices were encountered for MPO-DNA
beyond a larger change in LVEDVi at 4 months for low
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Figure 1: Temporal profiles of NET markers in the total population
(n = 259 before PCI, n = 258 after PCI, n = 251/254 for
dsDNA/MPO-DNA on day 1, and n = 258 at 4 months). Data are
presented as median values with 25th and 75th percentiles.
dsDNA: double-stranded deoxyribonucleic acid. MPO-DNA:
myeloperoxidase-deoxyribonucleic acid. PCI: percutaneous
coronary intervention. Friedman’s test, Wilcoxon’s signed rank test.

Table 1: Baseline characteristics of the total population and according to levels of dsDNA on day 1.

All patients (n = 272) dsDNA levels (n = 251)
<median >median p

Age (years) 60 (53, 67) 60 (53, 68) 61 (53, 67) 0.934

Male gender 223 (82) 99 (77) 109 (89) 0.018

Current smoker 139 (51) 60 (47) 67 (55) 0.229

Body mass index (kg/m2) 26.6 (24.4, 29.1) 26.8 (24.5, 29.2) 26.3 (24.3, 29.2) 0.701

Hypertension 73 (26.8) 35 (27) 35 (29) 0.844

Hypercholesterolemia 26 (9.6) 10 (8) 14 (11) 0.336

Diabetes mellitus 17 (6.3) 8 (6) 8 (7) 0.934

Time, symptoms to PCI (min) 185 (126, 265) 163 (113, 274) 198 (139, 265) 0.117

Anterior MI1 131 (48.2) 54 (42) 69 (56) 0.028

Peak troponin T (ng/l) 5865 (3302, 10337) 4918 (2463, 7186) 7760 (4702, 12984) <0.001
Peak CRP (mg/l) 19 (7, 47) 12.4 (5.7, 35.5) 30.0 (11.8, 70.2) <0.001
HbA1c (%) 6.0 (5.7, 6.2) 6.0 (5.7, 6.2) 6.0 (5.8, 6.2) 0.233

Admission creatinine (μmol/l) 70 (62, 81) 68 (60, 80) 73 (64, 84) 0.039

Admission cholesterol (mmol/l) 5.2 (4.5, 6.0) 5.2 (4.7, 6.0) 5.0 (4.3, 6.0) 0.308

Values are presented as median values with 25th and 75th percentiles or proportions (%). ≤median: dsDNA levels ≤ 366 ng/ml. >median: dsDNA
levels > 367 ng/ml. CRP: C-reactive protein. HbA1c: glycosylated hemoglobin. MI: myocardial infarction. PCI: percutaneous coronary intervention.
1Anterior vs. inferior or posterior MI.
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Figure 2: Indices of myocardial infarct size (a, b, c, d, e) and left ventricular remodeling (f, g, h) evaluated by CMR according to circulating
levels of dsDNA measured on day 1. (a) n = 218, (b) n = 192, (c) n = 219, (d) n = 231, (e) n = 185, (f) n = 223, (g) n = 232, and (h) n = 212.
LVEF: left ventricular ejection fraction. LVEDVi: left ventricular end-diastolic volume index. dsDNA: double-stranded deoxyribonucleic
acid. dsDNA ≤median: ≤366 ng/ml. dsDNA >median: >367 ng/ml. Chi-square test in (a), Mann-Whitney’s test in (b)–(h).
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levels of MPO-DNA on day 1 (6.1 (-1.1, 13.8) vs. 2.2 (-4.3,
12.1) ml/m2, p = 0:025).

In univariate regression analyses, patients with high
dsDNA levels on day 1 had significantly higher risk of having
reduced LVEF (defined as ≤49%) at 4-month follow-up with
an OR of 3.7 (95% CI 2.0–6.8, p < 0:001) (Table 3). After
adjustment for potential covariates (gender, time from symp-
tom onset to PCI and infarct localization), these patients
were still significantly more likely to have reduced LVEF
(OR 3.0, 95% CI 1.6–5.7, p = 0:001). After further adjustment
for peak CRP and troponin T, however, the association was
lost (Table 3). High dsDNA on day 1 was also significantly
associated with a large change in LVEDVi (>10ml/ml2) after

4 months (OR 2.1, 95% CI 1.2–3.8, p = 0:010), remaining sta-
tistically significant after adjustment for gender and infarct
localization, but not when adjusting for peak troponin T or
peak CRP (data not shown).

3.5. Associations between NET Markers and Adverse Clinical
Events.During 12-month follow-up, 20 patients (7.3%) expe-
rienced an adverse clinical event. As previously outlined [21],
these included 3 reinfarctions, 2 urgent revascularizations, 9
hospitalizations for heart failure, and 6 deaths.

Patients experiencing an adverse clinical event during
follow-up had significantly higher dsDNA levels before
PCI, immediately after PCI, and on day 1 and borderline

Table 2: Crude and multivariable adjusted odds ratio (OR) for large
final infarct size.

OR 95% CI p value

Univariate analyses

High dsDNA on day 11 2.9 1.5–5.4 0.001

Age, per year 0.99 0.96–1.02 0.400

Male gender 3.3 1.2–8.7 0.017

Time, symptoms to PCI (ln), per SD 1.2 0.9–1.6 0.275

Anterior MI 8.2 4.0–16.8 <0.001
Ischemic postconditioning 0.4 0.2–0.8 0.007

Total cholesterol (mmol/l), admission 0.94 0.72–1.23 0.668

Peak CRP (ln), per SD 3.6 2.3–5.6 <0.001
CRP after 4 months (ln), per SD 1.2 0.9–1.6 0.163

Peak troponin T (ln), per SD 21.3 9.3–48.9 <0.001
Multivariable analyses

Model 1

High dsDNA on day 11 2.3 1.1–4.6 0.021

Male gender 2.7 0.9–7.9 0.078

Time, symptoms to PCI (ln), per SD 1.4 0.96–1.99 0.082

Anterior MI 7.3 3.4–15.6 <0.001
Ischemic postconditioning 0.4 0.2–0.8 0.007

Model 2

High dsDNA on day 11 1.4 0.6–3.1 0.458

Male gender 4.1 1.1–15.3 0.037

Time, symptoms to PCI (ln), per SD 1.4 0.9–2.2 0.095

Anterior MI 5.5 2.4–12.8 <0.001
Ischemic postconditioning 0.3 0.1–0.6 0.003

Peak CRP (ln), per SD 3.1 1.9–5.1 <0.001
Model 3

High dsDNA on day 11 0.7 0.3–1.8 0.456

Male gender 1.5 0.4–6.1 0.535

Time, symptoms to PCI (ln), per SD 1.1 0.7–1.7 0.744

Anterior MI 3.1 1.3–7.7 0.014

Ischemic postconditioning 0.3 0.1–0.8 0.012

Peak troponin T (ln), per SD 16.6 6.5–42.2 <0.001
Large final infarct size is defined as >75th percentile (>22.8% of LV volume)
at CMR 4 months after the STEMI. 1>median (366 ng/ml). CI: confidence
interval. CRP: C-reactive protein. dsDNA: double-stranded deoxyribonucleic
acid. ln: natural logarithm. MI: myocardial infarction. PCI: percutaneous
coronary intervention. SD: standard deviation.

Table 3: Crude and multivariable adjusted odds ratio (OR) for
reduced LVEF after 4 months.

OR 95% CI p value

Univariate analyses

High dsDNA levels on day 11 3.7 2.0–6.8 <0.001
Age, per year 1.00 0.97–1.02 0.760

Male gender 3.7 1.4–9.7 0.009

Time, symptoms to PCI (ln), per SD 1.4 1.0–1.9 0.026

Anterior MI 3.6 2.0–6.5 <0.001
Ischemic postconditioning 0.9 0.5–1.5 0.641

Multivessel disease 0.9 0.5–1.6 0.667

Peak CRP (ln), per SD 3.1 2.1–4.6 <0.001
CRP after 4 months (ln), per SD 1.5 1.2–2.0 0.006

Peak troponin T (ln), per SD 10.5 5.6–20.0 <0.001
Multivariable analyses

Model 1

High dsDNA levels on day 11 3.0 1.6–5.7 0.001

Male gender 2.9 1.0–8.3 0.048

Time, symptoms to PCI (ln), per SD 1.5 1.1–2.1 0.022

Anterior MI 3.0 1.6–5.8 0.001

Model 2

High dsDNA levels on day 11 2.1 0.99–4.33 0.052

Male gender 3.1
0.95–
10.09

0.061

Time, symptoms to PCI (ln), per SD 1.5 1.0–2.2 0.042

Anterior MI 2.8 1.3–5.9 0.008

Peak CRP (ln), per SD 2.2 1.4–3.4 <0.001
CRP after 4 months (ln), per SD 1.4 0.96–1.95 0.085

Model 3

High dsDNA levels on day 11 1.4 0.6–3.0 0.442

Male gender 2.2 0.6–7.2 0.212

Time, symptoms to PCI (ln), per SD 1.3 0.9–1.9 0.215

Anterior MI 1.2 0.5–2.6 0.692

Peak troponin T (ln), per SD 7.9 3.9–15.8 <0.001
Reduced LVEF is defined as LVEF ≤ 49% measured by CMR 4 months after
STEMI. 1>median (366 ng/ml). CI: confidence interval. CRP: C-reactive protein.
dsDNA: double-stranded deoxyribonucleic acid. ln: natural logarithm. MI:
myocardial infarction. PCI: percutaneous coronary intervention. SD: standard
deviation.
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significantly lower MPO-DNA levels at 4-month follow-up
than patients not experiencing an adverse clinical event
(Table 4).

For further survival analyses, dsDNA and MPO-DNA
levels were dichotomized into low and high levels with the
median as the cut-off. Patients with high dsDNA levels before
PCI and on day 1 were significantly more likely to experience
an adverse clinical event during follow-up than patients with
low dsDNA levels (before PCI log rank p = 0:032, Figure 3).
No such association was observed for high/low MPO-DNA
levels at any time point (data not shown). In Cox’s regression
analyses adjusted for either peak troponin T or TIMI risk
score, dsDNA levels on day 1 were still associated with an
increased risk of adverse clinical endpoints (hazard ratio
(HR) 5.1, 95% CI 1.4–18.4, p = 0:012 and HR 5.2, 95% CI
1.5–18.5, p = 0:009, respectively) (Table 5).

4. Discussion

In this substudy of the POSTEMI trial, the main findings are
as follows: (1) circulating NET markers were elevated in the
acute phase of STEMI; (2) high levels of dsDNA the first
day after STEMI were associated with larger myocardial
infarcts and adverse left ventricular remodeling; and (3) high
dsDNA levels the first day after STEMI were associated with
adverse clinical outcome during 12-month follow-up, and
also after adjustment for the degree of myocardial necrosis
assessed by peak troponin T levels. In summary, these obser-
vations indicate that extracellular nuclear material could be
involved in the post-STEMI inflammatory cascade, possibly
impacting clinical outcomes.

The time profile of the NET markers with high levels in
the acute phase is well in line with the results from our previ-
ous smaller study, in which dsDNA was elevated until five
days after STEMI [14]. From these observations, it may be
suggested that NETs are most abundant in the immediate
post-STEMI proinflammatory phase. The fact that PAD4
mRNA levels were not linked to NET marker levels was
somewhat surprising, but could be related to the type of

NETosis, as the contribution of PAD4 in vital NETosis lately
has been questioned [22, 23].

High dsDNA levels the first day after STEMI were associ-
ated with more frequent MVO and greater myocardial
injury, the latter measured by area at risk, infarct size, and
myocardial salvage index. MVO is part of the ischemia-
reperfusion (IR) injury occurring immediately after reperfu-
sion and is caused by the occlusion of coronary microvessels
by atherosclerotic debris and cells including neutrophils [24];
thus, it seems likely that neutrophil-derived NETs also par-
ticipate in MVO. The association between high dsDNA levels
and infarct size measured by CMR is also in line with the
scarce amount of comparable existing data [14]. The fact that
high dsDNA levels in the acute phase of STEMI were associ-
ated with large infarcts (>75th percentile) when adjusting for
the ischemic time and infarct localization, but not peak CRP
and troponin T, is worth noticing. As CRP was significantly

Table 4: NET marker levels according to adverse clinical events after 12-month follow-up.

Adverse clinical event - Adverse clinical event + p

dsDNA (ng/ml)

Before PCI 450 (385, 538) 506 (415, 745) 0.022

After PCI 433 (380, 506) 499 (387, 630) 0.037

Day 1 360 (327, 406) 402 (376, 436) 0.005

After 4 months 338 (310, 371) 349 (318, 368) 0.833

MPO-DNA (OD)

Before PCI 0.239 (0.205, 0.294) 0.306 (0.196, 0.359) 0.210

After PCI 0.232 (0.203, 0.272) 0.225 (0.212, 0,254) 0.454

Day 1 0.230 (0.182, 0.341) 0.274 (0.189, 0.330) 0.484

After 4 months 0.195 (0.155, 0.247) 0.158 (0.140, 0.205) 0.045

Adverse clinical event is defined as a composite of death, myocardial infarction (MI), unscheduled revascularization ≥ 3months after the index infarction, stroke,
or rehospitalization for heart failure. dsDNA: double-stranded deoxyribonucleic acid. MPO-DNA: myeloperoxidase-deoxyribonucleic acid. OD: optical density
units. PCI: percutaneous coronary intervention.
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Figure 3: Adverse clinical events during 12-month follow-up
according to dsDNA levels measured on day 1 (n = 251).
dsDNA: double-stranded deoxyribonucleic acid. MPO-DNA:
myeloperoxidase-deoxyribonucleic acid. PCI: percutaneous coronary
intervention. dsDNA ≤median: ≤366ng/ml. dsDNA >median:
>366ng/ml. Kaplan-Meyer’s survival plot.
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correlated to dsDNA levels at day 1, they could both reflect
the same proinflammatory milieu. Adjusting for troponin T
might, however, not be justified in an explorative study like
this as troponin T and infarct size are interdependent covar-
iates. Nevertheless, the lack of association with infarct size
when adjusting for troponin T renders the possibility that
dsDNA measured in the peripheral circulation also reflect
cardiomyocyte cell death, in addition to NETosis. The lack
of correlation between PAD4 expression and NET markers
in this cohort supports this. It is, however, interesting to
observe that dsDNA was at its highest before revasculariza-
tion (PCI), that is, prior to the usual peak of troponin T.
Unfortunately, the exact time for peak troponin T was not
available in this study. Whether high levels of dsDNA partic-
ipate in the IR injury during revascularization, for instance
through mediating MVO and thereby exacerbating cardio-
myocyte cell death, troponin T release, and infarct size
cannot be concluded from this observational study and war-
rants further investigation.

High dsDNA levels the first day after STEMI were also
associated with lower LVEF and poorer left ventricular
function at 4-month follow-up. The contribution of excessive
or prolonged inflammation to adverse LV remodeling after
STEMI is well established [3, 25], and neutrophils are
suggested to play a pivotal role [5]. Experimental models
have previously indicated the presence of NETs in IR-
challenged myocardium based on improved LVEF in rats
given a combination of tissue plasminogen activator and
DNAse and higher LVEF 24 hours after coronary occlusion

in PAD4-/- mice compared to wild type mice [26, 27].
Reports on NET levels in association with left ventricular
remodeling after STEMI in humans have, to the best of our
knowledge, not been published so far. Again, the lack of
significant associations to low LVEF and adverse LV remod-
eling by a large change in LVEDVi when adjusting for tropo-
nin T is worth noticing, but could follow the same line of
reasoning as described above.

Lastly, patients with high dsDNA levels the first day after
STEMI were more likely to experience an adverse clinical
outcome during 12-month follow-up. This association
remained statistically significant when adjusting for myocar-
dial necrosis by troponin T, again underpinning the potential
independent contribution of dsDNA beyond being a marker
of cardiomyocyte necrosis. It is interesting to note that also in
patients with stable CAD [28, 29], circulating NET markers
have repeatedly been observed to associate with the risk of
adverse clinical outcomes, suggesting that NET effects extend
beyond those related to infarct size and LV remodeling after
STEMI.

4.1. Limitations. The observational nature of the study
impedes any causal interference. Inconsistent results for the
two NET markers further hamper interpretation of the
data. The moderate intercorrelations between dsDNA and
MPO-DNA are, nevertheless, comparable to previous
reports [14, 29], emphasizing that the structure and com-
position of circulating NETs, as well the optimal methods
for detection, have yet to be identified. Moreover, plasma
may be better than serum for the detection of NET com-
ponents [30]. PAD4 expression was measured in all circu-
lating leukocytes, complicating interpretation of these
results in relation to neutrophil-specific activity. Lastly
and of outmost importance, interpretation of the dsDNA
findings is challenging as dsDNA could be a waste product
of dying cardiomyocytes, an active effector of the
neutrophil-mediated inflammatory response to myocardial
damage, or actually represent both processes. Although
the current study cannot dissect the origin of dsDNA, it
gives rise to further embark the roles of NET-associated
mediators in STEMI.

4.2. Conclusions. In this cohort of STEMI patients, high cir-
culating day 1 dsDNA levels after PCI were associated with
myocardial infarct size, more adverse left ventricular remod-
eling, and poor clinical outcome during 12-month follow-up.
Although the origin of dsDNA could be discussed, these
observations indicate a potential role for dsDNA in acute
myocardial ischemia.

Data Availability

The data used to support the findings of this study are avail-
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Table 5: Hazard ratios for experiencing an adverse clinical event
during 12-month follow-up.

HR 95% CI p

Age, per year 0.98 0.94–1.02 0.294

Male gender 0.7 0.2–1.8 0.420

Ischemic postconditioning 0.5 0.2–1.3 0.179

Time, symptoms to PCI (ln), per SD 1.1 0.7–1.7 0.737

Peak troponin T (ln), per SD 1.7 1.0–2.8 0.037

Peak CRP (ln), per SD 3.1 1.7–5.5 <0.001
Baseline NT-proBNP (ln), per SD 1.1 0.7–1.8 0.650

TIMI risk score, per point 1.3 1.1–1.6 0.016

High dsDNA before PCI 2.9 1.0–8.0 0.043

Adjusted for peak troponin T 2.6 0.9–7.3 0.065

Adjusted for peak CRP 2.4 0.8–6.8 0.105

Adjusted for TIMI risk score 2.7 1.0–7.6 0.057

High dsDNA on day 1 5.9 1.7–20.3 0.005

Adjusted for male gender 6.7 1.9–23.2 0.003

Adjusted for peak troponin T 5.1 1.4–18.4 0.012

Adjusted for peak CRP 3.5 1.0–12.5 0.058

Adjusted for TIMI risk score 5.2 1.5–18.1 0.009

High dsDNA is defined as >median (before PCI: >452 ng/ml; day 1:
>367 ng/ml). Adverse clinical event is defined as a composite of all-cause
mortality, myocardial infarction, unscheduled revascularization ≥ 3months
after the index infarction, rehospitalization for heart failure, or stroke. CI:
confidence interval. CRP: C-reactive protein. HR: hazard ratio. PCI:
percutaneous coronary intervention. SD: standard deviation. TIMI:
thrombolysis in myocardial infarction.
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Diabetic heart dysfunctions during cardiac surgeries have revealed several clinical problems associated with ion imbalance.
However, the mechanism of ion imbalance mediated by cardioplegia and a diabetic heart is largely unclear. We hypothesized
that ion transporters might be regulated differently in the diabetic heart and that the differentially regulated ion transporters
may involve in ion imbalance of the diabetic heart after cardioplegic arrest. In this study, we modified the Langendorff-free
cardioplegia method and identified the involved ion transporters after cardioplegia-induced arrest between wild type and db/db
heart. Enhanced expression of Na+-K+-2Cl− cotransporter 1 (NKCC1) was observed in the db/db heart compared to the wild
type heart. Enhanced NKCC1 activity was observed in the left ventricle of db/db mice compared to that of wild type after
cardioplegia-induced arrest. The expression and activity of Slc26a6, a dominant Cl−/HCO3

− exchanger in cardiac tissues, were
enhanced in left ventricle strips of db/db mice compared to that of wild type. The Cl− transporting activity in left ventricle strips
of db/db mice was dramatically increased as compared to that of wild type. Interestingly, expression of Slc26a6, as well as
carbonic anhydrase IV as a supportive enzyme of Slc26a6, was increased in db/db cardiac strips compared to wild type cardiac
strips. Thus, the enhanced Cl− transporting activity and expression by NKCC1 and Slc26a6 in db/db cardiac tissues after
cardioplegia-induced arrest provide greater insight into enhanced acidosis and Cl− movement-mediated db/db heart
dysfunction. Thus, we suggested that enhanced Cl− influx and HCO3

− efflux through NKCC1 and Slc26a6 offer more acidic
circumstances in the diabetic heart after cardioplegic arrest. These transporters should be considered as potential therapeutic
targets to develop the next generation of cardioplegia solution for protection against ischemia-reperfusion injury in diabetic hearts.

1. Introduction

In cardiac surgeries under cardiopulmonary bypass and spo-
radic cardioplegia, damages may arise during intraoperative
ischemia between multidose infusions of cardioplegia solu-
tions or as a result of misdistribution of solutions distal to
total coronary occlusions [1]. Additionally, potential reperfu-
sion injuries occurred during each infusion of cardioplegia

solutions and following removal of the aortic cross-clamp
[1]. However, it is well known that ischemia-reperfusion
(IR) injury during cardiac surgery is associated with increased
mortality and morbidity [2]. Cardioplegia solutions provide
protective effects regarding the myocardial global IR injury
by maintaining the pH level during the ischemia [3, 4]. How-
ever, protective effect of cardioplegia on IR injuries was
restrictive. Thus, combinational challenges of cardioplegic
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solutions and pharmacological agents to acquire further
protective effect have been addressed [5–7].

Type 2 diabetes affects nearly four hundred million peo-
ple worldwide. Between 2012 and 2030, there is a projected
69% and 20% increase in the number of adults with diabetes
in developing and developed countries, respectively [1].
These patients show worse clinical outcomes following car-
diac surgeries as compared with patients without diabetes
[3, 8–10]. During ischemia, the accumulation of cytosolic
H+ provides a greater driving force for the Na+-H+ exchanger
(NHE). Accumulation of intracellular Na+ byNHE stimulates
Ca2+ influx through the Na+/Ca2+ exchanger (NCX). Subse-
quent accumulation of cytosolic Ca2+ has been associated
with the pathogenesis of cardiac dysfunction [1, 11, 12].
While cardioprotective methods have improved outcomes
for the past several decades, there are still clinical problems
associated with diabetic heart dysfunction, such as arrhyth-
mias, apoptosis, and heart failure [13], which results in
increased ion imbalance. It is known that IR injuries or
cardioplegia-induced injuries following cardiac surgery are
contributed by ion channel abnormalities in myocytes; there
have been no studies that focused on whether ion channels
work differently following cardioplegia-induced arrest in
the myocardium of diabetic patients. The proper myocardial
protection with specialized cardioplegia for diabetic patients
is needed to decrease morbidity after cardiac surgeries.

The abundance and diversity of ion transporters of the
heart are involved in the ion homeostasis. Therefore, studies
that examine ion transporter changes in a diabetic myocar-
dium after cardioplegia-induced arrest are essential. In this
study, our goal was to address the following requests. Which
transporters contribute to the pHmodulation after cardiople-
gic arrest? And is there any difference betweenwild type (WT)
and diabetic hearts? Although the ionic properties have been
well established in cardiac myocytes [14, 15], whether the
activities of ion transporters are maintained in cardioplegic
arrested type 2 diabetic hearts remains unknown. Thus, we
hypothesized that difference of the expression level and
activity of ion transporters between WT and diabetic hearts
will occur and that the difference may help to understand
the mechanism of a diabetic heart after cardioplegic arrest.
In the present study, we evaluated the differences in ion
transporter function between db/db and WT mice following
cardioplegia-induced arrest.

2. Material and Methods

2.1. Animals. An experimental mouse model of high
glucose type 2 diabetes mellitus (db/db, BKS.Cg-
Dock7m+/+Leprdb/J; male, 8 weeks of age) and normal glu-
cose WT mice (C57BL/6, male, 8 weeks of age) was housed
in the specific pathogen-free animal facility of the Lee Gil
Ya Cancer and Diabetes Institute, Gachon University. The
mice were housed in individually ventilated cages under
controlled humidity (50%) and temperature (21.4°C). All
experimental procedures for mouse maintenance and isola-
tion of the heart from mice followed the Gachon University
guidelines and were approved by the Gachon Animal

Care and Use Committee of Gachon University (ACUC,
LCDI-2016-0037).

2.2. Cardioplegia Infusion. All animal experiments were per-
formed by a single cardiac surgeon. Animals were sedated
with 5% isoflurane in an anesthetic chamber. We delivered
cardioplegia by modifying the Langendorff-free cardioplegia
method [16]. Following sedation, sternotomy and clam shell
incision were quickly performed to expose the entire thorax;
dissection around the aorta was carried out for aortic clamp-
ing. The right atrial auricle was excised to prevent left heart
distension during cardioplegia infusion. A 23G needle was
inserted in the left ventricle (LV); the needle insertion site
was the apex of LV, and it was carefully chosen to avoid
injuring coronary arteries. The above procedures were carried
out prior to the start of heart fibrillation. The 23G needle was
connected to either the cardioplegia or Regular solution. The
histidine-tryptophan-ketoglutarate (HTK) solution at 5°C
(Custodiol, Chemie GMBH, Alsbach-Hähnline, Germany)
was administered using a roller pump at 1mL/min per gram
heart weight. During infusion, the ascending aorta was
clamped with nontoothed DeBakey forceps. During cardio-
plegia infusion, care was taken to ensure that no LV disten-
sion was present and that coronary arteries were properly
cleared by the cardioplegia solution. All procedures and
infusion volume were identical between Regular and HTK
solution infusions.

2.3. Cardiac Strip Preparation. Following cardioplegia
infusion, the heart was harvested, and LV separation was per-
formed. Briefly, minced cardiac strips (~100 × 150 μm) were
incubated in each HTK solution on ice. The separated LV
was preserved in HTK or Regular solutions until needed for
subsequent experiments. Imaging of isolated cardiac strips
was completed within 1 hr. The compositions of HTK and
Regular solutions are shown in Table 1. The Regular solution
can be considered as HEPES-buffered physiological salt solu-
tion which consists of the same electrolyte composition like
blood serum. To understand the cardioplegia deliverymethod
and isolation of cardiac strip after harvesting the heart, we
have schematically represented in Figure 1.

2.4. Analysis of Cl−-HCO3
− Exchanger (CBE) Activity of

Cardiac Strips. Intracellular pH (pHi) was measured using
the 2′,7′-bis-(carboxyethyl)-5-(and-6)-carboxyfluorescein
(BCECF-AM, #0061, Teflabs, Austin, TX) at dual excitation
wavelengths of 440 and 495nm and an emission wavelength
of 530 nm. Isolated cardiac strips on coverslips were incu-
bated with 6 μM BCECF-AM and 0.05% Pluronic F-127
(P3000MP, Invitrogen) in the chamber for 15min at room
temperature. The strips were perfused with cardioplegia solu-
tion for at least 5min before measuring the pHi at 37

°C. The
cardioplegic resting pH level was obtained from the initial
BCECF fluorescence ratio (ratio = F495/440) of the first
60 sec of pH imaging during perfusion. The cardioplegic rest-
ing pH level was defined as the resting pH after cardioplegia-
induced arrest. Slc26a6 is one of Cl−-HCO3

− exchangers
(CBE) family. The CBE activity was measured in the presence
of CO2-saturated HCO3

− media. Measurement was initiated
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Table 1: Composition of solutions (mM).

Regular 0 Ca2+ HTK HCO3
- 0 Cl-/HCO3

- 0 Na+

NaCl 140 140 15 120 — —

KCl 5 5 9 5 — 5

MgCl 1 1 4 1 — 1

CaCl2 1 — 0.015 1 — 1

HEPES 20 20 — 2.5 2.5 2.5

D-Glucose 10 10 — 10 10 10

Histidine — — 198 — — —

Tryptophan — — 2 — — —

Ketoglutarate — — 1 — — —

Mannitol 38 38 30 38.4 38.4 38.4

NaHCO3 — — — 25 25 —

Na-gluconate — — — — 120 —

Ca-gluconate — — — — 0.5 —

K-gluconate — — — — 5 —

MgSO4 — — — — 1 —

NMDG-Cl — — — — — 125

LV

RV

LV LV LV

WT or db/db mice
(8 weeks old)

Chopping

Anesthetize

Cardioplegia

Harvesting heart

Isolation of LV Imaging of
cardiac strips

LV
RV

HTK

RV

Infusion of HTK

Roller pump 

HTK

Cardiac strips
Ice

Cardioplegia
solution

Time
HTK infusion

60 sec
Opening chest

10 sec

LVRV

Apex of LV 
(insertion site) 

(1 mL/min per g (heart))

Figure 1: Langendorff-free cardioplegia method. Summary of the cardiac strip isolation followed by the Langendorff-free cardioplegia
method. LV: left ventricle; RV: right ventricle. White arrows indicated the inserted needle for cardioplegia infusion.
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by perfusing the tissues with the free Cl−-HCO3
− media

(0 Cl−/HCO3
−, Table 1). The determination of CBE

activity was from the derivatives of the slopes (ΔpHi/sec) of
the beginning of increase of pHi in the free Cl−-HCO3

−

media. The emitted wavelength was monitored with a CCD
camera (Photometrics) attached to a microscope (Olympus,
Japan); all images were analyzed with a MetaFluor system
(Molecular Devices).

2.5. Analysis of Na+-K+-2Cl− Cotransporter 1 (NKCC1)
Activity in Cardiac Strips. NKCC1 activity was measured
based on the rate of pHi decrease, which was induced by
intracellular NH4

+ uptake [17]. Administration of 20mM
NH4Cl in the Regular solution mediated initial alkalization
by NH3 diffusion; then, pHi was decreased due to NH4

+

pulse. In the second phase, the pHi recovery rate following
the NH4

+ pulse was defined as the acidification rate
(ΔpHi/sec). The initial linear acidification rate was fitted
to a linear equation using the Origin software (version
8.0, OriginLab Inc.). The difference between acidification
rates with or without bumetanide was used to calculate
bumetanide-sensitive NKCC1 activity.

2.6. Analysis of Cl−-Transporting Activity by MQAE in
Cardiac Strips. Intracellular Cl− was measured using
N-(ethoxycarbonylmethyl)-6-methaxyquinolinium bromide
(MQAE, E3101, Thermo Fisher). The increased MQAE
fluorescence represents decreased Cl− concentration, while
decreased fluorescence represents increased Cl− concentra-
tion. LV strips on the coverslip were incubated with 5mM
MQAE for 30min at room temperature and then washed
with HTK or Regular solution until reaching the stabilization
of the baseline signal. The MQAE fluorescence signal was
recorded for at least 3min to obtain the baseline signal,
after which the perfusion solution was switched to free
Cl−-HCO3

−media (0 Cl−/HCO3
−, Table 1). This was followed

by addition of HCO3
− solution (HCO3

−, Table 1). TheMQAE
fluorescence was measured at 360nm for excitation, and
light emitted at 530 nm was collected with a CCD camera
(Photometrics). The Cl− transporting activity was deter-
mined from the derivatives of the slopes (MQAE fluores-
cence unit/sec) of the first 35-55 sec of fluorescence trace in
free Cl−-HCO3

− media.

2.7. Confocal Imaging of Cardiac Tissues. For immunofluo-
rescence studies, frozen cardiac tissue sections (10 μm thick)
were fixed with chilled methanol (for Slc26a6, ZO-1) or 4%
paraformaldehyde (for NKCC1) for 10min. Immunostaining
was performed as previously described [18] using a 1 : 100
dilution of NKCC1 (ab59791, Abcam), ZO-1 (#33-9100,
Thermo Fisher), and Slc26a6 (PA5-37970, Thermo Fisher)
antibodies. Briefly, the bound antibodies were detected
with Rhodamine (715-025-151, Jackson ImmunoResearch)
and FITC (713-095-003, Jackson ImmunoResearch)
(1 : 100 dilution). Coverslips were placed onto glass slides
(Frostplus, Fisher) with DAPI-included Fluoromount-G™
(Electron Microscopy Sciences, Hatfield, PA), and images
were analyzed using a LSM 700 confocal microscope

through Fluo-view software (Carl Zeiss, Germany). The
unstained sample was used as the negative control (NC).

2.8. Analysis of Na+/H+ Exchanger (NHE) Activity of Cardiac
Strips.NHE activity was measured based on the recovery rate
of pHi, induced by intracellular Na+ uptake in Regular solu-
tion as previously described [19, 20]. Briefly, after the
decrease of the intracellular pH level by perfusing 20mM
NH4Cl solution, 0 Na+ solution was perfused. There was no
recovery from acidification in 0 Na+ solution. And then, the
intracellular pHi was recovered by Na+-containing Regular
solution, and the recovery rate was defined as NHE activity
by measuring from the derivatives of the slopes of the first
35-55 sec of pHi recovery trace.

2.9. Measurement of Serum Glucose Concentration. Mice
were anesthetized with isoflurane (≈3% in air) by inhalation.
The chest was opened to fully expose the heart, and blood was
collected using 25G needle (Kovax-syringe 1mL, Republic of
Korea) from the heart. And then, collected blood was centri-
fuged for 15min at 1,500 rpm. Then, the supernatant was col-
lected, and the serum glucose level was measured using a
blood glucose meter (Green Cross Mark, Republic of Korea).

2.10. Western Blotting. Cardiac tissues were isolated from
mice and stimulated with the indicated cardioplegia solutions
for 1 hr. Lysates of cardiac tissue homogenates were obtained
with lysis buffer (containing (mM) 150 NaCl, 20 Tris, 2
EDTA, 1% Triton X-100, and a protease inhibitor mixture)
andwere treated as previously described [18]. 30μg denatured
protein samples was subjected to SDS-PAGE. Proteins were
visualized with NKCC1 (ab59191, Abcam), phosphoNKCC1
(#ABS1004, Millipore), Slc26a6 (ab172684, Abcam), CA
IV (sc-74527, Santa Cruz Biotechnology), GAPDH (MA5-
15738, Thermo Fisher), NHE1 (NBP1-76847, Novusbio),
and β-actin (A3854, Sigma) antibodies using the enhanced
luminescence (ECL) solution (Thermo Scientific). The inten-
sity of protein band was normalized with that of β-actin as a
protein loading control.

2.11. Isolation of Single Cardiac Myocytes for Di-8-ANEEPS
Staining. Cardiac myocyte isolation was performed accord-
ing to a previously generated protocol [16]. The LV from
8-week-old mice was injected with EDTA buffer containing
(mM) 130 NaCl, 5 KCl, 0.5 Na2PO4, 10 HEPES, 10 Taurine,
10 glucose, 10 (2,3)-butanedione monoxime (BDM, Sigma
Aldrich, B0753), and 5 EDTA. The heart was removed, and
10mL EDTA buffer was injected into the left ventricle. Perfu-
sion buffer (3mL) was injected into LV containing (mM) 130
NaCl, 5 KCl, 0.5 Na2PO4, 10 HEPES, 10 Taurine, 10 glucose,
10 BDM, and 1 MgCl2. Collagenase buffer (30mL) contain-
ing 0.5mg/mL Collagenase type II (17101515, Thermo
Scientific) and 0.05mg/mL protease XIV (P5147, Sigma
Aldrich) was injected into the LV until the heart is transpar-
ent and soft. Tissues were gently teased into 1mm3 pieces
and were transferred into 50mL conical tubes. Stop buffer
containing the perfusion buffer with 5% FBS was then added
to cell suspension. Suspension was filtered with a 100 μm
strainer and was centrifuged for 3min at 300×g. The super-
natant was removed to isolate the cell pellet containing
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cardiac myocytes. To determine the T-tubule structure, 3μL
of 10mM di-8-ANEPPS (19541, Cayman, Ann Arbor, MI)
and 2.5μL of 20% Pluronic F-127 were mixed. The freshly
isolated cardiac myocytes were transferred to poly-L-lysine-
coated cover slips and were incubated with mixed di-8-
ANEPPS dye at 4°C (10min). After staining, the mixed dye
was washed with DMEM prior to confocal imaging.

2.12. Intracellular pH Calibration. Ratios of BCECF-AM
(Teflabs) were converted to pH unit as described previously
[21, 22]. Briefly, cardiac strips were incubated in the

calibration solution (pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5)
for 5min at room temperature. The equation of the pH
calibration curve was pH = pKa + log Rmax‐R / R‐Rmin
(R: ratio value of BCECF; Rmax: maximum ratio; Rmin: mini-
mum ratio; pKa value of BCECF: 6.97). The BCECF fluores-
cence ratio was converted to the changes in the pHi (ΔpHi)
value, followed by the calibration curve.

2.13. DNA Transfection. Human SLC26A6 and human CA
IV were developed in pCMV6-AC-mKate vectors; the origi-
nal clones were provided by Dr. Shmuel Muallem (National
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Figure 2: Enhanced NKCC1 protein in db/db cardiac tissues. (a) Serum glucose concentration in the WT (n = 6) and db/db (n = 4) mice
(∗∗∗P < 0 001). Dotted line represents glucose 250mg/dL. (b) Expression of phosphoNKCC1 (pNKCC1) and NKCC1 protein level in
LV and RV cardiac strips of WT and db/db mice following cardioplegia-induced arrest. The β-actin was used as the loading control.
(c) Analysis of band intensity of NKCC1 and pNKCC1 in LV. The bars show the mean ± SEM (n = 3, ∗P < 0 05). Immunolocalization
of NKCC1 (red) and DAPI (blue) in LV of WT (d) and db/db mice (e). Right images of (d, e) are magnified. The scale bars represent
20 μm. (f) Analysis of intensity of NKCC1 between WT and db/db LVs. The bars show the mean ± SEM (n = 5, ∗∗∗P < 0 001).
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Institutes of Health, Bethesda). Plasmid DNA transfection by
Lipofectamine 2000 followed the manufacturer’s protocol
(11668019, Invitrogen) and was previously described [23].

2.14. Statistical Analysis. Results are expressed as the
mean ± standard error of themean SEM . Significance was
statistically determined by the analysis of variance in each
experiment (∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001). Statis-
tical differences between the mean values from the two
sample groups were analyzed using Student’s t-tests.

3. Results

3.1. Enhanced NKCC1 Protein in db/db Cardiac Tissues. We
first determined the diabetic mousemodel with a high glucose
level. The db/db mice provide a type 2 diabetes mouse model
[24–26], and we confirmed the higher glucose level of db/db
mouse serum (Figure 2(a)). We speculated that the [Na+]i
alteration by the NKCC1 cotransporter in the diabetic myo-
cardium is higher than that in the normalmyocardium, which
may result in myocardial injury after cardioplegia-induced
arrest. We measured differences in NKCC1 protein expres-
sion between wild type and db/db cardiac tissues. Enhanced
NKCC1 protein expression was observed in LVdb/db, whereas
no difference in expression of phosphorylated NKCC1
(pNKCC1) protein was detected between wild type and db/db

cardiac strips, and total NKCC1 protein was increased in
db/db (Figures 2(b) and 2(c)). Next, we also examined expres-
sion of NKCC1 proteins in cardiac tissues with immunostain-
ing. As shown in Figures 2(d)–2(f), NKCC1 expression was
enhanced in db/db compared to wild type cardiac tissue.

3.2. Enhanced NKCC1 Activity in LV of db/db Cardiac Strips
after HTK-Induced Arrest. NKCC activity in cardiac tissue
strips was examined with 20mM NH4Cl pulse technique
and determined via sensitivity to bumetanide, a selective
NKCC1 inhibitor. Interestingly, cardioplegic arrest by HTK
preserved the acidification property, not the initial alkaliza-
tion, mediated by the NH4

+ pulse (data not shown). Thus,
we determined the recovery state of NH4

+ pulse technique
(Regular solution perfusion followed by HTK arrest for
1min) to mimic the reperfusion followed by cardiac arrest.
The alkalized NH4

+ pulse was observed in LVWT and LVdb/db

(Figure 3(a)). The acidification rate of LVdb/db strips was
increased compared to LVWT strips (Figure 3(b)). To confirm
the NH4

+ pulse-induced changes in pHi, we measured pHi in
isolated single cardiomyocyte and compared pH changes of
cardiac strips (Figure 3(c)). NH4

+ pulse-induced pH trace
between the cardiac strip and cardiomyocyte has the same
pattern. Additionally, we determined the T-tubule structure
in freshly isolated cardiac myocytes using the membrane-
specific dye di-8-ANEPPS. Confocal images from cardiac
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Figure 3: Enhanced NKCC1 activity in LV of db/db cardiac strips after HTK-induced arrest. (a) Changes in pHi by NH4Cl pulse technique
between WT and db/db cardiac strips. (b) Analysis of the acidification rate between HTK-arrested cardiac strips between WT and db/db
(n = 5, ∗P < 0 05). (c) Changes in pHi by NH4Cl pulse technique in isolated cardiac myocyte. (d) Image of ANEPPS staining (green) of
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myocytes stained with di-8-ANEPPS (green, Figure 3(d))
were obtained. The pH calibration curve of cardiac strips
was applied to all changes in pH experiments (Supplementary
Figure 1).

3.3. Increased Expression of Slc26a6 in db/db Cardiac Tissue.
The Cl−/HCO3

− exchanger (CBE) mediates Cl− uptake and
acidification of pHi through the HCO3

− efflux. Although
AE3 is involved in CBE, we focused on Slc26a6, which
dominantly expresses in the mouse heart compared to AE3
[27, 28]. To evaluate the expression of Slc26a6 in WT and
db/db mice, we performed western blot analysis in WT and
db/db cardiac tissues. Interestingly, Slc26a6 expression was
enhanced in db/db mice (Figures 4(a) and 4(b)). In db/db
cardiac tissues, the expression of CA IV was moderately
increased, however, not statistically different (Figures 4(a)
and 4(b)). Membrane-associated CA IV interacts with
HCO3

− transporters to facilitate formation of HCO3
− trans-

port metabolons [29]. We confirmed immunolocalization
of Slc26a6 in cardiac tissues. The expression of Slc26a6 in
LVdb/db was 2.7 times that of LVWT (Figures 4(c) and 4(d)).
These results suggested that the enhanced expression of the
Slc26a6 facilitate Cl− flux in db/db cardiac tissues.

3.4. Supportive Function of CA IV on SLC26A6 Activity and
Enhanced CBE Activity in db/db Cardiac Strips. Whether
CBE activity is maintained after cardioplegic arrest remains
unknown. The CBE activity of LVdb/db strips was moderately
increased as compared with that of LVWT strips after the car-
dioplegic arrest (Figures 5(a) and 5(b)). Enhanced protein
expression of Slc26a6 and CA IV will provide the increased
CBE activity. Thus, we explored the mechanism underlying
CA IV and SLC26A6-mediated changes in vitro. CA IV
enhanced SLC26A6 activity (Figures 5(c) and 5(d)). Both
CA IV and SLC26A6 did not interact with each other (data
not shown); however, CA IV facilitated the Cl−/HCO3

−

exchange activity of SLC26A6. To confirm the involvement
of Slc26a6, protein kinase C agonist phorbol 12-myristate
13-acetate (PMA), known as a Slc26a6 inhibitor [30, 31],
was added in cardioplegia solution. The CBE activity was
inhibited by the treatment of PMA in cardiac strips
(Figures 5(e) and 5(f)). To confirm the effect of Cl− move-
ment through NKCC and Slc26a6, changes in intracellular
Cl− concentration in LVWT and LVdb/db strips were examined
by the MQAE fluorescence quenching technique. MQAE
fluorescence usually increases in the presence of 0 Cl− media
due to the decrease in intracellular Cl− concentration [32].

db/dbWT
LV RV LV RV

Matured
Slc26a6

CA IV35 -

100 -

45 -

kDa

𝛽-Actin

(a)

0

1

2

3

4

5
⁎

0
WT db/db WT db/db

1

2

3

4

In
te

ns
ity

(m
at

ur
ed

 S
lc

26
a6

/𝛽
-a

ct
in

,
ra

tio
)

In
te

ns
ity

(C
A

 IV
/𝛽

-a
ct

in
, r

at
io

)

(b)

WT

db/db

DAPI Slc26a6 ZO-1 Merge

DAPI ZO-1 Merge

20𝜇m

20𝜇m

Slc26a6

(c)

N
or

m
al

iz
ed

 in
te

ns
ity

 o
f

Sl
c2

6a
6 

by
 ar

ea
 (r

at
io

)

0

0.5

1

1.5

2

2.5

3

3.5
⁎⁎⁎

WT db/db

(d)

Figure 4: Increased expression of Slc26a6 in db/db cardiac tissue. (a) Protein expression of Slc26a6 and CA IV in cardiac tissues of WT and
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Interestingly, the Cl− transporting activity of LVdb/db strips
was dramatically increased in 0 Cl− media with MQAE fluo-
rescence quenching technique (Figure 5(g)). These results
suggested that the enhanced expression of Slc26a6 facilitates
Cl− transporting activity in db/db cardiac tissues after
cardioplegia-induced arrest.

3.5. Activity and Protein Expression of NHE1 betweenWT and
db/db after HTK-Induced Arrest. The Cl−/HCO3

− exchange
facilitates Na+-loading, associated with Na+-dependent
acid extrusion mechanisms such as NHE1, a major pH
regulator [28]. We verified the role of NHE activity and
protein expression after the cardioplegia-induced arrest.
After the cardioplegia, there was no difference of NHE activ-
ity (Figures 6(a)–6(c)). The protein expression of NHE1
has no difference between LVWT strips and LVdb/db strips
(Figures 6(d) and 6(e)).

4. Discussion

We hypothesized that the diabetic myocardium is more
vulnerable after cardioplegia infusion than the myocardium
in the condition of normal glucose, as the various ion chan-
nels that are involved in [Na+]i homeostasis are altered.
Cation flux via NKCC following ischemia was shown to be
expressively increased in type 1 diabetic hearts, and inhibi-
tion of NKCC revealed the reduced ischemic injury in dia-
betic hearts [33]. In this study, we found enhanced NKCC1
protein and increased NKCC1 activity in LVdb/db. NKCC
upregulation and its glycosylation disrupt Cl− homeostasis
[34]. Enhanced expression of NKCC1 in the db/db heart
may provide synergistic dysregulation of Cl− concentration
in company with the enhanced Slc26a6. As enhanced CBE
activity in LVdb/db, the Cl− transporting activity of Slc26a6
in LVdb/db was increased as compared with that of LVWT.
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Figure 5: Supportive function of CAIV on SLC26A6 activity and enhanced CBE activity in db/db cardiac strips. (a) CBE activity was assessed
by measuring changes in pHi in LV cardiac strips of WT (open black square) and db/db (closed red square) mice following cardioplegia-
induced arrest. Full image of CBE activity was represented in the square box, and magnified images were obtained from the dotted line.
(b) Analysis of CBE activity. The slope of pHi was measured as CBE activity in 0 Cl−. The bars show the mean ± SEM (n = 3, ∗P < 0 05).
(c) Changes in pHi by CBE activity of human SLC26A6- (A6-) overexpressed HEK293T cells with and without human CA IV.
(d) Analysis of CBE activity. The slope of pHi was measured in CBE activity in the 0 Cl−. The bars represent the mean ± SEM
(n = 3, ∗P < 0 05). (e) Changes in pHi by CBE activity with (closed blue square) and without (closed black square) 50 nM PMA and
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In addition, activity of Slc26a6 in db/db may be further
enhanced due to the involvement of CA IV. The kinetics of
Cl− flux was partly addressed in diabetic mice almost 40 years
ago [35]. The Cl−/HCO3

− exchangers, encoded Slc4a3 and
Slc26a6 genes, are expressed in heart tissue [27, 28, 36]. They
are also called acid loaders and mediate HCO3

− efflux and
Cl− influx to induce acidification of pHi. Slc26a6 is known
as a dominant transporter in the heart ventricle [27].
Although complicated regulatory mechanisms underlie the
various ion transporters, we found enhanced expression of
Slc26a6 and Cl− transporting activity in the db/db heart, sug-
gesting that effective Slc26a6 blockers may be efficient in
modulating pH of type 2 diabetic hearts.

In this study, we addressed that the pH modulation after
cardioplegic arrest was differentially regulated between WT
and diabetic hearts. During the cardioplegia, the intracellular
acidosis provides the primary source of ischemic reperfusion
injury, and the mechanism is postulated in Figure 7. Based on
our results, the db/db hearts were observed to increase
NKCC, CBE, and Cl− transporting activities caused by

enhanced NKCC and Slc26a6 expression. It has been
addressed that the enhanced expression and function of car-
diac NKCC were observed during congestive heart failure
and myocardial remodeling [37]. Enhanced NKCC activity
of the db/db heart in the current study may also provide
the pathological clue for the diabetic heart.

The HCO3
− modulation of Slc26a6 in the heart was

revealed in several reports [27, 28]. It also has been addressed
that the role of Slc26a6 was Cl−/oxalate exchanger to secrete
oxalate rather than Cl−/HCO3

− exchanger in salivary glands
[38]. Although we addressed enhanced Slc26a6 expression
in the db/db heart, Cl− window of Slc26a6 transporter needs
to be clarified. It also has been carefully considered the
enhanced Cl− transporting activity in the db/db heart. More-
over, the physiological and pathological roles and cross-
linked role of cardiac NKCC and Slc26a6 are currently
unclear, and the mechanisms behind the Cl− regulation
cannot be concluded from the current results. Possibly, the
elevated NKCC and Slc26a6 will provide the favorable cir-
cumstances to elevate Cl− transporting activity in the db/db
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heart. In addition, the Cl− influx and HCO3
− efflux by

Slc26a6 may facilitate intracellular acidification during
cardioplegia-induced arrest in the diabetic myocardium.

The results of the current study revealed several important
limitations. For technical limitation, the current study was
performed in normothermic temperatures, deviation from
the cardiac surgery situation as Egar et al. mentioned [39].
However, the strength of our studies places in the fact that
we modified the Langendorff-free method, which mimics
immediately after aortic cross-clamp application and initial
phase of cardioplegia-induced arrest during cardiac surgeries.
In addition, the type 2 diabetes model (db/db mouse) with a
high serum glucose level was used to evaluate the cardioplegia
effect on the myocardium. Clinically, type 2 diabetes patients
are more prone to cardiac diseases as compared to type I dia-
betes and require cardiac surgeries. Since the pathophysiolog-
ical meaning of type 1 and 2 diabetes and their effect on the
myocardium are different, our study is relevant in a clinical
setting. Our study results suggested that it is necessary to
develop cardioplegia that is specialized for diabetic patients.
As such, this study suggests that modulation of ion-
transporting activity in the db/db heart may be an effective
strategy for preventing cardiac damage including acidosis
and edema in diabetic patients after cardioplegia infusion.
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Supplementary Materials

Supplementary Figure 1: pH calibration curve for LV cardiac
strips at pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5. Ratios of
BCECF-AM (Teflabs) were converted to pH unit as
described previously [21, 22]. Briefly, cardiac strips were
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incubated in the calibration solution (pH 5.5, 6.0, 6.5, 7.0, 7.5,
8.0, and 8.5) for 5min at room temperature. The equation
of the pH calibration curve was pH = pKa + log Rmax‐R /
R‐Rmin (R: ratio value of BCECF; Rmax: maximum ratio;
Rmin: minimum ratio; pKa value of BCECF: 6.97). The
BCECF fluorescence ratio was converted to the changes in
pHi (ΔpHi) value, followed by the calibration curve.
(Supplementary Materials)
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