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Background: Catalytic iron (CI) is unbound ferric ironwith the potential to generate reactive oxygen species with
further deleterious vascular effects. In acute coronary syndromes, high levels of CI are linked to all-cause mortal-
ity. The prognostic impact of CI and ironmetabolism in cardiogenic shock (CS) is currently undetermined. Aims of
this study were to investigate the prognostic impact of CI and to identify predictors of high CI levels in patients
with CS complicating acute myocardial infarction.
Methods: The Intraaortic Balloon Pump in Cardiogenic Shock II (IABP-SHOCK II) trial randomized 600 patients
with CS to either therapy with intraaortic balloon pump or control. In 185 of these patients, blood samples
were systematically collected at baseline and day 3. CI levels were measured using amodified bleomycin detect-
able iron assay. Furthermore, levels of free hemoglobin, total serum iron, transferrin, total iron binding capacity,
ferritin, hepcidin, and transferrin saturation were assessed.
Results: Patients with baseline CI levels in the highest quartile had a worse outcome in comparison to patients
with lower CI (day 1: HR 1.91 [1.11–3.31], p = 0.005; day 3: HR 2.15 [1.06–4.34], p = 0.01). In multivariable
Cox-regression analysis baseline CI remained an independent predictor of 30-day mortality (HR per 10LOG
2.08 [1.25–3.47], p = 0.005). Predictors of CI levels on day 3 were baseline CI, bleeding events, and baseline tro-
ponin T.
Conclusions: CI levels were associated with increased short-term mortality in CS complicating acute myocardial
infarction. High levels of CI at day 3 were associated with bleeding and high troponin levels.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Catalytic iron (CI) is the non-transferrin, non-ferritin bound free cir-
culating oxidized ferric iron which is a powerful catalyst for production
catalytic iron; CS, cardiogenic
, hazard ratio; IABP, intraaortic
PCI, percutaneous coronary

r Lübeck, University Hospital
logy/Intensive Care Medicine,

eliability and freedom from bias

.

of reactive oxygen species by participating in the metal catalyzed
Haber–Weiss and Fenton reactions [1]. Elevations in catalytic iron levels
trigger the release of free hydroxyl radicals leading to vascular injury
mediated by endothelial apoptosis [2]. In acute myocardial infarction
(AMI) elevated CI levels are associated with impaired clinical outcome
[3,4]. Similar findings were observed in critically ill patients, where an
association of elevated CI levels withmortality and renal failure was ob-
served [5]. Up to date, there are nodata on CI in AMI complicated by car-
diogenic shock (CS).

The aim of the present study was thus to assess a possible associa-
tion between CI levels and clinical outcome in patients with CS and
AMI. Furthermore, factors associated with high CI levels were investi-
gated together with possible physiological protective mechanisms
against elevated CI levels including upregulation of ferritin and
hepcidin.
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2. Methods

This study is a predefined monocentric substudy of the Intraaortic
Balloon Pump in Cardiogenic Shock II (IABP-SHOCK II) trial
(ClinicalTrials.gov Identifier: NCT00491036). The design and outcomes
of the IABP-SHOCK II trial have been reported previously [6–8]. IABP-
SHOCK II was a randomized study evaluating the role of intraaortic bal-
loon counterpulsation (IABP) onmortality in the setting of AMI compli-
cated by CS. In brief, 600 patients were enrolled in 37 centers in
Germany and were randomized to either IABP or to a control group in
a 1:1 fashion. The definition of CS included hypotension, pulmonary
congestion, and signs of end-organ hypoperfusion. Exclusion criteria
were onset of CS N12 h before randomization, cardiopulmonary resusci-
tation N30 min, severe cerebral deficit, mechanical causes of CS,
age N 90 years, absolute contraindications against IABP insertion,
shock of other cause, or severe concomitant diseasewith life expectancy
b6months. All patients underwent cardiac catheterization immediately
after hospital admission. In resuscitated patients, cooling was initiated
after percutaneous coronary intervention (PCI) and baseline blood sam-
ple drawing. All-cause mortality at 30 days was defined as primary
endpoint.

Two hundred eighteen patients were randomized at the University
of Leipzig - Heart Center with a prospectively planned serial blood sam-
pling [9]. In 185 of these patients, blood samples were available for the
present analysis.

The study was conducted according to the Declaration of Helsinki,
has been approved by the local ethics committee, and all patients or
their legal representatives gave written informed consent.

2.1. Laboratory measurements

Blood samples were collected under standardized conditions at dif-
ferent predefined time points (day 1 [day of admission during primary
PCI] and day 3). The samples were immediately centrifuged at 2400 g
for 10 min at room temperature. The ethylenediaminetetraacetic acid
plasma was stored in aliquots at−80 °C.

CI was measured using a modified bleomycin detectable CI assay at
Muljibhai Patel Society for Research in Nephro-Urology in Nadiad,
India. The assay is based on the principal that bleomycin,which is an an-
titumor antibiotic, binds to and degrades DNA leading to the formation
of a chromogen by reacting with thiobarbituric acid in the presence of
ferric iron and a suitable reducing agent. The amount of chromogen
formed is measured as color intensity in a spectrophotometer (DU
800; Beckman Coulter, Brea, CA, USA) at 532 nmagainst a blank sample.
The assay hence measures ferric iron complexes that can catalyze free
radical reactions in biological systems and is expressed in μmol/L. The
assay used is a modification of the original assay, which enables
accurate measurement of CI across a wide range of CI levels at a stable
pH. All reactions were carried out in polypropylene tubes to avoid iron
contamination. All reagents were treated with chelex (Bio-Rad Labora-
tories, Inc. Hercules, CA, USA) at 300 mg for 10 ml solution to remove
any iron contamination. At a CI concentration of 0.045–3.15/L the
intra-assay coefficient of variation was 0.58% and the inter-assay coeffi-
cient of variation was 3.4%.

Standard parameters of iron metabolism also measured in addition
to CI included plasma total iron, transferrin, transferrin saturation, and
total iron binding capacity. In addition, plasma free hemoglobin and
the two iron regulatory parameters ferritin and hepcidin were deter-
mined. Plasma free hemoglobin was assessed by a highly sensitive
quantitative enzyme-linked immunosorbent assay (ELISA) kit (Bio Rad
ELISA reader PR4100, My BioSource Inc., San Diego, CA, USA, intra-
assay coefficient of variation 0.28%, inter-assay coefficient of variation
5.1%). Plasma hepcidin levels were measured using ELISA (My
BioSource Inc., San Diego, CA, USA). The hepcidin detection range in
the ELISA kit is 1.17–300 ng/mL. The intra- and inter-assay precision
of the kit are b8% and b10%.
2.2. Statistical analysis

Asmost continuous variables were not normally distributed, all con-
tinuous variables are presented as medians with interquartile range
(IQR) for reasons of uniformity. Categorical data are presented as counts
or proportions with the corresponding percentages. For comparison of
continuous variables, student's t-test or Mann–Whitney test were
used, for comparison of categorical variables Fisher's exact- or Chi2-
testwere used, as appropriate. For outcome analysis, all-causemortality
at 30 days was assessed. Patients were stratified into two groups by
baseline CI levels with comparison of quartile 1–3 versus quartile 4.
The rationale for this comparison was that patients with CI levels in
the highest quartile demonstrated worse outcome in a prior acute cor-
onary syndrome study [3].

Kaplan–Meier analysis with log-rank-testing and corresponding
hazard ratios (HR) was used for outcome assessment. Stepwise logistic
regression analysis was performed to identify predictors of mortality at
30 days. All baseline variables with an association (p-value b0.1) to
mortality in univariable analysis entered a multivariable model.

For prediction of CI levels at baseline and day 3 a multiple stepwise
regressionmodel was built including all parameters with an association
(p b 0.1) with CI levels at the specific timepoint. To analyze differences
between CI levels at day 1 and day 3 in patients with or with prior car-
diopulmonary resuscitation and with or without bleeding repeated
measures ANOVA with log-transformation were performed. The
within-subject-effect was assessed by an interaction test using Huynh
and Feldt-correction [10].

Statistical analysiswas performed using commercially available soft-
ware (MedCalc forWindows, version 15.8.0;MedCalc Software, Ostend,
Belgium). A two-tailed p-value b0.05 was considered statistically
significant.
3. Results

In 185 of 218 patients (85%) baseline blood samples were available.
Patients with day 1 CI levels in the highest quartile were younger, had
higher baseline serum lactate, lower rates of known hypertension,
showed a trend to higher hemoglobin levels, and were more often re-
suscitated prior to randomization (Table 1).
3.1. CI and clinical outcome

Levels of CIwere significantly higher in non-survivors than in on day
1 aswell as on day 3 (Table 2). Patients in the highest quartile of CI levels
at day 1 and day 3 were more likely to die until day 30 (Fig. 1A + B). In
multivariable Cox-regression analysis, baseline CI and serum lactate as
well as age and reperfusion success remained independent predictors
of 30-daymortality (Table 3).
3.2. Predictors of CI levels at admission and on day 3

In univariable regression modeling cardiopulmonary resuscitation
prior to randomization (β=0.16; p=0.03) andmechanical ventilation
at admission (β=0.14; p=0.052) showed an association to CI levels at
baseline. In multivariable testing only cardiopulmonary resuscitation
prior to randomization remained significant (β = 0.16; p = 0.03).

Baseline CI levels, bleeding complications and/or need for blood
transfusions, baseline troponin T levels, the development of acute kid-
ney injury,mechanical ventilation at admission and early hemodynamic
stabilization at day 1were associatedwith CI levels on day 3 (all p b 0.1).
After multivariable testing baseline CI levels (β = 0.25; p = 0.009),
bleeding and/or blood transfusions (β = 0.50; p b 0.001), and baseline
troponin T levels (β = 0.44; p b 0.001) remained independent predic-
tors of CI levels at day 3.

http://ClinicalTrials.gov


Table 1
Baseline and procedural characteristics.

Overall n = 185

Catalytic iron

pQuartile 1–3 n = 139 Quartile 4 n = 46

Age, years 70 (58;79) 72 (60;80) 63 (54;73) 0.002
Male sex, n (%) 129 (70) 99 (71) 30 (65) 0.56
Body mass index, kg/m2 27.3 (24.7;29.4) 26.9 (24.5;29.4) 27.8 (26.1;29.4) 0.23
Baseline serum creatine, μmol/L 117 (95;163) 116 (94;154) 119 (95;182) 0.50
Baseline serum lactate, mmol/L 3.7 (2.3;7.4) 3.2 (2.2;5.5) 7.6 (3.7;10.6) b0.001
Baseline serum creatine kinase, μmol/L 9.4 (3.4;22.7) 8.1 (3.4;20.1) 13.5 (3.0;34.5) 0.25
Baseline troponin T, μg/L 0.86 (0.26;3.02) 0.82 (0.26;2.35) 1.08 (0.33;0.54) 0.32
Heartrate at admission, n/min 91 (77;110) 90 (72;110) 100 (80;110) 0.23
Systolic blood pressure at admission, mmHg 85 (78;106) 85 (79;103) 89 (75;110) 0.65
Baseline hemoglobin, mmol/L 8.1 (7.1;8.9) 7.9 (6.7;8.9) 8.3 (7.5; 9.0) 0.06
Hypertension, n (%) 129 (70) 103 (74) 26 (57) 0.04
Hypercholesterolemia, n (%) 57 (31) 43 (31) 14 (30) 0.90
Diabetes mellitus, n (%) 66 (36) 54 (39) 12 (26) 0.16
Known peripheral artery disease, n (%) 23 (12) 19 (14) 4 (9) 0.53
Prior myocardial infarction, n (%) 40 (22) 33 (24) 7 (15) 0.31
Prior PCIa, n (%) 35 (19) 30 (22) 5 (11) 0.16
Prior coronary artery bypass grafting, n (%) 10 (5) 9 (7) 1 (2) 0.46
Coronary 3-vessel disease, n (%) 91 (49) 71 (51) 20 (44) 0.47
Resuscitation prior admission, n (%) 69 (37) 38 (27) 31 (67) b0.001
TIMIb flow b3 after PCI, n (%) 46 (25) 34 (25) 12 (27) 0.90
Randomized to balloon pump, n (%) 92 (50) 66 (48) 26 (57) 0.37
Bleeding events Day 1 and 2, n (%) 15 (8) 11 (8) 4 (9) 0.87

Continuous data are presented as median and interquartile range.
a PCI = percutaneous coronary intervention.
b TIMI = Thrombolysis in Myocardial Infarction.
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3.3. Bleeding events and CI levels

Bleeding or need for blood transfusion at day 1 and 2 occurred in 15
of 185 (8.1%) patients. These patients had a significantly higher 30-day-
mortality (80 vs. 38%; Central Illustration). No significant differences in
baseline CI levels between patients with orwithout bleedingwere pres-
ent (0.34 [IQR 0.30;1.05] vs. 0.43 [IQR 0.31;0.67] μmol/L; p = 0.74). In
contrast, significant differences were observed at day 3 (0.71 [IQR
0.44;2.87] vs. 0.35 [IQR 0.30;0.42] μmol/L; p b 0.001). In repeated mea-
sures ANOVA a significant difference between the two groups aswell as
a significant group-factor interaction was observed (Fig. 2A). To probe
the link between bleeding and CI elevations free hemoglobin levels
amongst those with or without bleeding at day 1 and day 3 were
analyzed. The free hemoglobin levels were similar in both groups at
day 1 (bleeding vs. no bleeding 5.4 [IQR 1.8;16.0] vs. 5.5 [IQR 2.8;17.0]
mg/dl; p=0.91), but therewas a trend to higher free hemoglobin levels
in those with bleeding compared to those without bleeding at day 3
(8.7 [IQR 3.7;21.1] vs. 3.8 [IQR 1.9;7.5] mg/dl; p = 0.09).
3.4. Cardiopulmonary resuscitation and CI levels

In patients undergoing cardiopulmonary resuscitation prior to ran-
domization CI levels were significantly higher at baseline (0.57 [IQR
0.38;1.24] vs. 0.37 [IQR 0.30;0.48] μmol/L; p b 0.001), but not at day 3
Table 2
Iron status and physiological chelation responses to elevations in CI Levels amongst 30-day sur

Day 1

Survivors n = 109 Non-survivors n = 76

Catalytic iron, μmol/L 0.37 (0.30;0.58) 0.48 (0.35;1.18)
Serum iron, mg/dL 74 (65;86) 71 (63;83)
Ferritin, mg/mL 257 (107;722) 776 (304;1333)
Hepcidin, ng/mL 28 (16;60) 47 (27;83)
Transferrin, mg/dL 176 (141;212) 143 (90;184)
TIBCa, μg/dL 241 (194;291) 196 (123;245)
Transferrin saturation, % 32 (24;41) 40 (30;53)

Continuous data are presented as median and interquartile range.
a TIBC = total iron binding capacity.
(0.37 [IQR 0.31;0.49] vs. 0.34 [IQR 0.29;0.42] μmol/L; p= 0.15). Repeat-
ed measures ANOVA showed a significant difference between the two
groups and a significant group-factor interaction (Fig. 2B).

3.5. Association of CI levels with other markers of iron metabolism and
regulation at baseline

Moderate correlations of baseline CI levels with ferritin, free hemo-
globin, and hepcidin were observed (r = 0.48, p b 0.001; r = 0.42,
p b 0.001 and r = 0.34; p b 0.001, respectively). For total iron binding
capacity, transferrin saturation, transferrin, and total iron levels nearly
no correlation could be observed (r = −0.16, p = 0.03; r = 0.18,
p= 0.01 and r=−0.15; p= 0.04, respectively). There was no correla-
tion with total iron levels (r = 0.08; p = 0.29). Absolute values of
markers of iron metabolism are presented in Table 2.

4. Discussion

The current first analysis of CI in AMI-related CS observed a strong
independent prognostic impact of high levels of CI on mortality.
Furthermore, a strong association of high CI with bleeding events
could be demonstrated. This implicates a possible role of CI as mediator
of morbidity and mortality after bleeding events in CS (Central
Illustration).
vivors versus non-survivors.

Day 3

p Survivors n = 104 Non-survivors n = 43 p

0.007 0.35 (0.30;0.41) 0.41 (0.31;0.62) 0.03
0.23 71 (62;81) 68 (61;75) 0.13
b0.001 258 (119;566) 463 (230;958) 0.02
b0.001 22 (9;49) 34 (17;56) 0.03
b0.001 287 (114;202) 104 (79;136) b0.001
b0.001 208 (151;278) 143 (109;187) b0.001
b0.001 33 (28;47) 44 (35;70) b0.001



Fig. 1. Kaplan–Meier curves and log-rank-test for baseline catalytic iron (A) and on day 3 (B) stratified by highest vs. lowest three quartiles.
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The association of high CI levels with adverse outcome has recently
been shown in two observational studies consisting of 1701 and 806 pa-
tients with acute coronary syndromes [3,4]. Patients with high CI levels
were at higher risk for death in comparison to patients with low CI
levels. Differences with respect to the rate of myocardial re-infarction
were not observed. Both of these studies included low risk cohorts
(10 month mortality of ~2% in the study by Steen et al. and 1 month
mortality of 1.6% in the study by Lele et al.). In both studies, no informa-
tion was given if and how many patients presented in CS. The current
study is the first to confirm these findings in a cohort of patients with
CS. In addition, due to serial blood sampling, wewere able to investigate
dynamic changes of CI levels. There was an acute elevation in baseline
values for patients undergoing resuscitation, which was no longer evi-
dent 2 days later. In contrast, patients with bleeding complications
displayed similar CI levels at baseline with a significant rise of CI at
day 3 in comparison to patients without bleeding. This implicates CI to
be a marker with rapid rise and decline and suggests a correlation of
CI with bleeding. The only independent predictor of high baseline CI
was cardiopulmonary resuscitation. This may be explained by the fact
that mechanical resuscitation is often associated with multiple traumas
like rib or sternum fractures as cause of at least minor bleedings up to
major bleeding events like hemoperitoneum and retroperitoneal hem-
orrhage [11]. The association of CI with bleeding is further underlined
by the significant correlation of CI to plasma free hemoglobin levels.

4.1. Pathophysiological mechanism in bleeding, myocardial injury, and CI
metabolism

Following the destruction of red blood cells in hematoma hemoglo-
bin and iron are set free. Reactive oxygen species alone have a rather
low cellular toxicity, but together with CI they have the ability to cata-
lyze Haber–Weiss and Fenton reactions. This leads to enhanced produc-
tion of hydroxyl radicals and endothelial cell apoptosis [1,12,13]. The
exact cause for the release of CI in acute coronary syndromes still



Table 3
Cox-regression analysis for 30-day-mortality.a, b, c, d, e

Univariable Multivariable stepwise

HRa 95%CIb p Wald HR 95%CI p

Catalytic iron day 1 per 10Log 2.01 1.33–3.03 b0.001 9.2 1.97 1.27–3.04 0.003
Baseline serum lactate per 10Log 6.00 2.81–12.80 b0.001 17.9 6.45 2.73–15.25 b0.001
Baseline serum creatinine per 10Log 6.00 2.10–17.18 b0.001 - - - -
Troponin T per 10Log 1.26 0.89–1.79 0.19
Age per 10 years 1.25 1.03–1.51 0.03 11.7 1.44 1.17–1.77 b0.001
TIMIc flow b3 after PCId 1.82 1.12–2.94 0.02 8.2 2.06 1.26–3.57 0.004
Female sex 1.42 0.89–2.26 0.15
Body mass index per kg/m2 1.02 0.97–1.06 0.48
Baseline hemoglobin per mmol/L 0.98 0.85–1.12 0.75
Known chronic renal failure 1.23 0.86–2.01 0.40
Hypertension 1.04 0.63–1.70 0.88
Prior stroke 1.75 0.87–3.49 0.12
Hypercholesterolemia 0.85 0.52–1.40 0.53
Diabetes mellitus 1.14 0.72–1.81 0.57
Prior peripheral artery disease 1.19 0.63–2.25 0.60
Presence of coronary 3-vessel disease 1.45 0.93–2.28 0.11
Resuscitation before admission 1.26 0.80–1.98 0.33
Mechanical ventilation at admission 1.44 0.92–2.28 0.12
Randomized to IABPe 0.88 0.56–1.37 0.56

a HR = hazard ratio.
b CI = confidence interval.
c TIMI = Thrombolysis in Myocardial Infarction.
d PCI = percutaneous coronary intervention.
e IABP = intraaortic balloon counterpulsation.

Fig. 2. Levels of catalytic iron over time stratified bybleeding events onday 1 and 2 (A) and
cardiopulmonary resuscitation prior randomization (B).
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remains unclear. In response to myocardial ischemia and necrosis, CI
can be released from intracellular stores such as lysosomes or micro-
somes as shown in acute kidney injury [14,15]. Local acidosis can also
trigger dissociation of circulating iron from transferrin and hemorrhage
within the infarct zone could be yet another source for the release of
free iron [16]. In CS also kidney hypo-perfusion is common and acute
kidney injury is prognostically relevant [17]. Therefore some of the re-
leased CI may be of renal origin [5,18], although acute renal failure
was not associated with CI levels after multivariable adjustment in our
study. This may lead to local and systemic elevated levels of CI as sug-
gested by ourfindingswith its association of troponin T levels asmarker
of the amount of myocardial necrosis at day 3 CI levels. CI may also in-
fluence reperfusion injury; similar effects were described in intracere-
bral hemorrhage with good evidence from experimental as well as
human data that bleeding causes inflammatory reactions and iron
being a major factor causing brain injury after intracerebral bleeding
[19].

4.2. Possible impact on therapy

We observed a significant correlation of CI levels to ferritin and
hepcidin, which are iron regulatory hormones secreted by hepatocytes
into the circulation. Their functions are mediated via effects on iron ab-
sorption from the gastrointestinal tract and inhibition of free iron re-
lease from hemoglobin degradation by blocking the action of
macrophages [20]. This physiological chelation response to elevation
in CI levels highlights its significance and role in adversely affecting
mortality in this setting. The strong physiological “chelation” response
evident in this study in response to rising CI levels gives a hint of CI as
a player rather than a bystander in CS. Yet, due to the observational de-
sign of the current analysis we are not able to clarify the roles of by-
stander versus player. The association between CI and mortality raises
the issue ofwhether therapeutic “chelation”mayhave a role in reducing
mortality in the setting of AMI and CS. In intracerebral hemorrhage such
therapies were already tested positively in experimental trials with a
demonstrated reduction of secondary brain injury [21]. This implicates
the possibility that chelatic agents may also help to reduce myocardial
damage in AMI due to intramyocardial hemorrhage. Furthermore,
given the fact that a systemic inflammatory response syndrome is evi-
dent in CS [22] such a therapy may also be helpful in these patients.
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This needs further evaluation in experimental and adequately powered
human studies.

4.3. Study limitations

First, an observational study is not able to prove causal associations.
Second, given the relatively small number of patients with early bleed-
ing events our findings may be a play of chance. Yet, this appears to be
not plausible due to the strong association of CI with bleeding and
mechanical cardiopulmonary resuscitation.

5. Conclusions

Levels of CI are associated with short-term mortality in CS compli-
cating AMI. Bleeding events as well as the amount of myocardial necro-
sis and mechanical resuscitation may contribute to high CI. Further
investigations are needed targeting a hypothetic therapeutic effect of
chelating CI to improve outcomes.
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