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Abstract

Aims Iron deficiency is frequently observed in patients with acute coronary syndrome and associates with poor prognosis
after acute myocardial infarction (AMI). Anaemia is linked to dysregulation of iron metabolism, red blood cell dysfunction,
and increased reactive oxygen species generation. Iron supplementation in chronic heart failure is safe and improves cardiac
exercise capacity. Increases in iron during ischaemia or immediately after reperfusion are associated with detrimental effects
on left ventricular (LV) function. The safety and applicability of iron during or immediately after reperfusion of AMI in anaemia
are not known. We aimed to study the safety and efficacy of iron supplementation within 1 h or deferred to 24 h after reper-
fusion of AMI by analysing LV function and infarct size.

Methods and results In a mouse model of moderate blood loss anaemia (n = 6-8 mice/group), the effects of iron supple-
mentation (20 mg iron as ferric carboxymaltose per kg body weight) within 1 h and deferred to 24 h after
ischaemia/reperfusion were assessed. Cardiac function was analysed in vivo by echocardiography at baseline (Day 3) with
and without anaemia, after AMI (24 h), and after administration of intravenous iron. Anaemia was characterized by iron de-
ficiency and a trend towards increased haemolysis, which was supported by increased plasma free-haemoglobin [sham vs.
anaemia (n = 8/group): P < 0.05]. Anaemia increased heart rate, LV end-diastolic volume, stroke volume, and cardiac output,
while LV end-systolic volume remained unchanged at baseline. Superimposition of AMI deteriorated global LV function,
whereas infarct sizes remained unaffected [sham vs. anaemia (n = 6/group): P = 0.9]. Deferred iron supplementation 24 h after
ischaemia/reperfusion resulted in reversal of end-systolic volume increase and reduced infarct size [% of area at risk: sham vs.
anaemia + iron after 24 h; (n = 6/group); 48 + 7 vs. 38 = 7; P < 0.05], whereas administration within 1 h after reperfusion was
neutral [sham vs. anaemia + iron; (n = 6/group); 48 + 7 vs. 42 * 8; P = 0.56]. Moreover, iron application after reperfused AMI
showed unaltered mortality compared with sham.

Conclusions Iron supplementation 24 h after reperfusion of AMI is safe and reversed enlargement of end-systolic volume
after AMI resulting in increased stroke volume and cardiac output. This highlights its potential as adjunctive treatment in anae-
mia with ID after reperfused AMI. Time point of iron application after reperfusion appears critical.
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Introduction effective early reperfusion therapy, especially primary per-

cutaneous coronary interventions (pPCl)."* Anaemia is asso-
In the past two decades, the mortality of ST-elevation myo- ciated with post-procedural complications with adverse
cardial infarction (STEMI) patients has been reduced due to in-hospital outcomes and mortality after pPCL3™ In
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addition, 30% of the patients with acute myocardial infarc-
tion (AMI) present with decreased baseline haemoglobin
(Hb) concentrations,® which is correlated to a 15% to 25%
risk of developing congestive heart failure (HF)
during and after the event.”® Anaemia itself is associated
with reduced iron content in blood and thus iron deficiency
(D).

Iron is a fundamental trace element for various cellular
processes and is important in the respiratory chain of mito-
chondria, and essential for cardiomyocyte contractility.’® Ex-
perimental animal models reported mitochondrial iron
accumulation after cardiac ischaemia/reperfusion (I/R) in-
jury, associated with significantly impaired cardiac contrac-
tility by increased reactive oxygen species (ROS) in
cardiomyocytes. Both blocking ferroptosis and chelating
iron were cardioprotective in a mouse model of myocardial
I/R injury.*>*? Application of the iron chelator deferoxamine
(DFO) before and during coronary occlusion did not prevent
the loss of systolic wall function that occurred during is-
chaemia, but significantly enhanced the recovery of seg-
mental shortening.® Scavenging of iron through DFO
administered at the first 15 min of post-ischaemic reflow
resulted in greater recovery of myocardial function energy
metabolism, and decreased infarct size (IS) in canines®
pointing towards potential deleterious side effects of iron
during ischaemia and early reperfusion. In STEMI patients,
intravenous (i.v.) iron-oxide administration 4 days after
AMI improved infarct healing thereby demonstrating bene-
ficial effects on global left ventricular (LV) remodelling by
decreased end-systolic volume (ESV).> Adjunctive DFO
treatment of STEMI patients prior, during, and after pPCl
demonstrated significant reduction of indexes of oxidative
stress without limiting 15.%® Furthermore, in patients under-
going coronary artery bypass grafting, i.v. DFO infusion re-
duced ROS production and protected the myocardium
against reperfusion injury, especially in patients with re-
duced LV ejection fraction.’

These results indicate that the time point of iron treatment
during AMI and after reperfusion is critical: while iron appli-
cation prior or during ischaemia, and immediately prior to re-
perfusion appears detrimental, it seems beneficiary in
chronic ischaemic heart disease,*® while its effects early
within 1 h or deferred to 24 h after reperfusion are not clear.
Trials in chronic heart failure (CHF) patients with LV ejection
fraction < 40% demonstrated positive effects of iron
supplementation.'®?° In CHF patients with absolute or func-
tional ID with or without anaemia, i.v. administration of iron
improved symptoms and exercise capacity. However, the
safety and effectiveness of iron supplementation in STEMI
and after pPCl of anaemia is not known.?! Therefore, the
present study aimed to determine the safety and efficacy of
iron supplementation within 1 h or deferred to 24 h after re-
perfusion in a model of moderate blood loss anaemia with ID
and superimposed AMI.

Materials and methods
Study approval

All experiments were performed using protocols approved by
LANUV (Landesamt fur Natur, Umwelt- und Verbraucherschutz
Nordrhein-Westfalen, AZ: 84-02.04.2018.A234). The investiga-
tion conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1985). Furthermore, every ex-
periment was based on the guidelines of the Federation of
European Laboratory Animal Science Associations.

Induction of moderate blood loss anaemia

All experiments were performed with C57BL/6J mice obtained
from the Janvier Labs (Saint-Berthevin, France). Anaemia was
induced in healthy 10- to 12-week-old male mice by repetitive
collection of blood from the facial vein as previously
described.?? The amount of every blood draw was less than
15% of the total circulating blood volume, which was
calculated per kg BW of each mouse. To compensate for the
blood loss, mice were injected with an equal volume of
saline (0.9%) one-half intraperitoneally and the second half
subcutaneously. To analyse the complete blood count, blood
(30-40 pL) was collected from the facial vein and placed in
an ethylenediaminetetraacetic acid-coated microcentrifuge
tubes. The complete blood count was analysed using Scil Vet
abc” haematology analyser following the manufacturer’s
instructions (scilVet, Germany).

Chemicals

Ferinject® (50 mg iron/mL) was purchased from Vifor Pharma
AG (Deutschland) and diluted 1:10 (v/v) in saline (0.9%). All
mice were injected with 20 mg iron per kg BW Ferinjet®?®
through a tail vein in a volume of 100 pL. For each time point,
control and anaemic mice came from the same cohort and
were processed simultaneously to minimize cohort-to-cohort
variability, yielding two to three evaluable samples per group
per time point.

Experimental groups

Mice were randomly allocated to four experimental groups
(Figure 1, Groups A-D). AMI was performed as described
previously.>* Pre-AMI transthoracic echocardiography was
performed in sham mice (Group A) and anaemic mice
(Groups B-D) after induction of anaemia for 3 days. Iron
was not administered in Groups A-B. In anaemic Group C
mice, iron (i.v. 20 mg per kg BW) was administered
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Figure 1 Protocols and left ventricular functional analysis of anaemic mice without and with intravenous iron application after reperfused AMI. Sham
group of mice (Group A) were punctured with a lancet on the cheek (facial vein) without collection of circulating blood volume. Anaemia (Group B) was
induced by blood withdrawal on three consecutive days until a target Hb < 90 g/L was reached. On Day 4, mice were subjected to AMI followed by
24 h of reperfusion. Echocardiographic analysis of left ventricular function was performed after induction of anaemia (Day 3) and 24 h after reperfused
AMI. After reperfused AMI, anaemic mice were randomly assigned to iron treatment 1 h (Group C) or 24 h (Group D) after reperfusion using cage
numbers. TTC Staining was performed 24 h after iron administration of reperfused AMI. AMI, acute myocardial infarction; TTC, triphenyl tetrazolium

chloride
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immediately after 1 h of AMI, whereas in Group D, it was ad-
ministered 24 h after AMI. In Groups A-B, post-AMI echocar-
diography was performed after 24 h. In Groups C and D,
echocardiographic analysis was performed 24 h after iron ap-
plication. All mice were sacrificed after post-AMI echocardi-
ography, hearts were isolated for triphenyl tetrazolium
chloride (TTC) staining, and IS was determined.

Circulating cell-free-haemoglobin, haptoglobin,
erythropoietin, ferritin, transferrin, and soluble
transferrin receptor

To analyse iron and haemolysis after anaemia induction, a
separate group of mice were used for the experiments. After
3 days of anaemia induction, mice were sedated with
100 mg/kg of ketamine (Ketanest®) and 10 mg/kg of xylazine
(Rompun®), and approximately 1 mL of blood was withdrawn
by heart puncture. Blood from anaemic and non-anaemic
control mice was collected in heparinized tubes and centri-
fuged at 3000g for 5 min at 4°C. Plasma was collected and im-
mediately frozen at —80°C until further analysis. Cell-free
plasma Hb, haptoglobin, and transferrin were analysed using

respective Mouse ELISA Kits according to the manufacturer’s
instructions (Abcam; Cambridge, UK). Erythropoietin (Epo),
ferritin, and soluble transferrin receptor (sTfR) were analysed
in plasma using the respective Mouse ELISA Kits from
MyBioSource (San Diego, USA).

In vivo analysis of global left ventricular function
and infarct size

Serial echocardiographic measurements of global LV function
at baseline (Day 3; pre-AMI), and post-AMI, precisely after
24 h of i.v. iron supplementation were conducted in all groups
(A, B, C, & D). LV function in anaemia was assessed by record-
ing cardiac images using a Vevo 2100 high-resolution ultra-
sound scanner with an 18-38 MHz linear array microscan
transducer (Visual Sonics Inc., Toronto, Canada). LV function
was analysed by using B-mode images to determine LV vol-
umes, stroke volume (SV), cardiac output (CO), and heart rate
(HR) of maximal and minimal cross-sectional areas.?>® Area
at risk and IS were determined by post-mortem left anterior
descending artery re-occlusion, Evans blue infusion and stain-
ing with TTC as previously described.?*
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Statistics
Unless otherwise stated, data are presented as

mean * standard deviation. Multiple comparisons were per-
formed by two-way ANOVA for repeated measures (anaemia
vs. sham, time course). Differences among groups were
tested by two-way ANOVA with a Tukey test as post-hoc test.
For comparison of two groups, an unpaired Student’s t-test
was used. Investigations of LV function by echocardiography
were analysed by paired Student’s t-test. A P value of
<0.05 was considered significant. Data were analysed with
Prism (GraphPad Software, Version 6.05).

Results
Induction of moderate anaemia

The mouse model of subacute blood loss anaemia resulted in
an Hb level of approximately <9.0 g/dL as compared with
sham mice (Table 7). With induction of anaemia red blood cell
(RBC) morphology changed, as evidenced by increased
anisocytosis, rouleaux formation, and decreased mean cor-
puscular volume (MCV), mean corpuscular haemoglobin,

Table 1 Blood count with laboratory characteristics of anaemia

mean corpuscular haemoglobin concentration, and increased
red blood cell distribution width (RDW). Increased levels of
MCV and RDW after iron administration are indices of an aug-
mented erythropoiesis, thus representing an accelerated
turnover of RBC in anaemia with a raised number of young
RBCs, which are characterized by increased RBC sizes and vol-
ume (Table 1). We analysed the recovery of Hb levels in a sep-
arate group of mice, which showed completely re-established
morphology and Hb concentrations within 5 days (data not
shown). Intravenous iron was administered within 1 h and af-
ter 24 h after reperfusion of AMI (Figure 1). Iron treatment af-
fect blood parameters measured 24 h after reperfusion as
demonstrated by increased MCV and RDW (Table I).

Characterization of iron metabolism and
inflammatory response in blood loss anaemia

To investigate the exact effects of anaemia on iron metabo-
lism, we did not select a pharmacological or genetically
exhausted mouse model for ID anaemia, but induced blood
loss anaemia by repetitive and moderate bleeding of mice.
As RBC contains iron, daily blood loss was associated with a
loss of cellular iron resulting in ID. In addition, increased
plasma cell-free Hb (Figure 2A) reflected mild haemolysis

Anaemia Sham + Sham + + +

Iron (time after I/R) — — — — 1h 24 h

Group A B A B C D
Condition Pre-AMI Post-AMI

Laboratory parameters

n = (numbers/group) (n=6) (n=8) (n =6) (n =6) (n =6) (n=6)
Haemoglobin (g/dL) 14.1 £ 0.5 9.0 + 0.5%** 132 +0.3 9.3 &+ 0.5%** 9.7 £ 1.9%**  10.7 = 1.2***
Haematocrit (HCT, %)  46.0 + 1.6 27.6 = 1.7*** 432+ 24 30.2 + 2.7%%*% 292 & 53%%% 336 & 3.2%**°
MCV (um?) 502 +04 53.4+12 53.0 = 1.4%% 567 £ 1.6*% 565+ 43%*% g1 x 1 7ot
MCH (pg) 154+ 04 177 +0.4*** 159+ 0.6 17.6 £ 1..2° 18.4 + 0.8** 19.5 = 0.5%**
MCHC (g/dL) 30.6 +0.9  33.3 +0.6* 28.7 0.2 31.1 = 1.4% 33.3 = 1.3%* 32.1 = 1.1%*
RDW (%) 138+03 148+08 15.4 = 0.9 167 +1.3**  16.0 £ 0.6°° 20.2 & 1. 3xxaH##SS
RBC (10°/ul) 9.2+0.3 5.2 + 0.3%** 7.9 + 0.57* 5.3 + 0.6%** 5.3 + 1.4%%* 5.5 + 0.6%**

BC (10°/uL) 7.7 +23 7.9 3.9 9.6 3.5 75 +35 54+1.2 8.6+24
Platelets (10%/uL) 1450.7 = 147 1759.0 = 107  1318.5 + 340 1397.8 +491° 1794.0 =196  1994.0 + 152*

Induction of anaemia resulted in changes in haemoglobin and haematocrit levels. Anaemic mice were characterized by thrombocytosis
with enhanced platelet counts at baseline. Additional treatment of intravenous iron did not affect normal blood counts. After reperfused
AMI, anaemic mice showed increased MCV and RDW as compared with pre-AMI, while MCH and MCHC remained unaffected. Data are
mean = SD from n = 6-8 mice/group. Two-way ANOVA with Tukey’s multiple comparisons test.

AMI, acute myocardial infarction; I/R, ischaemia/reperfusion; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular
haemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell; RDW, red blood cell distribution width; WBC, white

blood cell.

“P < 0.05 vs. sham,

"P < 0.01 vs. sham,

P < 0.001 vs. sham,

“P < 0.05 vs. pre-AMI,

*P < 0.01 vs. pre-AMI,

P < 0.001 vs. pre-AMI,

*P < 0.05 vs. anaemia,

*P < 0.01 vs. anaemia,

P < 0.01 vs. anaemia + iron after 24 h,
*P < 0.01 vs. anaemia + iron after 24 h,
**P < 0.001 vs. anaemia + iron after 24 h.
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(P = 0.0475 treated vs. non-treated), whereas plasma hapto-
globin remained almost unchanged (Figure 2B). Ferritin
showed a trend to increase (Figure 2C, P = 0.06 treated vs.
non-treated). ID was associated with increased Epo concen-
trations (Figure 2D) and increased sTfR transformation
(Figure ZE) while transferrin levels (Figure 2F) and transferrin
saturation (TSAT) (Figure 2G) were not altered.

Iron supplementation after reperfusion improves
left ventricular function after acute myocardial
infarction

At baseline, HR, end-diastolic volume (EDV), and SV were in-
creased in moderate anaemia resulting in an increased CO to
compensate for reduced oxygen-carrying capacity as com-
pared to sham mice. Additionally, our recent study demon-
strated that differences in LV function between anaemic and
sham mice persisted after 4 h up until 1 week following per-
fused AMI.?®> The LV function and LV transformation continued
to be reduced even though Hb concentrations were restored
(85.0 £ 2.0 on Day 7 post-AMI vs. 89.0 + 4.0 g/L on Day O,
P < 0.05; n = 5/group).>® Iron supplementation 24 h after re-
perfused AMI led to a reversal of ESV enlargement post-AMI
with anaemia and was associated with a trend of improved
SV and CO (Figure 3). These beneficial effects were seen only
modestly with iron application within 1 h after reperfused
AMI.

Infarct size in anaemia after iron
supplementation in reperfused acute myocardial
infarction

Anaemic mice were subjected to induction of AMI followed
by treatment with or without a single dose of iron 1 or
24 h after reperfusion. The mean IS after reperfused AMI
evaluated by TTC staining was significantly smaller after
24 h of iron administration, whereas early application within
1 h was associated only with a trend of IS reduction (Figure 4).
The body weight was comparable in mice of the anaemia and
sham groups after surgery [body weights in g; sham
(27.25 + 1.64) vs. anaemia (26.83 + 0.45); P = 0.893]. Anaemia
was associated with increased mortality during ischaemia,
whereas iron supplementation within 1 or 24 h post-I/R injury
demonstrated no further increase in mortality in respective
treatment groups, suggesting that iron supplementation
may be safe in the early phase of post-AMI.

Discussion

In summary, this experimental model of reperfused AMI with
anaemia shows the following:

e LV compensates the diminished oxygen-carrying capacity
in anaemia via increases in HR and EDV consecutively with
improved SV and CO.

e This compensation is lost in AMI.

e Reversal of ID in anaemia increases SV post-AMI via a dis-
tinct mechanism by limiting enlargement of ESV.

e The time point of iron supplementation after reperfusion
is critical.

e Reversal of ID in anaemia post-AMI is effective 24 h after
reperfusion and appears to be safe.

e The molecular pathways of this mechanism have to be
determined.

e The findings appear to be relevant in planning of future
clinical trials aiming to validate the benefit of iron supple-
mentation in patients with anaemia and STEMI, as time
points of application after AMI appear to be critical.

Our mouse model of moderate anaemia induced by repeti-
tive blood loss tend to mimic the patterns of anaemia in hospi-
talized patients with cardiovascular diseases characterized by
altered morphology of the erythrocytes, the integrity of the
membrane, haemolysis, inflammatory response, and 1D.”"?’
Cardiac function in anaemia was characterized by increased
HR, EDV, and consecutively increased CO to compensate for
the reduced oxygen-carrying capacity of the blood. Iron sup-
plementation in anaemia 24 h after reperfused AMI had no ef-
fects on EDV, but led to a reversal of ESV increase. Reduced
ESV led consecutively to improved SV and CO. Early treatment
of iron immediately within 1 h demonstrated no additional
benefits. In both protocols, iron administration was safe and
did not affect mortality. Thus, the present study supports the
notion that iron administration at least in ID-associated anae-
mia appears safe and beneficial when applied 24 h after reper-
fusion of AMI.

Anaemia and iron deficiency

Anaemia and absolute or relative ID are common entities that
coexist in patients with CHF, which are associated with poor
clinical status and worse outcomes after AMI.28 Hb levels of
anaemic patients have been shown to correlate with the
prognosis and mortality after acute adverse events in hospi-
tals, especially in patients with AMI.2°

Measurement of ferritin, TSAT, sTfR, and the sTfR—ferritin
index are more accurate than classical red cell indices to de-
lineate ID in anaemia.®® In our study, anaemic wildtype mice
also exhibited features of iron-restricted erythropoiesis such
as increased expression of sTfR and Epo, while TSAT
remained unchanged and plasma transferrin showed a ten-
dency to decrease.

It has been recognized that patients with HF show an in-
creased tendency to develop ID, as a consequence of the de-
pletion of iron stores or defective iron absorption.>* The

ESC Heart Failure 2021; 8: 5445-5455
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Figure 2 Blood loss anaemia is associated with iron deficiency and haemolysis. Data are mean * SD from n = 8 (A—F), n = 7 (G) mice/group. Unpaired t-
test; n.s. = not significant; *P < 0.05 vs. sham
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Figure 3 Analysis of LV function in anaemic mice with and without iron supplementation after reperfused AMI. LV function of sham and sham anaemic
mice were analysed at baseline (Day 3) and 24 h after reperfused AMI. Anaemic mice were treated with i.v. iron 1 and 24 h after reperfused AMI and
underwent echocardiographic analysis. Anaemia was associated with increases in heart rate (HR), end-diastolic volume (EDV), stroke volume (SV), and
cardiac output (CO). Superimposition of AMI further impaired global left ventricular (LV) function in anaemia. The increase in end-systolic volume (ESV)
associated with AMI is in part rescued by application of iron 24 h post-AMI (C). Data are presented as mean + SD from n = 6-8 mice/group. Multiple
comparison with two-way ANOVA with Tukey post-hoc test; *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham; "P < 0.05, *P < 0.01, **P < 0.001 vs. pre-
AMI; and s$P < 0.01 vs. anaemia. AMI, acute myocardial infarction
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Figure 4 Assessment of infarct size in anaemic mice with and without iron supplementation after reperfused acute myocardial infarction. Triphenyl
tetrazolium chloride (TTC) stainings were performed in mice underwent I/R surgery with and without iron supplementation. (A) Representative images
of TTC staining. Quantitative analysis of (B) area at risk and (C) infarct area as percentage of the area at risk for each group: data are presented as

mean + SD; unpaired t-test; ¥*P < 0.05 vs. sham. I/R, ischaemia/reperfusion
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correction of ID with the use of intravenous iron in patients
with CHF has been reported with good safety profiles
overall.’® Despite these beneficial effects of reduced rate of
rehospitalization, increased cardiac exercise capacity, and im-
provement in the quality of life, insufficient data exist
whether potential beneficial or harmful effects of iron

application given during either ischaemia or immediately af-
ter reperfusion in STEMI patients.

Iron administration in the setting of AMI remains contro-
versial because of its potential toxicity, including oxidative
stress induction and preventing cardiomyocyte contractility.
In iron therapies intended to improve AMI, the dose and time
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point of administration must be taken into the consideration,
as higher iron concentrations generate oxidative stress and
activate programmed apoptosis.>>3® Additionally, lower con-
centrations of iron promote cell survival through increased
inducible nitric oxide synthase activity and increased nitric
oxide production.3*3> In this study, we applied a dose of i.v.
iron (20 mg iron per kg BW), which is equivalent to that eval-
uated in clinical trials in HF patients.’® Superimposition of
AMI in anaemic mice impaired LV functional compensation
and increased mortality during ischaemia the lower the Hb
levels were.”?® These findings are in line with clinical studies
that demonstrated increased mortality associated with lower
Hb levels (below 90 to 80 g/L).3® Consistent with other
studies,® we did not observe differences in LV function and
IS between non-anaemic and anaemic mice post-AMI. The
reason for this observation is partly also explained by a dis-
tinct mortality rate in anaemic mice after AMI and resulted
decrease in sample size. In our previous study, we showed
that AMI resulted in a mortality of 33% in anaemic mice com-
pared with 2—3% in the sham group, ratios that were corrob-
orated in the present study. Thus, anaemic mice with larger
infarcts may have died earlier thus affecting the comparison
of surviving anaemic and non-anaemic mice. Overall, increas-
ing sample size will be considered for future experiments.

Iron administration within 1 h after I/R was neutral with re-
spect to changes in LV function and potential side effects. Ad-
ministration 24 h after I/R injury showed positive side effects
on myocardial function as demonstrated by the enhanced re-
covery of LV function through reversal of ESV increase and un-
changed EDV. While several experimental studies unravelled
harmful side effects of iron given during ischaemia and early
reperfusion, our data imply that application of iron at least in
anaemia with superimposed AMI is safe when deferred with
a time delay of 24 h after reperfusion of AMI and early enough
to impact on early LV remodelling post-AMI.

Efficacy of iron application to modulate let
ventricular function after acute myocardial
infarction

Several studies demonstrated that the time point of iron
treatment during AMI appears harmful in the acute phase
of AMI, in particular during reperfusion, which is caused by
mitochondrial iron accumulation and leads to impaired car-
diac contractility due to increased ROS within the
cardiomyocytes.>® Besides, these toxic effects of early iron
application during or prior to reperfusion were prevented
by the administration of iron chelator DFO 15 min prior to
and 15 min throughout of coronary occlusion of reperfusion,
which showed a cardioprotective effect through improved

myocardial high-energy phosphate metabolism and LV con-
tractility after a period of global ischaemia.'® These data sup-
port that iron catalysis is involved in the production of
oxygen-derived free radicals during I/R injury.*>** In contrast,
iron application in chronic ischaemic HF appears beneficial.?®
No data on the effectiveness of iron supplementation 1 h or
after 24 h after reperfusion of AMI in anaemia exist. In the
acute phase of reperfusion after AMI deferring, iron applica-
tion to 24 h appears as an attractive time window to modu-
late initial LV remodelling.

Conclusions

In conclusion, in anaemia, iron administration 24 h after re-
perfusion of AMI is associated with a reduced ESV and a
trend to decreased IS. These findings highlight the potential
of iron treatment in anaemia with ID as an adjunctive treat-
ment in the reperfusion after AMI. We have shown that the
time point of iron application is critical, which needs to be
proven in clinical studies.

Acknowledgements

We thank Mareike Cramer for assistance in critical discussion
and revision of the manuscript.

Conflict of interest

None declared. FF is an employee of Vifor Pharma Manage-
ment Ltd.

Funding

This  work was supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion)—CRC 1116—(project BO6 to M.K. and C.J., project B09
to N.G., and Gerok rotation to P.W.) and a grant of the
Susanne-Bunnenberg-Stiftung to the Diusseldorf Heart Center.
Open Access funding enabled and organized by Projekt DEAL.

Data availability statement

The authors declare that all supporting data of this explor-
atory study are available in the article.

ESC Heart Failure 2021; 8: 5445-5455
DOI: 10.1002/ehf2.13639



5454

P. Wischmann et al.

References

10.

. Paraskevaidis

. Dzavik V, Sleeper LA, Cocke TP,

Moscucci M, Saucedo J, Hosat S, Jiang
X, Slater J, LeJemtel T, Hochman JS,
SHOCK Investigators. Early revasculari-
zation is associated with improved sur-
vival in elderly patients with acute
myocardial infarction complicated by
cardiogenic shock: a report from the
SHOCK Trial Registry. European Heart
Journal. 2003; 24: 828-837.

. Chang HC, Shapiro JS, Ardehali H. Get-

ting to the "Heart" of cardiac disease by
decreasing mitochondrial iron. Circ Res
2016; 119: 1164-1166.

. DeBoer DA, Clark RE. Iron chelation in

myocardial preservation after
ischemia-reperfusion injury: the impor-
tance of pretreatment and toxicity. Ann
Thorac Surg 1992; 53: 412-418.

. Fang X, Wang H, Han D, Xie E, Yang X,

Wei J, Gu S, Gao F, Zhu N, Yin X, Cheng
Q, Zhang P, Dai W, Chen J, Yang F, Yang
HT, Linkermann A, Gu W, Min J, Wang
F. Ferroptosis as a target for protection
against cardiomyopathy. Proc Natl Acad
Sci U S A 2019; 116: 2672-2680.

. Farber NE, Vercellotti GM, Jacob HS,

Pieper GM, Gross GJ. Evidence for a role
of iron-catalyzed oxidants in functional
and metabolic stunning in the canine
heart. Circ Res 1988; 63: 351-360.

. Ambrosio G, Zweier JL, Jacobus WE,

Weisfeldt ML, Flaherty JT. Improvement
of postischemic myocardial function and
metabolism induced by administration
of deferoxamine at the time of reflow:
the role of iron in the pathogenesis of re-
perfusion injury. Circulation 1987; 76:
906-915.

Florian A, Ludwig A, Résch S, Yildiz H,
Klumpp S, Sechtem U, Yilmaz A. Positive
effect of intravenous iron-oxide adminis-
tration on left ventricular remodelling in
patients with acute ST-elevation myocar-
dial infarction — a cardiovascular mag-
netic resonance (CMR) study. Int J
Cardiol 2014; 173: 184-189.

. Chan W, Taylor AJ, Ellims AH, Lefkovits

L, Wong C, Kingwell BA, Natoli A, Croft
KD, Mori T, Kaye DM, Dart AM, Duffy
SJ. Effect of iron chelation on myocar-
dial infarct size and oxidative stress in
ST-elevation-myocardial infarction. Circ
Cardiovasc Interv 2012; 5: 270-278.

1A, [Iliodromitis EK,
Vlahakos D, Tsiapras DP, Nikolaidis A,
Marathias A, Michalis A, Kremastinos
DT. Deferoxamine infusion during coro-
nary artery bypass grafting ameliorates
lipid peroxidation and protects the myo-
cardium against reperfusion injury: im-
mediate and long-term significance. Eur
Heart J 2004; 26: 263-270.

Ponikowski P, Kirwan BA, Anker SD,
McDonagh T, Dorobantu M, Drozdz J,
Fabien V, Filippatos G, GoOhring UM,
Keren A, Khintibidze I, Kragten H,
Martinez FA, Metra M, Milicic D, Nicolau

11.

12.

13.

14.

15.

16.

17.

JC, Ohlsson M, Parkhomenko A, Pascual-
Figal DA, Ruschitzka F, Sim D, Skouri H,
van der Meer P, Lewis BS, Comin-Colet J,
von Haehling S, Cohen-Solal A, Danchin
N, Doehner W, Dargie HJ, Motro M,
Butler J, Friede T, Jensen KH, Pocock S,
Jankowska EA, AFFIRM-AHF investiga-
tors. Ferric carboxymaltose for iron defi-
ciency at discharge after acute heart
failure: a multicentre, double-blind,
randomised, controlled trial. Lancet.
2020; 396: 1895-1904.

Anker SD, Comin Colet J, Filippatos G,
Willenheimer R, Dickstein K, Drexler H,
Lischer TF, Bart B, Banasiak W,
Niegowska J, Kirwan BA, Mori C, von
Eisenhart Rothe B, Pocock SJ, Poole-
Wilson PA, Ponikowski P. Ferric
carboxymaltose in patients with heart
failure and iron deficiency. New Engl J
Med. 2009; 361: 2436-2448.

Dégano IR, Subirana I, Fusco D, Tavazzi
L, Kirchberger I, Farmakis D, Ferriéres J,
Azevedo A, Torre M, Garel P, Brosa M,
Davoli M, Meisinger C, Bongard V,
Aratijo C, Lekakis J, Frances A, Castell
C, Elosua R, Marrugat J, EUROTRACS
investigators. Percutaneous coronary in-
tervention reduces mortality in myocar-
dial infarction patients with
comorbidities: implications for elderly
patients with diabetes or kidney disease.
Int J Cardiol 2017; 249: 83-89.
Jankowska EA, von Haehling S, Anker
SD, Macdougall IC, Ponikowski P. Iron
deficiency and heart failure: diagnostic
dilemmas and therapeutic perspectives.
Eur Heart J 2013; 34: 816-829.
Ponikowski P, van Veldhuisen DJ,
Comin-Colet J, Ertl G, Komajda M,
Mareev V, McDonagh T, Parkhomenko
A, Tavazzi L, Levesque V, Mori C,
Roubert B, Filippatos G, Ruschitzka F,
Anker SD, for the CONFIRM-HF Investi-
gators. Beneficial effects of long-term in-
travenous iron therapy with ferric
carboxymaltose in patients with symp-
tomatic heart failure and iron defi-
ciencyt. Eur Heart J 2015; 36: 657-668.
Teilmann AC, Nygaard Madsen A, Holst
B, Hau J, Rozell B, Abelson KS. Physio-
logical and pathological impact of blood
sampling by retro-bulbar sinus puncture
and facial vein phlebotomy in laboratory
mice. PLoS One. 2014; 9: e113225.
Lofruthe N, Gallitz I, Traeger L, Baumer
N, Schulze I, Kuhlmann T, Miiller-Tidow
C, Steinbicker AU. Intravenous iron
carboxymaltose as a potential therapeu-
tic in anemia of inflammation. PLoS
One. 2016; 11: e0158599.

Gorressen S, Stern M, van de Sandt AM,
Cortese-Krott MM, Ohlig J, Rassaf T,
Godecke A, Fischer JW, Heusch G, Merx
MW, Kelm M. Circulating NOS3 modu-
lates left ventricular remodeling follow-
ing reperfused myocardial infarction.
PLoS One. 2015; 10: e0120961.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wischmann P, Kuhn V, Suvorava T,
Muessig JM, Fischer JW, Isakson BE,
Haberkorn SM, Flogel U, Schrader J,
Jung C, Cortese-Krott MM, Heusch G,
Kelm M. Anaemia is associated with se-
vere RBC dysfunction and a reduced cir-
culating NO pool: vascular and cardiac
eNOS are crucial for the adaptation to
anaemia. Basic Res Cardiol 2020; 115:
43.

Moran CM, Thomson AJW, Rog-
Zielinska E, Gray GA. High-resolution
echocardiography in the assessment of
cardiac physiology and disease in pre-
clinical models. Exp Physiol 2013; 98:
629-644.

Salisbury AC, Alexander KP, Reid KJ,
Masoudi FA, Rathore SS, Wang TY, Bach
RG, Marso SP, Spertus JA, Kosiborod M.
Incidence, correlates, and outcomes of
acute, hospital-acquired anemia in pa-
tients with acute myocardial infarction.
Circ Cardiovasc Qual Outcomes 2010; 3:
337-346.

Yancy CW, Jessup M, Bozkurt B, Butler J,
Casey DE, Colvin MM, Drazner MH,
Filippatos GS, Fonarow GC, Givertz
MM, Hollenberg SM, Lindenfeld J,
Masoudi FA, McBride PE, Peterson PN,
Stevenson LW, Westlake C. 2017
ACC/AHA/HFSA focused update of the
2013 ACCF/AHA guideline for the
Management of Heart Failure: a report
of the American College of Cardiology/
American Heart Association task force
on clinical practice guidelines and the
Heart Failure Society of America. Circu-
lation. 2017; 136: e137-e161.

Anand IS, Gupta P. Anemia and iron de-
ficiency in heart failure. Circulation
2018; 138: 80-98.

Moscucci M, Kline-Rogers E, Share D,
ODonnell M, Maxwell-Eward A,
Meengs WL, Kraft P, DeFranco AC,
Chambers JL, Patel K, McGinnity JG, Ea-
gle KA, for the Blue Cross Blue Shield of
Michigan Cardiovascular Consortium.
Simple bedside additive tool for predic-
tion of in-hospital mortality after percu-
taneous coronary interventions.
Circulation 2001; 104: 263-268.

Sv H, Ebner N, Evertz R, Ponikowski P,
Anker SD. Iron deficiency in heart fail-
ure. JACC: Heart Fail 2019; 7: 36-46.
Cosentino N, Campodonico J, Pontone
G, Guglielmo M, Trinei M, Sandri MT,
Riggio D, Baggiano A, Milazzo V,
Moltrasio M, Muscogiuri G, Bonomi A,
Barbieri S, Assanelli E, Lauri G,
Bartorelli A, Marenzi G. Iron deficiency
in patients with ST-segment elevation
myocardial infarction undergoing pri-
mary percutaneous coronary interven-
tion. Int J Cardiol 2020; 300: 14-19.

Kremastinos DT, Farmakis D. Iron
overload cardiomyopathy in clinical
practice.  Circulation 2011; 124:
2253-2263.

ESC Heart Failure 2021; 8: 5445-5455
DOI: 10.1002/ehf2.13639



Safety and efficacy of iron supplementation after myocardial infarction

5455

27.

28.

29.

Ito J, Omiya S, Rusu M-C, Ueda H,
Murakawa T, Tanada Y, Abe H, Nakahara
K, Asahi M, Taneike M, Nishida K, Shah
AM, Otsu K. Iron derived from
autophagy-mediated ferritin degrada-
tion induces cardiomyocyte death and
heart failure in mice. Elife 2021; 10:
e62174.

Munoz JP, Chiong M, Garcia L, Troncoso
R, Toro B, Pedrozo Z, Diaz-Elizondo J,
Salas D, Parra V, Nufiez MT. Iron in-
duces protection and necrosis in cul-
tured cardiomyocytes: role of reactive
oxygen species and nitric oxide. Free
Radic Biol Med 2010; 48: 526-534.
Paterek A, Kepska M, Sochanowicz B,
Chajduk E, Kolodziejczyk J, Polkowska-
Motrenko H, Kruszewski M, Leszek P,
Mackiewicz U, Maczewski M. Beneficial
effects of intravenous iron therapy in a
rat model of heart failure with pre-
served systemic iron status but depleted
intracellular cardiac stores. Sci Rep
2018; 8: 15758.

30.

31.

32.

Aronson D, Dann EJ, Bonstein L, Blich
M, Kapeliovich M, Beyar R, Markiewicz
W, Hammerman H. Impact of red blood
cell transfusion on clinical outcomes in
patients with acute myocardial infarc-
tion. Am J Cardiol 2008; 102: 115-119.
McKechnie RS, Smith D, Montoye C,
Kline-Rogers E, O'Donnell MJ, DeFranco
AC, O’Donnell MJ, DeFranco A, Meengs
WL, McNamara R, McGinnity J, Patel K,
Share D, Riba A, Khanal S, Moscucci M,
Blue Cross Blue Shield of Michigan Car-
diovascular Consortium (BMC2). Prog-
nostic implication of anemia on
in-hospital outcomes after percutaneous
coronary intervention. Circulation 2004;
110: 271-277.

Huynh R, Hyun K, D’Souza M,
Kangaharan N, Shetty PC, Mariani J,
Kilian J, Hung J, Ryan M, Chew DP,
Brieger D. Outcomes of anemic patients
presenting with acute coronary syn-
drome: an analysis of the cooperative
National Registry of acute coronary

33.

34.

35.

36.

care, guideline adherence and clinical
events. Clin Cardiol 2019; 42: 791-796.
Younge JO, Nauta ST, Akkerhuis KM,
Deckers JW, van Domburg RT. Effect of
anemia on short- and long-term out-
come in patients hospitalized for acute
coronary syndromes. Am J Cardiol
2012; 109: 506-510.

Sabatine MS, Morrow DA, Giugliano RP,
Burton PBJ, Murphy SA, McCabe CH,
Gibson CM, Braunwald E. Association
of Hemoglobin Levels with Clinical Out-
comes in acute coronary syndromes. Cir-
culation. 2005; 111: 2042-2049.
Valeur N, Nielsen OW, McMurray JJV,
Torp-Pedersen C, Kgber L, Group TS.
Anaemia is an independent predictor of
mortality in patients with left ventricu-
lar systolic dysfunction following acute
myocardial infarction . Eur J Heart Fail.
2006; 8: 577-584.

Jhund PS, McMurray JJV. Heart failure
after acute myocardial infarction. Circu-
lation 2008; 118: 2019-2021.

ESC Heart Failure 2021; 8: 5445-5455
DOI: 10.1002/ehf2.13639



