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Abstract The extracellular heterodimeric protein

S100A8/A9 activates the innate immune system through

activation of the receptor of advanced glycation end

products (RAGE) and Toll-like receptors. As activation of

RAGE has recently been associated with sustained myo-

cardial inflammation and heart failure (HF) we studied the

role of S100A8/A9 in the development of post-ischemic

HF. Hypoxia led to sustained induction of S100A8/A9

accompanied by increased nuclear factor (NF-)jB binding

activity and increased expression of pro-inflammatory

cytokines in cardiac fibroblasts and macrophages. Knock-

down of either S100A8/A9 or RAGE rescued the induction

of pro-inflammatory cytokines and NF-jB activation after

hypoxia. In a murine model of post-ischemic HF both

cardiac RNA and protein levels of S100A8/A9 were ele-

vated as soon as 30 min after hypoxia with sustained

activation up to 28 days after ischemic injury. Treatment

with recombinant S100A8/A9 resulted in reduced cardiac

performance following ischemia/reperfusion. Chimera

experiments after bone marrow transplantation demon-

strated the importance of RAGE expression on immune

cells for their recruitment to the injured myocardium

aggravating post-ischemic heart failure. Signaling studies

in isolated ventricles indicated that MAP kinases JNK,

ERK1/2 as well as NF-jB mediate signals downstream of

S100A8/A9-RAGE in post-ischemic heart failure. Interest-

ingly, cardiac performance was not affected by administration

of S100A8/A9 in RAGE-/--mice, which demonstrated sig-

nificantly improved cardiac recovery compared to WT-mice.

Our study provides evidence that sustained activation of

S100A8/A9 critically contributes to the development of post-

ischemic HF driving the progressive course of HF through

activation of RAGE.

Keywords Myocardial remodeling � S100A8/A9 �
Inflammation � RAGE � Heart failure

Introduction

Ischemic heart disease is the leading cause of heart failure

(HF) in industrialized countries [18, 19]. Despite aggres-

sive primary therapy after myocardial infarction (MI),

prognosis remains poor in patients with severe left ven-

tricular dysfunction. Next to infarction size, which is a

critical determinant of heart failure, there are many other

factors such as cardiac hypertrophy, fibrosis and expression

of various cytokines which are associated with disease

progression [42, 62].

There is a growing experimental evidence and recog-

nition that inflammation plays an important role in cardiac
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repair following infarction [40, 56, 63]. Moreover,

inflammation may persist beyond the initial repair phase

and later also extend into the non-infarcted remote myo-

cardium, contributing to long-term adverse remodeling

subsequently leading to disease progression of chronic

heart failure [27]. However, the underlying molecular

mechanisms of sustained myocardial inflammation are only

poorly understood so far.

S100A8 [also referred to as myeloid related protein

(MRP)8] and S100A9 (also referred to as MRP 14) are

members of the S100 family of calcium-modulated pro-

teins that are highly abundant in myeloid cells. In these

cells, the expression of the S100A8 and S100A9 is known

to be upregulated and they are secreted in inflammatory

conditions leading to an activation of signaling pathways

via the receptor for advanced glycation endproducts

(RAGE) and Toll-like receptor-4 (TLR-4) to induce che-

motaxis of neutrophils and amplify the pro-inflammatory

cascade [3, 25, 29, 31, 32, 60]. High levels of serum

S100A8/A9 in chronic inflammatory conditions such as

rheumatoid arthritis[16], inflammatory bowel disease[39]

and chronic bronchitis as well as in acute MI[34] and

vascular injury [12, 55] suggest that they might also play a

role in post-ischemic remodeling, which is, at least to some

extent, dependent on inflammation of the myocardium.

In the present study, we demonstrate that non-cardio-

myocytes in the infarcted area such as infiltrating inflam-

matory cells in the acute stage as well as granulation tissue

cells during the sub-acute stage of MI are essential in

sustaining the pro-inflammatory cellular response through

increased expression of S100A8/A9 driving adverse left

ventricular remodeling.

Methods

Murine model of ischemia/reperfusion (I/R) injury

and application of recombinant S100A8/A9 protein

C57BL/6 wild-type (WT) mice (10–12 weeks old, pur-

chased from Charles River) and RAGE-/- mice in a

C57BL/6 background [3, 4, 11, 37] were anesthetized with

isoflurane (2–3% v/v and buprenorphine 0.1 mg/kg SC tid

for 1 day) and subjected to I/R according to the protocols

approved by the Animal Care and Use Committee of the

University of Heidelberg. The coronary artery occlusion

for 30 min and reperfusion procedure was performed as

described previously [21, 61].

Human recombinant S100A8 and S100A9 proteins were

obtained from BMA Biomedicals (Switzerland). The het-

erodimerization to obtain a S100A8/S100A9 complex and

endotoxin removal was performed as previously described

[14]. 400 lg/kg body weight of the recombinant S100A8/A9

complex was administered intraperitoneally 1 h before

induction of I/R injury and once daily for the following

2 days [57].

Bone-marrow transplantation

Donor mice were age-matched to 6 weeks old recipient

mice. Briefly, recipient mice were ablated with lethal

irradiation (10 Gy) in one dose. One day later, ablated mice

were transplanted with 5 9 106 donor bone marrow (BM)

cells in 150 ll phosphate-buffered saline (PBS) by tail vein

injection. BM cells were obtained by flushing femurs of

donor mice with PBS. A 40 lm strainer was used to

remove cell aggregates and single cells were washed twice

in RPMI-1640 medium before injection. The transplanted

BM was allowed to regenerate for 4 weeks before I/R

injury. BM-transplanted mice had free access to Cipro-

floxacin-supplemented (100 mg/l) water for 4 weeks after

BMT to prevent bacterial infections.

Echocardiography

Transthoracic echocardiography was performed as previ-

ously described in detail [23]. Echocardiography was per-

formed on conscious mice with a 15 MHz linear transducer.

For chimeric animals, data recording was done using a

Hdi5000cv ultrasonograph, for all other recordings, a Sonos

5500 machine was used (both Philips, Netherlands).

Immunohistochemistry (IHC) and histological

evaluation

Hematoxylin and eosin (H&E) and Masson’s trichrome

staining were performed using standard protocols. The fol-

lowing primary antibodies were used: goat polyclonal anti-

mouse Calgranulin A, 1/100 (Santa Cruz Biotechnology Inc.,

Santa Cruz, CA, USA), 1/100; goat polyclonal anti-mouse

Calgranulin B, 1/100 (Santa Cruz Biotechnology Inc.); goat

polyclonal anti-CD68, 1/10 (clone: T-16, Santa Cruz Inc.);

Cy3-conjugated monoclonal anti-alpha smooth muscle actin

(ASMA), 1/200 (clone: 1A4, DakoCytomation, Glostrup,

DK), rabbit polyclonal anti-myeloperoxidase (MPO),

1/10,000 (DakoCytomation). Isotype- and concentration-

matched control antibodies (Dako, Hamburg, Germany)

served as negative controls. Immunoenzyme staining was

performed on 2-lm sections of formalin-fixed, paraffin-

embedded murine hearts. Heat-induced antigen-retrieval was

achieved by incubating the slides in a pressure cooker for

5 min in citrate buffer, pH 6.1 (Calgranulin A and B, CD68,

ASMA, MPO). Slides were further processed using the

standard avidin–biotin-complex anti-alkaline phosphatase

procedure (Vectorlabs, Burlingame, CA, USA) according to

the manufacturer’s instructions. The primary Ab was added
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overnight at 4�C. A donkey anti-goat or donkey anti-rabbit

biotinylated Ab, 1/100 (Dako), was used as a second-

ary reagent (30 min at room temperature). Naphthol

AS-biphosphate (Sigma, St. Louis, MO, USA) with New-

fuchsin (Merck, Darmstadt, Germany) served as the substrate

for alkaline phosphatase. Evidence of inflammation and

fibrosis was evaluated in a blinded manner by an investigator

who used light microscopy according to a 6-tier scoring

system as described previously in detail: grade 0, no

inflammation; grade 1, cardiac infiltration in up to 5% of

cardiac sections; grade 2: 6–10%; grade 3: 11–30%; grade 4:

31–50%; and grade 5:[50%.

Double immunofluorescence staining was performed

using a combination of Calgranulin A or Calgranulin B and

Cy3-conjugated ASMA antibodies. Incubations were per-

formed overnight at 4�C. Cy2-conjugated donkey anti-goat

antibody, 1/250 (green fluorescence; Dianova) was used as

secondary reagents (30 min at room temperature). Slides

were viewed with a laser scanner microscope (Leica Micro-

systems, Mannheim, Germany). Positive cells were counted

and are given as cells per square millimeter. Values represent

mean values ± SD from six mice of each group.

Cell culture, induction of hypoxia and siRNA

transfection

Cardiac fibroblasts were prepared as published in detail [61].

Isolation of macrophages was performed by their ability to

adhere to culture plates [4]. Isolated macrophages and

fibroblasts were stimulated with 1 lmol/L S100A8/A9

(24 lg/ml heterodimeric S100A8/A9) protein [14]. Hypoxia

experiments were performed in an O2/CO2 controlled incu-

bator (NUNC, Wiesbaden, Germany) adjusted to 1.5% O2

and 5% CO2 at 37�C. siRNA for S100A8 and S100A9 was

purchased from Qiagen (SI03648995 and SI04317012).

Knockdown efficiency was confirmed using quantitative

PCR and AllStars negative siRNA (Qiagen) served as nega-

tive control (data not shown). Using HiPerfect (Qiagen) the

siRNAs were transfected at a final concentration of 10 nM.

Electrophoretic mobility shift assay (EMSA)

Nuclear proteins were harvested, and 10 lg of nuclear

proteins was assayed for NF-jB binding activity using

radioactive-labeled oligonucleotides for the defined NF-jB

consensus sequence (50-AGT TGA GGG GAC TTT CCC

AGG C-30) at 50,000 cpm (Cerénkov). Binding reaction

and separation of the protein–DNA complexes from

unbound DNA by electrophoresis were performed as pre-

viously described in detail [4]. Nuclear proteins after 48 h

of S100A8/A9 treatment and a 200-fold molar excess of

unlabeled consensus sequence were used as the specific

competitor in the control lane.

Western blot

Total protein extracts from mouse heart tissue or from cells

were prepared as previously described [3]. The antibodies

and the dilutions were as follows: p-SAP/JNK #9255

(1:2,000); SAP/JNK #9252 (1:1,000); p-ERK � #9101

(1:1,000); ERK � #4695 (1:1,000); phos-p38 #9211(1:1,000);

p38 #9212 (1:1,000; all from Cell Signaling Technology)

and S100A8/9 (1:30; ab17050, Abcam). The antibody for

the detection of S100A8/A9 recognizes an epitope on the

S100A8/A9 complex which is not exposed on the indi-

vidual subunits. Horseradish peroxidase-coupled rabbit or

mouse IgGs (1:2,000) were used as secondary antibodies.

Enzyme-linked immunosorbent assay for S100A8/A9

Cell culture supernatant was used to analyze the S100A8/

A9 secretion of fibroblasts and macrophages. The assay

was purchased from Immundiagnostik (Bensheim) and

performed according to the manufacturer’s instructions.

Real-time RT-PCR

Total RNA was extracted from each heart into Trizol

(Invitrogen). To determine the mRNA-expression levels

1 lg total RNA was used to perform reverse transcription

and quantitative real-time PCR using LightCycler (Roche)

as described previously [3, 61]. The primer sequences were

as follows: IL-6 forward 50-GATGCTACCAAACTGGA

TATAATC-30 and IL-6 reverse 50-GGTCCTTAGC

CACTCCTTCTGTG-30; TNF-a forward 50-CCATTCCT

GAGTTCTGCAAAG-30 and reverse 50-GCAAATATA

AATAGAGGGGGGC-30; b-ACTIN forward 50-CCCTA

AGGCCAACCGTGAAA-30, and reverse 50-ACGACCA

AGGCATACAGGGA-30; ANP forward 50-TGGCCCTC

GGAGCCTACGAA-30, and reverse 50-ATGAAGGCA

GGAAGCCGCAGC-30; TGFb forward 50-GCACTGCGC

TGTCTCGCAAG-30, and reverse 50- ACGCCGGGTAGC

GATCGAGTG-30; S100A8/A9 forward 50-AATGGTGG

AAGCACAGTTGG-30, and reverse 50-GCTCAGCTGAT

TGTCCTGGT-30.

Measurement of lactate dehydrogenase

A spectrophotometric kit (Sigma-Aldrich) was used for the

assessment of lactate dehydrogenase (LDH) in supernatant

of cells, which were exposed to hypoxia.

Statistical analysis

Data are expressed as mean ± SD. Data were analyzed

using ANOVA followed by pair wise testing using Tukey’s
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HSD test. Values of P \ 0.05 were considered significant.

All calculations with exception of the survival analysis

were carried out with the statistical software SPSS version

17.0. Survival analysis was done using R version 2.14.0.

Results

S100A8/A9 expression in macrophages

and fibroblasts in vitro

Cells of the immune system such as macrophages as well

as fibroblasts are crucial players in the initiation and

propagation of the pro-inflammatory response following

MI [13, 20, 30, 45]. Since hypoxia initiates ischemic injury

we investigated the effect of hypoxia (1.5%O2) on the

release of S100A8 and S100A9 in isolated macrophages

and cardiac fibroblasts. Macrophages showed a rapid, time-

dependent increase in both S100A8/A9 expression

(mRNA-expression and S100A8/A9-immunoblotting in

whole cell extracts; Fig. 1a, b, d) and release (S100A8/A9

measured in supernatant; Fig. 1c) that peaked after 24 h of

hypoxia on the RNA level (Fig. 1a, b) and after 48 h of

hypoxia on the protein level (Fig. 1d). A similar time-

dependent expression pattern of S100A8 and S100A9

could be demonstrated in isolated cardiac fibroblasts with a

peak after 48 h of hypoxia on the RNA and protein level

(Fig. 1f–i). LDH measured as tissue injury parameter in the

supernatant of hypoxic macrophages was significantly

increased (P \ 0.001) after 24 h of hypoxia and after 48 h

in cardiac fibroblasts (P \ 0.001) indicating an additional

passive release of S100A8/A9 from necrotic cells at later

time points in vitro (Supplementary Figure 1a, b). Macro-

phages and cardiac fibroblasts exposed to normoxia

(21%O2) demonstrated a basal level of S100A8/A9

expression that did not vary significantly after 48 h of

incubation (data not shown).

To characterize the direct effects of the interaction of

S100A8/A9 with RAGE, we performed co-incubation

studies with rS100A8/A9 in isolated macrophages (Fig. 1e)

and cardiac fibroblasts (Fig. 1j). Stimulation of both mac-

rophages and fibroblasts with rS100A8/A9 resulted in a

time-dependent activation of NF-jB binding activity with a

peak after 48 h (Fig. 1e, j). Furthermore, knockdown of

S100A8/A9 with siRNA and knockout of RAGE in cells

isolated from RAGE-/- mice both led to a reduced acti-

vation of NF-jB in hypoxic macrophages and fibroblasts

(Fig. 1k).

Expression of S100A8/A9 in post-ischemic heart

To test whether the S100A8/A9-RAGE axis is involved

in post-infarction remodeling ischemia was induced by

ligation of the left anterior descending (LAD) followed by

either 7 or 28 days of reperfusion in WT and RAGE-/-

mice (Fig. 2a–l). Sham-operated hearts demonstrated

transverse striation and only scarce staining for S100A8

(Fig. 2a, g) and S100A9 (Fig. 2d, j). Cardiac sections of

WT mice after 7 days of reperfusion presented with signs

of infarction such as necrosis, loss of nuclei and loss of

transverse striation (Fig. 2b, e) as well as mixed inflam-

matory cellular infiltrate consisting primarily of macro-

phages (Fig. 2n, u), a small number of neutrophils

(Fig. 2m, u) and myofibroblasts (Fig. 2q, r, w) which

revealed a strong expression of S100A8 and S100A9 in

WT animals. Cardiac sections of WT hearts after 28 days

revealed sustained positive staining for S100A8 and

S100A9 of myofibroblasts (Fig. 2c, f, s, t, x) as well as a

reduced amount of mixed S100A8 and S100A9 positive

inflammatory infiltrate (Fig. 2o, p, v) compared to 7 days

of reperfusion. In contrast, immunohistochemistry analysis

confirmed a reduced number of infiltrating immune cells

expressing S100A8 and S100A9 in RAGE-/- hearts 7

(Fig. 2h, k) and 28 days after infarction (Fig. 2i, l) sug-

gesting S100A8/A9-RAGE-dependent activation of an

inflammatory microenvironment in post-MI hearts.

Next, we performed expression analysis of S100A8 and

S100A9 in isolated ventricles at given time points using

real-time PCR. Compared with sham-treated animals I/R

injury resulted in rapidly increased expression of S100A8

and S100A9 peaking at 6 h after reperfusion (P \ 0.0001,

Fig. 3a, b). It is remarkable that expression of both S100A8

and S100A9 remained significantly up-regulated even

28 days following MI on RNA (P \ 0.0001, Fig. 3a, b)

and protein level (Fig. 3c).

S100A8/A9 and RAGE in post-MI remodeling

To strengthen the concept of S100A8/A9-RAGE-depen-

dent perpetuation of inflammation, we tested the influence

of RAGE deficiency on post-ischemic remodeling. After

28 days post MI the heart sections of WT animals showed

increased cellularity and widened extracellular space when

compared with sham-operated mice (Fig. 4a, b, g). Addi-

tional treatment of WT animals with rS100A8/A9 led to a

significantly enhanced influx of inflammatory cells into the

infarcted area (Fig. 4c) translating into an increased

inflammation score (Fig. 4g). When inflammatory cells

were classified as either CD68- or MPO-positive cells,

treatment with S100A8/A9 leads to an increase of both,

CD68- and MPO-positive cells 28 days post MI (Supple-

mentary Figure 2a and b). In addition, treatment with

rS100A8/A9 also leads to a sustained activation of key

mediators of cardiac I/R injury, TNF-a [35] and IL-6 [22,

36] (Fig. 4h, i) in the reperfused left ventricles. However,

RAGE-/- mice displayed only slight inflammation
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Fig. 1 S100A8/A9 expression

in macrophages and cardiac

fibroblasts in hypoxia. Isolated

macrophages (a–e, k) and

cardiac fibroblasts (f–k) were

exposed to hypoxia (1.5% O2)

for the duration indicated. RT-

PCR (a, b, f, g), ELISA of the

corresponding supernatants

(c, h) and Western Blot analyses

(d, i) of S100A8/A9 expression

were analyzed at given

intervals. The corresponding

densitometric analyses are

shown as bar graphs (d, i).
Activation of NF-jB binding

activity was determined in

macrophages (e) and fibroblasts

(j) following co-incubation with

rS100A8/A9 (10 lmol/l) at

given time points. Isolated

macrophages and fibroblasts

from WT and RAGE-/- mice

were exposed to hypoxia (1.5%

O2) at given time points and

activation of NF-jB binding

activity was assayed (k). siRNA

knockdown of S100A8/A9 was

performed in macrophages and

fibroblasts as indicated (k).

EMSA gels and the

corresponding densitometric

analyses are shown (e, j, k).

(a–c, f–h *P \ 0.001,

**P \ 0.0001; d, j *P \ 0.001;

e, j *P \ 0.001, **P \ 0.0001,

n = 5–10 per group)
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Fig. 2 S100A8/A9 expression in WT (b, c, e, f) and RAGE-/- (h, i, k, l)
reperfused myocardium versus the corresponding sham-treated controls

(a, d, g, j) after 7 or 28 days of I/R injury (H&E staining). The reperfused

myocardium displays sustained increase of S100A8 and S100A9

expression. For further characterization of the recruited innate cells

within the reperfused myocardium of WT mice, staining for granulocytes

(anti-MPO and H&E staining) and macrophages (anti-cd68 and H&E

staining) 7 days (m, n) and 28 days (o, p) following MI was performed.

Quantitative analysis is shown as cells per square millimeter (u, v).

Representative images of reperfused myocardium from at least six WT

mice that were subjected to double immunofluorescence staining using a

combination of S100A8 (anti-S100A8, green) or S100A9 (anti-S100A9,

green) and Cy3-conjugated ASMA (anti-ASMA, red) 7 days (q, r) and

28 days (s, t) following MI. Nuclear staining was done with DAPI (blue).

Corresponding cell counts of either S100A8 or S100A and ASMA double

positive cells are shown (w, x). Original magnification 940, bar 20 lm
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(Fig. 4e) that was not noticeably influenced by rS100A8/

A9 (Fig. 4f) treatment with a significantly reduced

inflammation score (Fig. 4g) compared to WT animals.

Quantification of CD68- and MPO-positive cells in the

myocardium of RAGE-/- mice did not reveal any differ-

ence in numbers between groups with and without S100A8/

A9 treatment (Supplementary Figure 2a and b). In this

context, RAGE-deficient hearts displayed only marginal

activation of TNF-a and IL-6 (Fig. 4h, i) after 28 days

following myocardial infarction.

Sham heart sections stained for collagen showed pre-

dominantly perivascular, thin perimysial and endomysial

strands (Fig. 5a, d). In contrast, mice subjected to ischemia

displayed interstitial collagen deposition in the infarcted

area (Fig. 5b). In this context, rS100A8/A9 treatment fur-

ther promoted adverse myocardial remodeling leading to

extensive replacement fibrosis (Fig. 5c, g) and enhanced

myocardial expression of TGF-b (Fig. 5h), an essential

mediator of remodeling [47]. Furthermore, treatment with

S100A8/A9 leads to an increase in ASMA-positive myo-

fibroblasts in the myocardium 28 days after MI (Supple-

mentary Figure 3). In contrast, fibrosis was moderate in

RAGE-deficient hearts (Fig. 5e–g) along with significantly

attenuated myocardial expression of TGF-b in RAGE-/-

mice (Fig. 5h) and no detectable increase in ASMA-posi-

tive cells after treatment with S100A8/A9 (Supplementary

Figure 3).

Impact of the S100A8/A9-RAGE axis on cardiac

function

Fractional shortening in mice treated with rS100A8/A9 was

significantly reduced (P \ 0.001, Fig. 6a) whereas heart

weight/body weight (HW/BW) ratios were increased after

7 and 28 days (p \ 0.001, Fig. 6b). At the same time

rS100A8/A9 treatment also significantly increased the gene

expression of atrial natriuretic peptide (ANP, p \ 0.001,

Fig. 6c) in ischemic hearts compared to untreated WT

mice. Interestingly, RAGE-/- mice were largely protected

form ischemic remodeling demonstrated by a nearly pre-

served systolic contractile function (Fig. 6a), only moder-

ate signs of post-ischemic hypertrophy (Fig. 6b) and

reduced left ventricular dilation (Supplementary Figure 4)

compared to WT mice. In addition, RAGE-deficient hearts

showed only moderate expression of ANP indicating

attenuated cardiac remodeling, which was not influenced

by rS100A8/A9 therapy (Fig. 6c), and reduced infarct size

in relation to the area at risk (Fig. 6d, p \ 0.001). How-

ever, we did not observe any significant differences in

mortality within 28 days of observation post I/R between

WT mice, WT mice that were treated with S100A8/A9,

RAGE-/- mice and RAGE-/- mice that were treated with

S100A8/A9 (Supplementary Figure 5).

RAGE expression in immune cells is required

for post-ischemic remodeling

To investigate whether RAGE expression on either myo-

cardial cells such as endothelial cells and cardiomyocytes or

immune cells is required for S100A8/A9-mediated post-

ischemic remodeling, we analyzed mouse chimera after

BMT. As expected, WT mice reconstituted with WT-bone

marrow cells (WT ? WT) and RAGE-deficient mice

reconstituted with RAGE-/- bone marrow cells (RAGE-/-

? RAGE-/-) phenocopied the response of WT and

RAGE-/- mice to reperfusion injury (Fig. 7a, b, e, f).

RAGE-/- mice reconstituted with WT-bone marrow cells

(WT ? RAGE-/-) showed no significant difference in

Fig. 3 Real-time PCR (a,

b) and WB blot analysis for

S100A8/A9 expression (c) in

left ventricular tissue from WT

mice. The corresponding

densitometric analyses are

shown as bar graphs. a,

b *P \ 0.001, **P \ 0.0001,

c *P \ 0.0001. All experiments

were performed in triplicates

with similar results
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infiltration by neutrophils and macrophages compared with

WT ? WT chimera (Fig. 7b). However, WT mice recon-

stituted with RAGE-/- bone marrow cells (RAGE-/- ?
WT) revealed reduced infiltration by neutrophils and mac-

rophages compared with WT ? RAGE-/- chimera or

WT ? WT mice (Fig. 7b). In summary, we provide

experimental evidence that RAGE expression on immune

cells, but not on myocardial cells endothelial cells, cardio-

myocytes or myofibroblasts is required for innate immune

cell recruitment and induction of post-ischemic remodeling

which is in line with published data [4, 48]. Noteworthy, IHC

analyses of the heart sections revealed reduced S100A8/A9

protein levels for WT ? RAGE-/- compared with

WT ? WT chimera (Fig. 7a, c, d) within the first 7 days

after MI demonstrating that RAGE signaling is required for

efficient S100A8/A9 expression in the myocardium. Fur-

thermore, despite initial comparable inflammation indexes

of WT ? RAGE and WT ? WT hearts, WT ? RAGE

mice also demonstrated reduced amount of S100A8/A9

positive cells next to significantly attenuated fibrosis

compared to WT ? WT animals (Fig. 7e–h). This further

corroborates the important role of S100A8/A9 in cardiac post-

ischemic remodeling and particularly indicates an involvement

of RAGE expressed on non-immune cells in fibrosis. Echo-

cardigraphic analyses of these four groups showed preserved

cardiac function in RAGE-/- ? RAGE-/- and RAGE-/-

? WT mice whereas WT ? RAGE-/- and WT ?WT heart

function was considerably impaired (Fig. 7i).

Fig. 4 H&E staining with

original magnification 932

(a–f). WT (a–c) and RAGE-/-

mice (d–f) were subjected to I/R

injury and analyzed after

4 weeks. Groups c and f were

treated with rS100A8/A9.

Images are representative heart

sections from 5 to 10 mice per

group. Effects on severity of

cardiac inflammation are shown

as an histoscore of inflammation

(g, *P \ 0.01, **P \ 0.0001).

Cardiac TNF-a (h, *P \ 0.001)

and IL-6 (i, *P \ 0.001,

**P \ 0.0001) mRNA levels

are shown. Results are

expressed as relative increase of

mRNA levels versus sham-

operated WT animals
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In summary, our data provide direct evidence that

RAGE drives post-ischemic cardiac remodeling upon

ligation with its ligands such as S100A8/A9 thus main-

taining a pro-inflammatory and pro-fibrotic microenviron-

ment required for post-ischemic remodeling.

S100A8/A9 modulates inflammatory signaling

pathways in post-ischemic remodeling

The mitogen-activated protein (MAP) kinase family has

been ascribed a crucial function in the development of

post-ischemic heart failure [7, 43, 47]. To study whether

S100A8/A9-RAGE influences MAP kinase activation, we

analyzed extracellular signal-related kinase (ERK1/2),

c-Jun NH2 terminal kinase (JNK) and p38 activation in

explanted hearts 4 weeks following the induction of I/R

injury. Post-ischemic remodeling was associated with

sustained phosphorylation of all MAP kinases in WT hearts

4 weeks after infarction. Treatment with rS100A8/A9 even

further enhanced the activation of all MAP kinases. In line

with protection from post-MI-induced heart failure shown

above, post-ischemic left ventricles from RAGE-/- mice

displayed significantly reduced phosphorylation of ERK1/

2, JNK and p38 compared to control group (Fig. 8a–d).

Discussion

There is a increasing recognition that inflammation is

associated with post-infarction maladaptive left ventric-

ular remodeling including alterations in left ventricular

mass, geometry and function driving disease progression

in chronic heart failure [10]. Although the clinical fea-

tures of ischemic heart failure are well described, its

underlying pathophysiologic mechanisms, especially the

contribution of myocardial inflammation, have not been

fully elucidated.

Recent clinical studies have associated elevated serum

levels of S100A8/A9 with inflammatory disorders such as

rheumatoid arthritis [17], transplant rejection [33], human

prostate cancer [26] and acute coronary syndrome [2, 24].

Moreover, increased S100A8/A9 expression has been

demonstrated in atherosclerotic plaques in coronary and

carotid arteries [2, 41]. However, the underlying molecular

Fig. 5 Masson’s trichrome

staining with original

magnification 932 (a–f). WT

(a–c) and RAGE-/- mice

(d–f) were subjected to I/R injury

and analyzed after 4 weeks.

Groups c and f were treated with

rS100A8/A9. Effects on the

severity of cardiac remodeling

are shown in a histoscore for

fibrosis (g, *P \ 0.01,

**P \ 0.001). Cardiac TGF-b1

(h, *P \ 0.001, **P \ 0.0001)

mRNA levels are shown.

Results are expressed as relative

increase of mRNA levels versus

sham-operated WT animals
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mechanisms and the mechanistic implication of S100A8/

A9 in the pathophysiology of post-ischemic heart failure

have not been characterized so far.

Based on our recent work implicating S100A8/A9 as a

crucial mediator of sustained intestinal inflammation [3]

and based on the fact that S100A8/A9 has recently been

shown to be up-regulated in the sera of acute MI patients

[34], we hypothesized that these S100 proteins might be

involved in the process of adverse remodeling.

In the present study, we first report that interaction of

S100A8/A9 with its receptor RAGE is crucial to the

progression of heart failure in both, the early and the late

phase of post-MI remodeling. The heterodimeric complex

S100A8/A9 is a well-known extracellular factor that

engages with RAGE to induce intracellular signaling

[3, 29] and has recently emerged as an important mediator in

acute and chronic inflammation [28, 60]. One of the unique

features of RAGE engagement is the sustained activa-

tion of NF-jB overwhelming auto-regulatory feedback

inhibitory loops [6]. RAGE-dependent sustained NF-jB

activation therefore has been implicated in a number of

chronic inflammatory diseases [5, 52, 64]. Because RAGE

Fig. 6 WT and RAGE-/- mice were subjected to I/R injury.

Echocardiographic assessment of the left ventricular function dem-

onstrated as fractional shortening (FS) (a *P \ 0.01, **P \ 0.001 vs.

WT-sham), heart weight/body weight ratio (HW/BW) (b, *P \ 0.001,

**P \ 0.0001 vs. WT-sham), atrial natriuretic peptide (ANP)

(c, *P \ 0.001, **P \ 0.0001 vs. WT-sham), and the ratio of infarct

size and area at risk (inf/AAR) (d, *P \ 0.01, **P \ 0.001 vs. WT)

were determined in each group at given time points
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expression is upregulated by NF-jB and ligation of RAGE

results in sustained NF-jB activation, endogenous

S100A8/A9 might activate this positive feedback-loop via

binding to RAGE resulting in sustained inflammation. To

strengthen the concept of RAGE-dependent perpetuation of

inflammation, we analyzed the effect of RAGE deficiency

Fig. 7 RAGE expression in immune cells is required for myocardial

infiltration and remodeling. a Representative images are shown of

H&E stained myocardial sections (upper row) derived from ablated

WT mice reconstituted with bone marrow cells from WT mice

(WT ? WT) or RAGE-/- mice (RAGE-/- ? WT), or ablated

RAGE-/- mice reconstituted with bone marrow cells from WT mice

(WT ? RAGE-/-) or RAGE-/- mice (RAGE-/- ? RAGE-/-)

which were subjected to MI and 28 days of reperfusion. b The

corresponding histoscores were analyzed in all four groups at given

time points. (b, *P \ 0.001; c–e, *P \ 0.001, **P \ 0.0001).

e Representative images are shown of Masson’s trichrome stained

myocardial sections (upper row) derived from ablated WT mice

reconstituted with bone marrow cells from WT mice (WT ? WT) or

RAGE-/- mice (RAGE-/- ? WT), or ablated RAGE-/- mice recon-

stituted with bone marrow cells from WT mice (WT ? RAGE-/-) or

RAGE-/- mice (RAGE-/- ? RAGE-/-) which were subjected to

MI and 28 days of reperfusion. The corresponding fibrosis scores in

each group are shown (f) at given time points. S100A8 and S100A9

protein expression by IHC (red staining bottom two rows) were

analyzed and counted as positive cells per square millimeter (g–h).

(f–h *P \ 0.001, **P \ 0.0001). Original magnification 920 (a, e,

upper row, bar = 50 lm), original magnification 940 (a, e, bottom
two rows, bar = 20 lm)

Basic Res Cardiol (2012) 107:250 Page 11 of 16

123



on post-infarction remodeling. S100A8/A9 protein levels

were largely reduced in RAGE-/- myocardium in early

and late stages of myocardial post-MI remodeling. Fur-

thermore, IHC analysis confirmed differential expression

on protein levels implying that S100A8/A9 acts not only as

a RAGE ligand but also represents target genes of RAGE

signaling. This is in accordance with recent findings

showing that RAGE maintains cellular activation by

induction of its own extracellular ligands [3, 4, 52].

Important pro-inflammatory features of the heterodi-

meric complex S100A8/A9 have been described by

Ryckman et al. [51] describing the chemotactic properties

of these S100 proteins in vitro which could be partially

reversed by a S100A8/A9-specific blockade [57]. In this

context, Viemann et al. [58] demonstrated a thrombogenic

inflammatory response to S100A8/A9 in human micro-

vascular endothelial cells as a pre-requirement for trans-

migration of immune cells. However, a direct role of

S100A8/A9 in post-MI remodeling and in the pathophys-

iology of the development of heart failure was heretofore

unrecognized. Strong proof of an involvement of the S100

proteins in the biological response to vascular injury stem

from Croce et al. [12], who investigated the effects of

S100A9 knockdown in an femoral artery endothelial

denudation of the femoral artery. This study showed

reduced cellular proliferation, neointimal formation and

atherosclerosis due to S100A9 knockdown pointing toward

a modulatory role of the S100 proteins in vascular

inflammation.

In line with our previous findings [3], transcription and

protein expression of S100A8 and S100A9 was highly

elevated in isolated macrophages and myofibroblasts in

hypoxia and in both early and late stages of post-infarction

remodeling in vivo. As a proof of concept study, we found

that co-incubation of both isolated primary macrophages

and cardiac fibroblasts with rS100A8/A9 alone signifi-

cantly increased NF-jB binding activity next to an elevated

inflammatory and fibrotic activity throughout the study

period of 4 weeks compared to untreated control group in

vivo. The enhanced recruitment of immune cells mediated

via S100A8/A9 may be explained by its regulatory role in

leukocyte adhesion through the control of the expression

and function of leukocyte integrin adhesion molecule Mac-

1 (CD11b/CD18, aMb2) [15, 46, 51].

In our heart failure model, S100A8/A9 appears to con-

trol the inflammatory response at several levels, including

regulation of macrophage and neutrophils accumulation

and regulation of post-ischemic fibrotic activity.

The early and late stages of post-MI remodeling in our

model depend variably on neutrophils, macrophages and

myofibroblasts. To investigate whether RAGE expression

on myocardial cells such as cardiomyocytes and endothe-

lial cells or immune cells is required for post-ischemic

remodeling, we analyzed chimeric mice after bone marrow

transplantation. Collectively, we provide experimental

evidence that RAGE expression on immune cells, but also

to a certain extent on non-immune cells such as endothelial

cells or cardiomyocytes is required for innate immune cell

recruitment and induction of cardiac remodeling in vivo

which is in line with previous data [48]. IHC analysis on

heart sections revealed reduced S100 protein levels for

WT ? RAGE-/- compared with WT ? WT chimera

demonstrating that RAGE signaling is required for efficient

S100A8/A9 expression in the myocardium. Post-ischemic

Fig. 8 MAP-kinase activation was determined in WT and RAGE-/-

mice (a–d). WB analyses of phosphorylated (p) and total (t) ERK1/2,

JNK and p38 were performed. Each blot shown is representative of three

experiments with similar results. b–d Summarize the densitometric

analyses of all extracts tested. (b–d *P \ 0.001, **P \ 0.0001)
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S100A8/A9 levels in isolated cardiomyocytes were only

marginally upregulated and significantly lower than

observed in immune cells and myofibroblasts 4 weeks

following MI (data not shown).

We also went on to show for the first time that S100A8/

A9 treatment promotes adverse cardiac remodeling

involving increased TGF-b1 expression and enhanced

expression of the fetal gen program such as ANP compared

to the untreated group. These data are supported by pre-

vious work from Vogl et al. [59] who described an essential

role of S100A9 in the recruitment of neutrophils into

granulation tissue in vivo, in pancreatic tissue during acute

pancreatitis [53] and into the skin during IL-8-stimulated

inflammation [44]. In this context, a crucial modulatory

role of S100A8/A9 in fibroblast function has been descri-

bed by Rahimi et al. [49] who could see a drastically

enhanced S100A8 activity by FGF-2/IL-1b stimulation.

This could be one explanation for the elevated fibrosis

score of heart sections treated with rS100A8/A9 4 weeks

following acute ischemic event revealing less recruitment

of mononuclear cells into the myocardium in favor of

S100A8/A9-positive myofibroblasts. Our finding that

RAGE deficiency attenuates adverse remodeling through

reduction of inflammatory activity is consistent with pre-

viously described S100A8/A9-RAGE-mediated cardiomy-

ocyte dysfunction in a LPS-induced sepsis model which

could be partially reversed by both knockdown of S100A9

and RAGE deficiency [8]. However, these findings were

related to the involvement of Toll-like receptors (TLR),

especially its isoform TLR-4. In this context, elegant

mechanistic analyses concerning phagocyte activation in

two sepsis models support the importance of the interaction

of TLR-4 and S100A8/A9 [60]. Furthermore, previous

studies also demonstrated the involvement of TLR2- and

TLR4-mediated signaling in cardiac remodeling [50, 54].

In contrast, in this study RAGE-/- mice were signifi-

cantly protected despite TLR-4 and TLR-9 expression

comparable to that of WT mice (data not shown) [4, 61].

These discrepant findings might be explained by the dif-

ferent nature of the stress model, different time points of

our read-outs and by the fact that cardiomyocytes were

defined as the primary source of S100A8/A9 expression in

this LPS-induced sepsis model [8], whereas we focussed on

the activation of neutrophils, mononuclear cells and

fibroblasts. We have also not looked into the role of CD8?

T-cells which are regulated by S100A8/A9 and play a

major role in the development of autoimmunity [38].

However, using RAGE-/- mice and knockdown of

S100A8/A9 we determined that post-MI-induced expres-

sion of the S100 proteins is absolutely dependent on

S100A8/A9–RAGE interaction. Of note, the effect of

RAGE-knockdown did not translate into improved survival

in our in vivo I/R model after 28 days (Supplementary

Figure 5). This may be due to the fact that group size was

too small and the observation period of 28 days was not

sufficient to detect this effect.

Further confirmation of an involvement of RAGE in I/R

injury derived form Aleshin et al. [1] who observed a

protective effect using sRAGE, a soluble antagonist of

RAGE, in isolated perfused heart studies. However, both

the effect of sRAGE treatment on the inflammatory

response and the functional mechanism for RAGE signal-

ing during remodeling remained undefined. In this context,

Bucciarelli et al. characterized the role of RAGE in

ischemic injury in the diabetic myocardium. RAGE-

expression was enhanced in type 1 diabetic rat and murine

hearts compared to non-diabetic controls whereas RAGE

deficiency protected from diabetes-mediated generation of

oxidant stress accompanied by improved myocardial

energy metabolism [9].

Taken together, our data support the existence of an

S100A8/A9-RAGE driven feed-forward loop in post-

ischemic cardiac remodeling driving the development of

heart failure. These results may translate into novel treat-

ment modalities in which sustained activation of RAGE is

blocked by inhibition of its ligands such as S100A8/A9.
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