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Abstract
Objective—Interleukin-10 (IL-10) exerts potent anti-inflammatory actions and modulates matrix
metalloproteinase expression. We hypothesized that endogenous IL-10 may regulate infarct healing
and left ventricular remodeling by promoting resolution of the post-infarction inflammatory response
and by modulating extracellular matrix metabolism.

Methods—IL-10 null and wildtype (WT) mice underwent reperfused infarction protocols. We
compared the healing response and remodeling-associated parameters between IL-10 -/- and WT
infarcts. In addition, we studied the effects of IL-10 on inflammatory gene synthesis by stimulated
murine cardiac fibroblasts.

Results—Infarcted IL-10 -/- mice exhibited comparable mortality rates with WT animals. Although
IL-10 -/-mice had higher peak tumor necrosis factor (TNF)-α and monocyte chemoattractant protein
(MCP)-1/CCL2 mRNA levels in the infarcted heart than WT mice, both groups demonstrated timely
repression of pro-inflammatory cytokine and chemokine mRNA synthesis after 24h of reperfusion
and exhibited a similar time course of resolution of the neutrophil infiltrate. IL-10 gene disruption
did not alter fibrous tissue deposition and dilative remodeling of the infarcted heart. Pre-incubation
with IL-10 did not modulate the pro-inflammatory phenotype of TNF-α-stimulated cardiac
fibroblasts, failing to inhibit chemokine mRNA synthesis. In contrast, transforming growth factor
(TGF)-β1 pre-incubation suppressed interferon-γ-inducible protein (IP)-10/CXCL10 synthesis by
cardiac fibroblasts exposed to TNF-α.

Conclusions—IL-10 signaling plays a non-critical role in suppression of inflammatory mediators,
resolution of the inflammatory response, and fibrous tissue deposition following myocardial
infarction. This may be due to the relative selectivity of IL-10-mediated anti-inflammatory actions,
with respect to cell type and stimulus. Resolution of postinfarction inflammation is likely to involve
multiple overlapping regulatory mechanisms controlling various pro-inflammatory pathways
activated in the infarcted myocardium.

INTRODUCTION
Myocardial infarction triggers an intense inflammatory reaction associated with induction of
pro-inflammatory cytokines and chemokines, and recruitment of neutrophils and mononuclear
cells in the infarcted area [1], [2]. Release of pro-inflammatory mediators and leukocyte
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infiltration play an important role in clearance of the wound from dead cells and matrix debris.
Pro-inflammatory signals are crucial in mediating the response to injury, regulate debridement
of the infarcted myocardium and may initiate the cellular events necessary for scar formation.
However, optimal healing requires activation of inhibitory mechanisms suppressing cytokine
and chemokine synthesis and mediating resolution of the inflammatory infiltrate. These “stop
signals” may prevent persistent inflammation, inhibiting tissue injury and promoting the
healing process [3].

Few studies have explored the significance of pathways inhibiting inflammation in healing
myocardial infarcts. Timely suppression of the inflammatory response appears to be important
for containment of injury and optimal infarct healing. However, the mechanisms responsible
for repression of inflammatory gene synthesis and resolution of the leukocytic infiltrate remain
poorly understood. We have recently demonstrated the critical role of endogenous
thrombospondin (TSP)-1, a crucial TGF-β activator [4], in resolution and containment of the
inflammatory response following myocardial infarction [5]. TSP-1 null mice demonstrated
prolonged cytokine and chemokine expression and expansion of the inflammatory infiltrate
into the non-infarcted area, resulting in enhanced adverse remodeling [5]. These findings
suggested that activation of TGF-β signaling pathways may be important in resolution and
spatial containment of the inflammatory response following myocardial infarction.

Interleukin (IL)-10 is another candidate gene with a potential role in repression of inflammatory
gene synthesis. IL-10 is a mononuclear cell product that potently inhibits production of pro-
inflammatory cytokines (such as IL-1, IL-6 and TNF-α) by activated monocyte/macrophages
[6], [7] and suppresses synthesis of both CC and CXC chemokines by stimulated monocytes
[7], [8]. We have previously reported marked IL-10 upregulation in both canine [9] and mouse
[10] myocardial infarcts, and suggested that IL-10 induction may suppress expression of
proinflammatory cytokines in the infarcted myocardium. Beyond its suppressive effects on
inflammatory gene synthesis, IL-10 also regulates extracellular matrix metabolism [11] and
angiogenesis [12]. IL-10-mediated tissue inhibitor of metalloproteinases (TIMP)-1
upregulation [11], [9] may play an important role in promoting extracellular matrix deposition
in the infarct [9].

Investigations using IL-10 -/- animals have suggested an important role for endogenous IL-10
in suppressing peak inflammation following myocardial infarction. IL-10 null mice exhibited
markedly increased mortality, larger infarct size and enhanced peak serum TNF-α levels
[13], [14] compared with wildtype (WT) animals. Although these investigations suggested
cardioprotective effects of IL-10 in the early stages of myocardial infarction, the potential role
of IL-10 in resolution of inflammation and in regulation of the cellular and molecular events
associated with infarct healing and post-infarction remodeling has not been investigated. The
current study was designed to examine the potential effects of IL-10 in resolution of
inflammation and regulation of fibrous tissue deposition and cardiac remodeling following
reperfused myocardial infarction. In addition, we investigated the in vitro effects of IL-10 in
modulating pro-inflammatory activation of isolated murine cardiac fibroblasts.

METHODS
1. Murine model of reperfused infarction

The investigation conforms with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No 85-23, revised 1996).
IL-10 null and WT C57/BL/6 mice were purchased from Jackson laboratories. Female WT and
IL-10 -/-mice, 8-12 weeks of age (18.0-22.0 g body weight), were anesthetized by an
intraperitoneal injection of sodium pentobarbital (60 μg/g). A closed-chest mouse model of
reperfused myocardial infarction was utilized as previously described [15], [10], in order to
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avoid the confounding effects of surgical trauma and inflammation, which may influence the
baseline levels of chemokines and cytokines. The left anterior descending (LAD) coronary
artery was occluded for 1h then reperfused for 6h to 7 days. At the end of the experiment, the
chest was opened and the heart was immediately excised, fixed in zinc-formalin, and embedded
in paraffin for histological studies, or snap frozen and stored at –80°C for RNA isolation. Sham
animals were prepared identically without undergoing coronary occlusion/reperfusion.
Animals used for histology underwent 24 h, 72 h, and 7 day reperfusion protocols (8 animals
per group). Mice used for RNA extraction underwent 6 h, 24 h, and 72 h of reperfusion (8
animals per group). Additional animals (IL-10 null mice, n=16; WT mice, n=14) were used
for perfusion-fixation after 7 days of reperfusion in order to assess remodeling-associated
parameters.

2. Immunohistochemistry and quantitative histology
Murine hearts were fixed in zinc-formalin (Z-fix; Anatech, Battle Creek, MI), and embedded
in paraffin. Sections were cut at 3 μm and stained immunohistochemically with the following
antibodies: monoclonal anti-α smooth muscle actin (α-SMA) antibody (Sigma, St. Louis, MO),
rat anti-mouse macrophage antibody Mac-2 (Cedarlane), and rat anti-neutrophil antibody
(Serotec, Raleigh NC). Staining was performed using a peroxidase-based technique with the
Vectastain ELITE rat, or goat kit (Vector Labs, Burlingame, CA) and developed with
diaminobenzidine + nickel (Vector). The Mouse on Mouse (MOM) kit (Vector) was used for
α-SMA immunohistochemistry. Quantitative assessment of neutrophil and macrophage
density was performed by counting the number of neutrophils and Mac-2-immunoreactive cells
respectively in the infarcted area as previously described [16]. Myofibroblasts were identified
as extravascular α-SMA positive cells and counted in the infarcted myocardium [5].
Macrophage, neutrophil and myofibroblast density was expressed as cells/mm2. The collagen
network was assessed using picrosirius red staining as previously described [16].

3. Echocardiography
Echocardiographic studies were performed prior to instrumentation and after 7 days of
reperfusion (WT: n=7, IL-10 KO: n=8) using an 8 MHz probe (Sequoia C256; Acuson,
Mountain View, CA). Short axis M-mode was used for measurement of systolic and diastolic
ventricular and anterior wall diameters. The following echocardiographic parameters were
measured as indicators of function and remodeling: Left Ventricular End-Diastolic Diameter
(LVEDD), Left Ventricular End-Systolic Diameter (LVESD), Fractional shortening (FS=
[LVEDD-LVESD]x100/LVEDD). The percent change in these parameters after infarction was
quantitatively assessed using the following formulas: ΔLVEDD= (LVEDD 7 days – LVEDD
pre)X100/LVEDD pre, ΔLVESD= (LVESD 7 days – LVESD pre)X100/LVESD pre, ΔFS=
(FS pre – FS 7 days)X100/FS pre.

4. Perfusion fixation and assessment of ventricular volumes
For assessment of post-infarction remodeling, infarcted hearts after 7 days of reperfusion were
used for perfusion-fixation (n=14 for WT and n=16 for IL-10 null animals) as previously
described [16]. A cardioplegic solution was perfused through the jugular vein to promote
relaxation. After excision and rinsing in cold cardioplegic solution, the aorta was cannulated,
a PE-50 catheter was pushed into the left ventricle and secured in placed. Hearts were fixed
for 10 min with 10% zinc-buffered formalin by aortic perfusion. After paraffin embedding, the
entire heart was cross-sectioned from base to apex at 250μ intervals. 10 serial 5μ sections were
obtained at each interval. The Left Ventricular End-Diastolic Volume (LVEDV) and LVEDD
were assessed with ImagePro software using methods developed in our laboratory [17], [16],
[9]. The size of the infarct was expressed as a percentage of the left ventricular volume.
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5. RNA extraction and Ribonuclease protection assay
Inflammatory gene expression in murine hearts was assessed using Ribonuclease Protection
Assay (RPA) as previously described [10]. The mRNA expression level of the chemokines
Macrophage Inflammatory Protein (MIP)-1α, MIP-1β, MIP-2, MCP-1, and IP-10, the
cytokines TNF-α, IL-1β, IL-6, TGF-β1, 2, and 3, was determined using a ribonuclease
protection assay (RPA) (RiboQuant; Pharmingen) according to the manufacturer’s protocol.
Phosphorimaging of the gels was performed (Storm 860; Molecular Dynamics, Sunnyvale,
CA) and signals were quantified using Image QuaNT software and normalized to the ribosomal
protein L32 mRNA.

6. Isolation and stimulation of murine cardiac fibroblasts
Mouse cardiac fibroblasts were isolated and cultured according to the method of Egbalhi-Webb
[18], [19] as modified by Lafontant et al. [20]. Briefly, mouse hearts were obtained from three
to five 12 -week-old C57BL/6J mice, were minced, and digested in 100 U/ml collagenase CLS
2 (Worthington Biochemical, Lakewood, NJ) at 37° C. Supernatants were filtered through a
70 um filter. Cells passed through the filter were pelleted, washed to remove the collagenase,
then resuspended in Dulbecco’s modified Eagles medium (DMEM) containing 10% fetal
bovine serum (FBS), and antibiotics (PenG 100U/ml, Streptomycin sulfate 100 ug/ml,
Amphotericin B 0.25 ug/ml, GIBCO, Grand Island, NY), plated on 25 or 75-cm2flasks, and
incubated at 37° C. Adherent cells were characterized at passage 1 by immunofluorescence
microscopy and found to be positive for vimentin and α-SMA, but negative for desmin, and
CD31 (CD31/PECAM-1; a leukocyte and endothelial cell marker). Fibroblasts were used up
to passage 4 for cytokine stimulation studies. 16 hours prior to each experiment, cells were
incubated in DMEM with 2% serum. Cells were washed 3 times in Hank’s Balanced Salt
Solution (HBSS) prior to treatment with cytokines. All experiments were performed in serum-
free DMEM. In order to study the effects of the inhibitory cytokines IL-10 and TGF-β1 in
modulating inflammatory chemokine synthesis, cardiac fibroblasts were stimulated with IL-10
(100 ng/ml), or TGF-β1(10 ng/nl) (both from R&D Systems, San Diego, CA), or pre-incubated
with IL-10 (100 ng/ml) and TGF-β1 (10 ng/ml) 4h prior to stimulation with recombinant TNF-
α (100 ng/ml) (R&D Systems). At the end of the experiment total RNA was isolated from the
fibroblasts using the acid guanidinium thiocyanate-phenol-chloroform method. mRNA
expression of the chemokines MIP-2, MCP-1, MIP-1α, MIP-β1 and IP-10 was assessed with
a custom made RPA kit (Pharmingen).

7. Statistical analysis
Statistical analysis was performed using ANOVA followed by t-test corrected for multiple
comparisons (Student-Newman-Keuls). Paired t-test was used to compare echocardiographic
parameters prior to myocardial infarction and after 7 days of reperfusion. Data were expressed
as mean ± SEM. Statistical significance was set at 0.05.

RESULTS
1. IL-10 null mice showed comparable mortality rates following reperfused infarction

Mortality during the initial instrumentation surgery was 10.9% in the IL-10 null group and
13.8% in WT animals. IL-10 -/- mice undergoing reperfused infarction protocols showed
mortality rates comparable with WT animals (mortality rate: 8.1 % in -/- mice vs. 9.0 % in WT
animals).
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2. Il-10 gene disruption does not affect cardiac morphology and inflammatory gene
expression in the absence of myocardial infarction

Sham IL-10 null hearts exhibited normal cardiac morphology and showed no evidence of
spontaneous inflammation, or increased fibrosis. No infiltrating neutrophils were found in
sham hearts from IL-10 -/- and WT animals. Mac-2 immunohistochemistry identified a small
population of macrophages in both IL-10 null and WT sham hearts. Picrosirius red staining
demonstrated that the interstitial matrix network was comparable in non-infarcted IL-10 -/-
and WT hearts. Both IL-10 -/- and WT sham hearts demonstrated negligible mRNA expression
of the chemokines MCP-1, MIP-1α, MIP-1β, IP-10 and MIP-2 and the pro-inflammatory
cytokines IL-1β, TNF-β and IL-6. TGF-β isoform mRNA levels were comparable in sham
hearts from IL-10 null and WT animals (not shown). Echocardiographic assessment prior to
surgical instrumentation demonstrated that IL-10 null and WT hearts had similar left
ventricular dimensions and normal systolic function (Table 1).

3. IL-10 null mice demonstrate timely resolution of the neutrophilic infiltrate
Reperfused myocardial infarction resulted in rapid and intense neutrophil infiltration in the
ischemic myocardium (Fig. 1). After 24h of reperfusion, IL-10 null mice showed comparable
peak neutrophil density with WT animals (neutrophil density after 24h of reperfusion: IL-10
-/-1169.5±67.9 cells/mm2 vs. WT 1008±30.6 cells/mm2, pNS, n=8). After 72h of reperfusion,
both IL-10 null and WT mice exhibited a similar decrease in neutrophil density (72h reperfusion
IL-10 -/- 803±70.9 vs. WT 756.2±53.4, pNS, n=8) indicating that resolution of the granulocytic
infiltrate was not significantly affected by the absence of IL-10 (Fig. 1).

4. Time course of macrophage infiltration in IL-10 null infarcts
Mac-2 immunohistochemistry identified macrophages infiltrating the infarcted myocardium
(Fig. 2). IL-10 -/- mice and their WT littermates showed no significant difference in the time
course of macrophage infiltration and had comparable macrophage density in the infarcted area
(Fig. 2E).

5. IL-10 null animals exhibit increased peak TNF-α mRNA expression, but show timely
resolution of the cytokine response

Reperfused mouse infarcts exhibit a marked but transient induction of the pro-inflammatory
cytokines TNF-α, IL-1β and IL-6 that peaks after 6h of reperfusion. IL-10 null mice showed
higher peak TNF-α mRNA levels than WT controls after 6h of reperfusion (fig. 3A); however,
peak IL-1β and IL-6 mRNA expression was similar (Fig. 3B, 3C). Timely repression of pro-
inflammatory cytokine mRNA expression was noted after 24-72h in both IL-10 null and WT
animals (Fig. 3). The time course of TGF-β isoform expression was comparable in WT and
IL-10 null infarcts (not shown).

6. IL-10 deficiency results in enhanced peak MCP-1 expression, but does not alter the time
course of repression of the chemokine response

Reperfused mouse infarcts show rapid and transient induction of chemokine mRNA. IL-10
null animals exhibited enhanced and prolonged MCP-1 mRNA upregulation in the infarcted
myocardium (Fig. 4A) (MCP-1: L32 ratio after 6h reperfusion: WT 0.586±0.05 vs. IL-10 -/-
0.89+ 0.055 **p≺0.01, and after 24h reperfusion: WT 0.21+0.017 vs. IL-10 -/- 0.334±0.039
*p<0.05). In contrast, MIP-2, MIP-1α (Fig. 4B), MIP-1β (Fig. 4C), and IP-10 mRNA
expression was comparable in IL-10 null and WT infarcts. Timely repression of the chemokine
response was noted in both IL-10 null and WT infarcts.
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7. Myofibroblast infiltration in infarcted IL-10 -/- animals
In order to examine the effects of IL-10 absence on fibrous tissue deposition we quantitatively
assessed myofibroblast density in IL-10 null and WT infarcts. In both WT and IL-10 -/- mice,
dead cardiomyocytes are replaced with granulation tissue after 72h of reperfusion and abundant
myofibroblasts infiltrate the infarcted myocardium, predominantly localized in the border zone
(figure 5A). IL-10 null mice showed comparable myofibroblast density in the infarcted
myocardium with their WT littermates (IL-10 -/- 856±88 cells/mm2 vs. WT 847.5±126.9 cells/
mm2, pNS, n=8).

8. IL-10 deficiency does not affect post-infarction cardiac remodeling
Independent assessment using echocardiography and quantitative morphometry of perfusion-
fixed hearts showed that the absence of IL-10 had no significant effects on cardiac remodeling
following reperfused myocardial infarction (Table 1, Fig. 6). Echocardiographic studies
demonstrated that both WT and IL-10 null hearts developed systolic dysfunction and left
ventricular dilation after 7 days of reperfusion (Table 1). LVEDD, LVESD and FS were
comparable in infarcted IL-10 null and WT animals (Table 1, pNS). In addition, the percent
change in the echocardiographic indices following infarction (∆LVEDD, ∆LVESD and ∆FS)
was not significantly different between groups (Table 1). Quantitative morphometry
demonstrated that after 7 days of reperfusion, IL-10 null and WT animals had similar LVEDV
(WT: 55.75 mm3 ± 3.61, n=14 vs. IL-10 null: 51.4 mm3 ± 2.52 n=16; pNS) (fig. 6C) and
comparable scar size (WT: 13.7±1.35%, n=14 vs. IL-10 -/-: 15.49±1.16%, n=16; pNS) (fig.
6D).

9. IL-10 does not alter pro-inflammatory chemokine synthesis by cardiac fibroblasts
IL-10 stimulation did not induce chemokine synthesis by isolated cardiac fibroblasts. In
contrast, the pro-inflammatory cytokine TNF-α markedly induced fibroblast MCP-1 (fig. 7A),
IP-10 (fig. 7B) and MIP-2 (fig. 7C) synthesis, but had no effect on MIP-1α and MIP-1β
expression (not shown). In order to explore the potential ant-inflammatory actions of IL-10 on
cardiac fibroblasts, we investigated the effects of IL-10 pre-treatment on chemokine synthesis
by TNF-α stimulated fibroblasts. Pre-incubation with IL-10 did not affect TNF-α-induced
chemokine upregulation (fig. 7A-C). In contrast, TGF-β incubation selectively suppressed
TNF-α-induced IP-10 (but not MIP-2 and MCP-1) mRNA synthesis (fig. 7A-C).

DISCUSSION
Myocardial infarction sets into motion an inflammatory cascade that ultimately results in
replacement of dead cardiomyocytes with a scar [21], [2], [22]. Cardiomyocyte death triggers
Nuclear Factor (NF)-κB, complement and Toll-like receptor (TLR)-mediated pathways,
resulting in marked induction of chemokines and cytokines in the infarcted myocardium [23],
[1]. CXC chemokines mediate neutrophil recruitment in the infarct, whereas the CC chemokine
MCP-1/CCL2 plays an important role in regulating monocyte infiltration [16]. Although
induction of pro-inflammatory mediators is important for clearance of the wound from dead
cardiomyocytes and matrix debris, activation of inflammatory pathways is transient and
followed by repression of inflammatory gene synthesis and resolution of the leukocytic
infiltrate [10]. Thus, optimal healing requires timely activation of inhibitory mechanisms
suppressing expression of inflammatory mediators. Defective repression of the inflammatory
reaction results in extension of granulation tissue formation and enhanced adverse remodeling
[5].

We have previously identified IL-10 as a potentially important inhibitory mediator that may
be involved in resolution of the post-infarction inflammatory reaction [9]. IL-10 is markedly
induced in myocardial infarcts exhibiting a prolonged time course of expression, and possesses
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potent anti-inflammatory properties suppressing cytokine, chemokine and adhesion molecule
synthesis by stimulated monocytes and macrophages [7], [24], [25]. IL-10 may also exert anti-
inflammatory effects by generating functional decoy receptors on monocytes that act as
molecular sinks and scavengers for inflammatory chemokines [26]. In addition, IL-10 signaling
may regulate infarct healing and left ventricular remodeling through effects on extracellular
matrix turnover and angiogenesis. In vitro studies suggested complex and cell-type specific
actions of IL-10 on expression of MMPs and their inhibitors. IL-10 stimulation enhances
TIMP-1 synthesis by human monocytes and macrophages promoting matrix deposition [11],
but downregulates collagen synthesis and enhances MMP expression by human skin fibroblasts
[27]. The in vivo role of IL-10 in fibrous tissue deposition is controversial and context-
dependent: endogenous IL-10 increases collagen content in atherosclerotic plaques [28];
however, IL-10 gene therapy inhibits fibrosis in models of bleomycin-induced pulmonary
injury, [29] and chronic renal disease [30]. Furthermore IL-10 exerts angiostatic effects in a
model of angiogenesis induced by murine hindlimb ischemia [12].

In a previous study exploring the role of IL-10 in post-infarction inflammation, Yang and co-
workers demonstrated that reperfused infarction in IL-10 null mice was associated with a 75%
mortality rate, whereas no deaths occurred in WT animals [13]. Increased mortality was noted
in the 24h-reperfusion group, but not in the 6h-reperfusion group; however, the mechanism of
death in IL-10 null animals was not reported. Infarcted IL-10 null animals demonstrated
enhanced inflammation evidenced by increased plasma levels of TNF-α and increased tissue
expression of Intercellular Adhesion Molecule (ICAM)-1 [13]. In contrast, our findings do not
support a critical role for IL-10 in resolution of post-infarction inflammation and regulation of
infarct healing. Mortality in infarcted IL-10 -/- animals was low and comparable with the WT
group. Although IL-10 null mice had higher peak TNF-α (Fig. 3) and MCP-1 (Fig. 4) mRNA
expression in the infarcted heart than WT animals, suggesting a role for IL-10 in suppressing
peak pro-inflammatory gene expression, both groups exhibited timely repression of
inflammatory gene synthesis (Fig. 3-4). Furthermore, both IL-10 -/-and WT mice demonstrated
partial clearance of the neutrophil infiltrate after 72 hours of reperfusion, exhibiting a
comparable time course of neutrophil and macrophage infiltration (Fig. 1-2). The reason for
the discrepancy between our findings and those of Yang and co-workers [13] is not clear. In
both studies, IL-10 null and WT mice from the same source underwent reperfused infarction
protocols. However, Yang et al. used an open-chest model where coronary ischemia and
reperfusion was performed immediately after thoracotomy; this may have adversely affected
survival in IL-10 null animals, which may be more susceptible to surgical trauma and the
potential complications of surgical instrumentation. Our closed-chest model allows a 10-day
recovery period after initial surgery, resulting in dissipation of the acute inflammation due to
the surgical instrumentation and a more accurate evaluation of the consequences of myocardial
infarction. In addition, our investigation assessed expression of a wide range of inflammatory
mediators at several different timepoints providing a more detailed analysis of the time course
of induction and suppression of post-infarction inflammation.

In contrast to the majority of experimental studies using permanent coronary artery ligation in
order to induce myocardial infarction, our investigation used a model of reperfused infarction.
Permanent coronary occlusion results in transmural necrosis, more extensive scar formation,
and a delayed time course of infarct healing in comparison to reperfused infarction. Although
evidence suggests that reperfusion accentuates the inflammatory reaction and increases IL-10
expression [9], the role of anti-inflammatory mediators (such as Il-10) may be more important
in transmural infarcts induced by permanent occlusion. Thus, we cannot exclude the possibility
that in the reperfused myocardium, the absence of transmural necrosis may limit the
significance of mediators regulating the inflammatory and fibrotic response [31], [32].
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Furthermore, the absence of IL-10 did not alter the cellular events associated with infarct
healing. IL-10 null mice demonstrated timely replacement of dead cardiomyocytes with
granulation tissue after 72h of reperfusion and had comparable myofibroblast density with WT
animals (Fig. 5). IL-10 -/- and WT mice exhibited comparable LVEDD, LVESD and LVEDV
7 days after myocardial infarction suggesting similar extent of dilative post-infarction
remodeling (Fig. 6, Table 1). In addition, IL-10 null and WT mice had comparable deterioration
of systolic function following myocardial infarction (Table 1).

The non-critical role of IL-10 in resolution of post-infarction inflammation may be explained
by the cell- and stimulus-specific nature of its anti-inflammatory properties. Although
extensive evidence suggests that IL-10 suppresses cytokine and chemokine synthesis by
mononuclear cells [6], [24], [7], its role in modulating pro-inflammatory activation of other
cell types that actively participate in the post-infarction inflammatory response (such as
endothelial cells and fibroblasts) is not established. IL-10 does not attenuate chemokine
expression in stimulated canine endothelial cells [33] and does not inhibit pro-inflammatory
activation of TNF-α and IL-1β-stimulated human umbilical vein endothelial cells [34]. Our
findings demonstrated that pre-incubation with IL-10 did not modulate the pro-inflammatory
phenotype of cardiac fibroblasts exposed to TNF-α, failing to inhibit chemokine mRNA
synthesis (fig. 7). In contrast, pre-incubation with TGF-β1 suppressed TNF-α-induced IP-10
expression, supporting the potential role of TGF-β1 in repression of chemokine synthesis. In
the infarcted myocardium, various cell types (such as endothelial cells, mononuclear cells and
fibroblasts) are likely sources of inflammatory mediators. The limited role of IL-10 in
suppressing the inflammatory response in healing infarcts may be due to the relative selectivity
of its anti-inflammatory actions, with respect to cell type and stimulus.

Resolution of post-infarction inflammation is likely to involve multiple overlapping regulatory
mechanisms controlling various pro-inflammatory pathways activated in the infarcted
myocardium. Our study suggests that, although IL-10 is induced in the healing infarct, it plays
a non-critical role in suppression of inflammatory mediators and in resolution of the
inflammatory infiltrate. In addition, IL-10 signaling is of limited significance in regulation of
the healing process and does not play a critical role in the pathogenesis of left ventricular
remodeling. Other inhibitory mediators, such as TGF-β, may be important for repression of
the cytokine and chemokine cascade and may play an important role in regulating fibrous tissue
deposition.
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Figure 1.
Neutrophil infiltration in the infarcted heart. Both WT (A) and IL-10 -/- mice (B) demonstrated
intense neutrophil infiltration in the infarcted myocardium after 24h of reperfusion. Partial
resolution of the neutrophilic infiltrate was noted after 72h of reperfusion in WT (C) and IL-10
null animals (D). E. Quantitative analysis shows no significant difference in neutrophil density
between WT and -/- animals (scale bar=70 μm).
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Figure 2.
Mac-2 immunohistochemistry identifies macrophages in the infarcted mouse heart.
Comparable macrophage numbers were found after 24h of reperfusion in WT (A) and IL-10
-/- (B) infarcts. The number of Mac-2 immunoreactive cells increased after 72h of reperfusion
in both WT (C) and IL-10 null animals (D). E. Quantitative analysis shows comparable
macrophage density in IL-10 -/- and WT infarcts (scale bar=70 μm).
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Figure 3.
Cytokine mRNA expression in healing myocardial infarcts. A. RPA analysis showed that IL-10
null animals had slightly higher TNF-α mRNA levels in the infarcted heart than WT mice
(*p<0.05). In contrast, IL-1β (B) and IL-6 (C) mRNA expression was comparable in both
groups. Both WT and IL-10 null mice exhibited timely repression of pro-inflammatory
cytokine synthesis after 24-72h of reperfusion (A-C).
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Figure 4.
Chemokine mRNA expression in healing infarcts. A. IL-10 null mice had higher MCP-1
mRNA expression in the infarcted heart compared with WT animals. In contrast expression of
the CC chemokines MIP-1α (B) and MIP-1β (C) was comparable between groups.
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Figure 5.
Myofibroblasts are identified in the healing infarct as extravascular α-SMA-expressing
spindle-shaped cells. A. After 72 h of reperfusion dead cardiomyocytes are replaced with
granulation tissue, and myofibroblasts infiltrate the infarcted area, predominantly localized in
the border zone (arrows). B. IL-10 null mice show comparable myofibroblast accumulation in
the infarct. C. Quantitative analysis of myofibroblast density in the infarcted myocardium
(scale bar=70 μm).
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Figure 6.
IL-10 gene disruption does not affect left ventricular remodeling following reperfused
infarction. WT (A) and IL-10 null animals (B) showed comparable dilation of the left ventricle
assessed by evaluation of perfusion-fixed hearts after 7 days of reperfusion. IL-10 null and WT
mice showed similar LVEDV (pNS) (C), and comparable infarct size (D) (scale bar=1mm).
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Figure 7.
IL-10 does not alter inflammatory activation of cardiac fibroblasts exposed to TNF-α. IL-10
(100ng/ml) stimulation for 60 min did not induce mRNA expression of the chemokines MCP-1
(A), IP-10 (B), and MIP-2 (C). In contrast, TNF-α (100ng/ml) stimulation resulted in marked
chemokine upregulation. Pre-incubation with IL-10 (100ng/ml) 4h prior to TNF-α stimulation
did not inhibit TNF-α -mediated chemokine upregulation. In contrast, pre-incubation with
TGF-β1 (10 ng/ml) significantly decreased TNF-α-induced IP-10 synthesis (B) (**p≺0.01),
but did not affect MCP-1 and MIP-2 mRNA expression. TNF-α did not induce MIP-1α and
MIP-1β synthesis by isolated cardiac fibroblasts (not shown).
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Table 1
Assessment of echocardiographic parameters in the infarcted heart

WT pre WT 1h/7d IL-10 -/- pre IL-10 -/- 1h/7d
LVEDD (mm) 3.37±0.08 3.63±0.07** 3.22±0.04 3.63±0.06**
LVESD (mm) 1.96±0.08 2.32±0.02** 1.84±0.05 2.44±0.11**
FS 0.42±0.01 0.35±0.01** 0.43±0.02 0.33±0.02**

WT IL-10 -/-
Δ LVEDD (%) 8.2±1.7 12.9±2.7
Δ FS (%) 13.63±3.4 22.5±5.9
Δ LVESD (%) 19.7±5.5 33.7±8.8
LVEDD, Left Ventricular End-diastolic Diameter; LVESD, Left ventricular End-Systolic Diameter; FS, Fractional Shortening;ΔLVEDD (%), (LVEDD
post-LVEDD pre)X100/LVEDD pre; ΔFS, (FS pre-FS post)X100/FS pre

**
p<0.01 vs. corresponding pre-infarction values.
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