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After myocardial infarction (MI), adverse remodeling with left
ventricular (LV) dilatation is a major determinant of poor outcome.
Skeletal myoblast (SkM) implantation improves cardiac function
post-MI, although the mechanism is unclear. IL-1 influences post-MI
hypertrophy and collagen turnover and is implicated in SkM death
after grafting. We hypothesized that SkM expressing secretory IL-1
receptor antagonist (sIL-1ra) at MI border zones would specifically
attenuate adverse remodeling and exhibit improved graft cell
number. Stable murine male SkM lines (5 � 105 cells), expressing
or nonexpressing (cont) for sIL-1ra, were implanted into infarct
border zones of female nude mice immediately after left coronary
artery occlusion. LV ejection fraction (LVEF), end-diastolic diameter,
and transmitral peak early�late (E�A) flow velocity ratio were
determined by echocardiography. Cardiac myocyte hypertrophy
and fibrosis were assessed by morphometry, picrosirius red stain-
ing, and hydroxyproline assay. At 3 weeks, cont-SkM-engrafted
hearts showed reduced hypertrophy, improved LVEF (55.7 � 1.2%
vs. MI-only: 40.3 � 2.9%), and preserved E�A ratios. sIL-1ra-SkM
implantation enhanced these effects (LVEF, 67.0 � 2.3%) and
significantly attenuated LV dilatation (LV end-diastolic diameter,
4.0 � 1.1 mm vs. cont-SkM, 4.5 � 1.2 mm vs. MI-only, 4.8 � 1.8 mm);
this was associated with greater graft numbers, as shown by PCR
for male-specific smcy gene. Enzyme zymography showed atten-
uated matrix metalloproteinase-2 and -9 up-regulation post-MI by
either donor SkM type, although infarct-remote zone collagen was
reduced only with sIL-1ra-SkM. These results suggest that SkM
implantation improves cardiac function post-MI by modulation of
adverse remodeling, and that this effect can be significantly
enhanced by targeting IL-1 as a key upstream regulator of both
adverse remodeling and graft cell death.

Transplantation of skeletal myoblasts (SkM) to the infarcted
heart has consistently been shown to improve cardiac func-

tion in experimental models of heart failure (1, 2). SkM survive,
proliferate, and differentiate within the myocardium (3), al-
though the mechanism of the consequent functional effects is
unclear. It has been suggested that cell transplantation can
modulate remodeling of the infarcted heart and, further, that
implanted SkM may exert important paracrine effects on the
surrounding host myocardium (1, 4).

Adverse remodeling after myocardial infarction (MI) can have
a significant impact on global cardiac function and progression
to chronic heart failure (5, 6). After MI, cardiac myocyte death
and wall thinning lead to a complex cascade of remodeling events
resulting in cardiac myocyte hypertrophy and apoptosis and a net
increase in extracellular matrix (ECM) accumulation within the
noninfarcted myocardium (7, 8). The exact mechanism of re-
modeling is unclear, although an important role has been
proposed for cytokines (8–11).

IL-1 is a key paracrine mediator of adverse post-MI remod-
eling, which is also implicated in SkM death after grafting to
muscle (8, 12). IL-1 induces hypertrophy of cardiac myocytes in
vitro, and inhibition of IL-1 attenuates acute inflammation and

cardiac myocyte apoptosis after ischemia-reperfusion injury in
rat hearts (10, 13). Further, IL-1 expression correlates with left
ventricular (LV) collagen content and LV end-diastolic diameter
(LVEDD) after MI in rats and induces collagen gene transcrip-
tion in fibroblasts (8, 14). Matrix metalloproteinase (MMP)
types 2 and 9 (MMP-2�-9) are key gelatinases shown to be
directly involved in post-MI ECM turnover (15). IL-1 stimulates
expression of MMP-2 in ischemic cardiac fibroblasts and is a
regulator of MMP-9 (16, 17). No studies, however, have ex-
ploited sustained IL-1 inhibition as a means to target adverse
post-MI remodeling.

In addition to a role in myocardial remodeling, elevated IL-1
levels within the myocardium in the vicinity of implanted SkM
are likely to be an important determinant of graft size (12).
Rapid attrition of graft size is currently a major limitation to the
efficacy of cell transplantation after direct intramyocardial im-
plantation (18). Although this technique allows selective deliv-
ery to either infarcted or noninfarcted areas, it inevitably results
in mechanical injury and acute inflammation (19). IL-1 is a
major proinflammatory cytokine that induces apoptosis of pri-
mary human SkM in vitro (20) and has been suggested to be
important in SkM survival in vivo (12).

The effects of IL-1 are balanced by an endogenous inhibitor,
IL-1 receptor antagonist (IL-1ra). IL-1ra is part of the IL-1 gene
cluster on chromosome 2 and exists as several variants generated
by alternative splicing (21). Of these, the 17-kDa secretory
IL-1ra isoform (sIL-1ra) appears to mediate the biological
inhibitory effects of IL-1ra by competing for IL-1 receptor type
I (21). We hypothesized that SkM modified to express sIL-1ra
would exhibit an enhanced ability to modulate adverse remod-
eling after transplantation to the infarcted heart through effects
on cardiac myocyte hypertrophy, ECM matrix turnover, and
graft cell loss.

Materials and Methods
Generation of H-2Kb-sIL-1ra SkM Lines. SkM lines were derived from
male H-2Kb-tsA58 mice as before (22). SkM were grown under
permissive conditions at 33°C, 10% CO2 in DMEM (GIBCO)
growth medium with 20 units�ml IFN-� (ICN). cDNA for human
sIL-1ra was cloned by PCR into pcDNA3.1� (Invitrogen), as
done previously (10). SkM were transfected by using FuGENE6
(Roche Diagnostics) and linearized (BglII) pcDNA3.1�-sIL-1ra
construct or control pcDNA3.1� plasmid. G418-resistant clones
were obtained by limiting dilution and expanded for 5 weeks.
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Cell supernatants from known SkM numbers were used for
sIL-1ra enzyme immunoassay by using a kit and specified
instructions (BioSource International, Camarillo, CA) and se-
cretion rates expressed as pg per million cells per 24 h. Immuno-
ctyochemistry was performed on SkM lines according to the
method of Springer et al. (23) by using a monoclonal human-
specific sIL-1ra antibody (R & D Systems). Differentiation into
myotubes was induced by switching clones to nonpermissive
conditions of low-serum, 37°C, and no IFN-� (22).

Experimental Protocol, Surgery, and Animal Care. Left coronary
artery occlusion was performed in female BALB�c-nu�nu mice
(7–10 weeks; Harlan Breeders, Oxon, U.K.) under mechanical
ventilation (24) and anesthesia with s.c. ketamine (0.1 mg�g) and
xylazine (0.005 mg�g). Three experimental groups were used: MI
plus sIL-1ra-SkM (n � 26), MI plus cont-SkM (n � 27) (cont,
nonexpressing for sIL-1ra), and MI-only (n � 25). SkM were
implanted at the time of coronary artery ligation: 0.25 million (in
5 �l of serum-free DMEM) into each of the two infarct border
zones. All samples were analyzed at 3 weeks, and additional
samples at 1 week were obtained for smcy PCR and matrix
metalloproteinase zymography. This study was performed with
approval of the institutional ethics and gene manipulation
committees and the Government Home Office, London, U.K.
This work conforms to the Principles of Laboratory Animal
Care, National Society for Medical Research, and the Guide for
the Care and Use of Laboratory Animals (National Institutes of
Health Publication No. 85-23).

Assessment of LV Function and Size. Mice were anesthetized with
s.c. ketamine and xylazine (25) at one-third the surgical dose and
echocardiography performed by two blinded skilled operators by
using a Sequoia 512 system and 15 MHz probe (Acuson,
Mountain View, CA). All images were taken at the midpapillary
level. Ejection fraction was calculated as described (25). Mea-
surements of LVEDD were obtained from M-mode images. As
an index of LV diastolic function, transmitral E�A values were
determined from five measurements of each individual experi-
mental subject (total of n � 5 for each group) by using spectral
Doppler traces as described by Li et al. (9).

smcy PCR and sIL-1ra RT-PCR. RNase-treated genomic DNA was
phenol�chloroform-extracted from LVs (LV free wall plus in-
terventricular septum) harvested at 1 and 3 weeks, as described
(26). For standard curve samples, known numbers of male SkM
(0.01–1.5 million) were mixed with female hearts. Five hundred
nanograms of DNA was used in PCR with smcy primers (27) or
hprt as a control (see sequences in Table 2, which is published as
supporting information on the PNAS web site). The thermocycle
profile used for smcy was: 94°C, 3 min; 40 cycles of 55°C, 1 min;
72°C, 1 min; 94°C, 30 sec, followed by final steps of 55°C, 1 min
and 72°C, 10 min. PCR products (10 �l) were run on a 2%
agarose gel, stained with ethidium bromide, and visualized with
a UV transilluminator (Bio-Rad). Values for intensity of smcy
bands were obtained by using NIH IMAGE analysis software and
plotted against known SkM number to generate the standard
curve from which SkM numbers for the experimental samples
were calculated. Results for the yield of donor cell-derived smcy
genomes in cell-engrafted hearts were expressed as percentages
of the signal obtained for the originally implanted cell number
(0.5 � 106). For IL-1ra RT-PCR, we used 1 �g of cDNA
(prepared as below) and primer sequences�conditions for hu-
man or murine isoforms (Table 2).

Histological Identification of Implanted SkM. Harvested hearts were
cut into five segments parallel to the apex-base axis. Segments
were embedded in OCT compound (Tissue-Tek, BDH) and
frozen in isopentane cooled in liquid nitrogen. Ten-micrometer

cryosections were fixed in 4% paraformaldehyde. Endogenous
peroxidase activity was quenched with 0.3% H2O2 and blocking
performed as before (28). Sections were then stained by using a
three-layer immunoperoxidase (horseradish peroxidase) tech-
nique with a skeletal muscle fast myosin-specific primary anti-
body (clone MY-32, Sigma), as described (24). Sections were
counterstained with methyl green.

Infarct Size and Histological Analysis of Cardiac Myocytes and ECM.
Ten-micrometer cryosections were cut, fixed in 10% neutral-
buffered formal-saline, and stained with 0.1% picrosirius red
F3B (BDH), as described by Ducharme et al. (15). Picrosirius
red-stained sections from individual segments were imaged by
using a computer-associated light microscope (Zeiss) and infarct
size determined by planimetry by using NIH IMAGE analysis
software. The area occupied by the infarct was measured as a
percentage of the total LV area for four sections from each of
five segments per sample, as done previously (24). Morphometry
was used to determine cardiac myocyte size at infarct-remote
zones (defined as the noninfarcted interventricular septum) by
cross-sectional area measurements of myocytes in similar orien-
tation and at the same magnification for all sections (29).
Remote zone fibrosis was analyzed semiquantitatively by deter-
mination of the collagen volume fraction (15). Morphometry was
performed by using NIH IMAGE analysis software. Ten random
fields were assessed for each heart examined and mean values
taken.

Hydroxyproline Assay by Chromatography. LV samples from 3
weeks were harvested and processed for hydroxyproline assay by
HPLC, as previously done in our laboratory (30). Twenty
microliters of tissue lysate (at 6 �g��l) was hydrolyzed overnight
with 500 �l of 6 M HCl at 105°C before loading onto HPLC
columns.

Collagen and MMP Gene Expression. Total RNA was extracted from
LVs by using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. First-strand synthesis was per-
formed with 1 �g of total RNA by using SuperScript II reverse
transcriptase (RT; Invitrogen), as described (31). One microliter
of the RT reaction product was used as cDNA template in
subsequent PCR by using primers for the following genes:
collagens pro�1(I), �1(III); �-actin; transforming growth factor
(TGF)�1; MMP-2; tissue inhibitor of MMP (TIMP)-1, -2
(sequences and conditions, Table 2). Ten microliters of each
PCR product was run on 1.5% agarose gels and bands visualized
with a UV transilluminator (Bio-Rad).

Gelatin Zymography. One hundred twenty micrograms of total
protein lysate from LVs harvested at 1 and 3 weeks was used for
loading onto 7.5% gelatin-polyacrylamide zymogram gels, as
described (32). Supernatant from HT1080 human fibrosarcoma
cells was used as positive control for MMP-2 and -9.

Statistical Analysis. All values are expressed as means � SEM.
Comparison among multiple groups was performed by one-way
ANOVA followed by Bonferroni’s post hoc test. A value of P �
0.05 was considered statistically significant. Statistical compar-
ison of the data was performed by using the SIGMASTAT statis-
tical package, Ver. 2.03 (SPSS, Chicago).

Results
In Vitro Characterization of sIL-1ra-Expressing SkM Clones. In vitro
expression of sIL-1ra was confirmed in cell lines by both enzyme
immunoassay of cell culture supernatants and immunocyto-
chemistry (ICC). The highest-expressing clone A4.20 (1207.6
pg�106 cells�24 h) was used in subsequent in vivo experiments,
with clone B2.8 (no detectable sIL-1ra) as a control. ICC
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confirmed expression of sIL-1ra in both undifferentiated A4.20
cells and myotubes with perinuclear accumulation in the Golgi
apparatus after monensin treatment (Fig. 1). The proliferation
rates and differentiation capacity of the H-2Kb cell lines gener-
ated were comparable with wild-type H-2Kb cells (data not
shown).

Surgical Outcome, SkM Engraftment, and Human sIL-1ra Expression.
Mortality over the 3-week period was: 26.9% (7�26), 29.6%
(8�27), and 36.0% (9�25) for sIL-1ra-SkM, cont-SkM, and
MI-only groups, respectively. The majority of deaths occurred
within 48 h of MI. The standard curve generated from smcy PCR
signals of known numbers of male SkM mixed with female
control hearts (Fig. 2 A and B) was linear over the range tested
(R2 � 0.95). Greater numbers of donor-derived cells were found
in the sIL-1ra-SkM group compared with cont-SkM (Fig. 2C) at
both 1 (28 � 3.7% vs. 20 � 1.7%) and 3 weeks (17.8 � 1.7%
vs.2.7 � 0.3%). RT-PCR using primers specific to the hsIL-1ra
transgene yielded the expected product in samples at 3 weeks in
only the sIL-1ra-SkM group (Fig. 2D). Specificity was confirmed
by sequencing. No murine IL-1ra was seen (data not shown).
Immunohistochemistry of sections from cell-engrafted hearts
using skeletal fast myosin-specific antibody showed few myo-
tube-like structures at infarct border zones in sIL-1ra-SkM-
engrafted hearts at 3 weeks (Fig. 3). No clear evidence of
myotube formation was seen in cont-SkM-engrafted hearts.

Effects of Cell Implantation on LV Function and Size. 2D and M-mode
transthoracic echocardiographic images were obtained 3 weeks
after MI and cell implantation (Fig. 4A). The highest systolic LV
ejection fraction at 3 weeks was found in the sIL-1ra-SkM group
(67.0 � 2.3% compared with 55.7 � 1.2% and 40.3 � 2.9% for
the cont-SkM and MI-only groups, respectively; Fig. 4B). These
data compare with EF 71.3 � 5.1% for noninfarcted untreated
hearts. Only sIL-1ra-SkM-engrafted hearts showed significantly
better preserved LVEDD at 3 weeks (sIL-1ra-SkM, 4.0 � 1.1
mm; cont-SkM, 4.5 � 1.2 mm; MI only, 4.8 � 1.8 mm, Fig. 3C;
normal untreated heart, 3.6 � 0.2 mm). The E�A ratio was
almost normalized in the sIL-1ra-SkM group (2.01 � 0.25). The
ratios in the cont-SkM and MI-only groups were reduced to
1.34 � 0.10 and 1.16 � 0.04, respectively; the E�A ratio
differences between all groups were statistically different
(Fig. 5). Comparison of percent lung�body weight showed a
significant reduction in the sIL-1ra-SkM hearts compared with
cont-SkM and MI-only hearts (Table 1.)

Changes in Cardiac Myocytes and ECM. Measurement of cardiac
myocyte size in the remote zones revealed significantly less
hypertrophy in sIL-1ra-SkM engrafted hearts compared with

cont-SkM or MI-only hearts at 3 weeks (Fig. 6A). Lesser cardiac
hypertrophy was also reflected in the s-IL-1ra-SkM hearts by a
reduced percent LV�body weight ratio (Table 1). There were no
significant differences in infarct size among groups (42.2 � 7.2%,
47.5 � 5.6%, and 47.3 � 6.9% for sIL-1ra-SkM, cont-SkM, and
MI-only groups, respectively). Picrosirius red staining revealed a
marked reduction in total collagen accumulation in the sIL-1ra-
SkM group in the remote noninfarcted septum at 3 weeks
(Figs. 6B and 7F) and infarct border zones (Fig. 7E). Implan-
tation of cont-SkM resulted in less collagen accumulation com-
pared with MI-only hearts, although this was not significant
(Fig. 6B). Hydroxyproline assay confirmed a significant reduc-
tion in collagen in the sIL-1ra-SkM group compared with the
other groups at 3 weeks (0.58 � 0.2, 0.68 � 0.1, and 0.69 � 0.1
�g of hydroxyproline per mg of tissue protein for sIL-1ra-SkM,
cont-SkM, and MI-only hearts, respectively; n � 4, P � 0.05).

Changes in Collagen and MMP Expression. At 3 weeks, RT-PCR
showed a clear reduction in pro �1col(I) expression in the
sIL-1ra-SkM group compared with the MI-only and cont-SkM
groups (Fig. 8). The levels of �1col(III) and TGF�1 were similar

Fig. 1. Expression of sIL-1ra in H-2Kb clones. Immunocytochemistry demon-
strates expression of sIL-1ra (red fluorescence) in a perinuclear distribution
(within Golgi apparatus: arrows) in clone A4.20 SkM (B and E) and derived
myotubes (C and F) after monensin treatment. In contrast, no clear staining is
seen in the control cell line B2.8 (A and D). Nuclei stained with 4�,6-diamidino-
2-phenylindole are shown in A–C.

Fig. 2. In vivo persistence of H-2Kb clones and in vivo expression of sIL-1ra.
Genomic smcy PCR was used to detect SkM at 1 and 3 weeks (n � 4 for each
time point). A standard curve (A) was constructed in duplicate by using known
numbers of cells [B; cell number in millions (m)]. Enhanced SkM numbers are
suggested at both 1 and 3 weeks in the sIL-1ra-SkM group (C). (D) RT-PCR
confirmed in vivo expression of sIL-1ra in sIL-1ra-SkM-engrafted hearts (S) at
3 weeks, although not in the cont-SkM (Co) or MI-only groups (MI). RT, reverse
transcriptase; W, water; P, 10 ng pcDNA3.1�-hsIL-1ra plasmid.

4218 � www.pnas.org�cgi�doi�10.1073�pnas.0306205101 Murtuza et al.
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in all groups (Fig. 8). Biochemical analysis of MMP-2 and -9 by
gelatin zymography at 3 weeks showed their expression to be
down-regulated in all groups (data not shown). We therefore
obtained further samples at 1 week for zymography, because
studies had shown that MMP-2 and -9 activity peak at 1–2 weeks
post-MI in rodents even though mRNA levels remain elevated
for 3 weeks (15, 33). We found a much lower expression of
products corresponding to MMP-2 and -9 on zymography in both
cell-engrafted groups compared with the MI-only group at 1
week (Fig. 9A). mRNA levels for MMP-2 were clearly reduced
in the sIL-1ra-SkM hearts at 3 weeks by RT-PCR (Fig. 9B).
There was also no apparent difference in expression of TIMP-1
or-2 (Fig. 9C).

Discussion
The data presented in this study show that SkM grafted to
infarcted myocardium can induce changes in the cellular, bio-
chemical, and molecular components of adverse remodeling, and

that these changes may be significantly enhanced by targeting
IL-1 as a key regulator of both the remodeling cascade and graft
cell death.

The improvement in systolic function seen in hearts engrafted
with cont-SkM, compared with MI-only hearts, is consistent with
previous studies (1, 2). LV ejection fraction was greatest after
sIL-1ra-SkM implantation (67.0 � 2.3%). This degree of func-
tional improvement was unexpected given the size of the infarcts,
although in keeping with the near normalization of LV systolic
function post-MI reported by our own laboratory, using vascular
endothelial growth factor-overexpressing SkM as grafts (24) and
others using mesenchymal stem cells expressing the prosurvival
Akt gene (34). It is possible that implanted SkM exert active
contractile effects, as suggested by work on isolated strips of
myocardium from SkM-engrafted hearts (35), although Leobon
et al. (4) have recently suggested that SkM remain functionally
isolated from host myocardium. One of the limitations of this
study, however, is that serial echocardiography at time points
shortly after infarction was not performed. This might help
further clarify the mechanism of SkM effects.

LV dilatation post-MI is an important determinant of mor-
bidity and mortality (5, 6) and was significantly attenuated in
sIL-1ra-SkM-engrafted hearts at 3 weeks. Attenuated LV en-
largement by SkM post-MI has been suggested by others (1). One
could attribute this to a mechanical unloading effect of graft cells
on LV wall stress, as seen with LV assist devices (36), although
paracrine factors released by SkM�myotubes may also be im-
portant, and the effect of sIL-1ra-SkM is consistent with the
correlation between IL-1 and LVEDD in infarcted rodent
myocardium (8).

The improvement seen in diastolic E�A ratios after SkM
grafting has been shown previously by us and others (1, 2, 24).
Both cardiac hypertrophy and fibrosis are important determi-
nants of diastolic dysfunction post-MI, although the exact rela-
tionships are not clear (5). We found a significant reduction in
cardiac myocyte hypertrophy at infarct-remote zones after SkM
implantation; this was further enhanced by SkM secreting IL-1ra,
consistent with a role for IL-1 in cardiac hypertrophy (13). We

Fig. 3. Histological findings in sIL-1ra-SkM-engrafted hearts after 3 weeks
using antibody specific for skeletal muscle fast myosin. (A) A small number of
fast myosin�ve myotubes (horseradish peroxidase, brown) were observed at
infarct border zones. (B) Serial section with higher-magnification view of
myotube (arrowheads) within boxed region shown in A. No clear evidence of
myotubes was found in cont-SkM-engrafted hearts. *, infarct. Counterstain-
ing with methyl green. [Bar � 150 �m (A); 50 �m (B).]

Fig. 4. LV function and size at 3 weeks. (A) Representative 2D (systole) and
M-mode echocardiographic images are shown. (B) LV ejection fraction was
significantly improved after implantation of either H-2Kb clone and was
greatest with sIL-1ra-SkM. (C) There was a significantly lower LVEDD in hearts
engrafted with sIL-1ra-SkM compared with cont-SkM and MI-only hearts,
which did not differ significantly. All values are mean � SEM; n � 12 for each
group.

Fig. 5. LV diastolic function in infarcted hearts at 3 weeks. Diastolic trans-
mitral E�A ratios were determined by measuring the height of peaks of flow
through the mitral valve; representative echocardiographic spectral Doppler
images are shown (A) SkM implantation had a significant beneficial effect on
E�A ratio compared with nonengrafted infarcted hearts; this effect was
greatest with sIL-1ra-SkM (B). All values mean � SEM; n � 5 for each group.

Table 1. LV- and lung-to-body weight ratios for infarcted hearts
at 3 weeks

Ratio, %

Experimental group

sIL-lra-SkM cont-SkM MI only

LV�BWt 0.46 � 0.04*† 0.61 � 0.01 0.62 � 0.01
Lung�BWt 0.93 � 0.03*† 1.59 � 0.12 1.88 � 0.01

All values shown are mean � SEM, n � 4. BWt, body weight. *, P � 0.05 vs.
cont-SkM. †, P � 0.05 vs. MI only.
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observed marked fibrosis in infarcted hearts, reflected in the
collagen volume fraction and hydroxyproline content; this was
significantly attenuated at infarct-remote zones by sIL-1ra-SkM
although not by cont-SkM. One might expect a reduction in
collagen accumulation to compromise the structural integrity of
the myocardium (37). New collagen fibrils formed during the
accelerated matrix turnover in experimental heart failure, how-
ever, are poorly crosslinked and structurally weak (38). Thus
slowing the rapid cycle of collagen synthesis and degradation
may be beneficial in attenuating both LV dilatation and diastolic
dysfunction.

Pro �1col(I) transcription was decreased in the sIL-1ra-SkM
group, although no clear difference was seen between cont-SkM
and MI-only groups. Collagen type I is the most significant
component of the ECM that accumulates post-MI (7, 8). No
differences in col �1(III) or TGF�1 expression were seen among
groups. Although the difference in pro �1col(I) between the

sIL-1ra-SkM and other groups was clear, lesser differences
among groups for the other genes cannot be excluded, and more
quantitative analysis, such as by real-time PCR, would be needed
to clarify this. The effects on pro �1col(I) seen in the sIL-1ra-
SkM group may thus have occurred through a TGF�1-
independent pathway. Although IL-1� can enhance TGF�1
expression, it can also directly induce transcription of col(I) (14,
39). A correlation between IL-1� and myocardial collagen
content post-MI in rodents has been shown (8). In addition to
changes in collagen expression, it was possible that SkM grafting
and�or IL-1 inhibition had important effects on expression of
genes relevant to matrix degradation.

MMP-2 and -9 were up-regulated on zymography at 1 week in
the MI-only group, as observed by others (33). This up-
regulation was significantly attenuated in both cell-engrafted
groups. RT-PCR showed a clear decrease in MMP-2 in the
sIL-1ra-SkM group at 3 weeks. Inhibition of MMPs after MI
paradoxically results in less fibrosis, because collagen degrada-
tion products are potent inducers of matrix synthesis (9).

Fig. 6. Changes in remote-zone cardiac myocyte hypertrophy and fibrosis at
3 weeks. Cardiac myocyte size was determined by morphometry. There was a
significantly lesser degree of hypertrophy in SkM-engrafted hearts compared
with MI-only hearts; this was greatest after sIL-1ra-SkM implantation (A).
Collagen volume fraction determination showed that only sIL-1ra-SkM im-
plantation significantly attenuated fibrosis in infarcted hearts (B). All values
are mean � SEM; n � 4 for each group.

Fig. 7. Collagen accumulation in infarcted hearts at 3 weeks. Picrosirius red
staining was used to highlight collagen (red) and myocytes (yellow) at infarct
border (A, C, and E) and remote zones (B, D, and F). A reduced amount of
collagen is apparent at the remote and infarct border zones in both cell-
engrafted groups (sIL-1ra-SkM, E, F; cont-SkM, C and D) compared with the
MI-only hearts (A and B) (�250).

Fig. 8. Determination by RT-PCR of collagen I, III, and TGF�1 expression at 3
weeks. There was a clear reduction in pro �1col(I) expression after sIL-1ra-SkM
implantation, although not with cont-SkM, compared with MI-only hearts. In
contrast, the levels of col �1(III) and TGF�1 expression did not appear to differ
between groups (�-actin expression is shown as an internal control).

Fig. 9. Changes in MMP expression in infarcted hearts. (A) Gelatin zymog-
raphy at 1 week shows reduced expression of products corresponding to
MMP-2 and -9 in both cell-engrafted groups compared with MI-only hearts (�,
HT1080 supernatant positive control; M, molecular weight markers). (B) At 3
weeks, decreased MMP-2 mRNA expression was evident only in the sIL-1ra-
SkM-engrafted hearts, and a varying PCR cycle number showed that reactions
were within saturation limits. (C) Expression of TIMP-1 and -2 was similar in all
groups at 35 cycles. �-Actin internal controls are at 35 cycles in B (MI, MI-only;
Co, cont-SkM; S, sIL-1ra-SkM) and C.
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Whereas IL-1 is a potentially important upstream regulator of
MMP-2 and -9 (16, 17), MMPs form a complex interacting
network in the context of MI and are also subject to regulation
by hypoxia and peptide growth factors; often through common
regulatory elements such as AP-1 (16, 17). Interestingly, un-
loading the myocardium with an LV assist device in patients with
ischemic cardiomyopathy results in decreased MMP-2 levels
(40), and a similar effect after SkM implantation is a possibility.
No apparent differences in TIMP-1 or -2 expression were found
between groups, although more quantitative analysis would be
needed to detect small changes in expression of these genes.

Importantly, graft size was significantly enhanced in our study
using donor SkM expressing sIL-1ra compared with cont-SkM at
both 1 (28 � 3.7% vs. 20 � 1.7%) and 3 weeks (17.8 � 1.7%
vs.2.7 � 0.3%). These results are consistent with the involvement
of IL-1 in acute-inflammatory-mediated graft cell death after
grafting of SkM to muscle (12), proapoptotic effects of IL-1 on
SkM in vitro (20), and the inhibitory effect of IL-1 on SkM
proliferation (41). Graft loss is a major limitation of cell therapy,
and strategies to attenuate environmental stress related to
cytokines and free radicals may improve outcome, as we have
observed (24, 42). Histological examination of engrafted hearts
at 3 weeks showed very few donor-derived myotubes at infarct
border zones in sIL-1ra-SkM-engrafted hearts. No clear myo-
tubes were seen in cont-SkM-engrafted hearts, correlating

with the much lower graft yield as determined by PCR for the
smcy gene.

Taken together, these data suggest that paracrine factors play
a major role in the mechanism of functional improvement seen
after SkM grafting, as has recently been suggested by others (4).
SkM expressing sIL-1ra exhibited greater graft cell numbers,
although few resultant myotubes. This suggests that paracrine
effects on adverse remodeling may have been relatively more
important given evidence for the role of IL-1� in adverse
remodeling. Consistent with this, we have previously shown
beneficial effects of short-term IL-1ra expression on adverse
remodeling within ischemia-reperfused rat hearts (10).

We conclude that SkM grafted to the border zones of infarcted
myocardium can improve cardiac morphology and function
through changes in the cellular, biochemical, and molecular
components of adverse remodeling, and that these changes may
be significantly enhanced by targeting IL-1 as a key regulator of
both the remodeling cascade and graft cell death.
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