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Cytokines regulate matrix metalloproteinases and migration
in cardiac fibroblasts
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Abstract

We sought to define the relationship between cytokine stimulated release of matrix metalloproteinases (MMPs) and cell migration
using adult rat cardiac fibroblasts. Interleukin-1b (IL-1b) increased release of MMP-2, -3, and -9, and TIMP-1, by 3–6-fold, measured
by immunoblotting and gel zymography. Tumor necrosis factor-a (TNFa) augmented IL-1b stimulated release of MMP-9, but not
MMP-2 or -3. Transforming growth factor-b1 (TGFb1) attenuated all the responses to IL-1b. IL-1b was also the most robust stimulus
of adult rat cardiac fibroblast migration, measured in Boyden chamber assays. The combination of IL-1b plus TNFa substantially
enhanced migration, whereas TGFb1 strongly inhibited the migratory response to IL-1b. The pan-selective MMP inhibitor GM 6001
effectively blocked IL-1b stimulated migration. Pharmacologic inhibitors selective for ERK, JNK, and p38 MAP kinase pathways inhib-
ited the IL-1b regulation of individual MMPs. Increased MMP activity associated with migration of cardiac fibroblasts may be impor-
tant determinants of cytokine-directed remodeling of injured myocardium.
� 2007 Elsevier Inc. All rights reserved.
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In response to myocardial injury or infarction, activated
cardiac fibroblasts migrate into the infarct zone and release
matrix metalloproteinases (MMPs), counterbalanced by
tissue inhibitors of matrix metalloproteinases (TIMPs),
leading to net degradation of damaged ECM [1]. These
fibroblast responses are regulated by pro-inflammatory
cytokines including IL-1b and TNFa produced by resident
cells at sites of injury, including fibroblasts themselves, and
by infiltrating immune/inflammatory cells [2]. The cyto-
kines exert their effects through intracellular signaling
pathways converging on regulated gene transcription. Col-
lagen re-synthesis by cardiac fibroblasts, driven by the pro-
fibrotic cytokine TGFb1, ultimately results in remodeling
of the infarct scar and wound healing [3,4]. Cardiac fibro-
blast phenotype is therefore likely to reflect complex inter-
actions among the combinations of cytokines present
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through the temporal stages of post-infarct remodeling
[5]. Maladaptive alterations in this scheme are hypothe-
sized to contribute to the progression to heart failure,
where chronic elevations of intracardiac cytokines, MMPs,
and aberrant collagen synthesis have been observed [6,7].

Cytokine-stimulated fibroblast migration in other sys-
tems is important to recruit activated fibroblasts into
wound sites as part of the inflammatory and healing pro-
cess (reviewed in [8,9]). In cultured neonatal rat cardiac
fibroblasts, we have shown that IL-1b stimulates robust cell
migration (20-fold over control), TNFa elicits a modest
increase (2–4-fold), while IL-6 had no effect. We further
demonstrated that fibroblast migration is mediated by the
MAP kinase signaling pathway [10].

In addition to contributing to normal and pathological
tissue remodeling, MMP production likely facilitates cell
migration through the ECM. Transgenic mice deficient
in MMP-9 were protected from acute cardiac rupture fol-
lowing surgical MI, but subsequently exhibited reduced
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inflammatory infiltrates and defective healing [11]. MMP
inhibition has been shown to prevent vascular smooth mus-
cle cell migration into neointima following balloon injury
in vivo [12]. Extensive studies in cancer chemotherapy have
shown that MMP inhibitors block tumor cell invasiveness
both in vivo and in vitro [13].

Taken together, these results point to the hypothesis
that cytokine regulation of cardiac fibroblast MMP pro-
duction and cell migration are functionally related. How-
ever, this question has not been systematically evaluated
in this cell type. Furthermore, the interactions between
physiologically relevant combinations of pro-inflammatory
and pro-fibrotic cytokines that co-exist in the wound envi-
ronment have not been explored. In the present study, we
addressed these issues using cultured cardiac fibroblasts
from adult rats. In addition we examined the role of
MAP kinase activation in cytokine stimulated MMP pro-
duction extending our previous findings on the role of
MAP kinases in cytokine stimulated migration.

Materials and methods

Cell isolation. 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). All experiments were
conducted under authorization of the Institutional Animal Care and Use
Committee of University of Colorado Health Sciences Center.

Cardiac fibroblasts were isolated from hearts of adult Sprague–Dawley
rats (250–325 g, Charles River) by retrograde Langendorff perfusion with
trypsin and collagenase and differential centrifugation to remove cardiac
myocytes [14]. Cells were plated in complete medium composed of
DMEM containing 10% fetal bovine serum, and placed in a tissue culture
incubator at 37 �C with a 10% CO2 atmosphere. Antibiotics (penicillin,
100 U/ml; streptomycin, 50 lg/ml) were included in all culture media.
After 2 h, dishes were washed 3· with DMEM to remove unattached cells
and debris. Adherent fibroblasts remaining on the plates were incubated
with 10 ml complete medium. Medium was changed after 24 h and at
regular intervals until cultures were confluent, at which point they were
washed with PBS and passaged into experimental cultures using 0.2%
trypsin-EDTA.

Experimental treatments for MMP analysis. At cell confluence,
experimental cultures were rinsed 3· with DMEM and changed to serum
free medium composed of DMEM with bovine serum albumin, 1 mg/ml,
for 48 h. Following this interval, the medium was replaced with fresh
DMEM containing the indicated experimental agents or corresponding
vehicle for an additional 48 h. All cytokines were used at final concen-
trations of 10 ng/ml. These concentrations were shown in our previous
reports to produce maximum biological effects [10,15]. Pharmacological
MAP kinase inhibitors or vehicle (0.1% DMSO, v/v) were added 20 min
prior to IL-1b. At the end of the treatment interval, supernatants from
duplicate dishes were pooled and concentrated by centrifugation using
Centricon Plus-20 spin filters (10,000 MW cut-off, Amicon-Millipore).
Samples were stored at 4 �C. Protein concentration was determined using
the Bradford method. In control experiments (not shown), exposure of
cultures to cytokines, pharmacological agents, or DMSO vehicle under
these conditions did not affect cell viability. The pharmacological agents
and DMSO vehicle did not affect basal cell functions of MMP production,
migration, or MAP kinase phosphorylation.

In-gel zymography. Supernatant samples containing 500 ng total pro-
tein were mixed with equal volumes of 2· zymography sample buffer
(125 mM Tris–HCl, pH 6.8, 50% glycerol, 8% SDS, 0.02% bromophenol
blue), loaded onto pre-cast 10% polyacrylamide zymogram gels containing
gelatin or casein (BioRad), and electrophoresed with 2.5 mM Tris–HCl,
19.2 mM glycine, 0.01% SDS, pH 8.3, at 100 V until the tracking dye
reached the bottom of the gel. After electrophoresis, gels were equilibrated
for 30 min at room temperature with renaturing buffer (2.5% Triton) with
gentle agitation. Zymograms were developed overnight at 37 �C in
developing buffer, 50 mM Tris–HCl, pH 7.5, 200 mM NaCl, 5 mM CaCl2,
0.02% Brij-35. Gels were stained with 0.5% Coomassie Blue at RT for 1 h,
destained with methanol:glacial acetic acid:water (50:10:40), rehydrated in
methanol:glacial acetic acid:water (5:7:88), and dried. Areas of MMP
activity appeared as clear bands. Zymograms were scanned using an HP
600 flatbed scanner.

Western blots. Supernatant samples (15 lg total protein per lane) were
denatured in 2· Laemmli sample buffer. SDS–PAGE and immunoblotting
were performed as described previously [10]. Immunoreactive species
corresponding to the active MMP enzymes were verified by their predicted
Mr. Blots were visualized with enhanced chemiluminescence (Pierce,
Rockford, IL). Densitometry was performed using the UMAX Power
Look II scanner with BioImage software (UMAX Tech., Inc., Dallas, TX)
or with a FluorChem SP imaging system (Alpha Innotech, San Leandro,
CA).

Cell migration assay. Migration of adult cardiac fibroblasts was
assayed with minor modification of procedures previously established for
neonatal fibroblasts [10]. Duplicate or triplicate determinations were
performed for each experimental condition.

Reagents. Cell culture reagents were from Gibco-Life Technologies or
Sigma. Fetal bovine serum was from Gemini Bio-Products. Cytokines
(recombinant rat IL-1b, TNFa, and recombinant human TGFb1) were
from R&D Systems. Pre-formulated zymography buffers and pre-cast gels
were from Bio-Rad. The MEK1/2 MAP kinase inhibitor U0126 was from
Promega. The p-38 and JNK MAP kinase inhibitors SB 202190, and
SP600125, respectively, and MMP inhibitor GM 6001 and its biologically
inactive congener (Cat. No. 364210), were from Calbiochem. The fol-
lowing rat-reactive MMP and TIMP antibodies were obtained from
Chemicon: MMP-2, AB809; MMP-3, AB810; MMP-9, AB805; MMP-13,
AB8120; TIMP-2, AB-801; TIMP-3, AB802. Antibody for TIMP-1 was
from R&D Systems (Cat. No. AF580). Additional reagents and their
sources are described above. All other chemicals were of the highest purity
available from standard commercial sources.

Statistics. All values represent mean ± SEM from three or more sep-
arate experiments performed on different cell preparations. Statistical
comparisons among groups were performed by one-way ANOVA with
post hoc test using Graph-PAD Prism software (San Diego, CA). A
p-value <0.05 was used to determine significance.
Results

Cytokine regulation of MMP activity and abundance

Cytokine induced expression and release of active MMP
species into the culture supernatant by cardiac fibroblasts
was evaluated by gel zymography to assess MMP activity,
and by immunoblotting to determine relative protein abun-
dance. Representative zymography experiments shown in
Fig. 1 indicated that activities corresponding to MMP-2,
-3, and -9 were stimulated by IL-1b. The IL-1b induced
increases in zymographic activities of MMP-2, -3, and -9
reflects increased abundances of the corresponding proteins
detected on immunoblots. The elevation of MMP activities
by IL-1b contrasts with the pro-fibrotic cytokine TGFb1,
which did not increase any of these MMP activities. The
combination of TGFb1 with IL-1b reduced the IL-1b stim-
ulated increase in MMP-2, -3, and -9 enzyme activities and
protein abundances in concert.

In order to assess quantitatively the regulation of MMP
abundance, we used immunoblotting with antibodies



Fig. 1. IL-1b and TGFb1 regulation of MMP activity and abundance. Cardiac fibroblast cultures were grown to confluence, stimulated with the indicated
cytokines, and supernatants analyzed for MMP activity by gel zymography, or enzyme abundance by immunoblotting with antibodies against specified
MMPs, as described in Materials and methods. Representative experiments are shown.
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recognizing individual MMPs combined with imaging densi-
tometry, as shown in Fig. 2. IL-1b stimulated approximately
3-fold increases in abundance of MMPs -2, -3, and -9.
TGFb1 did not increase abundance of MMPs-2, -3, or -9.
Co-treatment with TGFb1 strongly and consistently
reversed the IL-1b induction of each MMP back to control
levels. These results are in agreement with the effects of
TGFb1 on MMP enzymatic activities shown in Fig. 1.

Densitometric immunoblot analysis was extended to
examine the actions of the pro-inflammatory cytokine
TNFa, and its interactions with IL-1b, as shown in Supple-
mental Fig. 1. TNFa alone had nominal effects on MMP
production, with a trend toward increased MMP-9. The
combination of IL-1b plus TNFa significantly enhanced
MMP-9 production relative to IL-1b or TNFa alone but
did not increase MMP-2 or -3 compared to IL-1b. We
observed enhancements of MMP zymographic activity by
TNFa that were consistent with the immunoblot findings
on MMP abundance (data not shown).

In addition to its effects on MMP production, IL-1b
stimulated a robust increase (6-fold) in the release of
TIMP-1 (Supplemental Fig. 1). The addition of TNFa
together with IL-1b did not further modulate TIMP-1
induction by IL-1b. We also detected constitutive TIMP-
2 expression in cardiac fibroblast culture supernatants,
but its abundance was not affected by cytokines. Release
of TIMP-3 and -4 were not detected (data not shown).
Fig. 2. Interactions of IL-1b and TGFb1 on regulation of MMP
abundance. Cardiac fibroblasts were treated with indicated combinations
of IL-1b and TGFb1 and the culture supernatants were analyzed for
MMP expression by immunoblotting with quantitative densitometry as
described in Materials and methods. Data represent means ± SEM from 4
to 7 separate experiments for each treatment and are normalized relative
to control (CON). *p < 0.05 versus control; �p < 0.05 versus IL-1b.
Cytokine regulation of adult cardiac fibroblast migration

The influence of pro-inflammatory and pro-fibrotic
cytokines to regulate cardiac fibroblast migration was eval-
uated in comparison with the foregoing studies on regula-
tion of MMP expression. Fig. 3 demonstrates that IL-1b
increased migration of adult rat cardiac fibroblasts approx-
imately 12-fold compared to control cells. TNFa also stim-
ulated migration but elicited a smaller and more variable



Fig. 3. Cytokine regulation of cardiac fibroblast migration. Cardiac
fibroblasts were treated with the indicated cytokines and assayed for cell
migration as described in Materials and methods. Data represent
means ± SEM from three separate experiments for each treatment and
are normalized relative to the response to IL-1b. *p < 0.05 versus control;
�p < 0.05 versus IL-1b.
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response. The combination of IL-1b plus TNFa strongly
augmented cardiac fibroblast migration greater than IL-
1b alone, up to 25-fold over control cells. By contrast,
TGFb1 did not stimulate migration by itself, and strikingly
suppressed IL-1b stimulated fibroblast migration.

In order to directly demonstrate the requirement for
MMP activation in cell migration, the migratory response
to IL-1b was measured in the presence of the pan-selective
MMP inhibitor GM 6001. As shown in Supplemental
Fig. 2, GM 6001 (10 nM) effectively blocked IL-1b stimu-
lated migration, whereas a chemically related but inactive
congener had no effect at equal concentration.
Fig. 4. Dependence of IL-1b stimulated MMP production on MAP kinase
pathways. Cardiac fibroblasts were treated with IL-1b or no cytokine
addition (CON) in the absence and presence of specified MAP kinase
inhibitors. Production of MMP-2, -3, and -9 were quantitated by
immunoblotting and densitometry as described in Materials and methods.
Data represent means ± SEM from four separate experiments for each
treatment and are normalized relative to control (CON). MEK-I, U01216,
10 lM; JNK-I, SP 600125, 10 lM; p38-I, SB 202190, 1 lM. *p < 0.05
versus control; �p < 0.05 versus IL-1b.
Role of MAP kinase signaling in IL-1b induced MMP

expression

We previously demonstrated involvement of MAP
kinase signaling in IL-1b stimulated migration of neonatal
rat cardiac fibroblasts [10]. In this context, it was of interest
to determine the role of MAP kinase signalling in IL-1b
regulated MMP expression in adult rat cardiac fibroblasts.
As shown in Supplemental Fig. 3, stimulation with IL-1b
elicits rapid increases in the active phosphorylated species
of ERK, JNK, and p38 MAP kinases detected by immuno-
blotting with phosphoprotein-specific antibodies.

To determine the effects of individual MAP kinases on
MMP expression, cells were treated with IL-1b in the
absence or presence of an inhibitor of MEK1/2, U0126
(10 lM), to block ERK-MAP kinase activation,
SP600125 (10 lM) to block JNK MAP kinase activation,
or SB 202190 (1 lM) to block p38 MAP kinase. These
inhibitor concentrations were validated in our previous
study [10]. MMP expression was quantitated by immuno-
blotting and densitometry as before. Results are shown in
Fig. 4. IL-1b stimulated MMP-2 production was not
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affected by any of the MAP kinase inhibitors. IL-1b induc-
tion of MMP-3 was significantly attenuated by MEK and
JNK inhibition but not by p38 inhibition. Conversely,
MMP-9 induction was selectively reduced by the p38 inhib-
itor. These results suggest that IL-1b differentially regulates
individual MMP species through distinct branches of the
MAP kinase signaling pathways.

Discussion

This study provides novel insights into the relation
between MMP expression and migration of cardiac fibro-
blasts, and regulation of these processes by combinations
of cytokines present in the post-injury myocardium. Thus,
IL-1b stimulates a spectrum of MMPs including MMP-2,
-3, and -9. Compared to IL-1b, the pro-inflammatory cyto-
kine TNFa only modestly increases MMP activity, interact-
ing with IL-1b to selectively enhance MMP-9 release.
Activation of MMP-2 and -9 by IL-1b is consistent with pre-
vious reports in cardiac fibroblasts [16–18]. Additionally,
our data directly demonstrate increased MMP-3 expression
and activity, extending a previous observation of IL-1b
induced increase in MMP-3 mRNA [17]. In contrast to that
study, we observe no evidence for IL-1b activation of
MMP-13. A study of acute post-MI induction of MMPs
in rabbit showed a similar pattern of elevated MMP-2, -3,
and -9, without evidence of increased MMP-13 [19].

This complement of MMPs induced by IL-1b, combined
with the absence of MMP-13 (rodent native fibrillar colla-
genase), suggests that IL-1b directs metabolism of
degraded fibrillar collagens, native collagen III, or non-col-
lagenous ECM such as basement membrane, rather than
indiscriminate degradation of structurally sound fibrillar
collagen I, the majority ECM constituent [20]. Further,
IL-1b strongly increased TIMP-1, supporting the interpre-
tation of selective and tightly controlled ECM metabolism.

In contrast, TGFb1 consistently attenuated the induc-
tion of cardiac fibroblast MMPs and cell migration elicited
by IL-1b. These results point to important physiological
antagonism of the pro-inflammatory actions of IL-1b by
the pro-fibrotic cytokine TGFb1. In this regard the MMP
promoters contain TGFb1 inhibitory elements that are
the targets for MMP down-regulation [21]. Previous stud-
ies from our group showed that Angiotensin II stimulation
of cardiac fibroblasts upregulates TGFb1, suggesting that
multiple fibrotic stimuli exert actions through TGFb1
[22]. We have also described elevation of TGFb1 mRNA
upon stimulation with IL-1b, emphasizing the importance
of feedback interactions between these two cytokines to
regulate cardiac fibroblast phenotype [8].

We further addressed the dependence of IL-1b stimu-
lated MMP production on signaling through MAP kinase
pathways. We observed differential regulation of MMP-2,
-3, and -9 with respect to the ERK, JNK, and p38 MAP
kinase pathways. The insensitivity of MMP-2 expression
to MAP kinase inhibition is consistent with the absence
of binding sites for AP-1 transcription factors in the
MMP-2 promoter for this constitutively expressed enzyme
[21]. In agreement with our data, previous reports by Xie
et al., showed no effect of MAP kinase inhibitors on IL-
1b stimulated MMP-2 expression in cardiac fibroblasts
[18]. However, these authors reported that MMP-9 was
sensitive to inhibition of ERK and JNK, whereas we see
dependence on p38 MAP kinase but not ERK or JNK.
MAP kinase regulation of MMP-3 has not been studied
previously in cardiac fibroblasts. Similar to our results in
cardiac fibroblasts, MMP-3 was attenuated by inhibition
of ERK and JNK MAP kinases in human skin fibroblasts
[23]. These fingerprints of MMP regulation by pro-inflam-
matory cytokines in specific cell types and experimental
conditions may reflect interactions in upstream intracellu-
lar signaling pathways converging on elements of the
MMP gene promoters.

Taken together, these data provide novel insights into the
association of MMP expression with cell migration: IL-1b
and TNFa stimulate migration and MMP production with
similar relative potencies, whereas TGFb1 opposes both
MMP production and migration. Inhibition of MMP activ-
ity blocks migration. Further, IL-1b stimulates both migra-
tion and MMP production via MAP kinase signaling
pathways. We suggest that activation of MMP species plays
a permissive role to release ECM constraints on cell motility
in cytokine directed fibroblast migration. Cardiac fibroblasts
do constitutively synthesize collagen in vitro [8,17], consis-
tent with a requirement for MMP activity to facilitate motil-
ity. Other aspects of MMP involvement to facilitate
migration may also occur. For example, release of extracel-
lular pro-migratory cytokines including heparin-bound
EGF [24] and TNFa [25] by metalloproteinase activation
has been reported in some systems.

In conclusion, this study shows that cytokines regulate
MMP expression and activity coordinately with cell migra-
tion in cardiac fibroblasts. The data further emphasize the
physiological importance of interactions among the multi-
ple pro- and anti-inflammatory cytokines present in the
post-injury environment to determine cardiac fibroblast
phenotype. These considerations have important implica-
tions for efforts to develop therapeutic agents targeted at
MMPs to limit adverse consequences of ECM remodeling
in the injured and failing myocardium.
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