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Abstract

Interleukin-33 (IL-33) is a recently described member of the interleukin-1 (IL-1) family. It is

produced by diverse cell types in response to a variety of stresses including hemorrhage and

increased mechanical load. Though only relatively recently discovered, IL-33 has been shown to

participate in several pathological processes including promoting type 2 T helper cell-associated

autoimmune diseases. In contrast, IL-33 has been also found to have protective effects in

cardiovascular diseases. Recent studies have illustrated that IL-33 attenuates cardiac fibrosis

induced by increased cardiovascular load in mice (transaortic constriction). Since cardiac fibrosis

is largely dependent on increased production of extracellular matrix by cardiac fibroblasts, we

hypothesized that IL-33 directly inhibits pro-fibrotic activities of these cells. Experiments have

been carried out with isolated rat cardiac fibroblasts to evaluate the effects of IL-33 on the

modulation of cardiac fibroblast gene expression and function to test this hypothesis. The

expression of the IL-33 receptor, interleukin-1 receptor-like 1 (ST2), was detected at the mRNA

and protein levels in isolated adult rat cardiac fibroblasts. Subsequently, the effects of IL-33

treatment (0–100 ng/ml) on the expression of extracellular matrix proteins and pro-inflammatory

cytokines/chemokines were examined as well as the effects on rat cardiac fibroblast activities

including proliferation, collagen gel contraction and migration. While IL-33 did not directly

inhibit collagen I and collagen III production, it yielded a dose-dependent increase in the

expression of interleukin-6 and monocyte chemotactic protein-1. Treatment of rat cardiac

fibroblasts with IL-33 also impaired the migratory activity of these cells. Further experiments

illustrated that IL-33 rapidly activated multiple signaling pathways including extracellular signal-

regulated kinases, p38 mitogen-activated protein kinase, c-Jun N-terminal kinases and nuclear

factor kappa-light-chain-enhancer of activated B cells (NF-kB) in a dose-dependent manner.

Experiments were carried out with pharmacological inhibitors to determine the role of specific
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signaling pathways in the response of fibroblasts to IL-33. These experiments illustrated that the

activation of p38 mitogen-activated protein kinase and extracellular signal-regulated kinases are

critical to the increased production of interleukin-6 and monocyte chemotactic protein-1 in

response to IL-33. These studies suggest that IL-33 has an important role in the modulation of

fibroblast function and gene expression. Surprisingly, IL-33 had no effect on the expression of

genes encoding extracellular matrix components or on proliferation, markers typical of fibrosis.

The major effects of IL-33 detected in these studies included inhibition of cell migration and

activation of cytokine/chemokine expression. The previously reported inhibition of cardiac

fibrosis may include more complicated mechanisms that involve other cardiac cell types. Future

studies aimed at determining the effects of IL-33 on other cardiac cell types are warranted.
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1. Introduction

Heart disease has long been recognized as the number one health threat for the western

world [1]. Despite their various physiological and pathological etiologies, several major

categories of heart disease including hypertension, atherosclerosis and valve disease, share

cardiac fibrosis as a common pathological feature [2–4]. Cardiac fibrosis is characterized by

the interstitial accumulation of fibrous extracellular matrix (ECM) proteins including

collagens and the alteration of the mechanical properties of cardiac tissue [5, 6]. Eventually

this pathological change will lead to diastolic or even systolic dysfunction and heart failure

[7, 8]. During cardiac fibrosis, cardiac fibroblasts are of particular importance because these

cells produce the bulk of the ECM components and secrete enzymes responsible for ECM

turnover. These cells respond rapidly to alterations in the biochemical and mechanical

environment such as seen during disease situations [9]. While a number of studies have

addressed the role of cardiac fibroblasts in heart disease, many questions remain regarding

the mechanisms through which they are regulated [10, 11].

Inflammation has classically been described from the perspective of a defensive response to

invasion by pathogenic organisms or as an initial step in healing following tissue damage

[12]. The more recent point of view considers inflammation as an adaptive process to

perturbed homeostasis. The inflammatory process can be initially a beneficial adaptation but

if the pathological stimulus causing the response persists too long or is too strong, the

inflammatory response may also develop into a detrimental disease condition [13].

Inflammation is a highly complicated process that involves numerous cell types as well as

extensive groups of cytokines and chemokines as mediators [14, 15]. Numerous cytokines

and chemokines have been discovered and in-depth research has been carried out to

elucidate their roles in cardiac diseases as well as in other pathologies [16, 17]. Our previous

research demonstrated that one of the interleukin-1 (IL-1) family cytokines, interleukin-18

(IL-18), can promote alterations in cultured cardiac fibroblast behavior consistent with a

pro-fibrotic response [18]. In recent years, a newly discovered IL-1 family cytokine, IL-33,

has been demonstrated to play interesting roles in several cardiovascular disease processes.
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IL-33 was first cloned in 1999 from canine vasospastic cerebral arteries after subarachnoid

hemorrhage [19]. IL-33 was originally given several names including DVS-27 gene

encoding protein and nuclear factor from high endothelial venules (NF-HEV) [19, 20]. In

2005, this protein was determined to be the ligand of the orphan receptor ST2 (protein from

the ST2 cDNA clone) or interleukin-1 receptor-like 1 receptor [21–24] of the IL-1 receptor

family and thereafter called IL-33 [25]. Upon binding to IL-33, the ST2 receptor together

with interleukin-1 receptor accessory protein (RAcP), form a functional signaling receptor

complex [25–27]. There are two forms of ST2, the soluble ST2 (sST2) and the membrane

bound ST2 (ST2L). Serum sST2 levels correlate with the severity of heart failure in humans

and have recently been suggested as a potential predictor of sudden cardiac death [28–30].

IL-33 can trigger pro- type 2 T helper (Th2) responses in several autoimmune diseases such

as arthritis and asthma [31, 32]. IL-33 appears to have more functions besides modulating

immune system status. The critical role of IL-33 in regulating cardiac myocyte activities and

its protective role in cardiac fibrotic diseases have been suggested [33–35]. In addition, the

in vivo administration of IL-33 significantly decreased cardiac interstitial fibrosis in wild

type mice that had undergone transaortic constriction (TAC) surgery to increase

cardiovascular load [33]. The decrease in cardiac fibrosis was not seen in ST2 receptor gene

knock-out mice. These studies suggest that IL-33 plays a protective role in response of the

heart to increased mechanical load. While IL-33 has been suggested to play a beneficial role

in cardiac fibrosis and arthrosclerosis [36], it was also found to be harmful in diseases such

as arthritis and asthma by activating Th2 type immune responses [31, 32]. In contradiction

to studies in animal models of heart disease, IL-33 also has been reported to worsen skin

fibrosis [37].

As discussed above, IL-33 is a relatively newly discovered cytokine whose expression is

enhanced in response to increased cardiovascular load (cyclic stretch and TAC surgery).

This cytokine appears to play an important protective role in attenuating load-induced

cardiac hypertrophy and fibrosis; however, the mechanisms of this protective role are far

from understood. To better elucidate the function of IL-33 in cardiac disease, experiments

have been carried out to elucidate the effects that exposure to this cytokine has on gene

expression and activity of rat cardiac fibroblasts.

2. Material and Methods

2.1. Rat cardiac fibroblast isolation

Adult rat cardiac fibroblasts were isolated from eight- week- old male Sprague Dawley rats

(200–250 gram body weight). Animals were housed in the University of South Carolina

animal facility and provided food and water ad libitum. Experiments were conducted

according to Association for Assessment and Accreditation of Laboratory Animal Care

(AAALAC), National Institutes of Health (NIH) and University of South Carolina

Institutional Animal Use and Care Committee (IACUC) regulations. Hearts were removed

from euthanized animals, rinsed and minced under sterile conditions. Liberase 3 digestion of

minced cardiac tissue was conducted as described previously [38, 39] and fibroblasts plated

in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% neonatal calf serum, 5%

fetal bovine serum (FBS) and antibiotics (hereafter referred to as normal fibroblast medium)
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for purification by selective attachment to tissue culture dishes. Rat cardiac fibroblasts were

cultured in normal fibroblast medium and passaged by incubation in a solution containing

0.1% ethylenediaminetetraacetic acid (EDTA) and 0.25% trypsin before confluence. Cells

from passage three to passage five were used for all the assays and at least three independent

experiments were conducted for each assay. Cells were incubated in low serum medium

(DMEM with 1.5% FBS) for 24 hours prior to treatment with IL-33. Subsequently rat

cardiac fibroblasts were incubated in varying doses of IL-33 (0–100 ng/ml). The doses of

IL-33 used here were determined based on previous published in vitro IL-33 treatment doses

[32, 33]. After 24 hours of cytokine treatment, samples of cell mRNAs, proteins, as well as,

conditioned medium were collected. Cells were treated for shorter periods (15 and/or 30

minutes) for evaluation of activation of signal transduction pathways.

2.2. Reverse transcriptase-polymerase chain reaction (RT-PCR)

mRNA expression of specific ECM molecules and cytokines/chemokines were evaluated by

semi-quantitative RT-PCR. Isolated male adult rat cardiac fibroblasts were kept in normal

fibroblast medium until 24 hours before IL-33 treatment. Fibroblast medium was changed to

low serum medium, followed by 24 hours of IL-33 treatment (0–100 ng/ml). Rat cardiac

fibroblast conditioned medium was collected for western blot or enzyme-linked

immunosorbent assay (ELISA) analysis. Cells were rinsed with phosphate-buffered saline

(PBS) and total RNA was extracted in TRIzol Reagent (Invitrogen; Carlsbad, CA). RNA

was precipitated in isopropanol, resuspended in nuclease-free water and the concentration of

each sample was determined spectrophotometrically. Two micrograms of RNA from each

sample was used to produce cDNA by using the iScript cDNA Synthesis Kit (BioRad,

Hercules, CA). PCR was carried out by using primers pairs (Table 1) specific to IL-33

functional receptors, ECM proteins (collagen type I, collagen type III, periostin) as well as

the cytokines/chemokines interleukin-6 (IL-6) and monocyte chemoattractant protein -1

(MCP-1). Preliminary experiments were carried out to determine appropriate amplification

cycle numbers (25–35) for each target of interest and expression of each tested target RNA

was normalized to the acidic ribosomal phosphoprotein PO (Arbp) RNA expression. The

RNA expression of Arbp was comparatively stable under all conditions evaluated. The final

quantification of RNA expression was expressed as the ratio of the integrated density value

of target mRNAs to Arbp mRNA [40, 41].

2.3. Western blots

Western blots were used to detect the expression of functional IL-33 receptors and to

evaluate the accumulation of ECM proteins in the conditioned medium of rat cardiac

fibroblasts treated with varying doses of IL-33 and for analysis of IL-33 induced activation

of signaling pathways. Briefly, isolated male adult rat cardiac fibroblasts were maintained in

normal fibroblast medium. As described above, medium was replaced with low serum

medium 24 hours prior to IL-33 treatment. For the evaluation of ECM protein secretion,

cells were treated with various doses of IL-33 (0–100 ng/ml) for 24 hours, and conditioned

medium samples were collected. Total protein concentrations were determined by

bicinchoninic acid assay (BCA) (Pierce; Rockford, IL). Medium samples containing equal

amount of protein (25–40 μg) were loaded on polyacrylamide gels and subjected to sodium

dodecyl sulfate-polyacrylamide gel electrophoresis. After proteins were separated in the gels
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by their molecular weight, they were transferred from the gel onto nitrocellulose

membranes. Fast green staining was used to demonstrate efficient protein transfer and also

used as loading control for fibroblast ECM western blots. Membranes were then incubated

with diluted primary antibodies against collagen type I (Santa Cruz Biotechnology, Inc.,

Santa Cruz, CA catalog number: sc-8784), collagen type III (Santa Cruz Biotechnology,

Inc., Santa Cruz, CA catalog number: sc-28888) or periostin (Santa Cruz Biotechnology,

Inc., Santa Cruz, CA catalog number: sc-49480). The collagen I primary antibody was raised

against a peptide mapping to the C-terminus of collagen I (α1) of human origin and the

collagen III primary antibody was raised against amino acids mapping near the C-terminus

of collagen III (α1) of human origin. The procollagen form of α1(I) collagen (COL1A1) and

α1(III) collagen (COL3A1) were quantified from the western blots [42]. After primary

antibody incubation, blots were then incubated with secondary antibodies (GE Healthcare

UK Limited, Buckingham shire, UK), developed in SuperSignal reagent (Pierce; Rockford,

IL) and exposed to X-ray films. Both images of the X-ray film and images of the fast green

stained membrane were subjected to image analysis by using an Alpha Innotech gel analysis

system. (Alpha Innotech Corp.; San Leandro, CA).

For the detection of IL-33 receptors, the primary antibodies used for detecting ST2 and

RAcP are both from Santa Cruz Biotechnology. (Santa Cruz Biotechnology, Inc., Santa

Cruz, CA catalog number: sc-18687, Santa Cruz Biotechnology, Inc., Santa Cruz, CA

catalog number: sc-47056). Fibroblasts were growing in normal fibroblast medium until

confluence, then cells were put on ice and one milliliter ice-cold non-denaturing lysis buffer

(containing 1% Triton X-100, 50 mM Tris-Cl, 300 mM NaCl, 5 mM EDTA, 0.02% sodium

azide and protease inhibitors) was added to the plate and plate rotated by hand to cover the

plate bottom. Subsequently, cells were scraped off from plates and transferred into 1.5 ml

conical microcentrifuge tubes, vortexed gently for three seconds. Following 30 minutes

incubation on ice, cell lysates were cleared by spinning at 4°C under maximum speed

(16,000g) for 15 minutes. Cell lysates of rat cardiac fibroblasts and RBL 2H3 cells were

incubated with anti-ST2 serum and then secondary antiserum as mentioned above. This

primary antibody is an affinity purified goat polyclonal antibody. It is commercially

available from Santa Cruz Biotechnology and was raised against a peptide mapping within

an internal region of ST2 of human origin. Because both mast cells and basophils have been

documented to express functional IL-33 receptors, extracts from the rat basophilic leukemia

cell line, RBL 2H3 cells, were used as positive controls.

For the evaluation of the activation of signaling pathways by IL-33, cells were pre-treated in

low serum medium for 24 hours. Cells were then treated with various doses of IL-33 for 15

minutes. Following treatment, cells were rinsed in PBS and extracted in lysis buffer

(composed of 10 mM Tris Base (pH 7.4), 1% sodium dodecyl sulfate, and 1 mM sodium

orthovanadate as well as protease inhibitors). Protein lysates (20–25 μg) were separated on

polyacrylamide gels and transferred to nitrocellulose as described above and Insulin-like

growth factor 1 stimulated cell lysates were used as positive controls (data not shown).

Other western blots were performed with the following primary antibodies: anti-

phosphorylated extracellular signal-regulated kinases (Erk) (Signaling Technology, Inc.;

Danvers, MA catalog number: 9101s), anti-phosphorylated c-Jun N-terminal kinases (JNK)

(Signaling Technology, Inc.; Danvers, MA catalog number: 9251s), anti-phosphorylated p38
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mitogen-activated protein kinase (p38)(Signaling Technology, Inc.; Danvers, MA catalog

number: 92112), anti-total Erk (Signaling Technology, Inc.; Danvers, MA catalog number:

912), anti-total JNK (Signaling Technology, Inc.; Danvers, MA catalog number: 9252) and

anti-total p38 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA catalog number: sc535).

Western blots were initially performed with antibodies specific for the phosphorylated

protein of interest and x-ray films quantified as indicated above. Western blots were

subsequently stripped and reprobed with antiserum to the corresponding “total” protein

(non-phosphorylated and phosphorylated forms). Signals obtained with the phospho-specific

antisera were normalized to those with the corresponding total protein antiserum.

2.4. ELISA

The concentrations of IL-6 and MCP-1 in cell culture supernatants following IL-33

treatment were measured by commercially available ELISA kits according to the

manufacturer’s protocols (Pierce; Rockford, IL). Conditioned medium from treated cells

was collected and the total protein concentrations were determined by the BCA assay as

described earlier in western blots. Samples were then diluted and adjusted to the same total

protein amount (MCP-1 125μg; IL-6 190μg) and subjected to ELISA measurements. The

concentration of IL-6 and MCP-1 were represented as ng/g and μg/g total protein,

respectively and calculated based on the standard curves.

2.5. Fibroblast proliferation assay

5′-bromo-2′-deoxyuridine (BrdU) incorporation assay was used to evaluate the proliferation

of cultured rat cardiac fibroblasts [43]. Isolated cells were cultured on coverslips coated with

10 μg/ml collagen I for 24 hours in normal fibroblast medium. Cells then were cultured an

additional 24 hours in low serum medium as described above. Following culture in low

serum medium, various doses of IL-33 were used to treat cells for 24 hours. BrdU (20 μM)

was added to the medium for the final 24 hours of IL-33 treatment. After rinsing the

coverslips with PBS, cells were fixed in absolute ethanol containing 10 mM glycine (pH

2.0) at −20°C for 30 minutes. The incorporation of BrdU was detected by

immunocytochemical staining (Roche Applied Science; Indianapolis, IN). Following

immunocytchemical staining with anti-BrdU, cells were subjected to 4′-6-diamidino-2-

phenylindole (DAPI) staining to visualize all cell nuclei. Cells were examined by using a

Nikon E600 fluorescent microscope and the ratio of BrdU positive cells to total cell numbers

were determined. Three independent experiments were repeated. For each slide ten random

fields were examined and stained cells counted.

2.6. Fibroblast collagen gel contraction assay

The three-dimensional collagen gel system is widely used for evaluating fibroblast and

collagenous matrix interactions [44–46]. Briefly, cells were kept in normal fibroblast

medium followed by culture in low serum medium for 24 hours before treatment. Cells were

then detached by trypsin/EDTA digestion, pelleted by centrifugation and resuspended in low

serum medium. A cell-collagen mixture was made by mixing an equal volume of

resuspended cells with a collagen solution which contained 1.25 mg/ml collagen to reach a

final concentration of 100,000 cells per milliliter. Then one milliliter of this mixture was

added into each well of 24-well plates that had been pre-coated with bovine serum albumin
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to prevent the collagen from attaching to the culture plastic. Cell/collagen mixtures were

allowed one hour at 37°C to polymerize to form the collagen gels and one milliliter of low

serum medium was added to each well. The collagen gels were gently detached from the

wells to allow the gels to float in the medium. Various doses of IL-33 (0–100 ng/ml) were

administrated for 24 hours. Pictures of collagen gels were taken and the relative contraction

of collagen gels was represented by the ratio of the final collagen gel surface area to the

original collagen gel surface area. Each condition was measured in triplicate and three

independent experiments were conducted.

2.7. Fibroblast migration assay

A scratch assay described in previous papers [47] was used to evaluate the effect of IL-33 on

relative rat cardiac fibroblast migration. Briefly, cells were grown in normal fibroblast

medium until confluence in 6-well plates followed by 24 hours of culture in low serum

medium. A scratch was gently introduced in the center of the cell culture with a pipette tip.

After rinsing gently with Moscona’s saline solution, fresh low serum medium was added

and various doses of IL-33 were added. Cells were allowed to migrate into the denuded area

for 24 hours. The relative migration distance in 24 hours by rat cardiac fibroblasts was

measured using ImageJ (National Institutes of Health; Bethesda, MD). The relative

migration of rat cardiac fibroblasts was represented as the ratio of the distance migrated by

IL-33- treated cells to that of untreated control cells. Each condition was carried out in

triplicate and three independent experiments were conducted.

2.8. Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
immunocytochemistry and quantification

Experiments were performed to evaluate the effects of IL-33 on the translocation of NF-kB

from the cytoplasm to the nucleus of rat cardiac fibroblasts. Isolated rat cardiac fibroblasts

were cultured on glass coverslips coated with collagen I (10 μg/ml) and serum starved as

described above until cytokine treatment. Various doses of IL-33 were administrated into the

low serum medium for 15 and 30 minutes. The cells were fixed with 3% paraformaldehyde

at 37°C for 20 minutes, rinsed in PBS, then incubated with 0.1% Triton X-100 for 10

minutes at room temperature. Antibodies used for imnnunocytochemistry staining were

primary anti-NF-kB p65 subunit antibody (Rockland Immunochemicals, Inc.; Gilbertsville,

PA catalog number: 100-401-264) and fluorescein isothiocyanate conjugated secondary goat

anti-rabbit antibody (invitrogen, Carlsbad, CA) [48]. They were both used at 1:50 dilution

and DAPI was used to stain all cell nuclei. Before incubation with the primary antibody,

samples were blocked with normal donkey serum. Coverslips were mounted onto glass

slides using glycerol/PBS (1:1) as mounting medium and visualized using a Nikon E600

fluorescent microscope.

NF-kB activation was represented by the ratio of cytoplasmic to nuclear localization of the

NF-kB p65 subunit. Quantification was accomplished by using ImageJ software (National

Institutes of Health; Bethesda, MD) [49]. Briefly, photographs were taken of ten random

fields from each sample. The cytoplasm and nuclear regions were determined by using

ImageJ binary mask and image subtraction calculation. Then histograms of NF-kB p65

subunit staining in the cytoplasm and nuclei of each field were created and data exported

Zhu and Carver Page 7

Cytokine. Author manuscript; available in PMC 2014 June 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



into Excel files. All samples in the same experiment were recorded under the same

microscopic settings to make pictures comparable to each other. Each sample had duplicate

slides and five independent experiments were conducted.

2.9. Statistical analysis

Results were shown as average ± SEM. Statistical significances (P<0.05) were determined

by applying one way- ANOVA followed by Dunnett’s Post-hoc test or t test as appropriate.

Data were analyzed and graphed by using Prism 3 software. (GraphPad Software, Inc.; San

Diego, CA)

3. Results

3.1. Rat cardiac fibroblast IL-33 receptor expression

The expression of IL-33 receptors has not been examined in cardiac fibroblasts, thus we first

examined the expression of the functional IL-33 receptor, ST2L, the soluble isoform, sST2,

and the co-receptor RAcP in isolated adult rat cardiac fibroblasts. For detecting mRNA

expression, RT-PCR with receptor- specific primers was conducted. This analysis showed

that cultured adult rat cardiac fibroblasts yielded positive products for RAcP, sST2 and

ST2L (Fig. 1a). PCR products were not seen in control samples lacking reverse transcriptase

in the cDNA synthesis step (not shown). Western blots showed that rat cardiac fibroblasts

also express the ST2L protein (Fig. 1b). The size of the predominant protein detected by the

anti-ST2L serum (approximately 130–140 kDa) is larger than the previously published size

(60–70 kDa) [50, 51]. We speculate that the larger size detected by western blots is due to

the interaction of ST2L (60–70 kDa) and RAcP (66 kDa) in rat cardiac fibroblasts [52]. We

further confirmed that a RAcP antibody recognized this same protein band by western blot

analysis, which further suggests that this is a complex containing ST2L and RAcP. To

further tests the ST2 antiserum, conditioned medium from rat cardiac fibroblasts was

assayed by western blots. The secreted sST2 was detected in conditioned medium

illustrating the specificity of the antiserum for ST2 and indicating that rat cardiac fibroblasts

release the sST2 isoform (Fig. 1b). Because both mast cells and basophils have been

documented to express functional IL-33 receptors, extracts from the rat basophilic leukemia

cell line, RBL 2H3, were used as positive controls [53–55]. We further confirmed the ST2L

is on the rat cardiac fibroblast cell surface by biotin-labeling cell surface proteins and

immunoprecipitating with anti-ST2L antibodies. The immunoprecipitation data showed that

there was cell surface expression of ST2L in both RBL 2H3 cells and rat cardiac fibroblasts

(data not shown).

3.2. IL-33 effects on rat cardiac fibroblast ECM expression

Previous studies showed that administration of IL-33 attenuated cardiac fibrosis in mice

following transaortic banding [33]. These results prompted us to evaluate the possible

effects of IL-33 on the expression of ECM components by rat cardiac fibroblasts. Cells were

treated with various doses of IL-33 for 24 hours and mRNA expression of the major cardiac

ECM components was evaluated by semi-quantitative RT-PCR. Expression of the α1(I)

collagen or α1(III) collagen mRNA, components of type I and type III collagens,

respectively, were not significantly altered following 24 hours of IL-33 treatment (Fig. 2a–
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b). In contrast, the expression of periostin mRNA, a recently described ECM component that

is elevated in fibrosis, was slightly increased upon 24 hours treatment with the highest dose

of IL-33 tested (Fig. 2c). The secretion of procollagen forms of collagen I (α1), collagen III

(α1) and perisotin proteins by rat cardiac fibroblasts was evaluated in conditioned medium

by western blots. Consistent with the mRNA expression data, collagen type I and collagen

type III content in the medium were not changed upon IL-33 treatment; however, periostin

was slightly increased upon treatment of cells with IL-33 even though this increase did not

reach statistical significance (Fig. 2d–f).

3.3. Effects of IL-33 on fibroblast activity

Cardiac fibrosis is frequently associated with an enhanced proliferative activity and

increased density of interstitial fibroblasts [44, 45]. BrdU incorporation assays were used to

evaluate the effects of IL-33 on cultured rat cardiac fibroblast proliferation. The results

showed that administration of various doses of IL-33 for 24 hours had no effects on the

proliferation of fibroblasts isolated from adult rat hearts (Fig. 3a). The averaged percentage

of cells incorporating BrdU was approximately 15% under all of the treatment conditions

compared in this study.

Collagen gel contraction assays have been widely used to evaluate the interaction of

fibroblasts with collagenous matrix and their ability to remodel this matrix [46, 56, 57].

Over time, fibroblasts interact with the collagenous fibers and contract the gel, thus reducing

the gel surface from its original size. A number of factors including transforming growth

factor-beta (TGF-β), platelet-derived growth factor (PDGF) and IL-18 [18, 57, 58] have

been shown to enhance contraction of three-dimensional collagen gels by fibroblasts.

Treatment of rat cardiac fibroblasts with IL-33 had no effect on the contraction of collagen

gels (Fig. 3b). Under the conditions used in the present study, all of the fibroblasts

contracted collagen gels to approximately 50% of their original size over the 24 hour period

examined.

In some conditions, cardiac fibrosis is associated with increased migration of cardiac

fibroblasts. A scratch assay was used to evaluate the potential modulation of the migratory

ability of cardiac fibroblasts by IL-33 [47, 59]. A denuded area was introduced in the center

of confluent cultured fibroblasts and the ability of fibroblasts to migrate into the denuded

area measured following treatment of the cells with different doses of IL-33 (Fig. 3c). Over

a 24 hour period, rat cardiac fibroblasts demonstrated a significant decrease in migratory

ability following treatment with the higher doses of IL-33 used in the present study (10

ng/ml and 100 ng/ml).

3.4. Effects of IL-33 on rat cardiac fibroblast cytokine expression

A number of recent studies have illustrated that cardiac fibroblasts play an important role in

the heart as sentinel cells [9, 60]. In response to various perturbations, these cells are able to

secrete cytokines and other bioactive molecules that modulate functions of other cells in the

myocardium [10]. Experiments were performed to elucidate the effects of IL-33 on the

expression of other cytokines by fibroblasts. Rat cardiac fibroblasts were treated for 24

hours with varying doses of IL-33 and the expression of TGF-β, IL-6, interleukin-13 (IL-13)
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and MCP-1 were assayed by semi-quantitative RT-PCR. There were no detectable changes

in TGF-β, nor the Th2- associated cytokine IL-13 following treatment of fibroblasts with

IL-33 (data not shown). In contrast, the expression of IL-6 and MCP-1 mRNAs was elevated

in a dose-dependent manner by IL-33 treatment (Fig. 4 a–b). Analysis of IL-6 and MCP-1

protein accumulation in conditioned medium was evaluated by ELISA. These analyses

illustrated increases in IL-6 and MCP-1 protein accumulation in response to IL-33 treatment

of rat cardiac fibroblasts similar to the increases seen in mRNA levels (Fig. 4 c–d).

3.5. IL-33-induced signaling pathways

The activation of NF-kB and mitogen activated protein kinase (MAPK) pathways has been

reported in multiple cell types following IL-33 treatment but this has not been examined in

cardiac fibroblasts [25, 33, 61]. Western blots and immunocytochemistry were utilized to

evaluate the activation of NF-kB and MAPK pathways, respectively following IL-33

treatment. Western blots were performed with antisera specific to the phosphorylated forms

of Erk, JNK and p38 MAPKs to evaluate their activation following IL-33 treatment. The

western blot data showed that all three MAPKs examined here were activated by IL-33

significantly and in a dose-dependent manner (Fig. 5a–c). For examination of NF-kB

activation, following 15 to 30 minutes of IL-33 treatment, rat cardiac fibroblasts were fixed

and stained immunocytochemically with an NF-kB antibody to evaluate the translocation of

NF-kB. Cells demonstrated significant NF-kB activation indicated by enhanced

translocation of NF-kB from the cytoplasm to the nucleus of the cells after 30 minutes of

IL-33 treatment. This was a dose-dependent response (Fig. 6a–c). Thus, we demonstrated

that IL-33 treatment can rapidly activate multiple MAPKs as well as the NF-kB pathway in

adult rat cardiac fibroblasts.

Experiments were performed with pharmacological inhibitors to determine whether specific

signaling pathways are involved in the increased IL-6 and MCP-1 expression in response to

IL-33 treatment. Cells were treated with inhibitors for 60 minutes prior to treatment with100

ng/ml IL-33. The expression of IL-6 and MCP-1 mRNAs was subsequently evaluated by

RT-PCR as performed in Figure 4. As shown by the RT-PCR data, pre-treatment with the

p38 inhibitor SB203580 and the mitogen-activated protein kinase kinase 1/2 (MEK1/2)

inhibitor U0126 prevented the stimulation of IL-6 and MCP-1 by IL-33. On the other hand,

the mitogen-activated protein kinase kinase 1 (MEK1) and JNK inhibitors, PD98059 and

SP600125, did not inhibit the IL-33-induced IL-6 and MCP-1 gene expression and

SP600125 even enhanced the expression of these cytokines/chemokines (Fig. 7 a–b). The

NF-kB inhibitor, MG132 also inhibited the production of IL-6 following IL-33 treatment

(Fig. 7 a). Interestingly, the expression of MCP-1 by cardiac fibroblasts was not

significantly attenuated by the NF-kB pathway inhibitor MG132 (Fig. 7 b).

4. Discussion

Cardiac fibrosis is a common pathological process shared by multiple major heart diseases.

Though the process of cardiac fibrosis has been extensively investigated, many questions

remain regarding the mechanisms of this process and there are currently few therapeutic

approaches directed at preventing its progression. Because cardiac fibroblasts are the

primary cells responsible for ECM deposition and turnover, it is important to understand the
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regulation of the function and gene expression of these cells. Various biologically- active

factors including growth factors, neurohormonal mediators, cytokines and chemokines have

been demonstrated to stimulate cardiac fibroblast function and gene expression. However,

fewer biochemical factors have been identified that inhibit the pro-fibrotic response. Based

upon recent studies using a mouse pressure overload model, IL-33 has emerged as a

promising cytokine to inhibit cardiac fibrosis.

IL-33 was first discovered in vascular endothelial cells; however, its functional receptor has

been found to be expressed by a number of immune cell types including Th2 lymphocytes,

mast cells and basophils. It has been reported that IL-33 is tightly related to Th2

autoimmune diseases such as arthritis, asthma and systemic sclerosis [31, 32, 62]. Further

investigations revealed that IL-33 also has significant roles in regulating cardiac function

[34–36]. In 2007, IL-33 was reported to inhibit cardiac hypertrophy and fibrosis under

pathological pressure overload conditions [33]. It was also reported to inhibit

artherosclerotic plaque formation, and the expression of its receptor, ST2, was found to

correlate with heart failure severity. Recently, IL-33 levels were found to be significantly

elevated upon cyclic stretch of cardiac fibroblasts in vitro, and the administration of IL-33

was shown to inhibit myocyte amino acid incorporation and growth when exposed to

hypertrophic stimuli. The direct effect of IL-33 on cardiac fibroblasts has not been addressed

and was the basis of the present study.

The functional receptor of IL-33, ST2L, was originally found on Th2 lymphocytes and mast

cells, and it is critical to the induction of Th2-associated cytokines from mouse Th2

lymphocytes [54, 63–65]. Besides immune cells, ST2 expression has also been detected in

myocytes and endothelial cells [33, 66]. Recent studies also illustrated ST2 expression in

activated skin myofibroblasts [67]. We demonstrate here for the first time that fibroblasts

isolated from normal adult rat hearts express ST2L at both mRNA and protein levels. Rat

cardiac fibroblasts also express the accessory protein RAcP thus suggesting that these cells

can form the functional IL-33 receptor complex with RAcP and transduce downstream

signaling events upon IL-33 stimulation.

Based on the previous report that IL-33 inhibits pressure overload- induced cardiac

hypertrophy and fibrosis we predicted that IL-33 would directly affect ECM production by

rat cardiac fibroblasts. Previous research from the mouse TAC model revealed that in vivo

administration of IL-33 attenuated myocyte hypertrophy, reduced cardiac interstitial fibrosis

and also maintained cardiac wall compliance [33]. They showed a decrease in macrophage

infiltration, NF-kB activation and also less atrial natriuretic petide and brain natriuretic

peptide production in the wildtype mice heart compared to the ST2 knock out TAC samples.

Additional research from the same group demonstrated that IL-33 can inhibit myocyte

hypertrophy and apoptosis upon increased mechanical load and myocardial infarction [34].

But there is no evidence yet to demonstrate a direct relationship between IL-33

administration and cardiac fibroblast function [68]. Outside the cardiac system, IL-33

expression has been correlated with liver, lung and skin fibrosis [37, 62, 69]. Interestingly,

from our data, IL-33 had no affect on the expression of the major interstitial collagens by

isolated rat cardiac fibroblasts (collagen type I and type III). The mRNA and protein

expression of collagen I and collagen III were not changed upon 24 hours of IL-33
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treatment, and the RNA expression of periostin was even slightly elevated by IL-33

treatment. The discrepancy between the in vitro data presented here and the previous reports

illustrating that IL-33 prevents fibrosis in vivo may be due to the differences in the in vivo

and in vitro environments. Numerous biochemical and mechanical forces are active in the

pressure overloaded heart, many of which are acting to stimulate fibroblast gene expression.

In the controlled in vitro environment, these stimulatory factors have been removed and

IL-33 did not affect basal ECM expression by the fibroblasts. And IL-33 was found to have

limited effects on bone remolding recently [70]. Further experiments are necessary to

determine whether IL-33 can counter the actions of pro-fibrotic stimuli like TGF-β or

mechanical stretch. An additional explanation for the discrepancy between the in vivo and in

vitro results is that IL-33 may affect fibrosis through other cell types. For instance, IL-33 has

been shown to inhibit hypoxia-induced myocyte apoptosis following ischemia/reperfusion

injury [34]. Preservation of myocyte survival could in turn dampen the fibrotic response in

response to ischemia/reperfusion injury. IL-33 has also been shown to affect inflammatory

cells such as mast cells, which could in turn impact fibrosis. Further experiments with co-

culture models or cell-specific knockouts will be required to address these possibilities.

Besides directly modulating ECM equilibrium, cardiac fibroblasts also sense and integrate

various environmental stimuli and response by secreting bioactive molecules such as

cytokines and vasoactive peptides and growth factors [10]. In addition to their role in

production of the ECM network and secretion of bioactive regulatory molecules, cardiac

fibroblasts are tightly associated with other cardiac cells via cell-cell contacts. Thus, cardiac

fibroblasts are in a key position to serve as sentinel cells in the myocardium [9]. Here we

demonstrated for the first time that IL-33 stimulates IL-6 and MCP-1 production by adult rat

cardiac fibroblasts. This is consistent with previous reports that IL-33 promotes IL-6 and/or

MCP-1 expression in mast cells, basophils and endothelial cells [54, 66, 71, 72]. The

physiological or pathological effects of this cardiac fibroblast response are not yet clear. The

role of IL-6 in the heart in general and in cardiac fibrosis in particular is still under

considerable debate. IL-6 is a pleiotropic cytokine that plays important roles in cell

development, survival, and apoptosis in a cell and organ-specific manner [73]. As to its roles

in cardiac physiology and pathophysiology, some research groups have shown that

consistent activation of IL-6 signaling causes cardiac fibroblast proliferation, cardiac

hypertrophy and induces a pro-fibrotic effect [74, 75]. In contrast, other researchers have

argued that IL-6 reduces myocardial damage in mice with viral myocarditis and thus may

inhibit cardiac fibrosis indirectly. IL-6 has also been reported to induce ECM degradation by

decreasing collagen production and increasing matrix metalloprotease expression in the

heart [10, 76]. Recently, the deleterious effect of loss of IL-6 signaling in the heart was

demonstrated [77]. The IL-6 knockout mice demonstrated a dilated, functionally impaired

fibrotic heart. Thus, IL-6 was proven to be necessary for maintaining basic functions of the

cardiac tissue and also has an indispensable protective role under stressed conditions such as

infarction and viral myocarditis. MCP-1 on the other hand, appears to have an overall

stimulatory role on fibrosis. Under many disease conditions, MCP-1 promotes the attraction

of monocytes and lymphocytes, mediates inflammation in cardiac tissue and promotes

arthrosclerotic plaque formation [78]. In contrast, MCP-1 has also been demonstrated to

have a protective role for cardiac tissue in disease conditions such as myocardial ischemia,
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ischemic preconditioning and myocardial infarct healing [79–82]. Further in vitro and in

vivo experiments are warranted to evaluate the consequences of IL-33-induced IL-6 and

MCP-1 expression by heart fibroblasts.

As discussed earlier, IL-33 has been shown to activate MAPKs and/or NF-kB signaling

pathways in mast cells, basophils, T cells, endothelial cells and cardiac myocytes [33, 54,

61, 66, 83, 84]. Exposure of human basophils to IL-33 resulted in the activation of p38, JNK

and Erk members of the MAPK family as well as NF-kB [83]. This was followed by

enhanced expression and secretion of interleukin-4 (IL-4) and IL-13; however, the

dependence of IL-33-induced cytokine expression on specific signaling pathways was not

determined. Inhibition studies have been carried out to illustrate that the p38 MAPK

pathway was important for IL-33-induced cytokine and chemokine production in several cell

types including T cells and endothelial cells [61, 84]. The Erk pathway was shown to be

important for IL-33-induced production of interleukin-8 from epithelial cells and also for

interleukin-5 (IL-5) and IL-13 production in T cells [61, 84]. JNK signaling was also

demonstrated to be indispensable for IL-33- induced IL-5 and IL-13 production in T cells

[83]. Our data showed that within 15 minutes, IL-33 treatment activated all three MAPK

pathways (Erk, JNK and p38) in cardiac fibroblasts. Interestingly, activation of these

signaling pathways did not appear to correlate to alterations in cardiac fibroblast behavior. A

similar phenomenon was recently reported following treatment of human cardiac fibroblasts

with the High Mobility Box 1 Protein [85]. Administration of this cytokine resulted in

activation of multiple signaling pathways and induction of cytokine/growth factor

production; however, there was no direct effect on cell behavior (proliferation). Because

IL-33 treatment resulted in increased IL-6 and MCP-1 production, we utilized specific

MAPK pathway inhibitors to determine whether activation of these pathways is important

for IL-33-induced cytokine/chemokine production. Our data showed that inhibition of p38

MAPK totally eliminated the increased production of IL-6 and MCP-1 following IL-33

treatment of adult rat cardiac fibroblasts. This is consistent with the previous report that p38

is specifically important in controlling cell inflammatory responses and survival [86–88]. At

the same time, our data showed that Erk pathway inhibition also prevented IL-33-induced

IL-6 and MCP-1 production. The Erk pathway was reported previously to be important in

the production of IL-6 in cardiac fibroblasts following treatment with angiotensin II and in

human colonic myofibroblasts stimulated by interleukin-17 [89, 90]. Collectively, our data

and that with other cells types, illustrates that activation of MAPK pathways is essential for

enhanced cytokine production following exposure to IL-33. The relative contributions of

these pathways are likely to be dependent upon the specific cell type and microenvironment.

The activation of NF-kB by IL-33 stimulation has previously been reported in myocytes,

mast cells and basophils [33, 54, 91]. IL-33 binding to ST2L triggers the accumulation of

adaptor proteins such as myeloid differentiation primary response gene 88 (MyD88) and

TNF receptor associated factor 6 (TRAF6). This is followed by NF-kB translocation to the

nucleus and regulation of downstream target gene expression. In the present studies,

immunocytochemical staining illustrated rapid translocation (within 15 minutes) of NF-kB

to the nucleus of rat cardiac fibroblasts. We used the NF-kB inhibitor MG132 to evaluate the

role of NF-kB signaling in the stimulation of IL-6 and MCP-1 expression by IL-33. Our data
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showed that administration of MG132 attenuated IL-6 production but MG132 did not have

effects on IL-33- induced MCP-1 production. Published research had demonstrated that NF-

kB activation was upstream of IL-33 induced IL-6 and MCP-1 production in mouse

embryonic fibroblasts expressing ST2L [92]. In addition, NF-kB activation was also

demonstrated to be necessary for IL-33 induced IL-13 production in a human chronic

myelogenous leukemia cell line (KU812) [91]. Interestingly our data illustrating that the

activation of NF-kB pathway is not necessary for IL-33 induced MCP-1 expression suggests

that different pathways are required for specific downstream effects of IL-33.

Our data showed that administration of IL-33 directly inhibited the ability of rat cardiac

fibroblasts to migrate in a wound healing assay. During myocardial fibrosis, cardiac

fibroblast number typically increases. The increase in fibroblast number is likely the result

of proliferation of resident fibroblasts and the recruitment/differentiation of fibroblast

precursors such as fibrocytes [93–95]. The data presented herein suggests that IL-33 may

inhibit migration of fibroblasts or their precursors into the stressed myocardium. To our

knowledge, this potential role of IL-33 has not been examined in vivo. Studies with IL-33

transgenic mice would be necessary for examining this possibility. Interestingly, IL-33 has

been previously shown to be a chemoattractant for Th2 cells and neutrophils [96, 97]. The

decreased migration observed in our experiments could illustrate that the effects of IL-33 on

migration are cell type-specific. That is, IL-33 may enhance migratory activity of

inflammatory cells, but reduce migration of other cell types.

Overall, our data demonstrates for the first time that cardiac fibroblasts express the IL-33

receptors and respond directly to this relatively novel cytokine. Our research begins to shed

light on the effects of IL-33 on cardiac fibroblast function and gene expression. Contrary to

our original hypothesis, it does not appear that IL-33 affects normal expression of ECM

components by rat cardiac fibroblasts. Further experiments will be required to determine

whether IL-33 attenuates ECM expression that is stimulated by pro-fibrotic factors.

Experiments are also needed to elucidate whether the anti-fibrotic effects of IL-33 are

through other cell types. Alternatively, treatment of cardiac fibroblasts with IL-33 resulted

in increased expression of IL-6 and MCP-1, two biochemical factors that have been

associated with diverse aspects of cardiovascular disease. Future experiments will be aimed

at determining the downstream effects of fibroblast-generated cytokines in myocardial

function.
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• IL-33/ST2 signaling was recently reported to have cardiac protective roles.

• We detected ST2 expression on rat cardiac fibroblasts.

• We investigated the regulatory roles of IL-33 on rat cardiac fibroblasts.

• IL-33 induced cell inflammatory cytokine but not the collagen production.

• MAPK and NF-kB pathways are important for this induced cytokine production.

Zhu and Carver Page 21

Cytokine. Author manuscript; available in PMC 2014 June 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Fig. 6.
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Fig. 7.
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Table 1

The primers used for semi-quantitative RT-PCR are listed in table 1.

Gene Name Sequence 5′-3′ Accession Number

RAcP (Forward) aaaggtggtaggctcaccaaagga
(Reverse) aacagggacgtgatcaggcttctt

NM_012968

sST2 (Forward) gcccttcatctgggctacact
(Reverse) gcaatggcacaggaaggtaac

NM_013037

ST2L (Forward) gggtgaaatcccaagctacact
(Reverse) gcaatggcacaggaaggtaac

NM_001127689

Col I (Forward) tggttctcctggcaaagatggact
(Reverse) atcggtcatgctctctccaaacca

NM_053304

Col III (Forward) tcctaaccaaggctgcaagatgga
(Reverse) aggccagctgtacatcaaggacat

NM_032085

Periostin (Forward) aatgccaacagttactatgac
(Reverse) cttgataccagttcttacagg

NM_001108550

IL-6 (Forward) caaagccagagtcattcagagc
(Reverse) ctgaccacagtgaggaatgtcgc

NM_012589

MCP-1 (Forward) tgctgtctcagccagatgcagtta
(Reverse) acctgctgctggtgattctcttgt

NM_031530

Arbp (Forward) ccacgttcccccggatgtga
(Reverse) taaaccccgcgtggcaatc

NM_022402
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