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Abstract

Cardiac structural changes associated with dilated cardiomyopathy (DCM) include cardiomyocyte 

hypertrophy and myocardial fibrosis. Connective Tissue Growth Factor (CTGF) has been 

associated with tissue remodeling and is highly expressed in failing hearts. Our aim was to test if 

inhibition of CTGF would alter the course of cardiac remodeling and preserve cardiac function in 

the protein kinase Cε (PKCε) mouse model of DCM. Transgenic mice expressing constitutively 

active PKCε in cardiomyocytes develop cardiac dysfunction that was evident by 3 months of age, 

and that progressed to cardiac fibrosis, heart failure, and increased mortality. Beginning at 3 

months of age, PKCε mice were treated with a neutralizing monoclonal antibody to CTGF 

(FG-3149) for an additional 3 months. CTGF inhibition significantly improved left ventricular 

(LV) systolic and diastolic function in PKCε mice, and slowed the progression of LV dilatation. 

Using gene arrays and quantitative PCR, the expression of many genes associated with tissue 

remodeling were elevated in PKCε mice, but significantly decreased by CTGF inhibition. 

However total collagen deposition was not attenuated. The observation of significantly improved 

LV function by CTGF inhibition in PKCε mice suggests that CTGF inhibition may benefit 

patients with DCM. Additional studies to explore this potential are warranted.
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1. Introduction

Cardiac remodeling occurs when myocardial injury or hemodynamic overload initiates a 

series of structural changes throughout the myocardium that ultimately leads to a global 

deterioration of cardiac function [1]. The most prominent structural changes include 

compensatory cardiomyocyte hypertrophy and myocardial fibrosis. Like cardiomyocyte 

hypertrophy, the remodeled ECM may initially represent an adaptive response to cardiac 

stress, but may ultimately compromise cardiac structure and function. For example, cardiac 

ECM expansion has been associated with adverse outcomes [2] and may contribute to 

cardiac morbidity and mortality by affecting mechanical, conductive and vasomotor 

functions. Factors that regulate ECM remodeling are therefore important therapeutic targets 

to protect against heart failure (HF) and sudden death.

Connective Tissue Growth Factor (CTGF) is a member of the CCN (Cyr61, CTGF, and 

Nov) family of multifunctional matricellular proteins [3]. CTGF has been implicated in 

mediating a variety of cellular processes, including adhesion, proliferation, differentiation, 

migration, angiogenesis, and apoptosis [4,5], all of which are common features of cardiac 

remodeling. CTGF is also involved in initiating processes underlying fibrosis of several 

organs and tissues, including the heart [6]. However, data on its regulation and its functional 

role in the pathogenesis of cardiac remodeling and fibrosis in the failing heart are limited 

and controversial [7-15].

Recently, we demonstrated that left ventricular (LV) CTGF mRNA levels were increased 3-

to-5-fold in patients undergoing heart transplantation for end-stage dilated cardiomyopathy 

(DCM) [16]. CTGF up-regulation coincided with increased expression of TGF-β1, type I 

collagen (Col1a1), type III collagen (Col3a1), matrix metalloproteinase 2 (MMP2), and 

MMP9 mRNAs. Although CTGF, TGF-β1, Col1a1, and Col3a1 mRNA levels were reduced 

by LV assist device (LVAD) implantation and hemodynamic unloading, there was only a 

modest reduction in tissue fibrosis and no difference in protein-bound hydroxyproline 

concentration between pre-and post-LVAD tissue samples. We speculated that the persistent 

fibrosis may have been related to slow turnover of ECM proteins, and a concomitant 

reduction in MMP9 mRNA and protein levels after unloading. Nevertheless, our results, like 

those of other investigators [17-20] were still consistent with the notion that CTGF plays an 

important role in regulating tissue fibrosis during maladaptive cardiac remodeling and 

progression to HF. However, additional studies were needed to determine whether inhibition 

of CTGF signaling could prevent or slow the progression of LV dysfunction and tissue 

remodeling.

In the present study, we use a transgenic mouse model of DCM and HF [21] and FG-3149, a 

chimeric mouse mAb that contains the same CTGF epitope-recognition region as the CTGF-

neutralizing human mAb FG-3019 [22], to interrogate the causal role of CTGF in LV 

remodeling, fibrosis, and HF progression.
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2. Methods

2.1. Reagents

A detailed list of reagents used in this study is available in the Online Data Supplement.

2.2. Transgenic mouse studies

All mice were handled in accordance with NIH guidelines and all treatments were approved 

by the Loyola University Chicago Institutional Animal Care and Use Committee. Mice with 

cardiomyocyte-specific expression of a constitutively active (A159E) rabbit PKCε transgene 

driven by the mouse Myh6 gene promoter on an FVB/N background (PKCε mice) were 

kindly provided by Dr. Peipei Ping, University of California, Los Angeles. Homozygous 

offspring of low-to-intermediate-expressing transgenic line 344 were generated as 

previously described [21]. Nontransgenic FVB/N (FVB) mice (Charles River Laboratories, 

Wilmington, MA) served as controls. To examine the effects of CTGF inhibition, 3-month-

old mice underwent baseline echocardiography under general anesthesia (2% isoflurane in 

O2) and were randomly assigned to one of four groups: FVB mice that received nonimmune 

mouse immunoglobulin (IgG) (n=10), FVB mice that received FG-3149 (n=12), PKCε mice 

that received IgG (n=10), and PKCε mice that received FG-3149 (n=12). IgG and FG-3149 

antibodies (FibroGen, San Francisco, CA) were administered by intraperitoneal injection 

twice weekly at 30 mg/kg for three months. After three months of treatment, mice 

underwent repeat echocardiography and LV catheterization under isoflurane general 

anesthesia, after which hearts were excised, rapidly frozen in liquid N2, and stored at -80°C 

for further analysis. Additional, non-antibody-treated mice were also analyzed at 1, 3, 6, 9 

and 12 months of age.

2.3 Echocardiography

Transthoracic M-mode and 2D echocardiography were performed on isoflurane-anesthetized 

mice using an Acuson 15L8 Microson High-Resolution Transducer and an Acuson Sequoia 

C256 Echocardiography System (Siemens Medical Solutions; Malvern, PA). 2D parasternal 

long- and short-axis images were analyzed in real-time or saved on 230Mb magneto-optical 

discs for off-line analysis. Interventricular septal thickness, LV posterior wall (PW) 

thickness, and LV internal dimension were measured from M-mode images at the end of 

diastole (d) and systole at maximum sweep speed. LV fractional shortening (LVFS, %) was 

calculated from digital images as ((LV end-diastolic dimension – LV end-systolic 

dimension) / LV end-diastolic dimension) × 102. End-systolic, end-diastolic, and stroke 

volumes (LVESV, LVEDV, and LVSV in μL, respectively) were estimated using the 

spherical formula. LV mass (mg) was calculated as LV tissue volume (mm3) × 1.04. LV 

Relative Wall Thickness was calculated as 2 × (LV PW thickness,d / LV internal 

dimension,d). Left atrial area (mm2) was measured using the tracing function from the 

parasternal long-axis image. LV Remodeling Index (LVRI, mg/μL) was calculated as the 

ratio of LV mass (mg) to LV volume (μL). Further details are provided in the Online Data 

Supplement.
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2.4. Pressure/volume analysis by LV catheterization

LV catheterization was performed on isoflurane-anesthetized mice using a 1.4F Millar 

Pressure-Volume Catheter (SPR-839, Millar Instruments, Houston, TX) connected to an 

MPVS-300 System and interfaced to a PowerLab 8/35 High-Performance Data Acquisition 

System (ADInstruments, Colorado Springs, CO). A detailed description of these methods 

are included in the Online Data Supplement.

2.5. Histology

Portions of excised heart were fixed in formalin and 6 μm paraffin sections were stained 

with Mallory-Trichrome stain. Randomly located photomicrographs were acquired using an 

Olympus BH2 microscope and a Nikon D200 digital camera. Fibrosis area (%) was 

quantified by color deconvolution (to separate red from blue staining) using Adobe 

Photoshop (Adobe Systems, Inc. San Jose, CA) and ImageJ (National Institutes of Health, 

Bethesda, MD) for quantitative analysis of image areas. Calculations were made on 10× 

images of each sample.

2.6. Tissue hydroxyproline analysis

Protein-bound hydroxyproline content (μg) was measured in LV homogenates as previously 

described [16], and normalized to total protein content (mg) determined by bicinchoninic 

acid protein assay (Pierce Chemical Co, Rockford IL) using bovine serum albumin as 

standard.

2.7. Immunoblotting

LV lysates were resolved on 10% polyacrylamide gels and blotted to nitrocellulose [16]. 

Blots were probed at 4°C overnight with mouse mAbs to CTGF, PKCε, or GAPDH; 

detected with HRP-conjugated goat anti-mouse IgG; and visualized by enhanced 

chemiluminescence (Pierce Biotechnology, Rockford, IL). Developed films were scanned 

and band intensities quantified using UN-SCAN-IT Gel Software (Silk Scientific, Orem, 

UT). Additional methods and Western blotting results are provided in the Online Data 

Supplement.

2.8. mRNA expression analysis

Total RNA was isolated from frozen LV tissue using TRIzol Reagent (Life Technologies, 

Carlsbad, CA) and purified on RNeasy Mini Spin Columns (Qiagen, Valencia, CA) with on-

column DNase digestion to remove residual genomic DNA. RNA quantity and quality were 

assessed using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) 

and 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), with all samples having 

optical density (OD260/280) ratios ≥ 1.9 and RNA integrity (RIN) values ≥ 6.7. LV RNA 

profiling was performed on Affymetrix MOE 430A 2.0 arrays. GCRMA-processed, median-

normalized data were analyzed using Agilent GeneSpring GX software and are available at 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68857. Low intensity probesets 

with mean raw fluorescence values ≤50 in all groups were filtered from further analysis. 

FG-3149-responsive cardiac injury genes were defined as genes with a >2-fold difference in 

expression in IgG-treated PKCε mice vs. IgG-treated FVB mice at P<0.05 that were also 
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resolved >1.5-fold at P<0.05 in FG-3149-treated vs. IgG-treated PKCε mice. Expression of 

select genes was also determined by TaqMan® quantitative RT-PCR. Additional details are 

provided in the Online Data Supplement.

2.9. Statistical analysis

All results were expressed as mean±SEM. Data for multiple groups were compared by 2-

way or 1-way ANOVA followed by the Holm-Sidak test or Bonferroni post-test. Kaplan-

Meier survival curves were compared by the Log-Rank test and Cox regression analysis. 

Data were analyzed using SigmaStat, PRISM and R statistical software packages and P-

values <0.05 were considered significant.

3. Results

3.1. Aging PKCε mice have a DCM with interstitial fibrosis accompanied by CTGF up-
regulation

As indicated previously [21] and in the Online Data Supplement, LV PKCε expression was 

substantially increased in transgenic animals, followed an autosomal inheritance pattern, and 

did not vary with age (Online Figure IA). PKCε mice did, however, show significantly 

shorter survival than FVB mice (Log-rank and Cox proportional hazard ratios=3.0 and 3.6; 

P=0.001 and 0.003, respectively), with 91% of FVB mice alive at 12 months vs. 56% of 

PKCε mice, and with most deaths occurring suddenly and unexpectedly (Online Figure IB). 

M-mode and 2D echocardiography (Online Figures IC, IIA-H) and pressure/volume analysis 

by LV catheterization (Online Table I) further revealed that PKCε mice developed a DCM 

beginning at ∼3mo of age with all four cardiac chambers affected, and which progressed to 

HF and sudden death.

LV tissue analysis by Mallory-Trichome staining revealed numerous areas of LV interstitial 

fibrosis in PKCε mice, but not in age-matched FVB mice (Figure 1A). Protein-bound 

hydroxyproline (a marker of fibrillar collagen accumulation) also progressively increased in 

the LV of PKCε mice over time (Figure 1B), and at 12 months, 18S rRNA-normalized LV 

Col1a1 and Col3a1 mRNA expression was 4.7- and 3.2-fold higher in PKCε than FVB mice 

(P<0.001 each; Figure 1C), with both interstitial collagen transcripts being coordinately 

expressed across individual animals (r=0.81, P<0.001; Figure 1D). Interstitial fibrosis and 

fibrillar collagen accumulation were associated with a progressive increase in CTGF mRNA 

expression, with 6 and 12 month-old PKCε mice exhibiting ∼3- and 6-fold higher LV 

CTGF mRNA levels than FVB controls, respectively (Figure 1E). The increase in CTGF 

mRNA was accompanied by an increase in CTGF protein, which was detectable in LV 

tissue extracts of 12 month-old FVB controls, but was markedly increased in age-matched 

PKCε mice (Figure 1F).

3.2. CTGF neutralizing antibody maintains LV function and slows the progression of LV 
remodeling in PKCε mice

To determine if CTGF plays a causal role in the development of LV remodeling and tissue 

fibrosis, 3 month-old FVB (n=22) and PKCε (n=22) mice underwent baseline 

echocardiography and were randomly assigned to receive either nonimmune, control IgG 
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(IgG; 30 mg/kg IP) or the CTGF-neutralizing mAb FG-3149 (30 mg/kg IP) [22] twice 

weekly for a period of 3 months. Initial body weights were similar, and all animals appeared 

healthy and gained similar amounts of weight during the treatment period (Table 1). 

FG-3149 had no effect on PKCε expression in either FVB or PKCε mice (Online Figure III). 

FG-3149 also significantly increased (rather than decreased) the enhanced myofilament 

phosphorylation of cTnI at Thr143 observed in PKCε mice [23], and had no effect on the 

modestly increased phosphorylation of MyBP-C at Ser302 (Online Figure IV) [24,25]. 

Nevertheless, the mAb had significant effects in terms of preserving LV function in PKCε 

mice. Prior to treatment, no parameter exhibited a significant difference between mice 

randomized to receive IgG and those randomized to receive FG-3149 in either genotype 

(Figure 2). Baseline echocardiography did, however, indicate that 3 month-old PKCε mice 

had a somewhat lower LVFS (Figure 2B) due to an increased LVESV (Figure 2C) and 

LVEDV (Figure 2D), as well as a modestly increased LV mass (Figure 2A) as compared to 

non-transgenic FVB controls. After the 3 month treatment period (i.e., at 6 months of age), 

neither LVFS nor LVESV changed in healthy, control FVB mice receiving either FG-3149 

or IgG. However, there was a small but significant reduction in LVEDV (Figure 2D) in FVB 

mice treated with FG-3149. In diseased PKCε mice, LVFS (Figure 2B) significantly 

declined in mice receiving the control IgG, due to a progressive increase in LVESV (Figure 

2C) and LVEDV (Figure 2D). In contrast, FS did not decline in FG-3149-treated PKCε 

mice. This preservation of LV structure and function was not accompanied by a further 

increase in LV mass (Figure 2A). Rather, FG-3149 prevented LV remodeling, as indicated 

by a significant, 21% decrease in relative wall thickness of IgG-treated PKCε mice, as 

compared to a nonsignificant 12% increase in FG-3149-treated PKCε mice (Figure 2F). The 

substantial increase in left atrial area was also completely prevented by FG-3149 treatment 

(Figure 2G). Similarly, the significant reduction in PKCε LVRI was prevented by FG-3149 

(Figure 2H). The response of individual animals before and after each treatment is depicted 

in the Online Data Supplement (Online Figure V).

Pressure/volume analysis by LV catheterization confirmed the beneficial effects of FG-3149 

on cardiac function (Table 1). Several indicators of systolic and diastolic function were 

significantly compromised in 6 month-old PKCε mice compared to IgG-treated FVB 

controls, and many tended to improve in response to FG-3149 treatment. Some indices 

(dP/dtmax, -dP/dtmax) also appeared to improve in FG-3149-treated FVB mice. However, 

other key measures of cardiac function (LVEDP, maximum systolic pressure, and Tau; as 

well as echo-derived LVFS, LVRI and LVESV; Figure 2) were only significantly affected 

by FG-3149 in PKCε hearts.

3.3. FG-3149 ameliorates an ECM remodeling gene signature in PKCε hearts

To explore the mechanism by which CTGF inhibition improved cardiac function in PKCε 

mice, we performed microarray-based gene expression profiling. Cardiac injury genes were 

identified with substantial and significant expression changes (>2-fold, P<0.05) in IgG-

treated PKCε hearts vs. IgG-treated FVB hearts. Cardiac injury genes normalized or 

partially normalized by FG-3149 were further identified (>1.5-fold at P<0.05 in the opposite 

direction in FG-3149-treated vs. IgG-treated PKCε hearts; Figure 4A). Approximately two-

thirds (67%) of the FG-3149-responsive cardiac injury mRNAs (Online Table II) were 
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elevated in PKCε hearts (122 probesets, 99 named genes) while the remainder were 

diminished (60 probesets, 47 named genes). The expression changes of selected genes were 

confirmed by quantitative RT-PCR (Figure 4B and Online Figure VI).

To investigate functional relationships among FG-3149-responsive injury genes, gene 

ontology (GO) analyses were performed. The majority of the GO categories associated with 

FG-3149-responsive cardiac injury genes elevated by PKCε related to ECM structural 

proteins and remodeling enzymes, including collagens (Col1a1, Col1a2, Col3a1, Col4a1, 

Col5a1, Col5a2, Col6a1, Col6a2, Col6a3, Col8a1), collagen processing enzymes (Lox, 

Loxl1, Loxl2, Loxl3, Pcolce), non-collagen ECM molecules (Bgn, Cspg4, Emilin, Fbln2, 

Fbn1, Fstl1, Postn, Thbs4, Vcan), proteinase inhibitors (Pi16, Serpine2, Timp1), TGFβ and 

other fibrosis-associated signaling molecules (Igfbp7, Ltbp2, Pdgfc, Ptn, Sfrp1, Tgfb3), and 

regulators of mesenchymal cell differentiation (Meox1, Runx2, Sox9, Twist1). “Collagen 

fibril organization” (GO:30199) was the most significantly over-represented GO term (42-

fold enrichment, P<0.001), Thus, the make-up of the FG-3149-responsive gene set indicates 

that increased ECM remodeling activity is a major feature of cardiac injury and that it is 

regulated by CTGF.

FG-3149-responsive cardiac injury genes diminished by PKCε were associated with GO 

ontology terms related to energy metabolism, with “acyl-CoA metabolism” (GO:6637) 

being most significantly over-represented (61-fold enrichment, P<0.001). The PKCε-

diminished metabolism genes that were responsive to FG-3149 included Acaa2, Acot1, 

Acot2, Acsl1, Adhfe1, Amy1, Ces1d, Dgat2, Fbp2, Gcat, Gstk1, Mccc2, Mettl20, Pah, 

Pfkfb1, Phkg1 and Tst.

Key FG-3149-responsive measures of cardiac function were exceptionally closely related to 

gene expression changes observed upon CTGF inhibition, as revealed by permutation 

analysis of gene-functional outcome correlations (Online Figure VII). Cardiac injury 

parameters EF, FS and Tau were correlated to FG-3149 treatment-responsive genes at 

P<0.001 at a frequency of 620- to 720-fold greater than expected by chance. Conversely, 

there was no evidence of enrichment for parameters like LVSV and HR that were unaffected 

by PKCε or FG-3149.

3.4. Collagen content was not altered by FG-3149

To assess the effects of CTGF inhibition on cardiac fibrosis, the amount of collagen in the 

hearts of PKCε mice was determined by hydroxyproline assay (Figure 4). PKCε mice 

exhibited about a 50% increase in collagen content relative to FVB mice (Figure 4A). 

FG-3149 treatment did not appear to alter hydroxyproline levels, despite changes in 

expression of several collagen genes. Similarly, increased cardiac collagen content was 

observed in PKCε mice by Mallory-Trichrome staining (Figures 4B and 4C), but did not 

appear affected by FG-3149 treatment.
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4. Discussion

4.1 CTGF and cardiac function

Numerous studies have demonstrated that increased CTGF expression accompanies 

myocardial injury, reduced contractile function, and cardiac fibrosis [26-34]. However, 

CTGF up-regulation also occurs in response to pressure and volume overload [35, 36], and 

in the uninjured, mechanically overloaded myocardium following acute myocardial 

infarction [17]. Once secreted into the cardiac ECM, CTGF does not function as a typical 

growth factor or cytokine, but rather functions as a matricellular protein that modulates the 

interaction of cardiomyocytes and cardiac fibroblasts with the ECM in order to modify their 

phenotype [37]. In so doing, CTGF is thought to interact with other ECM proteins, 

cytokines, growth factors, and cell-surface receptors, and thereby facilitate or inhibit the 

signal transduction pathways in which they participate. Because CTGF modulates multiple 

pathways simultaneously, including those for TGFβs, BMPs, WNTs, VEGFs and integrins, 

it acts as an integrator of multiple environmental factors that impact cellular response. 

Consequently, the effects of CTGF are context-dependent and complex.

In this study, CTGF was pharmacologically inhibited in transgenic DCM mice by 

administering an antibody to CTGF from the ages of 3 to 6 months. This resulted in 

significant improvement in both systolic and diastolic function at 6 months, as indicated by 

increased LVFS, +dP/dtmax, and maximal systolic pressure; and decreased –dP/dtmax, Tau, 

and LV end-diastolic pressure. It is likely that such improvements in cardiac function would 

translate to improvements in survival. However, a longer experiment will be necessary to 

demonstrate such a benefit.

Nevertheless, the beneficial effects of CTGF inhibition appeared unrelated to changes in 

PKCε expression, or PKCε-induced myofilament phosphorylation. In contrast, a previous 

study by Scruggs et al. [38] showed that a double transgenic mouse expressing both PKCε 

and cTnI harboring mutations in putative PKC phosphorylation sites resulted in improved 

functional endpoints. Thus, CTGF inhibition likely alters more downstream aspects of the 

PKCε-induced disease state. Similarly, Szabo and coworkers [13] showed that mice 

subjected to 8 weeks of transverse aortic coarctation (TAC) and treated with the same 

monoclonal antibody had better preserved LV systolic function and reduced LV dilatation as 

compared to mice treated with nonimmune IgG. In both their study [13] and ours, the 

preservation of LV function occurred without a discernable reduction in tissue fibrosis. 

While bulk collagen was unaffected in these models, gene expression studies in our model 

predicted some role for collagen synthesis. Thus, qualitative aspects of collagen synthesis 

may still be important, such that improved function is linked to improved quality of ECM 

remodeling rather than ECM quantity, in a manner not revealed by the quantitative collagen 

assays and fibrosis area measurements performed here. Alternatively, CTGF may affect 

cardiac function through its modulation of multiple signaling pathways. For example, 

constant infusion of a mixture of recombinant human latent TGF-β1 and domain 4 of human 

CTGF for 14 days reduced the LVEF of normal rats, which was prevented by concomitant 

treatment with olmesartan, an angiotensin II receptor antagonist [39].
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4.2. CTGF inhibition vs. CTGF over-expression studies

Our results indicate that elevated CTGF contributes to the pathological remodeling of DCM, 

and that inhibiting CTGF improves contractile function even in the absence of a significant 

resolution in tissue fibrosis. These results are interesting as studies in which CTGF was 

overexpressed in cardiomyocytes of transgenic rodents suggested that elevated CTGF would 

be protective of cardiac function [7,11,12,17,18]. Cardiomyocyte CTGF over-expression 

studies also indicated that elevated CTGF alone was not sufficient to induce cardiac fibrosis 

[7], which is consistent with the concept that the pro-fibrotic effects of CTGF require 

additional co-stimulatory signals arising from the ECM microenvironment such as those 

produced during tissue injury or inflammation [40]. Our mRNA profiling results suggest that 

CTGF is necessary for the expression of multiple genes involved in tissue remodeling. 

Additional co-stimulatory molecules such as TGF-β family members were also generated in 

response to PKCε overexpression, but were not sufficient to fully maintain the pro-fibrotic 

gene signature in PKCε mice treated with the CTGF neutralizing mAb. The gene signatures 

reported here suggest altered fibroblast function or activity, but changes in relative 

abundance of fibroblasts are also likely to be relevant.

4.3. CTGF inhibition vs. CTGF gene deletion

In contrast to the beneficial effects of CTGF inhibition in TAC [13] and PKCε-induced 

DCM (this report), targeted deletion of most CTGF in adult cardiomyocytes and nonmuscle 

cells did not appear to prevent the functional changes or fibrosis induced by TAC [14, 15], 

or overexpression of a constitutively active form of TGF-β [14]. However, in some 

experiments, the reported data exhibited trends consistent with a beneficial effect of loss of 

CTGF function on fibrillar collagen gene expression [15], but were not significant at the 

small group sizes examined [14]. Thus, although further investigation is necessary to 

understand the differences observed from the various animal models used, the cumulative 

data suggest that inhibition of CTGF in patients with cardiovascular disease is unlikely to be 

harmful and instead, could provide a significant benefit to patients with DCM.

4.4. CTGF and the pro-fibrotic gene signature

To further understand the relevance of the gene signatures observed in the mouse model 

used here, we compared them to gene expression changes in 74 human cardiomyopathy vs. 

14 non-failing heart samples of the Harvard Cardiogenomics dataset (NCBI GEO Series 

GSE1145; Online Table III). Forty-four percent of the genes elevated by constitutively 

active PKCε and responsive to CTGF inhibition were also significantly elevated in human 

cardiomyopathy; a level of overlap that is far greater than would be expected by chance 

(P<0.001). Moreover, the overlapping genes were common to multiple forms of human 

cardiomyopathy (dilated, ischemic, hypertrophic, post-partum and viral), and were highly 

enriched in ECM remodeling genes. FG-3149-response genes that were similarly altered in 

both PKCε hearts and human hearts appear likely to be most pertinent to human disease. 

Moreover, the substantial over-representation of FG-3149-responsive PKCε-elevated genes 

among human cardiomyopathy genes suggests that the PKCε model recapitulates key 

aspects of the human disease, and suggests injury genes resolved by FG-3149 in the current 

model may also respond to FG-3019 in treatment of human heart disease.
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4.5. Conclusions

The PKCε model of DCM used in this study appears to recapitulate many aspects of human 

DCM. The observation of progressively increasing expression of CTGF led us to test how 

inhibition of CTGF would affect disease progression. The improvements in cardiac structure 

and function observed upon inhibition of CTGF are very encouraging, and suggest that 

CTGF contributes to DCM progression. Therefore, additional studies to explore this 

approach as a treatment for DCM are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cardiac structural changes associated with dilated cardiomyopathy (DCM) 

include cardiomyocyte hypertrophy and myocardial fibrosis. Connective Tissue 

Growth Factor (CTGF) has been associated with tissue remodeling and is highly 

expressed in patients with end-stage DCM.

• Our aim was to test if inhibition of CTGF with FG-3149, a neutralizing mouse 

monoclonal antibody to CTGF, would alter the course of cardiac remodeling 

and preserve cardiac function in the protein kinase Cε (PKCε) mouse model of 

DCM.

• CTGF inhibition significantly improved left ventricular (LV) systolic and 

diastolic function in PKCε mice, and slowed the progression of LV dilatation.

• Using gene arrays and quantitative PCR, the expression of many genes 

associated with tissue remodeling were elevated in PKCε mice, but significantly 

decreased by CTGF inhibition. However total collagen deposition and LV 

fibrosis were not attenuated.

• The observation of significantly improved LV function by CTGF inhibition in 

PKCε mice suggests that CTGF inhibition may benefit patients with DCM. 

Additional studies to explore this potential are warranted.
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Figure 1. PKCε mice develop interstitial fibrosis
(A) Mallory-Trichome staining of representative LV tissue sections from 12-month-old FVB 

and PKCε mice. Both images were captured at 400×. (B) Hydroxyproline concentration 

(μg/mg total protein) in LV hydrolysates from FVB (open bars) and PKCε (closed bars) 

mice of increasing age. Means±SEM are shown for n=5-9 mice per group. *P<0.05 for 

PKCε vs. FVB mice at the indicated age. (C) 18S rRNA-normalized mRNA levels for 

Col1a1 (open bars) and Col3a1 (closed bars) in LV tissue of 12 month old FVB and PKCε 

mice. Means±SEM are shown for n=10 mice per group. *P<0.05 for PKCε vs FVB mice at 

the indicated age. (D) 18S rRNA-normalized mRNA levels for Col1a1 and Col3a1 mRNA 

for each FVB (open circles) and PKCε (closed circles) mice are plotted, and fit via linear 

regression analysis. (E) 18S rRNA-normalized CTGF mRNA levels in FVB and PKCε mice 

of increasing age. Mean±SEM are for n=4-10 mice per group. *P<0.05 for PKCε vs FVB 

mice at a given age. (F) Western blot analysis of LV tissue extracts (100μg/lane) from 12-

month-old FVB and PKCε mice.
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Figure 2. CTGF neutralizing antibody maintains LV function and slows the progression of LV 
remodeling in PKCε mice
3 month-old FVB (n=22; filled bars) and PKCε (n=22; open bars) mice underwent baseline 

M-mode and 2-D echocardiography (BEFORE Rx), and were then randomly assigned to 

receive nonimmune mouse IgG (IgG; 30mg/kg IP; no cross-hatch) or FG-3149 (30mg/kg IP; 

cross-hatched), a neutralizing mAb to CTGF. Animals were treated twice weekly for a 

period of 3 months, and were then subjected to repeat M-mode and 2-D echocardiography 

(AFTER Rx). (A) LV Mass (mg); (B) LV Fractional Shortening (%); (C) LV End-systolic 

Volume (μL); (D) LV End-diastolic Volume (μL); (E) LV Posterior Wall (PW) Thickness 

(mm); (F) LV Relative Wall Thickness; (G) Left Atrial Area (mm2); and (H) LV 

Remodeling Index (mg/μl). Data are means±SEM for n=10-12 mice in each treatment group. 

Data from the 4 groups BEFORE and AFTER Rx were compared by 2-way ANOVA 

followed by the Holm-Sidak test. Data for each group BEFORE and AFTER Rx were 

compared by paired t-test. P<0.05 (*), 0.01 (**), or 0.001 (***).
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Figure 3. Inhibition of CTGF signaling reduces the PKCε-induced pro-fibrotic gene signature
(A) Volcano plot of cardiac gene expression changes in IgG-treated PKCε mice vs. IgG-

treated FVB mice for all genes with mean raw fluorescence values >50 in at least one group. 

Black circles indicate the PKCε-altered genes (Fc>2, P<0.05) that were partially reversed by 

FG-3149 vs. IgG in PKCε hearts (P<0.05). (B) Validation of select ECM and ECM 

remodeling genes by qPCR. Grey and white bars indicate IgG and FG-3149 treatments, 

respectively. Actb-normalized expression (mean ± SEM) was altered by genotype 

(P<0.0001) and treatment (P<0.05) for all genes (2-way ANOVA). Bonferroni post-test 

P<0.05 (*), 0.01 (**), or 0.001 (***). Additional qPCR results are provided in Online Figure 

V.
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Figure 4. Inhibition of CTGF signaling does not prevent or reduce the interstitial fibrosis seen in 
6 month-old PKCε hearts
(A) Quantitative analysis of protein-bound hydroxyproline in FVB and PKCε LV tissue 

homogenates after 3 months of treatment with either nonimmune IgG (IgG) or FG-3149. 

Data are means±SEM; data were compared by 2-way ANOVA and Holm-Sidak test. 

Although genotype (i.e., FVB vs. PKCε) was a significant factor (P=0.007) for differences 

in hydroxyproline content amongst the 4 groups, treatment (i.e., IgG vs. FG-3149) was not a 

significant factor (P=0.883) in the observed differences in tissue hydroxyproline. (B) 

Representative Mallory-Trichrome stained LV tissue sections from each of the 4 treatment 

groups. All images were captured at 400×. (C) Quantitative analysis of fibrosis area (%) 

obtained from 3 hearts. Data are means±SEM; data were compared by 2-way ANOVA and 

Holm-Sidak test. Although genotype (i.e., FVB vs. PKCε) was a significant factor for 
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differences in fibrosis area (P=0.05) amongst the 4 groups, treatment (i.e., IgG vs. FG-3149) 

was not a significant factor (P=0.779) in the observed differences.
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Table 1
Systolic and Diastolic Function in 6 month-old FVB and PKCε Mice After 3 months of 
Treatment with Control IgG or CTGF Neutralizing Monoclonal Antibody

Parameter
FVB PKCε

Control IgG FG-3149 Control IgG FG-3149

n= 10 12 10 12

Initial Body Weight (g) 25.6±0.9 25.7±1.3 26.5±1.3 27.1±1.5

Terminal Body Weight (g) 32.2±2.3 30.5±1.3 30.2±1.5 32.5±1.9

Heart Rate (bpm) 545±13 531±12 504±17 516±9

Maximum Systolic Pressure (mmHg) 122±10 140±13 101±13 120±7*

+dP/dtmax (mmHg × sec-1) 7280±827 10029±663* 5902±965 8008±525*

Contractility Index (sec-1) 123±5 119±7 95±5 108±6

-dP/dtmax (mmHg × sec-1) -6988±584 -9864±573* -4772±915 -6952±495*

Tau (msec-1) 6.9±0.4 6.0±0.3 14.5±1.8 9.2±0.5*

End-diastolic Pressure (mmHg) 2±1 0.3±1 7±3 2±1*

End-diastolic volume (μl) 49±5 48±2 56±4 58±5

3 month-old FVB (n=22) and PKCε (n=22) mice were randomly assigned to receive nonimmune mouse IgG (30mg/kg IP) or FG-3149 (30mg/kg 
IP), a mouse-specific, neutralizing mAb to CTGF. Animals were treated twice weekly for a period of 3 months, and were then subjected to LV 
catheterization. n, number of experimental animals in each group; bpm, beats per minute; Contractility Index, defined as dP/dtmax / P at dP/dtmax;

*
P<0.05 for Control IgG vs. FG-3149 within each genotype by 2-way ANOVA followed by the Holm-Sidak test.
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