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Abstract

Intestinal fibrosis is one of the major complications of Crohn’s disease (CD) for which there are 

no effective pharmacological therapies. Vitamin D deficiency is common in CD, though it is not 

known whether this is a contributing factor to fibrosis, or simply a consequence of the disease 

itself. In CD, fibrosis is mediated mainly by activated intestinal myofibroblasts during remodeling 

of extracellular matrix in response to wound healing. We investigated the effects of CARD-024 (1-

alpha-hydroxyvitamin D5), a vitamin D analog with minimal hypercalcemic effects, on the pro-

fibrotic response of intestinal myofibroblasts to two fibrogenic stimuli: TGFβ stimulation and 

culture on a physiologically stiff matrix.

TGFβ stimulated a fibrogenic phenotype in Ccd-18co colonic myofibroblasts, characterized by an 

increase in actin stress fibers and mature focal adhesions, and increased αSMA protein expression, 

while CARD-024 repressed αSMA protein expression in a dose-dependent manner. Culture of 

colonic myofibroblasts on physiological high stiffness substrates induced morphological changes 

with increased actin stress fibers and focal adhesion staining, induction of αSMA protein 

expression, FAK phosphorylation, induction of fibrogenic genes, and repression of COX-2 and 

IL-1β. CARD-024 treatment repressed the stiffness-induced morphological features including 

stellate cell morphology and the maturation of focal adhesions. CARD-024 repressed the stiffness-

mediated induction of αSMA protein expression, FAK phosphorylation, and MLCK and ET-1 

gene expression. In addition, CARD-024 partially stimulated members of the COX-2/IL-1β 
inflammatory pathway.

In summary, CARD-024 attenuated the pro-fibrotic response of colonic myofibroblasts to high 

matrix stiffness, suggesting that vitamin D analogs such as CARD-024 may ameliorate intestinal 

fibrosis.
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Introduction

Crohn’s disease (CD) is a chronic, progressive intestinal disorder characterized by cycles of 

intestinal inflammation and muscosal healing. Despite the advent of powerful anti-

inflammatory therapies, 70% of patients ultimately develop fibrostenotic disease for which 

there are no effective pharmacologic therapies (Andres and Friedman, 1999; Cosnes et al., 

2002; Loftus, 2004). Patients with CD have an increased prevalence of vitamin D deficiency, 

but it is not clear whether vitamin D deficiency is a contributing factor to fibrosis, or merely 

a disease consequence (Harries et al., 1985; Siffledeen et al., 2003). In other organ systems, 

including kidney, liver, lung, skin, and heart, vitamin D deficiency is associated with fibrosis 

(Li et al., 2005; Rahman et al., 2007; Ramirez et al., 2010; Tan et al., 2006; Weishaar et al., 

1990; Zhang et al., 2011). Vitamin D analogs have been shown to reduce fibrosis in cell 

culture and animal models of cardiac, kidney, and renal fibrosis (Li et al., 2005; Mancuso et 

al., 2008; Tan et al., 2006; Zhang et al., 2010).

In CD, activated subepithelial myofibroblasts are the major contributor to intestinal fibrosis 

(Powell et al., 1999; Tomasek et al., 2002). In colonic myofibroblasts, TGFβ induces 

differentiation and a pro-fibrotic phenotype, characterized by stress fiber formation 

(Brenmoehl et al., 2009; Simmons et al., 2002) and induction of α-smooth muscle actin 

protein expression. In other myofibroblast lineages, including lung, heart, and kidney, 

extracellular matrix (ECM) stiffness alone stimulates a pro-fibrotic phenotype (Arora et al., 

1999; Liu et al., 2010; Olsen et al., 2011), however the effect of matrix stiffness upon 

colonic myofibroblasts is unknown.

Though calcitriol (vitamin D) and vitamin D analogs have been clinically used for several 

diseases, including hyperparathyroidism, toxic hypercalcemic effects have been reported, 

underscoring the need for a vitamin D analog with minimal hypercalcemic effects. 

CARD-024 (1-alpha-hydroxyvitamin D5), a non-hypercalcemic vitamin D analog was 

identified as a potential anti-fibrotic drug. (Mehta et al., 2003) Based on superior efficacy 

and reduced hypercalemic effects of CADR-024 compared to other vitamin D analogs in a 

cardiac fibrosis model (Simpson, manuscript in preparation), in this study, we examine the 

effect of a non-hypercalcemic vitamin D analog, CARD-024 on the colonic myofibroblast 

fibrogenic response to TGFβ stimulation and to culture on physiologically high stiffness 

matrix.

Materials and Methods

Human recombinant TGFβ1 was obtained from R&D Systems (Minneapolis, MN). 

CARD-024 (1-alpha-hydroxyvitamin D5) was provided by R. Simpson (University of 

Michigan, Ann Arbor, MI) and dissolved in 100% ethanol. All chemicals were purchased 

from Sigma (Sigma-Aldrich, Saint Louis, MO), except where noted.
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Cell culture

Colonic human myofibroblast Ccd-18co cells (CRL-1459 from ATCC) were cultured in 

alpha-MEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and sub-

cultured weekly. Cells were plated at 30–40% confluence. To stimulate a fibrotic phenotype, 

Ccd-18co cells were serum-starved for 24hr prior to treatment with 1 ng/ml TGFβ or 1 

ng/ml TGFβ and increasing doses of CARD-024 (10 – 1000 nM) for 48 hr. Given ethanol 

was used to dilute CARD-024, ethanol was added to the untreated and TGFβ treated cells to 

a final concentration of 0.1%.

For stiffness experiments, low-passage number Ccd-18co cells were seeded at 1×105 

cells/ml on 6-well plates containing collagen-coated acrylamide gels corresponding to soft 

(4.3 kPa, 0.02% bisacrylamide) or stiff (28.1 kPa, 0.16%) matrices. Cells were allowed to 

attach to the matrix for 4hr and then the gels were transferred to new wells to avoid 

paracrine signaling from cells attached to the plastic well bottom. For the CARD-024 

stiffness experiments, cells were plated as described above and serum-starved overnight 

prior to treatment with 1000 nM of CARD-024 diluted in 100% ethanol for 24 hr. The 1000 

nM CARD-024 dose was selected from the results of the TGFβ experiments. Since ethanol 

was used to dilute CARD-024, ethanol was added to untreated cells to a final concentration 

of 0.1%. Experiments were performed on early (4 to 7) passage cells. Cultures were 

routinely assayed for mycoplasma contamination.

Matrix stiffness gels

Collagen-coated polyacrylamide gels corresponding to physiological stiffnesses of 2.6 kPa 

to 28.1 kPa were generated using varying ratios of 40% acrylamide to 2% bisacrylamide 

(Bio-Rad, Hercules, CA) (Aplin and Hughes, 1981; Pelham and Wang, 1998). Specifically, 

an aqueous solution of 0.10% ammonium persulfate (Bio-Rad), 0.15% TEMED (Bio-Rad), 

40% acrylamide solution was supplemented with 0.01%, 0.02%, 0.08%, or 0.16% 

bisacrylamide. The acrylamide gels were polymerized on a NaOH treated, amino-silanated 

(3-aminopropyltriethoxysilane), and gluteraldehyde treated 25mm round glass coverslip. 

10ml of each acrylamide/bisacrylamide solution was filter-sterilized and pipetted unto a 

chloro-silanated glass surface treated with dichlorordimethylsilane (DCDMS) and a treated 

coverslip was inverted onto the acrylamide/biacrylamide solution. The acrylamide matrix 

was allowed to polymerize for 10 minutes between the two surfaces and transferred to a 6-

well tissue culture plate containing sterile PBS. As determined by a series of stability 

experiments (data not shown), the acrylamide gels were stable for at least 1 month. For all 

experiments, gels were used within a month.

Prior to seeding with colonic myofibroblasts, the acrylamide gels were collagen-coated. 0.2 

mg/ml of sulfo-SANPAH (Thermo Scientific, Rockford, IL) was added to each well 

containing the acrylamide gel-coated cover slip and UV crosslinked at a wavelength of 254 

nm in a Stratagene UV crosslinker oven (Stratagene, La Jolla, CA) at a 5-inch distance from 

the UV source for 10 minutes. The gels were coated with 0.2 mg/ml of rat tail collagen I 

(BD Biosciences, Bedford, MA) overnight at 37° C with gentle agitation. Excess collagen 

was removed by several washes with sterile PBS. Gels were UV sterilized for 30 minutes 

prior to seeding with colonic myofibroblasts. Cells were serum-starved overnight prior to 
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treatment with CARD-024. From the results of the TGFβ treatment experiments, 1000 nM 

CARD-024 was selected for all stiffness matrix experiments. Control cells received ethanol 

at the same final concentration (0.1%) to control for the ethanol concentration in CARD-024 

solution.

Microelastometer measurements

Microelastometer measurements were determined for acrylamide/bisacrylamide gels ranging 

from 2.6 to 28.1 kPa bisacrylamide using a microelastometer (Micro-Elastometer, Artann 

Laboratories, West Trenton, NJ) (Egorov et al., 2008). For the microelastomer 

measurements, gels were synthesized without a NaOH-treated glass coverslip. For 

measurements, thicker gels were used than for cell plating since previous experiments 

determined a larger material height (substrate thickness) was needed to generate accurate 

and reproducible microelastomer measurements (data not shown).

By measuring vertical displacement of the gels, the stress (force per unit area) and strain 

(material compression in response to force) were determined by the microelastometer. Raw 

stress and strain values were plotted and the slope of the stress-strain curve was determined 

using the region between the first and second points of inflection to calculate the Young’s 

Modulus (kPa), an expression of substrate stiffness.

Protein isolation and Western blotting

Immunoblotting was utilized for the detection of α-smooth muscle actin. Ccd-18Co cells 

were washed in ice-cold PBS containing protease inhibitors (Roche, Indianapolis, IN), then 

lysed in ice-cold RIPA buffer (1% Igepal CA 630, 1% sodium deoxycholate, 0.1% SDS, 

0.15 M NaCl, 2 mM EDTA, 50 mM NaF) with a 1:100 dilution of protease inhibitor cocktail 

III (Calbiochem, La Jolla, CA) and 2 mM sodium orthovanadate. Total protein was separated 

by SDS polyacrylamide gel electrophoresis (Bio-Rad,) with prestained protein markers 

loaded for molecular mass determination (Invitrogen, Carlsbad, CA), and transferred to 

PVDF membranes (Amersham Biosciences, Piscataway, NJ). Membranes were blocked in 

5% milk/TBST solution for one hour at room temperature or overnight at 4°C. α-smooth 

muscle actin was detected by incubating the membrane overnight at 4°C with mouse anti-

human monoclonal antibody (Sigma, St. Louis, MO) at 1: 5000 dilution in 5% milk/TBST. 

pFAK was detected using a rabbit polyclonal phosphospecific antibody against Tyr-397-

FAK (Invitrogen) at 1:5000. As a loading control, a mouse antibody for GAPDH 

(Chemicon, Temecula, CA) was used. After washing, the membranes were incubated with 

the appropriate secondary antibody (anti-mouse IgG+ HRP or anti-rabbit IgG+HRP, 

Amersham, Piscataway, NJ) for one hour at room temperature and the signal was detected 

by the Pierce detection system (Pierce, Rockford, IL). Autoradiographs were scanned and 

quantitated using ImageJ analysis software (NIH, Bethesda, MD).

Microscopy

Cells were photographed using a Leica (Leica Microsystems Inc., Buffalo Grove, IL) 

DMIRB inverted microscope and photographed with an Olympus DP-30 camera (Center 

Valley, PA). Cell length was determined from photomicrographs using ImageJ (NIH, 
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Bethesda, MD). Cell count was determined from a minimum of 3 representative photographs 

of a 100x magnification field.

Immunofluorescence

Expression of activated myofibroblast markers was analyzed by confocal 

immunofluorescence microscopy using the Olympus FluoViewTM FV500/IX system 

(Olympus America, Center Valley, PA) at the University of Michigan Microscopy and Image 

Analysis Laboratory. Ccd-18Co cells were seeded onto collagen-coated polyacrylamide gels 

(0.02% bis or 0.16% bis) attached to glass coverslips. After 24 hours, gels were rinsed with 

PBS, then were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, 

PA) in PBS for 5 minutes, followed by permeabilization with 0.2%Triton X-100 (LabChem, 

Pittsburgh, PA) for 15 minutes. Gels were rinsed 3 times with PBS, then were pre-blocked 

with SFX signal enhancer (Invitrogen, Carlsbad, CA), and blocked with 20% goat serum 

(Invitrogen, Carlsbad, CA). For visualization of focal adhesions, the gels were incubated for 

2 hours at room temperature with mouse anti-vinculin primary antibody (Sigma, St. Louis, 

MO) at 1:250 in PBS/0.1% Triton X-100. The gels were rinsed three times with PBS/0.1% 

Triton-X100, followed by incubation with Alexa 555-conjugated goat anti-mouse secondary 

antibody (Molecular Probes, Eugene, OR) for 30 minutes, at room temperature, in PBS/

0.1% Triton X-100. Gels were washed 6 times, followed by incubation with phalloidin 

(Sigma, St. Louis, MO) at 1:100, overnight, at 4 degrees C, for visualization of actin stress 

fibers. Cells were co-stained with 4, 6′ diamidino-2-phenylindole (DAPI), (Molecular 

Probes, Eugene, OR) to visualize nuclei. The gels were mounted with ProLong Gold 

mounting medium (Invitrogen, Carlsbad, CA) prior to imaging by confocal 

immunofluorescence microscopy.

Quantitative RT-PCR

RNA from Ccd-18co cells was extracted using the RNeasy kit (Qiagen, Valencia, CA). 

cDNA was generated by reverse transcription of 1 μg of total RNA using the Superscript 

First Strand RT kit (Invitrogen, Carlsbad, CA). Quantitative real-time PCR (qPCR) was 

performed for MLCK, IL-1β, PTGS2, ET-1, and GAPDH with the TaqMan gene expression 

assays (ABI, Foster City, CA) on a Bio-Rad iCycler real-time PCR system. Cycling 

conditions were 95°C 10 minutes, followed by 40 cycles of 95°C 15 seconds and 62°C 60 

seconds. Gene expression was normalized to GAPDH as the endogenous control, and fold-

changes (RQ) relative to untreated controls were calculated using the ΔΔCt-method (Livak 

and Schmittgen, 2001).

Statistical Analysis

Comparisons between multiple were analyzed with ANOVA, while pairwise comparisons of 

two groups were performed with Student’s t test.

Results

Dose response of colonic myofibroblasts to CARD-024

To induce a pro-fibrotic phenotype, human colonic myofibroblasts (Ccd-18co cells) were 

treated with increasing doses of TGFβ1 (0.1 – 2 ng/ml). Consistent with (Simmons et al., 
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2002), TGFβ induced a pro-fibrotic response as characterized by a dose-dependent increase 

in αSMA protein expression (Fig. 1A) and increased actin stress fiber and focal adhesion 

staining (data not shown).

To determine whether CARD-024 represses fibrogenesis in colonic myofibroblasts, 

Ccd-18co cells were stimulated with TGFβ and treated with 10 – 1000 nM CARD-024 (Fig. 

1B). In colonic myofibroblasts stimulated with TGFβ, increasing doses of CARD-024 

attenuated αSMA protein expression in a dose-responsive manner. At the highest dose (1000 

nM) CARD-024 attenuated αSMA protein expression 2-fold (p = 0.012) (Fig. 1C).

Development of collagen-coated polyacrylamide gels

Typical culture of lung myofibroblasts on rigid plastic substrates has profound effects on 

myofibroblast differentiation and activation (Hinz, 2010). In lung myofibroblasts, matrix 

stiffness induces changes in cell phenotype and function from a quiescent, non-proliferative 

phenotype to an activated, ECM-secreting phenotype (Hinz, 2010). Given that CARD-024 

repressed αSMA protein expression on the rigid plastic matrix, we postulated that 

CARD-024 might have an anti-fibrotic effect on colonic myofibroblasts cultured on a more 

physiologically compliant substrate.

To determine the effect of matrix stiffness on colonic myofibroblast phenotype, collagen-

coated polyacrylamide gels were generated as detailed in the Experimental Procedures. 

Varying the ratio of acrylamide to bisacrylamide from 0.01% to 0.16% produced substrates 

with stiffnesses from 2.6 to 28.1 kPa as determined by microelastometer measurements. 

Similar to published work in myofibroblasts from other tissues, Ccd-18co colonic 

myofibroblasts cultured on these matrices demonstrated a graded monotonic change in 

morphology with increasing matrix stiffness. On low stiffness substrates (2.6 and 4.3 kPa), 

cells exhibited an undifferentiated phenotype, characterized by a rounded appearance, with a 

few cells displaying small dendritic processes. However the dendritic processes were 

markedly truncated and less numerous compared to the typical myofibroblast morphology 

on the plastic substrate (Fig. 2). In contrast, cells cultured on the high stiffness substrates 

(15.6 and 28.1 kPa) exhibited a more differentiated morphology, with a characteristic stellate 

appearance and multiple, elongated dendritic processes resembling myofibroblasts cultured 

on plastic. Compared to cells cultured on the low matrix stiffness, myofibroblasts cultured 

on the high stiffness substrates had more actin stress fiber staining with mature focal 

adhesions apparent in the highest matrix stiffness (data not shown).

Effects of CARD-024 and substrate stiffness on myofibroblast morphology

To determine whether CARD-024 altered myofibroblast morphology, we analyzed the effect 

of CARD-024 treatment on colonic myofibroblasts cultured on low (4.3 kPa) and high (28.1 

kPa) stiffness substrates. For the low stiffness substrate, 4.3 kPa gels were selected as the 2.6 

kPa gels proved difficult to image by confocal microscopy.

Ccd-18co cells cultured on the high stiffness (28.1 kPa) matrix developed a stellate 

morphology, with multiple dendritic processes compared to myofibroblasts grown on the 

low stiffness (4.3 kPa) matrix (Fig. 3B). Similar to human foreskin fibroblasts, which 

develop elongated dendritic processes in response to increase matrix stiffness(Jones and 
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Ehrlich, 2011), colonic myofibroblasts on the stiff substrate had significantly elongated 

dendritic processes compared to myofibroblasts cultured on the soft substrate (173 um vs 

133 um, p = 0.004)(Fig. 3C). High matrix stiffness also increased the number of cells >2.5-

fold compared to the soft matrix (66.5 vs 25 cells/200x field, p = 0.0043) (Fig. 3D).

Treatment with CARD-024 repressed the effects of matrix stiffness on cell morphology, with 

cell morphology on the high stiffness substrates in the presence of CARD-024 that was quite 

similar to the myofibroblasts on low stiffness substrates (Fig. 3B). Dendrite length was 

nearly identical (146 vs. 145 um, p = 0.95) between CARD-024 treated myofibroblasts on 

low compared to high stiffness matrices (Fig. 3C). While treatment with CARD-024 did not 

significantly decrease the number of myofibroblasts on the stiff substrate, a 50% reduction 

in cell number was observed compared to untreated cells on the stiff matrix, suggesting a 

non-significant trend toward decreased cell number with CARD-024 treatment.

Activated myofibroblasts are characterized by the development of actin stress fibers and 

focal adhesions (Hinz, 2010). Colonic myofibroblasts cultured on the soft substrate had 

fewer actin stress fibers and diffuse vinculin staining without organized focal adhesions.(Fig. 

3D) In contrast, myofibroblasts cultured on the stiff matrix exhibited an activated 

morphology with increased numbers of actin stress fibers and mature, well-defined focal 

adhesions (Fig. 3D). On the stiff substrate, treatment with CARD-024 produced poorly 

organized immature focal adhesions with diffuse cytoplasmic staining, suggesting 

CARD-024 inhibited focal adhesion maturation (Fig. 3D).

Effect of CARD-024 and substrate stiffness on ECM protein and gene expression

Similar to the pro-fibrotic effects of TGFβ stimulation, high matrix stiffness induced αSMA 

protein expression in colonic myofibroblasts (Fig. 4A). Treatment with CARD-024 

repressed αSMA expression on the high stiffness substrate to levels indistinguishable from 

the low stiffness substrate. Myofibroblast differentiation and cytoskeletal reorganization is 

dependent upon a number of factors, including FAK (focal adhesion kinase) signaling 

(Brenmoehl et al., 2009). In colonic myofibroblasts, the high stiffness matrix induced 

phosphorylation of focal adhesion kinase (FAK), while CARD-024 inhibited FAK 

phosphorylation, suggesting CARD-024 affects pFAK signaling (Fig. 4B).

Actin stress fiber formation is regulated in part by myosin light chain kinase (MLCK) 

(Anderson et al., 2004). Given that CARD-024 repressed the development of actin stress 

fibers and mature focal adhesions, we examined the role of matrix stiffness and CARD-024 

upon MLCK gene expression. MLCK was induced 2-fold (p = 0.004) in myofibroblasts on 

the high compared to a low stiffness substrate (Fig. 4C). Treatment with CARD-024 

significantly repressed MLCK expression to levels comparable to untreated cells on the low 

stiffness substrate (Fig. 4C).

Similarly, the high stiffness substrate significantly induced ET-1 gene expression by 60% (p 

= 0.009) (Fig. 4D). Treatment with CARD-024 significantly repressed ET-1 expression in 

high stiffness conditions to levels indistinguishable from low stiffness conditions.
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In pulmonary myofibroblasts, matrix stiffness suppresses an endogenous COX-2/PGE2 

inhibitory pathway (Liu et al., 2010). While increased matrix stiffness attenuated but did not 

significantly repress PTGS2 (which encodes the COX-2 enzyme), treatment with 

CARD-024 induced PTGS2 at both low and high stiffness, suggesting CARD-024 may 

affect the COX-2/PGE2 pathway (Fig. 4E). In intestinal myofibroblasts, IL-1β stimulates 

COX-2 expression (Hinterleitner et al., 1996). Therefore we examined the effect of matrix 

stiffness and CARD-024 on IL-1β expression. High matrix stiffness attenuated IL-1β 
expression, though this did not achieve statistical significance (p = 0.069). Treatment with 

CARD-024 significantly induced IL-1β expression above low stiffness levels with a 4-fold 

induction at low stiffness (p <0.0001) and 1.8-fold induction at high stiffness (p = 0.002) 

(Fig. 4F).

Discussion

Crohn’s disease (CD) is characterized by cycles of intestinal inflammation (flares) and 

mucosal healing. While potent anti-inflammatory therapies reduce inflammation and disease 

symptoms, the need for anti-fibrotic therapies to prevent the inexorable development of 

fibrostenotic disease remains (Szabo et al., 2010). Intestinal fibrosis remains a significant 

serious complication of CD, often culminating in surgical intervention (Van Assche et al., 

2010). In addition, patients with CD frequently have vitamin D deficiency, though whether a 

cause or a consequence of intestinal malabsorption remains open to debate (Harris et al., 

2008; Siffledeen et al., 2003). In numerous other organ systems, vitamin D deficiency is 

associated with fibrosis. Treatment with vitamin D analogs reduces fibrosis both in cell 

culture and in animal models of fibrosis, suggesting that treatment with vitamin D analogs 

could reduce intestinal fibrosis (Li et al., 2005; Mancuso et al., 2008; Tan et al., 2006; 

Weishaar et al., 1990; Zhang et al., 2010).

In the intestine, subepithelial myofibroblasts contribute to intestinal wound healing in part 

by reconstituting the ECM while aberrant myofibroblast activation is postulated to produce 

fibrosis (Powell et al., 1999; Pucilowska et al., 2000). In CD, activated or dysregulated 

intestinal myofibroblasts are the major source of excessive ECM and subsequent fibrosis 

(Powell et al., 1999).

As seen in primary intestinal myofibroblasts (Brenmoehl et al., 2009; Simmons et al., 2002), 

TGFβ stimulation of human colonic myofibroblast Ccd-18co cells induced a pro-fibrotic 

phenotype, characterized by increased αSMA protein expression, actin stress fibers, and 

mature focal adhesions. Co-treatment with CARD-024, a vitamin D analog, reduced αSMA 

stimulation by TGFβ in a dose-dependent manner. CARD-024 treatment repressed the gene 

expression of endothelin-1 which is involved in myofibroblast differentiation and fibrosis 

(Guidry and Hook, 1991).

In the matrix stiffness model, human colonic myofibroblasts demonstrated morphological 

changes when cultured on collagen-coated polyacrylamide gels of increasing matrix 

stiffness. CARD-024 treatment attenuated morphological changes induced by high matrix 

substrates, including the organization of actin stress fibers, development of mature focal 

adhesions, and elongated dendritic processes. Actin stress fiber assembly is regulated by 
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MLCK (Anderson et al., 2004). In colonic myofibroblasts, MLCK was transcriptionally 

induced by high matrix stiffness but repressed by CARD-024, suggesting that the 

morphological effects of CARD-024 occur through interruption of MLCK-mediated actin 

assembly.

Activated myofibroblasts are characterized by the expression of αSMA (Powell et al., 1999). 

Recent work in pulmonary, hepatic, and dermal myofibroblasts demonstrated that a stiff 

extracellular matrix induces a pro-fibrotic, activated phenotype characterized by increased 

αSMA expression (Jones and Ehrlich, 2011; Liu et al., 2010; Olsen et al., 2011). In colonic 

myofibroblasts, high matrix stiffness induced αSMA protein expression while treatment 

with CARD-024 blocked induction of αSMA protein expression.

Myofibroblast differentiation is (in part) dependent on FAK (focal adhesion kinase) 

signaling (Brenmoehl et al., 2009). FAK is a critical mediator of cytoskeletal responses 

including proliferation, migration, and adhesion. (Schaller, 2010) In addition, FAK mediates 

mechanosensing of the extracellular environment via an integrin signaling pathway (Assoian 

and Klein, 2008; Parsons, 2003). In colonic myofibroblasts, high matrix stiffness induced 

pFAK while CARD-024 repressed FAK activation suggesting that CARD-024 may inhibit 

pFAK signaling. Endothelin-1 (ET-1), a soluble fibrogenic peptide, has been shown to 

phosphorylate FAK in fibroblasts (Daher et al., 2008; Kennedy et al., 2008) while vitamin D 

antagonizes ET-1 stimulation in cardiac myocytes (Wu et al., 1996). In our stiffness model, 

ET-1 transcription is induced by high matrix stiffness and repressed by CARD-024, 

suggesting that vitamin D analogs may target the FAK/ET-1 pathway. However, CARD-024 

treatment did not repress the expression of the classic fibrogenic genes col1A1 and Fn-1. 

Collagen expression is regulated in part by both extra- and intracellular calcium levels 

(Fitzgerald et al., 2006; Nakade et al., 2001). CARD-024 has minimal effects on calcium 

metabolism, therefore failure to repress collagen gene expression may due to the calcium-

mediated regulation of collagen gene expression Vitamin D and its metabolites have been 

reported to repress or induce fibronectin expression, depending on the cell type (Ezzat and 

Asa, 2005; Ramirez et al., 2010). Fibronectin expression is necessary for cell adhesion and 

attenuation of fibronectin expression may reduce cellular responsiveness to vitamin D or its 

analogs (Ezzat and Asa, 2005).

Recently, the COX-2/PGE2 pathway has been described as mediating the pro-fibrotic 

response to matrix stiffness.(Liu et al., 2010). Though our work did not conclusively 

demonstrate that high matrix stiffness represses COX-2/PTGS2 in colonic myofibroblasts, a 

repressive trend was observed in high matrix stiffness while CARD-024 treatment showed a 

stimulatory trend in both low and high matrix stiffnesses. While the mechanism of matrix 

stiffness regulation of COX-2 is unknown, COX-2 expression in intestinal myofibroblasts is 

regulated by IL-1β (Hinterleitner et al., 1996). In colonic myofibroblasts cultured on low or 

high stiffness matrices, IL-1β is transcriptionally repressed by high stiffness. In 

macrophages, vitamin D (1,25-Dihydroxyvitamin D3 (1,25(OH)2D3), stimulates IL-1β in 

macrophages.(Lee et al., 2011) CARD-024 markedly induced IL-1β expression irrespective 

of matrix stiffness, suggesting CARD-024 may target an IL-1β/COX-2 pathway.
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Intestinal fibrosis and vitamin D deficiency are two frequent complications of Crohn’s 

disease. The high proportion of CD patients ultimately requiring surgical intervention 

underscores the need for effective anti-fibrotic medical therapies. This study demonstrates 

that CARD-024, a vitamin D analog with minimal hypercalcemic effects, reduces the 

fibrogenic response of intestinal myofibroblasts. These results support monitoring and 

maintaining normal vitamin D levels in Crohn’s disease patients with a history of 

fibrostenotic disease. In the future, if prospective clinical trials demonstrate a benefit, it is 

possible that CARD-024 could be used to prevent recurrent strictures and surgery in patients 

with Crohn’s disease.
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Fig. 1. Effect of CARD-024 on TGFβ stimulated colonic myofibroblasts
(A) Representative Western blot of αSMA protein expression in Ccd-18co cells stimulated 

with increasing doses of TGFβ (0.1 – 2 ng/ml). (B) Representative Western blot illustrating 

αSMA protein expression in response to treatment with TGFβ and increasing amounts of 

CARD-024 (10 – 1000 nM) compared to TGFβ treated or untreated cells. In (A) and (B) 

GAPDH expression is used as a protein loading control. (C) Quantification of αSMA 

protein expression as normalized to GAPDH in Ccd-18co cells treated with TGFβ and 10–

1000 nM CARD-024. Results are from three independent experiments. (* p <0.05, *** p 

<0.001).
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Fig. 2. Effect of increasing matrix stiffness on myofibroblast phenotype
Brightfield photomicrographs of colonic myofibroblasts cultured on substrates of increasing 

matrix stiffness of 0.01% (2.6 kPa), 0.02% (4.3 kPa), 0.08% (15.6 kPa), and 0.16% (28.1 

kPa). Myofibroblasts cultured on a standard plastic substrate are shown for comparison.
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Fig. 3. Effect of CARD-024 and matrix substrate stiffness on cell morphology and growth in 
colonic myofibroblasts
(A) Phase-contrast micrographs of untreated myofibroblasts (upper panel) on low and high 

matrix stiffness compared to myofibroblasts treated with 1000 nM CARD-024 at low and 

high stiffness (lower panel). 100x magnification. (B) Cell length of untreated (white bars) 

compared to CARD-024 treated cells (dark bars) on low or high stiffness matrices. (C) Cell 

density counts of untreated myofibroblasts (white bars) compared to CARD-024 (dark bars) 

on low or high stiffness matrices. The horizontal reference line denotes baseline (untreated) 

expression. Asterisks denote statistically significant comparisons between untreated/low 

stiffness and other experimental groups. ** p < 0.01, *** p < 0.001 (D) Confocal 

micrographs of myofibroblasts on low or high matrix substrates treated with 1000 nM 

CARD-024 compared to untreated cells using Alexa 555-conjugated vinculin (red) and 

phalloidin (green). Nuclei were visualized by DAPI (blue). The scale bar represents 100 

microns.
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Fig. 4. Effect of CARD-024 and substrate stiffness ECM protein and gene expression
(A) Representative Western of αSMA protein expression in untreated or CARD-024 treated 

colonic myofibroblasts on low or high stiffness substrates. (B) Representative Western of 

pFAK protein expression in untreated or CARD-024 treated colonic myofibroblasts on low 

or high stiffness substrates. In (A) and (B) GAPDH protein expression is used as a control 

for protein loading. (C–H) QRT-PCR expression of fibrogenic (MLCK (C), ET-1 (D)or 

COX-2 pathway (PTGS2 (E), IL-1β (F)) genes in colonic myofibroblasts cultured on low or 

high stiffness substrates treated with CARD-024 (dark bars) compared to untreated cells 

(white bars). Asterisks denote comparisons between untreated/low stiffness and other 

groups. The horizontal reference line denotes baseline (untreated/low stiffness) expression. 
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Pairwise comparisons between groups are denoted with brackets. * p <0.05, ** p <0.01, *** 

p <0.001.
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