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Abstract 

Background: Keratinocytes release several factors that are involved in wound 

contracture and scar formation. We previously reported that a three-dimensional 

reconstruction model derived from rat skin represents a good wound healing model. 

Objective: We characterized the role of transient receptor potential (TRP) channels in 

the release of transforming growth factor (TGF)-β1 from keratinocytes and the 

differentiation of fibroblasts to identify possible promising pharmacological approaches 

to prevent scar formation and contractures. Methods: The three-dimensional culture 

model was made from rat keratinocytes seeded on a collagen gel in which dermal 

fibroblasts had been embedded. Results: Among the TRP channel inhibitors tested, the 

TRPV2 inhibitors SKF96365 and tranilast attenuated most potently 

keratinocyte-dependent and -independent collagen gel contraction due to TGF-β 

signaling as well as TGF-β1 release from keratinocytes and α-smooth muscle actin 

production in myofibroblasts. Besides the low amounts detected in normal dermis, 

TRPV2 mRNA and protein levels were increased after fibroblasts were embedded in the 

gel. TRPV2 was also expressed in the epidermis and keratinocyte layers of the model. 

Both inhibitors and TRPV2 siRNA attenuated the intracellular increase of Ca2+ induced 

by the TRPV agonist 2-aminoethoxydiphenyl borate in TGF-β1-pretreated fibroblasts. 

Conclusion: This is the first study to show that compounds targeting TRPV2 channels 

ameliorate hypertrophic wound contraction through the inhibition of TGF-β1 release 

and the differentiation of dermal fibroblasts. 
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1. Introduction 

The wound healing process in skin proceeds sequentially in three phases, namely, 

inflammation, proliferation, and scar maturation, and involves sequential interactions 

of different cell types [1]. In granulation tissue, fibroblasts called myofibroblasts [1,2] 

obtain a contractile phenotype through the expression of α-smooth muscle actin 

(α-SMA) [3,4]. Such differentiation of dermal fibroblasts is believed to be involved in 

pathogenic scarring and fibrosis [5]. Thus, pharmacological intervention in the 

differentiation of fibroblasts may be beneficial for the prevention of hypertrophic scar 

formation and contractures. 

Keratinocytes at the wound edge migrate over granulation tissue and then produce 

new stratified layers (re-epithelialization) through the production of many growth 

factors and cytokines, including transforming growth factor (TGF)-βs. TGF-βs are 

secreted by platelets, fibroblasts, macrophages, and keratinocytes within injured tissue 

and stimulate granulation tissue formation and myofibroblast production [2,6-8]. 

Previously, we demonstrated that keratinocytes secrete the latent form of TGF-β1, 

which upregulates the expression of α-SMA in fibroblasts after the activation of latent 

TGF-β1 [9]. Thus, we proposed that inhibitors of metalloproteinases and integrin αV, 

which have a role in the activation of TGF-β1, could be therapeutic targets for the 

prevention of hypertrophic scar formation. 

Possible other approaches are to target the different ion channels underlying 

hypertrophic scar formation. Accumulating evidence suggests that the activation of 

transient receptor potential (TRP) channels, which are nonselective ion channels, 

contributes to wound healing responses. In corneal fibroblasts, TGF-β1-induced 

myofibroblast development is highly dependent on TRPV1 [10]. TRPV4 is required for 
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the TGF-β1-induced differentiation of cardiac fibroblasts into myofibroblasts [11]. 

TRPV4 activity results in the differentiation of lung myofibroblasts and pulmonary 

fibrogenesis through the TGF-β1 signaling pathway [12]. TRPA1 is required for TGF-β1 

signaling and post-alkali burn inflammation and fibrosis in mouse corneal stroma [13]. 

TRPC3 is highly expressed in human hypertrophic scar tissue and its overexpression 

promotes wound constriction [14]. TRPC6-mediated Ca2+ influx and calcineurin activity 

are required for myofibroblast transdifferentiation and wound healing [15]. TRPC6 

facilitates stress fiber formation, and its inhibition suppresses TGF-β1-mediated 

excessive intestinal fibrosis [16]. TRPM7 is a major Ca2+-permeable channel with an 

essential role in TGF-β1-elicited fibrogenesis in human atrial fibrillation [17]. All of 

these studies focused on the roles of ion channels and downstream intracellular 

signaling pathways in fibroblast differentiation, although it remains uncertain whether 

the ion channel-mediated wound healing process is based on interactions between 

keratinocytes and fibroblasts during re-epithelialization, where keratinocytes migrate 

over the damaged area of the skin. 

Keratinocytes are considered to affect the expression of several factors involved in 

wound contracture and skin homeostasis. For instance, TRPV3 is involved in epidermal 

wound healing [18], while TRPV4 contributes to epidermal barrier function [19]. The 

use of skin equivalents effectively enables the expression of growth factors and 

interactions between keratinocytes and fibroblasts [20]. We previously reported that a 

three-dimensional (3D) reconstruction model consisting of keratinocytes and 

fibroblasts/myofibroblasts derived from rat skin represents a good wound healing model 

[9]. Animal models have attempted to reflect human wound healing impairment, such 

as scarring, yet there seems to be considerable differences in wound contraction among 
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species. In rat or mouse models, rapid wound contraction is observed predominantly, 

leading to wound contracture associated with the differentiation of myofibroblasts [21]. 

The present in vitro rat model, which can be generated in a short period of time, can 

offer reproducibility and quantified interpretation of wound contraction. Furthermore, 

this model can be used to clarify the interactions between keratinocytes and 

fibroblasts/myofibroblasts, and effectively removes the influence of complicated 

inflammatory processes. Using such a model, we aimed to demonstrate the mechanism 

underlying the release of TGF-β1 from keratinocytes and the contraction of 

myofibroblasts to obtain possible promising pharmacological approaches to prevent scar 

formation and contractures.  

We found that the TRPV2 channel inhibitors SKF96365 [22] and tranilast [23-25] 

were effective at inhibiting the differentiation of dermal fibroblasts and contraction. 

Tranilast has been used clinically for the prevention of hypertrophic scar formation in 

Japan [26,27]. The TRPV2 channel functions as a noxious heat sensor that can be 

activated by high temperature with a threshold above 52°C and has relatively high Ca2+ 

permeability [28]. TRPV2 was shown to be expressed not only in sensory neurons but 

also in non-neuronal tissues, suggesting its involvement in many physiological inputs 

besides nociception, such as mechanosensing and lipid sensing [29-31]. This is the first 

study to show that compounds targeting TRPV2 channels ameliorate hypertrophic 

wound contraction during TGF-β1 release and α-SMA production in a culture model. 
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2. Materials and Methods 

2.1. Antibodies and reagents 

The following primary antibodies were used: mouse monoclonal anti-α-SMA (clone 

1A4; Dako, Glostrup, Denmark) and rabbit polyclonal anti-TRPV2 (generously gifted by 

Dr. Tominaga, National Institute for Physiological Sciences, Okazaki, Japan). 

Recombinant human TGF-β1 was purchased from PeproTech (Rocky Hill, NJ). 

LY364947 (Cayman Chemical, Ann Arbor, MI) and other water-insoluble compounds 

were dissolved in dimethyl sulfoxide to make stock solutions that were diluted more 

than 1,000-fold before use. TRP channel inhibitors and activators were purchased from 

commercial sources: SKF96365, AMG9810, and HC067047 (Wako Pure Chemical 

Industries Ltd., Tokyo, Japan), tranilast (Tokyo Chemical Industry Co., Tokyo, Japan), 

and 2-aminoethoxydiphenyl borate (2-APB), capsaicin, GSK1016790A, and RN1734 

(Sigma-Aldrich Co., St. Louis, MO). The other compounds were obtained from Wako 

Pure Chemicals. 

 

2.2. Dissociation of keratinocytes and dermal fibroblasts 

Dorsal skin was obtained from 2-day-old Wistar rats; permission for the procedures 

used was granted by the Animal Research Committee of Fukuoka Dental College. The 

skin was incubated overnight at 4°C in modified Eagle’s medium containing dispase 

(Godo Shusei, Tokyo, Japan). To obtain keratinocytes, epidermal tissue was digested at 

37°C for 1 min in phosphate-buffered saline containing a 0.1% trypsin solution and 0.65 

mM ethylene diamine tetraacetic acid (Gibco Life Technologies, Carlsbad, CA). Fetal 

bovine serum (FBS) was added to the suspension, which was then filtered (Cell 

Strainer; Becton Dickinson, Franklin Lakes, NJ) and resuspended in Ham’s F-12 
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medium (Gibco), before use in the reconstruction culture. 

Dermal tissue was minced into pieces and cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 15% FBS. Fibroblasts that sprouted from the tissue were 

detached and cultured in new medium containing 10% FBS for 5–6 days. Collagen gels 

were prepared on ice by mixing type-I collagen (0.725 volume; Nitta Gelatin, Osaka, 

Japan) with a reconstitution buffer (0.1 volume; 2.2 g NaHCO3 and 4.77 g HEPES in 

100 mL of a 50 mmol/L NaOH solution, pH 7.0), 5-times concentrated DMEM (0.15 

volume), and 10-times concentrated Ham’s F-12 medium (0.025 volume). The gel (2.5 

mL) was mixed with 2.0 × 106 or 4.0 × 105 dermal fibroblasts and poured into a 

2.4-cm-diameter culture insert (Millicell CM culture plate inserts; Millipore Corp., 

Temecula, CA) or 1.05-cm-diameter culture insert (Falcon cell culture inserts; Corning, 

Inc., Corning, NY), respectively. The gel was solidified by warming at 37°C. A culture 

insert without fibroblasts was also prepared.  

 

2.3. Construction of the rat skin model using collagen gel matrix culture  

Keratinocytes were overlaid on a collagen gel containing dermal fibroblasts that 

had been prepared 2 days earlier (KC[+]) (day 0, Fig. 1A). A fibroblast-embedded 

collagen gel without keratinocytes was also prepared (KC[-]). The culture insert was 

placed in an outer dish containing DMEM and Ham’s F-12 medium (3:1 volume) 

supplemented with 10% FBS and a growth factor cocktail (0.4% v/v bovine pituitary 

extract, 0.2 ng/mL human epidermal growth factor, 5 µg/mL transferrin, 5 µg/mL 

insulin, and 0.18 µg/mL hydrocortisone; HKGS Kit; Gibco), 250 µM ascorbic acid 

(Sigma-Aldrich Co.), and 20 µM phosphorylethanolamine (Sigma-Aldrich Co.), and 

incubated at 37°C in 5% CO2.  
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After the epithelial cells grew to confluency, the gel surface was transferred to an 

air-liquid interface by removing the inner medium and reducing the amount of the outer 

medium to a level that would avoid immersing or drying the surface of the gel (air-lift) 

(day 1, Fig. 1A). Relative gel size at each time point is expressed as % of the initial gel 

size, which was obtained by dividing the area of the gel by the effective membrane area 

of the culture insert (days 1, 4, 6, 8, and 10, Fig. 1A). 

 

2.4. Immunohistochemical examination of the reconstructed model 

The in vivo rat tissues or reconstructed model were fixed briefly with a 4% 

paraformaldehyde solution, dehydrated gradually with a 10%, 15%, and 20% sucrose 

solution overnight, and embedded in Super Cryoembedding Medium (Section-Lab Co., 

Hiroshima, Japan) for cryostat sectioning. Ten-micrometer-thick sections were 

incubated in 10% normal goat serum and then incubated with anti-TRPV2 (1: 200) and 

anti-α-SMA (1:400) antibodies for 2 h, followed by a 1-h incubation with the 

corresponding secondary antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 594 

(1:800) at room temperature. The sections were counterstained with 

4′,6-diamidino-2-phenylindole (DAPI; ProLong Gold; Thermo Fisher Scientific, Waltham, 

MA). Fluorescence was observed using a confocal microscope (LSM710; Carl Zeiss 

MicroImaging GmbH, Jena, Germany). ZEN 2009 Light Edition (Carl Zeiss) was used 

for image processing. 

 

2.5. Real-time PCR measurement of mRNA levels 

Total RNA was isolated from the keratinocytes and fibroblasts/myofibroblasts in 

the 3D reconstruction model or from rat dorsal skin, and mRNA was 
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reverse-transcribed into cDNA (NucleoSpin RNA Kit; Macherey-Nagel, Düren, 

Germany). Quantitative PCR was performed on the samples in duplicate using a CFX96 

Real-time PCR System (Bio-Rad Laboratories, Inc., Hercules, CA) with TB Green 

Premix Ex Taq II (Takara Bio, Shiga, Japan) and a pair of specific primers to target rat 

α-SMA (forward: 5′-ACTGGGACGACATGGAAAAG-3′, reverse: 

5′-CATACATGGCAGGGACATTG-3′, GenBank accession number: NM_001613.3), 

TRPV2 (forward: 5′-GCTGGCTGAACCTGCTTTAC-3′, reverse: 

5′-CTACAGCAAAGCCGAAAAGG-3′, NM_017207.3), TRPV3 (forward: 

5′-AGTGCCTCTCTGGCAACTGT-3′, reverse: 5′-CTGCCTCTGTTCTTCCTTGG-3′, 

NM_145099.2), TRPV4 (forward: 5′-AGCAACCTGGAGACTGTGCT-3′, reverse: 

5′-TTGAACTTGCGAGACAGGTG-3′, NM_023970.1), and an endogenous control, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, forward: 

5′-GACATGCCGCCTGGAGAAAC-3′, reverse: 5′-AGCCCAGGATGCCCTTTAGT-3′, 

NM_017008.4) under the following thermal cycling conditions: 95°C for 30 s, followed by 

40 cycles of 95°C for 5 s and 60°C for 30 s. A standard curve was used to calculate the 

expression of TRP channels and α-SMA normalized to the endogenous control GAPDH.  

 

2.6. Immunosorbent assay for the quantification of TGF-β1 concentration 

For quantification of the amount of TGF-β1 released from keratinocytes, an 

enzyme-linked immunosorbent assay (ELISA) was performed (Quantikine; R&D 

Systems, Minneapolis, MN) using a collagen gel that was overlaid with keratinocytes, 

but not embedded with fibroblasts. At 3 days after air-lift, the culture inserts were 

placed in an outer dish (60-mm diameter) containing 6 mL serum-free DMEM and 

Ham’s F-12 medium (3:1 volume) supplemented with the growth factor cocktail. The 
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culture supernatant was collected at days 3–7. To change the latent form of TGF-β1 into 

its immunoreactive active form, the culture supernatant was treated with 1 mol/L HCl 

and pH was neutralized with NaOH. Optical density was measured in duplicate using a 

microplate reader (1420 ARVO MX; PerkinElmer, Inc., Waltham, MA). On the basis of 

the regression curve constructed in each experiment using the standards, the 

concentration of TGF-β1 in the culture supernatant was estimated. 

 

2.7. Ca2+ measurements by fluorescence imaging 

Cells plated on glass coverslips were incubated with Fluo-4 acetoxymethyl ester 

(AM) (Invitrogen, Thermo Fisher Scientific) for 45 min at 37°C in the dark. The 

coverslips were transferred to a recording chamber mounted on the stage of an inverted 

fluorescence microscope (IX-71-FL; Olympus, Tokyo, Japan) equipped with a cooled 

CCD camera (CoolSNAP ES Monochrome Camera; Photometrics, Tucson, AZ). Fluo-4 

was excited at 470–495 nm and the emitted fluorescence was collected through a 

510–550 nm band-pass filter. Fluorescence images of more than 30 cells were captured 

every 3 s at room temperature using the acquisition software NIS-Elements ver. 4.50 

(Nikon, Tokyo, Japan). The mean value of fluorescence intensity at 3 consecutive time 

points obtained from the cells in each image was calculated using ImageJ 1.47v 

software (National Institutes of Health, Bethesda, MD). Relative intensity was 

expressed as the value normalized with the maximal effect of the Ca2+ ionophore 

ionomycin (5 µM). 

For a TRPV2 silencing study with small interfering RNA (siRNA), dermal 

fibroblasts were seeded on coverslips in 6-well plates and transiently transfected with a 

mixture containing 75 pmol TRPV2 siRNA (Stealth RNAi siRNA duplex; Invitrogen) 
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and Lipofectamine RNAiMAX reagent (Invitrogen) in Opti-MEM medium. The 

following siRNA duplexes were used: 5′-GCGCUUCAUGGAGACUGAAUGGUAC-3′ and 

5′-GUACCAUUCAGUCUCCAUGAAGCGC-3′ (siRNA #1) and 

5′-AGGAACUGACUGGACUGCUAGAAUA-3′ and 

5′-UAUUCUAGCAGUCCAGUCAGUUCCU-3′ (siRNA #2). As a control, an siRNA 

control sequence with medium guanine-cytosine content was used (Invitrogen). Ca2+ 

imaging and real-time RT-PCR studies were performed at 2 days after transfection.  

 

2.8. Statistical analysis 

Dose-response data were fitted to sigmoidal curves to obtain IC50 and hill slope 

values using Origin data analysis software (OriginLab Corp., Northampton, MA). All 

values are presented as the mean ± standard error of the mean (n, number of 

observations). Statistical analysis was performed using an unpaired t-test when 2 

groups were to be compared or using one-way analysis of variance followed by 

Bonferroni’s post-hoc test for the comparison of more than 3 groups. A P-value less than 

0.05 was considered statistically significant.  
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3. Results 

3.1. Effects of stratified keratinocytes and TGF-β signaling on the contraction of 

collagen gel with embedded dermal fibroblasts 

In the 3D skin equivalent model (KC[+]), keratinocyte layers were shown to be 

differentiated after 9 days by detecting cytokeratin 10 in the outer layers (Suppl. Fig. 1). 

The collagen gel started to shrink within 1 day of seeding the keratinocytes, and the 

area gradually reached 40% of its initial size over the next 9 days (Fig. 1B). 

Keratinocytes seeded on the gel in the absence of fibroblasts hardly altered the size of 

the gel for 10 days. In the presence of LY364947 (3 µM), an inhibitor of TGF type I 

receptors, the decrease in the size of the gel (gel contraction) was inhibited by 10% in 

the KC(+) model, suggesting the partial involvement of TGF-β signaling in gel 

contraction (Fig. 1C). The exogenous application of TGF-β1 (40 ng/mL) did not cause 

further gel contraction. In contrast, in the model without keratinocytes (KC[-]), the 

collagen gel reached only 60% of its original size after 10 days (Fig. 1B). The application 

of LY364947 remarkably decreased this contraction. TGF-β1 significantly increased the 

reduction of gel size to a level that was comparable with the maximal contraction 

observed in the KC(+) model (broken line, Fig. 1C). These observations suggest that 

keratinocyte-independent gel contraction is moderate and mediated mostly by TGF-β 

signaling, while stratified keratinocytes accelerate gel contraction to a similar degree as 

TGF-β1-induced contraction in this model. 

 

3.2. Involvement of TRPV channels in the contraction of collagen gel with embedded 

dermal fibroblasts in the presence or absence of keratinocytes 

SKF96365 (50 µM), an inhibitor of TRPV2 [31,32], inhibited gel contraction in the 
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KC(+) and KC(-) models (Fig. 2). This compound exerted a substantial inhibitory action 

in the KC(-) model during the entire time course of the experiment (Fig. 2A). In contrast, 

it only demonstrated a partial action in the KC(+) model; it significantly inhibited 

contraction after 10 days (Fig. 2B), although it barely changed the initial contraction. 

Such actions of SKF96365 were similar to those of LY364947. Other TRP inhibitors and 

activators at concentrations that have been reported to be effective, such as the 

TRPV1–3 activator 2-APB (100 µM) [33,34], TRPV1 activator capsaicin (100 nM) [35], 

TRPV4 activator GSK1016790A (25 nM) [36,37], TRPV1 inhibitor AMG9810 (10 µM) 

[32], and TRPV4 inhibitors RN1734 (10 µM) [38] and HC067047 (1 µM) [36,39], 

exhibited smaller actions. A cell viability assay revealed that these compounds did not 

significantly alter the viability index of dermal fibroblasts to account for their action on 

gel contraction (Suppl. Fig. 2).   

 

3.3. Inhibition of gel contraction, α-SMA production, and TGF-β1 secretion by 

SKF96365 and tranilast 

Tranilast has been used clinically for the prevention of hypertrophic scar formation 

[27]. This compound was reported to inhibit TRPV2 channels [24,39]. Here, we tested 

the effects of SKF96365 and tranilast on fibroblast differentiation and contraction of the 

KC(+) model. Treatment with SKF96365 (30 µM) and tranilast (30 µM) restored the gel 

to 65–75% of its original size at 10 days after the keratinocytes were seeded (Fig. 3A, 

Suppl. Fig. 3). Both compounds caused concentration-dependent inhibition of collagen 

contraction (SKF96365, IC50 = 19.6 ± 0.7 µM, n = 3; tranilast, IC50 = 17.7 ± 1.6 µM, n = 

3) (Fig. 3B). In addition, SKF96365 and tranilast attenuated the mRNA levels of the 

myofibroblast marker α-SMA in the collagen gel in a concentration-dependent manner, 
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which was consistent with the degree of gel contraction (Fig. 3C). These results suggest 

that these TRPV2 inhibitors attenuated the formation of myofibroblasts, resulting in 

the inhibition of gel contraction. This notion was supported by a partial reduction of gel 

contraction by TRPV2 silencing in fibroblasts using siRNA (Suppl. Fig. 4).  

Next, we measured the total (active and latent) concentration of TGF-β1 by means of 

an ELISA using supernatant collected from the stratified KC culture without fibroblasts, 

as reported previously [9]. The cells were starved of serum on day 3. For 4 days after 

serum starvation (days 3–7), approximately 2.4 ng/well TGF-β1 was released from the 

KC culture supernatant. SKF96365 (50 µM) or tranilast (30 µM) significantly 

attenuated TGF-β1 production (Fig. 3D). These observations suggest that TGF-β1 was 

secreted from the stratified keratinocytes through the activation of SKF96365- or 

tranilast-sensitive ion channels, especially in the late phase of contraction in this model. 

To clarify the involvement of the TGF-β pathway in SKF96365- or tranilast-sensitive 

gel contraction, we tested the actions of SKF96365 or tranilast on the gel size of the 

KC(-) model, which was contracted maximally by treatment with exogenous TGF-β1. 

SKF96365 (50 µM) and tranilast (30 µM) indeed restored the gel by 20–30% of its initial 

size and significantly inhibited TGF-β1-induced contraction on day 10 (Fig. 4). 

Conversely, LY364947 (3 µM) significantly attenuated gel contraction through the 

blockade of TGF-β signaling. This compound had no further effect on the contraction 

that occurred in the presence of SKF96365 or tranilast. This observation suggests that 

SKF96365- or tranilast-sensitive gel contraction is mostly dependent on the TGF-β 

pathway.  

 

3.4. Time-dependent expression of TRPV2 channels and α-SMA during fibroblast 
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differentiation 

   To investigate the time course of fibroblast differentiation and the expression of 

TRPV channels during the construction of the 3D model, we conducted real-time PCR 

measurements of fibroblasts and keratinocytes using specific primers for rat α-SMA and 

TRPV2, TRPV3, and TRPV4 channels. The mRNA level of the myofibroblast marker 

α-SMA was low in both the dermis and epidermis of skin from 2-day-old rats (Fig. 5). 

After the fibroblasts were embedded in the gel and keratinocytes were seeded, the 

mRNA level of α-SMA in fibroblasts was increased on days 5–9, while little change was 

found in its expression in keratinocytes during this period. Although TRPV2 and 

TRPV3 mRNA was detected at low levels in normal dermis, their expression was 

drastically increased at 5–7 days after the fibroblasts were isolated and embedded in 

the gel. TRPV4 mRNA was expressed at a relatively high level in normal dermis, but it 

was decreased at 5–9 days after the fibroblasts were embedded. In contrast, TRPV2 

mRNA level was low in normal epidermis, but it was slightly increased at 5–9 days in 

keratinocytes (Fig. 5). TRPV3 and TRPV4 mRNA levels did not exhibit any obvious 

time-dependent changes during the construction of the 3D model. 

An immunofluorescence study revealed that TRPV2 was localized in the lower 

epidermal layers, but not in the dermis of 2 day-old rats (Fig. 6). Immunostaining was 

entirely negative for α-SMA. In the model at 5 days after air-lift, the lower part of the 

keratinocyte region and partly fibroblasts in the gel were immunopositive for TRPV2, 

although α-SMA immunoreactivity was not observed. After 7 or 9 days, the keratinocyte 

region was still immunopositive for TRPV2, while immunostaining for TRPV2 and 

α-SMA was remarkably enhanced in the gel and some of their staining was located in 

the same cells (Fig. 6). A preliminary test using an anti-S-100 antibody, which 
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reportedly recognizes preadipocytes, adipocytes, and other types of cells [40], showed 

considerable immunoreactivity in some cells. These results suggest that some 

heterogeneous cell populations may be included in this model that will need to be 

clarified (Suppl. Fig. 1B). 

In an immunofluorescence study using excisional cutaneous wounds of 2-day-old 

rats, TRPV2 was expressed in the newly developed epithelial tongue in association with 

strong expression of α-SMA in the surrounding granulation tissue (Suppl. Fig. 5), 

indicating that TRPV2 channels could be a possible target for the inhibition of scar 

formation. 

 

3.5. TRPV2-mediated increase in intracellular Ca2+ levels of TGF-β1-treated dermal 

fibroblasts  

Since TRPV2 is known to be a Ca2+-permeable channel, an increase of 

intracellular Ca2+ due to TRPV2 activation is expected during the differentiation of 

fibroblasts. To examine whether TRPV channels were functionally expressed and 

their actions were sensitive to the inhibitors used in this study, we performed 

fluorescence measurements of the intracellular Ca2+ indicator Fluo-4-AM in rat 

dermal fibroblasts. The cells were isolated from 2-day-old rats, cultured on glass 

coverslips, and treated with TGF-β1 (20 ng/mL) for 48 h (Fig. 7). TGF-β1 treatment 

significantly increased the level of α-SMA mRNA relative to that of GAPDH (0 h, 0.91 

± 0.15; 48 h, 1.40 ± 0.12; n = 8, P < 0.05, Student’s t-test). After pretreatment with 

TGF-β1, the TRPV agonist 2-APB (1 mM), the concentration of which has been shown 

to activate rat TRPV2 fully [22], increased fluorescence intensity in most of the cells 

and the net increase was approximately 30% of the maximal increase by ionomycin 
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(Fig. 7A). Without pretreatment with TGF-β1, however, the net increase in 

fluorescence by 2-APB was small. Both SKF96365 (30 µM) and tranilast (30 µM) 

significantly inhibited the 2-APB-induced action in the presence of TGF-β1 (Fig. 7B). 

After each inhibitor was washed out, the continued presence of 2-APB increased 

fluorescence intensity drastically. These results suggest that Ca2+-permeable TRPV 

channels were expressed during TGF-β1 treatment and these effects were effectively 

inhibited by SKF96365 and tranilast at the concentrations used in the skin 

equivalent model. 

   To strengthen the hypothesis that TRPV2 channels are involved in the increase of 

Ca2+ and α-SMA production in TGF-β1-treated dermal fibroblasts, we silenced TRPV2 

expression in these cells using siRNA against TRPV2. Two different TRPV2 siRNA 

duplexes decreased TRPV2 mRNA levels and inhibited the 2-AP-induced increase of 

Ca2+ as well as α-SMA production (Fig. 8A–C). These observations suggest that the 

Ca2+-permeable channels expressed during TGF-β1 treatment are mostly TRPV2 

channels. 
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4. Discussion 

TGF-β1 reportedly induces the transition of fibroblasts to their contractile 

phenotype, that is, myofibroblasts, in various types of tissue [2,6-9]. Although this 

change in phenotype is important for wound healing, it results in extreme contraction 

and hypertrophic scar formation. Several mechanisms underlying these phenomena 

have been reported, though it remains uncertain what type of ion channel is involved in 

fibroblast differentiation on the basis of interactions between keratinocytes and 

fibroblasts.  

Our present study, using a skin equivalent model, showed that two TRPV2 channel 

inhibitors, SKF96365 and tranilast, markedly inhibited the contraction of the dermal 

fibroblast-embedded collagen gel (Fig. 8D): 1) gel contraction and α-SMA production in 

the skin equivalent were partly mediated by TGF-β type I receptors through the 

activation of ion channels that can be inhibited by SKF96365 and tranilast; 2) in the 

absence of keratinocytes, gel contraction was entirely dependent on SKF96365-sensitive 

Ca2+-permeable channels; 3) stratified keratinocytes secreted TGF-β1 through a 

mechanism that was decreased by SKF96365 and tranilast; 4) TRPV2 was expressed in 

keratinocyte layers; and 5) the expression of TRPV2 and TRPV3 was increased in 

fibroblasts at 5–9 days after the keratinocytes started to stratify. No remarkable or 

consistent actions were observed for other compounds that are known to activate or 

inhibit certain types of TRPV channels. Therefore, we considered that TRPV2 may be 

involved in the contraction of the collagen gel. Tranilast has been used clinically to 

improve keloid and hypertrophic scars because of its inhibition of collagen accumulation 

in granulation tissue [26]. Tranilast was shown to inhibit the release of TGF-β1 from 

keloid fibroblasts, but not from healthy skin fibroblasts, and to suppress collagen 
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synthesis in keloid fibroblasts [27]. Thus, inhibition of the possible TRPV candidate, 

TRPV2, by SKF96365 and tranilast may provide useful approaches to reduce excessive 

myofibroblast activity and to prevent hypertrophic scarring. 

TRP channels are known to contribute to skin biology and pathophysiology [41]. 

TRPV3 is involved in epidermal wound healing [18], while TRPV4 contributes to 

epidermal barrier function [19]. Aside from the functional importance of its neuronal 

expression, TRPV1 channel expression in keratinocytes is upregulated in human skin 

diseases [41]. In the dermal wound process, TRPC3 and TRPC6 were shown to be 

expressed in scar tissue and to be involved in Ca2+ influx and change of fibroblast 

phenotype [14,15]. Meanwhile, TRPV2 is known to be a non-selective Ca2+-permeable 

channel that is activated by noxious heat at temperatures above 52°C [28] and to be 

most highly expressed in sensory cells and immune cells of the skin [29,41]. However, 

using real-time RT-PCR and immunofluorescence studies, we found that TRPV2 

mRNA and protein were expressed in keratinocyte layers and their expression was 

increased drastically in fibroblasts after reconstruction was started. Furthermore, we 

found that Ca2+-permeable TRPV channels were expressed after TGF-β1 treatment 

and these effects were effectively inhibited by SKF96365 and tranilast at the 

concentrations used in the skin model. Although we cannot rule out the possibility 

that other types of TRP channels, such as TRPC, could be involved in wound 

contraction, gene silencing using siRNA revealed that TRPV2 channels are likely to 

contribute significantly to the increase of Ca2+ and α-SMA production in the present 

model. These observations might explain the functional expression of TRPV2 

channels during myofibroblast differentiation.  

Previously, serum response factor was reported to induce TRPC6 gene expression 
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downstream of TGF-β-p38 MAPK signaling during myofibroblast differentiation [15]. 

Several reports also indicated that TGF-β activates serum response factor and 

induces α-SMA gene expression during myofibroblast differentiation [42,43]. In in 

silico investigations of the rat TRPV2 promoter (-3000 to +1; refGene 

NM_001270797), we found that there are several putative serum response elements 

in the proximal region at -301 to -318, -354 to -364, and -611 to -628 using a 

transcription element search program (JASPAR; http://jaspar.genereg.net/). 

Therefore, the increased level of TGF-β is likely to upregulate TRPV2 and α-SMA 

mRNA expression during the construction of the skin equivalent model. 

Bi-directional regulation between keratinocytes and fibroblasts has been proposed 

[44]. Myofibroblasts contribute to a hyperproliferative epidermis in human skin 

equivalents, and vice versa, keratinocytes secrete TGF-β1 and upregulate the 

expression of α-SMA in fibroblasts near the dermal-epidermal junction [45]. We 

previously reported the mechanism underlying the effect of keratinocyte-derived 

TGF-β1 on myofibroblast differentiation in a rat skin equivalent model [9]: the secretion 

of latent TGF-β1 from stratified keratinocytes, the activation of latent TGF-β1 on the 

surface of the fibroblasts, and the production of α-SMA through the activation of TGF-β 

type I receptors. Notably, TGF-β1 secretion was correlated with the time-dependent 

contraction of the gel in the present study. TGF-β1 secretion from keratinocytes for days 

3–7 was dependent on TRPV2 channels. In the presence of keratinocytes, the gradually 

developed phase (days 4–10) of gel contraction was mostly sensitive to TRPV2 and 

TGF-β receptor inhibitors, while the sudden gel contraction in the earlier phase (days 

0–2) was insensitive to them. In the absence of keratinocytes, contraction developed 

slowly from the beginning without a sudden change, and overall contraction was 
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inhibited by TRPV2 and TGF-β receptor inhibitors. Therefore, in the skin equivalent 

model, the later contraction is likely to involve the TRPV2- and TGF-β 

receptor-mediated action of keratinocytes and fibroblasts, whereas the initial 

contraction was probably induced by an unidentified keratinocyte-derived growth factor. 

Other cell-to-cell interactions are likely to account for the keratinocyte-induced 

differentiation of fibroblasts, such as platelet-derived growth factor and activin, which 

are reportedly detected in keratinocytes [44]. In the present study, immunoreactivity for 

S-100 protein was shown to be varied among the cells in the gel (Suppl. Fig. 1B). This 

raises the questions of how heterogeneous were the fibroblasts that sprouted from rat 

epidermal tissue in the present isolation procedure and to what extent this putative 

heterogeneity affects epidermal regeneration and scar contraction ability [40]. These 

questions remain to be clarified in a future study. 

It is becoming apparent that TRP channels play an important role in the response to 

mechanical stimuli in a wide range of cells [46]. TRPV4- and TRPC3-mediated 

fibroblast differentiation accompanied with Ca2+ influx has been shown to be activated 

by membrane stretching and matrix stiffness [12,14]. Originally, TRPV2 was described 

as a noxious heat thermosensor that is activated by chemical reagents, such as 2-APB 

and cannabinoids [47], but several reports point toward a function for TRPV2 as a 

mechanosensor in aortic myocytes and neurons [48,49]. Stretch-triggered cation 

channels were shown to be blocked by the TRPV2 inhibitor tranilast in retinal arterioles 

[39]. Furthermore, several growth factors (insulin and insulin-like growth factor-1) and 

serum induced the translocation of TRPV2 from an intracellular compartment to the 

plasma membrane, which was inhibited by tranilast [23,24]. Therefore, it is possible 

that the initial gel contraction and growth factors could be triggers to activate TRPV2 
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channels expressed on fibroblasts and keratinocytes.  

In conclusion, this study demonstrated that SKF96365 and tranilast decreased 

TGF-β1 release, α-SMA production, and gel contraction of a skin equivalent model. 

Pharmacological intervention targeting TRPV2 channels during fibroblast 

differentiation may be beneficial for the prevention of hypertrophic scar formation and 

contractures. 
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Figure legends 

Fig. 1. Schematic diagram for the model of rat skin and dependency of collagen gel 

contraction on keratinocytes (KC) in the presence or absence of TGF-β1 (40 ng/mL) or 

LY364947 (3 µM). A, The collagen gel surface was transferred to the air-liquid interface 

(air-lift) to induce stratification of the keratinocytes. The area of the gel was divided by 

the effective membrane area of the culture insert to obtain the relative gel size at each 

time point (% of the initial gel size). B, In the KC(+) group, keratinocytes were seeded on 

the surface of the collagen gel on day 0, and the air-lift was performed on the next day. 

In the KC(-) group, the gel surface without keratinocytes was transferred to the 

air-liquid interface on day 1. In some preparations, keratinocytes were seeded on a gel 

that contained no fibroblasts (KC w/o fibroblasts). Each compound was added to the 

culture medium on day 0. Gel size was measured with an image analyzer and expressed 

as % of the initial size (n = 3). C, % of contraction on day 10 in the presence or absence of 

TGF-β1 or LY364947. *P < 0.05, ***P < 0.001 vs. the corresponding control group. Some 

standard error bars are hidden by the marks. The dashed line indicates the level of the 

control in the KC(+) group. 

 

Fig. 2. Effects of several TRP channel activators and inhibitors on collagen gel 

contraction in the presence (KC[+], n = 6) or absence (KC[-], n = 3) of keratinocytes. 

Each compound was added to the culture medium on day 0. A, Time course of collagen 

gel contraction. Gel size is expressed as % of the initial size (n = 3). Standard error bars 

are hidden in the marks. B, % of contraction on day 10 in the presence of TRP channel 

activators and inhibitors. **P < 0.01, ***P < 0.001 vs. the corresponding control group. 
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Fig. 3. Effects of the TRPV2 inhibitors SKF96365 and tranilast in the rat skin models. A, 

Time course of collagen gel contraction in the presence of keratinocytes. Gel size is 

expressed as % of the initial size (n = 3). Some standard error bars are hidden by the 

marks. B, Concentration-dependent inhibition of gel contraction induced by these 

compounds at 10 days after the keratinocytes were seeded. Differences of gel size in the 

presence of SKF96365 or tranilast at each concentration from that in their absence are 

shown (n = 3). Data were fitted to sigmoidal curves. IC50 values were 19.6 ± 0.7 µM for 

SKF96365 (n = 3, slope = 0.089, R2 = 0.998) and 17.7 ± 1.6 µM for tranilast (n = 3, slope 

= 0.085, R2 = 0.996). C, Concentration-dependent inhibition of α-SMA mRNA levels 

induced by these compounds at 8 days after the keratinocytes were seeded (n = 3). D, 

Keratinocyte-induced release of TGF-β1 into the culture supernatant in the presence or 

absence of SKF96365 (50 µM) and tranilast (75 µM). Culture supernatant was collected 

during days 3–7 after the epithelial cells were seeded on the collagen gel without 

fibroblasts. The culture media were free of serum. ***P < 0.001 (n = 4). 

 

Fig. 4. Effects of the TRPV2 inhibitors SKF96365 and tranilast on the TGF-β1-mediated 

contraction of the KC(-) models. LY364947 was added to examine the involvement of the 

TGF-β pathway in the actions of SKF96365 and tranilast on contraction. A, Time course 

of collagen gel contraction. Gel size is expressed as % of the initial size (n = 3). Standard 

error bars are hidden by the marks. B, % of contraction on day 10 in the presence or 

absence of TRP channel inhibitors and LY364947. Broken line shows the level of 

contraction without the compounds. ***P < 0.001 vs. the TGF-β1 group. ###P < 0.001 vs. 

the TGF-β1 + LY364947 group.  
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Fig. 5. Quantitative comparison of mRNA levels of TRPV channels and α-SMA in 

fibroblasts embedded in the collagen gel and in stratified keratinocytes at 5, 7, and 9 

days after air-lift (real-time PCR). Dermal (D) and epidermal (E) tissues obtained from 

2-day-old rats were also compared. The mRNA levels are normalized to the GAPDH 

values (n = 3–4). 

 

Fig. 6. Immunofluorescence assessments of in vivo rat skin and the 3D reconstruction 

model at 5, 7, and 9 days after air-lift. Green: TRPV2; red: α-SMA. Broken line indicates 

the border line between the keratinocyte layers and the collagen gel. Dotted line 

indicates the surface of the keratinocytes. The merged immunopositive cells are 

indicated by arrowheads. Nuclei were counterstained (DAPI). 

 

Fig. 7. Intracellular Ca2+ imaging. A, Time course of the mean intensity of fluorescence 

emitted from dermal fibroblasts in 3 different images. Fibroblasts were obtained from 

2-day-old rats and pretreated with or without TGF-β1 (40 ng/mL) for 48 h. The cells 

were loaded with the Ca2+ indicator Fluo-4-AM prior to the experiments. 2-APB (1 mM) 

was perfused in the presence or absence of SKF96365 (30 µM) or tranilast (30 µM). 

Fluorescence intensity (%) was normalized with the maximal value obtained in the 

presence of ionomycin (5 µM). B, Summarized data for the increases in 2-APB-induced 

fluorescence obtained in the various conditions. Data are expressed as the summation of 

relative intensity for 30 s from the beginning of 2-APB application in the presence or 

absence of each inhibitor. *P < 0.01 (n = 3).  

 

Fig. 8. Intracellular Ca2+ imaging data using TRPV2 siRNA and a schematic model of 



Revised JDermSci-2018-0008  35 
 

 

this study. A, Time course of the mean intensity of fluorescence emitted from dermal 

fibroblasts in 3 different images. Rat fibroblasts were transfected with a negative 

control or TRPV2 siRNA (#1 or #2) and pretreated with TGF-β1 (40 ng/mL) for 48 h. The 

cells were loaded with the Ca2+ indicator Fluo-4-AM prior to the experiments. 2-APB (1 

mM) was perfused and fluorescence was measured. Intensity (%) was normalized with 

the maximal value obtained in the presence of ionomycin (5 µM). B, Summarized data 

for the increases in 2-APB-induced fluorescence in the fibroblasts transfected with the 

control or TRPV2 siRNA (#1 or #2). Data are expressed as the summation of relative 

intensity during 2-APB application (45 s). *P < 0.05, ***P < 0.001 (n = 3) vs. the 

corresponding control RNA. D, Schematic model of pharmacological blockade by TRP 

inhibitors during fibroblast differentiation and contraction mediated by keratinocyte 

(KC)-derived TGF-β1 in the wound healing model of rats. 
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Fig.3 Ishii et al. 
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Fig.4 Ishii et al. 
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Fig.5 Ishii et al. 
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Fig.8 Ishii et al. 
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