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1. Abstract 

 

Prostaglandin analogues have various biological activities such as pro-inflammation, 

carcinogenesis, and hair growth. However, the precise mechanisms underlying the role of 

prostaglandin analogues in the regulation of hair growth have not been fully elucidated. This 

study was conducted to evaluate the effects of prostaglandin analogues on the growth of hair. 

When immortalized rat vibrissa dermal papilla cells (DPC) were treated with prostaglandin 

analogues such as latanoprost, bimatoprost, unoprostone isopropyl ester and travoprost, 

treatment with bimatoprost led to DPC proliferation compared to control. The effect of 

bimatoprost on the growth of vibrissa follicles was also examined. Bimatoprost treatment 

significantly increased the length of vibrissa follicles hair fibers. We therefore examined the 

effects of bimatoprost on the DPC cell cycle. Treatment of DPCs with bimatoprost resulted 

in a decreased sub-G1 population, which was accompanied by increased cyclin E and CDK2 

levels. To elucidate the mechanism of bimatoprost-induced cell cycle progression, we 

examined the expression of β-catenin which plays an important role in hair growth. 

Bimatoprost increased nuclear β-catenin levels and also up-regulated the expression of Cox-

2, a downstream target of the Wnt/β-catenin signaling pathway. We also examined the 

proliferative effects of prostaglandin analogues in NIH3T3 fibroblasts. Minoxidil, a potent 
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hair-growth agent, can induce proliferation in these cells by opening KATP channels. 

Bimatoprost significantly increased the proliferation of NIH3T3 fibroblasts. This reagent 

induced cell cycle progression, but decreased the expression of p27kip1 in NIH3T3 fibroblasts. 

Treatment of NIH3T3 fibroblasts with bimatoprost resulted in down-regulation of Bax 

expression and up-regulation of Bcl-2. These observations indicate that bimatoprost exerts an 

anti-apoptotic effect. Up-regulation of β-catenin and Cox-2, a Wnt/β-catenin target gene, by 

bimatoprost was observed in NIH3T3 fibroblasts. We also investigated whether the effects of 

bimatoprost on proliferation were related to opening of the KATP channels. Glibenclamide, a 

KATP channel blocker, inhibited bimatoprost-induced proliferation as well as cell cycle 

progression in NIH3T3 fibroblasts. Bimatoprost and minoxidil induced the phosphorylation 

of Akt, whereas glibenclamide attenuated bimatoprost-induced phosphorylation of Akt. Pre-

treatment of NIH3T3 fibroblasts with glibenclamide attenuated the up-regulation of Bcl-2, β-

catenin, and Cox-2 by bimatoprost. Taken together, these results indicate that bimatoprost 

increased the hair growth by promoting cell cycle progression of DPCs through up-

regulation of β-catenin and Cox-2. In addition, bimatoprost increased the proliferation of 

NIH3T3 fibroblasts by activating anti-apoptotic pathways through the up-regulation of β-

catenin and activation of KATP channels. The current study demonstrated that bimatoprost 

might serve as a potential therapeutic agent for treating hair loss.  
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2. Introduction 

 

Hair is produced by hair follicles which have a complex structure. The hair follicle is 

composed of a hair shaft (HS), inner root sheath (IRS), outer root sheath (ORS), matrix, and 

underlying dermal papilla cells. Throughout the life time of mammals, hair follicles undergo 

hair cycle changes such as growth (anagen), involution (catagen), and resting (telogen) 

phases. Changes of morphological structure occur during the hair cycle as follows. The 

epithelium of hair follicles and dermal papilla undergo regression during catagen. During 

telogen, permanent regions of hair follicles remain to prepare for anagen (Paus et al., 1999). 

The volume of the dermal papilla is maximal during the anagen phase, whereas volume of 

dermal papilla cells decreases during the catagen to telogen transition (Ibrahim et al., 1982). 

A previous study found that the volume of the dermal papilla determines the size of hair 

follicles through the proliferation and migration of matrix cells (Elliott et al., 1999).  

Dermal papilla cells are mesenchymally-derived cells which play a pivotal role in the 

morphogenesis, regeneration, and growth of hair (Stenn et al., 2001). Paracrine and autocrine 

factors are produced by dermal papilla cells, and regulation of hair growth depends on 

interaction between the dermal papilla and matrix cells (Hamada et al., 2006). Previous 

studies indicated that growth and regeneration of hair follicles are mediated by multiple 
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signaling pathways. Vascular endothelial growth factor (VEGF; (Lachgar et al., 1996), 

keratinocyte growth factor (KGF; (Danilenko et al., 1995) and fibroblast growth factor-7 

(FGF-7; (Iino et al., 2007) were reported to promote hair growth, whereas transforming 

growth factor-β1 (TGF-β1; (Foitzik et al., 2000a), TGF-β2 (Soma et al., 1998), Dickkopf-

related protein-1 (DKK-1; (Kwack et al., 2008) and interferon-γ (IFN-γ; (Ito et al., 2005) 

were not. A previous study is being conducted to examine ways to treat hair loss (Cotsarelis 

et al., 2001). Nevertheless, the incidence of hair loss is increasing all over the world. Only 

two Food and Drug Administration (FDA)-approved drugs (finasteride and minoxidil) are 

currently used to treat hair loss. Hair loss is partly caused by dihydrotestosterone (DHT) that 

induce the miniaturization of dermal papilla and hair follicles (Jahoda, 1998, Kwack et al., 

2008). DHT production is increased by 5α-reductase activity that induces the conversion of 

testosterone to DHT (Steers, 2001); DHT is then transported to epithelial cells (Ekman, 

2000). It is well-known that the progression of hair loss is reduced by finasteride through 

inhibition of 5α-reductase activity (Kaufman, 1996). On the other hand, the actions of 

minoxidil, another treatment for hair loss, are not fully understood but some underlying 

mechanisms have been revealed. Minoxidil was shown to have anti-apoptotic effects on 

dermal papilla cells (Han et al., 2004). Minoxidil also exerts mitogenic effects on NIH3T3 

fibroblasts via the opening of K+ channels (Sanders et al., 1996). Hair growth is promoted by 
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some reagents that open K+ channels including minoxidil (Clissold et al., 1987), diazoxide 

(Koblenzer et al., 1968), and pinacidil (Harmon et al., 1993). K+ channels are ubiquitous 

membrane proteins which play a crucial role in a number of physiologic activities such as 

cell proliferation, immune function, and insulin secretion (Shieh et al., 2000, Trauner et al., 

2004). In particular, cell proliferation can be blocked by K+ channel blockers in T 

lymphocytes (Lewis et al., 1988) and melanoma cells (Nilius et al., 1992). In many type of 

cancer cells, K+ channels blockers also inhibit the transition from G1 to S phase (Villalonga 

et al., 2007).  

ATP-sensitive K+ channels (KATP channels) are heteromeric complexes composed of four 

inwardly-rectifying K+ channel (Kir6.X) subunits and four sulfonylurea receptor (SUR) 

subunits (Babenko et al., 1998). Recently, the expression of KATP channels subunits was 

identified in human hair follicles, and SUR2B in dermal papilla showed responses to 

minoxidil (Shorter et al., 2008). The signaling pathway responsible for proliferation via KATP 

channels is complex, but general regulators such as ERK and Akt are known to control these 

actions (Goni-Allo et al., 2008, Huang et al., 2009). Minoxidil can prevent neurotoxicity in 

striatum through activation of Akt (Goni-Allo et al., 2008). The phosphatidylinositol 3-

kinase/Akt (PI3K/Akt) pathway is important for cell proliferation, apoptosis (Pene et al., 

2002), and cell cycle regulation (Fatrai et al., 2006). In particular, Akt is an important 
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regulator of apoptosis, and influences balance between repression of pro-apoptotic factors 

and activation of anti-apoptotic factors (Woo et al., 2004).  

The Wnt/β-catenin pathway plays a pivotal role in hair follicle development and 

differentiation (DasGupta et al., 1999). Wnt, a large family of secreted cysteine-rich 

glycoproteins, has been implicated in multiple processes such as cell proliferation, cell 

adhesion, and stem cell regulation (Moon et al., 1997, Suda et al., 2008). β-catenin is a main 

component of the Wnt pathway, and the level of β-catenin is regulated by degradation 

complexes such as adenomatous polyposis coli (APC), glycogen synthase kinase-3β (GSK-

3β), axin, and casein kinaseⅠ. Wnt binds to Frizzled (FZ) receptor as well as low-density 

lipoprotein (LDL) receptor-related protein 5/6 (LRP 5/6), which activates disheveled (DSH). 

This results in the stabilization of β-catenin in the cytoplasm. Stable β-catenin enters the 

nucleus and forms a complex with lymphoid enhancer-binding factor (LEF)/T-cell factor 

(TCF) transcription factors (Behrens et al., 1996, Omer et al., 1999). Nuclear β-catenin may 

then activate target genes such as cyclin D1 (Tetsu et al., 1999), c-Myc (He et al., 1998), and 

cyclooxygenase-2 (Howe et al., 1999). 

Cell cycle progression is a key process for cell proliferation (Igata et al., 2005). In 

mammals, the cell cycle is tightly regulated by the modulation of cyclin/cyclin-dependent 

kinases (CDKs) and CDK inhibitors. In the quiescent state, expression of p27 kip1, a CDK 
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inhibitor, is maintained at higher levels. After stimulation with mitogen, the expression of 

cyclin D, a sensor of growth factors, is upregulated whereas the expression of p27kip1 is 

downregulated (Sherr, 1996). During the cell cycle, cyclin D/CDK4 and cyclin E/CDK2 

complexes promote cell cycle progression (Radzio-Andzelm et al., 1995).  

Prostaglandins (PGs) are a family of eicosanoids that regulate several biological functions 

such as inflammation (Seibert et al., 1994) and gastrointestinal cytoprotection (Miller et al., 

1979). The PG family includes prostacyclin (PGI2), thromboxane (TXA2), prostaglandin E2 

(PGE2), ad prostaglandin F2 (PGF2), and is produced by arachidonic acid (AA) oxidation. 

The roles of cyclooxygenases (Cox-1 and Cox-2) in PG synthesis have been identified in 

previous studies (Lee et al., 2003). The expression of Cox-2 is induced by stimuli such as 

cytokines (Arias-Negrete et al., 1995). Cancer cell proliferation is increased by PGE through 

the Wnt/β-catenin pathway (Castellone et al., 2005).  

Metabolism of PG in human hair follicles has been observed (Colombe et al., 2007). In 

human hair follicles, several PG receptors such as ones for prostaglandin E2 (EP1, 

EP2, EP3 and EP4), prostaglandin D2 (DP1 and DP2), prostaglandin I2 (IP), thromboxane 

A2 (TP) and prostaglandin F2α (FP; (Colombe et al., 2008) are expressed. In a previous 

study, latanoprost, a PGF2α analogue, was reported to increase hair growth and 

(Johnstone et al., 2002). Topical and systemic application of 16,16-dimethyl PGE2 

prevents radiation-induced hair loss (Hanson et al., 1992). PGF2α and its analogues 

stimulate the transition from telogen to anagen (Sasaki et al., 2005a)(Sasaki et al., 

2005b) 

. Bimatoprost, the trade name of 17-phenyl-trinor PGF2α ethyl amide, has been used for 

treating ocular hypertension (Woodward et al., 2001), and may exert its effects through FP 
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receptors (Woodward et al., 2008). Although several reports have noted the growth of 

eyelashes induced by bimatoprost (Cohen, 2010, Tauchi et al., 2010), studies examining the 

effect of bimatoprost on hair growth have been limited to eyelashes. In this study, we 

examined the more general effect of bimatoprost on hair growth. We also determined 

whether bimatoprost could increase hair growth by opening KATP channels. We found that 

bimatoprost may increase hair growth through the up-regulation of β-catenin and Cox-2, and 

activation of KATP channels. The study suggests that bimatoprost could be a useful agent for 

treating hair loss.  
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3. Materials and Methods 

 

3.1. Reagents 

9α,11α,15R-trihydroxy-17-phenyl-18,19,20-trinorprost-5Z-en-1-oic acid, isopropyl ester 

(latanoprost), 17-phenyl-trinor prostaglandin F2α ethyl amide (bimatoprost), 13,14-dihydro-

15-keto-20-ethyl PGF2α isopropyl ester (unoprostone isopropyl ester), and 16-m-

trifluoromethylphenoxy tetranor PGF2α isopropyl ester (travoprost) were kindly provided by 

Samil Pharmaceutical (Seoul, South Korea). 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide (MTT), propidium iodide (PI), minoxidil, minoxidil sulfate, 

Earle’s balanced salt solution (EBSS), phosphate buffered saline (PBS), insulin and 

hydrocortisone were from Sigma (St. Louis, MO, USA). Fetal bovine serum (FBS) and 

bovine calf serum (BCS) were purchased from Invitrogen (Carlsbad, CA, USA). Williams’ 

medium with E- and L-glutamine was from Gibco (Grand Island, NY, USA). NADPH was 

obtained from Calbiochem (San Diego, CA, USA). Glibenclamide was purchased from 

Tocris (Bristol, UK). Antibodies against Akt, phospho-Akt, and Bcl-2 were from Cell 

Signaling Technology (Beverly, MA, USA). Antibodies against β-catenin, Cox-2, CDK2, 

cyclin E, caspase-3, Bax, SUR2B, Kir6.1, and tubulin-α were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Antibody against β-actin was from Sigma. HRP-
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conjugated goat anti-rabbit IgG, goat anti-mouse IgG, and mouse anti-goat IgG were from 

Santa Cruz Biotechnology. Goat anti-rabbit antibody conjugated to Alexa Fluor 594 was 

from Invitrogen. Aprotinin and leupeptin were from Calbiochem. Nonidet P-40 (NP-40) was 

from Roche (Basel, Switzerland); West-zol-enhanced chemilumin, a Western blotting 

detection reagent, was from iNtRON Biotechnology (Sungnam, South Korea). 

 

3.2. Cell culture 

The rat vibrissa immortalized dermal papilla cell line (Filsell et al., 1994) was kindly 

provided by the Skin Research Institute, Amore Pacific Corporation R&D Center, South 

Korea. Immortalized dermal papilla cells (DPCs) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Hyclone Inc., Logan, UT, USA) supplemented with 10% FBS and 

penicillin/streptomycin (100 units/mL and 100 µg/mL, respectively) at 37°C in a humidified 

atmosphere containing less than 5% CO2. NIH3T3 mouse embryonic fibroblasts was 

purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and 

cultured in ATCC-formulated DMEM supplemented with 10% (v/v) heat-inactivated BCS at 

37°C in a humidified atmosphere containing less than 5% CO2. 

 

3.3. Cell viability assay 
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The effect of bimatoprost on the proliferation of immortalized DPC was evaluated by 

measuring metabolic activity using an MTT assay. Immortalized DPCs (1.0×104 cells/mL) 

were seeded in a 96-well plate. The cells were cultured for 24 h to allow attachment and then 

cultured in serum-free DMEM for another 24 h. The cells were treated with for 4 d with 

minoxidil (75 µM) or latanoprost, bimatoprost, unoprostone isopropyl ester, and travoprost 

(0.024, 0.24, or 2.4 µM); vehicle (DMSO diluted 1:1000 in serum-free DMEM) was added 

as a control. NIH3T3 fibroblasts (1.0 × 104 cells/mL) were seeded in 96-well plates. The 

cells were pre-incubated for 24 h in DMEM supplemented with 10% BCS to aid attachment, 

then washed twice with PBS and incubated for another 24 h in DMEM containing 1.5% 

BCS.The cells were then treated for 4 d with minoxidil (75 µM) or latanoprost, bimatoprost, 

unoprostone isopropyl ester, and travoprost (0.024, 0.24, or 2.4 µM); vehicle (DMSO diluted 

1:1000 in serum-free DMEM) was added as a control. In some case, 50 µM glibenclamide 

was added to inhibit the opening of KATP channels. Next, the cells were treated with 50 µL (2 

mg/mL) of MTT dye and incubated at 37°C for 4 h. The plates were centrifuged at 1000 rpm 

for 5 min at room temperature, and the media was carefully removed. Dimethyl sulfoxide 

(200 µL/well) was added to dissolve the formazan crystals. Cell viability was determined by 

measuring the absorbance at 540 nm using a microplate reader (BioTek Instruments, Inc., 

Winooski, VT, USA). All experiments were performed at least three times. 
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3.4. Isolation and culturing of rat vibrissa follicles 

Male Wistar rats (3 wk of age) were supplied by Orient Bio (Seongnam, Gyeonggi, Korea). 

All animals were cared for using protocols (20070002) approved by the Institutional Animal 

Care and Use Committee (IACUC) of Jeju National University (South Korea). The rat 

vibrissa follicles were isolated from 23-day-old male Wistar rats as previously described 

(Philpott et al., 2000). Both the left and right mystacial pads were removed from the rats and 

placed in a 1:1 (v:v) solution of EBSS and PBS that contained 100 unit/mL of penicillin and 

100 µg/mL of streptomycin. Anagen vibrissa follicles were carefully dissected under a 

stereomicroscope (Olympus, Tokyo, Japan). Using this method, we were able to routinely 

isolate more than 40 follicles from each animal. The isolated follicles were then placed in 24-

well plates that contained 500 µL of Williams’s medium E supplemented with 2 mM L-

glutamine, 10 µg/mL insulin, 50 nM hydrocortisone, 100 unit/mL penicillin, and 100 µg/mL 

of streptomycin. The follicles were incubated at 37°C in a humidified atmosphere containing 

less than 5% CO2. The isolated follicles were treated with bimatoprost (0.024, 0.12, 0.24, or 

1.2 µM) and vehicle (DMSO diluted 1:1000 in Williams’ medium E) as a control. Minoxidil 

sulfate (MS) was used as a positive control for the culture systems (Buhl et al., 1990). The 

culture medium was changed every 3 d and photographs of the cultured rat vibrissa follicles 
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were taken using an Olympus stereomicroscope for 3 wk. The length of the hair follicles was 

measured using a DP controller (Olympus, Tokyo, Japan).  

 

3.5. Rat prostatic 5α-reductase assay 

Male Spargue-Dawley (SD) rats (8 wk old) were purchased from Dae-Han Biolink 

(Eumsung, South Korea), and given a standard laboratory diet with water ad libitum. All 

animals were cared for by using protocols (20070002) approved by the IACUC of Jeju 

National University. Male SD rats (8 wk old) were sacrificed with CO2. The rat prostates 

were removed from their capsules, washed with saline, and stored at -80°C. Frozen tissues 

were thawed on ice and procedures were carried out at 4°C. The tissues were homogenized 

with a Polytron homogenizer (Brinkman Instruments, Westbury, NY, USA) in 5-6 tissue 

volumes of medium A (0.32 M sucrose, 1 mM dithiothreitol (DTT), 0.2 mM 

phenylmethylsulfonylfluoride (PMSF); and 20 mM potassium phosphate buffer, pH 6.6). The 

homogenates were centrifuged at 1500 g for 20 min. The pellets were recovered, washed 

with three tissue volumes of medium A, and centrifuged two additional times at 400 g for 10 

min. The washed pellets were suspended in medium A and stored at -80°C until use. The 

suspension (2.5 mg protein/mL as determined by the Bradford assay using Bio-Rad 

reagents) was used as source of 5α-reductase. 5α-reductase activities were analyzed as 
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previously described (Hirosumi et al., 1995). The reaction mixture had a final volume of 500 

µL and contained 1mM DTT, 40 mM potassium phosphate buffers, 2 mM NADPH, and 120 

nCi [1,2,6,7-3H] testosterone. Triplicate reactions were initiated when the reaction mixture 

was added to the rat prostatic enzyme fraction (250 µg of protein) containing 0.2% DMSO 

(as a control), or bimatoprost (0.024, 0.24, or 2.4 µM). 2nM Finasteride (Merck-Sharpe-

Dohme, Whitehouse Station, NJ, USA) was used as a positive control. The mixture was 

incubated at 37°C for 60 min, and then stopped by adding 1 mL of ethyl acetate and mixing 

for 1 min. After centrifugation at 1000 g for 5 mim, the organic phase was removed, dried 

under a heating plate, dissolved in 50 µL of ethyl acetate containing 500 µg/mL of 

testosterone and 500 µg/mL DHT, and applied to a silica gel 60 F254 TLC plate (Merck). 

The plate was developed in a solvent system consisting of an ethyl acetate:cyclohexane (1:1) 

solution, and the plate was air dried. Testosterone was visualized under UV light (254 nm) 

and DHT was detected using a 10% H2SO4 solution and posteriorly heating the plate. Under 

these conditions, DHT develops a classical dark yellow color. Areas containing androgen 

were cut off and the strips were soaked in 5 mL of ULTIMA GOLDTM Cocktail (PerkinElmer, 

Waltham, MA, USA) and radioactivity was measured by a liquid scintillation counter 

(Packard Bioscience, Meriden, CT, USA). The activity of 5α-reductase was expressed as a 

ratio calculated by the equation [DHT/(T+DHT)]ⅹ100. 
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3.6. Cell cycle analysis 

 The effect of bimatoprost on cell cycle progression was analyzed by flow cytometry after 

staining the cells with PI (Fried et al., 1976). The immortalized DPCs (1.0 × 105 cells/mL in 

100 mm dishes) were incubated with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) for 24 h. 

NIH3T3 fibroblasts (1.0 × 105 cells/mL in 100 mm dishes) were treated with minoxidil (75 

µM) or bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) for 48 h. In some cases, NIH3T3 fibroblasts 

were pre-treated with glibenclamide (50 µM) with or without bimatoprost (0.12, 0.24, 1.2, or 

2.4 µM) for 48 h. Cells were trypsinized and washed twice with PBS. The cells were fixed 

overnight with 70% ethanol at -20°C. Next, the cells were washed with PBS, and incubated 

with 50 µg/mL RNase A at 37°C for 30 min. The cells were stained with a 50 µg/mL PI 

solution in the dark for 15 min. Flow cytometry analysis was performed using a FACScan 

flow cytometer (Becton-Dickinson, San Jose, CA, USA). Histograms were analyzed with 

Cell Quest software (Becton-Dickinson). 

 

3.7. Western blot analysis 

Immortalized DPC (1.0 × 105 cells/mL in 100 mm dishes) were pre-incubated in serum-free 

DMEM for 24 h, and then treated with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) for 24 h. 
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Additionally, NIH3T3 fibroblasts were seeded in 100 mm dishes at a density of 1.0×106 

cells/dish. After incubating for 24 h, the cells were cultured in DMEM medium 

supplemented with 1.5% BCS for 24 h. The cells were then treated with bimatoprost (0.12, 

0.24, 1.2, or 2.4 µM) or minoxidil (75 µM) for 48 h. Some cells were treated with 

bimatoprost (2.4 µM) for 0, 24, and 48 h. Other cells were pre-incubated with glibenclamide 

(50 µM) for 30 min, and then treated with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) or 

minoxidil (75 µM) for 48 h. The cells were trypsinized and washed twice with cold PBS. The 

cells were lysed in a lysis buffer (50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1 mM 

EGTA, 1 mM NaVO3, 10 mM NaF, 1 mM DTT, 1 mM PMSF, 25 µg/mL aprotinin, 25 µg/mL 

leupeptin, and 1% NP-40) to obtain whole cell proteins and kept on ice for 30 min. The cell lysates 

were centrifuged at 15,000 rpm at 4°C for 15 min. Supernatants were stored at -20°C until analysis. 

Protein concentrations were determined by the Bradford method (Bradford, 1976). Equal amounts 

of protein were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) on 8~12% gels. The proteins were then transferred onto a polyvinylidene fluoride (PVDF) 

membrane (Bio-Rad, Hercules, CA, USA) in a glycine transfer buffer (192 mM glycine, 25 mM 

Tris-HCl (pH 8.8), 20% (v/v) MeOH) at 100 V for 2 h. After blocking with 5% nonfat dried milk in 

Tween-20-TBS (T-TBS) containing (50 mM Tris (pH 7.6), 150 mM NaCl, 0.1% Tween-20), the 

membrane was incubated with specific primary antibodies. Table 1 shows the primary antibodies 
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used for Western blotting. The membrane was incubated with secondary HRP-conjugated 

antibodies (1:5000 dilution) at room temperature for 1 h. The membrane was treated with West-zol 

reagent (INtRON), and then exposed to X-ray films (AGFA, Mortsel, Belgium) to detect protein 

bands. Band intensities were quantified with NIH Image software (http://rsb.info.nih.gov/ij/). 

 

3.8. Immunofluorescence microscopy 

Immortalized DPCs were seeded in chamber slides and pre-incubated in serum-free DMEM 

for 24 h. The cells were treated with bimatoprost (2.4 µM) for 0, 12, 18, and 24 h. 

Additionally, NIH3T3 fibroblasts were seeded in chamber slides and cells were cultured in 

DMEM supplemented with 1.5% BCS for 24 h. The cells were then treated with bimatoprost 

(2.4 μM) for 0, 1, 3, and 6 h. For immunofluorescence studies, the cells were fixed in 4% 

paraformaldehyde (PFA) for 15 min, washed in PBS, and permeabilized with 0.1% Triton X-

100. After washing, the cells were then blocking with 1% bovine serum albumin (BSA) in T-

TBS for 1 h at room temperature. The cells were incubated overnight with a rabbit polyclonal 

β-catenin antibody at 4°C. After being washed twice with PBS, the cells were incubated with 

a anti-rabbit secondary antibody coupled to Alexa Fluor 594 at room temperature for 1 h. 

Next, the cells were washed twice with PBS and mounted in VECTASHIELD with 4, 6-

diamido-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA). The cells 
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were examined by fluorescence microscopy (BX51, Olympus). 

 

3.9. Statistical analysis 

 All results are expressed as the mean ± standard deviation (SD) or standard error (SE) of at 

least three independent experiments. Student’s t-test was used to determine statistical 

significance (P-value <0.05) of the differences between the various experimental and control 

group results.  
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Figure 1. The structure of prostaglandin analogues. 
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Table 1. Antibodies used in Western blot analysis on immortalized DPC and NIH3T3 

fibroblasts. 
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4. Results 

4.1. Bimatoprost increases the proliferation of immortalized DPC and elongation of rat 

vibrissa follicles, but not 5α-reductase inhibition 

To evaluate the effects of PG analogues on cell proliferation in hair follicles, the 

proliferation of immortalized DPCs was examined. When immortalized DPCs were treated 

with the different PG analogues (0.024, 0.24, or 2.4 µM) for 96 h, bimatoprost increased the 

proliferation of immortalized DPCs compared to control (Table 2). To determine whether 

bimatoprost increased hair growth, we examined the effect of bimatoprost using a vibrissa 

follicle organ culture. Rat vibrissa follicles were treated with bimatoprost (0.024, 0.12, 0.24, 

or 1.2 µM), and the effect on hair fiber growth in the vibrissa follicles was observed for 3 wk. 

As shown in Fig. 2A, treatment with bimatoprost increased in the length of the vibrissa 

follicles (0.024 µM, 126.8 ± 11.3%; 0.12 µM, 175.6 ± 34.2%; 0.24 µM, 146.3 ± 15.9%; 1.2 

µM, 82.9 ± 12.4%). These data suggest that bimatoprost stimulates hair growth.  

Furthermore, inhibition of 5α-reductase activity is known to be important for preventing 

hair loss (Kaufman, 1996). When we examine the effect of bimatoprost on 5α-reductase, we 

found that bimatoprost slightly inhibited 5α-reductase activity (Fig. 2B). These results 

suggest that the effect of bimatoprost on the hair growth involves the proliferation of 

immortalized DPCs rather than inhibition of 5α-reductase. 
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Table 2. Effects of prostaglandin analogues on the proliferation of immortalized DPC.  
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Figure 2. Bimatoprost increases rat vibrissa follicle elongation but not does not inhibit 5α-

reductase. (A) Cultures of rat vibrissa follicles were established as described in “Materials 

and Methods”. Minoxidil sulfate (MS) served as a positive control. The difference in the 

length of vibrissa follicles of the control group on day 21 was considered to be 100%. Data 

are expressed as the mean ± SE of three independent experiments. (B) 5α-reductase 

inhibition was measured as described in “Materials and Methods”. The inhibition ratio 

representing the conversion of testosterone to DHT was calculated and expressed as a 

percentage of the control. Finasteride was used as a positive control. Data are expressed as 

the mean ± SD of three independent experiments. *p <0.05 compared to the control. 
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4.2. Bimatoprost increases the proliferation of immortalized DPC through the 

regulation of the cell cycle, Wnt/β-catenin, and Cox-2 

 To further explore the effect of bimatoprost on immortalized DPC proliferation, cell cycle 

progression was analyzed by flow cytometry for 24 h. Fig. 3A shows that bimatoprost 

reduced the population of sub-G1 phase cells (1.2 µM, 12.11%; 2.4 µM, 8.59%) compared to 

the percentage of control cells in the sub-G1 phase (16.01%). Moreover, the population of 

cells in the S phase slightly increased from 3.89% to 5.33% following treatment with 

bimatoprost (2.4 µM), and the percentage of cells in the G2/M phase increased from 15.86% 

to 17.94%. These results suggest that bimatoprost stimulates the proliferation of 

immortalized DPCs by altering the cell cycle.  

To determine whether bimatoprost-induced cell cycle progression is related to the 

expression of cell cycle-associated proteins, immortalized DPCs were treated with various 

concentrations of bimatoprost for 24 h. The resulting cell extracts were analyzed by 

immunoblotting for cyclin E and CDK2, which are required for the G1-to-S phase transition 

in mammalian cells (Radzio-Andzelm et al., 1995). Consistent with the flow cytometry 

result, bimatoprost increased the expression of cyclin E and CDK2 (Fig. 3B). We also 

determined whether bimatoprost-induced cell cycle progression is related to p27kip1 

expression using immunoblot analysis. Bimatoprost did not affect the protein level of p27kip1 
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in immortalized DPCs (Fig. 3B). These results indicate that bimatoprost increased the 

expression of cyclin E and CDK2, and led to changes in the cell cycle of immortalized DPC.  

 In the presence of Wnt signaling, β-catenin migrates to the nucleus and activates the 

transcription of cyclin D1 (Tetsu et al., 1999). To investigate the contribution of β-catenin to 

cell cycle progression, Western blot analysis was performed. When immortalized DPCs were 

treated with various concentrations of bimatoprost for 24 h, bimatoprost increased the total 

level of β-catenin (Fig. 3C). To evaluate whether bimatoprost also induced nuclear 

tanslocation of β-catenin, immortalized DPCs were treated with bimatoprost (2.4 µM) for 0, 

12, 18, and 24 h. At all time points, increased nuclear β-catenin levels were confirmed using 

immunofluorescence microscopy (Fig. 3D). Cox-2 expression is increased by various 

stimului such as cytokines and growth factors. Rofecoxib, a selective Cox-2 inhibitor, 

reduces tumor growth by decreasing cyclin D1 levels and increasing p21waf1 expression 

(Tseng et al., 2002). The expression patterns of cyclin D1 and cyclin E in neurons are similar 

to those of Cox-2 (Hoozemans et al., 2002). In particular, induction of Wnt was reported to 

cause transcriptional activation of Cox-2 (Howe et al., 1999). We thus investigated the effect 

of bimatoprost on Cox-2 expression. Treatment of immortalized DPCs with various 

concentrations of bimatoprost caused up-regulation of Cox-2 expression (Fig. 3E). These 

results suggest that bimatoprost can induce cell cycle progression at least in part via up-
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regulation of β-catenin and Cox-2.  
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Figure 3. Bimatoprost increases the proliferation of immortalized DPCs through the 

regulation of the cell cycle, Wnt/β-catenin, and Cox-2. (A) Immortalized DPCs were treated 

with various concentrations of bimatoprost for 24 h. Cells were collected and fixed with 70% 

ethanol. The fixed cells were stained with PI and analyzed by flow cytometry. (B) The 

immortalized DPCs were treated with various concentrations of bimatoprost for 24 h. 

Lysates were prepared from the immortalized DPCs, and the effects of bimatoprost on the 

expression of cyclin E, CDK2, and p27kip1 were analyzed by Western blotting using specific 

antibodies. (C) Immortalized DPCs were treated with or without bimatoprost for 24 h. The 

expression of β-catenin was measured in whole cell lysates from immortalized DPCs by 

Western blotting. The lower panel presents the mean ± SE of three independent experiments. 
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(D) Immortalized DPCs were treated with bimatoprost (2.4 μM) for 0, 12, 18, and 24 h. For 

immunostaining, the cells were prepared as described in “Materials and Methods”. Nuclei 

were stained with DAPI (blue). Subcellular localization of β-catenin (red) was analyzed 

using fluorescence microscopy. (E) Immortalized DPCs were treated with or without 

bimatoprost for 24 h. The expression of Cox-2 was measured in whole cell lysates from 

immortalized DPCs by Western blotting. The lower panel displays the mean ± SE of three 

independent experiments. 
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4.3. Bimatoprost increases NIH3T3 fibroblast proliferation through the regulation of 

cell cycle and apoptosis 

In the absence of streptomycin, reagents that open KATP channel such as minoxidil have a 

mitotic effect on NIH3T3 fibroblasts (Sanders et al., 1996). Using an MTT assay, we 

therefore examined whether PG analogues increase the proliferation of NIH3T3 cells. As 

shown in Table 3, NIH3T3 fibroblast proliferation was significantly increased by treatment 

with PG analogues. Among these compounds, we chose bimatoprost for further studies 

because this reagent increased the proliferation of both immortalized DPC and NIH3T3 

fibroblasts.  

To determine whether the proliferative effects of bimatoprost on NIH3T3 fibroblasts is 

mediated through cell cycle progression, cell cycle distribution was analyzed by flow 

cytometry for 48 h. Among the control cells, 21.35 ± 7.96% were in the sub-G1 phase. When 

NIH3T3 fibroblasts were treated with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM), the 

percentage of cells in the sub-G1 phase decreased by 8.68 ± 4.36%, 5.20 ± 1.48%, 3.85 ± 

0.82%, and 4.95 ± 0.93%, respectively (Fig. 4A). After treatment with minoxidil (75 µM), 

the percentage of cells in the sub-G1 phase also decreased by 13.81 ± 5.13%.  

To determine whether bimatoprost-induced cell cycle progression is related to the 

expression of p27kip1, NIH3T3 fibroblasts were treated with bimatoprost (2.4 µM) for 0, 24, 
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and 48 h. Bimatoprost decreased the expression p27kip1 (Fig. 4B). To examine whether 

bimatoprost could block apoptosis induced by incubation with low serum media, NIH3T3 

fibroblasts were incubated for 24h in DMEM medium supplemented with 1.5% BCS. The 

cells were then treated with bimatoprost (2.4 µM) for 0, 24 and 48 h. Bimatoprost treatment 

resulted in the inhibition of apoptosis through decreased Bax levels along with increased 

Bcl-2 levels (Fig. 4C). These results suggest that bimatoprost might have potent mitogenic 

activity in NIH3T3 fibroblasts by down-regulation of p27kip1, and Bax, and up-regulation of 

Bcl-2. 
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Table 3. Effects of prostaglandin analogues on the proliferation of NIH3T3 fibroblasts. 
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Figure 4. Bimatoprost increases the proliferation of NIH3T3 fibroblasts through cell cycle 

regulation and inhibition of apoptosis. (A) NIH3T3 fibroblasts were treated with various 

concentrations of bimatoprost and minoxidil (MXD) for 48 h. The fixed cells were stained 

with PI and analyzed by flow cytometry. (B and C) NIH3T3 fibroblasts were treated with 

bimatoprost (2.4 µM) for 0, 24, and 48 h. Lysates were prepared from NIH3T3 fibroblasts 

and the effects of bimatoprost on the expression p27kip1, Bcl-2, and Bax were analyzed by 

Western blotting with specific antibodies. The lower panel displays the mean ± SE of three 

independent experiments.  
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4.4. Bimatoprost regulates the expression of β-catenin and Cox-2 in NIH3T3 fibroblasts 

Up-regulation of β-catenin expression is a crucial event during cell proliferation 

(Masckauchan et al., 2005). To determine whether bimatoprost increased the expression of 

β-catenin in NIH3T3 fibroblasts, the cell were treated with bimatoprost (0.12, 0.24, 1.2, or 

2.4 µM) or minoxidil (75 µM) for 48 h. The cell extracts were analyzed by Western blotting. 

Bimatoprost treatment increased the level of β-catenin compared to control cells treated with 

vehicle (Fig. 5A). After treatment with bimatoprost (2.4 μM) for 0, 1, 3, and 6 h, the 

localization of β-catenin was analyzed by immunofluorescence microscopy. Consistent with 

the total protein levels, treatment with bimatoprost increased the nuclear translocation of β-

catenin (Fig. 5B).  

Etopic expression of β-catenin increases the level of Cox-2 in chondrocytes (Kim et al., 

2002). By immunoblotting, we examined whether bimatoprost could increase the expression 

of Cox-2. When NIH3T3 fibroblasts were incubated with bimatoprost (0.12, 0.24, 1.2, or 2.4 

μM) or minoxidil (75 μM) for 48 h, both reagents up-regulated the expression of Cox-2 

compared to control cells treated with vehicle (Fig. 5C). These results indicate that 

bimatoprost increased the expression β-catenin and Cox-2 in NIH3T3 fibroblasts. 
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Figure 5. Bimatoprost regulates the expression of β-catenin and Cox-2 in NIH3T3 fibroblasts. 

(A) NIH3T3 fibroblasts were treated with various concentrations of bimatoprost and MXD 

for 48 h. Whole cell lysates from NIH3T3 fibroblasts were analyzed for the expression of β-

catenin by Western blotting. The lower panel shows the mean ± SE of three independent 

experiments. (B) NIH3T3 fibroblasts were treated with bimatoprost (2.4 μM) for 0, 1, 3, and 

6h. For immunostaining, cells were prepared as described in “Materials and Methods”. 

Nuclei were stained with DAPI (blue). Cellular localization of β-catenin (red) was analyzed 

using fluorescence microscopy. (C) NIH3T3 fibroblasts were treated with various 

concentrations of bimatoprost and MXD for 48 h. The expression of Cox-2 was measured in 

whole cell lysates from NIH3T3 fibroblasts were by Western blotting. The lower panel 

displays the mean ± SE of three independent experiments.   
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4.5. Bimatoprost increases the proliferation of NIH3T3 fibroblasts through KATP 

channels 

 We examined the expression of KATP channels in immortalized DPCs and NIH3T3 

fibroblasts. Whole cell lysates were analyzed by immunoblotting, and we found that SUR2B 

and Kir6.1, two KATP channel subunits, were expressed in immortalized DPCs and NIH3T3 

fibroblasts (Fig. 6A). In particular, bimatoprost significantly increased the proliferation of 

NIH3T3 fibroblasts (Table 3). To examine whether proliferation of NIH3T3 is regulated by 

KATP channels, NIH3T3 fibroblasts were pre-treated with glibenclamide (50 µM), a KATP 

channel blocker, for 30 min prior to incubation with bimatoprost for 48 h. As shown in Fig. 

6B, glibenclamide inhibited bimatoprost-induced proliferation. Stimulation of NIH3T3 

fibroblasts with glibenclamide (50 µM) for 2 d did not alter cell proliferation compared to 

control cells treated with vehicle (Fig. 6B). These results imply that bimatoprost increased 

the proliferation of NIH3T3 fibroblasts via KATP channels.  

To further examine the effect of bimatoprost on cell cycle regulation, NIH3T3 fibroblasts 

were pre-treated with glibenclamide (50 µM) for 30 min. The cells were subsequently treated 

with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) or minoxidil (75 µM) for 48 h. Change of cell 

cycle distribution was analyzed by flow cytometry. As shown in Fig. 6C, glibenclamide 

increased the population of cell in the sub-G1 phase by 30.64% whereas population of 
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control cells in the sub-G1 phase was 14.98%. The increased number of cells in the sub-G1 

phase induced by glibenclamide was attenuated by bimatoprost (0.12 µM, 22.69%; 0.24 µM, 

19.79%; 1.2 µM, 18.31%; and 2.4 µM, 14.88%). Minoxidil also decreased the sub-G1 cell 

population compared to the control cells; this effect was also attenuated by glibenclamide. 

These results suggest that bimatoprost reduced the accumulation of cells in the sub-G1 phase 

via activation of KATP channels.  
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Figure 6. Bimatoprost increases the proliferation of NIH3T3 fibroblasts by opening KATP 

channels. (A) The expression of SUR2B and Kir6.1 was measured in whole cell lysates by 

Western blotting. (B) NIH3T3 fibroblasts were pre-incubated with glibenclamide (50 µM) 

for 30 min and then treated with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) or MXD (75 µM) 

for 48 h. After 2 d, cell viability was measured using an MTT assay. NIH3T3 fibroblast 

viability is expressed as a percentage of control cell growth in 1.5% BCS for 48 h. Data are 

presented as the mean ± SE of three independent experiments. (C) NIH3T3 fibroblasts were 
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pre-incubated with glibenclamide (50 µM) for 30 min and then treated with bimatoprost 

(0.12, 0.24, 1.2, or 2.4 µM) or MXD (75 µM) for 48 h. Cells were collected and fixed with 

70% ethanol. The fixed cells were stained with PI and analyzed by flow cytometry.   
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4.6. Bimatoprost regulates the expression of apoptosis factors, β-catenin, and Cox-2 via 

the PI3K/Akt pathway 

 The PI3K/Akt signaling pathway is crucial for cell survival and proliferation (Datta et al., 

1999). To evaluate whether PI3K/Akt signaling is required for NIH3T3 proliferation, the 

cells were treated with bimatoprost (0.12, 0.24, 1.2, or 2.4 µM) or minoxidil (75 µM) for 15 

min. Total proteins were obtained and then analyzed by immunoblotting. As shown in Fig. 

7A, phosphorylation of Akt was increased after treatment with bimatoprost. Minoxidil 

treatment also resulted in a dramatic increase of Akt phosphorylation (Fig. 7A). These 

observations indicate that bimatoprost increased cell proliferation through activation of the 

PI3K/Akt pathway.  

To further elucidate whether Akt phosphorylation is regulated by KATP channels, the effects 

of glibenclamide, a KATP channel blocker, were evaluated. NIH3T3 fibroblasts were pre-

treated with glibenclamide (50 μM) for 30 min prior incubation with bimatoprost (2.4 µM) 

or minoxidil (75 µM) for 48 h. As shown in Fig. 7B, glibenclamide attenuated bimatoprost-

induced phosphorylation of Akt. These data suggest that the effects of bimatoprost on Akt 

phosphorylation are mediated through KATP channels.  

The Akt pathway plays an important role in the regulation of apoptosis (Datta et al., 1999, 

Yamaguchi et al., 2001). Bcl-2 is also involved in apoptosis regulation (Vander Heiden et al., 
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1999, Yang et al., 1997). In this study, the effects of bimatoprost and glibenclamide on the 

expression of Bcl-2 were examined in NIH3T3 fibroblasts. As shown in Fig. 7C, bimatoprost 

treatment increased the level of Bcl-2. Glibenclamide reversed bimatoprost-induced changes 

in Bcl-2 expression. These results suggest that bimatoprost decreased apoptosis through the 

activation of KATP channels.  

To investigate whether KATP channels could control the up-regulation of β-catenin and Cox-

2 through bimatoprost, NIH3T3 fibroblasts were pre-treated with glibenclamide (50 μM) for 

30 min. After subsequent treatment with bimatoprost (2.4 µM) or minoxidil (75 µM) for 48 h, 

glibenclamide was found to effectively inhibit the up-regulation of β-catenin and Cox-2 

expression by induced bimatoprost as well as the up-regulation of β-catenin and Cox-2 levels 

induced by minoxidil (Fig. 7D). These results indicate that bimatoprost could increase the 

expression of β-catenin and Cox-2 through activation of KATP channels, which led to the 

proliferation of NIH3T3 fibroblasts. 
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Figure 7. Bimatoprost regulates the expression of apoptosis factors β-catenin and Cox-2 via 

PI3K/Akt pathway regulation. (A) NIH3T3 fibroblasts were treated with bimatoprost or 

MXD for 15 min. The expression of phospho-Akt and Akt was measured in whole cell 

lysates by Western blotting. The lower panel displays the mean ± SE of three independent 

experiments. (B, C and D) NIH3T3 fibroblasts were pre-incubated with glibenclamide (50 

µM) for 30 min and then treated with bimatoprost (2.4 µM) or MXD (75 µM) for 48 h. The 

expression of phospho-Akt, Akt, Bcl-2, β-catenin, and Cox-2 was measured in whole cell 

lysates by Western blotting. The lower panel shows the mean ± SE of three independent 

experiments.  
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5. Discussion 

 

Alopecia is a common issue in today’s society. Identifying agents that are effective against 

alopecia would improve the quality of life for individuals with this condition. PGE2 and 

PGF2α analogues are known to promote hair growth (Johnstone et al., 2002, Sasaki et al., 

2005a), but the mechanisms of their actions are not fully understood. PGE2 can increase cell 

proliferation via the Wnt/β-catenin pathway (Castellone et al., 2005) while the production of 

PGE2 is increased by minoxidil, a compound that opens KATP channels (Michelet et al., 1997). 

These findings indicate that KATP channels may regulate Wnt/β-catenin and PG pathways. 

Conversely, we hypothesized that PGs could act as activators of KATP channels and lead to 

increased cell proliferation. In this study, we investigated the effects of PG analogues on cell 

proliferation, and demonstrated that bimatoprost, a PGF2a analogue, promote proliferation 

through the Wnt/β-catenin pathway, Cox-2 expression, and KATP channels. 

Hair follicles are complex mini-organs which contain several epithelial cells (HS, IRS, and 

ORS) and specialized dermal cells (DPCs). DPCs play important roles in the regulation of 

hair growth cycle (Stenn et al., 2001). KATP channel subunits, including Kir 6.1 and SUR2B, 

expressed in DPCs are responsible for minoxidil action (Shorter et al., 2008). DNA synthesis 
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in hair follicles enhanced by minoxidil sulfate in a time-dependent manner (Imai et al., 1993) 

while minoxidil may promote hair growth by stimulating cell proliferation and PG synthesis 

(Messenger et al., 2004). Minoxidil also has a mitogenic effect on NIH3T3 fibroblasts 

through KATP channels (Sanders et al., 1996).  

Among the PG analogues we tested, bimatoprost showed promoted the proliferation of 

immortalized DPCs and NIH3T3 fibroblasts (Table 2 and 3) and increased hair-fiber length 

in vibrissa follicles (Fig. 2A). We further investigated the effect of bimatoprost on cell cycle 

regulation in immortalized DPCs and NIH3T3 fibroblasts. The mammalian cell cycle is a 

tightly regulated process. The transition from G1 to S phase is driven by activation of 

cyclins/CDKs. (Prall et al., 1997). Previous reports showed that regulators of cell cycle 

components (include cyclins/CDKs and CDK inhibitos) have pivotal roles in cell 

proliferation (Johnson et al., 1999). Treatment with bimatoprost induced cell cycle 

progression in immortalized DPCs and NIH3T3 fibroblasts (Fig. 3A and 4A). Moreover, 

bimatoprost increased the expression of cyclin E and CDK2 in immortalized DPCs (Fig. 3B). 

Bimatoprost treatment resulted in decreased sub-G1 populations and p27kip1 expression in 

NIH3T3 fibroblasts (Fig. 4A and B). However, stimulation of immortalized DPCs with 

bimatoprost did not affect the level of p27kip1 (Fig. 3B).  

It is well known that a characteristic of apoptosis is accumulation of cell in the sub-G1 
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phase (Bunz et al., 1999). Control of apoptosis depends upon the balance between anti- and 

pro-apoptotic factors (Zhang et al., 2000). Activation of apoptotic factors results in 

cytochrome-c release and caspase activation (Yang et al., 1997). In the present study, we 

examined whether bimtoprost can control apoptosis-related factors such as Bax, and Bcl-2 in 

NIH3T3 fibroblasts. As shown in Fig. 4C, bimatoprost decreased Bax level, and increased 

the level of Bcl-2. These results indicate that bimatoprost induces proliferation through the 

down-regulation of p27kip1, and Bax, and the up-regulation of Bcl-2, cyclin E, and CDK2. 

PGE2 inhibits apoptosis via up-regulation of Bcl-2 (Sheng et al., 1998). PGF2α increases cell 

survival in vitro and in vivo by up-regulating BRUCE, inhibitor of apoptosis protein (Jansen 

et al., 2008). Taken together, these results suggest that PGs can promote cell survival by 

blocking apoptotic events.  

PI3K/Akt is a major regulator of cell survival and apoptosis. Akt phosphorylation appears 

to promote cell survival (Datta et al., 1999). Activation of Akt is known to effectively 

suppress cell death through the down-regulation of several apoptosis-related factors 

(Yamaguchi et al., 2001). Previous studies revealed that the Akt signaling pathway is also 

involved in opening KATP channels. Diazoxide, a reagent that causes KATP channels to open, 

helps to protect apoptosis via the Akt pathway (Wang et al., 2004). In human DPCs, 

minoxidil increases cell proliferation through activation of Akt (Han et al., 2004). These 
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studies indicate that the KATP channels may be involved in the regulation of cell proliferation 

through the Akt pathway. In this study, expression of SUR2B and Kir6.1 was observed in 

immortalized DPCs and NIH3T3 fibroblasts (Fig. 6A). Glibenclamide, a compound that 

blocks KATP channels, inhibited cell proliferation and cell cycle progression promoted by 

bimatoprost in NIH3T3 fibroblasts (Fig. 6B and C). Bimatoprost induced the 

phosphorylation of Akt in NIH3T3 fibroblasts (Fig. 7A); this was attenuated by treatment 

with glibenclamide (Fig. 7B). On the other hand, we also found that glibenclamide 

attenuated the effects of bimatoprost on the expression of Bcl-2, anti-apoptotic factor (Fig. 

7C). These results indicate that bimatoprost-induced proliferation of NIH3T3 fibroblasts 

might be mediated through the regulation of KATP channels. 

Cell cycle regulators such as cyclin D1 are also known to be Wnt targets (). Wnt/β-catenin 

is an important regulator of cell proliferation (Logan et al., 2004, Rulifson et al., 2007). 

Wnt/β-catenin also plays an important role in hair growth and regeneration (Ito et al., 2007, 

Ouji et al., 2006, Ouji et al., 2008). Repression of GSK3β can cause β-catenin stabilization 

and translocation into the nucleus. Accumulation of nuclear β-catenin results in the activation 

of target genes such as Cox-2 (Howe et al., 1999). In the present study, bimatoprost 

increased the expression of total and nuclear β-catenin in immortalized DPCs (Fig. 3C and 

D) and NIH3T3 fibroblasts (Fig. 5A and B). Expression of Cox-2 is increased by the 
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induction of Wnt (Howe et al., 1999) as well as the activation of β-catenin (Kim et al., 2002). 

Bimatoprost may have increased the expression of Cox-2 through up-regulation of β-catenin 

(Fig. 3E and 5C). On the other hand, glibenclamide attenuated the increases of β-catenin and 

Cox-2 levels by bimatoprost (Fig. 7D). These results indicate that bimatoprost could have 

mitogenic effects via the up-regulation of β-catenin and opening of KATP channels.  

In summary, bimatoprost increased the growth of hair-fibers through the proliferation of 

immortalized DPCs. Bimatoprost induced cell cycle progression of immortalized DPCs 

through the up-regulation of cyclin E and CDK2. Additionally, bimatoprost increased β-

catenin and Cox-2 expression in these cells. In NIH3T3 fibroblasts, bimatoprost decreased 

the sub-G1 population through the down-regulation of p27Kip1, and Bax along with the 

upregulation of Bcl-2. Bimatoprost also increased the expression of β-catenin and Cox-2 in 

NIH3T3 fibroblasts by opening the KATP channels. Taken together, these results demonstrate 

that bimatoprost might have therapeutic potential as a treatment for hair loss. 
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1. Abstract 

 

The action of dihydrotestosterone (DHT) in dermal papilla cells of hair follicles is believed 

to be involved in androgenetic alopecia. However, the action mechanisms of DHT are not 

fully understood. The effects of DHT on dermal papilla cells, regulator of hair cycle and hair 

follicle growth, were examined in immortalized dermal papilla cells (DPC). DHT did not 

affect the proliferation of immortalized DPC. Flow cytometry analysis revealed that DHT 

could increase cell cycle arrest, which was accompanied by an increase in the p27kip1 level 

and decreases in the cyclin E, cyclin D1 and CDK2 levels. Although the expression of p27kip1 

was also increased by treatment with U0126, an inhibitor of MEK/ERK1/2, U0126 did not 

influence the increase of p27kip1 by DHT. The transforming growth factor-β (TGF-β) 

pathway is associated with catagen transition of hair follicles. We found that DHT did not 

affect the expression TGF-β2. However, treatment of DPC with DHT resulted in 

phosphorylation and nuclear translocation of Smad2/3, a mediator of the TGF-β pathway. On 

the other hand, DHT induced HSP27 phosphorylation via p38 MAPK pathway and nuclear 

translocation of HSP27 in DPC. Treatment of DPC with DHT decreased the expression of 

total and nuclear β-catenin, which is an important regulator in hair growth and proliferation. 

DHT-induced down-regulation of β-catenin was attenuated by LiCl, a glycogen synthase 
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kinase-3β (GSK-3β) inhibitor. DHT decreased the expression of Cox-2, wnt target gene, and 

Nuclear factor-κB p65 (NF-κB p65). U1026 also decreased the expression of Cox-2, whereas 

SB203580, a p38 MAPK inhibitor, increased the expression of Cox-2. However, U0126 and 

SB203580 were not associated with a decrease in the Cox-2 level by DHT. These results 

suggest that DHT-induced cell cycle arrest is mediated through activation of TGF-β/Smad 

and HSP27 and inhibition of β-catenin.  
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2. Introduction 

 

Alopecia, loss of hair, is roughly divided into three types: androgenetic alopecia (AGA), 

telogen effluvium (TE) and alopecia areata (AA) (Paus et al., 1999). AGA is the most 

common type of alopecia. AGA is characterized by miniaturization of the hair follicle and 

shortening of anagen phase (Whiting, 1998). A previous study suggested that AGA may be 

modulated by 5α-reductase inhibition (Kaufman, 1996). Conversion of testosterone to 

dihydrotestosterone (DHT) is regulated by 5α-reductase, and finasteride is known to repress 

the progression of AGA through inhibition of 5α-reductase (Kaufman, 1996). However, 

repression of 5α-reductase in human results in harmful effects including gynaecomastia and 

reduced libido (Libecco et al., 2004). Androgens play important roles during development 

(Gray et al., 2001), and DHT, a potent androgen, is synthesized in the prostate, testes and 

hair follicles (Carson et al., 2003). Androgen receptor (AR) is expressed in various tissues 

including prostate and hair follicles (Gelmann, 2002). DHT has higher affinity than 

testosterone for AR. AR expression is higher in AGA patients than in normal subjects 

(Hibberts et al., 1998). Previous studies suggest that AGA may be caused by DHT in 

different ways: The miniaturization of dermal papilla and hair follicles is induced by DHT, 

which leads to transition from anagen to catagen (Sinclair, 1998). DHT increases the levels 
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of transforming growth factor-β1 (TGF-β1) and TGF-β2 in dermal papilla cells (DPC), 

which leads to decreased proliferation of epithelial cells (Hibino et al., 2004, Inui et al., 

2002). Up-regulation of dickkopf related protein-1 (DKK-1) by DHT can cause repression of 

the growth of epithelial cells in hair follicles (Kwack et al., 2008).  

DPC, mesenchymal-derived cells, are located at the base of the hair follicle. DPC is known 

to be an important regulator of hair growth and hair follicle regeneration (Stenn et al., 2001). 

Several para- and autocrine factors are produced by DPC and then transferred to epithelial 

cells, which causes apoptosis of epithelial cells in the hair follicles (Kwack et al., 2008). The 

hair cycle and hair growth involve the cell number and volume of DPC (Elliott et al., 1999, 

Ibrahim et al., 1982). AR is expressed in DPC, which are the target organ of androgens such 

as testosterone and DHT (Itami et al., 1991). Furthermore, DPC of AGA patients express AR 

at higher level than non-AGA subjects (Hibberts et al., 1998). These studies indicate that 

DHT may regulate the function of DPC and repress hair growth. Nevertheless, the 

mechanisms of actions of DHT in DPC are still poorly understood.  

TGF-β is a major regulator in hair follicle morphogenesis and hair loss (Foitzik et al., 

2000a)(Foitzik et al., 2000b, Paus et al., 1997, Soma et al., 2002). TGF-β evokes a signaling 

pathway through TGF-β receptor subtypes (R I, II and III). TGF-β binding to TGF-β R II 

forms a complex with TGF-β R I, which leads to activation of TGF-β R I (Derynck et al., 
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1997). Signaling transduction of TGF-β pathway is mediated by Smads (Smad 2, 3, 4 and 7). 

Among these, phosphorylation of Smad2/3 by TGF-β induces the nuclear translocation of 

Smad2/3. Nuclear Samd2/3 then activates target genes through the interaction with DNA 

binding protein (Tsukazaki et al., 1998). Previous reports suggest that TGF-β R I and TGF-β 

R II are expressed in epithelial cell of hair follicles (Paus et al., 1997). Hair follicles are 

regressed by TGF-β1 (Foitzik et al., 2000b) and TGF-β2 (Soma et al., 2002). 

Heat shock protein (HSP) is a molecular chaperone that is involved in folding, trafficking 

and transcriptional activity of steroid receptor (Edwards et al., 2005). HSP27 is a 

ubiquitously expressed member of small HSP family, and it plays a role in actin 

polymerization (Lavoie et al., 1993) and apoptosis (Takayama et al., 2003). HSP27 is 

activated by androgens, and its relationship with AR has been identified in prostate cancer 

(Zoubeidi et al., 2007). HSP27 binds to AR or AR coactivator such as hydrogen peroxide-

inducible clone-5/androgen receptor coactivator, 55kDa (hic-5/ARA55), which has been 

reported to interact with HSP27 (Jia et al., 2001). HSP27 binding to AR induces the nuclear 

translocation of HSP27/AR complexes in prostate cancer (Zoubeidi et al., 2007). HSP27 can 

be phosphorylated on three serine residues (Ser15, Ser78 and Ser82) and then exerts its 

functions (Huot et al., 1995). Previous studies have shown that HSP27 is phosphorylated 

through activation of p38 (Rane et al., 2001) and Akt (Rane et al., 2003). HSP27 is 
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expressed in the granular layer of keratinocytes (Gandour-Edwards et al., 1994) and human 

hair follicles (Adly et al., 2006). Recently, one study showed that expression of HSP27 

increased in balding DPC compared to non-balding DPC (Bahta et al., 2008).  

β-Catenin is a key molecule in the wnt/β-catenin pathway, which is involved in hair follicle 

development, differentiation (Huelsken et al., 2001) and hair-growth (Ouji et al., 2007). 

Phosphorylation and degradation of β-catenin is mediated by an inhibitory complex that 

includes adenomatous polyposis coli (APC), glycogen synthase kinase-3β (GSK-3β), axin 

and casein kinase I. In particular, phosphorylation of GSK-3β is required for stabilization of 

β-catenin. After wnts binding to Frizzled (FZ)/low-density lipoprotein (LDL) receptor-

related protein 5/6 (LRP 5/6) receptor, wnts can cause phosphorylation of GSK-3β. This 

leads to the stabilization and nuclear translocation of β-catenin (Behrens et al., 1996, Omer 

et al., 1999). Nuclear β-catenin binding to lymphoid Enhancer-binding Factor (LEF)/T-cell 

factor (TCF) can activate transcription of a target gene (Vlad et al., 2008). (2’Z,3’E)-6-

bromoindirubin-3’-oxime (BIO), a GSK-3β inhibitor, increases the nuclear translocation of 

β-catenin and hair-shaft growth (Yamauchi et al., 2009). These studies indicate that β-catenin 

can act as an important mediator in the regulation of hair growth. 

Previous studies have shown that prostaglandins (PGs) have an important role in the 

regulation of eyelash growth (Johnstone et al., 2002) and hair growth (Sasaki et al., 2005a). 
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PGs are a family of eicosanoids, which are derived from arachidonic acid. They are divided 

into prostacyclin (PGI2), prostaglandin E2 (PGE2), prostaglandin F2 (PGF2) and so on. PGE 

increases the cell proliferation through wnt/β-catenin pathway (Castellone et al., 2005). On 

the other hand, the enzymes implicated in the metabolism of PGs are expressed in human 

hair follicles (Colombe et al., 2007). PG receptors are also expressed in human hair follicle 

(Colombe et al., 2008). 16,16-Dimethyl PGE2 protects against radiation-induced alopecia 

(Hanson et al., 1992). PGF2α has been reported to promote the growth of eyelashes and hair 

(Sasaki et al., 2005a, Tosti et al., 2004). Latanoprost and bimatoprost, PGF2α analogues, 

stimulate eyelash growth and pigmentation (Cohen, 2010, Johnstone et al., 2002, Tauchi et 

al., 2010). The role of cyclooxygenases (Cox) in the PG pathway has also been identified 

(Lee et al., 2003). Cox exists as two isoforms, Cox-1 and Cox-2. Cox-1 is constitutively 

expressed in most cells, whereas Cox-2 is induced by stimuli such as cytokines (Arias-

Negrete et al., 1995). Minoxidil, a hair-growing agent, can increase the expression of Cox-1 

and the production of PGE2 (Michelet et al., 1997), which indicates that Cox may play a 

crucial role in hair growth. Expression of wnt-1 stabilizes β-catenin and induces expression 

of Cox-2 (Howe et al., 1999). Forced β-catenin expression also induces the expression of 

Cox-2 (Kim et al., 2002). Cox-2 expression is mediated through binding of NF-κB in the 

promoter region of Cox-2 (Schmedtje et al., 1997). Nuclear factor-κB (NF-κB), an inducible 
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transcription factor, has a pivotal role in the inflammation process (Sha, 1998). Expression of 

Cox-2 is correlated with NF-κB p65, a member of the NF-κB family, but not with NF-κB 

p50 (Charalambous et al., 2009).  

Control of cell proliferation is mediated by the regulation of apoptosis, survival and cell 

cycle (Evan et al., 2001). These processes are regulated by multiple signaling pathways such 

as mitogen activated protein kinase (MAPK) and Akt. The MAPK pathway regulates various 

physiological changes such as differentiation, transformation (Cowley et al., 1994) and 

proliferation (Zhang et al., 2002). Stimulation with growth factors activates the p42/44 

MAPK (ERK1/2) pathway and leads to transition to S phase (Zhang et al., 2002). ERK1/2 is 

also reported to be an important mediator in mitogenesis. ERK inhibitor induces G1 arrest, 

which indicates that the ERK pathway is involved in cell cycle regulation (Koyama et al., 

2007). On the other hand, p38 MAPK has crucial roles in survival, apoptosis and 

inflammation. For example, stresses including UV irradiation, heat shock and cytokines 

activate p38 MAPK (Herlaar et al., 1999, Zhang et al., 2002). Many earlier studies indicate 

that Akt is also important in cell survival (Datta et al., 1999). Activation of Akt reduces the 

cell death and cell cycle arrest (Chang et al., 2003, Yamaguchi et al., 2001), whereas 

inhibition of Akt increases apoptosis (Zhou et al., 1998). Progression and arrest of cell cycle 

are mediated by cyclins, which bind to CDKs (CDK1, CDK2, CDK4 and CDK6). The 
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cyclins comprise two groups: G1/S cyclins (cyclin A, D and E) and G2/M cyclins (cyclin B) 

(Johnson et al., 1999, Sherr, 1996). Withdrawal of growth factors can induce the expression 

of CDKs inhibitor such as p27 kip1 and prevent cell cycle progression (Sherr, 1996). Growth 

factor enhances the level of cyclin D1 transcription (Watts et al., 1994). Antiestrogen-

induced growth arrest is attenuated by induction of cyclin D1 (Wilcken et al., 1997).  

Although many studies on the relationship between AGA and DHT have been reported, it is 

not clear how alopecia is caused by DHT. The action mechanisms of DHT on DPC have not 

been fully elucidated, although DHT binding to AR in DPC of hair follicle leads to hair cycle 

regulation. In the present study, we investigated the action mechanisms of DHT on the 

regulation of TGF-β/Smad, HSP27 and β-catenin in DPC. 
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3. Materials and Methods 

1. Reagents 

The following reagents were obtained commercially: DHT was from TCI (Tokyo, Japan); 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT), propidium iodide (PI), 

and the GSK3β inhibitor, lithium chloride (LiCl), were from Sigma (St. Louis, MO, USA); 

p38 MAPK inhibitor, SB203580, and MEK inhibitor, U0126, were from Biosource 

(Camarillo, CA, USA); antibodies against ERK1/2, phospho-ERK1/2, p38, phospho-p38 and 

phospho-HSP27 were from Cell Signaling Technology (Beverly, MA, USA); antibodies 

against β-catenin, Cox-2, CDK2, CDK4, Cyclin E, p27kip1, NFκB p65, Smad2/3, HSP27, 

PCNA, SUR2B, Kir6.1 and Tubulin-α were from Santa Cruz Biotechnology (Santa Cruz, 

CA, USA); antibody against β-actin was from Sigma; antibody against Cyclin D1 was from 

BD Biosciences (San Diego, CA, USA); antibody against Lamin B1 was from Abcam 

(Cambridge, UK); HRP-conjugated goat anti-rabbit, goat anti-mouse and mouse anti-goat 

IgGs were from Santa Cruz Biotechnology; goat anti-rabbit Alexa Fluor 594 and chicken 

anti-goat Alexa Fluor 488 were from Invitrogen (Carlsbad, CA); aprotinin and leupeptin 

were from Calbiochem (San Diego, CA, USA); Nonidet P-40 (NP-40) was from Roche 

(Indianapolis, IN, USA); Western blotting detection reagent, West-zol enhanced chemilumin, 

was from Intron Biotechnology (Sungnam, Korea). 
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3.2. Cell culture 

Rat vibrissa immortalized dermal papilla cell line (Filsell et al., 1994) was kindly provided 

by the Skin Research Institute, Amore Pacific Corporation R&D Center, South Korea. The 

dermal papilla cells (DPC) were cultured in DMEM (Hyclone Inc., UT, USA) supplemented 

with 10% FBS and penicillin/streptomycin (100 unit/mL and 100 µg/mL, respectively) at 

37°C in a humidified atmosphere under 5% CO2.  

 

3.3. Cell viability assay 

The effect of DHT on the proliferation of immortalized DPC was evaluated by measuring 

the metabolic activity in the MTT assay (Scudiero et al., 1988). The immortalized DPC 

(1.0×104 cells/mL) were seeded into 96-well plates. After 24 h to allow attachment, cells 

were cultured for 24 h in serum-free DMEM, and then treated with 10, 100 or 1000 nM DHT 

and vehicle (ethanol diluted 1:1000 in serum-free DMEM) as a control for 4 days. Cells were 

then treated with 50 µL of (2 mg/mL) MTT dye and incubated at 37°C for 4 h. The plates 

were centrifuged at 1000 rpm for 5 min at room temperature and the media was then 

carefully aspirated. Then 200 µL/well of dimethyl sulfoxide was added to dissolve the 

formazan crystals. Cell viability was determined by measuring the absorbance at 540 nm 
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using a microplate reader (BioTek Instrument, Inc., VT, USA). All experiments were 

performed at least three times. 

 

3.4. Cell cycle analysis 

 The effect of DHT on cell cycle progression was analyzed by flow cytometry after staining 

the cells with PI (Fried et al., 1976). The immortalized DPC (1.0×105 cells/mL in 100mm 

dishes) were incubated with 10, 100 or 1000 nM DHT for 24. In some cases, the cells were 

treated with 100 nM DHT for 0, 24 and 48 h. Cells were collected and washed twice with 

PBS. The cells were fixed with 70% ethanol overnight at -20 °C. Cells were washed with 

PBS and incubated with 50 µg/mL RNase A at 37 °C for 30min. The cells were stained with 

50 µg/mL PI solution for 15 min in the dark. Flow cytometry analysis was performed using a 

FACScan Flow Cytometer (Becton-Dickinson, San Jose, CA, USA). Histograms were 

analyzed with the software program Cell Quest (Becton-Dickinson, San Jose, CA, USA) 

(Krishan A, 1975). 

 

3.5. Western blot analysis 

The immortalized DPC (1.0×105 cells/mL in 100mm dishes) were pre-incubated for 24 h 

under serum-free conditions, and the cells were treated with DHT at indicated concentrations 
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for 24 h. In some cases, the cells were pre-incubated with 20 µM U0126 or 20 µM 

SB203580 for 1 h, and then treated with 100 nM DHT for 24 h. In other cases, immortalized 

DPC were treated with 100 nM DHT for 0, 5, 15, 30 and 60min. The cells were washed twice 

with ice-cold PBS. The cells were lysed in lysis buffer [50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 

2 mM EDTA, 1 mM EGTA, 1 mM NaVO3, 10 mM NaF, 1 mM dithiothreitol (DTT), 1 mM 

Phenylmethylsulfonylfluoride (PMSF), 25 µg/ml aprotinin, 25 µg/ml leupeptin and 1% NP-40] to 

obtain whole cell protein and kept on ice for 30 min. The cell lysates were centrifuged at 15,000 

rpm at 4 °C for 15 min. Supernatants were stored at -20 °C until analysis. To obtain nuclear and 

cytoplasmic fractions, cultured cells were treated with DHT with or without LiCl for 24 h. Other 

cells were treated with 100 nM DHT for 0, 1, 2 or 4 h. The cells were washed two times with cold 

PBS. Cells were lysed with 1 mL of lysis buffer (1 mM Tris-HCl, pH7.9, 10 mM NaCl, 3 mM 

MgCl2 and 1% NP-40) at 4 °C for 10 min. After centrifugation at 3000 x g, the supernatants were 

harvested as cytoplasmic fractions. The pellets were suspended in extraction buffer (20 mM 

HEPES, pH 7.9, 20% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 1mM DTT and 1mM PMSF), and 

kept on ice for 1 h. The lysates were centrifuged at 14,000 x g for 15 min, and the supernatants 

were harvested as nuclear fractions and stored at -70 °C. Protein concentration was determined by 

the Bradford method (Bradford, 1976). Equal amounts of protein were separated on 8~12% 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels. And then proteins 
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were transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA) 

with a glycine transfer buffer [192 mM glycine, 25 mM Tris-HCl (pH 8.8), 20% MeOH (v/v)] at 

100 V for 2h. After blocking with 5% nonfat dried milk in Tween-20-TBS (T-TBS) (50 mM Tris, 

pH 7.6, 150 mM NaCl, 0.1% Tween-20), each membrane was incubated with specific primary 

antibodies at 4 °C overnight. Table 4 shows the antibodies used for western blotting. The 

membrane was incubated with a secondary HRP antibody (1:5000) at room temperature for 1 h. 

The membrane was exposed on X-ray film (AGFA, Belgium), and protein bands were detected 

using West-zol (Intron, Korea). Band intensities were quantified with the NIH Image 

software (http://rsb.info.nih.gov/ij/). 

 

3.7. Immunofluorescence microscopy 

The immortalized DPC were seeded in chamber slides and pre-incubated in serum-free 

DMEM for 24h. The cells were treated with DHT for 24 h. In some experiments, cultured 

cells were treated with DHT with or without LiCl for 24 h. For immunofluorescence, cells were 

fixed in 4% paraformaldehyde (PFA) for 15 min, washed in PBS, and permeabilized with 

0.1% Triton X-100. After washing, the cells were blocked with 1% BSA at room 

temperature for 1 h. The cells were incubated with primary antibody at 4 °C overnight. The 

primary antibodies included anti-β-catenin, -Smad 2/3 and –HSP27. After two washes with 
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PBS, the cells were incubated with secondary antibody coupled to Alexa Fluor 594 or Alexa 

Fluor 488 at room temperature for 1 h. Next, the cells were washed in PBS and mounted in 

Vectastain (Vector Laboratories) containing 4, 6-diamido-2-phenylindole (DAPI). Images 

were visualized by fluorescence microscopy (BX51, Olympus). 

 

3.8. Statistical analysis 

 All results were expressed as means ± standard deviation (SD) or standard error (SE) of at 

least three independent experiments. The Student’s t-test was used to determine the statistical 

significance (P-value<0.05) of the differences between the values for the various 

experimental and control groups.  



 72 

 

 

Figure 8. The structure of dihydrotestosterone (DHT). 
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Table 4. Antibodies used in Western blot analysis on immortalized DPC. 
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4. Results 

 

4.1. DHT attenuates the cell cycle progression without changing the proliferation of 

immortalized DPC 

DHT is known to repress hair growth (Naito et al., 2008), but the mechanisms of action of 

DHT in DPC are poorly understood. Using the MTT assay, we examined whether DHT 

affects the viability of immortalized DPC. DHT did not affect the proliferation of 

immortalized DPC (Fig. 9A). To further elucidate the effect of DHT in immortalized DPC, 

cell cycle distribution was analyzed by flow cytometry. As shown in Fig. 9B, when 

immortalized DPC were treated with 10, 100 or 1000 nM for 24h, DHT inhibited cell cycle 

progression compared to control cells treated with vehicle. DHT increased the cell 

population of G1 phase to 53.83% at 10 nM, 52.93% at 100 nM and 50.7% at 1000 nM, 

whereas the population of G1 phase cells in control cells was 49%. After treatment with 100 

nM DHT for 0, 24 and 48 h, G1 arrest was significantly increased (0 h, 53.10%; 24 h, 

55.83%; 48 h, 64.33%), whereas the population of S phase cells was decreased (0 h, 9.83%; 

24 h, 9.84%; 48 h 6.06%). These data indicate that DHT induced cell cycle arrest at G1 

phase without reducing cell proliferation. 

To elucidate the mechanisms of DHT-induced cell cycle arrest, the expressions of cell 
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cycle-associated proteins were examined. P27Kip1, a CDK inhibitor, antagonizes the 

activation of cyclins/CDKs and inhibits transition of S phase (Sherr et al., 1999). The 

immortalized DPC were treated with 10, 100 or 1000 nM DHT for 24 h. Total cell extracts 

were analyzed by immunoblotting for p27 Kip1, cyclin D1 and cyclin E. DHT treatment 

resulted in increased p27 Kip1 expression, whereas the expressions of cyclin D1 and cyclin E 

were decreased (Fig. 9C). After treatment with 100 nM DHT for 0, 6, 12, 24 and 48 h, the 

expression of p27 Kip1 was increased, whereas the expression of CDK2 was inhibited by DHT 

in a time-dependent manner (Fig. 9C). These results suggest that DHT altered the expression 

of p27 Kip1, CDK2, cyclin D1 and cyclin E and caused cell cycle arrest in immortalized DPC. 

Activation of the ERK pathway increases the expression of cyclin D1 (Lavoie et al., 1996), 

whereas repression of ERK attenuates cell proliferation (Whelchel et al., 1997). DHT did not 

inhibit the activation of ERK1/2 in immortalized DPC (Fig. 9D). U0126 induces p27kip1 

expression and cell cycle arrest (Gysin et al., 2005). We thus investigated the effect of 

U0126 on the expression of cell cycle-related proteins. U0126 increased the expression of 

p27kip1 and decreased the expression of CDK2 in immortalized DPC. However, DHT-

induced up-regulation of p27kip1 was not altered by U0126 in immortalized DPC (Fig. 9E). 

On the other hand, inhibition of p38 MAPK increased the expression of cyclin D1 (Lavoie et 

al., 1993). We thus examined whether p38 MAPK plays a role in the expression of p27kip1 in 
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immortalized DPC. As shown in Fig. 9E, the expression of p27kip1 was reduced in 

immortalized DPC that were treated with SB203580, a p38 MAPK inhibitor. Nevertheless, 

SB203580 was not associated with a decrease of p27kip1 by DHT in immortalized DPC. 

These results indicate that DHT can inhibit cell cycle progression through a MAPK-

independent pathway. 
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Figure 9. DHT attenuates the cell cycle progression without changing the proliferation of 

immortalized DPC. (A) The immortalized DPC were stimulated with 10, 100 and 1000 nM 

DHT for 96 h. Cell viability was measured using the MTT assay. Proliferation of 

immortalized DPC was evaluated compared to control. Data are presented as mean ± SD 

from three independent experiments. (B) The immortalized DPC were treated with 10, 100 

and 1000 nM DHT for 24 h. In some cases, the cells were treated with 100 nM DHT for 0, 

24 and 48 h. Cells were collected and then fixed with 70% ethanol. Fixed cells were stained 

with PI and analyzed by flow cytometry. (C) The immortalized DPC were treated with 
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various concentrations of DHT for 24 h or with 100 nM DHT for 0, 6, 12, 24 and 48 h. 

Whole cell lysates were prepared from the immortalized DPC, and the effects of DHT on the 

expression of Cyclin E, Cyclin D1, CDK2 and p27kip1 were analyzed by western blots using 

specific antibodies. Right panel displays mean ± SE from three independent experiments. 

(D) The immortalized DPC were treated with 100 nM DHT for 0, 24 and 48 h. Whole cell 

lysates were detected by western blot analysis using antibody against phospho-ERK1/2 and 

ERK1/2. The lower panel displays the mean ± SE from three independent experiments. (E) 

The immortalized DPC were pre-treated with or without 20 μM SB203580 or U0126 for 1 h 

and then treated with or without DHT for 24 h. Whole cell lysates from immortalized DPC 

were analyzed for the expression of p27kip1 and CDK2 by western blot. Lower panel displays 

mean ± SE from three independent experiments.  
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4.2. DHT regulates nuclear translocation of Smad2/3 but does not change the 

expression of TGF-β2  

 TGF-β signaling has an important role in the regulation of the hair cycle (Foitzik et al., 

2000b, Inui et al., 2002). DHT-inducible TGF-β1 can inhibit epithelial cell growth (Inui et 

al., 2002), and TGF-β2 can induce catagen transition (Soma et al., 2002). We thus examined 

the effect of DHT on the expression of TGF-β2 in immortalized DPC. As shown in Fig. 10A, 

DHT did not affect the expression of TGF-β2 in immortalized DPC. Smads are crucial 

mediators in TGF-β signaling, and TGF-β treatment induces the translocation of Smad2/3 

into nucleus (Massague et al., 2000). To evaluate whether DHT induces the nuclear 

accumulation of Smad2/3, immortalized DPC were treated with 100 nM DHT for 0, 1, 2, 4 

or 24 h. Based on western blotting (Fig. 10B) and immunofluorescence microscopy (Fig. 

10C), we found that DHT increased the nuclear Smad2/3 level. These results indicate that 

DHT has a direct or indirect effect on TGF-β signaling in immortalized DPC. 
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Figure 10. DHT regulates nuclear translocation of Smad2/3 but does not change the 

expression of TGF-β2. (A) The immortalized DPC were treated with 100 nM DHT for 0, 24 

and 48 h. Whole cell lysates were detected by western blot analysis using antibody against 

TGF-β2. Lower panel displays the mean ± SE from three independent experiments. (B) The 

immortalized DPC were treated with 100 nM DHT for 0, 1, 2 and 4 h. Nuclear and 

cytoplasmic fractions were prepared as described in Methods. Nuclear and cytoplasmic 

proteins were detected by western blot analysis using antibody against Smad2/3. PCNA and 

Tubulin-α were used as controls for fractionation and equal loading of proteins in nuclear 

and cytoplasmic fraction, respectively. The lower panel displays the mean ± SE from three 
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independent experiments. (C) For immunostaining, cells were prepared as described in 

Methods. Nuclei were stained with DAPI. Cellular localization of Smad2/3 (green) and 

nuclei (blue) was analyzed using fluorescence microscope. 
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4.3. DHT enhances phosphorylation and nuclear translocation of HSP27 in 

immortalized DPC 

Increased expression of HSP27 has been reported in balding DPC (Bahta et al., 2008). 

DHT binding to AR leads to phosphorylation and nuclear translocation of HSP27 in prostate 

cancer (Zoubeidi et al., 2007). To investigate the effect of DHT on HSP27 activation in DPC, 

western blot analyses were performed. When immortalized DPC were treated with 100nM 

DHT, phosphorylation of HSP27 increased at 5-30min (Fig. 11A). HSP27 is known to be 

phosphorylated through activation of p38 MAPK (Larsen et al., 1997). We examined the 

effect of DHT on p38 activation by immunoblot analysis. As shown in Fig. 11B and 

consistent with previous reports, DHT increased the phosphorylation of p38 at 5-30 min. To 

examine whether nuclear translocation of HSP27 was induced by DHT, we analyzed the 

expression of nuclear and cytosolic HSP27. Stimulation of immortalized DPC with DHT 

caused nuclear translocation of HSP27 (Fig. 11C). In addition, immunofluorescence staining 

showed that DHT increased the nuclear localization of HSP27 for 24 h (Fig. 11D). These 

results suggest that DHT can cause the phosphorylation and nuclear translocation of HSP27 

via p38 MAPK. 
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Figure 11. DHT enhances phosphorylation and nuclear translocation of HSP27 in 

immortalized DPC. (A and B) The immortalized DPC were treated with 100 nM DHT for 0, 

5, 15, 30 and 60 min. Whole cell lysates from immortalized DPC were analyzed for the 

expression of phospho-HSP27, HSP27, phospho-p38 and p38 by western blot. Lower panel 

displays mean ± SE from three independent experiments. (C) The immortalized DPC were 

treated with 100 nM DHT for 0, 1, 2 and 4 h. Nuclear and cytoplasmic fractions were 

prepared as described in Methods. Nuclear and cytoplasmic proteins were detected by 

western blot analysis using antibody against HSP27. Lamin B1 and Tubulin-α were used as 

controls for fractionation and equal loading of proteins in nuclear and cytoplasmic fractions, 

respectively. (D) For immunostaining, cells were prepared as described in Methods. Nuclei 

were stained with DAPI. Cellular localization of HSP27 (green) and nuclei (blue) was 

analyzed using a fluorescence microscope. 
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4.4. DHT regulates the expression of β-catenin in immortalized DPC 

 The Wnt/β-catenin pathway plays a pivotal role in regulation of hair growth (Ouji et al., 

2007, Yamauchi et al., 2009). Therefore, the actions of DHT on the expression of β-catenin 

were examined. When immortalized DPC were treated with 10, 100 or 1000 nM DHT for 24 

h, down-regulation of β-catenin was confirmed by immunoblotting (Fig. 12A). To examine 

whether nuclear expression of β-catenin was affected by DHT, the level of nuclear β-catenin 

was analyzed. As expected, DHT attenuated the level of nuclear β-catenin (Fig 12B). To 

elucidate whether down-regulation of β-catenin by DHT was mediated through GSK3β, 

immortalized DPC were treated with LiCl, a GSK3β inhibitor. As shown in Fig. 12C, LiCl 

treatment enhanced the expression of nuclear β-catenin. Consistent with immunoblotting 

results, immunofluorescence results showed that DHT decreased the basal nuclear β-catenin 

level (Fig. 12D), whereas pretreatment of immortalized DPC with LiCl attenuated this down-

regulation of β-catenin level by DHT in immortalized DPC (Fig. 12E). These results suggest 

that DHT decreased the level of β-catenin expression through regulation of GSK3β.  
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Figure 12. DHT regulates the expression of β-catenin in immortalized DPC. (A) The 

immortalized DPC were treated with or without DHT for 24h. Whole cell lysates from 

immortalized DPC were analyzed by western blot for β-catenin expression. Lower panel 

displays mean ± SE from three independent experiments. (B) The immortalized DPC were 

treated with or without DHT for 24h. Nuclear fractions were prepared as described in 

Methods. Nuclear proteins were detected by western blot analysis using antibody against β-

catenin. PARP was used as a control for fractionation and equal loading of proteins in the 

nuclear fraction, respectively. Lower panel displays the mean ± SE from three independent 

experiments. (C) The immortalized DPC were pre-treated with 20mM LiCl for 1h and then 

treated with or without DHT for 24h. Nuclear proteins were detected by western blot 

analysis using antibody against β-catenin. PARP was used as a control for fractionation and 

equal loading of proteins in nuclear fraction, respectively. Lower panel displays the mean ± 

SE from three independent experiments. (D and E) For immunostaining, cells were prepared 

as described in Methods. Nuclei were stained with DAPI. Cellular localization of β-catenin 

(red) and nuclei (blue) was analyzed using a fluorescence microscope. 
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4.5. DHT decreases the expression of Cox-2 and NF-κB p65  

Latanoprost, a PG analogue, increases eyelash growth in human (Johnstone et al., 2002). 

Cox-1 is strongly expressed in DPC of anagen hair follicle whereas Cox-2 is weakly 

expressed (Michelet et al., 1997). Nevertheless, we do not fully understood how PG is 

involved in hair growth. We thus investigated the effect of DHT on the expression of Cox-2, 

a key enzyme in PG synthesis, in immortalized DPC. When immortalized DPC were treated 

with 10, 100 or 1000 nM DHT for 24 h, DHT reduced the level of Cox-2 (Fig. 13A). NF-κB 

is known to regulate the expression of Cox-2 (Schmedtje et al., 1997). We thus investigated 

whether DHT affects the expression of NF-κB p65 in immortalized DPC. DHT reduced the 

expression of nuclear NF-κB p65 (Fig. 13B). These results suggest that DHT may regulate 

the level of Cox-2 through reduction of nuclear NF-κB p65. MAPK play a crucial role in the 

transcription of Cox-2 (Subbaramaiah et al., 1998). To elucidate whether expression of Cox-

2 is regulated by MAPK, the effects of U0126 and SB203580, inhibitors of mitogen-

activated protein kinase kinase (MEK)/ERK and p38 MAPK, respectively, were examined. 

As shown in Fig. 13C, U0126 decreased the Cox-2 expression in immortalized DPC. 

However, U0126 did not have synergistic or additive effects on the decrease of DHT-induced 

Cox-2 level in immortalized DPC. Although SB203580 induced Cox-2 expression, 

SB203580 was not associated with a decrease of Cox-2 expression by DHT in immortalized 
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DPC. These results suggest that the DHT-induced Cox-2 level involved NF-κB p65 but was 

not regulated by the MAPK pathway. 

 

 

 

 



 96 

 

(A) 

 

 

(B) 

 



 97 

 

(C) 

 

 

Figure 13. DHT decreased the expression of Cox-2 and NF-κB p65. The immortalized DPC 

were treated with or without various concentrations of DHT for 24h. (A) Whole cell lysates 

from immortalized DPC were analyzed by western blot for the expression of Cox-2. Lower 

panel displays the mean ± SE from three independent experiments. (B) Nuclear fractions 

were prepared as described in Methods. Nuclear proteins were detected by western blot 

analysis using antibody against NF-κB p65. PCNA was used as a control for fractionation 

and equal loading of proteins in the nuclear fraction, respectively. Lower panel displays the 

mean ± SE from three independent experiments. (C) The immortalized DPC were pre-treated 

with or without 20 μM SB203580 or U0126 for 1 h and then treated with or without DHT for 

24 h. Whole cell lysates from immortalized DPC were analyzed for the expression of Cox-2 
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by western blot. Lower panel displays the mean ± SE from three independent experiments. 
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5. Discussion 

 

Dermal papilla cells have a central role in the growth of hair follicles, which are the target 

organ of androgens such as testosterone and DHT (Itami et al., 1991). Hair growth is related 

both to the cell number and the volume of DP (Elliott et al., 1999, Ibrahim et al., 1982). This 

study examined whether DHT reduced the proliferation of immortalized DPC. DHT 

treatment did not affect the proliferation of immortalized DPC (Fig.9A). We wondered how 

DHT affects hair growth, thus we further investigated the effects of DHT on cell cycle 

regulation in immortalized DPC. DHT treatment resulted in an increase of G1 population 

compared to control in a time- and dose-dependent manner (Fig. 9B). The mammalian cell 

cycle is a tightly regulated process, and the transition from G1 to S phase is driven by 

cyclins/CDKs and CDK inhibitors (Prall et al., 1997). As shown in Fig.9C, the expression of 

cell cycle-associated proteins such as p27kip1, cyclin E, cyclin D1 and CDK2 was also 

affected by DHT in a time- and dose-dependent manner. DHT decreased the expression of 

CDK2, cyclin E, CDK4 and cyclin D1, whereas p27kip1 expression was increased in 

immortalized DPC. Cell cycle arrest was also regulated by MAPK, which are crucial 

modulators of cell proliferation (Zhang et al., 2002) and apoptosis (Keyse, 2008). It has been 

shown that the expression of p27kip1 induced by U0126 is accompanied by cell cycle arrest 
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(Gysin et al., 2005). DHT did not change the expression of ERK1/2 in immortalized DPC 

(Fig. 9D). The p27kip1 expression was increased by U0126 (Fig. 9E), whereas pre-treatment 

of U0126 did not alter the DHT-induced p27kip1 expression in immortalized DPC. These 

results indicated that DHT could modulate the expression of cell cycle genes such as p27kip1, 

cyclin E, cyclin D1 and CDK2 and induce cell cycle arrest through a MEK/ERK-

independent pathway. 

Production of TGF-β1 in DPC is induced by androgen (Inui et al., 2002), and increased 

TGF-β can cause the miniaturization of hair follicles (Foitzik et al., 2000b). In a previous 

study, we also found that the extract of Schisandra nigra promotes hair growth through 

downregulation of TGF-β2 in hair follicles (Kang et al., 2009). These studies suggested that 

TGF-β plays an important role in the regulation of hair growth. In this study, DHT did not 

affect the expression of TGF-β2 in immortalized DPC (Fig. 10A). TGF-β binding to its 

receptor leads to phosphorylation and nuclear translocation of Smad2/3 (Tsukazaki et al., 

1998). As shown in Fig. 10B and C, DHT increased the level of nuclear Smad2/3 in 

immortalized DPC. These results indicate that DHT can activate TGF-β signaling through 

the nuclear localization of Smad2/3. 

HSP27 is expressed in hair follicles (Adly et al., 2006) and DPC (Bahta et al., 2008). 

Nevertheless, the actions of DHT on the regulation of HSP27 in DPC have not been 
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elucidated. Several studies revealed that phosphorylation of HSP27 are mediated by p38 

pathway (Garmyn et al., 2001, Schafer et al., 1998). In this study, stimulation of 

immortalized DPC with 100 nM DHT induced p38 and HSP27 phosphorylation (Fig. 11A 

and B). The role of nuclear HSP27 is not fully understood, although nuclear translocation of 

HSP27/AR complexes has been reported in prostate cancer (Zoubeidi et al., 2007). Balding 

DPC exhibit higher AR expression (Hibberts et al., 1998) as well as higher HSP27 

expression (Bahta et al., 2008). These studies suggest that DHT/AR is related with activation 

of HSP27. In this study, DHT increased the nuclear translocation of HSP27 in immortalized 

DPC (Fig. 11C). It seems that DHT regulates the translocation of HSP27/AR complexes. 

Although the activation of HSP27 was regulated by p38 MAPK (Fig. 11), DHT-induced up-

regulation of p27kip1 was not altered by SB203580 in immortalized DPC (Fig.9). These 

results indicate that DHT induced the expression of the cell cycle arrest gene through a p38 

MAPK-independent pathway.  

Treatment of hair follicle with wnt-10b promoted elongation of the hair shaft (Ouji et al., 

2007, Ouji et al., 2008). β-Catenin is a crucial component of the wnt/β-catenin pathway. In 

this study, DHT treatment reduced the expression of total β-catenin in immortalized DPC 

(Fig. 12A). Western blot and immunofluorescence staining showed that DHT inhibited 

nuclear β-catenin level (Fig. 12B and D). LiCl, an inhibitor of GSK3β, enhanced the 
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accumulation of nuclear β-catenin in immortalized DPC (Fig. 12C and E). Repression of 

GSK3β induced the translocation of β-catenin into the nuclei of the cells (Hedgepeth et al., 

1997). These results indicate that DHT inhibits the expression of nuclear β-catenin via the 

regulation of GSK3β. DHT increases the level of DKK-1, a wnt antagonist (Kwack et al., 

2008). In this study, DHT inhibits the expression of Cyclin D1, a wnt target gene in 

immortalized DPC (Fig. 9C). Moreover, AR/DHT represses the β-catenin/TCF signaling 

pathway (Mulholland et al., 2003). These studies indicate that DHT inhibits the wnt/β-

catenin pathway.  

PGF2α is known to promote hair growth (Sasaki et al., 2005a). However, the regulation of 

PG by DHT has not been elucidated. Cox-2 is not only a mediator of the PG pathway (Arias-

Negrete et al., 1995), but also a target gene in the wnt/β-catenin pathway (Howe et al., 1999). 

LiCl inhibits the degradation of β-catenin and increases the level of Cox-2 in chondrocytes 

(Kim et al., 2002). Nevertheless, the effects of DHT on the relationship between β-catenin 

and Cox-2 have not been studied in immortalized DPC. In this study, DHT inhibited the 

expression of Cox-2 (Fig. 13A), but U0126, a specific inhibitor of MEK, did not affect the 

DHT-induced down-regulation of Cox-2 in immortalized DPC (Fig. 13C). DHT also 

repressed the nuclear localization of NF-κB p65 in immortalized DPC (Fig. 13B), which is 

necessary for transcription of Cox-2 (Schmedtje et al., 1997). These results indicate that the 
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effects of DHT on the regulation of Cox-2 are partly mediated through regulation of wnt/β-

catenin and NF-κB p65.  

In this study, we investigated the mechanisms of action of DHT as a target for the treatment 

of AGA. DHT attenuated cell cycle progression without changing proliferation (Fig. 9A and 

B). DHT-induced cell cycle arrest was accompanied by down-regulation of cyclin D1 and 

CDK2 and up-regulation of p27kip1 (Fig. 9B and C). DHT increased the cell cycle arrest 

through the activation of Smad2/3 and HSP27 and the inhibition of β-catenin and Cox-2 (Fig. 

10, 11, 12 and 13). Taken together, these results demonstrate that DHT inhibits hair growth 

by increasing p27kip1, Smad2/3 and HSP27 and decreasing β-catenin and Cox-2. 
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Ⅳ. ABSTRACT IN KOREAN 

 

1. Bimatoprost의 모발성장 효과 및 기전 

 

 Prostaglandin 유도체들은 항염, 발암, 및 모발 성장을 포함하는 다양한 생물학적 

활성을 갖고 있다. 하지만 prostaglandin 유도체들이 모발 성장을 조절하는 정확한 

기전은 완전히 밝혀지지 않았다. 본 연구에서는 prostaglandin 유도체들의 모발 

성장 효과 및 기전을 조사하였다. Rat vibrissa 모낭에서 유래한 immortalized dermal 

papilla cells (DPC)에 latanoprost, bimatoprost, unoprostone isopropyl ester, 및 travoprost 

등의 prostaglandin 유도체들을 처리하였을 때, 그중에서 bimatoprost는 immortalized 

DPC 증식 효능을 나타내었다. 모낭에서의 hair fiber 길이 성장 효능이 있는지 

조사하기 위하여 rat vibrissa 모낭에 bimatoprost를 처리하였을 때, rat vibrissa 

모낭의 hair fiber 길이가 유의성 있게 증가하였다. Bimatoprost의 immortalized DPC 

증식 효과의 기전을 규명하기 위하여 세포 주기를 분석하였다. Bimatoprost 

처리에 의하여 sub-G1 peaks가 감소하였고, cyclin E 와 CDK2 levels이 증가되었다. 

Bimatoprost에 의해 유도된 cell cycle progression의 기전을 설명하기 위해서, 모발 

성장에서 중요한 역할을 하는 β-catenin의 발현을 조사하였다. Bimatoprost는 

nuclear β-catenin level 뿐만 아니라 wnt/β-catenin 경로의 표적 유전자로 알려져 

있는 Cox-2의 level을 증가시킴을 확인하였다. 모발 성장제인 minoxidil은 ATP-

의존성 K+ 채널 개방에 의해 NIH3T3 섬유아세포의 증식을 유도할 수 있음이 

알려져 있다. Prostaglandin 유도체들이 ATP-의존성 K+ 채널 개방 작용이 있는지 

NIH3T3 섬유아세포에서 증식 효과를 조사하였다. Bimatoprost 의 처리에 의하여 

NIH3T3 섬유아세포의 증식이 증가되었다. Bimatoprost는 minoxidil과 마찬가지로 

NIH3T3 섬유아세포의 cell cycle progression을 유도하였고, p27kip1의 발현을 
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감소시켰다. 또한 bimatoprost 처리에 따라 pro-apoptotic 인자인 Bax level은 

감소하였고 anti-apoptotic 인자인 Bcl-2 level은 증가되었다. 이러한 결과들은 

bimatoprost가 anti-apoptotic 효과를 나타내어 세포 증식을 유도함을 보여준다. 

Bimatoprost는 NIH3T3 섬유아세포에서도 β-catenin과 Cox-2를 증가시킴을 

관찰하였다. Bimatoprost의 세포 증식 효과가 ATP-의존성 K+ 채널 차단제인 

glibenclamide에 의해서 차단되는지 조사하였다. Glibenclamide는 NIH3T3 

섬유아세포에서 bimatoprost에 의해 유도된 세포 증식과 cell cycle progression을 

억제하였다. Bimatoprost와 minoxidil은 세포의 증식에 관련된 Akt의 인산화를 

유도하는 반면, glibenclamide는 bimatoprost에 의해 유도된 Akt의 인산화를 

감소시킴을 확인하였다. Glibenclamide 전처리는 bimatoprost에 의해 유도된 Bcl-2, 

β-catenin과 Cox-2의 증가를 감소시킴을 확인하였다. 종합해보면, 이러한 결과들은 

bimatoprost가 immortalized DPC에서 β-catenin과 Cox-2의 증가를 통한 cell cycle 

progression 촉진에 의해 모발 성장을 증가시킴을 보여준다. 또한, bimatoprost는 

NIH3T3 섬유아세포에서 β-catenin 증가와 ATP-의존성 K+ 채널 활성화를 통한 

anti-apoptotic 경로의 활성화에 의해 세포 증식을 증가시킴을 확인하였다. 본 연구 

결과들은 bimatoprost를 탈모 치료제로 이용할 수 있는 근거를 제시하였다.  

 

2. Immortalized dermal papiila cells에서 dihydrotestosterone의 효과 및 기전 

 

 탈모의 대부분을 차지하는 androgenetic alopecia (AGA)는 모낭의 dermal papilla 

cells (DPC)에서의 dihydrotestosterone (DHT)의 작용에 의해 일어나는 것으로 

알려져 있다. 하지만, DPC에서 DHT의 작용 기전은 완전히 이해되지 않고 있다. 

그래서 본 연구에서는 모발 주기와 모낭 성장의 조절에 중요한 세포인 DPC에서 

DHT의 효과를 immortalized DPC을 이용하여 조사하였다. DHT는 immortalized 

DPC의 증식에 영향을 주지 않음을 확인하였다. 그러나 DHT가 immortalized 
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DPC의 cell cycle arrest를 증가시킴을 유세포 분석기를 이용하여 확인하였고, p27kip1 

level 증가, cyclin E, cyclin D1 및 CDK2 levels 감소시킴을 확인하였다. MEK/ERK 

1/2의 저해재인 U0126 처리는 p27kip1 발현을 증가시켰으나, U0126은 DHT에 의한 

p27kip1 증가에는 영향을 주지 않음을 확인하였다. 모낭의 성장기에서 퇴행기로의 

이행에 transforming growth factor-β (TGF-β) 경로가 관련되어 있음이 알려져 있다. 

그러나 DHT는 TGF-β2 발현에 영향을 주지 않음을 관찰하였다. 하지만 DHT의 

처리에 의해 TGF-β 경로의 매개체인 Smad2/3의 인산화와 nuclear translocation을 

유도함을 확인하였다. Androgen은 androgen receptor (AR)에 결합한 후에 heat shock 

protein 27 (HSP27)과 함께 nuclear translocation하여 표적 유전자의 전사를 

활성화하는 것으로 알려져 있다. 본 연구에서 DHT는 immortalized DPC에서 p38 

MAPK 경로를 통하여 HSP27 인산화와 nuclear tranlocation을 유도함을 확인하였다. 

DHT의 처리에 의하여 모발 성장과 증식에서 중요한 조절자인 total과 nuclear β-

catenin의 발현을 감소함을 확인하였다. DHT에 의해 유도된 β-catenin의 감소는 

glycogen synthase kinase-3β (GSK-3β) 저해제인 LiCl에 의해 감소됨을 확인하였다. 

DHT는 wnt 표적 유전자인 Cox-2의 발현을 감소시켰고, Nuclear factor-κB p65 (NF-

κB p65)를 감소시킴을 확인하였다. 또한 MEK/ERK 1/2의 저해재인 U0126은 Cox-

2의 발현을 감소시키는 반면, p38 MAPK 저해제인 SB203580은 Cox-2의 발현을 

증가시킴을 확인하였다. 하지만, U0126과 SB203580은 DHT에 의한 Cox-2 level 

감소와 관련되지 않음을 확인하였다. 이러한 결과들로 미루어보아, DHT에 의해 

유도된 immortalized DPC의 cell cycle arrest는 TGF-β/Smad의 활성화, HSP27의 

활성화 및 β-catenin의 억제를 통해서 유도될 수 있을 것이라 사료된다.  
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