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 Introduction 

 Several internal factors are known to regulate hair 
growth  [1] : for example, IGF-1  [2]  and HGF  [3, 4]  are 
known to positively regulate hair growth; TGF- �   [5] , 
FGF-5  [6, 7] , TNF- �   [8] , IL-1 �   [8–10] , and IL-1 �   [8, 11]  
are known to negatively regulate hair growth. On the oth-
er hand, external factors, such as plant-derived com-
pounds  [12] , metabolites of microorganisms  [13] , and 
synthetic drugs  [14] , are also known to promote hair 
growth. 

 Proanthocyanidins are a species of phenolic com-
pounds highly prevalent in plants; they take the form of 
polymers or oligomers built of fl avan-3-ol units  [15] . Pro-
anthocyanidins have long been used in medications and 
cosmetics designated to protect the capillaries  [16]  and 
skin  [17] . Numerous physiological and pharmacological 
effects are reported for proanthocyanidins, of which rad-
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  Abstract 
 Procyanidin oligomers are polyphenol compounds we 
have identifi ed in apples and barley which have hair 
growth stimulant effects, and which are able to promote 
hair epithelial cell growth and induce anagen induction 
of the hair cycle in the in vivo murine model. For the pur-
pose of examining the hair-growing mechanisms of pro-
cyanidin oligomers, we examined their relationship to 
the TGF- �  signal pathway, known to be a regulator of 
catagen induction, and the mitogen-activated protein ki-
nase cascade linked to cell proliferation. Addition of TGF-
 �  1  or TGF- �  2  to hair epithelial cell cultures dose-depend-
ently decreased cell growth and induced apoptosis; 
however, addition of procyanidin B-2 to the culture neu-
tralized the growth-inhibiting effects of both TGF- �  1  and 
TGF- �  2  and protected the cells from apoptosis. The same 
effects were observed with procyanidin B-3. We con-
fi rmed that procyanidin B-2 upregulates the expression 
of MEK-1/2 in cultured murine hair epithelial cells. We 
speculate that the hair-growing activity of procyanidin 
oligomers is at least linked to their growth-promoting 
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ical scavenging  [18] , antioxidant activity  [19] , antihyper-
tensive activity  [20] , capillary protective action  [21] , and 
elastase-inhibiting action  [22]  are signifi cant from the 
dermatological viewpoint. 

 We have recently found hair epithelial cell growth-pro-
moting activity and the ability to induce the anagen phase 
in vivo in procyanidin oligomers purifi ed from apples 
 [23]  and barley  [24] . We identifi ed the active compounds 
in apples as procyanidin B-1, procyanidin B-2 ( fi g. 1 a), 
and procyanidin C-1, and the active compound in barley 
as procyanidin B-3   ( fi g. 1 b). 

 This paper describes our investigation into the effects 
of procyanidin oligomers on murine hair epithelial cell 
growth, specifi cally their relationship to TGF- �  1 - and 
TGF- �  2 -induced cellular responses in hair epithelial cells, 
that is, apoptotic cell death  [25] , and the activation of the 
mitogen-activated protein kinase (MAPK) cascade. 

 In this report, we describe how procyanidin B-2 has 
the potential to upregulate MAPK/extracellular signal-
regulated kinase kinase (MEK) in hair epithelial cells, and 
how procyanidin oligomers have the potential to protect 
hair epithelial cells from TGF- �  1 - and TGF- �  2 -induced 
apoptotic cell death that is assumed to trigger catagen in-
duction  [5, 26–28]  in the hair cycle. 

 Materials and Methods 

 Materials  
 Procyanidin B-2 [(–)-epicatechin-(4 �  ] 8)-(–)-epicatechin] 

( fi g. 1 a) was obtained from apple juice ( Malus pumila  Miller var. 
 domestica  Schneider, Fuji variety, commercial juice) according to 
the method described in a previous report  [23] . The product was 
identifi ed using mass spectrometry,  1 H NMR and  13 C NMR  [29, 
30] . Procyanidin B-3 [(+)-catechin-(4 �  ] 8)-(+)-catechin] ( fi g. 1 b) 
was obtained from seed husks of barley ( Hordeum vulgare  L. var. 
 distichon  Alefeld) according to the method described in a previous 
report  [24] . The product was identifi ed using mass spectrometry, 
 1 H NMR and  13 C NMR  [29, 31, 32] . TGF- �  1  and TGF- �  2  (human 
recombinant) were purchased from Sigma Chemical Co. (St. Louis, 
Mo., USA). Affi nity-purifi ed polyclonal antibodies against MEK-
1/2 (rabbit antihuman) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, Calif., USA). The secondary antibody used was 
horseradish peroxidase-conjugated goat antirabbit immunoglobu-
lin purchased from DAKO (Glostrup, Denmark). 

 Isolation and Culturing of Hair Epithelial Cells 
 Murine hair epithelial cells were isolated from neonatal C3H/

HeNCrj mice (Charles River Japan, Inc., Kanagawa, Japan) ac-
cording to the method described in another report  [33] . Before 
starting our experiments, we confi rmed, by the keratin pattern ex-
pressed in the cultured cells (data not shown), that the isolated cells 
were hair epithelial cells  [34] . The purity of the isolated hair epi-
thelial cells is also confi rmed in electron microscopic studies  [35, 
36] . The dorsal skin was peeled from 4-day-old C3H/HeNCrj mice, 

cut into about 5-mm widths, then dipped into Eagle’s minimum 
essential medium containing 750 IU/ml of dispase (from  Bacillus 
polymyxa;  Godo Shusei Co., Tokyo, Japan), 60 mg/l of kanamycin, 
and 10% (v/v) fetal calf serum (FCS) at 4   °   C for 20 h. The epidermis 
was peeled off, and the remaining dermis layer was dispersed in 
Dulbecco’s modifi ed Eagle’s medium containing 0.25% (w/v) col-
lagenase (from  Streptomyces parvulus ; Nitta Gelatin Co., Osaka, 
Japan), 50,000 U/l of penicillin, 50 mg/l of streptomycin, 0.5% 
(w/v) bovine serum albumin and 20% (v/v) FCS at 37   °   C for 
1 h, stirring occasionally. This dermis suspension was fi ltered 
through a 212- � m nylon mesh, and the fi ltrate was centrifuged at 
1,400 rpm for 7 min. The pellet was resuspended in Dulbecco’s 
phos phate-buffered calcium- and magnesium-free saline contain-
ing 50,000 U/l of penicillin and 50 mg/l of streptomycin (PBS-PS). 
The suspension was left to stand for 15 min, allowing the hair fol-
licle tissue to precipitate, after which the supernatant was removed 
using an aspirator. The hair follicle tissue was resuspended in PBS-
PS and then precipitated. This precipitation process was repeated 
three times. Finally, the hair follicle tissue was incubated in 0.05% 
(w/v) EDTA-0.25% (w/v) trypsin in Hanks’ balanced calcium- and 
magnesium-free salt solution (Life Technologies, Inc., Md., USA) 
at 37   °   C for 5 min. The hair follicle cells were suspended in Dulbec-
co’s modifi ed Eagle’s medium supplemented with 50,000 U/l of 
penicillin, 50 mg/l of streptomycin, and 10% (v/v) FCS at a den-
sity of 3  !  10 5  cells/ml after fi ltration via a 212- � m nylon mesh. 
This hair follicle cell suspension was pipetted into a 24-well type I 
collagen-coated plate (2 cm 2 /well; Iwaki Glass Co., Chiba, Japan) 
at a rate of 1 ml/well and incubated in a humidifi ed atmosphere 
containing 5% CO 2  at 37   °   C for 24 h. After 24 h incubation, the 
medium was exchanged with MCDB 153 (Sigma) containing 
5 mg/ l of bovine insulin, 5  � g/l of mouse EGF, 40 mg/l of bovine 
pituitary extract, 10 mg/l of human transferrin, 0.4 mg/l of hydro-
cortisone, 0.63  � g/l of progesterone, 14 mg/l of o-phosphoryletha-
nolamine, 6.1 mg/l of ethanolamine, 50,000 U/l of penicillin, and 
50 mg/l of streptomycin. It was then further incubated in a humid-
ifi ed atmosphere containing 5% CO 2  at 37   °   C. During incubation, 
the medium was removed and replaced with fresh medium every 
other day. After 5 days, the degree of cell growth was determined 
by MTT assay and apoptotic cell death was detected using 
 ELISA. 

 Colorimetric Assay for Cell Proliferation by MTT 
 The degree of cell growth was determined by means of MTT [3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay 

 Fig. 1.    Structure of procyanidin B-2 [(–)epicatechin-(4 �  ] 8)-(–)epi-
catechin] ( a ) and procyanidin B-3 [(+)-catechin-(4 �  ] 8)-(+)-cate-
chin] ( b ). 
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 [37] . To summarize, MTT reagent was dissolved in Dulbecco’s cal-
cium- and magnesium-free PBS at a concentration of 5 mg/ml, fi l-
tered through a 0.45- � m membrane fi lter (cellulose acetate, DIS-
MIC-13cp, Advantec, Tokyo, Japan), and 10% (v/v) were added to 
the culture medium. The culture plate was further incubated in a 
humidifi ed atmosphere containing 5% CO 2  at 37   °   C for 4 h. After 
removing the medium, the formed dye was extracted with acidic 
isopropanol containing 0.04  N  HCl (adding 1.0 ml per 2 cm 2  well), 
and the absorbance was measured at 570 nm relative to 640 nm. 
As controls, we placed cell-free blank, in which test-agent-contain-
ing medium was pipetted, in the culture plates. Growth-promoting 
activities relative to controls (= 100%) were calculated. Results are 
expressed as mean  8  SD (n = 6) carried out with primary cultures. 

 Detection of Apoptotic Cell Death in Cultured Hair Epithelial 
Cells Using ELISA 
 Apoptotic cell death was quantitatively measured by detecting 

histone-associated DNA fragments using the sandwich ELISA sys-
tem (Cell Death Detection ELISA PLUS , Boehringer Mannheim). 
Both the cell lysate and the culture medium supernatant were sub-
jected to analysis. The level of histone-associated DNA fragments 
relative to controls (= 100%) was calculated. Results are expressed 
as mean  8  SD (n = 3) carried out with primary cultures. 

 Immunoblot Analysis (Western Blotting) 
 The primary cultured murine hair epithelial cell pellet was son-

icated in fi ve 10-second bursts in buffer A [20 m M  Tris(hydroxy-
methyl)aminomethane(Tris)-HCl (pH 7.5), 2 m M  EDTA, 10 m M  
EGTA, 0.25  M  sucrose, 2 m M  phenylmethylsulfonyl fl uoride, 
10  � g/ml leupeptin, and 10 m M  2-mercaptoethanol; fi nal concen-
trations] and centrifuged at 100,000  g  for 60 min (4   °   C). The super-
natants were subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and immunoblot analysis according to the meth-
od described in another report  [38]  with minor modifi cations. For 
the detection of MEK-1/2, we used a polyclonal antibody against 
MEK-1/2 (rabbit antihuman, Santa Cruz Biotechnology) as the pri-
mary antibody, and horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin (DAKO) as the secondary antibody. 

 Statistical Analysis 
 All data are expressed as mean  8  standard deviation. The data 

of the cell proliferation level and apoptotic cell death shown in  fi g-
ure 2  were analyzed by Dunnett’s multiple comparison test after 
the one-way analysis of variance. MEK-1/2 expression in  fi gure 3  
was analyzed by paired t test. Statistical signifi cance was set at   p  !  
0.05.  

 Results 

 Addition of TGF- �  1  or TGF- �  2  Dose-Dependently 
Decreases Hair Epithelial Cell Growth and Induces 
Apoptosis in Hair Epithelial Cells; Addition of 
Procyanidin B-2 or Procyanidin B-3 to the Culture 
Counteracts the Inhibitory Effects of Both TGF- �  1  
and TGF- �  2  
 Of the many hair-growth-regulating factors known, 

TGF- �  has of late been a focus of increasing research in-

terest, since it is a potent negative hair-growing factor that 
induces the catagen phase of the hair cycle  [5, 26–28] . We 
examined the effects of TGF- �  1  and TGF- �  2  on murine 
hair epithelial cell growth and subsequently observed that 
addition of TGF- �  1  to the culture medium dose-depend-
ently inhibits murine hair epithelial cell growth and in-
duces apoptotic cell death ( fi g. 2 a, c). The same effects 
were observed with TGF- �  2  ( fi g. 2 b, d). Addition of pro-
cyanidin B-2 to the medium containing TGF- �  1  almost 
entirely counteracted the growth-inhibitory effects of 
TGF- �  1 , and protected the cells from apoptosis ( fi g. 2 a). 
The same results were obtained with a combination of 
procyanidin B-2 and TGF- �  2  ( fi g. 2 b). Procyanidin B-3 
similarly counteracted the inhibitory effects of both TGF-
 �  1  and TGF- �  2 , and protected the cells from apoptosis 
( fi g. 2 c, d). Micrographs of murine hair epithelial cells 
cultured in the presence of TGF- �  1 , TGF- �  2 , or procy-
anidin B-2, and in the combinations of TGF- �  1  and pro-
cyanidin B-2, and TGF- �  2  and procyanidin B-2, are 
shown in  fi gure 4 .  

 Procyanidin B-2 Upregulates the Level of MEK-1/2 
in Cultured Murine Hair Epithelial Cells 
 Using Western blotting, we examined the effects of 

procyanidin B-2 on the expression of MEK-1/2 in cul-
tured murine hair epithelial cells. The hair epithelial cells 
were incubated in media containing 10  �  M  (= 5.79  � g/
ml) of procyanidin B-2 for the fi nal 48 h of the 5-day cul-
ture period. We observed increases in the expression of 
MEK-1/2 in hair epithelial cells cultured in media con-
taining 10  �  M  (= 5.79  � g/ml) of procyanidin B-2 of 434 
 8  47% (mean  8  SD; paired t test, p  !  0.001) relative to 
the controls (= 100%) ( fi g. 3 ). 

 Discussion 

 Several internal factors are known to regulate hair 
growth  [1] : for example, IGF-1, HGF, KGF and VEGF 
are known to positively regulate hair growth; TGF- � , 
FGF-5, TNF- � , IL-1 � , and IL-1 �  are known to negative-
ly regulate hair growth. 

 Of these growth factors and cytokines reported to act 
on hair follicles, TGF- �  1  has been considered to be a 
potent triggering factor of catagen induction in the mu-
rine hair cycle  [5, 26] . TGF- �  2  has been hypothesized to 
be a catagen-inducing factor in humans  [27, 28] . TGF-
 �  1  is also known as an apoptosis-inducing factor  [25]  in 
many types of cells  [39] . As for its effects on skin kera-
tinocytes, Shipley et al.  [40]  reported that TGF- �  causes 
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G 1  arrest of the cell cycle in human keratinocytes and 
Benassi et al.  [41]  also reported that TGF- �  1  causes 
apoptosis in cultured human keratinocytes. We exam-
ined the effect of TGF- �  1  on murine hair epithelial cell 
growth, and observed that the addition of TGF- �  1  to the 
culture medium dose-dependently inhibits the growth of 
murine hair epithelial cells and induces apoptotic cell 
death. Addition of procyanidin oligomers to medium 

containing TGF- �  1  completely counteracted TGF- �  1 -
induced apoptotic cell death. The same effects were ob-
served with TGF- �  2 . From these results, we conclude 
that the hair-growing mechanisms of procyanidin oligo-
mers are at least attributable to inhibition of TGF- �  1 - or 
TGF- �  2 -induced apoptotic cell death in hair epithelial 
cells. 

 Fig. 2.    Levels of hair epithelial cell growth and apoptotic cell death 
caused by TGF- �  1  or TGF- �  2 , and the effects of procyanidin B-2 
and procyanidin B-3.   The growth-promoting activities ( $ ) on hair 
epithelial cells were measured by MTT assay. The values relative 
to controls (= 100%) are shown. Apoptotic cell death was quantita-
tively measured by detecting mono- and oligonucleosomes both in 
the cell lysate (solid bar) and the culture medium supernatant (open 
bar) by ELISA assay. DNA fragments in the cell lysate and the cul-
ture medium supernatant relative to controls (= 100%) are shown. 
TGF- �  and procyanidin oligomers were added to the culture dur-
ing the last 5 days. For the control, a medium without TGF- �  (TGF-
 �  1  or TGF- �  2 ) or procyanidin oligomers (procyanidin B-2 or pro-
cyanidin B-3) was used. Results are expressed as mean  8  SD car-
ried out with primary cultures prepared from 50 neonatal mice. 
 a  Effects of procyanidin B-2 (PB2) on TGF- �  1 -induced apoptosis. 
 b  Effects of procyanidin B-2 (PB2) on TGF- �  2 -induced apoptosis. 

 c  Effects of procyanidin B-3 (PB3) on TGF- �  1 -induced apoptosis. 
 d  Effects of procyanidin B-3 (PB3) on TGF- �  2 -induced apoptosis. 
Both TGF- �  1  and TGF- �  2  dose-dependently repress hair epithelial 
cell growth and cause apoptotic cell death. Addition of procyanidin 
B-2 counteracts the growth-inhibitory effect of both TGF- �  1  and 
TGF- �  2  and protects the cells from apoptosis. The same results are 
obtained with procyanidin B-3. The cell proliferation level of each 
group was compared to 0 ng/ml TGF- �  1  or TGF- �  2  plus 0  �  M  PB2 
group using Dunnett’s multiple comparison method ( 1 p  !  0.05). 
The level of histone-associated DNA fragments in the cell lysate of 
each group was compared to 0.3 ng/ml TGF- �  1  or TGF- �  2  plus
0  �  M  PB2 group using Dunnett’s multiple comparison method
( 2 p  !  0.05). The level of histone-associated DNA fragments in the 
supernatant of each group was compared to 0.3 ng/ml TGF- �  1  or 
TGF- �  2  plus 0  �  M  PB2 group using Dunnett’s multiple compari-
son method ( 3 p  !  0.05). 
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 One mechanism for the growth-promoting effect of 
procyanidin oligomers on hair epithelial cells appears to 
be the activation of the MAPK (= extracellular signal-
regulated protein kinase) cascade, an important pathway 
that occurs during cell proliferation. As possible mecha-
nisms of the inhibitory effect of procyanidin oligomers 
on TGF- � -induced apoptosis in hair epithelial cells, the 
following is speculated. One possibility is an antioxida-
tion-related mechanism. It is known that TGF- � -induced 
apoptosis is mitochondria-dependent  [42]  and mediated 
by oxidative stress, i.e., caused by hydrogen peroxide 
 [43] . The results of experiments using HIT cells, a ham-
ster pancreatic  � -cell line, suggest that TGF- �  1  enhances 
apoptosis through the suppression of antioxidative en-
zymes, catalase and glutathione peroxidase  [44] . It is 
known that procyanidin oligomers have intensive anti-
oxidative activity  [19] . It can thus be speculated that pro-
cyanidin oligomers exert an inhibitory effect on TGF- � -
induced apoptosis through blocking oxidative stress 
caused by TGF- � . On the other hand, an MAPKK 
(= MEK), Bcl-x L  route can be speculated. It has been re-
ported that activation of MAPKK (= MEK) upregulates 
the expression of Bcl-x L   [45] , an antiapoptotic factor  [46] . 
We confi rmed that procyanidin B-2 upregulates MEK in 
hair epithelial cells ( fi g. 3 ). These items of information, 
when taken together, suggest that the hair-growing mech-
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 Fig. 3.    Western blotting analytical results for MEK-1/2 extracted 
from cultured murine hair epithelial cells ( a ). Procyanidin B-2
upregulates the level of MEK-1/2 in cultured murine hair epithe-
lial cells. Procyanidin B-2, to obtain a concentration of 10  �  M  
(= 5.79  � g/ml), was added to the culture medium during the fi nal 
48 h of the 5-day culture period. Quantitative analysis was per-
formed by densitometry ( b ). The level of MEK-1/2 in the control 
is expressed as 100. 

  Fig. 4.  Micrographs of hair epithelial cells cultured in 
the presence of TGF- �  1 , TGF- �  2 , or procyanidin B-2, 
and cultured in the presence of both procyanidin B-2 
and TGF- �  (TGF- �  1  or TGF- �  2 ). Hair epithelial cells 
cultured for 5 days are shown.  a  Control of cultured 
murine hair epithelial cells.  b  Murine hair epithelial 
cells cultured in the presence of 30  �  M  (= 17.4  � g/ml) 
procyanidin B-2.  c  Murine hair epithelial cells cultured 
in the presence of 0.3 ng/ml of TGF- �  1 .  d  Murine hair 
epithelial cells cultured in the presence of 0.3 ng/ml of 
TGF- �  2 .  e  Murine hair epithelial cells cultured in the 
presence of both 0.3 ng/ml of TGF- �  1  and 30  �  M  (= 
17.4  � g/ml) procyanidin B-2.  f  Murine hair epithelial 
cells cultured in the presence of both 0.3 ng/ml of TGF-
 �  2  and 30  �  M  procyanidin B-2. Scale bars: 100  � m.  
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anism of procyanidin oligomers is at least partially based 
on its inhibitory effects on TGF- � -induced apoptotic cell 
death in hair epithelial cells through both MEK activation 
and their antioxidative action. 

 We speculate that the hair-growing activity of procy-
anidin oligomers is at least linked to their growth-promot-

ing effect on hair epithelial cells and their protective ac-
tion on TGF- �  1 - or TGF- �  2 -induced apoptotic cell death 
that is assumed to trigger catagen induction  [5, 26]  in the 
hair cycle. Both mechanisms are speculated to be linked 
to activation of the MAPK signaling pathway. 
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