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TGF-b plays important roles in the induction of catagen
during the hair cycle. We examined whether TGF-b2
could activate a caspase in human hair follicles. Using
active caspase-9 and -3 speci¢c antibodies, we found
that TGF-b2 activated these caspases in two regions,
the lower part of the hair bulb and the outer layer of
the outer root sheath. In addition, we searched for a
plant extract that can e¡ectively suppress TGF-b action.
We found that an extract of Hydrangea macrophylla
reduced synthesis of a TGDb-inducible protein.We con-

¢rmed that the extract has a potential to promote hair
elongation in the organ culture system. Furthermore, it
delayed in vivo progression of catagen in a mouse mod-
el. Our results suggest that the induction of catagen by
TGF-b is mediated via activation of caspases and that a
suppressor of TGF-b could be e¡ective in preventing
male pattern baldness. Keywords:TGF-�/hair cycle/catagen
induction/caspase/apoptosis. JID Symposium Proceedings
8:65 ^68, 2003

H
air loss is the result of premature entry into catagen
due to various causes, including androgens (Jahoda,
1998), anticancer drugs (Paus et al, 1994), and in-
£ammatory reactions (Galbraith et al, 1984). Three
distinct phases have been de¢ned for the mamma-

lian hair cycle: anagen (growing phase), catagen (regressing
phase), and telogen (resting phase) (Kligman, 1959). It is impor-
tant to understand the catagen induction mechanism in order to
¢nd ways to prevent hair loss.
We have previously reported two important ¢ndings in this

process. First, catagen is characterized by the massive apoptotic
cell death of follicular epithelial cells (Soma et al, 1998). Second,
TGF-b2 appears in the lower part of the boundary area between
the dermal papilla cells and the germinative matrix cells during
anagen-catagen transition phase in vivo. Using hair follicle organ
culture we have clearly demonstrated that exogenous TGF-b
could induce morphological changes and apoptotic cell death in-
distinguishable from that which is seen in human catagen hair
follicles. In progressing stages of catagen, TGF-b2-, TGF-bRII-
and TUNEL-positive cells were colocalized at the regressing
epithelial strand. Furthermore, we demonstrated that a neutraliz-
ing antibody toTGF-b prevented morphological changes and re-
sulted in the elongation of hair shafts (Soma, submitted). These
¢ndings strongly suggest that TGF-b plays an essential role in
catagen induction via activation of an apoptotic pathway.
Caspases are well-known expediters of apoptosis and 14 mem-

bers are known in mammals (Kumar, 1999). Once the caspase cas-
cade is activated, it inevitably leads to apoptotic cell death. It is
now widely accepted that sequential activation of caspases is re-
quired in apoptosis processes.
In the present study, we investigated whether TGF-b2 could

activate the expedition of apoptosis, the caspase cascade. In addi-
tion, we searched for a plant extract that could e¡ectively suppress

TGF-b action in catagen progression.We identi¢ed such an ex-
tract and con¢rmed that it can delay catagen progression in vivo.

MATERIALS ANDMETHODS

Culture of human hair follicles Human scalp skin specimens were
obtained from plastic surgery. Human hair follicles were isolated and
cultured according to the method of Philpot et al (1990). In order to
analyze the e¡ect of TGF-b on caspase activation, anagen hair follicles
were incubated in the presence of TGF-b2 (20 ng/ml) for 2 days and then
10 mm frozen sections were prepared. To evaluate TGF-b antagonistic
molecules, the length of hair follicles in the presence or absence of test
materials was measured by light microscopy. Ten hair follicles were used
for each sample to perform statistical studies.

Double immuno-detection of tunel-positive cells and active
caspases It was important to identify the site of caspase activation for
the better understanding of the catagen induction mechanism. For this
purpose, we used cleavage site-directed antibodies to caspase-9 (Fujita
et al, 2000) and -3 (Kouroku et al, 1998), respectively. These antibodies do
not recognize proforms, and only active enzymes can be detected. Using
these antibodies, we studied the relationship between the appearance of
TUNEL-positive cells and caspase activation. Cryostat sections were ¢xed
with aceton at room temperature for 20 min and incubated with the active
caspase-3 or -9 speci¢c antibodies at 41C overnight. Texas Reds dye-
conjugated antirabbit IgG (donkey) was used as a secondary antibody. The
TUNEL reaction was performed using a £uorescein in situ cell death
detection kit (Roche Diagnostics) according to the manufacturer’s
instructions.

TGF-b suppression activity of plant extracts Dermal papilla (DP)
cells were isolated according to the method of Itami et al (1990) and used
within 4 passages. DP cells were incubated with plant extracts in the
presence of TGF-b2 (1 ng/ml) for 24 h. TGF-b suppression was assessed
by monitoring the amount of plasminogen activator inhibitor 1 (PAI-1), a
TGF-b-responsive gene product, in culture medium using TintElize PAI-1
(Biopool, CA). Cytotoxicity of every extract was tested using AlamarBlue
(Biopool) according to the manufacturer’s instructions.

In vivo test of catagen suppression Female C57BL/6 mice
(approximately 8 weeks of age) were used in this study, since the hair
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cycle is well characterized in this mouse (Muller-Rover et al, 2001). Hair
induction was obvious at day 10 after depilation by wax. An extract was
topically applied on the back once a day for 10 days after hair induction.
Back skin sections were prepared, stained with HE, and the catagen stage
of each hair follicle was scored. Stages of catagen were determined based on
the criteria described by Muller-Rover et al (2001). One hundred hair
follicle sections were graded for each mouse, and 5 mice were used for
each group.

RESULTS

TGF-b2 activates caspases in cultured hair follicles To
understand the role of TGF-b2 in relation to apoptosis, human
hair follicles were cultured in the presence of TGF-b2 for 2 d
and then examined for the activation of caspase-9 and caspase-3.
We focused on these two caspases, since they represent the
initiator caspase and the e¡ector caspase, respectively (Kumar,
1999). Using an active caspase-3 in two regions, including the
cells in the lower part of the germinative matrix and the outer
layer of the outer root sheath (Fig 1A). Caspase-9 was also
activated in similar areas (Fig 1B). Only a few cells were positive
for active caspase-3 in hair follicles cultured without TGF-b2
(Fig 1C). Dual staining for active caspase-3 and TUNEL

showed the TUNEL-positive cells consistently overlapped with
caspase-3-positive cells (Fig 1D^1F). Some cells were only
positive for active caspase-3 (Fig 1E,F). These cells probably
lacked nuclear material in the thin section. Control hair follicles
(Fig 1G) showed several positive cells around the cortex,
suggesting that these are not related to activity of exogenous
TGF-b.

Hydrangea macrophylla, a potential TGF-b2 antagonist, caused
elongation of hair follicles Suppression of TGF-b was hypothe-
sized to prevent apoptosis and to delay catagen entry. Therefore,
we sought a natural inhibitor of TGF-b action.We developed a
screening method for TGF-b suppression by monitoring changes
in PAI-1, a TGF-b responsive gene product. (Zhang et al, 1998).
Over 400 plant extracts were screened. Among these, the extract
from Hydrangea macrophylla (tea of Heaven) was most e¡ective in
suppressing PAI-1 synthesis (Fig 2A). Using the organ culture
system, the e¡ect of the H. macrophylla extract on hair follicle
elongation was tested. Human hair follicles were cultured in the
presence of the extract for 7 d. The resulting follicles showed
signi¢cant elongation (Fig 2B). Treated follicles showed an
average of 2.25 mm elongation, compared to an average of 2.0
mm for the controls. The di¡erence is signi¢cant to a p-value of
o0.05 as assessed by the one-way ANOVA and Dunnett’s posthoc
procedure.

H. macrophylla delayed catagen progression in vivo To con¢rm
the e¡ect of the H. macrophylla extract on catagen progression, an
in vivo test was performed using C57BL/6 mice. A new, synchro-
nized hair cycle was induced by wax depilation. The plant extract
was topically applied continuously on the back for 10 d from day
12 after hair induction. Skin sections were prepared, stained with
HE, and the catagen stage of each hair follicle was scored. Stages
of catagen were determined according to the method of Muller-
Rover et al (2001). Figure 3A and 3B show the typical features of
histochemical analyzes. Figure 3C summarizes the ratio of each
catagen stage for each group. Over half of the hair follicles treated
with 0.2% H. macrophylla extract were in earlier catagen stages
than in the control skin. Two percent extract showed a slightly
more potent e¡ect on catagen progression than 0.2%.

DISCUSSION

TGF-b is known to regulate various physiological reactions in-
cluding apoptotic cell death (Oberhammer et al, 1992; Ohta et al,
1994). Previously we have shown the spatio-temporal localization
of TGF-b isoforms during the human hair cycle, and we sug-
gested that up-regulation and speci¢c localization of TGF-b2 in
the anagen-catagen transition may initiate the process of catagen
(Soma et al, submitted). In this report, we analyzed activation of a
caspase network byTGF-b2 in human hair follicles.We focused
on the initiator caspase-9 and the e¡ector caspase-3. Our results
clearly demonstrated that TGF-b2 can activate these two caspases
in an organ culture system. This is the ¢rst evidence that TGF-b
can elicit apoptotic cell death through the activation of a caspase
network in human hair follicles.We still do not know all the mo-
lecules that may play roles in this network activation byTGF-b.
Recently it was suggested that caspase-8 is located upstream of
caspase-9 (Li et al, 1998; Pan et al, 2001). Caspase-8 could also be
included in apoptosis induced byTGF-b2.
Our preliminary data indicate that caspase activation may not

be an immediate early response to TGF-b (unpublished data).
Well-known mediators for TGF-b signal transduction include
members of the Smad family (Hoodless andWrana, 1998). Smad2
can speci¢cally mediate TGF-b/activin signal transduction. After
TGF-b stimulation, phosphorylated Smad2 binds with Smad4
and the complex translocates to the nucleus. We speculate that
the mechanism of caspase activation by TGF-b includes the in-
duction of other functional molecules.TSC-22,TGF-b stimulated
clone-22, is a TGF-b responsive gene that was suggested to

Figure1. Caspase activation in hair follicles treated with TGF-b2.
Hair follicles were cultured in the presence (A, B, D E and F) or absence
(C and G) of TGF-b2 and immuno-stained with the cleavage site-directed
antibody to caspase-3 (A) or caspase-9 (B). Caspase activation occured in
the lower part of germinative matrix cells and outer layers of outer root
sheath cells (arrow) in the hair follicles treated with TGF-b2, compared
with the control (C). Dual staining for active caspase-3 and TUNEL de-
monstrated colocalization of these cells (D^F). E and F show magni¢ed
views. The anagen hair follicle in the absence of TGF-b2 showed positive
signals around hair cortex, which are not related toTGF-b2 (G). scale bars:
100 mm
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promote apoptotic cell death induced byTGF-b (Ohta et al, 1997).
Our experiments indicate that TSC-22 is present in the epithelial
component of hair follicles in vivo (Dohrmann et al, 1999). TSC-
22 may be a candidate molecule in this process.
Involvement of TGF-b in catagen induction is also suggested

in mice.TGF-b1 levels increase in late anagen and remain at max-
imal throughout catagen (Foitzik et al, 2000). TGF-b type II re-
ceptor was restricted in hair follicles and was up-regulated in
anagen-catagen transtion phase (Paus et al, 1997).
Our next goal was to test whether suppression of TGF-b2

could delay catagen entry. In this study, we identi¢ed an H. macro-
phylla extract as a potential suppressor of TGF-b2 action, because
it could reduce PAI-1 production from dermal papilla cells.
Although PAI-1 transcription requires both TGF-b activated
Smad proteins and independently activated AP-1 (Zhang et al,
1998), we favor the model that this extract blocksTGF-b function
because of its e¡ect on hair follicles. The H. macrophylla extract
was e¡ective on hair elongation in organ culture system. Further-
more, using the in vivo mouse model, we showed that topical ap-
plication of the extract leads to delay of catagen progression.
Suppression of TGF-b is expected to provide a novel and e⁄cient
tool for hair cycle regulation.
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