
Abstract. The precise mechanisms of alopecia, a pathophy-
siological disorder with negative psychological implications,
are unknown. Androgen and hereditary predisposition are
major causes, but the condition is also affected by stress, an
irregular diet and high levels of sebum secretion. We focused
on oxidative stress and analyzed the effect of the lipid
peroxides on hair follicles. Our first observation was that the
topical application of linolein hydroperoxides, one of the
lipid peroxides, lead to the early onset of the catagen phase in
murine hair cycles. Furthermore, by using TUNEL staining
we found that lipid peroxides induced apoptosis of hair
follicle cells. They also induced apoptosis in human
epidermal keratinocytes by up-regulating apoptosis-related
genes. These results indicated that lipid peroxides, which can
cause free radicals, induce the apoptosis of hair follicle cells,
and this is followed by early onset of the catagen phase.
These observations may provide insight into the mechanisms
underlying the development of alopecia in humans.

Introduction

Hair follicles are miniature hair-shaft-producing organs that
have regular cycles of regeneration known as hair cycles.
These phases are growth (anagen), regression (catagen) and
rest (telogen) (1-3). Hair follicles are composed primarily of
epithelial and dermal components, and the hair cycle is a
coordinated and complex process, dependent on the interaction
of these components (4,5).

Hair loss is the result of premature entry into the catagen
phase and the main causes of hair loss are the presence of
androgen and hereditary predisposition (6). It has long been
suggested that stress, irregular diet and sebum lipids are also
involved in the progression of baldness.

Sebum lipids are secreted from sebaceous glands and
hormonal changes occurring in the body after puberty cause

these glands to become hyperactive (7). Secreted sebum lipids
play physical and chemical roles in protecting and moisturizing
the hair and skin, but unsaturated fatty acids in sebum lipids
are easily converted to lipid peroxides when exposed to
oxygen and ultraviolet irradiation (8). Lipid peroxidation has
received much attention in connection with its pathological
effects and contributions to aging and diseases such as athero-
sclerosis and cancer (9-17). There are several reports on the
effect of lipid peroxides on skin. Saint-Leger et al, for example,
showed that squalene oxide may play an important part in the
pathology of comedones (18). Chiba et al demonstrated that
repetitive topical application of squalene hydroperoxides
increased skin roughness and wrinkle formation in hairless
mice (19).

Although the harmful effects of lipid peroxides on skin
have been well investigated, little is known about the effect
of lipid peroxides on hair growth. There is experimental
evidence that squalene, a natural component of human sebum,
causes reversible hair loss in rabbits and guinea pigs (20), but
some of this evidence is not quantitative. In the present study
we focused on the lipid peroxides that are produced when
sebum lipid on the skin of the scalp is exposed to ultraviolet
light (8). To investigate the relationship between these lipid
peroxides and hair loss, we studied the effect of linolein
hydroperoxides on the hair cycles of mice.

Materials and methods

Chemicals and animals. Linolein hydroperoxides purchased
from Cayman Chemical Co. (MI, USA) were used as the
model of lipid peroxides, and 8-week-old C57BL/6 mice
were purchased from Japan SLC (Shizuoka, Japan). They were
maintained in an air-conditioned room with light from 9 a.m.
to 9 p.m. The room temperature, (22±1˚C) and humidity,
(~60%) were controlled automatically. Laboratory pellet
chows (CE2; CLEA Japan Inc., Tokyo, Japan) and water
were freely available.

Cell preparation. For TUNEL staining and gene expression
analysis, human epidermal keratinocytes (6x105 cells)
(Kurabo Industries Ltd., Osaka, Japan) were seeded in dishes
60 mm in diameter (Sumitomo Bakelite Co. Ltd., Akita,
Japan) and were cultured in Humedia KG-2 (Kurabo Industries
Ltd.). After reaching subconfluency, these cells were treated
with 1 μl of linolein hydroperoxides [0.1% (w/v)] for 24 h.
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Tissue sample preparation. The anagen phase was induced
by using, with minor modifications of the method previously
described (21), depilatory wax (Anschone; Imyu Co., Tokyo,
Japan) to remove the dorsal hair of 8-week-old C57BL/6
mice.

Skin tissues including samples of the epidermis, dermis
and hair follicles were harvested on specific days (Fig. 1). In
order to evaluate the effect of linolein hydroperoxides on the

onset of the catagen phase, we applied 0.1 ml per day of an
ethanolic solution of linolein hydroperoxides [0.1% (w/v)]
topically to the dorsal skin from days 5 to 20 after depilation.
The samples assessed to evaluate the hair cycle stages were
harvested on days 13 (n=4), 17 (n=4) and 21 (n=4) after
depilation. Samples harvested on day 13 were also used for
detection of apoptosis. The skins of the control mice were
treated with 0.1 ml per day of ethanol.

Histology and histomorphometry of hair follicles. Dorsal skin
from the neck region was harvested perpendicular to the
paravertebral line to obtain longitudinal hair follicle sections.
The samples were embedded in paraffin. Paraffin sections
were routinely stained with hematoxylin and eosin or were
TUNEL-stained for the detection of apoptosis. The hair cycle
stage of each hair follicle was assessed using morphological
criteria (22). A minimum of 50 hair follicles per mouse were
assessed.

TUNEL staining
Tissue samples: The TUNEL reaction was performed using

the Apoptag® Fluorescein In Situ Apoptosis Detection Kit
(Chemicon, Temecula, CA, USA) as described by the manu-
facturer. Tissue sections were deparaffinized and treated with
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Figure 1. Protocol of topical application of linolein hydroperoxides. Eight-
week-old C57BL/6 mice were depilated (day 0). Linolein hydroperoxides
[0.1% (w/v)] (0.1 ml per day) were applied to dorsal skin from days 5 to 20
after depilation. The skins were harvested on days 13, 17 and 21 after
depilation. Ethanol was applied as a control.

Figure 2. Effect of linolein hydroperoxides on the mouse hair cycle. (A)
Representative examples of histochemical features of the hair follicles of mice
treated with 0.1% linolein hydroperoxides (0.1 ml per day) and control mice
(treated with ethanol), 13, 17 and 21 days after depilation (n=4; scale bar,
100 μm). Hair follicle features differ between the two groups on days 17 and 21.
(B) The ratio of hair follicle stages at day 17 after depilation. A minimum of
50 hair follicles per mouse were counted, and their hair cycle stages
assessed based on the classification of Müller-Röver et al (22) (anagen,
anagen I-VI; catagen, catagen I-VIII; and telogen).

B
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20 μg proteinase K per ml for 15 min at 37˚C. After rinsing
with phosphate-buffered saline, sections were incubated for
10 sec at room temperature in an equilibration buffer and
then incubated at 37˚C for 1 h in a reaction buffer containing
TdT enzyme. The reaction was terminated by transferring the
slides to a stop/wash buffer. After washing, sections were
covered with anti-digoxigenin-fluorescein and incubated for
30 min at room temperature, avoiding exposure to light.
Sections were then counterstained with 4',6-diamino-2-
phenylindole dihydrochloride (DAPI).

Cell samples: After keratinocytes had been fixed in
ethanol for 10 min, the TUNEL reaction was performed using
the Apoptag Fluorescein In Situ Apoptosis Detection Kit.

Real-time quantitative RT-PCR. Total RNA was obtained
from cultured keratinocytes by using an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). To remove any possible DNA
contamination, DNA was digested with a TURBO DNA-
free™ Kit (Ambion, Austin, TX, USA). We purified high
quality total RNA (A260/A230 ratios were >1.8). A 1.5 μg
sample of total RNA was subjected to reverse transcription
using MMLV reverse transcriptase RNaseH Minus (Toyobo
Co. Ltd., Osaka, Japan) and primed with a random primer
(Toyobo Co. Ltd.). Real-time quantitative RT-PCR was
performed using a SYBR®-Green PCR Master Mix (Toyobo
Co. Ltd.) and fluorescence was measured with a GeneAmp
5700 detection system (Applied Biosystems, Foster City,
CA, USA). The PCR primers used in this study were apaf1:
5'-CCAAGAAGCTGAGCGAGTGTCT-3' and 5'-CCAGTT
GAAGTTGCCGTCAGA-3'; Bax: 5'-CCAAGAAGCTGA
GCGAGTGTCT-3' and 5'-CCAGTTGAAGTTGCCGTC
AGA-3'; Bcl2: 5'-CCCTCCAGATAGCTCATTTCAT
TAAG-3' and 5'-TGCAATCCACTGTCACTCTTGC-3';
caspase 8: 5'-CTGATTCAGAGGAGCAACCCTATTTA-3'
and 5'-GCAAAGTGACTGGATGTACCAGGT-3'; caspase 9:
5'-ACTCTACTTTCCCAGGTTTTGTTTCC-3' and 5'-CCC
TTTCACCGAAACAGCATT-3'; caspase 10: 5'-GCCCTA
GACTGGCTGAAAAACC-3' and 5'-AAGTCAGCCT
CGGCAGGAA-3'; p53: 5'-TGCAATAGGTGTGCGTC
AGA-3' and 5'-CTCCCAAACATCCCTCACAGTA-3';

GAPDH: 5'-TTGTCAAGCTCATTTCCTGGTATG-3' and
5'-TCCACCACCCTGTTGCTGTA-3'. Up to 40 cycles of
amplification were performed, with each cycle consisting of
94˚C for 15 sec, 60˚C for 15 sec, and 72˚C for 30 sec. Each
gene expression level was compared using GAPDH gene
expression as an internal control. Data were pooled from three
independent experiments, and the statistical significance of
differences was determined by using a two-sided Student's t-
test. P<0.05 was considered significant.

Results

Lipid peroxides lead to the early onset of catagen phase. The
hair cycle changes and differences between the control and
treated mice are shown in Fig. 2A. Although no differences
between the histochemical features of the hair follicles of the
two groups were observed on day 13 after depilation, degen-
erated hair follicles were found in the linolein hydroperoxide-
treated mice on day 17. On day 21 after depilation, the hair
follicles of the control mice were still in the catagen phase,
whereas those of the treated mice were in the telogen phase.

To determine the quantity of hair follicles formed, we
evaluated the proportions of hair follicles in the anagen, catagen
and telogen phases in each tissue sample on day 17 after
depilation. The results are shown in Fig. 2B. Approximately
70% of the hair follicles from the control mice were still in
the anagen phase, whereas 70% of those from the linolein
hydroperoxide-treated mice had already entered the catagen
phase. The proportion of hair follicles in the catagen phase was
higher for treated than it was for control mice. Topically applied
linolein hydroperoxides thus led to early onset of the catagen
phase in murine hair cycles.

Lipid peroxides induce apoptosis in murine hair follicles. On
day 13 after depilation there were few apoptotic cells in the
hair follicles of the control mice but these cells (green
fluorescence) were detected in the hair matrix and epithelial
cells in the hair follicles of the treated mice (Fig. 3). Linolein
hydroperoxides thus induced apoptosis in the hair matrix
cells before the onset of the catagen phase.
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Figure 3. Detection of apoptosis induced in hair follicles 13 days after depilation. Apoptotic hair follicle cells were detected with TUNEL staining (green
fluorescence). The hair follicles of mice treated with linolein hydroperoxides had more apoptotic cells in the hair matrix than those of control mice (shown by
arrowheads). DAPI was used for counterstaining (blue fluorescence). Scale bar, 10 μm.
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Lipid peroxides induce apoptosis in keratinocytes. Apoptosis
was observed in the keratinocytes and hair follicle cells of
mice treated with linolein hydroperoxides but apoptotic cells
were not detected in control keratinocytes (Fig. 4)

Lipid peroxides regulate the expression of apoptosis-related
genes in cultured keratinocytes. As linolein hydroperoxides
induced apoptosis in the hair matrix and epithelial cells of the
hair follicles, we examined the expression of apoptosis-
related genes in the epithelial cells. As shown in Fig. 5, the
expression level of Bcl2 (0.29 fold), which inhibits apoptosis,
was down-regulated in the keratinocytes treated with linolein
hydroperoxides, and the expression levels of apaf1 (1.53 fold),
Bax (2.07 fold), p53 (3.45 fold), caspase 8 (1.93 fold),
caspase 9 (2.28 fold) and caspase 10 (3.98 fold) in those
cells were up-regulated. Thus linolein hydroperoxides, which
induced apoptosis in the keratinocytes, also caused the
expression of these apoptosis-related genes to be up-regulated.

Discussion

In this study we investigated the relationship between the hair
cycle and lipid peroxides formed from lipids secreted by
sebaceous glands. Human sebaceous glands secrete a lipid
mixture containing squalene, wax esters, cholesterol esters,

triglycerides and possibly some free cholesterol (23). Trigly-
cerides produce free fatty acids by catalytic reactions occurring
in the presence of bacterial hydrolases (24). The composition
of free fatty acids on the surface of the skin and scalp has been
extensively studied by Kotani and Kusu (25). Myristic,
palmitic, oleic, stearic and linoleic acid are distributed at
relatively high concentrations on the scalp. In this study we used
linolein hydroperoxides as a model for lipid peroxides. Linolein
hydroperoxides are a mixture of 132 possible isomers of
mono-, di- and tri-hydroperoxides produced from the
autoxidation of trilinolein. Each day 0.1 mg/day (10 μg/cm2) of
linolein hydroperoxides were applied to the back skin of the
mice (2.5x4 cm). Although the sebum level on the human
scalp depends on the time after a shampoo, the average level
has been reported to be ~200 μg/cm2 (26). In addition, Kohno
reported that sunlight oxidizes ~1% of the total squalene on
the human scalp (27). Even though the oxidation rate differs
depending on the variety of constituents of sebum, the amount
of linolein hydroperoxides applied to the murine back skin
each day in this study was ~5 times the amount of oxidized
sebum usually found on the human scalp.

Our finding that linolein hydroperoxides induce the catagen
phase in the murine hair cycle suggests that lipid peroxides
cause hair loss. The excretion of sebum, which is the source
of lipid peroxides, is stimulated by androgen. Increased
levels of hydroperoxides as well as increased hair loss are
experienced during senescence (28). It is therefore possible
that androgen acts as a trigger for hair loss. The primary
target cells of androgen in the hair follicle are the dermal
papilla cells, which mediate the signals to the follicular
epithelial cells (29). In this study, the apoptotic cells of mice
treated with linolein hydroperoxides were found not in the
dermal papilla cells but in the hair matrix and epithelial cells
in the hair follicles. This suggests that linolein hydro-
peroxides affected the hair matrix and epithelial cells
directly through hair shafts and induced apoptosis. Lipid
hydroperoxides also induced apoptosis in human vesical
fistula, human microvascular and mouse myogenic C2C12
cells (30,31). The lipid hydroperoxides have a common effect
on these and on hair follicle cells.
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Figure 5. Expression of apoptosis-related genes in keratinocytes (n=3). Changes in the expression of apaf1, Bax, Bcl2, caspase 8, caspase 9, caspase 10 and
p53 in control and treatment-group keratinocytes were evaluated by using quantitative RT-PCR analysis. Each gene expression level was compared using
GAPDH gene expression as an internal control. Data were pooled from three independent experiments, and the statistical significance of differences was
determined by using Student's t-test. P<0.05 was considered statistically significant: **P<0.01 and *P<0.05; mean ± SD.

Figure 4. Detection of apoptosis in cultured keratinocytes. Apoptotic
keratinocytes were detected with TUNEL staining (green fluorescence). No
apoptotic cells were detected in control keratinocytes. Linolein hydro-
peroxides induced apoptosis in cultured keratinocytes. DAPI was used for
counterstaining (blue fluorescence).
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Since the culture conditions of hair matrix and epithelial
cells are not established, we previously investigated the effect
of linolein hydroperoxides on the expression of apoptosis-
related genes by using human keratinocytes. The expression
level of p53, known as the regulator of apoptosis, was up-
regulated. In addition, the expression levels of all the genes
which we measured, including those of Bcl2 and the caspases,
were changed in ways that induce apoptosis. Considering
these results and the reported retardation of hair follicle
regression in the p53 knockout mouse (32), it can be inferred
that p53 is an important factor involved in the control of hair
cycles.

Lipid hydroperoxides produce reactive oxygen species
(ROS), such as peroxyl and alkoxy radicals, during chain
reactions. It was suggested that ROS induce the apoptosis of
hair matrix and epithelial cells by stimulating the expression
of p53. Cells generally have an antioxidant system with
oxidative-stress-response genes, such as those for glutathione
S-transferase and quinine oxidoreductase, whose expression
has been reported to be regulated by NF-E2-related factor 2
transcriptional factor (Nrf2) (33). As p53 suppresses the
Nrf2-mediated transcription of antioxidant response genes (34),
it was suggested that ROS are not decreased in hair follicles.
As a result, disruption of the balance of biological defence
mechanisms leads to apoptosis in the hair follicles.

Since we used linolein hydroperoxides as a model of lipid
peroxides and the sebum composition differs between mouse
and man, it is necessary to investigate the effect of oxidative
products of human sebum on the human hair follicles. None-
theless, we found that linolein hydroperoxides induced the
catagen phase in murine hair cycles, which indicates that
lipid peroxidation may play a role in the pathogenesis of hair
loss.
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