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Abstract Induction of massive apoptosis of hair follicle
cells by chemotherapy has been implicated in the patho-
genesis of chemotherapy-induced alopecia (CIA), but the
underlying mechanisms of regulation are not well under-
stood. The present study investigated the apoptotic effect of
cisplatin in human hair follicle dermal papilla cells and
HaCaT keratinocytes, and determined the identity and role
of specific reactive oxygen species (ROS) involved in the
process. Treatment of the cells with cisplatin induced ROS
generation and a parallel increase in caspase activation and
apoptotic cell death. Inhibition of ROS generation by
antioxidants inhibited the apoptotic effect of cisplatin,
indicating the role of ROS in the process. Studies using
specific ROS scavengers further showed that hydroxyl
radical, but not hydrogen peroxide or superoxide anion, is
the primary oxidative species responsible for the apoptotic
effect of cisplatin. Electron spin resonance studies
confirmed the formation of hydroxyl radicals induced by
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cisplatin. The mechanism by which hydroxyl radical
mediates the apoptotic effect of cisplatin was shown to
involve down-regulation of the anti-apoptotic protein Bcl-2
through ubiquitin-proteasomal degradation. Bcl-2 was also
shown to have a negative regulatory role on hydroxyl
radical. Together, our results indicate an essential role of
hydroxyl radical in cisplatin-induced cell death of hair
follicle cells through Bcl-2 regulation. Since CIA is a
major side effect of cisplatin and many other chemother-
apeutic agents with no known effective treatments, the
knowledge gained from this study could be useful in the
design of preventive treatment strategies for CIA through
localized therapy without compromising the chemotherapy
efficacy.
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Abbreviations

CDDP cis-diamminedichloroplatinum, cisplatin

HFDPC Human hair follicle dermal papilla cells

ROS Reactive oxygen species

hROS Highly reactive oxygen species

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

zVAD-fmk  Benzyloxycarbonyl-Val-Ala-Asp-(OMe)
fluoromethyl ketone

NAC N-acetyl cysteine

GSH Reduced glutathione

H,DCF-DA  Dihydrodichlorofluorescein diacetate

HPF Hydroxyphenyl fluorescein

CAT Catalase

MnTBAP Mn(IID)tetrakis(4-benzoic acid) porphyrin
chloride

NaFM Sodium formate
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Pro-C3 Pro-caspase-3

LAC Lactacystin

CMA Concanamycin A

Ub Ubiquitin

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

Introduction

Chemotherapy-induced alopecia (CIA), an induction of
massive hair loss by chemotherapy, remains an unresolved
problem in clinical oncology [1]. More than 80% of cancer
chemotherapy patients consider CIA as the most distressing
side effect, leading to poor therapeutic outcome [2, 3].
Incidence of the disease varies depending on the type of
drugs, their dosage, and route of administration. Progres-
sive understanding in CIA has been achieved using rodent
models. Substantial evidence suggests that various che-
motherapeutic agents induce massive apoptosis in several
hair follicle compartments, including dermal papilla and
matrix keratinocytes, and cause alopecia [4-6]. Despite
such understanding, the mechanisms underlying the disease
process remains obscure and effective preventive treatment
has yet to be developed.

Cisplatin (cis-diamminedichloroplatinum) is a com-
monly used chemotherapeutic agent for a variety of human
cancers with a high potential to induce alopecia [4, 7].
Induction of ROS generation by cisplatin is considered to be
one of the mechanisms of cancer cell death [8, 9]. Accu-
mulating evidence also indicates the involvement of ROS in
the toxic side effects of cisplatin including ototoxicity and
nephrotoxicity [10-12]. Certain antioxidants such as lyco-
pene, lipoic acid, and dimethyl thiourea have been shown to
alleviate these toxic effects of cisplatin [13—15]. To date, the
mechanisms by which cisplatin causes hair follicle toxicity
and its regulation by ROS have not been demonstrated.
Cisplatin has been shown to induce apoptosis mainly
through the mitochondrial (intrinsic) death pathway [9, 16].
The intrinsic death pathway involves the release of cyto-
chrome ¢ from mitochondria, which then binds to caspase-
activating proteins such as Apaf-1 and initiates the caspase
cascade leading to apoptosis [17, 18]. The induction of
apoptosis through the intrinsic death pathway is regulated
primarily by Bcl-2 family proteins, notably the pro-apoptotic
Bax and anti-apoptotic Bcl-2 proteins. It is generally
accepted that Bcl-2 protects cells from apoptosis and that the
activity of Bcl-2 is determined by its interaction with Bax.
The release of cytochrome ¢ from mitochondria and sub-
sequent cell death is prevented when Bax forms heterodi-
mers with Bcl-2 [19, 20]. Thus, in contrast to Bcl-2, the
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elevated level of Bax promotes apoptotic cell death. Inter-
estingly, Bcl-2 and Bax were previously shown to regulate
hair follicle apoptosis during apoptosis-driven regression
phase of hair cycle (catagen) [21, 22]. The coincidental
decline of Bcl-2 level with an increase of Bax level was
detected in hair matrix keratinocytes undergoing apoptosis.
These findings have led to the hypothesis that ROS may
function as a key mediator of cisplatin-induced apoptosis in
hair follicle cells by regulating Bcl-2 and Bax levels.

The observation that Bcl-2 is often expressed at a high
level in apoptosis-resistant cells [23, 24] underlines the
significance of Bcl-2 in the apoptotic process. Bcl-2
expression is tightly regulated by different mechanisms,
including transcription, dimerization, and degradation.
Degradation of Bcl-2 is mediated primarily through the
ubiquitin-proteasomal pathway [25, 26], which was previ-
ously reported to play an important role in apoptosis
induced by various cytotoxic agents [9, 27, 28]. In the
present study, we investigated the susceptibility of human
hair follicle cells to apoptotic cell death induced by cis-
platin using human hair follicle dermal papilla cells
(HFDPC) and HaCaT keratinocytes. The HaCaT cells were
used experimentally as they expressed an epidermal phe-
notype similarly to the outer root sheath cells of hair fol-
licles [29]. We also investigated the mechanisms of
apoptotic cell death and the role of ROS and Bcl-2 family
proteins in the process.

Materials and methods
Cell culture

Human HFDPC were obtained from PromoCell (Heidel-
berg, Germany). The cells were cultured in DP cell growth
medium (PromoCell) containing 100 units/ml of penicillin
and 100 pg/ml of streptomycin (Gibco, Gaithersburg, MA,
USA) in a 5% CO, environment at 37°C. Human kerati-
nocyte HaCaT cells were obtained from Cell Lines Service
(Heidelberg, Germany) and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Gaithersburg,
MA) supplemented with 2 mM L-glutamine and 10% fetal
bovine serum in a 5% CO, at 37°C.

Reagents

Cis-diamminedichloroplatinum II (cisplatin, CDDP), 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), N-acetyl cysteine (NAC), reduced glutathione
(GSH), sodium formate, uric acid, lactacystin, and anti-
body for ubiquitin were obtained from Sigma Chemical,
Inc. (St. Louis, MO). Hoechst 33342 and dihydrodi-
chlorofluorescein diacetate (H,DCF-DA) were obtained
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from Molecular Probes, Inc. (Eugene, OR). Mn(IlD)tetra-
kis(4-benzoic acid) porphyrin chloride (MnTBAP) and
concanamycin A (CMA) were obtained from EMD Bio-
sciences, Inc. (La Jolla, CA). Caspase inhibitor benzylox-
ycarbonyl-Val-Ala-Asp-(OMe) fluoromethyl ketone (zVA
D-fmk) was obtained from Alexis Biochemicals (San
Diego, CA). Hydroxyphenyl fluorescein (HPF) was
obtained from Cell Technology (Mountain View, CA).
Antibody for Bcl-2 and protein G-conjugated agarose were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies for Bax, procaspase-3, f-actin, and peroxidase-
conjugated secondary antibodies were obtained from Cell
Signaling Technology (Boston, MA).

Plasmids and transfection

Bcl-2 plasmid was generously provided by Dr. C. Stehlik
(Northwestern University, School of Medicine, Chicago,
IL). Authenticity of the plasmid construct was verified by
DNA sequencing. Cells were transfected with Bcl-2 or
pcDNA3 control plasmid by nucleofection using Amexa
Biosystems Nucleofector (Cologne, Germany), according to
the manufacturer’s instruction. Briefly, cells were suspended
in 100 pl of nucleofection solution with 2 pg of plasmid and
nucleofected using the device program U020. The cells were
then resuspended in 500 pl of complete medium and seeded
in 6-mm cell culture dish. Cells were allowed to recover for
72 h before each experiment. The efficiency of transfection
was determined by using a GFP reporter plasmid and was
found to be approximately 85%.

ROS detection

Reactive oxygen species generation was determined by
flow cytometry using dichlorodihydrofluorescein diacetate
(H,DCF-DA) as a fluorescent probe. Briefly, cells were
incubated with the probe (10 uM) for 30 min at 37°C, after
which they were washed, resuspended in phosphate-buffered
saline (PBS) and immediately analyzed for fluorescence
intensity by flow cytometry using a 485-nm excitation beam
and a 538-nm band-pass filter (FACSort, Becton—Dickinson,
Rutherford, NJ). The mean fluorescence intensity was
quantified by CellQuest software (Becton—Dickinson) anal-
ysis of the recorded histograms.

Generation of highly reactive oxygen species (hROS)
was determined according to the method previously
described [30] using HPF as a probe. Briefly, cells were
incubated with the probe (10 uM) for 1 h at 37°C, after
which they were washed, resuspended in Hank’s buffered
salt solution (HBSS) and analyzed for fluorescence inten-
sity using a fluorescence plate reader at a 485-nm excita-
tion and a 520-nm emission (FLUOstar OPTIMA, BMG
Labtech, Durham, NC).

Electron spin resonance (ESR) measurements were
performed to identify specific ROS. Cells were incubated
with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 10 mM)
for 10 min at 37°C in the presence or absence of ROS
modulators. ESR signals were measured using a Bruker
EMX spectrometer (Bruker Instruments, Billerica, MA)
and a flat cell assembly. Hyperfine couplings were mea-
sured (to 0.1 G) directly from magnetic field separation
using potassium tetraperoxochromate and 1,1-diphenyl-2-
picrylhydrazyl as reference standards. An Acquisit pro-
gram (Bruker Instruments) was used for data acquisition
and analysis.

Cytotoxicity and apoptosis assays

Cytotoxicity was determined by MTT colorimetric assay.
After specific treatments, cells in 96-well plate were
incubated with 500 pg/ml of MTT for 4 h at 37°C.
The intensity of the formazan product was measured at
550 nm using a microplate reader. Relative cell viability
was calculated by dividing the absorbance of treated cells
by that of the non-treated cells in each experiment.
Apoptosis was determined by Hoechst 33342 DNA frag-
mentation assay. Briefly, cells were incubated with 10 pg/
ml of Hoechst 33342 for 30 min and analyzed for apoptosis
by scoring the percentage of cells having intensely con-
densed chromatin and/or fragmented nuclei by fluores-
cence microscopy (Leica Microsystems, Bannockburn, IL).
Approximately 1,000 nuclei from ten random fields were
analyzed for each sample. The apoptotic index was cal-
culated as the percentage of cells with apoptotic nuclei
over total number of cells.

Western blot analysis

After specific treatments, cells were incubated with lysis
buffer containing 20 mM Tris—HC1 (pH 7.5), 1% Triton
X-100, 150 mM NaCl, 10% glycerol, 1 mM Naz;VQ,,
50 mM NaF, 100 mM phenylmethylsulfonyl fluoride, and a
commercial protease inhibitor mixture (Roche Molecular
Biochemicals) at 4°C for 20 min. Cell lysates were collected
and determined for protein content using the Bradford
method (Bio-Rad Laboratories, Hercules, CA). Proteins
(40 ng) were resolved under denaturing conditions by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto nitrocellulose membranes
(Bio-Rad). The transferred membranes were blocked for 1 h
in 5% nonfat dry milk in TBST (25 mM Tris—HCI, pH 7.4,
125 mM NaCl, 0.05% Tween 20) and incubated with
appropriate primary antibodies at 4°C overnight. Mem-
branes were washed twice with TBST for 10 min and
incubated with horseradish peroxidase-coupled isotype-spe-
cific secondary antibodies for 1 h at room temperature. The
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immune complexes were detected by enhanced chemilumi-
nescence detection system (Amersham Biosciences, Piscat-
away, NJ) and quantified using analyst/PC densitometry
software (Bio-Rad Laboratories, Hercules, CA).

Caspase-3 activity assay

Caspase activity was measured by using APO LOGIX
carboxyfluorescein caspase detection kit (Cell Technolo-
gies, Minneapolis, MN), according to the manufacturer’s
instructions. After specific treatments, cells were incubated
with 10 pl of 30x FAM-DEVD-fmk for 2 h in dark. Cells
were washed with 1x Working Dilution Wash Buffer
which was supplied with the kit. The fluorescence signals
were measured using a fluorescence microplate reader at
the excitation and emission wavelengths of 488 and
520 nm, respectively. Caspase activity was expressed as
the ratio of fluorescence signal from the treated and control
samples.

Immunoprecipitation

After specific treatments, cells were washed with PBS and
lysed in lysis buffer at 4°C for 20 min. The lysates were
collected and determined for protein content using the
Bradford method (Bio-Rad Laboratories). Cell lysates
(60 pg protein) were incubated with anti-Bcl-2 antibody at
4°C for 14 h, followed by incubation with protein G-con-
jugated agarose for 4 h at 4°C. The immune complexes
were washed 6 times with cold lysis buffer and resus-
pended in 2x Laemmli sample buffer. The immune com-
plexes were separated by 10% SDS-PAGE and analyzed by
western blotting as described.

Statistical analysis

The data represent means = SD from three or more inde-
pendent experiments. Statistical analysis was performed by
Student’s £ test at a significance level of P < 0.05.

Results

Cisplatin induces apoptosis of HFDPC
and keratinocytes

Cisplatin has been shown to induce hair loss under clinical
applications [4, 7]. To determine the mechanisms of cis-
platin-induced hair loss, we first evaluated the cytotoxic
effect of cisplatin on human HFDPC and HaCaT kerati-
nocytes. The cells were treated with various concentra-
tions of cisplatin and their viability was determined
by MTT assay. Figure la and b shows that cisplatin
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dose-dependently decreased the viability of both HFDPC
and HaCaT cells. This effect of cisplatin was inhibited by
pan-caspase inhibitor, zZVAD-fmk, in both cell types, sug-
gesting caspase-dependent apoptosis as the mechanism of
cisplatin-induced cytotoxicity. Apoptosis assays show that
cisplatin was able to induce apoptosis of both HFDPC
and HaCaT cells and that this effect can be inhibited by
co-treatment of the cells with antioxidants such as reduced
glutathione (GSH) and NAC (Fig. lc, d). These results
suggest the role of ROS in the apoptosis induction by
cisplatin, which is confirmed in subsequent studies using
specific ROS scavengers. Figure le and f shows repre-
sentative micrographs of the cells treated with cisplatin in
the presence or absence of NAC.

Cisplatin induces ROS generation in HFDPC
and HaCaT cells

To provide evidence for cisplatin-induced ROS generation,
HFDPC and HaCaT cells were treated with cisplatin in the
presence or absence of antioxidant NAC, and cellular ROS
levels were determined by flow cytometry and fluorescence
microscopy using H;DCF-DA as a fluorescent probe. Time
course measurements of ROS generation were first ana-
lyzed and found the maximum response time of 2 h.
Figure 2a and b shows that cisplatin was able to induce
ROS generation, as indicated by the increase in cellular
DCF fluorescence intensity which was inhibited by the
addition of antioxidant NAC. Figure 2c¢ and d shows rep-
resentative results of the flow cytometry and microscopy
experiments which support the generation of ROS in cis-
platin-treated HFDPC and HaCaT cells.

Role of specific ROS in cisplatin-induced apoptosis

To determine the role of specific ROS in cisplatin-induced
apoptosis, HFDPC and HaCaT cells were treated with cis-
platin in the presence or absence of various specific ROS
scavengers, including catalase (CAT) (hydrogen peroxide
scavenger), MnTBAP (MnSOD mimetic and superoxide
anion scavenger) and sodium formate (hydroxyl radical
scavenger), and apoptosis was determined by Hoechst 33342
assay. Figure 3a and b shows that CAT and MnTBAP had
no significant effect on apoptosis induced by cisplatin,
whereas sodium formate strongly inhibited the apoptosis.
Analysis of ROS generation by flow cytometry also indi-
cated that sodium formate inhibited the generation of ROS
induced by cisplatin, whereas CAT and MnTBAP had no
significant inhibitory effect (Fig. 3c, d). These results sug-
gest that hydroxyl radical is a major ROS produced by the
cells in response to cisplatin treatment and that this oxidative
species plays a key role in apoptosis induced by cisplatin.
The important role of hydroxyl radical in the apoptotic
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Fig. 1 Cisplatin induces toxicity of human HFDPC and HaCaT
keratinocytes by apoptosis. a, b Subconfluent monolayers (80%) of
HFDPC and HaCaT cells were treated with various concentrations of
cisplatin (CDDP; 0-250 and 0-50 puM in HFDPC and HaCaT cells,
respectively) in the presence or absence of pan-caspase inhibitor
(z-VAD-fmk; 10 uM) for 24 h. Cell toxicity was then determined by
MTT assay. ¢, d HFDPC and HaCaT cells were treated with cisplatin
(100 and 25 pM in HFDPC and HaCaT cells, respectively) for 24 h in

process was substantiated by the observation that another
known inhibitor of hydroxyl radical, deferoxamine, also
protected the cells from cisplatin-induced apoptosis (data not
shown).

To confirm the formation of hydroxyl radicals in
response to cisplatin treatment, two additional experiments
were performed. First, HPF was used as a probe to detect
highly reactive oxygen species in the presence or absence
of hydroxyl radical scavenger sodium formate. Upon
treatment of the cells with cisplatin, cellular HPF fluores-
cence intensity was enhanced in a dose-dependent manner,
the effect that was completely inhibited by sodium formate
(Fig. 3e, f). Secondly, ESR measurements using spin
trapping agent DMPO were performed. In response to
cisplatin treatment, an ESR signal consisting of a 1:2:2:1
quartet which is a characteristic of DMPO-OH® adduct was
observed (Fig. 4a). Addition of sodium formate, but not
MnTBAP or CAT, to the treated cells inhibited the ESR
signal, indicating the scavenging of hydroxyl radical under
the test condition. Since hydrogen peroxide is a major
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the presence or absence of NAC (2.5 mM) or GSH (2.5 mM) and
analyzed for apoptosis by Hoechst 33342 assay. e, f Fluorescence
micrographs of the treated cells stained with Hoechst dye. Apoptotic
cells exhibited condensed and/or fragmented nuclei with bright nuclear
fluorescence (original magnification, x400). Plots are mean £ SD
(n=4). *P <0.05 versus non-treated control. #P < 0.05 versus
cisplatin-treated control

Control

source of hydroxyl radical, the lack of inhibitory effect of
CAT on cisplatin-induced hydroxyl radical formation is
somewhat surprising and suggests other unknown sources
of hydroxyl radical. Recently, it has been reported that
hydroxyl radical could be formed from the decomposition
of peroxynitrite [31, 32]. To test this possibility, we uti-
lized a known specific scavenger of peroxynitrite, uric acid,
and tested its effect on cisplatin-induced hydroxyl radical
formation. Figure 4a and b shows that uric acid was able to
inhibit the ESR signal induced by cisplatin, suggesting
peroxynitrite decomposition as a potential source for
hydroxyl radical formation in the test system.

Effects of cisplatin treatment on apoptosis-regulatory
proteins

Cisplatin was previously shown to induce apoptosis
through the mitochondrial death pathway [9, 33]. Since this
pathway of apoptosis is known to be regulated by the
balance of anti- and pro-apoptotic proteins in the Bcl-2
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family [34, 35], we examined the expression level of two
key Bcl-2 family proteins, namely Bcl-2 and Bax, in
response to cisplatin treatment in HFDPC and HaCaT cells.
Immunoblotting studies show that cisplatin induced down-
regulation of the anti-apoptotic Bcl-2 protein and up-reg-
ulation of the pro-apoptotic Bax protein in a dose-depen-
dent manner (Fig. 5a, b). We also measured the activation
of caspase-3 by measuring the proteolytic cleavage of pro-
caspase-3 protein and caspase-3 enzymatic activity in cis-
platin-treated cells. The result shows that cisplatin was able
to induce the processing of inactive pro-caspase-3 to active
caspase-3, as indicated by the down-regulation of procas-
pase-3 (Fig. 5a, b) and the significant increase in caspase-3
activity (Fig. 5c, d). Since activation of caspase-3 is a
critical execution step of caspase-dependent apoptosis [36,
37], the result of this study supports the induction of
apoptosis by cisplatin through a caspase-dependent mech-
anism. The involvement of ROS in cisplatin-induced
apoptosis was confirmed by the observation that an addi-
tion of NAC strongly inhibited the effects of cisplatin on
apoptosis-regulatory proteins Bcl-2, Bax, and pro-caspase-
3. Time dependence studies of the effect of cisplatin on
Bcl-2 and Bax show that cisplatin induced a significant
change in the protein levels at approximately 6 h after the
treatment (Fig. 5c, d).
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Cisplatin regulated Bcl-2 and Bax through hydroxyl
radical

To determine the potential role of ROS in Bcl-2 and Bax
regulation, the expression level of Bcl-2 and Bax after
cisplatin treatment was determined in the presence or
absence of NAC, CAT, MnTBAP, and sodium formate. In
agreement with the apoptosis assay (Fig. 3a, b), Western
blot analysis of Bcl-2 expression showed that the down-
regulation of Bcl-2 by cisplatin was inhibited by the
addition of sodium formate or NAC, but not by CAT or
MnTBAP (Fig. 6a, b). Sodium formate also inhibited the
effect of cisplatin on Bax, whereas CAT had no significant
effect and MnTBAP had variable effect. Together, these
results suggest the role of hydroxyl radical as a key ROS
involved in the alteration of Bcl-2 and Bax after cisplatin
treatment.

Cisplatin induced Bcl-2 ubiquitination through
hydroxyl radical

Bcl-2 has been shown to be regulated by ubiquitin-proteaso-
mal degradation pathway under diverse apoptosis conditions
[9, 26, 28]. To determine whether this pathway is involved in
the down-regulation of Bcl-2 by cisplatin in the test cell
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Fig. 3 Effects of antioxidants on cisplatin-induced apoptosis and
ROS generation. a, b HFDPC and HaCaT cells were pretreated for
30 min with CAT (7,500 U/ml), MnTBAP (50 uM), or sodium
formate (NaFM, 2.5 mM) followed by cisplatin treatment (100 and
25 uM in HFDPC and HaCaT cells, respectively) for 24 h and
analyzed for apoptosis by Hoechst 33342 assay. Increasing the dose
of CAT or MnTBAP had no significant effect on the apoptotic signals
(not shown). ¢, d HFDPC and HaCaT cells were similarly treated with
the antioxidants and cisplatin as described above and analyzed for
ROS generation at the maximum response time of 2 h by flow

systems, HFDPC and HaCaT cells were treated with lacta-
cystin, a highly specific proteasome inhibitor, and its effects
on cisplatin-induced Bcl-2 down-regulation was determined
by western blotting. As lysosomal degradation is another
possible pathway of protein degradation [38], cells were also
treated with cisplatin in the presence or absence CMA, a
known lysosome inhibitor. Figure 7a and b shows that lact-
acystin inhibited the down-regulation of Bcl-2 by cisplatin
both in HFDPC and HaCaT cells, whereas CMA had no
significant effect, suggesting proteasomal degradation as the
primary mechanism of cisplatin-induced Bcl-2 down-
regulation.
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cytometry using H,DCF-DA as a fluorescent probe. Increasing the
dose of antioxidants had no further effect on the ROS generation (not
shown). e, f HFDPC and HaCaT cells were treated with various
concentration of cisplatin (0-250 and 0-50 uM in HFDPC and
HaCaT cells, respectively) in the presence or absence of sodium
formate (2.5 mM) for 30 min and cellular hROS generation was
determined by fluorescence plate reader using HPF as a fluorescent
probe as described in “Material and methods” section. Plots are
mean = SD (n =4). *P <0.05 versus non-treated control.
#P < 0.05 versus cisplatin-treated control

Ubiquitination is a major cellular process for selective
removal of proteins via proteasomal degradation [39]. We
tested whether cisplatin could induce Bcl-2 ubiquitination
in the test cell systems and whether or not ROS play a role
in this process. Cells were treated with cisplatin in the
presence or absence of various ROS scavengers, and cell
lysates were prepared and immunoprecipitated using anti-
Bcl-2 antibody. The resulting immune complexes were
then analyzed for ubiquitination using anti-ubiquitin anti-
body. The results show that cisplatin was able to induce
Bcl-2 ubiquitination and that this effect was inhibited by
the general antioxidant NAC or the hydroxyl scavenger
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Fig. 4 Hydroxyl radical induction by cisplatin treatment. a HaCaT
cells (1 x 10° cells/ml) were incubated in PBS containing the spin
trapper DMPO (10 mM) with or without cisplatin (25 pM), CAT
(7,500 U/ml), MnTBAP (50 pM), sodium formate (NaFM, 2.5 mM),
and uric acid (100 pM). ESR spectra were then recorded 30 min after
the addition of the test agents. The spectrometer settings were as
follows: receiver gain at 1.5 x 10, time constants at 0.3 s, modu-
lation amplitude at 1.0 G, scan time at 4 min, and magnetic field at
3,470 £ 100 G. b Analysis of ESR measurements. Plots are
mean £ SD (n = 3). *P < 0.05 versus non-treated control (cells).
#P < 0.05 versus cisplatin-treated control
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sodium formate (Fig. 7c, d). Neither CAT nor MnTBAP
was effective in inhibiting the ubiquitination, indicating
that hydroxyl radical is the major oxidative species
involved in the ubiquitination process.

Effect of ROS generation and Bcl-2 expression
on cisplatin-induced apoptosis

Although a similar pattern of apoptosis was observed in
HFDPC and HaCaT cells, the apoptotic response to cis-
platin treatment in HFDPC cells was much lower than that
in HaCaT cells (Fig. 8a). As ROS was earlier shown to be
required for the induction of apoptosis by cisplatin, we
tested the level of ROS generation in the two cell types
after cisplatin treatment. Figure 8b shows that at the same
treatment concentrations, HFDPC cells produced less ROS
than HaCaT cells. However, at the IC,5 concentration of
cisplatin (about 100 pM in HFDPC cells and 25 uM in
HaCaT cells), the cellular ROS level was about the same in
the two cell types, suggesting a correlation between the
ROS and apoptotic responses.

Bcl-2 was previously shown to be a key regulator of
apoptosis induced by cisplatin in cancer cells [9]. We tested
whether Bcl-2 also plays a role in the apoptosis regulation of
non-cancer hair follicular cells. The cells were transfected
with Bcl-2 or control plasmid, and their effect on cisplatin-
induced apoptosis was examined. Because primary HFDPC
cells were refractory to gene transfection, we used only
HaCaT cells to study the role of Bcl-2 in the apoptosis.
Figure 8c and d shows that Bcl-2-transfected HaCaT cells
expressed a higher level of Bcl-2 protein and exhibited less
susceptibility to apoptosis induction by cisplatin than vector-
transfected control cells. Analysis of ROS generation in
these cells shows that Bcl-2-transfected cells produced less
ROS than the control cells (Fig. 8e). Since hydroxyl radical
was shown to be a key mediator of cisplatin-induced apop-
tosis, we further evaluated the potential antioxidant effect of
Bcl-2 on hydroxyl radical generation in a well defined sys-
tem using ferrous sulfate as a source of hydroxyl radical
generation through Fenton reaction. Figure 8f shows that
treatment of the cells with ferrous sulfate resulted in a sub-
stantial increase in ROS generation. However, this effect
was less pronounced in Bcl-2-transfected cells as compared
to vector-transfected cells. Together, these results support
the role of Bcl-2 as a suppressor of cisplatin-induced apop-
tosis and as a negative regulator of hydroxyl radical
generation.

Discussion

Chemotherapy-induced alopecia is a major clinical prob-
lem associated with most cancer chemotherapies. Despite
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Fig. 5 Effect of cisplatin treatment on apoptosis-regulatory proteins.
a, b HFDPC and HaCaT cells were treated with cisplatin (0-250 and
0-50 pM in HFDPC and HaCaT cells, respectively) in the presence or
absence of NAC (2.5 mM) for 24 h. Cell lysates were prepared and
analyzed for Bcl-2, Bax, and pro-caspase 3 (Pro-C3) expression by
western blotting. Blots were reprobed with f-actin antibody to
confirm equal loading of samples. Immunoblot signals were quanti-
fied by densitometry, and mean data from three independent
experiments (one of which is shown here) was normalized to the

improvements in CIA management and active research in
recent years, effective treatment of CIA has yet to be
developed and the mechanisms underlying the disease
process remain poorly understood. It is generally accepted
that CIA develops as a result of massive cell death of hair
follicle cells after chemotherapy. Strategic intervention of
this cell death, i.e., by localized treatment, may prevent or
alleviate CIA without negatively affecting chemotherapy
efficacy.
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result obtained in cells without treatment (control). ¢, d HFDPC and
HaCaT cells were similarly treated with cisplatin in the presence or
absence of NAC for 15 h, and analyzed for caspase-3 activity using
the fluorometric substrate FAM-DEVD-fmk. e, f HFDPC and HaCaT
cells were treated with cisplatin (100 and 25 uM in HFDPC and
HaCaT cells, respectively) for various times (0-24 h), and Bcl-2 and
Bax expression was determined. Plots are mean £ SD (n = 3).
#*P < 0.05 versus non-treated control. *P < 0.05 versus cisplatin-
treated control

In the present study, we demonstrated that cisplatin
induced toxicity of human HFDPC and keratinocytes
through a mechanism that involves ROS-dependent apop-
tosis. The role of ROS in cisplatin toxicity was previously
reported in renal proximal tubular cells and cochlear tis-
sues, implicating in nephrotoxicity and ototoxicity [10-12,
14, 15]. Modulation of specific ROS pathways might pro-
tect cisplatin toxicity [40]. In dermal HFDPC and HaCaT
cells, we found that ROS were generated in these cells in
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Fig. 6 Effects of cisplatin and antioxidants on Bcl-2 and Bax
expression. a, b HFDPC and HaCaT cells were treated with cisplatin
(100 and 25 pM in HFDPC and HaCaT cells, respectively) in the
presence or absence of NAC (2.5 mM), CAT (7,500 U/ml), MnTBAP
(50 uM), or sodium formate (NaFM, 2.5 mM). Cell lysates were

response to cisplatin treatment and that inhibition of ROS
by antioxidant NAC or hydroxyl radical scavenger sodium
formate effectively inhibited apoptosis induced by cis-
platin, supporting the role of ROS, particularly hydroxyl
radical, in the process. Although hydrogen peroxide was
previously shown to be a key mediator of apoptosis
induced by cisplatin in human lung cancer cells [9], we did
not observe the same effect in the dermal cell systems.
These results suggest that the specific ROS and apoptosis
response to cisplatin treatment is cell type-specific and may
be determined by the phenotypic characteristics of cells,
i.e., their expression of antioxidant enzymes. It is worth
noting that normal cells and cancer cells appear to have
differential susceptibility to cisplatin-induced ROS gener-
ation and apoptosis, which may be exploited for selective
killing of cancer cells while sparing normal cells. For
example, selective inhibition of hydroxyl radicals without
affecting peroxide formation, i.e., through the use of
hydroxyl radical scavengers, could be envisioned to protect
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prepared and analyzed for Bcl-2 and Bax expression by western
blotting using Bcl-2 and Bax antibodies. -actin was used as a loading
control. Plots are mean & SD (n = 3). *P < 0.05 versus non-treated
control. *P < 0.05 versus cisplatin-treated control

normal cells and promote the killing of cancer cells by
cisplatin.

The mechanism of cisplatin-induced ROS generation is
incompletely understood. In the present study, we found
that hydroxyl radicals play a dominant role in dermal
toxicity. Our results also suggested that peroxynitrite
decomposition is a likely source of hydroxyl radical for-
mation. An elevated level of hydroxyl radicals could ini-
tiate a multitude of signaling cascades leading to apoptotic
or necrotic cell death. Apoptosis was found to be the pri-
mary mode of cell death based on the ability of apoptosis
(caspase) inhibitor, zZVAD-fmk, to inhibit cisplatin-induced
cell death, and the lack of necrosis in cisplatin-treated cells
under the test conditions as determined by propidium
iodide assay (data not shown).

Apoptosis induced by cisplatin has been shown to be
mediated through the mitochondrial death pathway [9, 33].
Since Bcl-2 family proteins are known to be key regulators
of this pathway and since Bcl-2 and Bax have been
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Fig. 7 Effect of cisplatin and antioxidants on Bcl-2 ubiquitination.
a, b HFDPC and HaCaT cells were pretreated with proteasome
inhibitor lactacystin (LAC, 10 pM) or with lysosome inhibitor CMA
(1 pM) for 1 h, and then treated with cisplatin (100 and 25 pM in
HFDPC and HaCaT cells, respectively) for 24 h. Bcl-2 expression
was determined by Western blots using anti-Bcl-2 antibody.
¢, d HFDPC and HaCaT cells were pretreated with LAC (10 pM)
for 1 h (to prevent proteasomal degradation of Bcl-2) and then treated

suggested to play a key role in hair follicle cell apoptosis
[21, 22], we focused our efforts on these proteins and their
regulation by ROS. We found that cisplatin induced
down-regulation of Bcl-2 and up-regulation of Bax in
concomitant with apoptosis, the effects that are dependent
on ROS generation. The hydroxyl radical scavenger
sodium formate effectively inhibited these effects, whereas
other ROS scavengers including CAT and MnTBAP had
no or minimal effects. These results indicate that hydroxyl
radical is the major oxidative species responsible for Bcl-2
and Bax alterations and the induction of apoptosis by cis-
platin in the test cell systems.

The anti-apoptotic function of Bcl-2 is closely associ-
ated with its expression level, which is controlled by
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with cisplatin in the presence or absence of NAC (2.5 mM), CAT
(7,500 U/ml), MnTBAP (50 uM), or sodium formate (NaFM,
2.5 mM) for 2 h. Cell lysates were immunoprecipitated with anti-
Bcl-2 antibody and the immune complexes were analyzed for
ubiquitin by western blotting. Analysis of ubiquitin was performed
at 2 h post-treatment where ubiquitination was found to be maximal.
Plots are mean + SD (n = 3). *P < 0.05 versus non-treated control.
#P < 0.05 versus cisplatin-treated control

various mechanisms depending on the apoptotic stimuli
[25, 26]. Consistent with the previous reports [9, 41], our
study shows that down-regulation of Bcl-2 by cisplatin is
mediated mainly through the ubiquitin-proteasomal deg-
radation pathway. Inhibition of ROS by formate but not by
CAT or MnTBAP inhibited the ubiquitination of Bcl-2,
indicating the dominant role of hydroxyl radical in the
process.

We also observed the difference in apoptosis and ROS
response to cisplatin treatment in HFDPC and HaCaT cells.
The keratinocyte HaCaT cells were substantially more
responsive than the dermal papilla HFDPC cells, suggest-
ing that keratinocytes are the major target of cisplatin
toxicity in hair follicle cells. Although apoptosis is

@ Springer
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Fig. 8 Effect of ROS generation and Bcl-2 expression on cisplatin-
induced apoptosis. a HFDPC and HaCaT cells were treated with
various concentrations of cisplatin (0—100 pM) for 24 h, and analyzed
for apoptosis by Hoechst 33342 assay. b HFDPC and HaCaT cells
were similarly treated with cisplatin and analyzed for ROS generation
by flow cytometry at 2 h post-treatment. ¢ HaCaT cells were
transiently transfected with Bcl-2 or control pcDNA3 plasmid as
described under “Material and methods” section. Transfected cells
were analyzed for Bcl-2 expression by western blotting. d Transfected

controlled by several regulatory proteins, and down-regu-
lation of Bcl-2 itself may be insufficient to induce apop-
tosis, we found that overexpression of Bcl-2 protects the
cells from cisplatin-induced apoptosis. Furthermore, ROS
induction by cisplatin was lower in Bcl-2-overexpressing
cells as compared to vector-transfected cells, suggesting
the potential antioxidant function of Bcl-2. The expression
level of Bcl-2 was also found to be higher in HFDPC cells
as compared to HaCaT cells (data not shown). Thus, Bcl-2
might contribute to some extent to the antioxidant defense
mechanism of HFDPC cells. Since ROS generation is
known to be a mechanism of action of cisplatin [8, 9], the
results of this study reveal one possible mechanism of
cisplatin resistance in Bcl-2-overexpressing cells.
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cells were treated with cisplatin (0-50 pM) for 24 h and analyzed for
apoptosis by Hoechst 33342 assay. e Transfected cells were similarly
treated with cisplatin and analyzed for ROS generation by flow
cytometry at 2 h after the treatment. f Transfected cells were treated
with ferrous sulfate (FeSO4, 100 uM) and ROS generation was
similarly determined after 2 h. Plots are mean + SD (n = 3).
*P < 0.05 versus non-treated control. **P < 0.05 versus cisplatin-
treated HFDPC cells. *P < 0.05 versus cisplatin-treated vector-
transfected HaCaT cells

In summary, our data provide evidence that hydroxyl
radical is a key mediator of cisplatin-induced apoptosis in
human HFDPC and HaCaT keratinocytes through a mech-
anism that involves Bcl-2 down-regulation and caspase
activation, which has not been previously reported. Hydro-
xyl radical is the major oxidative species responsible for the
down-regulation of Bcl-2 via ubiquitin-proteasomal degra-
dation. Because ROS are induced by various chemothera-
peutic agents such as doxorubicin and cyclophosphamide
and are associated with their toxic side effects [42, 43], our
findings on the mechanisms of apoptosis regulation by ROS
in the hair follicle cells could be important in the under-
standing of CIA by other drugs and in the development of
novel therapeutic and preventive approaches for CIA.
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