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ABSTRACT

Double applications of phorbol esters trigger excessive reactive oxygen

species (ROS) production in mouse skin. Previously reported data suggest

that the two applications induce distinguishable biochemical events,
namely, priming and activation. The former is characterized as a recruit

ment of inflammatory cells, such as neutrophils, by chemotactic factors to

inflammatory regions and edema formation. The latter is responsible for
ROS generation. Thus, inhibitory effects of I'-acetoxychavicol acetate

(ACA), previously reported to be a Superoxide generation inhibitor in
vitro, on 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced oxidative

stress and inflammatory responses in mouse skin model were examined
using a double application of ACA. We demonstrated that two pretreat-

ments and pretreatment with ACA (81(1 nmol) in the activation phase
suppressed double TPA application-induced II,(Â», formation in mouse

skin. ACA exhibited no inhibitory effects on edema formation and the

enhancement of myeloperoxida.se activity during the first TPA treatment,
whereas the anti-inflammatory agent genistein administered at the same

dose inhibited both biomarkers. No inhibitory potential of ACA for TPA-

induced H,O2 formation in the priming phase was confirmed. On the

other hand, in the in vitro study, ACA inhibited ROS generation in
differentiated 111.-(>(!cells more strongly than did l'-hydroxychavicol,

which showed no inhibition by pretreatment in the activation phase. In
addition, allopurinol did not inhibit double TPA application-induced

II,(), formation in mouse skin. These findings suggest that the NADPH

oxidase system of neutrophils rather than the epithelial xanthine oxidase
system is dominant for the O2~-generating potential in double TPA-

treated mouse skin. ACA significantly inhibited mouse epidermis thiobar-

bituric acid-reacting substance formation, known as an overall oxidative

damage biomarkcr. Moreover, histolÃ³gica! studies demonstrated that
ACA inhibited double TPA treatment-induced morphological changes

reflecting inflammatory response, such as edema formation, leukocyte

infiltration, hyperplasia, and cell proliferation. Furthermore, pretreat
ment with ACA but not I '-hydroxychavicol in the activation phase inhib

its double TPA application-induced increases in both number of leuko

cytes and proliferating cell nuclear antigen index. These results suggested
that ROS from leukocytes including (). plays an important role for

continuous and excessive production of chemotactic factors, leading to

chronic inflammation and hyperplasia, which are inhibitable by ACA.
Thus, we concluded that O, generation inhibitors are agents that effec

tively inhibit oxidative stress and inflammatory responses in mouse skin.
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INTRODUCTION

ROS1 induce membrane damage. DNA base oxidation. DNA strand

breaks, chromosomal aberrations, and protein alterations, most of
which would be involved in the carcinogenesis process ( 1). Mounting
evidence indicating some roles of oxidative stress in mechanisms of
tumor promotion is currently widely accepted. For instance, organic-

peroxides and free radical generators have tumor-promoting activities

in mouse skin, and inversely, antioxidants and free radical scavengers
inhibit the biochemical and biological effects of tumor promoters and
tumorigenesis (2). Tumor promoters such as TPA enhance the gen
eration of ROS and decline the ROS detoxification enzymes in both
epidermal and inflammatory cells. In the mouse skin model. TPA
triggers ROS accumulation through the activation of the XA/XOD
system or the stimulation of PMNs (2) and the inhibition of catalase
or glutathione peroxidase (3). ROS are also generated enzymatically
during the arachidonate metabolism. Kensler et al. (4) proposed a
requirement of a two-dose application of TPA for massive ROS

generation and the hypothesis that the first treatment of mouse skin
with TPA application causes a chemotactic action (priming), i.e..
recruitment of neutrophils that are responsible for ROS generation
with the second TPA treatment (activation: Ref. 5). ROS production
by double or multiple TPA treatments is closely associated with the
metabolic activation of proximate carcinogens (4-6) and the in
creased levels of oxidized DNA bases (7-9).

In our previous studies on the characterization of new types of
chemopreventive agents through the scrutiny of diverse edible plants
in southeast Asia (10-18), ACA (Fig. 1), isolated from the rhizomes

of a Zingiberaceae plant Languas galanga, has attracted our attention
as a potent inhibitor of tumor promoter-induced EBV activation (11).
ACA has lately been found to suppress TPA-induced mouse skin
tumor promotion (13), 4-nitroquinoline 1-oxide-induced rat tongue
carcinogenesis (15), azoxymethane-induced rat colonie aberrant crypt

foci formation (16), and tumorigenesis (17). ACA is known to be an
inhibitor of XOD (19), which catalyzes the hydroxylation of many
purine substances and generates Superoxide (O-,"), and this was

confirmed in a recent study of ours as well (13). It should be noted that
ACA potently inhibits TPA-induced O-, generation in differentiated
HL-60 cells (13), whereas ACA is a much weaker antioxidant than
a-tocopherol in the linoleate autooxidation system and has no O-,"

scavenging potential (13). Taken together. ACA is recognized to be a
Superoxide generation inhibitor but is not as radical a scavenger as are
phenolic antioxidants. This is supported by the lack of phenolic
hydroxyl groups in the chemical structure.

This study was undertaken to address whether ACA suppresses
TPA-induced oxidative stress in mouse skin using the double-appli-

*The abbreviations used are: ROS. reactive oxygen species: TPA. 12-O-tctradecano-

ylphorbol-13-acctate: XA. xanthine: XOD. xanthine oxidase: PMN. polymorphonuclear
leukocyte: ACA. I '-acetoxyehavicol acetate: DCFH-DA. 2'.7'-dichlorofluorescin diac
ciate: HC. l'-hydroxychavicol: HRPO. horseradish peroxidase; IE, inhibitory effect:
MPO. myeloperoxidase: DCF. 2'.7'-dichlorofluorescein: PPR. peroxidase positive rale:

TBARS. thiobarbituric acid-reacting substance: PCNA. proliferating cell nuclear antigen.
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ACÃ• INHIBITS OXIIMTIVE STRESS IN MOUSE SKIN

OH

H3C

Fig. 1. Chemical structures of ACA (left) and HC (righi).

cation model. Specific inhibition by ACA of the activation phase in
H-,O2 production induced by double TPA treatments is clarified.
Further histological study clearly demonstrates the strong inhibition of
inflammatory responses in mouse skin through ROS generation inhi
bition by ACA.

MATERIALS AND METHODS

Chemicals and Cells. TPA was obtained from Research Biochemicals
International (Natick. MA). RPMI 1640 and fetal bovine serum were pur
chased from Life Technologies, Inc. (Rockville. MD). DCFH-DA was ob

tained from Molecular Probes. Inc. (Leiden, the Netherlands). Cytochrome c
was obtained from Sigma Chemical Co. (St. Louis. MO). An authentic ma-
londialdehyde (1,1,3,3-tetramethoxypropane) was purchased from OXIS In

ternational Inc. (Portland, OR). All other chemicals were purchased from
Wako Pure Chemical Industries (Osaka, Japan). ACA and HC were synthe
sized as reported previously (11). HL-60 cells were obtained from the Health

Science Research Resources Bank (Osaka. Japan; Ref. 20).
Treatment of Animals. Female ICR mice (7 weeks old) were obtained

from Japan SLC (Shizuoka. Japan). Mice used in each experiment were
supplied with fresh tap water ad libitum and rodent pellets (MF: Oriental Yeast
Co., Kyoto, Japan), changed twice a week. Animals were maintained in a room
controlled at 24 Â±2Â°Cwith a relative humidity of 60 Â±5% and a 12-h

light/dark cycle (light from 6:00 a.m. to 6:00 p.m.). The back of each mouse
was shaved with surgical clippers 2 days before each experiment. All test
compounds (I(X) fjL\in acetone) were topically applied to the shaved area of
dorsal skin 30 min before application of a TPA solution (8.1 nmol/100 /xl in
acetone). In the double-treatment protocol, the same doses of TPA and test

compounds or acetone were applied twice with an interval of 24 h. as shown
in Fig. 2.

Determination of H2O, in Mouse Skin. Mice treated with a double-

treatment protocol were sacrificed l h after the second TPA treatment. Their
skins were removed and then immersed in a 55Â°Cwater bath for 30 s. and the

subcutis was scraped off. Skin (epidermis and dermis) punches were obtained
with an 8-mni-diameter cork borer and weighed on an analytical balance. The

skin punches were minced in 3 ml of 50 mM phosphate buffer (pH 7.4)
containing 5 HIM sodium a/ide and then homogenized twice at 4Â°Cfor 30 s
each. The homogenate was centrifuged at 10.000 X g for 20 min at 4Â°C.The

H2O2 content was determined by the phenol red-HRPO method (7. 21). To
each 1,5-ml cuvette. 0.5 ml of the homogenate supernatant and 0.5 ml of the
phenol red (200 ^ig/ml)-HRPO (100 /j.g/ml) solution were added and incubated
at 25Â°Cfor 10 min. At the end of the incubation, 100 Â¿tlof l M NaOH were

added to terminate the reaction, and then the visible absorbance was deter
mined spectrophotometrically at 610 nm. The final results were expressed as
equivalents of nanomoles of H2O2 per skin punch, on the basis of a standard
curve of HRPO-mediated oxidation of phenol red by H,O2.

Anti-Inflammation Test in Mouse Skin. IE on single TPA application-

induced inflammation was determined by two biomarkers, edema formation,
and MPO activity by the method of Wei and Frenkel (7). with slight modifi
cations. Mice were sacrificed by cervical dislocation 18 h after a single
application of TPA. The mouse skin punches were obtained with an 8-mm-

diameter cork borer and weighed on an analytical balance. The IBs were
expressed by the relative ratio of differences in the weight of a treated punch
and that of a control punch as follows: IE (%) = [(TPA alone) - (test
compound plus TPA)]/((TPA) - (vehicle)] X 100. Statistical analysis was
done by the Student's / test. For the determination of MPO activity, the skin

punches were minced in 3 ml of 0.5% hexadecyltrimethyl ammonium bromide
in 50 mM potassium phosphate buffer (pH 6.0) and homogenized twice at 4Â°C
for 10 s. Samples were centrifuged at 10,000 x K for 20 min at 4Â°C.To each

2-ml cuvette, 0.65 ml of 25 mM 4-aminoantipyrine-2% phenol solution and

0.75 ml of 2 mM H,O-, were added to equilibrate (or 5 min. After the basal rate
was established, a 100-/J.1 sample supernatant was added to the cuvette and
quickly mixed. Increases in absorption at 510 nm for I min at 0.1-min intervals

were recorded. The MPO activity was calculated from the linear portion of the
curve and expressed as units of MPO per skin punch. One unii of MPO activity
is defined as the activity that degrades 1 /itmol of H2O2 per min at 25Â°C.

Inhibitory Tests of TPA-induced ()_, Generation and Intracellular
Peroxide Formation in Differentiated HL-60 Cells. Inhibitory tests of TPA-
induced O2~ generation in DMSO-differentiated HL-60 cells were performed

as reported previously (22. 23). Briefly, to determine the IE of O, generation,
a test compound dissolved in 5 /Â¿IÂ°fDMSO was added to DMSO-induced
differentiated HL-60 cell suspension and incubated at 37Â°Cfor 15 min. The

cells were washed with PBS twice for removal of extracellular test compound
to eliminate the O2 scavenging effect. TPA (100 nM) and cytochrome c
solution ( 1 /^g/ml) were added to the reaction mixture, which was incubated for
another 15 min. The reaction was terminated by placing it on ice. After
centrifugation at 250 X g, the visible absorption at 550 nm was measured. The

IE was expressed by the relative decreasing ratio of absorbance of a test
compound to that of a control.

Intracellular peroxides were detected by DCFH-DA as an intracellular

fluorescence probe (23, 24). A flow cytometer (CytoACE 150: JASCO. Tokyo.
Japan) was used to detect DCF formed by the reaction of DCFH with intra
cellular peroxides. The TPA-treated cells showing fluorescence levels equal to

the mean plus three SDs of that of the control cells or higher were regarded as
"peroxide positive." and their rates were expressed as a "PPR." Experimenta

tion was repeated twice with similar results. The data were expressed by a
representative histogram.

Determination of TBARS in Mouse Epidermis. Mice treated with a
double-treatment protocol were sacrificed l h after the second TPA treatment.

Skin samples from treated areas were excised and immediately dipped into
ice-cold PBS. After subcutis were scrapped off, the skin was cut into small

pieces and floated, epidermis side down, in a culture dish with a 2.5% trypsin
solution at 37Â°Cfor 45 min. The epidermis was then scrapped off and placed
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Fig. 2. lEs of ACA, HC, geniste-in, and allopurinol on H;O, formalion in mouse skin.

ICR mice (5 mice in each group) were treated by a double TPA treatment protocol Mouse
skin was treated with lest compound (SI and 810 nmol) or allopurinol (All. 10 ^imol) or
acetone 30 min prior to euch TPA treatment. The mice were sacrificed I h after the second
TPA application, and their skins were removed. Significance, delermined hy the Student's

f tesi, is expressed as follows: *. P < 0.05:**,P< 0.01: Â«**./>< 0.001. all versus TPA.
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ACÃ• INHIBITS OXIDATIVE STRESS IN MOUSE SKIN

.
o
Â§

i
M

O

10-

7.5 - T

n

T

1
pretreatment

1st

2nd

ACÃ• HC genistein

Fig. 3. IBs of ACÃ•.HC. and genisiein applied in the priming or activation phase on
H,O, formation in mouse skin. Mice (five mice in each group) were treated with ACA.
HC. or genisiein (810 nmol) or acetone 30 min before either first or second TPA
treatment. The mice were sacrificed l h after the second TPA application. Significance,
determined hy the Student's I lest, is expressed as follows: *. P < 0.05; **. P < 0.001.

both TIT.Â«Â«TPA.

into a cuvette with 450 jul of 50 HIMphosphate buffer (pH 7.4). Fifty /JL\of 50%
trichloroacetic acid solution was added and sonicated for 10 min. After five
free/.e-thaw cycles, the sample was centrifuged for 10 min at 10.000 x g. The

TBARS level of mouse epidermis was determined by a previously reported
method ( 14). The final results were expressed as equivalents of nanomoles of
malondialdehyde per cm", on the basis of a standard line of TBARS formation

using an authentic malondialdehyde.
HistolÃ³gica! Examination. Mice treated with a double-treatment protocol

were sacrificed l h after (he second TPA treatment. Excised skin was fixed in
lO'/r buffered formalin and then embedded in paraffin. Skin samples were cut

at 3 Â¡anand mounted on silani/ed slides. Slides were dewaxed in xylene,
dehydrated through an elhanol series, and finally, after staining, dehydrated
and mounted in Permount medium. Histological alteration was evaluated by
H&E staining. For each section of skin, the thickness of the epidermis from the
basal layer to the stratum corneum was measured at five equidistant interfol-
licular sites using an image analysis system Leica Q500IW-EX (Leica Co..

Ltd., Tokyo. Japan) with a microscope Leica DMRE HC (Leica Co.. Ltd.). The
numbers of infiltrating leukocytes were counted at five different areas of each
section using this image analysis system.

PCNA Immunohistochemistry. Skin sections were treated with 1.2%
H2O, in absolute methanol for 30 min and stained by the indirect abidin-biotin-

HRPO method (ABC standard; Vector Laboratories. Burlingame. CA). Color
development with diaminoben/idine (Vector Laboratories) was monitored by
appearance of the normal PCNA brown staining in normal epidermis. The
primary antibody to PCNA (PC 10; Boehringer Mannheim. Mannheim. Ger
many) was applied at a 1:300 concentration overnight at 4Â°C. Negative

controls without primary antibody were included. Sections were counterstained
with hemaloxylin for quantification of stained and nonstained cells. The PCNA
index was counted at six different areas of each section using the image
analysis system and expressed as the number of positive squamous cells
divided by the total number of squamous cells times 100.

RESULTS

IEs of ACA, HC, Genistein, and Allopurinol on TPA-induced

H2O2 Production in Mouse Skin. HC is regarded us an appropriate
analogue for in vim antioxidative studies because it is negative in
tumor promoter-induced EBV activation (11). As shown in Fig. 2,
double applications of 8.1 nmol of TPA at 24-h intervals increased the
level of H2O2 by -20-fold (7.01 Â±0.87 versus 0.36 Â±0.25 nmol/skin

punch. P < 0.001) over that in the control mice treated twice with
acetone instead of TPA. The requirement of second TPA treatment for
ROS production was pointed out by Ji and MarneÂ»(5) and was also
confirmed in these experiments, in which a single-dose application of

TPA did not significantly enhance H-.O-, production 1-24 h after

treatment (values l h and 18 h after application were 0.30 Â±0.18
nmol/skin punch and 0.50 Â±0.28 nmol/skin punch, respectively).
Pretreatment of ACA (810 nmol) before each TPA treatment almost
completely inhibited H-.O, formation (0.79 Â±0.38 nmol/skin punch,
IE = 89%). Genistein at the same dose also significantly reduced

H2O2 formation (1.63 Â± 1.27 nmol/skin punch, IE; 77%). Both
compounds reduced the H,O-, level in a dose-dependent manner. On

the other hand, HC at 810 nmol weakly inhibited H2O2 formation by
49% and showed no IE at 81 nmol. Allopurinol. a well-known XOD
inhibitor, even at a dose of 10 /xmol, did not reduce the H-.O, level.

ACA and HC have no effect on the level of externally added H2O2 m
vitro (data not shown), whereas genistein was reported to be a H2O2
scavenger (21). The possibility of up-regulation of glutathione levels

that decompose H2O2 may be ruled out in this mechanism because
ACA showed no influence on total glutathione levels and significantly
decreased oxidized glutathione levels in double TPA applications
(data not shown).

lEs of ACA, HC, and Genistein Applied in the Priming or
Activation Phase on TPA-induced H2O2 Generation in Mouse

Skin. To distinguish whether ACA. HC. and genistein inhibit the
priming or activation phase in a double TPA application model, each
test compound was coadministered with either the first (priming) or
second (activation) dose of TPA. Fig. 3 shows the IBs of ACA, HC,
and genistein applied prior to either the first or second TPA treatment
on H2O2 generation in mouse skin. A dramatic decrease in the H^O,
level was observed in the mice to which ACA was coadministered in
the activation phase ( 1.24 Â±0.29 nmol/skin punch, IE; 87%). On the
contrary. ACA applied in the priming phase exhibited no inhibition of
H,O2 generation. HC showed no significant decrease in H,O: level in
the priming phase and only weak inhibition in the activation phase.
Genistein reduced the H2O2 level in both phases, and inhibition was
remarkable in the priming phase but not in the activation phase
(4.68 Â±1.43 versus 6.28 Â±1.43 nmol/skin punch).

lEs of ACA, HC, and Genistein on Single TPA Application-

induced Mouse Skin Inflammation. The effects of ACA, HC, and
Genistein on single application of TPA-induced inflammation, deter

mined by skin edema formation and PMN infiltration, were examined.
As shown in Table 1. single TPA application (8.1 nmol) resulted in an
increase in edema formation (as measured by the weight of skin
punch) by 3.2-fold (99.8 Â±5.8 versus 31.2 Â±6.1 mg/skin punch,

P < 0.001 ) and in PMN infiltration (as measured by MPO activity) by
2.5-fold (6.99 Â±0.72 versus 2.80 Â±0.52 unit/skin punch, P < 0.001 ),

as compared with the control. Pretreatment with neither ACA nor HC
at a 100-fold molar dose to TPA (810 nmol) reduced skin edema

formation and PMN infiltration. Genistein at 810 nmol significantly
inhibited both biomarkers by 36 and 47%. respectively.

Table I Intiibittny ticlivilies oj ACA. HC. unit xi'nisti'in 1810 nnioll agiiina!
inlltiniinniion induced hy tingle tinse iif TPA in nmuse skin

1CRmice (5 mice in each group) were Irealedas described in "Materials and Methods."

The mice were sacrificed 18 h after TPA treatment IS.I nmol). and skin punches were
obtained for determination of edema formation and MPO activity.

Edema(mg/punch)TreatmentAcetone/acetone

Acetone/TPA
ACA/TPA
HC/TPA
Genistein/TPAMean

Â±SD"3I.2Â±6.I

99.8 Â±5.8*
97.7 Â±6.8*
99.2 Â±5.2*75.5

Â±2.6*'IE

(%)3

0.9
36MPO

(units/punch)Mean2.8

Â±
7.0 Â±
6.2 Â±
7.9 Â±
5.0 Â±Â±

SD"0.5

0.7*
1.4*
0.8*
0.6*-'IE(%)19

-2147

" Significance was determined by the Student's r lest.
* P < 0.001 veraÂ«acetone/acetone control.
' P < 0.001 \-ersns acetone/TPA.
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ACÃ• INHIBITS OXIDATIVE STRESS IN MOUSE SKIN

100

-6 -5.5 -5 -4.5
log [concentration (M)]

Fig. 4. lEs of ACA and HC on O," generalion in differentiated HL-60 cells. HL-60
cells were preincubaled with 1.25% DMSO at 37Â°Cfor f>days, which differentiated them

into granulocyte-like cells. ACA (â€¢)or HC (O) solution was added to the cell suspension,
and the mixture was incubated at 37Â°Cfor 15 min. followed by washing with PBS twice.

Ninety s after stimulation with TPA (100 nu), cytochrome c solution was added to the
reaction mixture. After incubation for another 15 min followed by centrifugation. visible
absorption at 550 nm was measured. The maximal SD for each experiment was 5%
(n = 2).

In Vitro lEs of ACA and HC on TPA-induced O2~ Generation

and Intracellular Peroxide Formation. Because ACA but not HC,
applied in the activation phase when ROS are generated by inflam
matory cells in mouse skin, showed a significant inhibition against
H-.O-, generation, we examined IBs of ACA and HC on ROS gener
ation in leukocytes. The differentiated HL-60 cell system was chosen
as a model of the NADPH oxidase system. IE of ACA on O2~

generation in differentiated HL-60 cells was indirectly confirmed in
the previous study (13). The possibility of O2~ scavenging by ACA
was raised because ACA coexisted with O," in the previous exper
imental condition. No O2~ scavenging potential of ACA was con

firmed in the different system (XA/XOD system). To confirm directly
whether or not ACA inhibits O2~ generation. TPA stimulation was

carried out after removing ACA from the reaction mixture by washing
with PBS. As shown in Fig. 4, ACA strongly inhibited O2~ generation

(ICS(I = 4.5 (J.M) in the same concentration-dependent manner, as
reported previously (IC5() = 4.3 JU.M:Ref. 13), whereas HC, even at a

concentration of 80 JU.M,was inactive in O2 generation assays. HC
did not scavenge O2~ up to 100 /UMin the XA/XOD system (data not

shown). Inhibitory activities against the formation of peroxides, in
cluding hydrogen peroxide (H2O2) and lipid hydroperoxides, in dif
ferentiated HL-60 cells were determined by using DCFH-DA as an

intracellular fluorescence probe. Most of the cells were estimated to
produce peroxides (PPR = 979Ã•-)with TPA stimulation alone. ACA at

a concentration of 10 Â¿IMsignificantly inhibited peroxide formation by
81%. PPRs and lEs of test compounds are shown in Fig. 5. HC was
inactive up to a concentration of 100 /U.M.

IE of ACA on TPA-induced TBARS Formation in Mouse Ep

idermis. Because topically applied ACA afforded significant inhibi
tion against double TPA application-induced H-.O, generation, we

assessed whether such ACA treatment reduces double TPA applica
tion-induced TBARS formation, a well-known biomarker of overall

oxidative damage to cellular constituents such as membrane lipids.
The quantitative data for the level of TBARS formation in mouse
epidermis homogenate detected in each group are shown in Fig. 6.
The increased level in TBARS caused by the single TPA application
was highly significant to that of the control (0.52 Â±0.05 versus
0.36 Â±0.25 nmol/cm2, P < 0.01). The net increase in TBARS level

(control values subtracted) after the second application of TPA (0.40
nmol/cm2) was 2.5-fold higher than that caused by a single TPA

treatment (0.16 nmol/cm2). Pretreatment of ACA (810 nmol) before

each TPA treatment inhibited the increase of TBARS level by the
second application of TPA (0.41 Â±0.14 nmol/cm2, P < 0.01 versus

double TPA). These data indicate that ACA significantly inhibits
TBARS formation (Fig. 6).

Effects of ACA on Morphological Alteration in Mouse Skin
Treated with Double TPA Applications. The results that double
TPA treatment caused a dramatic increase in H2O2 levels led us to
select this protocol for histolÃ³gica! observation to determine whether
TPA application(s) enhance edema formation, leukocyte infiltration,
and hyperplasia in the skin. A single application of TPA caused
morphological alteration of inflammatory response (Table 2 and Fig.
IB), as compared with the control group (Fig. 1A), which was well
correlated to the results of skin edema formation and MPO activity
(Table 1). Mouse skin treated with TPA twice with a 24-h interval

displayed severe epidermal hyperplasia (Fig. 1C) and resulted in an
~2-fold increment in leukocyte infiltration, as compared with that

treated with a single TPA application, as shown in Table 2 ( 169 Â±43
versus 294 Â±27/mm2). Also, double TPA treatment increased the

DMSO. PPR : 96.5 %
ACA
50 uM. PPR: 0.08%

iK = w.y

HC
100 UM. PPR: 95.3%

IH= 1.2';

ACA
lOuM. PPR: 18.8%.

Fig. 5. DCF fluorescence distribution in DMSO-differentiated HL-60 cells. Cells were
preincuhated with 50 /ivi DCFH-DA at 37Â°Cfor 15 min. After being treated with DMSO
(positive control) at 37Â°Cfor 15 min. the cells were treated with ethanol lunstimulated

control, Â«pencytngram} or 100 n.MTPA (closed cylogrami. As for inhibition of ACA and
HC. cells were preincubated with 50 /Â¿MDCFH-DA at 37Â°Cfor 15 min. After being
treated with the test compound at 37Â°Cfor 15min. the cells were treated with ethanol (/<â€¢/<)

or 100 nM TPA (r/.y/j/). The DCF fluorescence was monitored on a flowcytometer
(CytoACE ISO) with excitation and emission wavelengths at 488 nm and 510 nm.
respectively. X Ã•/.Y/.V.relative fluorescence intensity: Y Ã/.v/.v,cell count.

11<*11*111Ã•**-r

E 0.75 -
_c_
â€¢¿�

2
a

pretreatment ;_ _/_ _;_ ,/.
(ACA, 810 nmol) '

TPA I I I I
(8.1 nmol)

Fig. ft. lEs of ACA on the TBARS formation in mouseepidermis. ICR mice (five mice
in each group) were treated by the double treatment protocol as described in "Materials
and Methods." Mouse skins were treated with ACA (SIO nmol) or acetone 30 min prior

to each TPA treatment. The mice were sacrificed l h after the second TPA application,
and the epidermis was removed for TBARS assays. The mice with single TPA were
treated with TPA only in the priming phase. Significance, determined by the Student's /

test, is expressedas follows: *. double TPA versus single TPA. P < 0.05: **. single TPA
versus acetone control. P < O.OI: *Â«*.double ACA/TPA versus double TPA. P < O.OI.
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ACÃ• INHIBITS OXIDATIVE STRESS IN MOUSE SKIN

Table 2 DtHthlt' TPA Ã®rcalmeni-inditceilmorphological changes in mouse skin

Treatment"TPA

Prctreatmenl(lst/2nd)Acetone

(-/-)
Acetone (+/~)

Acetone (+/+)
ACA X 2 (+/+)Epidermal

thickness23.4

Â±2.9
32.1 Â±4.0*
35.4 Â±4.5'
38.8 Â±3.7fNo.

of
epidermal

layers'2(1-2)

4(3-4)
4 (2-5)
3 (2-4)No.

ofleukocytes
in

thecutisrf8Â±3

169 Â±43''
294 Â±27'/

98 Â±44f-xPCNA-stained

cell nuclei
index51.2

Â±7.6
79.4 Â±9.8'
84.8 Â±7.3'
57.7 Â±9.2'-"

" Mice were treated as described in "Materials and Methods." The mice were sacrificed

I h after the second TPA treatment (8.1 nmol). and skin punches were obtained for
determination of the morphological changes.

'' Hvperplaslic response of the skin determined in u section (3 >im) of skin. Values are

means Â±SD of 15 values taken from Ihree individual mice.
1 Majority (range) of 15 values, counted in the various regions.
''Mean Â±SD of 15 values, counted in various regions of the cutis (dermis and

subcutis) in an area of I mm" under a microscope.
' Significant versus acetone and TPA (-/-) (Student's t lest): P < 0.05.
r Significant irrnu acetone and TPA (+/-) (Student's t test); P < 0.05.
* Significant versus acetone and TPA ( +/+ ) (Student's ; test); P < 0.05.

number of mitosis in epidermal squamous cells when compared with
single TPA application (Fig. 7, B and C). On the other hand, pretreat
ment of ACA (810 nmol) before each TPA application diminished
TPA-induced hyperplasia. mitosis (Fig. 7, C and D) and leukocyte

infiltration (Table 2).
PCNA-stained Cell Nuclei Index. PCNA immunohistochemistry

revealed PCNA-stained nuclei in many epidermal keratinocytes. only

at the basal and first suprabasal layer in mice treated with acetone
alone (PCNA index = 51.2 Â±7.6; Table 2 and Fig. 8). A single

application significantly increased the PCNA index (79.4 Â±9.8,
P < 0.02) in the epidermis when compared with that of control mice

(treated with acetone alone). Double application of TPA slightly
enhanced the PCNA index (84.8 Â±7.3) when compared with a single
application of TPA. However, the PCNA index (57.7 Â±9.2) in mice
given double application of TPA and ACA was almost equal to that of
control mice, and the value was significantly lower than that of mice
treated twice with TPA (P < 0.02). Although a high proportion of
epithelial cell nuclei in hair follicles and glandular appendages was
also stained, no significant differences in this pattern were observed
between different treatment groups (Fig. 8).

lEs of ACA Applied in the Priming or Activation Phase on the
Number of Leukocytes in the Dermis and the PCNA Index. Be
cause topically applied ACA afforded a significant inhibition against
double TPA application-induced leukocyte infiltration, we counted

the number of leukocytes infiltrated into the dermis and measured
PCNA indexes in the double TPA treatment protocol. As shown in
Fig. 9, significant decreases in numbers of leukocytes and the PCNA
index were observed in the mice to which ACA was coadministered
in the activation phase (IE of leukocytes = 45%; IE of PCNA =

33%). In contrast. ACA applied in the priming phase and HC applied
in both phases exhibited no inhibition.

DISCUSSION

Double applications of phorbol esters trigger ROS production in
mouse skin (4, 6). The available data suggest that each application
induces two distinguishable biochemical events, namely, priming and
activation (5). The former is characterized as recruitment of inflam
matory cells such as neutrophils by chemotactic factors to infiamma-

^ ' it

y*^^L^ -â€¢¿�

:->. 'â€¢''Â».'&'&

â€¢¿�â€¢"'.â€¢¿�â€¢â€¢"'â€¢â€¢'
Z> '

- â€¢¿�

.Â«-^

' â€¢¿�JÃ•Â»* ^Ã¯ . Â» Â»

,

Â»**^ -fc^" %. "" >v^

- â€¢¿� ; ".." ".-^ Â«,â€¢. --' :.- ' 'f^.'. y ">-
-;v-.^---â€¢, -^.f'.v -:-Â»r-^;A,.Â¿-V..,;.- t>V>
â€¢¿�:"^.^.-Â«V":.^. 7'=:â€¢â€¢'':':;\-.:x-.\-...;"---' V. , ;- . .^.

.*~ i .>.'â€¢--.â€¢:-.- .."â€¢",Â«.'â€¢'....â€¢â€¢.Â«â€¢.._.--â€¢â€¢*â€¢v *- ii â€¢¿�i ^ . - â€”¿�.
Fig. 7. Effect of ACA on TPA-induced mouse skin morphological changes. The protocol for animal treatment was as described in "Materials and Methods." Treatment w

follows: A, acetone; B. single dose of TPA in the priming phase; C. double dose of TPA; D. double dose of ACA and TPA. X20.
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ACÃ• INHIBITS ÃœXIDATIVE STRESS IN MOUSE SKIN

B

9

â€¢¿�

IF * *

J Â»* *.

'

t

Fig. 8. Immunohislochcmical dODOItttnttion of nuclear expansion ot' PCNA. The protocol lor animal treatment was as described in "Materials and Methods." Treatment uas as

follows: A. acetone; ÃŸ.single dose of TPA in the priming phase: C. double dose of TPA: D. double dose of ACA and TPA. X40.

tory regions and edema formation. The latter is the process of acti
vation of neutrophils or other oxidant-producing cells, including

keratinocytes, in which the second TPA application of phorbol esters
induces oxidative stress. In this study, single application of TPA (8.1
nmol) significantly increased the weight of a skin punch as well as
MPO activity, a biomarker for infiltration of the inflammatory cells
into the target tissue (Table 1). Double treatments of ICR mice with
TPA (8.1 nmol) dramatically increased the formation of H2O2 in the
skin (Fig. 2) as previously reported using outbred species of mice such

150
LJ No. of leukocyte

â€¢¿�PCNA index

pretreatment

1st acetone ACA ACA acetone HC

2nd acetone ACA acetone ACA HC

Fig. 9. IBs of ACA applied in the priming or activation phase and HC on double TPA
application-induced increment of number of leukocyte in the dermis and PCNA-stained
cell nuclei index. Significance, determined by the Student's / test or Welch's / test (n = 3),

is expressed as follows: *. P < 0.05; **. P < O.OOI. both \rr.vÂ».vacetone control: and t.
P < 0.01; tt, P < O.OOI. bolh versus acetone control.

as SENCAR or CD-I (7, 21 ). Importantly, the TPA dose used in this
experiment is in the tumor promotion range (1-10 nmol).

These results provide clear evidence for the suppression of tumor
promoter-induced H2O2 formation in mouse skin by ACA. It is

noteworthy that ACA exhibited no IEs on edema formation and the
enhancement of MPO activity in the first TPA treatment, whereas a
radical scavenger, genistein, administered at the same dose (810
nmol) significantly suppressed these inflammatory biomarkers (Table
1). No inhibitory potential of ACA for the TPA-induced priming

phase was clearly confirmed by the experiment in which ACA was
coadministered only with the first dose of TPA (Fig. 3). It is likely that
induction of lipoxygenase. which metabolizes arachidonic acid to
hydroperoxy fatty acids, precursors of chemotactic leukotrienes. rep
resents an earlier stage in the priming phase (5). Indeed, anti-inflam
matory curcumin. reported to be an arac-bidonate metabolism inhibi

tor, suppressed the priming effect of double TPA application-induced
H2O2 generation (23). Conversely. ACA showed no IBs on TPA-

induced arachidonate release or prostaglandin E, synthesis in HeLa
cells.4 Taken together, the inhibition of some biological events in the

priming phase by ACA can be ruled out from the critical mechanisms
of H2O2 generation inhibition in vivo.

Coadministration of ACA with only the second TPA treatment
successfully inhibited H2O2 formation, whereas HC and genistein in
the same treatment failed to do so (Fig. 3). A well-known XOD
inhibitor, allopurinol. also showed no IE on double TPA treatment-

induced H2O2 generation. These findings appeared to be consistent

4 A. Murakami. Y. Nakamura. and H. Ohigashi. unpublished observation.
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AC'A INH1HITS OXIDATIVI. STKLSS IN MOI SI SKIN

with a mechanism in which the NADPH oxidase system of neutro-

phils rather than the epithelial XOD system is implicated in the
O2~-generating system in double TPA-treated mouse skin. Single-

dose TPA-induced enhancement of XOD activity was reported (25),
but in this study, single-dose TPA did not significantly enhance H2O2

formation, suggesting the critical role of NADPH oxidase system in
double TPA application-induced oxidative stress. Single TPA appli

cation enhances oxidized DNA base formation to a much lesser
degree than do double applications of TPA (9), also supporting this
suggestion.

In vitro, ACA exhibited potent inhibition of O2 generation
(1C,,, = 4.5 JU.M;Fig. 4). In contrast, the inhibitory activities of HC

(>100 fiM) and genistein (102 /AM:Ref. 13) were much weaker than
that of ACA. Thus, there is a positive correlation between inhibition
of the activation phase in vivo and suppression of leukocyte activation
i/i vitro. It is interesting to note that HC, having two hydroxyl groups
that generally play essential roles for radical scavenging of phenolic
antioxidants, has weaker IBs on tumor promoter-induced ROS gen

eration in vivo and in vitro, whereas it shows a much stronger
anlioxidative effect on the propagation of lipid peroxidation than does
ACA."

Takeuchi et al. (26) have indicated that extracellular O-, in HL-60
cells may be generated by plasma membrane-bound NADPH oxidase

and diffuse into the cells through the aniÃ³nchannel, but intracellular
H2O2 may be formed cxtracellularly from O, . being diffused into the
cells through membrane. Lundqvist et ai. (27) also confirmed the
origin of intracellular H2O2 by the observation that differentiated
HL-60 cells, lacking specific granules in which all membrane com

ponents necessary for NADPH oxidase activity are present, showed a
much lower intracellular chemiluminescence response than did the
isolated neutrophils having specific granules. These findings also
support the idea that ACA suppresses intracellular peroxide formation
due to inhibition of plasma membrane-bound NADPH oxidase. The

exact mechanism for the inhibition of NADPH oxidase activity by
ACA remains to be clarified. It should be noted that staurosporine, a
microbial alkaloid protein kinase C inhibitor without antioxidative
activity, inhibits O2 production in neutrophils (28). It is interesting
that ACA docs not alter protein kinase C activity (29). suggesting the
existence of novel pathway(s) for inhibition of the NADPH oxidase
system. In any case, more extensive mechanistic studies on the inhi
bition of TPA-induccd O2 " generation by ACA are necessary.

These data indicate that ACA, a weak antioxidant in lipid peroxi
dation in vitro (13), significantly inhibits TBARS formation (Fig. 6),
known as an overall oxidative damage biomarker, which was, at least
in part, formed downstream of H2O2 generation in the presence of a
metal ion as catalyst. TBARS formation in vivo is not considered to
reflect a single particular phenomenon but is considered to indicate
widespread oxidative damage, including lipid peroxidation, mitochon
dria! deenergization. and degradation of protein or sugar rather than
DNA (30). Cell death and subsequent regenerative cell proliferation,
which gives growth advantage to phenotypically altered populations,
arc accepted to play critical roles in some kinds of organ earcinogen-
esis in rodents (31). The IE of ACA on double TPA application-

induced morphological changes in mouse skin, such as mitosis of
epidermal cells or PCNA index (Table 2 and Figs. 7 and 8), suggested
that suppression of cell proliferation is an important action mechanism
of antitumor promotion.

Other possible mechanisms are considered. Wei and Frenkel (7-9)

found the increased levels in oxidized DNA bases in mice with double
TPA treatment and with multiple TPA treatment for 16 weeks. The

1st TPA
(priming)

2nd TPA
(activation)

chemotactic
factors

i

i
H2O2, TBARS

PMN
(infiltration)

ACA

cell death hyperplasia
â€¢¿�

t
carcinogenesis

1st TPA

2nd TPA

inhibition

^ Y. Nakamura. A. Murakami, and H. Ohigashi. unpublished observation.

Fig. 10. Proposed action mechanism of ACA for suppression ot"intlammation in mouse

skin.

positive correlation among the formation of H,Oâ€ž oxidized DNA
bases, and first-stage tumor-promoting activity has been described (8,

9). Alternatively, hydroxyl radicals react with membrane lipids to
form hydroperoxides which are then decomposed and converted to
mutagenic, reactive carbonyl compounds, such as malondialdehyde.
On the other hand, the oxidative metabolic activation of proximate
carcinogens, independent of the cytochrome P-450 pathway, has been

proven to be associated with multiple treatments on mice with a tumor
promoter (4-6). It has been presumed that not only the stimulation of

DNA synthesis but also remodeling of the epidermal metabolic path
way from the cytochrome P450-dependent pathway to an oxygen
radical-dependent pathway increases the probability of mutation (5).

MPO was also involved in the bioactivation of a procarcinogen in
mouse skin and lung (4, 6, 31, 32). Thus, the suppressing effects of
ACA against TPA-induccd H2O2 generation suggested the possibility

that ACA may inhibit these oxidative events, which are closely related
to mutagenesis.

Histological studies demonstrated very clearly that double TPA
treatments enhance morphological changes, reflecting inflammatory
response. A single application of TPA induces edema formation and
leukocyte infiltration, similar to the result of biochemical detection
(Tables 1 and 2). Surprisingly, a significant increase (1.7-fold) in

leukocyte infiltration was observed l h after the second TPA appli
cation (Table 2 and Fig. 7). It should be noted that, although inhibiting
neither the arachidonate metabolism nor single application-induced

edema formation, ACA could reduce the increment in numbers of
leukocytes in mouse cutis, but HC without O-,~ generation inhibition

showed no suppression (Table 2 and Fig. 9). Kensler et al., (6)
presumed that the second TPA could additionally recruit leukocytes,
which arc phenotypically different from those recruited by a single
TPA treatment. In this respect, it is important to note that O2~ is

known to participate in the formation of chemotactic factors and
recruitment of PMNs (33). Thus, it is tempting to recognize that
suppression of leukocyte infiltration by ACA, which was observed in
the histolÃ³gica! study, is attributable to the inhibition of the second
dose of TPA-induced O2~ generation by leukocytes. These data

clearly demonstrated that pretreatment of ACA, only in the activation
phase, successfully inhibits double TPA application-induced incre

ment in both numbers of leukocyte and PCNA index (Figs. 8 and 9).
This result strongly suggested that O-T from leukocytes plays an
important role for continuous and excessive production of chemotac
tic factors, leading to chronic inflammation and hyperplasia (Fig. 10).
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The positive correlation between the formation of cytotoxic TBARS
and increment in numbers of infiltrated leukocytes (Table 2 and Fig.
6) supported this suggestion.

In any case, we concluded that a O2 generation inhibitor ACA
potently suppresses double TPA application-induced oxidative stress

and inflammatory responses mainly via inhibition of ROS generation
by leukocytes. In a rat oral carcinogenesis model, inflammatory cell
infiltration is predominant in macrophage, which is related to immune
function alteration, 5-6 months after oral carcinogenic 4-nitroquino-
line 1-oxide treatment (34). It is well known that chronic inflamma

tion of the colon is associated with an increased risk of colorectal
cancer. Recently, neutrophil-mediated nitrosamine formation has been

indicated to be a possible endogenous carcinogen, which may promote
neoplasia (35). Interestingly, ACA exhibited chemopreventive effects
on chemically induced carcinogenesis in rat colon and tongue, with
which acute and/or chronic inflammation are considered to be closely
associated. Suppressive effects of ACA on leukocyte-derived ROS

formation may be. in part, involved in a common mechanism for the
inhibition of inflammation-related carcinogenesis. Studies on the in

fluences of ACA on immune function such as natural killer activity or
the T cell-mediated immune system as well as investigation of ACA

in a wide range of animal carcinogenesis models relating to inflam
mation are necessary.
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