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ABSTRACT

There has been a paucity of evidence showing that 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), a potent tumor promoter, causes DNA damage

in vivo. We show that oxidized DNA bases are formed in the epidermis
of TPA-treated SENCAR mice in a dose- and time-dependent manner.
As measured by high-performance liquid chromatography and acetylation
of nucleosides with |-'IIjacclic anhydride, these oxidized DNA derivatives
include cii-thymidine glycol, 5-hydroxymethyl-2'-deoxyuridine, and 8-
hydroxyl-2'-deoxyguanosine. Their maximal formation induced by a

single TPA dose occurred within 6-8 h (a 2-5-fold increase). The level
of 8-hydroxyl-2'-deoxyguanosine was the lowest (3.2/105 bases) and
remained almost unchanged for 18 h; thymidine glycol (29.I/HI4 bases)
and 5-hydroxymethyl-2'-deoxyuridine (17.3/104 bases) declined gradu

ally but were still above controls at 24 h. Reapplication of TPA 20 h
after the first dose (time of the maximal polymorphonuclear leukocyte
infiltration) enhanced the net formation of 8-hydroxyl-2'-deoxyguanosine

by 3.8-fold (P < 0.05), of c/Ã®-thymidine glycol by 1.9-fold (P < 0.001),
and of 5-hydroxymethyl-2'-deoxyuridine by 2.0-fold (P < 0.01), as

compared to those maximally produced by a single TPA dose. Thus, the
infiltration of polymorphonuclear leukocytes into TPA-treated mouse

skin, which was corroborated by histolÃ³gica! examination and the pres
ence of polymorphonuclear leukocyte-specific myeloperoxidase, might
play an important role in TPA-induced DNA oxidation in vivo. Our

findings provide proof that tumor promoters can induce genetic modifi
cation in vivo that is oxidative in nature. Hence, formation of oxidized
DNA bases may be responsible for the genetic effects of tumor promoters
in carcinogenesis.

INTRODUCTION

Traditionally TPA3 was considered to be a typical tumor-

promoting agent, mainly causing epigenetic effects (1). This
view existed because there was no evidence that TPA can
directly react with DNA to form adducts as do most carcinogens
(2, 3). In the classical multistep carcinogenesis model, TPA
alone was proved unable to induce tumors (1-3), with a few
exceptions in which a small number of papillomas were induced
(4, 5), and this was attributed to preexisting initiated cells in
mice. In contrast, TPA was shown to mediate many epigenetic
effects that seemed to be closely related to its tumor-promoting
activities. These included induction of ornithine decarboxylase
(6, 7), activation of protein kinase C (8, 9), and inflammation
(1-3,10-12). However, more recent findings indicate that TPA
does induce some genetic changes (2, 13-18). It was shown that
TPA stimulates PMNs and macrophages as well as nonphago-
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cytic cells (2, 13-19) to generate ROS, represented by -O2 ,
H2O2, -OH, and singlet oxygen (20). These oxygen species are
highly reactive, are able to cause DNA strand breaks (2, 21-
23), induce chromosomal abnormalities and sister chromatid
exchanges (2, 24-25), lead to mutagenesis and cellular trans
formation (2,26-29), and cause lipid peroxidation that converts
the endogenous lipid to genotoxic intermediates (30). TPA-
induced ROS were also shown to increase the binding of 7,8-
dihydrodiol benzo(a)pyrene to mouse epidermal DNA (31).
Mounting evidence indicates that ROS take an active part in
the tumor promotion process (2, 13-19, 32-35). Results from
our previous studies show that H2O2 and/or other ROS gener
ated by TPA-stimulated PMNs cause oxidation of nucleosides
in coincubated Escherichia coli DNA and in the DNA of coin-
cubated HeLa cells (13-15, 35). Moreover, TPA induced HeLa
cells to produce H2O2 and form HMdU in cellular DNA (35,
36). Thus far, in vivo production of oxidized DNA bases due to
the action of TPA has not been reported, with the exception of
one preliminary meeting report showing that 8-OHdG was
formed in mouse skin treated with TPA (37). Our study was
designed to answer the following questions: (a) Is TPA capable
of inducing in vivo formation of oxidized DNA bases in mouse
epidermis, and is it a dose- and time-dependent process? (b)
Would the repeated application of TPA enhance in vivo pro
duction of oxidized DNA bases in mouse epidermis? (c) Does
formation of oxidized DNA bases correlate with infiltration of
PMNs and the inflammatory response?

MATERIALS AND METHODS

Chemicals and Reagents. TPA, HMdU, nucleosides (thymidine, dG,
2'-deoxycytidine, and 2'-deoxyadenosine), and the reagents used for

acetylation (4-dimethylpyridine and triethylamine) were purchased
from Sigma Chemical Co. (St. Louis, MO). [3H]Ac2O(specific activity,

50 mCi/mmol) was purchased from New England Nuclear (Du Pont
Co.; Wilmington, DE). The enzymes for DNA purification and hydrol
ysis, proteinase K, RNase A, DNase I, alkaline phosphatase, nuclease
PI, and A.S.A.P. genomic DNA isolation columns were obtained from
Boehringer Mannheim Biochemicals (Indianapolis, IN). HPLC-grade
acetonitrile was purchased from Fisher Scientific (Springfield, NJ).

Synthesis of Marker Compounds. dTG was prepared as previously
described (38), whereas 8-OHdG was synthesized according to Kasai
and Nishimura's method (39), with some modifications (40). In brief,

100 mg of dG in 100 ml of 0.13 M sodium phosphate buffer (pH 6.8),
containing 14 HIMascorbic acid and 50 mM H2O2, was incubated at
37Â°Cfor 10-12 h. Catatase was added to the reaction mixture to

remove the remaining H2O2. The reaction mixture was concentrated to
20 ml under reduced pressure, and 2 volumes of acetone (HPLC grade)
were added to precipitate the enzyme and salts. After centrifugation,
the supernatant was dried at 30Â°Cunder reduced pressure. The dried

mixture was dissolved in 2.5% acetonitrile, filtered through a 0.2-/Â¿m
membrane, and injected into a semipreparative octadecylsilane column
(Altex; 1 x 25 cm inner diameter; 5-/jm particle size) attached to a
HPLC (344; Beckman). 8-OHdG eluted about 10 ml past dG, using
2.5% acetonitrile in water as the eluent, at a flow rate of 2 ml/min. The
retention times on the HPLC and UV spectrum (Response II; Gilford
Instruments) of the purified product (Xmax= 248 and 292 nm in water)
were the same as those of the authentic samples of 8-OHdG, which
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were generous gifts from Drs. E. Fiala (American Health Foundation,
Valhalla, NY) and H. Kasai (National Cancer Center Research Insti
tute, Japan).

Treatment of Animals. Female SENCAR mice, 6-7 weeks old, were
purchased from Biological Testing (National Cancer Institute, Freder
ick, MD). Mice were accommodated at the NYU Medical Center
animal facility for 1 week to environmentally adjust. They were kept
under standard conditions [12 h light/12 h dark cycle; humidity, 40 Â±
5%; temperature, 20 Â±2Â°C;10 air changes/h]. Food and water were

provided ad libitum. The dorsal hair of the mice was shaved with
surgical clippers 48 h prior to the application of TPA. Only those at
the hair-growth resting phase were used for the experiments. An appro
priate amount of TPA in 0.2 ml acetone was topically applied to the
mouse skin, whereas only 0.2 ml of acetone was applied to control
mice.

Isolation of DNA from Mouse Epidermis. At different time points,
mice were sacrificed by cervical dislocation. The shaven skin was excised
and immediately dipped into ice-cold Dulbecco's phosphate-buffered

saline. Subcutaneous and connective tissues were scraped off with a
razor blade, and the skin was cut into 2 x 1 cm2 pieces and floated,
with the fur side up, on 0.5% trypsin-Hanks' balanced salt solution in
a Petri dish. The skin pieces were incubated at 37Â°Cfor 0.5 h. The

epidermal layers were easily scraped off with a scalpel, minced with
scissors, and washed twice with phosphate-buffered saline. Cells were
lysed, and A.S.A.P. DNA isolation kits were used to isolate the DNA,
according to the protocol provided by the vendor. Incubation of epider
mis from two mice with proteinase K at 55Â°Cfor 4 h and with RNase
A at 37Â°Cfor 0.5 h, followed by chromatography on the DNA isolation

columns, yielded 200 to 500 Â¿igDNA. The isolated DNA was washed
twice with 70% ethanol and gently dried under a N2 stream. The DNA
pellet was dissolved in 400 /Â¿I10 mM Tris-HCl (pH 7.0), and a 20-fold
dilution sample was used to determine the DNA concentration and the
^260^280 ratio, which was normally within the range of 1.7-1.9. DNA
was quantitated based on the assumption that 1 .-l..,,nequals 40 /ig
double-stranded DNA.

Enzymatic Digestion of DNA. DNA (100 Mg)dissolved in 200 M' of
10 mM Tris-HCl and 100 mM NaCl (pH 7.0) buffer was sheared by
passing through different gauge (18-25) needles. One hundred units of
DNase I in 40 M! 10 mM Tris-HCl and 10 n\ 0.5 M MgCl2 (final
concentration, 20 mM) were added, and the mixture was incubated at
37Â°Cfor 1 h. After lowering the pH with 15 ÃŸ\of 0.5 M sodium acetate

(pH 5.1), 10 M!of nuclease PI (5 units) and 30 /Â¿Iof 10 mM ZnSO4
(final concentration, 1 mM) were added to the mixtures and incubated
for 1 h. Finally, the pH was readjusted with 100 n\ of 0.4 M Tris-HCl
(pH 7.8), and 20 n\ of alkaline phosphatase (3 units) was added to the
mixtures and incubated for 0.5 h. DNA digestion was terminated by
adding 5 ml of acetone, and the samples were kept at -20Â°Cfor 0.5 h.

After centrifugation (Beckman G2-12 centrifuge with JA-17 rotor;
10,000 rpm) for 20 min, the supernatant was dried under reduced
pressure. The DNA hydrolysate was dissolved in 250 n\ HPLC-grade
water, filtered through a 0.2-Min syringe filter (Acrodisc LCI3 PVDF;
Gelman), and chromatographed on an octadecylsilane column. The
HPLC elution conditions are given in Fig. IA. At the end of each run,
the column was washed and reconditioned to prepare for the next
HPLC analysis. The HPLC profile of a DNA hydrolysate spiked with
oxidized nucleoside markers showed a good separation of normal from
oxidized nucleosides (Fig. 1/4). All fractions eluting after 30 ml (except
fractions containing the normal DNA nucleosides) were pooled, dried
under reduced pressure, and lyophilized overnight to ensure that the
samples were absolutely dry.

AcTl) latimi of Oxidized Nucleosides. Oxidized nucleosides were ace-
tylated with Ac2O or [3H]AC2Oaccording to the method of Matsuda et

al. (41) with some modifications (40). We found that this method
quantitatively acetylates both normal and oxidized nucleosides. The
dried DNA hydrolysate was dissolved in 1 ml of HPLC-grade acetoni-
trile containing 6 mM 4-dimethylpyridine. Triethylamine (10 ^mol) and
Ac2O or [3H]Ac2O (10 nmol in 10 ÃŸlacetonitrile; ratio of radioactive

to nonradioactive Ac2O,1:10; specific activity, 3,300 cpm/nmol acetate)
were added to the reaction mixtures and incubated at room temperature

for 4 h with shaking at 200 cycles/min. One ml of methanol was added
to decompose the excess Ac2O and terminate the reaction. 3H-contain-
ing samples were passed through a SAX column (N* quaternary amine;

J. T. Baker, Phillipsburg, NJ) to remove radioactive debris (40), and
the effluent was dried under reduced pressure. Dried samples were
dissolved in 250 ^1of 20% acetonitrile, filtered through a 0.2-nm syringe
filter, and injected into an octadecylsilane column together with acety-
lated nonradioactive or 14C-containing markers. The separation condi

tions are given in Fig IB. Acetates of the oxidized nucleosides were
well separated under the conditions used (Fig. IB). The radioactivity
of fractions was determined by an on-line Beckman 171 radioisotope
detector. The scintillant-containing effluent was collected at 1-min
intervals and recounted in a liquid scintillation counter (Analytic LSC)
for comparison. Since the on-line radioisotope detector could not detect
radioactive material at levels below 300 cpm, the values obtained by
recounting fractions in a liquid scintillation counter were used for
calculation of HMdU, dTG, and 8-OHdG formation.

Quantitation of Oxidized Bases. The conditions of enzymatic hydrol
ysis were recently optimized using release of dG as the measure (40).
Under these conditions DNA digestion was complete. DNA nucleosides
(2'-deoxycytidine, dG, 2'-deoxyadenosine, and thymidine) were quan

titated from the areas under their peaks on the HPLC column by either
a computer (6300 WGS; AT&T) or an integrator (427; Beckman), using

(A) dC dA

HMdU

20

TIME (MIN)
80

30

TIME(MIN)
90

Fig. 1. HPLC separation of normal and oxidized 2'-deoxyribonucleosides (A)
and acetates of oxidized nucleosides (B). A, marker-spiked DNA hydrolysates
were dissolved in H2O and analyzed by HPLC. Products were eluted at a flow
rate of 2 ml/min and detected at 230 nm with a sensitivity of 1.0 mA. H2O was
the eluent for the first 20 min, followed by 2% acetonitrile for 20 min, 4%
acetonitrile for 25 min, and finally 10% acetonitrile for 10 min to elute 2'-

deoxyadenosine. B, acetylated oxidized nucleosides were dissolved in 250 Â¿ilof
20% acetonitrile, injected into HPLC, eluted at a flow rate of 2 ml/min, and
detected at 230 nm with a sensitivity of O.I mA. Acetonitrile (10%) was used as
the eluent for the first 10 min, was increased to 14% during the next 20 min, and
remained at 14% for 20 min. Next, acetonitrile was increased to 19% within 10
min and kept at 19% for 20 min. AcÂ¡,diacciate; Ac,, triacetate.
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Fig. 2. Effect of time on in vivo formation of c/s-dTG, HMdU, and 8-OHdG
in SENCAR mouse epidermis treated with a single TPA dose. Mice were topically
treated with 4 ^g TPA and sacrificed at different time points after TPA treatment.
DNA was isolated and analyzed for oxidized nucleosides, as described in "Mate
rials and Methods." Points, derived from one complete experiment and repre
sentative of 3-5 experiments/time point. A, (+)-c/'s-dTG (O), (â€”(c/i-dTG(D), and
total cis-dTG (â€¢).Ordinate, dTG/10" nucleosides. B. HMdU (â€¢)and 8-OHdG
(O). Ordinate, HMdU/104and 8-OHdG/10! nucleosides.

the standard curves obtained from separation of their corresponding
marker nucleosides (Fig. \A ). Quantitation of oxidized nucleosides is
based on Fig. IB and is determined as

Net cpm of a specific oxidized nucleoside acetate
Efficiency (%)* x conversion factor5 x no. of acetylated groups6

The results are expressed as oxidized nucleosides per IO4 or IO5

normal DNA bases.
The procedures described (enzymatic digestion and acetylation) pro

vide virtually quantitative recovery of oxidized nucleosides, with a
variation of interanalyses within 20% (40). However, formation of 8-
OHdG may be underestimated because hydrolysis of DNA with the PI
nuclease at pH 5.1 causes about 45% lower recovery of 8-OHdG than
at neutral pH. In contrast, recovery of cw-dTG is much better at pH
5.1.

MPO Determination. Mice were killed by cervical dislocation, and
their dorsal skins were removed. Skin punches were obtained using a
20-mm-diameter cork borer and minced with scissors in 5 ml of 0.5%
hexadecyltrimethyl ammonium bromide in 50 mM potassium phos
phate buffer, pH 6.0 (42). The minced skin tissue was homogenized

4The efficiencyof the liquid scintillationcounter is 30%.
5 When radioactivemonradioactiveAc2Oratio is 1:10, the conversion factor

equals 11.1,with a specificactivityof [3H]Ac3Oof 3300 cpm/nmol acetate.
6The numberof acetylgroupswasdeterminedby massspectroscopyof marker

acetates(40).

with a polytron homogenizer 3 times for 10s at 4Â°C,at 10-s intervals.

Samples were centrifuged at 10,000 rpm for 20 min, and the superna
tant was filtered by passing through three layers of gauze. To each
polystyrene cuvette (Sarstedt), 1.3 ml of 25 mivi4-aminoantipyrine-2%
phenol solution and 1.5 ml of 1.7 mM H2O2were added and equilibrated
for 3-4 min. After establishing the basal rate, a 0.2-ml sample suspen
sion or a known amount of human MPO (Sigma Chemical Co.) as
standard were added to cuvettes in duplicate and quickly mixed. In
creases in absorbance at 510 nm for 4 min at 0.1 -min intervals were
recorded (42). Protein concentration was assayed with bicinchoninic
acid (BCA) as the protein assay reagent (Pierce, Rockford, IL). MPO
activity was calculated from the linear portion of the curve and ex
pressed as units/mg protein. One unit of MPO activity is defined as
that degrading 1 ^mol of hydrogen peroxide/min at 25Â°C.

HistolÃ³gica!Examination. Skin tissue was excised and fixed in buf
fered neutral formalin solution overnight, followed by sequential de
hydration in 80, 95, and 100% ethanol and xylene in two 1-h changes.
Skin samples were embedded after three 1-h paraffin changes, sectioned
to thicknesses of 8 /mi, transferred to glass slides, and stained with a
hematoxylin and eosin solution. Stained skin sections were examined
under a binocular microscope for inflammatory responses and infiltra
tion of neutrophils.

RESULTS

Effect of Time on TPA-induced in Vivo Formation of Oxidized
Nucleosides in Epidermal DNA of SENCAR Mice. At least
three types of oxidized nucleosides, dTG, 8-OHdG, and
HMdU, were formed in mouse epidermis due to TPA treat
ment. m-dTG was the major oxidized nucleoside and consisted
of (+) and (â€”)-m-isomers. The effect of time on TPA-induced

formation of oxidized nucleosides in the epidermal DNA of
SENCAR mice is shown in Fig. 2. Both m-dTG isomers
increased during the time that elapsed between TPA treatment
and removal of the skin, but the (+)-cu-dTG increased to a
larger extent than the (-)-m-dTG (Fig. 2A). Thus, the increases
in the total amount of c/s-dTG depended mainly on the increase
of (+)-m-dTG. m-dTG formation reached its maximum 8 h
after TPA treatment, with a minor peak of activity at 1-2 h,
and then gradually declined but was still above the control at
24 h. Fig. IB shows that 8-OHdG reached its maximum at 6 h
and remained almost constant at this level up to 24 h. The
kinetic pattern of HMdU formation seems to be similar to that
of dTG. Although the averaged data from five experiments
(each time point is the mean of 3-5 determinations) have large
between-experiment differences indicated by the SE given in

Table 1 Effect of time on in vivoformation of oxidized nucleosides in mouse
epidermis treated with TPA

SENCAR mice were treated with 4 ng TPA/mouse and sacrificed 1 to 24 h
later. DNA was isolated, enzymatically digested to nucleosides, and analyzed by
HPLC and acetylation with |'H]Ac2O.

Time
(h)0124681224(+)cis-dTGN"53344533(-)di-dTG2-fii-dTG(/IO4bases)4.313.311.812.219.7Â±

1.9+
5.0+

3.0Â±5.7Â±3.118.3

Â±6.49.315.1Â±4.3Â±6.75.28.811.08.59.110.812.39.0Â±-f-+Â±+j-Â¿+1.91.62.71.71.34.94.30.49.5

+22.1
+22.8
+20.7
Â±28.8
+29.1
Â±21.6
Â±24.1

Â±2.04S*S.SÂ»5.1Â»2.2"10.9"6.9"6.3Â»8-OHdG/

10*bases0.7

+0.31.2
+0.21.0
+0.41.5
+0.3'3.2
Â±1.2*2.0
Â±0.5'2.4
+0.8r3.2

Â±2.1HMdU/

IO4bases7.1

+2.313.0
+5.58.1
Â±1.713.314.817.35.77.15.33.8'3.6Â»2.72.0

" A total of five experiments were carried out (each time point, mean of 3-5

times). Each determination was carried out on pooled epidermal DNA from two
mice/point. Results are expressed as mean Â±SE. Significance was determined by
a one-way Student's t test.

* P < 0.01 with respect to the control (0 h).
c P < 0.05 with respect to the control (0 h).
" P < 0.001 with respect to the control (0 h).
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Table 1, all experiments show a similar effect of time on
formation of these oxidized products in DNA. Those differ
ences might be attributed to the high sensitivity of the method,
the instability of [3H]AciO, and the biological variations among

mice.

60
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(-)dTG <+)dTG dTG HMdU 8-OHdG

Fig. 3. Effect of TPA dose on in riro formation of oxidized DNA bases in
SENCAR mouse epidermis. Mice were treated with different doses of TPA, as
indicated in the text, and sacrificed 8 h later. Columns, mean of 3 experiments;
ears. SE. D, control; D. 2 ^g TPA; B. 4 ng TPA; â€¢,10 MgTPA. Ordinale. dTG
and HMdU/10* and 8-OHdG/10' nucleosides.

Fig. 4. Histological comparison between control and 4 ng TPA-treated mouse
skin. SENCAR mice were treated either with acetone (A) or with 4 pg TPA in
acetone (B). Mice Â»erekilled 24 h later, and the skin tissue was embedded in
paraffin, sectioned, and examined under a microscope (see "Materials and Meth
ods"). Hyperplasia and infiltration of PMNs can be observed in the TPA-treated

mouse skin. Arrow, infiltrating PMNs. x 40.

Effect of TPA Dose on in Vivo Formation of Oxidized Nucle
osides in Epidermal DNA of SENCAR Mice. Different doses of
TPA (0, 2, 4, and 10 Â¿ig)were topically applied to the dorsal
skin of mice. Eight h later, a period in which maximal formation
of oxidized nucleosides occurred (Fig. 2), the mice were sacri
ficed, and epidermal DNA was analyzed for the presence of
dTG, HMdU, and 8-OHdG. Total amounts of dTG, (-)-
c/'i-dTG, 8-OHdG, and HMdU were shown to correlate with

the increasing doses (up to 4 /Â¿g)of TPA, whereas (+)-c/s-dTG
changed little, independently of the TPA dose (Fig. 3). Thus,
the increase in total dTG in response to increasing doses of
TPA actually depends on the production of (â€”)-m-dTG. This
phenomenon is different from the effect of time on TPA-
induced formation of dTG, in which (+)-c/s-dTG increased as
the function of the time to a greater extent than (-)-m-dTG

(Fig. 2A). Levels of HMdU and dTG decreased in the groups
treated with 10 /ig of TPA; however, those of 8-OHdG still
increased at that dose.

Infiltration of Neutrophils into Mouse Skin Treated with TPA.
It has been shown that TPA increases formation of chemotactic
factors that cause the migration of PMNs into the TPA-treated
area (31). We found that a topical application of 4 /ig TPA
indeed causes accumulation of PMNs in mouse skin, as shown
by histolÃ³gica! examination carried out 24 h after TPA appli
cation (Fig. 4) and by the presence of PMN-specific MPO (Fig.
5). MPO levels increased within 2 h after TPA application and
reached their maximum at 12-24 h. After 48 h, MPO activity
was still 2-fold above that of the control. Although the infiltra
tion of PMNs and the presence of MPO due to TPA treatment
were reported in the literature, here we related them to subse
quent oxidative DNA damage. We also show that it is a time-
dependent process, as is oxidative modification of DNA bases.

Effect of Repeated TPA Applications on Formation of Oxi
dized Nucleosides in Epidermal DNA. Based on the observation
that maximal infiltration of PMNs occurs at 12-24 h after
TPA application, the following protocol was designed. Mice
were first treated with 4 /ig of TPA, and 20 h later the second
dose of TPA was given. Mice were killed 1 h later, and epider
mal DNA was analyzed for the presence of oxidized nucleo
sides. This time was chosen because the oxidative burst is
practically over by 60 min of PMN exposure to TPA (15).
Quantitation of oxidized nucleosides (Table 2) shows that the
increases in all three of the oxidized nucleosides in mice caused

I

&

0.4

0.3

0.2

0.1

0.0
10 SO 4O SO

TIME AFTER TPA TREATMENT (H)

Fig. 5. MPO activity in mouse skin treated with TPA. SENCAR mice were
topically treated with 4 MgTPA and sacrificed at different time points. Points,
mean of two experiments (2 mice/point; MPO units/mg protein); bars, SE.
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by reapplied TPA were highly significant, at 3.2-3.4-fold over

control. The net increase (control values subtracted) after the
second application of TPA was 1.9-fold for cw-dTG (P< 0.05),
3.8-fold for 8-OHdG (P < 0.001), and 2-fold for HMdU (P <
0.01), respectively, over those caused by the single-dose TPA-

treated mice.

DISCUSSION

Our previous studies showed that TPA-stimulated human
PMNs increased the production of ROS and the formation of
oxidized bases in coincubated E. coli DNA and in the cellular
DNA of coincubated HeLa cells (13-15, 35). TPA was also
shown to induce production of ROS and oxidized nucleosides
in other types of cells (18, 19, 35, 36). However, the question
of whether TPA induces in vivo formation of oxidized bases
has not yet been addressed in depth. Our present studies show
that TPA mediates the formation of several oxidized DNA
bases in the epidermis of SENCAR mice, in a dose- and time-
dependent manner (Figs. 2 and 3). However, a high dose of
TPA (10 Â¿ig)decreased dTG and HMdU levels but still in
creased production of 8-OHdG, which suggests that 8-OHdG
might be produced by a mechanism different from that of dTG
and HMdU. This is in agreement with the finding that 8-OHdG
can be formed in DNA not only by -OH but also by singlet
oxygen (43). A decrease in overall formation of oxidized DNA
bases may be the result of TPA toxicity at that dose, since it
was observed that 10 ng TPA had a lesser capacity to promote
in SENCAR mice than did 2 or 5 ng of TPA (5). Hence, lower
TPA doses enhance oxidized base formation as well as tumor
promotion, and conversely higher, more toxic TPA doses de
crease both attributes overall.

Formation of (-)-m-dTG was increased in a TPA dose-
dependent fashion while (+)-c/s-dTG seemed to be little af
fected. In contrast, (+)-m-dTG increased to a higher degree
than (â€”)-m-dTG after a single TPA dose over a period of time.
It is not yet known why the formation of (+) and (â€”)-m-dTG

isomers was affected so differently by TPA. However, we pre
viously noted that (â€”)-a's-dTG was preferentially formed in

DNA and then degraded in the presence of ROS generated by
TPA-activated PMNs and iron/EDTA (14). Cathcart et al. (44)
showed that dTG and thymine glycol were present in the urine
samples collected either from rats or from humans, which
suggests that there is a repair mechanism removing oxidized
thymine derivatives in vivo. In addition, 7V-glycosylase activities
that remove 5-hydroxymethyluracil (45) or thymine glycol and
urea residues (46, 47) from the DNA have been identified in
mammalian cells. Our results suggest that mouse epidermal
cells might also have similar mechanism(s) of repair because
these two thymine derivatives are formed with similar kinetics,
with a minor peak of activity at 1-2 h and a major peak of
activity at 8 h, and both decrease with time after a single TPA
treatment (Fig. 2 and Table 1). Repair of 8-OHdG by mam
malian cells is not yet fully understood (48), although it was
shown that 8-OHdG disappears from the liver DNA of mice
treated with ionizing radiation (49). In contrast, the 8-OHdG
formed in rat liver by the carcinogen 2-nitropropane remained
at constant levels for up to 18 h.7 Our results show a similar
pattern; the in vivo formation of 8-OHdG in TPA-treated mouse
skin reached its maximum in 6 h and remained at almost
constant levels for at least 18 h (Fig. 2 and Table 1). This

Table 2 Comparison between effects of a single versus two doses of TPA on
formation of oxidized nucleosides in mouse epidermal DNA"

SENCAR mice were treated either with a single 4-fjg dose of TPA (Ix), and
sacrificed 8 h later, or with two doses of 4 ng TPA each (2x), 20 h apart, and
sacrificed 1 h after the second dose. DNA was isolated and analyzed for the
presence of oxidized base derivatives. Results of these experiments are compared
with those obtained by treating mice with the acetone vehicle alone.

TreatmentAcetone

TPA (IX)
TPA (2x)N8

36c/s-dTG/

IO4bases11.7

Â±2.7
26.7 Â±3.7*
40.2 Â±6.7*' "8-OHdG/

10*bases2.4

Â±0.9
3.8 Â±1.77.7

Â±2.3*' 'HMdU/104

bases8.4

Â±2.8
17.5Â±6.9C
26.7 Â±5.4*' f

' E. Fiala, personal communication.

" Results are expressed as mean Â±SE. N, number of experiments from pooled

DNA of two mice.
4 TPA versus acetone (P < 0.001 ).
' TPA versus acetone (P < 0.005).
**TPA (2x) versus TPA (Ix) (P< 0.001).
'TPA(2x) versus TPA (Ix) (/>< 0.05).
rTPA (2x) versus TPA (Ix) (/>< 0.01).

suggests that in vivo formation and removal of 8-OHdG might
involve different pathway(s) or mechanism(s), as compared to
those that are involved in the repair of oxidized pyrimidines.

The fact that repeated application of TPA further enhanced
the levels of oxidized nucleosides in DNA (which is a net effect
between their formation and repair) suggests that three phases
of in vivo interactions might exist. In phase 1, TPA mediates
intracellular generation of some ROS by the target epidermal
cells, leading to the small extent of oxidative DNA damage that
can be removed by repair enzymes. It was shown that TPA
induces epidermal cells to produce ROS, as indicated by chemi-
luminescence (19), and H2O2, as measured by flow cytometry
(50). TPA also enhances generation of oxidants in mouse skin
treated with TPA (51) and H2O2 production by macrophages
from TPA-treated mice (52). In addition, TPA was shown to
decrease antioxidant defenses by temporarily diminishing the
activities of Superoxide dismutase and catatase in mouse skin
(53, 54). The ROS generated by epidermal cells participate in
the formation of chemotactic factors (20) that recruit PMNs
and possibly of clastogenic factors (17,55). In the second phase,
PMNs infiltrating into the dermis in response to chemotactic
factors are activated by TPA and produce more ROS, including
H2O2, and more chemotactic factors. H2O2, which can traverse
cellular and nuclear membranes as easily as water, causes oxi
dative DNA damage in epidermal cells (13-17). TPA also
mediates formation of increased levels of 8-OHdG in TPA-
treated PMNs (56). In our studies, histological examination
clearly showed the infiltration of inflammatory cells into the
dermis after TPA application (Fig. 4). The MPO assay of mouse
skin showed that these cells were PMNs and that there was a
maximal increase in MPO activity between 12 and 24 h after
TPA treatment (Fig. 5). These recruited PMNs increase ROS
production, the gradient of chemotactic factors, and formation
of oxidized DNA bases within 6-8 h. Phase 3 probably involves
the further activation of PMNs due to the reapplication of
TPA, which would stimulate additional recruitment of phago
cytes. Copious amounts of ROS would be generated, and more
clastogenic factors and arachidonic acid metabolites would be
released (2, 52, 55, 57), which would lead to a more severe
oxidative DNA damage. The fact that the application of a
second dose of TPA 20 h after the first enhances formation of
oxidized DNA bases in mouse epidermis supports this
hypothesis.

If a tumor-promoting agent like TPA can induce DNA dam
age, long-term and multiple exposures to it would cause accu
mulation of genetic damage and could overwhelm the repair
defenses, which in the long run might lead to tumorigenesis.
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ROS are thought to participate in the tumor promotion process
(2, 13-16, 32, 33), and the oxidative burst mediated by phorbol
ester is known to be independent of other TPA-induced epige-
netic effects (e.g., ornithine decarboxylase induction and protein
kinase C activation; Refs. 10, 58). Recently, ROS were shown
to activate some oncogenes or cause oncogene alterations in
vitro. Weitzman et al. (59) found that c-abl methylation was
altered in cells transformed by TPA-stimulated PMNs. Amstad
and Cerutti (60) showed that ROS generated by the xanthine/
xanthine oxidase system as well as by TPA also activate the
protooncogenes c-fos and c-myc in mouse epidermal cells. This
induced expression of c-fos and c-myc mRNA was observed
also in TPA-treated mouse skin in vivo (61). In addition, Ha
ras was found in uninitiated skin tumors of SENCAR mice
treated by TPA alone (62) or by the free radical-generating
agent benzoyl peroxide (63). Activation of oncogenes is believed
to be related to genetic damage, including point mutation,
chromosomal rearrangement, and gene amplification. ROS
were shown to cause a variety of DNA damage, which, including
oxidation of DNA bases, might be responsible for the activation
of some oncogenes.

Under the epigenetic effects of TPA (which include activation
of protein kinase C and induction of ornithine decarboxylase),
selection and clonal expansion of initiated cells occur and
benign papillomas develop. Meanwhile, TPA also enhances the
formation of oxidants and oxidized DNA bases in mouse epi
dermis. Repeated and long-term application of TPA to mouse
skin may cause accumulation of the oxidative products in DNA
to such an extent that subsequent genetic damage could cause
chromosomal rearrangement and gene amplification, activating
another oncogene. The finding that ROS activate expression of
c-myc and c-fos mRNA provides the supporting evidence.

Although TPA is considered a tumor promoter, in reality it
can act as a complete (albeit weak) carcinogen, because up to
17% of TPA-treated SENCAR mice develop tumors (64). In
terestingly, ionizing radiation causes formation of the same
types of oxidized DNA bases as TPA treatment, although their
distribution in genomic DNA might be different. Ionizing ra
diation is also noted for being a better tumor promoter than
initiator. Our findings, that TPA induces in vivo formation of
oxidized DNA bases and that repeated exposure leads to accu
mulation of oxidized bases in epidermal DNA, might provide
an explanation for its weak carcinogenicity, particularly since
TPA-activated PMNs were shown to cause transformation of
cells, which when injected into nude mice caused the appearance
of malignant tumors (28, 65).

In summary, we have shown that in vivo TPA induces the
formation of oxidized bases in DNA of epidermal cells. These
occur as a consequence of the TPA-mediated inflammatory
response, as evidenced by PMNs infiltrating the dermis, shown
histologically and measured by the presence of MPO. We
showed that infiltration of PMNs coincides with increases in
MPO and in dTG, HMdU, and 8-OHdG. We are now in the
process of assessing oxidative DNA damage caused by a long-
term exposure to TPA, the results of which should shed more
light on the role of oxidative DNA bases in tumor promotion.
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