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SUMMARY
The biological properties of tumor-promoting and antipsoriatic 9-
anthrones have been hypothesized to be mediated by free radical
such as the corresponding S-anthron-10-yl radicals or
by Oz, 'OH, and other persistent secondary radicals that are
formed in the skin after topical treatment with 9-anthrones. To
gain additional insights into the possible role of reactive oxygen
or secondary radicals in mediating the biological effects of 9-
anthrones, we have used EPR spectroscopy to investigate the
formation of these species by a series of 9-anthrones or 9-
anthrone dimers with known tumor-promoting and antipsoriatic
activities. The effect of the 9-anthrones on keratinocyte prolifer-
ation in vitro was also investigated. 5,5-Dimethyi-1-pyrroline N-
oxide was used as a spin trap to detect reactive oxygen-centered
radicals in aqueous buffer/dimethyisulfoxide solutions. Super-
oxide was trapped during the autoxidation of most of the 9-
anthrones. For 9-anthrones that generated no detectable super-
oxide, evidence of anthronyl-peroxyl radical formation was found

instead. In the presence of Fe** complexed to EDTA, but not
diethylenetriaminepentaacetic acid, the hydroxyl radical was pro-
duced by all of the 9-anthrones. 9-Anthrone dimers produced
oxygen-centered radicals only weakly or not at all. Direct EPR
was used to detect 9-anthrone-derived secondary radicals in
keratinocyte suspensions or in xide solutions.
These radicals were similar to those reported to occur
in skin after topical treatment with the antipsoriatic drug anthralin
(1,8-dihydroxy-9-anthrone). In contrast to the ubiquitous ability
of the 9-anthrones to generate reactive oxygen radicals, only the
hydroxy-substituted 9-anthrones or their dimers possessed sig-
nificant secondary radical-forming ability. The ability of the 9-
anthrones or dimers to form secondary radicals in keratinocytes
was found to correlate with their in vitro inhibition of keratinocyte
proliferation. The data suggest the possible importance of reac-
tive dimeric intermediates in mediating the biological effects of
the 9-anthrones.

Certain hydroxy-substituted 9-anthrones such as anthralin
(1,8-dihydroxy-9-anthrone, dithranol, or cignolin) (Fig. 1, 1)
are effective in the topical treatment of psoriasis (1). Significant
side effects of 9-anthrone treatment include severe skin irrita-
tion and inflammation (2-8) and staining of the skin (2, 4).
Antipsoriatic 9-anthrones have also been shown to be tumor
promoters in mouse skin (9-18). Although they have been in
clinical use for >100 years, the chemical mechanisms underly-
ing both the therapeutic and adverse effects of the 9-anthrones
are presently uncertain.

Under physiological conditions, 9-anthrones are susceptible
to rapid photo- or autoxidation at the 10-position to form the
corresponding anthraquinones, dimers (Fig. 1, 4 and 5), and
other persistent free radical products (19, 20). Molecular oxygen
is reduced to superoxide anion radical during this oxidation
process (Fig. 1) (21-24). Because the oxidation products (Fig.
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1, 4 and 5) are not effective in the treatment of psoriasis (25)
and are not tumor promoters (10, 26), it has been suggested
that the 9-anthron-10-yl radical (Fig. 1, 3), or the reactive
oxygen species produced from the oxidation process, is the
mediator of these biological responses (4, 18, 21, 27-31). Re-
cently, however, we have used the EPR spin-trapping technique
(32) and direct EPR! to detect and study the 9-anthron-10-yl
radical formed by a variety of 9-anthrones, and we have found
that the ability to generate this radical does not correlate with
the known clinical activities of the 9-anthrones.

In the present report we have extended our previous studies
to address the possible role that oxygen-centered radicals or
“anthralin brown” secondary radicals may play in mediating
the biological effects of this class of compounds. DMPO was
used as a spin trap to detect reactive oxygen-centered radicals
generated in aqueous/Me,SO solutions by a variety of 9-an-

! Motten, A.G., R.H. Sik, C.F. Chignell, and J.P. Hayden. An EPR study of
free radicals formed by antipeoriatic and tumor-promoting 9-anthrones in non-
polar solvents. Manuscript in preparation.

ABBREVIATIONS: DMPO, 5,5-dimethyi-1-pyrroline N-oxide; Me.SO, dimethyisulfoxide; DTPA, diethylenetriaminepentaacetic acid; SOD, superoxide

dismutase.
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Fig. 1. Proposed mechanisms for oxidative degradation of anthralin.

TABLE 1
Structure and biological activity of $-anthrone derivatives

Ret.
I. 1,8-Dihydroxy-8-anthrone Yes Yes 9,25
(anthralin)
il. 1-Hydroxy-9-anthrone Yes Yes 11,25
. 1,8-Dihydroxy-3-methyl-9- Yes Yes 14,25
anthrone (chrysarobin)
V. 3-Methyt1,6, No ND* 17
anthrone (emodin anthrone)
V. S-Anthrone No No 10,25
V1. 1-Amino-9-anthrone ND No 25
Vil. 1,8-Dichioro-8-anthrone ND No 25
Vill. Anthrone dimer ND ND
IX. Anthraiin dimer No No® 10,25
X. Chrysarobin dimer ND ND

thrones or 9-anthrone dimers. Superoxide was trapped during
the autoxidation of most of the 9-anthrones. For 9-anthrones
that generated no detectable superoxide, evidence of anthronyl-
peroxyl radical formation was found instead. In the presence
of Fe** complexed to EDTA, but not DTPA, the hydroxyl
radical was produced by all of the 9-anthrones, indicating the
formation of superoxide and hydrogen peroxide. 9-Anthrone
dimers produced oxygen-centered radicals only weakly or not

at all. Direct EPR was used to detect 9-anthrone-derived sec-
ondary radicals in keratinocyte suspensions or in Me,SO solu-
tions. These radicals were similar to those previously reported
to occur in skin after topical treatment with anthralin (1,8-
dihydroxy-9-anthrone) (33, 34). In contrast to the ubiquitous
ability of the 9-anthrones to generate reactive oxygen radicals,
only the hydroxy-substituted 9-anthrones or their dimers pos-
sessed significant secondary radical-forming ability. The ability
of the 9-anthrones or dimers to form secondary radicals in
keratinocytes was found to correlate with their in vitro inhibi-
tion of keratinocyte proliferation. The data suggest the possible
importance of reactive dimeric intermediates in mediating the
biological effects of the 9-anthrones.

Experimental Procedures

Materials. Anthrones II-IV and VI-VII (Table 1) were prepared by
reduction of the corresponding anthraquinones with stannous chloride
and HCI in glacial acetic acid, according to the method of Auterhoff
and Scherff (35). Anthrone dimer (Table 1, compound VIII) was
prepared by oxidation of anthrone with pyridine N-oxide and ferrous
sulfate in glacial acetic acid, according to the method of Haginiwa et
al. (36). Anthralin dimer (Table 1, compound IX) and chrysarobin
dimer (Table 1, compound X) were prepared by oxidation of the
anthrone with ferric chloride in either glacial acetic acid (35) or ethanol
(37), respectively. Products were purified by recrystallization or column
chromatography when necessary. Identity and purity (>98%) of syn-
thetic compounds were confirmed by NMR and/or by mass spectrom-
etry and high pressure liquid chromatography. DMPO was purchased
from Sigma Chemical Co. (St. Louis, MO) and was purified by vacuum
distillation before use. Catalase was purchased from Boehringer Mann-
heim Biochemicals (Indianapolis, IN). Buffers were treated with Chelex
100 resin to remove metal impurities (Bio-Rad Laboratories, Hercules,
CA). All other chemicals and reagents were purchased from commercial
sources and used as received. Stock solutions (2.0 mM) of anthrones
were prepared in Me;SO and used within 15 min.

EPR experiments. EPR spectra were acquired with a Bruker
ESP300, IBM ER 200D-SRC, or Varian E109 spectrometer operating
in the X-band frequency range. All experiments were conducted at
ambient room temperature (~23°) with air-saturated buffers, 20-mW
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A) control (DMPO minus anthralin)

B) anthralin plus DMPO

C) simulation of B

D) anthralin and DMPO plus SOD

E) anthralin and DMPO pius CAT

butfer, pH 7.5, containing 50% Me,SO.

phosphate
500 ul of 50 mm sodium phosphate buffer, pH 7.5, 20 ul of DMPO, and 500 .l of 0.8 mm anthralin in Me,SO. Scans were

at 9.8 GHz with 20-mW microwave power, 100-kHz modulation
gain, and 4.0-min scan time. Mmhdamd thoSODDMPO/R

MMWMMIMWMM(CAT)WWWGMWM DMPO/ OOH, ay = 13.58 G, 8," = 10.79 G, a," = 1.33 G.

ay = 15.71 G, a," = 22.32 G. *, Signals produced by DMPO/ R.

microwave power, and 100-kHz magnetic field modulation frequency.
Other instrument parameters and experimental conditions are indi-
cated in the figure legends for specific experiments. Spectral simula-
tions were performed on a personal computer utilizing a program
written by David R. Duling (Laboratory of Molecular Biophysics,
National Institute of Environmental Health Sciences, Research Tri-
angle Park, NC). The hyperfine splitting constants quoted in the text
and figure legends were obtained from simulations of the experimental
data. The standard deviation of the hyperfine splitting values obtained
from three or more individual experiments was typically <0.1 G.

Cell culture and proliferation experiments. BALB MK keratin-
octyes were provided by Dr. Thomas E. Eling (National Institute of
Environmental Health Sciences, Research Triangle Park, NC) and
were cultured at 37° with 5% CO,, in modified minimal essential
medium containing L-glutamine and 50 uM CaCl; (JRH Biosciences,
Lenexa, KS) and supplemented with 3.0% dialyzed fetal bovine serum
(GIBCO Laboratories, Grand Island, NY), 10 ng/ml epidermal growth
factor (Biomedical Technologies Inc., Stoughton, MA), and 44 ug/ml
ampicillin (Sigma) (complete medium). For EPR experiments confluent
cultures were harvested by treatment with 0.1% trypsin (Sigma) in
phosphate-buffered saline. Cells were then washed and suspended in
50 mM sodium phosphate, pH 7.5, containing 150 mM NaCl, 5.0 mM
glucose, and 1.0 mM DTPA.

Cell proliferation was measured by incorporation of [*H]thymidine
into DNA. Cells were seeded into 24-well dishes at a density of 17,500
cells/well and were grown until they reached approximately 50% con-
fluence (typically 2 days). The complete medium was then replaced
with 1 ml of serum-free medium and the cells were treated with various
doses of the indicated 9-anthrone. Stock solutions of 9-anthrones were
dissolved in Me,SO (10 mM) immediately before use. The final concen-
tration of Me;SO was 0.1% for all treatments. After 1.5 hr the serum-
free medium containing the 9-anthrones was replaced by 1 ml of

complete medium containing 3 uCi of [*H]thymidine (65 Ci/mmol),
and the cells were incubated for 20 hr. The medium containing [*H]
thymidine was then removed, and the cells were rinsed with 1 ml of
phosphate-buffered saline and then extracted with 1 ml of cold 5%
trichloroacetic acid for 15 min at 4°. After the trichloroacetic acid
solution was removed and the cells were rinsed twice with cold 95%
ethanol, the cells were dissolved by addition of 500 ul of 200 mM NaOH,
oontammg 0.1% sodium dodecyl sulfate, and gentle agitation for 15
min at room temperature. Finally, the solutions were neutralized by
addition of 100 ul of 1.0 N HCI, and the amount of *H in an 120-ul
aliquot was determined by scintillation counting.

Results

When anthralin was allowed to autoxidize in air-saturated
solutions (50 mM sodium phosphate, pH 7.5, 1.0 mM DTPA,
50% Me.SO) in the presence of DMPO, the EPR spectrum
shown in Fig. 2B was obtained. Analysis of the hyperfine
coupling constants [by comparison with parameters of previ-
ously reported spin adducts (38) and computer simulation (Fig.
2C)] indicated the presence of two nitroxide radical species,
i.e,, the DMPO adduct of superoxide anion radical and the
DMPO adduct of a carbon-centered radical. In the presence of
SOD, no spin adducts were detected (Fig. 2D). In contrast,
catalase had no effect on the production of either radical species
(Fig. 2E).

Whereas the appearance of the DMPO adduct of superoxide
is expected (see Fig. 1), the origin of the DMPO/ R (carbon-
centered radical adduct) signal was unclear. Most carbon-
centered radical adducts of DMPO show very similar hyperfine
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3. EPR spectra of DMPO spin adducts generated by

of anthralin in air-saturated sodium phosphate buffer, pH 7.5, containing
50% [*C]Me;SO. Experimental conditions were identical to those de-
scribed for Fig. 2 except as follows: modulation amplitude was 0.66 G,
time constant was 500 msec, and scan time was 8 min. The scan
presented was obtained ~10 min after mixing of the reaction components
and shows contributions from small amounts of DMPO/ ['*C]CH,, from
['*C}Me,SO used to prepare the stock solution of anthralin, as well as
smal amounts of DMPO/ OH. DMPO/ ['*C]CH,, ax = 15.80 G, a," =
22.50 G, a,'* = 7.50 G, relative area = 60; DMPO/ ['*C]CHs, ax =
15.70 G, a," = 22.30 G, relative area = 10; DMPO/ OOH, ay = 13.68
G, a,' = 10.89 G, a," = 1.33 G, relative area = 177; DMPO/ OH, ax =
14.60 G, a," = 13.70 G, a," = 0.31 G, relative area = 25.

&

coupling constants. Therefore, it was not possible to unequiv-
ocally identify the carbon-centered radical species shown in
Fig. 2B on the basis of its EPR parameters alone. It seemed
possible that the adduct could be due to trapping of the primary
anthralin radical (Fig. 1, 8), but the formation of this radical
would not be expected to be affected by SOD, as shown in Fig.
2D. The Me;SO in the buffer was an additional possible source
of carbon-centered radicals. Therefore, to determine the source
of the carbon-centered radical, experiments were repeated using
[**C]MesSO. The EPR spectrum obtained displayed an addi-
tional doublet splitting of the carbon-centered signal of 7.50 G
due to the 0.5 spin possessed by the *C nucleus (Fig. 3). This
result clearly shows that Me;SO is the source of the carbon-
centered adduct.

Production of the methyl radical by reaction of hydroxyl
radical with Me,;SO is a well known phenomenon (39). Evidence
of anthralin-dependent hydroxyl radical formation in phos-
phate buffer has been reported previously (31, 40). The mech-
anism of its formation was proposed to be via the metal-
catalyzed Haber-Weiss reaction. However, the experiments
presented in Fig. 2 were performed in the absence of redox-
active metals. Anthralin is also a strong reductant. Therefore,
the possibility that it may be capable of directly reducing the
H,0, formed by dismutation of superoxide to produce hydroxyl
radical must be considered. However, the results of experiments
conducted in chelexed buffer and in the presence of DTPA and
SOD, as shown in Fig. 2D, indicate that anthralin cannot
directly reduce hydrogen peroxide to produce hydroxyl radical.
Thus, an alternate explanation for the formation of the methyl
radical adduct shown in Fig. 2 must be sought.

The DMPO/ OOH adduct decays rapidly, with a half-life on
the order of 50 sec (41). One of the decomposition products of
DMPO/ OOH is the hydroxyl radical (42). Therefore, the most
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likely source of the DMPO/ CHj; adduct signal observed in Fig.
2 is via the decomposition of DMPO/ OOH to form hydroxyl
radical, which in turn reacts with Me,SO to form methyl
radical. Thus, the hydroxyl radical formed in the experiments
described above is an artifact of the spin-trapping system
containing DMPO. However, as mentioned above, Miiller and
co-workers (31, 40) have reported anthralin-dependent gener-
ation of hydroxyl radical in phosphate buffer.

To explore possible mechanisms of anthralin-dependent hy-
droxyl radical formation that may be relevant in biological
systems and to investigate the role of metals in these mecha-
nisms, additional experiments were conducted. When the ex-
periments in Fig. 2 were repeated in the presence of 10 uM
Fe**/EDTA, an intense DMPQO/-CH; EPR signal, indicating
hydroxyl radical formation, was observed, in confirmation of
the previous proposal of other workers (31, 40) (Fig. 4A).
Addition of SOD to the incubation mixture increased the
intensity of the hydroxyl radical adduct signal (Fig. 4B), indi-
cating that anthralin can directly reduce Fe**/EDTA. However,
no EPR signals were seen when the Fe** was complexed with
DTPA instead of EDTA (Fig. 4C), demonstrating that an-
thralin is not a powerful enough reductant to reduce either
H,0, or the Fe**/DTPA complex. Catalase completely pre-
vented the formation of the DMPO/  CHj signal in the presence
of Fe**/EDTA, confirming the involvement of hydrogen per-
oxide in hydroxyl radical formation (Fig. 4D).

To determine the structural requirements for oxygen radical
generation by 9-anthrones and to assess the importance of
these radicals in mediating the biological effects of 9-anthrones,
a series of 9-anthrones, as well as several 9-anthrone dimers,
were examined (Table 1). When these compounds were tested
for their abilities to produce oxygen-centered radicals in the
absence of redox-active metals, it was found that several of
them [1-hydroxy-9-anthrone, 1,8-dihydroxy-3-methyl-9-an-
throne (chrysarobin), and anthralin dimer] produced the same
DMPO spin adducts as found with anthralin (Fig. 5). The
unsubstituted 9-anthrone dimer also produced a weak spec-
trum, but no signals were observed with the dimer of 1,8-
dihydroxy-3-methyl-9-anthrone (chrysarobin dimer) (Fig. 5).2
Surprisingly, two of the compounds [the unsubstituted 9-an-
throne and 3-methyl-1,6,8-trihydroxy-9-anthrone (emodin an-
throne)] produced characteristic of the DMPO spin
adduct of the hydroxyl radical (DMPO/ OH, ay = 14.40 G, a,"
= 13.50 G, and a," = 0.70 G), whereas two of the compounds
(1-amino-9-anthrone and 1,8-dichloro-9-anthrone) showed sig-
nificant amounts of superoxide, methyl, and hydroxyl spin
adducts (Fig. 5).

It seemed highly unlikely that the DMPO/ OH adduct could
be due to trapping of the hydroxyl radical, because the reaction
mixture contained 50% Me,SO, which would scavenge the vast
majority of any hydroxyl radicals formed. Consistent with this
notion, neither SOD (450 units/ml) nor catalase (650 units/
ml) had any effect upon the formation of the EPR signal
produced by the unsubstituted 9-anthrone or emodin anthrone
(data not shown). Analysis of the structural similarities be-
tween the compounds that produce these DMPO/ OH signals
suggests that these adducts are produced by those compounds
that cannot stabilize the primary 9-anthron-10-yl radical well

?In the case of the unsubstituted 9-anthrone and its dimer, an extremely
intense DMPO/ OH signal was also observed when incubations were conducted
in the presence of bright sunlight (i.e., sunlight filtered through window glass,
with A of >300 nm). All of the 9-anthrones, their corresponding anthraquinones,
and dimers produced this signal upon higher intensity irradiation with a xenon
lamp. Evidence obtained with [*?O]H,0 and '’0, indicates that the signal is due
to addition of H;O to DMPO, followed by Os-dependent oxidation. These data
will be presented in a separate report. To avoid this effect, experiments using
these compounds were conducted with the window shades drawn.
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Fig. 4. EPR spectra of DMPO spin adducts produced by autoxidation of anthralin in air-saturated sodium

Me;SO and Fe** complexes.

e

A) Anthralin and DMPO plus Fe*/EDTA

B) Anthralin and DMPO plus Fe*/EDTA and SOD

C) Anthralin and DMPO plus Fe*/DTPA and SOD

D) Anthralin and DMPO plus Fe*/EDTA and CAT

butfer, pH 7.5, containing 50%

phosphate
conditions were identical to those described for Fig. 2. DMPO/ CH;,, ay = 15.71 G, a,"' = 22.22 G.

Experimental
Chelator concentration was 1.0 mm and total Fe** concentration was 10 um. CAT, catalase.

(Fig. 6). We propose that these more reactive 9-anthron-10-yl
radicals can react with molecular oxygen at a significant rate
to form the corresponding 9-anthron-10-peroxyl radical. This
radical is trapped by DMPO, and the resulting spin adduct in
turn decomposes very rapidly to produce DMPO/ OH and the
corresponding anthraquinone (Fig. 7). Evidence to support this
reaction mechanism as well as other mechanisms of artifactual
nitroxide radical production from DMPO in the presence of
anthrones and anthraquinones will be presented in a separate
report.® The rapid reaction of superoxide with the peroxyl
radical (to form the hydroperoxide and molecular oxygen),
compared with the reaction of superoxide with DMPO, may
also explain the lack of observation of DMPO/ OOH in exper-
iments with the unsubstituted 9-anthrone and emodin an-
throne.

Structure-activity experiments with the 9-anthrones and di-
mers were also conducted in the presence of Fe**/EDTA. The
results of these studies showed that all of the 9-anthrones
tested were capable of generating the methyl radical (indicating
hydroxyl radical formation) by a catalase-inhibitable mecha-
nism (Fig. 8; results with 650 units/ml catalase not shown).
The presence of Fe**/EDTA allowed the detection of superox-
ide production from all of the 9-anthrones except the 1,8-
dichloro compound. Consistent with results presented in Fig.
5, only weak signals or no signals were observed in experiments
with the 9-anthrone dimers.

The results presented in Fig. 8 demonstrate that, although
the production of superoxide by the unsubstituted 9-anthrone

* Hayden, P. J. and C. F. Chignell. DMPO/ OH artifacts formed during spin
trapping experiments with 9-anthrones and 9,10-anthraquinones. Manuscript in
preparation.

or 3-methyl-1,6,8-trihydroxy-9-anthrone was not detected in
Fig. 5, this species, as well as hydrogen peroxide, is produced
in the presence of these compounds. An alternate, but perhaps
less likely, mechanism for the production of hydroxyl radical is
via reduction of the subsequently formed 9-anthron-10-hydro-
peroxide by Fe?*. Because catalase may also (albeit more slowly)
decompose organic hydroperoxides, this reaction might also be
expected to be catalase sensitive. Regardless of the mechanism,
these results demonstrate that the hydroxyl radical can be
formed by all of the 9-anthrones tested in the presence of
redox-active iron and molecular oxygen.

Although the experiments described above demonstrate that
all of the 9-anthrones autoxidize to produce oxygen-centered
radicals without a requirement for metabolism, we wished to
confirm that these radicals were also formed in skin cells, a
probable target of 9-anthrone effects. In addition, we wished to
see whether other secondary radicals, such as anthralin brown
(Fig. 1) or related radicals, which might require metabolism of
9-anthrones or their autoxidation products, could be detected
in the presence of cells. Therefore, EPR spin-trapping experi-
ments in keratinocyte suspensions were also conducted.

When anthralin and DMPO were incubated in the presence
of keratinocytes, a four-line signal corresponding to the
DMPO/ OH adduct and a broad singlet similar to that which
has been attributed to anthralin brown were observed by EPR
(Fig. 9A). In the absence of DMPO, only the broad singlet
signal was observed (data not shown). As in the previous
experiments, it seemed unlikely that the DMPO/ OH signal
could be due to trapping of the hydroxyl radical, because the
hydroxyl radical would be expected to react preferentially with
Me.SO (41, 42). However, the superoxide anion radical adduct
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1-emino-9-entheons

1,8-dichioso-9-enthrons

Wumme

| 80 Gauss |
| |

Fig. 5. EPR spectra of DMPO spin adducts produced by autoxidation of various 9-anthrones or 9-anthrone dimers in air-saturated phosphate buffer,
pH 7.5, containing 50% Me,SO. Experimental conditions were identical to those described for Fig. 2.

553

anthralin radical: stabilized by resonance and hydrogen bonding

Emodin anthrone radical: destabilized by negative charge

9-anthrone radical: no hydrogen bond stabilization

Fig. 8. Structural features of 9-anthrones affecting the stabiiity of 9-anthron-10-yi radicais.

of DMPO is known to decompose enzymatically to form
DMPO/ OH (42). As expected, the DMPO/ OH signal was
significantly suppressed in the presence of SOD, indicating
extracellular trapping of superoxide with subsequent decom-
position of the resultant adduct to form DMPO/ OH. However,
the broad singlet remained (Fig. 9B). After the anthralin-
treated cells were centrifuged and resuspended in fresh buffer
containing DMPO, the SOD-sensitive DMPO/ OH signal and
the SOD-insensitive singlet could still be observed, indicating
that the anthralin was present within the cells. The cells also

became yellow, further showing that the hydrophobic anthrones
were concentrated within the:cells. Significant intracellular
trapping of oxygen-centered radicals was not observed. This
may be due to inadequate intracellular concentrations of
DMPO, the efficient destruction of superoxide by intracellular
SOD, or the fast reduction of nitroxide radical spin adducts to
EPR silent hydroxylamines or other products (41-43).
Although they have not been well characterized, anthralin
brown secondary radicals are thought to be higher oxidation
products of anthralin dimer (4, 34). These radicals are detect-

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

192  Hayden et ol.

o o
% @@ vo  — @@ M
| “

@‘@ * HJ:;??\‘ — Q)

Fig. 7. Proposed mechanism for formation of DMPO/ OH adducts from DMPO in the presence of 9-anthrones.
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1,8-dikydroxy-9-entheons snthrone dimer
(enthealin)
3-methyl-1,6,8-trikydeoxy-9-enthrons chrysarobia dimer
(emodin antheons)
| 80 Gouss |

Fig. 8. EPR spectra of DMPO spin adducts produced by autoxidation of various 8-anthrones or 9-anthrone dimers in air-saturated phosphate buffer,
pH 7.5, containing 50% Me,SO and Fe**/EDTA. Experimental conditions were identical to those described for Fig. 2. EDTA concentration was 1.0
mwm and total Fe** concentration was 10 um.
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Fig. 9. EPR spectra of keratinocyte suspensions incubated in the pres-
ence of anthralin and DMPO. Samples containing 1.16 % 10° cells in 400

ul of buffer (50 mm sodium , pH 7.5, 150 mm NaCl, 5.0 mm
glucose, 1.0 mm DTPA)2oplofz.0nwmunhhMe,so.1o,Aof
DMPO, and 225 units/mi SOD where indicated were incubated for 10
min at room temperature before analysis. Spectra were acquired with

ampiitude, 327-msec time constant, 5x10‘gain and
336-secseanﬁme For DMPO/ OH, ay =14.90 G and a," = 14.83 G.

able as a broad singlet signal by direct EPR and have been
shown to form in skin treated with anthralin (33, 34), in isolated
mitochondria and microsomes (34), and in solutions of peroxi-
dizing lipids (44, 46). We have now found that these radicals
are also formed in suspensions of keratinocytes. Therefore, this
convenient system was used to generate the radical in the
present study.

Because oxidative coupling of aromatic rings in higher oxi-
dation products of 9-anthrone dimers is in some cases known
to be catalyzed by visible light (46, 47), we were interested to
test the effect of visible light on the formation of the radicals
by keratinocytes incubated with anthralin. Further experimen-
tation revealed that brief irradiation with visible light (xenon
lamp with window-glass filter) at room temperature and incu-
bation in the dark at 37° were equally efficient at producing
the radical signal in keratinocyte suspensions in the presence
of anthralin. Heat treatment (95° for 10 min) of the cell
suspensions before addition of anthralin only partially pre-
vented the formation of the radical signal. We have also dis-
covered that these radicals form very efficiently during the
course of several days in Me,SO solutions containing anthralin
(see below).

When the series of compounds shown in Table 1 were assayed
for their abilities to form anthralin brown-like secondary radi-
cals in keratinocyte suspensions, dramatic differences in the
ability of the various compounds to form these radicals were
found (Fig. 10). Among the three compounds reported in the
literature to be effective for the treatment of psoriasis and
effective as tumor promoters in mouse skin (Table 1), anthralin
was by far the strongest generator of the radical, followed by
chrysarobin and 1-hydroxy-9-anthrone.

Emodin anthrone also weakly formed a secondary radical in
keratinocytes. Although emodin anthrone possesses what is
usually considered to be the minimum structural requirements
for antipsoriatic activity (at least one hydroxyl group at the 1-
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and/or 8-position and at least one hydrogen at the 10-position)
(1) and has been presumed to have antipsoriatic activity (29),
documentation of its antipsoriatic efficacy could not be found
in the literature. Emodin anthrone does not exhibit tumor-
promoting activity in mouse skin (17).

Among the compounds reported to be devoid of antipsoriatic
activity, 1-amino-9-anthrone produced a weak EPR signal in
keratinocytes, whereas 9-anthrone, 9-anthrone dimer, and 1,8-
dichloro-9-anthrone did not form radicals in detectable
amounts. No information could be found in the literature
concerning the tumor-promoting capabilities of 1-amino-9-an-
throne, 9-anthrone dimer, or 1,8-dichloro-9-anthrone. 9-An-
throne has been found to be nontumorigenic in vivo (11). It is
noteworthy that the dimers of the active compounds (anthralin
dimer and chrysarobin dimer) formed the radical relatively
well, whereas the 9-anthrone dimer, whose corresponding mon-
omer is inactive, did not.

When Me,SO solutions of the various 9-anthrones or dimers
were allowed to age at room temperature and in ambient room
light for several days and were then analyzed by direct EPR,
the spectra shown in Fig. 11 were obtained. The relative inten-
sities of the signals obtained under these conditions were sim-
ilar to those obtained in keratinocyte suspensions, except that
in this case chrysarobin produced a larger signal than did
anthralin and anthralin dimer and chrysarobin dimer produced
stronger signals than did their corresponding monomers. The
unsubstituted 9-anthrone, its dimer, and 1,8-dichloro-9-an-
throne still did not produce detectable signals. These results
show that, whereas some 9-anthrones and dimers are capable
of slowly forming secondary radicals by an apparent autoxida-
tion process, this process is greatly accelerated in the presence
of keratinocytes. The fact that the radical formation in kera-
tinocyte suspensions was only partially prevented by prior heat
denaturation of the cells indicates a component of active met-
abolic oxidation and an autoxidative component.

The differences in the relative signal intensities of the dimers
and monomers obtained in keratinocyte suspensions, compared
with Me,SO solutions, may be due to differences in solubility
of the test compounds under the respective conditions. Al-
though the compounds used in this study all form true solutions
in pure Me,SO, the dimers are generally less soluble than the
monomers. Furthermore, when the compounds are added to
aqueous buffer at neutral pH or to tissue culture medium,
insoluble aggregates of the compounds often form quickly. This
can been seen by filtering the solutions through 0.22-um mem-
brane filters.

The series of 9-anthrones and dimers were also assayed for
their effect on keratinocyte proliferation in vitro. The dose-
response curves obtained show that, with the exception of
anthralin, which inhibited proliferation by 90%, complete in-
hibition was not attainable (Fig. 12). This is presumably due
to poor solubility of the 9-anthrones, as discussed above. In the
proliferation experiments solubility problems were further ex-
acerbated because the Me,SO concentration was necessarily
limited to 0.1%, to avoid detachment of the cells from the tissue
culture dishes.

The poor aqueous solubility of the test compounds, coupled
with their susceptibility to rapid autoxidation once in solution,
renders quantitative experiments under these conditions ex-
tremely difficult. Nevertheless, the data reveal a qualitative
correlation between the ability of the 9-anthrones to form
secondary anthralin brown-type radicals in keratinocyte sus-
pensions and their inhibition of keratinocyte proliferation.

Superoxide (21-24, 29) and hydroxyl radical (31, 45) forma-
tion from anthralin have been extensively documented and
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Fig. 10. Direct EPR spectra of mouse keratinocyte suspensions incubated with various 9-anthrone derivatives. Samples containing ~3.0 X 10° celis
and

100 4! of the indicated 9-anthrone or dimer (2.0 mm in Me,SO) in 1.0 mi of buffer (50 mm sodium

glucose, 1.0 mm DTPA) were incubated for 15 min at 37° before

e, pH 7.5, 150 mm NaCl, 5.0 mm

. Spectra were acquired at 9.8 GHz with 20-mW microwave power, 100-

kHz modulation frequency, 5.73-G modulation amplitude, 327-msec time constant, 2.0 x 10* gain, and 327-sec scan time. Anthralin and chrysarobin

are shown at 40% of full scale.

have been hypothesized to play important roles in mediating
its biological effects. In the present study we have confirmed
the formation of both superoxide and hydroxyl radical from
anthralin and other antipsoriatic and tumor-promoting 9-an-
thrones in aqueous buffer/Me,SO solutions. The mechanism of
hydroxyl radical formation was shown to be via dismutation of
superoxide to form hydrogen peroxide, followed by superoxide-
or anthralin-dependent Fenton reaction. Fe**/EDTA, but not
Fe**/DTPA, complexes could be efficiently reduced by super-
oxide or anthralin. This is consistent with the reactivity of
superoxide with Fe®* complexes previously reported by other
workers (Ref. 48 and references cited therein).

It was further shown that several 9-anthrones that have been
found previously by other workers to be devoid of tumor-
promoting or antipsoriatic activities also produce reactive oxy-
gen species, including the hydroxyl radical, as easily as do the
active compounds (see Table 1 for literature references to
known biological activities). Additionally, evidence was ob-
tained to suggest that, for 9-anthrones that cannot stabilize 10-
yl radicals well, reaction with molecular oxygen to form the
corresponding 10-peroxyl radical also readily occurs. In these
cases, reduction of subsequently formed 9-anthron-10-hydro-
peroxides by Fe?* (or perhaps metabolically in living systems)
might also result in the formation of hydroxyl radical.

We could not use the spin-trapping technique to demonstrate
significant generation of reactive oxygen radicals within cells.
However, because all of the compounds tested are hydrophobic
and readily enter cells, and because metabolism is not required
for reactive oxygen species production, specificity for transport
or metabolism may not be.important factors when these results
are extrapolated to cellular systems.

The data obtained in the present study reveal that the ability
of 9-anthrones to generate oxygen-centered radicals does not
correlate with the reported tumor-promoting or antipsoriatic
activities of these compounds. A similar lack of correlation
between redox-cycling ability and biological activity has been
noted for redox-cycling quinones (26). Thus, although the evi-
dence of a role for oxidants in tumor promotion (49) is very
strong, it seems likely that for the 9-anthrones additional
factors are also involved. Because the inactive (with respect to
antipsoriatic or tumor-promoting activity) compounds or their
anthraquinone oxidation products all generate active oxygen
species and are known to be powerful skin irritants, the data
are consistent with a role for these species in the inflammatory
response. This postulate is supported by reports that antioxi-
dants effectively prevent anthralin-induced skin irritation (8, 50).

In contrast to their ability to produce active oxygen species,
dramatic differences in the ability of the series of compounds
to form an anthralin brown-like radical in keratinocyte suspen-
sions or in Me,SO solutions were revealed. The 1- and/or 8-
hydroxy-substituted compounds and the 1-amino-substituted
compound were found to produce these radicals. Hydroxy sub-
stitution at both the 1- and 8-positions provides maximum
radical-producing ability, whereas further substitution at both
the 3- and 6-positions leads to diminished activity. The ability
of the 9-anthrones and dimers to produce secondary radicals in
keratinocytes also correlates with their antiproliferative activi-
ties in vitro. In this regard, the results obtained with the 9-
anthrone dimers are especially noteworthy, because anthralin
dimer has been reported to be devoid of both antipsoriatic (25)
and tumor-promoting (10) activity in vivo. This is discussed in
more detail below.
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Fig. 11. Direct EPR spectra of Me,SO solutions of various 9-anthrones or 9-anthrone dimers. Air-saturated Me,SO solutions of the indicated

compounds (1.0 mm) were aged in capped
were then diluted 10-fold into carbonate
ampilitude, 250-msec time constant, 5 x 10° gain, and 4-min scan time.

The relative order of secondary radical-producing ability of
9-anthrones was found to be anthralin > chrysarobin > 1-
hydroxy-9-anthrone > emodin anthrone = 1-amino-9-an-
throne. Anthralin, chrysarobin, and 1-hydroxy-9-anthrone
have all been reported to have antipsoriatic efficacy (26). How-
ever, no quantitative information regarding their relative po-
tencies was reported. Documentation of the antipsoriatic effi-
cacy for emodin anthrone could not be found in the literature.
1-Amino-9-anthrone, which formed the radical only very
weakly, and 9-anthrone and 1,8-dichloro-9-anthrone, which did
not form the radical at all, were found to have no efficacy
against psoriasis (26).

With regard to tumor promotion, anthralin and chrysarobin
were reportedly similar in activity (17), whereas 1-hydroxy-9-
anthrone was significantly less potent than anthralin (11).
Emodin anthrone (17), which formed a secondary radical only
very weakly, and 9-anthrone (7), which did not form a second-
ary radical, were found to be nontumorigenic. No information
was found in the literature concerning the tumor-promoting or
antipsoriatic effects of the remaining test compounds. Thus,
with the notable exception of anthralin dimer, the secondary
radical-forming abilities and in vitro antiproliferative activities
correlate reasonably well with the known in vivo activities of
these compounds. Although weak secondary radical-forming
ability correlated well with weak antiproliferative activity in
vitro, secondary radical-forming ability less than that of 1-
hydroxy-9-anthrone is apparently insufficient to produce meas-
urable effects in vivo.

Anthralin brown secondary radicals are thought to be higher
oxidation products of anthralin dimer (4, 34). However, because
of their remarkable stability, an important role for these sec-
ondary radicals in mediating the biological effects of 9-an-

clear borosilicate glass vials at room temperature with ambient room

lighting conditions for 3 days and

te buffer, pH 10.0, before analysis. Spectra were acquired with 4.125-G modulation

thrones has been considered by some to be unlikely (34).
Consistent with this notion is the fact that anthralin dimer has
no antisporiatic activity (24) and is nontumorigenic in vivo
(10). Nevertheless, the importance of secondary radical for-
mation with respect to the biological activities of 9-anthrones
has been suggested previously by Ducret and co-workers (44,
45). They reported an anthralin-derived radical, similar to that
found in anthralin-treated skin and that detected in anthralin-
treated keratinocytes in the present report, which was formed
over the course of several months in solutions of peroxidizing
chicken fat lipids containing anthralin (44). Because the sec-
ondary radical formed concomitantly with the disappearance
of anthralin dimer, those authors suggested the dimer as an
intermediate (44). In a later study they noted a correlation
between secondary radical formation and inhibition of mito-
chondrial respiration in keratinocytes, although no data re-
garding the antirespiratory activity of the dimer were reported
(45).

As mentioned above, a problem with any hypothesis in which
the dimer is an important intermediate involved in secondary
radical formation and biological responses lies in the fact that
the dimer has no apparent clinical activity (10, 25). The dimer
has, however, been reported to be about as effective as anthralin
for inhibition of keratinocyte proliferation in vitro (20, 51). The
in vitro experiments presented here confirm the antiprolifera-
tive and secondary radical-producing effect of anthralin dimer
and further reveal a trend that shows that the dimers of the
active 9-anthrones are also active, whereas the dimer of an
inactive 9-anthrone is not.

The apparent inconsistencies between the in vivo and in vitro
activities of the dimers may be explained by postulating the
dimer as an intermediate that is too reactive to survive pene-
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tration of the skin (resulting in the formation of the anthralin
brown products and staining), but that must be formed beneath
the protective barrier of the stratum corneum in, or in close
proximity to, live keratinocytes in order to reach its critical
biological target. As pointed out by Fuchs and Packer (34), the
stability of anthralin brown radicals makes their role in medi-
ating biological effects questionable. However, even if these
radicals are themselves not directly involved in producing bio-
logical effects, the ability to form them appears to be a useful
indicator of an inherent reactivity of the parent compounds
that is important for their bioactivity.

It has recently been reported that antioxidants block the
tumor-promoting effects of the 9-anthrones (18). Although it
is reasonable to interpret these results as indicating an impor-
tant role for oxygen radicals, the results presented in this paper
indicate that the involvement of other types of free radical
species must also be considered. In this regard, it is interesting
to note that EPR experiments have shown that antioxidants
also block the formation of anthralin brown radicals in skin.*

Only the tumor-promoting and antipsoriatic compounds or
their dimers produced significant secondary radicals in keratin-
ocyte suspensions. These same compounds also inhibited ker-
atinocyte proliferation in vitro, indicating a cytotoxic effect.
This is in contrast to the effects of hydrogen peroxide or the
phorbol ester tumor promoters, both of which increase DNA
synthesis and proliferation of cells in culture (52, 53). Thus,
the in vivo hyperplasia induced by 9-anthrones may be the
result of a regenerative response following cytotoxicity. This
has been suggested previously (16) to account for the tumor-
promoting effects of the 9-anthrones and has also been sug-
gested to be the mechanism of action of other tumor promoters,
such as thapsigargin (53). Strong evidence exists to suggest
that chronic regenerative hyperplasia caused by any source,
including mechanical wounding of the skin, can result in tumor
promotion (54).

In summary, the results presented in this study indicate that
the ability of 9-anthrones to generate reactive oxygen radicals
is not sufficient to produce antiproliferative activity in keratin-
ocytes in vitro. Generation of reactive oxygen species by 9-
anthrones does not correlate with their known tumor-promot-
ing and antipsoriatic capabilities but is consistent with a role
for these species in mediating 9-anthrone-induced inflamma-
tion and irritation. Although the evidence of a role for reactive
oxygen radicals in tumor promotion is compelling, the ability
to generate these species may, by itself, not be sufficient to
confer tumor-promoting activity on the 9-anthrones. Qur re-
sults also provide a strong indication that the ability to form
an anthralin brown-type secondary radical is an important
determinant of 9-anthrone antiproliferative activity in keratin-
ocytes, and possibly of antipsoriatic and tumor-promoting ac-
tivity as well. Whether the radical itself is the active species or
whether the ability to form the radical is simply a correlated
phenomenon is not clear. Only the hydroxy-substituted 9-
anthrones or their dimers possessed significant secondary rad-
ical-forming and antiproliferative activity.

Knowledge of the chemical structure of the secondary radi-
cals would undoubtedly shed important light upon the chem-
istry involved in their formation and thus, perhaps, upon the
chemistry involved in mediating the biological activities of the
9-anthrones. The currently available information suggests the
possible importance of reactive dimeric intermediates. Unfor-
tunately, little information regarding the structure of the sec-
ondary radicals is revealed by the EPR spectra, because the
broad singlet signals they produce lack any resolvable hyperfine

‘H. Utsumi, Faculty of Pharmaceutical Sciences, Kyushu University,
Fukuoka, Japan, personal communication.
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structure. Therefore, we are currently attempting to determine
the structures of 9-anthrone oxidation products by other meth-
ods.

Acknowledgments

We would like to acknowledge Mr. Robert Sik for the synthesis of 9-anthrone
dimer and Mr. Robert W. Fisher for the synthesis of chrysarobin dimer. We also
thank Drs. Ann Motten and Krzysztof Reszka for helpful suggestions and careful
review of the manuscript.

References

1. Krebs, A., H. Schaltegger, Sr., and A. Schaltegger, Jr. Structure specificity of
the antipsoriatic anthrones. Br. J. Dermatol. 105 (Suppl. 20):6-11 (1981).

2. Mustakallio, K. K.lmtnhonandstunm‘bydlthnnol (anthralin) and related
compouncb. I1. Structure-activity relationships among 10-
acyl analogues. Acta Derm. Venereol. (Stockh.) 60: 169-171 (1980).

3. Mustakallio, K. K. Irritation, staining and antipsoriatic activity of 10-acyl
analogues of anthnhn Br. J. DermatoL 105 (Suppl. 20):23-27 (1981).

4. Mustakallio, K. .J.Mamnmu, Vilvala, and J. Halmekoeki. Free
radicals and the treatment of psoriasis with special reference to dithranol.
Med. Biol. 62:165-158 (1984).

5. Juhlin, L. Factors influencing anthralin erythema. Br. J. Dermatol 105
(Suppl 20):87-91 (1981).

6. Mannisté, P., A. Havas, K. Haasio, H. Hnnhmrv;,andl(.Mmhﬂno Skin
irritation by " dithranol (unthnlm) and its 10-acyl analogues in 3 animal
models. Contact Dermatitis 10:140-145 (1984).

7. Kingston, T., and N. J. Lowe. Factors influencing anthralin irritancy. Br. J.
Dermatol. 115 (Suppl. 31):80-81 (1986).

8. Kemeény, L., M. Csato, and A. Dobozy. Pharmacological studies on dithranol-
:ngg;d irritative dermatitis in mice. Arch. Dermatol Res. 281:362-365

1 .

9. Bock, F. G., and R. Burns. Tumor-promoting properties of anthralin (1,8,9-
anthratriol). J. Natl Cancer Inst. 30:393-398 (1963).

10. Segal, A., C. Katz, and B. L. Van Duuren. Structure and tumor-promoting
activity of anthralin (1,8-dihydroxy-9-anthrone) and related compounds. J.
Med. Chem. 14:1152-1154 (1971).

11. Van Duuren, B. L., A. Segal, S.-S. Tseng, G. M. Ruach.G Loewengart, U.
Maté, D. Roth,A.Slmth,S Melchionne, and I. Seidman. Structure and
tumor-promoting activity of analogues of anthralin (1,8-dihydroxy-9-an-
throne). J. Med. Chem. 21:26-31 (1978).

12. Mannistd, P. T., L. Vaissi, K. K. Mustakallio, M. Viluksela, V.-M. Kosma,
and Y. Collan, 'I\mor-prodlmng activity of dithranol (anthnhn) and two of
its 10-acyl analogs in the dorsal skin of female NMRI mice. J. Pharmacol.
Exp. Ther. 229:255-260 (1984).

13. Viluksela, M., E. Puotunen, A. J. Newman, and P. T. Minnist5. Tumor-
producing and skin-irritating activity of dithranol (anthralin) and its 10-acyl
analogues in SENCAR mice. Carcinogenesis (Lond.) 7:1755-1760 (19886).

14. DiGiovanni, J., and R. K. Boutwell. Tumor promoting activity of 1,8-dihy-
droxy-3-methyl-9-anthrone (chrysarobin) in female SENCAR mice. Carci-
nogenesis (Lond.) 4:281-284 (1983).

15. DiGiovanni, J., F. i, and K. J. Chenicek. Studies on the skin tumor
promoting actions of chrysarobin. Cold Spring Harbor Lab. Banbury Rep.
25:25-39 (1987).

16. Kruszewsky, F. H., C. J. Conti, and J. DiGiovanni. Characterization of skin
tumor promotion and progression by chrysarobin in SENCAR mice. Cancer
Res. 47:3783-3790 (1887).

17. DiGiovanni, J., F. H. Kruszewski, M. M. Coombe, T. S. Bhatt, and A. Pezeshk.
Smlcune-acnvnty nhnomlnp- for epidermal ornithine decarboxylase induc-
tx::a a(ngsag)m tumor promotion by anthrones. Carcinogenesis (Lond.) 9:1437-
1 1

18. Battalora, M., St. J., F. H Kruszewnh, and J. DiGiovanni. Inhibition of
chrysarobin skin tumor promotion in SENCAR mice by antioxidants. Car-
cinogenesis (Lond.) 14:2507-2512 (1993).

19. Sa E Melo, T., L. Dubertret, P. Prognon, A. Gond, G. Mahumr, and R.
Santus. Pbyucoclmmml properties and stability of anthralin in model sys-
tems and human skin. J. Invest. Dermatol. 80:1-6 (1983).

20. Reichert, U., Y. Jacques, M. Grangeret, and R. Schmidt. Antirespiratory and
anupmhfonuve activity of anthralin in cultured human keratinocytes. J.
Invest. Dermatol. 84:130-134 (1985).

21. Bruce, J. M., C. W. Kerr, and N. J. F. Dodd. Formation of superoxide during
the auto-oxidation of anthralin (1,8-dihydroxy-9-anthrone). J. Chem. Soc.

Faraday Trans. 1:86-89 (1987).

22. Miiller, K., W. Wiegrebe, and M. Younes. Dithranol, active oxygen species
and lipid peroxidation in vivo. Arch. Pharm. (Wemheun) 820:59-66 (1987)

23. Dabestani, R., R. D. Hall, R. H. Sik, and C. F. Chignell. studies
of cutaneous p ntizing agents. XV. Anthralin and its oxidation
1,8-dihydroxyanthraquinone. Photochem. Photobiol. 52:961-971 (1990).

24. Hsieh, G. C., and D. Acosta. Dithranol-induced cytotoxicity in primary
gél:um )of rat epidermal keratinocytes. Toxicol. Appl. Pharmacol 107:16-

25. Krebs, A., and H. Schaltegger. Untclsuch Strukturspezifitit
Psoriasisheilmittel Chrysarobin und unf.'lniauturzt 20:204-209 (1969)

26. Monks, T. J., S. E. Walker, L. M. F’lynn.C J. Conti, and J. DiGiovanni.
Epldemml ornithine decarboxylase induction and mouse skin tumor promo-
tion by quinones. Carcinogenesis (Lond.) 11:1795-1801 (1990).

217. Martmmn.J L.Vunhah.andK.K.Mumkalh . Free radical intermediates
duced by tion of 1,8-dihydroxy-9-anthrone (dithranol) in pyri-

dine. Experientia (Basel) 34:871-873 (1978).

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet

198  Hayden et al.

28. Martinmaa, J., J. Juselius, and K. K. Mustakallio. Free radicals by auto-
oxidation of anthralin and its 10-acyl analogues. Br. J. Dermatol. 105 (Suppl.
20):62 (1881).

29. Miiller, K. Active oxygen species and structure specificity of antipsoriatic
anthrones. Arch. Pharm. (Wemlmm) 3821:385-389 (1988).

30. Bruce, J. M, N. J. F. Dodd, A. A. Gorman, I. Hamblett, C. W. Kerr, C.
Lambert, nnd 8. P. McNeeney. Anthralin-derived transients. II. Formation
of the radical by spontaneous fragmentation of both singlet and triplet states
of the 10,10’ imer: radical pair multiplicity effects. Photochem.
Photobiol. 53:345-351 (1990).

31. Miller, K, and D. Giirster. Hydroxyl radical damage to DNA sugar and model
ml:nn-) induced by anthralin (dithranol). Biochem. Pharmacol. 46:1695—
1704 (1993

82. Hayden, P. J., and C. F. Chignell. Detection and characterization of 9-
unt.hron-lo-yl radicals formed by antipeoriatic and tumor-promoting 9-an-
thrones in aqueous buffers. Chem. Res. Toxicol. 6:231-237 (1993).

38. Shroot, B., and C. Brown. Free radicals in skin exposed to dithranol and its
derivatives. Arzneim. Forsch. 86:1253-1255 (1986).

84. Fuchs, J., and L. Packer. lnvemntaons of anthralin free radicals in model
systems nnd in skin of hairless mice. J. Invest. Dermatol. 92:677-682 (1989).

85. Auterhoff, H., and F. C. Scherff. Die Dianthrone der pharmazeutisch inter-
elw;ndon Hydmxyn.nthmhxmm Arch. Pharm. (Weinheim) 298:918-925
(1960

36. Huumn,.l Y. Hngucln.s Ikeda, and M. Namba. Reactions concerned in

XV. Dimerization reactions of anthrone and m

108:273-278 (1983).

87. Kinget, P. R. Recherches sur les drogues a principes anthraquinoniques.
Planta Med. 18:233-239 (1967).

88. Li, A. S. W, K. B. Cummings, P. Roethling, G. R. Buettner, and C. F.
Chignell. A spin-trapping database implemented on the IBM/PC/AT. J.
Magn. Reson. 79:140-142 (1987).

89. Gara, W. B, and B. P. Roberts. An electron spin resonance study of the
reactions of alkoxyl and trimethylsiloxyl radicals with dialkyl sulphoxides. J.
Chem. Soc. 1708-1715 (1977).

40. Miiller, K., and H. Hydroxyl radical formation by dithranol.
Biochem. Pharmacol. 87:4277-4280 (1988).

41. B\nttnor, G. R, and R. P. Mason. Spin-trapping methods for detecting

hydnxylﬁeend:ulsmmtmmdmvwo Methods Enzymol.
186:127-133 (1990).
42. Pou, S., D. J. Hassett, B. E. Britigan, M. S. Cohen, and G. M. Rosen.

Problems associated with spin

hlologwal systems. Anal. chhem.
43. Samuni, A., A. Samuni, and H. M. Swartz. The cellular-induced decay of

DMPOspmadductsof -OH and -Oy". Free Radicals Biol Med. 8:179-183

n-centered free radicals in
7-1-6”8;9)

(1989).

44. Ducret, F., P. Lambelet, J. Loliger, and M.-C. tic drug
action of anthralin: oxidation reactions with Am‘hpab.l Free
Radicals Biol Med. 1:301-306 (1%5)

45. Lambelet, P., F. J. Léliger, J. Maignan, U. Reichert, and B. Shroot.
The relevance of seco! radicals in the mode of action of anthralin. Free

46. B mﬂﬁf’dmﬁm%hpmmmm f helian-

. Broc| of
%;oaeﬁhn&mmmhmmmmmcm&r 832:348-

47.Banh,HJDWCammn.deDRavuty i i
ts from two Australian peeudococcids (hem-
Au:t. hem. 29:1609- 1521 (1976).

48. r,GR.TPDohnrty,andL.K.Patterson.'l‘hokmtwuofthe
reaction of superoxide radical with Fe(IIl) complexes of EDTA, DETAPAC

© g HEIIJ:I‘A. FEBS Lett. 158:1::;146 (1983). w

. Cerutti, P. A. Prooxidant states tumor promotion. Science (Washington
D. C) 227:375-381 (1985).

50. Finnen, M. J., C. M. Lawrence, and S. Shuster. Inhibition of dithranol
inflammation by free radical scavengers. Lancet 2:1129-1130 (1984).

51. Wenner, C.E., and A. F. Cutry. Themmuhuonofeollmnbyemmllulu
ond.nnto,mOndonducaonatthePhsm to Growth and
Transport (F. L. Crane, D. J. Morré, and H. E. Low, eds.). CRC Press, Boca
Raton, FL, 131-139 (1990)

52. Jacques, Y., and U. Reichert. Effects of anthralin and ongtowt.h
and [*H] thymndme incorporation in human skin fibroblasts. Br. J.

108 (&PL 20):45-48 (1981).

53. Hanke, O. , and G. Furstenberger. Stimulatory effect
ot‘tlupupmn,anon- TPA- tumor romoter, on arachidonic acid
tabolem n the murine attnocyte. line HEL30 and o spidermal cell

to the effects of pl ester TPA.

(Lond.) 12°1491-l49’l (1981).
tumor

54. T.S. promotion by regeneration, in Carcinogenesis
(E. m,wW&wr Marks, and H. W. Thielmann, eds.),
Vol. 7. Raven Press, York, 43-48 (1982). )

Send reprint requests to: Patrick J. Hayden, Mail Drop 17-06, Laboratory of
Molecular Biophysics, National Institute of Environmental Health Sciences, P.O.
Box 12233, Research Triangle Park, NC 27709.

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/



