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Abstract: Work aimed at further improving the benefit to risk ratio of the antipsoriatic agent anthralin has led to
10-w-phenylalkyl-9(10H)-anthracenones, members of which are equally potent as inhibitors of the growth of
HaCaT keratinocytes. In contrast to anthralin, induction of membrane injury is strongly reduced as documented

by the release of LDH activity from cytoplasm of keratinocytes. © 1998 Elsevier Science Ltd. All rights reserved.

Psoriasis is now treated by drugs such as vitamin D analogs and retinoids, which serve only to abate this hyper-
proliferative skin disorder. Yet antipsoriatic anthracenones such as anthralin (1) clear the pathological features of
psoriasis totally.):2  Because of their outstanding therapeutic properties, interest continues unabated in the
development of novel analogues. Like most forms of current therapy of psoriasis the benefits of the drugs are
limited by their undesirable proinflammatory effects on the skin or poor acceptability because of staining of the
skin and clothing.3 Therefore, the development of a topically active analogue which should obviate these draw-
backs is highly desirable. The mode of action of anthracenones is thought to be mediated by oxygen radicals and
anthralin metabolite radicals.4
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Antipsoriatic anthracenones exhibit three principal cellular effects: (1) interaction with DNA, (2) inhibition of
various enzyme systems associated with cell proliferation and inflammation, and (3) redox reactions with the
resulting alteration of mitochondrial functions and destruction of membrane lipids.> Oxygen radicals have been
implicated in all these processes but are not necessarily dominant in these effects.6 As the mechanism of the
proinflammatory action of anthracenones is associated with the formation of oxygen radicals by these agents,*
our strategy to overcome this problem was to modulate the oxygen-radical generating intensity, in particular by
modifying the critical 10-position of the pharmacophore.”-10 Structure~activity relationships of simple analogues
of anthralin revealed a marked decrease in antiproliferative activity when any of the 1,8-dihydroxy substituents
was modified.!! However, synthesis of congeners in which one of the active methylene protons at C-10 of the
anthracenone were replaced by suitable substituents has resulted in high activity in preclinical models.

Of the 10-phenylacyl series of antipsoriatic anthracenones, the 4-methoxyphenylacetyl analogue 2 is
presently undergoing clinical evaluation as a topical treatment for psoriasis. Even though decomposition of 10-
acyl analogues to the parent anthralin and further to polymers responsible for the darker shades of brown staining
that occurs on the skin and clothes has been discarded, these compounds are slowly degraded to the
corresponding anthracenedione. Also, staining of clothes after washing with alkaline detergents has been
observed. Therefore, more stable analogues than 10-acyl anthrancenones are required.

In previous studies on 10-alkylated congeners no antipsoriatic activity was observed for the 10-ethyl
analogue in clinical examination,!2 and the 10-benzyl analogue was inactive in an in vitro assay.” In order to
elucidate further the structural requirements for in vitro activity of 10-alkylated anthracenones, we synthesized a
series of 10-w-phenylalkyl-1,8-dihydroxy-9(10H)-anthracenones and evaluated their reduced intensity of
hydroxyl-radical formation, antiproliferative activity against human keratinocytes, and their reduced potential to
induce membrane damage as compared to anthralin.

Scheme 1°

3f-h R=0Me
) (b)
3i-k R=0H

3a-h,m,n

‘R, X, and » are defined in Table 1. Reagents: (a) anthralin, K,CO,, KI, acetone, A, N,; (b) BBr,, CH,CL,
-78 °C, N,.
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Chemistry

Introduction of the 10-a-phenylalkyl substituents onto the anthracenone nucleus was achieved by reaction of
the appropriate phenylalkyl bromides!3 with anthralin in the presence of potassium carbonate in acetone (Scheme
1). The desired C-10 monoalkylated anthracenones 3a—-3h,m,n were separated from O-alkylated and diben-
zylated products by colurrn chromatography.!4 The phenolic analogues 3i~l were prepared by cleavage of the
corresponding methy] ethers 3f-h with boron tribromide.15

Biological Evaluation

In vitro cultured cell systems are useful tools in identifying new topical antipsoriatic agents. HaCaT kerati-
nocytes can be used as a model for highly proliferative epidermis, €. g. psoriasis, and this nontransformed
human cell line was described as an extremely sensitive target for the antiproliferative action of anthralin.16
Accordingly, 10-@-phenylalkyl anthracenones were evaluated for inhibition of the growth of HaCaT cells.
Keratinocytes were also tested for their susceptibility for the action of the most potent members of this series on
plasma membrane integrity, in order to confirm that inhibition of cell growth is not a result of membrane damage
induced by prooxidants released from anthracenones. Finally, the prooxidant potential of the compounds was
determined by deoxyribose degradation.!?

Hydroxyl-Radical Generation. The deoxyribose assay is a sensitive test for the production of hydroxyl
radicals.!® The release of malondialdehyde (MDA) is a measure of this feature and reflects the prooxidant
properties of the compounds. Table 1 shows that partially blocking the C-10 position of anthralin in general
strongly reduces the intensity of hydroxyl-radical generation. Exceptions are the pyrogallol and pyridine ana-
logues 3] and 3b, respectively.

Antiproliferative Activity. Proliferation of the keratinocytes was determined directly by counting the
dispersed cells under a phase-contrast microscope after 48 h of treatment. The compounds in Table 1 were tested
for antiproliferative effects as demonstrated by reduction in cell number over time as compared to control plates.
While previous members of the 10-w-phenylalkyl series? (3a,c,d) are inactive as inhibitors of 5-lipoxygenase
and are also inactive against the growth of HaCaT keratinocytes at concentration up to 5 M, introduction of a 4-
methoxy group into the phenylethyl substituent (3f) retains the potent antiproliferative activity of anthralin.
Addition of further methcxy groups (3g,h), however, decreases activity. The corresponding phenolic analogue
3i of methoxy derivative 3f is a much less potent inhibitor of keratinocyte growth, while the catechol and
pyrogallol analogues 3k and 3l, respectively, are not active at 5 uM. This may be due to their decreased
lipophilicity, log P values of 3.09 and 3.65 versus 5.07 for 3i, which may be relevant for penetrating into the
cells. This also documents that the potency of an anthracenone to generate hydroxyl radicals, as observed for 31,
is not necessarily related to its antiproliferative action. Furthermore, it is interesting to note that exchanging the
terminal phenyl ring with a 4-pyridine ring (3b) also results in improved antiproliferative activity.
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Table 1. Antiproliferative Activity and Cytotoxicity against HaCaT Cells and Hydroxyl-Radical Generation of
10-w-Phenylalky!-1,8-dihydroxy-9(10H)-anthracenones

AA LDH ‘'OH

compd n X R log P* IC,, (M) (mUY pmol MDA/mmol

deoxyribose?
1 4.23 0.7 294 2.89 +0.14°
2 4.20 1.1 143¢# <02
3a 1 CH H 4.50 >5 150% 0.35 £ 0.05°
3b l N H 3.47 1.8 179 1.25+0.12¢
3¢ 1 CH 4-OMe 4.45 >5 152¢ < 0.2
3d l CH 4-NO, 4.16 >5 1428 <02
3e 2 CH H 5.27 >5 ND <0.2
3f 2 CH 4-OMe 5.07 0.9 129#¢ <02
3g 2 CH 3,4-(OMe), 4.55 3.0 ND <02
3h 2 CH 3,4,5-(OMe), 4.37 4.1 ND 0.97 £ 0.22¢
3i 2 CH 4-OH 4.10 3.8 136¢ 0.40 £ 0.04¢
3k 2 CH 3,4-(OH), 3.65 >S5 ND 0.56 £ 0.12¢
31 2 CH 3,4,5-(OH), 3.09 >5 225 2.30 £ 0.04°
3m 3 CH H 5.51 >5 130% <02
3n 4 CH H 5.72 >5 ND <02

“Experimentally determined partition coefficient.” *Antiproliferative activity against HaCaT cells. Inhibition of
cell growth was significantly different with respect to that of the control (N = 3, P < 0.01). ‘Activity of LDH
(mU) release in HaCaT cells after treatment with 2 uM test compound; values are significantly different with
respect to vehicle control (¥ =3, SD < 10%, P < 0.01). 4Deoxyribose degradation as a measure of hydroxyl-
radical generation. Indicated values are gmol of malondialdehyde/mmol of deoxyribose released by 75 LM test
compound (controls < 0.1). “Values are significantly different with respect to control; P < 0.01. Reference 7.
#Values are not significantly different with respect to vehicle control; P < 0.01. ND = not determined.
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Integrity of the Plasma Membrane. Cytotoxicity of the cell cultures was assessed by the activity of
lactate dehydrogenase (LIDH) released into the culture medium.8 As a result of its potential to generate oxygen
radicals, anthralin is an inducer of lipid peroxidation in biological membranes.!® The results of Table 1 indicate
that anthralin along with the most potent hydroxyl-radical generators of the 10-aw-phenylalkyl series, pyridine
analogue 3b and pyrogallol 31, are able to induce considerable plasma membrane damage at concentrations of
2 uM. Anthralin itself shows a twofold increase in LDH activity as compared to controls, and the amount of
LDH release after treatment with 3b and 31 is directly related to the prooxidant potential of these analogues. By
contrast, LDH release after treatment of HaCaT cells with the most potent inhibitor of cell growth of the
phenylalkyl series, 3f, does not exceed the control values. This documents that the activity of 3f is due to
cytostatic rather than cytotoxic effects and further confirms that appropriate structural modification of anthralin
leads to control of the release of hydroxyl radicals resulting in reduced oxidative damage to membrane without
sacrifice of biological activity.

Conclusions

10-e-Phenylalkyl-substituted anthracenones were synthesized and evaluated in various assays. The first
analogues of this series made in our laboratories gave disappointing in vitro activity. However, proper selection
of the phenylalkyl substituent such as 4-methoxyphenylethyl (3f) or 4-pyridylmethyl (3b) leads to potent inhibi-
tors of the growth of HaCaT keratinocytes. Overall, we found that the 10-(4-methoxyphenyl)acetyl fragment of
the lead compound 2 can be successfully replaced by an analogous and more stable 10-(4-methoxyphenyl)ethyl
moiety without sacrificing antiproliferative activity. Moreover, as a consequence of the strongly reduced intensity
of hydroxyl-radical generation 3f does not interfere with the functioning of cell membrane by causing leakage of
cytoplasm through it. This results in an improved ratio of antiproliferative activity to cytotoxicity as compared to
the antipsoriatic anthralin.
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