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ABSTRACT. Anthralin is among the most effective agents for the topical treatment of psoriasis. However, this 
drug causes unpleasant side-effects such as inflammation and staining of the nonaffected skin surrounding a 

psoriatic lesion. The biochemical basis for the induction of an inflammatory response in the skin and the 

antipsoriatic effectiveness are uncertain, although several cellular targets of anthralin action have been identi- 
fied. Because no single mechanism is operative, the view was taken that all the effects exerted by anthralin are 
caused by its redox activity leading to the generation of anthralin free radicals and oxygen radicals. Clear 
relationships between oxygen-radical production by anthralin and biological response are evident with respect 
to chemical lesions in cellular macromolecules such as DNA, lipid membranes, and enzymes, indicating that 

these species account for the antipsoriatic and proinflammatory effects elicited by anthralin. This poses new 

challenges for the medicinal chemist and provides impetus for identifying novel compounds having potential for 

an improved therapeutic index. BIOCHEM PHARMACOL 53;9:1215-1221, 1997. 0 1997 Elsevier Science Inc. 
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Psoriasis is a common, inflammatory, and hyperproliferative 
skin disease, mainly characterized by abnormal keratinocyte 
proliferation and differentiation, accumulation of polymor- 
phonuclear leukocytes in the skin, and T-cell activation [l]. 
However, the etiology of this very distressing skin disorder 
is unknown. The treatment for psoriasis is targeted at both 
the inflammatory and hyperproliferative aspect of the dis- 
ease. 

Anthralin (dithranol, 1,8-dihydroxy-9( lOH)-anthra- 
cenone) is among the most effective agents for the topical 
treatment of psoriasis. While many therapeutics are tar- 
geted towards a single feature of the disease, all psoriatic 
features are resolved following topical therapy with anthra- 
lin. However, like most forms of current therapy of psoria- 
sis, the benefit of anthralin is limited by its undesirable 
inflammatory effects on the skin or poor acceptability be- 
cause of staining of the skin and clothing [2]. Consequently, 
efforts are being made to understand the molecular basis of 
the proinflammatory and staining properties so that anthra- 
lin may be modified structurally to remove these unpleasant 
effects. 

Substantial evidence has been given that anthralin ex- 
hibits several parallel effects on susceptible target molecules 
which include certain enzymes, nucleic acids, and lipid 
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membranes [2, 31. Because of the chemical instability of 
anthralin [4], it is unlikely that the physicochemical inter- 
actions between anthralin and these biological targets pro- 
vide the molecular basis for the antipsoriatic and proin- 
flammatory effects of the drug. Also, the known metabo- 
lites, danthron and the anthralin dimer, are not effective 
against psoriasis. Rather, activated species that are formed 
during the autoxidation of anthralin may react with sensi- 
tive macromolecules and bring about changes in cellular 
function. In recent studies, it has been possible to elucidate 
the exact nature of the chemical species that account for 
the biochemical pharmacology of anthralin and to examine 
their interaction with potential biological targets. Anthra- 
lin can activate molecular oxygen by one-electron reduc- 
tion to the superoxide anion radical (Oz.-), which, in turn, 
can be converted to more powerful species [5]. 

The role of oxygen radicals in human disease has become 
an area of intense interest [6-S]. Low concentrations of 
oxygen radicals are constantly formed as physiological by- 
products in the human body, but they can be toxic when 
generated in excess. This toxicity can be of therapeutic 
interest, depending on the nature of the target cell. The 
purpose of this commentary is to summarize briefly the sta- 
tus of the current knowledge pointing toward the signifi- 
cance of oxygen-radical generation in anthralin action and 
induction of skin inflammation, and the application of this 
information to future developments of novel derivatives. 
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GENERATION OF 
ANTHRALIN FREE RADICALS 
Detection of Primary and Secondary Radicals 

An ESR signal, presumed to be that of the trapped anthra- 
lin radical, was first reported by Martinmaa et al. [9] during 
autoxidation of anthralin in pyridine. Davies et al. [lo] also 
reported the direct observation of an ESR signal assigned as 
that of the 1,8-dihydroxy-9-anthron-lo-y1 radical (Fig. 1). 
When anthralin was applied topically to the ear of a pig, 
the generation of a persistent free radical was observed di- 
rectly in biopsy samples [l 11. The ESR data observed cor- 
responded to data reported in vitro for the primary anthralin 
radical. 

Fuchs and Packer have reported that the ESR signal of 
anthralin-derived radicals in the skin of hairless mice does 
not correspond to the 1,8-dihydroxy-9-anthron, lo-y1 radi- 
cal [12], but rather to products derived from the so-called 
anthralin-brown. This final oxidation product of anthralin 
is not well characterized chemically and is responsible for 
the darker shades of brown staining that occurs on the skin 
and clothes [Z]. Low-frequency ESR studies provided direct 
evidence that anthralin generated secondary radicals in uivo 
in the skin of hairless mice, and it is noteworthy that the 
applied dose was in the therapeutic range [13]. 

Luck of Support for a Role of 
Anthralin Radical in the Mechanism of Action 

However, several observations provide no support for the 
proposed importance of the pertinent skin radical in the 
processes leading to antipsoriatic activity or inflammation 
of the skin. First, in the study of Davies et al. [IO], the 
anthralin dimer was found to be equally as good as anthra- 
lin itself as a source of the primary anthralin radical. If the 
anthralin free radical is the pharmacologically active spe- 
cies that alleviates psoriasis, then the anthralin dimer, 
which is not effective against psoriasis, might be expected 
to produce the same clinical effects. Second, radical scav- 
engers do not influence the formation of the radical derived 
from anthralin in pig skin [14], whereas they inhibit an- 
thralin inflammation of human forearm skin [15]. Thus, a 
link between anthralin-radical generation following topical 
application of anthralin and its proinflammatory property 
may be excluded. Third, the properties of anthralin radical 
have also been studied by pulse radiolysis, and it has been 
shown that it is a particularly stable entity that is insensi- 
tive to a vitamin E model and reacts only slowly with oxy- 
gen [16]. In further support of this, the stability of anthralin 
free radicals in skin [12] indicates a low reactivity of these 
species toward cellular target molecules and suggests that 
other, more reactive species derived from anthralin are re- 
sponsible for mediating the biological effects of anthralin. 
Finally, spin-trapping experiments showed that therapeuti- 
cally inactive anthrones can also form 9-anthron-lo-y1 
radicals in aqueous buffers [17]. These observations indicate 
that the ability to generate these radicals is not an exclusive 
property of the antipsoriatic anthralin. 

GENERATION OF REACTIVE OXYGEN SPECIES 

During the autoxidation of anthralin anion, molecular oxy- 
gen is reduced in a non-enzymatic, univalent reduction 
pathway that results in the generation of several reactive 
intermediates. The initial species formed is O,‘-, which has 
been shown under physiological conditions by chemical 
and biochemical assays [18] and by ESR studies [19]. It is 
interesting to note that the direct reaction of molecular 
oxygen with an organic molecule occurs at significant rates 
only in the presence of a catalyst, such as a transition metal 
[20]. For a direct one-electron transfer to proceed, the re- 
actant other than molecular oxygen must have a redox 
potential c-0.16 V, based on the redox potential of the 
0,/02’- couple (-0.16 V) [20]. With a redox potential of 
-0.76 V at pH 6.6 and even more strongly negative at 
higher pH values [21], anthralin is a potent reductant and 
satisfies this condition. As a consequence, 02’- generation 
from anthralin is thermodynamically favored. 

Although 02’- is not very reactive per se, it is the pre- 
cursor of a number of more reactive species. Under physi- 
ological conditions, it spontaneously dismutates to hydro- 
gen peroxide (H,O,), which is not a radical because all 
outer shell electrons are paired. Unlike O,‘-, HzO, easily 
diffuses through biological membranes. Both species can 
find some targets within cells at which they can do direct 
damage, but on the whole their reactivity is limited [22]. 

However, 02’- and H202 formed by autoxidation of an- 
thralin give rise by an iron-catalyzed reaction (Haber- 
Weiss reaction) to the highly reactive hydroxyl radical 
(‘OH). Evidence for the formation of ‘OH by anthralin was 
given by degradation of 2-ketothiomethylbutyric acid to 
ethene [23], and, more specifically, by degradation of de- 
oxyribose to malondialdehyde [24]. The results were later 
assessed by ESR spectroscopic studies [25]. 

Singlet oxygen (‘O,), which is not a radical, is not pro- 
duced by redox reactions but by absorption of light. Pho- 
tosensitized generation of ‘0, by anthralin has been deter- 
mined by several indirect methods [26] and by direct de- 
tection of ‘0, luminescence [27]. Molecular oxygen, which 
contains two unpaired electrons with parallel spin, is unable 
to react with biomolecules directly because the acceptance 
of a pair of anti-parallel electrons is restricted in the ground 
state and requires an electron spin inversion. By contrast, 
‘02 with its anti-parallel valence electron spins has no such 
spin restriction on reactivity. However, the role of ‘02 in 
skin-photosensitization reactions has not yet been un, 
equivocally assigned. The demonstration that the deproto, 
nated anthralin interacts with ‘0, with higher rates of 
reaction and quenching than those of important biological 
targets for oxidative damage suggests that anthralin anion 
should be preferentially oxidized [28]. On the other hand, 
there are other clinically interesting photosensitizers in the 
treatment of psoriasis that can produce IO,, such as coal 
tar, which contains sensitizing hydrocarbons and psoralens 
[e.g., psoralen + UVA (PUVA) therapy]. 

Figure 1 gives a summary of the pathways for the gen- 
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eration of primary and secondary radicals and reactive oxy- 
gen species from anthralin. The term “oxygen radicals” 
denotes 02’- and ‘OH, whereas “reactive oxygen species” 
also includes non-radical species such as H,Oz and ‘0, 

1291. 

CELLULAR FACTORS THAT MODULATE 
AND FACILITATE THE SUSCEPTIBILITY OF 
THE SKIN TO OXIDATIVE DAMAGE 

The skin possesses a number of protective mechanisms 
against oxidative damage 130, 311. The major defense 
mechanisms rely on enzymatically maintaining O,‘- and 
H202 levels by superoxide dismutase and thioredoxin re- 
ductase or catalase and glutathione peroxidases, respec- 
tively [30-321. Low molecular weight antioxidants such as 
vitamin A, oc-tocopherol, ascorbic acid, and glutathione, 
which serve to interrupt free radical chain reactions, pro- 
vide another layer of defense [31, 321. 

Accordingly, this enzymatic defensive system is able to 
remove reactive oxygen species under normal circum- 
stances. However, a number of factors may promote the 
susceptibility of human skin to oxidative damage, which is 
a function of the overall balance between the factors that 
exert prooxidant action and those that exhibit antioxidant 
capability. Therefore, oxidative injury of the skin can be 
described as a consequence of insufficient antioxidant po- 
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FIG. 1. Activation of anthralin to radical intermediates and 
concomitant generation of reactive oxygen species. Electron 
transfer from the anthralin anion to molecular oxygen re- 
sults in the formation of OZ.-. Further steps of univalent 
reduction lead to H,O, and, by an iron-catalyzed reaction to 
‘OH. Energy transier fro& tke excited anthralin anion to 
molecular oxygen yields ‘0,. 

tential or excessive local production of prooxidants that 
may overwhelm the protective mechanisms. Of particular 
interest, the activity of superoxide dismutase is decreased in 
psoriasis [33, 341. Moreover, anthralin inhibits the antioxi- 
dant enzymes catalase and superoxide dismutase [35]. Fur- 
thermore, it can prime human neutrophils in inflammatory 
infiltrates to generate increased amounts of reactive oxi- 
dants [36]. 

On the other hand, the fact that psoriatic epidermis ap- 
pears to be deficient in defense mechanisms against oxygen 
radicals, relative to healthy skin, may also increase the se- 
lective cytotoxicity of anthralin to psoriatic tissue. In ad- 
dition, oxygen consumption of psoriatic lesions is about 
2-fold greater than that of the uninvolved skin [37]. How- 
ever, in the presence of anthralin, a significant reduction in 
oxygen consumption of human skin was observed, espe- 
cially when exposed to UV irradiation [37], suggesting in- 
creased generation of oxygen radicals and ‘0, in psoriatic 
skin as compared with healthy skin. In further support of 
this, skin exhibits a certain degree of iron turnover and is a 
significant site of iron excretion, which is increased in pso- 
riasis [3 11. This may further increase the concentration of 
highly reactive species in psoriatic tissue, as iron catalyzes 
the generation of ‘OH by anthralin from O,‘- and H,Oz. 

Also worth noting at this point is the fact that the in- 
tensity of anthralin inflammation in psoriatic lesions is re- 
duced as compared with uninvolved skin [38]. This may be 
rationalized by the hyperactive thioredoxin reductase in 
psoriatic lesions compared with activity in uninvolved skin 
[39], because in contrast to superoxide dismutase this mem- 
brane-associated enzyme is able to remove oxygen radicals 
outside the cell [30]. 

Figure 2 summarizes the antioxidant defensive systems 
present within the skin and the factors that facilitate the 
susceptibility of the skin to anthralin-mediated oxidative 
damage. 

OXYGEN RADICALS IN ANTHRALIN 
ACTION AND LESIONS THEY CAUSE IN 
CELLULAR MACROMOLECULES 

Oxygen radicals are constantly formed as byproducts of 
various electron-transfer processes and may serve useful 
physiological functions, but they can be highly destructive 
if produced in excess. In the human body, there is a balance 
between prooxidant production and removal by antioxi- 
dants. When this balance is inclined in favor of the former, 
the state of oxidative stress results. Oxygen radicals have 
been implicated in the occurrence of cell damage in several 
pathological circumstances [6, 71. Likewise, the enhance- 
ment of intracellular levels of these species has often been 
proposed as one of the mechanisms of cytotoxicity of a 
variety of drugs [40]. When rat epidermal keratinocytes 
were treated with anthralin, O,‘- generation was detected 
both extracellularly and intracellularly and was inhibited by 
the addition of superoxide dismutase [41]. Evidence that 
anthralin-mediated cell injury is linked to oxidative stress 
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FIG. 2. Oxygen-radical defense in the skin and factors that 
promote selective cytotoxicity of anthralin towards psoriatic 
skin. 

was provided by the protective effects by concurrent treat- 
ment of the cells with superoxide dismutase and catalase. 

However, which target molecules are affected by anthra- 
lin, and are the same targets also affected by the active 
species involved? In principle, DNA, carbohydrates, lipids, 
and proteins have all been studied for sensitivity to oxida- 
tive modification by oxygen radicals [42], and these same 
cellular targets have been implicated in the mode of action 
of anthralin [Z]. 

DNA 

As DNA plays a central role in information transfer, it is an 
attractive drug target. Attention has focused on oxidative 
damage that can occur by direct reaction of ‘OH with DNA 
[43]. There are two main modes of DNA attack: hydrogen 
abstraction from deoxyribose and addition to the n-bond of 
DNA bases. The former ultimately leads to sugar fragmen- 
tation, base loss, and strand fragmentation, while the latter 
results in damaged bases [44]. 

Damage to deoxyribose stimulated by anthralin was 
documented by the release of malondialdehyde, which was 
inhibited substantially by iron-binding ‘OH scavengers, 
iron chelators, and the antioxidant enzymes superoxide dis- 
mutase and catalase, implicating the involvement of ‘OH 
via the Fenton reaction 1241. Calf thymus DNA treated 
with anthralin also resulted in the modification of DNA 
bases, as studied by the use of the highly sensitive technique 
of GC-MS with selected ion monitoring [45]. Although 
multiple oxidative lesions are possible in DNA, 8-hydrox- 

ylation of the guanine base was one of the most abundant 
observed after ‘OH attack by anthralin, along with 8-hy- 
droxyadenine and formamidopyrimidine compounds [451. 
These results suggest that ‘OH attack on DNA sugars or 
bases is responsible for the induction of DNA strand breaks 
[46] and m 1 1 ion of DNA replication [47] by anthralin. h’b’t’ 
In support of this, catalase significantly protected leuko- 
cytes from anthralin-induced DNA strand breaks, implicat- 
ing HiO, or ‘OH as the damaging agent [48]. 

Lipid Membranes 

Some of the primary targets of oxygen radicals are the lipids 
that constitute the cell membrane. Unsaturated phospho- 
lipids of biological membranes are highly vulnerable to per- 
oxidation [49], initiated by ‘OH attack at the allylic hydro- 
gens [49]. Moreover, IO2 can accelerate lipid peroxidation 
by direct reaction with unsaturated fatty acyl moieties to 
give hydroperoxides with double bonds shifted to the allylic 
position [50]+ This type of reaction has already been dem- 
onstrated for anthralin [26]. Furthermore, many reactive 
oxygen species are more soluble in a lipid environment 
than in aqueous systems and can readily cross biological 
membranes [42, 491. 

Anthralin slightly increases lipid peroxidation in mouse 
skin after topical application [18], based on the exhalation 
of ethane. In addition, it was found to act as a prooxidant 
in peroxidation of bovine brain phospholipid liposomes 
[24]. When the iron-chelator desferrioxamine or chain- 
breaking antioxidants were included in the system, peroxi- 
dation was strongly decreased, indicating that ‘OH, peroxyl 
radicals, or alkoxyl radicals are involved. Because mito- 
chondrial membranes are sensitive to damage resulting 
from the peroxidation of membrane phospholipids [51], 
some of the effects of anthralin on mitochondrial structure 
and biochemical function may be mediated by lipid peroxi- 
dation. Anthralin is an inhibitor of mitochondrial mem- 
brane functions [52], causes dramatic structural changes in 
mitochondria [53], and influences redox properties of en- 
ergy transducing membranes [54], all of which may contrib- 
ute to its antiproliferative activity. 

Proteins 

Proteins may be directly damaged through specific interac- 
tions of oxygen radicals with particularly susceptible amino 
acids crucial for protein function, resulting in global modi- 
fication of many different amino acid residues and exten- 
sive fragmentation [55]. Enzyme oxidation can lead to a loss 
of critical sulfhydryl groups in addition to modification of 
amino acids such as ring-opening of histidine or trypto- 
phan. These reactions can cause a modification of the pri- 
mary, secondary, and tertiary structures of protein and may 
damage reactive prosthetic groups, which can result in deg- 
radation and loss of function [56]. 

Anthralin has been identified as a selective 12- 
lipoxygenase inhibitor with respect to cyclooxygenase as 
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well as 5lipoxygenase [57, 581. One might expect that an- 
thralin reduces the active enzyme to its inactive form, ac- 

cording to a proposed mechanism for phenolic compounds 
[59]. However, we have demonstrated critical and suppress- 

oxygen-radical generation by anthralin can activate tran- 
scription factors and may regulate gene expression and con- 
trol cell proliferation. 

__ 
ing effects on anthralin-mediated inactivation of epidermal 
12-lipoxygenase by sodium benzoate, a specific ‘OH scav- 
enger, by the antioxidants 2,6-di-tert-butyl-4-methylphenol 
and p-carotene, and by the antioxidant enzymes superoxide 
dismutase and catalase [35]. Our results strongly suggest a 
role of oxygen radicals in epidermal 12Jipoxygenase inhi- 
bition either by enzyme inactivation through oxidation of 
amino acid residues important for enzymk activity or by 
reduction of the ferric iron at the active site of I2- 
lipoxygenase by O,‘- to the catalytically inactive ferrous 
form, because ferric iron and even chelated ferric iron may 
be reduced by O,‘- [60]. Inhibition of 12#lipoxygenase by 
oxygen radicals generated from anthralin does not neces- 
sarily exclude a specific interaction between the drug and 
12slipoxygenase, because oxygen radicals may be generated 
at a critical site for enzyme inactivation. 

In a recent study, anthralin was described as a novel 
inducer of the transcription factor NF-KB [61], which can 
activate inflammatory genes in response to oxygen radicals 
[62]. The activity of the drug was related to its ability to 
produce oxygen radicals as messengers of NF-KB activation, 
supported by the observations that antioxidants inhibited, 
and keratinocytes overexpressing catalase significantly re- 
duced, NF-KB activation [61]. 

Taken together, depending upon the proximity of an- 
thralin to a biomolecule oxygen, radicals can give rise to 
DNA damage, lipid peroxidation, or modification of pro- 
teins (Fig. 3). The cumulative effects of such a cascade of 
oxygen radical-induced modification of cellular macromol- 
ecules may be an impairment of important celIular func- 
tions resulting in inhibition of cell growth. Furthermore, 
because oxygen radicals may act as signaling molecules [62], 

OXYGEN RADICALS AND 
PROINFLAMMATORY ACTION 
OF ANTHRALIN 

With the demonstration that anthralin can stimulate lipid 
peroxidation significantly in vitro, the question arises as to 
whether its proinflammatory action to the skin in viva can 
be traced to a reactive-oxygen-dependent peroxidation pro- 
cess. The surface of the skin is especially vulnerable to 
damaging oxygen radicals because of its lipid-rich mem- 
branes. As a consequence, the mechanisms described above 
concerning the production of oxygen radicals by anthralin 
may provide a basis for its dose-related production of skin 
inflammation, aside from its potential therapeutical value. 

There is now both direct. and indirect evidence implicat- 
ing oxygen radicals in many inflammatory skin diseases 
[31]. A free radical mechanism for the skin toxicity of an- 
thralin is suggested by the ability of ropically applied free 
radical scavengers such as a-tocopherol, retinol acetate, 
and butylated hydroxyanisol to inhibit anthralin inflamma- 
tion of forearm skin [ 151. Al so, ar-tocopherol effectively and 
persistently inhibited anthralin-induced skin irritation in 
the mouse ear model [63]. The role of extracellularly gen- 
erated O,‘- in anthralin-evoked ear swelling of mice is sup- 
ported by the protective effect of intraperitoneally admin- 
istered superoxide dismutase [64]. Similarly, intradermal in- 
jections of superoxide dismutase, the Oz.- scavenger 
dihydrolipoate, and trolox, a water-soluble ol-tocopherol 
derivative, have been reported to protect hairless mice 
against anthralin-induced skin inflammation [65]. Accord- 
ingly, oxygen radicals are the cause of most of the inflam- 
matory responses associated with anthralin therapy, i.e. 
erythema and edema. 

Anthralln 

CONCLUSIONS AND FUTURE 
DIRECTIONS FOR RESEARCH 

A major challenge for the medicinal chemist is the attempt 
to incorporate this information on anthralin action into 
more effective design of novel derivatives. Although oxy- 

DNA Lipids Enzymes 

Deoxyribose degradation Lipid peroxidation Enzyme inactivation 
DNA base damage Membrane damage Activation of 
Strand breaks Cell destruction transcription factors 

-1 /expression 

gen radicals are responsible for the inflammation of the 
nonaffected psoriatic skin, the same species are central to 
the clinical efficacy of anthralin. Hence, it seems difficult 
to separate main effects from side effects. To minimize the 
potential of skin inflammation by anthralin, which is seri- 
ous enough to prevent its use or reduce patient compliance 

r 

Antipsoriatic actfon Proinflammatoty action 

FIG. 3. Activation of anthralin with oxygen-radical genera= 
tion and interactions that are currently known regarding the 
involvement of oxygen radicals in the mechanism of anti- 
psoriatic and proinflammatory action of anthralin. 

radical generation. Strategies for overcoming these prob- 
lems have been to modulate oxygen-radical generation by 
modifying the critical C-10 position of anthralin [67, 681. 
Alternative approaches to the control of oxygen radical- 
formation would be to attach potential antioxidant sub- 
stituents [69] or to chelate the iron that facilitates genera- 

[66], it is imperative to control and manipulate oxygen- 
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OH 0 OH OH 0 OH 

FIG. 4. Structures of novel w-phenylacyl substituted anthra- 
lin derivatives. 

tion.* As a result, several novel analogs are currently in 
preclinical antiinflammatory, antiproliferative, and toxico- 
logical studies. Figure 4 shows the 10.phenylbutyryl and the 
lo-methoxyphenylacetyl derivatives, which turned out to 
be the most effective representatives in other skin inflam- 
mation models and are now candidates for clinical trials. 

In conclusion, anthralin evidently exerts multiple cellu- 
lar effects. As a result of the detailed examination of the 
mechanism of action at the molecular level, the design and 
synthesis of antipsoriatic anthrones are being replaced on a 
less empirical and more rational basis. The systematic study 
of this important antipsoriatic agent has had the beneficial 
effect of stimulating the development of novel analogs that 
do not lead to skin inflammation. 
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