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Anthralin is a widely used, topical therapy for psoria-
sis. Anti-proliferative and anti-inflammatory proper-
ties of anthralin have been identified. Little is known,
however, about differential sensitivities of targeted
cell types and specific mechanisms of signaling path-
way activation. We demonstrate that anthralin exerts
potent effects on keratinocytes and mononuclear
cells through strong induction of lipid peroxidation
and JNK activation, a stress-induced signal transduc-
tion pathway. Lipid peroxidation was observed
rapidly and half-maximal levels of lipid peroxidation
were reached at a 10-fold lower concentration of
anthralin for peripheral blood mononuclear cells vs
normal keratinocytes. JNK activation was detected in
peripheral blood mononuclear cells at a 40-fold

lower anthralin dose compared with keratinocytes.
For both cell types, selected inhibitors of lipid perox-
idation prevented JNK activation. This study demon-
strates that mononuclear leukocytes are markedly
more sensitive than keratinocytes to anthralin-
induced lipid peroxidation and JNK activation. We
identify anthralin as a novel and potent inducer of
JNK activation and demonstrate that this process is
mediated, at least in part, by lipid peroxidation
which is among the earliest and most proximate,
membrane-related responses to anthralin yet
described. Key words: anthralin/c-jun-N-terminal protein
kinase/keratinocytes/lipid peroxidation/reactive oxygen spe-
cies. J Invest Dermatol 114:688-692, 2000

soriasis is a chronic relapsing, papulosquamous, inflam-

matory disorder of the skin. It is estimated that more

than 2% of the people with European ancestry are

affected by psoriasis (Stern, 1997). Lesional skin is

characterized by epidermal hyperproliferation and
perturbed maturation of the epidermis as well as wvascular
alterations. The dermal and epidermal inflammatory infiltrates are
rich in CD4" and CD8" lymphocytes, respectively, and release
proinflammatory cytokines that play important parts as cellular
mediators in psoriasis (Bata-Csorgo et al, 1995; Krueger et al, 1995;
Schon et al, 1997).

Anthralin (1,8-dehydroxy-9-anthrone), also known as dithra-
nol or Cignolin was first used in psoriasis more than 80y ago
and remains a widely used topical therapy (Galewsky, 1916;
Unna, 1916; Mahrle, 1997). Anthralin is relatively safe,
economical, and is often used in combination with many other
treatments for psoriasis. Anthralin has long been used empiri-
cally, but only more recently are its potential mechanisms of
therapeutic action beginning to be characterized (Mahrle, 1997).
Anthralin exhibits both anti-proliferative (Reichert et al, 1985)
and anti-inflammatory properties in psoriasis (Schroder et al,
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1985, ; Mrowietz et al, 1997), but also induces inflammation in
normal skin (Finnen et al, 1984). In addition, modification of
DNA bases (Muller, 1997) and inhibition of various enzymes
(Schallreuter and Pittelkow, 1987; Kemeny et al, 1990) have
been described. The specific pharmacologic mode of action of
anthralin to these reported effects, however, is poorly under-
stood. Rapid photo-oxidation and auto-oxidation of anthralin
results in the formation of anthraquinones, anthralin dimers and,
following skin application, anthralin generates reactive oxygen
species (ROS) (Muller, 1997). ROS have been shown to be
involved in the activation of selected mitogen-activated protein
kinases (MAPK) signal transduction pathways including the c-
jun-N-terminal kinase (JNK) cascade (Lo et al, 1996). The JNK
or stress-activated protein kinase cascade (SAPK) pathway is
activated by a variety of stress-related stimuli including
ultraviolet radiation, heat shock, osmotic imbalance, endotoxin,
and cytokines (Derijard ef al, 1994). JNK has been shown to be
required for the regulation of cellular proliferation and apoptosis
(Davis, 1999). As healing of the psoriatic plaque has been
associated with the disappearance of infiltrating lymphocytes
along with the inhibition of keratinocyte proliferation
(Christophers and Mrowietz, 1999) modulation of JNK
activation may have important therapeutic implications follow-
ing anthralin treatment.

In this study, we demonstrate that anthralin is a novel inducer of
JNK activation and show that lipid peroxidation is among the
earliest cellular responses linked to anthralin exposure. Comparing
the principal cell types involved in the expression of psoriasis (Bata-
Csorgo et al, 1995), we also find that peripheral blood mononuclear
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cells (PBMC) and lymphocytes are significantly more sensitive than
keratinocytes to anthralin-induced lipid peroxidation and JNK
activation.

MATERIALS AND METHODS

Reagents Anthralin (Dithranol) was obtained from Biomol Research
Laboratories (Plymouth Meeting, PA) and prepared in fresh DMSO
(Sigma, St Louis, MO) immediately before use. N-acetylcysteine (NAC),
ascorbic acid-6-palmitate (AA6P) and n-propyl gallate were purchased
from Sigma. Cis-parinic acid (cPA) was obtained from Molecular probes
(Eugene, OR) and dissolved in 97% ethanol purged with nitrogen. To this
solution 1 [g butylated hydroxytoluene perml (Sigma) was added as anti-
oxidant and aliquots were stored at —20°C.

Cell culture Normal human keratinocytes were isolated from neonatal
foreskin specimens. Primary cultures were initiated and maintained in a
replicative state with complete, serum-free MCDB 153 medium.
Keratinocytes from primary cultures were plated into secondary culture
at 1-10 X 10%cells per cm? Complete medium was supplemented with
0.1mM calcium, 0.2% (vol/vol) bovine pituitary extract bovine pituitary
extract, epidermal growth factor (10ng perml), insulin (5Uug perml),
hydrocortisone (5 X 107 M), ethanolamine (1 X 10~* M), phosphoethanol-
amine (1 X 107*M), and supplemented amino acids. Cells were grown to
confluence and fed with standard medium (without growth factors) for at
least 48 h to achieve quiescence as previously described (Peus et al, 1997).
PBMC from healthy blood donors were isolated by density gradient
centrifugation using Ficoll-Paque (Pharmacia, Piscataway, NJ). PBMC
were maintained in RPMI-1640 (Bio Whittaker, Watersville, MD) with
10% fetal bovine serum (Summit Biotechnology, Fort Collins, CO) and
penicillin/streptomycin (Life Technologies, Grand Island, NJ). PBMC
isolated within 3h were used for all experiments.

Lipid peroxidation assay Primary human keratinocytes or PBMC were
loaded with cPA (10 uM) in complete medium or RPMI/10% fetal bovine
serum, respectively, for 1h at 37°C (Hedley and Cho, 1992). Cells were
then washed and treated with anthralin (10nM—-100 uM) followed by
trypsinization, fixation with 0.4% paraformaldehyde and placement on ice.
Ten thousand cells were analyzed immediately by flow cytometry using a
Becton-Dickinson FACS Star Plus (San Jose, CA) with a multiline
ultraviolet argon laser at 100 mW power excitation and emission wave
lengths of 334-364 nm and 424 nm, respectively. The mean fluorescence
for the control was consistently set at 300 arbitrary units. PBMC were gated

Figure 1. Anthralin induces lipid peroxidation
in keratinocytes and PBMC. Loss of cPA fluor-
escence intensity indicating increased lipid peroxi-
dation is shown using laser scanning confocal
microscopy and demonstrates an increase in lipid
peroxidation after treatment with anthralin of (A4,
B) PBMC and (C, D) keratinocytes. (4, B) Dif-
ferent fields of PBMC in Neubauer chamber are
depicted. (C, D) Represent the same field of ad-
herent keratinocytes. Cells were loaded with cPA
for 1h before treatment. Before and 15 min after
addition of anthralin, images were obtained and
fluorescence intensities were converted into
pseudocolors. Scale bar: (A, B) 5 um; (C, D) 10 um.
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on lymphocytes for further analysis. The untreated vs DMSO-treated
control showed no differences in lipid peroxidation for either cell type. For
laser scanning confocal microscopy, cells were loaded with ¢PA and treated
as described above. Keratinocytes were cultured on coverslips and images
were obtained with an inverted laser scanning confocal microscope
LSM410 (Zeiss, Jenna, Germany) equipped with a coherent ultraviolet
laser, Innova 300 (Santa Clara, CA). The emitted 100 mW laser light of
364 nm for excitation is deflected by a dichroic and E,,-filter, LP395 and
LP397, respectively. Images of PBMC were taken before and after anthralin
treatment using a Neubauer chamber. Fluorescence intensities were
converted into pseudocolors using the program Analyze (Mayo
Foundation, Rochester, MN).

JNK kinase assay JNK activity was measured using GST-c-jun (1-223)
as ligand and substrate (Hibi ef al, 1993). Cell extracts were mixed with
glutathione (GSH)-agarose beads to which GST-c-jun was bound. After
incubation at 4°C for 3 h, the beads were washed extensively and incubated
in kinase buffer [20 mM N-2-hydroxyethylpiperazine- N'-2ethanesulfonic
acid (HEPES) (pH7.6), 20mM MgCl,, 10mM B-glycerophosphate,
20mM p-nitrophenylphosphate, 0.5mM Na3;VO,, 2mM dithiothreitol,
50 UM adenosine triphosphate). Bound JNK was detected by the addition
of 5Ci of [y-*?Pladenosine triphosphate (Dupont NEN, Boston, MA) at
30°C for 20min. Phosphorylated proteins were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and analyzed by
autoradiography (Kodak, New Haven, CT).

RESULTS AND DISCUSSION

Despite decades of clinical use, the specific mechanisms of
activation of intracellular signaling pathways by anthralin are not
well understood. Among different types of oxidative stress, this
study further examines lipid peroxidation as a prominent cellular
response to anthralin and links it to stress-activated signaling
pathways. For these experiments, freshly isolated PBMC and
primary keratinocytes, isolated and cultured from human epider-
mis, were used. Epidermal keratinocytes and lymphocytes represent
the two principal cell types involved in the development of psoriasis
(Bata-Csorgo et al, 1995; Stern, 1997). To characterize the initial
rapid events and damage to cellular constituents that are induced by
diffusable peroxides following anthralin exposure, we measured
lipid peroxidation of cellular membranes. cPA is a naturally
occurring fluorescent wholly unsaturated fatty acid. It is structurally
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analogous to intrinsic membrane lipids and is readily incorporated
into membranes (Hedley and Cho, 1992). Loss of cPA fluorescence
by flow cytometry has been used as a quantitative measurement of
lipid membrane damage in different cell culture systems (Kuypers
et al, 1987; Hockenbery et al, 1993). We analyzed the loss of
fluorescence intensity of cPA by laser-scanning confocal micro-
scopy to quantitate rapidly the lipid peroxide-propagated chain
reaction following exposure to anthralin. Fluorescence intensity of
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Figure 2. Effects of anthralin on lipid peroxidation in keratinocytes
and PBMC. (A) Time-dependent decrease of cPA fluorescence intensity
using 50 UM anthralin for keratinocytes or 1uM anthralin for PBMC
(specifically gated on lymphocytes). Greater than 50% cPA fluorescence
intensity had been lost in both cell types after 5 min of anthralin treatment.
(B) Greater than 25% decrease in cPA fluorescence intensity was observed
in PBMC after 300 nM anthralin for 30 min compared with 3 UM anthralin
for keratinocytes. cPA fluorescence intensity further diminishes with higher
doses of anthralin and shows nadirs at 3uM and 100 UM anthralin in
PBMC and keratinocytes, respectively. Fluorescence intensity of cPA was
analyzed by flow cytometry using triplicates with 10,000 lymphocytes each.
Fluorescence intensity of untreated and cPA-loaded cells was arbitrarily set
to 300 arbitrary units. Results are representative of three independent
experiments.
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digitized images was converted into pseudocolors as described in
Materials and Methods. An increase in lipid peroxidation, shown by
loss of cell fluorescence, was observed within 15 min of anthralin
treatment of freshly isolated PBMC (3 uM) (Fig 1B) or keratino-
cytes (100 uM) (Fig 1C, D) compared with untreated control cells
(Fig1A, C) using optimized concentrations of anthralin for each
cell type (see Fig2B). The rapid onset and dramatic loss of
fluorescence after anthralin exposure indicates that lipid peroxida-
tion is a prominent early event in the cellular response to anthralin.

Rapid induction of lipid peroxidation by anthralin within
membranes of specific cell types causing psoriasis may be linked to
concentration-dependent and preferentially targeted activation of
intracellular signal transduction pathways that regulate cell—cell
interactions and cell viability. Moreover, therapeutic use of
anthralin has been empirically refined over the decades to maximize
exposure to the drug at optimized concentrations and duration of
skin contact as well as to minimize toxicity to both psoriatic and
normal skin. Therefore, lipid peroxidation following anthralin
treatment was further analyzed in keratinocytes and PBMC. By
flow cytometric gating of cPA intensities, lymphocytes could be
selectively detected. Loss of cPA fluorescence was concentration-
and time-dependently analyzed. Keratinocytes and PBMC were
treated with optimized concentrations of anthralin, 50 UM and
1 UM, respectively. These specific concentrations were chosen
based on the different sensitivities to lipid peroxidation of each cell
type (see Fig2B). Within 5 min of anthralin exposure, greater than
50% of fluorescence intensity had been lost. The onset of lipid
peroxidation in both cell types is rapid and similar in profile
(Fig2A). Comparing concentrations of anthralin required to
induce lipid peroxidation in PBMC or keratinocytes, fluorescence
intensity of cPA in lymphocytes decreased in response to 10 nM
anthralin and showed a dramatic decline with exposure to 0.3 UM
anthralin over 30 min of treatment (Fig2B). Near maximal levels
of lipid peroxidation were reached at 3UM anthralin in
lymphocytes and at 30uUM in keratinocytes, indicating that
PBMC are approximately 10 times more sensitive to anthralin-
induced lipid peroxidation than keratinocytes. Monocytes exhib-
ited a bright fluorescence pattern, presumably because of ingestion
of fluorochrome, and could thus be difterentiated from lympho-
cytes in all experiments measuring loss of ¢cPA by flow cytometry.
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Figure 3. Concentration-dependence and time course of JNK
activation by anthralin. (A4) Keratinocytes and PBMC were exposed
to 5-200 UM anthralin for 90 min before cell lysates were assayed for JNK
activity. JNK activity examining varying concentrations of anthralin. (B)
Time course of JNK activation was analyzed using 100uM or 5uM
anthralin for keratinocytes or PBMC, respectively. Cell lysates of the same
numbers of cells per sample were incubated with GSH-agarose beads to
which GST-c-jun (1-223) was bound for 3 h. After washing and addition
of [y-*?Pladenosine triphosphate for 20min followed by separation by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis phosphorylated
c-jun was analyzed by autoradiography as described in Materials and
Methods.
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Figure 4. Inhibition of anthralin-induced JNK activity by NAC and
AAG6P in keratinocytes and PBMC. (A) Keratinocytes treated with
200 uM anthralin for 90 min and (B) PBMC exposed to 5 UM anthralin for
90 min were pretreated for 8 h with 10 or 20 mM NAC. Fifty micromoles
per liter AA6P was added for 30 min before treatment. JNK activity was
assayed as described in Fig3.

No difterences in lipid peroxidation were observed in CD4 or CD8
lymphocyte subpopulations separated by MACS column (data not
shown). Furthermore, lymphocytes activated by 12-myristate 13-
acetate (PMA) alone or PMA and ionomycin were more sensitive
than quiescent cells to lipid peroxidation produced by anthralin
(data not shown). Our data show that lipid peroxidation is induced
concentration- and time-dependently by anthralin within minutes
of exposure to keratinocytes or lymphocytes. To our knowledge,
any more rapid effects triggering downstream signaling responses
have not been described following anthralin treatment. In addition,
we found that PBMC and, specifically, lymphocytes are at least 10-
fold more sensitive to anthralin-induced lipid peroxidation
compared with keratinocytes. These observations provide evidence
that lipid peroxidation generated by anthralin is both a rapid and
cell-type selective, membrane-associated event that may contribute
to the therapeutic action of the drug.

Anthralin is a known inducer of ROS (Muller, 1997), and ROS
are involved in the activation of JNK (Busciglio and Yankner,
1995). We therefore examined whether anthralin induces activa-
tion of JNK in keratinocytes and PBMC in a concentration- and
time-dependent manner. To compare more specifically activation
responses in both cell types, total JNK protein was measured using a
specific JNK antibody (Santa Cruz, Biotechnology, Santa Cruz,
CA) and the number of cells used for experiments were calculated
accordingly. JNK activation by anthralin was concentration-
dependent in both cell types and was maximally induced in
keratinocytes by 200 UM anthralin after 90 min exposure (Fig 3A4).
In PBMC, JNK was strongly activated at a significantly lower
concentration of 5UM anthralin by 90min, was maximally
stimulated at 25UM and declined at higher anthralin concentra-
tions. In both keratinocytes and PBMC, 100 UM anthralin activated
JNK within 30 min of exposure, and maximum activated levels
were observed within 120 or 90 min, respectively (Fig3B). Total
JNK protein also was measured in PBMC and keratinocytes, and
gels were equally loaded. These experiments demonstrate that
anthralin activates JNK in keratinocytes and PBMC, but the
threshold response in PBMC occurs at 40-fold lower concentra-
tions of anthralin compared with keratinocytes.

Concentrations of 1% (44 mM) anthralin are commonly used for
topical therapy of psoriasis. Depletion of epidermal lymphocytes has
been shown to be therapeutically relevant in psoriasis (Bata-Csorgo
et al, 1995) and, depending on the formulation, application
procedure and the water content of the skin, as much as 12% of
the topically applied anthralin dose has been measured in the
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epidermis. Ten-fold lower concentrations of anthralin have been
detected in the dermis (Schaefer et al, 1981). In this respect, the
tissue concentration is still more than 100-fold higher than that
required for JNK activation or the half~maximal induction of lipid
peroxidation of PBMC, in witro. These data show that the
concentrations used in these experiments are well within the range
used in vivo and underscores further the mechanistic relevance of
our findings. In separate studies in keratinocytes, we have found
that JNK activation shows a strong linkage with lipid peroxidation
produced by selected oxidative stress-inducing agents and that lipid
peroxidation is an important upstream event required for JNK
activation (unpublished observation). The concentrations of
anthralin that induce JNK activation correlate well with levels of
lipid peroxidation for each cell type. We suggest therefore that JNK
activation by anthralin for PBMC lymphocytes and keratinocytes is
likely to be mediated by lipid peroxidation. To delineate better the
mechanism of anthralin-induced JNK activation, cells were
pretreated with the anti-oxidants, NAC or AAG6P, which are
known to inhibit lipid peroxidation. Pretreatment of PBMC or
keratinocytes with 10-20mM NAC or 50 uM AA6P for 30 min
potently inhibited JNK activation induced by treatment for 90 min
with 5uM or 200 UM anthralin, respectively (Fig4A, B). These
experiments implicate both ROS and lipid peroxides as important
mediators of JNK activation induced by anthralin.

Lipid peroxidation results from the autocatalytic chain reaction
of polyunsaturated fatty acids containing multiple carbon double
bonds that are located within cellular membranes. Among ROS,
hydroxyl radicals are considered to be the strongest initiators of
lipid peroxidation (Gutteridge and Halliwell, 1989), but the precise
mechanism of rapid initiation of lipid peroxidation is still unclear. A
link between the rapid generation of ROS and progressive lipid
peroxidation of cellular membranes has been previously identified
(Hockenbery et al, 1993; Veis et al, 1993). It also has been shown
that following topical application of anthralin, lipid peroxidation as
well as skin irritation in vivo can be inhibited by anti-oxidants or
inhibitors of lipid peroxidation (Finnen et al, 1984; Whitefield et al,
1985). Our findings that selected anti-oxidants and inhibitors of
lipid peroxidation, such as NAC and AAG6P, suppress anthralin-
mediated JNK activation in keratinocytes and PBMC establish lipid
peroxidation as a novel and critical upstream event in the cascade of
JNK activation following anthralin treatment. This is in agreement
with our finding that lipid peroxidation not only precedes JNK
activation, but also that there is a close correlation between these
two events following ultraviolet B irradiation and treatment with
different oxidative stress inducing agents (unpublished observation).

Johnson et al (1996) have reported that PBMC or T
lymphocytes, in comparison with keratinocytes, are more than
50-fold more sensitive to the cytotoxic effects of psoralen plus
ultraviolet A radiation. It was also demonstrated that proliferating
lymphoid cells are up to 100 times more sensitive than
keratinocytes to the effects of methotrexate, making them the
likely cellular target when treating psoriasis with methotrexate
(Jeftes et al, 1995). As anthralin also exerts differential cytotoxic
effects that preferentially target PBMC (unpublished observation),
we hypothesize that lesional lymphocytes are eliminated by
repeated application of anthralin to psoriatic plaques.

Protection of cells from irreversible damage and death by lipid
peroxidation is mediated through various enzymatic or non-
enzymatic anti-oxidant pathways. Keratinocytes may preferentially
express these factors to counteract the toxic effects of lipid
peroxides. In addition, the extensive and more resilient inter-
mediate filament structure of keratinocytes and epidermis, as
compared with lymphocytes and other cell types, may also play a
major part in the enhanced resistance to various physical and
chemical environmental stresses, including those induced by lipid
peroxidation.

In summary, we identify anthralin as a novel inducer of JNK
activation and characterize lipid peroxidation as the earliest
response yet described that mediates activation of downstream
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signaling events in PBMC and keratinocytes. Our data provide
evidence that mononuclear cells are significantly more sensitive to
anthralin than keratinocytes and are likely the primary target of the
pharmacologic action of anthralin. Further characterization of the
biochemical mechanisms of activation of signaling pathways by
anthralin will lead to a better understanding of the mode of action
of this drug and related analogs that are being developed for
psoriasis and other skin diseases (Muller and Prinz, 1997).
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