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In traditional medicine, alcoholic preparations from flowers
of Arnica montana and Arnica chamissonis ssp. foliosa are
applied externally to treat hematomas, contusions, sprains,
rheumatic diseases, and superficial inflammations of the skin.
The secondary metabolites that mediate the anti-inflammatory
effects are sesquiterpene lactones of the 10a-methylpseudoguaianolide type like helenalin, 11a,13-dihydrohelenalin, chamissonolid, and their ester derivatives (1–3). Several studies have
investigated how these natural compounds exert their antiinflammatory effect. Sesquiterpene lactones have been shown
to modulate many processes that influence inflammatory reactions, for example, oxidative phosphorylation, platelet aggregation, histamine and serotonin release (3, 4). These activities
are mediated chemically by a,b-unsaturated carbonyl structures, such as an a-methylene-g-lactone or an a,b-unsubstituted cyclopentenone. These structure elements react with nucleophiles, especially cysteine sulfhydryl groups, by a Michaeltype addition (5, 6). Therefore, exposed thiol groups, such as
cysteine residues in proteins, appear to be the primary targets
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of sesquiterpene lactones. Some sesquiterpene lactones, for
example, helenalin, possess two alkylant structure elements
which may be responsible for their remarkably high activity
(5– 8). However, other factors, such as lipophilicity, molecular
geometry, and the chemical environment of the target sulfhydryl may also influence the activity of sesquiterpene lactones
(6).
Despite many studies which prove the anti-inflammatory
activity of sesquiterpene lactones, the molecular mechanism by
which they exert their anti-inflammatory effect has not been
sufficiently explained. Recently, we were able to show that
helenalin, 11a,13-dihydrohelenalin, and chamissonolid potently inhibit induction of the transcription factor NF-kB (9).
This protein is a central mediator of the human immune response (10). In almost all cell types, NF-kB, composed of a p50
and p65 subunit, is retained in an inactive cytoplasmic complex
by binding to a third, inhibitory subunit, IkB. A large variety of
inflammatory conditions, such as bacterial and viral infection
as well as inflammatory cytokines, rapidly induce NF-kB activity. Active NF-kB is released from the cytoplasmic complex
by phosphorylation and proteolytic degradation of the IkB subunit. The activated factor then translocates to the nucleus,
where it stimulates the transcription of its target genes. NF-kB
regulates the transcription of various inflammatory cytokines,
such as interleukin-1, -2, -6, and -8 and TNF-a,1 as well as
genes encoding cyclooxygenase-II, nitric oxide synthase, immunoreceptors, cell adhesion molecules, hematopoetic growth factors, and growth factor receptors (see Refs. 10 and 11). Pharmacological inhibition of NF-kB in vivo may thus substantially
attenuate inflammatory processes.
We have recently shown that the sesquiterpene lactones
helenalin, 11a,13-dihydrohelenalin, and chamissonolid inhibit
DNA binding activity of NF-kB (9). However, we were not able
to identify the molecular target through which these natural
compounds exert their effect. Since NF-kB activation by many
different inducers is inhibited by helenalin, the sesquiterpene
lactone must target a common step in these signal transduction
pathways. In addition to the physiological induction of NF-kB
by inflammatory mediators, the transcription factor can be
activated in vitro by treatment of cell extracts with the detergent desoxycholate. This dissociates the inhibitor IkB from the
p50 and p65 subunits, releasing an active NF-kB heterodimer.
We were able to show that in cell extracts generated from
helenalin-treated cells, desoxycholate treatment no longer activates NF-kB-DNA binding activity (9). These data suggest
1
The abbreviations used are: TNF, tumor necrosis factor; DTT, dithiothreitol; EMSA, electrophoretic mobility shift assay; GSH, glutathione; MG132, carbobenzoxyl-leucinyl-leucinyl-leucinal-H; PBS, phosphate-buffered saline; poly(dI-dC), polydeoxyinosinic deoxycytidylic
acid, double-stranded alternating copolymer.
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The sesquiterpene lactone helenalin is a potent antiinflammatory drug whose molecular mechanism of action remains unclear despite numerous investigations.
We have previously shown that helenalin and other sesquiterpene lactones selectively inhibit activation of the
transcription factor NF-kB, a central mediator of the
human immune response. These drugs must target a
central step in NF-kB pathway, since they inhibit NF-kB
induction by four different stimuli. It has previously
been reported that sesquiterpene lactones exert their
effect by inhibiting degradation of IkB, the inhibitory
subunit of NF-kB. These data contradicted our report
that IkB is not detectable in helenalin-treated, ocadaic
acid-stimulated cells. Here we use confocal laser scanning microscopy to demonstrate the presence of IkBreleased, nuclear NF-kB in helenalin-treated, tumor necrosis factor-a stimulated cells. These data show that
neither IkB degradation nor NF-kB nuclear translocation are inhibited by helenalin. Rather, we provide evidence that helenalin selectively alkylates the p65 subunit of NF-kB. This sesquiterpene lactone is the first
anti-inflammatory agent shown to exert its effect by
directly modifying NF-kB.

Sesquiterpene Lactone Inhibits NF-kB by Targeting p65

EXPERIMENTAL PROCEDURES

Cell Culture—Jurkat T cells were maintained in RPMI 1640 medium, 293 cells in Dulbecco’s modified Eagle’s medium. Both were
supplemented with 10% fetal calf serum and 100 IU/ml penicillin and
100 mg/ml streptomycin (all from Life Technologies, Inc.). TNF-a was a
kind gift of Prof. Dr. K. Decker, Freiburg, Germany.
Transfections—293 cells were plated 12–16 h prior to transfection at
a density of 106 cells per 60-mm dish. Transfections were performed
using calcium phosphate precipitation as described previously (16).
Plasmids—The expression vector containing amino acids 1–550 of
the NF-kB p65 subunit has been previously described in detail (17, 18).
Isolation of Helenalin, 11a,13-Dihydrohelenalin, Chamissonolid, 2,3Dihydroaromaticin, Mexicanin I, and Helenalin Isobutyrate, and Preparation of Helenalin-2b-mono-glutathionyl Adduct—Helenalin, 11a,13dihydrohelenalin, chamissonolid, and helenalin isobutyrate were
isolated from A. chamissonis ssp. foliosa, Mexicanin I from A. acaulis,
and 2,3-dihydroaromaticin from A. cordifolia as described previously
(19 –21). Helenalin-2b-mono-glutathionyl adduct was prepared as recently reported (6).
Electrophoretic Mobility Shift Assays—Total cell extracts from Jurkat T cells were prepared using a high-salt detergent buffer (Totex: 20
mM Hepes, pH 7.9, 350 mM NaCl, 20% (v/v) glycerol, 1% (w/v) Nonidet
P-40, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT, 0.1%
phenylmethylsulfonyl fluoride, 1% aprotinin). Cells were harvested by
centrifugation, washed once in ice-cold PBS (Sigma), and resuspended
in 4 cell volumes of Totex buffer. The cell lysate was incubated on ice for
30 min, then centrifuged for 5 min at 13,000 rpm at 4 °C. The protein
content of the supernatant was determined and equal amounts of protein (10 –20 mg) added to a reaction mixture containing 20 mg of bovine
serum albumin (Sigma), 2 mg of poly(dl-dC) (Boehringer), 2 ml of buffer

D1 (20 mM Hepes, pH 7.9, 20% glycerol, 100 mM KCl, 0.5 mM EDTA,
0.25% Nonidet P-40, 2 mM DTT, 0.1% phenylmethylsulfonyl fluoride), 4
ml of buffer F (20% Ficoll 400, 100 mM Hepes, 300 mM KCl, 10 mM DTT,
0.1% phenylmethylsulfonyl fluoride), and 100,000 cpm (Cerenkov) of a
32
P-labeled oligonucleotide, made up to a final volume of 20 ml with
distilled water. Samples were incubated at room temperature for 25
min. NF-kB oligonucleotide (Promega) was labeled using [g-32P]ATP
(3000 Ci/mmol; Amersham) and a T4 polynucleotide kinase (Promega).
Western Blotting—Total cell extracts (50 mg) were boiled in Laemmli
sample buffer and subjected to SDS-polyacrylamide gel electrophoresis.
Proteins were transferred at 0.8 mA/cm2 for 1 h onto Immobilon P
membrane (Millipore) using a semi-dry blotting apparatus (Owl). Nonspecific binding sites were blocked by immersing the membrane in
blocking solution (TBST: 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0, 1%
Tween-20 (v/v), containing 1% bovine serum albumin) overnight at 4 °C.
After a short wash in TBST, the membrane was incubated in a 1:200
dilution of a goat polyclonal anti-p65 antibody (C-20, SC-372-G, Santa
Cruz Biotechnology) in TBST for 1 h at room temperature, followed by
30 min of washing with TBST. Bound antibody was decorated with
donkey anti-goat horseradish peroxidase conjugate (Amersham; diluted
1:1000 in TBST) for 1 h at room temperature. After washing for 30 min
in TBST, the immunocomplexes were detected using ECL Western
blotting reagents (Amersham). Exposure to Kodak XAR-5 films was
performed for 10 s to 5 min.
Immunocytochemistry and Confocal Laser Scanning Microscopy
Antibodies—Mouse monoclonal anti-p65 NF-kB antibody were purchased from Boehringer-Mannheim (Mannheim, Germany). Cy3-labeled ExtrAvidin and fluorescein isothiocyanate-labeled phalloidin
were purchased from Sigma (Deisenhofen, Germany). Biotin-conjugated goat anti-mouse IgG antibodies and TOTO-3 iodide were purchased from Dianova (Hamburg, Germany) and from Molecular Probes
(Eugene, OR), respectively.
For immunocytochemical analysis Jurkat T cells were incubated for
1 h with 10 mM helenalin or 50 mM of the proteasome inhibitor carbobenzoxyl-leucinyl-leucinyl-leucinal-H (MG132, Biomol) alone or in combination. Subsequently cells were stimulated with 200 units/ml TNF-a
for 1 h. 1.3 to 2.6 3 105 cells were air-dried onto slides and fixed using
3.7% paraformaldehyde in 50 mM HEPES, pH 7.2, for 30 min at room
temperature.
Triple stainings for active NF-kB, nuclei, and filamentous actin were
performed by sequentially incubating the fixed cells with: (i) 0.1%
Triton X-100 in PBS for 10 min, (ii) 0.2% bovine serum albumin in PBS
for 10 min, (iii) mouse monoclonal anti-p65 NF-kB antibody diluted
1:100 in PBS for 45 min, (iv) biotin-conjugated goat anti-mouse IgG
antibody diluted 1:100 in PBS for 45 min, (v) Cy3-labeled ExtrAvidin
diluted 1:300 in PBS for 45 min, (vi) RNase A (200 mg/ml) in PBS for 30
min and, (vii) a mixture of TOTO-3 iodide diluted 1:1000 in PBS and
fluorescein isothiocyanate-labeled phalloidin diluted to 1.7 mg/ml in
PBS for 45 min.
Three washings in PBS were done following each incubation step.
Stained specimens were mounted in 0.1 M Tris, pH 8.5, 25% glycerol
(w/v), 10% Moviol 4 – 88 (Hoechst, Frankfurt, Germany) and were
viewed with a Zeiss LSM-410 laser scanning microscope (Zeiss,
Oberkochen, Germany) equipped with an argon-krypton mixed gas
laser. All three channels were recorded simultaneously and the corresponding images were processed with Photoshop 5.0 (Adobe Systems,
Mountain View, CA).
RESULTS

Helenalin Directly Modifies the Active NF-kB Heterodimer—
We have previously shown that pretreatment of cells with
helenalin (structure see Fig. 1) inhibits NF-kB activation by
various inducers (1). A simple explanation for the inhibitory
effect of helenalin would be a direct modification of the NF-kB
DNA binding activity. Sesquiterpene lactones can react by a
Michael-type addition to biological nucleophiles, especially
sulfhydryl groups of cysteine residues (5, 6). The NF-kB subunits p50 and p65 contain cysteine residues in their DNAbinding domains (12, 13, 22). It has previously been reported
that cell extracts from TNF-stimulated cells incubated with
sesquiterpene lactones in vitro show no diminished NF-kB
activity (9, 15). These observations suggested that sesquiterpene lactones do not directly modify the active NF-kB proteins.
However, to be able to draw this conclusion, it is important that
the in vitro conditions are comparable with those of the in vivo
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that helenalin either modifies the NF-kBzIkB complex in such a
way that desoxycholate cannot dissociate the complex, or that
it attacks the desoxycholate-released NF-kB so that DNA binding is impaired. We were subsequently able to demonstrate
that the homodimer of subunit p50, which contains a redox
sensitive cysteine residue in its DNA-binding domain (12–14),
is not affected by helenalin. Helenalin-treated stimulated cells,
which show no NF-kB binding activity in the EMSA, nonetheless show a decrease in the amount of IkB-a protein in Western
blot analysis. These data allow two interpretations. Either,
helenalin may modify the IkB-a protein so that it is no longer
recognized by the anti-IkB-a antibody. Alternatively, IkB is
degraded in helenalin-treated cells, releasing NF-kB, but the
transcription factor is modified, so that it no longer binds DNA.
Hehner and colleagues (15) have recently presented evidence
that the sesquiterpene lactone parthenolide inhibits degradation of IkB-a and IkB-b. From their data, these authors conclude that sesquiterpene lactones inhibit NF-kB activation by
preventing the degradation of IkBs. These results contradict
our previous report that IkB-a immunoreactivity decreases
significantly in helenalin-treated, ocadaic acid-stimulated cells
(9). In this study we show that in helenalin-treated cells, degradation of IkB, and NF-kB translocation to the nucleus are
not inhibited. Using a confocal laser scanning microscope, we
demonstrate the presence of IkB-released NF-kB in the nucleus
of helenalin-treated, TNF-a-stimulated cells. Moreover, we
show that helenalin directly interferes with NF-kB DNA binding due to its alkylating activity. Helenalin selectively modifies
the p65 subunit of the transcripition factor, thereby inhibiting
its DNA binding. Most importantly we show that, unlike antioxidants such as acetylsalicylic acid, helenalin can inactivate
the active NF-kB complex. This property is crucial for the
treatment of inflammation, where previously activated NF-kB
is sustaining the process of inflammation and needs to be
inactivated. Helenalin is the first anti-inflammatory agent
shown to exert its effect by directly modifying the transcription
factor NF-kB. These data reinforce the view of Willuhn (1) that
sesquiterpene lactones could serve as lead compounds for the
development of pharmaceutically used anti-inflammatory
remedies.
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FIG. 1. Structures of the investigated sesquiterpene lactones.

FIG. 2. A, the effect of helenalin on NF-kB DNA binding in TNF-a
pretreated cells. Lane 1 shows unstimulated cells, in lane 2 cells were
treated with 200 units/ml TNF-a alone for 20 min, and in lane 3 cells
were treated for 140 min. In lanes 4 –9 cells were pretreated with 200
units/ml TNF-a for 20 min. Subsequently 10 mM helenalin was added
and cell extracts were prepared 20 min (lane 4), 40 min (lane 5), 60 min
(lane 6), 80 min (lane 7), 100 min (lane 8), and 120 min (lane 9) later. A
filled arrowhead indicates the position of the NF-kB DNA complex. The
open circle denotes a nonspecific activity binding to the probe. The open
arrowhead shows unbound oligonucleotide. B, the effect of helenalin on
NF-kB p65 degradation in TNF-a pretreated cells. The extracts, prepared in the experiments in A were analyzed by SDS-polyacrylamide
gel electrophoresis and Western blotting with an anti-p65 polyclonal
antibody. The position of the NF-kB p65 immunocomplex is indicated.

ably react with GSH, thereby becoming unavailable to react
with NF-kB. We therefore investigated whether helenalin-2bmono-glutathionyl adduct, the reaction product between helenalin and glutathione, is able to inhibit NF-kB activation.
This GSH adduct, like native helenalin, completely inhibited
NF-kB activation by TNF-a. The concentration required for
complete inhibition (20 mM, data not shown) was only slightly
higher than that of native helenalin. Thus, unlike DTT, glutathione does not inhibit helenalin reactivity. We propose that
the difference between the reaction of helenalin with GSH or
with DTT lies in the reversibility of the former but not the
latter.
We investigated whether 11a,13-dihydrohelenalin and
chamissonolid, which inhibited NF-kB binding activity to a
much lesser degree, also modify the active NF-kB heterodimer.
These two compounds differ from helenalin mainly because
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experiments. This is not the case. There are differences in
reaction time, temperature, and chemical conditions. Attempts
to adapt the in vivo conditions to the in vitro parameters were
not successful due to proteolysis of the cell extracts at 37 °C.
Therefore, we modified the experimental conditions in the in
vivo system. Cells were pretreated with TNF-a for 20 min (Fig.
2A, lane 2). Subsequently, helenalin was added at a 10 mM
concentration (Fig. 2A, lanes 4 –9). Cell extracts were prepared
after the indicated times and analyzed for NF-kB DNA binding
by EMSA. Addition of helenalin caused complete inhibition of
NF-kB DNA binding after 80 min (lane 7). This distinguishes
helenalin from other NF-kB inhibitors, which only prevent
transcription factor activation, but are unable to inhibit the
activated protein (23). In a Western blot using an anti-p65
polyclonal antibody, we show that this inhibitory effect is not
due to helenalin-induced degradation of NF-kB (Fig. 2B).
To prove that NF-kB inhibition is due to irreversible alkylation of free sulfhydryls on cysteine residues the experiment
shown in Fig. 2A was modified. An excess of the thiol DTT (5
mM) was added 20 min after TNF-a stimulation and 10 min
prior to helenalin addition (Fig. 3A, lanes 4, 6, and 8). If
sesquiterpene lactones modify NF-kB by alkylation, an excess
of DTT should prevent this reaction, since the sesquiterpene
lactones would react with the large quantities of free sulfhydryls in the DTT instead of reacting with NF-kB. Indeed,
addition of DTT completely suppressed the inhibitory effect of
the sesquiterpene lactone on NF-kB DNA binding activity (Fig.
3A, lanes 6 and 8). In contrast, addition of DTT 80 min after
helenalin treatment had no influence on the ability of helenalin
to inhibit NF-kB DNA binding (Fig. 3B, lanes 6 and 8). These
data are consistent with the hypothesis that helenalin irreversibly alkylates NF-kB, thereby inhibiting its DNA binding.
To support this hypothesis the following experiment was
carried out. Jurkat cells were left untreated or incubated with
10 mM helenalin for 1 h. The cell extracts were treated either
with the detergent desoxycholate alone or with desoxycholate/
DTT. In cell extracts from untreated cells, desoxycholate is able
to dissociate the IkBzNF-kB complex, releasing the active,
DNA-binding form of NF-kB (Fig. 4, lane 2). DTT does not effect
this reaction (Fig. 4, lane 3). In contrast, in cell extracts from
cells treated for 1 h with helenalin, desoxycholate is no longer
able to generate active NF-kB. The addition of DTT to cell
extracts has no effect on this reaction, suggesting that the
effect of helenalin is irreversible, even after addition of excess
DTT (Fig. 4, lane 6).
The question arises how helenalin can specifically modify
sulfhydryl groups on NF-kB in the presence of a high (mM)
concentration of glutathione (GSH) in the cytoplasm. Since
GSH contains free sulfhydryl groups, helenalin could conceiv-
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FIG. 3. The effects of helenalin on NF-kB DNA binding in the
presence of DTT. A, lane 1 shows unstimulated cells. In lane 2 cells
were treated with 200 units/ml TNF-a alone for 20 min, in lane 3 for 110
min. In lanes 4 – 8, cells were stimulated with TNF-a. After 20 min DTT
was added to a final concentration of 5 mM (lanes 4, 6, and 8). 10 min
after DTT addition, thus 30 min after TNF-a stimulation, helenalin was
added at the concentrations indicated (lanes 5– 8). After a total reaction
time of 20 (lane 2) or 110 min (lanes 1 and 3– 8) cell extracts were
prepared and analyzed for NF-kB activity by EMSA. B, lane 1 shows
unstimulated cells. In lane 2 cells were treated with 200 units/ml
TNF-a alone for 20 min, in lane 3 for 180 min. In lanes 4 – 8 cells were
stimulated with TNF-a. After 20 min helenalin was added at the concentrations indicated (lanes 5– 8). 80 min after helenalin addition, thus
100 min after TNF-a stimulation, DTT was added to a final concentration of 5 mM (lanes 4, 6, and 8). After a total reaction time of 20 (lane 2)
or 180 min (lanes 1 and 3– 8) cell extracts were prepared and analyzed
for NF-kB activity by EMSA. A filled arrowhead indicates the position
of the NF-kB DNA complex. The open circle denotes a nonspecific activity
binding to the probe. The open arrowhead shows unbound oligonucleotide.

FIG. 5. The effect of helenalin on DNA binding by p65. 293 cells
were transiently transfected with 6 mg of a p65 expressions vector
(lanes 2– 6). Twenty-four hours after transfection, cells were treated
with various concentrations of helenalin, as indicated, for 1 h. Lanes
8 –12 show 293 cells treated for 1 h with the indicated amounts of
helenalin and subsequently stimulated for 1 h with 200 units/ml
TNF-a. Lanes 1 and 7 show untreated control cells. Total cell extracts
were prepared and analyzed for NF-kB DNA binding by EMSA. A filled
arrowhead indicates the position of NF-kB p50/p65 heterodimer DNA
complex in TNF-a-treated cells. The p65 homodimer DNA complex
migrates slightly slower in the gel. The open circle denotes a nonspecific
activity binding to the probe and the open arrowhead shows unbound
oligonucleotide.

they are only monofunctional alkylants. The exocyclic methylene group present in helenalin is saturated in 11a,13-dihydrohelenalin. In contrast, chamissonolid still possesses the exocyclic methylene group, but lacks the cyclopentenone structure.
While helenalin exists in a rapidly exchanging equilibrium of
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FIG. 4. The effect of helenalin and DTT on NF-kB DNA binding
following desoxycholate (DOC) activation. Jurkat T-cells were left
untreated (lanes 1–3) or treated for 1 h with 10 mM helenalin. In lanes
2, 3, 5, and 6 the detergent desoxycholate (0.4%) was added to the cell
extracts. In lanes 3 and 6, 5 mM DTT was added simultaneously. After
10 min the extracts were analyzed by EMSA. A filled arrowhead indicates the position of the NF-kB DNA complex. The open circle denotes
a nonspecific activity binding to the probe. The open arrowhead shows
unbound oligonucleotide.
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FIG. 6. IkB degradation and NF-kB nuclear translocation are not inhibited by helenalin. Confocal scanning microscopy images of
untreated Jurkat T cells (A) or cells that were stimulated with 200 units/ml TNF-a for 1 h (B). Cells were pretreated with either 10 mM helenalin
(C) or with 50 mM of the proteasome inhibitor MG132 (D) for 1 h before stimulation with TNF-a. Cells shown in E were pretreated with both
helenalin and MG132 for 1 h and subsequently stimulated with TNF-a. Fixed samples were stained for filamentous actin with fluorescein
isothiocyanate labeled phalloidin (blue label), for cell nuclei with TOTO-3 (red label) and for activated p65-NF-kB molecules using a mouse
monoclonal anti-p65 NF-kB antibody, biotin-conjugated goat anti-mouse IgG antibody and Cy3-labeled ExtrAvidin (green label, appears yellow
when colocalizing with red cell nuclei).

two different twist-chair conformations (TC 7 and TC 10),
11a,13-dihydrohelenalin preferably adopts only one of these
(TC 7); in contrast, chamissonolid adopts a twist-boat conformation (24, 25). The latter two compounds also directly interfere with NF-kB DNA binding, but only at 200 mM concentrations (data not shown). At this concentration both

sesquiterpene lactones also prevent the release of active NF-kB
by desoxycholate treatment (data not shown).
Helenalin Impairs NF-kB p65 DNA Binding in Vivo—We
have previously shown that the p50 DNA-binding subunit of
NF-kB is not modified by helenalin (9). Therefore, we investigated helenalin’s effect on the subunit p65. 293 cells were

Sesquiterpene Lactone Inhibits NF-kB by Targeting p65
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FIG. 6— continued

transfected with an expression vector for the p65 subunit of
NF-kB. p65 constitutively binds DNA as a homodimer (26).
Transfected cells expressing p65 NF-kB were treated with increasing concentrations of helenalin for 1 h after which cell
extracts were analyzed by EMSA (Fig. 5, lanes 3– 6). In addition, untransfected 293 cells were preincubated with the same
concentrations of helenalin and subsequently stimulated with
200 units/ml TNF-a for 1 h (Fig. 5, lanes 9 –12). 20 mM helenalin
completely impaired both p65 DNA binding as well as TNF-a
stimulated NF-kB activity.
Helenalin Does Not Prevent Translocation of Activated

NF-kB into the Nucleus—We have previously shown that extracts of cells treated with helenalin exhibit no NF-kB binding
activity in the EMSA. Nonetheless, IkB appears to be degraded
in these cells, as measured by a loss of IkB-a immunoreactivity
in the Western blot. Interestingly, in helenalin-treated cells
this decrease occurred with a delay compared to untreated cells
(9). At that time we suggested that this effect might be explained by two models: either, helenalin modifies the IkB-a
protein so that it is no longer recognized by the anti-IkB-a
antibody or, alternatively, IkB-a is degraded in helenalintreated cells without concurrent NF-kB activation. In contrast
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to our observation Hehner and colleagues (15) reported that the
germacranolide parthenolide inhibits NF-kB activation by preventing IkB degradation. Therefore we used immunocytochemistry to investigate whether NF-kB translocates to the nucleus
in helenalin-treated cells.
Jurkat cells were stimulated with 200 units/ml TNF-a, in
addition, two samples were pretreated with either 10 mM helenalin or 50 mM of the proteasome inhibitor MG132 for 1 h
before stimulation with TNF. A fourth sample was pretreated
with both helenalin and MG132 and subsequently stimulated
with TNF. Cells were air-dried onto slides and stained with
three agents: 1) fluorescein isothiocyanate-labeled phalloidin,
which reacts with f-actin thereby depicting the cytoskeleton; 2)
TOTO-3, which stains the cell nuclei; 3) anti-NF-kB p65 NLSmonoclonal antibody, which stains only activated NF-kB p65
molecules, since the antibody reacts with the nuclear localization signal, an epitope, which is masked by IkB when NF-kB is
present in the inactive form. Proteolysis of IkB unmasks the
epitope, so that the antibody selectively binds activated NF-kB.
Unstimulated Jurkat cells show no NF-kB p65 staining (Fig.
6A), consistent with the lack of NF-kB DNA binding activity in
these cells (see Fig. 2A, lane 1). Following TNF stimulation,
NF-kB reactivity is seen in almost every cell (Fig. 6B). In
contrast, MG132 pretreated cells show no NF-kB immunoreactivity (Fig. 6D). Pretreatment with the proteasome inhibitor
MG132 prevents IkB degradation, since IkB is degraded by the
proteasome. Therefore, the anti-NF-kB antibody cannot react
with NF-kB in these cells. Cells pretreated with helenalin show
a very strong NF-kB immunoreactivity (Fig. 6C), indicating
that helenalin treatment does not prevent IkB release from
NF-kB. In addition, NF-kB staining is nuclear in these cells,
showing that the transcription factor has translocated to the
nucleus. Cells pretreated with both MG132 and helenalin show
no NF-kB staining (Fig. 6E), suggesting that even in the presence of helenalin, MG132 prevents IkB degradation.
In Sesquiterpene Lactone Skeletons of the Pseudoguaianolide
Type Two Reactive Centers Are Essential for Strong NF-kB
Inhibition—We wished to characterize the individual proper-

ties of sesquiterpene lactones, which contribute to their inhibitory activity. In flowers of Arnica, helenalin mainly occurs in
form of its ester derivatives. These esters differ in their lipophilicity and hence their ability to penetrate into cells. To investigate the influence of lipophilicity on NF-kB inhibition, helenalin isobutyrate was studied. This sesquiterpene lactone,
which is more lipophilic than helenalin, inhibited NF-kB DNA
binding at a 20 mM concentration (see Fig. 7A, lane 14), a
similar concentration to that required of helenalin (9). To gain
further insights about the role which the exocyclic methylene
group and the configuration of the g-lactone may play, Mexicanin I and 2,3-dihydroaromaticin were studied (structures see
Fig. 1). In contrast to helenalin and helenalin isobutyrate, both
possess a trans-configurated lactone ring and adopt a conformation approximate to a TC 6 twist-chair (TC 6) (27).2 20 mM
Mexicanin I also completely inhibited NF-kB DNA binding (see
Fig. 7A, lane 6). Therefore the influence of the conformation
may be neglected. 2,3-Dihydroaromaticin, with the a-methylene-g-lactone as the only reactive center, prevented NF-kB
binding at a 50 mM concentration (see Fig. 7B, lane 3). This
concentration is higher than that required of either helenalin
or its ester, again suggesting the importance of two reactive
centers for a strong inhibitory activity. Current studies are
under way to determine whether additional structural features
influence the inhibitory activity of sesquiterpene lactones.
DISCUSSION

Sesquiterpene lactones represent an active principle of many
drugs used in traditional medicine as anti-inflammatory remedies. Flowerheads from A. montana and A. chamissonis ssp.
foliosa are prominent examples (1). Their extracts are used to
treat hematomas, contusions, sprains, rheumatic diseases, and
superficial inflammations of the skin (see for Ref. 1). The antiinflammatory effect of this remedy is mediated by esters of
helenalin, 11a,13-dihydrohelenalin and chamissonolid. In several studies it was shown that these compounds interfere with
2

T. J. Schmidt, unpublished results.
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cellular processes including oxidative phosphorylation, platelet
aggregation, histamine and serotonin release (3, 4). However,
the molecular mechanism by which sesquiterpene lactones exert their anti-inflammatory effect could not be sufficiently explained. Recently we have shown that helenalin selectively
inhibits DNA binding activity of the transcription factor NFkB, and prevents the induction of kB-dependent gene expression (9). Since various inflammatory processes are directly
dependent on NF-kB activity, we suggested that this is the
molecular mechanism by which helenalin exerts its anti-inflammatory effect. However, at that time we were not able to
explain in detail the mechanism by which helenalin inhibits
NF-kB activity. Two experiments pointed to possible models.
First, in helenalin-treated cells, the anti-IkB-a immunoreactivity decreases after ocadaic acid stimulation, even though no

active NF-kB can be detected. Second, the detergent desoxycholate, which can release active NF-kB from IkB in untreated
cell extracts, is no longer able to do so in helenalin-treated cells.
These observations lead us to formulate two hypotheses. Either, helenalin may modify the NF-kBzIkB-a complex so that it
cannot be dissociated by desoxycholate and IkB is no longer
recognized by the anti-IkB-a antibody. Alternatively, IkB is
degraded in helenalin-treated cells releasing NF-kB, but the
transcription factor is modified so that it no longer binds DNA.
Here we show that the helenalin-mediated inhibition of
NF-kB is due to alkylation of the active transcription factor.
Interestingly, our data indicate that helenalin targets the cysteine sulfhydryl groups in the p65 subunit. Another alkylating
agent shown to directly modify NF-kB, N-ethylmaleimide, reacts with cysteine 62 in the p50 subunit (28). p65 alkylation
prevents DNA binding of active NF-kB. This model is supported by the recent elucidation of the x-ray structure of the
p65 homodimer, which shows that cysteine 38 is located within
the DNA-binding domain and another cysteine, cysteine 120, is
found in a proximal loop (22). It is possible that helenalin
modifies either one or both of these residues. In addition, a
single helenalin molecule may cross-link these two cysteines.
In a computer based study, we are currently investigating
possible alkylation sites in the p65 subunit.
We substantiate the observation that helenalin does not
prevent IkB degradation. Using immunocytochemistry, we
show that in helenalin-treated cells NF-kB is translocated to
the nucleus, which can only occur after IkB-a degradation.
Therefore, the recent report that the sesquiterpene lactone
parthenolide prevents the induced degradation of IkB-a and
IkB-b should be reinvestigated (15). Parthenolide possesses a
germacranolide skeleton with two potentially reactive centers
in the form of an exocyclic methylene group and an epoxide
ring. Since we have shown here that sesquiterpene lactones
with two reactive centers interfere directly with NF-kB DNA
binding, the statement that parthenolide does not do so may
also require revision. These discrepancies between the results
of Hehner et al. (15) and our observations may be due to the
different experimental conditions. We had also previously reported that helenalin does not interfere with NF-kB DNA binding (9). However, we realized that the conditions used in this in
vitro experiment are not comparable to the conditions under
which helenalin reacts in intact cells. Specifically, the reaction
time allowed in vitro was shorter (20 min versus 1 h in vivo) and
the temperature lower (room temperature versus 37 °C). Our
attempts to adapt the in vitro conditions to those present in
vivo were not successful. The higher temperature and longer
incubation time led to degradation of the protein extracts.
Therefore, we designed new experiments (Figs. 3 and 4) to
investigate whether sesquiterpene lactones directly modify NFkB. Using this approach, we were able to show that the direct
inhibitory effect on NF-kB binding is not restricted to sesquiterpene lactones of the pseudoguaianolide type but is observed
also with the germacranolides diversifolin, tirotundin, and diversifolin methylether (29).
We have investigated the effects of lipophilicity and molecular geometry on NF-kB inhibition. Our results suggest that
neither property influences sesquiterpene lactone activity. Helenalin isobutyrate is more lipophilic than helenalin, but both
compounds have nearly the same inhibitory activity. In contrast to helenalin and helenalin isobutyrate, Mexicanin I possesses a trans-configurated lactone ring. We could show that
Mexicanin I has the same inhibitory activity as the two cisconfigurated lactones. Thus, lipophilicity and molecular geometry appear to be of marginal importance among these bifunctional alkylants. In contrast, the monofunctional 2,3-
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FIG. 7. The effect of Mexicanin I, 2,3-dihydroaromaticin, and
helenalinisobutyrate on NF-kB DNA binding. Jurkat cells were
treated for 1 h with one of the sesquiterpene lactones at the concentrations indicated and subsequently stimulated with 200 units/ml TNF-a
for 1 h. Lane 1 shows unstimulated control cells and in lane 2, cells were
treated with TNF-a alone. Cell extracts were analyzed for NF-kB DNA
binding activity by EMSA. A filled arrowhead indicates the position of
NF-kB DNA complexes. The open circle denotes a nonspecific activity
binding to the probe and the open arrowhead shows unbound
oligonucleotide.
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33516
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dihydroaromaticin is significantly less effective at inhibiting
NF-kB (50 mM versus 20 mM in Mexicanin I). Therefore, the most
important structural element is the occurrence of two reactive
centers, one as an exocyclic methylene group and the other as
an a,b-unsaturated cyclopentenone ring. However, the small
number of compounds used do not allow us to draw final conclusions. We are currently investigating additional sesquiterpene lactones in order to define the structural requirements for
NF-kB inhibition in more detail.
Taken together, we have shown that sesquiterpene lactones
inhibit the NF-kB signaling cascade by directly targeting the
active heterodimer. By selectively modifying the p65 subunit
they use a unique mechanism of NF-kB inactivation, which is
quite different from that of other anti-inflammatory agents
(30). Based on our results, sesquiterpene lactones could serve
as lead compounds for the development of novel, potent antiinflammatory drugs for the treatment of inflammatory disorders such as rheumatoid arthritis or inflammatory bowel diseases. These drugs could also be important in the treatment or
prevention of adult respiratory distress syndrome or systemic
immune response syndrome.
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