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Cystic fibrosis (CF) is characterized by prolonged and excessive
inflammatory responses in the lung and increased activation
of NF-kB. Parthenolide is a sesquiterpene lactone derived from
the plant feverfew, which has been used in folk medicine for anti-
inflammatory activity. Several studies suggest that this compound
inhibits the NF-kB pathway, but the exact site is controversial. We
hypothesized that parthenolide might ameliorate the excessive in-
flammatory response in CF models by inhibiting activation of NF-kB.
This was tested in vitro, using two pairs of cell lines with defective
versus normal CF transmembrane conductance regulator (CFTR)
(antisense/sense transfected 16 HBE and 1B-3/59), and in vivo, using
CFTR-knockout (KO) mice. All cell lines were pretreated with par-
thenolide and then stimulated with IL-18 and/or TNF. Parthenolide
significantly inhibited IL-8 secretion induced by these cytokines
and prevented NF-kB activation, IkBa degradation, and IkB Kinase
complex activity. CFTR-KO and wild-type mice were pretreated with
parthenolide or vehicle alone then challenged intratracheally with
LPS. Bronchoalveolar lavage was performed 3, 6, and 8 h later.
Parthenolide pretreatment inhibited PMN influx as well as cytokine
and chemokine production. This was also associated with inhibition
of IkBa degradation and NF-kB activation. We thus conclude that
parthenolide inhibits IkB kinase, resulting in stabilization of cyto-
plasmic IkBa, which in turn leads to inhibition of NF-kB transloca-
tion and attenuation of subsequent inflammatory responses. IkB
kinase may be a good target, and parthenolide and/or feverfew
might be promising treatments for the excessive inflammation
in CF.

Keywords: cystic fibrosis; 1B kinase; lung; NF-kB; parthenolide

Most of the morbidity and almost all the mortality in cystic
fibrosis (CF) is due to a destructive inflammatory response to
chronic infection in the lung, which is characterized by large
numbers of polymorphonuclear leukocytes (PMNs) and their
products (1, 2). Most studies in humans, knockout (KO) mice,
and CF phenotype cell lines suggest that dysregulated production
of proinflammatory cytokines such as TNF-«, IL-1B, IL-6, and
the potent chemoattractant IL-8, are important in pathophysiol-
ogy of the excessive inflammation in the CF lung (3-7). These
cytokines are all dependent on the transcription factor NF-kB
for maximal secretion. NF-kB is activated when its inhibitor,
1kB, is phosphorylated by IkB Kinase (IKK), then ubiquitinated
and degraded (8). The free NF-kB translocates to the nucleus,
binds to promoters of NF-kB—dependent genes, and facilitates
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CLINICAL RELEVANCE

Natural compounds such as parthenolide, which is a sesqui-
terpene lactone, have powerful anti-inflammatory proper-
ties, and might be used safely to inhibit the inflammatory
processes that lead to lung destruction and death in patients
with cystic fibrosis.

their transcription. NF-kB may thus be an important target for
new anti-inflammatory approaches for treating CF lung disease.

Sesquiterpene lactones (SLs) are active constituents of medic-
inal plants from the Asteraceae family which have been used
for centuries as folk remedies for migraine, inflammation, and
arthritis (9). Parthenolide, one of the major SLs found in the
medicinal plant, feverfew (Tanacetum parthenium), is responsi-
ble for many of its anti-inflammatory effects (9-11). The specific
mechanisms by which feverfew and/or parthenolide may inhibit
proinflammatory signaling pathways in vivo have not been com-
pletely defined. In vitro studies suggest that parthenolide can
inhibit IKK (12-14) and can also directly inactivate NF-kB (15),
but there is controversy as to whether either or both of these
mechanisms are important in vivo (16-18). Both of these actions,
independently or together, could contribute to net inhibition of
NF-kB-dependent proinflammatory gene expression in the CF
lung. Thus, we hypothesized that parthenolide would ameliorate
the excessive inflammation in the CF lung and that it might be
useful for treatment of CF.

We tested our hypothesis first with in vitro models. We used
a human bronchial epithelial cell line (16 HBE) stably trans-
fected with antisense oligonucleotides (AS), which inhibit ex-
pression of CFTR (4); and as a control, 16 HBE cells transfected
with sense oligonucleotides. We also used the IB3 cell line, from
a patient with CF, and the paired cell line S9, in which the CF
defect has been corrected by transfection with full-length CFTR.
Both CF-phenotype cell lines, AS and IB3, produced signifi-
cantly more IL-8 in response to cytokine stimulation than the
control cell lines. Pretreatment with parthenolide significantly
inhibited cytokine-induced IL-8 production in all cell lines. The
inhibition of IL-8 production was associated with inhibition of
IKK activity, preservation of IkB, and inhibition of NF-«B trans-
location. We also examined our hypothesis in vivo using CF
transmembrane conductance regulator (CFTR)-KO mice and
control heterozygote +/— mice. These results also showed that
parthenolide inhibited both IkB degradation and NF-«B activa-
tion induced by LPS in vivo, and reduced cytokine production
and PMN influx into the lung. Parthenolide and/or feverfew may
have beneficial therapeutic effects in CF.
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MATERIALS AND METHODS
Cell Culture

We used two different sets of cell lines with CF defects and their
corresponding controls. The first was the 16 HBE human bronchial
epithelial cell line stably transfected with an AS oligonucleotide that
inhibits expression of CFTR (4), and a sister cell line transfected with
CFTR sense oligonucleotide (S) as its control. These were kindly pro-
vided by Dr. Pamela Davis (Case Western Reserve University, Cleve-
land, OH). The second pair of cell lines were IB3 cells from a patient
with CF, and the control cell line, S9 cells, which have been rescued
by transfection with full-length functional CFTR (19). These were pur-
chased from ATCC (Manassas, VA). Cells were maintained in a 5%
CO, incubator at 37°C using modified Eagle’s medium (Mediatech, Inc.,
Herndon, VA) for AS and S cell lines and LUC-8 media (Biosource,
Camarillo, CA) for IB3 and S9 cell lines. All media contained penicillin/
streptomycin and 10% fetal bovine serum.

Experimental Conditions

All cell lines were plated at a density of 1 X 10° cells/well on vitrogen-
coated 24-well plates. Twenty-four hours after plating, the cells were
switched to serum-free medium for 18 h. IL-8 production was induced
by treating AS and S cell lines with TNF and IL-1B3 (Sigma, St. Louis,
MO) used at concentrations of 100 ng/ml each, and IB3 and S9 with
TNF at 30 ng/ml (4, 20). The viability of all cell lines was assayed by
trypan blue exclusion. Cytotoxicity was determined by incubating the
cells with 0.4% trypan blue (Sigma) and assessing the percentage of
stained cells within each well.

Cell lines were pretreated with parthenolide (Sigma) for 1 h at the
indicated concentration before treatment with TNF/IL-18 or TNF alone
(AS/S and IB3/S9, respectively). After preliminary dose-response ex-
periments, parthenolide was subsequently used at 40 uM and 15 pM
in AS/S and IB3/S9 cell line pairs, respectively. Parthenolide was dis-
solved in dimethyl sulfoxide (DMSO), such that the final maximum
concentration of DMSO in the media was 0.04%. Equivalent final
concentrations of DMSO were added to controls. Cells were pretreated
with parthenolide or vehicle alone for 1 h and then stimulated with the
mixture of TNF/IL-18 or TNF alone for 15, 30, 180, and 360 min.
Unstimulated controls were run in each experiment. At the end of each
experiment, media were harvested and assayed for IL-8 with enzyme-
linked immunosorbent assay (ELISA) kits from R&D Systems (Minne-
apolis, MN). After removal of media, the epithelial cell monolayers
were washed with ice-cold PBS, and cells were harvested by scraping
and pelleted at 600 X g for 5 min at 4°C, then lysed with RIPA buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 0.5 mM PMSF) containing
protease inhibitors cocktail (Sigma). Protein concentrations were deter-
mined using the Bradford method (Bio-Rad Laboratories, Hercules,
CA) and data for IL-8 production were expressed as pg/mg cellular
protein. Cytosolic and nuclear proteins were extracted according to
manufacturer’s instructions (BioVision Research Products, Mountain
View, CA). Extracts were then used for analysis of IkB, protein kinases,
and NF-«B.

In Vivo Experimental Model

Mice. We used 7- to 10-wk old male “gut-corrected” CFTR-KO mice.
These are stock Cftr™V-TgN(FABPCFTR)#Jaw mice bearing the
S489X mutation in cftr and also a transgene for full-length human
CFTR driven by the fatty acid-binding promoter (FABP), which re-
stores CFTR function in the intestinal tract. These mice are much
heartier than non-gut-corrected mice, do not require liquid diet, and
breed much more productively. We have previously found that these
mice have the same excessive inflammatory response to Pseudomonas
aeruginosa, when compared with wild-type (WT) mice, as do cftr—/—
mice without the added transgene (6). All mice were maintained in
sterile micro-isolator cages with sterile water.

Experimental model. Two groups each of CFTR-KO (n = 59) and
heterozygous —/+ (n = 12) mice were pretreated with parthenolide at
3 pg/g body weight or with DMSO (vehicle of parthenolide) in 200 pl
saline intraperitoneally 1 h before LPS challenge. Then all mice were
anesthetized with avertin and their tracheas were intubated with plastic
catheters, through which they were challenged with 25 ng LPS (Esche-

richia coli serotype 0111:B4 from Sigma) in 50 wl PBS exactly as de-
scribed previously (5). We have previously found that this dose of LPS
induces a robust inflammatory response but does not cause systemic
shock or early mortality. In addition, 14 unchallenged controls under-
went bronchoalveolar lavage (BAL) for baseline cell count and cytokine
concentrations.

Mice were killed 1, 3, or 8 h after intratracheal LPS challenge. Mice
were randomized in advance as to the hour of killing. At the designated
time, mice were anesthetized with avertin, BAL was performed (21,
22), then mice were exsanguinated, and lungs were perfused with ice-
cold saline and removed. Lung homogenates for Western blots for IkBa
and nuclear extracts for NF-kB were prepared as described (5, 6, 23).

BAL Fluid Analysis

Bronchoalveolar lavage was performed as previously described (5, 6,
21,22). Briefly, a 22-gauge bead-tip needle was inserted into the trachea
and ligated to prevent leakage, then six 0.5-ml aliquots of ice-cold PBS
were instilled into the trachea. Each aliquot was allowed to dwell for
3 s, then gently aspirated and pooled. Total and differential cell counts
were performed on 250-pl samples as previously described (21). The
remainder was centrifuged at 1,000 X g for 10 min at 4°C, then PMSF
and EDTA were added to the supernatants, which were aliquoted and
stored at —70°C until analyzed for TNF-a, MIP2, and KC/N51 (KC)
using commercial ELISA kits (R&D Systems, Minneapolis, MN).

Electrophoretic Mobility Shift Assay

Aliquots of nuclear extract from cell lines or lung homogenates (5 or
8 pg) were mixed in binding buffer (10 mM Tris-HCL, pH 7.5, 1 mM
MgCl,, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 4% glycerol,
0.5 ng poly [dI-dC]) at room temperature for 10 min, then incubated
with *P-radiolabeled NF-«kB consensus oligonucleotide, 5'—=AGTT
GAGGGGACTTTCCCAGGC-3' (Promega, Madison, WI) for an ad-
ditional 20 min. Protein binding of the oligonucleotide was analyzed
by 4% nondenatured PAGE and autoradiography.

Immunoblotting for Phospho- and Total IkBa

Aliquots of cytosolic protein or tissue extracts (15 pg protein) were
separated by 10% SDS-polyacrylamide gels electrophoresis and trans-
ferred onto nitrocellulose membranes. The Western blots were probed
using rabbit polyclonal antibodies specific for phosphorylated, total
IkBa and IkB@, and immunoreactive proteins were visualized by en-
hanced chemiluminescence (5, 6). Blots were also probed with mono-
clonal anti—B-actin to correct for protein loading.

Immunoprecipitation and IkB Kinase Assay

Cell lysates were prepared using PhosphoSafe (Novagen, Madison,
WI) containing protease and phosphatase inhibitors. Monoclonal IxKa
antibody (Pharmingen, San Diego, CA) was used to immunoprecipitate
IKK complexes from 250 wg of cell extracts as described previously
for use in immunoprecipitation kinase assays (24). Kinase activity was
assayed in 10 mM Hepes pH 7.6, 5 mM MgCl,, 50 mM NaCl, 20 mM
b-glycerophosphate, 5 mM p-nitrophenyl phosphate, 0.1 mM Vanadate,
2 mM DTT, 30 pM “cold” ATP, and protease inhibitors (leupeptin,
aprotenin, pepstatin), with 5 nCi y[*P]ATP at 30°C for 30 min. Kinase
activity was determined using GST-IkBa (1-54) WT as substrate, and
kinase specificity was established with mutant GST-IkBa (1-54-AA)
in which serines 32 and 36 were substituted with alanines (AA). Fold
induction of IKK activity was determined after phosphorimaging of
the dried SDS-PAGE-fractionated GST-IkB protein-containing gels.

Statistical Analysis

Two-factor ANOVAs were used with mouse groups and times for
percent PMNs, total BAL cell counts, and bacteria clearance. For cyto-
kine data, 0 was assigned to values below the limit of detection of the
ELISA assays. Data are expressed as mean = SEM.

RESULTS
CF Cell Lines Over-Produce IL-8 in Response to
Proinflammatory Cytokine Stimulation

We first measured the kinetics of IL-8 secretion at 3, 6, 24,
and 48 h after incubation with TNF/IL-18 (100 ng/ml each) in
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AS- and S-transfected 16 HBE cells. Stimulated AS cell lines
produced very high concentrations of IL-8 (Figure 1A, solid
bars), while in similarly stimulated S cells (Figure 1A, open bars)
the increase was more modest. Similarly, IB3 cells (Figure 1B,
solid bars) also increased IL-8 production much more than S9
cells (Figure 1B, open bars) in response to TNF (30 ng/ml) alone.
Moreover, in agreement with Kube and coworkers (4), these
results showed that the differences between CF cell lines and
their controls widened over time, consistent with continued ex-
cessive NF-kB activation of gene transcription. Thus, these CF
cell lines present an ideal in vitro model to test the effects and
doses of putative inhibitors of NF-kB—dependent proinflamma-
tory gene expression.

Parthenolide Inhibits TNF/IL-1B- or TNF-Induced Production
of IL-8

We next determined the effects of parthenolide pretreatment
on TNF/IL-1B-mediated production of IL-8 by the AS/S cell
pair and TNF-mediated IL-8 production by the IB-3/S9 cell pair.
By trypan blue exclusion, we observed that more than 95% of
AS/S cells were viable after 48 h of treatment with a range of
parthenolide concentrations: from 5-40 puM. However, concen-
trations of parthenolide exceeding 20 pM resulted in cytotoxic
effects on IB3/S9 cells. Thus, in IB3/S9 experiments, partheno-
lide was used at 15 M, which had no toxic effect, and cells had
a viability exceeding 95% after 24 h incubation. In all cases,
control incubations contained the same final concentration of
DMSO as in incubations containing parthenolide.
Pretreatment of the AS and S cells with parthenolide at
40 uM caused marked inhibition of the IL-8 production (Figure
1C, shaded and hatched bars). In both AS and S cells, IL-8
production at 3 h after stimulation was inhibited by 75-85%.
Even though the IL-8 production by the AS cells was 10 times
greater than that of the S controls at 6 h, this was still inhibited
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by 48% by parthenolide (Figure 1C). Similarly, in IB3 and S9
cells, pretreatment with parthenolide (15 pM) significantly inhib-
ited TNF-mediated IL-8 production by 55% and 44% by 3 h,
and 27% and 11% at 6 h, respectively (Figure 1D). Additional
application of parthenolide, 1 h after stimulation, had further
inhibitory effects, reducing the IL-8 production at 6 h after stimu-
lation to less than 25% of that of untreated cells (data not shown).
However, delaying the second application of parthenolide until
5 h after stimulation resulted in a diminished inhibitory effect,
consistent with the suggestion that parthenolide acts at an early
stage in the signaling that induces IL-8 production, rather than
inhibiting synthesis or export of the protein per se. A similar
pattern of inhibition was seen in the control S cell line.

Parthenolide Inhibits TNF/IL-1B-Induced Nuclear
Translocation of NF-kB in Intact Cells

To study the mechanisms of the inhibitory effects of parthenolide
on TNF/IL-1B-mediated production of IL-8, we first determined
whether parthenolide could suppress TNF/IL-1B-induced
NF-kB activation and translocation to the nucleus. To do so,
AS cell lines were pretreated with 40 wM of parthenolide for 1 h,
then stimulated with TNF/IL-1 for the indicated times. Nuclear
extracts were prepared from the cells and DNA-binding activity
of NF-kB was measured by EMSA (5, 6, 23). Unstimulated control
cells did not have detectable active nuclear NF-kB (Figure 2A,
lane I = 0 time). However, incubation with TNF/IL-1p markedly
increased nuclear translocation of NF-kB, which was easily ob-
served at 15 min (Figure 2A, lane 2) and reached a maximum
at 30 min (Figure 2A, lane 4), then decreased by 180 min (Figure
2A, lane 6). Pretreatment with parthenolide decreased nuclear
NF-«kB at all time points (Figure 2A, lanes 3,5, and 7). These data
suggest that the decreased activation of NF-kB is responsible for
the inhibition of IL-8 secretion.

Figure 1. (A) IL-8 production by CFTR AS (solid bars)- and
S (open bars)-transfected 16 HBE cells upon stimulation with
TNF/IL-1B and (B) by IB3 (solid bars) and S9 (open bars) upon
stimulation with TNF. Results are expressed as pg IL-8 secreted/
mg cellular protein. AS cells produced significantly more IL-8
compared with S cells (P = 0.003 at 6 h, P = 0.0005 at 24 h,
and P = 0.0001 at 48 h). IB3 cells produced significantly more
IL-8 as compared with S9 cells (P = 0.01 at 6 h, P = 0.005
at24h, and P=0.001 at 48 h). (C) Parthenolide pretreatment,
40 pM, 1 h before TNF/IL1B in AS/S cells and (D) 15 pM,
1 h before TNF in IB3/S9. Results are from two to three com-
bined experiments. Values represent the mean = SEM. (C) In
AS cells, parthenolide treatment (shaded bars) inhibited IL-8
secretion as compared with nontreated cells (solid bars) (P =
0.02 at 3 h), and in S cells parthenolide treatment (hatched
bars) also inhibited IL-8 as compared with nontreated cells
(open bars) (P=0.03 at 6 h). Similarly, in IB3 cells (D) partheno-
lide treatment (shaded bars) inhibited IL-8 secretion as com-
pared with nontreated cells (solid bars) (P = 0.02 at 3 h), and
in S9 cells parthenolide treatment (hatched bars) also inhibited
IL-8 as compared with nontreated cells (open bars) (P = 0.04
at 3 h).
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Figure 2. AS cells were pretreated with 40 WM parthenolide or vehicle
for 1 h and stimulated with TNF/IL-1B for the indicated time (shown
as numbers at top of A, C, and D). Subsequently, nuclear and cytosolic or
total cell protein extracts were prepared and then analyzed for different
parameters. Cells not stimulated with TNF/IL-18 are shown as O time.
(A) AS cells stimulated with TNF/IL-1B demonstrated strong activation
of NF-kB at 15 and 30 min, which is inhibited with parthenolide. (B)
In vitro effects of parthenolide on NF-kB DNA binding. AS cells were
stimulated with TNF/IL-18 for 30 min, then cell nuclear extracts were
incubated in vitro with the indicated concentrations of parthenolide or
vehicle for 1 h before the EMSA with 32P-labeled NF-«B consensus bind-
ing oligonucleutide. Results showed that neither parthenolide nor
DMSO altered the ability of the activated NF-kB to bind to the oligonu-
cleotide in vitro. (C) Cytosol extract from same experiment as in A.
Stimulation with TNF/IL-18 demonstrated complete degradation of
cytosolic IkBa, and parthenolide prevented its degradation (top row);
however, 1kBf did not change with TNF/IL-1B8 nor with parthenolide
treatment (middle row). The bottom row shows B-actin to assure equal
protein loading. (D) Total IkBa (top row) and p-lkBa (middle row); the
lanes are similar to those in C. (E) IKK assay. Extracts from cells pretreated
with/or without parthenolide for 1 h before stimulation with TNF/IL-
1B for 30 min were subject to immunoprecipitation with antibody
against IkKa, then kinase activity was assayed with y*?P-ATP assay using
GST-lkBa as substrate. An autoradiogram of an SDS gel from a typical
experiment is shown. There was no detectable activity in unstimulated
cells (lane 7). TNF/IL-1B strongly activated IKK (lane 2), and parthenolide
dramatically inhibits its activation (lane 3).

Effects of Parthenolide on DNA Binding of Active NF-kB in
Cell Extracts

Two major mechanisms of action of parthenolide have been
suggested: inhibition of activation of IkB, secondarily inhibiting
the activation and release of NF-kB from the cytoplasmic IkB
complex; and direct binding to NF-kB, preventing its interaction
with DNA. To understand which of these might be more impor-
tant in decreasing production of cytokines from CF cells, we
further investigated the level at which parthenolide acts. AS
cells were stimulated as above, in the absence of parthenolide,
then various concentrations of parthenolide (10, 20, or 40 uM)
or DMSO alone were added directly to nuclear extracts and
incubated at room temperature for 1 h. ¥P-oligonucloeotide
probe was then added, and the samples were run out on nondena-
tured PAGE gels. Results of autoradiograms showed that neither
parthenolide nor DMSO altered the ability of the activated
NF-kB to bind to the DNA oligonucleotide in vitro (Figure 2B).
This strongly suggests that parthenolide acts at a proximal step,
preventing the activation of NF-kB, rather than by preventing
the nuclear translocation or DNA binding capabilities of acti-
vated NF-«B.

Parthenolide Inhibits TNF/IL-1B-Induced Degradation of
IkBa

Since degradation of IkB proteins is an essential step for NF-xB
activation by diverse stimuli, we examined the effect of partheno-
lide on the phosphorylation and degradation of IkBa protein
induced by TNF and IL-1B. AS cells were pretreated with 40 uM
of parthenolide for 1 h, and subsequently stimulated with TNF/
IL-1B for the indicated times. The gels shown in Figure 2C are
from the same experiment as in Figure 2A, and use cytosol from
cells whose nuclei had been separated to use for assays of NF-«B.
The results in the top row of Figure 2C show that IkBa was
readily detectable in unstimulated AS cells (lane 1, 0 time), but
that it was consumed, and undetectable within 15 min after
stimulation with TNF/IL-1B in cells not treated with partheno-
lide (Figure 2C, top row, lanes 2 versus 1). The IkBa had not
been replaced by 30 min (lane 4). In contrast, in parthenolide-
treated cells, there was marked inhibition of IkBa degradation,
with preservation of this protein at 15 and 30 min (Figure 2C,
top row, lanes 3 and 5). At 180 min, there is a large increase in
the IkBa protein in cells stimulated in the absence of partheno-
lide (lane 6), but there is much less IkBa in the presence of
parthenolide (lane 7). These observations suggest that in the
absence of parthenolide, new synthesis of IkBa has been induced
by active NF-«kB and that this protein is rapidly phosphorylated
by persistently active Ik-Kinase (below). This was not observed
in the presence of parthenolide, since there was much less active
NF-kB (and presumably much less newly synthesized IkBa) in
those cells. Since IL-8 production was not completely inhibited
by parthenolide, the latter results are consistent with some activ-
ity of IKK causing slight consumption of IkBa over the 3 h.

In contrast to the above results with IkBa, IkBp protein did
not differ in response to TNF/IL-1 stimulation nor to partheno-
lide treatment (Figure 2C, middle row). The bottom row shows
B-actin to demonstrate equal protein loading.

We also studied the phosphorylated intermediate, pIkBa, to
assist in determining the level at which parthenolide acts. In
Figure 2D total cell protein extracts were prepared from AS
cells that were treated the same as those in Figure 2B. In this
set of experiments the effects of stimulation in the absence and
presence of parthenolide were similar to those shown above in
Figure 2C. Only a small amount of phosphorylated IkBa was
observed in extracts from non—parthenolide-treated cells at 15
or 30 min (Figure 2D, middle row, lanes 2 and 4), suggesting
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that under these conditions, most of the phosphorylated protein
is rapidly degraded. Some phosphorylated IkB was detectable
in the presence of parthenolide at 15 min (Figure 2D, middle
row, lane 3). Similarly to what was seen in Figure 2C, at 180
min there is a large increase in the phosphorylated IkBa (Figure
2D, middle row, lane 6), which was not seen in the presence of
parthenolide (lane 7). This suggests that the newly synthesized
IkBa has been phosphorylated by IKK, which continues to re-
main active, but that the phosphorylated IkBa has not been
degraded. The bottom row shows B-actin to demonstrate equal
protein loading.

To determine directly if parthenolide mediates its anti-
inflammatory effects through inhibition of IKK, AS cells were
pretreated with parthenolide or DMSO alone, then 1 h later
stimulated with TNF/IL-1B for 30 min, the time point that corre-
sponds to maximum NF-«kB activation, then IKK was immuno-
precipitated and its activity was assayed using in vitro Ik-Kinase
assays using (GST)-1kB (residues 1-54) fusion protein and **P-
ATP as substrates (24). The results are shown in Figure 2E.
There was little active IKK in unstimulated cells (left lane). TNF/
IL-1B3 stimulation dramatically increased IKK activity (middle
lane). In contrast, parthenolide essentially abolished this TNF/
IL-1B-stimulated kinase activity (right lane).

Effects of Parthenolide on Response to LPS in CFTR-KO Mice

To test the hypothesis that parthenolide can attenuate the exces-
sive inflammatory response in the lungs of CFTR-KO mice
in vivo, we pretreated CFTR-KO mice with 3 pg/gram body
weight parthenolide or vehicle (DMSO) intraperitoneally 1 h
before inoculating them intratracheally with 25 ng of LPS. We
have previously described the excessive response of CFTR-KO
mice to LPS in this model (5), and this dose of parthenolide was
chosen based on studies of the efficacy of parthenolide in other
in vivo systems (25). BAL was performed at various times (1,
3, or 8 h) after the LPS treatment to measure PMN influx and
cytokine production, then lungs were removed for analysis of
IkB and NF-«kB.

CFTR-KO mice not pretreated with parthenolide had in-
creasing percentages of PMNs over time after intratracheal LPS
challenge: (9 = 1.54% at 1 h,38.8 = 7.23% at 3 h, and 63 * 6.0%
at 8 h) (Figure 3A, solid bars). Pretreatment with parthenolide
caused marked reductions in the percent PMN in BAL at all
time points (Figure 3A, open bars), which were highly significant
at 8 h (P = 0.006) as compared with untreated controls. Similar
results were seen for the absolute number of PMNs (Figure 3B).
In agreement with previous results (5), LPS challenge in CFTR-
KO mice induced extremely high levels of the cytokine TNF,
and of the chemokines MIP2 and KC, in BAL fluid at all time
points, but particularly at 3 h. In parallel with the inhibition of
PMN influx by parthenolide, pretreatment with this drug caused
marked reductions in the concentration in BAL of TNF (Figure
4A, open bars) and also the major chemoattractants, MIP2
(Figure 4B, open bars) and KC (Figure 4C, open bars) at all
time points. The decreased production of NF-kB-dependent
chemokines suggest that parthenolide may have similar actions
in vivo to those we had detected in the bronchial epithelial cell
lines in vitro.

Effects of Parthenolide on Degradation of IkBa and Activation
of NF-kB in the CF Lung

To determine if the intracellular mechanisms by which partheno-
lide treatment attenuates the excessive inflammatory response
in vivo are similar to those by which it inhibits proinflammatory
responses by airway epithelial cells in vitro, we evaluated the
degradation of IkBa and the subsequent activation of NF-kB

80

60

40

. |

ol Hl— ' .
1 3 8

Time post LPS (Hours)

>

Mean Percent BAL PMNs

B

w450

3 4.00 1

& 350

E 3.00

Z & 2.50

22 200

T 1501

ﬁ 1.00

§  0.50

S oo M . ,

1 3 8

Time post LPS (Hours)

Figure 3. Effects of in vivo parthenolide treatment on percent and abso-
lute numbers of PMNs in BAL fluid in LPS-challenged CFTR-KO mice.
Mice were pretreated with parthenolide (3 wg/g body weight) (open
bar) or placebo (solid bar) for 1 h then challenged intratracheally with
LPS, and BAL was performed at the indicated times. (A) Mean * SEM
of the percent PMNs in BAL fluid 1, 3, and 8 h after LPS administration
(n = 4-11 mice in each group). Parthenolide-treated groups had lower
percentage of PMNs in BAL fluid at all time points, which was highly
significant at 8 h after LPS (P = 0.006) as compared with placebo group.
(B) Total PMNs per milliliter of BAL fluid (mean *= SEM). Parthenolide
groups had significantly less total PMN in BAL fluid than the placebo
groups at 3 h (P = 0.04) and 8 h (P = 0.03) after LPS.

in the lung tissue. After BAL to remove infiltrating leukocytes
from the airspaces and airways, the lungs were perfused through
the right ventricle until they blanched, to remove circulating
blood cells. They were then removed and homogenized. IkBa
was measured by Western blot in total cell extracts and NF-«kB
was measured in nuclear extracts by EMSA. As shown in the
representative Western blots and summary figure (Figures SA
and 5B), at 1 h after LPS administration, IkBa was markedly
reduced in the mice given LPS without parthenolide, while it
was increased in the parthenolide-treated mice. There was little
difference in the IkBa content of parthenolide-treated versus
untreated mice at 3 h. The results for NF-kB by EMSA (Figures
6A and 6B) appear as the inverse of those for IkBa. There is
clearly less active NF-kB in parthenolide-treated mice at 1 h than
in placebo-treated mice (Figure 6A, lane 3 and graph, middle set
of bars). Although the gel in the figure shows more active NF-xB
in the sample taken at 3 h in the absence of parthenolide than in
its presence, the difference at this time point was not consistently
found in the multiple experiments summarized in the graph in
Figure 6B.

DISCUSSION

Cystic fibrosis is characterized by a chronic, destructive inflamma-
tory process in which massive numbers of PMNs and their products
damage the airways (1, 2). Extremely high concentrations of the
NF-kB-dependent cytokines TNF-«, IL-1B, IL-6, and IL-8 are
believed to play a major role in initiating and perpetuating
this inflammatory process, and in mediating its systemic conse-
quences such as cachexia and hypergammaglobulinemia (26, 27).
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Figure 4. BAL fluid proinflammatory cytokines in CFTR-KO mice treated
with parthenolide (open bar) or placebo (solid bar). Mice were pretreated
with parthenolide 3 ng/g body weight or DMSO alone (placebo) 1 h
before intratracheal LPS challenge. BAL was performed at the indicated
time. Values represent the mean = SEM of the concentration (pg/ml)
of TNF-a, MIP2, and KC in BAL fluid 1, 3, and 8 h after LPS (n = 6-11
mice in each group). Parthenolide-treated mice had significantly more
TNF-a (A) (P = 0.03), MIP2 (B) (P = 0.04), and KC (C) (P = 0.05) at
3 h after LPS as compared with placebo group.

A considerable body of evidence suggests that in CF, the in-
flammatory response in the lung is dysregulated, and is excessive
relative to the burden of infection (28-30). Data from our own
and other labs show that CFTR-KO mice have similarly excessive
inflammatory responses in the lung, which are also characterized
by extremely increased production of NF-kB-dependent cyto-
kines and chemokines, increased PMN influx into the lung, and
increased weight loss and mortality in response to LPS or
P. aeruginosa challenge (3, 5, 6, 31). The NF-kB family of tran-
scription factors activates the genes for the proinflammatory
cytokines, chemokines, and adhesion molecules whose expres-
sion are greatly increased in human CF and in mouse models
of this disease (3, 5, 6, 27, 29-31). NF-kB normally resides in
the cytosol in an inactive complex with an kB family member
such as IkBa, which prevents the NF-kB from entering the nu-
cleus and activating DNA transcription (8). Multiple signaling
pathways, from Toll-like receptors of the innate immune sys-
tems, as well as from receptors for cytokines such as IL-1 and
TNF-qa, converge through a cascade of adaptors and “upstream
kinases” that result in activation of IKK and phosphorylation
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Figure 5. Effects of in vivo treatment with parthenolide on IkBa degrada-
tion in the CF lung. Mice were pretreated with parthenolide 3 ng/g
body weight or placebo 1 h before intratracheal LPS challenge, then
underwent BAL and the lungs were perfused and removed at the indi-
cated times. (A) Representative autoradiograph of an immunoblot for
IkBa.. (B) Summary graph of data for degradation of IkBa determined
by image analysis of densitometry from autoradiographs. Data show
mean * SEM of scan area of IkBa expression (n = 3 mice in each time
point and group) corrected for scan area of B-actin in the same gel
lane. Solid bar, placebo; open bar, parthenolide-treated mice.

of IkB. After phosphorylation of IkBe, it is ubiquitinated and
degraded. This frees NF-kB, which rapidly enters the nucleus,
binds to the promoters of the proinflammatory cytokines and
chemokines, and increases their transcription.

Recently, we showed that after challenge with P. aeruginosa
or the prototypic TLR ligand, LPS, CFTR-KO mice have exces-
sive and prolonged activation of NF-kB, which is associated with
profound and sustained depletion of IkB (5, 6). Based on this,
and on in vitro data, we and others have hypothesized that
dysregulation of the IkB—NF-kB pathway plays a major role
in the destructive inflammatory process in the CF lung in vivo.
Thus, the IkB—NF-kB pathway is likely to be a good target for
therapy in CF lung disease. Indeed, previous studies have shown
that corticosteroids and nonsteroidal anti-inflammatory agents
(which, among other effects, inhibit NF-«kB activation) have ben-
eficial activity in CF lung disease (32). Unfortunately, adverse
effects limit the widespread use of these agents, and new thera-
pies are needed.

In the present study, we studied the anti-inflammatory effects
of parthenolide, a sesquiterpene lactone derived from the widely
available medicinal plant, feverfew (Tanacetum parthenium).
The medicinal properties of feverfew have been recognized for
centuries, and many people use it for prevention and/or relief
of migraine as well as for anti-inflammatory effects in arthritis
(11, 25). Parthenolide significantly reduced neutrophil influx into
the lung and reduced cytokines and chemokines in BAL of
CFTR-KO mice challenged intratracheally with LPS. Similarly,
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Figure 6. Effect of in vivo treatment with parthenolide on the activation
of NF-kB in the CF lung. Mice were pretreated with parthenolide 3 ng/g
body weight or placebo 1 h before intratracheal LPS challenge. Mice
underwent BAL and the lungs were perfused, removed at the indicated
times, and nuclei were prepared and extracted for EMSA. (A) Represen-
tative autoradiograph of EMSA for activated NF-kB. 0 = mice not chal-
lenged with LPS. Results are shown for 1 and 3 h, with (+) and without
(—) parthenolide. (B) Image analysis of activation of NF-xB determined
by densitometry from two separate time course experiments (n = 5 mice
in each time points and group). Mean = SEM are shown. Parthenolide-
treated mice (open bar) had significantly increased NF-«B activation at
1 h after LPS as compared with placebo group (solid bar) (P = 0.05).
(“ns” in lower row is “non-specifically bound”.)

parthenolide caused marked inhibition of the excessive IL-8
response in vitro, in cell lines with defective CFTR expression.
Both in vitro and in vivo, these anti-inflammatory effects of
parthenolide were associated with inhibition of IkBa depletion,
which in turn resulted in inhibition of excessive activation of
NF-«B. The IKK assays, which showed that parthenolide inhib-
ited activity of this enzyme complex, together with the results in
which parthenolide failed to inhibit binding of already activated
NF-kB to oligonucleotides, suggests that the major locus of
action of parthenolide in these cells is at or proximal to IKK,
rather than on the transcription factor itself.

Although much attention has been focused on the ability of
parthenolide to inhibit cellular processes that depend on NF-«kB
activity, there is controversy over the actual site of these actions.
Some results suggest that parthenolide directly alkylates NF-kB
and prevents it from binding to DNA (33), while other studies
indicate that it inhibits I-kK and/or reacts directly with IkBa,
preventing its phosphorylation (12-14, 16). Other studies suggest
that parthenolide can also alter the function of other kinases that
regulate inflammation (34-36). These effects are not necessarily
exclusive, and may differ in different model systems. The results
of our studies with Western blots of IkBa clearly indicate that
parthenolide blocked degradation of IkBa, both in bronchial
epithelial cell lines in vitro, and in the lung in vivo. Since in the
latter studies, infiltrating inflammatory cells were removed by
BAL, and blood was removed by perfusion before the lungs
were excised and homogenized, it is likely that these results

reflect Ik-Kinase and NF-«kB activity in lung parenchymal cells.
Collectively, these data indicate that parthenolide acts proxi-
mally to the degradation of IkBa, by inhibiting IKK and/or its
activity. These results are concordant with previous studies of
Hehner and colleagues, who were the first to demonstrate that
parthenolide inhibited degradation of IkBa and subsequent
NF-«B activation in Jurkat and HeLA cells (12). In a subsequent
in vitro study, they found that parthenolide completely prevented
activation of Ik-Kinase (13). They thus concluded that partheno-
lide acted on the IKK complex itself rather than by alkylating
NF-kB. Mazor and coworkers also showed that parthenolide
inhibited IL-8 production as well as IL-8 mRNA expression in
the A549 human adenocarcinoma cell line due to inhibition of
IkBa degradation and subsequent NF-kB activation (37). In
contrast, however, Rungeler and colleagues suggested that the
major effects of parthenolide were on NF-kB itself, preventing
its interaction with DNA (33). The experiments in which we
added parthenolide to the extracts of already activated cells
showed no inhibition of the binding of the already activated
NF-kB to DNA. This suggests that this mechanism did not play
a major role in the experimental systems we studied. Thus, we
conclude that parthenolide was acting at or before the level of
the IkK complex activity.

Determination of the effects of this compound in vivo is of
the greatest relevance. That is why we studied the effect of
parthenolide in intact CFTR-KO mice. We have previously
shown that CFTR-KO mice had excessive and prolonged in-
flammation in response to challenge with LPS and P. aeruginosa.
This was associated with prolonged depletion of IkB and in-
creased activity of NF-kB (5, 6). In this work we again showed
that CFTR-KO mice had an excessive inflammatory response
to intratracheal LPS, with increased influx of PMN compared
with non-CF controls, and elevated production of TNF and the
chemokines MIP2 and KC. Pretreatment with parthenolide
caused a marked reduction in the percent PMN in BAL and
also in the total cell counts, and the mean absolute numbers of
PMN recovered from the airways. This was accompanied by a
marked decrease in the BAL concentrations of TNF and the
major chemoattractants, KC and MIP2, which was observed
at all time points. The reduction in these cytokines is likely
responsible for the decreased PMN influx and are indicative of
anti-inflammatory activity of parthenolide in vivo. Sheehan and
coworkers also showed that parthenolide reduced lung neutro-
phil infiltration and ameliorated cardiovascular derangement in
endotoxic shock in rodents by inhibiting NF-kB (17). However,
in that study, LPS was given intravenously and the authors
concluded that parthenolide directly interfered with the DNA-
binding activity of NF-kB, whereas IkBa degradation was un-
changed (17). In a separate study, the same group reported that
parthenolide protects against myocardial ischemia and reperfu-
sion injury in rats by selective inhibition of IKK activation and
IkBa degradation (18). Our results suggest that the main site
of action of parthenolide is inhibiting Ik Ba degradation and that
the effects on NF-kB may be secondary. Studies by Yip and
colleagues corroborate our results (38). They reported that par-
thenolide inhibited degradation of IkB and activation of NF-kB
in response to LPS in mouse osteoclast models in vivo and
in vitro (38). Discrepancies in the apparent mechanisms of the
in vivo effects of parthenolide in different models may be due
to the differences in the experimental animals and the dose
and timing of parthenolide treatment. Nevertheless, all of these
studies agree on the benefits of parthenolide treatment in reduc-
ing inflammation by net inhibition of NF-kB.

The IkB—NF-kB pathway may not be the sole target of
parthenolide in vivo. Other transcription factors and/or pathways
may be involved as well. p38 MAP kinase and Jun N-terminal
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kinase (JNK) have been implicated in TNF production and/or
signaling (34, 39, 40), and ERK may also participate (41). Several
reports suggest that parthenolide can inhibit p38 MAPK, JNK,
and other kinases and may stabilize some phosphorylated inter-
mediates (34-36, 41). Determining whether those effects are
important in CF will be the subject of future work.

Finding safe and effective ways to ameliorate the excessive
inflammation in the CF lung continues to be a major research
objective. Other drugs whose actions include preventing degra-
dation of IkB and decreasing proinflammatory cytokine produc-
tion caused reductions in PMN infiltrate, lung inflammation, and
weight loss, without increasing the burden of bacteria or causing
sepsis in patients with CF. However, adverse effects of steroids
and ibuprofen have limited their use (42, 43). IL-10 has similar
effects in mouse models (5), but has been withdrawn from human
trials. Since we have demonstrated that parthenolide exerts
anti-inflammatory effects, with both in vitro and in vivo models
of CF, feverfew and/or parthenolide itself may be considered
as candidates for therapy in CF disease. Alternatively, partheno-
lide could be considered a “lead compound” for further drug
development.

In summary, our results demonstrate that parthenolide, a
sesquiterpene lactone, is a powerful anti-inflammatory agent in
cellular and animal models of CF, and support the proposal
that natural compounds may be used for development of new
therapies to inhibit the inflammatory processes that lead to lung
destruction and death in patients with CF. However, further
studies are needed to make sure that the use of parthenolide
or other anti-inflammatory agents in CF is effective without
inhibiting important host defense mechanisms. This is of critical
interest in CF.
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