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Most inflammatory agents activate nuclear fac-
tor-kB (NF-kB), resulting in induction of genes coding
for cytokines, chemokines, and enzymes involved in
amplification and perpetuation of inflammation. Hy-
poestoxide (a bicyclo [9,3,1] pentadecane) is a diter-
pene from Hypoestes rosea, a tropical shrub in the
family Acanthacea, several members of which are used
in folk medicine in Nigeria. Here, we demonstrate that
hypoestoxide (HE) abrogates the production of pro-
inflammatory cytokines (IL-18, IL-6, and TNF-«) in li-
popolysaccharide (LPS)-activated normal human pe-
ripheral blood mononuclear cells. Moreover, HE inhib-
its the production of nitric oxide (NO) by IL-18- or
IL-17-stimulated normal human chondrocytes. In vivo,
oral administration of HE to mice significantly amelio-
rated hind paw edema induced by antibodies to type 11
collagen plus LPS. Furthermore, topical administra-
tion of HE to mice also significantly inhibited phorbol
ester-induced ear inflammation. The anti-inflamma-
tory activity of HE may be due in part to its ability to
inhibit NF-kB activation through direct inhibition of
I1kB kinase (IKK) activity. Thus, HE could be useful in
treating various inflammatory diseases and may rep-
resent a prototype of a novel class of IKK inhibitors.
© 2001 Academic Press
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INTRODUCTION

Plants and their products have been used for medic-
inal purposes for more than 3500 years (1). Drugs of
natural origin have often been discovered on the basis
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of ethnobotanical information provided by “native doc-
tors” practicing folk medicine and living in regions of
the world rich in bioresources. Hypoestoxide (HE) is a
natural diterpene isolated from the shrub Hypoestes
rosea (Acanthaceae), a plant indigenous to the rain
forest regions of Nigeria (2—4). The natives have long
used the H. rosea leaf extracts in folk medicine to treat
skin rashes and fungal infections (5). The use of plants
from this same family has been reported in local herbal
medicine (5). HE was identified from a group of com-
pounds isolated from H. rosea as possessing potential
anti-inflammatory activities, namely, inhibition of the
synthesis of pro-inflammatory cytokines and mixed
leukocyte reaction (MLR). Because interference with
the biosynthesis or action of pro-inflammatory cyto-
kines, such as tumor necrosis factor alpha (TNF-«),
interleukin 1 beta (IL-1R8), and interleukin 6 (IL-6), has
become an important strategy for pharmacological in-
tervention in a variety of inflammatory and fibrotic
diseases (6, 7), we examined the anti-inflammatory ef-
fects of HE in more detail.

Inflammation is a complex series of vascular, leuko-
cyte, and plasma-interactive events that occur in re-
sponse to injury. Nitric oxide (NO) and nuclear factor
kB (NF-kB) are the subjects of intense investigation
because they are involved in the inducible expression
of a variety of cellular genes that regulate inflamma-
tory response (8). Constitutive and inducible isoforms
of nitric oxide synthase (NOS) exist in endothelial cells
and activated macrophages and other inflammatory/
immunocompetent cells (8). NF-kB is a group of tran-
scription factors that belong to the Rel family, which
share a DNA binding and dimerization domain that
interacts with a class of specific inhibitory proteins
termed I«Bs (9). The major form of regulation for
NF-«B is inducible degradation of the 1kBs, which oth-
erwise retain NF-kB in the cytoplasm (9). Both TNF-«
and IL-183 as well as byproducts of bacterial and viral
infections, for instance LPS, activate signaling path-
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ways that stimulate transcription factors AP-1 and
NF-«B and thereby induce expression of genes coding
for cytokines, chemokines, adhesion molecules, and en-
zymes that catalyze the synthesis of secondary inflam-
matory mediators (10, 11). Because HE inhibits syn-
thesis of pro-inflammatory cytokines, it was of interest
to study how it may affect the NF-«B signaling path-
way and NO production. We demonstrate that HE sig-
nificantly inhibits IL-18- or IL-17-induced NO produc-
tion by normal human chondrocytes and also inhibits
TNF-induced NF-kB activation in HelLa cells through
direct inhibition of IKK activity. Furthermore, type 11
collagen-induced arthritis (CIA) and phorbol ester-in-
duced topical inflammation are significantly amelio-
rated by oral and topical administration, respectively,
of HE in mice. These results suggest a mechanism
whereby this novel class of natural agents acts and
demonstrate the potential usefulness of HE as an anti-
inflammatory agent.

METHODS

Hypoestoxide Extraction from H. rosea Plant Material

HE was prepared by the general procedure of Oko-
gun et al. (2). Briefly, dried plant material was sub-
jected to solid/liquid extraction with boiling hexanes in
a large soxhlet apparatus. The crude extract was sub-
jected to flash silica gel column chromatography using
a step gradient solvent system beginning with petro-
leum ether (30—60 bp) and stepping to 5, 10, and then
20% ethyl acetate. At 30% ethyl acetate, HE was eluted
from the column. Appropriate fractions were combined
and concentrated to dryness and petroleum ether or
hexanes added to obtain crystalline HE. See Fig. 1 for
the structure of HE.

Inhibition of macromolecular synthesis. CEM cells
were incubated with 3 and 10 times the IC., of either
4-hydroperoxycyclophosphamide (4-HPOCY) or HE.
After 30 min of incubation at 37 C, the cells were
incubated with [*H]thymidine, [°*H]uridine, or
[*H]leucine. One, 2, or 4 h after addition of radiolabel,
a sample of each incubation was collected and the
radioactivity in the acid-insoluble material was deter-
mined. For [*H]uridine, the radioactivity in the alkali-
labile/acid-insoluble fraction (RNA) was also deter-
mined.

Pro-inflammatory Cytokine Induction in Vitro

PBMC were isolated from normal human peripheral
blood by Ficoll-Hypaque and cultured with 3 ug/ml of
the B-cell mitogen Escherichia coli LPS (GIBCO) at
2 X 10%ml in 1.0-ml volumes in 24-well plates. Cul-
tured cells were incubated in the presence of varying
concentrations (100, 10, 1, 0.1 uM) of HE or medium
only for 24 or 48 h. Culture supernatants were col-
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lected at the end of incubation period and assayed by
ELISA for the cytokines IL-18, IL-6, and TNF-a. The
amounts of the respective cytokines present in the
supernates are expressed in pg/ml.

Effect of Hypoestoxide on PBMC Cultures

PBMC were cultured for varying periods of time
(24-72 h) in the presence of varying concentrations of
hypoestoxide (100-1.25 wM) or 4-HPOCY (100 uM).
Cytotoxicity was determined by a colorimetric MTT
assay. Briefly, 1 X 10° cells per well (100 ul) in a
96-well flat-bottom microtiter plate were cultured ei-
ther with the culture medium alone or with various
concentrations of drug at 37°C in a 5% CO, 95% air
humidified incubator for 24—-72 h. At the end of the
culture, 10 pl of 5 mg/ml sterile solution of 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT) in PBS was added per well and the incubation
was resumed for an additional 4 h. Acid—isopropanol
(100 pl of 0.04 N HCL in isopropanol) was added to all
wells and kept at room temperature for 30 min. Mixing
with a multichannel pipetter dissolved the dark blue
crystals and the absorbance was measured at 545-650
nm using an ELISA plate reader. Cytotoxicity was also
determined by the trypan blue dye exclusion method.

NO Production

Production of NO was stimulated in normal human
articular chondrocytes with either IL-18 or IL-17 in the
absence or the presence of HE or dexamethasone
(DEX). Following 48 h of culture, media were collected
for measurement of NO levels by the Griess reaction
(12).

NF-«B Activity

Cell culture, transfection, and treatments. Cells
were cultured in Dulbecco’s modified minimum essen-
tial medium (DMEM) (HeLa or HEK 293 cells), sup-
plemented with 10% fetal calf serum and antibiotics.
Cells were stimulated with either 20 ng/ml recombi-
nant human TNF-« or 10 ng/ml IL-18 (Sigma). Trans-
fections were performed as described, using Lipo-
fectamine Plus (Gibco) for HelLa cells. Xpress-tagged
NIK, HA-tagged IKKa, and HA-tagged IKKB and
IKKB(EE) were described (13, 14). Cells were lysed in
buffer B (50 mM Tris—HCI, pH 7.5, 400 mM NacCl, 1
mM EDTA, 1 mM EGTA, 1% Triton, 0.5% NP-40, 10%
glycerol, supplemented with 20 mM B-glycerophos-
phate, 19 mM PNPP, 500 mM Na;VO,, 1 mM PMSF,
20 wpg/ml aprotinin, 2.5 ug/ml leupeptin, 8.3 ung/ml
bestatin, and 1.7 wg/ml pepstatin and 2 mM DTT) and
extracts were used for the assays described below.

Electrophoretic mobility-shift assay (EMSA). Ali-
quots of total extracts (15 ug of protein) in buffer B
were incubated with **P-labeled kB DNA, followed by
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analysis of DNA binding activities by EMSA on 4%
polyacrylamide gels (15). The specificity of protein—
DNA complexes was verified by supershift with poly-
clonal antibodies specific for p65 (Rel A).

IKK Assays

Kinase assay, immunoprecipitation, and immuno-
blotting. Lysates were prepared as described and in-
cubated with anti-IKKe (Pharmingen), anti-HA
(12CA5), anti-JNK1 (333.8) (Pharmingen), and anti-
p38 (New England Biolabs) for 2 h and 15 ul of protein
A-Sepharose (Sigma) was added for 1 h. After exten-
sive washing, kinase assays were performed as de-
scribed (11). Endogenous IKK, HA-tagged IKKa, HA-
tagged IKKB, HA-tagged IKKB(EE), endogenous
JNKZ1, and p38 activities were determined with GST-
IkBa(1-54), GST-c-Jun(1-79), and GST-ATF2 as sub-
strates.

Phorbol Ester-Induced Inflammation in Mice

Topical inflammation was induced in mice according
to the method of Chang et al. (16). Briefly, phorbol
12-myristate 13-actetate (PMA, 5 pg in 20 ul of abso-
lute alcohol) was applied topically to the anterior and
posterior surfaces of the right ear of groups of five ICR
derived female mice weighing about 22 g. Equipotent
(a dose of HE required to induce an equivalent level of
inhibition induced by a specific dose of a known anti-
inflammatory drug, DEX) doses of HE (3 mg/ear), DEX
(1 mgl/ear), and vehicle (ethanol/acetone, 20 pl/ear)
were applied topically on the anterior and posterior
surfaces of the right ear of test animals 30 min before
and 15 min after PMA was applied. Ear swelling was
measured by a Dyer model micrometer gauge, 6 h after
PMA application as an index of inflammation. The
percentage of inhibition was calculated according to
the formula I, — 1,/I, X 100, where I, and I, refer to the
increase of ear thickness (mm) in vehicle control and
treated mice, respectively. Inhibition of 30% or more
(=30%) relative to the vehicle-treated group was con-
sidered significant.

Type Il CIA in Mice

Arthritic inflammation was induced in mice essen-
tially as previously described by Terato et al. (17).
Briefly, groups of five Balb/cByJ strain mice, 6—8
weeks of age, were used for the induction of inflamma-
tion (arthritis) by monoclonal antibodies (mAbs) re-
sponding to type Il collagen, plus LPS. A combination
of four different mAbs (D8, F10, DI-2G, and A2) was
administered intravenously at a total of 4 mg/mouse at
day 0. This was followed by the intravenous adminis-
tration of 25 ug of LPS 72 h later (day 3). From day 3,
1 h after LPS administration, equipotent doses of 30
mg/kg HE, 3 mg/kg indomethacin, and/or vehicle ( 2%

151

FIG. 1. Bicyclic structure of HE which features two epoxide
moieties, an o/B unsaturated ketone and an acetyl ester function.

Tween 80/distilled water) were administered orally
once daily for 3 consecutive days. The maximum toler-
ated dose for HE in mice was determined in prior
experiments to be greater than 750 mg/kg (MTD > 750
mg/kg) ip or po. At day 5, one or two paws (particularly
the hind paws) began to appear red and swollen, and
by day 7, arthritis symptoms of the hind paws were
present; they were severely red and swollen. A plethys-
mometer (Ugo Basile, Cat. No. 7150) with a water cell
(12 mm in diameter) was used for the measurement of
volume in microliters (ul) of the two hind paws on day
0,5,and 7.

The percentage of inhibition of increase in volume
relative to vehicle control was calculated by the for-
mula Inhibition (%): [1 — (T, — To)/(C, — Cy)] X 100,
where C, (C,) is the volume on day 0 (day n) in vehicle
control group and T, (T,) is the volume on day 0 (day n)
in the test compound-treated group. Inhibition of
edema in both hind paws by more than 30% was con-
sidered significant anti-inflammatory (anti-arthritis)
activity.

RESULTS
Structural Features and Activity

HE contains two functional groups normally associ-
ated with alkylation properties, i.e., o/ unsaturated
ketones and epoxides (Fig. 1) (2, 3). Preliminary results
indicate that HE does not exhibit activities expected of
a typical alkylating agent. Thus, we compared HE to
4-HPOCY for the effects in vitro on macromolecular
synthesis, i.e., DNA, RNA, and protein synthesis, using
tritiated thymidine, uridine, and leucine, respectively.
While 4-hydroperoxycyclophosphamide was a potent
inhibitor of all three parameters. HE had little or no
effect on any of them, even at concentrations up to 20
uM (data not shown).
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FIG. 2. Inhibitory effect of HE on pro-inflammatory cytokine
synthesis in vitro. PBMC were cultured for 24 and 48 h, respectively,
either in medium only or in the presence of LPS only or HE (100, 10,
1, 0.1 uM) and LPS (3 ug/ml). The results of 10 uM cultures are
shown. Total inhibition was achieved with 10 and 100 uM, respec-
tively, while 1 uM had a moderate effect, and 0.1 uM had no effect.
Culture supernatants were collected and assayed by EIA for the
presence of the designated cytokines.

Anti-inflammatory Activity of Hypoestoxide
in Cultured Cells

Three separate experiments demonstrate the inhib-
itory effect of HE on pro-inflammatory cytokine syn-
thesis in PBMC stimulated with LPS (Fig. 2). Signifi-
cant inhibition of the synthesis of IL-18, TNF-«, and
IL-6 was achieved at several doses of HE (100, 10, 1,
0.1 uM, respectively). The results obtained at 10 uM of
HE are shown. Total inhibition was achieved only at
concentrations of 10 and 100 wM, respectively. HE,
unlike 4-HPOCY, was not toxic to normal human
PBMC in a 72-h culture at any of the tested concentra-
tions (100-1.6 uM) as determined by colorimetric MTT
assay (Table 1). In contrast, 4-HPOCY reduced viabil-
ity of PBMC by about 40% (Table 1). These results
support earlier reports, which demonstrated that CY
could reduce the viability of normal human lympho-
cytes in culture (18). Cytotoxic effects of HE on normal
PBMC was further examined by DNA staining and
apoptosis assays. Results indicated that HE did not
induce apoptosis in normal PBMC even at 100 uM
(data not shown). A trypan blue dye exclusion assay
also ruled out toxicity on normal PBMC cultured for
72 h at varying concentrations of HE (Table 1). Thus,
the potent inhibitory effect of HE on pro-inflammatory
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cytokine synthesis by LPS-activated PBMC could not
be due to cytotoxic effects. Besides the inhibitory ef-
fects of HE on LPS-stimulated cultures, similar, but
less dramatic, inhibitory effects have also been ob-
served with other stimuli of cytokine production, i.e.,
PWM, PHA, CON-A, and MLR, but only at high HE
concentrations (=100 uM) (data not shown).

HE inhibited NO production by normal human ar-
ticular chondrocytes stimulated with IL-18 (Fig. 3a).
Because IL-17 was shown to be a potential player in
the cytokine networks involved in arthritis (19), it was
of interest to ascertain whether HE would inhibit IL-
17-induced NO production. HE also inhibited IL-17-
stimulated NO production in a dose-dependent fashion
(Fig. 3b). The fivefold difference observed between the
inhibitory effect of HE on cytokine and NO production
may be due to differences in the ability of different cell
types to respond to HE. This may also explain why
higher concentrations of HE are required to inhibit
T-cell mitogenic/antigenic responses as noted above.

Inhibition of Type Il Collagen-Induced Arthritis

in Mice

To test in vivo efficacy, HE was administered orally
to type Il collagen-induced arthritic mice. No treat-
ment-related deaths or untoward effects occurred dur-
ing this study. HE ameliorated collagen-induced hind
paw edema by 58 and 46% on days 5 and 7, respectively
(Fig. 4). By comparison, the classical nonsteroidal anti-
inflammatory drug indomethacin showed 60 and 52%
inhibition on corresponding days after induction of ar-
thritis. Although serum levels of HE in the HE-treated
mice were not measured, results of earlier pilot phar-
macokinetics studies indicate that after oral dosing,

TABLE 1

Lack of Toxicity of Hypoestoxide against Cultured
Human Peripheral Blood Mononuclear Cells

HE concentration Trypan blue dye® MTT®

(nM) (% viability = SE) (OD 545-650 nm) * SE
Medium control 98.0 = 2.0 0.14 = 0.02
1.25 98.1+15 0.14 = 0.01
2.5 96.4 = 3.2 0.13 = 0.02
5.0 97.0 = 2.6 0.14 = 0.01
10.0 96.8 = 1.3 0.14 = 0.01
20.0 96.3 + 1.2 0.13 = 0.02
100.0 94.2 + 4.8 0.11 = 0.01
Positive control 60.0 = 2.6 0.08 = 0.01
(4-HPOCY)

@ Cytotoxicity of HE was determined against normal human
PBMC in a 72-h culture by the trypan blue dye exclusion method.
The number of viable cells per total number of cells counted is
expressed as the percentage of total cells = standard error (SE).

® Cytotoxicity of HE against normal human PBMC was also deter-
mined in a 72-h culture by a colorimetric MTT assay. Results are
expressed in optical density (OD) units = standard error (SE).
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FIG. 3. (a) HE inhibits IL-1B-induced NO production. IL-183

stimulated normal human articular chondrocytes treated with either
HE (5, 10, and 50 uM) or DEX (.01, 0.1, and 0.5 uM) for 48 h.
Following incubation, media were collected for measurement of NO
levels by the Griess reaction. (b) HE inhibits IL-1B-induced NO
production. IL-17-stimulated normal human articular chondrocytes
treated with either HE (5, 10, and 50 uM) or DEX (.01, 0.1, and 0.5
M) for 48 h. Following incubation, media were collected for mea-
surement of NO levels by the Griess reaction.

the bioavailability of HE at 24 h was only 6.4% or
greater in plasma (data not shown). However, HE had
a large volume of distribution and a high clearance,
which suggested that it might have an extensive tissue
distribution and metabolism, which accounts for its
oral bioactivity.

Inhibition of Phorbol Ester-Induced Topical
Inflammation by Hypoestoxide in Mice

To test the topical activity of HE, the compound was
evaluated for its ability to inhibit phorbol ester-in-

153

duced inflammation in mice. As shown in Table 2, HE
exhibited significant inhibition (57%) of ear swelling
relative to vehicle control. Concurrently tested dexa-
methasone, serving as a positive control, showed a 63%
inhibition of ear swelling.

Inhibition of NF-kB and IKK Activation
by Hypoestoxide

To determine whether NF-«xB activation was pre-
vented by HE in an established system, HelLa cells
were pretreated with HE and stimulated with TNF-«
(Fig. 5). HE inhibited NF-kB activation at concentra-
tions similar to those that inhibit cytokine production.
In addition, HE did not inhibit the DNA binding activ-
ity of the transcription factors Oct-1 and SP-1 (Fig. 5).
The half-maximal inhibitory (ICs) concentration of
NF-kB DNA binding activity for HE was 11 uM (Fig. 5).

Upon TNF or IL-18 stimulation, IkB« is phosphory-
lated by the IKK complex, which contains two catalytic
subunits (IKKa and IKKpB) and the IKKy or NEMO
regulatory subunit (20, 21), at sites that trigger ubiqg-
uitination and degradation via the proteasome (11, 13).
To determine whether IKK could be the target for HE
in an established system, HelLa cells were pretreated
with HE and stimulated with either TNF-a or IL-18
(Fig. 6a). IKK activity was rapidly stimulated by both
TNF-a and IL-1B8, reaching a maximum after 10-15
min. HE inhibited IKK activity with an ICg, of 24 uM
(Fig. 6b). Similarly, HE inhibited IKK activity and
prevented IkBa degradation in HEK 293 cells treated
with TNF-a (data not shown), suggesting that the in-
hibitory effect of HE is independent of cell type and

o Vehicle
Hypoestoxide

o Indomethacin

Hind paw edema (p/1.)
)

Day 5 Day 7

FIG. 4. HE ameliorates CIA in mice. Group of five Balb/c mice
were used for the induction of CIA. Following induction of CIA, mice
were treated orally with vehicle (2% Tween 80/distilled water), 30
mg/kg HE, or 3 mg/kg indomethacin. The volume of both hind paws
was measured by plethysmometer on days 5 and 7. The increase in
volume at each time point was determined by comparison with the
respective day 0 paw volume. Reduction of edema obtained for each
time point by more than 30% was considered significant.
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TABLE 2
Hypoestoxide Inhibits Phorbol Ester-Induced Topical Inflammation in Mice

Thickness (X 0.01 mm)

Compound Route Dose Mouse No. Right ear Left ear Net % Inhibition
Vehicle (ethanol/acetone) TOP 20 pl/ear X 2 1 41 20 21
TOP 20 pllear x 2 2 42 21 21
TOP 20 pl/ear X 2 3 43 22 21
TOP 20 pllear x 2 4 44 23 21
TOP 20 pl/ear X 2 5 45 24 21
Mean 43 22 21
SEM 1.6 1.6 0
Hypoestoxide TOP 3 mg/ear X 2 1 25 17 8
TOP 3 mglear X 2 2 28 18 10
TOP 3 mglear X 2 3 27 19 8
TOP 3 mg/ear X 2 4 28 18 10
TOP 3 mglear X 2 5 27 18 9
Mean 27.0 18.0 9.0 57
SEM 1.2 0.7 1.0
Dexamethasone-21-acetate TOP 1 mgl/ear X 2 1 25 19 6
TOP 1 mgl/ear X 2 2 24 18 6
TOP 1 mglear X 2 3 33 20 13
TOP 1 mgl/ear X 2 4 28 19 9
TOP 1 mglear X 2 5 25 20 5
Mean 27.0 19.2 7.8 63
SEM 3.7 0.8 3.3

Note. Hypoestoxide and vehicle (ethanol/acetone) were applied topically 30 min before and 15 min after phorbol ester (PMA) application
for inducing inflammation and then ear swelling was measured 6 h after PMA application.

stimulus. Though IKK activity was inhibited, HE did
not inhibit Jun N-terminal kinase (JNK) and p38 MAP
kinase, suggesting that HE targets a selected subset of
kinase pathways that are involved in inflammation. To
show that the inhibition of IKK was direct, we trans-
fected HelLa cells with a constitutively active form of
IKKB, IKKB (EE), where the two serine residues in the
activation loop have been replaced by glutamic acid
and then treated the cells with HE for 60 min. HE
inhibited the constitutively active form of IKKg (Fig.
6¢). HE did not affect IKKB expression as determined
by Western blot analysis, whereas it strongly inhibited
IKKB activity. These results suggest that hypoestoxide
may be a direct inhibitor of IKK rather than targeting
upstream components of the TNF or IL-18 signaling
pathways. To determine whether HE inhibits NIK-
induced IKK activation (22), HeLa cells were tran-
siently cotransfected with Xpress-tagged NIK and
IKK-a or IKK-B (Fig. 6d) for 24 h and treated with HE
for 60 min. Under the conditions used, HA-IKK« and
HA-IKKg are incorporated into functional cytokine-
responsive 900-kDa complexes (20). NIK-induced IKK
activity was inhibited by HE under all conditions (Fig.
6d). We next investigated whether recombinant IKKg
expressed in sf9 cells using a baculovirus vector was
also sensitive to HE. We found that a dose of 100 uM
HE was sufficient to completely inhibit IKK (Fig. 6e).
Furthermore, we tested whether HE was able to in-
hibit IKK activity in vitro. HeLa cells were stimulated

with TNF-« for 10 min. Endogenous IKK was immu-
noprecipitated with anti-IKK« antibody and kinase ac-
tivity was determined in the presence of different con-
centrations of HE. IKK activity was inhibited in a
dose-dependent fashion following HE treatment for 30
min (Fig. 6f). No inhibition of endogenous activities of
JNK or p38 activity was observed in the same experi-
ment after HE treatment in vitro. Taken together,
these results strongly suggest that HE inhibits IKK
directly.

DISCUSSION

Substantial in vitro data suggest that activation of
NF-«B is a critical step in the inflammatory response
(9). Additionally, several studies have demonstrated a
link between in vivo NF-kB activation with cytokine
production and the generation of inflammation in ani-
mal models of inflammatory diseases (23, 24). It is also
well established that NF-«B is involved in induction of
iNOS (25). Administration of NO inhibitors decreases
the adherence and emigration of leukocytes in postcap-
illary venules, an early event in inflammation (26, 27).
In the present study, we investigated the effects of a
novel natural diterpene, HE (Fig. 1), on the synthesis
of the pro-inflammatory cytokines IL-18 IL-6, and
TNF-a and NO production in vitro. The results clearly
demonstrate that HE completely inhibited the synthe-
sis of the cytokines (Fig. 2) without exerting cytotoxic
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FIG. 5. HE inhibits TNF-a-induced NF-kB activity. HeLa cells
treated with HE (0, 6.25, 12.5, 25, 50, 100 uM) for 1 h and then
stimulated with TNF-« for 30 min. After lysis, extracts were assayed
for NF-«B activation by EMSA. No effects of HE (50 and 100 nM) on
constitutive Octl and Spl DNA binding activities were observed.
The dose response curves for NF-«B binding activity were obtained
by calculating NF-«B binding activity, which was quantified by phos-
phoimaging and expressed as a percentage of the maximal activity
achieved in the absence of the inhibitor.

effects on PBMC (Table 1). Production of NO following
stimulation of normal human articular chondrocytes
with either IL-18 or IL-17 was also inhibited by HE in
a dose-dependent fashion (Fig. 3). However, DEX was
more active than HE in inhibiting NO production. Nev-
ertheless, the inhibitory effect of HE on NF-«B trans-
location and IKK activation in HelLa cells closely par-
allels its inhibitory effect on NO production in chon-
drocytes. We examined whether NF-«B activation with
TNF-a was inhibited by HE and found that HE inhib-
ited NF-«B activation at concentrations that inhibit
cytokine production with an ICy, of about 10 uM (Figs.
2 and 5). These results are consistent with results
obtained on nonsteroidal anti-inflammatory drugs
(NSAID), such as aspirin, sodium salicylate, and indo-
methacin, which also inhibited NF-kB activation (28).
Because of the potent inhibitory effect of HE on NF-«xB

155

activation, it was of interest to determine whether IKK
could be the target for HE. We found that HE inhibited
IKK activity at an I1Cg, of 24 uM in HelLa cells (Fig. 6b).
Again, these results are consistent with those obtained
on aspirin, which showed that aspirin inhibited KK
(28).

Topical application of phorbol ester to the back of
mice induces strong inflammation resulting in ery-
thema, leukocyte infiltration, edema, and epidermal
hyperplasia (29). IL-18 plays a pivotal role in phorbol
ester-induced inflammatory cell infiltration (29). We
found that the inhibitory effect of HE on phorbol ester-
induced topical inflammation was comparable to that
of dexamethasone (57% versus 63% inhibition) (Table
2), an established NF-«B inhibitor. The inhibitory ef-
fect of HE on NF-«B activation (Fig. 5) and the various
reports which demonstrate the involvement of NF-«B
activation in rheumatoid arthritis (30) and CIA (31)
prompted us to examine the effect of HE on CIA. Our
results clearly demonstrate that HE significantly in-
hibited CIA in mice at doses comparable to the cyclo-
oxygenase (COX) inhibitor indomethacin (Fig. 4). In-
terestingly, HE does not inhibit either COX 1 or COX 2
activity even when tested at concentrations as high as
100 uM (data not shown). Recent studies have shown
that indomethacin and dexamethasone do not inhibit
endogeneous IKK kinase activity (28), suggesting that
HE is a novel NSAID that specifically inhibits IKK and
that dexamethasone and indomethacin most likely op-
erate via different mechanisms; thus, combinations of
these could possibly be more effective for treating var-
ious inflammatory diseases. The mechanism by which
hypoestoxide inhibits CIA or topical inflammation is
presently unknown. Although it is tempting to specu-
late on the possibility that specific inhibition of IKK
may be responsible for HE's activity in vivo, the
present results are preliminary and cannot be extrap-
olated to responsibility for its in vivo anti-inflamma-
tory activity. Pilot pharmacokinetic results from ear-
lier studies (data not shown) indicate that oral bio-
availability of HE at 24 h was greater than 6.4% in
plasma but had a large volume of distribution and high
clearance, which indicated that HE might have an
extensive tissue distribution and metabolism which
accounts for its effective biological activity. Further-
more, preliminary results indicate that HE is a potent
inhibitor of the cellular motility machinery or of a
signal transduction cascade required for effective cell
migration (data not shown). This, too, may be another
mechanism by which HE induces anti-inflammatory
activity in vivo.

The exact mechanism by which HE inhibits IKK is
unknown. However, it is possible that direct covalent
modification of the IKKg subunit by the reactive func-
tional groups (i.e., o/B unsaturated ketone and/or ep-
oxides) found on HE could occur through a Michael
addition-type mechanism. This would likely involve
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FIG. 6. HE inhibits IKK activity directly. (a) HeLa cells pretreated with various concentrations of HE for 1 h and then stimulated with
TNF-« for 15 min. Endogenous IKK (KA:1KK) and recoveries (I1B:1IKK-«) were determined. Extracts from HeLa cells that were treated with
HE (0, 50, 100 uM) and TNF-« for 15 min were analyzed for INK1 (KA:JNK) and p38 (KA:p38) activities. Immunoblots of immunoprecipi-
tated JNK (IB:INK) and p38 (I1B:p38) are shown. (b) The dose response curves for IKK activity were obtained by quantifying IKK activity
by phosphoimaging and expressed as a percentage of the maximal activity achieved in the absence of the inhibitor. (¢) HE inhibits
constitutively active IKK-B. Cells were transfected with constitutively active HA-tagged IKKg (EE) and treated with HE for 60 min. Cells
were lysed and assayed for HA-tagged IKKB-associated kinase activity and recovery 24 h after transfection. (d) HE inhibits kinase activity
of IKK-a or IKK-B activated by NIK. HeLa cells cotransfected with Xpress-tagged NIK expression vector and IKK-« or IKK-3 were treated
with HE for 60 min. Cells were lysed and assayed for endogenous IKK activity and recovery 24 h after transfection. (e) Sf9 cells infected with
IKKB baculovirus were incubated with various concentrations of hypoestoxide for 1 h at 28°C. Kinase activity (KA) was measured after
immunoprecipitating with M2 antibody. Kinase expression was determined by immunoblotting (IB). (f) HeLa cells were stimulated with
TNF-a for 10 min. Cells were lysed and IKK, JNK, or p38 was immunoprecipitated and incubated in vitro with the indicated concentrations
of HE. This was followed by kinase assay and immunoblot analysis.

the thiol groups of cysteine residues in the activation Wild-type IKKB and the mutant form of IKKg,

loop of IKK, as was demonstrated recently for the
activity of the anti-inflammatory cyclopentenone pros-
taglandin J2 (32), which has been shown to be associ-
ated with resolution in late phases of inflammation
(33) and also contains an o/B unsaturated ketone moi-
ety. To test this possibility, the cysteine at position 179
in the activation loop of IKKB was replaced with an
alanine residue by site-directed mutagenesis (32).

IKKB(C179A), were coexpressed with NIK in HelLa
cells, and their sensitivity to HE was examined. While
both constructs were responsive to NIK, resulting in
similar levels of kinase activity, both were also sensi-
tive to HE, indicating that the cysteine at 179 in IKK
is not critical for HE activity (data not shown). Thus,
HE does not appear to act by direct modification of the
same site on IKKp as that of prostaglandin J2 in spite
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of their similarities in reactive functional groups,
therefore establishing HE as a novel NSAID that not
only inhibits IKK specifically, but does not affect pros-
taglandin synthesis as well. Although we have shown
that HE appears to have a direct inhibitory effect on
IKK, some questions regarding its exact mode of action
still remain to be resolved. For instance, it would be
worthwhile to know if the inhibition is reversible or
competitive with ATP. These and other possible mech-
anisms are presently under investigation. In conclu-
sion, this report demonstrates the anti-inflammatory
activity (in vitro and in vivo) of a novel, naturally
occurring diterpene and provides, for the first time,
some underlying scientific basis for the use of the de-
coction of the plant H. rosea in folk medicine.

ACKNOWLEDGMENTS

We thank A. Kumar and F. Hanna for their technical assistance on
the drug screening and cytokine assays and Taamrat Amaize for
processing the manuscript. M.K. is the Frank and Else Schilling
American Cancer Society Research Professor.

REFERENCES

1. Wolff, M. E. (ed.) The basis of medicinal chemistry. In “Burger’s
Medicinal Chemistry,” 4th ed. Wiley, New York, 1980.

2. Okogun, J. I., Adesomoju, A. A, Adesida, G. A, Lindner, H. J.,
and Habermehl, G., Roseanolone: A new diterpene from Hy-
poestoes rosea. Z. Naturforsch. 37c, 558-561, 1982.

3. Adesomoju, A. A, Okogun, J. I, Cava, M. P., and Carroll, P. J.,
Hypoestoxide, A new diterpene from Hypoestoes rosea (Acan-
thaceae). Heterocycles 20, 2125-2128, 1983.

4. Adesomoju, A. A., Okogun, J. I., Cava, M. P., and Carroll, P. J.,
Roseadione, A diterpene Ketone from Hypoestes rosea. Phyto-
chemistry 22, 2535-2536, 1983.

5. Gill, L. S. (ed.) Hypoestes rosea. In “Ethnomedical uses of plants
in Nigeria.” Uniben Press, 1992.

6. Mitsutani, H., Ohmoto, Y., Mitzutani, T., Murata, M., and
Shimizu, M., Role of increased Monocytes TNF-alpha, IL-1 beta
and IL-6 in psoriasis. Relation to focal infection disease activity
and responses to treatment. J. Dermatol. Sci. 14, 143-153, 1997.

7. Newton, R. C., and Decicco, C. P. Therapeutic potential and
strategies for inhibiting tumor necrosis Factor-a. J. Med. Chem.
42, 2295-2314, 1999.

8. Umansky, V., et al., Co-stimulatory effect of nitric oxide on
endothelial NF-«B implies a physiological self-amplifying
mechanism. Eur. J. Immunol. 28, 2276-2282, 1998.

9. Baeuerle, P., and Baltimore, D., NF-«B: Ten years after. Cell
87, 13-20, 1996.

10. Stancovski, I., and Baltimore, D., NF-«B activation: The IKB
kinase revealed? Cell 91, 299-302, 1997.

11. DiDonato, J. A., Hayakawa, M., Rothwarf, D. M., Zandi, E., and
Karin, M., A cytokine responsive IKB Kinase that activates the
transcription factor NF-«B. Nature 388, 548, 1997.

12. Vassiliads, S., Soteriadou, K. P., and Papadopoulos, G. K.,
IL-18 transduces different signals than IL-1« leading to class 11
antigen expression on B-insulinoma RIN-5AH cells through
specific receptors. J. Recept. Signal Transd. Res. 17, 211-225,
1997.

13. Zandi, E., Chen, Y., and Karin, M., Direct phosphorylation of
1B by IKK and IKKg: Discrimination between free and NF-«xB
bound substrate. Science 281, 1360-1363, 1998.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

157

Delhase, M., Hayakawa, M., Chen, Y., and Karin, M., Positive
and negative regulation of IkB kinase activity through IKKg
subunit phosphorylation. Science 284, 309-313, 1999.

Rossi, A., Elia, G., & Santoro, M. G. Inhibition of nuclear factor
kB by prostaglandin A;: An effect associated with heat shock
transcription factor activation. Proc. Natl. Acad. Sci. USA 94,
746-750, 1997.

Chang, J., et al., The anti-inflammatory action of guanabenz is
mediated through 5-lipoxygenase and cyclooxygenase inhibi-
tion. Eur. J. Pharmacol. 142, 197-205, 1987.

Terato, K., et al., Collagen-induced arthritis in mice: Synergis-
tic effect of E. coli lipopolyssacharide bypasses epitope specific-
ity in the induction of arthritis with monoclonal antibodies to
type Il Collagen. Autoimmunity 22, 137-147, 1995.

Sharma, B. S., Effects of cyclophosphamide on in vitro human
lymphocyte culture and mitogenic stimulation. Transplanta-
tion 35, 165-168, 1983.

Westacott, C. I., and Sharif, M., Cytokines in osteoarthritis:
Mediators or markers of joint destruction? Semin. Arthritis
Rheum. 25, 254-272, 1996.

Rothwarf, D. M., Zandi, E., Natoli, G., & Karin, M. IKK-y is an
essential regulatory subunit of the IkB kinase complex. Nature
395, 297-300, 1998.

Yamaoka, S., et al., Complementation cloning of NEMO, a
component of the IkB kinase complex essential for NF-«B acti-
vation. Cell 93, 1231-1240, 1998.

Karin, M., & Delhase, M., INK or IKK, Ap-1 or NF-kB, which
are the targets for MEK kinase 1 action? Proc. Natl. Acad. Sci.
USA 95, 9067-9069, 1998.

Christman, J. W., Lancaster, L. H. & Blackwell, T. S., Nuclear
factor kB: a pivotal role in the systemic inflammatory response
syndrome and new target for therapy. Intensive Care Med. 24,
1131-1138, 1998.

Blackwell, T. S., Holden E. P., Blackwell, T. R., DeLarco, J. E., &
Christman, J. W., Cytokine-induced neutrophil chemoattractant
mediates neutrophilic alveolitis in rats: Association with nuclear
factor kB. Am. J. Respir. Cell Mol. Biol. 11(4), 464—-472, 1994.
Kie, Q-W, Kashiwabara, Y., & Nathan, G., Role of transcription
factor NF-«B/Rel in induction of nitric oxide synthase. J. Biol.
Chem 269, 4705-4708, 1994.

Kubes, P., Suzuki, M., & Granger, D. N. Nitric oxide: An en-
dogenous modulator of leukocyte adhesion. Proc. Natl. Acad.
Sci. USA 88, 4651-4655, 1991.

Karose, 1., et al., Inhibition of nitric oxide production: Mechanisms
of vascular albumin leakage. Circ. Res. 73, 164-169, 1993.

Yin, M-J., Yamamoto, Y., and Gaynor, R. B., The anti-inflam-
matory agents aspirin and salicylate inhibit the activity of IkB
kinase-B. Nature 398, 77—-80, 1998.

Lee, W. Y., Lockniskar, M. F., and Fischer, S. M., Interleu-
kin-la mediates phorbol ester-induced inflammation and epi-
dermal hyperplasia. FASEB J. 8, 1081-1087, 1994.

Fujisawa, K., et al., Activation of transcription factor NF-«B in
human synovial cells in response to tumor necrosis factor a.
Arthritis Rheum. 39, 197-203, 1996.

Tsuji, F., Miyake, Y., Aono, H., Kawashima, Y., & Mita, S.,
Effects of bucillamine and N-acetyl-L-cysteine on cytokine pro-
duction and collagen-induced arthritis (CIA). Clin Exp. Immu-
nol. 115, 26-31, 1999.

Rossi, A., et al., Anti-inflammatory cyclopentenone prostaglan-
dins are direct inhibitors of IkB kinase. Nature 403, 103-108,
2000.

Gilroy, D., et al., Inducible cyclooxygenase may have anti-in-
flammatory properties. Nature Med. 5, 698—-701, 1999.



	INTRODUCTION
	METHODS
	FIG. 1

	RESULTS
	FIG. 2
	TABLE 1
	FIG. 3
	FIG. 4
	TABLE 2

	DISCUSSION
	FIG. 5
	FIG. 6

	ACKNOWLEDGMENTS
	REFERENCES

