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Lithospermi radix Extract Inhibits Histamine Release and Production

of Inflammatory Cytokine in Mast Cells
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Lithospermi radix (LR, Borraginaceae, the root of
Lithospermum erythrorhizon Siebold. et Zuccarinii) is
used in herbal medicine to treat such conditions as
eczema, skin burns and frostbite. This study investigates
the effects of LR on the anti-allergy mechanism. LR
inhibited the release of histamine from rat peritoneal
mast cells by compound 48/80 in a dose-dependent
manner. LR orally administered at 6.59mg/100 g also
inhibited the anti-DNP IgE-induced passive cutaneous
anaphylaxis reaction. LR inhibited the PMA plus
A23187-induced increase in IL-6, IL-8, and TNF-o ex-
pression in HMC-1 cells. In addition, LR also inhibited
nuclear factor-kappa B (NF-«B) activation and I«B-«
degradation. These results show that LR had an in-
hibitory effect on the atopic allergic reaction. Further-
more, the irn vivo and in vitro anti-allergic effect of LR
suggests possible therapeutic applications of this agent
for inflammatory allergic diseases.

Key words: Lithospermi radix; HMC-1 cell; passive
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Lithospermi radix (LR, Borraginaceae, the root of
Lithospermum erythrorhizon Siebold. et Zuccarinii) is
an oriental herbal medicine that is used in Korea to treat
such conditions, as eczema, skin burns and frostbite.!-?
The mast cell is the primary effector cell involved in the
allergic or immediate hypersensitivity response.” In
addition to their role in atopic diseases, mast cells are
the key mediators of antiparasitic responses and might
also play an important role in such other inflammatory

states as immune-complex-mediated hypersensitivity.?
Mast cell activation occurs through FceRI, which is the
high-affinity receptor for IgE, and results in a series of
responses. Calcium ionophores, neuropeptides, and
compound 48/80 can also stimulate mast cell degranu-
lation.>® Among the preformed and newly synthesized
inflammatory substances released by the degranulation
of mast cells, histamine has been the best characterized
and most potent vasoactive mediator that has been
implicated in the acute phase of the type I allergic
reaction.”

Rat passive cutaneous anaphylaxis (PCA), which is an
animal model of the IgE-mediated immediate allergic
reaction, is also induced by such mediators as histamine
secreted from mast cells.>? Activated mast cells can
produce histamine, as well as a wide variety of other
inflammatory mediators such as leukotriene, proteogly-
cans, protease, and several proinflammatory and chemo-
tactic cytokines such as tumor necrosis factor (TNF-w),
and interleukins (IL)-6, IL-4, IL-13 and IL-8.'%!D

Nuclear factor kB (NF-«B) is a key transcription
factor that regulates the expression of genes involved in
immune and inflammatory responses.'? Unstimulated
NF-«B is found in the cytoplasm bound to I«B-o upon
stimulation. IkB-¢ is phosphorylated on one or more
serine residues, ubiquitinated, and degraded, allowing
the transport of NF-«B to the nucleus to bind recognition
elements in the upstream promoter region of cytokine
DNA.!"?

We investigated in the present study the effect of LR
on the compound 48/80-induced release of histamine
from rat peritoneal mast cells, as well as on anti-
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dinitrophenyl (DNP) IgE antibody-induced PCA. We
show that LR inhibited phorbol 12-myristate 13-acetate
(PMA) plus the A23187-induced production of cyto-
kines (IL-6, TNF-« and IL-8) and activation of NF-«B in
a human mast cell line.

Materials and Methods

Reagents. Compound 48/80, anti-DNP IgE, DNP-
human serum albumin (HAS), PMA, A23187, and
Evans blue were purchased from Sigma (St. Louis,
MO, USA). Recombinant IL-6 and IL-8, biotinylated
IL-6 and IL-8, and anti-human IL-6 and IL-8 were
purchased from BD Biosciences (San Diego, CA, USA).
Recombinant TNF-«, biotinylated TNF-¢«, and anti-
human TNF-o were purchased from R&D Systems
(Minneapolis, MN, USA). MTT and the cell culture
media, IMDM and fetal bovine serum (FBS), were
purchased from Gibco BRL (Grand Island, NY, USA).
The histamine kit was purchased from Oxford Biomed-
ical Research (Oxford, MI, USA), anti-human NF-«B,
IkB-a and actin were purchased from Santa Cruz
Biotech (Santa Cruz, CA, USA), and anti-mouse IgG-
conjugated peroxidase was obtained from Amersham
Pharmacia Biotech (Newark, NJ, USA).

Animals. The animal care and all experimental
procedures were conducted in accordance with the
Guide for Animal Experiments edited by the Korean
Academy of Medical Sciences. The original stock of
Sprague-Dawley (SD) rats was purchased from the
Samtako Experimental Animal Center (Ossan, Gyeong-
gi-do, Korea), the animals then being maintained in the
College of Oriental Medicine at Kyung Hee University.
The rats were housed 4 per cage in a laminar air-flow
room maintained at a temperature of 22 4+ 1°C and
relative humidity of 55 £ 10% throughout the study.

Preparation of LR. The plant sample was obtained
from Kyung Hee University Medical Center (Seoul,
Korea). LR was prepared by decocting a dried prescrip-
tion of herbs in boiling distilled water. The extract
decocted for approximately 3 h was filtered, lyophilized,
and stored at 4°C. The LR water extract powder was
dissolved in saline and passed through a 0.22-pm
syringe filter.

Culture of the HMC-1 cells. The human mast cell line
(HMC-1) was grown in Iscove’s modified Dulbecco’s
medium (IMDM) with 10% fetal bovine serum (FBS)
at 37°C in a 5% CO, atmosphere at 95% humidity.
The HMC-1 cells (3 x 10° cells) were pretreated with
various concentrations of the LR extract (0.01-1 mg/ml)
for 30 min prior to being stimulated with 25 nmM PMA
plus 1 um A23187, and then incubated at 37 °C for 7h.

Preparation of the rat peritoneal mast cells (RPMC).
RPMC were isolated as previously described. Briefly,

the rats were anesthetized with ether, and injected into
the peritoneal cavity with 10ml of Tyrode buffer A
(10 mm HEPES, 136 mm NaCl, 5 mm KCl, 2 mm CaCl,,
2.75mMm MgCl,, 5.6mM glucose, 11mm NaHCOs;,
0.56 mMm NaH,;PQOy, and 0.1% bovine serum) containing
0.1% gelatin (Sigma, St. Louis, MO, USA). The
abdomen was gently massaged for approximately 90
sec. The peritoneal cavity was carefully opened, and the
fluid containing the peritoneal cells was aspirated with a
Pasteur pipette. The peritoneal cells were then sedi-
mented at 150 x g for 10 min at room temperature and
resuspended in the Tyrode buffer. The mast cells were
separated from the major components of the rat
peritoneal cells (i.e., macrophages and small lympho-
cytes) according to the method described elsewhere.'®
The mast cell preparation was approximately 95% pure,
as assessed by toluidine blue staining. More than 97% of
the cells were viable, as judged by the trypan blue
exclusion.

Histamine assay. Purified RPMC were resuspended in

the Tyrode buffer containing calcium for treatment with
compound 48/80. The RPMC suspension (2 x 10 cells)
was preincubated for 10min at 37°C before adding
compound 48/80 for stabilization. The cells were
preincubated with the LR extract (0.01-1 mg/ml) for
10 min, and then incubated with compound 48/80 (5 nug/
ml) for 20 min. The reaction was quenched by cooling
the tubes on ice. The cells were separated from the
released histamine by centrifugation at 400 x g for
10 min at 4 °C. The histamine content was measured by
using the enzyme immunoassay in the histamine kit. OD
was measured at 450nm with a microplate ELISA
reader (Molecular Devices, CA, USA).
The percentage inhibition was calculated as = (A —
B) x 100/A, where A was the amount of histamine
released without the LR extract and B was the amount of
histamine released with the LR extract.

PCA reaction. The IgE-dependent cutaneous reaction
was generated by sensitizing the skin with an intra-
dermal injection of anti-DNP IgE, this being followed
48 h later by an injection of DNP-HSA into the dorsal
vein of the rat’s penis. DNP-HSA was diluted in
phosphate-buffered saline (PBS). The rats were injected
intradermally with 0.5ug (50ul) of anti-DNP IgE into
each of three dorsal skin sites that had been shaved 48 h
earlier, the sites being outlined with a water-insoluble
red marker. Forty-eight hours later, each rat received an
injection of 100pg (100ul) of DNP-HSA in saline
containing 4% Evans blue through the dorsal vein of the
penis. One hour before the injection, the LR extract was
orally administered (6.59 mg/100g body weight). The
rats were sacrificed 30 min after the intravenous chal-
lenge. The dorsal skin of the rats was removed and the
pigment area was measured. The amount of dye was
then colorimetrically measured after extraction with
formamide. The absorbent intensity of the extract was
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measured at a wavelength of 620 nm with a spectropho-
tometer (Beckman, IL, USA), the amount of dye being
calculated by using the Evans blue measuring line.

MTT assay for cell viability. The viability of the cells
was determined with an MTT colorimetric assay as
described previously. Briefly, a HMC-1 cell suspension
(3 x 10° cells) was cultured (24-well plates) with
various concentrations of the LR extract (0.01-1mg/
ml). An MTT solution (5 mg/ml) was then added to each
well, and the cells were cultured overnight. After
washing out the supernatant, the insoluble formazan
product was dissolved in DMSO. The OD value of the
96-well culture plates was measured with an ELISA
reader at 540 nm. The OD value of formazan that formed
in the untreated control cells was taken to represent
100% viability.

TNF-a, IL-6, IL-8 assay. The human mast cell line
(HMC-1) was grown in IMDM with 10% FBS at 37°C
in an atmosphere containing 5% CO, with 95%
humidity. The HMC-1 cells were pretreated with various
concentrations of the LR extract (0.01-1 mg/ml) for 1h
prior to being stimulated with PMA plus A23187. Each
culture supernatant was then assayed for the TNF-«, IL-
6 and IL-8 protein levels by an enzyme-linked immu-
nosorbent assay (ELISA). The cytokines were measured
by using a modified ELISA method as described
elsewhere. Sandwich ELISA for TNF-«, IL-6 and IL-8
was carried out in duplicate in 96-well ELISA plates
(Nunc, Denmark) coated with each of 100-ul aliquots of
the mouse anti-human TNF-o, IL-6 and IL-8 mono-
clonal antibodies in 1.0 ug/ml of PBS at pH 7.4, and
then incubated overnight at 4°C. The plates were
washed with PBS containing 0.05% Tween-20 (Sigma,
St. Louis, MO, USA) and blocked with PBS containing
1% BSA, 5% sucrose and 0.05% NaNj3 for 1h. After
additional washes, the sample or recombinant TNF-a,
IL-6 or IL-8 standard was added and incubated at 37 °C
for 2 h. After incubating at 37 °C for 2 h, the wells were
washed, and 0.2 ug/ml of biotinylated anti-human TNF-
o, IL-6 or IL-8 was added, before incubating at 37 °C for
2h. After washing the wells, avidin-peroxidase was
added, and the plates were incubated at 37 °C for 30 min.
The wells were again washed, and the ABTS substrate
(Sigma, St. Louis, MO, USA) was added. Color
development was measured at 405nm with an auto-
mated microplate ELISA reader. A standard curve was
run on each assay plate, using recombinant human TNF-
o, IL-6 or IL-8 in a serial dilution.

Western blotting analysis. The HMC-1 cells were
pretreated with various concentrations of the LR extract
(0.01-1 mg/ml) for 1h, and then stimulated with PMA
plus A23187 for 2h. The cells were harvested and
washed twice with ice-cold phosphate-buffered saline
(PBS). The washed cell pellets were resuspended in ice-
cold buffer A (10mm PEPES at pH 7.9, 10mMm KClI,

1.5mM MgCl,, 0.5mM DTT, 0.2mM PMSF, 1 mm
Na3VQ,, a proteinase inhibitor, and 0.1% NP 40), and
after immediately vortexing for 10sec, subjected to
15 min of incubation at 4 °C. The nuclei were harvested
by centrifugation at 10,000 x g for 5 min, resuspended
in ice-cold buffer B (20 mm PEPES at pH 7.9, 300 mm
NaCl, 1.5mMm MgCl,, 25% glycerol, 0.2mMm EDTA,
0.5mMm DTT, 0.2mM PMSF, and 1mM Naz;VO,, a
proteinase inhibitor), and after vortexing for 10 sec,
subjected to 20min of incubation at 4°C. Nucleus
fractions were obtained as supernatants after centrifu-
gation at 10,000 x g and 4°C for 10 min. The protein
concentration was determined by using the Bio-Rad
protein assay reagent according to the manufacturer’s
instruction. Each sample was separated on 10% SDS-
polyacrylamide gel, and then the proteins were electro-
transferred to a nitrocellulose membrane at 4 °C. The
membrane was blocked with 5% skim milk in PBS
containing 0.1% Tween-20 (PBST) for 2h at room
temperature. After lightly washing with PBST, the
membrane was incubated overnight at 4°C with anti-
NF-«B Ab or anti-I«B-a Ab (1:500 or 1:1000 dilutions
in the blocking solution) and then washed three times
with PBST. Horseradish peroxidase-conjugated secon-
dary Ab (1:2000 dilution in the blocking solution) was
incubated for 1h at room temperature, and the antibody-
specific proteins were visualized by an enhanced
chemiluminescence procedure, using an ECL detection
reagent (Amersham Pharmacia, NJ, USA).

Statistical analysis. Each measured value is presented
as the mean = standard error. A statistical analysis was
performed by using SAS statistical software (SAS
Institute, Cary, NC). Treatment effects were analyzed
by using one-way ANOVA, this being followed by
Duncan’s multiple-range test, and P < 0.05 was used to
indicate significance.

Results

Effect of the LR extract on histamine release from
RPMC

Figure 1 shows the inhibitory effect of the LR extract
on the compound 48/80-induced release of histamine
from RPMC. The LR extract inhibited the compound
48/80-induced histamine release at concentrations of
0.01-1 mg/ml in a dose-dependent manner. At a con-
centration of 1 mg/ml, the level of inhibition reached
92.25%. In particular, the LR extract significantly
inhibited the compound 48/80-induced release of
histamine at concentration of 1 mg/ml (P < 0.001).

Effect of the LR extract on PCA

PCA is one of the most important in vivo models for
anaphylaxis in a local allergic reaction. The LR extract
(6.59mg/100g) orally administered to the SD Rats
significantly inhibited the PCA reaction (Fig. 2 and
Table 1).
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Fig. 1. Effects of LR on Compound 48/80-Induced Histamine
Release of Rat Peritoneal Mast Cells.

The cells (2 x 107 cells) were pretreated with various concen-
trations of LR at 37°C for 10min prior to being incubated with
compound 48/80. Each data value represents the mean + S.E.M. of
three independent experiments. ***P < 0.01, significantly different
from the control value.

Effect of the LR on the cytotoxicity in HMC-1 cells

The HMC-1 cells were incubated with LR at 37°C.
After incubating the cells for 24 h, the cell viability was
measured by using an MTT assay. LR (0.01-1 mg/ml)
had no cytotoxic effect over a 24-h period (data not
shown).

Effect of the LR extract on TNF-«, IL-6, and IL-8
secretion from the HMC-1 cells

The HMC-1 cells were stimulated with PMA and
the calcium ionophore, A23187. In order to assess the
effect of LR in PMA and the A23187-induced TNF-«,
IL-6 and IL-8 secretion, the cells were pretreated with
various LR concentrations for 1h prior to adding the
stimulators. The results show that pretreating the cells
with the LR extract resulted in the inhibition of TNF-«
secretion, the inhibitory effect of the LR extract being
significant at doses of 0.01 and 1mg/ml (Fig. 3A).
The inhibitory effect of the LR extract on IL-6 secretion
was significant at doses of 0.01 and 1 mg/ml (Fig. 3B).

Fig. 2. Challenge with the Antigen (DNP-HAS) after a Photogram of
the Internal Surface of Rat Skin.
A, Normal; B, Control; C, Lithospermi Radix (LR, 6.59mg/
100 g).

The inhibitory effect of the LR extract on IL-8 secretion
was also significant at doses of 0.01 and 1mg/ml
(Fig. 30).

Effect of the LR extract on NF-«kB activation from
HMC-1 cells

To determine whether the inhibitory action of LR
was due to an effect on NF-«B activation, the nucleus
levels of NF-«B were examined by a Western blot
analysis after stimulating with PMA plus A23187.
Stimulation of the HMC-1 cells with PMA plus
A23187-induced the degradation of IkB-a and nuclear
translocation of p65 NF-«B after 2h of incubation.

Table 1. Effect of Administering LR on PCA in Rats

Group Amount of dye Area/min Weight Inhibition
! (ng/mD)° (mm)* @ (%)

None 330.2 £42.9

Control 8846.0 £ 649.1 183.2+£12.2 1.6+0.1

LR 4637.6 & 828.1*** 90.8 £ 11.4* 0.8 £ 0.1 52.4%

“Anti-DNP IgE was injected into dorsal skin sites. After 48 h, LR (6.59 mg/100 g) was administered orally 1h prior to challenge with the antigen (DNP-HAS).
"Each amount of dye is presented as the mean & S.E.M. from three independent experiments.

°The patch of Evans blue was measured 30 min after the antigen (DNP-HAS) injection.

dThe weight of the Evans blue patch was measured 30 min after the antigen (DNP-HAS) injection.

**p < 0.001 compared with the control group (anti-DNP IgE plus DNP-HAS).
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Fig. 3. Effects of LR on PMA Plus A23187-Induced Cytokine
Production (A, TNF-«; B, IL-6; C, IL-8) in HMC-1 Cells.

The cells (3 x 10° cells) were pretreated with various concen-
trations of LR (0.01-1 mg/ml) for 1 h and then stimulated with PMA
(25nMm) plus A23187 (1 um) for 7h. The level of cytokine in the
supernatant was measured by using ELISA. Each data value
represents the mean £ S.E.M. of three independent experiments.
*P < 0.05, P < 0.01, **P < 0.001, significantly different from
the control value.

LR inhibited the PMA plus A23187-induced degrada-
tion of IxB-a and nuclear translocation of p65 NF-«B
(Fig. 4). Figure 4B showes the NF-«B and p-actin
protein levels quantified by Scion image software.
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Fig. 4. Effect of LR on the Activation of NF-«B in HMC-1 Cells.

The cells (4 x 10° cells) were pretreated with various concen-
trations of the LR extract (0.01-1 mg/ml) for 1 h and then stimulated
by PMA (25nm) plus A23187 (1um) for 2h. A, Cell extract
analyzed by western blotting for I«B-« in cytoplasmic and trans-
location of NF-«B in nuclear extracts. B, NF-«B protein levels
quantified by Scion image software. Each bar represents the
mean £+ S.E.M. of four independent experiments. *P < 0.05, sig-
nificantly different from the control value.

Discussion

Mast cells are located throughout the human body,
and the important role in the immediate-type allergic
reaction is well recognized.'” Compound 48/80 in-
creases the permeability of the lipid bilayer membrane
by causing a perturbation in the membrane.'® Thus, the
increase in membrane permeability may be an essential
trigger for the release of the mediator from mast cells.
As shown by previous studies, the family of 48/80 basic
compounds can activate the release of histamine from
mast cells.!”!®
This response is preceded by methylation of the
membrane phospholipids, phosphorylation of tyrosin
kinase and mobilization of internal Ca’>*. This is
followed by the activation of protein kinase C, nuclear
factor-kB (NF-«B), and the release of inflammatory
cytokines. 319
We observed that LR inhibited the compound 48/80-
induced release of histamine from RPMC. LR might
have stabilized the lipid bilayer membrane, thus pre-
venting the perturbation being induced by compound
48/80. In addition, when the drugs were administered
orally to the rats, LR potently inhibited the IgE-
mediated PCA reaction. PCA is one of the most
important in vivo models for anaphylaxis in a local
allergic reaction.?” This finding suggests that LR might
be useful in the treatment of allergic skin reactions.

Human mast cells have become recognized as a
source of many cytokines. Although the importance and
role of mast cell-derived cytokines in diseases is



Anti-Inflammatory Effects of Lithospermi radix 2891

uncertain, it is conceivable they may play an important
role under both physiological and pathological condi-
tions.?) HMC-1 cells can serve as a useful mast cell
system for examining the expression of chemokines
during inflammation.’” The mast cell-derived pro-
inflammatory cytokines, particularly TNF-«, IL-6 and
IL-8, play a key biological role in the allergic reaction.
TNF-« is an inflammatory mediator with a wide variety
of biological functions. It is also clear that the
production of TNF-« has an detrimental role in allergies
and asthma, as a mediator of the late-phase inflamma-
tory reaction.???» TNF-« in mast cells has been found to
be prestored in the cytoplasmic granules and is released
with histamine and other preformed mediators within
minutes of antigenic stimulation. This suggests a
potential role in early inflammation as well.>>

IL-6 is a pleiotropic inflammatory cytokine produced
by T cells, monocytes, macrophages and synovial
fibroblasts, and plays a major role in cellular activa-
tion.?®?” IL-6 is also produced from mast cells in
released allergic inflammatory diseases such as rheu-
matoid arthritis (RA) and asthma.?®?? Moreover, its
local accumulation is associated with a PCA reaction.’”
IL-8 acts on such inflammatory effector cells as
neutrophils, T lymphocytes, B lymphocytes, and eosi-
nophils.>” The role of mast cells in IL-8-induced
neutrophil migration has been confirmed by other
studies.>*3) The amount of IL-8 released has also been
reported to be higher in the bronchoalveolar large fluid
of asthmatic patients.>¥

This study has demonstrated that LR inhibited the
production of TNF-¢, IL-6 and IL-8 secretion in PMA
plus A23187-stimulated HMC-1 cells. This suggests that
the anti-allergic effect of LR was the result of its ability
to decrease the level of TNF-«, IL-6 and IL-8 generation
from mast cells.

We also experimented on NF-«B activation to
recognize the mechanism for the effect of LR on pro-
inflammatory cytokine expression. The nuclear trans-
location of NF-«B follows the degradation of its
inhibitor, I«kB-«, an event coupled with stimulation-
dependent inhibitor phosphorylation. In PMA plus
A23187-induced stimulated mast cells, LR inhibited
NF-«B activation by suppressing IkB-o degradation.
Consequently, we could demonstrate that the TNF-¢, IL-
6 and IL-8 inhibitory mechanism of LR involved the
suppression of NF-«B activation.

Other studies have shown that treating with LR
significantly inhibited the carcinogen, N-butyl-N-buta-
nolnitrosoamine (BBN),-induced suppression of chemo-
tactic activity and the production of IL-1 and TNF-alpha
by macrophages.® LR has also inhibited the lipopoly-
saccharide (LPS) and interferon-gamma-induced ex-
pression of inducible nitric oxide synthase and TNF-« in
mouse peritoneal macrophages.*® The color components
of LR are composed of the naphthoquinone compound,
shikonin, and its derivatives.3”3® Shikonin has been
reported to confer many medicinal properties such as

anti-inflammatory and anti-tumor effects.>*® we there-
fore assumed that the effects of LR in this study would
be related to shikonin or its derivatives.

In conclusion, LR inhibited the mast cell-derived
inflammatory allergic reactions by blocking the release
of histamine and the activation of the pro-inflammatory
cytokine, NF-«B, by suppressing I«B-a degradation.
Furthermore, the in vivo and in vitro anti-allergic effect
of LR suggests a possible therapeutic application of this
agent to control inflammatory allergic diseases.

Acknowledgments

This study was supported by grants from Kyung Hee-
Pacific Beauty & Health Research Center (20060401)
and Kyung Hee University (KHU 20060404) in Seoul,
Republic of Korea.

References

1) Sasaki, K., Abe, H., and Yoshizaki, F., In vitro
antifungal activity of naphthoquinone derivatives. Biol.
Pharm. Bull., 25, 669-670 (2002).

2) Staniforth, V., Wang, S. Y., Shyur, L. F., and Yang, N.
S., Shikonins, phytocompounds from Lithospermum
erythrorhizon, inhibit the transcriptional activation of
human tumor necrosis factor alpha promoter in vivo.
J. Biol. Chem., 279, 5877-5885 (2004).

3) Shin, H. Y., Na, H.J., Moon, P. D., Shin, T., Shin, T. Y.,
Kim, S. H., Hong, S. H., and Kim, H. M., Inhibition of
mast cell-dependent immediate-type hypersensitivity
reactions by purple bamboo salt. J. Ethnopharmacol.,
91, 153-157 (2004).

4) Metcalfe, D. D., Kaliner, M., and Donlon, M. A., The
mast cell. Crit. Rev. Immunol., 3, 23-74 (1981).

5) Cochrane, D. E., and Douglas, W. W., Calcium-induced
extrusion of secretory granules (exocytosis) in mast cells
exposed to 48-80 or the ionophores A-23187 and X-
537A. Proc. Natl. Acad. Sci. USA, 71, 408-412 (1974).

6) Chai, O. H.,, Kim, E. K., Lee, Y. H., Kim, J. G., Baik, B.
J., Lee, M. S., Han, E. H., and Kim, H. T., Histamine
release induced by dendroaspis natriuretic peptide from
rat mast cells. Peptides, 22, 1421-1426 (2001).

7) Church, M. K., and Levi-Schaffer, F., The human mast
cell. J. Allergy Clin. Immunol., 99, 155-160 (1997).

8) Kemp, S. F,, and Lockey, R. F., Anaphylaxis: a review
of causes and mechanisms. J. Allergy Clin. Immunol.,
110, 341-348 (2002).

9) Kim, H. M., Park, Y. A, Lee, E. J., and Shin, T. Y.,
Inhibition of immediate-type allergic reaction by Rosa
davurica Pall. in a murine model. J. Ethnopharmacol.,
67, 53-60 (1999).

10) Shakoory, B., Fitzgerald, S. M., Lee, S. A., Chi, D. S,
and Krishnaswamy, G., The role of human mast cell-
derived cytokines in eosinophil biology. J. Interferon
Cytokine Res., 24, 271-281 (2004).

11) Salamon, P., Shoham, N. G., Gavrieli, R., Wolach, B.,
and Mekori, Y. A., Human mast cells release interleukin-
8 and induce neutrophil chemotaxis on contact with
activated T cells. Allergy, 60, 1316-1319 (2005).

12) Marquardt, D. L., and Walker, L. L., Dependence of
mast cell IgE-mediated cytokine production on nuclear



2892

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

E. K. KM et al.

factor-kappaB activity. J. Allergy Clin. Immunol., 105,
500-505 (2000).

Alkalay, I., Yaron, A., Hatzubai, A., Orian, A., Ciechan-
over, A., and Ben-Nerigh, Y., Stimulation-dependent I
kappa B alpha phosphorylation marks the NF-kappa B
inhibitor for degradation via the ubiquitin-proteasome
pathway. Proc. Natl. Acad. Sci. USA, 92, 10599-10603
(1995).

Hachisuka, H., Kusuhara, M., Higuchi, M., Okubo, K.,
and Sasai, Y., Purification of rat cutaneous mast cells
with Percoll density centrifugation. Arch. Dermatol.
Res., 280, 358-362 (1988).

Petersen, L. J., Mosbech, H., and Skov, P. S., Allergen-
induced histamine release in intact human skin in vivo
assessed by skin microdialysis technique: characteriza-
tion of factors influencing histamine releasability. J.
Allergy Clin. Immunol., 97, 672-679 (1996).

Tasaka, K., Mio, M., and Okamoto, M., Intracellular
calcium release induced by histamine releasers and its
inhibition by some antiallergic drugs. Ann. Allergy, 56,
464-469 (1986).

Koibuchi, Y., Ichikawa, A., Nakagawa, M., and Tomita,
K., Binding of active components of compound 48/80 to
rat peritoneal mast cells. Eur. J. Pharmacol., 115, 171-
177 (1985).

Ortner, M. J., and Chignell, C. F., The effect of
concentration on the binding of compound 48/80 to rat
mast cells: a fluorescence microscopy study. Immuno-
pharmacology, 3, 187-191 (1981).

Ishizaka, T., Hirata, F., Ishizaka, K., and Axelrod, J.,
Stimulation of phospholipid methylation, Ca2+ influx,
and histamine release by bridging of IgE receptors on rat
mast cells. Proc. Natl. Acad. Sci. USA, 77, 1903-1906
(1980).

Jeong, H. J., Yi, J. M., Hong, S. H., Kong, J. Y., Kim, K.
S., Won, J. H., Cho, K. H., Shin, T. Y., Kim, H. S., and
Kim, H. M., Effect of Sinpo-Tang on the mast cell-
mediated anaphylactic reactions. Pharmacol. Res., 46,
453-458 (2002).

He, S. H., Key role of mast cells and their major
secretory products in inflammatory bowel disease. World
J. Gastroenterol, 10, 309-318 (2004).

Kim, S. H., Choi, C. H., Kim, S. Y., Eun, J. S., and Shin,
T. Y., Anti-allergic effects of Artemisia iwayomogi on
mast cell-mediated allergy model. Exp. Biol. Med.
(Maywood), 230, 82-88 (2005).

Thomas, P. S., Tumour necrosis factor-alpha: the role of
this multifunctional cytokine in asthma. Immunol. Cell
Biol., 79, 132-140 (2001).

Gordon, J. R., Burd, P. R., and Galli, S. J., Mast cells as a
source of multifunctional cytokines. Immunol. Today,
11, 458-464 (1990).

Pelletier, C., Varin-Blank, N., Rivera, J., Iannascoli, B.,
Marchand, F., David, B., Weyer, A., and Blank, U., Fc
epsilonRI-mediated induction of TNF-alpha gene ex-
pression in the RBL-2H3 mast cell line: regulation by
a novel NF-kappaB-like nuclear binding complex. J.
Immunol., 161, 4768-4776 (1998).

Qi, J. C., Stevens, R. L., Wadley, R., Collins, A., Cooley,
M., Naif, H. M., Nasr, N., Cunningham, A., Katsoulotos,
G., Wanigasek, Y., Roufpgalis, B., and Krilis, S. A., IL-
16 regulation of human mast cells/basophils and their
susceptibility to HIV-1. J. Immunol., 168, 4127-4134

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

(2002).

Kim, S. J., Lee, E. J., Song, Y. S., Jeong, H. J., and Lee,
K. M., Cheongyeolsaseuptang inhibits production of
TNF-alpha, IL-6 and IL-8 as well as NF-kappa B
activation in human mast cells. J. Ethnopharmacol., 97,
83-88 (2005).

Gosset, P., Tsicopoulos, A., Wallaert, B., Vannimenus,
C., Joseph, M., Tonnel, S. A., and Capron, A., Increased
secretion of tumor necrosis factor alpha and interleukin-
6 by alveolar macrophages consecutive to the develop-
ment of the late asthmatic reaction. J. Allergy Clin.
Immunol., 88, 561-571 (1991).

Brennan, F. M., Maini, R. N., and Feldmann, M., Role of
pro-inflammatory cytokines in rheumatoid arthritis.
Springer Semin. Immunopathol., 20, 133-147 (1998).
Mican, J. A., Arora, N., Burd, P. R., and Metcalfe, D. D.,
Passive cutaneous anaphylaxis in mouse skin is associ-
ated with local accumulation of interleukin-6 mRNA and
immunoreactive interleukin-6 protein. J. Allergy Clin.
Immunol., 90, 815-824 (1992).

Mukaida, N., Interleukin-8: an expanding universe
beyond neutrophil chemotaxis and activation. Int. J.
Hematol., 72, 391-398 (2000).

Park, H. S., Jung, K. S., Hwang, S. C., Nahm, D. H., and
Yim, H. E., Neutrophil infiltration and release of IL-8 in
airway mucosa from subjects with grain dust-induced
occupational asthma. Clin. Exp. Allergy, 28, 724-730
(1998).

Rot, A., Neutrophil attractant/activation protein-1 (in-
terleukin-8) induces in vitro neutrophil migration by
haptotactic mechanism. Eur. J. Immunol., 23, 303-306
(1993).

Yousefi, S., Hemmann, S., Weber, M., Holzer, C.,
Hartung, K., Blaser, K., and Simon, H. U., IL-8 is
expressed by human peripheral blood eosinophils.
Evidence for increased secretion in asthma. J. Immunol.,
154, 5481-5490 (1995).

Jin, R., and Kurashige, S., Effects of Chinese herbs on
macrophage functions in N-butyl-N-butanolnitrosoa-
mine-treated mice. Immunopharmacol. Immunotoxicol.,
18, 105-114 (1996).

Chung, H. S., Kang, M., Cho, C., Park, S., Kim, H,,
Yoon, Y. S., Kang, J., Shin, M. K., Hong, M. C,, and
Hae, H., Inhibition of lipopolysaccharide and interferon-
gamma-induced expression of inducible nitric oxide
synthase and tumor necrosis factor-alpha by Lithospermi
radix in mouse peritoneal macrophages. J. Ethnophar-
macol., 102, 412-417 (2005).

Sankawa, U., Ebizuka, Y., Miyazaki, T., Isomura, Y.,
and Otsuka, H., Antitumor activity of shikonin and its
derivatives. Chem. Pharm. Bull. (Tokyo), 25, 2392-2395
1977).

Cho, M. H., Paik, Y. S., and Hahn, T. R., Physical
stability of shikonin derivatives from the roots of
Lithospermum erythrorhizon cultivated in Korea. J.
Agric. Food Chem., 47, 4117-4120 (1999).

Hashimoto, S., Xu, M., Masuda, Y., Aiuchi, T., Nakajo,
S., Miyakoshi, M., Ida, Y., and Nakaya, K., Beta-
hydroxyisovalerylshikonin inhibits the cell growth of
various cancer cell lines and induces apoptosis in
leukemia HL-60 cells through a mechanism different
from those of Fas and etoposide. J. Biochem. (Tokyo),
125, 17-23 (1999).



