[

(8]

w

References

Sims JE, Williams DE, Morrissey PJ, Garka
K, Foxworthe D, Price V, Friend SL, Farr A,
Bedell MA, Jenkins NA, Copeland NG,
Grabstein K, Paxton RJ: Molecular cloning
and biological characterization of a novel
murine lymphoid growth factor. ] Exp Med
2000;192:671-680.

Okayama Y, Okumura S, Sagara H, Yuki K,
Sasaki T, Watanabe N, Fueki M, SugiyamaK,
Takeda K, Fukuda T, Saito H, Ra C: Fcepsil-
onRI-mediated thymic stromal lymphopoi-
etin production by IL-4-primed human mast
cells. Eur Respir ] 2009;34:425-435.

Liu YJ: Thymic stromal lymphopoietin: mas-
ter switch for allergic inflammation. ] Exp
Med 2006;203:269-273.

Ying S, O’Connor B, Ratoff ], Meng Q, Mal-
lett K, Cousins D, Robinson D, Zhang G,
Zhao ], Lee T, Corrigan C: Thymic stromal
lymphopoietin expression is increased in
asthmatic airways and correlates with ex-
pression of Th2-attracting chemokines and
disease severity. ] Immunol 2005;174:8183-
8190.

Soumelis V, Reche P, Kanzler H, Yuan W, Ed-
ward G, Homey B, Gilliet M, Ho S, Antonen-
ko S, Lauerma A, Smith K, Gorman D,
Zurawski S, Abrams J, Menon S, McClana-
han T, de Waal-Malefyt Rd R, Bazan F,
Kastelein R, Liu Y: Human epithelial cells
trigger dendritic cell mediated allergic in-
flammation by producing TSLP. Nat Immu-
nol 2002;3:673-680.

Miyata M, Hatsushika K, Ando T, Shimoka-
waN, Ohnuma Y, Katoh R, Suto H, Ogawa H,
Masuyama K, Nakao A: Mast cell regulation
of epithelial TSLP expression plays an im-
portant role in the development of allergic
rhinitis. Eur ] Immunol 2008;38:1487-1492.
Al-Shami A, Spolski R, Kelly ], Keane-Myers
A, Leonard W: A role for TSLP in the devel-
opment of inflammation in an asthma mod-
el. J Exp Med 2005;202:829-839.

ShiL, Leu SW, Xu F, Zhou X, Yin H, Cai L,
Zhang L: Local blockade of TSLP receptoral-
leviated allergic disease by regulating airway
dendritic cells. Clin Immunol 2008;129:202-
210.

Role of Xylene in Exacerbation of Allergic

Inflammation in Mice

10

11

12

13

16

17

Zhang K, Shan L, Rahman MS, Unruz H,
Halayko AJ, Gounni AS: Constitutive and
inducible thymic stromal lymphopoietin ex-
pression in human airway smooth muscle
cells: role in chronic obstructive pulmonary
disease. Am J Physiol Lung Cell Mol Physiol
2007;293:L375-L382.

Yoo J, Omori M, Gyarmati D, Zhou B, Aye T,
Brewer A, Comeau M, Campbell D, Ziegler
S: Spontaneous atopic dermatitis in mice ex-
pressing an inducible thymic stromal lym-
phopoietin transgene specifically in the skin.
J Exp Med 2005;202:541-549.

Jessup H, Brewer A, Omori M, Rickel E, Bu-
delsky A, Yoon B, Ziegler S, Comeau M: In-
tradermal administration of thymic stromal
lymphopoietin induces a T cell- and eosino-
phil-dependent systemic Th2 inflammatory
response. ] Immunol 2008;181:4311-4319.
Ito T, Wang YH, Duramad O, Hori T, De-
lespesse GJ, Watanabe N, Qin FX, Yao Z, Cao
W, Liu YJ: TSLP-activated dendritic cells in-
duce an inflammatory T helper type 2 cell
response through OX40 ligand. ] Exp Med
2005;202:1213-1223.

Liu YJ: Thymic stromal lymphopoietin and
0OX40 ligand pathway in the initiation of
dendritic cell-mediated allergic inflamma-
tion. ] Allergy Clin Immunol 2007;120:238-
244,

Kato A, Favoreto Jr S, Avila PC, Schleimer
RP: TLR3- and Th2 cytokine-dependent
production of thymic stromal lymphopoi-
etin in human airway epithelial cells. ] Im-
munol 2007;179:1080-1087.

Bogiatzi SI, Fernandez I, Bichet JC, Marloie-
Provost MA, Volpe E, Sastre X, Soumelis V:
Proinflammatory and Th2 cytokines syner-
gize to induce thymic stromal lymphopoi-
etin production by human skin keratino-
cytes. ] Immunol 2007;178:3373-3377.
Allakhverdi Z, Comeau MR, Jessup HK,
Yoon BR, Brewer A, Chartier S, Paquette N,
Ziegler SF, Sarfati M, Delespesse G: Thymic
stromal lymphopietin is released by human
epithelial cells in response to microbes, trau-
ma, or inflammation and potently activates
mast cells. ] Exp Med 2007;204:253-258.
Hirasawa N, Ohsawa Y, Katoh G, Shibata K,
Ishihara K, Seyama T, Tamura S, Hong J],
Ohuchi K: Modification of the picryl chlo-
ride-induced allergic dermatitis model in
mouse earlobes by 12-O-tetradecanoylphor-
bol 13-acetate, and analysis of the role of his-
tamine in the modified model. Int Arch Al-
lergy Immun 2009;148:279-288.

18

19

20

21

22

23

24

25

26

Satoh T, Cheu QJ, Sasaki G, Yokozeki H, Ka-
tayama I, Nishioka K: Cyclophosphamide-
induced blood and tissue eosinophilia in
contact sensitivity: mechanism of hapten-
induced eosinophil recruitment into the
skin. Eur ] Immunol 1997;27:85-91.
Tkezawa Y, Nakazawa M, Tamura C, Taka-
hashi K, Minami M, Tkezawa Z: Cyclophos-
phamide decreases the number, percentage
and the function of CD25+ CD4+ regulatory
T cells, which suppress induction of contact
hypersensitivity. ] Dermatol Sci 2005;39:
105-112.

Al-Shami A, Spolski R, Kelly J, Fry T,
Schwartzberg P, Pandey A, Mackall C, Leon-
ard W: A role for thymic stromal lymphopoi-
etin in CD4(+) T cell development. ] Exp
Med 2004;200:159-168.

Tagawa Y, Sekikawa K, Iwakura Y: Suppres-
sion of concanavalin A-induced hepatitis in
IEN-v mice, but not in TNF-a mice. ] Im-
munol 1997;159:1418-1428.

Noben-Trauth N, Shultz LD, Brombacher F,
Urban JE Jr, Gu H, Paul WE: An interleukin
4 (IL-4)-independent pathway for CD4+ T
cell IL-4 production is revealed in IL-4 re-
ceptor-deficient mice. Proc Natl Acad Sci
USA 1997;94:10838-10843.

Noben-Trauth N, Paul WE, Sacks DL: IL-4-
and IL-4 receptor-deficient BALB/c mice re-
veal differences in susceptibility to Leishma-
nia major parasite substrains. ] Immunol
1999;162:6132-6140.

Miyata M, Hatsushika K, Ando T, Shimoka-
waN, Ohnuma Y, Katoh R, Suto H, Ogawa H,
Masuyama K, Nakao A: Mast cell regulation
of epithelial TSLP expression plays an im-
portant role in the development of allergic
rhinitis. Eur ] Immunol 2008;38:1487-1492.
Azuma K, Uchiyama I, Tkeda K: The risk
screening for indoor air pollution chemicals
in Japan. Risk Anal 2007;27:1623-1638.
Nakamura Y, Miyata M, Ohba T, Ando T,
Hatsushika K, Suenaga F, Shimokawa N,
Ohnuma Y, Katoh R, Ogawa H, Nakao A:
Cigarette smoke extract induces thymic
stromal lymphopoietin expression, leading
to Th2-type immune responses and airway
inflammation. J Allergy Clin Immunol
2008;122:1208-1214.

Int Arch Allergy Immunol 2012;157:194-201

201



Journal of Dermatological Science 62 (2011) 50-57

Contents lists available at ScienceDirect =

DERMATOLOGICAL
SCIENCE

R e Ty

Journal of Dermatological Science

journal homepage: www.elsevier.com/jds

Enhancement of nickel elution by lipopolysaccharide-induced inflammation

Rina Tanaka?, Yoshiaki Goi?, Kenji Ishihara®, Kyosuke Ueda ¢, Takayuki Narushima ¢,
Hiroshi Ohtsu ¢, Masahiro Hiratsuka?, Noriyasu Hirasawa **
 Graduate School of Pharmaceutical Sciences, Tohoku University, Japan

b Course for School Nurse Teacher, Faculty of Education, Ibaraki University, Japan
€ Graduate School of Engineering, Tohoku University, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 20 August 2010

Received in revised form 25 December 2010
Accepted 27 December 2010

Background: Implantations of metallic biomedical devices into bodies are increasing. The elution of Ni
ions from these devices can lead to metal allergies. However, the molecular mechanisms of the elution
have not been fully examined. Furthermore, it is not clear whether infection and inflammation affect the
corrosion of metals.

Objective: We examined whether the elution of Ni from metal wires and plates was enhanced by

K?ywordsl: inflammation in vivo and in vitro.
Nickel release Methods: A Ni or SUS316L wire was implanted subcutaneously in the dorsum of mice. Lipopolysaccha-
Lipopolysaccharide

ride (LPS) was injected at the site immediately following the implantation. After 8, 24, and 72 h, the tissue
around the wire was excised. RAW 264 cells were seeded on a Ni plate and incubated for 24 h in medium
containing LPS. The amount of Ni in the tissue or conditioned medium was determined fluorometrically.
Results: The release of Ni ions from the wire was significantly increased from 8 to 72 h, and further
increased by LPS. LPS also enhanced the release of Ni ions by the cells, but only when they were attached
to the Ni plate. Chloroquine, bafilomycin A, and amiloride markedly inhibited the effects of LPS.
Conclusion: The activation of inflammatory cells on metals enhanced the elution of Ni probably via the
release of protons at the interface of the cells and material.

In vivo model
In vitro model
RAW 264 cells

© 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Implantations of biomedical devices to treat diseases and organ
insufficiencies are increasing as populations age [1]. Most devices
for the replacement of hard tissues, including artificial hip joints,
bone plates and dental implants, comprise metallic biomaterials
because of their reliable mechanical performance [2,3]. Corrosion-
resistant and ductile, nickel (Ni) is contained in various alloys,
including stainless steels, Ni-Cr and Ni-Ti. However, Ni is also the
most common contact allergen among metals [4]. Allergies to Ni,
classified as Type IV allergies [5], are initiated by the release of Ni
ions from alloys. Ni bound to soluble proteins [4] or to proteins on
antigen-presenting cells [6] is recognized as an antigen. The
antigen-presenting cells then activate T cells and induce an
increase in the number of Ni-specific, [FN-y-producing CD4" and
CD8" effector T cells [7]. It is difficult to prevent Ni allergies by

* Corresponding author at: Laboratory of Pharmacotherapy of Life-style Related
Diseases, Graduate School of Pharmaceutical Sciences, Tohoku University, 6-3 Aoba
Aramaki, Aoba-ku, Sendai, Miyagi 980-8578, Japan. Tel.: +81 22 795 5915;
fax: +81 22 795 5504.

E-mail address: hirasawa@mail.pharm.tohoku.ac.jp (N. Hirasawa).

inhibiting these immune responses. A more practical approach
might be to block the elution of Ni ions from biomaterials.
However, the molecular mechanisms of this elution have not been
fully examined. Furthermore, although the inflamed sites become
acidic, it is not clear whether infection and inflammation affect the
corrosion of metals.

In general, the release of Ni ions from alloys is tested in
solutions [8,9]. However, as biodevices are implanted for long
periods of time, one should test the release of metal ions from
alloys in tissues to assess the risk of inducing metal allergies. There
is little evidence that the release of metal ions from alloys in vivo is
similar to that in vitro.

To reveal the mechanisms of Ni-induced inflammation and
allergy, several animal models have been developed. The injection of
Ni ions into sensitized animals was found to cause allergic
inflammation including ear swelling [8-10], footpad edema [11]
and the proliferation of lymph node cells [12]. Tolerance to nickel
sensitization was also examined in these animals [9]. Recently, Sato
et al. found that the co-administration of lipopolysaccharide (LPS), a
stimulator of innate immune responses [13], effectively enhanced
sensitization to Ni [10]. Sensitization using Ni ions plus LPS will
promote research into how metal allergies are evoked. In contrast to
models using Ni ions, we induced inflammation in mice using a Ni

0923-1811/$36.00 © 2011 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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wire [14]. In this model, Ni wire but not Fe, Al and Co wires induced
necrosis of the surrounding tissues. The implantation of the Ni wire
elicited the increase in plasma exudation 8 h after the implantation
and prostaglandin and histamine mediated the responses, indicating
that Ni ions were released within a few hours [14].

LPS mimics the inflammation induced by an infection, which can
occur when a biomedical device is implanted [15,16]. Therefore, itis
possible that the injection of LPS enhances the elution of Niions from
metals. In this study, using Ni wire-induced inflammation model
and a novel in vitro system, we examined the mechanisms
responsible for the elution of Ni.

2. Materials and methods
2.1. Animals

Male C57BL/6 mice, specific pathogen free and weighing 22-
25 g, were purchased from SLC (Shizuoka, Japan). The mice were
treated in accordance with procedures approved by the Animal
Ethics Committee of Tohoku University, Japan.

2.2. Materials

A Niwire (>99%, ¢ 0.8 mm), a SUS316L wire (¢ 1 mm), and a Ni
plate (>99%, thickness: 0.05 mm) were purchased from Nilako
Co., Tokyo, Japan. Lipopolysaccharide (LPS) was purchased from
Sigma-Aldrich (St. Louis, MO) and amiloride, chloroquine, and
bafilomycin A; were from Wako Pure Chemical Ind.
(Osaka, Japan).

2.3. Implantation of the Ni wire into mice

A nickel wire and a SUS316Lwire were cutinto 5 mm lengths and
sterilized by soaking in ethanol. Mice were anesthetized and a length
of wire was implanted subcutaneously in the dorsum using a 13G
implant needle (Natsume Co., Tokyo, Japan). A hundred microliters
of LPS solution (1 pg/ml) or saline was injected into the site
immediately after the implantation. The mice were sacrificed at the
indicated time and then the skin tissue (diameter: 14 mm) on the
wire was excised. The skin samples were minced with scissors in
500 .l of Milli Q water and left at 4 °C overnight. The extract was
centrifuged at 15,000 rpm for 20 min, and the supernatant was used
to determine Ni concentrations as described below.

w

250

200

150

100

Weight (mg)

50

2.4. Determination of Ni concentrations by fluorometry and ICP-AES

Samples were diluted with Milli Q water, and Newport Green
DCF [17] was added (150 pl per tube: 0.75 uM) to 850 pl of
diluted sample. Fluorescence intensity was determined with
excitation and emission wavelengths of 505 and 535nm,
respectively, with the use of a Fluorometer F-2000 (Hitachi
High-Technologies Corporation, Japan). The Ni concentrations of
some samples were determined by inductively coupled plasma
atomic emission (ICP-AES) with an ICPS-8000 (Shimadzu System
Development Corporation, Japan).

2.5. Macroscopic and histochemical analyses

Mice were sacrificed 0, 8, 24, or 72 h after the implantation.
Tissue (14 mm in diameter) including epidermis, dermis and
subcutaneous tissue on the wire was then excised and weighed.
The wires obtained were washed with phosphate-buffered saline
and then with an ice-cold lysis buffer (20 mM HEPES, pH 7.4, 1% (v/
v) Triton-X 100, 10% (v/v) glycerol) to remove attached cells. The
surface of wires was observed by scanning electric microscope (S-
3200N, Hitachi, Japan).

2.6. Incubation of the Ni wire in vitro

A Ni wire was incubated in 50 p.l of Milli Q water, saline, or
mouse serum at 37 °C for 8 h. Then, the amount of Ni eluted was
determined as described above.

2.7. Cell culture and stimulation

RAW 264 cells, mouse macrophage cell lines, were cultured
at 37°C under 5% C0,-95% air in phenol red-free Eagle's
minimal essential medium containing 10% (v/v) fetal bovine
serum, penicillin G potassium (15 pg/ml), and streptomycin
sulfate (50 pg/ml). The cells were suspended at the indicated
numbers in the same medium, and 200 pl of the cell suspension
was added to a Ni plate (25 mm?) in each well of a 96-well
cluster dish. Two hours later, LPS was added at the indicated
concentrations and the cells were further incubated at 37 °C for
24h or the period indicated. To prevent them attaching to
plates, the cells were seeded first, and 2 h later, the Ni plate was
placed in a sloping position into each well.

* ¥
| l
0 8 24 72

Time (h)

Fig. 1. Ni wire-induced inflammation. (A) A Ni wire was implanted subcutaneously in the dorsum of each mouse. The mice were sacrificed 8, 24 and 72 h after the
implantation, and the skin around the wire was photographed. (B) The skin tissue (diameter: 14 mm) on the wire was excised and the weight of tissue was measured. The
values are means for four mice with the S.E.M. shown by vertical bars. Statistical significance: **P < 0.01 vs. the 0 h group.
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Untreated

Implanted

Fig. 2. Erosion of the surface of Ni wire. The surface of an untreated Ni wire (left) and an implanted Ni wire 72 h after implantation (right) was analyzed by scanning electron

microscope.

2.8. Drug treatment

The V-ATPase inhibitor bafilomycin A; [18] was dissolved in
DMSO0, and the lysosome inhibitor chloroquine [19], and the Na*/H*
exchanger (NHE) inhibitor amiloride [20,21], were dissolved in
autoclaved water, and diluted with the medium. The cells were
incubated at 37°C for 10 min in 1ml of medium containing
bafilomycin A; (1 nM), amiloride (100 M), or chloroquine (10 M)
and then stimulated with LPS as described above. The final
concentration of DMSO was 0.1% (v/v).

2.9. Statistical significance

The statistical significance of the results was analyzed with
Dunnett’s test or the Student-Newman-Keuls test for multiple

% %
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2
>~ 0:51
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Sham Ni Wire

comparisons. The results were confirmed by at least three
independent sets of experiments.

3. Results
3.1. Metal wire-induced inflammation

A Ni wire was implanted subcutaneously into the dorsum of
C57BL/6 mice and the response was observed 8, 24 and 72 h later.
Consistent with our previous study, the wire caused extreme
inflammation and bleeding (Fig. 1A). As an index of edema
formation of tissues, the weight of skin tissues (14 mm in
diameter) including epidermis, dermis and subcutaneous tissue
on the wire was determined. The skin weight on the wire was

B 25,

* ¥

2.01 L
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1.04

0.5
gl
Sham Ni Wire

Nickel (ug/g tissue)

Fig. 3. Determination of the amount of Ni ions in tissues. (A) Skin tissue (diameter: 14 mm) was excised 8 h after the implantation of the Ni wire or sham treatment, and
minced in 500 pl of deionized water. The concentrations of Ni and Zn ions in the supernatant were determined by ICP-AES. Values are the means for four mice with the S.E.M.
shown by vertical bars. Statistical significance: **P < 0.01 vs. the corresponding sham control group. (B) The concentrations of Ni in the same samples were determined by
fluorometry. Values are means for four mice with the S.E.M. shown by vertical bars. Statistical significance: **P < 0.01 vs. the sham group. The coefficient of the correlation
between the concentrations of Ni ions determined by fluorometry (B) and by ICP-AES (A) was 0.996.
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Fig. 4. Comparison of the release of Ni ions from a Ni wire in vivo and in solutions. A
Ni wire was incubated at 37 °C for 8 h in 50 p.l of H,0, saline and serum. Then, Ni
ions in the solution were quantified by fluorometry. The amount of Ni ions in the
tissue 8 h after the implantation was determined as described in Fig. 3, and
described as “in vivo”. The values are the means of the four samples with S.E.M.
shown by vertical bars.

significantly increased at 24 and 72 h (Fig. 1B), indicating that
plasma leakage was induced by the Ni wire.

3.2. Corrosion of the wire

The corrosion of the implanted wire was analyzed with a
scanning electron microscope. The untreated wire was smooth
(Fig. 2, left panels) but the wire obtained 72 h after the
implantation showed numerous traces of corrosion (Fig. 2, right
panels), indicating that Ni ions had been released.

3.3. Quantitative analysis of the elution of Ni

A Ni wire was implanted subcutaneously in the dorsum and
the skin tissue on the wire was excised 8h later and
homogenized. To evaluate quantitatively the release of Ni from
the wire, the amounts of Ni ions, and Zn ions, as an internal
control, in the supernatant of the skin tissue-homogenate were
quantified by ICP-AES (Fig. 3A). The amount of Ni ions in the
tissue was increased, although that of Zn ions was unchanged.

Then we determined the concentration of Ni ions in the same
sample by fluorometry using Newport Green DCF. As shown in
Fig. 3B, the measurement of the Ni concentration in the control
skin was not disturbed by Zn ions and the values showed a good
correlation with those obtained by ICP-AES (r=0.996). There-
fore, in the experiment that followed, we determined the
amount of Ni ions in the tissue by fluorometry.

3.4. Elusion of Ni ions in vivo and in solution

A Ni wire was incubated at 37 °C for 8 h in an aliquot of water,
saline, or serum of C57BL/6 mice. The concentrations of Ni ions in
the aliquots of water, saline and serum were only small as
compared with the amount detected in the tissue homogenate
(Fig. 4). These results suggested that Ni was eluted much more
easily in vivo than in vitro.

3.5. Enhancement of the release of Ni from Ni- and SUS316L-wire in
vivo by LPS

Using the wire-implanted mice, we found that the release of
Ni ions was detectable at 8 h and increased to at least 72 h after
the implantation. LPS (1 ng/100 .l saline) or saline (100 p.l) was
injected into the same site immediately after the implantation.
Histological analysis disclosed that the wire’s presence induced
the infiltration of inflammatory cells, such as neutrophils and
macrophages, in the tissue and LPS remarkably enhanced this
process (Fig. 5A). The amount of Ni ions in the tissue samples
from the LPS-treated group was significantly increased com-
pared with that for the saline-treated group. The difference was
significant at 8 and 24 h after the implantation (Fig. 5B).

Then we examined whether Ni was eluted from SUS316L,
which is used as biomedical device. When SUS316L-wire was
implanted subcutaneously in the dorsum of the mice, only a
little elution of Ni ions was observed at 72h after the
implantation. As consistent with Ni wire, the elution of Ni from
SUS316L wire was enhanced by the injection of LPS (Fig. 6).

3.6. Enhancement of the release of Ni ions from a metal plate by
activated macrophages

Because macrophages are involved in the first line of defense in
the inflammatory and immune response to foreign materials in
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Fig. 5. Increase in the release of Ni ions by LPS-induced inflammation. (A) A Ni wire was implanted subcutaneously in the dorsum of each mouse. LPS (1 p.g, bottom) or vehicle
(saline, top) was injected into the site immediately after the implantation. Twenty-four hours after the implantation, the mice were sacrificed and the skin on the wire was
dissected. Sections of tissue were prepared and stained with hematoxylin-eosin. (B) The skin tissue (diameter: 14 mm) on the wire was excised 8, 24 and 72 h after the
implantation of Ni wires and the Ni ions in the tissue were quantified by fluorometry. Values are means for five mice with the S.E.M. shown by vertical bars. Statistical

significance: *P < 0.05, **P < 0.01 vs. the saline group at the corresponding point.
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Fig. 6. Increase in the release of Ni ions from SUS316L by LPS. A SUS3167L-wire was
implanted subcutaneously in the dorsum of each mouse. LPS (1 g, closed columns)
or vehicle (saline, open columns) was injected into the site immediately after the
implantation. Seventy-two hours after the implantation, the mice were sacrificed
and the skin tissue (diameter: 14 mm) on the wire was excised. The Ni ions in the
tissue were quantified by fluorometry. Values are means for five mice with the
S.E.M. shown by vertical bars. Statistical significance: **P < 0.01 vs. the
corresponding sham group, and *P < 0.05 between groups indicated.

many tissues, we examined whether these cells induced the
release of Ni ions from metals by using a mouse macrophage cell
line RAW 264. RAW 264 cells were seeded on a Ni plate (25 mm?)
and incubated for 24 hin the presence or absence of LPS (1 pg/ml).
Although few Niions were released when the plate was incubated
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inmedium alone, the amount increased in the presence of the cells
(Fig. 7A). Interestingly, the stimulation of the cells with LPS
significantly increased the release of Ni ions in a concentration-
and time-dependent manner (Fig. 7B and C). These results
suggested that the activated cells enhanced elution of Niions from
the plate.

3.7. Change in pH of the conditioned medium

To clarify whether the elusion of Ni ions from plates was
caused by acidification of the medium, the pH of the conditioned
medium was determined. The pH of the conditioned medium
collected after the 24-h incubation decreased dependent on the
number of cells (Fig. 8A) but was not affected by the addition of
LPS (Fig. 8B). These findings indicated that the acidification of
the medium was induced by the respiratory metabolism of cells
and was not the main cause to induce Ni elution.

3.8. Requirement of cell attachment to the metal

We examined whether the attachment of cells to the metal
plate was required for LPS-induced enhancement of the release
of Ni ions. The cells were incubated for 24 h either attached or
unattached to the Ni plate, and the concentration of ions
released was determined. In the absence of LPS, there was no
difference in the release of Ni ions between the attached and
unattached cultures (Fig. 9). However, LPS-induced enhance-
ment of the elution was observed when the cells were attached

B
RAW264 cells
(1 % 105 cells/mL)
E
>
=
2
L2
Z
0 0.1 03 1
LPS (ug/ml)
* %

Time (h)

24

Fig. 7. Enhancement of elution of Ni ions from a Ni plate by LPS-stimulated RAW 264 cells. (A) The cells (1 or 3 x 10° cells/ml, 0.2 ml) seeded on a Ni plate (25 mm?) were
incubated for 24 hiin the presence (closed columns) or absence (open columns) of LPS (1 wg/ml). The concentration of Ni ions in the supernatant was determined. (B) The cells
(1 x 10° cells/ml, 0.2 ml) seeded on a Ni plate were incubated for 24 h in medium containing LPS (0.1,0.3 and 1 pg/ml). (C) The cells (1 x 10° cells/ml, 0.2 ml) seeded on a Ni
plate were incubated for 4, 8, and 24 h in medium containing LPS (1 g/ml). Values are the means of five determinations with the S.E.M. shown by vertical bars. Statistical

significance: *P < 0.05, **P < 0.01 vs. the corresponding LPS (0 pg/ml) group.
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Fig. 8. Changes of pH in the culture medium of LPS-stimulated RAW 264 cells. The cells (1 and 3 x 10° cells/ml, 0.2 ml) seeded on a Ni plate (5 mm?) were incubated for 24 h in
the presence (closed columns) or absence (open columns) of LPS (1 pg/ml). The pH of the culture medium was determined with a pH meter. (B) The cells (1 » 10° cells/ml,
0.2 ml) seeded on a Ni plate (5 mm?) were incubated for 24 h in medium containing LPS (0.1, 0.3 and 1 p.g/ml). Values are the means for five determinations with the S.E.M.

shown by vertical bars.
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Fig. 9. Requirement of cell attachment for enhancement of the elution of Ni ions
from Ni plates by LPS-stimulated RAW 264 cells. The cells (1 x 10° cells/ml, 0.2 ml)
seeded on (attached condition) or under a Ni plate (non-attached condition) were
incubated for 24 h in the presence or absence of LPS (1 pg/ml). The concentration of
Ni in the culture medium was determined. Values are the means for five
determinations with the S.E.M. shown by vertical bars. Statistical significance:
**P < 0.01 vs. the corresponding LPS (-) group.

to the plate (Fig. 9), indicating that the attachment of cells to
plate was required to increase the release of Ni ions.

3.9. Effects of inhibitors on the release of Ni ions from the plates

The cells were incubated for 24 h on the Ni plate in the presence
of the lysosome inhibitor chloroquine (10 uM), the V-ATPase
inhibitor bafilomycin A; (1 nM), or the Na*/H" exchanger (NHE)
inhibitor amiloride (100 M), and the concentration of Niionsin the
medium was determined. These inhibitors failed to reduce the
release of Niions in the absence of LPS, but apparently inhibited it in
the presence of LPS (Fig. 10). In the absence of the Ni plate, these
inhibitors did not affect the viability of the cells (data not shown).
These findings suggested that the release of H" by the cells was
induced by the stimulation with LPS and caused the release of Niions
from the plate.

4. Discussion
In this study, using two newly established models to assess the

corrosion of Ni in vivo and in vitro, we found that inflammatory cells
accelerated the release of Ni ions from the surface of the metal.
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Fig. 10. Effects of inhibitors on the elution of Ni ions from Ni plates by RAW 264
cells. The cells (1 x 10° cells/ml, 0.2 ml) were seeded on a Ni plate (5 mm?) and
incubated for 24 h in medium containing chloroquine (CQ; 10 pM), amiloride (Ami;
100 wM) and bafilomycin A; (Baf; 1 nM) in the presence (hatched columns) and
absence (open columns) of LPS (1 pg/ml). The closed column indicates that the Ni
plate was incubated in the medium alone. The concentration of Ni in the
supernatant was then determined. Values are the means for five determinations
with the S.EMM. shown by vertical bars. Statistical significance: **P < 0.01 vs.
unstimulated RAW 264 cells, **P < 0.01 vs. LPS control.

We developed a fluorometric method to determine Ni
concentrations in tissue homogenate using Newport Green DCF,
an indicator of Zn and Ni ions [17]. The Ni content obtained by the
fluorometric assay well correlated with that obtained by ICP-AES,
indicating the physiological concentration of Zn ions to be
negligible in the fluorometric assay. In this study, we employed
wires and plates made of >99% Ni to maximize the release of Ni
from alloys. Therefore, the fluorometric assay was a convenient
way to determine the concentration of Ni ions. For biomedical
alloys such as stainless steel and nitinol, ICP-AES or ICP-MS should
be used to assess the release of several metal ions at the same time.
Such models are now under investigation.

Interestingly, when the wire was incubated at 37 °C for 8 h in
water, saline, or mouse serum, only a little Ni was released. However,
Ni ions were released more easily when the wire was implanted
subcutaneously in mice, indicating the release to be highly
dependent on the activation of cells around the wire. The increase
in the concentration of Ni ions around the wire was already evident
at 8 h after the implantation and well-correlated with the increase in
vascular permeability [14]. Wataha et al. determined the
concentration of Ni using a laser-ablation technique in tissue
collected 7 days after implantation and demonstrated that the
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distribution of the ions correlated well with the extent of necrosisina
Ni wire-implantation model in rats [22]. Therefore, it was likely that
the eluted Ni ions caused local inflammation. The finding that the
release of Ni ions into tissue was significantly increased by the
injection of LPS suggested that the activation of inflammatory cells
was involved in the corrosion of the wire. This notion was confirmed
in vitro using RAW 264 cells. Namely, although little Ni was released
from the plate in the medium alone, a significant increase in the
elution was elicited in the presence of the cells, and apparently
enhanced by the addition of LPS.

This in vitro model was useful for clarifying the molecular
mechanisms by which activated inflammatory cells elute metals.
LPS and inflammatory cytokines such as IL-1 activated V-ATPase and
NHE in macrophages [23,24]. The unstimulated cells released a few
Niionsinboth attached and unattached cultures and the release was
little affected by the three inhibitors. The LPS-enhanced elution of Ni
ions was observed only when the cells were attached to the metal
and was markedly inhibited by chloroquine, bafilomycin A; and
amiloride. Similar findings were observed regarding the resorption
of bone by osteoclasts [25-27]. Osteoclasts attach to the bone and
form a specialized compartment, the sealing zone, in which the
resorption of bone is induced. Osteoclasts acidify the space using V-
ATPase [28,29]. Because chloroquine neutralizes the acidity and the
inhibitor of V-ATPase blocked the acidification, both inhibitors
potently suppress bone resorption [30,31]. In addition, the NHE
inhibitor also inhibited bone resorption and acidification [32],
although the molecular mechanisms involved are not completely
clear. However, amiloride inhibits the LPS-induced activation of cells
[33,34]. Taken together, the molecular mechanisms of the elution of
Ni might be similar to those behind the resorption of bone by
osteoclasts. Recently, it was reported that macrophages create the
acidic extracellular compartment to aggregated lipoproteins, which
was inhibited by bafilomycin A, [35]. Thus, macrophages also form
the acidic compartment via V-ATPase in various inflammatory
processes. These findings suggest that the LPS-stimulated cells on Ni
plates form a compartment and acidify it via V-ATPase and NHE,
resulting in the elution of Ni ions.

Metal allergy is a concern when using metallic biomedical
devices. Since we usually intake Ni ions from foods, the increase
in the concentration of Ni ions in plasma might not be enough to
induce Ni-allergy. There is a possibility that additional factor
such as the exposure to LPS was required to elicit the
sensitization of Ni [10]. On the other hand, in the Ni-sensitized
persons, the elution of Ni ions from biomedical devices causes
Ni-allergy. The most effective way to avoid it is to block the
release of metal ions from biomaterials. However, there has
been no system to assess the corrosion of metals under
inflammatory conditions. We established in vivo and in vitro
models for assessing the release of Ni from metal. In these
models, the activation of cells such as macrophages apparently
enhanced the corrosion of Ni. Thus, to assess the safety of
biomaterials, the release of metal ions under inflammatory
conditions should be evaluated. Our models might be useful
tools for this purpose. Notably, the in vitro model might reflect
the elution of Ni at sites of inflammation in vivo.

In conclusion, the elution of Ni ions from metal devices was
promoted by inflammatory cells attached to the surface and
inflammation as well as infection might augment the elution by
enhancing the efflux of proton into the sealing zone as is the
case for bone resorption.
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Introduction

Implantations of biomedical devices to treat dis-
eases and organ insufficiencies are increasing as po-
pulationage ”. Most devices for the replacement of
hard tissues, including artificial hip joints, bone
plates and dental implants, comprise metallic bio-
materials because of their reliable mechanical per-
formance 2. Corrosion-resistant and ductile” nickel
(Ni) is contained in various alloys, including stain-
less steels, Ni-Cr and Ni-Ti. However, Ni is also the
most common contact allergen among metals*>. Al-
lergies to Ni, classified as Type IV allergies +9 are
initiated by the release of Niions from alloys and the
forming of Ni-binding proteins, which are recog-
nized as antigens by antigen-presenting cells such as
dendritic cells (DC) and macrophages *. These cells
then activate T cells and induce an increase in the
number of Ni-specific, IFN-y-producing CD4" and
CD8" effector T cells*®. It is difficult to prevent Ni
allergies by inhibiting these immune responses. A
more practical approach might be to block the elu-
tion of Niions from biomaterials. However, the mo-
lecular mechanisms of this elution have not been
fully examined.

_ Cowile

Fe wire_ Al wire

Fig. 1. Metal wire-implanted mice
A metal wire was implanted subcutaneously in the dorsum
with an implant needle (A). The mice were sacrificed 72 h
after the implantation and the skin around the wire was
photographed (B, modified from ref. 17).

In general, the release of Ni ions from alloys is
tested in solutions. For example, Okazaki ef al. de-
termined the release of metal ions from SUS316L
stainless steel and Co—Cr-Mo casting alloy im-
mersed in a-medium, PBS (-), calf serum, 0.9%
NaCl, artificial saliva, 1.2 % L-cysteine, 1 % lactic

acid and 0.01 % HCI for 7 days . As biodevices are
implanted for long periods of time, one should test
the release of metalions from alloys in tissues to as-
sess the risk of inducing metal allergies. However,
there is little evidence that the release of metal ions
from alloys in vivo is similar to that in vitro.

Animal models of Ni-induced allergy and
inflammation

To reveal the mechanisms of Ni-induced inflam-
mation and allergy, several animal models have been
developed. The injection of Ni ions into sensitized
animals was found to cause allergic inflammation
including ear swelling*'?, footpad edema'” and the
proliferation of lymph node cells® '?. Tolerance to
nickel sensitization was also examined in these
models” ', However, it is much more difficult to
induce an allergy to Ni than to a proteinous antigen.
In general, a high concentration of Ni or an oxidized
form of the ion such as Ni (IIT) or Ni (IV) is required
to trigger inflammation or an allergy®. Recently,
Sato et al. found that the co-administration of lipo-
polysaccharide (LPS), a stimulator of innate immune
responses, effectively enhanced sensitization to Ni 10,
Sensitization using Ni ions plus LPS will promote
research into the evocation of Ni allergies. In addi-
tion, the toxicity of Ni particles to lung was assessed
by injecting intratracheally in rats and mice”"”. The
Ni particles induced the infiltration of leukocytes in
bronchalveolar lavage fluid and production of tumor
necrosis factor-g in this model'”. Wataha et al. im-
planted a Ni wire into the subcutaneous space of rats
and analyzed Ni concentrations in tissues and necro-
sis'®. According to the methods described by Wata-
ha et al., we implanted a metal subcutaneously in the
dorsum of mice using an implant needle (Fig. 1A).
We examined the effects of Ni and Co wires because
Ni and Co were well-known metals inducing metal
allergy. In addition, the Fe and Al wires were used as
the control to clarify the nonspecific inflammation
induced by the implantation of wires. The Ni wire
caused extreme inflammation but the Co, Fe, and Al
wires did not (Fig. 1B), indicating that Ni ions are
easily released and cause inflammation'”. In this
model, the Ni wire-induced inflammation was as-
sessed as the increase in vascular permeability,
which was determined by the leakage of Evans
blue'”. The implantation of Ni wire also induced the
expression of cyclooxygease-2 and histidine decar-

boxylase in the surrounding tissues'”.
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Quantitative analysis of ions release
from the implanted Ni wire

Analytical techniques like inductively coupled
plasma-atomic emission spectrometry (ICP-AES)
and ICP-Mass spectrometry (MS) are used for the
detection of metals in solution. Wataha ef al. ana-
lyzed Ni concentrations in tissues around the Ni wire
48 h, 96 h and 7 days later using laser-ablation
(LA)-ICP-MS '9. They found that the Ni caused se-
vere inflammation and necrosis, and that its distribu-
tion in tissues correlated well with the inflammation.
They appeared that greater than 25 pg/g of Ni in tis-
sue was necessary to elicit severe inflammation with
necrosis. In in vitro experiments using fibroblasts,
endothelial cells, and monocytes, 10-50 pg/ml of Ni
ions cause total suppression of mitochondrial func-
tion '*?. However, the concentration at which Ni
ions induce Ni allergy has not been determined.
Therefore, the quantitative analysis of the release of
Ni ions from materials in vivo is required to assess
the safety of biomaterials. We developed a fluoro-
metric assay to determine Ni concentrations using
Newport Green. Thierse et al. examined the binding
of Ni to membranes of human Raji B cells by flow
cytometry with Newport Green 2". The use of New-
port Green will reveal where Ni binds to protein as
well as its concentration in tissues. Using the Ni
wire-implanted mice described above, we deter-
mined the concentration of Ni in tissue and found
that the release of Ni ions was detectable within 8 h
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and attained a plateau 72 h after the implantation.
Vascular permeability around the wire also increased
from 8 h post-implantation '®. Interestingly, when
the wire was incubated at 37 °C for 8 h in water, sa-
line, or mouse serum, very little Ni was released.
Thus, Ni ions were released more easily in vivo than
in the solutions, indicating the release to be highly
dependent on the responses of cells around the wire.

Enhancement by lipopolysaccharide of
the release of Ni ions in vivo

The implantation of biomedical devices can cause
infections and bacteria-induced inflammation. Al-
though the inflamed sites become acidic, it is not
clear whether the infection and inflammation affect
the elution of Ni. So we examined the involvement
of inflammatory responses in the release of Ni in
vivo. LPS (1 pg/ 200 pL saline) was injected subcu-
taneously around the wire at the time of implantation.
The release of Ni ions into tissue was significantly
increased by the injection of LPS compared to an
injection of the vehicle only. These results clearly
indicated that the release of Ni was enhanced by the
inflammatory responses. Thus, the elution of metal
ions was induced by the attached cells on the surface
of alloys and enhanced by inflammatory stimuli.
These findings suggested that the release of metal
ions from biomaterials in buffers might not reflect
that in tissues. Thus, our metal-wire implant model
might be used to assess the safety of biomaterials in
normal tissues and in the inflammatory conditions.

Put Nickel Plate (5 mm x 5 mm) into 96-well Plate

:

Seed RAW 264 Cells (1-3 X 10° cells/mL)
on Nickel Plate

' 8

Add LPS (1 pg/mL)
!

Incubate 24 h at 37°C, 5% CO2

: ]

Determine Concentration of Nickel

Fig. 2.

In vitro assay system for Ni release from the plate




In vitro system for the assessment of Ni
release at inflamed sites
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Exposure to several chemical compounds in the environment might worsen allergies.
However, it remains unclear which chemicals except for contact-sensitizing compounds mod-
ify inflammatory and immune responses and how. Thymic stromal lymphopoietin (TSLP), an
IL-7-like cytokine produced mainly by epithelial cells, plays important roles in the initiation
of allergic inflammation. We found that the painting of xylene on ear lobes induced produc-
tion of TSLP and exacerbated the picryl chloride-induced allergic dermatitis. Thus, there are
chemical compounds in the environment which do not have contact-sensitizing activity but
cause the production of TSLP and on exacerbation of allergic dermatitis.
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Introduction

Atopic dermatitis is an allergic inflammatory dis-
ease characterized by intense pruritus, chronic ec-
zematous plaques, and relapsing inflammation in-
duced by repeated exposure to the antigen. In the
inflamed skin, infiltration by eosinophils, the number
of mast cells, and Th2-type immune responses are
generally increased™. It is important to prevent ex-
acerbation of the inflammation, from scratching for
example, which can destroy the barrier function of
skin and worsen the dermatitis. In addition, exposure
to chemical compounds in the environment might
exacerbate allergies. However, it remains unclear
which chemicals other than contact-sensitizing com-
pounds modify inflammatory and immune responses
and how. Therefore, it is necessary to establish a
suitable experimental model to identify chemical
compounds which worsen allergic dermatitis and to
clarify the molecular mechanisms involved.

Experimental models of allergic
dermatitis

At present, there are several animal models of der-
matitis with atopic dermatitis-like skin lesions. For
example, repeated epicutaneous exposure to con-
tact-sensitizing compounds such as 2.4,6-trini-
tro-1-chlorobenzene™ and paraphenylenediamine®,
or dust mite allergen” results in chronic contact
hypersensitivity. NC/Nga mice have also been used
as a model of atopic dermatitis®®. The contact
hypersensitivity induced by contact-sensitizing com-
pounds is caused by Thl-dominant inflammation®?.
Importantly, the repeated application of such com-
pounds leads to responses different from those in-
duced by a single challenge. Repeated treatment with
antigenic compounds shifted the cytokine milieu
from Thl to Th2, resulting in increased infiltration of
eosinophils and mast cells, and the induction of im-
mediate- and late-phase responses™®. However, the
molecular mechanisms responsible for the shift in the
milieu are still unclear. Here we established a novel
model of chronic allergic dermatitis in which anti-
gen-nonspecific inflammation shifts the cytokine
milieu to a Th2-dominant reaction'”. Namely,
12-O-tetradecanoyl 13-acetate (TPA) was painted
twice on the ear lobes of PiCl-sensitized mice to in-
duce antigen-nonspecific inflammation. The mice
were then challenged with PiCl painted on the same
ear lobe'”. This model showed features similar to

those observed in patients with atopic dermatitis: the
formation of crust, epidermal hyperplasia and vigor-
ous infiltration by leukocytes including eosinophils'.
The application of TPA induced a shift in the cyto-
kine milieu from a Thl- to a Th2-type profile, result-
ing in an exacerbation of the PiCl-induced allergic
dermatitis'”. Thus, this model would be suitable for
studying the mechanisms by which antigen-non-
specific inflammation worsens allergic dermatitis.

Role of Thymic stromal lymphopoietin
(TSLP) in the exacerbation of allergies

TSLP, an IL-7-like cytokine produced mainly by
epithelial cells”” and mast cells”, plays important
roles in the initiation of allergic inflammation'.
TSLP production is increased at inflamed sites in
patients with severe asthma'?, atopic dermatitis'?, and
allergic rhinitis'”. The allergic inflammation in an
animal model of asthma was significantly suppressed
in TSLP receptor-deficient mice'®. In addition, the
intratracheal administration of anti-TSLP receptor
significantly reduced infiltration of eosinophils,
hyperplasia and Th2 cytokine production'. Lung-
specific expression of TSLP induced asthma-like
airway inflammation®”, and skin-selective expression
and the intradermal injection of TSLP induced atopic
dermatitis®*. Thus, an excess of TSLP is enough to
cause allergic inflammation.

In our model, the application of TPA to the ear lobe
of the PiCl-sensitized mice markedly increased the
level of TSLP mRNA at 4 h'". Thus TPA-induced
production of TSLP might be one of the mechanisms
responsible for the shift forward a Th2-dominant
response.

Effects of chemicals in the environments
on TSLP production and allergic
dermatitis

The first cells to interact with chemical compounds
in the environment are the epithelial cells of the res-
piratory system, digestive tract and skin. Therefore, it
is likely that chemicals which attach to epithelial
tissues induce TSLP production by epithelial cells,
promoting Th2-type reactions and worsening the al-
lergic inflammation. Consequently, we assayed the
activity of various chemical compounds, which are
detected in the indoor environment, to induce TSLP
production in ear lobes of mice. Among the organic
solvents tested, xylene and related compounds such
as 1,2,4-trimethylbenzene significantly induced the
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production of TSLP protein. Interestingly, the activity
to induce TSLP production was highly dependent on
the position of methyl groups on the benzene ring.
Namely, m-xylene induced much more extensively
the production of TSLP than did o-xylene. These
findings suggested that xylene triggered TSLP pro-
duction by binding to a specific protein in a struc-
ture-dependent manner, and not through physical
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and/or chemical toxicity.

When painted on the ear instead of TPA, xylene en-
hanced the PiCl-induced thickening of the ear and
IL-4 production. Importantly, the xylene-induced
enhancement of these responses was reversed in
TSLP receptor-knockout mice, suggesting that xy-
lene exacerbated the PiCl-induced allergic inflam-
mation via production of TSLP.

Antigen

Exacerbating Factor

Peptide / Protein

Contact-sensitizing compounds

TPA
Xylene etc.

|

[ Dendritic Cells J<‘::1

!

( Lymphocytes }

|

|

<= Epithelial Cells |

Th2-oriented Immune Responses

Exacerbation of Allergy

Fig. 1. Modification of allergies by exacerbating factors through production of TSLP.

Conclusion

Exogenous peptides/proteins and contact-sensitiz-
ing compounds act as antigens to induce allergies.
However, the antigenicity of xylene itself has not
been reported. Here we indicated that xylene, as well
as TPA, exacerbated antigen-induced allergic in-
flammation via TSLP production (Fig. 1). Thus, there
are chemicals in the environment which do not have
contact-sensitizing activity but cause the production
of TSLP and an exacerbation of allergic dermatitis.
Our models would be useful to detect such com-
pounds.
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Abstract

\{

Pretreatment with parthenolide for 60 min inhibited the anti-
gen-induced degranulation of RBL-2H3 mast cells; the I1Csq value
being 4.5 0.4 pM. The inhibition was not due to suppression of
the phosphatidylinositol 3-kinase pathway because the antigen-
induced phosphorylation of Akt was not inhibited by partheno-
lide. The antigen-induced increase in intracellular calcium levels
was prevented by parthenolide, suggesting that parthenolide in-
hibited the antigen-induced degranulation by suppressing an in-
crease in intracellular calcium levels. In support of this, partheno-
lide was found to prevent ionomycin-induced degranulation by
inhibiting an increase in intracellular calcium levels. Therefore,
parthenolide inhibits the degranulation of mast cells by prevent-
ing an increase in intracellular calcium levels.
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In the course of searching for new inhibitors of mast cell degranu-
lation, we found that parthenolide (© Fig. 1), a sesquiterpene lac-

Hong Jj et al. Suppression of Intracellular... Planta Med 2011; 77: 252-256

Fig.1 Chemical struc
ture of parthenolide.

‘tone isolated from the herb feverfew (Tanacetum parthenium [L]
Sch. Bip. [Asteraceae]), inhibited the antigen-induced degranula-
tion of a rat basophilic leukemia cell line, RBL-2H3 [1].
Parthenolide is reported to have anti-inflammatory activities, in-
cluding inhibition of the formation of edemas generated by 12-0-
tetradecanoylphorbol 13-acetate in mouse skin [2] and by carra-
geenin in rats and mice |3, 4]. It was also reported to suppress im-
mune glomerulonephritis [5], gastric ulcers [6], migraines [7],
myocardial reperfusion injury [8], and bladder inflammation [9].
These effects are attributable to the inhibition of nuclear factor-
kB (NF-kB) [10]. However, the activation of NF-kB is not involved
in the signaling pathway for the antigen-induced degranulation
of mast cells. In this study, we examined the mechanism of action
of parthenolide.

When IgE-sensitized RBL-2H3 cells were incubated in medium
containing the antigen dinitrophenol-conjugated human serum
albumin (DNP-HSA; 50 ng/mL) and various concentrations of par-
thenolide, significant inhibition of mast cell degranulation was
induced only at 30 uM (© Fig. 2A). However, a 60-min preincuba-
tion with parthenolide before the antigen challenge enhanced
the inhibitory activity of parthenolide. Significant inhibition was
observed at 1 to 30 uM in a concentration-dependent manner
(©Fig. 2B). At 30 pM, parthenolide almost completely inhibited
the antigen-induced degranulation (© Fig.2B). The ICsg value
was calculated to be 4.5 + 0.4 uM. The phosphatidylinositol 3-ki-
nase (PI3K) inhibitor wortmannin (100 nM) also inhibited the
antigen-induced degranulation (© Fig. 2A and B). The maximum
inhibitory effect was obtained with 60 min preincubation (data
not shown). At such concentrations, parthenolide did not exhibit
cytotoxicity after 4h (Fig. 1S). Therefore, the inhibition of the
antigen-induced degranulation by parthenolide is not due to cy-
totoxicity. Subsequent experiments were conducted with 60 min
preincubation with parthenolide. Wortmannin (100 nM) inhib-
ited the phosphorylation of Akt (©Fig.3), but parthenolide
(30 pM) did not (© Fig. 3). Therefore, the inhibition of the anti-
gen-induced degranulation by parthenolide is not mediated
through the suppression of the PI3K pathway. Degranulation in-
duced by the calcium ionophore ionomycin (1 uM) and A23187
(1 pM) was also inhibited by parthenolide at up to 30uM in a
concentration-dependent manner. However, the degranulation
induced by these compounds was not completely suppressed by
parthenolide (30 uM) or wortmannin (100 nM) (© Fig. 4A and B).
To clarify the mechanism of action of parthenolide, its effects on
intracellular calcium ([Ca?*]i) levels were examined. Fluorescence
intensity in the suspended cells was increased by the antigen
(©Fig.5B), and treatment with parthenolide at 1 to 30 uM sup-
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