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Abstract

Stimulation of RAW 264.7 cells with the Ca?*-ATPase inhibitor thapsigargin increased histamine production. Immunoblot analyses
revealed that thapsigargin increased the expression of 74-kDa histidine decarboxylase protein although rat mast cell line RBL-2H3 cells
express both 74- and 53-kDa histidine decarboxylase proteins. The inhibition of histamine production by the mitogen-activated protein
kinase-extracellular signal-regulated kinase kinase (MEK) inhibitors PD98059 (2'-amino-3-methoxyflavone) and U0126 (1,4-diamino-
2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene) and by the p38 mitogen-activated protein (MAP) kinase inhibitor SB203580 (4-(4-fluo-
rophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1 H-imidazole) was correlated with the inhibition of the expression of thapsigargin-in-
duced 74-kDa histidine decarboxylase protein. The synthetic glucocorticoid dexamethasone inhibited thapsigargin-induced histamine
production and 74-kDa histidine decarboxylase protein expression. The thapsigargin-induced activation of p42/p44 MAP kinase and p38
MAP kinase was also inhibited by dexamethasone. These findings indicate that the induction of histamine production by thapsigargin in
RAW 264.7 cells is due to the increased expression of 74-kDa histidine decarboxylase protein and that dexamethasone inhibits
thapsigargin-induced histidine decarboxylase protein expression and histamine production via inhibition of MAP kinase activation.
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1. Introduction

Histamine is produced by mast cells, basophils,
macrophages (Takamatsu et al., 1996; Shiraishi et al.,
2000a), neutrophils (Shiraishi et al., 2000b) and lympho-
cytes (Aoi et al., 1989). Mast cells and basophils constitu-
tively express histidine decarboxylase of 74 and 53 kDa
molecular masses (Tanaka et a., 1998) and store the
produced histamine in their granules. Other types of cells
produce histamine in response to various stimulants and
release it piecemeal. The constitutive secretion of his-
tamine is observed in rapidly growing tissues such as bone
marrow, granulation tissues and tumor (Kahlson and
Rosengren, 1968), and the released histamine plays multi-
ple roles in inflammatory and immune responses (Beer et
al., 1984). However, the regulation mechanism of his-
tamine production by non-mast cells has not been fully
clarified.
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We found that the stimulation of murine macrophage-
like cell line RAW 264.7 cells with thapsigargin, a Ca*-
ATPase inhibitor, induces histidine decarboxylase mRNA
expression and histamine production (Shiraishi et d.,
2000a). Pharmacological analyses indicated that thapsigar-
gin-induced histamine production is regulated mainly by
p42/p44 mitogen-activated protein (MAP) kinase and
partly by p38 MAP kinase (Shiraishi et al., 2000a). How-
ever, the precise regulation of histidine decarboxylase
activity in RAW 264.7 cells remains to be elucidated.

In an air pouch-type alergic inflammation model in
rats, we demonstrated that the steroidal anti-inflammatory
drug dexamethasone inhibits histamine production in the
late phase (Hirasawa et al., 1990). Because dexamethasone
does not inhibit antigen-induced histamine release from
subcutaneous mast cells in the anaphylaxis phase (Ohuchi
et a., 1985), dexamethasone might have an inhibitory
action on histamine production by non-mast cells such as
macrophages. In the present study, to get further insight
into the regulation mechanism for histamine production in
macrophages, we analyzed the changes in 74- and 53-kDa
histidine decarboxylase protein levels and the effects of
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dexamethasone on thapsigargin-induced histamine produc-
tion in RAW 264.7 célls.

2. Materials and methods
2.1. Cdl culture

RAW 264.7 cells obtained from the Riken Cell Bank
(Tsukuba, Japan) were used. The cells were suspended at
5% 10° cells/ml in Eagle’s minimum essential medium
(EMEM) containing 10% (v/v) heat-inactivated fetal
bovine serum (EMEM (+)). One milliliter of the cell
suspension was seeded in each well of 12-well plastic
tissue culture plates (Costar, Cambridge, MA, USA) and
incubated for 20 h at 37°C in an atmosphere of 5%
CO,—95% air. After three washes with EMEM, the cells
were incubated for the periods indicated at 37°C in 1 ml of
EMEM (+) containing drugs.

2.2. Drug treatments

The drugs used were thapsigargin (Wako, Osaka, Japan),
the MAP kinase-extracellular signal-regulated kinase
kinase 1 (MEK 1) inhibitor PD98059 (2'-amino-3-me-
thoxyflavone, New England Biolabs, Beverly, MA, USA)
and U0126 (1,4-diamino-2,3-dicyano-1,4-bis(2-aminophe-
nylthio)butadiene, Calbiochem-Novabiochem, San Diego,
CA, USA), and the p38 MAP kinase inhibitor SB203580
(4- (4-Fluorophenyl)-2-(4-methylsul finyl phenyl)-5- (4-pyri-
dyl)1H-imidazole, Calbiochem-Novabiochem).
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Fig. 1. Expression of 74-kDa histidine decarboxylase protein and histamine production in thapsigargin-stimulated RAW 264.7 cells. (A) RAW 264.7 cells
(5 x 10° cells) were incubated for the period indicated in EMEM (+) in the presence of thapsigargin (20 nM). Histidine decarboxylase protein levels in
the cells and the histamine content of the conditioned medium were determined. Vertical bars indicate S.E.M. of four samples. Statistical significance:
""" P <0.001 vs. time 0. (B) Histidine decarboxylase proteins in unstimulated and thapsigargin-stimulated (12 h) RAW 264.7 cells (1 X 10° cells) and in
unstimulated RBL-2H3 cells (1 X 10° cells) were detected by immunoblotting. Histidine decarboxylases (74 and 53 kDa) are indicated by arrows. The
band above 74-kDa histidine decarboxylase is a non-specific band.

Thapsigargin
(20 nM)

The cells were preincubated at 37°C in EMEM (+)
containing PD98059, U0126 or SB203580 for 1 h or
dexamethasone for 24 h, then further incubated at 37°C in
EMEM (+) containing thapsigargin (20 nM) in the pres-
ence of drugs for the period indicated.

2.3. Determination of histamine contents

After incubation, the conditioned medium was collected
and centrifuged at 220 X g and 4°C for 3 min. Histamine
contents in the supernatant fraction of the conditioned
medium were determined fluorometrically as described by
Shore et al. (1959).

2.4. Immunoblot analysis

Two-milliliter aliquots of the cell suspension (1.5 x 108
cells/ml) were seeded into plastic dishes (35-mm diame-
ter, Corning, Grand Island, NY, USA) and incubated for
24 h at 37°C. After three washes with EMEM, the cells
were further incubated for the period indicated at 37°C in 2
ml of EMEM (+) containing the indicated concentrations
of drugs. After incubation, the cells were washed with
ice-cold phosphate-buffered saline (pH 7.4) and lysed in
150 pl of ice-cold lysis buffer (20 mM HEPES, pH 7.3,
1% (v/v) Triton X-100, 1 mM EDTA, 50 mM NaF, 2.5
mM p-nitrophenylphosphate, 1 mM NayvVO,, 10 ng/ml
leupeptin and 10% (v /v) glyceral). The cell lysates were
centrifuged at 14,000 X g and 4°C for 20 min, and 120 .
of the supernatant fractions was obtained. Proteins in the
cell lysates were separated by sodium dodecyl sulfate-
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Fig. 2. Effects of the MEK inhibitors on the thapsigargin-induced expression of histidine decarboxylase protein and histamine production. RAW 264.7 cells
(5% 10° cells) were pretreated for 1 h with PD98059 (A) or U0126 (B) at the indicated concentrations, and incubated for 12 h in the presence of
thapsigargin (20 nM) and the corresponding concentrations of the inhibitors. The levels of histidine decarboxylase protein in the cells and the histamine
content of the conditioned medium 12 h after stimulation were determined. Vertical bars indicate S.E.M. of four samples. Statistical significance:
"P<0.05 “"P<0.01 and " "P<0.001 vs. the thapsigargin-stimulated control. Numbers in parentheses indicate the relative density of 74-kDa
histidine decarboxylase protein as determined by densitometric analysis. The value of the thapsigargin-stimulated control is set to 1.0.

polyacrylamide gel electrophoresis and immunoblotted by
using the rabbit polyclonal antibodies to rat histidine de-
carboxylase (Euro-diagnostica, Malmo, Sweden), phospho-
p44 /p42 MAP kinase (Thr?2? /Tyr204) (New England Bio-
labs), phospho-specific p38 MAP kinase (Thr& /Tyr182)
(New England Biolabs), rat MAP kinase R2 (Erk1-CT)
(Upstate Biotechnology, Lake Placid, NY, USA), or p38
(C-20) (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The recognized proteins were visualized by using a chemi-
luminescence detection system or an alkaline phosphatase
reaction using nitroblue tetrazolium /5-bromo-4-chloro-3-
indolyl-phosphate solution (Promega, Madison, WI, USA)
as a substrate. Histidine decarboxylase protein from RBL-
2H3 cells, a rat mast cell line (Japanese Cancer Research
Resources Bank, Osaka, Japan), was also immunoblotted.

2.5. Satistical analysis

The statistical significance of the results was analyzed
by Dunnett’'s test for multiple comparisons and Student’s
t-test for unpaired observations. The results were con-
firmed in at least three independent experiments.

3. Results

3.1. Induction of 74-kDa histidine decarboxylase protein
by thapsigargin in RAW 264.7 cells

RAW 264.7 cells were incubated in medium containing
thapsigargin (20 nM) for the periods indicated, and histi-
dine decarboxylase protein in the cell lysates and his-
tamine levels in the conditioned medium were determined.

As shown in Fig. 1A, the level of 74-kDa histidine decar-
boxylase protein was very low before stimulation, but
increased from 4 h with a maximum at 8 h after thapsigar-
gin stimulation, which was followed by an increase in the
histamine level in the conditioned medium. The increment
of histamine content in the conditioned medium from 8 to
12 h was amost the same with that from 12 to 24 h
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Fig. 3. Effects of the p38 MAP kinase inhibitor SB203580 on the
thapsigargin-induced expression of 74-kDa histidine decarboxylase pro-
tein and histamine production. RAW 264.7 cells (5x 10° cells) were
pretreated for 1 h with SB203580 at the indicated concentrations, and
incubated for 12 h in the presence of thapsigargin (20 nM) and corre-
sponding concentrations of SB203580. The levels of histidine decarboxyl-
ase protein in the cells and the histamine content of the conditioned
medium 12 h after stimulation were determined. Vertical bars indicate
S.E.M. of four samples. Statistical significance: * “P < 0.01, and “* “P
< 0.001 vs. the thapsigargin-stimulated control. Numbers in parentheses
indicate the relative density of 74-kDa histidine decarboxylase protein as
determined by densitometric analysis. The value of thapsigargin-stimu-
lated control was set to 1.0.
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Fig. 4. Effects of dexamethasone on the thapsigargin-induced expression
of histidine decarboxylase protein and histamine production. RAW 264.7
cells (5% 10° cells) were treated for 24 h with dexamethasone at the
indicated concentrations, and incubated for 12 h in EMEM (+) in the
presence or absence of thapsigargin (20 nM) and corresponding concen-
trations of dexamethasone. The levels of histidine decarboxylase protein
in the cells and the histamine content of the conditioned medium 12 h
after the stimulation were determined. Vertical bars indicate S.E.M. of
four samples. Statistical significance: * “P < 0.01, and * * P < 0.001 vs.
the thapsigargin-stimulated control. Numbers in parentheses indicate the
relative density of 74-kDa histidine decarboxylase protein as determined
by densitometric analysis. The value of thapsigargin-stimulated control
was set to 1.0.

indicating that the histamine-producing rate in the former
period was higher than that in the latter period. Although
74- and 53-kDa histidine decarboxylase proteins were
detected in unstimulated RBL-2H3 cells, a mast cell line,

53-kDa histidine decarboxylase protein was not detected in
thapsigargin-stimulated RAW 264.7 cells (Fig. 1B).

3.2. Effects of the MEK inhibitors PD98059 and U0126
and the p38 MAP kinase inhibitor SB203580 on thapsigar-
gin-induced histidine decarboxylase protein expression and
histamine production

To clarify the roles of p42/p44 MAP kinase and p38
MAP kinase in the thapsigargin (20 nM)-induced expres-
sion of 74-kDa histidine decarboxylase protein and his-
tamine production, the effects of MEK inhibitors and p38
MAP kinase inhibitors were examined. Both PD98059 and
U0126, inhibitors of MEK, inhibited 74-kDa histidine
decarboxylase protein expression and histamine production
in a concentration-dependent manner (Fig. 2). In addition,
the p38 MAP kinase inhibitor SB203580 reduced partially
but significantly thapsigargin-induced histidine decarbox-
ylase protein expression and histamine production (Fig. 3).

3.3. Inhibition by dexamethasone of thapsigargin-induced
histidine decarboxylase protein expression and histamine
production

RAW 264.7 cells were pretreated for 24 h with dexa
methasone at the concentrations indicated, and stimulated
by thapsigargin (20 nM) for 12 h in the presence of
dexamethasone. The thapsigargin-induced expression of
74-kDa histidine decarboxylase protein and histamine pro-

A) (0.02)(1.00)(0.83) (064) (047) — phospho-p44 MAPK / p44 MAPK
(0.02) (1.00) (0.97) (068) (0.30) — phospha-p42 MAPK / p42 MAPK

. T ——

~= phospho-p44 MAPK
—= phospho-p42 MAPK

—= p42 MAPK

Dexamethasone (nM)

0 0 10100 1000

Thapsigargin (20 nM)

B ) (0.02) (1.00) (0.41) (0.0

T2

1) 0.01) phospho-p38 MAPK / p38 MAPK
| e phospho-p38 MAPK

——— —— | p38 MAPK

Dexamethasone (nM)

0 0 101001000

Thapsigargin (20 nM)
Fig. 5. Inhibition by dexamethasone of the thapsigargin-induced activation of p42/p44 MAP kinase and p38 MAP kinase. RAW 264.7 cells (5 X 10°
cells) were treated for 24 h with dexamethasone at the indicated concentrations, and further incubated for 1 hin EMEM (+) in the presence or absence of
thapsigargin (20 nM) and corresponding concentrations of dexamethasone. The phosphorylation of p42/p44 MAP kinase (A) and p38 MAP kinase (B)
was determined by immunoblotting. Numbers in parentheses indicate the fold increase in phospho-MAP kinases as determined by densitometric analysis.

The value of thapsigargin-stimulated control was set to 1.0.



N. Hirasawa et al. / European Journal of Pharmacology 418 (2001) 23-28 27

100 O 74-kDa HDC Protein
M Histamine Production

Phosphorylation of
p44 MAP kinase
Phosphorylation of
P42 MAP kinase

Phosphorylation of
p38 MAP kinase

50

% of Control

O T T T T

0 10 100 1000

Dexamethasone (nM)
Fig. 6. Summary of the inhibitory effects of dexamethasone on thapsigar-
gin-induced responses. The effects of dexamethasone on the phosphoryla-
tion of p42/p44 MAP kinase and p38 MAP kinase shown in Fig. 5 were
compared with those for histamine production and 74-kDa histidine
decarboxylase protein levels shown in Fig. 4. The control values obtained
by 0 nM dexamethasone are expressed as 100%.

duction were reduced by dexamethasone in a concentra-
tion-dependent manner (Fig. 4). When the cells were stim-
ulated by thapsigargin without dexamethasone pretreat-
ment, histamine production was not inhibited (data not
shown).

3.4. Inhibition of thapsigargin-induced activation of p42 /
p44 MAP kinase and p38 MAP kinase by dexamethasone

To clarify the mechanism by which dexamethasone
inhibits histamine production, the effects of dexametha
sone on the thapsigargin-induced activation of MAP ki-
nases were determined. As shown in Fig. 5, dexametha
sone inhibited the thapsigargin-induced phosphorylation of
p42/p44 MAP kinase and p38 MAP kinase in a concentra:
tion-dependent manner. As summarized in Fig. 6, the
thapsigargin-induced histamine production and 74-kDa his-
tidine decarboxylase protein levels were decreased by
dexamethasone in parallel with the decrease in the phos-
phorylation of p42/p44 MAP kinase.

4, Discussion

The present study shows that thapsigargin-induced his-
tamine production in RAW 264.7 cdlls is regulated by the
expression of 74-kDa histidine decarboxylase protein and
that dexamethasone inhibits the thapsigargin-induced ex-
pression of histidine decarboxylase protein and histamine
production via inhibition of the activation of MAP kinases.
The present report is the first to describe the correlation
between the expression of 74-kDa histidine decarboxylase
protein and histamine production in macrophages.

In mast cells such as RBL-2H3 cells, 74-kDa histidine
decarboxylase protein is localized in the cytosol and is
converted to the 53-kDa form in the luminal area of the
endoplasmic reticulum (Tanaka et al., 1998). Although
74-kDa histidine decarboxylase protein is degraded rapidly,
53-kDa histidine decarboxylase protein is stable and forms

homodimers. Since 53-kDa histidine decarboxylase protein
shows a higher activity than 74-kDa histidine decarboxy!-
ase, processing of the 74-kDa form to the 53-kDa form is
considered to be one of the activation mechanisms of
histidine decarboxylase in mast cells (Tanaka et al., 1998).
However, in RAW 264.7 cells, 53-kDa histidine decarbox-
ylase protein was not detected even after stimulation with
thapsigargin (Fig. 1). The level of 74-kDa histidine decar-
boxylase protein in unstimulated RAW 264.7 cells was
very low but markedly increased by stimulation with thap-
sigargin (Fig. 1), and the change of histamine-producing
rate was correlated with 74-kDa histidine decarboxylase
protein levels in the cells. In addition, the correlation of
74-kDa histidine decarboxylase protein level and histamine
production was confirmed by using the MEK inhibitors
PD98059 and U0126 and the p38 MAP kinase inhibitor
SB203580, which inhibit thapsigargin-induced histamine
production and histidine decarboxylase mRNA expression
(Shiraishi et al., 2000a). PD98059 and U0126, in concen-
trations that inhibit the phosphorylation of p42/p44 MAP
kinase (Shiraishi et a., 2000a), inhibited the increase in
74-kDa histidine decarboxylase protein (Fig. 2). In addi-
tion, the inhibitor of p38 MAP kinase SB203580 partially
reduced histidine decarboxylase protein expression, to an
extent similar to that for inhibition of histamine production
(Fig. 3). These results indicate that histamine production in
thapsigargin-stimulated RAW 264.7 cells is regulated by
the expression of 74-kDa histidine decarboxylase protein
and is independent of its processing to 53-kDa histidine
decarboxylase protein.

In the present study, we aso found that dexamethasone
inhibited thapsigargin-induced histamine production. As
shown in Figs. 4 and 6, the inhibition by dexamethasone
was correlated with the decrease in 74-kDa histidine decar-
boxylase protein, indicating that dexamethasone inhibits
histamine production through inhibition of thapsigargin-in-
duced histidine decarboxylase expression. Consistent with
our previous report that dexamethasone inhibits antigen-in-
duced activation of p42/p44 MAP kinase (Rider et al.,
1996) and c-Jun N-terminal kinase (Hirasawa et al., 1998)
in mast cells, dexamethasone inhibited thapsigargin-in-
duced activation of p42/p44 MAP kinase and p38 MAP
kinase in RAW 264.7 cells (Fig. 5). Although the thapsi-
gargin-induced p38 MAP kinase activation was more
prominently inhibited by dexamethasone than the thapsi-
gargin-induced p42/p44 MAP kinase activation (Figs. 5
and 6), the inhibition by dexamethasone of histamine
production was in parallel with the inhibition of the activa
tion of p42/p44 MAP kinase but not with that of p38
MAP kinase (Fig. 6). These results suggest that the expres-
sion of histidine decarboxylase is mainly regulated by
p42/p44 MAP kinase and only weakly by p38 MAP
kinase. This conclusion is consistent with the finding that
thapsigargin-induced histamine production was promi-
nently inhibited by PD98059 and U0126 (Fig. 2), and
partially inhibited by SB203580 (Fig. 3).
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It is well known that dexamethasone suppresses the
expression of cytokines, probably due to a direct interac-
tion with transcriptional factors such as AP-1 (Jonat et al.,
1990; Schule et al., 1990; Yang-Yen et a., 1990). In
contrast, we reported that dexamethasone inhibited arachi-
donic acid release in antigen-stimulated mast cells via
inhibition of the activation of p42/p44 MAP kinase (Rider
et a., 1996). Therefore, the thapsigargin-induced expres-
sion of histidine decarboxylase protein in RAW 254.7 cells
is another response that is inhibited by dexamethasone
through inhibition of the activation of MAP kinases. Con-
centrations of dexamethasone required for the inhibition of
thapsigargin-induced activation of p42/p44 MAP kinase
in RAW 264.7 cells are higher than those required for the
inhibition of antigen- and thapsigargin-induced activation
of p42/pd4 MAP kinase in RBL-2H3 cells (Rider et al.,
1996). The difference in the concentration of dexametha
sone required for inhibitory activity among the two types
of cells might be due to differences in the sensitivity of the
cells to glucocorticoids. The mechanisms by which dexa
methasone inhibits p42/p44 MAP kinase and p38 MAP
kinase and which cause the differences in cell sensitivity to
glucocorticoids are under investigation.

Macrophages produce prostaglandins and cytokines that
contribute to acute and chronic inflammation. Although the
roles of histamine produced by macrophages are still unde-
fined, histamine released continuoudly is involved in
leukocyte differentiation (Schneider et a., 1990), rapid
tissue growth (Kahlson and Rosengren, 1968) and immune
responses (Beer et al., 1984). Therefore, the inhibition of
histamine production by macrophages might be a novel
mechanism by which dexamethasone regulates inflamma-
tion and immune responses.
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