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1 Histamine is generally regarded as a pro-inflammatory mediator in diseases such as allergy and
asthma. A growing number of studies, however, suggest that this autacoid is also involved in the
downregulation of human polymorphonuclear leukocyte (PMN) functions and inflammatory
responses through activation of the Gs-coupled histamine H2 receptor.

2 We report here that histamine inhibits thapsigargin- and ligand (PAF and fMLP)-induced
leukotriene (LT) biosynthesis in human PMN in a dose-dependent manner.

3 The suppressive effect of histamine on LT biosynthesis was abrogated by the histamine H2 receptor
antagonists cimetidine, ranitidine, and tiotidine. In contrast, the histamine H1, H3, and H4 receptor
antagonists used in this study were ineffective in counteracting the inhibitory effect of histamine on the
biosynthesis of LT in activated human PMN.

4 The inhibition of LT biosynthesis by histamine was characterized by decreased arachidonic acid
release and 5-lipoxygenase translocation to the nuclear membrane.

5 Incubation of PMN with the cAMP-dependent protein kinase (PKA) inhibitor N-[2-(p-
bromocinnamylamino)ethyl]-5-isoquinoline-sulfonamide prevented the inhibitory effect of histamine
on LT biosynthesis, suggesting an important role for PKA in this effect of histamine on LT
biosynthesis in PMN.

6 These data provide the first evidences that, similarly to adenosine and prostaglandin E2, histamine
is a potent suppressor of LT biosynthesis, and support the concept that histamine may play a dual role
in the regulation of inflammation.
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Introduction

Leukotrienes (LTs) are lipid mediators of inflammation

derived from the oxygenation of arachidonic acid (AA) by

the 5-lipoxygenase (5-LO). LTB4 is a potent chemoattractant

and activates polymorphonuclear leukocytes (PMN) (Ford-

Hutchinson et al., 1980; Palmblad et al., 1981; Dewald &

Baggiolini, 1985). Moreover, de novo LTB4 biosynthesis has

been shown to play a role in the rabbit blood PMN

transmigration elicited by a wide variety of pro-inflammatory

mediators (Marleau et al., 1999). The cysteinyl-LT (LTC4, D4

and E4) induce bronchoconstriction (Dahlén et al., 1980),

increase vascular permeability (Dahlén et al., 1981), and

smooth muscle cell proliferation (Cohen et al., 1995; Rajah

et al., 1996). In human PMN, the biosynthesis of LTB4 is

initiated by a rise of intracellular calcium concentration

([Ca2þ ]i), followed by the translocations of the type IVA

cytosolic phospholipase A2 (cPLA2) and 5-LO to the nuclear

envelope (Woods et al., 1993; Pouliot et al., 1996), where LT

biosynthesis likely occurs.

cAMP-elevating agents have been reported to be potent

inhibitors of 5-LO product generation. Adenosine and the A2A

receptor agonist CGS-21680 have indeed been shown to inhibit

LTB4 generation in human whole blood (Krump et al., 1996)

and in human PMN (Krump et al., 1997; Krump & Borgeat,

1999). The inhibition of LT biosynthesis in activated PMN by

other cAMP-elevating, namely prostaglandin (PG) E2, the

b-adrenergic agonist isoproterenol, and type IV phosphodies-

terase, inhibitors has also been reported (Ham et al., 1983;

Schudt et al., 1991; Fonteh et al., 1993; Dennis & Riendeau,

1999; Flamand et al., 2000). Although the cAMP-mediated

inhibition of LT biosynthesis in human PMN clearly

implicates the inhibition of AA release (Fonteh et al., 1993;

Flamand et al., 2000) and 5-LO translocation (Flamand et al.,

2002), the molecular mechanisms involved in these events

remain poorly understood.
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Histamine is a well-known pro-inflammatory autacoid

associated with diseases such as allergy and asthma. The

biological effects of histamine implicate different receptor

subtypes; pro-inflammatory actions of histamine including

vasodilatation and increased vascular permeability are mainly

mediated through H1 receptor (H1R) occupancy. The symptom

attenuation of allergic diseases is indeed achieved using H1R

antagonists. Other studies have shown that histamines

participate in the regulation of leukocyte adhesion to the

endothelial wall through stimulation of adhesion molecule

expression by endothelial cells in an H1R-dependent manner

(Miki et al., 1996; Saito et al., 1996; Burns et al., 1999).

Interestingly, a growing number of studies also support an

opposite role of this autacoid in the downregulation of PMN

functional responses. Indeed, histamine inhibits lysosomial

enzyme release, respiratory burst, adhesion, chemotaxis, and

calcium influx in agonist-stimulated human PMN (Busse &

Sosman, 1976; Busse et al., 1980; Radermecker & Maldague,

1981; Seligmann et al., 1983; Burde et al., 1989; Zimmerman &

Millard, 1989; Francis et al., 1991; Hirasawa et al., 1991; Bury

& Radermecker, 1992; Bury et al., 1992; Leino et al., 1993). All

of these inhibitory effects of histamine on human PMN are the

consequence of H2R activation, which causes the elevation of

intracellular cAMP concentrations ([cAMP]i) (Gespach &

Abita, 1982).

Since PMN possesses the H2R, we investigated the putative

impact of histamine on the ability of PMN to generate LTB4.

We report here that stimulation of the H2R inhibits LTB4

biosynthesis by activated human PMN in vitro. The observed

inhibition of LT biosynthesis by histamine was only mimicked

by the specific H2R agonist amthamine, and prevented by the

H2R antagonists cimetidine, ranitidine, and tiotidine, but not

by H1R, H3R, or H4R antagonists. The inhibition of LT

biosynthesis by histamine correlated with decreased AA

release, and 5-LO translocation to the nuclear membranes.

Moreover, the specific cAMP-dependent protein kinase (PKA)

inhibitor N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline-

sulfonamide (H-89) efficiently prevented the inhibitory effect

of histamine on LTB4 biosynthesis.

Methods

Materials

19-OH-PGB1, 19-OH-PGB2, A23187, adenosine deaminase

(ADA), cytochalasin B, diamine oxydase, dimethyl sulfoxide

(DMSO), fMLP, histamine, b-mercaptoethanol, nonidet P-40

(NP-40), PAF, PGB1, PGB2, PMSF, and Triton X-100 were

obtained from Sigma Chemical (St Louis, MI, U.S.A.).

Amthamine dihydrobromide, imetit dihydrobromide, thioper-

amide maleate, clobenpropit dihydrobromide, histamine tri-

fluoromethyl toluidide (HTMT), tiotidine, mepyramine

maleate, and trans-tripolidine HCl were puchased from Tocris

Cookson Inc. (Ballwin, MO, U.S.A.). H-89 and KT-5720 were

obtained from Biomol Research Laboratories (Plymouth

Meeting, PA, U.S.A.). Fura-2-AM was obtained from

Molecular Probes (Eugene, OR, U.S.A.). The cPLA2 antis-

erum MF-142 was kindly provided by Dr Denis Riendeau

(Merck Frosst, Kirkland, Québec, Canada). Monoclonal 5-LO

antibody was purchased from Research Diagnostics (Flanders,

NJ, U.S.A.). The ECL Detection Kit was purchased from

Perkin-Elmer Life Sciences (Boston, MA, U.S.A.). Hank’s

Balanced Salt Solution (HBSS) and Hepes, Ficoll–Paque, and

Trypan blue were purchased from Wisent Laboratories (St-

Bruno, Québec, Canada). Thapsigargin, cimetidine, dimaprit,

and ranitidine-HCl were from RBI (Natick, MA, U.S.A.).

Isolation of human neutrophils

Venous blood from healthy volunteers was collected in

heparinized tubes and PMN were isolated as previously

described (Boyum, 1968). Briefly, after discarding the plate-

let-rich plasma, erythocytes were removed by dextran sedi-

mentation. Mononuclear cells were then separated from the

granulocytes by centrifugation on Ficoll–Paque cushions, and

a hypotonic lysis was performed on the granulocyte cell pellet

to remove the remaining erythrocytes. The granulocyte

suspension contained mainly PMN (X95%) with eosinophils

as the major contaminant, and cell viability was always greater

than 98%, as measured by trypan blue exclusion. PMN were

finally re-suspended in HBSS containing 1.6mM CaCl2 at 5 or

10� 106 cellsml�1, as indicated.

Cell stimulations

In experiments with human blood, freshly drawn heparinized

blood samples were pre-incubated (30min, 371C) in the

presence of 6 nM TNF-a and 1mgml�1 LPS, then stimulated

with 1mM fMLP for 20min. In experiments with isolated

PMN, pre-warmed cells (5� 106ml�1, 371C) were primed with

700 pM GM-CSF, 1.2 nM TNF-a, and 10mM cytochalasin B for

30min. Cells were then stimulated with 300 nM of either PAF

or fMLP for 5min in the presence of the priming agents. In

experiments where thapsigargin was used as the stimulus,

PMN were not previously exposed to priming agents and

unprimed pre-warmed PMN (5� 106ml�1, 371C) were stimu-

lated with 100 nM thapsigargin for 10min. In order to

eliminate the inhibitory constraint of endogenous adenosine

on LT biosynthesis in PMN suspensions, 0.1Uml�1 ADA was

added 10min before cell stimulation in all experimental

settings, as described previously (Krump et al., 1997).

Histamine and amthamine were added 5min before stimula-

tion of PMN with agonists; PKA inhibitors and histamine

receptor antagonists were added 20 and 10min, respectively,

before stimulation. In the experiments where chelation of

extracellular Ca2þ was performed, EGTA was added to a final

concentration of 2mM, simultaneously with thapsigargin,

PAF, or fMLP.

5-LO product and AA analysis

For the determination of 5-LO products, cell incubations were

terminated by the addition of 0.5 volume of a cold (41C) stop

solution (MeOH :MeCN, 1 : 1 (v : v)) containing 12.5 ng of

both 19-OH-PGB2 and PGB2 as internal standards. The

denatured cell suspensions were centrifuged (600� g, 10min)

to eliminate the precipitated material, and the supernatants

were collected and analyzed by reversed phase (RP)-HPLC

using an online extraction procedure, as described previously

(Borgeat et al., 1990). The sum of LTB4, its o-oxidation
products 20-OH- and 20-COOH-LTB4, LTB4 isomers 6-(E)-

and 6-(E)-12-epi-LTB4, and 5-hydroxyeicosatetraenoic acid

(5-HETE) was compiled, and are referred to as 5-LO products.
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In experiments with human whole human blood, incubations

were stopped by placing the samples in an ice-water bath. The

plasma obtained by centrifugation (300� g, 20min) was

denatured with 10 volumes of a cold stop solution (41C,

MeOH :MeCN, 1 : 1 (v : v)) containing 12.5 ng of both 19-OH-

PGB1 and PGB1 as internal standards. The denatured samples

were centrifuged (600� g, 20min) and the supernatants were

then evaporated (in a water bath at 221C) to a volume of

B1ml using a stream of nitrogen, and analyzed by RP-HPLC,

as described previously (Surette et al., 1993). For the analysis

of AA release, PMN incubations were stopped by the addition

of 0.5 volume of a cold (41C) stop solution (MeOH :MeCN,

1 : 1 (v : v)) containing 12.5 ng of both 19-OH-PGB2 and PGB2,

and 20 ng of 2H8-AA. The denatured incubation media were

centrifuged and the supernatants were analyzed by RP-HPLC.

The AA-containing fraction was collected, evaporated to

dryness under reduced pressure using a Speed-Vac evaporator

and re-dissolved in 50 ml MeCN for analysis by LC-MS using

electrospray ionization in the negative mode, as described

previously (Borgeat et al., 1998).

Analysis of cPLA2 and 5-LO in nuclear membrane
fractions

For the preparation of the nuclear membrane fractions, PMN

suspensions were incubated under the conditions described

previously, but at the concentration of 107 cellsml�1. Incuba-

tions were stopped with 1 volume of cold (41C) incubation

media, and cell suspensions were then quickly centrifuged

(600� g, 90 s). PMN pellets (2� 107 cells) were suspended in

500 ml of cold (41C) sonication buffer (250mM sucrose, 1mM

EGTA, 10mM HEPES, 10 mgml�1 leupeptin, 10mgml�1

aprotinin, 2mM DFP, and 1mM PMSF). Cell disruption was

performed at 41C using a Branson sonifier #450 (20 s at a

power setting of 1.5 and 100% duty cycle). Sonicates were

centrifuged at 12,000� g for 15min and the supernatants were

centrifuged at 180,000� g for 45min. The supernatants

(referred to as the cytosolic fractions) and pellets (referred to

as membranes) were immediately solubilized in an electro-

phoresis sample buffer (62.5mM Tris-HCl, pH 6.8, 2% SDS,

100mM dithiothreitol, 10% glycerol, 0.01% bromophenol

blue, 10 mgml�1 leupeptin, 10mgml�1 aprotinin, and 1mM

PMSF) and boiled for 10min. Samples were analyzed by SDS–

PAGE (Laemmli, 1970) using 10% polyacrylamide gels.

Proteins were then transferred at 0.5A for 3 h at 41C onto

Immobilon-P PVDF membranes. Transfer efficiency as well as

equal loading was visualized by Ponceau red staining. For the

determination of cPLA2 and 5-LO, the PVDF membranes

were soaked for 30min at 251C in Tris-buffered saline (25mM

Tris-HCl, pH 7.6, 200mM NaCl, 0.15% Tween 20) containing

5% dried milk (w : v), blotted with the 5-LO and the cPLA2

antisera, and revealed using a horseradish peroxidase-coupled

monoclonal antibody and the ECL detection kit.

Measurement of [Ca2þ]i

PMN (107 cellsml�1) were incubated for 30min at 371C with

1 mM Fura-2-AM in HBSS containing 1.6mM CaCl2. Cells

were then washed twice, re-suspended at 107 cellsml�1,

transferred into the thermally controlled (371C) and magne-

tically stirred cuvette of the spectrofluorometer (Aminco-

Bowman series 2, SLM-Aminco, Urbana, IL, U.S.A.).

Histamine (10 mM) was added 5min before stimulation of

PMN with 100 nM PAF. In the experiments where the PKA

inhibitor H-89 was used, PMN were incubated with the latter

for 10min before the addition of histamine. PAF was always

added 10 s after the beginning of data acquisition. In the

experiments where chelation of extracellular Ca2þ was

performed, EGTA (final concentration of 2mM) was added

simultaneously with PAF. Fluorescence was monitored at

excitation and emission wavelengths of 340 and 510 nm,

respectively. Raw data were transformed using the following

formula: 224((y�Fmin)(Fmax�y)�1). Fmax was obtained by

disrupting the cells with 1% Triton X-100 and Fmin was

obtained by adding 5mM of both EGTA and NaOH. In

experiments where chelation of extracellular Ca2þ was

performed with 2mM EGTA, the average Fmax and Fmin

of the tests preformed without EGTA were used, in order to

transform the raw data.

Results

Inhibition of LTB4 biosynthesis by histamine

Given the previous observations that autacoids such as

adenosine and PGE2 are potent activators of adenylate cyclase

and inhibit LT biosynthesis in human PMN, and since the

activation of H2R also rises [cAMP]i in PMN (Gespach &

Abita, 1982), a first series of experiments was performed to

evaluate whether histamine inhibits LT biosynthesis in

activated human PMN. As shown in Figure 1, incubation of

GM-CSF/TNF-a/cytochalasin B-treated human PMN with

increasing concentrations of histamine progressively leads to

the inhibition of LT biosynthesis induced by PAF and fMLP

with an IC50 of B300 nM, and 90% inhibition at 10 mM
histamine. The fMLP-induced LT biosynthesis in LPS/TNF-

a-treated human whole blood was also investigated. The

Figure 1 Effect of histamine on LT biosynthesis in activated
human PMN. Pre-warmed PMN suspensions (5� 106 cellsml�1,
371C) were stimulated with PAF, fMLP, or thapsigargin, as
described in Methods. Incubations were terminated by adding 0.5
volume of a cold (41C) stop solution containing 12.5 ng of both 19-
OH-PGB2 and PGB2 as internal standards, and 5-LO products were
analyzed as described in Methods. Histamine was added to the cell
suspensions 5min before the addition of the stimuli. The data shown
are the mean (7s.e.m.) of three experiments, each performed in
triplicates.
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observed inhibition of LT biosynthesis by histamine in whole

blood was similar to that observed in fMLP-stimulated PMN

(data not shown). Interestingly, the biosynthesis of LT in

unprimed, thapsigargin-activated PMN was more sensitive to

the inhibitory effect of histamine with an IC50 of B30 nM, and

an almost complete inhibition of LT biosynthesis in the

presence of 1mM histamine. In Figure 1, the average amount

(7s.e.m.) of the 5-LO products obtained for the control values

in thapsigargin-, PAF-, and fMLP-activated PMN were

97(712), 53(74), and 45(75) pmolmillion�1 cells, respec-

tively. DMSO-stimulated PMN did not produce detectable

levels of LT (detection limit of 2.5 pmol) for either unprimed or

primed cells.

We previously reported that endogenous adenosine present

in PMN suspensions exerted an important inhibitory con-

straint on LT biosynthesis upon activation with agonists

(Krump et al., 1996; 1997; Flamand et al., 2000). In the same

studies, we also demonstrated that removal of endogenous

adenosine with ADA before stimulation of the cells with either

physiological agonists or thapsigargin strongly enhances LT

biosynthesis. Since endogenous autacoids (such as adenosine)

can suppress eicosanoid generation, experiments were under-

taken to evaluate the putative inhibitory constraint of

endogenous histamine on LT biosynthesis in our PMN

suspensions. Incubation of PMN suspensions with increasing

concentrations of diamine oxidase (which converts histamine

to the inactive metabolite imidazole acetic acid) did not affect

the biosynthesis of LT induced by thapsigargin and fMLP

(data not shown), demonstrating that, in the experimental

conditions tested, basophils (the cellular source of histamine

among PMN) were in insufficient number or did not release

histamine in an amount resulting in a significant reduction of

LT biosynthesis.

In order to confirm the involvement of the H2R in the

inhibitory effect of histamine on LT biosynthesis in activated

PMN, a series of experiments was performed with several

histamine receptor antagonists. As shown in Figure 2 only

tiotidine and ranitidine, two H2R antagonists, blocked the

inhibitory effect of 1mM histamine on thapsigargin-induced LT

biosynthesis. Neither the H1R antagonist mepyramine nor the

H3R/H4R antagonist thioperamide could relieve the inhibitory

effect of histamine in these experimental conditions. The

inhibitory effect of histamine on LT biosynthesis was also

reversed by cimetidine, another H2R antagonist, while the H1R

antagonist tripolidine and the H3R antagonist clobenpropit

remained ineffective (data not shown). Moreover, experiments

undertaken with the H1R agonist HTMT or the H3R agonist

imetit did not enhance (nor inhibit) the biosynthesis of LT in

primed PMN and in thapsigargin-activated PMN, while the

H2R agonists dimaprit and amthamine resulted in an inhibi-

tion of LT biosyntesis in thapsigargin-activated PMN, similar

to the one observed with histamine itself (data not shown).

Altogether, these results provide strong pharmacological

evidences for the implication of the H2R in this experimental

model.

Inhibition of AA release by histamine

It is well established that substrate availability is a limiting

factor in eicosanoid biosynthesis. Furthermore, several studies

support that inhibition of LT biosynthesis by elevated [cAMP]i

involves a decrease in AA release (Fonteh et al., 1993; Hichami

et al., 1995; Flamand et al., 2000; Grenier et al., 2003). Given

that the H2R is positively coupled to the adenylate cyclase, we

investigated the putative effect of histamine on the release of

AA in stimulated PMN. Following exposure to PAF or fMLP,

GM-CSF/TNF-a-primed PMN rapidly release AA through

the action of cPLA2 (Syrbu et al., 1999; Marshall et al., 2000;

Degousee et al., 2002). Both histamine and the H2R agonist

amthamine completely blocked the thapsigargin-induced AA

release (Figure 3a). Similar results were observed in PMN

stimulated with PAF (Figure 3b) or fMLP (not shown).

Moreover, the inhibitory effect of histamine on ligand-induced

AA release was prevented by the PKA inhibitor H-89.

Interestingly, the inhibitory effect of histamine on ligand-

induced AA release was not due to a decrease in cPLA2

phosphorylation on Ser-505 (visualized by bandshift) nor to an

inhibition of cPLA2 translocation to the membranes in fMLP-

activated human PMN (Figure 4).

Inhibition of 5-LO translocation by histamine

It is also clearly established that activation of the 5-LO in

human PMN involves a translocation of the enzyme from

cytosolic to nuclear structures (Woods et al., 1993; Pouliot

et al., 1996), a process previously demonstrated to be inhibited

by elevated [cAMP]i (Flamand et al., 2002). In the present

study, we investigated the effect of histamine on this key

cellular event in LT biosynthesis. Figure 4 clearly shows that

activation of GM-CSF/TNF-a/Cytochalasin B-treated PMN

with fMLP induced a translocation of both cPLA2 and 5-LO

to the nuclei. Interestingly, histamine and the adenosine A2A

receptor agonist CGS-21680 strongly inhibited 5-LO translo-

cation to the FLAP-containing membranes, in sharp contrast

to the observed cPLA2 translocation and phosphorylation at

Ser-505, which were unaltered (Figure 4). In these experi-

mental settings, the translocation of 5-LO to the membrane

Figure 2 Effect of histamine receptor antagonists on the histamine-
induced inhibition of LT biosynthesis. Pre-warmed PMN suspen-
sions (5� 106 cellsml�1, 371C) were stimulated with 100 nM thapsi-
gargin, as described in Methods. Incubations were terminated by
adding 0.5 volume of a cold (41C) stop solution containing 12.5 ng of
both 19-OH-PGB2 and PGB2 as internal standards and analyzed for
5-LO products, as described in Methods. The histamine receptor
antagonists and histamine (1 mM) were always added to the cell
suspensions 10 and 5min, respectively, before the addition of
thapsigargin. Data shown are the mean (7s.e.m.) of at least three
experiments, each performed in triplicates.
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fractions was totally abolished by the LT biosynthesis

inhibitor and 5-LO-activating protein (FLAP) antagonist

MK-0591 (data not shown), confirming that the observed

5-LO translocations were the result of an interaction with

FLAP-containing nuclear membranes, rather than the result of

an unspecific interaction of 5-LO with membranes.

Modulation of Ca2þ mobilization by histamine in PMN

It is well documented that Ca2þ is required for LT

biosynthesis. Since it has previously been demonstrated that

histamine inhibits Ca2þ influx in agonist-stimulated PMN

(Leino et al., 1993), we investigated herein the putative causal

relationship between the inhibitory effect of histamine on

Ca2þ influx and LT biosynthesis. In human PMN, PAF- and

fMLP-induced rise of [Ca2þ ]i is the consequence of a rapid and

transient release of Ca2þ from intracellular stores, followed by

an influx of extracellular Ca2þ . In a first series of experiments,

we confirmed that, in our experimental conditions, histamine

inhibits Ca2þ influx in ligand-activated PMN, but does not

affect the release of Ca2þ from intracellular stores (Figure 5a),

in perfect agreement with Leino et al. (1993). PMN suspen-

sions were also pre-incubated with or without the PKA

inhibitor H-89 to confirm the role of PKA (and cAMP) on the

inhibitory effect of histamine on Ca2þ influx. Figure 5a clearly

shows that H-89 prevented the inhibitory effect of histamine

on Ca2þ influx. Figure 5b shows that the inhibitory effect of

histamine on Ca2þ influx can be mimicked by EGTA; the

Ca2þ influx observed in PAF-stimulated PMN is indeed

effectively inhibited when EGTA is simultaneously added with

PAF.

Another series of experiments was then performed to

directly assess the relevance of Ca2þ influx blockade to the

inhibitory effect of histamine on LT biosynthesis. Human

PMN were incubated in HBSS containing 1.6mM CaCl2 in the

presence or absence of histamine. Addition of the Ca2þ

chelator EGTA simultaneously with PAF, fMLP, and

thapsigargin (Figure 6a) shows that, in our experimental

setting, EGTA does not inhibit (but slightly enhances) LT

biosynthesis induced by the physiological agonists. In sharp

contrast, the addition of EGTA completely inhibited LT

biosynthesis induced by the pharmacological agonist thapsi-

gargin. In PMN stimulated with PAF in the presence of

EGTA, the inhibitory effect of histamine on PAF-induced LT

biosynthesis was still observed (Figure 6b), clearly demonstrat-

ing that histamine inhibition of Ca2þ influx is unrelated to

histamine inhibition of LT biosynthesis LT. It is noteworthy

that, in these experimental settings, EGTA was added

simultaneously with the agonists (PAF, fMLP, or thapsigar-

gin) to mimic the inhibitory effect of histamine (blockade of

Ca2þ influx) in agonist-stimulated PMN. The addition of

EGTA before stimulation (5min or more) with PAF, fMLP,

or thapsigargin results in the depletion of intracellular Ca2þ

pools and, consequently, in the inhibition of Ca2þ mobiliza-

tion and LT biosynthesis (data not shown).

Discussion

The present study was performed to investigate the putative

inhibitory effect of histamine on LT biosynthesis in activated

human PMN and to understand the mechanisms involved.

Histamine actions are regulated by receptor subtypes, and

several suppressive effects of this autacoid on human PMN

functions have already been reported (Busse & Sosman, 1976;

Busse et al., 1980; Radermecker & Maldague, 1981; Seligmann

et al., 1983; Burde et al., 1989; Zimmerman & Millard, 1989;

Francis et al., 1991; Hirasawa et al., 1991; Bury &

Radermecker, 1992; Bury et al., 1992; Leino et al., 1993).

The inhibitory effects of histamine on PMN functional

responses described so far are related to the activation of the

H2R present on these cells. In the present study, we show that

histamine dose-dependently inhibits LT biosynthesis in thap-

sigargin- and agonist-stimulated PMN.

Our data also clearly demonstrate that the inhibitory effect

of histamine on LT biosynthesis is solely dependent upon H2R

Figure 3 Effect of histamine on AA release in stimulated human
PMN. (a) Pre-warmed PMN suspensions (107 cellsml�1; 371C) were
pre-incubated for 5min in the presence of either 1mM histamine or
the H2R agonist amthamine (or diluent), then stimulated with
100 nM thapsigargin for the indicated times. (b) Pre-warmed PMN
suspensions (107 cellsml�1; 371C) were pre-incubated for 15min in
the presence of 10 mM H-89 (or diluent), followed by a further 5min
pre-incubation with 1mM histamine. PMN were then stimulated
with 300 nM PAF (or diluent) for 2min. All incubations (a, b) were
stopped by adding 1 volume of an ice-cold (41C) stop solution
containing 12.5 ng of both 19-OH-PGB2 and PGB2, and 20 ng
2H8-AA. AA was extracted and purified from the denatured
incubation media by RP-HPLC using an on-line extraction
procedure, and analyzed by LC-MS, as described in Methods. The
data shown (a, b) are the mean (7s.e.m.) of duplicate incubations
from single experiments representative of three.
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activation. Only the H2R antagonists used in this study were

indeed capable of preventing the inhibitory effect of 1mM
histamine on thapsigargin-induced LT biosynthesis. Interest-

ingly, some earlier studies have reported an inhibitory effect of

H1R antagonists on LT biosynthesis and other PMN functions

(Taniguchi et al., 1991; Cheria-Sammari et al., 1995; Amsellem

et al., 1998), suggesting that activation of this receptor could

stimulate PMN functional responses. However, there is so far

no report of H1R expression on peripheral blood PMN (Petty

& Francis, 1986), indicating that the inhibitory effect of H1R

antagonists on LT biosynthesis in activated PMN is likely the

consequence of an unspecific effect of the antagonists

(Baroody & Naclerio, 2000).

The mechanism of the histamine-induced inhibition of LT

biosynthesis was then addressed; given that the H2R is

positively coupled to the adenylate cyclase (Gespach & Abita,

1982), the implication of cAMP-regulated events was specifi-

cally investigated. While the inhibition of LT biosynthesis by

cAMP-enhancing agents has been observed repeatedly, the

mechanism involved is yet incompletely understood. However,

we and others have previously reported that cAMP-elevating

agents such as adenosine, PGE2, type IV phosphodiesterase

inhibitors, and isoproterenol cause a decrease of AA release in

stimulated leukocytes (Fonteh et al., 1993; Hichami et al.,

1995; Flamand et al., 2000; Grenier et al., 2003). Such a

blockade of AA release was also observed with histamine. This

observation is in agreement with an earlier study reporting the

H2R-dependent decrease (by histamine) of AA release in

A23187- and ATP-stimulated CHO cells (Traiffort et al.,

1992). As expected, the PKA inhibitor H-89, which did not

alter AA release in unstimulated (DMSO-treated) PMN,

abolished the inhibitory effect of histamine on thapsigargin-

and PAF-induced AA release and LT biosynthesis (not

shown). Similar results were obtained with the structurally

distinct PKA inhibitor KT-5720 in thapsigargin-stimulated

PMN (data not shown), supporting an important role of

cAMP and PKA in the inhibitory effect of histamine on AA

release and LT biosynthesis in activated PMN.

The cPLA2 mediates AA release in human PMN (Syrbu

et al., 1999; Marshall et al., 2000; Degousee et al., 2002) and

experiments with cPLA2-deficient mice confirmed the central

role of this enzyme for eicosanoid biosynthesis by inflamma-

tory cells (Bonventre et al., 1997; Uozumi et al., 1997). In the

present study, histamine and other cAMP agents did not alter

the translocation or phosphorylation of cPLA2 at Ser-505 (two

molecular events involved in its activation) in fMLP-activated

PMN. However, a cAMP/PKA-dependent phosphorylation of

cPLA2 might explain the inhibition of AA release in PMN

exposed to cAMP-elevating agents. Murthy and Macklouf

indeed showed a downregulation of cPLA2 activity by elevated

[cAMP]i in rabbit smooth muscle cells, involving a PKA-

dependent phosphorylation of the enzyme (Murthy & Makh-

louf, 1998). The authors could not define whether this

inhibitory phosphorylation event was the consequence of a

direct phosphorylation of cPLA2 by PKA or an indirect, PKA-

dependent effect. The primary structure analysis of cPLA2

reveals three putative PKA phosphorylation sites at amino

acids 57–60 (RKRT), 281–284 (KKKS), and 282–285 (KKSS).

Additional experiments are, however, required to assess this

putative inhibitory mechanism of cPLA2 and define its

involvement in the cAMP-mediated inhibition of AA release

in activated human PMN.

The possibility that histamine and other cAMP-elevating

agents act by inhibiting the priming effect of GM-CSF, TNF-

a, and cytochalasin B is unlikely. Indeed, histamine was added

25min after the priming agents (see Methods). Moreover,

histamine and other cAMP-elevating agents also block AA

release and LT biosynthesis in thapsigargin-activated PMN, an

experimental condition where human PMN are not exposed to

GM-CSF, TNF-a, and cytochalasin B.

LT biosynthesis and 5-LO translocation were previously

shown to be inhibited by cAMP-elevating agents (Flamand

et al., 2002). In the present study, ligand-induced PMN

activation caused a translocation of 5-LO to the nuclear

compartment and the H2R agonist amthamine or histamine

itself inhibited 5-LO translocation, in full agreement with our

Figure 4 Effect of CGS-21680 and histamine on cPLA2 and 5-LO translocation. Pre-warmed GMCSF/TNF-a/cytochalasin
B-treated PMN suspensions (107 cellsml�1, 371C) were incubated with 10 mM CGS-21680 or 1mM histamine, and then stimulated
with fMLP, as described inMethods. Incubations were stopped by the addition of 1 volume of cold (41C) incubation buffer, and the
cell suspensions were immediately centrifuged (41C). Fractionation of the cell pellets was performed as described in Methods, and
membrane fractions were analyzed by SDS–PAGE and immunoblotted with the cPLA2 and the 5-LO antibodies. Data shown are
from one experiment representative of two.
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previous observations using a variety of cAMP-elevating

agents. The persistence of cPLA2 translocation while 5-LO

translocation is strongly inhibited by histamine and CGS-

21680 is intriguing, and clearly emphasizes the involvement of

distinct regulatory mechanism(s) in the translocation of both

proteins to the FLAP-containing membranes. The hypothesis

currently investigated in our laboratory is that AA is an

important regulator of 5-LO translocation, and that inhibition

of cPLA2 and AA release by cAMP-elevating agents results in

the inhibition of 5-LO translocation (data not shown).

However, the elucidation of the mechanisms involved in the

cAMP-mediated inhibition of AA release and 5-LO transloca-

tion in activated PMN requires further investigations. Taken

together, our data demonstrated that the inhibition of LT

biosynthesis in ligand-activated PMN by histamine implicates

cAMP-mediated inhibition of AA release and 5-LO transloca-

tion, but not the histamine-induced inhibition of Ca2þ .

Exposure of human PMN to CGS-21680 (an adenosine A2A

receptor agonist) leads to the inhibition of agonist-induced

Ca2þ influx, but not release from internal stores (Tsuruta et al.,

1992; Flamand et al., 2000). More recently, we confirmed these

observations (Flamand et al., 2000) by the selective measure-

ment of Ca2þ influx using Fura-2 fluorescence quenching with

exogenously added Mn2þ (Merritt et al., 1989). In the present

study, histamine also inhibited Ca2þ influx in PAF-activated

PMN, as observed previously with the A2A receptor agonist

CGS-21680. This inhibition of Ca2þ influx by histamine was

reversed by the PKA inhibitor H-89, suggesting a cAMP/

PKA-dependent mechanism.

All the PMN agonists used in this study elevate the [Ca2þ ]i.

Moreover, AA release, 5-LO translocation, and LT biosynth-

esis are three Ca2þ -regulated events. It was therefore tempting

to link the histamine-induced inhibition of agonist-mediated

Ca2þ influx to the inhibition of LT biosynthesis; this

Figure 5 Effect of histamine and EGTA on Ca2þ mobilization in
human PMN. Fura-2-loaded PMN (107 cellsml�1) were pre-incu-
bated at 371C for 15min, and then stimulated with 100 nM PAF
(a, b). The PKA inhibitor H-89 (10 mM) and histamine (10 mM) were
added 10 and 5min, respectively, before PAF stimulation and
histamine. Additions of PAF were performed 10 s after the
beginning of data acquisition. Fluorescence was measured at
excitation and emission wavelengths of 340 and 510 nm, respectively,
as described in Methods. In experiments where chelation of
extracellular Ca2þ was performed (b), EGTA (2mM) was added
simultaneously with PAF. Data shown are from single experiments
representative of at least three.

Figure 6 (a) Effect of EGTA on agonist-induced LT biosynthesis
in human PMN. Pre-warmed PMN suspensions (5� 106 cellsml�1,
371C) were stimulated in the presence or absence of 2mM EGTA, as
described in Methods. (b) Inhibitory effect of histamine on LT
biosynthesis in the presence of EGTA. Pre-warmed PMN suspen-
sions (5� 106 cellsml�1, 371C) were stimulated as described in
Methods, in the presence or absence of 2mM EGTA. Histamine
(1mM) was added to the cell suspensions 5min before the addition
of PAF. All incubations were terminated by adding 0.5 volume of a
cold (41C) stop solution containing 12.5 ng of both 19-OH-PGB2

and PGB2 as internal standards and 5-LO products were analyzed,
as described in Methods. In incubations where chelation of
extracellular Ca2þ was performed, EGTA was added simultaneously
with either PAF, fMLP, or thapsigargin. Data represent the mean
(7s.e.m.) of triplicate incubations from a single experiment
representative of three.
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hypothesis was carefully assessed. Chelation of extracellular

Ca2þ with EGTA effectively inhibited the PAF-induced Ca2þ

influx, as expected. Such treatment of PMN with EGTA led to

the inhibition of thapsigargin-induced LT biosynthesis, while,

interestingly, PAF- and fMLP-induced LT biosynthesis were

unchanged (or slightly enhanced), demonstrating that extra-

cellular Ca2þ was essential for thapsigargin- but not ligand-

induced LT biosynthesis. The inhibitory effect of histamine on

PAF-stimulated human PMN was still observed in the

presence of the Ca2þ chelator, in perfect analogy with our

previous observations using CGS-21680 as the inhibitory agent

(Flamand et al., 2000), clearly demonstrating that the blockade

of Ca2þ influx is not the mechanism by which histamine (and

other cAMP elevating agents) inhibits the PAF- and fMLP-

induced LT biosynthesis. In contrast, the more potent

inhibition of thapsigargin-induced LT biosynthesis by

cAMP-elevating agents observed in PMN is likely related, at

least in part, to the blockade of Ca2þ influx, since extracellular

Ca2þ is essential for cPLA2 activation and LT biosynthesis in

PMN activated with this pharmacological agent (Reddy et al.,

1995).

The observation that, in contrast to agonist-induced LT

biosynthesis, thapsigargin-induced LT biosynthesis shows an

absolute requirement for extracellular Ca2þ (Figure 5) is

intriguing. One explanation for this phenomenon could be the

differences in the kinetics of Ca2þ mobilization (and AA

release and LT biosynthesis), and the contribution of

intracellular Ca2þ release and Ca2þ influx to the build-up of

[Ca2þ ]i in both experimental conditions. Indeed, in agonist-

stimulated PMN, [Ca2þ ]i reaches its maximal level within 2–3 s

of stimulation; this rise of [Ca2þ ]i is essentially dependent on

the agonist-induced inositol-trisphosphate-mediated Ca2þ

release from internal stores, and Ca2þ influx clearly occurs

after this initial burst of [Ca2þ ]i (the relative contribution of

Ca2þ release and influx to [Ca2þ ]i and the difference in their

time courses can be seen in Figure 4). In contrast, the rise of

[Ca2þ ]i in thapsigargin-activated PMN is slower (maximal at

30–60 s) and the contribution of Ca2þ influx to the maximal

[Ca2þ ]i is very significant (40–60%) (data not shown). It is

therefore conceivable that, in the absence of extracellular

Ca2þ , the [Ca2þ ]i does not reach the level required for cPLA2

and 5-LO activation.

The biological significance of the inhibitory effects of

histamine (and other autacoids) on PMN functional responses

is intriguing. Histamine is mainly reputed to be a potent pro-

inflammatory agent. However, the data presented herein as

well as several published studies strongly support its involve-

ment as an anti-inflammatory agent also capable of down-

regulating immune responses. It is possible that such dual pro-

and anti-inflammatory roles of histamine may be expressed at

different times in the course of an inflammatory response.

While histamine will, for example, promote vasodilatation,

it may, at a later stage, downregulate inflammation and

even contribute to resolution by decreasing the functional

responses of leukocytes accumulating at inflammatory sites. In

this regard, inhibition of LTB4 biosynthesis by histamine

would contribute to slow down PMN recruitment. The

biological significance of the anti-inflammatory effects of

autacoids such as adenosine has been demonstrated in elegant

studies involving mice lacking the A2A receptor, a receptor

positively coupled to the adenylyl cyclase and implicated in

the anti-inflammatory effects of endogenous adenosine

(Ohta & Sitkovsky, 2001). It was shown that the A2A receptor

deficiency results in marked increase in the severity of the

inflammatory response. In analogy, the downregulatory role

of histamine on leukocyte functions and immune process

has also been assessed in an in vivo setting using H2R-deficient

mice which showed upregulation of both Th1 and Th2

cytokines (Jutel et al., 2001). Studies in models of inflam-

matory diseases using H2R-deficient mice should allow to

delineate the role of histamine and its H2R in the patho-

physiological regulation of inflammatory and immune

responses.
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