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Histamine induces IL-6 production by human endothelial cells
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SUMMARY

Histamine is one of the major mediators implicated in the physiopathology of allergy. On vascular
endothelium, histamine mainly induces early effects: an increase in vasopermeability leading to
oedema, a release of lipid mediators and a transient expression of P-selectin. The aim of this study
was to evaluate the effects of histamine on adhesion molecule expression and IL-6 production by
human endothelial cells. Histamine did not modulate the expression of intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and E-selectin, but induced a
transient expression of P-selectin as previously reported. In addition, histamine increased in a
dose- (from 107> to 10> m) and time- (from 4 h to 24 h) dependent fashion the IL-6 synthesis by
endothelial cells. Tumour necrosis factor-alpha (TNF-a)-induced IL-6 production was also
potentiated in a dose-dependent manner by histamine, without modification of the time course
of IL-6 secretion. Moreover, this increase of IL-6 production induced by histamine was inhibited
in a dose-dependent manner by H1 and H2 histamine receptor antagonists (50% inhibition of IL-6
productionat 5 x 10™*Mand 4 x 1075 m, respectively). So, histamine induces, besides already well

known effects, a late stimulation of endothelial cells, i.e. the production of IL-6.
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INTRODUCTION

Mast cells are the main effector cells of the early allergic
response. The reticulation of the high-affinity IgE receptor
(by cross-linking of IgE by allergens) induces the degranula-
tion of mast cells and the release of several mediators, including
histamine [1]. Histamine is a potent vasoactive and broncho-
constrictor mediator [2,3]. Indeed, pretreatment with histamine
receptor antagonists prevents the development of the early
response [4]. After allergen challenge, a peak of histamine
release in serum is detected early at 15 min, and in some cases
later on, between 3 and 8 h. Histamine plays an important role
in the pathological features accompanying allergic rhinitis or
asthma (particularly hyperreactivity, vasodilatation and
smooth muscle contraction) [5-7]. Although histamine is
unable to modulate directly the inflammatory reaction accom-
panying the allergic reaction, it induces the synthesis of other
mediators potentially implicated in this process (such as
neutrophil and eosinophil chemotactic factors, leucotrienes,
prostaglandins or platelet-activating factor (PAF)) [8]. More-
over, mast cells produce several other mediators after activa-
tion, which may potentiate their respective effects, such as
tumour necrosis factor-alpha (TNF-a) [9,10] (a potent pro-
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inflammatory cytokine, produced by mast cells and alveolar
macrophages [11]).

The endothelial cell is one of the first targets triggered by
histamine, since an increase of vasopermeability is detected
during the immediate reaction following allergen challenge or
after histamine bronchial instillation [7]. Endothelial cells are
now recognized as important cells implicated in the allergic
response [12]. They participate in early and late events of the
allergic reaction: (i) during the early response through an
increase in vasopermeability (oedema formation) and the
production of vasoactive mediators [13,14]; and (ii) during
the late phase reaction through adhesion molecule expression
[12] (leading to the adhesion and further transvascular migra-
tion of leucocytes) and the production of several proinflammatory
mediators (such as IL-1, IL-6, IL-8 or granulocyte-macrophage
colony-stimulating factor (GM-CSF)) [15-17].

Previous reports showed that histamine activates endo-
thelial cells, inducing (i) the production of PGI2 and PAF
[13,18], (ii) the transient expression of P-selectin [18], and (iii)
an increase in vasopermeability [7]. Because histamine is
rapidly released after the activation of mast cells by allergens,
the known effects of this mediator on endothelial cells have
been studied during early events. The aim of this study was to
analyse the histamine effects on endothelial cells which could
participate in the development of the late phase reaction,
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namely, the modulation of adhesion molecule (intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion mole-
cule-1 (VCAM-1), and E-selectin) expression and the produc-
tion of IL-6.

MATERIALS AND METHODS

Endothelial cell culture

Endothelial cells were derived from human umbilical vein
(HUVEC), according to the method previously described
[19]. Briefly, HUVEC were collected after treatment of umbili-
cal vein by 0-2% collagenase in 37°C prewarmed Hanks’
balanced salt solution (HBSS) for 15 min (M.A. Bio-
products, Walkersville, MD) and pelleted by centrifugation
(1000g, 10 min). They were resuspended at 1-2 x 10° cells/ml
in culture medium consisting of RPMI 1640 supplemented with
2 mM L-glutamine, 100 U/ml penicillin, 10 mg/ml streptomycin,
20% heat-inactivated fetal calf serum (FCS; GiBco BRL,
Courbevoie, France), 100 ug/ml heparin, and 25 mg/ml
endothelial cell growth supplement (Sigma Chemical Co, St
Louis, MO). HUVEC were cultured in 35 mm diameter tissue
culture wells at 37°C in 5% CO,. They were collected after
trypsinization and then cultured in gelatin-coated 96-well flat-
bottomed culture plates until confluency. The purity of
endothelial cell culture was assessed by the detection of the
factor VIII-related antigen by a fluorescein-conjugated anti-
body against this antigen: more than 98% cells were positive.
Only cells of the third and the fourth passage were used.
Experiments were performed using endothelial cells derived
from eight different umbilical veins.

Histamine and TNF-a activation of endothelial cells

Histamine (Sigma) was diluted in RPMI 1640 medium as a
concentrated solution, stored at —80°C and used within 1
month.

At confluency, culture medium was replaced before
performing all experiments. Endothelial cells were incubated
in culture medium at 37°C and 5% CO, with different con-
centrations of histamine (from 10~ to 107> m).

Endothelial cell supernatants were collected at different
time points (from 2 h to 24 h), centrifuged, aliquoted and
stored at —80°C until IL-6 measurement.

Endothelial cells were also concomitantly stimulated with
different concentrations of histamine (from 10~ to 1073 M) and
a single suboptimal dose of human recombinant TNF-a (50 U/
ml) (Genzyme, Boston, MA). For these experiments we calcu-
lated the ratio of potentiation as the net value of IL-6 produced
in the presence of TNF-a plus histamine divided by the sum of
the net levels of IL-6 produced with TNF-a and histamine
separately (after subtraction of the baseline level).

In order to investigate mechanisms by which endothelial
cells were activated under histamine stimulation, cells were
preincubated with H1 receptor antagonist (dexchlorphenira-
mine maleate) (Polaramine; Schering-Plough, Levallois-Perret,
France) (from 1072 to 107'° M) or H2 receptor antagonist
(dichlorisoproterenol) (Atarax; UCB Pharma, Nanterre,
France) (from 10~ to 10710 M), before activation with 10™* M
histamine. The inhibition of histamine-induced IL-6 produc-
tion by histamine receptor antagonists was expressed as a
percentage of inhibition of IL-6 production as follows:
(Hi — Ho)/(Ha — Ho) x 100, where Ho was the IL-6 produc-

tion by resting endothelial cells, Hi was IL-6 production by
histamine-stimulated endothelial cells pretreated with his-
tamine antagonist receptor, and Ha was the IL-6 level
produced by 10~* M histamine-stimulated endothelial cells.

IL-6 biological assay

IL-6 production was quantified in the HUVEC culture super-
natant according to the technique described by Van Snick et al.
[20] with some modifications. Briefly, the hybridoma cells 7TD1
(a generous gift of Dr J. Van Snick, Institut Ludwig, Brussels,
Belgium) were incubated with serial dilutions of endothelial cell
supernatants in microtitre plates. After 4 days of incubation,
the number of cells was evaluated by a colourimetric assay. A
4mg/ml solution of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-
tetrazolium bromide (MTT) (Sigma) was added at 10%.
After 4 h of incubation, the supernatants were discarded and
0-2ml of 0-04 N HCl-isopropanol solution was added to each
well to solubilize the reduced MTT precipitate. After homo-
genization, the optical density was read at 570 nm with a
reference at 650 nm. All analysis was performed in duplicate,
and concentrations were calculated by a probit analysis in com-
parison with a standard of rhIL-6 (Boehringer Mannheim,
Mannheim, Germany). The specificity of the test was con-
trolled by the inhibition of cell proliferation after addition of
a neutralizing anti-IL-6 rabbit antibody (Genzyme). In all
cases, specific antibody addition to endothelial cell super-
natants induced an inhibition greater than 90%. Results were
expressed in units of IL-6 activity per ml.

Modulation of cellular adhesion molecule expression by
histamine

The modulation of cellular adhesion molecule expression by
histamine was analysed using an endothelial cell ELISA.

Endothelial cells were cultured in gelatin-coated 96-well
flat-bottomed culture plates until confluency. Cells were incu-
bated with histamine over 15 min for the analysis of P-selectin
expression or over 8 h for ICAM-1, E-selectin and VCAM-1
expression. After incubation at 37°C and 5% CO,, cells were
washed with 37°C prewarmed PBS and then fixed in 0-05%
glutaraldehyde in PBS for 10 min at 4°C. After four washings in
0-1m PBS pH 7-4 containing Smm EDTA and 5% (w/v) bovine
serum albumin (BSA) (washing-assay buffer), plates were
incubated for 1h in this same buffer. Positive controls for
ICAM-1, E-selectin and VCAM-1 expression included optimal
concentrations of hrTNF-a (200 U/ml).

Adhesion molecule expression was measured as follows.
Glutaraldehyde-fixed endothelial cells were incubated for 1h
with 100 ul/well of anti-VCAM-1 MoAb (clone BBIG-V1),
E-sclectin (clone BBIG-E6) (British Biotechnology Ltd, Oxford,
UK), ICAM-1 (clone 84H10) (Immunotech, Marseille-Luminy,
France), P-selectin (clone AC1.2*) (Becton Dickinson, San
Jose, CA) or control IgG1 MoAb (Immunotech) at the experi-
mentally defined dose of 2 ug/ml. Cells were washed four times
in washing-assay buffer and then incubated for 1 h with 100 pl
per well of 1:5000 (v/v) diluted peroxidase-conjugated anti-
mouse IgG rabbit antiserum (Pasteur Production, Courbevoie,
France) in washing-assay buffer. After four washings, bound
IgG antibodies were detected by addition of 100 yul of detection
buffer (0-1m citrate buffer pH 5-0 containing o-phenylenedia-
mine and H,0,). Colour development reaction was stopped by
addition of 100 ul/well of 4N HCI. Optical density (OD) was
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read at 492 nm, and results were expressed as OD values. All
analyses were performed in triplicate.

Northern blot analysis of IL-6 mRNA
After 4h of EC activation with 107" M histamine or with
hrTNF-a (200 U/ml), total cellular RNA was isolated by a
guanidium isothiocyanate method and purified by caesium
chloride modification. Equal amounts of RNA were denatured
at 50°C for 1h in glyoxal buffer and then fractionated by elec-
trophoresis through 1-0% agarose gel. RNA transfer to nylon
membrane was accomplished by capillary blotting for 18 h.
After RNA transfer, membranes were dried and baked at
80°C under vacuum. Prehybridization was performed at 50°C
in buffer containing 50% formamide, 50 mm phosphate buffer,
5 x SSC, 2mmMm EDTA, 0-1% (v/v) SDS and 2:5x Denhardt’s
solution (Sigma). *2P-labelled IL-6 DNA probe was obtained
by Klenow fragment transcription of an EcoRI-Xbal fragment
of IL-6 cDNA (cloned in pBluescript plasmid). Hybridization
was performed for 18 h at 50°C in prehybridization buffer with
2 x 10° ct/min per ml of labelled probe. After washings at 50°C,
the blot was then dried and exposed to Kodak X Omat x-ray
film (Kodak, Rochester, NY).

Statistical analysis

Statistical analysis was performed using Wilcoxon’s or the
Mann—Witney U-test.

RESULTS

Histamine did not modulate ICAM-1, VCAM-1 and E-selectin
expression

The expression of P-selectin was enhanced after stimulation of
HUVEC for 15min with histamine as previously reported
(Table 1). In contrast, ICAM-1, VCAM-1 and E-selectin
expression was not modulated after 8h incubation of
HUVEC with histamine (Table 1); positive controls included
optimal concentration of hrTNF-a (200 U/ml). Moreover,
the enhanced expression of these adhesion molecules induced
by hrTNF-a was not modulated by histamine (data not

Table 1. Modulation of cellular adhesion molecule expression onto
endothelial cells after stimulation with histamine or tumour necrosis

factor-alpha (TNF-a)
Histamine hrTNF-a
Medium 107 m) (200 U/ml)
ICAM-1 0-225 + 0-050 0-250 £+ 0-070 0-450 £+ 0-050*
VCAM-1 0-120 +0-012 0-060 + 0-050 0-252 + 0-060*
E-selectin 0-08 + 0-015 0-084 + 0-060 0-460 + 0-080*
P-selectin 0-106 + 0-010 0-325 £ 0-015* 0-125 £+ 0-040

The expression of intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1) and E-selectin was
evaluated after 8 h, and P-selectin after 15 min of stimulation. Results
are expressed in optical density (OD) values (mean + s.e.m.) (n = 6).
The OD value with the control MoAb was 0-08 + 0-01.

* P < 0-05 compared with the result obtained in medium alone.
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Fig. 1. Dose-dependent increase of IL-6 production by human umbilical
vein endothelial cells (HUVEC) cultured for 6h in response to
histamine stimulation. Results are expressed in U/ml, mean + s.e.m.
(n = 8). * P < 0-05 compared with the resting cells.

shown). The OD value obtained with the control MoAb was
0-08 + 0-020D.

Histamine-induced IL-6 production by human endothelial cells
IL-6 production by endothelial cells stimulated with histamine
was quantified at 6 h (n = 8). This production was increased by
histamine in a dose-dependent manner from 107> to 107> m
(P < 0.05), and was maximal at 10~> m histamine (35 + 5-9 U/ml
compared with 15 £+ 2:7 U/ml produced by resting endothelial
cells; mean + s.e.m.) (Fig. 1).

The time course of IL-6 production was studied between 2
and 24 h of incubation using a single dose of histamine: 107 m
(Fig. 2). An increase of IL-6 production was not detectable
before 4h (14-5 + 1 compared with 10-5 £+ 0-25 U/ml by resting
HUVEC, mean * s.e.m., P < 0-05). This production signifi-
cantly increased from 6h (28 £+ 3-4U/ml) to 24h (69 &+ 6 U/ml)
when compared with IL-6 production by unstimulated cells at
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Fig. 2. Kinetics of IL-6 production by human umbilical vein endothelial
cells (HUVEC) in response to 10~* m histamine (O) compared with IL-6
production by resting cells (®). Results are expressed in U/ml,
mean + s.e.m. (n = 8). * P < 0-05 compared with the resting cells.
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Fig. 3. Northern blot analysis of IL-6 mRNA expression by human
umbilical vein endothelial cells (HUVEC) in response to 107*m
histamine (lane b) or 200 U/ml human recombinant tumour necrosis
factor-alpha (hrTNF-a) (lane c) in comparison with unstimulated
endothelial cells (lane a). Total RNA was collected after 4h of
culture. This is a representative experiment out of three.

the same time points (15 £ 2-7 and 20 + 4-5 U/ml, respectively;
P < 0-05).

IL-6 mRNA expression was assessed after histamine stimu-
lation by Northern blot analysis (Fig. 3). An increase in IL-6
mRNA expression was observed 4 h after histamine stimulation
(lane c¢) compared with the basal level of IL-6 mRNA expres-
sion in resting endothelial cells (lane a). The positive control
consisted of 200 U/ml hrTNF-a-activated endothelial cells
(lane b). This experiment was repeated three times with similar
results.

H1I and H?2 receptor antagonists inhibited histamine-induced IL-6
production ,

Incubation of endothelial cells with H1 and H2 histamine
receptor antagonists before stimulation with a single dose of
10~* M histamine induced a dose-dependent inhibition of IL-6
production evaluated at 6 h (Fig. 4). Maximal inhibition of IL-6
production when compared with that obtained following
histamine stimulation was 86 + 2% (P < 0-05) (Fig. 4a) with
1072 M H1 receptor antagonist, and 58 + 14% (P < 0-05) with
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Fig. 4. (a) The augmentation of IL-6 production was inhibited by H1
receptor antagonists after histamine activation. Results are expressed as
the inhibition percentage of IL-6 production at 6 h. The positive control
was the IL-6 level obtained with 107*M histamine; mean + s.e.m.
(n=6). *P <005 compared with the positive control. (b) The
augmentation of IL-6 production was inhibited by H2 receptor
antagonists after histamine activation. Results are expressed as the
inhibition percentage of IL-6 production at 6h. The positive control
was the IL-6 level obtained with 10™*m histamine; mean + s.e.m.
(n = 6). * P < 0-05 compared with the positive control.

347
2001
—~ -
g 150+ T
. .o
‘g‘ 100} T
3
a
: 50—I %V_%
| T
= _ = g
6]

1077 10-¢ 1075 1074 1073

Histamine (m)

Fig. 5. Potentiation by histamine of tumour necrosis factor-alpha
(TNF-a)-induced IL-6 production (1) compared with the augmenta-
tion of IL-6 production induced by histamine alone (O). IL-6 was
quantified in supernatants from 6 h culture. Results are expressed in U/
ml, mean + s.e.m. (n = 8). * P < 0-05 compared with the sum of the
results obtained with both activators alone.

1073 M H2 receptor antagonist (Fig. 4b). Higher levels of H2
receptor antagonist were cytotoxic for endothelial cells.

The concentrations of histamine receptor antagonists
inducing an inhibition of IL-6 production of 50% (ICsy) were
5x 10~*Mand 4 x 10~° M with H1 and H2 receptor antagonists,
respectively.

Histamine and TNF-a synergized to induce IL-6 production
Human recombinant TNF-a at a suboptimal dose of 50 U/ml
induced a significant increase in IL-6 production (485 + 4 U/
ml) compared with IL-6 production by resting endothelial cells
(155 £ 2-6 U/ml) (mean + s.e.m.; P < 0-05).

The 10> M histamine dose was the lowest concentration
which significantly increased hrTNF-a-induced IL-6 produc-
tion by endothelial cells (84 + 14-2 compared with 24 + 3-1U/
ml for histamine alone) (ratio of potentiation = 1-61; P < 0-05
compared with the sum of the net value of IL-6 obtained with
TNF-a and histamine separately). Synergistic effects were also
observed at 107* M (966 + 16-4 compared with 28 + 3-4 U/ml
for histamine alone) and were maximal at 107> m (136 £ 7-7
compared with 35 + 5-9 U/ml for histamine alone), inducing an
increase in IL-6 production that was 1-78- and 2-27-fold greater
than the additive effects of each mediator alone, respectively
(P < 0-05 compared with the sum of the net value of IL-6
obtained with TNF-« and histamine separately) (Fig. 5).

DISCUSSION

In this study, histamine was shown to induce a significant
increase of IL-6 synthesis by human endothelial cells in a
dose- (from 107° to 10~ m) and time- (from 4h to 24h)
dependent manner which was associated with an increase in
specific nRNA expression. This effect was inhibited by specific
Hl (ICsy 5% 107*M) and H2 (ICs, 4 x 1075M) receptor
antagonists. TNF-a-induced IL-6 production was also poten-
tiated by histamine.

The expression of the endothelial cell adhesion molecules
ICAM-1, VCAM-1 and E-selectin was not modulated by
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histamine, except for P-selectin expression which showed a
transient increase, as previously reported [18]. The cellular
adhesion molecule P-selectin is essentially implicated in the
adhesion of neutrophils to endothelial cells [21]. Infiltrative
neutrophils are more abundant in nasal epithelium after nasal
challenge with histamine or allergen [22-24], which may be
related in part to an increase of P-selectin expression. In
contrast, neutrophils did not infiltrate bronchial tissue in
patients with allergic asthma [25-27], suggesting the com-
plexity and diversity of the mechanisms controlling the infil-
trate. The absence of modulation of ICAM-1, VCAM-1 and
E-selectin expression onto endothelial cells after stimulation
with histamine corroborates the complexity of pathways impli-
cated in the activation of endothelial cells during the develop-
ment of the inflammatory late phase reaction.

Histamine-induced increase of IL-6 production by endothe-
lial cells was dependent on the concentration and duration of
incubation. Previous reports have shown that histamine is also
able to induce production of cytokines by monocytes [28] at
concentrations similar to those used in the present study. The
concentrations of histamine measured in bronchoalveolar
lavage (BAL) obtained from allergic asthmatics at baseline
are around 1078 M to 107" M [29], whereas in allergic rhinitis
concentrations such as 100nM were detected in nasal lavages
collected after an allergen challenge [23]. However, the nasal
secretions were diluted 10-100-fold by instillation of physio-
logical saline. Since histamine after its release by mast cells
rapidly diffuses into the surrounding tissues, the amounts of
histamine able to stimulate IL-6 production by endothelial cells
are consistent with those found locally in inflammatory sites.
Moreover, IL-6 production induced by TNF-a was potentiated
by histamine. Indeed, both histamine and TNF-a are pre-
formed in mast cell granules and are rapidly produced after
IgE-dependent stimulation [1,9]. TNF-« is a potent endothelial
cell activator, as shown by the induction of cytokine production
and the enhancement of cellular adhesion molecule expression
[30]. Both TNF-« and histamine may act independently or in
combination to activate endothelial cells, and this potentiation
could be a potent stimulatory pathway in the development of
the inflammatory reaction.

The augmentation of IL-6 production is effective at 4h, and
this effect increases until 24 h, consecutively to cytokine neo-
synthesis (as demonstrated by the neotranscription of mRNA
encoding for IL-6). During the allergic reaction, the late phase
reaction, characterized by the transvascular migration of
inflammatory cells, appears around 6h and persists for at
least 24 h [31]. Similar kinetics of IL-6 production by endo-
thelial cells has been also reported after activation with other
mediators (IL-1, TNF-q, interferon-gamma (IFN<y), PAF or
1L-4) [32,33]. Thus, the augmentation of IL-6 production by
endothelial cells is concomitant with the initiation of the late
phase reaction and with the inflammatory reaction persisting
during the following days.

The effects of histamine on its target cells are mediated by its
binding to specific receptors (H1, H2 and H3) which are present
on endothelial cells [34]. Our finding that IL-6 production was
inhibited by both H1 and H2 receptor antagonists suggests that
endothelial cells may be activated by two histamine pathways.

Several recent reports have proposed that IL-6 be con-
sidered as a major mediator of inflammatory reactions and
immune response [35,36]. IL-6 induces B cell proliferation and

differentiation [37], bone marrow resorption [38] and produc-
tion of acute phase proteins, which induce a systemic response
to infection and tissue injury [39]. Interestingly, IL-6-deficient
mice are unable to develop an efficient inflammatory response
[36].

In relation to the lung, IL-6 was shown to inhibit the
proliferation of bronchial epithelial cells, leading to amplified
desquamation during bronchial asthma, and to persistent
bronchial hyperreactivity [40]. IL-6 production occurs in
different allergic diseases following an allergen challenge
[22,40,41], and therefore appears to be an important cytokine
in the inflammatory process acompanying allergic reactions.
Moreover, by inducing IL-6 production by endothelial cells,
histamine could serve as an agonist of the acute and of the late
phase of the allergic response.
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