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Purpose: Based on the close relationship between histamine and interleukin 6 (IL-6), we hypothesized that histamine may regulate the production
of cytokines, such as IL-6, during allergic inflammation. Here, we examined the role of histamine in IL-6 production and histamine receptor activity in
nasal fibroblasts, along with the mechanisms underlying these effects. Methods: Experiments were performed using nasal fibroblasts from 8 nor-
mal patients. RT-PCR was used to identify the major histamine receptors expressed in nasal fibroblasts. Fibroblasts were then treated with hista-
mine with or without histamine-receptor antagonists, and monitored for IL-6 production using an ELISA. Four potential downstream signaling mole-
cules, p38, extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and NF-kB, were evaluated by Western blot, and a luciferase
reporter assay. Results: Elevated expression was seen for all histamine receptors, with IL-6 protein levels increasing significantly following hista-
mine stimulation. Among the histamine-receptor specific antagonists, only the H1R antagonist significantly decreased IL-6 production in histamine-
stimulated nasal fibroblasts. Histamine increased the expression level of phosphorylated p38 (pp38), pERK, and pJNK, as well as NF-«B induction.
The H1R antagonist actively suppressed pp38 and NF-kB expression in histamine-induced nasal fibroblasts, but not pERK and pJNK. The p38 inhibi-
tor strongly attenuated IL-6 production in histamine-stimulated nasal fibroblasts. Conclusions: The data presented here suggest that antihista-
mines may be involved in the regulation of cytokines, such as IL-6, due to the role of histamine as an inflammatory mediator in nasal fibroblasts.
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INTRODUCTION

Histamine is one of the major inflammatory mediators of al-
lergy, and is released from mast cells in the immediate-phase
and basophils in the late-phase response.' Nasal histamine pro-
duction induces the majority of symptoms associated with al-
lergic rhinitis, including itching, sneezing, rhinorrhea, and na-
sal obstruction.” As histamine-1 receptor (H1R) antagonists
control symptoms related to histamine expression, H1R is gen-
erally accepted as the primary receptor of histamine activity.
An immunohistochemical study demonstrated intense immu-
noreactivity for HIR in nasal epithelial cells and vascular endo-
thelial cells.® Furthermore, it has been shown that histamine af-
fects vascular permeability, allowing for leukocyte infiltration
and edema formation via H1R.* However, if we instead consid-
er allergic symptoms as the result of a complex series of reac-
tions orchestrated by several mediators, including cytokines,
chemokines, neuropeptides, adhesion molecules, and cells, it
becomes important to understand what effects of histamine
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might have on those processes.

Interleukin 6 (IL-6) is a pleiotropic cytokine that plays a cen-
tral role in host defense.” Though mononuclear phagocytic cells
are the primary source of IL-6, it is also produced by a number
of other cell types, including lymphocytes, granulocytes, endo-
thelial cells, keratinocytes, mast cells, and fibroblasts.® IL-6 is
traditionally considered an activator of acute phase responses
and a lymphocyte stimulatory factor.” Recent evidence has
shown that IL-6 secreted by cells of the innate immune system
can induce expansion of Th2 effector cell populations.® More-
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over, as a proinflammatory cytokine, IL-6 is thought to amplify
the allergic inflammatory response.’

There is a close relationship between histamine and IL-6. His-
tamine has been shown to induce exocytosis and IL-6 produc-
tion in human lung macrophages through its interaction with
HIRs," as well as inducing IL-6 production in human endothe-
lial cells."! Microenvironmental controls of inflammatory pro-
cesses have been shown to regulate the initiation and perpetu-
ation of allergic inflammation through their effects on cell dif-
ferentiation and cell structure." Taken together, these data sug-
gest that histamine may play a role in the production of cyto-
kines, such as IL-6, in nasal fibroblasts. In this report, we exam-
ined the role of histamine on IL-6 production and histamine re-
ceptor activity in nasal fibroblasts, along with the mechanisms
underlying these effects.

MATERIALS AND METHODS

Reagents

Histamine, fexofenadine (HIR antagonist), ranitidine (H2R
antagonist), clobenpropit (H3R antagonist), and JNJ7777120
(H4R antagonist) were purchased from Sigma-Aldrich (St. Lou-
is, MO, USA). Ranitidine and clobenpropit were dissolved in
distilled water. Fexofenadine and JNJ7777120 were dissolved in
dimethyl sulfoxide (DMSO). The maximum final concentration
of DMSO was <0.1%.

Nasal fibroblast culture

Inferior turbinate specimens of 8 patients were obtained dur-
ing corrective septorhinoplasty at the Department of Otorhino-
laryngology, Korea University Medical Center, Korea. Informed
consents were obtained from each patient, and the study was
approved by the Korea University Medical Center Institutional
Review Board (KUGH-12200). None of the patients had a histo-
ry of allergy, asthma, or aspirin sensitivity. Nasal fibroblasts
were isolated from surgical tissues by enzymatic digestion with
collagenase (500 U/mL, Sigma), hyaluronidase (30 U/mL, Sig-
ma), and DNase (10 U/mL, Sigma). Cells were cultured in Dul-
becco’s Modified Eagle’s Medium containing 10% (v/v) heat-in-
activated fetal bovine serum (Invitrogen, Carlsbad, CA, USA),
1% (v/v), 10,000 units/mL penicillin, and 10,000 ug/mL strepto-
mycin (Invitrogen). The medium was changed every 4 days un-
til confluence. Cells were used after being passaged 4 times.

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was denatured at 65°C for 5 minutes. After cooling
on ice, the following components were added to the samples: 5X
RT-buffer, 0.1 M dithiothreitol, RNase OUT, and 2.5 mM dNTP of
Moloney murine leukemia virus RT. After 60 minutes at 37°C,
the RT was inactivated by heating the mixture at 95°C for 5 min-
utes. PCR was performed using the following primer combina-
tions: HIR (sense sequence 5'-GTC TAA CAC AGG CCT GGA
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TT-3', anti-sense sequence 5'-GGA TGA AGG CTG CCA TGA
TA-3'); histamine 2 receptor (H2R, sense sequence 5'-ATT AGC
TCC TGG AAG GCAGC-3', anti-sense sequence 5'-CTG GAG CTT
CAG GGG TTT CT-3"); histamine 3 receptor (H3R, sense sequence
5-TCG TGC TCA TCA GCT ACG AC-3', anti-sense sequence 5'-
AAG CCG TGA TGA GGA AGT AC-3'); histamine 4 receptor (H4R,
sense sequence 5'-GGC TCA CTA CTG ACT ATC TG-3', anti-sense
sequence 5'-CCT TCA TCC TTC CAA GAC TC-3"); and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, sense sequence 5'-
GTG GAT ATT GTT GCC ATC AAT GAC C-3/, anti-sense sequence
5'- GCC CCA GCC TTC TTC ATG GTG GT-3").

IL-6 measurements

IL-6 was assayed using a commercial ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s proto-
col. In brief, nasal fibroblasts were incubated in 2.5% FBS, and
the culture media were collected at the end of the incubation.
Each well was blocked with blocking buffer for a minimum of 2
hours at room temperature, and washes were performed by fill-
ing each well with wash buffer. For detection, IL-6 antibody was
added and incubated for 2 hours. A substrate solution was in-
troduced to each well and was incubated for 20 minutes in the
dark. Stop solution was added to each well and incubated for
30 minutes in the dark. If the subsequent color change did not
appear uniform, the plate was gently tapped to ensure thor-
ough mixing. The optical density of each well was determined
within 30 minutes using a microplate reader (F2000; Hitachi
Ltd., Tokyo, Japan) set to 450 nm.

Western blot analysis

Nasal fibroblasts were lysed in PRO-PREP protein extraction
solution (iNtRON Biotechnology, Seongnam, Korea). Cell ly-
sates were subjected to SDS-PAGE and transferred to PVDF
membranes (Millipore Inc., Billerica, MA, USA). The mem-
branes were then blocked for 1 hour in 3% non-fat dry milk, and
incubated at 4°C overnight with anti-mouse monoclonal pJNK,
GAPDH, anti-rabbit polyclonal pERK (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA), and p-p38, p38, INK, ERK antibodies
(Cell Signaling, Boston, MA, USA). After incubation, membranes
were washed 3 times for 5 minutes, and then treated with a per-
oxidase-conjugated anti-mouse or anti-rabbit antibody (Vector
Laboratories, Burlingame, CA, USA) for 1 hour. After washing
the membranes, substrate was added using an enhanced che-
miluminescence reagent kit (Du Pont, Boston, MA, USA).

Luciferase reporter assay

Nasal fibroblasts were cotransfected with pGL4.32 (luc2P/NF-
kB-RE/Hygro) Vector plasmid and pGL4.74 (hRluc/TK) vector,
using Fugene HD transfection reagent (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. Twenty-four
hours after transfection, cells were stimulated with histamine
for 2 hours, harvested, and luciferase activity detected using a
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dual-luciferase reporter assay system (Promega, Madison, WI)
according to the manufacturer’s instructions. Firefly luciferase
activity was normalized to Renilla luciferase activity, and the
level of induction was reported.

Statistical analysis

Results are shown as means + SE The statistical significance of
differences between groups was assessed by one-way analysis
of variance (ANOVA) for factorial comparisons and by Tukey’s
multiple comparison test. Triplicate wells were prepared for
each condition in each experiment.

RESULTS

The expression of histamine receptors in nasal fibroblasts

To identify the histamine receptors expressed in nasal fibro-
blasts, RT-PCR of HIR, H2R, H3R, and H4R was performed. Al-
though nasal fibroblasts constitutively expressed all histamine
receptor subtypes, HIR expression was higher than that of the
other subtypes (Fig. 1).

HIR = 140 bp
H2R - 374 bp
H3R - 214bp
H4R - 197 bp
GAPDH = 270 bp

Fig. 1. Messenger RNA levels of histamine receptors in nasal fibroblasts. Gene
expression levels were determined by RT-PCR.
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Fig. 2. ELISA of the effects of histamine on IL-6 production in nasal fibroblasts.
Values are expressed as the means £ SE of independent experiments. *P<0.05
vs control, **P< 0.01 vs control.
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Effect of histamine on IL-6 production

Next, we examined whether histamine stimulates IL-6 pro-
duction in nasal fibroblasts using an ELISA. Nasal fibroblasts
were treated with up to 200 uM histamine for 24 hours. IL-6
protein expression increased significantly in response to hista-
mine stimulation in a dose-dependent manner (Fig. 2).

Effect of H1R antagonist on IL-6 production in histamine-
stimulated nasal fibroblasts

To identify the histamine receptors involved in IL-6 produc-
tion, nasal fibroblasts were pretreated with histamine receptor
antagonists for HIR (fexofenadine, 100 uM), H2R (ranitidine,
50 uM), H3R (clobenpropit, 50 pM), and H4R (JNJ7777120, 100
uM) for 2 hours, and then stimulated with histamine (100 uM)
for 24 hours. Fexofenadine significantly decreased IL-6 produc-
tion, whereas ranitidine, clobenpropit, and JNJ7777120 had no
effect (Fig. 3). These assays were then expanded to assess the
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¥ | |
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Fig. 3. The effect of histamine receptor antagonists on IL-6 production in hista-
mine-stimulated nasal fibroblasts was determined by ELISA. Nasal fibroblasts
were pretreated with antagonists for H1R (H1RA, fexofenadine), HZR (HZRA,
ranitidine), H3R (H3RA clobenpropit), and H4R (H4RA, JNJ7777120) for 2 hours
prior to histamine (100 yM) stimulation. Values are expressed as the means+ SE
of independent experiments. *P< 0.05 vs control. 'P< 0.05 vs histamine alone.

250 *
200

150

IL-6 (pg/mL)

100

50

0
Histamine (100 uM) - + + + +
Fexofenadine (uM) - - 1 10 100
Fig. 4. A dose-response analysis of H1R antagonist fexofenadine on IL-6

production was determined by ELISA. Values are expressed as the means & SE
of independent experiments. *P< 0.05 vs control.
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role of fexofenadine concentration on IL-6 production. Cells
were pretreated with 1, 10, or 100 uM fexofenadine for 1 hour
and then stimulated with histamine (100 pM) for 24 hours.
Fexofenadine inhibited the expression of IL-6 protein in a dose-
dependent manner (Fig. 4).

Effect of an H1R antagonist on mitogen-activated protein
kinase (MAPK) activity

To explore the effect of fexofenadine on MAPK signaling path-
ways in histamine-stimulated nasal fibroblasts, 3 MAP kinases
(p38, extracellular signal-regulated kinase [ERK], and c-Jun N-
terminal kinase [JNK]) were evaluated by Western blotting.
Cells were pretreated with fexofenadine (100 uM) for 1 hour,

3hours

1 hour

30 minutes

pERK

ERK

pp38

p38

pJINK

JINK
Histamine (100 uM) -+ + -+ 4 -+ 4
Fexofenadine (100 pM) - -+ - -4 - -t

Fig. 5. The effect of H1R antagonist fexofenadine on the phosphorylation of mi-

togen-activated protein kinases (ERK, p38, JNK) was evaluated by Western

blotting (representative of independent experiments).
U0126, ERK inhibitor; SB203580, p38 inhibitor; SP600125, JNK inhibitor.

20

0.5

Relative RLUc activity
P

0.0
Histamine (100 uM) - + + +
Fexofenadine (100 uM) - - +
Bay (10 uM) - - - + Q

Volume 6, Number 6, November 2014

and then stimulated with histamine (100 uM) for 24 hours. His-
tamine increased the expression of phosphorylated p38 (pp38),
PERK, and pJNK. Fexofenadine effectively blocked pp38 activa-
tion in histamine-induced nasal fibroblasts, but had no effect
on either pERK or pJNK, indicating that the effect of fexofena-
dine on histamine-induced IL-6 production was mediated by
the p38 pathway (Fig. 5). Inhibitors of ERK (U0126, 10 uM), p38
(SB203580, 30 uM), and JNK (SP600125, 10 uM) were used as
positive controls.

Effect of p38 inhibition on IL-6 production in histamine-
stimulated nasal fibroblasts

Next, we confirmed the effect of p38 inhibition on IL-6 pro-
duction in histamine-stimulated nasal fibroblasts by ELISA.
Cells were pretreated with fexofenadine for 1 hour, and then
stimulated with histamine for 24 hours. Increased expression of

300
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IL-6 (pg/mL)

100

0

Histamine (100 uM) - + + + + I
Fexofenadine (100 uM) - - +
uo0126 (10uM) - - - n
SB203580 (30 uM) - - - - n
SP600125 (10 uM) - - - - - n

Fig. 6. Effect of p38 inhibition on IL-6 production in histamine-stimulated nasal
fibroblasts. Values are expressed as the means=+S.E. *P< 0.05 vs control. TP
<0.05 vs histamine alone.
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Fig. 7. Effects of an H1R antagonist on NF-«B expression (A) and IL-6 production (B) in histamine-stimulated nasal fibroblasts. Values are expressed as the means +

SE. *P< 0.05 vs control. 'P< 0.05 vs histamine alone.
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IL-6 following histamine-stimulation was markedly suppressed
in the presence of 30 uM SB203580 (Fig. 6). Neither U0126 nor
SP600125 inhibited IL-6 production in histamine-stimulated
nasal fibroblasts, consistent with our Western blot results.

Effect of an H1R antagonist on IL-6 production and NF-xB
expression in histamine-stimulated nasal fibroblasts

Histamine regulated HBp17/FGFBP-1 expression via the NF-
kB binding site was evaluated using a luciferase reporter assay
in which luciferase activity was driven by the HBp17/FGFBP-1
promoter. We observed a significant increase in HBp17/FGFBP-1
promoter activity following exposure to histamine (Fig. 7A). To
confirm the effect of NF-«B inhibition on IL-6 production, we
examined whether inhibition of NF-kB (Bay, 1 tM) could pre-
vent histamine-induced IL-6 production in nasal fibroblasts us-
ing an ELISA. Cells were pretreated with fexofenadine and Bay
for 1 hour, and then stimulated with histamine for 24 hours. Bay
significantly blocked the increased production of IL-6 in hista-
mine-stimulated nasal fibroblasts (Fig. 7B), consistent with a
role for NF-«B in IL-6 production.

DISCUSSION

Here, we examined the effect of histamine on nasal fibroblasts
in vitro. Our results indicate a clear link between histamine sig-
naling and IL-6 production in nasal fibroblasts, mediated pri-
marily through H1R. Of the 4 selective histamine receptor an-
tagonists tested, only fexofenadine, an H1R antagonist, inhibit-
ed production of IL-6. These effects were mediated via the p38
MAPK and NF-«B pathways. The p38 MAPK inhibitor SB203580,
and the NF-xB inhibitor Bay, significantly diminished the effect
of histamine on IL-6 secretion, while the selective blockage of
HIR inhibited the activation of p38 MAPK and NF-kB. In con-
trast, JNK and ERK inhibitors showed no effect on IL-6 produc-
tion in nasal fibroblasts.

Degranulation of mast cells is the most critical initiating event
in acute allergic reactions.” Mediators produced by mast cells
can be divided into preformed mediators, newly synthesized
lipid mediators, and cytokines/chemokines." Of these, hista-
mine is one of the most potent preformed mediators. Exposure
to allergen results in the explosive degranulation of histamine
from mast cells, leading to itching, sneezing, nasal discharge,
and swelling in the nose due to its effects on smooth muscle,
endothelial cells, nerve endings, and mucous secretion.”” How-
ever, histamine also modulates immune responses by interact-
ing with inflammatory cells in ways that extend beyond the
above effects.'® For example, histamine stimulation of H2R on
peripheral monocytes suppresses IL-12 production and stimu-
lates IL-10 secretion.'” Histamine also induces production of
granulocyte-macrophage colony-stimulating factor (GM-CSF),
IL-8, and IL-6 in native human epidermal keratinocytes." In
this study of nasal fibroblasts, IL-6 production was stimulated
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by histamine via HIR.

Fibroblasts are the most abundant cell type in normal con-
nective tissue. The most well-known roles of fibroblasts are syn-
thesis, degradation, and remodeling of the extracellular matrix
in both wound repair and scar formation in many different tis-
sues.'” However, fibroblasts also possess a number of other
functional properties.® One of these is production of cytokines,
including GM-CSE 1L-1a, IL-1B, IL-6, IL-8, and IL-10.*' In this
study, we demonstrated that fibroblasts produce IL-6 in re-
sponse to histamine. The implications of this work are signifi-
cant in terms of our understanding of allergy and infection. The
network of interactions between inflammatory cells and struc-
tural components in the microenvironment is thought to result
in chronic inflammation in upper airway inflammatory diseas-
es, such as allergic rhinitis, with fibroblasts acting as a key
source of cytokines and chemokines.”

IL-6 is a multifunctional cytokine with a wide range of biologi-
cal activities in immune regulation, hematopoiesis, inflamma-
tion, and oncogenesis.”* It is produced by a number of cell
types, including fibroblasts, macrophages, dendritic cells, T and
B lymphocytes, endothelial cells, glial cells, and keratinocytes
in response to a variety of external stimuli.’ There is abundant
evidence that the immunomodulatory function of IL-6 is close-
ly related to allergic response. In one study, asthmatic patients
showed higher plasma IL-6 concentrations than normal con-
trols.’ In examining the cytokine production of the nasal muco-
sa, a significant increase in IL-6 was found in nasal lavage sam-
ples of allergic rhinitis.**® Although more work is needed to ful-
ly define the role of IL-6, control of Th1/Th2 differentiation is
strongly suggested.*”

In conclusion, we showed that IL-6 production was stimulat-
ed by histamine via H1R followed by downstream activation of
p38 MAPK and NF-«B. This is the first study demonstrating the
effects of histamine and H1R on IL-6 production in nasal fibro-
blasts. These results suggest that antihistamines are likely to af-
fect multiple cytokines, such as IL-6, in addition to blocking the
more common histamine effects associated with allergic in-
flammation. Further testing, including in vivo studies, will be
required to verify these findings.
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