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BACKGROUND AND PURPOSE
Bone resorption induced by interleukin-1b (IL-1b) and tumour necrosis factor (TNF-a) is synergistically potentiated by kinins,
partially due to enhanced kinin receptor expression. Inflammation-induced bone resorption can be impaired by IL-4 and IL-13.
The aim was to investigate if expression of B1 and B2 kinin receptors can be affected by IL-4 and IL-13.

EXPERIMENTAL APPROACH
We examined effects in a human osteoblastic cell line (MG-63), primary human gingival fibroblasts and mouse bones by IL-4
and IL-13 on mRNA and protein expression of the B1 and B2 kinin receptors. We also examined the role of STAT6 by RNA
interference and using Stat6-/- mice.

KEY RESULTS
IL-4 and IL-13 decreased the mRNA expression of B1 and B2 kinin receptors induced by either IL-1b or TNF-a in MG-63 cells,
intact mouse calvarial bones or primary human gingival fibroblasts. The burst of intracellular calcium induced by either
bradykinin (B2 agonist) or des-Arg10-Lys-bradykinin (B1 agonist) in gingival fibroblasts pretreated with IL-1b was impaired by
IL-4. Similarly, the increased binding of B1 and B2 ligands induced by IL-1b was decreased by IL-4. In calvarial bones from
Stat6-deficient mice, and in fibroblasts in which STAT6 was knocked down by siRNA, the effect of IL-4 was decreased.

CONCLUSIONS AND IMPLICATIONS
These data show, for the first time, that IL-4 and IL-13 decrease kinin receptors in a STAT6-dependent mechanism, which can
be one important mechanism by which these cytokines exert their anti-inflammatory effects and impair bone resorption.

Abbreviations
a-MEM, a-modification of minimal essential medium; BK, bradykinin; DALBK, des-Arg10-Lys-bradykinin; FCS, fetal calf
serum; IL, interleukin; IL-13R, interleukin-13 receptor; IL-2gC, common IL-2g chain; IL-4R, interleukin-4 receptor; JAK,
janus tyrosine kinase; PBS, phosphate buffered saline; PCR, polymerase chain reaction; PGE2, prostaglandin E2; qPCR,
quantitative real-time polymerase chain reaction; RANK, receptor activator of nuclear factor kB; RANKL receptor
activator of nuclear factor kB ligand; STAT6, signal transducers and activators of transcription 6; TH2, T helper type 2;
TNF, tumour necrosis factor
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Introduction
In inflammatory conditions such as periodontitis and rheu-
matoid arthritis, increased osteoclast activity can be stimu-
lated by different bone resorbing proinflammatory cytokines
such as interleukin-1 (IL-1) and tumour necrosis factors-a and
-b (TNFs) (Lerner, 2006). The proinflammatory peptide brady-
kinin (BK) (Couture et al., 2001; Moreau et al., 2005), as well
as several kinin analogues, have also been shown to stimulate
bone resorption (Lerner et al., 1987; Ljunggren and Lerner,
1990; Worthy et al., 1990; Lerner, 1997). Interestingly, kinins
not only stimulate bone resorption, but also synergistically
potentiate the bone resorptive effect of IL-1 (Lerner, 1991;
Lerner and Modeer, 1991), by a mechanism dependent on
prostaglandin production (Lerner et al., 1989). In contrast to
these observations, it has been reported that mice lacking
both subtypes of kinin receptors have decreased bone mass as
assessed by dual emission x-ray absorptiometry (Kakoki et al.,
2010). Since histomorphometric analysis was not performed,
it is not possible to know if the decreased bone mass was a
consequence of increased resorption or decreased formation
of bone. Nor is it possible to know if the phenotype was a
result by direct or indirect effect on bone cells. The data
suggest the interesting possibility that kinins may be
involved in physiological remodelling of bone. It remains to
be shown the role of kinin receptors in vivo in inflammation-
induced bone resorption.

IL-4 (19-kDa) and IL-13 (10-kDa) are immunoregulatory
cytokines secreted mainly by activated T helper type 2 (TH2)
cells and mast cells. IL-4 inhibits the ability of macrophages
to produce a number of inflammatory cytokines (e.g. IL-1,
TNF-a and IL-6), and has therefore been considered as an
anti-inflammatory cytokine (Hart et al., 1989; 1991; te Velde
et al., 1990). During recent years, it has been clear that mac-
rophages have remarkable heterogeneity, including M1 and
M2 macrophages, microglial cells in the brain, tumour-
associated macrophages, dendritic cells in skin and mucosa,
Kupffer cells in liver and osteoclasts in bone, and that the
polarization is controlled by a complex transcriptional
response to molecules in the microenvironment (Lawrence
and Natoli, 2011). In this context, IL-4 has been shown to be
an activator of alternatively activated M2 macrophages,
rather than an anti-inflammatory cytokine (Gordon and
Martinez, 2010). IL-4 and IL-13 have also been shown to
affect bone remodelling and both cytokines inhibit osteoclast
formation and bone resorption in vitro and in vivo (Riancho
et al., 1993; Miossec et al., 1994; Palmqvist et al., 2006). IL-4
and IL-13 exhibit their effects on osteoclasts as well as on
osteoblasts since both cytokines have been shown not only to
cause a decrease in receptor activator of nuclear factor kB
(RANK) expression in osteoclast progenitor cells (Moreno
et al., 2003; Palmqvist et al., 2006), but also to down-regulate
RANK ligand (RANKL) and up-regulate osteoprotegerin (OPG)
in osteoblasts isolated from mouse calvarial bones (Palmqvist
et al., 2006).

Although IL-4 and IL-13 exhibit only 25% homology in
their amino acid sequences, they seem to share many prop-
erties including a receptor subunit [the a subunit of the IL-4
receptor (IL-4Ra)]. There are at least two types of IL-4 recep-
tors, called Type 1 and 2. IL-4R Type 1 is formed by het-
erodimerization of IL-4Ra chain and the common IL-2g chain

(gC), a receptor component that is also found in many other
receptors (i.e. IL-2, IL-7, IL-15 and IL-21). The IL-4 receptor
Type 2, with affinity to both IL-4 and IL-13, consists of IL-4Ra
and the IL-13 receptor a1 (IL-13Ra1) protein (Zurawski et al.,
1995; Kelly-Welch et al., 2003). IL-13 also binds to the other
IL-13 receptor subtype a2 (IL-13Ra2) with an even higher
affinity. This receptor has been thought to be a decoy receptor
due to its short cytoplasmic tail, but it has been shown that
IL-13Ra2 may have some signalling capabilities, regulating
IL-13 signalling pathways (Tabata and Khurana Hershey,
2007; Andrews et al., 2009). In the canonical pathway trig-
gered by IL-4 and IL-13, binding of either IL-4 to IL-4Ra in
IL-4R Type 1 or 2, or IL-13 to IL-13Ra1 in IL-13 receptors
results in an activation of janus tyrosine kinase 1 (JAK1),
which leads to phosphorylation of tyrosine residues of
IL-4Ra, which subsequently liaisons with the transcription
factor signal transducers and activators of transcription 6
(STAT6). Upon activation, STAT6 homodimerizes and trans-
locates into the nucleus (Hebenstreit et al., 2006).

The effects of kinins are linked to two molecularly and
pharmacologically distinct subtypes of kinin receptors, called
B1 and B2 (Leeb-Lundberg et al., 2005). The B2 receptor is
constitutively expressed in many cell types, whereas the B1

receptor is believed to be induced following injury and by
various proinflammatory cytokines (Marceau et al., 1998). We
have shown that both B2 and B1 receptors are constitutively
expressed on the osteoblastic cell line MG-63, on human
gingival fibroblasts and in intact mouse calvariae (Brechter
and Lerner, 2002; Brechter et al., 2008), and that both recep-
tors are up-regulated by IL-1b and TNF-a, but not by IL-6,
IL-11, IL-17, leukaemia inhibitory factor or oncostatin M
(Brechter et al., 2008). The activation of both B1 and B2 recep-
tors results in increased prostaglandin formation (Brechter
et al., 2008), and kinins synergistically potentiate prostaglan-
din formation stimulated by IL-b and TNF-a (Brechter and
Lerner, 2007; Brechter et al., 2008). The synergistic interac-
tions between signalling through kinin receptors, on one
hand, and IL-1b and TNF-a receptors, on the other hand,
leading to synergistic stimulation of prostaglandin formation
and bone resorption, involve stimulation of mRNA and
protein expression of cyclooxygenase-2, as well as IL-1b and
TNF-a induced enhanced expression of B1 and B2 receptors
(Brechter and Lerner, 2007).

We have, in the present study, investigated the possibility
that inhibition of inflammation-induced bone resorption by
IL-4 (Joosten et al., 1999; Lubberts et al., 2000; Woods et al.,
2001) may not only be due to effects by IL-4 on osteoclasts
and osteoblasts, but also on effects by more upstream events.
We here demonstrate that IL-4/IL-13 regulates the expression
of kinin receptors on osteoblasts, human gingival fibroblasts
and in neonatal mouse calvarial bones, which may be an
important mechanism by which these cytokines decrease
inflammatory induced bone resorption.

Methods

Bone cell culture
MG-63 cells (obtained at passage 87 from the American Type
Culture Collection) are a human osteoblastic osteosarcoma
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cell line which expresses several osteoblastic phenotypes
including biosynthesis of type I collagen and osteocalcin
(Clover and Gowen, 1994). The cells used in the present study
responded to 1,25(OH)2-vitamin D3 (1 nmol·L-1) with a four-
to fivefold stimulation of osteocalcin biosynthesis and to
recombinant human insulin-like growth factor-I (25 ng·mL-1)
(R&D Systems, Abdington, UK) with a two- to fourfold stimu-
lation of type I collagen formation (data not shown). The
cells were cultured in plastic flasks (Nunc, Roskilde, Denmark)
in a-modification of minimal essential medium (a-MEM)
(Gibco, Grand Island, NE, USA) with 10% fetal calf serum
(FCS) at 37°C in humidified atmosphere containing 5% CO2

in air. For experiments, cells were seeded at an initial density
of 4–5 ¥ 104 cells·cm-2 in 9.5 cm2 culture dishes (Nunc,
Roskilde, Denmark). To the dishes, a-MEM/10% FCS (Gibco)
was added and cells were cultured for 1–2 days until 80–90%
confluent monolayers were obtained. Then, the cells were
washed two times in phosphate buffered saline (PBS) and
once in serum free a-MEM and incubated in a-MEM/1% FCS,
with or without IL-1b, TNF-a, IL-4 and IL-13 (R&D Systems).

Isolation of gingival fibroblasts
Human gingival fibroblasts were isolated from explants
of human papillary gingiva obtained by surgery of clini-
cally healthy gingiva as previously described (Lerner and
Hänstrom, 1987). Cells growing out from the explants were
detached and subcultured in a-MEM/10% FCS in 75 cm2

flasks. When used in experiments, the cells were seeded at a
density 2 ¥ 104 cells·cm-2 and cultured to 80% confluency in
6-wells plates (9.5 cm2). The cells were then washed two times
in PBS (Gibco) and once in serum free a-MEM and subse-
quently incubated in a-MEM/1%FCS with and without test
substances. After 24 h of incubation, RNA was extracted for
subsequent analysis of gene expression. The study was
approved by the Human Studies Ethical Committee of Umeå
University and informed consent was obtained by all
patients.

Animals
Mice homozygous for the STAT6tm1Gru mutation in a Balb/c
background (C.129S2-Stat6tm1Gru/J; stock no. 002828) and
their corresponding wild type mice Balb/cJ (stock no. 000651)
were purchased from JAX®MICE (The Jackson Laboratory,
Sacramento, CA, USA) and were bred in our animal facility
unit. Animal care and experiments were approved and made
in accordance with accepted standards of humane animal
care and use, as considered appropriate by the Animal Care
and Use Committee of Umeå University, Umeå, Sweden. All
studies involving animals are reported in accordance with
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Culture of calvarial bones
Calvarial bones from 5 to 7 days old mice (Stat6-/-, Balb/cJ)
were dissected and divided into two halves along the sagittal
suture. The bones were pre-incubated overnight in a-MEM
containing 0.1% BSA and 1 mM indomethacin (Merck, Sharp
and Dohme, Haarlem, The Netherlands). Following pre-
incubation, the bones were extensively washed and subse-
quently incubated for 24 h, in 24-well culture dishes,

containing 1.0 mL indomethacin-free a-MEM /BSA medium,
with or without test substances.

RNA extraction
After incubation with or without test substances, the MG-63
cells, gingival fibroblasts or calvarial bones were washed two
times in PBS and total RNA was isolated using RNAqueousTM-
4PCR kit (Ambion Ltd. Huntingdon, Cambridgeshire, UK) by
following the manufacturer’s protocol. The calvarial bones
were homogenized (Ultra-Turrax®, Jenke & Kunkel KG,
Staufen, Germany) before RNA extraction. Extracted RNA was
quantified spectrophotometrically and analysed by agarose
gel electrophoresis. The RNA isolated was DNase-treated with
a commercially available DNA-freeTM-kit (Ambion Ltd.), by
following the instructions from the manufacturer. Only RNA
preparations showing intact species were used for subsequent
analyses.

Semi-quantitative reverse transcription
polymerase chain reaction (PCR)
Total RNA (1 mg) from MG-63 cells or from human gingival
fibroblasts was reverse transcribed into single stranded cDNA
with a first strand cDNA synthesis kit using random p(dN)6

primers. The cDNA was amplified in PCR utilizing a PCR Core
Kit and PC-960 G Gradient Thermal Cycler (Corbett Research
Pty Ltd., Mortlake, Australia). The PCR reactions for B1 and B2

receptors, and for the IL-4 and IL-13 receptor subunits, were
performed as described previously (Brechter et al., 2008). No
amplification was detected in samples where the reverse tran-
scription reaction had been excluded (data not shown). The
primers sequences for BDKRB1, BDKRB2 and GAPDH were
previously described (Brechter and Lerner, 2002) and the
sequences, position of the 3′and 5′ends and GenBank acces-
sion numbers and predicted size of the amplicon for the IL-4
and IL-13 receptors subunits are described in the Supporting
Information Table S1. The PCR products were separated by
1.5% agarose gel electrophoresis and visualized using ethid-
ium bromide staining. The identity of the PCR products was
confirmed using QIAquick purification kit and a Thermo
SequenaseTM II DYEnamic ET® terminator cycle sequencing
premix kit with sequences analysed on an ABI 377 XL DNA
Sequencer (Amersham Biosciences, Uppsala, Sweden).

Quantitative real-time polymerase chain
reaction (qPCR)
A 0.25–0.5 mg of total RNA, following DNase treatment, was
reverse transcribed into cDNA with a first strand cDNA Syn-
thesis Kit using random p(dN)6 primers, following the manu-
facturer’s instructions (Roche, Mannheim, Germany). qPCR
analysis was performed to assess the relative quantification of
mRNA levels of BDKRB1, BDKRB2, Bdkrb1, Bdkrb2 and Tnfsf11
(the gene encoding for the ligand of the receptor activator of
NF-kB; RANKL), using TaqMan Universal PCR Master Mix kit
(Applied Biosystems, Foster City, CA, USA), specific primers
and a fluorescent probe for each target mRNA. The primers
and probes were previously described (Brechter and Lerner,
2002; Brechter et al., 2008). IL4R and IL2RG mRNAs were
also analysed by qPCR using SYBR Green Universal PCR
master mix (Applied Biosystems, Foster City, CA, USA)
and primers amplifying specific products as confirmed by
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melting curve analysis. IL13RA1 and IL13RA2 mRNA analysis
was performed using pre-made primer-probe mix from
Applied Biosystems (assay numbers Hs00609817_m1 and
Hs00152924_m1). Amplifications were performed using the
ABI PRISM 7900 HT Sequence Detection System and Software
(Applied Biosystems). To rule out DNA contamination,
samples in which the reverse transcription reaction had been
omitted were also submitted to the PCR reaction, yielding no
amplification. To control cDNA input, RPL13A (human) or
Actb (mouse) were used as internal standard. The relative
expression of target mRNA was computed from the target Ct
values and RPL13A/Actb Ct values using the standard curve
method (User Bullentin #2, Applied Biosystems).

Radioligand binding assays
The assays were performed as described previously (Brechter
and Lerner, 2002). In brief, human gingival fibroblasts were
incubated in MEM/HEPES/0.1% BSA with [3H]-BK 4 nmol·L-1

(Perkin-Elmer, Waltham, MA, USA) or [3H]-des-Arg10-Lys-BK
14 nmol·L-1 (Perkin-Elmer) for 90 min, with or without
different kinin receptor agonists or antagonists. Following
extensive washings, the cells were detached and the radioac-
tivity analysed using liquid scintillation counter. The binding
of [3H]-BK was strongly competed for by BK (Sigma-Aldrich,
St. Louis, MO, USA) and Hoe140 (Neosystem, Strasbourg,
France), whereas des-Arg10-Lys-BK (Bachem, Bubendorf, Swit-
zerland) or des-Arg10-Hoe140 (Neosystem) were without
effects (data not shown). The binding of [3H]-des-Arg10-Lys-BK
to the human gingival cells was strongly inhibited for by
des-Arg10-Lys-BK and des-Arg10-Hoe140, with much less effect
by BK or Hoe140 (data not shown). Identical experiments
were performed with MG-63 cells which exhibited similar
characteristics (data not shown).

Calcium mobilization
Human gingival fibroblasts were seeded in 42 mm diameter
glass coverslips at 1 ¥ 105 cells per coverslip in 3 mL of a-MEM
supplemented with 10% FCS. After overnight attachment,
the media were replaced by a-MEM supplemented with 10%
FCS with or without IL-1b (100 pg·mL-1) or IL-1b in combi-
nation with IL-4 (30 ng·mL-1). To assess intracellular Ca2+

([Ca2+]i) mobilization, the media were removed 24 h after
treatment with the cytokines and then the cells were washed
three times with PBS 1X and loaded with Fluo-3/AM (5 mM)
in humidified 37°C incubator gassed with 5% of CO2 for
30 min.

Cells were imaged in buffer (135 mM NaCl, 5 mM KCl,
10 mM HEPES, 1 mM MgCl2, 2 mM glucose, 2 mM CaCl2, pH
7.2) and BK or des-Arg10-Lys-bradykinin (DALBK) (1 mM) were
added to the buffer. The change in fluorescence in 5–10 dif-
ferent cells was independently recorded over time. Fluores-
cence imaging experiments were performed in a scanning
laser confocal microscope (Leica SP5, Leica, Bensheim,
Germany) with a 63 X water immersion objective. Fluo-3
fluorescence dye was excited with the wavelength 488 nm
using an argon ion laser, and the emitted fluorescence was
measured at 510 nm. Digital image analysis was made with
Image J (W.S. Rasband/National Institutes of Health,
Bethesda, MD, USA, http://rsb.info.nih.gov/ij). Time-course
software was used to capture images of the cells, in the Live

Data Mode acquisition. DF/F0 (DF = (F(t) - F0), where F(t) is the
observed fluorescence at time t, and F0 the fluorescence at
t = 0. F(t) and F0 were computed by adding the intensity of
the pixels in a circular area enclosing a single cell. All
experiments were made at room temperature (23–25°C). The
maximum DF/F0 for each group was calculated and the values
were used for statistical analysis.

STAT6 knock down
Human gingival fibroblasts were seeded in 6-well plates at 1 ¥
105 cells/well in 2 mL of a-MEM supplemented with 10%
FCS. After overnight attachment, the cells were washed twice
with PBS and transfected with a scrambled siRNA (30 nM) or
a mix of three different siRNAs targeting STAT6 (30 nM; IDs:
s13540, s13541, s13542, Ambion, Austin, TX, USA) with lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA), in a-MEM
supplemented with 10% FBS without antibiotics. Twenty-
four hours after transfection, the media were changed, and
a-MEM supplemented with 10% FBS and antibiotics was
added with or without test substances. The silencing was
confirmed at protein level by Western blot and at the mRNA
level by qPCR using Taqman Assay (Hs0059618); at least 70%
of silencing was reached (Souza et al. 2012).

Statistics
Statistical analysis of multiple treatment groups was per-
formed using one-way ANOVA, with Levene’s homogenecity
test, and subsequently Bonferroni’s or Dunnett’s T3 post hoc
test. Data shown in figures are expressed as means � SEM for
4–6 observations. SEM is shown when the height of the error
bar is larger than the radius of the symbol. The figures are
representative for 2–3 independent experiments.

Results

IL-4 and IL-13 inhibit the mRNA expression
of kinin receptors in unstimulated and in
IL-1b and TNF-a stimulated MG-63 cells
Semi-quantitative RT-PCR demonstrated that IL-4
(30 ng·mL-1) and IL-13 (30 ng·mL-1) inhibited the basal
mRNA expression of both BDKRB1 and BDKRB2 in
MG-63 cells (Figure 1A). In contrast, IL-1b (100 pg·mL-1)
up-regulated the mRNA expression of BDKRB1 and BDKRB2,
in agreement with our previous observations (Brechter et al.,
2008). qPCR confirmed that IL-4 and IL-13 significantly
decreased the levels of basal, as well as IL-1b (Figure 1B,C) and
TNF-a (Figure 1D,E) stimulated, mRNA expression of BDKRB1
and BDKRB2. The inhibitory effect in MG-63 cells on IL-1b
induced enhancement of the mRNA expressions of both
kinin receptors was dependent on the concentration (0.05–
50 ng·mL-1) of IL-4 (Figure 1F, G).

IL-4 and IL-13 inhibit kinin receptor mRNA
expression in human gingival fibroblasts
stimulated by IL-1b and TNF-a
We next studied if the inhibitory effects by IL-4 and IL-13 on
kinin receptors could be observed in primary human cells
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Figure 1
Semi-quantitative (A) and quantitative RT-PCR analyses (B–G) of the mRNA expressions of BDKRB1 (A, B, D, F) and BDKRB2 (A, C, E, G), in MG-63
cells. Effects of IL-4 (30 ng·mL-1), IL-13 (30 ng·mL-1) and IL-1b (100 pg·mL-1), on the mRNA expressions of BDKRB1 and BDKRB2 (A). Quantitative
RT-PCR analyses of the effects of IL-4 (50 ng·mL-1), IL-13 (50 ng·mL-1), IL-1b (100 pg·mL-1), TNF-a (10 ng·mL-1) and the combination of IL-1b with
either IL-4 or IL-13 (B, C) or TNF-a with either IL-4 or IL-13 (D,E) on the mRNA expressions of BDKRB1 and BDKRB2. IL-1b stimulated mRNA
expressions of both BDKRB1 and BDKRB2 were inhibited by IL-4 in a concentration-dependent manner (F, G). The values represent means � SEM
for four wells per group. SEM is shown as vertical bars when larger than the radius of the symbol. In quantitative RT-PCR reactions, samples were
analysed in duplicates and normalized with RPL13A. In B, C, D and E, the statistically significant effects are shown by asterisks (*, P < 0.05; **,
P < 0.01; ***, P < 0.001). In F and G, statistically significant (P < 0.05) effects were obtained at 0.5–50 ng·mL-1 IL-4. Figures to the right of the gels
in (A) denotes the number of cycles used in the PCR reactions.

BJP PPC Souza et al.

404 British Journal of Pharmacology (2013) 169 400–412



and, therefore, used human gingival fibroblasts which
express functional B1 and B2 receptors (Brechter et al., 2008).
The basal mRNA expression of both kinin receptors
was significantly reduced by IL-4 and IL-13, respectively
(Figure 2A,B). IL-1b and TNF-a up-regulated the mRNA
expression of BDKRB1 as well asBDKRB2, and these
up-regulations were significantly inhibited by both IL-4 and
IL-13 (Figure 2A,B).

IL-4 inhibits IL-1b and TNF-a induced
up-regulation of kinin binding to B1 and B2

receptors and their function
To assess if IL-4 induced down-regulation of kinin receptor
mRNA was associated with decreased amount of kinin recep-
tors, we performed radioligand binding studies. In agreement
with previous observations (Brechter et al., 2008), we found
that pretreament of human gingival fibroblasts for 24 h with
IL-1b or TNF-a increased the binding of both [3H]-BK and
[3H]-des-Arg10-Lys-BK, effects that were partially impaired by
IL-4 (Figure 3A,B). Similarly, IL-1b and TNF-a increased
binding of [3H]-BK and [3H]-des-Arg10-Lys-BK to MG-63 cells
were partially impaired by IL-4 (data not shown).

To further examine if the IL-4 induced decrease of the
mRNA expression of the two kinin receptors was associ-
ated with decreased levels of functional kinin receptor
proteins, we then investigated whether IL-4 affected BK
and DALBK induced increase in transient [Ca2+]i in human
gingival fibroblasts which had been pretreated by IL-1b
with and without IL-4. Gingival fibroblasts pretreated with
100 pg·mL-1 of IL-1b for 24 h evoked a more profound
increase in [Ca2+]i when stimulated by BK or DALBK, as com-
pared with the kinin response in cells not pretreated with
IL-1b. Pretreatment with IL-1b influenced only the [Ca2+]i

transient amplitude, suggesting that IL-1b up-regulates the
number of kinin receptors (data not shown). When the
cells were pretreated with IL-1b in combination with IL-4
(30 ng·mL-1), the [Ca2+]i mobilization response to BK and
DALBK was decreased, suggesting that IL-4 could prevent
up-regulation of both B1 and B2 functional receptors induced
by IL-1b (Figure 3C,D).

The effects of IL-4 in gingival fibroblasts is
mediated by IL-4Ra/IL-13Ra1 and STAT6
IL-4 can bind to two different dimeric receptor subtypes con-
sisting of either IL-4Ra/IL-2RgC or IL-4Ra/IL-13Ra1 (Callard
et al., 1996; Murata et al., 1998). Heterodimerization of IL-4
receptors induced by ligand binding results in activation of
JAKs and subsequent phosphorylation of STAT6 which
then dimerizes, translocates to the nucleus and acts as a
transcription factor regulating different genes. Using semi-
quantitative RT-PCR, we found that human gingival fibrob-
lasts from three different individuals constitutively expressed
IL4R and IL13RA1 mRNA (Figure 4A). IL2RG and IL13RA2
mRNA could be detected in fibroblasts from 2/3 individuals,
but only at much lower expression levels (Figure 4A). Using
qPCR, we could detect IL4R, IL13RA1 and IL13RA2 mRNA,
but not IL2RG mRNA; IL4R was most abundantly expressed
(average Ct for the control at 3 h was 24.5) followed by
IL13RA1 (average Ct for the control at 3 h was 28.3) and
IL13RA2 (average Ct for the control at 3 h was 34.3). Over a
time period of 3–48 h, IL-1b robustly increased IL13RA2
mRNA, modestly enhanced IL4RmRNA, whereas IL13RA1
mRNA was not affected (Figure 4B–D). Co-stimulation of the
human gingival fibroblasts with IL-1b or either IL-4 or IL-13
did not affect the mRNA expression of IL4R and IL13RA1, but
the mRNA expression of IL13RA2 induced by IL-1b was syn-
ergistically enhanced by both IL-14 and IL-13 (Figure 4E–G).
These data indicate that IL-4 and IL-13 act on human gingival
fibroblast mainly by Type 2 IL-4 receptors.

Figure 2
Quantitative RT-PCR analyses of the mRNA expressions of BDKRB1
(A), and BDKRB2 (B), in human gingival fibroblasts. Effects of IL-4
(50 ng·mL-1), IL-13 (50 ng·mL-1), IL-1b (100 pg·mL-1), the combina-
tion of IL-1b with either IL-4 or IL-13, TNF-a (10 ng·mL-1) and the
combination of TNF-a with either IL-4 or IL-13, on the mRNA expres-
sions of BDKRB1 (A) and BDKRB2 (B). The values represent means �

SEM for four wells per group. Samples were analysed in duplicates
and normalized with RPL13A. The statistically significant effects are
shown by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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We have observed that treatment of human gingival
fibroblasts with IL-4 stimulates phosphorylation of STAT6,
both in the presence and absence of IL-1b (Souza et al.,
2012). Therefore, the relative importance of STAT6 was
assessed using silencing interference strategy. In human gin-
gival fibroblasts rendered STAT6 deficient using an siRNA
approach, it was observed that the inhibition of BDKRB1
and BDKRB2 mRNA by IL-4 in IL-1b (Figure 5A, B) or TNF-a
(Figure 5C, D) stimulated cells was substantially decreased.
In contrast, transfection with scrambled siRNA did not
affect IL-4 induced inhibition of BDKRB1 and BDKRB2
mRNA expression in IL-1b and TNF-a stimulated cells
(Figure 5A–D).

We next evaluated the importance of STAT6 for the
inhibitory effect of IL-4 on kinin receptor expression by
using calvarial bones from mice with deletion of the Stat6
gene. IL-4 inhibited IL-1b-stimulated up-regulation of Bdkrb1
mRNA expressions in calvarial bones from wild type mice
(Figure 6A), but had no effect in bones from Stat6-/- mice
(Figure 6B). Similarly, the inhibition of Bdkrb2 mRNA by IL-4
in IL-1b stimulated calvarial bones from wild type mice
(Figure 6C) was not observed in bones from Stat6-/- mice
(Figure 6D).

IL-4 decreased Tnfsf11 in calvarial bones
stimulated by kinins in the presence of either
IL-1b or TNF-a
In order to examine if decreased expression and number of
IL-4 receptors may affect osteoclast formation, we assessed if
IL-4 regulated the mRNA expression of Tnfs11 (encoding for
RANKL) in mouse calvarial bones. Previously, we reported
that BK and DALBK synergistically potentiated IL-1b induced
Tnfsf11 mRNA expression and RANKL protein in the calvarial
bones, without affecting Tnfrsf11a (encoding for RANK) or
Tnfrsf11b (encoding for OPG) mRNA. The robust enhance-
ment of Tnfsf11 mRNA expression by co-treatment with
kinins and IL-1b was significantly decreased by IL-4
(Figure 7), indicating that IL-4 not only decreased kinin
receptors but also decreased the expression of a key molecule
promoting osteoclast differentiation.

Discussion

In the present study, we demonstrate that IL-4 and IL-13
inhibit the mRNA expression of BDKRB1 and BDKRB2 in

Figure 3
Radioligand binding showing the specific binding of [H3]-BK (A) and [H3]-DALBK (B) to human gingival fibroblasts. Cells were pre-incubated for
24 h with either control media or media containing IL-4 (30 ng·mL-1), IL-1b (100 pg·mL-1) without or with IL-4 or TNF-a (25 ng·mL-1) without
or with IL-4. Then, the cells were challenged with radiolabelled ligands for 90 min. Values represent means � SEM of cell bound radioactivity for
four wells per group. In figures (C) and (D) is shown the increase in transient [Ca2+]i concentration in response to BK (C) or DALBK (D). Human
gingival fibroblasts were pre-incubated without (Ctrl) or with IL-1b (100 pg·mL-1) in the absence of presence of IL-4 (30 ng·mL-1) for 24 h. Then
the cells were challenged with the B1 and B2 receptor agonists (1 mM) and intracellular calcium levels were followed by recording the fluorescence
intensity. Values represent means � SEM for 5–10 recordings. The statistically significant effects are shown by asterisks (**, P < 0.01; ***, P < 0.001).
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human MG-63 cells, as well as in intact mouse calvarial
bones. IL-4 and IL-13 inhibit both constitutive expression of
BDKRB1 and BDKRB2 mRNA, as well as the IL-1b and TNF-
a-induced enhanced expression of the two kinin receptors
in the MG-63 cells. IL-4 and IL-13 also inhibited the
up-regulation of both receptor subtypes in calvarial bones
stimulated by IL-1b. These findings may explain the observa-
tions showing that local administration of IL-4 inhibited, in
a dose-dependent manner, hyperalgesic responses caused by

BK and TNF-a in rats (Cunha et al., 1999), and that IL-4
depressed the B1 receptor sensitization process, in human
umbilical veins (Sardi et al., 2002). IL-4 has been shown to
inhibit bone resorption in inflammation-induced apical
periodontitis (Stashenko et al., 2007), an effect which could
be explained by its inhibitory effect on RANK expression
in osteoclasts and/or RANKL expression in osteoblasts
(Palmqvist et al., 2006). Similarly, IL-4 has also been shown to
inhibit bone resorption in juxtaarticular bone in collagen

Figure 4
Semi-quantitative RT-PCR (A) and qPCR (B–G) analyses of the expression of the IL-4 receptor subunits in human gingival fibroblasts. The RT-PCR
analysis was performed in cells isolated from three different individuals (A). The numbers on the right of the images represent the number of cycles
in the PCR reaction. In B–D is shown the time-dependent effect of IL-1b (100 pg·mL-1) on the mRNA expression of IL4R, IL13RA1 and IL13RA2.
In E–G is shown the effect by IL-4 (30 ng·mL-1) on IL-1b induced regulation of IL4R, IL13RA1 and IL13RA2. The values represent means � SEM
for four wells per group. Samples were analysed in duplicates and normalized with RPL13A. The statistically significant effects are shown by
asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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type II-induced arthritis in mice (Joosten et al., 1999;
Lubberts et al., 2000) and in adjuvant-induced arthritis in rats
(Woods et al., 2001). Our data in the present study indicate
that IL-4 may inhibit inflammation-induced osteoclast for-
mation not only by its effect on RANKL-RANK-OPG pathway,
but also by decreasing the expression of kinin receptors in
osteoblasts. We here show that IL-4 inhibits the robust
up-regulation of Tnfsf11 mRNA induced by co-treatment
with IL-1b and either BK or DALBK. Although these data do
not show that IL-4 inhibits Tnfsf11 through decreased kinin
receptor expression, the data demonstrate the effect by IL-4
on inflammation-induced RANKL. Final proof for that the

effect is mediated, totally or partially, by decreased kinin
receptor expression must await in vivo data in mice lacking
IL-4 receptors and kinin receptors in osteoblasts.

Based upon the observations that kinins can stimulate
prostaglandin E2 (PGE2) formation and synergistically poten-
tiate the stimulatory effects by IL-1b and TNF-a on PGE2 in
human gingival fibroblasts (Lerner, 1991), together with the
fact that PGE2 is a potent stimulator of RANKL in osteoblasts
(Nagai and Sato, 1999; Okada et al., 2000), we have suggested
that kinin receptors in gingival fibroblasts may be important
in the pathogenesis of periodontal disease (Brechter and
Lerner, 2002; 2007). We here show that IL-4 and IL-13 inhibit

Figure 5
Quantitative RT-PCR analyses of the mRNA expression of BDKRB1 (A, C), the BDKRB2 (B, D) in human gingival fibroblasts transfected with
scrambled siRNA (siSCR) or STAT6 siRNA (siSTAT6). In A, B is shown the effects of IL-1b (100 pg·mL-1) without or with IL-4 (30 ng·mL-1) on BDKRB1
(A) and BDKRB2 (B) mRNA. In C, D is shown the effects of TNF-a (50 ng·mL-1) without or with IL-4 (30 ng·mL-1) on BDKRB1 (C) and BDKRB2 (D)
mRNA. The values represent means � SEM for four wells per group. The samples were analysed in duplicates and normalized with RPL13A. The
statistically significant effects are shown by asterisks (*, P < 0.05; **P < 0.01).
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basal and cytokine-induced mRNA expression of kinin recep-
tors also in primary human gingival fibroblasts. That not only
mRNA expression was decreased by IL-4, but also kinin recep-
tor protein, is demonstrated by our observations that IL-4
strongly decreased IL-1b and TNF-a induced increased spe-
cific binding of radiolabelled BK and DALBK to surface recep-
tors on the human gingival fibroblasts.

In order to further the evidence that not only the mRNA
levels of kinin receptors and receptor binding, but also the
expression of functional receptors was affected by IL-4 treat-
ment, we took advantage of the fact that B1 and B2 receptor
activation leads to intracellular calcium mobilization
(Bertram et al., 2007; Zubakova et al., 2008). Corroborating
with previous data showing a potentiation of [Ca2+]i by BK
in human gingival fibroblasts primed with IL-1b, (Nakao
et al., 2001), we observed a higher calcium transient ampli-
tude in response to BK when the human gingival fibroblasts
were pretreated with IL-1b for 24 h. This response was mark-
edly inhibited when the cells were co-treated with IL-4
together with IL-1b. We have previously shown that BK, but
not DALBK, induces a transient increase in [Ca2+]i in human
gingival fibroblasts (Lerner et al., 1992), which is most likely
due to the fact that the B1 receptor is not constitutively
expressed at the same levels as the B2 receptor. Here we
show using DALBK as a B1 agonist, that pretreatment with
IL-1b induces a transient rise of calcium in cells subse-
quently exposed to DALBK. This observation is in agree-

Figure 6
Quantitative RT-PCR analyses of the mRNA expressions of Bdkrb1 (A, B), Bdkrb2 (C, D), in calvarial bones from wild type mice (A, C) or
Stat6-deficient mice (B, D). Bones were incubated for 24 h without (control) or with IL-1b (100 pg·mL-1) in the absence or presence of IL-4
(50 ng·mL-1). The values represent means � SEM for 5–6 bones per group. The statistically significant effects are shown by asterisks (***P < 0.001).

Figure 7
Quantitative RT-PCR analysis of the mRNA expression of Tnfsf11 in
calvarial bones incubated for 24 h without or with BK (1 mM), DALBK
(1 mM), IL-4 (30 ng·mL-1 and IL-1b (100 pg·mL-1) in different com-
binations. The values represent means � SEM for 5–6 bones per
group. The statistically significant effects are shown by asterisks
(*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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ment with our previous finding showing that IL-1b
up-regulates B1 receptor mRNA and binding in human gin-
gival fibroblasts (Brechter et al., 2008). Also, the DALBK
induced burst of intracellular calcium was substantially
decreased when cells were treated with IL-4 in addition to
IL-1b (Figure 3D), indicating down-regulation of functional
receptor protein. Taken together, the radioligand data and
the intracellular calcium assays show that B1 and B2 receptor
proteins are up-regulated by IL-1b and that this effect is
impaired by IL-4.

To further investigate the mechanisms involved in the
inhibitory effects of IL-4, we analysed the expression of the
receptor subunits that recognize IL-4 and IL-13 in human
gingival fibroblasts. These cells were found to mainly express
the IL-4Ra and IL-13Ra1 receptor subunits, which is typical
for non-hematopoietic cells and which indicate that IL-4 and
IL-13 exert their effect on kinin receptor expression through
Type 2 IL-4 receptors, known to be activated by both
cytokines (Callard et al., 1996). The IL13-Ra2 subunit, known
to be involved in IL-13 signalling (Fichtner-Feigl et al., 2006),
was also detected, but at much lower levels compared to the
expression of the Type 2 IL-4 receptors subunits. Surprisingly,
its expression was strongly enhanced by IL-1b, an effect that
was synergistically potentiated by IL-4 and IL-13. Similarly,
enhanced expression of IL-13-Ra2 mRNA and protein
induced by the combination of TNF-a and IL-4 or IL-13 has
previously been reported in human keratinocytes and mac-
rophages (David et al., 2003; Fichtner-Feigl et al., 2006).
However, regulation of the expression of this receptor subunit
does not interfere with IL-4 signalling, but interferes with
IL-13 signalling, probably because of the affinity of IL-13 for
the IL-13Ra2 subunit (Fichtner-Feigl et al., 2006). Therefore,
Type 2 receptors are the strongest candidates mediating the
inhibitory effects by IL-4 and IL-13 on kinin receptors in
human gingival fibroblasts.

In order to investigate the molecules that act downstream
to the IL-4 receptors, we assessed the importance of phospho-
rylation of STAT6 in human gingival fibroblasts exposed to
IL-4. Activation of STAT-6 is a well-known downstream
mechanism in IL-4 receptor signalling (Callard et al., 1996;
Kelly-Welch et al., 2003; Hebenstreit et al., 2006). We have
recently reported that STAT6 is phosphorylated when human
gingival fibroblasts are exposed to IL-4, without IL-4 affecting
total STAT6 protein (Souza et al., 2012). Enhanced IL-4
induced STAT6 phosphorylation was observed both in the
presence and absence of IL-1b. To evaluate the importance of
this transcription factor for the inhibition of B1 and B2 recep-
tors expression by IL-4, we silenced STAT6 using transfection
with specific oligonucleotides in these cells. In the human
gingival fibroblasts in which STAT6 had been knocked
down, the impairment on IL-1b induced B2 and B1 receptor
up-regulation by IL-4 was abolished, showing that STAT6 is
crucial for the effects by IL-4 on kinin receptor expression in
these cells. In order to confirm if this is true also for bone
cells, we used calvarial bones from Stat6-deficient mice and
compared these results with those from the corresponding
Balb wild type mice. The inhibitory effect, caused by IL-4 on
IL-1b induced B1 or B2 receptor mRNA expression in calvarial
bones from wild type mice could not be observed in calvarial
bones from Stat6-/- mice, indicating that STAT6 is critically
important in this regulation.

In conclusion, we here demonstrate, for the first time,
that B1 and B2 receptors are down-regulated by IL-4 and
IL-13 via a STAT6-dependent pathway. These inhibitory
effects might be important in IL-4 induced inhibition of
inflammation-induced bone resorption, in diseases such as
periodontitis and rheumatoid arthritis.
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