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Introduction

G protein-coupled receptors (GPCRs) are a large family 
of cell membrane receptors. Neutrophils are the first 
immune cells to be recruited to inflamed tissue and 

play a role in the innate immune response. Neutrophils 
release serine proteases such as neutrophil elastase, 
proteinase 3, cathepsin G. These proteolytic enzymes 
activate protease-activated receptors (PARs) to induce 
intracellular signaling. PARs belong to a family of 
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Protease-activated receptors (PARs) and the neurokinin 1 receptor (NK1R) belong to the G protein-coupled receptor (GPCR) family. In 
this review, we focus on the regulatory mechanism of ectodomain shedding by ADAM10/17 metalloprotease via GPCR signaling. PAR2 
and NK1R induce membrane blebbing, resulting in phosphatidylserine externalization in the cellular membrane, which is required 
for ADAM10/17 metalloprotease activation. Membrane-embedded dual oxidase 2 (DUOX2) has NADPH oxidase and peroxidase 
domains. NADPH oxidase domain generates hydrogen peroxide (H2O2), while the peroxidase domain produces peroxynitrite (ONOO−) 
through the interaction of nitrogen oxide with superoxide. Both H2O2 and peroxynitrite activate ADAM10/17 metalloproteases. PAR2 
signaling activates ADAM10/17 by NADPH-mediated H2O2, leading to the transactivation of DUOX2/EGFR/TLR4 to synergistically 
upregulate IL-12p40 production after exposure to LPS. In contrast, nitric oxide (NO) synthesis is promoted by NK1R signaling, 
and DUOX2 generates ONOO-, preferentially activating ADAM10/17 metalloprotease. Ectodomain shedding of membrane-bound 
fractalkine is mediated by ADAM10/17. Substance P (SP)/NK1R signals enhance shedding of membrane-bound fractalkine, whereas 
small interfering RNA for DUOX2 further increases membrane-bound fractalkine but decreases soluble fractalkine compared 
with cells treated with SP alone. Considering the signaling pathway of TGFβ1 (an inhibitor of iNOS mRNA expression), silencing 
of RNA for TAK-1 upregulates membrane-bound fractalkine tripartite motif 28 (TRIM28)/transcriptional intermediary factor 1β 
(TIF1β) functions as an E3 ubiquitin ligase and specificity protein 1 negatively regulate TGFβ1 levels to upregulate the generation of 
peroxynitrite, leading to increased shedding of membrane-bound fractalkine via SP/NK1R signaling. DUOX2 plays a pivotal role for 
ectodomain shedding through ADAM10/17 activation by GPCR signaling.
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GPCRs that are activated by proteolytic cleavage of the 
amino-terminus, and these receptors act as sensors for 
extracellular proteases. Neutrophils are potent immune 
effectors against bacterial infections. Macrophages also 
are important in infections as effectors and regulators 
[1]. We previously reported that granulocyte macrophage 
colony-stimulating factor (GM-CSF) upregulates PAR2 
expression by human macrophages [2]. Therefore, 
neutrophils may collaborate with macrophages to 
modulate immune response via PAR2 signaling. The 
proinflammatory effects of lipopolysaccharide (LPS) are 
amplified during pre-existing neutrophilic inflammation, 
as neutrophils augment LPS-mediated proinflammatory 
signaling [3]. Neutrophil elastase (NE) is one of the innate 
effector molecules that modulate immune responses, and 
plasma NE levels are elevated in patients with pneumonia 
[4]. NE is a major contributor to bacterial infection-
associated host tissue inflammation and damage [5], as 
it modulates the inflammatory cytokine expression in 
response to pathogens [6]. Importantly, mice lacking NE 
were reported to reveal impaired host defense against 
gram-negative bacterial sepsis [7]. NE activates protease-
activated receptor 2 (PAR2). Interestingly, PAR2 was 
shown to interact with TLR4 and enhance TLR4-dependent 
signaling [8]. NE activates membrane blebbing formation 
from endothelial cells in a time-dependent manner [9], with 
membrane blebbing accompanied by phosphatidylserine 
externalization from the inner plasma membrane leaflet 
[10]. Most importantly, phosphatidylserine exposure has 
been reported to be required for shedding activation by 
sheddase—a disintegrin and metalloprotease (ADAM) 
[11,12]. One role of ADAM in epidermal growth factor 
(EGF) ligand shedding mediated by GPCRs is EGFR 
transactivation [13,14]. Previously, we reported that human 
neutrophil elastase (HNE) enhances IL-12p40 production 
via transactivation of the PAR2/EGFR/TLR4 signaling 
pathway [15]. In this review, we focus on the role of PAR2 
on transactivation of TLR4 signaling by ADAM10/17.

Neurokinin 1 receptor (NK1R) also belongs to GPCR 
family. Substance P (SP) activates NK1R, and, interestingly, 
SP/NK1R signaling has been reported to induce membrane 
blebbing [16]. This led us to hypothesize that SP promotes 
the shedding activity of ADAM10/17 by phosphatidylserine 
externalization. The shedding activity of the ADAM 
family may be closely associated with the development 
of autoimmune diseases. Autoimmune diseases also 
are known to be associated with elevated serum levels 
of neuropeptide SP [17]. The chemokine fractalkine is 
synthesized as a membrane-bound protein, but studies 
have shown that serum levels of soluble fractalkine are 
elevated in inflammatory and autoimmune diseases [18]. 
Fractalkine shedding is mediated by the sheddase (ADAM) 
[19]. This makes us further hypothesize that SP/NK1R 
signaling is closely associated with fractalkine shedding to 

enhance soluble fractalkine levels. We recently reported 
that SP induces the shedding of membrane-bound 
fractalkine in human macrophages [20]. We also review 
the regulatory mechanism of activation of ADAMs by SP/
NK1R signaling.

Materials and Methods

Ethics statement 

The Board of Ethics in Kumamoto Health Science 
University approved to obtain blood from volunteers in 
conformity with the declaration of Helsinki after obtaining 
their informed consent (No. 17046).

Chemicals and reagents

Human neutrophil elastase (HNE) with an activity of 
200 U/L was purchased from SERVA Electrophoresis 
(Heidelberg, Germany). Recombinant human GM-CSF was 
purchased from Tocris Bioscience (Bristol, UK). U73122 
(Tocris Bioscience) and Rottlerin (Tocris Bioscience) 
were employed to investigate the intracellular signaling 
pathways involved in IL-12p40 production. Two protease-
activated receptor (PAR)-2 agonists (AC- 264613 [2-oxo-4-
phenylpyrrolidine-3-carboxylic acid [1-(3-bromo-phenyl)-
(E/Z)-ethylidene]-hydrazide], Tocris Bioscience, Bristol, 
UK and 2-furoyl-LIGRLO-amide, Tocris Bioscience) were 
purchased to study the intracellular signal transduction 
pathways involved in PAR2 stimulation. Substance P 
(Peptide Institute Inc., Osaka, Japan) was employed to 
investigate the intracellular signaling pathways involved in 
fractalkine production. N(ω)-nitro-L-arginine methyl ester 
(L-NAME) also was obtained from Abcam, Cambridge, 
UK.

Induction of GM-CSF-dependent human 
macrophages

Peripheral blood mononuclear cells (PBMCs) was 
obtained from heparinized blood samples [21]. PBMCs 
collected using Lymphoprep gradients (Axis-Shield PoC 
As, Norway) were suspended with Lymphocyte medium 
for thawing (BBLYMPH1, Zen-Bio, Inc. Research Triangle 
Park, NC). The monocytes were stained with CD14-
phycoerythrin (PE) mouse anti-human monoclonal 
antibody (Life technologies, Staley Road Grand Island, 
NY). The purity of monocytes was determined by 
Fluorescence Activated Cell Sorting (FACS), showing 
86.6 ± 1.7 % (mean ± SE, n=120, 85.2-89.7). GM-CSF 
dependent macrophages were obtained after monocytes 
stimulated with recombinant human GM-CSF on days 1, 
3, and 6 of culture [22]. Macrophages (on day 9 of culture) 
were utilized as GM-CSF dependent macrophages in this 
study.
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Preparation of whole-cell lysates from cell culture

Human macrophages (on day 9 of culture) were 
stimulated with HNE (5 µM) or SP (5 μM) for 6 hours 
and culture medium was carefully removed. Mammalian 
protein extraction reagent (100 μL; M-PER, Thermo 
Fisher Scientific Inc., Waltham, MA) was pipetted into 
each well, after which the culture plate was gently shaken 
for 5 minutes. The lysate was collected and transferred to a 
microcentrifuge tube for centrifugation at 12,000 g for 10 
minutes. The supernatants were used as a whole-cell lysate 
in this study. 

ELISA for IL-12p40, fractalkine, NOS2/iNOS, 
phosphatidylserine and nitrotyrosine

Macrophages were stimulated with SP (5 µM) for 6 
hours. ELISA kits were used to measure levels of IL-12p40 
(Abcam, Cambridge, UK), fractalkine (Abcam), NOS2/
iNOS (Abcam), phosphatidylserine (Biocompare, South 
San Francisco, CA;) and nitrotyrosine protein (Abcam) in 
whole-cell lysates. The sensitivity of ELISA for the various 
proteins was as follows: IL-12p40, 20 pg/mL; fractalkine, 
0.25 ng/mL; NOS2/iNOS, 18 pg/mL; phosphatidylserine, 
0.78 ng/mL; and nitrotyrosine, 50 nM. RNA interferences 
with DUOX2, ERK1/2, p22phox, PAR2, TRAF6, TLR4, 
EGFR, TGFβ1/2/3, TAK-1, β-arrestin 2, GRK2, Sp1, C/
EBPβ, TRIM28/TIF1β, or Fli-1 siRNA.

Transfection of macrophages with siRNAs for DUOX2 
(50 nM), ERK1/2 (50 nM), p22phox (50 nM), PAR2 (50 
nM), TRAF6 (50 nM), TLR4 (50 nM), EGFR (50 nM), 
TGFβ1/2/3 (50 nM), TAK-1 (50 nM), β-arrestin 2 (50 nM), 
GRK2 (50 nM), C/EBPβ (50 nM), Sp1 (50 nM), TRIM28/
TIF1β (50 nM), Fli-1 (50 nM) or control siRNA-A (Santa 
Cruz Biotechnology, Santa Cruz, CA) was performed on day 
7-8 of cell culture using Lipofectamine (Life Technologies, 
Carlsbad, CA). IL-12p40 and fractalkine protein levels 
in whole-cell lysates or cell-culture supernatants were 
measured by ELISA.

Western blotting for PAR2, fractalkine, and 
TGFβ1

The levels of PAR2 in monocytes and macrophages (on day 
9 of culture) in whole-cell lysates were detected by western 
blotting. Furthermore, human macrophages (on day 9 of 
culture) were exposed to SP (5 μM) for 6 hours, and the 
levels of fractalkine and TGFβ1 in whole-cell lysates were 
measured by western blotting. The proteins in the whole-
cell lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (ATTO corporation, 
Tokyo, Japan) and transferred onto polyvinylidene 
fluoride membranes (Thermo Fisher Scientific) for 
immunoblotting. The membranes were incubated with 
0.2 × 103 µg/L mouse anti-human PAR2, fractalkine, 

and TGFβ1 (Santa Cruz Biotechnology, Santa Cruz, CA) 
for 1 hour at room temperature, washed, and incubated 
with alkaline phosphatase-conjugated anti-mouse IgG 
(Santa Cruz Biotechnology) diluted to 1:5000. Then the 
membranes were incubated with chemiluminescence 
enhancer (Immun-Star, Bio-Rad Laboratories, Hercules, 
CA) and exposed to XAR film (Kodak, Rochester, NY). 
After the film was developed, bands were quantified with 
a densitometer and ImageQuant software (Molecular 
Dynamics, Sunnydale, CA). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was also detected by western 
blotting with an anti-GAPDH antibody (Santa Cruz 
Biotechnology) and PAR2, fractalkine, and TGFβ1 protein 
levels were normalized to GAPDH. 

Analysis of mRNA expression by reverse 
transcription quantitative polymerase chain 
reaction 

TGFβ1 mRNA expression was determined by reverse 
transcription quantitative polymerase chain reaction (RT-
qPCR). Transfection of macrophages with siRNAs for C/
EBPβ (50 nM), Sp1 (50 nM), TRIM28/TIF1β (50 nM), Fli-
1 (50 nM) or control siRNA-A (Santa Cruz Biotechnology, 
Santa Cruz, CA) was performed on day 7-8 of cell culture 
using Lipofectamine (Life Technologies, Carlsbad, CA). 
On day 9 of culture, macrophages were stimulated with 
substance P (5 μM) for 6 hours. Total RNA was extracted 
with Isogen (Nippon Gene, Tokyo, Japan), and equal 
amounts of RNA were reverse transcribed to obtain cDNA 
by using a PrimeScript RT kit (TaKaRa Bio Inc., Shiga, 
Japan). The primer sequences for real-time RT-qPCR were 
as follows: 

5’-TCCTGGCGATACCTCAGCAA-3’ (forward for TGFβ1), 
5’-GCTAAGGCGAAAGCCCTCAA-3’ (reverse for TGFβ1), 
5’-CTTCGCTCTCTGCTCCTCCTGTTCG-3’ (forward for 
GAPDH), and 5’-ACCAGGCGCCCAATACGACCAAAT-3’ 
(reverse for GAPDH). These primers and TB Green real-
time PCR master mix were obtained from Takara Bio 
Inc. (Shiga, Japan). RT-qPCR was performed by using a 
LightCycler® (Nippon Genetics Co. Ltd., Tokyo, Japan) 
according to the manufacturer’s instructions, and the level 
of TGFβ1 mRNA was normalized to that of GAPDH. TGFβ1 
mRNA levels were determined by RT-qPCR.

Statistical analysis

Results are expressed as the mean (SE). Differences 
between two groups were analyzed using a t-test for 
independent means, and differences between more than 
two groups were compared by analysis of variance. When 
the F ratio was found to be significant, mean values were 
compared using a post hoc Bonferroni test. P<0.05 was 
considered to indicate significance in all analyses.
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Results and Discussion 

Phosphatidylserine externalization during membrane 
blebbing after exposure of macrophages to human 
neutrophil elastase (HNE) or substance P (SP) 
Phosphatidylserine (PS) is a major component of the 
inner layer of the plasma membrane, owing to membrane 
phospholipid asymmetry, and is externalized to the outer 
layer of the plasma membrane (Figure 1a) as membrane 
blebbing develops [23]. Neutrophil elastase, a PAR2 
agonist, has been reported to activate microvesicle 
shedding from endothelial cells in a time-dependent 
manner [9]. In the present study, HNE significantly 
increased phosphatidylserine levels in cell-culture 
supernatant 

compared to untreated controls. Additionally, the PAR2 
activating synthetic peptide, 2-Furoyl-LIGO-amide, 
induced a slight increase in PS. Surprisingly, a non-
peptide agonist (AC-264613) significantly upregulated 
PS levels rather than HNE (Figure 1b). We previously 

reported that AC-264613 significantly reduced p53 protein 
expression [24], and p53 activation is known to induce PS 
externalization early in apoptosis [25].

Studies reported that p53 deficiency in mouse embryonic 
fibroblasts also promotes Ras homolog family member 
A (RhoA)–Rho-associated protein kinase (ROCK)-
dependent membrane blebs [26]. As for SP/neurokinin 
1 receptor (NK1R) signaling, it has been reported that 
SP induces membrane blebbing in HEK293 cells [16]. 
We also previously reported that SP increased the 
release of membrane-bound tissue factor from human 
macrophages [27]. In addition, we reported that di(2-
ethylhexyl) phthalate (DEHP) released tissue factor-
bearing microparticles from human macrophages and 
that these microparticles were phosphatidylserine 
positive in Western blotting. We also showed that 
phosphatidylserine-positivity of the culture supernatant 
was increased in a concentration-dependent manner 
after exposure of the macrophages to DEHP [28]. In this 
study, we found that exposure of macrophages to HNE 
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Figure 1: Phosphatidylserine (PS) levels in cell-culture supernatants of macrophages after exposure 
to human neutrophil elastase (HNE) or substance P (SP). (a) The cell membrane consists of a lipid bilayer 
and PS is composed of the inner leaflet of the cell membrane. Membrane blebbing induces PS externalization. (b) 
Human macrophages (on day 9 of culture) were stimulated with HNE (50 µM) or substance P (5 µM) for 6 hours. PS 
levels in supernatants were measured by ELISA. Data were obtained by using samples from three individuals in each 
group and represent the mean (SE). **P<0.01; *P<0.05 (with Bonferroni’s correction) N.S.: Not Significant.
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or SP led to a significant increase in phosphatidylserine 
levels in cell-culture supernatants, as detected by ELISA. 
Most importantly, phosphatidylserine exposure has 
been reported to be required for shedding activation by 
a disintegrin and metalloprotease (ADAM)10/17 [11,12]. 
This led us to hypothesize that HNE or SP promotes the 
shedding activity of ADAM10/17 by phosphatidylserine 
externalization for the ectodomain shedding.

Activation of a disintegrin and metalloprotease 
(ADAM) by dual oxidase 2 (DUOX2)

The ADAM family induces proteolytic cleavage of 
transmembrane proteins. Members of the ADAM family 
are composed of a cytoplasmic domain and an extracellular 
metalloprotease domain with an attached pro-domain 
[29]. ADAM10/17 is composed of an extracellular 
metalloprotease (catalytic) domain and an intracellular 
cytoplasmic tail. Cysteine in the pro-domain is oxidized 
by reactive oxygen species (ROS) and reactive nitrogen 
species (RNS), and the pro-domain is consequently 
removed by cleavage from the catalytic domain, after 
which the metalloprotease domain is activated [30]. 
ROS includes hydrogen peroxide and superoxide, and 
RNS includes peroxynitrite and nitric oxide radical. Both 
hydrogen peroxide (H2O2) and peroxynitrite (ONOO−) 
activate ADAM10/17 metalloproteases. Mitochondrial 
ROS is a byproduct of oxidative metabolism, whereas non-
mitochondrial ROS originates from extra-mitochondrial 

nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase, which is composed of membrane and cytosolic 
components. NADPH oxidase (NOX) is a ROS generating 
enzyme, and the NOX/dual oxidase (DUOX) family of 
NADPH oxides includes NOX1-5, DUOX1, and DUOX2. 
NADPH oxidase mediates production of a superoxide (O2-) 
(Figure 2a), which produces superoxide dismutase (SOD) 
to generate hydrogen peroxide (H2O2). DUOX2 has both 
an NADPH oxidase domain and a peroxidase domain. 
Most importantly, the peroxidase domain produces 
peroxynitrite (ONOO−) through the interaction of nitrogen 
oxide with superoxide (Figure 2b). Therefore, DUOX2 
activates ADAM10/17 by H2O2 and ONOO-.

Differential peroxynitrite production in human 
macrophages by PAR2 or NK1R signaling 

Nitric oxide synthase is activated by PAR2 signaling in 
endothelial cells [31]. Furthermore, neutrophil elastase 
inhibitor (Silvestat) has been reported to inhibit inducible 
nitric oxide synthase (iNOS) expression and NO production 
in hepatocytes [32]. The peroxidase-like domain of DUOX2 
uses NADPH oxidase-mediated superoxide to generate the 
powerful oxidant peroxynitrite in response to NO [3].

Nitrotyrosine is known to be a marker for peroxynitrite 
generation [34]. Unexpectedly, we found that nitrotyrosine 
levels in the whole-cell lysate of human macrophages was 
not enhanced after exposure to HNE and PAR2 agonists 
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  Figure 2: Hydrogen peroxide (H2O2) and peroxynitirite (ONOO−) production by dual oxidase 2 
(DUOX2). Membrane-embedded DUOX2 has both a nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase domain and a peroxidase domain. NADPH oxidase mediates production of a superoxide (O2-), which reacts 
with superoxide dismutase (SOD) to generate hydrogen peroxide (H2O2) (a). The peroxidase domain produces 
peroxynitrite (ONOO−) through the interaction of nitrogen oxide with superoxide (b). Both H2O2 and ONOO− activate 
ADAM10/17 metalloproteases.
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(2-Furoyl-LIGO-amide and AC-264613) (Figure 3). SP/
NK1R signaling promotes nitric oxide synthase 2/inducible 
nitric oxide synthase (NOS2/iNOS) mRNA expression [35] 
and enhances the production of NO in synovial fibroblasts 
of mice [36]. We found that protein levels of nitrotyrosine 
in whole-cell lysates were upregulated after exposure of 
human macrophages to SP, whereas those levels were 
significantly decreased in macrophages transfected with 
DUOX2 siRNA after exposure to SP (Figure 3). This 
indicates that peroxynitirite production is differentially 
regulated in human macrophages by HNE/PAR2 and SP/
NK1R signaling. 

Transactivation of PAR2/EGFR/TLR4 by HNE/
PAR2 signaling

GM-CSF dependent macrophages (on day 9 of culture) 
significantly upregulated PAR2 expression compared with 
monocytes, when detected by western blotting (Figure 
4a). Culture of macrophages with GM-CSF led to the 
upregulation of PAR2 production in a time-dependent 
manner. There was a significant increase in PAR2 from day 
3 of the culture and PAR-2 protein levels were significantly 
higher on day 9 of culture than on day 7 (Figure 4b). 
Lipopolysaccharide enhanced IL-12p40 production by 
human macrophages. While HNE did not induce IL-
12p40 production, pretreatment of macrophages with 
HNE synergistically increased the IL-12p40 protein levels 
after LPS exposure. U73122 (a phospholipase C inhibitor) 
or Rottlerin (a PKC inhibitor) did not inhibit IL-12p40 
production by macrophages exposed to only LPS, but 
either of these agents significantly attenuated IL-12p40 
production by cells exposed to both HNE and LPS (Figures 

5a-5c). Silencing of PAR2 with siRNA significantly 
reduced IL-12p40 production by macrophages stimulated 
with HNE and LPS. Silencing of β-arrestin 2, p22phox, 
or extracellular signal-regulated kinase 1/2 (ERK1/2) 
with siRNAs also attenuated IL-12p40 production by 
macrophages stimulated with HNE and LPS (Figures 5a 
and 5c). We previously reported that neutrophil elastase 
activates phospholipase C (PLC)/protein kinase C (PKC) 
signaling leads to cytokine production [37,38]. In addition, 
PLC/PKC signaling has been reported to modulate DUOX 
activity [39] (Figure 6a). The GPCR adaptor protein 
β-arrestin 2 modulates proinflammatory responses. We 
found that silencing β-arrestin 2 prevented an increase 
of IL-12p40 production by macrophages in response to 
stimulation with HNE plus LPS. Stimulation of PAR2 
induces prolonged activation of ERK1/2 in a β-arrestin 
2-dependent manner [40], and TRAF6 stimulates ERK 
activity [41].

Next, we investigated the role of ERK in the 
enhancement of IL-12p40 production by HNE plus LPS. 
Silencing of ERK1/2 also significantly reduced IL-12p40 
production by stimulated macrophages. ERK mediates 
important downstream aspects of EGFR signaling, and 
phosphorylation of this receptor at threonine-669 by 
ERK influences both signaling and trafficking [42]. The 
β-arrestin 2 scaffold protein mediates the proinflammatory 
effects of PAR2 and promotes ERK1/2 phosphorylation 
[43]. Silencing p22phox attenuated the enhancement of 
IL-12p40 production by macrophages stimulated with 
HNE plus LPS. Activation of PAR2 leads to upregulation 
of the DUOX2/ROS pathway [44]. We found that silencing 
DUOX2 with siRNA significantly reduced the production of 
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  Figure 3: Differential peroxynitrite production by human neutrophil elastase (HNE)/PAR2 and 
substance P (SP)/neurokinin 1 receptor (NK1R) signaling. Nitrotyrosine is known to be a marker for 
peroxynitrite generation. Nitrotyrosine levels in whole-cell lysates were measured in human macrophages after 
exposure to PAR2 agonists and substance P by ELISA. Data were obtained by using samples from three individuals in 
each group and represent the mean (SE). **P<0.01 (with Bonferroni’s correction) N.S.; Not Significant.
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IL-12p40 by macrophages stimulated with HNE plus LPS 
(Figure 6b). Reactive oxygen species produced through 
NADPH oxidase mediate EGFR activation, and p22phox 
is a critical component of the superoxide-generating 
NADH/NADPH oxidase system [45] (Figure 6c). It has 
also been reported that silencing p22phox prevents EGFR 
activation [46]. Indeed, we found that silencing p22phox 
blunted the enhancement of IL-12p40 production by 
macrophages in response to HNE plus LPS. Therefore, 
PAR2-mediated EGFR transactivation is dependent on 
H2O2 derived from DUOX2 activation. Transfection of 
macrophages with small interfering RNA for DUOX2, 
EGFR, or TLR4 significantly blunted the increase of IL-
12p40 in response to treatment with HNE plus LPS. 
PAR2 mediates upregulation of DUOX2 [44]. ADAM17-
mediated shedding of EGFR ligands induces EGFR 
activation [47] (Figure 6d). The pro-domain attached 

to the metalloprotease domain regulates the activity of 
ADAM10/17 sheddase [48]. Indeed, a recombinant pro-
domain was reported to inhibit the activation of ADAM17 
[49]. Activation of ADAM10/17 requires detachment of the 
pro-domain from the metalloprotease domain [29]. This 
detachment is triggered by oxidation of cysteine in the 
pro-domain in response to reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) [30]. The oxidation 
of cysteine in the pro-domain is mediated by H2O2 [50] 
or peroxynitrite [51]. After EGFR activation, EGFR kinase 
activity is necessary for TLR4 signaling [52] (Figure 6e). 
We found that small interfering RNA for p22phox, an 
NADPH oxidase subunit, reduced IL-12p40 levels in 
response to HNE and LPS. Therefore, PAR2/EGFR/TLR4 
transactivation is regulated by H2O2 derived from DUOX2 
activation in IL-12p40 production by human macrophages 
in response to HNE and LPS. 
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  Figure 4: Protease-activated receptor 2 (PAR2) expression during monocytes/macrophages 
differentiation. Granulocyte-macrophage colony-stimulating factor (GM-CSF) upregulates PAR2 expression in 
macrophages in whole-cell lysates as determined by western blotting. The density of each band was normalized for that 
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data were obtained by using samples from three volunteers 
in each group, and a representative result is shown as arbitrary density units (a). PAR2 expression of monocytes 
and macrophages were measured by ELISA (b). Data were obtained by using samples from three individuals in each 
group and represent the mean (SE). **P<0.01; *P<0.05 (with Bonferroni’s correction) N.S.; Not Significant
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Figure 5: The role of human neutrophil elastase (HNE)/protease-activated receptor 2 (PAR2) signals 
on IL-12p40 production after exposure to HNE and LPS. (a) Effects of small interfering RNAs for PAR2, 
β-arrestin2, p22phox, ERK1, and ERK2 on IL-12p40 production was investigated after exposure of human macrophages 
to HNE and LPS. Data were obtained by using samples from three individuals in each group and represent the mean 
(SE). **P<0.01; *P<0.05 (with Bonferroni’s correction). N.S.; Not Significant.

A schematic diagram represents the role of phospholipase C (PLC) (b) and protein kinase C (PKC) (c) on IL-
12p40 production via the HNE/PAR2 signaling pathway. DUOX2 is activated by calcium and PKC (d). HNE: 
Human Neutrophil Elastase; PAR2: Protease-activated Receptor 2; GDP: Guanosine Diphosphate; Gα: G protein 
α-subunit; PLC: Phospholipase C; PIP2: Phosphatidylinositol 4,5-bisphosphate; DAG: Diacyl Glycerol, IP3: Inositol 
1,4,5-trisphosphate, ER: Endoplasmic Reticulum, Ca: Calcium, PKC: Protein Kinase C; ERK: Extracellular Signal-
regulated Kinase.
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Figure 6: Transactivation of protease-activated receptor 2 (PAR2)/epidermal growth factor receptor 
(EGFR)/toll-like receptor 4 (TLR4) in IL-12p40 production of human macrophages after exposure 
to HNE and LPS. Effects of small interfering RNAs for DUOX2, EGFR, TLR4, and TRAF6 on IL-12p40 production 
were investigated after exposure of human macrophages to HNE and LPS (b). Data were obtained by using samples 
from three individuals in each group and represent the mean (SE). **P<0.01; *P<0.05 (with Bonferroni’s correction) 
N.S.; Not Significant.

The schematic diagram represents activation of DUOX2 by PKC and Ca2+ (a). NADPH oxidase composed of p22phox, 
Gp91phox, p67phox and p40phox produces hydrogen peroxide (H2O2) (c). Transactivation of DUOX2/ADAMs/
EGFR is induced by DUOX2-derived H2O2 (d). Finally, EGFR kinase activates TLR4 (e). DUOX: dual oxidase, 
NADPH: nicotinamide adenine dinucleotide phosphate, NADP: Nicotinamide Adenine Dinucleotide Phosphate; 
EGFR: Epidermal Growth Factor Receptor; ADAM: A Disintegrin and Metalloprotease, LPS: Lipopolysaccharide, 
TLR: Toll-like Receptor; CD14: Cluster of Differentiation 14, MD2: Myeloid Differentiation Factor 2; MyD88: Myeloid 
Differentiation Factor 88.
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Ectodomain shedding of fractalkine by DUOX2 
signaling

Innate immunity may play an important role in the 
initiation and/or progression of autoimmune diseases. 
Chemokines are critical for the innate immune response 
and are involved in the selective recruitment of immune 
cells and their migration to the inflamed tissues. The 

chemokine fractalkine, also known as CX3CL1, is induced 
in a membrane-bound form in macrophages, fibroblasts, 
endothelial, and dendritic cells [53]; however, serum 
levels of soluble fractalkine are known to be elevated in 
autoimmune diseases [18]. Studies have indicated that 
fractalkine shedding is mediated by the sheddase ADAM 
[19]. We focused on the regulatory mechanism of shedding 
for membrane-bound fractalkine. Treatment of human 
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Figure 7: Role of DUOX2 for shedding of membrane-bound fractalkine. Macrophages transfected with 
small interfering RNA for DUOX2 were stimulated with substance P (5 μM) for 6 hours, after which protein levels of 
membrane-bound fractalkine in whole-cell lysates (a) and soluble fractalkine in cell-culture supernatants (b) were 
measured by ELISA. Data were obtained by using samples from three individuals in each group and represent the 
mean (SE). **P<0.01; *P<0.05 (with Bonferroni’s correction). Protein levels of membrane-bound fractalkine were 
determined by western blotting. Data were obtained by using samples from three volunteers in each group, and a 
representative result is shown as arbitrary density units (c).
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macrophages with SP upregulated levels of membrane-
bound fractalkine. Interestingly, small interfering RNA for 
DUOX2 further increased membrane-bound fractalkine, 
as determined by ELISA (Figure 7a) and western blotting 
(Figure 7c), but decreased soluble fractalkine compared 
with cells treated with SP alone (Figure 7b). This suggests 
that DUOX2/ADAM10/17 activation mediates shedding of 
membrane-bound fractalkine. 

Regulation of ectodomain shedding by the 
ubiquitin-proteasome system

The ubiquitin-proteasome system catabolizes proteins 
in the cytosol and nucleus, and plays a pivotal role in 
inflammatory and autoimmune diseases [54]. Ectodomain 
shedding of fractalkine is mediated by DUOX2 activation 
and increases soluble fractalkine rather than membrane-
bound form. We found that N(ω)-nitro-L-arginine methyl 
ester (L-NAME, a nitric oxide synthase inhibitor) decreased 
protein levels of nitrotyrosine and concomitantly increased 
expression of membrane-bound fractalkine after exposure 
of human macrophages to SP (Figure 8). Shedding of 
fractalkine is promoted by ADAM10/17 activation through 
DUOX2-mediated peroxinitrite generation in response to 
NO. 

SP/NK1R signaling activates Gαq, leading to Ca2+ 
mobilization and activation of protein kinase C, and protein 
kinase C upregulates NOS2/iNOS induction of NO synthesis 
[36,55]. Gaq signaling recruits β arrestin 2 to NK1R, and β 
arrestin 2 activates PI3K-Akt [56], leading to the induction 

of NOS2/iNOS expression [57]. Thus, β arrestin 2 has been 
reported to lead to NOS2/iNOS induction [58]. NK1R 
recycling and resensitization require its internalization 
after SP stimulation. Understanding the underlying 
molecular mechanisms of SP-induced internalization of 
NK1R is important because of the essential role of signal 
transduction during NK1R trafficking. NK1R signaling is 
derived not only from the plasma membrane but also from 
the endosomal membrane during internalization. DUOX2 
activation may be associated with multiple cellular events, 
such as membrane blebbing and GPCR endocytosis. Rho-
associated coiled-coil–containing protein kinase (ROCK) 
activity is required for membrane blebbing [59]. NK1R 
activation induces membrane blebbing via the Rho/ROCK/
MLCK pathway [27,60]. Peroxynitrite and hydrogen 
peroxide also enhance RhoA, ROCK1, and ROCK2 activity 
[61,62]. GPCRs are dephosphorylated through clathrin-
mediated endocytosis and recycled back to the cell surface. 
The process of membrane fission of vesicles is dependent 
on dynamin, a membrane-remodeling GTPase. The Rho 
family of GTPases also is a regulator for multiple cellular 
events. These observations suggest that RhoA activated 
by DUOX2-derived ROS and RNS is associated with 
the membrane fission of endosomes. Figure 9 shows a 
possible role of DUOX2 for cell membrane blebbing and 
clathrin-mediated endocytosis. β-arrestin 2 also serves as 
an adaptor during SP-mediated internalization of NK1R 
[63]. We found that siRNA for β arrestin 2 significantly 
increased membrane-bound fractalkine after exposure 
to SP. G-protein-coupled receptor kinase 2 (GRK2) 
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Figure 8: Role of nitric oxide (NO) for shedding of membrane-bound fractalkine. Human macrophages 
were pretreated with L-NAME (0, 2 and 5 nM/L) for 1 hour and stimulated with substance P (5 μM) for 6 hours, after 
which protein levels of membrane-bound fractalkine were measured by ELISA. Data were obtained by using samples 
from three individuals in each group and represent the mean (SE). **P<0.01; *P<0.05 (with Bonferroni’s correction) 
N.S.; Not Significant.
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phosphorylates NK1R and recruits β arrestin 2. RNA 
interference of GRK2 also increased membrane-bound 
fractalkine levels as measured by ELISA (Figure 10a) and 
western blotting (Figure 10b). NOS2/iNOS mRNA and 
protein expression in macrophages was also reported to be 
inhibited by TGFβ1 [55]. This led us to hypothesize that 
TGFβ1 may regulate peroxynitrite generation and shedding 
of fractalkine. Our results showed that TGFβ1/2/3 siRNA 
led to a slight increase in membrane-bound fractalkine. As 
for the signaling pathway of TGFβ1, silencing of RNA for 
TAK-1 upregulated membrane-bound fractalkine (Figure 
10a), but silencing of RNA for the Smad family did not. 
TAK-1 is known to induce NOS2/iNOS expression [56], but 
Smad signaling has been reported to negatively regulate 
NOS2/iNOS induction [57]. This led us to hypothesize 
that enhanced levels of TGFβ1 attenuate NO production 
and lead to a decrease in peroxynitrite generation by 
DUOX2. We found that RNA interference of transcription 

factor specificity protein 1 (Sp1) increased in TGFβ1 but 
was not sufficient to reduce NOS2/iNOS production or to 
inhibit the shedding of membrane-bound fractalkine. The 
transcription factor CCAAT-enhancer binding protein (C/
EBPβ) was previously reported to mediate NOS2/iNOS 
production [64]; however, we found that C/EBPβ siRNA 
did not affect NOS2/iNOS expression after exposure to SP. 

The ubiquitin-proteasome system plays a pivotal 
role in inflammatory and autoimmune diseases [54]. 
Ubiquitination is mediated by E3 ubiquitin ligase, 
which also regulates TGFβ1 levels by ubiquitination 
and proteasome degradation [65]. Tripartite motif 28 
(TRIM28)/transcriptional intermediary factor 1β (TIF1β) 
functions as an E3 ubiquitin ligase [66]. The Friend 
leukemia integration 1 (Fli-1) transcription factor is 
reported to be associated with autoimmune diseases such 
as systemic lupus erythematosus and systemic sclerosis 
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  Figure 9: A possible role of DUOX2 in cell membrane blebbing and clathrin-mediated GPCR 
endocytosis. DUOX2-derived peroxynitrite and hydrogen peroxide enhance RhoA, ROCK1, and ROCK2 activity. 
NK1R activation induces membrane blebbing via the Rho/ROCK/MLCK pathway. GPCRs are dephosphorylated 
through clathrin-mediated endocytosis and recycled back to the cell surface. The process of membrane fission of 
vesicles is dependent on dynamin, a membrane-remodeling GTPase. The Rho family of GTPases is a regulator for 
multiple cellular events. GTP: Guanosine Triphosphate; MLCK: Myosin Light-chain Kinase, NK1R: Neurokinin 1 
Receptor; ROCK: Rho-associated Coiled-coil Containing Kinases.
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Figure 10: Effects of small interfering RNAs for β arrestin 2, G-protein coupled receptor kinase 2 
(GRK2), tumor growth factor (TGF) β1/2/3 and TGF-β-activated kinase 1 (TAK-1) on production of 
membrane-bound fractalkine after exposure to substance P. Human macrophages transfected with small 
interfering RNAs for β arrestin 2, GRK2, TGFβ1/2/3 and TAK-1 were stimulated with substance P (5 μM) for 6 hours, 
which after protein levels of membrane-bound fractalkine were measured by ELISA (a). Data were obtained by using 
samples from three individuals in each group and represent the mean (SE). **P<0.01; *P<0.05 (with Bonferroni’s 
correction) N.S.; Not Significant.

Protein levels of membrane-bound fractalkine were determined by western blotting. Data were obtained by using 
samples from three volunteers in each group, and a representative result is shown as arbitrary density units (b).
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  Figure 11: Effect of TRIM28/TIF1β and Fli-1 on protein levels of TGFβ1, nitric oxide 2/inducible nitric 
oxide synthase (NOS2/iNOS) and membrane-bound fractalkine after exposure to substance P. After 
co-transfection of human macrophages (on day 9 of culture) with specificity protein 1 (Sp1) small interfering RNA 
(siRNA) and TRIM28/TIF1β siRNA or Fli-1 siRNA, the macrophages were stimulated with substance P (5 µM) for 
6 hours. TGFβ1 mRNA levels were assessed by reverse transcription quantitative polymerase chain reaction (RT-
qPCR) (a). Protein levels of TGFβ1 were assessed by western blotting. The density of each band was normalized 
for that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data were obtained by using samples from three 
volunteers in each group, and a representative result is shown as arbitrary density units (b). Protein levels of NOS2/
iNOS (c) and membrane-bound fractalkine (d) in whole-cell lysates were measured by ELISA, respectively. Data 
were obtained by using samples from three volunteers in each group and represent the mean (SE). **P <0.01; *P<0.05 
(with Bonferroni’s correction); N.S.: Not Significant.
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[67]. Fli-1 regulates murine double minute 2 (MDM2) 
expression [68], which also acts as an E3 ubiquitin ligase 
[69]. Hence, this led us to hypothesize that TRIM28/
TIF1β or Fli-1 modulates ADAM10/17 sheddase activity by 
ubiquitin-proteasomal degradation of TGFβ1. Therefore, 
we attempted to modulate ubiquitin-proteasome 
degradation of TGFβ1 by ubiquitin ligase. Surprisingly, 
double transfection of Sp1 siRNA and TRIM28/TIF1β 
siRNA or Fli-1 siRNA led to a further significant increase 
in mRNA (Figure 11a) and protein levels of TGFβ1 (Figure 
11b), resulting in a consistent reduction of NOS2/iNOS 
levels and upregulation of membrane-bound fractalkine 
expression after exposure to SP (Figures 11c and 11d). 
Figure 12 depicts a regulatory mechanism of peroxynitrite 
production by ubiquitin-proteasome system.

Conclusion

Membrane-embedded DUOX2 has NADPH and 
peroxidase domains. NADPH oxidase induces hydrogen 
peroxide (H2O2), while the peroxidase domain produces 
peroxynitrite (ONOO−) through the interaction of NO with 
superoxide. Both H2O2 and ONOO− activate ADAM10/17 

metalloproteases. HNE/PAR2 signaling transactivates 
DUOX2/EGFR/TLR4 in IL-12p40 production, which is 
H2O2 dependent for ADAMs activation. SP/NK1R signaling 
induces ONOO− production, which activates ADAMs for 
fractalkine shedding. Ectodomain shedding by GPCRs 
occurs either by H2O2 or H2O2 plus ONOO− via DUOX2 
activation.
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Figure 12: Ubiquitn-proteasome system and peroxinitirite production. E3 ubiquitin ligase, TREM28, 
and Fli-1 or transcription factor Sp1 regulate TGFβ1 production, leading to inhibition of NO production, after which 
ONOO− generation by DUOX2 is reduced to activate ADAM metalloprotease.
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