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Abstract

Impairment of airway tight junctions induced by elevated levels of proinflammatory cytokines is 

implicated in the pathogenesis of inflammatory airway diseases. Pharmacological stimulation of 

G–protein coupled receptor (GPR) 40, a receptor of polyunsaturated fatty acids, have recently 

been shown to promote tight junction assembly in airway epithelial cells under non-inflammatory 

conditions. However, roles of GPR40 in regulating airway epithelial integrity in response to 

inflammatory insults are unknown. This study was aimed to investigate the effect of GPR40 

stimulation on proinflammatory cytokine (TNFα and IL–1β)-induced tight junction disruption in 

human airway epithelial Calu–3 cells using GW9508, a GPR40 agonist. We found that stimulation 

of GPR40 by GW9508 attenuated the cytokine–induced airway epithelial barrier leakage as 

analyzed by measurements of transepithelial electrical resistance and transepithelial flux of 

fluorescently labeled dextran (molecular weight of 4 kDa). Furthermore, GW9508 prevented the 

cytokine-induced dislocalization of zonula occludens (ZO)–1, occludin and claudin–1. The 

barrier-protective effect of GW9508 was abolished by a GPR40 antagonist, but not a GPR120 

antagonist. Immunofluorescence staining of NF–ĸB indicated that GW9508 had no effect on 

cytokine-induced NF–ĸB activation. Intriguingly, GW9508 inhibited cytokine-induced airway 

epithelial barrier disruption through suppression of extracellular signal–regulated kinase (ERK) 

phosphorylation in a phospholipase C (PLC) and calcium/calmodulin–dependent protein kinase 

kinase beta (CaMKKβ)-dependent manner. Collectively, this study uncovered the novel role of 

GPR40 in preventing cytokine–induced tight junction disruption in airway epithelial cells through 

mechanisms involving PLC–CaMKKβ-mediated suppression of ERK signaling. Pharmacological 

stimulation of GPR40 may be beneficial in the treatment of airway diseases.
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INTRODUCTION

Tight junctions play an important role in limiting an influx of pathogens and noxious 

substances into lung tissues [1]. Defective airway epithelial barrier is involved in the 

pathogenesis of inflammatory lung diseases including pulmonary infection, asthma and 

chronic obstructive pulmonary disease (COPD) [2]. In COPD, cigarette smoke injures 

airway epithelial cells resulting in dislocalization of tight junction proteins (zonula 

occludens (ZO)–1 and occludin) and a transient reduction in airway barrier integrity [3]. 

Similarly, inhaled allergens promote transient airway barrier disruption in asthma [4]. 

Interestingly, airway epithelial tissues of both COPD and asthma patients are found to be 

leaky compared to healthy subjects [5–7]. It has been postulated that macrophage–derived 

proinflammatory cytokines including TNFα and IL–1β may contribute to the prolonged 

tight junction disruption in these patients [8, 9].

A number of studies have reported that TNFα and IL–1β induce tight junction disruption in 

airway epithelial cells [10–13]. These cytokines increase epithelial permeability in 

association with dislocalization of tight junction proteins including ZO–1 and occludin [11–

13]. Long–term treatment with TNFα or IL–1β reduces expression of ZO–1 and occludin 

[10, 14]. These effects were mediated via either nuclear factor kappa B (NF-ĸB) or 

extracellular signal–regulated kinases (ERK) 1/2 [14–18]. Suppression of either NF-ĸB and 

ERK 1/2 signaling provides beneficial effects in alleviating airway epithelial disruption and 

severity of inflammatory lung diseases including lung injury and COPD [15, 19–21]. These 

lines of evidence suggest that inhibition of TNFα and IL–1β signaling in airway epithelial 

cells represent a promising strategy for the treatment of inflammatory lung diseases.

Recently, G–protein coupled receptor (GPR) 40 has been discovered as a receptor of 

polyunsaturated fatty acids (PUFA) including ω–3 fatty acids [22, 23]. GPR40 is expressed 

in various types of tissues including airway epithelial cells [24, 25]. Stimulation of GPR40 

suppresses TNFα-induced downregulation of ZO–1 expression in intestinal epithelial cells 

[26]. Likewise, GPR40 stimulation inhibited TNFα–and IL–1β–induced inflammation and 

apoptosis in pancreatic β–cells by suppressing NF–ĸB signaling [27]. We recently reported 

that pharmacological stimulation of GPR40 promoted tight junction assembly in airway 

epithelial cells via a phospholipase C (PLC)– calcium/calmodulin–dependent protein kinase 

kinase beta (CaMKKβ)-AMP–activated protein kinase (AMPK)-dependent pathway [25]. 

Interestingly, plasma levels of ω –3, which is an endogenous agonist of GPR40, in COPD 

and asthmatic patients were found to be lower than that in healthy individuals [28, 29]. 

These data led us to hypothesize that pharmacological stimulation of GPR40 may suppress 

the airway epithelial barrier disruption induced by a mixture of proinflammatory cytokines 

involved in the pathogenesis of airway diseases i.e. TNFα–and IL–1β via inhibition of 

proinflammatory signaling cascades. Therefore, this study was performed to investigate the 

effect of pharmacological stimulation of GPR40 using GW9508, a GPR40 agonist, on 
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suppressing the cytokine (TNFα–and IL–1β)–induced tight junction disruption and its 

underlying mechanisms in human airway epithelial Calu–3 cells.

MATERIAL AND METHODS

Chemicals and Materials

Calu–3 cells were obtained from the American Type Culture Collection (Manassas, VA, 

USA). GW9508, DC260126, U0126, U73122, STO–609, compound C and fluorescein 

isothiocyanate (FITC)-dextran (MW 4 kD) were purchased from Sigma–Aldrich (Saint 

Louis, MO, USA). AH7614 was form Tocris Bioscience (Bristol, UK).

Cell culture

Calu–3 cells were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium 

(DMEM) and Ham’s F–12 medium supplemented with 1% non–essential amino acid, 10% 

fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin (Life 

Technologies, Carlsbad, CA, USA). Cells were maintained in a humidified 95% O2/5% CO2 

atmosphere at 37 °C.

Measurement of tight junction integrity

The integrity of epithelial tight junction was analyzed from transepithelial electrical 

resistance (TER) measurement and FITC–dextran flux assay. Calu–3 cells from passage 25–

35 were seeded on Transwell permeable supports (2.5 × 105 cells/well) (Corning Life 

Sciences, Tewksbury, MA, USA) and cultured for 14 days (TER ≥ 900 Ω.cm2). After 

measuring TER before treatment, medium was replaced with FBS–free medium 

supplemented with vehicle or indicated treatments. TER was measured after treatment (at 1 

h, 4 h, 8 h, and 24 h) using an EVOM2 volt/ohm meter (World Precision Instruments, Inc., 

Sarasota, FL, USA).

For FITC–dextran flux assay, cell monolayers were treated with vehicle, TNFα/IL–1β, 

GW9508, or TNFα/IL–1β plus GW9508. FITC–dextran 4 kDa (Sigma) was added into the 

apical media (1 mg/mL). Greater than 90% of this batch of FITC-dextran had molecular 

weight larger than 3 kDa as confirmed by dialysis (data not shown). Basolateral media were 

sampled after treatment (at 4 h, 8 h, and 24 h) and measured for FITC–dextran intensity 

(485/535 nm) using an EnVision microplate reader (PerkinElmer, Waltham, MA, USA).

Real–time RT PCR

Cells were grown onto 6–well plates at a density of 106 cells/well. After treatments, total 

RNA was extracted using the TRiZol reagent (Life Technologies, Carlsbad, CA). RNA was 

converted to cDNA using SuperScript II RNase H– Reverse Transcriptase (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions and was subjected to PCR. The 

reaction was performed using primers tagged with fluorescent dye (SYBR green) to monitor 

amplification of cDNA for CLDN1 (5’–CACCCTTGGCATGAAGTGTA–3’ and 5’–

AGCCAATGAAGAGAGCCTGA–3’), ZO1 (5’–CGGTCCTCTGAGCCTGTAAG–3’ and 

5’–GGATCTACATGCGACGACAA–3’), OCLN (5’–

TCAGGGAATATCCACCTATCACTTCAG–3’ and 5’–
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CATCAGCAGCAGCCATGTACTCTTCAC–3’) and GAPDH (5’– 

GTCAGTGGTGGACCTGACCT –3’ and 5’– AGGGGTCTACATGGCAACTG –3’). cDNA 

amplification reactions were performed using an ABI Prism 7500 sequence detection system 

(Applied Biosystems, Foster City, CA). The amount of target cDNA was compared to the 

amount of housekeeping sequence, i.e. GAPDH. Data were analyzed using ABI Prism 

software (Applied Biosystems, Foster City, CA).

Immunocytochemistry

For detection of ZO–1 occludin and claudin–1, cells were seeded on Transwell permeable 

supports (2.5 × 105 cells/well) and cultured for 14 days. After treatments, cells were washed 

with phosphate−buffered saline (PBS). Fixation was performed by 20–min incubation with 

1:1 methanol/acetone at –20 °C followed by incubation with 3% bovine serum albumin 

(BSA). Then, cells were stained overnight with a mixture of 1:200 anti–ZO–1 antibodies 

(Invitrogen, California, USA; catalog number 339100; lot 1100420A) and 1:200 claudin–1 

antibodies (Invitrogen, California, United States; catalog number 51–9000) or 1:200 

occludin antibodies (Invitrogen, California, United States; catalog number 33–1500) and 

then conjugated with either Cy2- or Cy3-tagged anti-IgG antibodies (Jackson 

ImmunoResearch, PA, USA). Cells were counter-stained with DAPI for nuclei. Images were 

captured using either an Olympus fluorescence microscope or a Leica TCS SP8 MP 

Multiphoton Microscope. Densitometry of ZO–1/occludin along line scans crossing 

junctions (15 lines per experiment) was measured using Fiji image J software (version 

1.52n). The junction to cytoplasm ratio of ZO-1 intensity was calculated, and correlation 

coefficient between ZO-1 and occludin densities was analyzed from line scanning plot 

profiles using GraphPad Prism5 software. Intensities of ZO–1 occludin and claudin-1 in 

whole images were also analyzed.

For detection of NF–ĸB, cells were fixation was performed by 15–min incubation with 3.7% 

paraformaldehyde followed by 10–min incubation with 0.1% triton–X. Cells were washed 

with PBS and incubated for 30 min in PBS containing 1%BSA, 22.52 mg/mL glycine and 

1% Tween20. Then, cells were stained overnight with rabbit anti–p65 antibodies (Cell 

Signaling Technology, Boston MA, USA, catalog number 8242; lot 9) and conjugated with 

anti–rabbit IgG Alexa fluor 488 (Thermo Fisher Scientific Inc , MA, USA; catalog number 

A11034; lot 1670152). Nuclear region (DAPI) and cytosolic region (software algorithm) in 

each cell were defined by the Columbus Image Data Storage and Analysis System 

(PerkinElmer, Waltham, MA, USA). Intensity of Alexa fluor 488 in nuclear region and in 

cytosolic region was measured, and cells having a maximum intensity of Alexa fluor 488 in 

nuclear region greater than that in cytosolic region were counted as a NF-ĸB positive nuclei 

indicating nuclear translocation of NF– ĸB.

Western blot analysis

Cells were plated onto 6–well plates at a density of 106 cells/well. After treatments, cell 

lysates were harvested using a RIPA lysis buffer. Proteins were separated using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) before transferring to a 

nitrocellulose membrane. The membrane was blocked for an hour with 5% non–fat dried 

milk (Bio–Rad, Hercules, CA, USA) and incubated overnight with rabbit antibodies to 
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phospho–p44/42 ERK (catalog number 9101; lot 30), p44/42 ERK (catalog number 9102; 

lot 27), or β–actin (catalog number 4970S; lot 14) (Cell Signaling Technology, Boston, MA, 

USA). The membrane was then washed for 4 times with Tris–Buffered Saline Tween–20 

(TBST) and incubated for an hour at room temperature with 2.5% non–fat dried milk plus 

horseradish peroxidase conjugated goat antibodies to rabbit immunoglobulin G (Abcam, 

Cambridge, MA, USA; catalog number ab6721; lot GR194011–1). The signal was detected 

using Luminata Forte’ Western HRP Substrate (Merck Millipore, Billerica, MA, USA) 

captured by Omega Lum G Imaging System (Aplegen, San Francisco, CA). Densitometry 

analysis was performed using Image J software (version 1.51).

Statistical analysis

Results are presented as means ±S.E.M. One–way ANOVA with tukey’s post test was 

performed for multiple comparison. Two–way ANOVA followed by Bonferroni’s post hoc 

test was used for multiple comparison data in time series. Spearman correlation test was 

used for analyzing correlation coefficients. p value <0.05 was considered statistically 

significant.

3. RESULTS

3.1 Effect of GW9508 on the cytokine–induced tight junction disruption

We have previously shown that GW9508 selectively activates GPR40 in Calu-3 cells [25]. 

To investigate the effect of GPR40 stimulation by GW9508 on the cytokine–induced barrier 

disruption, barrier integrity was analyzed using both TER measurement and FITC–dextran 

flux assay following the induction of barrier disruption by TNFα and IL–1β (each at 10 

ng/mL) with or without co-treatment with GW9508 (50 μM). We found that TER of Calu–3 

cells was markedly reduced by TNFα and IL–1β, indicating an induction of barrier 

disruption (Fig. 1A). Interestingly, GW9508 significantly suppressed the effect of cytokine 

on reducing TER in a time–dependent (Fig. 1A) and a dose–dependent (Fig 1B) manner. 

Paracellular flux was also examined using FITC-dextran, which was validated using dialysis 

to have molecular weight > 3 kDa by 90% (data not shown). Consistent with results obtained 

by TER, GW9508 (50 μM) significantly inhibited the cytokine–induced FITC–dextran flux 

at 8 h and 24 h post-treatment (Fig. 1C), whereas it had no effect on FITC–dextran flux in 

intact non-inflammatory Calu-3 cell monolayers (Fig. 1D). Taken together, these results 

suggest that GW9508 suppressed airway epithelial barrier disruption induced by TNFα and 

IL–1β.

To investigate whether the barrier-protective effect of GW9508 involves changes in gene 

expression of tight junction components, we investigated mRNA expression of genes 

encoding tight junction proteins including CLDN1, ZO1 and OCLN, all of which play 

important roles in regulating airway epithelial permeability [30, 31]. We found that 

treatments with either a mixture of cytokines or cytokines plus GW9508 (50 μM) did not 

significantly alter the mRNA levels of CLDN1 (Fig. 1E), ZO1 (Fig. 1F) and OCLN (Fig 1. 

G) as compared to non-inflammatory healthy monolayers. These findings suggest that the 

effect of GPR40 agonist on protecting airway epithelial barrier integrity might not involve a 

change in mRNA expression of tight junction components and instead occurred at the 
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protein level. Thus, we investigated whether GW9508 exerted its barrier-protective effect by 

changing localization pattern of tight junction proteins i.e. ZO–1, occludin and claudin–1 

using immunofluorescence analyses. We found that TNFα and IL–1β reduced the ZO–1/

occludin colocalization (Fig. 2) and altered the localization of ZO–1 (Fig. 2) and claudin–1 

in apical junction area (Fig. 3A). These effects were suppressed by GW9508. Of note, 

GW9508 had no effect on total amounts of these tight junction components (Fig. 2C, 3B and 

3C). Taken together, these results indicate that GW9508 preserved airway epithelial integrity 

by counteracting the effect of cytokines on inducing tight junction dislocalization.

3.2 Involvement of GPR40 in the barrier-protective effect of GW9508

GW9508 has been reported to stimulate both GPR40 and GPR120 [32]. To investigate 

whether the effect of GW9508 on inhibiting cytokine-induced barrier disruption was via 

GPR40 or GPR120, Calu–3 cells were pretreated for an hour with a GPR40 antagonist 

DC260126 (3 μM) or GPR120 antagonist AH7614 (100 μM) before exposure to cytokines 

and GW9508 (50 μM). As shown in Fig. 4A, pretreatment with GPR40 agonist DC260126 

abolished the effect of GW9508 on inhibiting cytokine–induced barrier disruption. In 

contrast, pretreatment with GPR120 antagonist AH7614 did not change the barrier-

protective effect of GW9508 (Fig. 4B). These data confirm that GW9508 exerted its barrier-

protective effect via GPR40.

3.3 Barrier-protective effect of GPR40 stimulation is independent of NF–ĸB

Two major mediators of the effect of TNFα and IL–1β on inducing tight junction disruption 

are NF–ĸB and ERK1/2 [11, 16]. Accumulated lines of evidence have revealed that 

activation of NF–ĸB alters expression of tight junction components [14–16]. Since we found 

that both cytokines and GW9508 had no effect on expression of selected tight junction 

mRNAs, we hypothesized that the effect of GPR40 stimulation on attenuating cytokine–

induced barrier disruption might not involve NF–ĸB signaling. To prove this hypothesis, we 

assessed NF–ĸB activation status by analyzing immunofluorescence staining of p65 subunit 

of NF–ĸB in the nuclear regions. As shown in Fig. 5, 2-h treatment with TNFα and IL–1β 
caused nuclear translocation of p65 NF–ĸB, which was unaffected by co-treatment with 

GW9508 (50 μM). These results indicate that the effect of GPR40 stimulation on preventing 

cytokine–induced tight junction disruption is independent of NF–ĸB.

3.4 Involvement of ERK1/2 in the barrier-protective effect of GPR40 stimulation

To test an involvement of ERK1/2 in mediating the tight junction disruption induced by 

TNFα and IL–1β, Calu-3 cells were pretreated for an hour with ERK1/2 inhibitor U0126 

(10 μM) before incubation for 8 h with TNFα and IL–1β. We found that U0126 abolished 

the effect of TNFα and IL–1β on inducing tight junction impairment (Fig. 6A), suggesting 

that ERK1/2 mediated the cytokine–induced tight junction disruption. We next investigated 

whether stimulation of GPR40 by GW9508 suppressed ERK1/2 activation by performing 

western blot analyses of ERK1/2 phosphorylation (p44/ERK1 in the upper band and p42/

ERK2 in the lower band). As shown in Fig. 6B and Fig. 6C, TNFα and IL–1β treatment 

significantly enhanced ERK1/2 phosphorylation, and this effect was significantly suppressed 

by co-treatment with GW9508 (50 μM). These findings indicate that GPR40 stimulation 
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protects against cytokine-induced airway epithelial disruption by suppressing ERK1/2 

signaling.

3.5 Involvement of PLC and CaMKKβ in the barrier-protecting effect of GPR40 stimulation

GPR40 is known to be coupled with Gq/11 [33, 34]. In addition, our previous study has 

found that GPR40 stimulation by GW9508 promoted tight junction assembly through a 

PLC-CaMKKβ–AMPK pathway [25]. Therefore, we investigated the involvement of PLC, 

CaMKKβ and AMPK in mediating the barrier-protective effect of GPR40 stimulation by 

GW9508. Pretreatment with PLC inhibitor U73122 (20 μM) or CaMKKβ inhibitor STO–

609 (5 μM) completely abolished the protective effect of GW9508 against the cytokine-

induced barrier disruption (Fig. 7A and Fig. 7B). To our surprise, AMPK inhibitor 

compound C did not affect the barrier-protective effect of GW9508 (Fig. 7C). These results 

suggest that the mechanism by which GPR40 stimulation protects against cytokine-induced 

airway epithelial disruption involves PLC-CaMKKβ-dependent pathway.

Furthermore, we investigated whether GW9508 suppressed ERK1/2 signaling via a GPR40–

PLC–CaMKKβ pathway by performing western blot analysis of ERK1/2 phosphorylation. 

As shown in Fig. 8, pretreatment with GPR40 antagonist DC260126, PLC inhibitor U73122 

or CaMKKβ inhibitor STO–609 completely abolished the inhibitory effect of GW9508 on 

cytokine-induced ERK1/2 phosphorylation. Altogether, these results indicate that GPR40 

stimulation by GW9508 attenuated the cytokine–induced airway epithelial tight junction 

disruption via PLC–CaMKKβ–mediated suppression of ERK1/2 signaling.

DISCUSSION

Tight junctions impede inhaled noxious substances and pathogen in airway epithelial cells 

by regulating paracellular permeability [1]. In addition to a physiological role of GPR40 in 

promoting tight junction assembly [25], in this study, we demonstrated the protective effect 

of GPR40 stimulation against impairment of tight junctions induced by proinflammatory 

cytokines via mechanisms involving PLC–CaMKKβ-mediated suppression of ERK 1/2 

signaling.

Perturbation of tight junctions is involved in the pathogenesis of inflammatory lung diseases. 

The dysregulation of tight junctions includes changes in expression of tight junction 

components or alteration in localization of tight junction proteins [35]. The present study 

showed that proinflammatory cytokines including TNFα and IL–1β impaired airway 

epithelial integrity by disrupting localization of ZO–1 and claudin–1 in the intercellular 

areas. However, it is also possible that these cytokines may have effects on other tight 

junction components such as claudin–2 and claudin–4.

In this study, we found that Calu-3 cells exhibit non-junctional expression of claudin-1. 

Unlike occludin and accessory proteins, such as junction ZO-1 and junctional adhesion 

molecules that are not usually presented in the non-junctional areas, several lines of 

evidence demonstrates that transmembrane claudins not only reside in the apical junctional 

complex, but also are observed in basolateral membranes [36], in intracellular cytoplasmic 

vesicles [37], or in the nucleus [38]. Apart from controlling the permeability of solutes 
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through the tight junctions, non-canonical functions of claudin-1 on the basal membrane 

include regulating cell adhesion to the extracellular matrix by forming the complex with α2-

integrin [36]. Claudin-1 has been found to be in the nucleus serving the transcriptional role 

in regulating the gene expression of E-cadherin in colon cancer cell lines [38]. A previous 

study also reported the extra-junctional expression of claudin-1 in airway epithelial cells 

with an unknown function [30]. That claudin-1 may have a non-junctional role in regulating 

airway inflammation is suggested by studies demonstrating that claudin-1 expression in 

airway smooth muscle cells, which do not form tight junctions, and that expression was 

augmented by treatment with TNFα and IL-1β [39, 40]. Further work is needed to define 

roles for non-junctional claudin-1 in airway epithelial cells.

Previous studies have revealed that activation of ERK1/2 caused an increase in tight junction 

permeability in epithelial cells. For example, ERK1/2 upregulates myosin like chain activity, 

which influences cytoskeleton dynamic resulting in tight junction disassembly [41]. 

Stimulation of ERK1/2 also leads to dislocalization of ZO–1 and epithelial to mesenchymal 

transition [42]. Indeed, our data showed that GPR40 stimulation reversed the effect of 

cytokines on tight junctions by resolving ZO–1, occludin and claudin–1 dislocalization. 

These results are consistent with the finding that GPR40 activation downregulated ERK1/2 

activation. Similar to our findings, Sun et al., reported that ω–3 fatty acid treatment inhibits 

ERK1/2 phosphorylation in breast cancer cells [43]. Since ω–3 fatty acids are the 

endogenous agonist of GPR40, this effect might be partly explained by GPR40 activation. 

Of note, the cytokine tended to activate ERK2 more than ERK1. This finding might be 

explained by the higher expression of ERK2 than ERK1 in airway epithelial cells [44, 45]. 

Taken together, these findings indicate that GPR40 stimulation leads to ERK1/2 inhibition 

and consequently suppression of tight junction disruption under inflammatory conditions.

Previous study reported that stimulation of GPR40 inhibits the effect of TNFα on inducing 

barrier impairment, reducing expression of ZO–1 and increasing NF–ĸB expression in 

intestinal epithelial cells [26]. Using both real–time RT PCR and immunofluorescence 

analyses, we demonstrated that TNFα did not change expression of tight junction 

components at both mRNA and protein levels. TNFα induced nuclear translocation of NF–

ĸB, but GPR40 stimulation did not affect NF–ĸB activation. These findings suggest the NF–

ĸB–independent effect of GPR40 stimulation on preventing the cytokine-induced tight 

junction disruption in Calu–3 cells. The contradiction may be explained by the difference in 

exposure time, cytokine concentration and cell type.

Even though previous studies have reported that GW9508 stimulates both GPR40 and 

GPR120 [32], using a GPR40 antagonist and a GPR120 antagonist we showed that GW9508 

exerted its inhibitory effect against cytokine-induced barrier disruption via GPR40 but not 

GPR120 in Calu–3 cells, which express both types of receptors. This finding is similar to 

our previous result demonstrating that GW9508 specifically stimulates GPR40 leading to an 

increase in [Ca2+]i and AMPK activation in Calu–3 cells. This functional bias of GW9508 

toward the agonism of GPR40 has previously been reported in other studies [46, 47]. 

However, roles of GPR120 stimulation in regulating tight junction integrity in airway 

epithelial cells remain unknown and require further studies.
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Several studies revealed that GPR40 is a Gq/11–coupled receptor that transduces signal 

through PLC activation with subsequent elevation in [Ca2+]i [22, 23, 33, 34]. In airway 

epithelial cells, GPR40–PLC–CaMKKβ–AMPK signaling plays an important role in 

regulating tight junction assembly [25]. In this study, a mechanism by which a GPR40 

agonist suppresses ERK activation and tight junction disruption was explored using both 

TER measurements and immunoblotting analyses. Using inhibitors of GPR40, PLC, 

CaMKKβ which have no effect on TER [25], we found that GW9508 suppressed ERK1/2 

activation via a GPR40–PLC–CaMKKβ-independent mechanism. We also investigated the 

involvement of AMPK in the GW9508 suppression of the cytokine-induced barrier 

disruption because AMPK is a well–known downstream target of CaMKKβ and it activation 

leads to attenuation of MEK–ERK signaling [48]. Surprisingly, our results indicate that 

AMPK is not involved in the protective effect of GPR40 stimulation against cytokine-

induced barrier disruption. Further studies are required to identify the mechanisms by which 

CaMKKβ interferes with ERK1/2 signaling.

In summary, we identified the novel role of GPR40 in preventing cytokines–induced tight 

junction disruption in airway epithelial cells. Our data indicate that GPR40 stimulation 

attenuates the cytokine-induced tight junction disruption via suppression of ERK1/2 

signaling through a PLC–CaMKKβ–dependent mechanism. GPR40 represents an important 

regulator of airway barrier integrity and may be a promising therapeutic target for the 

treatment of airway diseases.
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Figure 1. Effect of GW9508 on cytokine–induced barrier disruption and expression of tight 
junction mRNAs.
TER measurement of Calu–3 cells after treatment with TNFα and IL–1β (10 ng/ml) plus 

vehicle or GW9508 at various times (A) and doses (B). Data are expressed as means of % of 

baseline TER±S.E.M (n=5–8). (C) Effect of GW9508 on preventing cytokine–induced 

barrier disruption. Cell monolayers were exposed to the indicated treatments and incubated 

with FITC–dextran. (D) Effect of GW9508 on barrier integrity of intact monolayers. Data 

are expressed as means of relative fluorescent unit (RFU) of control ±S.E.M (n=4–8). Effect 

of cytokines and GW9508 on mRNA expression of CLDN1 (E), ZO1 (F) and OCLN (G). 

Data are expressed as means of ratio of control (vehicle–treated group) ±S.E.M (n=4–8). ** 

p<0.01; *** p<0.001 compared with vehicle–treated group. # p<0.05; ## p<0.01 compared 

with TNFα–and IL–1β–treated group (one–way ANOVA).

Moonwiriyakit et al. Page 13

Int Immunopharmacol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Effect of GW9508 on cytokines-induced the disruption of occludin and ZO-1 
localization.
Cells were treated with TNFα and IL–1β plus vehicle or GW9508 (50 μM). After 8 h of 

incubation, cells were fixed and immunostained for ZO-1 and occludin1. (A) Effect of 

GW9508 on regulating occludin/ZO-1 colocalization. Scale bars represent 50 μM. (B) 

Junction to cytoplasm ratio of ZO-1 intensity and correlation coefficient between ZO-1 and 

occludin. ZO-1 and occludin intensities along the labeling lines crossing the junctional area 

and nearby cytoplasmic regions (e.g.: Pink line in bottom right panel of Fig. 2A) was 

analyzed (15 lines per experiment; red). For correlation analysis, data of ZO-1 and occludin 

intensities in both junctional and cytoplasmic area were collected to calculate correlation 

coefficient between ZO-1 and occludin by Spearman correlation (blue). (C) Summarized 

data of total occludin in whole images *p<0.05 compared with vehicle–treated group (one–

way ANOVA).
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Figure 3. Effect of GW9508 on cytokine–induced tight junction dislocalization.
Cells were treated with TNFα and IL–1β plus vehicle or GW9508 (50 μM). After 8 h of 

incubation, cells were fixed and immunostained for ZO-1 and claudin-1. (A) Effect of 

GW9508 on regulating claudin-1 and ZO-1 localization. Scale bars represent 100 μM. (B,C) 

Summarized data of densitometry of ZO–1 (C) and claudin–1 (D) in whole images. Data are 

expressed as means of total intensity±S.E.M. (n=4).
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Figure 4. Roles of GPR40 in mediating the barrier-protective effect of GW9508.
Cells were treated for 8 h with TNFα and IL–1β plus vehicle or GW9508. TER of Calu–3 

cell monolayers was then measured. (A) Roles of GPR40. Cells were pretreated with GPR40 

antagonist DC260126 (3 μM). (B) No involvement of GPR120. Cells were pretreated with 

GPR120 antagonist AH7614 (3 μM). Data are expressed as means of % of TER before 

treatment ±S.E.M (n=5–8). * p<0.05; ** p<0.01; *** p<0.001 (one–way ANOVA).
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Figure 5. No involvement of NF–ĸB in the GW9508 inhibition of cytokine–induced tight junction 
disruption.
(A) Effect of GPR40 stimulation on NF–ĸB activation. Cells were treated with TNFα and 

IL–1β plus vehicle or GW9508. After 2 h of incubation, cells were fixed and immunostained 

for NF–ĸB (green) and nuclear content was stained with Hoechst (blue). Scale bars 

represent 50 μM. (B) Summarized percentage of NF-ĸB positive nuclei. Intensity of Alexa 

fluor 488 in the nuclear and cytosolic regions were measured, and the cells having maximum 

intensity of Alexa fluor 488 in nuclear region greater than that in cytosolic region were 

counted as a NF-ĸB positive nuclei. Data are expressed as means amount±S.E.M. (n=4). 

*** p<0.001 compared with vehicle–treated group (one–way ANOVA).
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Figure 6. Involvement of ERK1/2 in the GW9508 supression of cytokine-induced tight junction 
disruption.
(A) Role of ERK1/2 junction disruption. Cells were treated with TNFα and IL–1β with or 

without pretreatment with ERK1/2 inhibitor U0126 (10 μM). After 8 h of incubation, TER 

of Calu–3 cell monolayers was measured. Data are expressed as means of % of TER before 

treatment±S.E.M (n=6). (B) Inhibitory effect of GW9508 on ERK1/2. Cells were treated for 

2 h with TNFα and IL–1β plus vehicle or GW9508 before sample collection for western 

blot analysis of p–ERK1/2 and β–actin. Four sets of experiments were performed (C) 

Summarized data of western blot analysis. Data are expressed as mean of ratio of control 

(vehicle–treated group) ±S.E.M (n=13–17). ** p<0.01; *** p<0.001 compared with vehicle–

treated group. # p<0.05; ### p<0.001 compared with TNFα–and IL–1β–treated group (one–

way ANOVA).
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Figure 7. Involvement of PLC and CaMKKβ in the barrier-protective effect of GPR40 
stimulation.
Cells were treated for 8 h with TNFα and IL–1β plus vehicle or GW9508. TER of Calu–3 

cell monolayers was then measured. (A) Role of PLC. Cells were pretreated with PLC 

inhibitor U73122 (20 μM). (B) Role of CaMKKβ. Cells were pretreated with CaMKKβ 
inhibitor STO–609 (5 μM). (C) Role of AMPK. Cells were pretreated with AMPK inhibitor 

compound C (40 μM). Data are expressed as means of % of TER before treatment±S.E.M 

(n=6–7). * p<0.05; ** p<0.01; *** p<0.001 (one–way ANOVA).
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Figure 8. Roles of PLC and CaMKKβ in the inhibition of ERK1/2 following pharmacological 
stimulation of GPR40.
Calu–3 cells were pretreated for an hour with indicated inhibitors, before incubation for 2 h 

with TNFα and IL–1β plus vehicle or GW9508. Samples were collected for western blot 

analysis. Data are expressed as mean of ratio of control (vehicle–treated group) ±S.E.M 

(n=5–6). * p<0.05 compared with vehicle–treated group. # p<0.05 compared with TNFα–

and IL–1β–treated group. §§ p<0.001 compared with group of cytokines plus GW9508 (one 

way ANOVA).
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