
1

∆9-Tetrahydrocannabinol Reverses TNFα-induced Increase in Airway Epithelial 1

Cell Permeability through CB2 Receptors2

Valerie CM Shang, David A. Kendall, Richard E. Roberts3

Cell Signalling and Pharmacology Research Group, School of Life Sciences,4

University of Nottingham, Medical School, Nottingham, UK, NG7 2UH5

(9) Pulmonary, renal, hepatic pharmacology6

Specific Contributions:7

 VCMS carried out the experiments8

 VCMS, DAK, & RER designed the experiments9

 VCMS, DAK, & RER analysed and interpreted the data10

 VCMS, DAK, & RER wrote the paper11

12

Short title: Regulation of airway epithelial permeability by cannabinoid receptors.13

14

Corresponding author:15

Dr Richard Roberts,16

School of Life Sciences,17

University of Nottingham,18

Medical School,19

Nottingham, UK, NG7 2UH20

Fax: +44 (0) 115 951 325121

Tel: +44 (0)115 82 3019022

e-mail: richard.roberts@nottingham.ac.uk23



2

Abstract1

Despite pharmacological treatment, bronchial hyperresponsiveness continues to2

deteriorate as airway remodelling persists in airway inflammation. Previous studies3

have demonstrated that the phytocannabinoid ∆9-tetrahydrocannabinol (THC)4

reverses bronchoconstriction with an anti-inflammatory action. The aim of this study5

was to investigate the effects of THC on bronchial epithelial cell permeability after6

exposure to the pro-inflammatory cytokine, TNFα. 7

Calu-3 bronchial epithelial cells were cultured at air-liquid interface. Changes in8

epithelial permeability were measured using transepithelial electrical resistance9

(TEER), then confirmed with a paracellular permeability assay and expression of10

tight junction proteins by Western blotting.11

Treatment with THC prevented the TNFα-induced decrease in TEER and increase in 12

paracellular permeability. Cannabinoid CB1 and CB2 receptor-like immunoreactivity13

was found in Calu-3 cells. Subsequent experiments revealed that pharmacological14

blockade of CB2, but not CB1 receptor inhibited the THC effect. Selective stimulation15

of CB2 receptors displayed a similar effect to that of THC. TNFα decreased 16

expression of the tight junction proteins occludin and ZO-1, which was prevented by17

pre-incubation with THC.18

These data indicate that THC prevents cytokine-induced increase in airway epithelial19

permeability through CB2 receptor activation. This highlights that THC, or other20

cannabinoid receptor ligands, could be beneficial in the prevention of inflammation-21

induced changes in airway epithelial cell permeability, an important feature of22

airways diseases.23
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1 Introduction1

The airway epithelium provides a physical barrier, which prevents harmful agents2

from penetrating into the smooth muscle compartment and activating inflammatory3

responses [1]. This barrier function is regulated by tight junctions between cells,4

comprising of a complex of proteins, including occludin, claudin, junctional adhesion5

molecules, and zonula occludens (ZO-1, ZO-2, and ZO-3) [2]. Reduced expression6

of these proteins results in altered tight junction function, increased epithelial7

permeability and, consequently, increased transit of pro-inflammatory mediators and8

cytokines, leading to stimulation of the afferent sensory nerves and airway9

hyperreactivity [3]. Cytokines, such as TNFα have been shown to lead to loss of 10

occludin staining, which is associated with increased epithelial permeability [4].11

Therefore, regulation of tight junction protein expression and hence airway epithelial12

permeability is a target for preventing aggravation or progression of inflammatory13

airway diseases such as asthma [5]. Interestingly, tight junction disruption is present14

in biopsies from patients with asthma irrespective of treatment suggesting that15

current treatments for asthma may not prevent epithelial dysfunction [6]. ∆9-16

tetrahydrocannabinol (THC), the main phytocannabinoid derived from the Cannabis17

plant, binds readily to both CB1 and CB2 receptors as a partial agonist [7].18

Cannabinoid receptors have been shown to have anti-inflammatory effects in the19

airways. For example, THC prevents the enhanced nerve-evoked airway20

contractions in guinea pig trachea exposed to TNFα [8] through stimulation of both 21

CB1 and CB2 cannabinoid receptors. The cannabinoid receptor agonist CP55,94022

prevents inflammation-induced bronchoconstriction and mast cell degranulation in23

ovalbumin-sensitised guinea-pigs [9] and the endocannabinoid anandamide reverses24

leukotriene D4-induced airway constriction [10]. Although the effects of THC on25
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inflammation-induced changes in airway epithelial permeability are unknown, it has1

recently been shown that THC reverses the increase in colonic epithelial2

permeability caused by cytokines through activation of CB1 receptors [11]. It is not3

known whether the effects of THC on colonic epithelial cells can be replicated in4

airway epithelial cells and, hence, whether cannabinoid receptor agonists might be5

exploited therapeutically to reverse the increase in airway epithelial permeability as6

seen in airway inflammation. Therefore, this present study determined the effect of7

THC on TNFα-induced increase in permeability and reduced tight junction protein 8

expression in airway epithelial cells.9

10



6

2 Materials and Methods1

2.1 Cell culture2

Calu-3 cells obtained from ATCC (Rockville, MD, USA) were cultured (from3

passages 5 to 20) on polyester membrane of Transwells® (pore size 0.4 µm, inserts4

surface area 1.12 cm2) (Corning CoStar, Arlington, UK). Cell culture medium,5

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F12 Ham contained 10% of6

fetal bovine serum, 1% L–glutamine 1% non-essential amino acids, and 1%7

penicillin/streptomycin. Cells were seeded at a density of 1 x 105 cells per well until8

day 5 until confluent. Medium from the apical and basolateral side were removed9

and washed with 0.5 ml of phosphate-buffered saline (PBS) every 2 to 3 days. Air-10

liquid interface (ALI) was established and maintained for three weeks, at which only11

the basolateral compartment was replaced with medium.12

13

2.2 Transepithelial Electrical Resistance (TEER) Measurements14

Changes in Calu-3 epithelial permeability were assessed by measuring TEERs using15

STX2 electrodes (World Precision Instruments, Stevenage, UK). Prior to TEER16

measurement, the apical face of cells were washed with 0.5 ml warmed PBS. Basal17

(i.e. time zero) TEER was recorded after replacing the basolateral and apical18

compartments of Transwells® with 1.5 ml and 0.5 ml respectively. The resistance19

expressed by Calu-3 cells alone was obtained by subtracting resistance of the filter20

membrane. TEER values were presented as epithelial resistance per cm2 of21

Transwells® membrane.22

The effect of THC on cytokine-induced bronchial epithelial permeability was23

determined by pre-treating the cells with THC (3, 10 or 30 μM) or vehicle control 24
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(0.3% v/v EtOH) basolaterally, prior to addition of TNFα (10 ng/ml) or IL-1β (1 ng/ml). 1

TEERs were measured at various time points up to 48 hours post-drug application.2

In some experiments, AM251 (100 nM) and SR144528 (100 nM) were included to3

determine the role of CB1 and CB2 receptors respectively in the THC response. The4

involvement of cannabinoid receptor was further investigated using the potent5

cannabinoid receptor agonist, HU-210 (100 nM) and selective CB1 or CB2 receptor6

agonists ACEA (100 nM) and JWH133 (3 µM) respectively.7

8

2.3 Paracellular Permeability Assay using Fluorescein Isothiocyanate (FITC)9

Dextran10

Changes in epithelial permeability were confirmed by measuring transfer of FITC-11

labelled dextran (4 kDa) across the epithelial layer. In these experiments, media on12

the apical side was removed and replaced with 0.3% (w/v) N-acetyl cysteine (NAC),13

dissolved in warm (37⁰C) medium, to remove the apical mucus layer. After 3014

minutes, NAC was aspirated and 500 μg/mL of FITC-dextran in warm medium added 15

and cells incubated at 37oC. Permeability of the epithelial layer was estimated by16

sampling 100 μl of basolateral medium at basal, then every 30 minutes, for up to 3 17

hours. The amount of FITC-dextran present in the basolateral solution was18

determined by measuring the fluorescence intensity using a FluoStarGalaxy®
19

fluorometer, set at wavelengths 485 nm (excitation) and 520 nm (emission). The20

apparent permeability coefficient (Papp) is calculated according to the following21

equation:-22

Papp=
(
∆Q
∆t

)

A.C0
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Where Papp is the apparent permeability coefficient (cm/sec)1

ΔQ is the change in FD4 concentration over time (Δt) 2

A is the surface area of the Transwell filter (1.12cm2)3

C0 is the initial concentration of FD4 applied to the apical side of the cells (500µg/ml)4

2.4 Western blot analysis5

Treated cells were lysed with 200 µl lysis buffer (20 mM Tris, 1 mM sodium fluoride,6

1 mM ethyleneglycoltetraacetic acid (EGTA), 0.1% (v/v) Triton X100 and 10 mM β-7

glycerophosphate, pH 7.6) with protease inhibitor cocktail (Sigma Aldrich, Dorset,8

UK). Lysates were centrifuging at 6000 x g at 4⁰C for 5 minutes. Supernatants were9

removed and diluted with 6 x Laemmli buffer and then heated at 95⁰C for 5 minutes.10

Samples (10 µl) were separated using a 4%-20% precast SDS-PAGE gel and then11

transferred onto nitrocellulose membrane by Western blotting. After transfer,12

membranes were blocked in 5% w/v fat-free milk dissolved in Tris-buffered saline13

solution containing 0.1% v/v Tween-20 (TBS-T) for 1 hour. The membrane then was14

probed overnight at 4oC with one of the following primary antibodies in blocking15

buffer: anti-occludin rabbit antibody (ab31721; Abcam, Cambridge, UK), anti-ZO-116

rabbit antibody (40-2200) (Zymed, San Francisco, USA), anti-CB1 receptor antibody17

(1006590, Cayman Chemical, Michigan, USA) and anti-CB2 receptor antibody (ADI-18

905-749-100, Enzo Life Sciences, New York, USA). Membranes were also probed19

with anti-GAPDH mouse antibody at 1:20,000 dilution (Sigma Aldrich, Dorset, UK) as20

a loading control. The following day, primary antibodies were removed and21

membranes washed three times with TBS-T buffer. Membranes were then incubated22

with secondary antibodies (both at 1:10,000 dilution); goat anti-rabbit IgG23

(IRDye®800CW Conjugate, Licor Biosciences, Cambridge, UK) and goat anti-mouse24
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IgG (IRDye®680CW Conjugate, Licor Biosciences, Cambridge, UK), as appropriate.1

After washing with TBS-T buffer, bands were detected and quantified using LI-COR2

Image Studio infrared imaging system (Lincoln, NE).3

2.5 Statistical Analysis4

Time-dependent changes in TEER were analysed using a 2-way ANOVA, followed5

by a Bonferroni post-hoc test, using GraphPad Prism. Western blotting data were6

analysed by 1-way ANOVA followed by a Bonferroni post-hoc test. Results of p<0.057

were considered significant.8

2.6 Materials9

THC, AM251, SR144528 were obtained from Tocris Bioscience (Bristol, UK). All10

other reagents were obtained from Sigma Aldrich (Dorset, UK).11
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3 Results1

3.1 Effect of THC on Cytokine-Induced Reductions in TEER2

Basolateral application of THC alone at 3 and 10 µM had no effect on the3

Transepithelial electrical resistance (TEER) reading in Calu-3 airway epithelial cells4

(fig. 1). At 30 µM THC, there was a small increase in TEER (fig. 1). Resistance5

readings for vehicle control 0.3% (v/v) EtOH were maintained throughout the whole6

duration of experiment. In other experiments, THC was added 24 hours after addition7

of TNFα (10 ng/ml; fig. 2). In these experiments, TNFα caused a reduction in TEER 8

over the first 24 hours, which was reversed by the subsequent addition of THC (309

µM). In cells treated with TNFα alone, the reduction in TEER was maintained for the 10

duration of the experiment (up to 48 hours post TNFα addition; fig. 2 & 3A). Pre-11

treatment with THC reduced the effect of TNFα on TEER responses in a 12

concentration-dependent manner (Fig. 3A). Similarly, pre-treatment with THC13

reduced the subsequent reduction in TEER as a result of IL-1β treatment, although 14

the effect of IL-1β was not completely prevented (fig. 3B).   15

16

3.2 Effect of THC on FITC-Dextran Permeability17

Treatment with TNFα alone produced an increase in FD4 dextran paracellular 18

permeability (fig. 4). The basolateral application of THC alone did not alter FD419

dextran permeability through the Calu-3 cell layers. However, the increase in FD420

dextran permeability caused by TNFα was prevented in the presence of THC. These 21

data thus confirmed the correlation that a decrease in TEER is mirrored by an22

increase in Papp.23

24
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3.3 Role of Cannabinoid Receptors in THC-Mediated Effect1

In order to determine whether the effect of THC was mediated through cannabinoid2

receptor activation, the effects of either the CB1 receptor antagonist AM251 (100 nM;3

[12]), or the CB2 receptor antagonist SR144528 (100 nM; [13]) were determined. As4

in previous experiments, TEER responses in the presence of TNFα (10 ng/ml) with 5

THC (30 µM) were maintained around vehicle control levels over the duration of the6

experiment. The presence of SR144528 (fig. 5B), but not AM251 (fig. 5A) prevented7

the inhibitory effect of THC on the TNFα-induced reduction in TEER (fig. 5). 8

9

In order to determine whether CB receptor-selective agonists are able to replicate10

the effect of THC, the CB1/2 receptor agonist HU-210 (100 nM), the selective CB111

receptor agonist ACEA (100 nM), or the selective CB2 receptor agonist JWH 133 (312

μM) were used. None of these agonists had any effect on TEER responses on their 13

own over the 48 hour duration of the experiment (fig. 6A). However, pre-incubation14

with either HU-120 or JWH 133 prevented the reduction in TEER caused by TNFα 15

(10 ng/ml; fig. 6B). Pre-incubation with ACEA did not prevent the immediate effects16

of TNFα. However, in cells treated with ACEA, the TEERs returned to baseline within 17

24 hours, whereas in TNFα-treated cells TEERs remained low (fig. 6B).  18

19

3.4 CB Receptors Expression in Calu-3 Cells20

Western immunoblotting detected bands for both CB1 and CB2 receptors at the21

appropriate molecular weights (fig. 7 A&B). Rat cerebellum, used as a positive22

control for CB1 receptor expression, exhibited two major bands of slightly higher23

molecular weight than that seen in Calu-3 cells. No bands were seen in BV-2 cells,24

used as a negative control for CB1 expression. The band obtained with the anti-CB225
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receptor antibody corresponded to the band obtained with rat spleen, used as a1

positive control. No band was seen in SH-SY5Y cells, used as a negative control.2

Expression of both receptors appeared to be increased in cells grown at air-liquid3

interface compared to cells grown at liquid-liquid interface (fig. 7 A & B).4

5

3.5 Effect of THC on TNFα-Induced Alteration of Occludin and ZO-1 Expression 6

Western blotting detected a band for occludin at around 64 kDa, whereas ZO-1 was7

expressed at approximately 225 kDa (fig. 8A & 9A). Other bands of lower molecular8

were also obtained, as observed by other groups using Calu-3 cells [14] (Wan et al.,9

2000). TNFα (10 ng/ml) reduced the expression of occludin and ZO-1 by half, 10

compared to untreated (basal) Calu-3 cells (fig. 8B & 9B). Treatment with THC alone11

had no effect on the expression of either occludin or ZO-1, but prevented the12

decrease in expression caused by TNFα (fig. 8 & 9).  13

14
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4 Discussion1

The phytocannabinoid THC has been previously shown to improve airway function in2

asthmatic patients [15] and activation of cannabinoid receptors prevents3

inflammation-induced changes in the airways [9]. Airway inflammation leads to4

increased permeability of the epithelial layer, resulting in a loss of barrier function,5

which is thought to be involved in development of airway hyperreactivity. This6

present study has demonstrated that pre-treatment with THC prevents the increase7

in permeability across a confluent monolayer of Calu-3 airway epithelial cells caused8

by the cytokines TNFα and IL-1β. THC appeared to have more of a protective effect 9

against TNFα compared to IL-1β, which may be related to differences in the 10

signalling pathways activated by these two cytokines. Interestingly, THC added 2411

hours after the addition of TNFα reverses the increase in epithelial permeability. The 12

effect of THC was inhibited by a CB2 receptor antagonist and mimicked by a13

selective CB2 receptor agonist. Both TNFα and IL-1β are important inflammatory 14

cytokines involved in airway inflammation in both asthma and COPD [16, 17, 18].15

Therefore, these data suggest that cannabinoid receptor ligands, particularly CB216

agonists, could play a role in preventing or reversing inflammation-induced increases17

in airway epithelial permeability, and, hence, preventing airway hyperreactivity.18

19

Previous investigations have demonstrated an inverse relationship between20

paracellular permeability of Calu-3 cells cultured at ALI and TEER measurements,21

whereby an increase in paracellular transport of solutes through the bronchial22

epithelial cell layer is mirrored by a decrease in transepithelial resistance reading23

[19, 20, 21]. Results obtained from the present study showed a marked increase in24

paracellular permeability (i.e. high Papp value) in Calu-3 cells treated with TNFα, 25
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which was prevented by pre-treatment with THC (fig. 4). These data thus confirm1

that the changes in TEER reflect an increase in paracellular permeability of the2

epithelial cells, and vice versa.3

4

The involvement of CB1 and CB2 receptors as the potential site of action of THC was5

assessed using the selective cannabinoid receptor antagonists, AM251 [22] and6

SR144528 [13]. SR144528, but not AM251, inhibited the THC-induced response in7

Calu-3 bronchial epithelial cells, suggesting that the action of THC in preventing the8

decrease in epithelial permeability by TNFα was mediated through CB2 receptors.9

Immunoreactivity with antibodies against CB1 and CB2 receptors was also detected10

in samples from Calu-3 cells, indicating the presence of both receptor subtypes.11

Interestingly, expression of both receptors was apparently higher in cells grown at12

ALI compared to cells grown at liquid-liquid interface (LLI). An ultrastructure study13

reported by a separate group of investigators revealed that ALI enhanced the14

differentiation of Calu-3 cells into a mucociliary phenotype, which was not seen in LLI15

[23]. Therefore, growing cells at ALI may have promoted the CB receptor expression16

demonstrated in the present study.17

18

In order to investigate the role of CB receptor subtypes further, TEER measurements19

were conducted using CB receptor-selective agonists. HU-210, a highly selective20

cannabinoid receptor agonist that acts on both CB1 and CB2 receptors in the21

nanomolar range [24], prevented the TNFα-induced decrease in TEER, in a similar 22

manner to THC. JWH133, a highly-selective CB2 receptor agonist [25] also23

prevented the effect of TNFα. On the other hand, ACEA, a selective CB1 receptor24

agonist [26], did not prevent the immediate TEER reduction as seen with TNFα, but 25
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caused a reversal of the TNFα-effect after 24 hours. It is possible, therefore, that CB21

receptors mediate acute reversal of the TNFα-induced reduction in TEER, whereas 2

CB1 receptor activation requires chronic activation. However, the CB2 agonist does3

not completely prevent the reduction in TEER with TNFα and still requires 3-4 hours 4

to reverse the response suggesting it reverses rather than prevents the TNFα 5

response. A previous study has indicated that CB2 receptors prevent TNFα-induced 6

release of IL-8 from airway epithelial cells, potentially through a cAMP-mediated7

alteration in gene expression [27]. Therefore, it is possible that the delayed effect of8

the CB2 agonist in this present study is due to the time required to alter gene9

expression.10

11

The expression of epithelial tight junction proteins such as occludin and ZO-1 are12

directly linked to the transepithelial resistance of the Calu-3 bronchial epithelial cell13

line [28]. Previous studies in the same cell model have demonstrated a decrease in14

Calu-3 cell transepithelial resistance following the exposure to TNFα, accompanied 15

by reduced immunoreactivity against occludin and ZO-1 proteins [29]. In the present16

study, Western blotting demonstrated that the reduction in the level of both occludin17

(fig. 8) and ZO-1 (fig. 9) expression when cells were treated with TNFα could be 18

prevented by pre-treatment with THC. THC alone had no effect on the expression of19

the tight junction proteins. This is consistent with the changes in TEERs and the20

permeability assay. The effect of THC could be to inhibit the TNFα signalling 21

pathway leading to a reduction in occludin and ZO-1 expression, or it could be acting22

through a separate pathway which counteracts the changes in tight junction proteins.23

The fact that THC reverses the TNFα-induced reduction in TEER 24 hours after 24
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addition of TNFα, suggests that it may be reversing rather than preventing the 1

changes in protein expression.2

3

In summary, these data indicate that THC, through activation of cannabinoid4

receptors and subsequent prevention of decreases in tight junction protein5

expression, has the ability to inhibit cytokine-induced airway epithelial barrier6

function disruption. Reduced barrier function is associated with hyperreactivity of the7

airways in inflammation. Therefore, epithelial cannabinoid receptors may be a8

therapeutic target for the prevention of airway epithelial dysfunction, as seen in9

asthma and COPD.10

11



17

Acknowledgements1

We thank Drs Saoirse O’Sullivan and William Hind, Graduate Entry Medical School,2

University of Nottingham for the technical support on TEER experiments during the3

initial part of our study.4

We thank Dr. Cynthia Bosquillon, School of Pharmacy, University of Nottingham for5

the help and advice with the permeability assays.6

7

Conflict of Interest8

We wish to confirm that there are no known conflicts of interest associated with this9

publication and there has been no significant financial support for this work that10

could have influenced its outcome.11

12



18

References1

[1] Holgate ST. The sentinel role of the airway epithelium in asthma pathogenesis.2

Immunological Reviews 242 (2011) 205-219.3

[2] Schneeberger EE, Lynch RD. The tight junction: a multifunctional complex. Am J4

Physiol 286 (2004) C1213-C1228.5

[3] Bousquet J, Jeffery PK, Busse WW, Johnson M, Vignola AM. Asthma - From6

bronchoconstriction to airways inflammation and remodeling. Am J Respir Crit Care7

Med 161 (2000) 1720-1745.8

[4] Hardyman MA, Wilkinson E, Martin E, Jayasekera NP, Blume C, Swindle EJ,9

Gozzard N, Holgate ST, Howarth PH, Davies DE, Collins JE. TNF-alpha-mediated10

bronchial barrier disruption and regulation by src-family kinase activation. J Allergy11

Clin Immun 132 (2003) 665-675.12

[5] Nuijsink M, Hop WCJ, Sterk PJ, Duiverman EJ, De Jorgste JC, Grp CS. Long-13

term asthma treatment guided by airway hyperresponsiveness in children: a14

randomised controlled trial. Eur Respir J 30 (2007) 457-466.15

[6] Xiao C, Puddicombe SM, Field S, Haywood J, Broughton-Head V, Puxeddu I,16

Haitchi HM, Vernon-Wilson E, Sammut D, Bedke N, Cremin C, Sones J, Djukanović 17

R, Howarth PH, Collins JE, Holgate ST, Monk P, Davies DE. Defective epithelial18

barrier function in asthma. J Allergy Clin Immunol 128 (2011) 549-556.19

[7] Pertwee RG. The diverse CB1 and CB2 receptor pharmacology of three plant20

cannabinoids: Delta(9)-tetrahydrocannabinol, cannabidiol and Delta(9)-21

tetrahydrocannabivarin. Br J Pharmacol 153 (2008) 199-215.22



19

[8] Makwana R, Venkatasamy R, Spina D, Page C. The effect of phytocannabinoids1

on airway hyper-responsiveness, airway inflammation, and cough. J Pharmacol Exp2

Ther 353 (2015) 169-180.3

[9] Giannini L, Nistri S, Mastroianni R, Cinci L, Vannacci A, Mariottini C, Passani MB,4

Mannaioni PF, Bani D, Masini E. Activation of cannabinoid receptors prevents5

antigen-induced asthma-like reaction in guinea pigs. J Cell Mol Med 12 (2008) 2381-6

2394.7

[10] Stengel PW, Cockerham SL, Silbaugh SA. Inhaled anandamide reduces8

leukotriene D-4-induced airway obstruction in guinea pigs. Eur J Pharmacol 5579

(2007) 66-68.10

[11] Alhamoruni A, Wright KL, Larvin M, O’Sullivan SE. Cannabinoids mediate11

opposing effects on inflammation-induced intestinal permeability. Br J Pharmacol;12

165 (2012) 2598-2610.13

[12] Alhamoruni A, Lee AC, Wright KL, Larvin M, O’Sullivan SE. Pharmacological14

effects of cannabinoids on the Caco-2 cell culture model of intestinal permeability. J15

Pharmacol Exp Therap 335 (2010) 92-102.16

[13] Rinaldi-Carmona M, Barth F, Millan J, Deroco J, Casella P, Congy C, Sarran M,17

Bouaboula M, Calandra B, Portier M, Shire D, Brelière JC, Le Fur GL. SR144528,18

the first potent and selective antagonist of the CB2 cannabinoid receptor. J19

Pharmacol. Exp Therap 284 (1998) 644-650.20

[14] Wan H, Winton HL, Soeller C, Stewart GA, Thompson PJ, Gruenert DC, Cannell21

MB, Garrod DR, Robinson C. Eur. Respir J 15 (2000) 1058-1068.22



20

[15] Tashkin DP, Reiss S, Shapiro BJ, Calvarese B, Olsen JL, Lodge JW. Bronchial1

effects of aerosolized Δ-9-tetrahydrocannabinol in healthy and asthmatic subjects. 2

Am Rev Respir Dis 115 (1977) 57-65.3

[16] Sousa AR, Lane SJ, Nakhosteen JA, Lee TH, Poston RN. Expression of4

interleukin-1 beta (IL-1 β) and interleukin-1 receptor antagonist (IL-1ra) on asthmatic 5

bronchial epithelium. Am J Respir Crit Care Med 154 (1996) 1061-1066.6

[17] Culpitt SV, Rogers DF, Shah P, De Matos C, Russell REK, Donnelly LE, Barnes7

PJ. Impaired inhibition by dexamethasone of cytokine release by alveolar8

macrophages from patients with chronic obstructive pulmonary disease. Am J Respir9

Crit Care Med 167 (2003) 24-31.10

[18] Mickleborough TD, Lindlet MR, Ray S. Dietary salt, airway inflammation, and11

diffusion capacity in exercise-induced asthma. Med Sci Sports Exerc 37 (2005) 904-12

914.13

[19] Foster KA, Avery ML, Yazdanian M, Audus KL. Characterization of the Calu-314

cell line as a tool to screen pulmonary drug delivery. Int J Pharm 208 (2000) 1-11.15

[20] Mathias NR, Timoszyk J, Stetsko PI, Megill JR, Smith RL, Wall DA. Permeability16

characteristics of Calu-3 human bronchial epithelial cells: In vitro-in vivo correlation17

to predict lung absorption in rats. J Drug Target 10 (2002) 31-40.18

[21] Vllasaliu D, Flower R, Garnett M, Eaton M, Stolnik S. Barrier characteristics of19

epithelial cultures modelling the airway and intestinal mucosa: A comparison.20

Biochem Biophys Res Commun 415 (2001) 579-585.21

[22] Gatley SJ, Gifford AN, Volkow ND, Lan R, Makriyannis A. 123I-labelled AM251: a22

radioiodinated ligand which binds in vivo to mouse brain cannabinoid CB1 receptors.23

Eur J Pharmacol 307 (1996) 331-338.24



21

[23] Kreft ME, Jerman UD, Lasic E, Hevir-Kene N, Rozner TL, Peternel L, Kristan K.1

The characterization of the human cell line Calu-3 under different culture conditions2

and its use as an optimized in vitro model to investigate bronchial epithelial function.3

Eur J Pharm Sci 69 (2015) 1-9.4

[24] Pertwee RG, Howlett AC, Abood M, Barth F, Bonner TI, Cabral G, et al. (2010).5

Cannabinoid receptors. IUPHAR/BPS Guide to Pharmacology,6

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=13.7

[25] Huffman JW, Liddle J, Yu S, Aung MM, Abood ME, Wiley JL, Martin BR. 3-(1 ',18

'-dimethylbutyl)-1-deoxy-Delta(8)-THC and related compounds: Synthesis of9

selective ligands for the CB2 receptor. Bioorg Med Chem 7 (1999) 2905-2914.10

[26] Hillard CJ, Manna S, Greenberg MJ, Dicamelli R, Ross RA, Stevenson LA,11

Murphy V, Pertwee RG, Campbell WB. Synthesis and characterization of potent and12

selective agonists of the neuronal cannabinoid receptor (CB1). J Pharmacol Exp13

Therap 289 (1999) 1427-1433.14

[27] Gkoumassi E, Dekkers BGJ, Droge MJ, Elzinga CRS, Schmidt M, Meurs H,15

Zaagsma J, Nelemans SA. Virodhamine and CP55,940 modulate cAMP production16

and IL-8 release in human bronchial epithelial cells. Br. J. Pharmacol 151 (2007)17

1041-1048.18

[28] Wan H, Winton HL, Soeller C, Stewart GA, Thompson PJ, Gruenert DC, Cannell19

MB, Garrod DR, Robinson C. Tight junction properties of the immortalized human20

bronchial epithelial cell lines Calu-3 and 16HBE14o. Eur Respir J 15 (2000) 1058-21

1068.22

[29] Coyne CB, Vanhook MK, Gambling TM, Carson JL, Boucher RC, Johnson LG.23

Regulation of airway tight junctions by proinflammatory cytokines. Mol Biol Cell 1324

(2002) 3218-3234.25



22

1



23

1

Figure 1 THC has little direct effect on TEER.

Effects of basolateral application of at various THC concentrations (3, 10 and

30 µM) or vehicle control, 0.3% v/v EtOH onto 21-day old Calu-3 cells.

Average basal TEER value was 695±2.8 Ω.cm2. Data are expressed as

percentage TEER by calculating the relative change in resistance at various

time points from basal reading, and are presented as mean ± SD; n=9,

**P<0.01, 2-way ANOVA followed by a Bonferroni post-hoc test, compared to

vehicle, 0.3% v/v EtOH, except THC + cytokine which is compared to TNF(10

ng/mL).
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Figure 2 THC reverses the decrease in TEER caused by TNFα. 1

Effect of basolateral application of THC (30 µM) alone or vehicle control, 0.3% v/v2

EtOH onto 21-day old Calu-3 cells 24 hours after application of 10ng/ml TNFα. 3

Average basal TEER value was 721±6.1 Ω.cm2. Data are expressed as percentage4

TEER by calculating the relative change in resistance at various time points from5

basal reading, and are presented as mean ± SD; n=9, ***P<0.001, 2-way ANOVA6

followed by a Bonferroni post-hoc test, compared to vehicle, 0.3% v/v EtOH, except7

THC + cytokine which is compared to TNF(10 ng/mL).8

9
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Figure 3 THC prevents decrease in TEER caused by TNFα and IL-1β.1

Effects of basolateral application of THC (at 3, 10 or 30 µM) in the presence of a2

cytokine, A. TNFα (10 ng/ml) or, B. the effect of basolateral application of THC (303

µM) in the presence of IL-1β (1 ng/ml) onto 21-day old Calu-3 cells cultured in ALI. 4

Average basal TEER values were A. 700±2.3 Ω.cm2 and B. 690±3.4 Ω.cm2. Data5

are expressed as percentage TEER by calculating the relative change in resistance6

at various time points from basal reading, and are presented as mean ± SD; n=9-15,7

*P<0.05, **P<0.01, ***P<0.001, 2way ANOVA followed by a Bonferroni post-hoc test,8

compared to vehicle, 0.3% v/v EtOH, except THC + cytokine which is compared to9

their respective cytokine.10

11
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Figure 4 THC prevents increase in epithelial permeability caused by TNFα. 1

Effect of the corresponding treatments on FD4 dextran paracellular permeability in2

21-day old Calu-3 cells. Epithelial permeability is represented as apparent3

permeability coefficient (Papp) calculated according to the equation in section 2.3.4

Data are presented as mean ± SD; n=9; ***P<0.001 1way ANOVA followed by a5

Bonferroni post-hoc test, compared to vehicle control for THC, (0.3%v/v) EtOH. THC6

+ TNFα treatment is also compared against treatment with TNFα alone. 7

8
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Figure 5 CB2 receptor antagonism prevents effect of THC.1

Effect of basolateral application of either A. the selective CB1 antagonist, AM 2512

(100 nM) or B. the selective CB2 antagonist, SR144528 (100 nM) in the presence of3

THC (30 µM) and TNFα (10 ng/mL). Average basal TEER values were A. 669±5.54

Ω.cm2 and B. 687±5.3 Ω.cm2. Data are expressed as percentage TEER by5

calculating the relative change in resistance at various time points from basal6

reading, and are presented as mean ± SD; n=15, *P<0.05, **P<0.01, ***P<0.001,7

2way ANOVA followed by a Bonferroni post-hoc test, compared to THC + TNFα; 8

except THC +TNFα, which is compared to vehicle control (0.01% v/v) EtOH. 9

10
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Figure 6 CB receptor agonists prevent TNFα-induced reductions in TEER. 1

Effects of basolateral application of A. Non-selective cannabinoid receptor agonist2

HU-210 (100 nM), selective CB1R agonist ACEA (100 nM) or selective CB2R agonist3

JWH 133 (3 μM) alone and; B. Cannabinoid receptor agonists in the presence of4

TNFα (10 ng/mL). Average basal TEER values were A. 721±4.5 Ω.cm2 and B.5

687±7.2 Ω.cm2. Data are expressed as percentage TEER by calculating the relative6

change in resistance at various time points from basal reading, and are presented as7

mean ± SD; n=9-18, *P<0.05, **P<0.01, ***P<0.001, 2way ANOVA followed by a8

Bonferroni post-hoc test. TEER data were compared to A. vehicle control (0.01%9

v/v) EtOH. B. TNFα (10 ng/mL); except TNFα, which is compared to vehicle control 10

(0.01% v/v) EtOH.11

12
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Figure 7 Calu-3 cells express CB1 and CB2 receptors.1

Typical immunoblot showing samples that were treated with polyclonal A. anti-CB1 or2

B. anti-CB2 receptor rabbit antibody (green bands). Samples of Calu-3 cells grown at3

ALI were harvested at day 21 of culture; whereas cells of the LLI were lysed at day 54

of culture, when cells were fully confluent in Transwell® inserts. GAPDH (red band)5

was used as a loading control. Blot is representative of 3 separate experiments.6

7
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Figure 8 THC prevents the TNFα-induced reduction in occludin expression.1

A. Typical immunoblot showing expression of occludin in Calu-3 cells treated2

following treatment of TNFα (10 ng/mL), vehicle control (0.3% v/v) EtOH, THC (30 3

μM) alone or in the presence of TNFα in 21-day old Calu-3 cells for 48 hours. Basal 4

represents untreated cells cultured at air-liquid interface; i.e. no drug. B. Data5

presented as mean of fold change to protein expression over vehicle, (0.3% v/v)6

EtOH ± SD; n=3-8, **P<0.01, 1way ANOVA followed by a Bonferroni post-hoc test,7

compared to vehicle control, (0.3% v/v) EtOH, except combined treatment of THC +8

TNFα which is compared to TNFα (10 ng/mL). 9

10
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Figure 9 THC prevents the TNFα-induced reduction in ZO-1 expression. 1

A. Typical immunoblot showing expression of ZO-1 in Calu-3 cells treated following2

treatment of TNFα (10 ng/mL), vehicle control (0.3% v/v) EtOH, THC (30 μM) alone 3

or in the presence of TNFα in 21-day old Calu-3 cells for 48 hours. Basal represents 4

untreated cells cultured at air-liquid interface; i.e. no drug. B. Data presented as5

mean of fold change to protein expression over vehicle, (0.3% v/v) EtOH ± SD; n=3-6

8, *P<0.05, 1way ANOVA followed by a Bonferroni post-hoc test, compared to7

vehicle control, (0.3% v/v) EtOH, except combined treatment of THC + TNFα which 8

is compared to TNFα (10 ng/mL). 9

10

11


