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Abstract

INTRODUCTION: Mutations in the Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR) gene result in defective Cl− transport and cause chronic bacterial infections in the upper 

and lower airways of cystic fibrosis (CF) patients. Ivacaftor is a CFTR potentiator that improves Cl
− transport in CF patients with at least one copy of the G551D mutation. Resveratrol is also a 

potent CFTR potentiator that increases determinants of mucociliary transport. The objective of this 

study is to evaluate whether resveratrol and ivacaftor improve Cl− secretion in G551D CFTR over 

either agent alone.

METHODS: Fisher rat thyroid cells (FRT) transfected with G551D CFTR and human sinonasal 

epithelial cells (HSNE) containing the CFTR G551D mutation were subjected to pharmacologic 

manipulation of transepithelial ion transport in Ussing chambers. Activity was further evaluated 

using whole cell patch clamp methods in G551D FRT cells.

RESULTS: In FRT-G551D cells, resveratrol (100 μM) and ivacaftor (10 μM) significantly 

increased Cl− transport (change in short-circuit current, ΔISC=μA/cm2) compared to single agent 

and dimethyl sulfoxide vehicle controls (resveratrol+ivacaftor, 4.97+/−0.57 vs. ivacaftor, 0.74+/

−0.12 vs. resveratrol, 2.96+/−0.52 vs. control, 0.74+/−0.12;p<0.001). Maximal Cl− secretion (20 

μM forskolin) was also significantly enhanced (p<0.0001). Activity was confirmed in G551D 

HSNE (resveratrol+ivacaftor,4.48+/−0.39 vs. ivacaftor, 1.05+/−0.11 vs. resveratrol, 0.84+/−0.3 vs. 

control, 0.0+/−0.02;p<0.001), and whole cell patch clamp analysis in G551D FRT cells 
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(resveratrol+ivacaftor; −2535+/−179.3 pA vs. ivacaftor; −1408.9+/−101.3 pA vs. resveratrol; 

−766.2+/−71.2 pA; p<0.0001).

CONCLUSION: Additive improvement in G551D CFTR-mediated Cl− secretion suggests that 

resveratrol could enhance ivacaftor therapy in these patients and improve CF-related 

rhinosinusitis.
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INTRODUCTION

Cystic Fibrosis (CF) is among the most common lethal genetic disorders, affecting 

approximately 1 in 2500 Caucasians annually.1 This multi-system disease caused by 

mutations in Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene is 

characterized by defective transport of the anions chloride (Cl−)and bicarbonate across 

secretory epithelia, which leads to abnormally viscous secretions in the airways and other 

organ systems.1 Secretions in the airways normally function to trap and clear foreign 

materials via mucociliary clearance (MCC). This mechanism is widely considered the 

airway’s primary innate defense against bacterial infections. The most common genetic 

mutation is F508del CFTR, where improper protein folding and processing within the 

epithelial cells leads to ineffective anion secretion. In G551D CFTR, normal quantities of 

CFTR channels are present in the plasma membrane, but the open probability (Po) of 

channel gating is severely affected. Individuals with inspissated mucus are at an increased 

risk of MCC disruption and chronic, recurrent bacterial infections in the upper and lower 

airways, including severe chronic rhinosinusitis (CRS).2

Ivacaftor (Vertex phamaceuticals, Boston, Ma.) is a CFTR channel potentiator approved for 

treatment of CF patients with at least one copy of the G551D mutation and now expanded 

for use in patients with other Class III (problems with channel gating) and residual function 

mutations.2,3 Mechanistically, ivacaftor is a non-selective potentiator since it increases 

channel Po in wild type CFTR and various forms of mutated CFTR (e.g. G551D, F508del) 

in the presence of CFTR Regulatory domain (R-D) phosphorylation.3 This is best 

demonstrated in vitro following activation of cAMP/protein kinase A (PKA)-dependent 

pathways by drugs such as forskolin that phosphorylate the R-D.4 Ivacaftor has been shown 

to augment endpoints predictive of benefit in G551D CF patients including MCC, sweat Cl−, 

and lung function.2 While the drug does not normalize the underlying pathophysiology, the 

partial function attainable is reflective of in vivo studies correlating CFTR activity in CF 

patients to disease severity. Individuals exhibiting 10–25% of the CFTR activity observed in 

non-CF individuals have less severe disease according to age of diagnosis, pulmonary 

function, and pancreatic function than those with no detectable CFTR activity.5–7 Thus, 

increasing the activity of G551D CFTR by combining ivacaftor with other potentiators 

should impart further benefit with greater normalization of the underlying electrolyte 

imbalance responsible for the clinical disease phenotype. Importantly, the same strategy 

applied to activate Cl− secretion in the lower airways of CF patients is also applicable to 
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sinus and nasal mucus clearance in CF-associated CRS, which is nearly universal in this 

population.8

One candidate molecule for further potentiation of G551D CFTR is resveratrol, which has 

also been identified as a powerful potentiator of wild type CFTR and improves determinants 

of mucociliary transport.4 Resveratrol is similar in structure to flavonoid molecules, such as 

genistein, which exhibit the capacity to activate CFTR Po,9–11 and may directly bind to 

CFTR, possibly at the interface between the 2 nucleotide binding domains (NBDs).12,13 A 

number CFTR potentiators probably share a common mechanism of action or binding site 

because no additive effect is observed when they are combined for measurement of CFTR 

function in vitro (e.g genistein and NS004).14,15 However, several agents clearly exhibit an 

additive effect (e.g. UCCF-029 and UCCF-853,15 genistein and curcumin16). Whether 

resveratrol mediates CFTR channel potentiation according to an identical mechanism of 

action as ivacaftor is currently unknown.

The objective of this study is to evaluate whether the combined application of resveratrol 

and ivacaftor improves G551D CFTR-mediated Cl− secretion compared to either agent 

alone.

MATERIALS AND METHODS

Cell culture

Institutional Review Board approval was obtained from the University of Alabama at 

Birmingham prior to the initiation of the study. Human sinonasal tissue was harvested from 

a single CF patient with G551D/F508del genotype undergoing sinus surgery. Cells were 

dissociated and grown on 6.5-mm-diameter permeable filter supports submerged in culture 

medium as previously described.17–24 The media was removed from the monolayers on day 

4 after reaching confluence and the cells fed via the basal chamber. Cultures were utilized 

when fully differentiated with widespread ciliogenesis and transepithelial resistances > 300 

Ω·cm.

FRT (Fisher Rat Thyroid) cells expressing human G551D CFTR were provided by the 

Gregory Fleming James Cystic Fibrosis Research Center. cDNAs carrying human G551D 

CFTR were introduced into FRT cells using the Flp-in system (Invitrogen, Grand Island, 

NY). FRT cells were grown in media containing Coon’s modified Ham’s F-12 with 5% FBS 

and 100μg/ml hygromycin. Cell media were replaced every 48 hours. For Ussing chamber 

studies, 5×104 FRT cells were grown on 6.5mm Transwell (0.4μm pore membrane) inserts 

for 5 days. Apical and basolateral media were replaced every 48 hours. For patch clamp 

studies, FRT cells were seeded on glass coverslips at a very low density and used the next 

day.

Ussing chamber measurements

Transwell inserts were placed in Ussing chambers for monitoring of ion transport and 

pharmacologic blockade as previously described.24 Apical monolayers were analyzed under 

short-circuit conditions following compensation of fluid resistance with automatic VCC 600 

voltage clamps (Physiologic Instruments, San Diego, CA, USA). Inserts were mounted in a 
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bath solution at 37°C consisting of (mM): 120 NaCl, 25 NaHCO3, 3.3 KH2PO4, 0.8 

K2HPO4, 1.2 MgCl2, 1.2 CaCl2, and 10 glucose, with a pH of 7.3-7.4 in a gassed mixture 

of 95% O2:5% CO2. Chemicals were procured from Sigma Aldrich (Carlsbad, Ca.). All 

studies were conducted in low Cl− (6 mM) mucosal baths. Short-circuit current (ISC) 

measurements were then recorded at 1 sample/second and, by convention, positive 

deflections indicated net anion movement from the serosal to mucosal surface. Sequential 

pharmacologic administration consisted of amiloride (inhibits sodium channels) (100 μM), 

CFTR potentiator [ivacaftor (10 μM), Resveratrol (100 μM), or Ivacaftor 10 μM ) + 

resveratrol (100 μM)], forskolin (20 μM, phosphorylates CFTR regulatory domain via 

cAMP-dependent mechanisms) and CFTRinh-172 (10 μM, specific CFTR inhibitor).

Whole cell patch clamp

Stable G551D-CFTR transfected FRT cells on cover slips were transferred to an 

experimental chamber mounted on the microscope stage (Olympus). G551D-CFTR currents 

were recorded in whole cell mode of the patch clamp technique using an Axopatch 2000B 

amplifier interfaced to a computer through DIGITA 1440A. Data was recorded and analyzed 

using Pclamp software (Molecular Devices). During the experiments, cells were perfused 

with an external solution of the following ionic composition (in mM): 145 CsCl, 2 MgCl2, 2 

Cacl2, 5.5 Glucose, 10 HEPES pH 7.4 (1 N NaOH). The pipette resistance used for whole 

recording ranged from 3 to 5 GΩ when filled with the following intrapipette solution (in 

mM): 135 CsCl, 10 KCl, 2 MgCl2, 0.1 EGTA, 5.5 Glucose, 10 HEPES, pH 7.2 (1N KOH). 

All experiments were performed at room temperature. Cells were continuously perfused 

with the external solution until development of the recording whole cell configuration. 

Forskolin, ivacaftor, resveratrol, and ivacaftor + resveratrol were applied through the same 

perfusion system. The rate of perfusion was adjusted to 1 ml/min.

Statistical Analysis

Statistical analyses usedtwo way ANOVA with Tukey-Kramer post hoc analysis. All values 

are reported as the mean ± standard error of the mean [SEM]. A p-value<0.05 was 

considered statistically significant.

RESULTS

Resveratrol and ivacaftor improve CFTR-mediated Cl− secretion in G551D FRT and G551D/
F508del HSNE cells

The primary method to evaluate anion transport involves pharmacological manipulation of 

cell cultures mounted in Ussing chambers followed by measurements of short-circuit current 

(ΔISC= μA/cm2). Because HSNE primary cells are directly seeded onto filters following 

dissociation from the tissue to optimize the ion transport phenotype and differentiation, 

limited cells are available for testing. Thus, Ussing chamber analysis was performed using 

G551D-FRT cells first to optimize dosing for HSNE experiments. Resveratrol starts to 

impact maximal Cl-secretory capability in the presence of forskolin at doses above 100 μM 

(data not shown), and therefore this was considered the optimal dose. Ivacaftor also starts to 

impede maximal Cl-secretory capability at doses above 10 μM and this concentration has 

been considered appropriate in previous in vitro studies.3 FRT cells lack epithelial sodium 
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channels (ENaC) and this was confirmed with absence of amiloride-sensitive ISC. Although 

ΔISC was overall quite low as a percentage of maximally activated ISC with forskolin, 

resveratrol and ivacaftor increased Cl− transport over resveratrol or ivacaftor alone and 

vehicle controls (n≥8 per condition; resveratrol+ivacaftor, 4.97+/−0.57 vs. ivacaftor, 0.74+/

−0.12 vs. resveratrol, 2.96+/−0.52 vs. control, 0.74+/−0.12; p<0.001). More importantly, the 

maximum capability for vectorial Cl− transport through CFTR channels was significantly 

improved with both agents when forskolin was applied (resveratrol+ivacaftor, 254.5+/−7.53 

vs. ivacaftor, 217.61+/−8.27 vs. resveratrol, 148.2+/−8.28 vs. DMSO, 92.93+/−4.22; 

p<0.0001). The forskolin-stimulated ΔISC of G551D FRT cells in the presence of the 2 

potentiators was approximately 60% of forskolin-stimulated ΔISC observed in wild type 

CFTR FRT cells (data not shown). Representative tracings and summary data is presented in 

Figure 1.

A similar pattern was observed with primary G551D HSNE cells (Figure 2) showing 

significant improvement with the 2 potentiators (n≥5 per condition; resveratrol+ivacaftor, 

4.48+/−0.39 vs. ivacaftor, 1.05+/−0.11 vs. resveratrol, 0.84+/−0.3 vs. DMSO, 0.0+/−0.02; 

p<0.001). Stimulation of CFTR-mediated ISC with CFTR potentiators was typically better 

with primary HSNE as a percentage of overall forskolin-stimulated ISC.25 Maximal Cl− 

secretion was augmented with both agents (resveratrol+ivacaftor, 32.2+/−1.17 vs. 

resveratrol, 10.73+/−0.84 vs. ivacaftor, 21.29+/−0.85 vs. DMSO, 3.88+/−0.85; p<0.001) to 

levels consistent with what is detected in non-CF HSNE.26–28

Combined potentiators improve G551D CFTR-mediated Cl− secretion as judged by whole 
cell patch clamp analysis

Whole-cell patch clamp currents confirmed that CFTR activity is markedly enhanced with 

combined application of resveratrol and ivacaftor. The potentiators did not activate CFTR 

currents when forskolin was not present. This was consistent with previous studies using 

patch clamp methods for CFTR potentiators, which require at least some baseline R-D 

phosphorylation.3 CFTR-mediated currents were markedly improved with co-administration 

of resveratrol and ivacaftor (−2535+/−179.3 pA) over ivacaftor (−1408.9+/−101.3 pA) and 

resveratrol (−766.2+/−71.2 pA) alone (Figure 3; p<0.0001). Patch clamp technique controls 

the membrane potential of the cell better and did show that the current related to combined 

application (in presence of forskolin) was slightly greater than the sum of the individual 

currents from either agent alone. .

DISCUSSION

For Class 3 gating mutations such as G551D, combined potentiator therapy has important 

clinical implications since they exhibit extremely low Po.29 In this study, we investigated the 

effects of ivacaftor, resveratrol, and their joint applications on G551D-CFTR and identified 

that combining the agents significantly increased CFTR-mediated Cl− transport in FRT cells 

and primary HSNE cells expressing G551D CFTR compared to either agent alone. 

Furthermore, when R-domains were maximally phosphorylated via cAMP-dependent 

pathways with the addition of forskolin, the total capacity for Cl− secretion was also 

markedly improved with both drugs. At the optimal dose, ivacaftor (10 uM) was determined 
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to be more effective than resveratrol (100 uM) at improving CFTR-mediated Cl− transport 

(by whole cell patch clamp) and overall capacity of Cl− secretion following application of 

forskolin. Importantly, resveratrol and ivacaftor stimulated significantly more Cl− secretion 

through G551D-CFTR channels, that is, G551D-CFTR channel activity that was maximally 

potentiated by combining both drugs was stronger than the additive effect of both agents 

alone. Similar effects were identified in both FRT and primary HSNE. Thus, we conclude 

that resveratrol and ivacaftor affect G551D-CFTR through different, but perhaps 

complementary gating mechanisms. Effects may be mediated by improved efficiency of one 

or both drugs at their active binding site.

Resveratrol and ivacaftor both increase wild type CFTR currents in excised patches, and thus 

their target is within the CFTR molecule itself.3,30,31 Both agents affect ATP-dependent 

gating of CFTR channels with increased channel Po, consistent with a target site at the NBD 

dimer. Mounting evidence suggests that most CFTR potentiators act through binding to the 

NBDs to promote the activity of the protein and then, with lower affinity, to an inhibitory 

site.32 Thus, at higher doses, potentiators start to inhibit capacity for CFTR-mediated Cl− 

secretion. A biphasic dose–response relationship for resveratrol has been observed 

previously with optimally sustained CFTR-mediated anion secretion at 100 μM without 

altering the maximal capacity for Cl− secretion (forskolin-activated).30,31 Ivacaftor has been 

observed to confer optimal effects at 10μM and has an EC50 of 100 nM in G551D CFTR 

expressing cells. Interactions at the NBDs are complex and beyond the scope of this paper. 

However, one would expect application of both drugs at these concentrations to impart either 

similar or decreased CFTR-mediated Cl− transport (more saturation of the inhibitory site or 

competitive antagonism) if the active sites were identical.

Further studies are required to understand the combined effects of resveratrol and ivacaftor 

on G551D-CFTR, but our findings suggest combining these 2 CFTR potentiators might 

confer improved clinical benefit over what is currently achieved with FDA approved 

ivacaftor in this CF population. Indeed, CFTR-mediated Cl− secretion in the presence of 

forskolin reached levels approximately 60% of wild type CFTR in FRT cells and, in primary 

G551D/F508del HSNE, was actually similar in magnitude to what is detected in forskolin-

stimulated primary non-CF HSNE cells. Unfortunately, resveratrol exhibits poor 

bioavailability with attainable maximum plasma levels of approximately 2 μM – well below 

the optimum concentration.16 However, multiple therapies for CF involve topical application 

of drugs to the sinuses and lungs, including hypertonic saline, dornase alpha, and antibiotic 

therapies.33–35 The sinuses in particular are an excellent target area for topical CFTR 

potentiators delivered in saline rinse or aerosol. Thus, strategies to deliver topical resveratrol 

to the sinuses or lower airway in G551D CF individuals who are already taking ivacaftor are 

certainly justified and should be further evaluated.

CONCLUSION

Additive improvement in G551D CFTR-mediated Cl− secretion with resveratrol and 

ivacaftor suggests distinct mechanisms and/or binding sites for these potentiators. Future 

clinical studies employing topical delivery of resveratrol to the sinuses to enhance ivacaftor 

therapy in G551D CF-associated CRS are planned.
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Figure 1. 
(A) Representative Ussing chamber current tracings in G551D FRT cells following 

sequential administration of amiloride, potentiator(s), and INH-172. (B) Summary of current 

measurements. Error bars represent SEM. All values within groups are significantly different 

from each other (potentiator, p<0.001; potentiator + forskolin, p<0.0001).
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Figure 2. 
(A) Representative Ussing chamber current tracings in G551D/F508del HSNE cells 

following sequential administration of amiloride, potentiator(s), and INH-172. (B) Summary 

of current measurements. Error bars represent SEM. Significant findings are bracketed with 

an asterisk. All values within groups (potentiator or potentiator + forskolin) are significantly 

different from each other (p<0.001).
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Figure 3. 
(A) IV curves are illustrated during the activation of the Cl− current with forskolin and 

forskolin + potentiators when voltage steps were varied from −100 mV to 100 mV in 20 mV 

increments for 500 ms. The cell membrane potential was held at 0 mV throughout the 

experiment. (B) Summary data of currents at a voltage step of −100 mV and holding 

potential of 0 mV. All values are significantly different from each other (p <0.0001). (Forsk 

= forskolin, Iva = ivacaftor, Resv = Resveratrol)
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