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Differential Regulation of Ion Channel Function from Exposures to Cigarette Smoke and ENDS Preparations

ABSTRACT
Cigarette smoking is known to disrupt the normal mucociliary
function of the lungs, whereas the effect of electronic nicotine
delivery systems (ENDS) is not completely understood. This
study aimed to compare the effects of acute exposure of
primary normal human bronchial epithelial (NHBE) 3D cultures
at air-liquid interface to combustible cigarette and ENDS
preparations on mucociliary function including ion channel
function, ciliary beat frequency (CBF) and airway surface liquid
(ASL) height. Differentiated NHBE cultures were exposed to
whole smoke conditioned media (WS-CM) or total particulate
matter (TPM) prepared from 3R4F reference cigarettes, whole
aerosol conditioned media (ACM) or e-TPM generated from a
marketed ENDS product, or nicotine alone. We found that a
dose of 7μg/ml equi-nicotine units of cigarette TPM and WS-
CM significantly decreased cystic fibrosis transmembrane
conductance regulator (CFTR) and the epithelial sodium
channel (ENaC) function, which regulate fluid homeostasis in
the lung. Conversely, higher (56μg/mL) equi-nicotine units of
ENDS preparations or nicotine alone had no effect on CFTR and
ENaC function. Despite a significant decrease in ion channel
function, cigarette smoke preparations did not alter CBF and
ASL. Similarly, ENDS preparations and nicotine alone had no
effect on ASL and CBF. This study demonstrates that acute
exposures of cigarette smoke preparations exert a notable
inhibitory effect on CFTR and ENaC function compared to ENDS
preparations. In summary, the functional assays described
herein are potentially useful for tobacco product evaluations.

Figure 1. Primary NHBE cells were cultured at ALI for 4 weeks.
A) Hematoxylin and eosin (H&E) staining of sectioned primary NHBE
culture, showing multi-layered epithelium with presence of columnar
ciliated cells at apical surface with goblet cells interspersed.
B) Immunofluorescent staining showing certain epithelial features
including α-tubulin (green) for ciliated cells and MUC5B-producing
goblet cells (red). Nucleus was stained with DAPI (blue).

Figure 3. Primary NHBE cultures were exposed to TPM, e-TPM, WS-CM,
ACM and nicotine for 24 hours at the indicated Eq-Nic concentrations.
Ion channel function was measured using Ussing chambers. A) ENaC
activity was measured after addition of the specific inhibitor amiloride
(100μM). B) CFTR function was measured after addition of forskolin
(10μM). Data are expressed as % of control (vehicle 0μg/mL Eq-Nic units)
from 3 donors; 3 replicates for each donor. Representative short-circuit
current traces are shown for TPP compared to control C) TPM (0 and
7.0μg/mL Eq-Nic units) D) WS-CM (0 and 7μg/mL Eq-Nic units), E) e-TPM
(0 and 56.0μg/mL Eq-Nic units), and F) ACM (0 and 56.0μg/mL Eq-Nic
units). Fsk: forskolin. At the end of the experiment CFTR-mediated
currents were inhibited with CFTR inh172 (10μM). *p<0.05, **p<0.01,
***p<0.001.

Cigarette and ENDS preparations do not induce cytotoxicity 
or alter TEER at the doses tested

Acute exposure of NHBE cultures to cigarette and 
ENDS preparations does not affect airway surface 
liquid (ASL) and ciliary beat frequency (CBF)

METHODS
Acute exposure to cigarette and ENDS preparations

Primary NHBE cultures (4 weeks at ALI) were exposed to
preparations from 3R4F cigarettes and a market ENDS product or
nicotine for 2 hours and followed by 22 hours ALI culture.

NHBE cells from 4 non-smoker donors without any personal
identifiers (exempt status from the Institutional Review Board)
were used for 3D cultures.

Cytotoxicity using lactate dehydrogenase (LDH) release, trans-
epithelial electrical resistance (TEER), ion channel function
(Ussing chamber), ASL height, and CBF assays were measured.

Doses of cigarette and ENDS preparations were normalized to
equi-nicotine (Eq-Nic) concentration and presented as μg/mL.

RESULTS

CONCLUSIONS
• Acute exposure of combustible TPPs significantly reduced

ENaC and CFTR ion channel functions. In contrast ENDS did
not inhibit ion channel function.

• However, treatment with TPM or WS-CM had no effect on
CBF and ASL height under the experimental conditions. The
short duration of exposure could explain the discrepancy
between the effect of TPM and WS-CM on ion channels and
downstream effects on ASL height and CBF.

• In conclusion, acute exposure of cigarette smoke preparations
to primary 3D NHBE cultures reduced ion channel function
within 24 hours, although no clear changes of the mucociliary
apparatus were observed from ENDS preparations. The impact
of chronic exposure to ENDS preparations will be the subject
of future studies.

AIM
The objective is to compare the relative effects of an acute
exposure of cigarette and ENDS preparations on mucociliary
function including ENaC and CFTR function, CBF and ASL height
in primary NHBE 3D cultures in air-liquid interface (ALI).

Primary NHBE cultures grown at ALI differentiate into 
ciliated and mucus producing goblet cells

Cigarette and ENDS preparations differentially 
impact ENaC and CFTR ion channel function

Figure 2. Fully differentiated primary NHBE cultures were treated with TPM,
e-TPM, WS-CM, ACM or nicotine for 24 hours at the indicated equi-nicotine
units (Eq-Nic). LDH release and TEER were measured at the end timepoint.
3 donors; n=3 for each donor.

Figure 4. Ciliary beat frequency 
(CBF) and airway surface liquid 
(ASL) were measured 24 hours 
after exposure of primary NHBE 
cultures to TPM, e-TPM, WS-CM, 
ACM or nicotine at the indicated 
Eq-Nic concentrations. 
Compared to controls (vehicle 
0μg/mL Eq-Nic units; 3 donors; 
n=3 for each donor).
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Tobacco preparations (TPM and WS-CM) significantly decreased
ENaC and CFTR function at the highest concentration tested
(7.0μg/mL Eq-nic). No effect of ENDS preparations were
observed at 56μg/mL Eq-nic units. Ion channels (ENaC and CFTR)
play a crucial role in lung mucociliary clearance by regulating
airway fluid homeostasis.

• No significant changes in ASL height were observed in primary
NHBE 3D cultures exposed to cigarette or ENDS preparations
under the experimental conditions. ASL is crucial for mucociliary
clearance in the lungs and is regulated by ion channels.

• No significant changes in CBF were observed in primary NHBE
3D cultures exposed to cigarette or ENDS preparations. CBF is
crucial for mucociliary clearance.

No significant changes to TEER and no cytotoxic effects were
observed 24 hours after acute exposures of cigarette or ENDS
preparations to primary NHBE 3D cultures under the experimental
conditions.
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