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Rowell TR, Keating JE, Zorn BT, Glish GL, Shears SB, Tarran
R. Flavored e-liquids increase cytoplasmic Ca2� levels in airway
epithelia. Am J Physiol Lung Cell Mol Physiol 318: L226–L241,
2020. First published November 6, 2019; doi:10.1152/ajplung.
00123.2019.—E-cigarettes are noncombustible, electronic nicotine-
delivery devices that aerosolize an e-liquid, i.e., nicotine, in a propyl-
ene glycol-vegetable glycerin vehicle that also contains flavors. While
the effects of nicotine are relatively well understood, more informa-
tion regarding the potential biological effects of the other e-liquid
constituents is needed. This is a serious concern, because e-liquids are
available in �7,000 distinct flavors. We previously demonstrated that
many e-liquids affect cell growth/viability through an unknown mech-
anism. Since Ca2� is a ubiquitous second messenger that regulates
cell growth, we characterized the effects of e-liquids on cellular Ca2�

homeostasis. To better understand the extent of this effect, we
screened e-liquids for their ability to alter cytosolic Ca2� levels and
found that 42 of 100 flavored e-liquids elicited a cellular Ca2�

response. Banana Pudding (BP) e-liquid, a representative e-liquid
from this group, caused phospholipase C activation, endoplasmic
reticulum (ER) Ca2� release, store-operated Ca2� entry (SOCE), and
protein kinase C (PKC�) phosphorylation. However, longer expo-
sures to BP e-liquid depleted ER Ca2� stores and inhibited SOCE,
suggesting that this e-liquid may alter Ca2� homeostasis by short- and
long-term mechanisms. Since dysregulation of Ca2� signaling can
cause chronic inflammation, ER stress, and abnormal cell growth,
flavored e-cigarette products that can elicit cell Ca2� responses should
be further screened for potential toxicity.

e-cigarette; ethyl maltol; ethyl vanillin; flavors; nicotine; tobacco;
vanillin

INTRODUCTION

E-cigarettes are electronic nicotine-delivery systems that
utilize a battery-powered coil to heat flavored e-liquids into an
inhalable aerosol. E-liquids are usually composed of a propyl-
ene glycol-vegetable glycerin (PG/VG) base to which nicotine
and a number of individual flavoring chemicals are added to
create flavored e-liquids for purchase. E-cigarette use in ado-
lescent populations has increased over time (4). Interestingly,
the availability of flavors, especially sweet flavors, may con-
tribute to e-cigarette use in youth and young adults (24). There
are �400 different brands/vendors of flavored e-liquids in the
United States alone (25). However, although e-liquids have

been shown to be toxic in vitro, there is little information
regarding underlying cellular mechanisms of toxicity, and
e-cigarette health effects and safety are still widely debated (7,
49). Concern regarding inhalation safety for individual flavor-
ing chemicals stems from cases of chronic diacetyl inhalation
in manufacturing plant workers. Although diacetyl, a buttery
flavor, is “generally recognized as safe” for ingestion, chronic
inhalation can lead to the development of bronchiolitis oblit-
erans or “popcorn lung,” which is scarring and fibrosis of the
airways (30). Interestingly, several recent studies have impli-
cated flavored e-liquids and individual flavoring chemicals, in
addition to PG/VG, in toxicity or alteration of other biological
functions of respiratory cells (8, 22, 48, 50, 56). However,
despite this emerging body of data, how e-liquids can exert
their effects is not well understood.

Pulmonary epithelia are among the first lines of defense
against inhaled toxicants. They serve as a physical barrier and
are integral in coordinating innate defenses. Cellular Ca2�

plays important roles not only in normal lung physiology, but
also in modulating immune cell activation and controlling the
initiation and persistence of inflammation (27, 53). Typically,
cells rely on a number of pumps, receptors, and channels to
control fluctuations in cytosolic Ca2� and sequester it into
organelles to maintain low cytoplasmic Ca2� levels under
basal conditions (13). After activation, a subset of cell surface
G protein-coupled receptors (GPCRs) activates phospholipase
C (PLC) to generate inositol 1,4,5-triphosphate (IP3). The
subsequent stimulation of IP3 receptors triggers endoplasmic
reticulum (ER) Ca2� release, followed by store-operated Ca2�

entry (SOCE) to replenish ER Ca2� stores. SOCE requires the
association of stromal interaction molecule 1 (STIM1) with
Orai1 at ER-plasma membrane junctions; the resulting activa-
tion of Orai1 promotes Ca2� entry (43). The signaling cascade
continues downstream of SOCE to activate kinases such as
protein kinase C (PKC). PKC� is canonically activated down-
stream of both PLC activation (i.e., diacylglycerol formation)
and Ca2� release (29, 57), and its activation in turn can cause
cellular responses such as cell proliferation and apoptosis (36,
61). Inappropriate activation of these Ca2�-signaling pathways
can have profound effects on cell function and survival.

Using high-throughput screening approaches, we previously
studied �200 e-liquids and found that many affected cell
growth (48, 50). Given the number of flavored e-cigarettes that
are commercially available, more information is needed re-
garding their potential cellular effects. Here, we tested the
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effects of commercially available e-liquids for their ability to
alter an important universal cell-signaling pathway that can
modulate cell growth/survival (i.e., cytosolic Ca2�).

METHODS AND MATERIALS

Flavored E-cigarette liquids and aerosol exposure. E-liq-
uids were purchased from The Vapor Girl (www.thevaporgirl.
com) and NJOY (www.njoy.com/e-juice) (Table 1). The com-
position of each liquid, as measured by GC-MS, is shown in
the online supplement (all Supplemental material is available at
https://doi.org/10.15139/S3/UDSIGO). Experiments using the
Banana Pudding e-liquid (BP) were performed from two dif-
ferent lots that were verified for chemical composition by
GC-MS using the methods described below and to ensure
consistency of the cytosolic Ca2� responses. BP with and
without 12 mg/ml nicotine was purchased. In addition to nic-
otine, BP also contained the following chemicals: 4H-pyran-
4-one, 2-ethyl-3-hydroxy- [Chemical Abstracts Service (CAS)
no. 4940-11-8], 5-thiazoleethanol, 4-methyl- (CAS no. 137-00-
8), acetic acid, methyl ester (CAS no. 79-20-9), benzyl alcohol
(CAS no. 100-51-6), ethyl vanillin (CAS no. 121-32-4), glyc-
erin (CAS no. 56-81-5), phenol, 2-methoxy- (CAS no. 90-05-
1), propylene glycol (CAS no. 57-55-6), pyridine, 3-(1-methyl-
2-pyrrolidinyl)-, (S)- (CAS no. 54-11-5), vanillin (CAS no.
121-33-5), and vanillin propylene glycol acetal (CAS no.
68527-74-2). The e-liquid vehicle was advertised as 55:45
PG/VG. Thus a vehicle control was made in our laboratory
using 55:45 PG/VG; both PG and VG were obtained from
Sigma-Aldrich. Nicotine concentrations for each flavored e-
liquid are listed in Table 1. The composition of each liquid, as
measured by GC-MS, is shown in the online supplement.

GC-MS analysis of e-liquids. Qualitative e-liquid analysis
was performed on a GC-triple-quadrupole MS (EVOQ 456GC-
MS, Bruker, Billerica, MA) using a 0.25-mm ID, 0.25-�m-film
capillary column (model DB-5MS, Agilent Technologies,
Santa Clara, CA) and helium carrier gas (99.999% purity), as
described elsewhere (48, 50). Injections (1 �L) were per-
formed using an autosampler (model CP-8400, Bruker) with an
injector temperature of 270°C. The GC oven was programmed
with a 12.5-min temperature gradient (60–250°C), and the
transfer line and electron ionization source were held at 250°C.
Samples were prepared by dilution of 50 �L of e-liquid in 1
mL of methanol (optima grade) and vortexed for 30 s. Full-
scan mass spectra were acquired from m/z 40–500. The Na-
tional Institute for Standards and Technology 2014 mass spec-
tral database (Gaithersburg, MD) and automated mass spectral
deconvolution and identification system chromatography soft-
ware were used to identify compounds.

Chemicals and reagents. PG, VG, DMSO, human placental
type VI collagen, probenecid, thapsigargin, methanol, uridine
triphosphate (UTP), and carbonyl cyanide m-chlorophenyl hy-
drazine (CCCP) were purchased from Sigma-Aldrich; DAPI,
fura 2-AM, fluo 4-AM, rhod 2-AM, and Lipofectamine 2000
from Thermo Fisher; paraformaldehyde (PFA) from Af-
fymetrix; and 2-aminoethoxydiphenyl borate (2-APB) from
Tocris. DAPI, thapsigargin, fura 2-AM, fluo 4-AM, and rhod
2-AM were reconstituted using DMSO and applied to cells in
experiments where the final DMSO concentration was �0.1%.
STIM1 tagged with mCherry on the COOH terminus was
kindly provided by Dr. Ricardo Dolmetsch (39). Orai1 tagged

with yellow fluorescent protein (YFP) on the COOH terminus
was purchased from Addgene (catalog no. 19756) (42).

Cell culture and transfections. Procurement of primary hu-
man bronchial epithelial cells (HBECs) from nonsmoker hu-
man excess donor lungs was approved by the University of
North Carolina Institutional Review Board (protocol 03-139),
as described previously (44). HBECs were grown on glass
coverslips coated with human placental type VI collagen,
cultured in bronchial epithelial growth medium with 5% CO2

at 37°C, and assayed within 1 wk of plating. CALU3 cells were
cultured in minimum essential medium-� with 10% FBS and
penicillin-streptomycin (Gibco) with 5% CO2 at 37°C. CALU3
cells were seeded onto glass coverslips for fura 2 experiments
and 12- or 96-well plastic dishes (Corning) for all other
experiments. HEK-293T cells were cultured in DMEM (high-
glucose) with 10% FBS and penicillin-streptomycin (Gibco)
with 5% CO2 at 37°C. HEK-293T cells were plated onto glass
coverslips for fura 2 and STIM1/Orai1 puncta-imaging exper-
iments. HEK-293T cells were seeded into 12- and 24-well
plastic dishes (Corning) for fluo 4 and total inositol phosphate
activation experiments.

Ca2� signaling. HBECs and CALU3 cells were loaded with
8 �M fura 2-AM in the presence of 1–2.5 mM probenecid for
40 min at 37°C before experiments. HEK-293T cells were
loaded with 5 �M fura 2-AM for 20 min at 37°C before
experiments. All cultures were rinsed with PBS and replaced
with a standard Ringer solution, as described previously (45).
Fura 2 fluorescence intensities were measured every 15 or 30
s using a �40 magnification 1.3-numerical aperture (NA)
oil-immersion objective on a Nikon Ti-S inverted microscope
with alternating excitation at 340 and 380 nm (emission;
excitation �450 nm) using Ludl filter wheels at room temper-
ature. Images were captured with an Orca charge-coupled
device camera (Hammamatsu) and analyzed using HCImage
software. All fura 2 intensities were background-subtracted
and divided to obtain the ratio (i.e., 340-nm signal/380-nm
signal) and then normalized to the starting ratio to yield R/R0

measurements. Thapsigargin was added to cultures at a final
concentration of 2 �M. In some cases, nominally Ca2�-free
Ringer solution was added extracellularly, as described else-
where (45). For experiments in 96-well plates, CALU3 and
HEK-293T cells were loaded with fluo 4-AM, as described for
fura 2. Fluorescence intensities were measured every 15 or 30
s using a Tecan Infinite Pro plate reader (excitation: 490 � 10
nm; emission: 516 � 5 nm) at room temperature. Changes in
fluo 4 fluorescence were normalized to the baseline (F/F0) after
subtraction of background light levels. Traces were plotted to
show F/F0 over time, and the peak change in F/F0 was mea-
sured for each dose and compared between treatments. Thap-
sigargin was added to cultures at a final concentration of 2 �M.
Neat e-liquids were diluted in Ringer solution and exposed to
cells at final concentration (%vol/vol). CALU3 cells were
pretreated with 10 �M CCCP for 1 h at 37°C (see Fig. 5, C and
D). HEK-293T cells were pretreated with 100 �M 2-APB for
1 min before UTP or e-liquid treatment (see Fig. 6D).

Changes in mitochondrial Ca2� were measured in CALU3
cells with or without CCCP pretreatment. Cells were loaded
with 3 �M rhod 2 for 1 h at 37°C, rinsed with PBS, and
incubated in medium for 12–24 h, as described elsewhere (45).
Cultures were rinsed, and medium was replaced with a stan-
dard Ringer solution. Fluorescence intensities were measured
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Table 1. Flavored e-liquids used in the fluo 4 Ca2� screen from Fig. 1

e-Liquid Flavor

Peak Ca2� Response

P Value Vendor Nicotine, mg/mlMean SE

0% e-liquid (control) 1.080 0.06 N/A N/A 0
3% PG/VG (vehicle) 1.372 0.07 �0.9999 Sigma 0
Arctic Tobacco 10.832 0.52 �0.0001 The Vapor Girl 12
Menthol 8.703 0.46 �0.0001 NJOY 10
Hot Cinnamon Candies 6.780 0.69 �0.0001 The Vapor Girl 12
Peach Tea 6.124 0.87 �0.0001 NJOY 10
Cool Mint 3.927 0.36 �0.0001 The Vapor Girl 12
Banana Pudding 3.216 0.37 �0.0001 The Vapor Girl 12
Banana Pudding 3.193 0.22 �0.0001 The Vapor Girl 0
Valkyrie 3.002 0.46 �0.0001 The Vapor Girl 12
Black Coffee 2.710 0.29 �0.0001 The Vapor Girl 12
Biscotti 2.605 0.25 �0.0001 The Vapor Girl 12
Caramel Corn Crunch 2.525 0.14 �0.0001 The Vapor Girl 12
Chocolate Tobacco Heaven 2.350 0.18 �0.0001 The Vapor Girl 12
Candy Corn 2.282 0.12 �0.0001 The Vapor Girl 12
Key Lime Pie 2.182 0.11 �0.0001 The Vapor Girl 12
Caramel Apple 2.172 0.08 �0.0001 The Vapor Girl 12
Captain Suckle 1.994 0.08 0.0003 The Vapor Girl 12
Cheesecake with Graham Cracker 2.086 0.10 0.0004 The Vapor Girl 12
Cinnamon Roll 2.098 0.15 0.0006 The Vapor Girl 12
Strawberry Mango Smoothie 2.180 0.20 0.0007 The Vapor Girl 12
Missed Her Cookie 2.132 0.15 0.0007 The Vapor Girl 12
Chocolate Pecan Fudge 2.118 0.15 0.0007 The Vapor Girl 12
Apple Pie 2.082 0.12 0.0007 The Vapor Girl 12
Candy Cane 1.994 0.03 0.0007 The Vapor Girl 12
Circus Guava 2.128 0.21 0.0008 The Vapor Girl 12
Chocolate Banana 2.074 0.13 0.0009 The Vapor Girl 12
Angel Lust 1.989 0.09 0.0009 The Vapor Girl 12
Tiramisu 1.996 0.10 0.0015 The Vapor Girl 12
Dulce de Leche 1.971 0.11 0.0019 The Vapor Girl 12
Kola 3.226 0.82 0.0027 The Vapor Girl 12
RY4 Doubler 1.960 0.16 0.0048 The Vapor Girl 12
Pumpkin Pie 2.270 0.28 0.0056 The Vapor Girl 12
Chocolate Dipt Raspberry 1.891 0.11 0.0089 The Vapor Girl 12
Double Espresso 1.891 0.17 0.0096 NJOY 10
Honey Vanilla Tobacco 1.854 0.10 0.0155 The Vapor Girl 12
DB’s Dessert 1.818 0.08 0.0180 The Vapor Girl 12
Chocolate Moo 1.949 0.19 0.0184 The Vapor Girl 12
Bavarian Crème Donut 1.801 0.11 0.0336 The Vapor Girl 12
Sweet Potato Pie 1.784 0.08 0.0339 The Vapor Girl 12
Lemon Meringue Pie 1.853 0.15 0.0350 The Vapor Girl 12
Sugar Cookie 1.787 0.10 0.0398 The Vapor Girl 12
Butterscotch 1.784 0.11 0.0461 The Vapor Girl 12
Black Cherry 1.765 0.08 0.0461 The Vapor Girl 12
Marshmallow 1.729 0.07 0.0781 The Vapor Girl 12
Crispy Melon 1.742 0.09 0.0785 The Vapor Girl 12
Strawberry Pop O’Tarts 1.701 0.08 0.1204 The Vapor Girl 12
Vanilla Custard 1.696 0.05 0.1251 The Vapor Girl 12
Chocolate Fudge 1.675 0.07 0.1322 The Vapor Girl 12
Buttery Nipple 1.718 0.12 0.1420 The Vapor Girl 12
Menthol Tobacco 1.911 0.32 0.1727 The Vapor Girl 12
Chai Latte 1.669 0.12 0.2911 The Vapor Girl 12
Bubble Gum 1.691 0.15 0.3984 The Vapor Girl 12
Arctic Raspberry 1.652 0.12 0.4539 The Vapor Girl 12
Blueberry Cinnamon Streusel Muffin 1.647 0.13 0.4544 The Vapor Girl 12
Slug Juice 1.610 0.09 0.5847 The Vapor Girl 12
Pillow Fight 1.596 0.07 0.6791 The Vapor Girl 12
Peach Piano 1.597 0.04 0.6970 The Vapor Girl 12
Root Beer 1.560 0.07 0.9216 The Vapor Girl 12
Cuba Libre 1.564 0.09 �0.9999 The Vapor Girl 12
Black Dragon 1.563 0.09 �0.9999 The Vapor Girl 12
Black Thorn 1.562 0.09 �0.9999 The Vapor Girl 12
Orphan Tears 1.562 0.08 �0.9999 The Vapor Girl 12
Coconut Rum 1.552 0.08 �0.9999 The Vapor Girl 12
Banana 1.527 0.05 �0.9999 The Vapor Girl 12
Chai 1.525 0.10 �0.9999 The Vapor Girl 12
Coconut Water 1.501 0.08 �0.9999 The Vapor Girl 12

Continued
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every 15 or 30 s using a Tecan Infinite Pro plate reader (ex:
550 � 5 nm; em: 580 � 5 nm) at room temperature. Changes
in rhod 2 fluorescence were plotted as peak changes in fluo-
rescence intensity after subtraction of background light levels.

Aerosol exposures. E-cigarette aerosols were generated as
previously described (15, 50). Briefly, we used a Sigelei
FuChai 200-W device with a Crown stainless steel subtank and
a 0.25-	 SUS316 dual coil (Uwell, City of Industry, CA).
Aerosols were generated by activating the e-cigarette device
and drawing the liquid into a 100-mL syringe from the mouth-
piece of the subtank. Based on existing vaping topography (31,
33), we generated 70-mL puffs drawn over 3 s at 100 W. To
directly vape into 96-well plates, we used a three-dimensional
printed manifold, as previously described (15). These mani-
folds were used to simultaneously vape six wells per plate. We
have shown that e-liquids are autofluorescent, and using auto-
fluorescence as an indicator of deposition, we previously found
that our vaping approach in 96-well plates resulted in an even
deposition of e-liquid vapor that was highly reproducible (15).
CALU3 cells were seeded into 96-well plates and loaded with
fluo 4-AM before exposure. Cells were submerged in 100 �L
of Ringer solution per well, and baseline fluorescence was
measured for 1 min before cells were moved to a dark chemical
hood and exposed to 0–25 puffs of air or heated aerosols.
Naïve wells were studied on each plate in parallel and were

covered with silicone strips to avoid unwanted aerosol expo-
sures. After the exposure, plates were returned to the plate
reader, and fluorescence was read over time at 37°C.

Total cell number (DAPI). As an indicator of total cell
number, cultures were fixed with 100% methanol for 10 min at
room temperature, rinsed with PBS, and stained with DAPI
(1:1,000 dilution) for 5–10 min. DAPI fluorescence was mea-
sured using a Tecan Infinite Pro plate reader (ex: 360 � 5 nm;
em: 460 � 5 nm) at room temperature (48).

Measurement of total intracellular inositol phosphate. HEK-
293T cells were cultured in 24-well plates for 6 h before an
18-h incubation with [3H]inositol (4 �Ci/ml; American Radio-
labeled Chemicals, St. Louis, MO) in culture medium. Cells
were then rinsed and incubated in fresh medium (in mM: 115
NaCl, 25 HEPES, 10 glucose, 5 KCl, 1.35 CaCl2, 1 NaH2PO4,
and 0.5 MgSO4) for 2 h at 37°C. LiCl (10 mM) was added to
each culture before the experiment was initiated, and cells were
exposed to buffer only, 200 �M UTP, 3% PG/VG, 3% BP (12
mg/ml nicotine), or 3% BP (0 mg/ml nicotine) for 2 min.
Assays were quenched by aeration of the medium and addition
of 0.4 mL of ice-cold 2 M perchloric acid-0.2 mg/ml inositol
phosphate. Cultures were left on ice for 10 min before the
medium was transferred to microcentrifuge tubes and neutral-
ized with 1 M KCO3 and 40 mM EDTA. Samples were left
overnight at 4°C, and perchlorate precipitate was removed via

Table 1.—Continued

e-Liquid Flavor

Peak Ca2� Response

P Value Vendor Nicotine, mg/mlMean SE

Desert Cow 1.500 0.18 �0.9999 The Vapor Girl 12
Cherry Kola 1.499 0.06 �0.9999 The Vapor Girl 12
RY4 Classic 1.498 0.07 �0.9999 The Vapor Girl 12
Cat Nip 1.477 0.09 �0.9999 The Vapor Girl 12
Clove Cigar 1.470 0.13 �0.9999 The Vapor Girl 12
Bubbly Berry 1.470 0.07 �0.9999 The Vapor Girl 12
Butter Crunch 1.455 0.10 �0.9999 NJOY 10
Alchemy 1.444 0.08 �0.9999 The Vapor Girl 12
Cotton Berry 1.429 0.06 �0.9999 The Vapor Girl 12
French Vanilla Hazelnut Espresso 1.418 0.10 �0.9999 The Vapor Girl 12
Mt. DUDE 1.412 0.04 �0.9999 The Vapor Girl 12
Black and Blue Berries 1.408 0.09 �0.9999 NJOY 10
Kiwi Blast 1.402 0.12 �0.9999 The Vapor Girl 12
Icy Blast 1.397 0.06 �0.9999 The Vapor Girl 12
Strawberries and Champagne 1.389 0.08 �0.9999 The Vapor Girl 12
Single Malt Scotch 1.313 0.06 �0.9999 NJOY 10
Blue Pom 1.279 0.06 �0.9999 The Vapor Girl 12
Watermelon 1.268 0.06 �0.9999 The Vapor Girl 12
Pomegranate 1.266 0.11 �0.9999 NJOY 10
Pixie Dust 1.256 0.08 �0.9999 The Vapor Girl 12
Blue Moo 1.249 0.03 �0.9999 The Vapor Girl 12
Blood Orange 1.247 0.04 �0.9999 NJOY 10
Vanilla Bean 1.238 0.08 �0.9999 NJOY 10
Arctic Strawberry 1.237 0.04 �0.9999 The Vapor Girl 12
Bartlett Pear 1.207 0.03 �0.9999 The Vapor Girl 12
Grape Soda 1.201 0.09 �0.9999 The Vapor Girl 12
Raspberry 1.195 0.05 �0.9999 The Vapor Girl 12
Classic Tobacco 1.192 0.05 �0.9999 NJOY 10
Grape! 1.190 0.03 �0.9999 The Vapor Girl 12
Bahama Mama 1.174 0.04 �0.9999 The Vapor Girl 12
Sour Fruit Punch 1.149 0.05 �0.9999 The Vapor Girl 12
Black Peppercorn 1.134 0.05 �0.9999 The Vapor Girl 12
Captain Zach Cigar 1.098 0.06 �0.9999 The Vapor Girl 0
Cranberry Crunch 1.074 0.04 �0.9999 The Vapor Girl 12
Cranberry Delight 1.058 0.03 �0.9999 The Vapor Girl 12

PG/VG, polyethylene glycol-vegetable glycerin.
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centrifugation. Gravity-fed ion-exchange chromatography was
used to separate [3H]inositol (Ins) from the total fraction of
[3H]inositol-labeled inositol phosphates (“InsP”: i.e., InsP1 �
InsP2 � InsP3 � InsP4) (54). Data were calculated as 1,000 �
(InsP/Ins) and then transformed to percent activation at 2 min
for each experiment

%activation �

experimental value � average PG/VG value

average PG/VG value
*100

E-liquid internalization imaging. CALU3 cells were plated
onto glass coverslips. Medium was rinsed and replaced with
Ringer solution before imaging. All imaging was conducted on
a Leica SP8 confocal microscope with a �63 magnification 1.4
NA oil-immersion objective. Bright-field and fluorescence (ex:
405 nm; em: 460 nm) images were taken before and after cells
were exposed to BP.

STIM1 and Orai1 puncta quantification. HEK-293T cells
were plated onto glass coverslips and transfected with Orai1-
YFP and STIM1-mCherry using Lipofectamine 2000 accord-
ing to the manufacturer’s protocol, as described previously
(55). Cells expressing STIM1-mCherry or Orai1-YFP were
treated with 0% BP (medium), 3% PG/VG, 2 �M thapsigargin,
3% BP (0 mg/ml nicotine), or 3% BP (12 mg/ml nicotine) for
5–10 min. Cells were fixed with 4% PFA for 10 min after
treatment and rinsed with PBS before imaging. All puncta
imaging was conducted on a Leica SP8 confocal microscope
with a �63 magnification 1.4 NA oil-immersion objective.
Multiple images were taken per coverslip from different parts
of the coverslip, and �12 transfected cells were visually
analyzed for the percentage of puncta-positive cells per cov-
erslip.

Immunoblots. Rabbit anti-phosphorylated PKC� and anti-
PKC� (both diluted 1:1,000) were purchased from Abcam,
mouse anti-GAPDH (diluted 1:1,000) from Santa Cruz Bio-
technology, and peroxidase-conjugated rabbit or mouse (both
diluted 1:3,000) from Jackson ImmunoResearch. CALU3 cells
were plated in 60-mm dishes and exposed to 3% BP (12 mg/ml
nicotine) for 0–60 min. Cells were lysed in modified Pierce
immunoprecipitation lysis buffer with 25 mM Tris·HCl (pH
7.4), 150 mM NaCl, 1% NP-40, and 1 mM EDTA and
supplemented with 1� proteinase inhibitor cocktail and 1�
phosphatase inhibitor cocktail (Roche) to detect protein expres-
sion from total cell lysates. Lysates were processed by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis and immu-

noblotting.
Heatmap of peak cytosolic Ca2� screen. Peak cytosolic

Ca2� responses of 100 flavored e-liquids were measured and

compared with the 0% e-liquid control. Statistically significant

responses (P � 0.05) were log2-transformed, and a heatmap

was generated using Morpheus software (Broad Institute).
E-liquid chemical constituent analysis from cytosolic Ca2�

screen. A Random Forest classification model using R version
3.4.1 was used to predict whether significant cytosolic Ca2�

responses in cell cultures could be determined using qualitative
GC-MS chemical constituent presence/absence data, as well as
the sum of all chemicals within each e-liquid, as input features.
The model (n 
 100) used a randomly sampled training set
(70%) in which the remaining data were used as a test set using
10,001 decision trees. The mtry parameter was determined by
using the lowest out-of-bag error rate resulting from tuneRF

with stepFactor 
 0.85, ntreeTry 
 10,001, improve 
 0.005.
The Random Forest models were repeated using 10 seeds.

Statistical analyses. Unless noted, all statistics were per-
formed using Prism GraphPad software (San Diego, CA). All
data were shown as means � SE. Data were analyzed using the
Kruskal-Wallis test with Dunn’s multiple-comparisons test or
the Mann-Whitney test as appropriate. P � 0.05 was judged as
significant. All experiments were performed on at least three
separate occasions. HBECs were cultured from three or more
normal, nonsmoker donors. We used the Random Forest model
in the “mobForest” package for R software to compare indi-
vidual e-liquid chemical components vs. the effect of each
e-liquid on cytoplasmic Ca2� (21). The Mean Decrease in
Gini, which is an indicator of a variable’s importance for
estimating a target variable, was used to assess data quality in
the Random Forest model. The Mean Decrease in Gini was
defined as the mean of a variable’s total decrease in node
impurity, weighted by the proportion of samples reaching that
node in each individual decision tree in the Random Forest
model.

RESULTS

Acute e-liquid addition elicits cytosolic Ca2� responses in
CALU3 cells. Since Ca2� is an important intracellular second
messenger, we screened 100 flavored e-liquids from local and
national vendors to see if they could affect cytoplasmic Ca2�

levels. We cultured CALU-3 cells in 96-well plates for 24 h,
loaded them with the Ca2�-sensitive dye fluo 4, and acutely
exposed them to e-liquids. We found that 42 of 100 flavored
e-liquids elicited a significant increase in cytosolic Ca2� com-
pared with the 0% e-liquid control (Fig. 1A). We previously
analyzed �200 e-liquids by GC-MS (48, 50), and the chemical
composition data are accessible online at www.eliquidinfo.org.
To better understand why a diverse number of e-liquids might
be able to elicit a cytosolic Ca2� signal, these data were used
to compare e-liquids for chemical composition relative to their
cytosolic Ca2� response. We used a model-based recursive
partitioning method to make predictions based on these param-
eters using the Random Forest model (21). According to this
approach, the average accuracy of correctly classified e-liquids
was 75%, suggesting that qualitative constituent data may be
able to predict cytosolic Ca2� signaling (Fig. 1B). Using the
Random Forest model, the Mean Decrease in the Gini Index is
used to measure the degree to which the predictive variables (in
this case, e-liquid chemical composition) can predict the out-
come (i.e., changes in Ca2�). The total number of chemicals in
each e-liquid had the highest Mean Decrease in the Gini Index,
suggesting that the more chemicals in an e-liquid, the more
likely it was to elicit a Ca2� response (Fig. 1B). However, ethyl
vanillin (CAS no. 121-32-4), ethyl maltol (CAS no. 4940-11-
8), and vanillin (CAS no. 121-33-5) also showed high Mean
Decreases in the Gini Index and were also considered to be
major variables in classification (Fig. 1B).

BP acutely elevates cytosolic Ca2� in multiple cell types.
We previously showed that BP inhibited cell growth (48).
Since BP elicited an increase in Ca2� (Fig. 1A, Table 1) and
also contained ethyl vanillin, ethyl maltol, and vanillin, we
chose it as a representative e-liquid for more detailed study.
We loaded cells with a cytosolic Ca2� indicator (fura 2 or fluo
4) and exposed them to BP diluted in Ringer solution. We
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found an increase in cytosolic Ca2� in primary HBECs,
CALU3 cells, and HEK-293T cells after BP addition (Fig. 2,
A–C). An additional 3% PG/VG vehicle control run in CALU3
and HEK-293T cells did not elicit a response. Peak responses
to each treatment per cell type were compared (Fig. 2D).
Thapsigargin is a sarco/endoplasmic reticulum Ca2�-ATPase
(SERCA) pump inhibitor that depletes ER stores to activate
SOCE (34). Addition of 3% BP diminished the response to
thapsigargin, suggesting that BP caused ER Ca2� release (Fig.
2, A–D). BP used in Fig. 2, A–D, contained 12 mg/ml nicotine.
To control for the potential effects of nicotine, a separate BP

that contained 0 mg/ml nicotine was purchased. CALU3 cul-
tures were treated with 3% BP with or without 12 mg/ml
nicotine, and the cytosolic Ca2� responses were measured over
time. The changes in fluo 4 fluorescence are shown in Fig. 2E
for BP with 12 mg/ml nicotine and in Fig. 2F for BP without
nicotine. BP caused a peak fluo 4 response that was not
affected by nicotine or by washout (Fig. 2G). In contrast, the
plateau phase was diminished in the absence of nicotine (Fig.
2H). Moreover, only BP that contained 12 mg/ml nicotine was
affected by the washout protocol (Fig. 2H), suggesting that
nicotine contributed to the plateau, but not the peak, phase.

Fig. 1. Multiple flavored e-liquids elevate cy-
tosolic Ca2� levels. CALU3 cells were seeded
into 96-well plates and loaded with fluo 4.
Cells were challenged with 3% flavored e-liq-
uids, and peak Ca2� responses were com-
pared. Peak Ca2� responses are shown in the
heatmap and reported in Table 1. A: all signif-
icant responses (n 
 42) were log2-trans-
formed and plotted on a heatmap (n 
 7–12
wells per treatment). Doses were compared
with their 0% e-liquid controls. F/F0, fluores-
cence ratio. B: heatmap showing the top-28
factors/chemicals’ Mean Decrease in Gini In-
dex, as a measure of a variable’s importance
for estimating a target variable, averaged
across 10 Random Forest classifiers (n 
 100).
Mean change in fluo 4 fluorescence, as well as
vendor information for each e-liquid, is shown
in Table 1, and the composition of each e-liq-
uid can be found in the online supplement
https://doi.org/10.15139/S3/UDSIGO.
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Fig. 2. Banana Pudding e-liquid (BP) acutely elevates cytoplasmic Ca2� in primary and immortalized epithelia. Primary human bronchial epithelial cells
(HBECs), CALU3 cells, and HEK-293T cells were plated on glass coverslips and loaded with the Ca2� indicator fura 2. Cells were challenged acutely with BP
with or without nicotine or with the e-liquid vehicle polyethylene glycol-vegetable glycerin (PG/VG) diluted in Ringer solution followed by thapsigargin. A–C:
Ca2� signals were measured over time and reported as change in fluorescence relative to baseline (R/R0). D: peak changes for each cell type in response to
treatments. Additional CALU3 cells were loaded with the Ca2� dye fluo 4. E and F: cells were exposed to BP with or without 12 mg/ml nicotine diluted in Ringer
solution, and change in fluorescence was measured over time. For BP with nicotine only (�), e-liquid was washed out (blue line). G and H: peak and plateau
changes for each treatment measured at 1.5 and 25 min posttreatment respectively. Black bars, e-liquid present; blue bars, e-liquid washed out. Values are
means � SE; n 
 4–11 coverslips per treatment (A–D) and 8–13 wells per treatment (E and F). *P � 0.05, **P � 0.01, ***P � 0.001 vs. control.
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Vaped BP also elicits an acute cytosolic Ca2� response.
Since we found increases in cytosolic Ca2� following direct
BP exposure, we sought to determine whether aerosolized BP
would also increase cytosolic Ca2�. We loaded CALU3 cells
with fluo 4 and measured cytosolic Ca2� responses following
exposure to BP aerosol. We elected to expose cells to 5–25
puffs, which was on the lower end, but still representative, of
real-world vaping sessions in humans (23). Neither puffs of air
nor PG/VG (vehicle) elicited a change in cytosolic Ca2� (Fig.
3, A and B). In contrast, addition of thapsigargin elevated Ca2�,
suggesting that the cells were responsive to stimuli. However,
exposure to 5–25 puffs of BP aerosol elicited robust and
persistent increases in cytosolic Ca2� and diminished the
thapsigargin response, indicating that the ability of BP to affect
thapsigargin-sensitive stores was maintained when cells were
exposed to BP as an aerosol (Fig. 3, C and D).

Thapsigargin-induced Ca2� release is diminished following
BP exposure. Since BP dose dependently elicited acute in-
creases in cytosolic Ca2�, we next tested whether these effects
persisted over time. Accordingly, we incubated CALU3 cells
with 3% BP or PG/VG for 3 or 24 h and then measured the

thapsigargin-stimulated Ca2� response. After both 3 and 24 h
of exposure to 3% BP, the response to thapsigargin was
significantly attenuated. In contrast, 3 or 24 h of exposure to
the PG/VG vehicle did not affect the thapsigargin response
(Fig. 4, A and B). Some e-liquids are cytotoxic and decrease the
number of cells in culture (48). To check whether prolonged
BP exposure was cytotoxic, we stained cell nuclei with DAPI
and measured the resultant fluorescence using a multiplate
reader. Total DAPI fluorescence was not different across
groups, indicating that chronic BP exposure did not decrease
total cell number (Fig. 4C). We then performed a 24-h
washout with culture medium to test whether the thapsi-
gargin response could be restored after chronic BP expo-
sure. Indeed, the thapsigargin response was restored follow-
ing washout (Fig. 4, D and E), and there was no decrease in
DAPI staining with BP or PG/VG cultures compared with
the vehicle control (Fig. 4F).

BP induces ER Ca2� release/SOCE and does not involve
mitochondrial Ca2�. Ca2� is sequestered into multiple intra-
cellular stores, including the ER, to maintain low Ca2� levels
under basal conditions (18). Since cultures did not respond to

Fig. 3. Banana Pudding (BP) aerosol elicits acute, but persistent, increases in cytoplasmic Ca2� in airway epithelia. CALU3 cells were seeded in 96-well plates.
Cells were loaded with the Ca2� indicator fluo 4, and medium was replaced with Ringer solution before baseline fluorescence was measured. A–C: cultures were
exposed to puffs of air, polyethylene glycol-vegetable glycerin (PG/VG) aerosol, or BP aerosol. After puffs were administered, fluorescence was read at timed intervals
following aerosol exposure and thapsigargin addition, and changes in fluorescence (F/F0) were plotted over time. Both PG/VG (vehicle) and air puff exposures were
performed as controls. D: peak changes in fluorescence over time. Values are means � SE; n 
 17–30 wells per treatment. **P � 0.01, ***P � 0.001 vs. control.
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Fig. 4. Pretreatment with Banana Pudding e-liquid (BP) attenuates thapsigargin-induced Ca2� release. CALU3 cells were seeded into 96-well plates and then
exposed to 0–3% BP or polyethylene glycol-vegetable glycerin (PG/VG) for 3–24 h. Where indicated, these treatments were washed out and replaced with fresh
medium. Cells were then loaded with the Ca2� indicator fluo 4, and medium was replaced with Ringer solution before the cytosolic Ca2� response to thapsigargin
was measured. A: mean fluo 4 responses to thapsigargin over time after exposure to Ringer solution (0 BP), BP (3 h), BP (24 h), PG/VG (3 h), and PG/VG (24
h). F/F0, fluorescence ratio. B: mean peak thapsigargin-induced fluo 4 responses from A. C: mean DAPI fluorescence after Ca2� measurements in cells from A

and B that were fixed and stained with DAPI. AFU, arbitrary fluorescence units. D: mean fluo 4 responses to thapsigargin over time after exposure to Ringer
solution (0 BP), BP (3 h) � 24-h washout, or PG/VG (3 h) � 24-h washout. E: mean peak thapsigargin-induced fluo 4 responses taken from C. F: mean DAPI
fluorescence obtained after Ca2� measurements in cells from A and B that were fixed and stained with DAPI. Values are means � SE; n 
 13–33 wells per
treatment. ***P � 0.001 vs. control. For E and F, no differences were found between groups compared with 0% BP/vehicle.
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thapsigargin after BP exposure, we tested whether this effect
was dependent on the ER/SOCE pathway. We performed Ca2�

replacement studies to measure cytosolic Ca2�: cells were
placed in Ca2�-free Ringer solution; then, after ER Ca2� was
depleted, 2 mM Ca2� was added extracellularly. After this
protocol, thapsigargin caused a small peak due to ER Ca2�

release that was followed by a second, larger SOCE response
when Ca2� was restored extracellularly (Fig. 5A). Addition of
3% BP (12 mg/ml nicotine) elicited a similar peak in nominal
Ca2�-free solution and a second larger peak in the presence of
extracellular Ca2� solution that was thapsigargin-insensitive (Fig.
5A). Moreover, pretreatment of cells with thapsigargin abolished
the 3% BP Ca2� response (Fig. 5B). Together, these data suggest
that BP activated a classic ER-dependent SOCE response. The
mitochondria are also a significant store of intracellular Ca2� (41).
To test for the contributions of mitochondria to the BP Ca2�

response, we pretreated cells with CCCP, which caused mitochon-
drial Ca2� depletion. In CALU3 cells, CCCP pretreatment did not
alter the cytosolic Ca2� response to BP (Fig. 5C). Additionally,

we loaded CALU3 cells with the mitochondrial Ca2� indicator

rhod 2 to directly measure mitochondrial Ca2� stores. There was
no significant difference in rhod 2 fluorescence following 3% BP
or PG/VG compared with vehicle (Fig. 5D). As a positive control
and to confirm that we were measuring mitochondrial Ca2�, we
added the mitochondrial uncoupler CCCP. This compound dimin-
ished rhod 2 mitochondrial Ca2� levels, and BP had no additional
effect in the presence of CCCP (Fig. 5D).

BP induces inositol phosphate formation. Since we found
that BP caused ER Ca2� depletion/SOCE, we next sought to
identify the underlying mechanism. We previously reported
that e-liquids are autofluorescent, especially in the UV excita-
tion range (15). BP was one of the least autofluorescent
e-liquids tested in this study and, at the settings used on the
epifluorescence microscope and plate reader, did not interfere
with the fura 2 or fluo 4 experiments, since it was significantly
less bright than either of these dyes. However, BP autofluo-
rescence could be visualized by confocal microscopy at high
(405-nm) laser intensities and high photomultiplier tube gain

Fig. 5. Ca2� responses to Banana Pudding e-liquid (BP) are endoplasmic reticulum (ER)- and store-operated Ca2� entry (SOCE)-dependent and do not involve
mitochondrial Ca2�. A and B: CALU3 cells were seeded onto glass coverslips and loaded with fura 2. A: cells were challenged with BP or polyethylene
glycol-vegetable glycerin (PG/VG) diluted in Ringer solution containing nominal (0 mM) or 2 mM Ca2�. Ca2� signal was measured over time and reported as
a trace or the peak fluorescence change in response to treatments. B: cells were challenged with thapsigargin followed by 3% BP. C: CALU3 cells were plated
onto 12-well dishes, loaded with fluo 4, and pretreated with or without carbonyl cyanide m-chlorophenyl hydrazine (CCCP) before they were exposed to BP or
PG/VG diluted in Ringer solution followed by thapsigargin. F/F0, fluorescence ratio. D: CALU3 cells were plated onto 12-well dishes, loaded with the
mitochondrial Ca2� indicator rhod 2, and pretreated with or without CCCP before they were exposed to BP or PG/VG diluted in Ringer solution. Peak changes
in mitochondrial Ca2� in response to treatments were plotted. AFU, arbitrary fluorescence units. Values are means � SE; n 
 5–6 coverslips per treatment (A
and B) and 7–15 wells per treatment (C and D). ***P � 0.001 vs. control or � CCCP; NS, not significant.
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settings. Therefore, we used this property to test whether BP
could enter CALU3 cells in an effort to understand how BP
exerted its effects. After addition of 3% BP, confocal micros-
copy rapidly (�30 s) detected concentrated autofluorescence
inside the cells (Fig. 6A). Activation of PLC by Gq leads to
cleavage of phosphatidylinositol 4,5-biphosphate (PIP2) and
causes Ca2� release after activating the ER’s IP3 receptors. We
measured cytosolic Ca2� levels in the presence/absence of the
Gq inhibitor YM-254890 (Fig. 6B). UTP is a purinergic recep-
tor agonist that also activates Gq/PLC, and the UTP response
was attenuated by YM-254890 (Fig. 6B). Interestingly, YM-
254890 did not inhibit the BP response. To determine whether
BP activates PLC, total inositol phosphate accumulation was
measured following a 2-min exposure to PG/VG, buffer con-
trol, UTP (positive control), or BP with or without 12 mg/ml
nicotine. BP significantly increased total inositol phosphate
production (percent activation) compared with PG/VG inde-
pendently of nicotine (Fig. 6C). Again, the response was

similar to that seen with UTP, which also induces PLC acti-
vation following activation of the P2Y2 receptor (16). Since we
observed BP-induced PLC activation and subsequent inositol
phosphate accumulation, we next exposed HEK-293T cells to
the IP3 receptor antagonist 2-APB (37) to test the involvement
of IP3 formation in eliciting the BP Ca2� response. Represen-
tative responses of cytosolic Ca2� to addition of UTP or BP in
the presence or absence of 2-APB are shown in Fig. 6D. Both
UTP and BP significantly elevated cytosolic Ca2� compared
with vehicle, and 2-APB pretreatment significantly attenuated
both responses (Fig. 6D).

BP induces STIM1/Orai1 puncta formation (SOCE) and
PKC� phosphorylation. IP3-dependent ER Ca2� release causes
aggregation and relocation of the ER membrane protein STIM1
into discrete puncta at the ER-plasma membrane junction,
which activates Orai1 and is required for subsequent plasma
membrane Ca2� influx (32, 42). Accordingly, we transfected
HEK-293T cells with STIM1-mCherry or Orai1-YFP and

Fig. 6. Banana Pudding e-liquid (BP) activates phospholipase C. A: CALU3 cells were imaged by confocal microscopy before (Ai) and 30 s after (Aii) addition
of 3% BP to measure intracellular BP accumulation (yellow). Bright-field images (gray) are shown for comparison. B: change in fluo 4 fluorescence (F/F0) in
HEK-293T cells. Cells were treated with 10 �M YM-254890 and then with either 100 �M UTP or 1% BP (n 
 9–12 replicates per group). C: HEK-293T cells
seeded on 24-well plates were incubated with [3H]inositol and exposed to 200 �M UTP or 1% BP or polyethylene glycol-vegetable glycerin (PG/VG) for 2 min,
and total intracellular inositol phosphate was collected, measured, and plotted as percent activation normalized to 1% PG/VG control. D: change in fluo 4
fluorescence in HEK-293T cells. Cells were treated with 100 �M 2-aminoethoxydiphenyl borate (2-APB) followed by either 100 �M UTP or 1% BP. Values
are means � SE. *P � 0.05, **P � 0.01, ***P � 0.001 vs. vehicle. ##P � 0.05, ###P � 0.001 � UTP or BP.
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looked for the puncta formation of these proteins following BP
exposure. Transfected cells were treated with 0% BP, thapsi-
gargin, 3% PG/VG, or 3% BP with or without 12 mg/ml
nicotine, and both STIM1-mCherry and Orai1-YFP were im-
aged by confocal microscopy (Fig. 7A). 3% BP significantly
increased both STIM1 and Orai1 puncta formation to a degree
similar to thapsigargin, independent of the presence of nicotine
(Fig. 7, B and C). Downstream of ER/SOCE activation, Ca2�

alters the phosphorylation of key protein kinases, which further
impacts cell function, including gene expression and protein
translation (17, 19). For example, PKC� is canonically acti-
vated downstream of IP3 formation and Ca2� signaling and
plays a role in many biological functions (e.g., cell prolifera-
tion) (36, 57, 61). We tested whether BP could induce phos-
phorylation of PKC�. Respective Western blots for phosphor-
ylated PKC�, total PKC�, and GAPDH were generated from
CALU3 cells treated with 3% BP (12 mg/ml nicotine) over
time (Fig. 7D). There was a significant increase in PKC�
phosphorylation over time, indicating that BP e-liquid has the
ability not only to induce SOCE, but also to phosphorylate
important downstream protein kinases (Fig. 7E).

DISCUSSION

The major conclusion from this study was that multiple
e-liquids affect cell Ca2� homeostasis in a largely nicotine-
independent manner. Indeed, we found that 42 of 100 e-liquids
elicited a significant Ca2� response (Fig. 1A, Table 1). Using
the Random Forest model, which compares predictive vari-
ables with actual variables (in this case, the change in cyto-
plasmic Ca2�), we found that the more chemicals that an
e-liquid contained, the more likely it was to affect Ca2�

signaling (Fig. 1B). We previously found that the total number
of chemicals in an e-liquid correlated with increased cytotox-
icity, suggesting that e-liquids containing more chemicals
should be prioritized for future toxicity testing and considered
for regulation by the US Food and Drug Administration and
other regulatory bodies (50). More specifically, the top-three
compounds associated with changes in cytosolic Ca2� were
ethyl vanillin, vanillin, and ethyl maltol (Fig. 1B), all of which
have been commonly found in e-liquids and have the potential
to affect cell function (22, 26, 48, 50, 56, 60). Interestingly,
ethyl vanillin has been shown to induce IP3 formation in
isolated odorant cilia (51), suggesting that it may affect Ca2�

signaling by stimulating PLC. Vanillin is a common flavor that
is used in foods. However, while the gastrointestinal tract has
a high luminal volume, the airways are surrounded by an
extremely thin film of liquid that has a total volume of ~3 mL
for the entire lung, and the inhaled concentrations of vanillin
and other flavors to which pulmonary cells are exposed may be
far greater than the exposure after oral ingestion, potentially
leading to a greater cell response. In our analysis, we were able
to correctly classify ~75% of the data set. However, the
GC-MS data that we used are strictly qualitative and only
indicate the presence/absence of a detected chemical, but not
its concentration. Thus the model could be improved by deter-
mining the concentrations of e-liquid chemical constituents.
Unfortunately, accurate determination of chemical concentra-
tion by GC-MS relies on the availability of standard materials
and is labor-intensive, especially when considering the ever-
growing number of available e-liquids.

We previously found that cigarette smoke exposure elicited
robust Ca2� responses in primary HBECs, as well as in the
CALU3 airway cell line and HEK-293T cells (45). Therefore,
we tested the ability of a representative e-liquid, BP, to acutely
stimulate Ca2� release in these three cell types. Importantly,
the BP Ca2� response was also robust and was seen with direct
e-liquid and aerosol addition (Figs. 1–3). Interestingly, while
direct e-liquid addition resulted in a typical Ca2� response of
transient peak vs. plateau (Figs. 1 and 2), aerosol-induced
e-liquid addition gave a more sustained response (Fig. 3).
Multiple lines of evidence suggest that BP elicited a classic
ER/SOCE-type response. 1) Pretreatment with BP abolished
the effects of the SERCA pump inhibitor thapsigargin (Fig. 4,
A–D), and vice versa (Fig. 5B). 2) BP still elevated cytoplasmic
Ca2� in the absence of extracellular Ca2�, and cytosolic Ca2�

increased when extracellular Ca2� was reintroduced (Fig. 5A).
3) No change in Ca2� was detected when cells were labeled
with the mitochondrial dye rhod 2 (Fig. 5, C and D). 4) BP
exposure caused STIM1 and Orai1 to reorganize into puncta
(Fig. 7A–C), which is indicative of their activation. Here, the
effects on STIM1/Orai1 reprised those seen with thapsigargin
and were independent of nicotine and PG/VG. Interestingly,
cigarette smoke exposure induced a lysosomal Ca2� response
that was thapsigargin-insensitive (45), indicating that the cel-
lular response to cigarette smoke differs greatly from the
cellular response to e-cigarette vapor. Similarly, the proteomic
studies of human bronchial epithelia and airway secretions
yield markedly differing results from smokers vs. vapers (23,
46). If we are indeed observing a different and/or novel
response in vapers’ airways, the long-term health effects of
vaping may be less akin to those in tobacco smokers and/or
more difficult to predict.

That we observed a Ca2� response after direct e-liquid
addition and after vaping suggested that this response was due
to the actual e-liquid constituents, and not to metabolites
formed by thermal degradation during the vaping process
(Figs. 2 and 3). However, the sustained Ca2� response to
aerosol exposure suggested that we may have been seeing
apoptosis under these conditions. Apoptosis has been detected
in e-liquid-exposed alveolar cells and macrophages (6, 52), and
apoptosis is concomitant with a sustained Ca2� response (40).
Alternatively, it may be that a much lower concentration of
e-liquid constituents is seen with each aerosol puff than when
the e-liquid is added directly. Thus the lower level of exposure
by aerosol may lead to a more constant, but smaller, increase
in Ca2� release without inducing desensitization, allowing for
a more persistent signal. We previously observed a lack of
Ca2� desensitization when airway epithelia were exposed to
phasic shear stress. Shear stress releases extremely low (nano-
molar) levels of ATP into the mucosal compartment that are
sufficient to stimulate a Ca2� signal without desensitization
(59). Understanding whether e-liquids can induce SOCE
and/or apoptosis, depending on the dose and delivery method,
will be critical in understanding the potential health impact of
vaping. Unfortunately, real-world vaping patterns vary greatly,
driven in part by the wide variety of e-liquids, nicotine con-
centrations, and devices that are commercially available. For
example, in a recent study of vapers, we found that the average
number of puffs per day varied from 7 to 265, depending on the
subject (23). For our studies, we chose to administer 5–25
puffs, which was on the lower end of real-world vaping. Given
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Fig. 7. Exposure to Banana Pudding e-liquid (BP) induces stromal interaction molecule 1 (STIM1)/Orai1 puncta formation and protein kinase C� (PKC�)
phosphorylation. A–C: transfected HEK-293T cells were exposed to 0% BP (medium only), 3% polyethylene glycol-vegetable glycerin (PG/VG), thapsigargin,
or 3% BP with or without 12 mg/ml nicotine for 5–10 min. Cells were fixed and imaged, and percentage of puncta-positive cells was measured for
STIM1-mCherry and Orai1-yellow fluorescent protein (YFP). Scale bar 
 25 �m. D and E: CALU3 cells were seeded into 60-mm dishes and treated with 3%
BP diluted in medium for 0–60 min. Protein lysates were collected, and immunoblots were performed for phosphorylated PKC� (p-PKC�), total PKC�, and
GAPDH (loading control). Representative blots of all proteins with treatment are shown. Band intensities were measured, and the ratio of p-PKC� to GAPDH
was plotted. Values are means � SE; n 
 4–9 coverslips per treatment (B and C) and 6 blots per time point (E). *P � 0.05, **P � 0.01, ***P � 0.001 vs.
0% BP control or 0-min time point.

L238 FLAVORED e-LIQUIDS AND Ca2� SIGNALING

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00123.2019 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung (106.051.226.007) on August 9, 2022.



that we waited 30 s between each puff, we believed that this
was an achievable protocol. However, further cellular studies
are needed to understand the implications of these doses and to
better understand the relative acute vs. chronic effects of
vaping.

To date, no other study has shown the ability of e-liquids to
stimulate ER Ca2� release/SOCE. IP3-dependent oscillations
in the cytoplasmic Ca2� signal have been described in airway
epithelia and in other cells (11, 38). These repetitive cytoplas-
mic Ca2� transients may indicate digital signaling (10). We
previously showed that tobacco smoke-induced Ca2� re-
sponses are relatively slow-changing, but persistent, signals
(45). Therefore, in our studies we sampled fura 2 and fluo 4
fluorescence every 30 s to avoid dye photobleaching over
extended measurement periods. However, a limitation of our
approach is that we may have missed rapid changes in the Ca2�

signal, including Ca2� transients and/or oscillations. Thus,
further studies are required to fully understand whether e-liq-
uids such as BP can induce Ca2� oscillations.

Bitter and sweet taste receptors are GPCRs that are ex-
pressed not only in olfactory tissues, but also in the airways (2).
We initially hypothesized that taste receptors might be acti-
vated by e-liquids, since e-liquids often contain sweet flavors
to mask the bitter taste of nicotine. Using quantitative PCR
analysis, we found little or no expression of several taste
receptor isoforms or their associated G protein (G�-gustducin)
in HBECs, CALU3 cells, or HEK-293T cells (data not shown),
suggesting that this effect was not taste receptor-mediated.
However, it is possible that other, as-yet-unidentified GPCRs
were activated directly by components of BP and other e-liq-
uids. We previously showed that the autofluorescent e-liquid
Pixie Dust can rapidly enter HEK-293T cells and polarized
airway epithelia (23). Similarly, BP rapidly entered CALU3
cells (Fig. 6A) and, rather than stimulate a GPCR, may have
intracellularly activated Gq or PLC. Indeed, we found that the
Gq antagonist YM-254890 was not able to inhibit the BP-
induced Ca2� response, although it did inhibit the UTP re-
sponse (Fig. 6B). PLC is an enzyme that is associated with the
inner face of the plasma membrane that cleaves phospholipids
such as PIP2 to form IP3 (9), and our data indicate that BP
activated PLC/induced inositol phosphate formation that was
1) PG-, VG-, and nicotine-independent and 2) equal in mag-
nitude to inositol phosphate formation induced by UTP (Fig.
6C). Interestingly, PLC can be directly activated by small
molecules. For example, N-(3-trifluoromethylphenyl)-2,4,6-
trimethylbenzenesulfonamide acutely activates PLC, leading to
increases in cytosolic Ca2�, independent of Gq stimulation (5).
Further experiments are needed to better understand the effect
of BP and similar flavors on Gq/PLC-mediated cell signaling
and to determine which component of this pathway they
activate. However, consistent with these observations, the IP3

receptor antagonist 2-APB abolished both UTP- and BP-in-
duced increases in cytosolic Ca2� (Fig. 6D). 2-APB can also
affect transient receptor potential (TRP) channels (35). How-
ever, given that this was an ER-dependent Ca2� response, it is
unlikely that we were observing TRP channel-mediated effects
(see below).

Other common flavors can activate TRP channels. For ex-
ample, menthol was found in two flavors that also increased
cytoplasmic Ca2� (i.e., Arctic Tobacco and Menthol) (Fig. 1A,
Table 1) and was in our list of 27 chemicals associated with

changes in cytoplasmic Ca2� (Fig. 1B). Thus, while it is likely

that menthol in the Menthol and Arctic Tobacco flavors acti-

vated TRP channels to increase cytosolic Ca2�, since BP

stimulated ER Ca2� release in the absence of extracellular

Ca2� (Fig. 5A), it acts, at least in part, independently of TRP

channels. The BP Ca2� response was also nicotine-indepen-

dent, but its duration was increased when nicotine was present

(Fig. 2, E–H). We previously measured the Ca2� response to

nicotine in CALU3 cells. In this cell line, CHRNA5 is the only

nicotinic acetylcholine receptor to be expressed, and the nico-

tine EC50 to elicit a response was ~6 mM (48), suggesting that

this is a nonspecific response to high levels of nicotine. Nev-

ertheless, a dose of this magnitude has pathological relevance

during inhalation, given that levels of nicotine can exceed 100

mM in e-liquids.

Activation of PLC and subsequent IP3 formation/Ca2� sig-

naling constitute a normal physiological response to Gq-linked

GPCR stimulation (9, 16). However, in the healthy lung, this

response typically occurs after exposure to relatively low levels

of agonist. For example, the purine nucleotide ATP, which

activates Gq-linked P2Y receptors, is typically present at sub-

micromolar levels in lung lining fluid, even though it can show

effects at up to 100 �M pharmacologically (58). Thus, chronic

activation of PLC by BP or similarly flavored e-liquids that

contain high levels of agonists may have the potential to trigger

aberrant downstream responses. For example, Ca2�-sensitive

transcription factors may be activated, or there may be Ca2�-

mediated activation of cell division, cell growth and apoptosis,

or ER stress caused by chronic depletion of ER Ca2�, which

can lead to an unfolded protein response, cell apoptosis,

or chronic inflammation (20, 47). Furthermore, increased

MUC5AC mucin and protease levels and NETosis have been

observed in vapers’ sputum (46). Interestingly, all these pro-

cesses can be Ca2�-dependent (1, 14, 28), and it is possible that

e-liquid/vape-induced elevations in cytosolic Ca2� contribute

to the increased secretion of proteases, mucins, and NETosis.

Increased secretions of mucins and other macromolecules have

been proposed as potential biomarkers of harm in the airways

(3, 12).

The study of e-cigarettes is relatively new, although we

acknowledge that the study of flavors, many of which are

aldehydes that can form adducts with proteins, is not new per

se. Importantly, our data illustrates that the mechanisms un-

derlying the effects of vaping can be determined and provide

further focus for future studies. We previously found that

STIM1, the ER Ca2�-sensing protein, is upregulated in vapers’

airways (23), suggesting that altered Ca2� homeostasis may

occur in chronic vapers. Indeed, given the importance of Ca2�

signaling in normal cell physiology, we propose that the impact

of e-liquids on Ca2� be further investigated in vivo and

prioritized in high-throughput screens when assessing the ef-

fects of e-liquids in vitro.
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