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Abstract

E-cig use is continuing to increase, particularly among youth never-smokers, and is used by some
smokers to quit. The acute and chronic toxicity of e-cig use is unclear generally in the context of
increasing reports of inflammatory-type pneumonia in some e-cig users. To assess lung effects of
e-cigs without nicotine or flavors, we conducted a pilot study with serial bronchoscopies over 4
weeks in 30 never-smokers, randomized either to a four-week intervention with the use of e-cigs
containing only 50% propylene glycol (PG) and 50% vegetable glycerine (VG) or to a no-use
control group. Compliance to the e-cig intervention was assessed by participants sending daily
puff counts and by urinary propylene glycol (PG). Inflammatory cell counts and cytokines were
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determined in bronchoalveolar lavage (BAL) fluids. Genome-wide expression, microRNA, and
mRNA were determined from bronchial epithelial cells. There were no significant differences in
changes of BAL inflammatory cell counts or cytokines between baseline and follow-up,
comparing the control and e-cig groups. However, in the intervention but not the control group,
change in urinary PG as a marker of e-cig use and inhalation, was significantly correlated with
change in cell counts (cell concentrations, macrophages, and lymphocytes) and cytokines (IL-8,
IL-13, and TNF-a), although the absolute magnitude of changes was small. There were no
significant changes in mMRNA or microRNA gene expression. Although limited by study size and
duration, this is the first experimental demonstration of an impact of e-cig use on inflammation in
the human lung among never-smokers.

Trial registry—ClinicalTrials.gov; No.: ; URL: wwuw.clinicaltrials.gov.
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INTRODUCTION

Use of electronic cigarettes (e-cigs) is increasingly popular among both smokers and never-
smokers (1). Among youth in particular, use is sharply increasing. From 2017 to 2018,
current e-cig use increased 78% (from 11.7 to 20.8%) and 48% (from 3.3% to 4.9%) by
high- and middle-school students respectively (2). Overall, about 67% of current e-cig adult
users are current smokers and about 60% of smokers have tried e-cigs (3,4). However,
possible e-cig toxicity is not well understood. Constituents of e-liquids, including propylene
glycol (PG) and vegetable glycerine (VG) as solvent carriers for flavors and nicotine in e-
liquids are “generally regarded as safe” by the Food and Drug Administration (FDA) when
used in foods and cosmetics. It is not known what effects they have, if any, when heated and
inhaled from e-cigs.

The acute and chronic health effects of e-cig use is unclear, and there are an increasing and
alarming reports of inflammatory-type pneumonias in e-cig users (5-7). E-aerosols from PG
and VG contain more than 100 volatile organic compounds, including propylene oxide,
acrolein, acetaldehyde, and formaldehyde with varied toxic properties. (8) There is in vitro
evidence that e-cig aerosol exposure can lead to increased inflammatory cytokine production
(9), oxidative stress response (10), neutrophil inflammatory response (11), DNA damage
(12) and altered gene expression (13). In experimental animal studies, unheated PG or VG
have minimal lung toxicity. (14) However, when delivered from e-cigs, there are measurable
increases in lung inflammatory infiltrates, cytokines, infections, reactive oxygen species and
gene expression (9,15,16). Because of increasing use of e-cigs by never smokers, there is a
critical need to understand their biological effects on the lung in this group. To date, there
has been only one clinical trial examining human lung biomarkers for e-cig use in healthy
never smokers. Exposure to 20 puffs during approximately one hour resulted in changes in
gene expression (17). Human data regarding e-cig effects for longer use are needed. To
better understand health effects of e-cigs, focusing on the solvent carriers e-liquid
constituents, we conducted a pilot clinical trial of never-smokers randomized to nicotine-
and flavor-free e-cigs, examining lung inflammation and gene expression.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2020 August 01.
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MATERIALS AND METHODS

The overview of the study design is shown in Supplementary Figure 1.

Study Participants

Procedures

This study underwent concept-review by the National Cancer Institute, the Food and Drug
Administration, and peer review through Ohio State University Intramural Research
Program. The OSU Clinical Scientific Research Committee and the Institutional Review
Board approved the study protocol (ClinicalTrials.gov: ). All procedures and data were
followed by ethical guidelines and monitored by an external Data Safety and Monitoring
Board.

Full inclusion and exclusion criteria are described in Supplementary Methods. Briefly,
subjects, age 21-30, were healthy never-smokers (n=30) (had smoked less than 100
cigarettes in their lifetime) and had not used an e-cig or cigarette in the past year.
Participants were excluded if they had a history of significant medical problems including
lung disease, general anesthesia or bronchoscopy within the previous year, recent drug use,
use of other combustible tobacco within the past year, pregnancy, or any other medical
disorder that would affect their bronchoscopy risk (e.g., BMI1>40) or would affect the
biomarkers.

Participants were recruited between 2015 and 2017 from local print and television media,
the OSU Study Search website, the Research Match website, the OSU Tobacco Centers of
Regulatory Science Participant Registry, and Craigslist. After an orientation session,
eligibility evaluation, informed written consent and medical evaluation, a bronchoscopy was
performed. Lung samples were collected by bronchial alveolar lavage (BAL) for
inflammatory cells and cytokines, and bronchial brushings from normal appearing
epithelium for gene expression assays. Bronchoscopies were performed consistent with
current standards of care at OSU. Subjects were randomized to receive the BAL and
brushing on the right or left side; follow-up bronchoscopy sampled the opposite side.
Procedures were done under light intravenous sedation. A spot urine was collected. Product
use began 1 week after the baseline bronchoscopy. The second bronchoscopy occurred 5
weeks following the first bronchoscopy (after 4 weeks of product use). Subjects received
$37 for the orientation visit and $200 for each bronchoscopy.

Study Design for the Intervention

Study subjects (n=30) were randomized to either e-cig use or no use controls. For the
intervention participants, one week after bronchoscopy, e-cigs were provided with an
Innokin iTaste VV 4.0 refillable tank device (https://www.innokin.com/vaporizers/itaste-
vv4/) and e-liquids that contained 50% PG and 50% VG (http://www.ecblendflavors.com/
flavorless-eliquid/), without nicotine or flavors. Although no single device is representative
of many or most devices on the market, we chose this device because it is commonly used,
has a refillable tank system so that we can use nicotine- and flavor-free e-cigs, and had a
method to record puff number. Subjects attended a training session and demonstrated their
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ability to inhale the e-cig and use the device. They were instructed to use the device at least
twice per day, 20 puffs over 60 minutes each time. The device included an LED screen with
a puff-counter. Participants received daily text messages reminding them to use the device
and to send us the photo of the display showing puff counts; intervention group subjects sent
daily photos of the LED screen to indicate usage.

Biweekly visits and product use—Subjects randomized to the e-cig intervention
returned after 2 weeks of use for evaluation of compliance based on their daily reports and
the e-liquid remaining in their bottles and tanks. Subjects were queried about any adverse
events, and any change in their medical history and overall health. They were provided $7
for transportation and parking, and $20 for each visit, contingent on demonstrating use via
the LED photos. Subjects using e-cigs who consented to follow-up after the trial (n=10)
were contacted 3 months later; none reported any e-cig use.

BAL Cell Counts—Total cell counts were measured by 1:1 dilution in trypan blue and
instillation into disposable Countess™ cell counting chamber slides. Automated cell counts
were evaluated by the Countess® Automated Cell Counter (Invitrogen, Carlsbad, CA),
according to manufacturer’s instruction. Differential cell counting was performed by a
clinical histopathologist blinded to intervention status using Diff-Quik stained cytospins
(Dade Behring-Switzerland) and light microscopy, counting at least 200 cells according to
standard morphologic criteria.

BAL Inflammatory Cytokines—Following centrifugation, cell-free lavage fluid was
assayed using a Meso Scale Discovery Sector Imager™ 2400A (Meso Scale Discovery,
Rockville, MD) with a V-PLEX Plus Proinflam Combo 10 panel that includes tobacco
smoking associated pro-inflammatory cytokines including IFN-vy, IL-1pB, IL-2, IL-4, IL-6,
IL-8, IL-10, IL-12p70, IL-13, and TNF-a. The CVs for 10 cytokines were below 7% for
intra-run and below 15% for inter-run which fell within expected CVs by the manufacturer.

Urinary Propylene Glycol (1,2-propanediol) Analysis(18)—Detailed methods are
provided in Supplementary Methods. Briefly, using deuterated glycerol-d8 [Sigma. 447498]
and 6 (£)-1,2-propanediol-d8 [CDN, D-1656]) as an internal standard, samples were
analyzed by LCMS/MS (Agilent 1290 Infinity |1 UPLC system with Agilent Zorbax Eclipse
Plus C18 column; Santa Clara, CA). Eluted compounds were further separated and
quantified through the coupled Agilent 6495 Triple Quadrupole equipped with an
electrospray ion (ESI) source. The coefficient of variation for PG from 14-blinded repeat
samples was 15.4%.

Gene Expression—Total RNA was extracted from bronchial brushings using an Allprep
DNA/RNA kit (Qiagen) and assayed for gene expression using the GeneChip® Human
Transcriptome Array 2.0 (Affymetrix Inc, Santa Clara, CA) on the Affymetrix GeneChip
Scanner 3000 7G. MicroRNA (miRNA) was assayed by the Affymetrix GeneChip miRNA
Array v.4.0 (Affymetrix Inc, Santa Clara, CA). Raw data sets were normalized using the
Expression Console Affymetrix with the robust multi-array average method (19)
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algorithmically based on microarrays spiked-in for standard normalization. The CEL files
were imported into the Partek Genomics Suite™ 6.6 (St. Louis, MO) for log, transformation
and quantile normalization. Analysis of covariance (ANOVA) was used to remove potential
batch effects. The expression data was deposited to under NCBI’s Gene Expression
Omnibus database (GEO 138326).

Statistical Analysis

Statistical analyses were performed in JMP 10 (SAS Institute, Cary, NC) and Partek
software. Data considered Guassian were summarized as mean (standard deviation) while
non-normal data summarized as median (range). The Wilcoxon rank-sum test was used to
test for an association between age and treatment group, and Fisher’s exact tests were used
for gender and race comparisons to treatment group.

To compare baseline and follow-up for cell counts and cytokine levels, Wilcoxon Signed
Rank tests with counts and paired t-tests (log1q transformed levels) were performed,
respectively. For mRNA and miRNA expression, paired t-tests were used with log,
transformed expression levels. Absolute changes over a month for PG, cells, cytokines,
mRNAs, and miRNAs were calculated by subtracting the raw baseline level from raw
follow-up level. Correlations for the changes over a month between PG and cells, cytokines,
MRNAs, and miRNAs were assessed by Spearman rank correlation. To determine expression
signal clustering of the samples, unsupervised Principal Component Analysis (PCA)(20)
was performed. False discovery rate (FDR)(21) adjusted g<0.1 was considered statistically
significant. FDR was calculated separately for cell counts, cytokines, mRNA and miRNA
expression.

RESULTS

Thirty-four never-smokers, age 21-30, were randomized to using flavor- and nicotine-free e-
cigs or to a control group of no-use. Subjects (n=30) underwent bronchoscopies both at
baseline and 5 weeks later (Supplementary Figure 1). Four subjects did not have a second
bronchoscopy, three due to new medical conditions (two respiratory tract infections and an
unstable mental health issue) unrelated to the study that might affect safety or study results,
and one lost to follow-up. Control and intervention groups were similar with respect to age
(P=0.54), gender (P=0.71), and race (P=0.18) (Supplementary Table 1). Compliance to the
e-cig intervention was assessed by daily LED readouts of puff number transmitted via cell
phone and the measurement for increases in urinary PG (Figure 1A). PG was significantly
increased in the intervention (£=0.0015), but not the control group (P=0.72).

There were no significant differences in cell counts or cytokines between the control and e-
cig groups, whether measured by absolute number at the end of the trial, change in level, or
fold-change (Table 1). However, changes for these markers were correlated with changes in
urinary PG level as a marker of e-cig inhalation and compliance. For the intervention group,
we found statistically significant positive correlations of PG change with changes in total
cell concentration (r=0.60, raw P=0.03, FDR g=0.08) and lymphocyte counts (r=0.65, raw
P=0.02, FDR g=0.08), and a borderline significant correlation with macrophage counts
(r=0.51, raw P=0.07, FDR g=0.15)(Figure 1B). For controls, correlations were not
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statistically significant. Similarly, change in PG was significantly correlated with changes in
IL-8 (r=0.60, raw P=0.02, FDR g=0.06), IL-13 (r=0.66, raw ~=0.01, FDR g=0.06), and
TNF-a (r=0.73, raw P=0.01, FDR g=0.05) for the intervention, but not the control group
(Figure 1C). One outlier subject was removed with very high baseline and follow-up PG
level (likely a dietary source).

There were no significant changes in gene expression from lung epithelial cell brushings for
either group and no differences between the intervention and controls groups (Figure 2A for
mRNAs and 2B for miRNAS) (the lowest FDR g=0.99 for both mRNAs and miRNAsS).
Spearman correlations for changes in expression with changes in PG among the e-cig group
were not significant (the lowest FDR q=0.99 for mRNA and FDR g=0.24 for miRNA).

DISCUSSION

In this pilot trial of healthy, never-smokers randomized to use of a nicotine- and flavor-free
e-cig containing only PG/VG or to a no-use control, we found that e-cig use induced lung
inflammation correlated with change in PG exposure, albeit to a relatively low extent;
inflammatory markers in the e-cig users after the intervention remained within the range of
never-smokers’ (17,22,23).

In this study, e-cigs containing only PG and VG were assessed; possible effects of nicotine
were not evaluated. Nicotine is highly bioactive and depending on the laboratory assessment
method, can have both pro- and anti-inflammatory effects (8). In some experimental animal
studies, the presence of nicotine in e-aerosols increases inflammation, while in those studies
PG and VG have less effect (9,14,16,24). Future studies may evaluate e-cigs with and
without nicotine to provide some understanding for the effects of nicotine on the lung.

In this study, the use of the nicotine- and flavor-free e-cigs did not affect gene expression,
including expression commonly associated with cigarette smoking. The lack of change in
gene expression in our study was not likely due to a short duration of exposure, given that
Staudt, et al. observed changes in expression in never-smokers after just one session of less
than an hour of e-cig use with and without nicotine (17). Further, in experimental studies in
mice exposed to PG and VG over 2 weeks, there were changes in gene expression (25). In
cultured normal human bronchial epithelial cells exposed for 2 hours to commercial e-
aerosols without nicotine, but with flavors, there were also changes induced in gene
expression (13). The reasons why our e-cig intervention did not cause changes in gene
expression are unclear, especially given the observed changes in inflammation. These
findings support the hypothesis that large magnitude changes in expression are likely not to
occur from inhaling PG and VG, at least after one month of use.

There are several limitations to the findings of this randomized trial. The results here might
not be generalizable to the general population of e-cig users given the health and age
restrictions. However, this age group is the adult demographic that most commonly uses e-
cigs and is a group with high use among never smokers. Further, while there were some
observed effects on inflammation and none on gene expression, a one-month duration of use
may not be sufficient to fully characterize effects of chronic use. As discussed above, and in

Cancer Prev Res (Phila). Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 7

other studies, brief duration of exposure in humans and laboratory studies (as short as 2 hour
exposures) cause cell and cytokine increases, DNA damage, changes in gene expression and
other toxicities in bronchial lung cell culture (13,14,16,26). In our study, we examined only
e-liquid that included both PG and VG in equal concentrations. The relative contribution of
each could not be assessed; the two compounds may have differential effects on the lung.
Exposures to different relative concentrations of PG and VG might also have different
impact.

This also study has important strengths, particularly the randomized trial design of an e-cig
intervention among never-smokers, providing data specific to e-liquid solvent carriers. Such
data are critical to an understanding of the impact of e-cig use constituents that can be
regulated by the FDA. Future studies are needed regarding effects of varying the relative
proportions of VG and PG to identify if there are different effects on lung toxicity. Because
this study used bronchoscopic biomarkers, it allows for a direct examination of lung cancer
and COPD mechanisms in the lung as the target organ. Our findings of a dose-response in
inflammation markers relative to PG have important implications for understanding effects
of e-cig use. Further, we investigated multiple biomarkers of effect to understand biological
and mechanistic changes, using sampling methods to capture BAL and brushings, to provide
a comprehensive picture of the impact of e-cig use. The changes in urinary PG that were
positively correlated with changes of cell counts and cytokines, indicating a dose-response,
strengthens the biological plausibility of a real effect.

The FDA’s Center for Tobacco Products has recently deemed regulatory authority for e-cig
and e-liquid product design, as well as marketing and messaging to consumers. To make
sound policy, regulators need data about e-cig toxicity in humans whether they are never-
smokers (e.g., youth who experiment with e-cigs and/or become regular users) or smokers
switching to e-cigs as a smoking cessation aid. The data from this study provide direct safety
information regarding the e-cig solvent carriers, PG and VG. We found small changes in
inflammation correlated with change in PG exposure but no difference between the
intervention and the control groups in expression. Future studies are needed to better
understand the clinical significance for the magnitude of the effect by PG and VG, varying
ratios of the two and longer duration of use as well as effects of flavors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Urine propylene glycol (PG) inflammation over one month intervention.
(A) Logg transformed levels for PG in urine samples at baseline and follow-up for the

control (left) and e-cig intervention (right) groups. Each dot represents one subject and
paired assays for baseline and after the intervention are connected by a line. The box plot
uses the median and the lower and upper quartiles (25th and 75th). (B-C) Spearman
correlations of change (follow up-baseline) between PG and cell concentration,
macrophages, and lymphocytes (B), and between PG and cytokines including IL-8, IL-13,
and TNF-a (C) are shown in the control (left) and e-cig trial (right) groups. Significant
False Positive Rate (FDR) g-values at the 0.1 level indicated by asterisks. Changes in PG
and on the x-axis and change in cells (B) and cytokines (C) are on the y-axis. Note: One
subject with very high baseline and follow-up PG level (likely a dietary source) was
removed for analyses for changes of cells and cytokines. Subjects with red blood cell
contamination were removed from the cell count analysis. In the e-cig use group, IL-13 and
TNF-a were not detected at follow-up in two subjects.
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Figure 2. Principal Component Analysis (PCA) of mRNAs (A and B) and miRNAs (C) for

transcripts before and after the trial for control and intervention groups.
The PCA was generated using (A) entire 33,494 mRNA transcripts analyzed, and (B) entire

2,578 miRNA transcripts analyzed. Dots represent each individual for baseline controls

.E cig-Follow

(blue), follow-up controls (red), baseline intervention (orange), and follow-up intervention

(green).
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