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Abstract

Electronic-cigarette (ECIG) use increased over the last decade as many find vaping as a safe alternative to
cigarettes; however, the safety of ECIGs on biological functions are still not fully understood. The present
study evaluated the effects of daily ECIG use on body weight, lung tissue, and inflammatory cytokines using
a low vapor exposure design as many teenagers use ECIGs sporadically throughout the day rather than heavy
consistent use found in the adult population. Mice were divided evenly into three groups: Control (no vapor
treatment), vapor vehicle (nicotine-free vapor), and 30.0 mg/mL nicotine. Mice received two vapor inhala-
tion sessions per day for 28 days in which mice received a 3-s vapor puff every 2 min for 10 min (6 puffs
total). On day 29, mice were sacrificed after a final vapor administration session, and lungs were examined
microscopically with hematoxylin & eosin stain and ten inflammatory cytokines were assessed. Mice in the
vape groups failed to gain weight over the 28 days. Control mice significantly increased weight in a linear
fashion. Deleterious lung morphologies were significantly higher in the vape groups as compared to controls
(12 vs 3) with all of the vapor mice showing at least one deleterious lung morphology. IL-2 and IL-6 were
significantly decreased in vape mice. This study found that vapor inhalation significantly hindered weight
gain and damaged lungs of both nicotine and vehicle groups, suggesting that damage may be caused by
vapor inhalation, rather than nicotine.
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Introduction

The use of electronic-cigarettes (ECIGs), also called vapes by the general population, has become increasingly
popular in the United States, especially among teenagers. For example, 20.8% of high school students reported using
ECIGs in the last 30 days as compared to 4.7% of adults [1]. The use of ECIGs in high school students significantly
increased from 1.5% in 2011 to 20.8% in 2018. Additionally, ECIGs have created a significant shift in how nicotine
and tobacco products are consumed. Since the introduction of ECIGs in 2007, adult use of combustible cigarettes
decreased by 7% with many combustible cigarette users switching to ECIGs [1]. There is much contradiction regard-
ing the safety of vaping as many posit that ECIGs must be safer than cigarette smoking or believe that ECIGs are not
harmful [2-4]. However, recently many individuals have been presenting to emergency rooms with ECIG or vaping
product use-associated lung injury (EVALI). Although ECIGs have been on the market since 2007, we do not have a
clear understanding of the short- or long-term effects of oil vapor inhalation biological functions.

Recent autopsies have found acute lung injury, diffuse alveolar damage, lipid-laden macrophages, and numerous
inflammatory cells in patients that have chronically used ECIGs [5-9]. Lung injury associated with ECIGs can be a
challenging clinical diagnosis with overlapping symptoms with numerous other lung diseases as many adult ECIG
users were previous combustible cigarette users [5, 10]. Preclinical animal studies can provide vital insight into the
impact that vapor inhalation has on biological function, behavior, and abuse liability.

One problem that has plagued the preclinical vapor inhalation field is determining a vapor administration regimen
(length of vapor puff, frequency of vapor puff, duration of vapor administration session, wattage, nicotine dose, etc.)
that translates to the clinical population (see [11] for review). Vapor inhalation has been shown to cause significant
lung damage in mice using vapor dosing regimens that are consistent with heavy daily ECIG user [12-18]. However,
more recent studies have found that shorter puff durations and vapor administration sessions (i.e. low vapor expo-
sure) produce abuse-related behavioral effects and nicotine blood/plasma concentrations similar to injected nicotine
[19-22]. For example, a 3-s puff of 6 mg/ml produced reliable self-administration in mice [19]. Repeated treatment
of 1 and 3 mg/ml vaporized nicotine delivered as a 3-s puff every 2 min for 10 min produced nicotine sensitization
comparable to injected nicotine [20]. Moreover, we demonstrated that longer vapor puff durations (6—10 s) and longer
vapor administration sessions (10 vs 20 min) produce significant behavioral disruption and anxiety-like behaviors in
mice [11]. Taken together, these studies indicate a need to evaluate the effects of low vapor exposure (i.e. shorter puff
durations and vapor administration sessions) on biological functions as many teenagers and young adults use ECIGs
sporadically throughout the day and use a lower nicotine concentration rather than heavy consistent use found in the
adult population [23].

The present study sought to evaluate the effects of daily chronic ECIG use on body weight, lung tissue, and inflamma-
tory cytokines using a low vapor exposure design in mice. The vapor administration sessions used in the present study
are consistent with the studies that found abuse-related effects in mice. Mice were chronically exposed to twice-a-day
nicotine-free vapor inhalation or 30 mg/ml nicotine vapor inhalation for 28-days, in which mice received a 3-s puff every
2 min for 10 min (the control group had no vapor inhalation). Additionally, this dosing regimen allows us to determine if
nicotine was required to produce significant weight change or lung injury. We hypothesized that chronic vapor inhalation,
regardless of the presence of nicotine, would have a deleterious inflammatory effect on the lung parenchyma.

Materials & methods
Subjects

Eighteen adult male C57BL/6 mice were purchased from Charles River Laboratories (Raleigh-Durham, NC).
Mice were eight weeks old at the start of the experiments and were group housed (n=3-4) in standard shoebox cages
(18.5 cmx29.5 cm X 12.5 cm). The vivarium was temperature (20-22 °C) and light controlled (12-h light/dark cycle with
lights on at 6:00 am). Mice had free access to food and water except during vapor inhalation sessions. Experiments were
performed during the light cycle. All procedures were approved by the Institutional Animal Care and Use Committee
at Weber State University and complied with federal guidelines (Institute of Laboratory and Animal Resources 2011).
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Drugs and materials

Freebase nicotine obtained from Sigma-Aldrich (St. Louis, MO) was dissolved in the unflavored e-liquid. The e-liquid
consisted of a nicotine-free unflavored 50:50 propylene glycol:vegetable glycerin (PG:VG) oil blend that was purchased
from vaporvapes.com (Sand City, CA, USA). The hematoxylin & eosin (H&E) kit was obtained from Vector Laboratories
(H-3502) and a custom mouse ProcartaPlex 10-plex cytokine panel was purchased from ThermoFisher Scientific.

Apparatus and dosing procedure

Mice were divided evenly into three groups (n=6); control group (no vapor treatment), vehicle group received nicotine-
free vaporized e-liquid, nicotine group received vaporized e-liquid with 30 mg/mL of nicotine. Vapor administration was
based on published literature [11, 19, 20, 24]. An e-Vape™ delivery system (Model SVS200, La Jolla Alcohol Research,
Inc.) equipped with a Cloud Beast tank (TFV8) and atomizer (0.15Q) was used for vapor administration (SMOK, Nan-
shan District, Shenzhen, China). The battery wattage output was set at 125W based on tank specifications and airflow
was maintained at 1 L/min. The vapor administration sessions were controlled by a preprogrammed digital interface
that produced a 3-s vapor puff every 2 min for 10 min (6 puffs total). Mice were removed from the e-Vape™ chamber
(29 cm % 20 cm X 15 cm) after the sixth and final puff of the session completely cleared the chamber, which took approxi-
mately 90 s [11]. Mice in the vehicle and nicotine groups received 28 days of chronic vapor inhalation treatment which
consisted of two vapor inhalation sessions per day that were separated by at least 4 h (typically 8:00 am and 1:00 pm).
In total, mice were exposed to 12 puffs daily (6 puffs in the morning and 6 puffs in the afternoon). Control mice were
weighed and placed into the e-Vape™ chamber twice a day but did not receive vapor administration.

Weight gain and lung weight

To determine if vapor inhalation altered normal weight gain, mice were weighed each week in the morning before any
experimental session (approximately 18 h after the last nicotine exposure). To determine if vapor inhalation increased
the weight of the lungs as a result of fluid accumulation or another side effect, the right lung of each animal was weighed
after the lung had been thawed on ice before cytokine analysis (see below).

Histology analysis

On day 29, mice received one morning vapor inhalation session. Two hours later, mice were sacrificed by cervical
dislocation and the lungs were obtained by dissection. Hemostats were placed over the right bronchus and the superior
portion of the trachea. The right lung was clipped off, immediately placed on dry ice, and stored at -80°C for cytokine
analysis. The left lung was insufflated with 10% formalin by inserting a needle into the trachea. After insufflation, the left
lung was placed in 10% formalin and fixed overnight. The left lungs were made into slides at Utah State University and
stained at Weber State University using a standard hematoxylin & eosin (H&E) kit following the manufacturer’s protocol.
The slides were examined by a trained pathologist that was blind to treatment conditions and findings were recorded
as being positive or negative for four nonspecific categories of pathology for this study; myxoid stroma, lymphocytic
infiltration, hyaline membrane formation, and diffuse alveolar damage. Myxoid stroma consists of a mucoid-appearing
tissue surrounding the cells in the tissue and is a nonspecific indicator of inflammation. Lymphocytic infiltration generally
reflects chronic inflammation; the inflammatory state of each lung was also assessed using cytokine analysis. Hyaline
membrane formation is defined as the presence of hyaline membranes in the alveolus. Diffuse alveolar damage is a com-
plete disruption of the alveolar structure. A pathology score was calculated as a numerical frequency representation of
each pathologic event observed by the treatment groups.

Cytokine analysis
The right lung tissue was thawed on ice, weighed, and added to the appropriate volume of T-PER containing Complete

Mini Protease Inhibitor Cocktail at the manufacturer defined concentration. Each mouse lung was homogenized separately
on ice using a glass tissue grinder with a minimum of twenty strokes. The homogenates were then centrifuged at 9,000x g



932 Neuroscience and Behavioral Physiology (2023) 53:929-938

for ten minutes at 4 degrees Celsius. Supernatants were transferred to fresh microcentrifuge tubes and stored at -80 Celsius
for cytokine testing [25]. A custom mouse ProcartaPlex 10-plex cytokine panel was used to quantify IL-1b, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-12 (p70), GM-CSF, TNF-«, and IFN-y present in the lung supernatants. Reagents, standards, and
controls were prepared in accordance with manufacturer instructions, and samples were thawed on ice. Assay standards,
controls, and samples were run in triplicate. Briefly, 12.5 uL of the sample, control, or standard was mixed with 12.5 uL.
of antibody magnetic beads in the provided 96-well plate and incubated on a shaker for 24 h at room temperature. After
incubation, detection antibodies and streptavidin PE were added, and data acquisition was performed on a MAGPIX
System with xPONENT 4.2 software. Any zero/undetectable cytokine concentrations were replaced with the minimum
detection limit of that analyte; this was done for TNF-a, IL-5, and IL-12p70 with the minimum detection level of 2.856,
1.953, and 1.599 pg/mL respectively. Any missing concentrations were replaced with the median value of the samples
[25-27]. Cytokine concentrations for each sample were then averaged across the triplicate measurements.

Statistical analysis

Initial examination of the treatment groups displayed no difference in study outcomes between the vehicle vapor
inhalation and nicotine vapor inhalation groups. To enhance the statistical power of further analysis, the vapor inhalation
groups (nicotine-free and 30.0 mg/ml nicotine) were merged and will be referred to as the vapor inhalation group abbre-
viated “Vape” in the tables and figures. The supplemental material includes figures and tables for the data from the three
treatment groups prior to merging vapor inhalation groups (Supplemental Figs. 1 and 2, Supplemental Tables 1 and 2).
A two-way mixed factor analysis of variance (ANOVA) was used to analyze body weight with “treatment group” as the
between-subject factor and “day” as the within-subject factor. The significant ANOVA was followed by a Holm-Sidak
post hoc test. Lung weight was analyzed using a parametric Welch Two Sample t-Test to account for the comparison of
groups with unequal sample sizes [25-27]. For the H&E staining experiments, a Fisher’s Exact Test for count data was
used to compare the frequency of tissue morphologies between treatment groups. Cytokine concentrations were first log
transformed, normality was confirmed using a Shapiro—Wilk test, and then compared across treatment groups using a
parametric Welch Two Sample t-Test [25-27]. All data cleaning, graphical representations, and statistical comparisons
were performed using R Statistical Computing Platform v3.6.3 (R Core Team 2020) and GraphPad Prism 7.0.

Results
Weight gain and lung weight
Figure 1 shows the effects of vapor inhalation on body weight gain and lung weights. There was a significant interaction (time

X treatment condition) (F (4, 64)=6.40, p <0.001) and a significant main effect of time (F (4, 64)=15.62, p <0.001); however,
there was no main effect of treatment condition (F (1, 16)=1.01, p=0.33). The Holm-Sidak post hoc test revealed that the control
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Fig. 1 Effect of vapor inhalation on (A) body weight gain and (B) lung weights. A) Control mice significantly increased weight over the
28-day study; whereas the vape group failed to gain weight. B) There was a nonsignificant trend when comparing the lung weights of control
and vape group mice with the group appearing to have enlarged lungs. The significant two-way ANOVA was followed by a Holm-Sidak post
hoc test. All data show mean +SD. ***p <0.001 versus days 1 and 7
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Treatment

Fig.2 Observed lung morphologies in mice following chronic vapor inhalation. Representative images of H&E stains at 10X. A) Diffuse
alveolar visible throughout the lung and hyaline membranes (light red, glassy, diffuse, material inside the alveoli). Within areas of Dif-
fuse alveolar damage, there are disruptions of the alveolar structure, neutrophils, and hyaline membranes. Hyaline membranes are the light
red, glassy, mucinous material inside the alveoli. B) Lymphocytic infiltration (numerous small round blue cells) and hyaline membranes.
C) fibrinous exudates (darker red material inside airways) and chronic inflammation (lymphocytic infiltration) from a mouse in the vehicle
group, D) normal architecture with occasional lymphocytes from a mouse in the control group. E) Observed morphologies were totaled for
each mouse and displayed by treatment group, (red) circles are control mice, and (blue) circles are vapor inhalation (Vape) treated mice

mice significantly increase body weight on days 14, 21, and 28 as compared to days 1 and 7 (Fig. 1A). The vape mice failed
to gain a significant body weight during the 28-day study. There was a nonsignificant trend when comparing the lung weights
of control and vape group mice, t(12.86)=-1.61, p=0.06) as mice in the vape group appear to have enlarged lungs (Fig. 1B).

Lung morphologies

Lung morphology data are summarized in Table 1 with representative images in Fig. 2. Overall, the number of mice
in the vape group with lung morphologies was significantly higher than that controls as all vape mice showed at least one
morphology (12 vs 3, p=0.02; Table 1). The vape group displays a significantly higher occurrence of hyaline membrane
formation as compared to the control group (p =0.05). Lymphocytic infiltration was the most commonly found lung mor-
phology in the vape group (75%); however, the control group had occasional mild inflammation. Incidentally, a lymph
node of one of the vaping mice was observed on H&E staining, which revealed normal germinal centers with occasional
mitotic figures but a lack of apparent malignant transformation. Enlarged follicles with frequent mitotic figures in the
germinal centers were observed in the lymph node. Mice in the Vape group showed that vapor inhalation had substantial
deleterious effects on the health of lung tissues.

Table 1 Frequency of Lung

Morphologies by Vapor Morphology Control (n, %) Vape (n, %) Statistics

Treatment Myxoid Stroma 1(17) 7(58) 0.15
Lymphocytic Infiltration 3(50) 9 (75) 0.34
Hyaline Membranes 0(0) 6 (50) 0.05%*
Alveolar Damage 00 3(25) 0.51
Mice with Morphologies 3(50) 12 (100) 0.02%*

“Significantly different from control mice
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Cytokine concentrations

The cytokine concentrations of individual mice stratified by treatment group are shown in Fig. 3. The vape group had
significantly lower concentrations of IL-2 as compared to the control group (t(15.33) =2.24, p=0.04; Fig. 3, Table 2).
The vape group mice had an almost sixty percent lower average of IL-5 concentrations as compared to control mice
(t(15.87)=2.20, p=0.04; Fig. 3, Table 2). Although not significant, the vape mice appear to have a lower expression of
most of the cytokines that were tested when compared to controls. In contrast to the other cytokines, TNF-alpha and IL-4
showed increased concentrations but were not statistically significant.

Discussion

The present study aimed to evaluate the effects of chronic vapor inhalation on mouse lungs by using a low vapor
exposure dosing regimen that is consistent with teenagers and young adults. Overall, the results support the hypothesis
of a link between vapor inhalation and increased health risks. We found that chronic vapor inhalation hinders normal
developmental weight gain in mice, which is consistent with previous findings [13, 17, 28]. For example, vapor inhalation
has been shown to block weight gain in mice comparable to cigarette smoke [13]. This reduction in weight gain does not
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Table 2 Effects of vapor

935

. . ' Cytokine Control, mean (SD) Vape, mean (SD) Statistics
inhalation on cytokine levels
(pg/mL)

IL-1b 10.20 (1.14) 9.40 (1.09) t(11.48)=1.48, p=0.17
IL-2 9.60 (1.89) 7.39 (2.82)* t(15.33)=2.24, p=0.04
IL-4 12.59 (7.94) 18.63 (31.49) t(15.25)=0.10, p=0.92
1L-5 28.56 (10.88) 16.78 (10.53)* t(15.87)=2.20, p=0.04
1L-6 25.85 (8.75) 21.98 (6.10) t(8.76)=0.99, p=0.35
1L-10 38.67 (10.18) 31.10 (8.50) t(10.32)=1.53, p=0.16
1L-12p70 13.51 (6.79) 15.13 (8.24) t(8.47)=-0.34, p=0.74
IFN-gamma 1.37 (0.47) 1.47 (0.38) t(7.30)=-0.56, p=0.59
TNF-alpha 10.00 (11.29) 32.53 (45.70) t(14.31)=-1.13, p=0.28
GM-CSF 5.03 (0.40) 4.68 (0.58) t(15.17)=1.54, p=0.15

*Significantly different from control mice

appear to be a byproduct of the appetite-suppressant effects of nicotine as it occurs in mice exposed to nicotine-free e-liquid
[28], the present study, suggesting that vapor inhalation can stunt growth but the mechanism for this effect is unknown.
We found that all mice in the vapor inhalation group had at least one deleterious lung morphology, if not several. The
majority of vape mice had myxoid stroma, lymphocytic infiltration, and hyaline membranes formation morphologies,
which are similar to those observed in patients with inflammatory lung disease and cases of EVALI [5-9, 29]. The lung
morphologies found in the vape mice were not consistent across all mice which is similar to previous reports that found
minimal, or no lung morphology changes when mice were exposed to PG:VG e-liquid vapor [13, 30]. We were unable
to link our morphologic findings with the cytokine panel, likely due to our small sample size (an issue of power) but
could also be due to a covert inflammatory response occurring in the control group, research technique, or something else
entirely. Overall, we found a trend toward a decrease in the expression of cytokines, which is consistent with a previous
study that found that two weeks of vapor inhalation produced a significant decrease in IL-6 [17]. However, a previous study
found acute (3 days) vapor inhalation significantly increases IL-6, IL-1a, and IL-13 expression as well as a trend towards
an increase in IL-10 and IL-1p [16]. There are major differences in the methodologies of these studies that might explain
the differences in cytokine results. It is also possible that our study did not expose the mice to enough vapor inhalation to
elicit a strong inflammatory response as we used a low vapor exposure dosing regimen or that the inflammatory response
is downregulated after chronic exposure to vapor inhalation, which could explain the decreased IL-6 found after two
weeks of exposure in a different study [17]. Overall, there have been mixed and non-consistent results on lung damage
and inflammatory responses following vapor inhalation in mice, which is likely a result of the different dosing regimens
and apparatus used for these studies.

One of the most appealing features of ECIGs, but also the most difficult feature for researchers, is the customizability for
each user. First, there are several different types of e-cigs devices, which include vape pens, “mods”, e-cigs, and JUUL,
that determine the customizability. Second, ECIG users can customize the e-liquid from the PG:VG oil blend ratio (ranges
from 0:100 to 80:20) to flavor additives to nicotine concentration, which will determine the “smoothness” and “buzz” of
each vape hit [31]. The present study used a “mod” device, a 50:50 oil blend that was not flavored. It is uncommon for
ECIG users to use unflavored e-liquid; however, we wanted to reduce the confounding variables and decided that it was
best to eliminate the flavoring solution as a variable. It is possible that changing the oil blend (e.g. 70:30 or 100:0) and/
or adding flavor could result in a greater morphological and inflammatory response. Lastly, a “vape session” is much
different from a traditional cigarette session because the user can control the wattage, duration of the puff, duration of
the session, etc. Traditional cigarettes are typically smoked over a 7-10 min period because of the combustible nature of
the cigarette; whereas, ECIGs do not have a combustible component and allow the user to take any number of puffs with
little to no loss of nicotine between vapor puffs as compared to traditional cigarettes. Clinical data suggest that the typical
vape sessions last approximately 10 min with a mean puff duration of ~4.5 s [32-34]. The vapor inhalation parameters
used in this study are consistent with the clinical population (i.e. 10 min session with six 3-s puffs) and were adequate to
produce an oxidative stress response in mouse brain and liver (lungs were not examined) [24].
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In conclusion, these microscopic findings in these mice are significant and detrimental to overall health, which was dem-
onstrated by the stunted weight gain, enlarged lungs, and significant lung damage in the vapor group. Vapor inhalation,
not nicotine, appears to be responsible for the myxoid stroma, lymphocytic infiltration, hyaline membrane formation, and
diffuse alveolar damage found in the vapor groups. Additionally, we only tested one set of vapor inhalation parameters
(i.e. 50:50 PG:VG unflavored e-liquid, 10 min session with six 3-s puffs) to set a foundation for future testing. To fully
understand EVALLI, further studies should evaluate how oil blend ratios, flavors, session length, Vitamin E acetate, and
nicotine might mediate EVALI. Taken together, these results do not support the claim that ECIGs are safe.
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