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In the last decade, e-cigarettes (e-cigs) have grown in popularity among the
youth leading to increased cases of E-cigarette Vapor Associate Lung Injury, EVALI.
At the time of this study, according to the CDC, there have been 68 deaths and 2,800
hospitalizations due to e-cig use. The e-cig market is constantly changing and relevant
research on the effects of the devices are absent, therefore creating a niche for a study
that analyzes the popular devices at a dosage similar to general population usage. We
exposed mice to either mango or mint JUUL vapor for one hour three times a day for a
month and three months. The exposed mice illustrated trends that demonstrated changes
in the lung physiology hinting that prolonged use leads to increase in airway resistance
and compliance. Our findings illustrate that at a dosage similar to human usage JUUL
can negatively impact the lung physiology of mice. Future experiments would be to test
the effects of e-cigs in an animal that is more closely related to humans, potentially

rhesus macaque.



INTRODUCTION

The lungs are a necessary organ of the human body and allows us to function as
a multicellular organism. Because the lungs play an integral role in our bodies, it is
important that we know what processes could potentially damage it. One such process is
the inhalation of smoke or vapors other than air.

At the beginning of the century, electronic cigarettes, also known as e-cigs, were
created to resemble the traditional cigarette in order to wean addicted users off of them
[1]. Around this time, the harmful side effects of cigarettes were starting to be
discovered. One of the many effects include lung diseases such as chronic obstructive
pulmonary disease, COPD, which makes it harder for a person to breathe [2].
Unfortunately, if a patient smokes and is diagnosed with COPD, they are 12 times more
likely to die from the disease than compared to nonsmokers [3]. Adding to the list of
negative symptoms, if a patient were to have asthma, smoking would predispose them
to an increased risk of triggering an attack [4]. Smoking can also lead to an increased
risk of coronary heart disease by 2 to 4 times more than nonsmokers [5].

What started as a way to get traditional smokers to stop smoking has turned into
a $19.3 billion industry with roughly 460 different brands of e-cigs currently on the
market [6][7]. Constant evolution of these e-cigs has led to devices becoming smaller,
discrete and flavored. Through social media, the devices have reached a younger
generation of users and has become a “gateway” into smoking for others|[8]. This has
led to a surge in hospitalizations linked to e-cig use, with physicians labeling the cases

as E-cigarette Vaping Associated Lung Injury (EVALI)[9]. As of now, there have been



2,700 documented cases of EVALI[10]. Out of these cases, 52% of the users are under
the age of 24 [10].

A feature that popularized e-cigs is the ability to create “clouds” of e-cigarette
vapor, which allows the user to perform tricks with the vapor. This created a niche for
devices that could produce larger vapor “clouds”, which in turn gave rise to a device
called “box mods” [11]. The box mod consists of a battery in a box, about the size of a
fist, with a glass tank and a mouthpiece mounted above it [12]. These devices use a
piece of cotton to absorb different types of e-cig liquid, also known as “e-juice”, and
this allows for the vaporization of the liquid. Around 99% of e-juice on the market
contains nicotine as well as exposes the user to toxic chemicals such as acetaldehyde
and formaldehyde that are known to be carcinogenic. [13][14]. Some of the other
chemicals include diethylene glycol and diacetyl that are linked to lung diseases such as
bronchiolitis obliterans more commonly known as popcorn lung [13]. The main
ingredients of e-juice are propylene glycol (PG) and vegetable glycerin (VG) with
varying concentrations of liquid nicotine [11]. The e-juice can be modified by the user
to change the ratio of the PG:VG to create bigger clouds [11]. This variability and
simplicity of ingredients allows avid users to make their own cocktail and change the
percentages to their own liking. In recent years, recipes for e-juice containing illegal
drugs have become easily accessible online [15]. Similar to how users changed the
nicotine concentrations and PG:VG in their e-cig juice, they are able to change the
flavors. The large number of flavors on the market is another one of the factors that has
promoted the use of e-cigs in younger generations. While the customizability of the box

mod allows the user to tailor the device to their liking, it was also one of its pitfalls.



One of the drawbacks of the box mod is that refilling it requires unscrewing the
tank and carrying around extra e-juice. The e-juice is thick and sticky, which makes the
process of refilling the glass tank an ordeal. Therefore, a replacement with a sleek
design, about the size of usb called the JUUL, took over the market swiftly. The
lightweight design was referred to as the “iphone” of e-cigs when it was first released.
JUULSs do not have refillable tanks but rather a disposable pod. The newly designed
pods deliver nicotine from nicotine salts. The amount of nicotine in one JUUL pod is
equivalent to the amount of nicotine found in a whole pack of cigarettes, approximately
200 puffs [16]. The ease of smoking from a JUUL makes finishing a single pod a
simple task compared to smoking a pack of cigarettes. With the devices delivering a
nicotine dosage higher than that of a single cigarette, many wonder if e-cigs are truly
achieving the intended goal of helping users ween off cigarettes[1].

Within the last year there has been a spike in reported EVALI cases in the
United States [18]. Lung biopsies conducted on patients diagnosed with EVALI show a
buildup of fluid in the lungs and scarring of the lung tissue [19]. Physicians reported
these disease states as organizing pneumonia and fibrinous pneumonitis, respectively
[19]. The EVALI patients not only showed injury to the lung tissue itself but also saw
histological changes to systems associated with the lungs. Among these changes were
activated immune cells lining the lungs as well as inflammation induced from these
cells [19].

It is now known that traditional cigarettes affect the physiology of the lungs;
however, the effects of e-cigs on the lungs has not been fully explored. Initial testing

had promising data supporting e-cig's effectiveness, however these studies were



sponsored by tobacco companies and had severe design flaws [17]. This skewed
information about the devices has misinformed the general public about the risks of the
devices and their detrimental effects. Therefore, it is of utmost importance to
understand the effects to fully inform users of all the potential risks when using these
devices.

In response to the discovery of negative side effects being presented in humans
from the use of traditional cigarettes, scientists created mouse models to try to quantify
the changes happening to the body. Understandably, when the usage of e-cigs started to
become more popular, scientists shifted their experiments to include the new devices.
Early reports exposed c57bl/6 mice, a strain of black mice, to either cigarette smoke, e-
cig vapor or air. The mice exposed to traditional cigarette smoke for four weeks showed
decreased lung compliance and increased lung elastance[23]. Similar changes in lung
physiology were witnessed in the e-cig vapor exposed mice, however these effects arose
sooner at three day. The mice exposed to e-cig vapor had an increase in airway
resistance and elastance as well as a decrease in airway compliance compared to non-
exposed air group [23]. However, while the vapor from the devices elicited changes in
lung physiology, the dosages from the devices used were not comparable to human
usage. Therefore, we strive to see how these devices, primarily JUULSs, affect a mouse
model in regards to changes in lung physiology at doses comparable to human use.

In order to expose our mice to a schedule similar to human usage of e-cigs, we
surveyed e-cig users on usage and preference for devices. From this data, we decided to
use JUULs. We exposed our mice to a chamber full of the e-cig vapor on a regular

schedule that represents acute human usage/dosage. The goal of our study was to



analyze the short-term effects of JUUL vapor when exposed at relativity short exposure
timelines of one month and three months. Once the mice were exposed to the e-cig
vapor, we analyzed the effects by measuring the airway resistance and compliance to
quantify changes in lung physiology. Another aspect we were looking at was the lung
resistance and elastance response to a hyperresponsive state, such as an asthma attack.
From these data sets, we hope to document the direct effects of e-cig vapor on the lung
physiology. We predict that the mechanism of how e-cigs affect our mouse model will
be similar to that of the past data from traditional cigarettes. We also hope to document
the changes on the lung physiology from the popular devices at dosages that the general

population are using.



RESULTS
Extended exposure to JUUL vapor doesn’t alter lung physiology significantly
compared to air group.

After a one month exposure to either mint or mango JUUL vapor, the airway
resistance did not show statistical changes over the air group at a confidence interval of
95%. With a prolonged exposure of three months, the airway resistance still did not
show statistical change between the exposure groups. However there is a slight trend of
the mango and mint having increased airway resistance compared to the air group. The
total lung compliance after a one month exposure did not show change across all three
exposure groups at a confidence interval of 95%. All three exposure groups had a close
grouping close to each other. After an increased exposure time point of three months
there was no statistical change between the three groups, however there was less tight
grouping.

In response to an asthmatic attack, JUUL vapor exposed mice were trending with
increased total airway resistance and elastance.

To evaluate how prolonged exposure to JUUL vapor affects the lungs response
to airway hyperresponsiveness such as asthmatic conditions, a methacholine challenge
was performed on the mice at the one month and three month time points. Both total
airway resistance and elastance were measured to quantify any changes. After a month
of exposure the three groups of mint, mango and air did not show any statistical
difference in total airway resistance at a confidence interval of 95%. Similar results
were seen at the one month time point for the three groups when measuring total airway

compliance with no statistical differences. However it should be noted that all three



groups had a close grouping at each increasing dose of methacholine. After a three
month exposure the air group was trending lower in both total airway resistance and
elastance compared to the two JUUL vapor groups, however there was no statistical
significance at a confidence interval of 95%. This might suggest with prolonged use of

JUULSs that users might be at risk for altered lung response when exposed to asthmatic

conditions.
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Figure 1. Lung physiology is not significantly altered after three month exposure to JUUL Vapor
compared to air group. Resistance (Rrs) and Compliance (Crs) are arbitrary units. (A and B)
Mechanic scan for resistance and compliance measured by ventilator for total airway resistance done on
¢57BL/6 mice after 1 month exposure to JUUL vapor. Air group was not exposed to any JUUL Vapor. 1
month air and mint groups (n=6), 1 month mango (n=5) (C and D) Mice exposed for 3 months to either
air or JUUL vapor(either mango or mint). 3 month mango and air groups (n=6), 3 month mint group
(n=5). Data graphed on an individual scatter plot. All data shown as mean + SEM and analyzed by
Sidak Multiple comparisons test.
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Figure 2. Prolonged exposure to JUUL vapor is possibly linked to altered lung physiology
response to an astmatic attack. Methacholine challenge performed on exposure groups of
either one month or three months. Increasing dosage of methacholine 0,6,12 and 14 mg/ml.
Resistance (Rrs) and Elastance (Ers) are arbitrary units. (A and B) Mechanic scan for
resistance and elastance measured by ventilator for total airway resistance done on ¢c57BL/6
mice after 1 month exposure to JUUL vapor. (C and D) Mice exposed for 3 months to either
air or JUUL vapor(either mango or mint). Data graphed on a connecting line chart. All three
groups were tested with six mice (n=6). All data shown as mean + SEM and analyzed by
Sidak Multiple comparisons test.



DISCUSSION

In order to quantify how JUUL vapor directly affects the lung tissue, the
resistance and compliance of the airways are measured in three groups of mice, which
were either exposed to JUUL vapor or air. The two JUUL vapor groups were composed
of mice being either exposed to mango or mint JUUL flavor pods. Another aspect of
this study analyzes prolonged exposure to JUUL vapor using two time points either one
month or three months.

Here we show that after a month exposure to JUUL vapor, there was no
statistical change in the measured total airway resistance or compliance between all
three exposure groups. These results are similar to past studies comparing exposure to
cigarette smoke and e-cig vapor at time points of three days to one month. However, in
their study the e-cig vapor was being delivered through a different device, a box mod.
After a month's exposure their results indicate no statistical change in airway resistance
between cigarette smoke, e-cig vapor and air, it should be noted that this study was
funded by a tobacco company. Our results could indicate that like cigarette smoke and
e-cig vapor from a box mod, that JUUL vapor effects on lung physiology, if any, are not
seen at such a short time point of one month. Therefore, the next step in the study was
to extend our exposure to a three month time point, to look for changes that could arise
after prolonged use of the devices. Another e-cig exposure study in the field, exposed
their mice to a time point of 2 months and was able to indicate no statistical changes in
airway resistance, but saw trends with groups exposed to nicotine having lower
resistance. However, this study was aimed to discover which components that make up

the e-cig liquid are causing change. This study was comparing e-cig vapor from a box



mod to cigarette smoke[23].Therefore with a combination of looking at other studies
and their exposure model and we decided to expose our mice to a 3 month exposure.
Our results were similar after a three month exposure illustrating that total airway
resistance and compliance did not show statistical significance between the three
exposure groups. A possible explanation for the result could potentially be the nicotine
component in the JUUL vapor. The other study saw lower trends of total airway
resistance, only in the group that was exposed to e-cig liquid that lacked nicotine.
Therefore a future study would be to conduct an experiment with JUUL pods that lack
nicotine, which would analyze if JUUL’s mechanism of delivering its vapor can elicit
similar trends.

Interestingly, both studies referenced earlier, the cigarette smoke groups did not
elicit a change in lung physiology. It is known that in humans, prolonged use of
cigarette smoke alters lung function, therefore it might be that our exposure model,
being considered an acute model is too short to elicit changes.

When comparing our time points of one month exposed to three months exposed
the total airway resistance in the JUUL vapor exposed groups trended with an increase
over the air group. This trend could become significant at an increased exposure
duration. An increase in airway resistance is a negative elicited response, since there is
an increase in opposition to airflow through the pathway towards the lungs [25]. This
would lead to the lungs not being able to properly conduct gas exchange, in turn leading
to respiratory failure [26]. Airway resistance can be determined by the density of the
gas, size/number of the airways and the type of flow of airflow, either laminar or

turbulent[25]. Our findings also mirror the results of a nicotine electronic cigarette
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aerosol inhalation study completed with human volunteers. [27] The study saw an
increase in airway flow resistance 30 mins after exposure to 30 puffs of an e-cig device.

To further quantity the effects that JUUL vapor might have on lung function a
methacholine challenge was conducted on the mice during the harvest. The goal of a
methacholine challenge is to determine the lungs response when being stimulated to a
hyperresponsive state, such as an asthmatic attack. After one month or three months of
exposure to either JUUL vapor or air the total airway resistance and elastance were
measured. The one month exposed mice showed no statistical difference, however the
three groups were grouped close together. At an extended exposure of three months, the
air group was trending with lower resistance and elastance compared to the JUUL
exposed mice. This result might suggest with prolonged use of JUULSs that users might
be at risk for altered lung response when exposed to asthmatic conditions.

Shown in the other studies, when exposed to cigarette smoke, both
measurements of resistance and elastance saw an increase when exposed to a
hyperresponsive state at either a three day exposure or two month exposure. However
when it came to exposure to e-cig vapor the elicited effects depended on the
components in the e-cig liquid. The first study at the three day exposure was indicating
that it might be the flavoring mixed with vg and pg that might be causing a significant
change. However when comparing these findings to the study that was looking at the
two month time point it looked like it is the vegetable glycerin, regardless of nicotine
that was causing the changes. Combining these two data sets it might point to vegetable
glycerin being the driving force for an increase in resistance during an asthma attack.

With our study we would look to see if the JUUL vapor is causing similar changes to

11



lung response in a hyperresponsive state like the cigarette smoke and the vegetable
glycerin component of e cig liquid. Analyzing the results of our data indicate that
JUULSs might not elicit the same changes as cigarettes and box mod e-cigs in regards to
the lungs being exposed to a hyperresponsive state.

Our study did not show statistical significance in our measurements at either the
one month or three month one hour daily exposure. When comparing our exposure
schedule to others in the field, our model could be considered to be an acute exposure to
JUUL vapor. Other models in the field that were looking at long term exposure to
cigarette smoke exposed their mice to four hours daily for almost a year[28]. Therefore
a future direction for this study would be to look at a long term exposure to JUUL vapor
by increasing exposure daily as well as long term.

One of the potential pitfalls in our animal model is that mice have a high nasal
airflow and filter rate compared to humans [29], which could alter the amount of e-cig
vapor particles deposited in the lungs. To determine if nicotine e cig vapor is being
inhaled by the mouse, we conducted an ELISA for the presence of cotinine, a
metabolite of nicotine. However, this method does not offer insight on how or where the
nicotine enters the body, rather it just proves nicotine was absorbed by the mouse.
While our ELISA showed significant levels of cotinine in the blood, we are not able to
confidently state whether the nicotine e cig vapor was absorbed through the lungs
compared to a different route such as the nasal capillaries. A potential solution would be
to analyze the lungs of the exposed mice for the chemical products of e-cig vapor

through mass spectrometry.
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In the future we look to determine which of the various factors known to
calculate airway resistance are altered by exposure to e cig vapor. Possible factors to
focus on would be the change in the dimension of the airways. Another avenue of
interest is that in our study all the e-cigs contain nicotine, a possible future study would
be to test e-cig liquid that does not have nicotine to determine whether the nicotine or
other ingredients in the e-cigs are causing the changes. Further in the future we plan to

change our model organism to one that is more similar to humans, primates.
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MATERIALS AND METHODS

Female C57BL/6 mice were exposed daily for 1 month or 3 months to either
JUUL (Mint and Mango with 59 mg/mL nicotine) e-cigarette vapor. Mice were exposed
for 20 minutes 3 times daily. All exposures were conducted in the Scireq whole body
Expose System. At the time of harvest, mice were given ketamine/xylazine for sedation.
Tracheostomy was performed on mouse. The mouse then underwent lung physiology
testing via the Scireq Flexivent mouse ventilator. Methacholine challenge was also
conducted with increasing dosages of 0,6,12,24 mg/ml. Lungs were then removed from
chest cavity under 25cm of water pressure. Lungs were sent off for histology. All

graphs and statistical analyses were made and run through Graphpad Prism.
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