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Cigarette smoking is the leading cause of preventable death worldwide. Electronic
cigarettes (ECs) are marketed as a “safer” alternative to cigarette smoking due to a
significant reduction in the number of toxic chemicals delivered to the user; however, ECs
are still believed to cause major health concerns due to the concentrated delivery of toxic
chemicals. Stem cells participate in tissue restoration and are often considered in therapies
used to treat cigarette-smoking diseases. The oral cavity, the initial site of EC vapor
exposure, contains various stem cell populations like periodontal ligament derived stem
cells (PDSLCs) that are involved in the development, maintenance, and repair of oral
tissues. PDLSCs are critical for maintaining healthy teeth and regenerating damaged oral
tissues from destructive diseases such as periodontitis. PDLSCs can be easily isolated
following natural tooth loss or routine dental procedures and are thus an ideal source of
therapeutic stem cells for periodontal regeneration. However, by residing in the oral cavity,
PDLSCs are exposed to and thus extremely susceptible to the effects of EC vapor. The
precise effects of EC vapor on stem cell biology are unknown. Nicotine has been shown to
negatively impact the regenerative capabilities of PDLSCs, but EC vapors contain other

non-nicotine compounds whose effect, either alone or in tandem with nicotine, remains



unknown. Others suggest that the nicotinic effects are mediated through o7 nicotinic
acetylcholine receptors (nAChRs) on the PDLSC surface; yet, it is still unknown whether
nicotine-containing ECV cause detrimental effects to PDLSCs through similar
mechanisms.

To study these effects, I propose using an automated smoking robot and a recent-
generation EC device to produce vapor from Omg/ml nicotine and 36mg/ml nicotine e-
liquids (non-flavored, 50%/50% w/v PG/VG) and a liquid impinger to extract vapor into
cell culture media so that it can be added directly into PDLSC cultures. The effects of
exposure on the proliferation, migration, and osteogenic differentiation potential of PDLSC
were investigated in order to determine the harms of use on dental stem cell regeneration
potential. The involvement of &7 nAChRs and microRNA (miRNA) expression were also
investigated in order to understand the molecular mechanisms regulating this effect. It was
predicted that nicotine-containing ECVs would inhibit PDLSC proliferation, migration and
osteogenic differentiation through a7 nAChRs and upregulated miRNA. It was concluded
that exposure to nicotine-containing EC vapors significantly undermines the proliferation
and osteogenic differentiation potential of PDLSCs. These effects were mediated in part
by a7 nAChRs and e-liquid humectants and potentially by upregulated miRNAs that are

involved in regulating cell proliferation, migration, and osteogenic differentiation.
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Chapter 1 Significance
Cigarette smoking (CS) is the leading cause of preventable death in the US[1].

Every year millions of people try to quit CS with the help of nicotine replacement therapies
(NRTs). These therapies are FDA approved and, under proper use, are safe ways to help
smokers overcome their nicotine addictions. The electronic cigarette (EC) is a new NRT
that is being marketed as a “safer alternative” to CS; however, these devices have not been
fully regulated by the FDA and are still believed to cause major health concerns due to the
concentrated delivery of toxic chemicals like nicotine and flavoring agents[2; 3]. Despite
these concerns, EC use continues to be on the rise. In the U.S. alone within the last 5 years,
EC use has doubled amongst adults[4] and tripled amongst adolescents[5]. The effect of
EC vapors on human health has been previously studied[6; 7; 8]; however, the immediate
and residual effects of these vapors on oral health and stem cell biology remain entirely
unknown.

Adult stem cells are currently being considered as a therapeutic approach for the
regeneration of tissues damaged by periodontal disease[9]. The oral cavity, the initial site
of EC vapor exposure, contains various stem cell populations that are involved in the
development, maintenance, and repair of oral tissues[10]. Periodontal ligament derived
stem cells (PDLSCs) are one such population. PDLSCs are multipotent and have been
shown to give rise to tooth supporting structures such as alveolar bone, periodontal
ligament, and cementum[10]. In addition to their regenerative capabilities, PDLSCs can be
easily isolated following natural tooth loss or routine dental procedures and are thus an
ideal source of therapeutic stem cells for periodontal regeneration[10; 11]. A recent clinical

trial using autologous PDLSCs as a therapeutic approach for the regeneration of



periodontal bony defects confirmed the safety of this approach for human use[9]. However,
by residing in the oral cavity, PDLSCs are exposed to and extremely susceptible to the
detrimental effects of EC vapor. EC chemicals like nicotine readily accumulate in the saliva
due to nicotine “ion-trapping”[12]. In fact, salivary nicotine has been measured to be
almost 87 times higher than in the blood plasma[13]. Our group has recently shown that
nicotine significantly inhibits PDLSC regeneration potential[14]. Some suggest that these
nicotinic effects are mediated through the activation of nicotinic acetylcholine receptors
(nAChRs) present on the stem cell surface; however, the detrimental effects of nicotine are
still partially observed even after the deactivation of nAChRs[15]. These results suggest
that there are additional mediators behind these effects. Understanding the potential effects
of EC use on PDLSC biology is therefore crucial for determining whether EC use can
render PDLSCs ineffective for future therapeutic applications regarding periodontal
regeneration.

Periodontitis is an inflammatory disease of the oral cavity that, if left untreated,
leads to the deterioration of tooth supporting structures and culminates in eventual tooth
loss. Periodontitis has been associated with increased incidences of cardiovascular
disease[16] and stroke[17] and is extremely prevalent in cigarette smokers[18]. Nicotine
has also been associated with higher risks of periodontitis due to its ability to augment
alveolar bone loss[19]. ECs commonly contain nicotine in their e-liquids; therefore, it is
possible that EC use may increase the risk of periodontitis. The detrimental effects of
periodontitis on oral health can be avoided if the disease can be diagnosed at the onset in
order to provide early preventative dental care. Current diagnostic techniques, however,

are only capable of detecting advanced forms of the disease; therefore, a need for early



detection still exists in order to improve clinical management. One potential approach is to
identify the presence of biomarkers in saliva that are associated with the early onset of
periodontitis. The detection of microRNAs (miRNAs), for example, has proven useful for
the early prognosis of numerous diseases, including cancer[20]. Interestingly, miRNAs can
be measured in the saliva[21; 22] and are differentially expressed in human periodontal-
diseased and normal gingival tissues[23]. Our group has recently shown that PDLSC
miRNA expression is significantly altered following nicotine and cigarette smoke
exposure, with certain miRNAs actually targeting several aspects of PDLSC regeneration
potential[14; 24]. The use of miRNAs as salivary biomarkers for the early detection of
periodontitis is therefore a novel approach that has the potential to improve the prognosis
of periodontal diseases like periodontitis. This approach would allow for earlier
preventative care, thereby reducing the overall prevalence of this disease. These methods
can be converted into a new diagnostic technique for future commercial application.
Ultimately, the findings obtained from this application can be used to assess the harm that
ECs pose to oral health, identify potential root causes and new diagnostic techniques for
the screening of destructive periodontal diseases like periodontitis, and further encourage
tobacco use reduction.

This project introduces several innovative aspects, on a conceptual, technical and
practical level. At the conceptual level, this project innovates by changing the common
belief that nicotine is “only” the major addictive substance in cigarette smoke and EC vapor
to nicotine being a major player responsible for adverse effects of cigarette smoking and
EC vaping. In addition, the effects of EC vapors on stem cells in the oral cavity have not

been explored. This proposal will directly address the novel concept that repair



mechanisms in the oral cavity are depressed by EC vapor through the action of nicotine
changing the miRNA composition of stem cells. At the technical level, this project
innovates by using sophisticated vaping (VC-1) and smoking robots (VC-10) that will
allow us to mimic real-life smoke and vapor conditions. In addition, a liquid
chromatography mass spectroscopy method was developed to determine the concentration
of nicotine in collected extracts so that all experiments were conducted in physiological
ranges of exposure. At the practical level, this project innovates by providing solid
scientific data that will help understand possible adverse effects of nicotine-containing
vapors on stem cells in the oral cavity and by identifying novel biomarkers (i.e. miRNA)
that can be used as a prescreening method for the early detection of oral diseases associated

with cigarette and EC use. Therefore, this project is highly relevant to dental health.



Chapter 2 Background

Cigarette Smoking
Cigarette smoking (CS) is the leading cause of preventable death worldwide[1]. In

the United States alone, CS has claimed the lives of more than 20 million people since the
release of the inaugural Surgeon General Report on Smoking and Health in 1964[25].
Exposure to CS toxins significantly increases the risk of cardiovascular disease, respiratory
disease, and cancer. According to the 2014 Surgeon General’s Report on Smoking and
Health, CS is a major risk factor for the development of cardiovascular disease (CVD), the
leading cause of death in the United States[25]. Smoking increases the risk of
atherosclerosis, stroke, and coronary heart disease and, on average, smokers are two to
three times more likely to suffer from myocardial infarction and ischemic heart disease
compared to non-smokers[25; 26]. In addition to CVD, CS has been shown to severely
affect the respiratory system. Asthma and chronic obstructive pulmonary disorder (COPD)
are two common respiratory complications caused by chronic smoking[25]. In fact, COPD
is the third leading cause of death in the US, with almost 80% of cases being smoking-
related[25]. The most deadly respiratory disease caused by CS, however, is lung cancer-
the leading cancer killer in the US[25]. Cigarette smoke is composed of more than 7,000
chemicals, 69 of which are known carcinogens[25]. In addition to exposing themselves,
smokers expose millions of others to cigarette smoke toxins via ‘second-hand’[27; 28; 29]
and, more recently identified, ‘third-hand’ smoke[30; 31]. Exposure to these chemicals
significantly increases the risk of various types of cancers (reviewed in[32]); however,
despite knowing these facts and seeing them first-hand, the prevalence of CS among U.S.

adults remains high at 22.0%][33]. Every year 68% of Americans try to quit smoking[34],



however a recent study determined that it may take smokers more than 30 attempts before
they are actually able to do so[35]. Although surprising, the high failure rates and number
of attempts needed to quit are to be expected because smokers have a strong addiction to
nicotine, a common chemical found in cigarettes and all tobacco products. To aid in their
quitting efforts, many tobacco users turn to alternative forms of nicotine delivery.
Nicotine Replacement Therapies

Nicotine replacement therapies (NRT) are Food and Drug Administration (FDA)-
approved products that deliver nicotine at controlled rates to help cigarette smokers and
other tobacco users overcome their nicotine addictions. By gradually reducing nicotine
dose over time, these products help smokers wean off of nicotine and avoid the severe
withdrawal symptoms associated with abrupt quitting[36]. NRTs come in a variety of
forms like patches, lozenges, gums, nasal sprays, and inhalers with each product having
their own unique way of delivering nicotine. Nicotine patches are adhered to the skin and
deliver nicotine transdermally. They are easy to use, discrete, and only need to be applied
once a day. They can be purchased over the counter and do not require a prescription. Also
available over the counter, lozenges and gums deliver nicotine orally. Lozenges deliver
nicotine as they dissolve, whereas gums deliver nicotine as they are chewed. Although both
are discrete and easy to use, they are not long-lasting and require multiple doses throughout
the day therefore making them easier to abuse. Nasal sprays and inhalers deliver nicotine
via the respiratory tract and are prescribed to heavily addicted patients who need rapid
nicotine delivery. Nasal sprays deliver nicotine in a liquid through the nose where it can be
rapidly absorbed through nasal blood vessels. Inhalers, on the other hand, deliver nicotine

through a vapor which the user must puff or inhale. These products closely resemble



cigarettes in both shape and use and are therefore said to help smokers also overcome the
“act” of smoking. These products are tightly controlled in production and have strict
guidelines for use, unlike electronic cigarettes, which are similar to inhalers but
considered alternative tobacco products.

Electronic Cigarettes

The electronic cigarette (EC) is a relatively new device that has been adopted as the
“safer” alternative to cigarette smoking due to a significant reduction in toxic chemical
delivery[37]. The device was originally created by Hon Lik, a Chinese pharmacist, as a
consequence of his inability to quit smoking with the assistance of the then current nicotine
replacement therapies. Lik was determined to engineer a new ‘“cigarette-like” device that
appealed to his smoking habits and helped him quit smoking by delivering addiction-
satisfying doses of nicotine in a safe and efficient manner. Lik eventually designed a device
that met these specifications and, by the turn of the 21* century, patented the “electronic
atomization cigarette”[38]. Since then, ECs have gain rapid popularity among active and
former cigarette users, as well as non-cigarette users thanks to their simple design,
convenience, and improved “safety”. In fact, EC use in the U.S. alone has doubled amongst
adults from 2010-2011[4] and tripled amongst adolescents (middle and high school
students) from 2013-2014[5].

The EC, also commonly referred to as the e-cig or electronic nicotine delivery
system (ENDS), was initially designed to closely resemble the size, shape, and use of a
typical cigarette. The purpose of this design was to allow for a smoother transition between
cigarette and EC use and ultimately a smoother transition to cigarette cessation. As

depicted in Lik’s patent application, the original EC contained a variety of electrical



components that were housed within a “cigarette-shaped rod” (Figure 2-1). Table 2-1,
below, gives a brief description of each of the EC components. Together, these components
convert a nicotine-containing solution, or “e-liquid”, into a vapor that can be easily inhaled
by the user. The “vaping” process is initiated once the user begins to inhale on the EC
mouthpiece. The differential pressure created upon inhalation activates the sensor, which
in turn activates the electronic circuit board and the atomizer. Simultaneously, outside air
is drawn into the atomizer cavity through the opposite end of the EC. The flow of air
produces droplets from the e-liquid bottle that trickle down into the atomizer cavity. There,
the e-liquid is quickly heated by the atomizer and vaporized into smaller droplets. These

droplets are mixed with incoming air to create an aerosol that can then inhaled by the user.

the formulation of the e-liquid.

The aerosol contents however will vary depending on the type of EC used (i.e., model) and
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Figure 2-1: Electronic Atomization Cigarette Schematic. This schematic from Lik's original U.S. Patent
application shows all the internal components of the first EC.




Table 2-1: Figure 2-1 Key. Identifying and Describing the Internal Components of the Electronic
Atomization Cigarette Schematic in Figure 2-1

Component Description

1. Light Emitting Diode When the user inhales, the LED lights up to simulate a burning cigarette.
(LED) The LED is also used as an indicator of proper function.
2. Rechargeable Battery The battery powers all of the EC’s electrical components.
3. Electronic Circuit Board Contains electronic switching circuit and the high frequency generator.

. A space within the EC by which outside air can flow into the normal
4. Air Inlet .

pressure cavity.

5. Normal Pressure Cavity Fills with outside, atmospheric air upon inhalation. Provides a

differential pressure upon inhalation (negative pressure).

Recognizes the pressure difference that is created upon inhalation.

6. Sensor Produces an actuating signal that initiates the operation of the circuit
board.
7. Vapor-Liquid Separator Separates the e-liquid contents from the freshly generated EC vapor.

. Negative Pressure Cavity

Cavity in which a negative pressure is created via inhalation through the
mouthpiece.

9. Atomizer Heating element responsible for vaporizing the EC e-liquid.
Surrounded by the atomizer, this cavity is where air, from the normal

10. Atomization Cavity pressure cavity, and e-liquid droplets, from the e-liquid bottle, are mixed
together and heated.

11. E-Liquid Bottle E-liquid reservoir.
A space within the EC by which the aerosol, created from the heating of

12. Aerosol Passage the e-liquid in the atomization chamber, can flow towards the gas vent
and mouthpiece.

13. Retaining Ring Locks e-liquid bottle in place.

14. External Shell Wall Protects internal components.

. The contact point between the user and the EC. In a typical cigarette, the

15. Mouthpiece mouthpiece I\?vould correspond to the filtered end. P ¢

16. Micro-switch Operates the sensor.

17. Gas Vent An opening to allow for pressure equalization.

18. Air Passage of Sensor An opening for the continual passage of air from the air inlet towards

the atomization cavity.

Throughout the years the EC has undergone numerous modifications to enhance its
function and capacity to deliver concentrated doses of nicotine. First-generation ECs
closely resembled the size and shape of a regular cigarette. They were disposable devices
intended for a single use (e.g., 200-300 puffs) and so contained a non-rechargeable battery
and pre-filled e-liquid tank. Second-generation devices, however, addressed these
limitations. Compensating size, these devices included bigger, rechargeable batteries and
often re-fillable e-liquid tanks. These two features reduced waste, made devices last longer,

and allowed users the ability to freely switch between e-liquid cartridges of different
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flavors and nicotine strengths. Now, a much more advanced form of these second-
generation devices exists. Third-generation ECs are essentially modifiable versions of its
predecessor. These devices are equipped with digital screens that allow users the ability to
modify battery voltage and wattage in an effort to personalize the vaping experience.
Regardless of generation, all ECs contain e-liquid. E-liquids are comprised of three
ingredients: humectants, flavoring agents, and nicotine[39]. Humectants form the base of
all e-liquids and are therefore the most common chemical found across brands. It is the
heating of these solvents that produces the characteristic vapor of ECs. Propylene glycol
and glycerol are the two compounds routinely used to create e-liquids. Both are FDA-
approved and widely used in the food[40] and pharmaceutical industries[41]. These two
compounds are often both present in e-liquids, but users can modify their ratio to alter the
characteristics of the vapor produced (i.e., thicker cloud, sweeter taste, less of a “throat
hit”). E-liquids also come in a variety of flavors. These additives can be used to improve a
user’s vaping experience. A recent study showed that flavor additives can be used to
enhance the sweetness, pleasantness, and bitterness or EC vapor[42]. Flavored e-liquids
are easily created by soaking ingredients in PG/VG for weeks or adding flavoring extracts
to PG/VG batches. The flavor profiles can be simple or complex depending on how many
flavoring agents are added into the e-liquid mixture. With thousands of e-liquid flavors
available to date, users have a wide variety of options to choose from and are therefore
more likely to try and continue vaping. In addition to humectants and flavoring agents, e-

liquids can also contain nicotine, which further reinforces EC use.
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Nicotine
Nicotine is the quintessential compound responsible for an individual’s addiction

to cigarettes and other tobacco-containing products[43]. E-liquids can contain anywhere
from 0 to 36mg/ml nicotine[44], therefore EC use can also be addicting. Although present
in both cigarettes and ECs, the concentration and the methods for the delivery of nicotine
are unique to each product.

The most common method for nicotine delivery is through the burning, or
combustion, of tobacco during cigarette smoking. In this method, nicotine is transported
via tiny tar droplets that are inhaled as part of the particulate phase of cigarette smoke[43;
45]. Typical cigarette rods contain an average of 13-19mg of nicotine[46]; however, the
total nicotine yielded from each cigarette depends on the user’s smoking technique (i.e.,
duration, interval between puffs, total puffs)[47]. When smoked according to the
parameters of ISO 3308:2012, the international standard for achieving reproducible
cigarette smoking conditions across all scientific labs, a typical cigarette rod yields
approximately 1 mg of nicotine[48]. Experienced smokers, on the other hand, can yield an
average of 2.29mg nicotine/cigarette[49]. ECs deliver nicotine via an aerosol that is created
from the vaporization of an e-liquid. As previously mentioned, e-liquid nicotine
concentrations range anywhere from 0-36mg/mL. As is the case with cigarettes, only a
portion of the nicotine in e-liquids, approximately between 20-80%, is actually aerosolized
and delivered to the user[50; 51]. Recent studies have shown that these inefficiencies in
nicotine yield can be affected by factors such as EC battery voltage, e-liquid nicotine
concentration, puff protocol, and user experience[52; 53]. Therefore, similar to cigarettes,

a vaper can easily modify nicotine yields by simply altering their smoking habits.



12

Internalization of smoking and vaping-toxins occurs through the respiratory tract.
For specific compounds like nicotine, the subsequent absorption into specific tissues is
largely dependent on tissue pH[43]. Nicotine is a weak base (pKa of 8.0)[43] and is
therefore more readily absorbed in slightly basic conditions where it is less “ionized”[43].
This is partially why nicotine is readily absorbed through the lungs[43]. In addition to being
at a slightly basic pH, the lungs offer a large surface which further facilitates nicotine
absorption. After diffusing through the alveoli and into the surrounding vasculature,
nicotine is quickly spread throughout the body via cardiovascular circulation. Within
seconds, nicotine reaches the brain and begins to stimulate dopaminergic reward
regions[54; 55; 56]. This immediate effect is one of the major reasons for nicotine addiction
and abuse liability because, at this pace, the brain can ascertain internal nicotine
concentrations and quickly modify a user’s smoking behavior in order to ensure nicotine
yields that satisfy addiction levels[57]. Nicotine is also readily absorbed in the mouth, the
initial site of smoke and vapor exposure. The oral cavity is a slightly acidic environment.
Others have reported that the pH of the mouth ranges from 6.7 to 7.3, with an average of
6.7[58]. Flue-cured cigarette smoke is also slightly acidic (pH 5.5-6.0), thus the two
conditions do not make for efficient absorption in the oral cavity[43]. However, recent
reports suggest that cigarette smoke may be more alkaline than originally thought[43],
thereby improving oral nicotine absorption. EC liquids, on the other hand, are characterized
by a slightly more basic pH[59]. Therefore, nicotine delivered from these devices is
believed to be more readily absorbed in the mouth. Although the slightly acidic conditions
of the mouth are not ideal for nicotine absorption, nicotine readily accumulates in the saliva

due to nicotine “ion-trapping”[12]. In fact, salivary nicotine has been measured to be
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almost 87 times higher than in the blood plasma[13]. Table 2-2 provides peak nicotine
concentration measurements taken from the saliva and blood plasma of smokers after
cigarette or EC use. These results show that despite differences in nicotine delivery
between cigarettes and ECs, experienced EC users can achieve plasma and salivary

nicotine concentrations similar to those achieved during cigarette smoking.

Table 2-2: Peak mean nicotine concentrations measured in blood plasma and saliva after cigarette and EC
use. The variation in mean nicotine values across studies is due to differences in study methods.

Peak Nicotine Concentrations (WM)
Measurement Cigarette Smoker Ecig Vaper

Location N Mean (SD) N Mean (SD) Ref.

N.R. 0.092 (N.R.) N/A N/A [13]
6 0.147 (0.017) N/A N/A [60]
Blood Plasma 10 0.115 (0.038) N/A N/A [61]
(Venous) 24 0.180 (0.067) 23 0.138 (0.047) [62]
10 N.R. 11 0.152 (0.072) [63]
N/A N/A 13 0.118 (0.014) [64]
N/A N/A 16 0.105 (0.110) [65]
N.R. 8.605 (N.R.) N.R. 5.301 [66]
N.R. 8.013 (N.R.) N/A N/A [13]
. 12 14.478 (7.775) N/A N/A [67]

Saliva

36 1.276 (N.R.) N/A N/A [68]
42 1.073 (N.R.) N/A N/A [69]
122 0.398 (0.021) N/A N/A [70]

Legend: N - number of subjects; N/A - Not Applicable. N.R.; - Not Reported or Mentioned.

Nicotine’s Influence on Musculoskeletal Healing
The wide distribution and absorption of nicotine throughout the body results in

many of the tissues being extremely susceptible to the effects of nicotine exposure. Since
this dissertation focuses on the effects of nicotine-containing EC vapors on the wound
healing and osteogenic differentiation potential of stem cells, the following sub-sections
will aim to summarize the findings of recent scientific experiments investigating the effect

of nicotine on musculoskeletal healing and stem cell biology.
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Nicotine and Musculoskeletal Healing

Healing, in general, is a complex process orchestrated by several role players whose
ultimate goal is to efficiently restore damaged tissue to its original state. The basic
mechanisms behind wound and skeletal healing and the effects of nicotine on these
processes have previously been reviewed[71; 72; 73]; however, the aim herein is to present
recent and human-only-based research. In order to do so, the following filters and search
titles were used when gathering potential publications on the PubMed database
(http://www.ncbi.nl-m.nih.gov/pubmed): Publication Dates: 5 Years; Species: Human;
Title: (Wound Healing OR Skin OR Soft Tissue OR Blood Vessels AND Nicotine) OR
(Bone OR Fracture Fixation OR Fracture Healing OR Osteoblast OR Osteoclast AND
Nicotine).
Wound Healing

Two of the major role players involved in the wound healing process are fibroblasts
and endothelial progenitor cells. Fibroblasts, which produce extracellular matrix as well as
collagen, and endothelial progenitor cells, which give rise to the endothelial cells that help
form new capillaries, are simultaneously recruited by activated macrophages and cell
mediators to the site of injury in order to replace damaged tissues (reviewed in[72]).
Although efficient, these cells can become ineffective when exposed to outside factors such
as nicotine. Therefore, current therapies, which aim to facilitate regeneration, use chemical
agents and growth factors to enhance the number and function of fibroblasts and

endothelial progenitor cells.
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Fibroblast-Based Studies

In 2010, Choi et al. observed that nicotine increased the expression of early growth
response-1 (EGR-1) in cultured human skin dermal fibroblasts (hRSDFs)[74]. The increased
expression of EGR-1, which encodes a protein involved in collagen production and skin
wound repair, is suggested by Choi et al. to improve the function of hSDFs, which, in turn,
will facilitate the wound healing process. In a later study, Silva et al. investigated the effects
of nicotine on the viability and migration potential of human gingival fibroblasts
(hGFs)[75]. The researchers observed that nicotine had little to no effect on cell viability
and cell death, but did stimulate cell migration. Ultimately, however, Silva et al. concluded
that the effect of nicotine on hGFs was not enough to significantly affect the healing
potential of these cells. Tinti & Soory, investigating the oxidative effects of nicotine on
hGFs and human periosteal fibroblasts, determined that the detrimental effects of nicotine
oxidation on wound healing could be reversed by the anti-oxidant glutathione[76].
Endothelial-Based Studies

While studying the in vitro effect of nicotine on human umbilical vein endothelial
cells (HUVECs), Y.J. Park et al. observed that nicotine exposure augmented the
proliferation, migration and angiogenic potential of HUVECs[77]. In 2011, H.S. Park et
al. investigated the acute and chronic effects of nicotine on the proangiogenic activity of
HUVECs[78]. The group looked at the effect of nicotine on several factors including:
production of nitric oxide (NO), expression of endothelial nitric oxide synthase (eNOS),
cell viability, migration potential and morphology and the results from these experiments
can be summarized into two relatable conclusions. The first conclusion is that nicotine,

regardless of exposure time, has an effect on the angiogenic activity of HUVECs. This



16

result was supported by the variation in values between non-exposed and exposed groups
for all factors. The second conclusion is that the degree of this nicotinic effect is dependent
on exposure time. H.S. Park et al. showed that the production levels of NO and eNOS were
significantly higher in acute vs. chronic exposed HUVECs. The migratory function and
tubular formation (number and length of circles) of acutely exposed HUVECs was also
significantly better when compared to the chronic exposed groups.

Combined Studies (Fibroblast and Endothelial Cells)

In 2011, Laytragoon-Lewin et al. investigated the effects of pure nicotine on human
derived fibroblasts and endothelial cells[79]. The researchers showed that, compared to the
control, nicotine exposure increased the proliferative capacity and altered the morphology
of both cell types. In addition, the researchers evaluated nicotine’s effect on the expression
of 96-well-defined genes common to both cell types, which were grouped into 5 categories:
Cell Cycle and DNA Damage, Apoptosis and Cell Senescence, Signal Transduction and
Adhesion, Angiogenesis, and Invasion and Metastasis. Surprisingly, nicotine caused a
differential expression in 80% of endothelial and 73% of fibroblast genes investigated
within an hour of exposure.

Skeletal Healing

The dose dependent effect of nicotine is well known and has been recently
demonstrated in many of the cells that comprise the skeletal tissues. The process of bone
fracture healing is very similar to the process of wound healing. It can be divided into three
phases: reactive phase, reparative phase and remodeling phase. During the reactive phase,
blood vessels surrounding the fracture site constrict to prevent further bleeding. At the

same time, extravascular blood cells form a clot, known as a hematoma, in the fracture site.
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All the cells within the clot undergo apoptosis, allowing for the migration and proliferation
of fibroblast cells within the clot, forming granulation tissue. The fibroblasts create a
provisional extracellular matrix for the migration and proliferation of cells necessary for
the formation of new bone. Once this phase is complete, the reparative phase begins with
the migration, differentiation and proliferation of precursor cells from the periosteum, a
connective tissue membrane covering the bone. These precursor cells include
mesenchymal stem cells, which differentiate into chondrocytes and osteoblasts, which are
responsible for the formation of new cartilage and new bone, respectively. During this
phase, various preliminary bone structures are formed by chondrocytes and replaced by
osteoblasts[80]. Finally, during the remodeling phase, the preliminary bone structure is
reinforced with compact bone. It can take anywhere from 3 to 5 years for the newly formed
bone to achieve its original strength[80]. The time frame in which wound healing and bone
fracture healing take place depends on a patient’s age and general condition, which
includes a patient’s exposure to nicotine.
Chondrocyte and Bone Marrow Stromal Cell-Based Studies

In 2012, Ying & Cheng et al. demonstrated that nicotine, at concentrations of
0.154uM (25ng/ml), 0.308uM (50ng/ml), and 0.617uM (100ng/ml), caused significant
increases in the cellular proliferation and collagen type II expression/production of human
derived chondrocytes[81]. That same year, Ying & Zhang et al. used a different set of cells,
human bone marrow stromal stem cells (hBMSCs), to investigate the effects of a higher
nicotine dose on the proliferation and collagen type II expression of these cells[81]. In this
study, Ying & Zhang et al. observed significant enhancements of both qualities at lower

nicotine doses (1uM), but significant impairments at higher doses of (10uM). In addition,
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Ying et al. also investigated the effect of nicotine on the expression/ production of
aggrecan; however, no significant changes were noted. A 2013 study conducted by Shen
et al. also investigated the effects of nicotine on the hBMSCs derived from the iliac
crest[82]. Similar to Ying & Zhang et al.’s results, Shen et al. observed that low doses of
nicotine (0.308uM [50ng/ml] and 0.617uM [100ng/ml]) caused significant and sustained
increases in the proliferation of hBMSCs, significant increases in alkaline phosphatase
(ALP) activity, and significant and sustained increases in the expression of ALP and
collagen type I. In addition to significantly decreasing all of these effects, higher doses of
nicotine (6.17uM [1000ng/ml]) significantly inhibited cell-mediated calcium deposition,
osteocalcin (OCN) expression, and bone morphogenetic protein-2 (BMP-2) expression.
Periodontal Ligament Cell-Based Studies

The increased incidences of alveolar bone degenerating diseases, such as
periodontitis, have been well documented in smokers and tobacco users alike[83; 84; 85].
The oral cavity is the initial site of toxic exposure for all tobacco-containing products and
many nicotine containing products (e-cigarettes, nicotine gums, and nicotine lozenges).
During their use, nicotine remains in the oral cavity for extended periods of time causing a
rapid increase in concentration. As a result, the tissues of the oral cavity are extremely
susceptible to the effects of nicotine exposure. A 2009 study by H. Lee et al., investigating
the effects of nicotine on periodontal ligament (PDL) cells, showed that nicotine
downregulated the expression of osteoblastic differentiation markers ALP, OCN, and
Osteopontin (OPN)[86]. In order to prevent additional cytotoxic effects, nicotine decreased
the expression of osteoprotegerin while simultaneously increasing the expression of

receptor activator of nuclear factorkappa B ligand and the production of transcription factor
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NF-E2-related factor-2 and heme oxygenase-. A study by S.I. Lee et al. demonstrated that
nicotine exposure promotes endoplasmic reticulum stress and facilitates extracellular
matrix degradation via downregulation of extracellular matrix molecules, such: as collagen
type I, elastin, and fibronectin; and upregulation of matrix metalloproteinases[84].
Cigarette Smoking, Nicotine, and Mesenchymal Stem Cells

All of the cells mentioned in the previous section originate, in one way or another,
from tissue-restricted stem cells. These postnatal stem cells, also known as adult stem cells,
reside in their respective tissue niches where they provide support for tissue maintenance
and regeneration. To help them achieve these functions, stem cells rely on several
characteristic traits including proliferation, migration, differentiation, and paracrine
signaling. These abilities can also be harbored for stem-cell based therapies in where
tissues-restricted stem cells are extracted from their niches and re-implanted into other sites
of need. In fact, recent translational approaches using mesenchymal stem cells (MSCs), for
example, have proven to be very effective for the treatment of a variety of injuries and
diseases. However, compromising MSC function, through infectious or genetic diseases
for example, can lead to ineffective clinical outcomes. Accordingly, these conditions are
often included as exclusion criteria in patient recruitment for stem cell-based therapies.
However, environmental risk factors, such as cigarette smoking and nicotine use, can also
compromise MSC function, leading to inefficacious outcomes. Recent data have
demonstrated that cigarette smoking and nicotine exposure can negatively affect MSC
regeneration potential (i.e., proliferation, migration, and differentiation). The following
sections review recent studies regarding the deleterious effects of cigarette smoking and

nicotine usage on MSC and serve to provide evidence as to why cigarette smoking and
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nicotine usage deserve further consideration as exclusion criteria when designing future
stem cell-based trials and therapies.
Effect on Proliferation

The ability to self-renew is one of the defining characteristics of stem cells and vital
to their translational efficacy. To highlight the role that cigarette smoking may play on
proliferation, Wahl et al. exposed human adipose-derived MSCs in vitro to CSE at various
concentrations. At levels of 5% and 10%, MSCs displayed no viability; however, under
1% showed no significant difference in cell viability. This study highlights that above
specific thresholds cigarette smoking can be very toxic to MSC populations[87]. These
data, however, are only helpful in the empirical sense, as determining what concentrations
specific compounds in extract are found in is unknown.

In vitro, human umbilical cord blood cells exposed to 0.5-1.5 mg/ml nicotine (3—9
mM) showed dose-dependent decreases in proliferation and increases in apoptosis (p<.05
for all concentrations)[88]. Significant decreases in proliferation have also been observed
at concentrations as low as 0.1-10 uM (p<.05)[14; 89]. Evaluating changes in proliferation
in vivo can be challenging; however, decreased proliferation rates have also been observed
in MSCs isolated from chronic smokers without in vitro exposure to any additional smoke
or nicotine after isolation. These cells showed a 2.53-fold decrease in proliferation
compared with nonsmoker derived control cells. Decreased proliferation was still observed
even after sub-culturing cells 3—5 times, suggesting that the effects of nicotine exposure
may be permanent or last for several generations of daughter cells[24]. This result is very
important for translational approaches as it highlights the need to gain a full history of

nicotine usage for all potential stem cell donors. Contrarily, several groups have reported
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an increase in cellular proliferation after nicotine exposure. Shen et al. showed that human
MSCs exposed to 50-100 nM nicotine for 7 days showed significant increase in the cell
number (p<.05); however, 1 uM nicotine significantly decreased cell concentration
(p<.01)[82]. Kim et al. report that 1 uM to 100 uM nicotine was not sufficient to alter
proliferation in vitro, but that doses between 1 and 2 mM increased proliferation, and over
5 mM decreased proliferation of human alveolar bone marrow-derived MSCs[90].
Although the trend in this study is consistent with data presented by others the nicotine
concentration used appears to be at minimum 1,000x higher compared with other studies.

There have been several theories to partially explain how nicotine alters
proliferation of MSCs. One study suggests that the decrease in proliferation is dependent
on the generation of reactive oxygen species. Culturing nicotine-exposed cells with the
antioxidant vitamin C, for example, increases the rate of proliferation compared with 1 uM
nicotine-exposed controls[82]. Other groups suggest that the decrease in proliferation may
be a result of changes in the cell cycle induced by nicotine. Nicotine has been shown to
induce an increase in the ratio of GO/G1 phase cells[88]. As GO is considered the quiescent
phase of the cell cycle, the increased ratio of cells in this phase may partially explain the
observed decrease in proliferation induced by nicotine exposure[91].
Effect on Migration

In addition to their self-renewing capabilities, MSCs also exhibit the ability to
undergo cell migration. Much like their embryonic counterparts, which migrate extensively
during early embryogenesis to achieve proper organogenesis[92], MSCs migrate toward
sites of injury and promote postnatal wound healing through the release of growth factors

and cytokines and through direct differentiation[93]. This form of directed migration,
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termed “stem cell homing,” is unique to MSCs and allows populations of resident or
transplanted MSCs to achieve targeted delivery to diseased areas[94].

The migratory potential of MSCs, however, can be affected by cigarette smoking.
Zhou et al. were the first to report that cigarette smoking inhibited the targeted migration
of transplanted MSCs to the uterus in an in vivo rat model[95]. An in vitro wound closure
assay using MSCs derived from human smoker PDL yielded similar results[24]. On
average, smoker PDLSCs migrated 12% slower than those isolated from nonsmokers
(p<.05) resulting in decreased wound closure potential after 24 hours[24]. The authors of
this study mention that the isolated cells were cultured in non-cigarette smoke media for
several weeks prior to analysis. Therefore, the results also suggest that the effects of
cigarette smoke exposure on MSCs could be irreversible, even after long periods of
recovery, for example, cessation.

But just like proliferation potential, the effect of cigarette smoke exposure on MSC
migration is dose-dependent. The migratory potential of human adipose-derived MSCs
(hAMSCs), for example, was unaffected in vitro by CSE concentrations of less than 1%,
but severely affected by concentrations greater than 5%[87]. In a separate study, the in
vitro exposure to 100% CSE induced the epithelial to mesenchymal transition of breast
epithelial cells and, thus, promoted MSC migration and invasion (i.e., metastasis)[96].
Given the results from the first set of CSE exposures, one would expect that the use of
100% CSE would be extremely detrimental to cell migration. However, the compared
studies used different cigarettes and methods for the collection of CSE, and thus the percent

extracts are not identical.
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Individual cigarette smoking compounds, like nicotine, can also affect MSC
migration. Schraufstatter et al. showed that 1uM nicotine significantly increases the
spontaneous migration of human bone marrow-derived MSCs (hHBMMSCs) in chemokine
free cultures by more than 40%[97]. In chemokine-supplemented cultures, however, the
addition of 1uM nicotine significantly decreased MSC migration[97]. These effects were
reversed by alpha bungarotoxin pretreatments, suggesting that nicotine’s effects are likely
mediated by a7 nAChRs. Ng et al. have also shown that A BMMSCs treated with 1uM of
nicotine experienced a 60% reduction (p<.05) in both migration distance and speed when
compared with non-treated controls[ 14]. MSC derived from human PDL suffered a similar
fate, but with reductions of only 38% (p<.05)[14]. Moreover, nicotine also downregulated
protein tyrosine kinase-2 (PTK2) gene expression in both MSC populations (p<.01) and
significantly upregulated PTK2-targeting microRNA miR-1305 expression in PDLSCs.
These results are interesting because they allude to another possible mechanism behind the
effects of nicotine on MSC migration.

Effect on Differentiation

MSCs are routinely considered for many regenerative medicine applications
because of their ability to form a variety of cell types[98]. Transplanted cells, however,
must be screened to avoid infectious or genetic diseases that can interfere with MSC
function. Often overlooked is the presence of external factors such as cigarette smoking
that can affect MSC differentiation potential and render cells ineffective for
transplantation. The following sections aim to summarize how cigarette smoking and

nicotine exposure affect the three main lineages of MSC differentiation.
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Adipogenic Differentiation

Wahl et al. demonstrated that in vitro exposure to 0.5% CSE did not significantly
affect the adipogenic differentiation potential of hAMSCs after 21 days as evident by
similar adipogenic marker expression (i.e., PPARg, ADIPOQ, and LEP) and Oil Red O
staining between treated and non-treated hAMSCs[87]. On the other hand, Ng et al.
demonstrated that MSCs derived from cigarette smoker PDLs experience increased lipid
production compared with nonsmokers even after several weeks of in vitro culture with
non-exposed medias[24].

Given such contrasting results and limited availability of references, it is difficult
to determine the effect smoking has on MSC adipogenic differentiation. The former study
models typical smoking exposure conditions in vitro with extract; however, additional
analysis with regard to the measurement and concentration of smoking-related toxins was
not performed. Therefore, it is impossible to determine if 0.5% CSE falls within the
physiological ranges of toxic smoke exposure to reflect in vivo conditions. The results from
the latter study, however, are much more indicative of in vivo conditions since the MSCs
were extracted from actual smoking and non-smoking donors. Even so, the claim that
smoking promotes the adipogenic differentiation potential of MSCs cannot be made due to
a lack of exposure normalization between donors and small sample size of this study.
Therefore, the effect of cigarette smoking on the adipogenic differentiation of MSCs
remains inconclusive.

Chondrogenic Differentiation

Wahl and Ng also investigated the effects of cigarette smoking on MSC

chondrogenic differentiation. Wahl et al. demonstrated that chondrogenic induced
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hAMSCs exposed to 0.5% CSE caused an initial upregulation in aggrecan (ACAN) (6-
fold, p<.0001) and chondrogenic transcription factor SOX9 (3-fold, p<.01) gene expression
after 7 days of induction compared with non-treated controls in vitro[87]. Expression of
both markers decreased and was comparable to non-treated control levels by 21 days.
Collagen type II alpha I gene expression was consistently below non-exposed control levels
and Alcian Blue staining was slightly decreased in CSE-treated hAMSCs after 21 days;
however, no statistical difference was observed. Similar Alcian Blue results were observed
by Ng et al.’s group in MSCs isolated from smoker PDLSCs after 14 days of
differentiation[24]. The consistency of these results suggest that cigarette smoking is
capable of undermining MSC chondrogenic differentiation; but, as previously mentioned,
additional experiments with greater sample size and quantifiable levels of smoke exposure
must be conducted in order to establish a more representative outcome.

Nicotine has also been shown to affect MSC chondrogenic differentiation potential.
Rat BMMSCs treated with 25, 50, and 100uM nicotine experienced dose-dependent
decreases in ACAN and COL2A1 gene expression (p<.01 across all concentrations) and
Alcian Blue staining (15, 51, and 95% reduction; p<.01) after 4-weeks of chondrogenic
induction compared with non-exposed MSCs in vitro[99]. It should be noted that the
nicotine concentrations used in this study are at least 2.5 times higher than the most extreme
concentrations experienced by smokers (around 10uM in saliva)[66; 67] and therefore non-
representative of actual use. More physiological concentrations were investigated by Ying
et al. in a separate in vitro study using human BMMSCs. Ultimately, only the 10uM
nicotine inhibited Alcian Blue and sulfated glycosaminoglycan staining (p<.05) after 14

days, whereas 0.1 and 1pM (physiological concentrations of blood and saliva,
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respectively), had minimal effect[81]. 10uM nicotine also downregulated COL-1 and
COL-X (p<.05) gene expression, but showed minimal effect on ACAN and COL-2
expression. Less concentrated nicotine doses resulted in similar outcomes, except for the
expression of COL-2, which was upregulated (p<.05) throughout the 21-day differentiation
protocol. hAMSCs show yet a different response to in vitro nicotine with 100 ng/ml
(0.61uM) causing a two-fold increase (p<.05) in ACAN gene expression, but no change in
COL-1 or COL-X after 14 days of chondrogenic induction[100].

Although it is difficult to compare this results due to differences in differentiation
protocol and cell source, it is easy to see that physiological doses of nicotine can negatively
impact MSC chondrogenic differentiation potential. The inability to effectively produce
aggrecan, an integral extracellular matrix proteoglycan, or collagen for example, could
render MSCs ineffective for current stem cell-based therapies aimed at treating cartilage
repair in debilitating diseases like osteoarthritis.

Osteogenic Differentiation

The osteogenic differentiation potential of MSCs is well known and has been
extensively studied. Accordingly, MSCs have been routinely considered in therapies for
metabolic bone diseases[101; 102; 103; 104], and fracture fixation[105; 106]. Cigarette
smoking, however, can deteriorate bone health and inhibit normal and reparative bone
formation. Compared with non-smokers, cigarette smokers are more likely to experience
osteoporosis[107; 108; 109] and delayed healing times following skeletal fracture[110;
111; 112]. These delays are partly due to the inefficient osteogenic differentiation of

MSCs[24; 87].
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MSC:s derived from smoker PDL have been shown to exhibit an overall reduction
in calcium deposition and alkaline phosphatase production compared with nonsmokers
after 14 days of osteogenic differentiation in vitro[24]. In the same study, smoker MSCs
also experienced a significant upregulation in the expression of RUNX2-targeting
microRNA miR-1305-a correlation that hints at a possible mechanism for smoking induced
effects[24]. 0.5% CSE studies, on the other hand, have been shown to have a nonsignificant
effect on hBMMSC calcium deposition after 20 days of in vitro culture[87]. Although CSE
did upregulate RUNX2 (2.5-fold) and osteocalcin (2-fold) gene expression (p<.001) after
14 days induction.

Nicotine exposure has also been associated with inefficient skeletal healing[113].
Nicotine is known to affect the osteogenic differentiation of MSCs in vitro[14; 15] and
therefore likely contributes to these outcomes. Specifically, 1uM nicotine exposure
significantly decreases inherent RUNX2, COL1A1, COL1A2, ALPL, and OCN gene
expression in both hBMMSCs and hPDLSCs (p<.05) and significantly upregulates the
expression of RUNX2-targeting miR-1305 by more than 120-fold (p<.001) after just 3 days
of exposure[14]. In this same study, decreased Alizarin Red S and alkaline phosphatase
staining confirmed these results. Zhou et al. observed similar results, and, in addition,
demonstrated that the nicotinic effects were dose-dependent and mediated through a7
nAChRs[15].

It should be noted that the results from Ng et al.’s 1uM nicotine in vitro exposures
showed similar trends with those of the smoker-derived MSC experiments. Even though

cigarette smoke contains over 7,000 chemicals, the similarity of outcomes from the two
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studies suggest that nicotine is one of the more potent inducers of the effects seen in
cigarette smoke exposures.
Effect on Paracrine Signaling

In many cell-based therapies, although improvement in conditions are observed,
engrafted cells may not be observed[114]. It is hypothesized that the improvements that
are observed are a result of paracrine signaling by the transplanted stem cells. These factors
promote angiogenesis, and decrease inflammation among other processes. In hRAMSC’s,
which were exposed to 0.5% CSE for 48 hours in vitro, investigators studied the release
profile of 36 different cytokines secreted by MSCs. Of those studied IL-6 and IL-8 showed
significantly (p<.05) lowered amounts secreted by those exposed to CSE. Both factors play
roles in inflammatory response and angiogenesis and their decreased secretion may lead to
delayed wound healing[87].

In addition to their role in tissue regeneration, naive MSC’s also perform a crucial
role in the niche acting as players in the supporting role of hematopoietic stem cells
(HSC’s) which give rise to the cellular components of blood. Within the bone marrow
niche HSC’s colocalize next to MSC’s that secrete factors such as Fibroblast Activation
Protein. In models with MSC’s removed anemia and bone marrow hypocellularity
ensue[ 115]. Cigarette smoking has been shown to directly alter MSC’s in the HSC niche.
In MSC’s that were isolated from mice that had been exposed to cigarette smoke for 9
months, aberrant gene expression changes were noted which span across several pathways
of MSCs that are known to regulate HSC function which may lead to a loss of niche

functionality[116].
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Nicotinic Acetylcholine Receptors and Stem Cells
The effects of nicotine exposure on musculoskeletal health and stem cell biology

have been extensively studied, but the mechanisms behind these effects are still unknown.
Current research suggests that these effects are mediated by the nicotinic acetylcholine
receptors (nAChRs). These receptors, which are activated in the presence of nicotine,
undergo conformational changes that eventually alter the ionic permeability of their
respective membranes. The results of these actions are linked to changes in cell
proliferation, differentiation and microRNA expression. Since this dissertation focuses on
the effects of nicotine-containing EC vapors on the periodontal ligament derived stem cells,
a mesenchymal stem cell subpopulation, the following sections will review the expression
and function of nAChRs in MSCs and PDLSCs. As stem cell-based therapies become more
common in the clinic, understanding the effects mediated by the activation of these
receptors will be crucial due to the continued use of tobacco products, which contain
nicotine.
Nicotinic acetylcholine receptors

nAChRs belong to the cholinergic family of receptors and are a class of ligand-
gated ion channels that respond to the neurotransmitter acetylcholine as well as other
ligands such as choline and nicotine. Functional nAChRs are composed of 5
transmembrane subunits that are arranged together to form a transmembrane pore. These
pentameric receptors are created from various combinations of the 16 different nAChR
subunit types. All subunits share the same molecular structure: an extracellular domain,
four transmembrane subunits (TM1-TM4), and a cytoplasmic domain; however, each
subunit has differences in its amino acid sequence[117]. Accordingly, subunits are

classified as either o or non-a type based on the presence of a cysteine-cysteine residue
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within the N-terminal domain near the entrance to TM1[117]. The Cys-Cys pair is only
found on o subunits and is required for agonist binding. In total, there are 9 o subunits:
al-7, 09, a10, (a8 is identified in avian libraries but has not been observed in mammalian
species) and 7 non-o subunits: B1-4, v, 3, and €[117; 118].

The affinity for ligands and the ion gating properties of the nAChR depends on the
specific subunit composition of each receptor[117]. For instance, the binding affinity for
nicotine, a typical nAChR agonist, is higher in nAChRs that contain the a4 subunit versus
those that contain the a7[119]. This specificity is also observed for binding of receptor
antagonists, which can competitively bind to nAChRs causing desensitization and inhibit
activation. a-bungarotoxin (a-BTX), for example, binds specifically to a7 nAChRs[120],
whereas dihydro-B-erythroidine binds specifically to a4 containing nAChRs[121]. On the
other hand, mecamylamine (MECA) is a non-specific antagonist and therefore it binds to
all nAChRs, regardless of subunit composition[122]. In addition to ligand affinity these
receptors also vary in their ion gating properties. For example, nAChRs composed of a4
subunits are much less permeable to Ca>" ions than the a7 homomeric nAChRs, which are
considered to be the most permeable nAChR to Ca*'[123]. The calcium permeability of
the nAChR can, however, be modified. The addition of the a5 subunit to a3 nAChRs, for
instance, greatly increases the permeability to calcium[124].

nAChRs are highly conserved among all species and are widely expressed
throughout the body; however, they are predominantly found in muscle (muscular
nAChRs) and neuronal (neuronal nAChRs) tissues. Muscular nAChRs are found in skeletal
muscles where they mediate neuromuscular transmission at the neuromuscular junction.

Neuronal types, on the other hand, are mainly found in the peripheral and central nervous
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systems, but have been located in non-neuronal tissues including stem cells[125; 126].
Muscle nAChRs are heteropentameric (i.e. 5-diferent subunits) and consist of a1, B1, vy,
and either 0 or ¢ subunits in the 2:1:1:1 stoichiometric ratio[117]. Neuronal nAChRs,
however, can exist as either hetero- or homopentamers (i.e. 5-identical subunits).
Heteropentameric nAChRs are the more predominately found form of neuronal nAChR as
they can exist in several different combinations. For example, studies show that a2-4 and/or
a6 nAChR subunits typically assemble with B2 and/or B4 subunits, but they can also
assemble with a5 or B3 subunits to make functional nAChRs[118]. Homopentameric
nAChRs, on the other hand, are less diverse and can only be formed from a7, a9, and a10

subunits (Figure 2-2).

Variable
Domain
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Extracellular
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Figure 2-2: A: Subunit structure of nAChR showing the cys-cys pair that defines a-subtype nAChRs. B: A
prototypical a7 homopentameric nAChR (left) and heteropentameric a4p2 nAChR (right).

nAChRs and Mesenchymal Stem Cells
Functional nAChRs have recently been identified on the surface of MSCs, a

multipotent adult stem cell population capable of differentiating into various mesodermal
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lineages like osteogenic, chondrogenic, and adipogenic lineages[98]. MSCs reside in stem
cell niches and have been identified within various adult tissues like bone marrow[127],
adipose tissue[128], and umbilical cord blood[129]. In addition to being readily available,
MSCs exhibit immunosuppressive and homing properties[ 130] and are therefore an ideal
therapeutic stem cell source[131].

nAChR Subunit Expression in MSC

Both o and B nAChR subunits have been identified in human MSCs. In 2009,
Hoogduijn et al. were the first to identify the expression of a3, a5, and a7 nAChR subunits
in hBMMSCs via reverse transcription-polymerase chain reaction (RT-PCR) and flow
cytometry[132]. Although the authors did not observe expression in the other investigated
subunits (i.e. a9, a10, B2 and B4), it is important to mention that this study was limited in
scope as only a partial nAChR subunit panel was evaluated (mRNA expression for a2, a4,
a6, and B3 was not conducted). A definitive conclusion on the full expression of nAChR
subunits from this adult stem cell population therefore could not be made at the time.

A full nAChR subunit expression panel on hMSCs was, however, conducted by
Schraufstatter et al. shortly thereafter. Initial analysis using RT-PCR indicated the
expression of al, a2, a3, a4, aS5, a7, a9, B2, B3 and B4 subunits in hMSCs, but only the
presence of a7, B2, and B4 subunits could be confirmed after further analysis with DNA
sequencing, western blotting, and immunofluorescence[97]. Although these results were
compared side-by-side to the previous Hoogduijn study, the precise origin (i.e., sex, age,
location) of the Schraufstatter et al. hMSCs was never disclosed. Instead, cells were
described as human MSCs from the Tulane Center for Gene Therapy. It is assumed that

these cells were derived from the bone marrow; however, as previously mentioned, hMSCs
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can be isolated from various sources therefore a comparison between current and previous
BM-MSC data should be made with caution.

Most recently, Zablotni et al. confirmed the presence of several nAChR a-subunits
on hMSCs derived from the long bone diaphyseal fractures of both men and women[133].
Interestingly, subunit expression was dependent on the sex and osteoporotic health of the
donor. For instance, healthy male-derived hMSCs expressed the a3, a5, a7 and 09 nAChR
subunits, whereas healthy female-derived hMSCs expressed a2, a5, a6, a7, a9, and a10
subunits. Osteoporotic-derived hMSCs, on the other hand, expressed the same subunits as
healthy females with the additional expression of the a3 nAChR subunit. In addition to the
variation in expression among patients of different sex and osteoporotic health, Zablotini
et al. also observed that the expression of the specific subunits within each group was often
not consistent for all patients. While the a7 subunit was expressed in all (4/4) healthy
female patients, the 02 subunit was only expressed in half (2/4) of the healthy female
patients. The authors suggest that these inconsistencies in expression are likely attributed
to patient-specific conditions such as hormone levels, nutrition, and/or drug use. In a
separate study, the expression of nAChR a-subunits was investigated after hMSCs were
differentiated into osteogenic, chondrogenic, and adipogenic lineages (according to the
protocols outlined). Interestingly, variations for some subunits were again observed
between differentiated groups and within differentiated subjects. For example, while the
o7 subunit remained mostly unchanged throughout all groups, the a3 subunit did not. In
pre-differentiated male hMSCs, the a3 subunit was expressed in 3/4 patients; however,
after differentiation the subunit expression was increased in osteoblasts (4/4), maintained

in chondrocytes (3/4), and abolished in adipocytes (0/4). These differences in expression
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suggest that nAChRs might be involved in the stem cell differentiation process. This
suggestion is further strengthened by the widespread and maintained expression of the a7
subunit in all groups and differentiated states. Although Zablotni et al.’s results confirm
previous observations of a-subunit expression in hMSCs, a western blot or other protein
expression analysis is needed to confirm the actual translation of these genes into proteins
that can then be assembled into functional nAChRs.

Functionality of hMSC nAChRs

Functional nAChRs, specifically those gating for the calcium ion (i.e. a7), have
been identified on hMSCs[97; 132]. The functionality of these receptors can be determined
via measurements of [Ca”'];, which should increase upon proper activation of o7 nAChR.
In an in vitro study, Hoogduijn et al. investigated the functionality of hMSC nAChRs by
measuring changes in [Ca®']; via Fluo-3-AM imaging. Briefly, cultured hMSCs were
loaded with Fluo-3-AM, a calcium-specific fluorescent probe, exposed to 1 uM nicotine,
and immediately imaged under confocal microscopy. Increases in [Ca*']; were observed
for almost half (22/50) of the hMSCs imaged, suggesting the presence of calcium-gating
nAChRs like the homopentameric a7 receptor[132]. Additional studies by Hoogduijn et
al. were conducted to determine whether receptor activation with nicotine affected the
cAMP production or phosphorylation of extracellular signal-regulated protein kinases
(ERK). After exposing hMSCs to 0.1 — 10uM nicotine, no significant changes in the
production of cAMP when compared to non-nicotine treated cells was observed[132].
Nicotine (1uM) exposure did, however, increase the phosphorylation of ERK in hMSCs.
When phosphorylated, ERKs are activated and capable of regulating cell proliferation and

differentiation[134]. Along with migration, the processes of stem cell proliferation and
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differentiation are critical for effective stem cell-based regeneration[135]. By mediating
the effects that interfere with these processes, nAChRs are undoubtedly capable of
influencing stem cell health and differentiation and regeneration potentials. Altogether, this
data suggests that the observed nicotinic effects are predominantly regulated by the
homopentameric a7 nAChRs. The other nAChR subunits identified in this study, a3 and
a5, are incapable of forming homopentameric receptors with themselves[136] or
heteropentameric receptors with each other (none have yet to be identified.) Moreover,
since no B—subunit proteins were identified to form complexes with the identified a-subunit
proteins it is very unlikely that the a3 and a5 subunits are involved in the formation of
functional nAChRs in hMSCs.

The presence of functional homopentameric a7 nAChRs in hMSCs was also
confirmed in separate in vitro studies conducted by Schraufstatter et al.. Briefly, cultured
hMSCs were loaded with Fluo 4-AM, exposed to 2 uM nicotine, and immediately imaged
using a fluorescent plate reader. hMSCs exposed to nicotine experienced a significant
increase in [Ca*']; compared to non-nicotine-treated controls and calcium-chelated groups,
thus confirming the presence of functional a7 nAChRs in hMSCs[97]. The researches
acknowledged that one of the consequences of increased [Ca*']; is the increased
vulnerability to cellular apoptosis. In further investigations, Schraufstatter et al.
demonstrated that hMSCs exposed to 10 mM - 0.1 uM nicotine experienced a dose-
dependent effect on cell viability, with doses above 1 uM resulting in significant trypan
blue uptake and Annexin V staining. The toxic threshold dose of 1 uM nicotine was further
investigated in order to determine its effect on the inherent homing characteristics of

hMSCs. After 16 hours of exposure to nicotine, hMSCs exhibited significantly reduced
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growth factor-mediated migration potential. Interestingly, this inhibition was ameliorated
by 100 nM a-BTX pretreatments, thus providing further evidence that a7 nAChRs mediate
these nicotine-induced effects. Our group has also previously shown that 1 uM nicotine is
capable of inhibiting hMSC proliferation and migration potentials in vitro[14].
nAChRs and Periodontal Ligament Derived Stem Cells

Periodontal ligament derived stem cells (PDLSCs) are a subset of MSCs that reside
in the periodontal ligament (PDL). Similar to MSCs, PDLSCs are capable of mesodermal
lineage differentiation[11]. Moreover, these cells are capable of differentiating in various
oral tissues, like cementum, alveolar bone, and periodontal ligament[10; 137], and are
therefore critical to maintaining the overall health within the oral cavity. PDLSCs are also
easily accessible after routine dental procedures (e.g., orthodontic extractions) and are thus
an ideal source for therapeutic stem cells[138].

nAChR Subunit Expression in PDLSC

Both nAChR subunits and functional nAChRs have been identified on PDLSCs.
Kim et al. were the first to confirm the expression of both a7 and 4 nAChR subunits and
functional a7 nAChRs in PDLSCs through RT-PCR and nAChR antagonist studies,
respectively[122]. The researchers’ analyzed all nAChRs with the exception of the 09 and
al0 subunits, which were not investigated at any level (rationale for exclusion not
provided). Consequently, the presence or absence of these subunits could not be confirmed
in PDLSCs. In a separate study, Zhou et al. confirmed the presence of functional a7
nAChRs on PDLSCs through RT-PCR, western blot, and nAChR-specific antagonist
studies using a-BTX[15]; however, it should be noted that only the a7 nAChR subunit was

examined in these studies. These results also confirmed the findings of his collaborators’
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previous study demonstrating the expression of o7 and 4 nAChR subunits in PDL
tissues[120].

Functionality of PDLSC nAChRs

To date, only the a7 and 4 nAChR subunit proteins have been confirmed in
PDLSCs[15; 122]. Out of all the possible arrangements using these two subunits, only the
homopentameric a7 and heteropentameric o734 conformations form functional nAChRs.
The homopentameric a7 nAChR occurs naturally and has been previously identified in
PDLSCs[15; 122]. The functional o734 heteropentameric nAChR, on the other hand, does
not occur naturally (or has yet to be identified) and can only be created through forced
experimental means[139]. Therefore, although both a7 and B4 subunits have been
identified in PDLSCs, only the homopentameric a7 nAChR is believed to be present and
functional in these cells.

PDLSC homopentameric a7 nAChRs have been shown to mediate nicotine-
induced effects on cell viability[122]. In an in vitro study conducted by Kim et al., PDLSCs
were exposed to a range of nicotine concentrations, between 0 and 10 mM, for 24 or 48
hours before being evaluated by MTT analysis for changes in cell viability. The results
showed that nicotine caused a significant decrease in PDLSC viability after 24 and 48 hours
of culture in concentrations greater than or equal to 0.1 mM. The reduction in cell viability
could be explained by the observed increases in DNA fragmentation and by the increase in
cells in subG1, the cell phase associated with apoptosis[140]. Moreover, PDLSCs treated
with 10—2 M nicotine experienced an increase in the expression of p53, a pro-apoptotic
tumor suppressor protein[141], after only 30 min.[122]. In order to confirm if these effects

were regulated by nAChRs, Kim et al. measured the expression of several apoptotic
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proteins in the presence or absence of a-BTX, the aforementioned a7-specific nAChR
antagonist, and MECA, the non-specific nAChR antagonist (concentrations not provided).
PDLSCs treated with nicotine (1uM - 10mM) for 48h experienced a decrease in the
expression of Bcl-2[122], a prosurvival, anti-apoptotic protein from the mitochondrial
pathway[142], and an increase in the expression of cleaved caspase-3, an activated pro-
apoptotic enzyme[143]. These effects, however, were significantly reversed, to a similar
extent, in PDLSCs pretreated with a.-BTX and MECA. The similarity in data between o.-
BTX and MECA pretreatments further suggests that a7 is the predominant nAChR in
PDLSCs.

In a separate in vitro study Zhou et al. demonstrated that homopentameric o7
nAChRs mediated the detrimental effects of nicotine on PDLSC osteogenic differentiation
potential[ 15]. PDLSCs were pre-treated with 0 or 100 uM a-BTX and cultured in an osteo-
inductive media (PDLSC culture media supplemented with 100nM dexamethasone,
50pug/mL ascorbic acid, and SmM B-glycerophosphate) containing 0 or 0.ImM nicotine
before being evaluated for evidence of osteogenic differentiation. After 3-weeks, PDLSCs
cultured in osteo-inductive medias showed significant increases in osteogenic gene and
protein expression (i.e., alkaline phosphatase, osteocalcin, bone sialoprotein, and runt-
related transcription factor 2) and also showed evidence of mineralization through positive
alizarin red S and alkaline phosphatase staining. We recently observed similar results, but
at lower nicotine concentrations (1uM) and shorter differentiation periods (i.e. 2-
weeks)[14]. PDLSCs treated with nicotine-containing osteo-media managed to show
evidence of osteogenic differentiation, albeit at significantly lower levels than non-nicotine

treated and a-BTX pre-treated groups[15]. These results suggest that the homopentameric
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a7 nAChRs regulate, to an extent, the osteogenic differentiation potential of PDLSCs. In
an additional study, Zhou et al. also confirmed that these receptors could regulate the
Wnt/B—catenin pathway, which was previously shown in a separate study to be involved in
PDLSC osteogenic differentiation[ 144]. PDLSCs exposed to 0.1 mM of nicotine showed
an increase in the expression of active-B-catenin protein and a decrease in Wnt-related
transcriptional factors DKK-1 and GSK-3f; however, all of these effects were reversed
with o-BTX pretreatments[15] thereby providing further evidence of the role of
homopentameric o7 nAChRs in PDLSC regeneration potential.

The reviewed studies confirm the widespread presence of nAChRs on MSCs
(summarized in Table 2-3) and demonstrate the involvement and impact of these receptors
on stem cell function. However, the detrimental effects of nicotine on stem cell
regeneration potential are still partially observed even after nAChR inhibition[15],
suggesting that there may be additional factors outside of nAChRs that mediate these

effects.

MicroRNA

We were the first to report that nicotine exposure induces changes in global PDLSC
microRNA (miRNA) expression[14; 24]. MiRNAs are small, non-coding RNAs (~22
nucleotides) that regulate gene expression through posttranscriptional modification of
mRNASs[145]. miRNAs are expressed throughout the body and have been shown to affect
cell viability, differentiation and even organ development by down-regulating the genes
associated with these biological processes[146]. Each miRNA can target several genes, and

therefore up-regulation of a single strand can affect various biological processes. A link



40

between the nicotinic effect and the miRNA expression has yet to be fully determined;

however, there does appear to be a correlation between the two.

Table 2-3: Summary of stem cell nAChR expression from studies reviewed in section. Brackets denote which
subunits were actually investigated in each respective study. N/A corresponds to a lack of any subunit
investigation.

Mesenchymal Stem Cells

. Subunit mRNA Subunit Protein Functional
Cell Source Species . . Ref.
Expression Expression nAChRs
BM-MSCs Human o: a3, a5, a7 N/A o7 [132]
B: N/A

[a3, a5, a7, a9, B2 - 4]

MSCs Human a:al -as5, a7, 09 o: o7 o7 [97]
B: p2-p4 B: B2, p4
[ol - al0, B1 - B4] [a3, a4, a7, B2, B4]
BM-MSCs Human a: a3, a5, a7, a9 N/A N/A [133]
(Male) B: N/A

[a2 - a7, a9, al0]

Human a: a2, a5 -a7, a9, al0 N/A N/A
(Female) B: N/A
[a2 - a7, a9, al0]

PDLSC Human o: o7 N/A o7 [122]
B: p4
[al - a7, B1 - B4]

miRNAs are synthesized in the nucleus, and, like mRNAs, are transcribed from
genetic material. To become functional, most miRNAs must undergo further processing
and be transported out of the nucleus (reviewed by [145]). Briefly, primary miRNA
transcripts are recognized and cleaved into pre-miRNA hairpin structures by the
endonuclease Drosha. The pre-miRNA hairpin structures are then exported out of the
nucleus and into the cytoplasm by Exportin 5. Once in the cytoplasm, most pre-miRNA

hairpins are recognized and processed into miRNA-duplexes by the endonuclease Dicer.
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The duplexes are dissociated into two complimentary strands, but then only one of the
strands combines with the Argonaut protein to create the silencing complex. With miRNA
serving as the guide, the silencing complex is now capable of targeting mRNAs.

miRNAs-mRNA targeting depends on complementarity between the sequences of
miRNA and sequences within the 3’ untranslated region (UTR) of mRNAs. The extent of
the base pairing between the two determines how the expression of the mRNA will be
regulated. Extensive pairing between the two, although uncommon, leads to mRNA
cleavage[147]. The degraded mRNA can no longer be translated and, therefore, its
associated protein can no longer be assembled. Less extensive base pairing, specifically
between the miRNA seed region (nucleotide positions 2-8) and the 3> UTR of mRNAs,
also leads to mRNA degradation, but by a mechanism that shortens the poly-A tail and
destabilizes the mRNA[147].
miRNA, nicotine, and PDLSCs

As previously mentioned, we were the first group to report that nicotine exposure
induces global changes in PDLSC miRNA expression[14]. In these experiments,
microarrays were used to determine changes in PDLSC miRNA expression in response to
0, 0.5 and 1M nicotine treatments in vitro. Microarray analysis revealed that nicotine had
a dose-dependent effect on miRNA expression, with 1uM nicotine causing the most
significant change. In PDLSCs exposed to 1uM nicotine, 225 miRNAs were found to have
a 2-fold difference in expression compared to non-exposed controls. 16 of these miRNAs
(i.e., hsa-miR-7, -18b, -30d, -137, -374b, -505, -543, -1305, -1914%*, -1973, -3198, -3659,
-210, -762, -1915, and -4281) were considered to be differentially expressed as they had

fold changes greater than 2 and p-values less than 0.05. These microarray results were
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validated with qPCR. miRNA target gene lists and subsequent gene ontology analysis
revealed that the differentially expressed miRNA might target genes associated with all
three characteristics of stem cell regeneration (i.e. proliferation, migration, and
differentiation).

Interestingly, similar patterns of miRNA expression were observed in vivo between
smoker and non-smoker PDLSCs[24]. Exposed cells also experienced decreases in
proliferation, migration, and osteogenic differentiation potential, further supporting the
notion that miRNA and cigarette smoking influence PDLSCs regeneration potential. The
results suggest that in vitro models using uM nicotine can potentially be used to predict in
vivo patterns of miRNA expression. Out of the differentially expressed miRNA, only Asa-
miR-18b and hsa-miR-1305, but not hsa-miR-3198 showed similar directions of expression
compared to nicotine treated PDLSCs in vitro. The results suggest that hsa-miR-18b and
hsa-miR-1305 may be related to the detrimental effects of cigarette smoking. In fact, gene
ontology analysis revealed that miRNA targeted genes associated with cell proliferation
and cell migration, which, again, are 2 out of the 3 major aspects of stem cell regeneration.
A recent study by a separate lab also investigated the effect of nicotine and Asa-miR-1305
expression on PDLSCs regeneration and found that nicotine exposure inhibited
regeneration and upregulated hsa-miR-1305 expression[148]. The authors claim that
restoring the expression of miR-1305 ameliorated the effects of nicotine, thereby providing
further evidence of the important relationship between nicotine exposure, miRNA

expression, and PDLSC regeneration potential.



Chapter 3 Materials and Methods

Cell Culture

Human PDLSCs were established previously[11]. The specific PDLSC line used
for these experiments was harvested from the PDL of an 18-year-old male donor’s
impacted wisdom teeth. With their informed consent, samples were collected at Nova
Southeastern University College of Dental Medicine (Davie FL) according to approved
institutional review board protocols. Briefly, PDL was scrapped off of the lower-third of
the molar and minced with a surgical blade. The chopped tissue was transferred into an
Eppendorf tube containing digestion media (high glucose Dulbecco’s modified Eagle
medium (DMEM; Thermo Fisher Scientific, Waltham MA), 10% v/v heat-inactivated fetal
bovine serum (FBS; Atlanta Biologics, Flowery Branch GA), 1% v/v Penicillin-
Streptomycin (PenStrep; Thermo Fisher Scientific), 1 mg/ml collagenase, and 0.6mg/mL
protease) and was constantly agitated overnight in a 37C and 5% CO, incubator. The
following day the mixture was strained through a 40-um strainer and plated on collagen-
coated 6-well plates in complete culture media (CCM) (DMEM, 10% v/v FBS, 1% v/v
PenStrep, and 0.1% v/v Amphotericin B (Fungizone; Thermo Fisher Scientific). Plates
were maintained at 37C and 5% CO; for 5 days. Culture media was replaced after 5 days
in order to remove any non-adherent cells, and every 3 days thereafter. PDLSCs were
passaged at 70% confluence with Trypsin/EDTA (Thermo Fisher Scientific) and either
expanded or cryopreserved. PDLSCs between the 6-8th passage were used for

experimentation.
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Cigarette smoke and e-cigarette vapor production and extraction

Cigarette smoke and e-cigarette vapor were produced by automated smoking robots
(VitroCell, Waldkirch Germany). Robots were programmed with specific puffing
parameters that mimicked characteristic smoking and vaping conditions (Table 3-1).
Cigarette smoke was produced by the VC-10- VitroCell’s automated cigarette smoking
robot (Figure 3-1). The VC-10 was programmed with the puffing parameters outlined in
ISO 3308:2012 — Routine analytical cigarette-smoking machine -- Definitions and
standard conditions [1SO 3308:2012] and smoke was derived from University of Kentucky
3RA4F reference cigarettes (University of Kentucky, Lexington KY). E-cigarette vapor was
produced by the VC-1- VitroCell’s automated e-cigarette vaping robot (Figure 3-2). Since
international standards for vapor production do not currently exist, the VC-1 was
programmed with the puffing parameters observed in experienced e-cigarette users[50;
149]. eVic electronic cigarette (EC) devices (JoyTech, ShenZhen China) filled with 0 or
36mg/ml nicotine, 50%/50% (w/v) PG/VG, non-flavored e-liquid (American E-Liquids,
Wauwatosa WI) were used. For vapor production, ECs were programmed at 3.3V. All
machine generated smoke/vapor was diluted with 4.5 L-min™' environmental air in order to

mimic the conditions observed during normal smoking.

Table 3-1: Puffing parameters used for cigarette smoke and e-cigarette vapor production.

Puff Puff Puff Total

Protocol Robot Volume | Duration | Frequency Time
E-cigarette Vaping VC-1 70mL 3s 20s 18 min.
Cigarette Smoking VC-10 35mL 2s 30s 18 min.




Figure 3-1: Images of the VC-10 and University of Kentucky 3R4F cigarettes. (A) Picture of the VC-10

smoking robot showing housing and control panel. (B) 3R4F cigarettes loaded into the VC-10 cigarette
cassette.

Figure 3-2: Images of the VC-1 and eVic electronic cigarette device. (A) Picture of the VC-1 vaping robot
with vapor cloud in chamber. (B) eVic EC device setup. Mouthpiece is connected to robot inlet via tubing
and the EC is secured onto a platform with a screw knob. The platform contains an automated push button
device that is capable of pushing and holding down the EC vaping button. (C) Close-up image of eVic digital
display showing the EC settings. The device was fully charged upon use and set to 3.3V.

Cigarette smoke and e-cigarette vapors were extracted into cell culture media via
liquid impingers (Figure 3-3). Smoke and vapor was collected for 18 minutes, or the time

it takes to smoke 3 cigarettes according to the ISO 3308 standard. In order to fully
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submerge impinger nozzles, collector vessels were filled with 80mL of high glucose
DMEM. Using silicone tubing, the inlet of the impinger was connected to the outlet of the
robot and the outlet of the impinger was routed to the fume hood. Smoke was bubbled for
the set time and collected extract was homogenized by mixing. The resultant solution was

then aliquoted and stored at -80C until further use.

Figure 3-3: Picture of liqid impinger with vape cloud. DMEM media was used to fully submerge the
impinger nozzle. After collection, the impinger was shaken to homogenize mixture.

Liquid Chromatography-Mass Spectroscopy (LCMS)

Liquid chromatography-mass spectroscopy (LCMS) was used to determine the
nicotine concentration of the collected extracts. The developed methodology was based off
a method first reported by Trehy et al.[150]. Briefly, nicotine standards were created with
(-)-nicotine liquid (#N3876; Sigma Aldrich, St. Louis MO) and 50% methanol (#34885;
Sigma)/water. Samples were diluted in 50% acetonitrile (#34851; Sigma)/water, fortified

with 45nM nicotine-D3 (#N412425; Toronto Research Chemicals, Ontario Canada) and
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transferred to the LC-MS/MS system. Conditions for LC-MS/MS: Sample injection (10 pL)
and LC separation were performed by a Thermo Surveyor Plus HPLC system equipped
with a HPLC column (Phenomenex Gemini NX-C18 150*4.6 mm, 3 um) protected by a
guard column. Mobile phase gradient was performed between 10 mM ammonium formate
dissolved in Optima LCMS grade water with pH adjusted to 9 with ammonium hydroxide
(aqueous) and Optima LCMS grade acetonitrile (organic). MS Detection was performed
by an AB Sciex QTRAP 5500 triple-quadrupole mass spectrometer, equipped with a Turbo

V™ EST ionization source. The instrument was operated under MRM, positive mode.

Exposure Media

Based on the results of the LCMS, collected extracts were diluted with CCM to
create exposure medias for cell culture that contained physiological doses of nicotine.
Cigarette smoker saliva has been previously shown to contain between 0.4-14.5uM
nicotine[66; 67; 68; 69; 70]. Similar results have also been documented in EC users, with
one study reporting an average salivary nicotine concentration of 5.3uM[66]. To
encompass this range, nicotine-containing ECV (i.e. 36mg/ml nicotine ECV) was diluted
to 1 and 10uM nicotine with CCM. Since it was collected in the same manner, nicotine-
free ECV (i.e. Omg/ml nicotine ECV) was diluted in a similar fashion in order to isolate
the effect of nicotine from the other vapor compounds. Due to the overwhelming number
of chemicals and predicted toxicity, CSE media was only diluted to a 1uM nicotine
concentration.
Cytotoxic Assay

The cytotoxic effects of ECVs and CSE was determined using a LIVE/DEAD

Viability/Cytotoxicity kit (L3224; Thermo Fisher Scientific). PDLSCs suspended in CCM
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were seeded onto 48-well plates at a density of 5x10° cells/cm” and incubated overnight in
a humidified atmosphere set to 37C and 5% CO,. The following day, media was changed
and new CCM supplemented with 1 and 10uM nicotine ECV and CSE extract was added.
PDLSCs were returned to the incubator to be exposed to extract-containing media for 24h.
After 24h, media was removed and wells were washed with PBS. PDSLCs were then
incubated in Hank’s Balanced Salt Solution (HBSS) containing 2uM calcein-AM for 20
minutes at room temperature. Wells were washed once to remove any excess calcein AM
and fluorescent images were taken with the EVOS FL Auto Cell Imaging System (Thermo

Fisher Scientific).

Immunohistochemistry

PLDSCs were seeded onto 8-chamber glass slides (Corning, Corning NY) at a
density of 1.5x104 cells/cm2 and cultured in CCM until reaching an optimal confluence of
~70%. Cells were washed once with PBS and fixed in 10% neutral-buffered formalin for
10 min at room temperature. Cells were then washed twice to remove excess formalin and
blocked for 1h in PBS buffer containing 0.05% v/v Tween-20 (Sigma) and 20 mg/mL
Bovine Serum Albumin (BSA). For primary antibody treatment, PDLSCs were incubated
overnight at 4C in a PBS solution containing 20 mg/mL BSA and a7 nAChR antibody
(sc5544; Santa Cruz Biotechnology, Dallas, TX) at a 1:50 dilution. The following day,
PDLSCs were washed three times with PBS to remove any excess and unbound primary
antibody. For secondary antibody treatment, PDLSCs were incubated for 2h in a PBS
solution containing 20 mg/mL BSA and AlexaFluor 546 secondary antibody (Abcam,
Cambridge MA) at a 1:500 dilution. Cells were then washed twice with PBS to remove

any excess and unbound secondary antibody. Cells were finally stained with DAPI and
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protected with a glass coverslip. Slides were imaged using a Zeiss LSM 700 confocal

microscope.

Fluo-4 AM Calcium Imaging

Agonist-induced activation of PDLSC o7 nAChRs was determined through
calcium imaging with Fluo-4 (F14201; Thermo Fisher Scientific). PDLSCs suspended in
regular culture media were seeded onto 6-well plates at a density of 5x10° cells/cm? and
incubated overnight in a humidified atmosphere set to 37C and 5% CO,. The following
day, cells were rinsed with HBSS and subsequently loaded with 10 uM Fluo-4 and 0.04%
w/v Pluronic® F-127 (#P2443; Sigma) in HBSS for 20-min. at room temperature. The cells
were then washed once with HBSS to remove any residual Fluo-4. Wells were re-filled
with HBSS (Ca*"/Mg®") and plates were covered for an additional 20-min. at room
temperature to allow for de-esterification of internalized AM esters. A time-lapse imaging
protocol was established within the EVOS FL Auto Cell Imaging System to capture
fluorescent images every 5s, for 120s. In order to account for the 1:10 dilution that would
occur upon addition of extract to cell culture media, 100uM and 10uM extracts were used
to achieve final well concentrations of 10 and 1uM nicotine, respectively.

Acquired videos were analyzed with Fiji (Version 1.0, NIH). Upon opening, the
AVI Reader was used to create a virtual stack and convert to grayscale. Using the Region
of Interest (ROI) Manager, 13 ROIs were drawn on the first frame- 12 around cells and 1
around an area void of cells. The Mean Gray Value (MGV) of each ROI was then measured
for each frame through the Multi Measure function within the ROI Manager. The MGV
for each ROI was corrected by subtracting the background MGV of each frame from each

individual cell ROI (MGV Corrected ROI (i,x) = MGV Cell ROI (i) — MGV Background ROI (X))7 where 1
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= cell ROI # (1-12) and x = frame number (1-25). All frame-specific corrected MGVs were

then averaged to provide a final MGV for the respective time point.

ECYV and CSE Exposure and a7 nAChR Inhibition

Nicotine-ECV and CSE were diluted to 10x stock concentrations and added directly
to cell culture medias (1:10) to obtain a desired final concentration of either 1 or 10uM
nicotine. Omg/ml nicotine ECV was treated as nicotine-ECV and, therefore, added at
similar volumes in order to isolate the effect of nicotine from the other vapor compounds.
Inhibition of PDLSC a7 nAChRs was achieved with alpha bungarotoxin (aBTX), a
specific, irreversible inhibitor of a7 nAChRs[120]. 10nM aBTX (#ab120542; Abcam) was
added to cell culture media 30-min. prior to extract exposure. Cells were maintained in the
incubator for the duration of the 30-min. pretreatment. Extract was then added directly to

the culture media to obtain the respective final concentrations.

BrdU Cell Proliferation

Cell proliferation potential was analyzed using a BrdU Cell Proliferation ELISA
Kit (#ab120542; Abcam). PDLSCs suspended in CCM were seeded onto a 96-well plate at
a density of 5x10° cells/well and incubated overnight in a humidified atmosphere set to
37C and 5% CO,. Outer wells were not included in order to avoid edge effects. Media was
replaced the following day with exposure media as previously detailed. Extract medias
were replaced every 24h over a 48h exposure period. BrdU reagent was added to the wells
and cells were incubated for an additional 24h at 37C and 5%CO,. BrdU assay was then
performed according to the manufacturer’s protocol. Absorbance measurements were

taken at OD=450nm with the Victor X4 multi-label plate reader (Perkin Elmer). Final
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absorbance was calculated by averaging background-corrected group absorbance values

(n=6).

ORIS Cell Migration

PDLSCs migration potential was examined via a cell exclusion migratory assay
using the ORIS™ Cell Migration Assay Kit (#CMA1.101; Platypus Technologies,
Maddison WA). PDLSCs suspended in regular culture media were seeded onto supplied
96-well plates at a density of 5x10° cells/well and incubated overnight in a humidified
atmosphere set to 37C and 5% CO,. Outer wells were not included in order to avoid edge
effects. Media was replaced the following day with exposure media as previously detailed.
Extract medias were replaced every 24h over a 48h exposure period. To prepare the cell-
free growth area, silicone stoppers were removed and wells were washed with HBSS to
remove any unattached cells. In order to limit the effects of proliferation, 2% FBS
supplemented culture media was added to the wells and migration was observed after 24h
incubation.

PDLSC migration potential was determined by calculating wound closure
percentage after 24h. To do so, wells were washed once with PBS and fixed in 10% neutral
buffered formalin for 10-min. Cell cytoskeleton was subsequently stained with an Alexa
Fluor 568 conjugated phalloidin probe (#A12380; Thermo Fisher Scientific) for 30-min. at
room temperature. Wells were washed twice with PBS prior to imaging. The ORIS™
Detection Mask was attached to the bottom of the 96-well to capture fluorescent images
containing only the area of migration. Images were captured using the EVOS FL Auto Cell
Imaging System (ThermoFisher) and ImageJ (NIH) was used for image post processing.

Briefly, fluorescent images were opened in ImagelJ and the background was corrected using
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a 50-pixel rolling ball radius (Process tab, Subtract Background). Fluorescently labeled
cells were subsequently isolated from background by setting adjusting the threshold setting
to 5-255 with dark background (Image tab, Adjust Threshold). Any remaining holes within
the cell bodies were corrected with Fill Holes (Process tab, Binary tab, Fill Holes) and
masks of the region were created (Process tab, Binary tab, Convert to Mask). Percent
wound closure was then calculated by measuring Area Fraction (Analyze, Set

Measurements) of labeled cells to non-labeled wound area (n=6).

Osteogenic Differentiation

Osteogenic differentiation was accomplished with the StemPro Osteogenesis
Differentiation Kit (#A1007201; Thermo Fisher Scientific) according to the manufacture’s
protocol. Osteogenic media (OM) was created by adding the osteogenic supplement to the
basal media and supplementing with 1% v/v PenStrep and 0.1% v/v Fungizone. Osteogenic
exposure medias (OEMs) were then created by adding extracts directly to OM. OEMs were
added on day 0 and replaced every third day. Concentrated extract was added directly to
the culture plates, as described previously, on all other days in order to mimic daily

exposure. 10nM aBTX pretreatments were also conducted as described previously.

Mineralization

PDLSCs suspended in regular culture media were seeded onto 24-well plates at a
density of 30x10° cells/well and incubated in a humidified atmosphere set to 37C and 5%
CO,. Osteogenic differentiation was initiated with OM once wells reached 100%
confluence. OMs and extracts were added as previously detailed in osteogenic

differentiation section. Mineralization potential was determined after 21d of osteogenic
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stimulation through Alizarin Red Sulfate (ARS; #A5533; Sigma) staining. PDLSCs were
washed once in PBS (Ca*"/Mg*"-free) and fixed in 10% neutral buffered formalin for 30-
min. at room temperature. Wells were then washed once with de-ionized water (DI-H,O)
and stained with 2% w/v ARS staining solution (pH=4.2) for 5-min. at room temperature.
The staining solution was removed and wells were washed 5 times with DI H,O. Wells
were photographed with a digital camera and ARS stain was quantified with
cetylpyridinum chloride (CPC) according to previously published protocol[151]. Briefly,
10% w/v CPC (#C0732; Sigma) was prepared by dissolving 2g CPC in 20mL of 10mM
sodium phosphate (#S7907; Sigma). The mixture was placed in a 60C oven for 10-min. in
order to help the CPC dissolve. The solution was later added to the stained wells and the
plate was rocked on a shaker for 30-min. at room temperate. If needed, stained plates were
placed in 37C incubator for 15-min. to dissolve any remaining stain. The resultant dye-
solution was transferred to a 96-well plate and read at 562nm using a SpectraMax M2e

microplate reader (Molecular Devices).

Osteogenic Gene Expression

PDLSCs suspended in regular culture media were seeded onto 12-well plates at a
density of 50x10° cells/well and incubated in a humidified atmosphere set to 37C and 5%
CO,. Osteogenic differentiation was initiated with OM once wells reached 100%
confluence. OMs and extracts were added as previously detailed in osteogenic
differentiation section. Osteogenic gene expression was analyzed 7, 14, and 21 days after
osteogenic stimulation. Briefly, total RNA was extracted from triplicate samples using
TRIzol (#15596026; Thermo Fisher Scientific) and the manufacture’s protocol. RNA

quality and concentration was determined with the NanoDrop 2000 spectrophotometer
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(Thermo Fisher Scientific). Samples were diluted with RNAse/DNAse-free water to
concentration of to 100ng/uL and stored in -20C until needed for reverse transcription
(RT). A High Capacity cDNA Reverse Transcriptase Kit (#4368814; Thermo Fisher
Scientific) and GeneAmp PCR System 2700 (Applied Biosystems) were used to reverse
transcribe 1pg of each RNA sample. Resulting cDNA was diluted with 80uL of
RNAse/DNAse-free water and stored at -20C until further use.

Osteogenic gene expression was analyzed via real time, quantitative polymerase
chain reaction (qPCR) using the MX3005P Real Time PCR machine (Applied
Biosystems). qPCR was performed using 20ng of cDNA, SYBR Green PCR Master Mix
(#4309155; Thermo Fisher Scientific), and specifically designed primers (Table 3-2).

GAPDH was used as the reference gene for normalization.

Table 3-2: qPCR primers used for qPCR gene expression analysis

Gene Sequence (5°>37) Tm Accession #

©
F: AGGACGCTGGGAAATCTGTG
ALPL R ATGAGCTGGTAGGCGATGT 60 | NM_000478.5

F: CGAGGCTCTGAAGGTCCC
COLIAI R: GCAATACCAGGAGCACCATTG 60 NM_000088.3

F: TCTGCGACACAAGGAGTCTG
COL1A2 R: GCTGGGCCCTTTCTTACAGT 60 NM_000089.3

F: CGATTTCCAGTTCAGGGCAGTA
BSP R T CCATAGCCCCAGTGTTGTAGC 60 | NM_004967.3

F: CCACCGAGACACCATGAGAG
OCN R GCTTGGACACAAAGGCTGC 60 | NM_I99173.5

F: CAAGTGCGGTGCAAACTTTC
RUNXZ R CTGCTTGCAGCCTTAAATGACT 60 | NM_001015051.3

F: GAGAATGAGAAGCGCCTGGA
SPARC R: GGAGAGGTACCCGTCAATGG 60 NM_003118.3

F: TGTTGGTGGAGGATGTCTGC
SRl R AGTTTTCCTTGGTCGGCGTT 60 | NM_001251830.1

F: TGTTGCCATCAATGACCCCTT

Reference GAPDH R CTCCACGACGTACTCAGCG 60 NM_002046.6

Data was analyzed using the 2“1 method, where AACy =

Osteogenic

(CT,Target Gene — CT,GAPDH)Exposure Group — (CT,Target - CT,GAPDH)Control
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The control is represented by the non-exposed, osteogenic differentiation group (i.e.
osteogenic media only). The mean 2“1 was determined from the triplicate samples of
each exposure group. The standard deviation (SD) of the mean was calculated by using the
sum of the squares method of the triplicate Ct values (i=1-3), where SD =

SQRT((STDEV(Cr Target Gene,i)*2) + (STDEV(Cr GappH,)"2))

For statistical analysis, ACt values (Crrarget — Cr,garpn) Of the separate experimental

groups were compared as recommended by Livak et al.[152].

MicroRNA

Changes in PDLSC global miRNA expression as a consequence of ECV exposure
was determined via microarray analysis. PDLSCs suspended in regular culture media were
seeded onto 6-well plates at a density of 5x10* cells/well and incubated in a humidified
atmosphere set to 37C and 5% CO,. PDLSC exposure to ECV was initiated the following
day by replacing regular culture media with media containing 1 uM nicotine ECV extract
and returning the plate to the incubator for 24h. As a positive control, media containing 1
UM pure (-)-nicotine liquid (Sigma) was also used. Exposures were conducted for 72h
during which media was changed every 24h in order to mimic daily nicotine exposure.
Total miRNA was collected after 72h with the mirVana miRNA isolation kit (#AM1560;
Thermo Fisher Scientific) according to the manufacturer’s protocol. H,O-eluted miRNA
was quantified via NanoDrop spectrophotometer and stored at -20C until further use.
GeneChip miRNA 4.0 Arrays (#AM1560; Affymetrix, Santa Clara CA) containing 30,424
mature miRNA probe sets were used to analyze PDLSCs miRNA expression. Expression

was normalized against human-positive and negative chip controls using Robust Multi-
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Array Average Normalization[153]. Significant miRNA expression over background was
determined by detection p-values<0.05.

Microarray output data was used to identify differentially expressed miRNAs as a
consequence of ECV exposure. Differential expression was classified as expression fold
changes to control greater than +2 and detection p-values<0.05. The top-10 differentially
expressed miRNAs were chosen for further analysis. To determine how miRNA expression
could affect osteogenic differentiation potential, downstream mRNA targets of each
miRNA were predicted with the TargetScan website (http://www.targetscan.org/vert 72/).
miRNAs targeting more than 1 osteogenic gene were chosen for further validation in the
osteogenic differentiation studies and gene enrichment and gene ontology analysis.

Expression validation of the miRNAs of interest was performed by qPCR using
previously isolated RNA from osteogenic gene expression studies of 21d samples. 10ng of
total RNA was reverse transcribed with the TagMan MicroRNA Reverse Transcriptase Kit
(#4366596; Thermo Fisher Scientific) and the appropriate TagMan miRNA RT primers
(Thermo Fisher Scientific). The resultant products were quantified by using the appropriate
TagMan miRNA Assays and TagMan Universal Master Mix I, no UNG (#4440040;
Thermo Fisher Scientific) on a Stratagene MX3005P Real-Time PCR Detection System
(Agilent Genomics). Results were normalized to U6 expression.

For gene enrichment and gene ontology analysis, miRNA target-gene lists
produced by TargetScan website were sorted according to cumulative weighted context
score in order to identify the target genes with the greatest predicted repression. The top-
3000 genes were then selected for gene enrichment and gene ontology analysis with

Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics
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Resources version 6.8 (https://david.nciferf.gov). Genes were grouped using the lowest
stringency and significance was considered as enrichment scores greater than 1.3 and

Benjamini corrected P-values<0.05.

CRISPR/Cas9 mediated knockout of a7 nAChR gene

PDLSC a7 nAChR gene knockout was performed with the CRISPR/Cas9
CHRNA7 Human Gene Knockout Kit from OriGene (#KN221382; OriGene Technologies,
Rockville MD). 24 hours before transfection, 4x10* PDLSCs in ImL of transfection media
(DMEM + 10% FBS) were seeded into each well of a 12-well plate to obtain a confluence
of 50-70% by the following day. On the day of transfection, 2 guide RNA (gRNA) vectors
and 1 scramble negative control vector were transfected using jetPRIME® transfection
reagents (#114-01; Polyplus-transfection, Illkirch France). Briefly, 0.25ug of each gRNA
vector and 0.25ug of the scramble control vector was diluted in three separate tubes
containing 100uL of jetPRIME® buffer (Polyplus-transfection). 0.25ug of donor vector

was then added to each tube. After vortexing, 1puL of jetPRIME® reagent (1:2 ratio) was
added to each vial and the vials were incubated at room temperature for 10-min. The
mixtures were added drop-wise to each respective well and the plate was gently rocked to
distribute the complex evenly. Cells were incubated at 37C and 5% CO, for 4 hours, upon
when transfection media was replaced with regular CCM. Cells were passaged 1:10 every
three days. After 23 days, knockout efficiency was determined by fluorescent imaging and

positive expression of green fluorescent protein (GFP).
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Statistical Analysis

All data is presented as mean + standard deviation. Statistical analysis was
conducted with SPSS software (IBM SPSS Statistics 22). An unpaired, two-tailed
Student’s t-test was used for comparison between two groups. For comparison of three of
more groups, a one-way analysis of variance (ANOVA) was used with post hoc Tukey
Test. When necessary, a two-way ANOV A was used to understand the interaction between

multiple factors. Statistically significant results were considered as p<0.05.



Chapter 4 Results

LCMS method for determining nicotine content of collected extracts

A LCMS method was developed to quantify the amount of nicotine in collected
extracts so that they could be properly diluted to physiological doses at the time of
experimentation. The LCMS method used was based on the original work done by Trehy
et al.[150], but included modifications to incorporate different equipment and extraction
techniques. Linear calibrations (R*>0.99) were obtained for the target compound in the
range of 2-800nM in all three channels used to monitor for nicotine (Figure 4-1) and the
calibration was stable throughout the analytical sequence (deviation <15% from targeted
concentration upon continuous calibration checks). After proper dilution, all samples fell
within the dynamic range of the machine. Sample confirmation ratios lied within 3 standard
deviations of the mean confirmation ratios in standards and quality control samples, thus
confirming the identity of nicotine in the collected extract. Internal standard signal was
constant throughout the analytical batch, thereby allowing for accurate quantification of
nicotine in samples. Carryover between sample measurements was considered under
control. Injection of a blank after the highest calibration standard produced a signal at or
below 0.1% of that of the standard and a measurement below LOQ=2 nM which is the
lowest calibration standard of this dataset and is assigned as instrumental limit of detection.

Carryover tests performed after every calibration check were also negative.

59
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Figure 4-1: Ca

libration curves from all three channels used to monitor nicotine standards during LCMS.
Calibration curves were linear with R*>0.99 across all three channels.

In order to determine extract batch nicotine content, samples of collected extracts

were analyzed using the developed LCMS method. Nicotine content varied dramatically

between collected extracts (Table 4-1). A one-way ANOVA demonstrated that there was a

statistically significant difference between group means. Extracts collected from 36mg/ml

nicotine e-liquid vapors (ECV+) had the highest measured nicotine content at

248.7+6.4uM, followed by cigarette smoke extract (CSE) at 46.3+2.9uM and Omg/ml

nicotine e-liquid vapors (ECV-) at 2.9+0.1uM. Although trace amounts of nicotine were

measured in the ECV- extracts, no nicotine was measured in the Omg/ml nicotine e-liquid

stock. Since the same machine was used to produce both 0 and 36mg/ml e-cigarette vapors,

the small contamination of nicotine is likely due to residual nicotine in machine tubing that

was left behind during the initial collection of the 36mg/ml nicotine e-cigarette vapors.
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Table 4-1: Average nicotine content of collected e-cigarette vapor and cigarette smoke extracts as
determined by LCMS.

Measured Average SD Sample Sample
Nicotine (nM)  Nicotine (nM) (nM) LLOQ ULOQ
ECV- 1 3,030

Sample

ECV- 2 2,850 2,910 +104 25 8,000
ECV- 3 2,850

Omg/ml e-lig. No Peak - - 5 1,600
CSE 1 44,300
CSE 2 49,600 46,300"° +2879 250 80,000
CSE 3 45,000
ECV+ 1 256,000
ECV+ 2 244,000 248,666 +6429 2,500 800,000
ECV+ 3 246,000

Legend: ECV-: Omg/ml nicotine e-liquid extract; CSE: Cigarette smoke extract; ECV+: 36mg/ml nicotine
e-liquid extract. SD: Standard Deviation; LLOQ: Lower Limit of Quantification; ULOQ: Upper Limit of
Quantitation.
Statistics: Statistical analysis calculated by one-way ANOVA. Significance considered as p<0.005.
Significance Symbols: (a) to CSE; (b) ECV+; (¢) to ECV-.

For experimentation, extracts were diluted to physiological doses of nicotine (Table
4-2). 1 and 10uM nicotine concentrations were chosen as they encompass the range of
previously reported values of salivary nicotine content in smokers and vapers. Extract from
Omg/ml nicotine was diluted in the same fashion as 36mg/ml extracts in order to isolate the

effects of nicotine and study the effects of non-nicotine e-liquid compounds. The dilution

percentages reflect the percent of stock solution in the respective concentrations.

Table 4-2: Extract stock dilution percentages corresponding to 1 and 10uM nicotine concentrations.

Extract Extract Stock Dilution
Conc. (uM) 10uM 1pM
ECV+ (36mg/ml) 248.66 4.0% 0.4%
ECV- (Omg/ml) 2.91 4.0% 0.4%
CSE (3R4F) 46.30 23% 2.3%

PDLSCs remain viable after exposure to 1 and 10pM nicotine e-cigarette vapor
extracts
The cytotoxicity of cigarette smoke and e-cigarette vapor (ECV) extracts were

evaluated in order to ensure that exposed cells would remain viable during
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experimentation. Based on the results of the LCMS, stock extracts were diluted with
regular culture media to obtain 10 and 1uM nicotine supplemented media. Non-nicotine
containing media was diluted like nicotine containing media in order to evaluate the effects
of non-nicotine chemicals. PDLSCs were cultured in this media for 24h and viability was
evaluated after with Calcein-AM. After 24h, PDLSCs remained viable and there were no
detectable differences in viability between extract types (ECV- vs. ECV+ vs. CSE) and
extract dose (1 vs. 10uM nicotine or 0.4 vs. 4% for ECV-) (Figure 4-2). As a reference,
viable cells were not present in positive controls for 100% cell death. Experimental results

obtained with these extract dilutions will therefore not be influenced by cell death.

24h Cell Viability (Calcein AM)

Media OuM Nic. ECV- (4%) 10uM Nic. ECV+ (4%) 10uM Nic. CSE
Calcein AM v %4 : > e 3es N o, -

100% CSE + 0% FBS OuM Nic. ECV- (0.4%) 1uM Nic. ECV+ (0.4%) 1uM Nic. CSE

Figure 4-2: Calcein AM fluorescent images showin PDLSC viability after 24h culture in medias
supplemented with nicotine-free ECV and 1 and 10uM nicotine ECV extract. No detectable differences in
viability were noted between exposure groups except for positive control where no viable cells were present.

Nicotine-containing e-cigarette vapor extracts increase PDLSC intracellular Ca*
levels upon stimulation
One of the pathways for nicotine interaction with cells occurs through a7 nAChRs.

PDLSCs have been previously shown to express these receptors and nicotine alone has
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been previously shown to activate them[15; 120]. However, it remained to be seen whether
nicotine and non-nicotine containing ECV extracts elicited a similar response.

The presence of a7 nAChR subunits in PDLSCs was confirmed via
immunohistochemistry (Figure 4-3). The ubiquitous expression of these receptors in all of
the PDLSCs imaged suggests an important role in PDLSC biology. One of the hallmarks
of a7 nAChR activation is the influx of extracellular calcium[117]. To test receptor
functionality and response to cigarette smoke extract and ECV extract, PDSLCs were
loaded with Fluo4-AM, a calcium-binding dye, and stimulated with varying doses of
collected extract. Extract was added directly to the culture media 5s after initiating the
time-lapse imaging sequence and fluorescent images were captured over a 2-min. period.
As expected, increases in PDLSC fluorescence were only observed under nicotine
stimulation (Figure 4-4). Cigarette smoke extract and ECV extracts diluted to 1 and 10uM
nicotine caused rapid increases in PDLSC fluorescence after extract addition. Addition of
nicotine-free ECV extracts, on the other hand, failed to cause a detectable increase in Fluo4
signal beyond baseline value as did addition of regular culture media. Therefore, although
LCMS analysis detected trace amounts of nicotine in the collected stock of Omg/ml vapor
extract, the final diluted solutions used throughout these experiments did not contain
enough nicotine to activate PDLSC a7 nAChRs. Thus, the potential contribution of
nicotine to effects in these groups is negligible, and any effects seen in the Omg/ml ECV

groups can be predominantly attributed to the other components in the vapor.
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Figure 4-3: Immunohistochemistry image of PDLSCs showing the ubiquitous expression of a7 nAChRs
(red) and their location in relation to the nucleus (blue).
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Figure 4-4: Average PDLSC fluorescence (Fluo-4 AM) over time in response to the addition of nicotine-
free ECV, 1 and 10uM nicotine ECV, and cigarette smoke extracts to cell culture. Cultured PDLSCs loaded
with Fluo4-AM and maintained in HBSS (Ca2+) responded to the addition of nicotine-containing extracts as
evident by the rapid rise in intracellular Ca*". Nicotine-free ECV extracts and regular cell culture media did
not elicit a detectable response above background.

Data presented as mean background-corrected fluorescence of 12 random PDLSCs (n=12).

E-cigarette vapors inhibit PDLSC proliferation in a dose-dependent manner
through a7 nAChRs
One of the hallmark characteristics of stem cells is the ability to undergo controlled

self-renewal. This process is critical for preserving undifferentiated stem cell populations
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throughout life as they are often called upon in abundance to mediate wound healing and
tissue regeneration. Stem cell proliferation is therefore a critical component of regenerative
capability. The effect of ECV extract exposure on PDLSC proliferation potential was
determined with a BrdU-incorporation assay. The exposure conditions for the assay were
established by first measuring PDLSC proliferation under low and high serum
concentrations (Figure 4-5). A 48h exposure followed by a 24h BrdU-incorporation period
was sufficient enough to measure statistically significant differences in absorbance means

between 1% and 10% FBS treated PDLSCs (p<0.005).

24h BrdU-Incorporation Cell Proliferation Assay
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Figure 4-5: 24h BrdU-incorporation cell proliferation assay comparing PDLSC proliferation in 1% and 10%
FBS-supplemented medias.
Data presented as mean + SD of absorbance (n=4). Statistical analysis calculated by two-tailed unpaired
Students’s t-test. Significance considered as *p<0.05, **p<0.005, ***p<0.0005. Significance Symbols: (*)
to control.

To determine how ECVs affect proliferation, PDLSCs were exposed to low and
high doses of nicotine-free and nicotine containing ECVs (Figure 4-6). Only 1uM nicotine

CSE was capable of significantly affecting normal rates of PDLSC proliferation as

determined by a one-way ANOVA on BrdU absorbance results (control: 0.714 + 0.031 vs.
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CSE 0.826 £+ 0.021, p=0.008). The observed 15% increase in proliferation was also
significantly greater than that of PDLSCs exposed to 1uM nicotine ECV+ (0.826 + 0.021
vs. 0.717 £ 0.045, p=0.01) suggesting that non-nicotine components in CSE are responsible
for the increase in PDLSC proliferation.

Although there were no apparent differences in proliferation between control and
ECV-exposed PDLSCs, there did appear to be an effect within ECV groups. A two-way
ANOVA (pairwise comparison) showed a statistically significant difference in BrdU
uptake between nicotine-free and nicotine-containing ECVs (0.780 + 0.12 vs. 0.688 +
0.013, p=2.63E-4) and between low and high doses of extract (0.755 = 0.012 vs. 0.713 £
0.013, p=0.034). The results suggest that the effect on PDLSC proliferation between ECV
groups is dependent on both extract-type and extract-dose. The Partial Eta Squared values
of 0.716 for extract-type and 0.347 for extract-dose further suggest that the majority of the
observed effect (~72%) is due to extract type or, rather, whether or not nicotine is present
in ECVs.

In fact, pairwise comparisons within extract-types (i.e. ECV- vs. ECV+) revealed
a significant difference in proliferation amongst nicotine-containing ECVs (i.e. 0.4% vs.
4% ECV+) (p=0.046). The results confirm the notion that nicotinic effects on PDLSC
proliferation are dose-dependent, with higher concentrations being more inhibitory and
thus more detrimental. Within extract dilution groups (i.e. 0.4% and 4%) significant
differences in proliferation were detected between nicotine-free and nicotine-containing
ECVs at low and high extract concentrations (p=0.008 and p=0.002, respectively). The data
suggests that nicotinic e-liquids are therefore more detrimental to PDLSC proliferation than

non-nicotinic e-liquids.
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24h BrdU-Incorporation Cell Proliferation Assay
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Figure 4-6: 24h BrdU-incorporation cell proliferation assay comparing PDLSC proliferation in regular
culture media to nicotine-free ECV and 1 and 10uM nicotine ECV extract-supplemented medias.

Data presented as mean + SD of absorbance (n=4). Statistical analysis calculated by one-way ANOVA with
post hoc Tukey Test. Significance considered as *p<0.05, **p<0.005, ***p<0.0005. Significance Symbols:
(*) to control; (%) to respective ECV-; (#) to respective 4% extracts; (&) to 1uM CSE.

The significant difference in proliferation potential between nicotine-free and
nicotine-containing ECVs at both extract concentrations shows the potent effect of nicotine
on PDLSC proliferation. To determine if nicotine-containing ECVs inhibit PDLSC
proliferation through a7 nAChRs, PDSLCS were pretreated with aBTX, an o7-specific
nAChR antagonist, prior to ECV exposure. A one-way ANOVA detected significant
differences between ECV- and ECV+ exposed PDLSCs (p=0.034) and between ECV+ and
ECV+ PDLSCs pretreated with a BTX (p=0.034) (Figure 4-7). Additionally, there was no
significant difference between ECV- and ECV+ PDLSCs pretreated with aBTX (p=0.149).
Taken together, the data confirms that nicotine-containing ECVs are capable of inhibiting

PDLSC proliferation potential through o7 nAChRs.
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24h BrdU-Incorporation Cell Proliferation Assay
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Figure 4-7: 24h BrdU-incorporation cell proliferation assay comparing PDLSC proliferation in nicotine-free
ECV (4%) and 10uM nicotine ECV (4%) extract-supplemented medias with and without aBTX pretreatment.
Data presented as mean + SD of absorbance (n=4). Statistical analysis calculated by one-way ANOVA with
post hoc Tukey Test. Significance considered as *p<0.05. Significance Symbols: (*) to control; (#) to 10uM
ECV+.

E-cigarette vapor extracts appear to inhibit PDLSC migration potential

Stem cells are also capable of migration, an inherent characteristic that is critical
for efficient wound repair. The effect of ECVs on PDLSC migration potential was
evaluated with a cell exclusion assay. PDLSCs were exposed to ECVs for 48 hours and
then allowed to migrate into a cell-free zone. Overall, exposure to ECV extracts appeared
to inhibit PDLSC migration (Figure 4-8). Exposure to 1uM nicotine CSE also produced
similar effects. However, a one-way ANOVA failed to detect any differences in migratory
ability between groups. Therefore, it appears that acute exposure to neither 1 nor 10uM

nicotine ECVs has a significant impact on PDLSC migration.
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24h Wound Closure Percentage
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Figure 4-8: 24h wound closure assay showing the effects of ECV exposure on PDLSC migration potential.
(A) PDLSCs were stained with phalloidin and fluorescent images of the exclusion area were taken after 24h
of migration. (B) Percentage of wound area covered by migrating cells after 24h.

Data presented as mean + SD of percent wound closure (n=6). Statistical analysis calculated by one-way
ANOVA with post hoc Tukey Test. Significance considered as *p<0.05.

E-cigarette vapors inhibit PDLSC mineralization proliferation in a dose-dependent
manner

PDLSCs are multipotent stem cells with a high capacity of osteogenic
differentiation. Successful osteogenic differentiation results in tissue mineralization, which
provides the necessary components for bone strength. To determine mineralization
potential, PDLSCs were cultured in osteogenic media for 21d and calcium deposition was
measured thereafter via Alizarin Red S staining. PDLSCs cultured in osteogenic medias
exhibited profound calcium deposition at 21d (Figure 4-9). Mineralization did not occur in

non-differentiated controls leading to a significant difference in Alizarin Red S staining

between groups (p<5E-4). The outcomes of this assay prove the effectiveness of the
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osteogenic differentiation protocol and demonstrate the tremendous mineralization

potential of PDLSCs.
Alizarin Red S Quantification (21d)
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Figure 4-9: Alizarin Red S staining showing mineralization potential of PDLSCs after 21d of osteogenic
differentiation. (A) Representative wells of PDLSCs stained with Alizarin Red S. (B) Alizarin Red S stain
was dissolved with 10% CPC and the absorbance of each well was read at 562nm.

Data presented as mean + SD of absorption at 562nm (n=4). A two-tailed unpaired Students’s t-test was
used for statistical analysis. Significance considered as *p<0.05, **p<0.005, ***p<0.0005. Significance
Symbols: (*) to non-differentiated control.

To determine the effect of ECV on PDLSC osteogenic differentiation potential,
osteogenic medias were supplemented with ECVs and PDLSC mineralization was
evaluated after 21d of differentiation. A one-way ANOVA was performed to compare
differences in Alizarin Red S (ARS) staining between non-exposed and exposed PDLSCs.
Significant differences in alizarin red s staining between control and ECV exposed groups
were only observed at concentrated doses (4%) of ECV extract (Figure 4-10). At this
concentration, ARS staining was reduced by 25% in ECV- groups (p=3.1E-4) and 31% in

ECV+ groups (p=2E-5).
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A two-way ANOVA was conducted in order to understand the interaction between
extract type and dose on ARS staining of exposed PDLSCs. For ECV groups, there was no
detectable difference in ARS staining between extract type (p=0.616), but a significant
difference between extract dose (0.4%: 2.929 + 0.251 vs. 4%: 2.292 + 0.146, p=5.2E-5).
These results suggest that ECVs inhibit PDLSC mineralization predominantly through
exposure to non-nicotine chemicals in a manner that is highly dose-dependent. In fact, on
Tests of Between-Subject Effects, extract dose had a Partial Eta Squared value of 0.757,
indicating that dose was indeed responsible for the majority (~75%) of the observed effect
on mineralization.

CSE, on the other hand, significantly inhibited PDLSC mineralization at both low
(3.208 £ 0.065 vs. 2.300 £+ 0.336, p=9E-5) and high (control 3.208 £ 0.065 vs. 2.070 +
0.157, p=4E-6) concentrations of extract. Pairwise comparisons to CSE confirmed a
significant difference in mineralization between CSE and ECV extracts (vs. ECV-:
p=0.001, vs. ECV+: p=0.003). The mean absorbance of CSE groups was significantly
lower than either that of the ECV extract groups (CSE: 2.185 + 0.272 vs. ECV-: 2.639 +
0.364 vs. ECV+: 2.581 + 0.427) suggesting that exposure to cigarette smoke is more

detrimental to PDLSC mineralization than e-cigarette vapor.



72

Alizarin Red S Quantification (21d)
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Figure 4-10: Alizarin Red S staining showing the effect of ECVs on mineralization potential of PDLSCs
after 21d of osteogenic differentiation. (A) Representative wells of PDLSCs stained with Alizarin Red
S. (B) Alizarin Red S stain was dissolved with 10% CPC and the absorbance of each well was read at
562nm.

Data presented as mean = SD of absorption at 562nm (n=4). Statistical analysis calculated by one way
analysis of variance (ANOVA). Significance considered as *p<0.05, **p<0.005, ***p<0.0005. Significance
Symbols: (*) to control; (%) to respective ECV-; (&) to respective CSE; (#) to respective 4% extracts.

E-cigarette vapor delays characteristic osteo-gene expression of PDLSCs during
osteogenic differentiation

Osteogenic differentiation is a multi-step process (i.e. proliferation, matrix
maturation, and mineralization) characterized by specific patterns of osteogenic gene
expression. For instance, early differentiation is characterized by elevated levels of
transcription factors like RUNX2, which induce osteogenesis[154]. Late differentiation is
characterized by decreased levels of mineralization inhibitors like Osteopontin (SPP1) and
elevated levels of osteoblast-specific genes like bone sialoprotein (IBSP). Stem cell

maturity markers like alkaline phosphatase (ALP) also decreased during

differentiation[155]. To ensure that the differentiation protocol used modeled the proper
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osteogenesis timeline, the osteogenic gene expression of non-differentiated and
differentiated PDLSCs was compared over the three-week differentiation protocol (Figure

4-11).
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Figure 4-11: Gene expression analysis of PDLSCs during osteogenic differentiation showing differences
between non-differentiated (white bars) and osteogenic differentiated (speckled bars) PDLSCs.

Data presented as mean + SD fold change in mRNA expression relative to control (n=3). GAPDH was used
as reference gene. A two-tailed Students T-Test was used for statistical analysis. Significance considered as
*=p<0.05, **=p<0.005.

PDLSCs exposed to osteogenic media showed characteristic early- and late-stage
osteogenic gene expression profiles. Expression of the RUNX2 gene, a key transcription
factor required for early osteogenic differentiation, was significantly higher in
differentiating PDLSCs on days 7 (p<0.005) and 14 (p<0.05). RUNX2 expression
decreased over time, as is necessary for bone maturation. The expression of ALPL also

followed a similar trend to RUNX2 expression. ALPL is a widely accepted marker of
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undifferentiated stem cells[155]; therefore, the persistent level of expression through 21d
in controls indicates non-differentiation, while the gradual decrease in osteogenic groups
indicates differentiation and maturation. SPP1 and IBSP are genes associated with
mineralization and late stage bone formation. SPP1 is a potential mineralization
inhibitor[156], while IBSP is a major component of the bone matrix[157]. Compared to
non-mineralizing controls, differentiating PDLSCs expressed lower levels of SPP1 and
higher levels of IBSP at day 14, which, according to the osteogenesis time-line, coincides
with early stage mineralization. SPP1 expression returned to baseline by day 21, while
IBSP expression remained elevated in differentiating PDLSCs.

To determine the effect of ECV extract exposure on PDLSC osteogenic
differentiation potential, PDLSCs were differentiated in osteogenic media supplemented
with nicotine-free ECV extract (4%) or 10uM nicotine ECV extract (4%) and the
expression of osteogenic genes were monitored for 21d. The relative fold changes in
osteogenic gene expression compared to differentiated controls are displayed in Figure 4-
12. Significant differences in expression were noted between nicotine-free and 10pM
nicotine ECV extract exposure groups during middle- and late-stage osteogenic
differentiation. 10uM nicotine ECV extract significantly inhibited COLlal, COL1a2
(p<0.05) and IBSP (p<0.05) gene expression in PDLSCs at day 14. These decreases in
expression during the early stages of mineralization suggest a possible delay in the
osteogenic differentiation process. Such a delay would explain why maximal expression
levels for these osteogenic genes occurred on day 21 instead of day 14, as they did for their
nicotine-free counterparts. The significant difference in gene expression between these two

groups could also be related to the differences seen in 21d mineralization potential.
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Although no significant differences in expression were observed, comparing the
expression of the other osteogenic genes seems to reveal additional signs of osteogenic
delay. For example, day 7 RUNX2 gene expression was 30% higher in PDLSCs treated
10uM nicotine ECV extract than in non-exposed and nicotine-free ECV extract groups.
RUNX2 gene expression typically peaks during the first few days of osteogenic
differentiation, so the fact that PDLSCs are still expressing high levels of RUNX2 at this
day suggests that 10uM nicotine ECV extract is causing a delayed shift in the RUNX2
expression timeline and, therefore, a delayed shift in osteogenesis. Delayed osteogenesis
in these groups is also supported by a relatively higher level of ALPL gene expression at
day 7, which indicates a more immature stem cell phenotype. Expression of osteoblast-
specific markers like BGLAP, an indication of late-stage osteogenic differentiation and
more mature bone formation, are also 20% lower in PDLSCs treated 10uM nicotine ECV

extract than in non-exposed PDLSCs.
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Figure 4-12: Gene expression analysis comparing the expression of osteogenic genes in non-differentiated
PDLSCs (speckled bars), PDLSCs treated with nicotine-free ECV extract (4%) (light gray bar), and PDLSCs
treated with 10uM nicotine ECV extract (4%) (dark gray bar).

Data presented as mean + SD fold change in mRNA expression relative to control (n=3). GAPDH was used
as reference gene. Statistical analysis calculated by one-way ANOVA. Significance considered as *=p<0.05,
**=p=<0.005. Significance Symbols: (*) to control; (#) to 4% ECV.
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E-cigarette vapor alters PDLSC global miRNA expression profiles

To determine whether ECVs alter PDLSC miRNA expression, the global miRNA
expression profile of PDLSCs exposed to 1uM nicotine ECV extract in-vitro for 4 days
was analyzed using microarrays. In total, 141 miRNAs, or roughly 5.5% of total chip-
miRNA, were differentially upregulated (i.e., fold change > 2, detection p-value<0.05)
between non-exposed and 1uM nicotine ECV extract exposed PDLSCs (Table 4-3),
indicating that acute, low dose exposure to ECV extract is capable of altering PDLSC
miRNA expression profiles. The increased number of upregulated miRNAs, although
small, could result in drastic post-translational modification since every miRNA has
several mRNA targets.

The effects of 1uM nicotine ECV extract on PDLSC miRNA expression were
compared to those from 1uM (-)-nicotine liquid in order to highlight the effects of nicotine
heating and non-nicotine ECV extract components on PDLSC miRNA expression. In a
previous study, 1uM (-)-nicotine liquid was shown to differentially express 225 PDLSC
miRNA (Ng et al. 2013). The top-10 differentially expressed miRNA identified in that
study served as the basis of comparison for the following analysis (Table 4-4). The two
studies showed some similar trends in miRNA expression. 70% of the miRNA (i.e., hsa-
miR-1914-3p, -374b-5p, -1973, -505-3p, 30d-5p, 18b-5p, and -137) were upregulated in
1uM nicotine and 1puM nicotine ECV extract groups. hsa-miR-505-3p, hsa-miR-30d-5p,
hsa-miR-18b-5p, and hsa-miR-137 were differentially expressed in both groups and in both
studies suggesting that these miRNAs are very likely upregulated in response to nicotine
exposure. The relative expression of these miRNA depended on whether PDLSCs were

treated with nicotine liquid or nicotine ECV extract. The expression of Asa-miR-505-3p,
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Table 4-3: Differentially upregulated miRNA in PDLSC exposed to 1uM nicotine ECV for 4d. Differential
upregulation classified as fold change (to non-exposed control) > 2 and chip miRNA-detection p < 0.05.

Transcript ID Fold p | Transcript ID Fold p | TranscriptID Fold p
miR-411-3p +2235 0 | let-7g-5p +4.4 0 | miR-455-5p +26 0
miR-342-5p +100.0 0 | miR-3135b +4.3 0 | miR-3615 +2.6 .02
miR-550a-3p +89.0 0 | miR-5195-3p +4.3 0 | miR-1226-3p +2.6 .02
miR-29b-2-5p +74.0 .01 | miR-671-3p +42 0 | miR-30c-2-3p +26 0
miR-148b-3p +55.5 0 | miR-505-3p +42 0 | miR-30e-5p +26 0
miR-495-3p +24.2 0 | miR-106b-3p +4.2 0 | miR-27a-5p +2.5 0
miR-15b-5p +18.1 0 | miR-29b-1-5p +42 0 | miR-4684-3p +2.5 .01
miR-1296-5p +16.4 0 | miR-3937 +4.1 .01 | miR-4286 +2.5 0
miR-30b-5p +14.6 0 | miR-18b-5p +4.1 0 | miR-484 +2.5 0
miR-20b-5p +12.5 0 | miR-539-5p +4.0 0 | miR-3200-3p +2.5 .01
miR-140-5p +11.5 0 | miR-421 +4.0 0 | miR-34b-3p +2.5 .01
miR-195-5p +11.1 0 | miR-4800-3p +4.0 0 | miR-3192-5p +2.4 .05
let-71-5p +10.4 0 | miR-4442 +4.0 .02 | miR-6819-5p +24 0
miR-493-5p +9.9 0 | miR-532-3p +4.0 0 | miR-15a-5p +24 0
miR-7162-3p +9.5 0 | miR-3609 +4.0 0 | miR-1185-2-3p +24 O
miR-146b-5p +9.4 0 | miR-412-5p +39 0 | miR-222-5p +24 0
miR-299-5p +8.9 0 | miR-331-3p +3.8 0 | miR-10a-5p +24 0
miR-151b +8.6 0 | miR-6831-5p +3.7 0 | miR-654-5p +2.3 0
miR-411-5p +7.8 0 | miR-379-3p +3.7 .03 | miR-370-5p +23 .03
miR-328-3p +7.8 .01 | miR-154-3p +3.6 0 | miR-23b-5p +2.3 0
miR-7153-3p +7.4 .03 | miR-323a-3p +3.5 0 | miR-628-3p +2.3 0
miR-1290 +7.2 0 | miR-18a-5p +3.5 0 | miR-4304 +2.3 .01
miR-625-5p +7.1 0 | miR-212-5p +3.5 .05 | miR-342-3p +2.3 0
miR-543 +6.8 0 | miR-5004-5p +3.3 .03 | miR-18a-3p +2.3 .01
miR-3117-3p +6.7 0 | miR-3909 +3.3 .02 | miR-381-5p +2.2 .01
miR-194-5p +6.5 0 | miR-1208 +3.3 .01 | miR-652-3p +22 0
miR-654-3p +6.4 0 | miR-376¢-3p +3.2 0 | miR-296-3p +2.2 .01
miR-1185-1-3p +6.1 0 | miR-299-3p +3.2 0 | miR-25-3p +22 0
miR-22-5p +6.0 0 | miR-30d-5p +3.2 0 | miR-30a-3p +2.2 0
miR-221-5p +6.0 0 | miR-505-5p +3.2 0 | miR-4478 +2.1 .03
miR-199b-5p +5.9 0 | miR-4736 +3.1 .01 | miR-2110 +2.1 .01
miR-4669 +5.9 0 | miR-34c-5p +3.1 0 | miR-629-3p +2.1 0
miR-1973 +5.7 0 | miR-1287-5p +3.1 .01 | miR-629-5p +2.1 0
miR-4328 +5.5 .04 | miR-4441 +3.0 0 | miR-424-3p +2.1 0
miR-181d-5p +5.4 0 | miR-501-3p +3.0 0 | miR-212-3p +2.1 0
miR-5089-5p +5.3 .05 | miR-24-2-5p +3.0 0 | miR-146a-5p +2.1 0
miR-30e-3p +5.1 0 | miR-31-3p +29 0 | miR-6076 +2.1 .01
miR-128-3p +5.1 0 | miR-550a-3-5p  +2.9 .01 | miR-30b-3p +2.0 .03
miR-487a-3p +4.9 0 | miR-92b-3p +29 0 | miR-497-5p +2.0 .01
miR-3911 +4.9 0 | miR-339-5p +2.9 0 | miR-500a-3p +2.0 0
miR-6872-5p +4.9 .04 | miR-181c-5p +2.8 0 | miR-574-3p +2.0 0
miR-8060 +4.9 .02 | miR-92a-1-5p +2.7 .02 | miR-487b-3p +2.0 0
miR-30c-5p +4.8 0 | miR-6075 +2.7 .01 | miR-409-5p +2.0 0
miR-376a-3p +4.7 0 | miR-4324 +2.7 0 | miR-3926 +2.0 .05
miR-485-3p +4.7 0 | let-7e-3p +2.7 0 | miR-23c +2.0 0
miR-329-3p +4.6 0 | miR-708-5p +2.7 0

miR-21-5p +4.5 0 | miR-29b-3p +2.7 0

miR-197-3p +4.4 0 | miR-378f +2.6 0
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hsa-miR-30d-5p, hsa-miR-18b-5p was 70%, 14% and 58% higher, respectively, and the
expression of Asa-miR-137 was 36% lower in ECV extract treated PDLSCs compared to
nicotine liquid treated PDLCs. Additional factors specific to ECV extract, like carrier
chemicals and the formation of toxic aldehydes during e-liquid vaporization, could

contribute to the observed differences in miRNA expression.

Table 4-4: Table comparing the effect of 1uM nicotine liquid vs. 1pM nicotine ECV on PDLSC miRNA
expression with previously published list of top-10 differentially expressed miRNA in PDLSCs treated with
1uM nicotine liquid. Bolded miRNAs represent those that had a chip miRNA-detection p-value<0.05.

Top-10 Differentially Expressed miRNA from 2013 study (Ng, Carballosa et al. 2013)
2013° 2018
. 1pM Nic.:Control 1pM Nic.:Control  1pM Nic. ECV:Control ECV:Nic.

Transcript ID

Fold (p-value) Fold (det. p-value) Fold (det. p-value) Fold
miR-3198 +146.47 (3.90E-5) 0 (0.67) 0 (0.64) 1.00
miR-1305 +120.09 (3.26E-5) -0.63 (0.55) -0.63 (0.54) 1.00
miR-3659 +107.00 (0.001) 0(0.42) 0(0.38) 1.00
miR-1914-3p +88.95 (0.002) +1.23 (0.87) +1.88 (0.76) 1.53
miR-374b-5p +57.88 (0.001) +1.40 (0.01) +1.40 (0.17) 1.00
miR-1973 +50.20 (1.78E-5) +1.2 (0.34) +5.70 (0) 4.71
miR-505-3p +46.42 (4.23E-5) +3.02 (0) +3.18 (0) 1.70
miR-30d-5p +46.23 (1.78E-5) +3.18 (0) +2.78 (0) 1.14
miR-18b-5p +36.9 (9.27E-5) +2.58 (0) +4.07 (0) 1.58
miR-137 +3.16 (0.006) +1.83 (0) +1.17 (0) 0.64

Legend: a: SurePrint G3 Human v16 miRNA Array Kit (Agilent), b: GeneChip™ miRNA 4.0 Array
(Applied Biosystems)

Top-10 differentially upregulated miRNAs target several osteogenic mRNAs

Table 4-5 contains a list of the top-10 differentially upregulated miRNA from 1pM
nicotine ECV treated PDLSCs compared to non-exposed controls. In order to determine
the potential downstream effects of miRNA expression on PDLSC osteogenic
differentiation potential, the osteogenic mRNA targets of each miRNA were identified with
TargetScan, a miRNA-mRNA bioinformatics platform from MIT. Out of the ten
upregulated miRNAs, 7 were predicted to target genes involved with osteogenesis[158].
Two miRNAs, Asa-miR-342-5p and hsa-miR-29b-3p, were predicted to target multiple

osteogenic genes, therefore, these miRNAs were selected for further analysis in osteogenic
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studies. hsa-miR-20a-5p was also chosen for further analysis as it has been cited multiple

times in the literature as being involved in the osteogenic differentiation process[159; 160].

Table 4-5: Top-10 differentially upregulated miRNA in PDLSC exposed to 1uM nicotine ECV for 4d with
predicted osteo-mRNA targets. Expression is relative to non-exposed PDLSCs. Differential upregulation
classified as fold change > 2 and chip miRNA-detection p-value < 0.05. Target prediction conducted with
TargetScan (MIT).

Top-10 Differentially Upregulated miRNA (fold >2, p<0.05)

Transcript ID 1pM Nic. ECV:Control Predicted osteo-mRNA
Fold (detection p-value) targets

hsa-miR-411-3p 223.50 (0)
hsa-miR-342-5p 100.00 (0) RUNX2, BMP2, COL1A1
hsa-miR-550a-3p 89.00 (0) COL2A1
hsa-miR-29b-2-5p* 74.00 (0.01) COL1A1, COL1A2, ALPL
hsa-miR-148b-3p 55.50 (0)
hsa-miR-495-3p 24.17 (0) SPARC
hsa-miR-15b-5p 18.13 (0)
hsa-miR-1296-5p 16.42 (0) ALPL
hsa-miR-30b-5p 14.56 (0) RUNX2
hsa-miR-20b-5p 12.47 (0) BMP2

*hsa-miR-29b-2-5p is not a confidently identified miRNA in the TargetScan data base and therefore many
of its predicted targets are false positives. hsa-miR-29b-3p is confidently identified and is the broadly
conserved form of this miRNA. hsa-miR-29b-3p was differentially expressed in PDLSCs treated with 1[UIM

nicotine (+2.66 fold to control, p=0) and also targeted more than one osteogenic gene (i.e. COL1A1 and
SPARC). Therefore, it this form will be used instead of -5p.

E-cigarette vapor upregulates expression of miRNAs through mechanisms not
involving a7 nAChRs

A general trend in the expression of the three miRNAs of interest was observed
after 21d of osteogenic differentiation (Figure 4-13). Normal in-vitro PDLSC osteogenic
differentiation was characterized by an upregulation in miR-20a-5p (p<0.005) and miR-
29b-3p (p<0.05) expression and a downregulation of miR-342-5p expression (p<0.005).
Introducing 10uM nicotine ECV into the osteogenic media resulted in an upregulation of
at least 20% in the expression of all three miRNA of interest (this upregulation is consistent
with the miRNA chip data, which also showed an upregulation of PDLSC miRNA after 4d
of nicotine treatment). Inhibiting a7 nAChRs with aBTX did not reverse these effects,

suggesting that the changes in miRNA expression are mediated through other nAChR sub-

types or due to the non-nicotine chemicals found in ECV.
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Figure 4-13: Tagman miRNA expression analysis of hsa-miR-20a-5p, -29b-3p, and -342-5p in PDLSCs after
21d of osteogenic differentiation and 4% ECV exposure.

Data presented as mean + SD fold change in miRNA expression relative to non-differentiated control (n=3).
U6 was used as reference. Statistical analysis calculated by one-way ANOVA. Significance considered as
*=p<0.05, **=p=<0.005. Significance Symbols: (*) to non-differentiated control.



Chapter 5 Discussion

This project investigated the effect of EC vapor exposure on the osteogenic
differentiation potential of PDLSCs, a resident stem cell population of the oral cavity- the
initial site of EC vapor exposure. By comparing differences in potential between PDLSCs
exposed to nicotine-free and nicotine-containing EC vapors, this project sought to
determine the contribution of basic e-liquid chemicals (non-nicotine vs. nicotine) to the
overall effect. The potential pathways and mechanisms behind these effects were also
explored by investigating the roles of a7 nAChRs and miRNA expression during exposure.
The results of these studies show that although EC are considered a safer alternative to
cigarette smoking, their use could still be detrimental to human health. Additionally, the
results show that o7 nAChRs only mediate the nicotinic-effects on PDLSC proliferation
potential, but not migration, differentiation, or miRNA expression. It is possible that these
receptors could mediate these effects under higher concentrations of nicotine or that the
effects could be mediated by other nAChR subtypes. These results, therefore, merit further
investigation in order to fully map out the regulatory network associated with the nicotine-
induced effects.

Although not marketed as such, ECs used with nicotine-containing e-liquids are
suitable nicotine replacement therapies. These devices deliver nicotine efficiently and curb
smoking urge within several minutes of use. D’Ruiz et al. showed ECs filled with 1.6 and
2.4% nicotine (16mg/ml or 24mg/ml) significantly increased vaper plasma nicotine
concentrations (p<0.05) and significantly curbed smoking urge within 5 min. of use

(p<0.001)[62]. As such, these devices are an attractive alternative to cigarettes because

81
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they can provide the nicotine content needed by the user in a way that simulates the act of
smoking without the exposure to cigarette smoking toxins. Although there is a significant
reduction in the amount of toxic exposure compared to cigarettes[37; 161], EC users are
still at-risk due to the easy abuse of ECs and the fact that longer periods of use are required
to satisfy nicotine cravings[150].

The current study investigated the effects of short-term EC vapor exposure, but
given their addicting nature[162], EC use is more likely to be chronic than acute. The long-
term health effects of EC use are not yet known. This is mostly due to the fact that ECs are
a relatively new tobacco product and research regarding their safety is still in its infancy.
Even so, understanding the implications of short- and long-term EC use may be difficult
given that EC devices are ever-changing and e-liquid varieties are ever-growing. A 2014
report by Zhu et al. revealed that at the start of 2014 there were over 460 brands of ECs
and over 7,760 e-liquid flavors[163]. Over a 17-month period, the authors observed an
average increase of 10.5 new brands and 242 new flavors per month. With so many options,
the possible combinations between EC device and e-liquid formulation are astronomical.
However, this study aimed to determine the most likely (baseline) effects of EC exposure
by producing vapor from a popular EC device (with default parameters) filled with the
most basic of e-liquid formulations. In doing so, this study successfully begins to lay the
groundwork for understanding the underlying measures of more complex vaping
conditions (i.e. powerful devices with flavored e-liquids).

The JoyTech eVic EC was chosen for these studies because it is a popular and
widely-available second-generation EC device. These devices have a rechargeable battery,

allowing the same device to be used for repeat experiments, and can be programmed with
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different voltages and/or refilled with different e-liquids to study different vaping
conditions. For these experiments, the eVic was used with the default variable voltage
setting of 3.3V. In order to isolate the effects of e-liquid carrier molecules from nicotine,
e-liquids containing Omg/ml and 36mg/ml nicotine were used. Non-flavored e-liquids were
used as they constitute the base of all e-liquids. All e-liquids were purchased from the same
company (AmericaneLiquid) to minimize variability in e-liquid batch composition. A
50%/50% w/v PG/VG e-liquid base was chosen in order to incorporate the available e-
liquid base chemicals equally. The effects of cigarette smoke exposure were also
investigated in order to gauge the severity of EC vapor damage. University of Kentucky
3R4F reference cigarettes were used in these studies since they are an accurate
representation of modern-day cigarettes and are well documented in the literature and
widely investigated across labs.

Two automated robots from VitroCell were used for smoke and vapor production.
The smoking parameters of these two delivery devices are fully customizable; therefore,
individualized puffing protocols can be inputted into the companion software in order to
mimic the different smoking behaviors of cigarette and EC users. These unique abilities
allowed us to closely model representative smoke and vapor exposure in vitro in a
consistent and reproducible manner. The VC-10 was used for cigarette smoke production,
while the VC-1 was used for EC vapor production. Cigarette smoke was generated
according to International Organization for Standardization (ISO) 3308 (Routine analytical
cigarette-smoking machine -- Definitions and standard conditions). These parameters are
an established model for typical cigarette use and the standard protocol used by many

investigators[ 164]. Adhering to these parameters assures compatibility with data generated
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on other machines in other labs. The parameters of ISO 3308, however, are a poor
representation of EC use[6]. At the time of these experiments, an ISO standard for the
production of EC vapor had not yet been published (ISO/FDIS 20768: Vapour products --
Routine analytical vaping machine -- Definitions and standard conditions is currently
under development). Therefore, in order to investigate a more characteristic model, the EC
vaping protocol used was based off of the average smoking habits of experienced EC
users[84; 86; 149].

These controlled conditions were used to study the effects of EC exposure on
PDLSC regeneration potential. While they were ideal for a laboratory setting and provided
a glimpse into the potential health effects of exposure, EC use is unique to each individual
and the effects experienced by each person will depend on the specifics of their EC use.
Factors like e-liquid composition [165; 166; 167], device used[161; 168], and vaping
style[53; 167] influence the amount of toxic chemicals present in EC vapor. Accordingly,
the severity of effects can vary between individuals and could be more serious than the
ones reported in this project. A brief discussion of how each of these factors can contribute
to EC toxicity is provided below.

Device composition

As previously mentioned EC devices are ever-changing[163]. Over the years these
devices have gone from providing fixed power from weak, single use batteries to variable
power from strong, rechargeable batteries. This increase in power production and the
ability to modify the power output is highly desirable in the vaping community because it
allows users to tailor the vapor profile (e.g. nicotine content, thickness/color of cloud,

amount of vapor) and personalize their vaping experience. A survey of 4,421 experience



85

EC users revealed that 63.7% of users that started with a first-generation device switched
to newer-generation device[169] and that only 5% of these users switched back. But these
increases in power can actually make EC use more dangerous. In addition to over-heating
the device and putting the user at risk of fires or explosions[170], higher battery power can
increase the amount of toxic chemicals produced in EC aerosols[161; 168]. Ogunwale et
al demonstrated that newer generation devices and higher battery output are consistent with
higher detection levels of aldehydes in EC aerosols[168]. Formaldehyde levels, for
example, were 1200% greater in newer generation devices compared to first generation
devices and formaldehyde hemiacetal levels were 300% greater when output power was
increased from 11.7W to 16.6W.
E-liquids

E-liquids are composed of three main ingredients: humectants, flavoring agents,
and nicotine. Although this project only focused on the most basic of those (humectants
and nicotine), each ingredient can contribute to toxic chemical formation in EC vapors.
Humectants

Humectants form the base of all e-liquids and are therefore the most common
chemical found across brands. Propylene glycol (PG) and vegetable glycerin (VG) are the
two most common humectants used in e-liquids. PG is routinely used in the pharmaceutical
industry as a solvent for drug delivery systems[40] and VG is used as a sweetener in the
food industry[41]. E-liquids can be composed of 100% PG, 100% VG, or a mixture of
both. The relative ratio of both chemicals affects the type of vapor cloud produced and is
therefore dependent on user preference. Both products are FDA-approved for safe use,

however, when heated, as is the case during EC use, these products can form toxic
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chemicals. Specifically, VG can form acrolein, whereas PG can form carbonyl compounds
like formaldehyde and acetaldehyde[161; 171]. Formaldehyde (FA), for example, is
classified as a probable human carcinogen by the U.S. Environmental Protection
Agency[172] and has been associated with higher incidences of cancer[173]. According to
Wang et al., the amount of FA exposure from EC use surpasses safety levels established
by the EPA and can therefore cause substantial harm[171]. In this report, it was
demonstrated that exposure to a 50%/50% w/v PG/VG EC vapor extract significantly
inhibited PDLSC mineralization potential. This extract contained no nicotine and no
flavoring agents therefore the inhibition in mineralization potential was solely due to the
byproducts of aerosolized PG/VG. These results provide further evidence that aerosolized
humectants are harmful to human health and may negatively impact stem cell
differentiation. FA, one of the byproducts of PG, has been shown to affect the
differentiation of human trophoblasts[174], the differentiation of natural killer cells[175],
and the proliferation of human embryonic stem cells (hESCs)[176]. A study by She et al.
showed that FA induced DNA strand breaks in mice bone marrow mesenchymal stem
cells[177]. Together this data suggests that the effects of FA on differentiation and
proliferation are potentially due to DNA damage. Additional studies comparing the effects
of EC extract produced from e-liquids containing varying PG/VG ratios on stem cell
regeneration potential could help elucidate the true impact of e-liquid humectants on stem
cell regeneration potential.

Flavoring Agents

Although flavors were not covered in this project, it is worth noting that the

majority of EC users vape flavored e-liquids. If purchased, non-flavored e-liquids are used
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to create custom e-liquid blends with user-added flavoring agents. In either case, specific
e-liquid flavoring agents can sometimes lead to additional cytotoxic effects during use[52;
165; 166; 178; 179]. Cinnamon flavors in particular have been shown to have drastic
cytotoxic effects presumably due to the use of cinnamaldehyde for the flavoring
agent[165]. Muthumalage et al. demonstrated that cinnamaldehyde alone and in tandem
with e-liquid humectants significantly reduces cell viability and increases reactive oxygen
species (ROS) in a dose-dependent manner[179]. In addition, cinnamaldehyde was shown
to increase the secretion of inflammatory cytokine IL-8. The secretion of these cytokines
in response to cinnamaldehyde was also demonstrated by Lerner et al., who showed an
increase in IL-6 and IL-8 in human airway epithelial cells[178]. High concentrations of
cinnamon flavored EC vapor extracts have also been shown to be cytotoxic to cultured
cardiomyoblasts[52]. In addition to cinnamon, there have been several other flavors that
have been shown to have cytotoxic effects[179]. Generally, these effects become more
severe as more flavoring agents are added to the e-liquid[179]. The cytotoxic effect,
however, may not be consistent across all cell types. A study by Bahl et al., for example,
demonstrated that the cytotoxicity of flavored e-liquids was more apparent in stem cells
than a terminally differentiated cell type[165]. This increased sensitivity in stem cells
further supports the notion that PDLSCs may at risk during EC use.
Nicotine

Nicotine yield during EC use depends on several factors including e-liquid nicotine
concentration[44], device used[180], puffing parameters[53; 167], and even e-liquid
PG/VG content[161]. For users, this means that the amount of nicotine delivered per puff

will depend on their personal preferences and their smoking techniques. For example, an
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experienced user vaping a newer generation EC filled with a 36mg/ml nicotine e-liquid is
expected to produce more nicotine per puff than a novice user who is vaping a first-
generation device filled with 3mg/ml nicotine e-liquid. Researchers studying the effects of
EC vapor exposure should keep these considerations in mind as they design experiments
and compare their data across labs. This is especially important when collecting EC vapor
extracts because the amount of nicotine in the stock solution can vary greatly depending
on the reagents and puffing parameters used to collect the vapor. To account for this,
researchers should analyze collected extracts using GC- or LCMS to determine the amount
of nicotine content in the stock so that it can be diluted to physiological doses during
experimentation. Yet, several early reports studying the cytotoxic effects of EC vapor with
extract did not normalize their stock solutions to physiological doses of nicotine[167; 181].
Consequently, those results are difficult to analyze, taking away their scientific meaning.

To determine the additive effects of nicotine during EC vapor exposure, PDLSCs
were exposed to EC vapor extract from Omg/ml and 36mg/ml nicotine e-liquids and the
effects between both groups were compared. To test physiological conditions, extract
nicotine content was determined with LCMS and solutions were diluted to physiological
concentrations of 1 and 10uM nicotine. By diluting Omg/ml nicotine solutions in the same
fashion, nicotine content was ensured to be the only variable. At the concentrations studied,
these extracts were shown to be non-cytotoxic meaning that the experimental results
obtained in this report were not influenced by cell death.
Proliferation

Nicotine-containing EC vapor extracts significantly inhibited PLDSC proliferation

compared to nicotine-free extracts. These results are not surprising given that we and others
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have shown that nicotine alone can significantly inhibit PDLSC proliferation[14; 15]. In
the Zhou study, the effects of nicotine-containing EC extract on proliferation were reversed
when PDLSCs were pretreated with aBTX[15], a specific antagonist of &7 nAChRs. a7
nAChRs are transmembrane ligand-gated calcium (Ca®") channels that undergo a
conformational change in the presence of nicotine that results in a rapid influx of Ca* and
a subsequent increase of intracellular Ca™™ ([Ca*™])[132]. Cell proliferation is a process
that is tightly regulated by calcium signaling[182] and increases in [Ca”']; are needed to
promote cell proliferation[ 183]. However, nicotine exposure upregulates the expression of
a7 nAChRs in PDLSCs[90], which, in turn, can lead to excess levels of [Ca*'];. These
superfluous amounts of [Ca®]; could disrupt normal calcium signaling mechanisms related
to proliferation. Upregulation of a7 nAChRs, however, is time-dependent[184]. In rat
airway smooth muscle cells, for example, maximal upregulation in a7 nAChR protein
expression by 10uM nicotine occurs between 48-72h of exposure[ 184]. This phenomenon
could explain why in this project non-significant decreases in proliferation between
nicotine-EC and non-exposed PDLSCs weren’t observed after 2 days of exposure and why
significant differences in proliferation between nicotine and non-nicotine exposed PDLSCs
weren’t observed until day 4 in the Ng et al. study[14].
Migration

Our group was the first to show that nicotine increases the stiffness of MSCs and
PDLSCs in a dose-dependent manner[185]. We predicted that this increase in stiffness
could inhibit stem cell migration from the niche and through tortuous vasculature.
Exposure to EC and CSE extracts appeared to inhibit PDLSC migration; however,

significant differences to the non-exposed control were not observed. Significant
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differences between exposure groups were also not detected. We and others have shown
that longer periods of nicotine[14] and cigarette smoke exposure[24] can significantly
inhibit PDLSC migration. Therefore, it is likely that significant decreases in migration
could be observed if PDLSCs were exposed to EC vapor extracts for more than the 2 days
of treatment used for these experiments.
Osteogenic Differentiation

Smoking is a potential risk factor for alveolar bone loss[186]. PDLSCs are a
multipotent stem cell population that give rise to alveolar bone and actively participate in
bone repair[187]. Bone repair is a multi-step process that culminates in bone
remodeling[ 188]. Mineralization is a critical aspect of the remodeling phase and provides
bone with its mechanical strength[189]. Compared to non-exposed controls, the
mineralization potential of PDLSCs exposed to high concentrations of EC vapor is
significantly decreased after 21d of exposure as evident by lower levels of Alizarin Red S
staining. Moreover, the mineral deposition profile of the exposed PDLSCs is
heterogeneous suggesting that EC exposure also appears to alter the local mineralization
kinetics. The heterogeneity could lead to non-uniform bone mineral density distribution
(BMDD) which could lead to an increase in the risk of bone fractures[190]. The overall
decrease in mineralization potential could, however, be explained by a delay in the
osteogenic healing process (remodeling phase) of these exposed cells. There is extensive
data showing that healing from a traumatic bone injury takes longer in cigarette smokers
than in non-smokers and that smokers are more likely to experience non-unions[111; 191;
192]. PDLSCs isolated from chronic cigarette smokers show a decreased osteogenic

differentiation potential compared to PDLSC isolated from non-smokers[24]. In our
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studies, a similar decrease in osteogenic differentiation potential was observed in PDLSCs
exposed to cigarette smoke and EC vapor extracts. Together, this data suggests that EC
vapors may act similar to cigarette smoke in delaying osteogenic healing.

EC vapors also affected the expression of certain osteogenic genes during
differentiation. Significant differences were only observed in the expression of COL1A1,
COL1A2, and IBSP genes between PDLSCs treated with nicotine-free and nicotine-
containing vapors. COL1A1 and COL1A2 genes encode for alpha-1 and alpha-2 type 1
collagen protein. Together they form type-1 collagen, which is abundantly found in bone
and supports bone structure and mechanics[193]. Collagen fibers, made up of alpha-1 and
alpha-2 type 1 collagen molecules, are what is mineralized to form the initial components
of bone[194]. IBSP, on the other hand, is a protein synthesized by osteoblasts and is highly
expressed during early stages of mineralization[195]. In MSCs the mineralization process
begins to occur toward the second week of differentiation[157]. During this time, the
expression of mineralization genes like COL1A1l, COL1A2, and IBSP should be
upregulated. For PDLSCs exposed to nicotine-containing vapors, the expression of these
genes was significantly downregulated at day 14. Significant upregulation in gene
expression wasn’t seen until day 21, suggesting that these cells could be experiencing a
delay in the mineralization process. This explanation could help explain why PDLSCs
exposed to nicotine-containing vapors had a slightly lower mineralization potential than
PDLSCs exposed to nicotine-free vapors. However, the expression of these genes was
mostly similar between the control and nicotine-free vapor treated PDLSCs, yet there was

a significant difference in mineralization between both groups. Accordingly, gene
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expression may not be the only factor regulating mineralization potential in PDLSCs
exposed to EC vapor.
miRNA

Our group had previously shown that PDLSC miRNA expression is significantly
altered following nicotine and cigarette smoke exposure, with certain miRNAs actually
targeting several aspects of PDSC regeneration potential[14; 24]. In this study, microarray
analysis revealed that nicotine-containing EC vapor exposures differentially upregulated
144 PDLSC miRNAs. 70% of the top-10 differentially expressed miRNA targeted at least
1 osteogenic gene, suggesting that miRNAs may be responsible for the detrimental effects
that EC vapors have on the mineralization potential of PDLSCs. Hsa-miR-29b-3p and hsa-
miR-342-5p were chosen for further validation in PDLSCs since they were differentially
expressed and targeted more than 1 osteogenic gene, whereas hsa-miR-20a-5p was chosen
since it role in osteogenic differentiation and calcification in other human cell types has
been previously demonstrated in the literature[159; 160].

miRNA expression in PDLSCs was validated with 21d osteo-differentiated
samples. Compared to non-differentiated PDLSCs, the expression of hsa-miR-20a-5p and
hsa-miR-29b-3p was significantly upregulated, whereas the expression of hsa-miR-342-5p
was significantly downregulated. This data suggests that these miRNAs might be involved
in the osteogenic differentiation of PDLSCs. Given the stark differences in mineralization
between non-differentiated and differentiated PDLSCs, the results also suggest that Asa-
miR-20a-5p, hsa-miR-29b-3p and hsa-miR-342-5p may also be involved in mineralization.
Exposure to 10uM nicotine EC vapor extract further upregulated the expression of these

miRNA by 32.1% for hsa-miR-20a-5p, 61.2% for hsa-miR-29b-3p, and 21.6% for hsa-
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miR-342-5p. Upregulation wasn’t as drastic when nicotine-free EC vapor extracts were
added, suggesting that nicotine is the primary chemical responsible for the upregulation of
PDLSC miRNA during EC vapor exposure. Interestingly, aBTX pretreatments do not
reverse nicotinic effects, indicating that PDLSC miRNA expression may not be modulated
through a7 nAChRs, but rather by other receptor subtypes that have been identified in
PDLSCs[122].

The function of Asa-miR-20a-5p (1181 target genes), hsa-miR-29b-3p (1064 target
genes), and hsa-miR-342-5p (3000 target genes) in PDLSCs was not known. Gene
enrichment and functional annotation analysis revealed that these miRNAs of interest could
be involved in regulating cell proliferation, migration, and osteogenic differentiation
(Table 5-1).

In addition to helping understand the molecular mechanisms of EC vapor exposure
effects on PDLSCs, miRNA can be used as a diagnostic tool for the early detection of oral
diseases like periodontitis. Periodontitis is an inflammatory disease of the oral cavity that,
if left untreated, leads to the deterioration of tooth supporting structures and culminates in
eventual tooth loss. Periodontitis has been associated with increased incidences of
cardiovascular disease[16] and stroke[17] and is extremely prevalent in cigarette
smokers[ 18]. Nicotine has also been associated with higher risks of periodontitis due to its
ability to augment alveolar bone loss[19]. ECs commonly contain nicotine in their e-
liquids; therefore, it is possible that EC use may increase the risk of periodontitis.

The detrimental effects of periodontitis on oral health can be avoided if the disease
can be diagnosed at the onset in order to provide early preventative dental care. Current

diagnostic techniques, however, are only capable of detecting advanced forms of the



Table 5-1: Functional annotation analysis for miRNAs of interest.

hsa-miR-20a-5p

Functional Annotation Enrichment Score Count P

Phosphoprotein 21.76 700 1.8E-42
Transcription regulation 4.51 232 2.3E-16
Zinc finger, FY VE-related 3.65 13 3.8E-04
Chromatin binding 3.11 47 3.0E-03
MAPK signaling pathway 2.86 31 5.5E-03
extrinsic component of membrane 2.83 16 9.8E-03
Differentiation 2.47 58 1.7E-02
intracellular receptor signaling pathway 2.38 12 5.8E-03
Chromatin regulator 1.76 34 1.6E-03
Apoptosis 1.64 48 2.3E-02
TGF-beta signaling pathway 1.52 15 1.1E-02
SMAD binding 1.52 11 1.6E-02
miRNA mediated inhibition of translation 1.52 7 1.4E-02
Translation regulation 1.5 17 3.8E-03
Cell Cycle 1.34 58 1.0E-02

hsa-miR-29b-3p

Functional Annotation Enrichment Score Count P

Calcium 4.6 64 3.7E-02
Collagen 4.19 26 1.2E-09
Transcription Regulation 3.21 168 4.6E-05
Cell Junction 2.25 59 1.1E-03
Microtubule 2.1 26 4.5E-02
Wnt Signaling pathway 1.53 20 1.4E-03
Translation Regulation 1.52 16 4.2E-03
pluipotency of stem gells 14 20 1580

hsa-miR-342-5p

Functional Annotation Enrichment Score Count P

Phosphoprotein 10.08 1387 1.0E-22
Cell junction 4.62 146 1.3E-06
sequence-specific DNA binding 3.07 111 1.2E-02
Transcription regulation 2.35 428 8.8E-09
Serine/threonine-protein kinase 1.99 79 8.8E-03
Cell adhesion 1.96 90 2.7E-02
Actin-binding 1.83 65 3.8E-04
Cell membrane 1.32 512 8.4E-02
cAMP 1.31 13 3.1E-02
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disease; therefore, a need for early detection still exists in order to improve clinical
management. One potential approach is to identify the presence of biomarkers in saliva
that are associated with the early onset of periodontitis.

The detection of miRNAs, for example, has proven useful for the early prognosis
of numerous diseases, including cancer[86]. Interestingly, miRNAs can be measured in the
saliva[21; 22] and are differentially expressed in diseased vs. normal human gingival
tissues[23]. The use of miRNAs as salivary biomarkers for the early detection of
periodontitis is therefore a novel approach that has the potential to improve the prognosis
of periodontal diseases like periodontitis. This approach would allow for earlier
preventative care, thereby reducing the overall prevalence of this disease. These methods
can be converted into a new diagnostic technique for future commercial application.

The use of adult stem cells is currently being considered as a therapeutic approach
for the regeneration of tissues damaged by periodontal diseases like periodontitis[9]. The
oral cavity, the initial site of EC vapor exposure, contains various stem cell populations
that are involved in the development, maintenance, and repair of oral tissues[10].
Periodontal ligament derived stem cells (PDLSCs) are one such population. PDLSCs are
multipotent and have been shown to give rise to tooth supporting structures such as alveolar
bone, periodontal ligament, and cementum[10]. In addition to their regenerative
capabilities, PDLSCs can be easily isolated following natural tooth loss or routine dental
procedures and are thus an ideal source of therapeutic stem cells for periodontal
regeneration[10; 11]. A recent clinical trial using autologous PDLSCs as a therapeutic
approach for the regeneration of periodontal bony defects confirmed the safety of this

approach for human use[9]. The success of this trial has opened the door for other
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therapeutic applications, which, to date, are actively recruiting patients (clinicaltrials.gov).
As the potential therapeutic use of dental cells begins to grow, so does the number of
companies looking to store them for future use. The United States has 5 established dental
stem cell banking companies: StemSave (New York, NY), Store-A-Tooth (Littleton, MA),
The Tooth Bank (Brownsburg, IN), BioEden (Austin, TX), and the National Dental Pulp
Laboratory (Newton, MA). Together, these companies have also opened around 40
international centers, making dental banking widely accessible around the world.

However, here we show that the regeneration potential of PDLSCs is significantly
affected by EC vapor exposure and, therefore, PDLSCs exposed to EC vapors might not
be suitable for biobanking as they might not have the same effectiveness as non-exposed
cells for future therapeutic applications. A recent study by Barwinska et al. demonstrated
that this was exactly the case for smoker-derived adipose stem cells (ASC), which were
used in an approach to regenerate tissue vasculature after an ischemic event[196]. In this
study, the authors found that human smoker-derived ASCs did not improve perfusion to
ischemic areas, secreted less hepatocyte growth factor and stromal cell-derived growth
factor 1, and secreted higher levels of proinflammatory cytokines compared to non-
exposed ASC. ASCs isolated from cigarette exposed mice models showed similar results,
confirming a decrease or loss in therapeutic potential following smoke exposure.

In addition to banking customers, stem cell-based therapeutic developers and study
coordinators should also be cognizant of these detrimental effects as they could potentially
impact the results of pre-developmental research or, even worse, outcomes of stem-based
interventions in candidate patients. Accordingly, stem cell donors and recipients should be

extensively screened prior to study initiations in order to determine the extent of toxic
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exposure. Gathering information regarding daily consumption, concentration of e-liquid
nicotine, and frequency or length of use will help distinguish between dangerous and safe
levels of exposure in prospective patients. By incorporating this information with other
inclusion/exclusion criteria, researchers can further hone in on the most ideal

cells/candidates for research or transplantation.



Chapter 6 Future Considerations

By residing in the oral cavity, PDLSCs are extremely susceptible to the detrimental
effects associated with toxic EC vapor chemical exposure. Understanding the molecular
effects of vapor exposure could help elucidate the detrimental effects that EC use has on
the regeneration potential of PDLSCs and could help explain the pathology of various oral
diseases associated with smoking (and perhaps predict oral diseases associated with
vaping). This study is the first to successfully investigate the effects of EC vapor exposure
on PDLSCs. However, additional experiments should be conducted in order to confirm the
results obtained in this report. To truly confirm whether a7 nAChRs mediate the nicotinic
effect seen in PDLSCs, it is necessary to repeat these experiments with an a7 nAChR
knockout model. We have shown that these models can be established in PDLSCs using

CRISP/Cas9 genome editing (Figure 6-1).

Figure 6-1: Immunohistochemical analysis of PDLSCs genetically engineered with CRISPR/Cas9 to
knockout a7 nAChR expression. PDLSCs were transfected with o7 nAChR knockout vectors and imaged
after 23d of culture. In successfully transfected cells the a7 nAChR gene was replaced with a GFP vector.
PDLSCs that successfully integrated this gene passed on the genetic material to daughter cells which also
stably express GFP.
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To confirm the regulatory effects of the miRNA of interest, it would be necessary
to repeat these experiments with PDLSCs that inhibit and overexpress each miRNA.
However, given that exposure to EC vapor caused a differential expression in 144 miRNAs,
it is unlikely that 1 miRNA will be solely responsible for the entire effect seen in PDLSCs.
Thus, in addition to evaluating the effect of single miRNA inhibition and overexpression,
the miRNA experiments should also be conducted with different combinations of miRNA
overexpression. For example, the effects of PDLSCs overexpressing 1 miRNA should be
compared to those overexpressing 2 and 3 miRNAs.

These experiments successfully laid the groundwork for studying the effects of EC
vapor exposure on PDLSCs. Although PDLSCs behave very similar to other adult stem
cell populations (namely MSCs), not all stem cells will respond to EC vapor in the same
manner. Therefore, experiments using other stem cell sources merit further investigation.
Future experiments should consider the effects of prolonged EC exposure since ECs
contain nicotine and are likely to be abused like cigarettes. Additionally, future studies
should look into the effects of cessation in order to determine the reversible and irreversible
effects of EC use. In a recent study, our group determined that the regeneration potential
of smoker-derived PDLSCs was diminished compared to non-smokers even after several
weeks of culture in non-exposed conditions[24]. These results suggest that the effects of
cigarette and EC use may be permanent and therefore require further investigation to
determine long-lasting health effects.

The data from these experiments and the recommendations outlined in this section
have been compiled into a grant application, which was recently submitted to the NIH. The

grant will have three specific aims:
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e Aim 1: To establish smoking suppression of stem cell potentials by miRNAs is a
separate and independent pathway than via the a7 nAChR activation pathway.

e Aim 2: Determine the effects of EC and CS use on periodontal bone loss and the
regenerative potential of mice dental pulp stem cells using an in-vivo animal model.

e Aim 3: Examination of the miRNA as biomarkers of smoking-induced

periodontitis.

The a7 nAChR knockout studies described here are part of Task 1.1 of Aim 1
(Illustrated in Figure 6-2). The experiments conducted in this project are part of Task 1.2
of Aim 1. Aim 2 is focused on using a mice model to study the effects of EC use on
periodontal bone loss and regenerative potential in vivo (Illustrated in Figure 6-3). Lastly,
Aim 3 is focused on analyzing the salivary miRNA profiles of smokers and non-smokers
to determine if there is any correlation between smoking-induced periodontal diseases and
miRNA expression. Ultimately, the data gathered could be used to develop prescreening

methods for the early detection of destructive oral diseases such as periodontitis
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Task 2.1 Expose Acra7+, Acra7Z- mice to machine-generated EC vapor mixtures and CS

Mice exposed to

EC vaporand CS .
CS7BL/6)

Acra7+, Acra7-

Task 2.2: Evaluate the effects of ECand CS
use/cessation on periodontal bone health

Wwwvwr

rege rom (g st adfas

L
=
-

o
’ Teague TE-10 & 3RAF

Teague TE-2 and EC

Task 2.3: Harvest Acra7+, Acra7- mDPSC from control and
exposed mice

Task 2.4: Evaluate the regenerative potential of mDPSC following EC and cigarette use/cessation

- an 4n
N\ — W
Scratch Migration

MTT Assay Assay

Figure 6-3: Illustrative overview of NIH Grant Aim 2.

Osten/Odontogenic Gana Exgrassion

»

w——
Mineralization As=ay; I

miRNA Arrays



References

[1] (CDC), C. f. D. C. a. P. (2014). The health consequences of smoking-50 years of
progress: a report of the surgeon general. Retrieved from Atlanta (GA):
https://www.ncbi.nlm.nth.gov/pubmed/24455788

[2] Goniewicz, M. L., Hajek, P., & McRobbie, H. (2014). Nicotine content of electronic
cigarettes, its release in vapour and its consistency across batches: regulatory
implications. Addiction, 109(3), 500-507. doi:10.1111/add.12410

[3] Goniewicz, M. L., Knysak, J., Gawron, M., Kosmider, L., Sobczak, A., Kurek, J.,
Prokopowicz, A., Jablonska-Czapla, M., Rosik-Dulewska, C., Havel, C., Jacob, P.,
3rd, & Benowitz, N. (2014). Levels of selected carcinogens and toxicants in vapour
from electronic cigarettes. Tob Control, 23(2), 133-139.
doi:10.1136/tobaccocontrol-2012-050859

[4] King, B. A., Alam, S., Promoff, G., Arrazola, R., & Dube, S. R. (2013). Awareness and
ever-use of electronic cigarettes among U.S. adults, 2010-2011. Nicotine Tob Res,
15(9), 1623-1627. doi:10.1093/ntr/ntt013

[5] (CDC), C. f. D. C. a. P. (2015). E-cigarette use triples among middle and high school
students in just one year [Press release]

[6] Drummond, M. B., & Upson, D. (2014). Electronic cigarettes. Potential harms and
benefits. Ann Am Thorac Soc, 11(2), 236-242. do0i:10.1513/AnnalsATS.201311-
391FR

[7] Farsalinos, K. E., Tsiapras, D., Kyrzopoulos, S., Savvopoulou, M., & Voudris, V.
(2014). Acute effects of using an electronic nicotine-delivery device (electronic
cigarette) on myocardial function: Comparison with the effects of regular
cigarettes. BMC Cardiovasc Disord, 14, 78. doi:10.1186/1471-2261-14-78

[8] Palazzolo, D. L. (2013). Electronic cigarettes and vaping: A new challenge in clinical
medicine and public health. A literature review. Front Public Health, 1, 56.
doi:10.3389/fpubh.2013.00056

[9] Chen, F. M., Gao, L. N., Tian, B. M., Zhang, X. Y., Zhang, Y. J., Dong, G. Y., Lu, H.,
Chu, Q., Xu, J., Yu, Y., Wu, R. X, Yin, Y., Shi, S., & Jin, Y. (2016). Treatment of
periodontal intrabony defects using autologous periodontal ligament stem cells: a
randomized clinical trial. Stem Cell Res Ther, 7,33. d0i:10.1186/s13287-016-0288-
1

102



103

[10] Liu, J., Yu, F., Sun, Y., Jiang, B., Zhang, W., Yang, J., Xu, G. T., Liang, A., & Liu,
S. (2015). Concise reviews: Characteristics and potential applications of human
dental tissue-derived mesenchymal stem cells. Stem Cells, 33(3), 627-638.
doi:10.1002/stem.1909

[11] Huang, C. Y., Pelaez, D., Dominguez-Bendala, J., Garcia-Godoy, F., & Cheung, H.
S. (2009). Plasticity of stem cells derived from adult periodontal ligament. Regen
Med, 4(6), 809-821. doi:10.2217/rme.09.55

[12] Hukkanen, J., Jacob, P., 3rd, & Benowitz, N. L. (2005). Metabolism and disposition
kinetics of nicotine. Pharmacol Rev, 57(1), 79-115. doi:10.1124/pr.57.1.3

[13] Lindell, G., Farnebo, L. O., Chen, D., Nexo, E., Rask Madsen, J., Bukhave, K., &
Graftner, H. (1993). Acute effects of smoking during modified sham feeding in
duodenal ulcer patients. An analysis of nicotine, acid secretion, gastrin,

catecholamines, epidermal growth factor, prostaglandin E2, and bile acids. Scand
J Gastroenterol, 28(6), 487-494.

[14] Ng, T. K., Carballosa, C. M., Pelaez, D., Wong, H. K., Choy, K. W., Pang, C. P., &
Cheung, H. S. (2013). Nicotine alters microRNA expression and hinders human
adult stem cell regenerative potential. Stem Cells Dev, 22(5), 781-790.
doi:10.1089/scd.2012.0434

[15] Zhou, Z., Li, B., Dong, Z., Liu, F., Zhang, Y., Yu, Y., Shang, F., Wu, L., Wang, X.,
& Jin, Y. (2013). Nicotine deteriorates the osteogenic differentiation of periodontal

ligament stem cells through alpha7 nicotinic acetylcholine receptor regulating Wnt
pathway. PLoS One, 8(12), €83102. doi:10.1371/journal.pone.0083102

[16] Beukers, N. G., van der Heijden, G. J., van Wijk, A. J., & Loos, B. G. (2017).
Periodontitis is an independent risk indicator for atherosclerotic cardiovascular

diseases among 60,174 participants in a large dental school in the Netherlands. J
Epidemiol Community Health, 71(1), 37-42. doi:10.1136/jech-2015-206745

[17] Palm, F., Lahdentausta, L., Sorsa, T., Tervahartiala, T., Gokel, P., Buggle, F., Safer,
A., Becher, H., Grau, A. J., & Pussinen, P. (2014). Biomarkers of periodontitis and

inflammation in ischemic stroke: A case-control study. Innate Immun, 20(5), 511-
518. doi:10.1177/1753425913501214

[18] Costa, F. O., Cota, L. O., Lages, E. J., Cyrino, R. M., Oliveira, A. M., Oliveira, P. A.,
& Cortelli, J. R. (2013). Associations of duration of smoking cessation and
cumulative smoking exposure with periodontitis. J Oral Sci, 55(3), 245-253.

[19] Kubota, M., Yanagita, M., Mori, K., Hasegawa, S., Yamashita, M., Yamada, S.,
Kitamura, M., & Murakami, S. (2016). The effects of cigarette smoke condensate

and nicotine on periodontal tissue in a periodontitis model mouse. PLoS One, 11(5),
€0155594. doi:10.1371/journal.pone.0155594



104

[20] Lee, Y. S., & Dutta, A. (2009). MicroRNAs in cancer. Annu Rev Pathol, 4, 199-227.
doi:10.1146/annurev.pathol.4.110807.092222

[21] Park, N. J., Zhou, H., Elashoff, D., Henson, B. S., Kastratovic, D. A., Abemayor, E.,
& Wong, D. T. (2009). Salivary microRNA: Discovery, characterization, and
clinical utility for oral cancer detection. Clin Cancer Res, 15(17), 5473-5477.
doi:10.1158/1078-0432.CCR-09-0736

[22] Yoshizawa, J. M., & Wong, D. T. (2013). Salivary microRNAs and oral cancer
detection. Methods Mol Biol, 936, 313-324. doi:10.1007/978-1-62703-083-0 24

[23] Xie, Y. F., Shu, R., Jiang, S. Y., Liu, D. L., & Zhang, X. L. (2011). Comparison of
microRNA profiles of human periodontal diseased and healthy gingival tissues. Int
J Oral Sci, 3(3), 125-134. doi:10.4248/1JOS11046

[24] Ng, T. K., Huang, L., Cao, D., Yip, Y. W., Tsang, W. M., Yam, G. H., Pang, C. P., &
Cheung, H. S. (2015). Cigarette smoking hinders human periodontal ligament-
derived stem cell proliferation, migration and differentiation potentials. Sci Rep, 3,
7828. doi:10.1038/srep07828

[25] U.D.H.H.S. (2014). The health consequences of smoking: 50 years of progress. A
report of the surgeon general. Atlanta, GA.

[26] Carter, B. D., Abnet, C. C., Feskanich, D., Freedman, N. D., Hartge, P., Lewis, C. E.,
Ockene, J. K., Prentice, R. L., Speizer, F. E., Thun, M. J., & Jacobs, E. J. (2015).
Smoking and mortality--beyond established causes. N Engl J Med, 372(7), 631-
640. doi:10.1056/NEJMsal1407211

[27] Dunbar, A., Gotsis, W., & Frishman, W. (2013). Second-hand tobacco smoke and
cardiovascular disease risk: An epidemiological review. Cardiol Rev, 21(2), 94-
100. doi:10.1097/CRD.0b013e31827362¢4

[28] Pirkle, J. L., Flegal, K. M., Bernert, J. T., Brody, D. J., Etzel, R. A., & Maurer, K. R.
(1996). Exposure of the US population to environmental tobacco smoke: The third
national health and nutrition examination survey, 1988 to 1991. JAMA, 275(16),
1233-1240.

[29] Treyster, Z., & Gitterman, B. (2011). Second hand smoke exposure in children:
environmental factors, physiological effects, and interventions within pediatrics.
Rev Environ Health, 26(3), 187-195.

[30] Ferrante, G., Simoni, M., Cibella, F., Ferrara, F., Liotta, G., Malizia, V., Corsello, G.,
Viegi, G., & La Grutta, S. (2013). Third-hand smoke exposure and health hazards
in children. Monaldi Arch Chest Dis, 79(1), 38-43. d0i:10.4081/monaldi.2013.108



105

[31] Matt, G. E., Quintana, P. J., Destaillats, H., Gundel, L. A., Sleiman, M., Singer, B. C.,
Jacob, P., Benowitz, N., Winickoff, J. P., Rehan, V., Talbot, P., Schick, S., Samet,
J., Wang, Y., Hang, B., Martins-Green, M., Pankow, J. F., & Hovell, M. F. (2011).
Thirdhand tobacco smoke: FEmerging evidence and arguments for a
multidisciplinary research agenda. Environ Health Perspect, 119(9), 1218-1226.
doi:10.1289/ehp.1103500

[32] Hecht, S. S. (2003). Tobacco carcinogens, their biomarkers and tobacco-induced
cancer. Nat Rev Cancer, 3(10), 733-744. doi:10.1038/nrc1190

[33] SAMHSA. (2013). Results from the 2012 National survey on drug use and health:
Summary of national findings. Rockville, MD: HHS.

[34] Babb, S. M., A.; Schauer, G.; Asman, K.; Jamal, A. (2017). Quitting smoking among
adults — United States, 2000-2015. Retrieved from
https://www.cdc.gov/mmwr/volumes/65/wr/mm6552al.htm

[35] Chaiton, M., Diemert, L., Cohen, J. E., Bondy, S. J., Selby, P., Philipneri, A., &
Schwartz, R. (2016). Estimating the number of quit attempts it takes to quit
smoking successfully in a longitudinal cohort of smokers. BMJ Open, 6(6),
€011045. doi:10.1136/bmjopen-2016-011045

[36] McLaughlin, 1., Dani, J. A., & De Biasi, M. (2015). Nicotine withdrawal. Curr Top
Behav Neurosci, 24, 99-123. d0i:10.1007/978-3-319-13482-6 4

[37] Beauval, N., Antherieu, S., Soyez, M., Gengler, N., Grova, N., Howsam, M., Hardy,
E. M., Fischer, M., Appenzeller, B. M. R., Goossens, J. F., Allorge, D., Garcon, G.,
Lo-Guidice, J. M., & Garat, A. (2017). Chemical evaluation of electronic cigarettes:

multicomponent analysis of liquid refills and their corresponding aerosols. J Anal
Toxicol, 41(8), 670-678. doi:10.1093/jat/bkx054

[38] Lik, H. (2004). United States Patent No. US8393331B2. USPTO.

[39] Grana, R., Benowitz, N., & Glantz, S. A. (2014). E-cigarettes: A scientific review.
Circulation, 129(19), 1972-1986. doi:10.1161/CIRCULATIONAHA.114.007667

[40] Elmoslemany, R. M., Abdallah, O. Y., El-Khordagui, L. K., & Khalafallah, N. M.
(2012). Propylene glycol liposomes as a topical delivery system for miconazole
nitrate: Comparison with conventional liposomes. A4APS PharmSciTech, 13(2),
723-731. doi:10.1208/s12249-012-9783-6

[41] Rao, Q., Fisher, M. C., Guo, M., & Labuza, T. P. (2013). Storage stability of a
commercial hen egg yolk powder in dry and intermediate-moisture food matrices.
J Agric Food Chem, 61(36), 8676-8686. doi:10.1021/jf402631y

[42] Rao, P. D., Nanding, H., Strasser, A. A., & Wise, P. M. (2018). Pilot experiment: The
effect of added flavorants on the taste and pleasantness of mixtures of glycerol and
propylene glycol. Chemosens Percept, 11(1), 1-9. doi:10.1007/s12078-017-9231-9



106

[43] Benowitz, N. L., Hukkanen, J., & Jacob, P., 3rd. (2009). Nicotine chemistry,
metabolism, kinetics and biomarkers. Handb Exp Pharmacol(192), 29-60.
doi:10.1007/978-3-540-69248-5 2

[44] Goniewicz, M. L., Gupta, R., Lee, Y. H., Reinhardt, S., Kim, S., Kim, B., Kosmider,
L., & Sobczak, A. (2015). Nicotine levels in electronic cigarette refill solutions: A
comparative analysis of products from the U.S., Korea, and Poland. Int J Drug
Policy, 26(6), 583-588. doi:10.1016/j.drugpo.2015.01.020

[45] Sloan, A., Hussain, I., Magsood, M., Eremin, O., & El-Sheemy, M. (2010). The effects
of  smoking on  fracture  healing. Surgeon, 8(2), I11-116.
doi:10.1016/j.surge.2009.10.014

[46] Wynn, W. P., 3rd, Stroman, R. T., Almgren, M. M., & Clark, K. J. (2012). The
pharmacist "toolbox" for smoking cessation: A review of methods, medicines, and
novel means to help patients along the path of smoking reduction to smoking
cessation. J Pharm Pract, 25(6), 591-599. doi:10.1177/0897190012460823

[47] Hammond, D., Fong, G. T., Cummings, K. M., & Hyland, A. (2005). Smoking
topography, brand switching, and nicotine delivery: Results from an in vivo study.
Cancer Epidemiol Biomarkers Prev, 14(6), 1370-1375. doi:10.1158/1055-
9965.EPI-04-0498

[48] Standardization, 1. O. f. (2012). ISO 3308:2012 Routine analytical cigarette-smoking
machine -- Definitions and standard conditions (pp. 25).

[49] Benowitz, N. L., Jacob, P., 3rd, Denaro, C., & Jenkins, R. (1991). Stable isotope
studies of nicotine kinetics and bioavailability. Clin Pharmacol Ther, 49(3), 270-
2717.

[50] Goniewicz, M. L., Kuma, T., Gawron, M., Knysak, J., & Kosmider, L. (2013).
Nicotine levels in electronic cigarettes. Nicotine Tob Res, 15(1), 158-166.
doi:10.1093/ntr/nts103

[51] Prevot, N., de Oliveira, F., Perinel-Ragey, S., Basset, T., Vergnon, J. M., & Pourchez,
J. (2017). Nicotine delivery from the refill liquid to the aerosol via high-power e-
cigarette device. Sci Rep, 7(1), 2592. d0i:10.1038/s41598-017-03008-0

[52] Farsalinos, K. E., Romagna, G., Allifranchini, E., Ripamonti, E., Bocchietto, E.,
Todeschi, S., Tsiapras, D., Kyrzopoulos, S., & Voudris, V. (2013). Comparison of
the cytotoxic potential of cigarette smoke and electronic cigarette vapour extract on
cultured myocardial cells. Int J Environ Res Public Health, 10(10), 5146-5162.
doi:10.3390/ijerph10105146



107

[53] Talih, S., Balhas, Z., Eissenberg, T., Salman, R., Karaoghlanian, N., El Hellani, A.,
Baalbaki, R., Saliba, N., & Shihadeh, A. (2015). Effects of user puff topography,
device voltage, and liquid nicotine concentration on electronic cigarette nicotine
yield: measurements and model predictions. Nicotine Tob Res, 17(2), 150-157.
doi:10.1093/ntr/ntul 74

[54] Benowitz, N. L. (1996). Pharmacology of nicotine: addiction and therapeutics. Annu
Rev Pharmacol Toxicol, 36, 597-613. doi:10.1146/annurev.pa.36.040196.003121

[55] Benowitz, N. L. (1990). Clinical pharmacology of inhaled drugs of abuse:
Implications in understanding nicotine dependence. NIDA Res Monogr, 99, 12-29.

[56] Berridge, M. S., Apana, S. M., Nagano, K. K., Berridge, C. E., Leisure, G. P., &
Boswell, M. V. (2010). Smoking produces rapid rise of [11C] nicotine in human
brain. Psychopharmacology (Berl), 209(4), 383-394. doi:10.1007/s00213-010-
1809-8

[57] Henningfield, J. E., & Keenan, R. M. (1993). Nicotine delivery kinetics and abuse
liability. J Consult Clin Psychol, 61(5), 743-750.

[58] Baliga, S., Muglikar, S., & Kale, R. (2013). Salivary pH: A diagnostic biomarker. J
Indian Soc Periodontol, 17(4), 461-465. d0i:10.4103/0972-124X.118317

[59] Stepanov, 1., & Fujioka, N. (2015). Bringing attention to e-cigarette pH as an
important element for research and regulation. Tob Control, 24(4), 413-414.
doi:10.1136/tobaccocontrol-2014-051540

[60] Gourlay, S. G., & Benowitz, N. L. (1997). Arteriovenous differences in plasma
concentration of nicotine and catecholamines and related cardiovascular effects

after smoking, nicotine nasal spray, and intravenous nicotine. Clin Pharmacol Ther,
62(4), 453-463. doi:10.1016/S0009-9236(97)90124-7

[61] Mello, N. K., Peltier, M. R., & Duncanson, H. (2013). Nicotine levels after IV nicotine
and cigarette smoking in men. Exp Clin Psychopharmacol, 21(3), 188-195.
doi:10.1037/a0031799

[62] D'Ruiz, C. D., Graff, D. W., & Yan, X. S. (2015). Nicotine delivery, tolerability and
reduction of smoking urge in smokers following short-term use of one brand of
electronic cigarettes. BMC Public Health, 15, 991. doi:10.1186/s12889-015-2349-
2

[63] Wagener, T. L., Floyd, E. L., Stepanov, 1., Driskill, L. M., Frank, S. G., Meier, E.,
Leavens, E. L., Tackett, A. P., Molina, N., & Queimado, L. (2017). Have
combustible cigarettes met their match? The nicotine delivery profiles and harmful
constituent exposures of second-generation and third-generation electronic
cigarette users. Tob Control, 26(el), e23-e28. doi:10.1136/tobaccocontrol-2016-
053041



108

[64] Spindle, T. R., Breland, A. B., Karaoghlanian, N. V., Shihadeh, A. L., & Eissenberg,
T. (2015). Preliminary results of an examination of electronic cigarette user puff
topography: The effect of a mouthpiece-based topography measurement device on
plasma nicotine and subjective effects. Nicotine Tob Res, 17(2), 142-149.
doi:10.1093/ntr/ntul 86

[65] Lopez, A. A., Hiler, M. M., Soule, E. K., Ramoa, C. P., Karaoghlanian, N. V., Lipato,
T., Breland, A. B., Shihadeh, A. L., & Eissenberg, T. (2016). Effects of electronic
cigarette liquid nicotine concentration on plasma nicotine and puff topography in
tobacco cigarette smokers: A preliminary report. Nicotine Tob Res, 18(5), 720-723.
doi:10.1093/ntr/ntv182

[66] Papaseit, E., Farre, M., Graziano, S., Pacifici, R., Perez-Mana, C., Garcia-Algar, O.,
& Pichini, S. (2017). Monitoring nicotine intake from e-cigarettes: Measurement
of parent drug and metabolites in oral fluid and plasma. Clin Chem Lab Med, 55(3),
415-423. doi:10.1515/cclm-2016-0405

[67] Robson, N., Bond, A. J.,, & Wolff, K. (2010). Salivary nicotine and cotinine
concentrations in unstimulated and stimulated saliva. African Journal of Pharmacy
and Pharmacology, 4(2), 61-65.

[68] Jacob, N., Golmard, J. L., & Berlin, I. (2015). Relationships between nicotine and
cotinine concentrations in maternal milk and saliva. Acta Paediatr, 104(8), ¢360-
366. doi:10.1111/apa.13031

[69] Jacob, N., Golmard, J. L., & Berlin, 1. (2017). Fetal exposure to tobacco: Nicotine and
cotinine concentration in amniotic fluid and maternal saliva. J Matern Fetal
Neonatal Med, 30(2), 233-239. d0i:10.3109/14767058.2016.1169523

[70] Fagan, P., Pokhrel, P., Herzog, T. A., Pagano, 1. S., Franke, A. A., Clanton, M. S.,
Alexander, L. A., Trinidad, D. R., Sakuma, K. L., Johnson, C. A., & Moolchan, E.

T. (2016). Nicotine metabolism in young adult daily menthol and nonmenthol
smokers. Nicotine Tob Res, 18(4), 437-446. doi:10.1093/ntr/ntv109

[71] Kallala, R., Barrow, J., Graham, S. M., Kanakaris, N., & Giannoudis, P. V. (2013).
The in vitro and in vivo effects of nicotine on bone, bone cells and fracture repair.
Expert Opin Drug Saf, 12(2), 209-233. doi:10.1517/14740338.2013.770471

[72] Martin, J. W., Mousa, S. S., Shaker, O., & Mousa, S. A. (2009). The multiple faces of
nicotine and its implications in tissue and wound repair. Exp Dermatol, 18(6), 497-
505. doi:10.1111/5.1600-0625.2009.00854.x

[73] Misery, L. (2004). Nicotine effects on skin: are they positive or negative? Exp
Dermatol, 13(11), 665-670. doi:10.1111/j.0906-6705.2004.00274.x

[74] Choti, J. E., Kim, J. N., Jeong, S. H., & Son, S. W. (2010). Nicotine induces the
expression of early growth response-1 in human skin dermal fibroblasts. Int J
Dermatol, 49(2), 158-161. doi:10.1111/j.1365-4632.2009.04210.x



109

[75] Silva, D., Caceres, M., Arancibia, R., Martinez, C., Martinez, J., & Smith, P. C.
(2012). Effects of cigarette smoke and nicotine on cell viability, migration and
myofibroblastic differentiation. J Periodontal Res, 47(5), 599-607.

[76] Tinti, F., & Soory, M. (2012). Mechanisms for redox actions of nicotine and
glutathione in cell culture, relevant to periodontitis. Sci Rep, 2, 566.
doi:10.1038/srep00566

[77] Park, Y. J., Lee, T., Ha, J., Jung, I. M., Chung, J. K., & Kim, S. J. (2008). Effect of
nicotine on human umbilical vein endothelial cells (HUVECs) migration and
angiogenesis. Vascul Pharmacol, 49(1), 32-36. doi:10.1016/j.vph.2008.05.001

[78] Park, H. S., Cho, K., Park, Y. J., & Lee, T. (2011). Chronic nicotine exposure
attenuates proangiogenic activity on human umbilical vein endothelial cells. J
Cardiovasc Pharmacol, 57(3), 287-293. doi:10.1097/FJC.0b013e318206b5d9

[79] Laytragoon-Lewin, N., Bahram, F., Rutqvist, L. E., Turesson, L., & Lewin, F. (2011).
Direct effects of pure nicotine, cigarette smoke extract, Swedish-type smokeless

tobacco (Snus) extract and ethanol on human normal endothelial cells and
fibroblasts. Anticancer Res, 31(5), 1527-1534.

[80] Ham, A. W, & Harris, W. R. (1971). Development and growth: Repair and
transplantation of bone. Academic Press.

[81] Ying, X., Cheng, S., Shen, Y., Cheng, X., An Rompis, F., Wang, W., Lin, Z., Chen,
Q., Zhang, W., Kou, D., Peng, L., Tian, X. Q., & Lu, C. Z. (2012). Nicotine
promotes proliferation and collagen synthesis of chondrocytes isolated from normal
human and osteoarthritis patients. Mol Cell Biochem, 359(1-2), 263-269.
doi:10.1007/s11010-011-1020-1

[82] Shen, Y., Liu, H. X., Ying, X. Z., Yang, S. Z., Nie, P. F., Cheng, S. W., Wang, W.,
Cheng, X. J., Peng, L., & Xu, H. Z. (2013). Dose-dependent effects of nicotine on
proliferation and differentiation of human bone marrow stromal cells and the
antagonistic action of vitamin C. J Cell Biochem, 114(8), 1720-1728.
doi:10.1002/jcb.24512

[83] Bergstrom, J. (2004). Tobacco smoking and chronic destructive periodontal disease.
Odontology, 92(1), 1-8. doi:10.1007/s10266-004-0043-4

[84] Lee, S. L., Kang, K. L., Shin, S. L., Herr, Y., Lee, Y. M., & Kim, E. C. (2012).
Endoplasmic reticulum stress modulates nicotine-induced extracellular matrix

degradation in human periodontal ligament cells. J Periodontal Res, 47(3), 299-
308. doi:10.1111/5.1600-0765.2011.01432.x

[85] Ojima, M., Hanioka, T., Tanaka, K., Inoshita, E., & Aoyama, H. (2006). Relationship
between smoking status and periodontal conditions: findings from national
databases in Japan. J Periodontal Res, 41(6), 573-579. doi:10.1111/5.1600-
0765.2006.00915.x



110

[86] Lee, H. J,, Pi, S. H., Kim, Y., Kim, H. S., Kim, S. J., Kim, Y. S., Lee, S. K., & Kim,
E. C. (2009). Effects of nicotine on antioxidant defense enzymes and RANKL

expression in human periodontal ligament cells. J Periodontol, 80(8), 1281-1288.
doi:10.1902/jop.2009.090098

[87] Wahl, E. A., Schenck, T. L., Machens, H. G., & Egana, J. T. (2016). Acute stimulation
of mesenchymal stem cells with cigarette smoke extract affects their migration,
differentiation, and paracrine potential. Sci Rep, 6, 22957. doi:10.1038/srep22957

[88] Zeng, H. L., Qin, Y. L., Chen, H. Z., Bu, Q. Q., Li, Y., Zhong, Q., Han, X. A., Chen,
J., Yu, P. X., & Liu, G. X. (2014). Effects of nicotine on proliferation and survival
in human umbilical cord mesenchymal stem cells. J Biochem Mol Toxicol, 28(4),
181-189. doi:10.1002/jbt.21551

[89] Kim, D. H., Liu, J., Bhat, S., Benedict, G., Lecka-Czernik, B., Peterson, S. J.,
Ebraheim, N. A., & Heck, B. E. (2013). Peroxisome proliferator-activated receptor
delta agonist attenuates nicotine suppression effect on human mesenchymal stem

cell-derived osteogenesis and involves increased expression of heme oxygenase-1.
J Bone Miner Metab, 31(1), 44-52. doi:10.1007/s00774-012-0382-0

[90] Kim, B. S., Kim, S. J., Kim, H. J., Lee, S. J., Park, Y. J., Lee, J., & You, H. K. (2012).
Effects of nicotine on proliferation and osteoblast differentiation in human alveolar

bone marrow-derived mesenchymal stem cells. Life Sci, 90(3-4), 109-115.
do0i:10.1016/j.1fs.2011.10.019

[91] Matson, J. P., & Cook, J. G. (2017). Cell cycle proliferation decisions: The impact of
single cell analyses. FEBS J, 284(3), 362-375. doi:10.1111/febs.13898

[92] Kurosaka, S., & Kashina, A. (2008). Cell biology of embryonic migration. Birth
Defects Res C Embryo Today, 84(2), 102-122. doi:10.1002/bdrc.20125

[93] Nuschke, A. (2014). Activity of mesenchymal stem cells in therapies for chronic skin
wound healing. Organogenesis, 10(1), 29-37. doi:10.4161/org.27405

[94] De Becker, A., & Riet, I. V. (2016). Homing and migration of mesenchymal stromal
cells: How to improve the efficacy of cell therapy? World J Stem Cells, 8(3), 73-
87. doi:10.4252/wjsc.v8.13.73

[95] Zhou, Y., Gan, Y., & Taylor, H. S. (2011). Cigarette smoke inhibits recruitment of
bone-marrow-derived stem cells to the uterus. Reprod Toxicol, 31(2), 123-127.
doi:10.1016/j.reprotox.2010.10.007

[96] Di Cello, F., Flowers, V. L., Li, H., Vecchio-Pagan, B., Gordon, B., Harbom, K., Shin,
J., Beaty, R., Wang, W., Brayton, C., Baylin, S. B., & Zahnow, C. A. (2013).
Cigarette smoke induces epithelial to mesenchymal transition and increases the
metastatic ability of breast cancer cells. Mol Cancer, 12, 90. doi:10.1186/1476-
4598-12-90



111

[97] Schraufstatter, 1. U., DiScipio, R. G., & Khaldoyanidi, S. K. (2009). Alpha 7 subunit
of nAChR regulates migration of human mesenchymal stem cells. J Stem Cells,
4(4),203-215. doi:jsc.2010.4.4.203

[98] Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J.
D., Moorman, M. A., Simonetti, D. W., Craig, S., & Marshak, D. R. (1999).
Multilineage potential of adult human mesenchymal stem cells. Science,
284(5411), 143-147.

[99] Deng, Y., Li, T. Q., Yan, Y. E., Magdalou, J., Wang, H., & Chen, L. B. (2012). Effect
of nicotine on chondrogenic differentiation of rat bone marrow mesenchymal stem
cells in alginate bead culture. Biomed Mater Eng, 22(1-3), 81-87.
doi:10.3233/BME-2012-0692

[100] Roux, C., Pisani, D. F., Yahia, H. B., Djedaini, M., Beranger, G. E., Chambard, J.
C., Ambrosetti, D., Michiels, J. F., Breuil, V., Ailhaud, G., Euller-Ziegler, L., &
Amri, E. Z. (2013). Chondrogenic potential of stem cells derived from adipose
tissue: a powerful pharmacological tool. Biochem Biophys Res Commun, 440(4),
786-791. do0i:10.1016/.bbrc.2013.10.012

[101] Gotherstrom, C., Westgren, M., Shaw, S. W., Astrom, E., Biswas, A., Byers, P. H.,
Mattar, C. N., Graham, G. E., Taslimi, J., Ewald, U., Fisk, N. M., Yeoh, A. E., Lin,
J. L., Cheng, P. J., Choolani, M., Le Blanc, K., & Chan, J. K. (2014). Pre- and
postnatal transplantation of fetal mesenchymal stem cells in osteogenesis
imperfecta: a two-center experience. Stem Cells Transl Med, 3(2), 255-264.
doi:10.5966/sctm.2013-0090

[102] Otsuru, S., Gordon, P. L., Shimono, K., Jethva, R., Marino, R., Phillips, C. L.,
Hofmann, T. J., Veronesi, E., Dominici, M., Iwamoto, M., & Horwitz, E. M.
(2012). Transplanted bone marrow mononuclear cells and MSCs impart clinical
benefit to children with osteogenesis imperfecta through different mechanisms.

Blood, 120(9), 1933-1941. doi:10.1182/blood-2011-12-400085

[103] Taketani, T., Kanai, R., Abe, M., Mishima, S., Tadokoro, M., Katsube, Y., Yuba, S.,
Ogushi, H., Fukuda, S., & Yamaguchi, S. (2013). Therapy-related Ph+ leukemia
after both bone marrow and mesenchymal stem cell transplantation for
hypophosphatasia. Pediatr Int, 55(3), €52-55. doi:10.1111/ped.12012

[104] Taketani, T., Oyama, C., Mihara, A., Tanabe, Y., Abe, M., Hirade, T., Yamamoto,
S., Bo, R., Kanai, R., Tadenuma, T., Michibata, Y., Yamamoto, S., Hattori, M.,
Katsube, Y., Ohnishi, H., Sasao, M., Oda, Y., Hattori, K., Yuba, S., Ohgushi, H.,
& Yamaguchi, S. (2015). Ex vivo expanded allogeneic mesenchymal stem cells
with bone marrow transplantation improved osteogenesis in infants with severe
hypophosphatasia. Cell Transplant, 24(10), 1931-1943.
doi:10.3727/096368914X685410



112

[105] Huang, S., Xu, L., Zhang, Y., Sun, Y., & Li, G. (2015). Systemic and local
Administration of allogeneic bone marrow-derived mesenchymal stem cells
promotes fracture healing in rats. Cell Transplant, 24(12), 2643-2655.
do0i:10.3727/096368915X687219

[106] Murena, L., Canton, G., Vulcano, E., Surace, M. F., & Cherubino, P. (2014).
Treatment of humeral shaft aseptic nonunions in elderly patients with opposite

structural allograft, BMP-7, and mesenchymal stem cells. Orthopedics, 37(2),
€201-206. doi:10.3928/01477447-20140124-26

[107] Ayo-Yusuf, O. A., & Olutola, B. G. (2014). Epidemiological association between
osteoporosis and combined smoking and use of snuff among South African women.
Niger J Clin Pract, 17(2), 174-177. d0i:10.4103/1119-3077.127542

[108] Brook, J. S., Balka, E. B., & Zhang, C. (2012). The smoking patterns of women in
their forties: their relationship to later osteoporosis. Psychol Rep, 110(2), 351-362.
doi:10.2466/13.18.PR0.110.2.351-362

[109] Kim, K. H., Lee, C. M., Park, S. M., Cho, B., Chang, Y., Park, S. G., & Lee, K.
(2013). Secondhand smoke exposure and osteoporosis in never-smoking
postmenopausal women: the fourth Korea national health and nutrition examination
survey. Osteoporos Int, 24(2), 523-532. doi:10.1007/s00198-012-1987-9

[110] Patel, R. A., Wilson, R. F., Patel, P. A., & Palmer, R. M. (2013). The effect of
smoking on bone healing: A systematic review. Bone Joint Res, 2(6), 102-111.
doi:10.1302/2046-3758.26.2000142

[111] Pearson, R. G., Clement, R. G., Edwards, K. L., & Scammell, B. E. (2016). Do
smokers have greater risk of delayed and non-union after fracture, osteotomy and

arthrodesis? A systematic review with meta-analysis. BMJ Open, 6(11), e010303.
doi:10.1136/bmjopen-2015-010303

[112] Scolaro, J. A., Schenker, M. L., Yannascoli, S., Baldwin, K., Mehta, S., & Ahn, J.
(2014). Cigarette smoking increases complications following fracture: A
systematic  review. J Bone Joint Surg Am, 96(8), 674-681.
doi:10.2106/JBJS.M.00081

[113] Donigan, J. A., Fredericks, D. C., Nepola, J. V., & Smucker, J. D. (2012). The effect
of transdermal nicotine on fracture healing in a rabbit model. J Orthop Trauma,
26(12), 724-727. doi:10.1097/BOT.0b013e318270466f

[114] Liang, X., Ding, Y., Zhang, Y., Tse, H. F., & Lian, Q. (2014). Paracrine mechanisms
of mesenchymal stem cell-based therapy: current status and perspectives. Cell
Transplant, 23(9), 1045-1059. doi:10.3727/096368913X667709

[115] Morrison, S. J., & Scadden, D. T. (2014). The bone marrow niche for haematopoietic
stem cells. Nature, 505(7483), 327-334. doi:10.1038/nature12984



113

[116] Siggins, R. W., Hossain, F., Rehman, T., Melvan, J. N., Zhang, P., & Welsh, D. A.
(2014). Cigarette smoke alters the hematopoietic stem cell niche. Med Sci (Basel),
2(1), 37-50. doi:10.3390/medsci2010037

[117] Albuquerque, E. X., Pereira, E. F., Alkondon, M., & Rogers, S. W. (2009).
Mammalian nicotinic acetylcholine receptors: From structure to function. Physiol
Rev, 89(1), 73-120. doi:10.1152/physrev.00015.2008

[118] Nemecz, A., Prevost, M. S., Menny, A., & Corringer, P. J. (2016). Emerging
molecular mechanisms of signal transduction in pentameric ligand-gated ion
channels. Neuron, 90(3), 452-470. doi:10.1016/j.neuron.2016.03.032

[119] W, J., & Lukas, R. J. (2011). Naturally-expressed nicotinic acetylcholine receptor
subtypes. Biochem Pharmacol, 82(8), 800-807. doi:10.1016/j.bcp.2011.07.067

[120] Wang, X. J., Liu, Y. F., Wang, Q. Y., Tsuruoka, M., Ohta, K., Wu, S. X., Yakushiji,
M., & Inoue, T. (2010). Functional expression of alpha 7 nicotinic acetylcholine
receptors in human periodontal ligament fibroblasts and rat periodontal tissues. Cel/
Tissue Res, 340(2), 347-355. doi:10.1007/s00441-010-0949-9

[121] Ishizuka, T., Goshima, H., Ozawa, A., & Watanabe, Y. (2012). Effect of nicotine on
the proliferation and differentiation of mouse induced pluripotent stem cells. Curr
Med Chem, 19(30), 5164-5169.

[122] Kim, S. Y., Kang, K. L., Lee, J. C., & Heo, J. S. (2012). Nicotinic acetylcholine
receptor alpha7 and beta4 subunits contribute nicotine-induced apoptosis in
periodontal ligament stem cells. Mol Cells, 33(4), 343-350. doi:10.1007/s10059-
012-2172-x

[123] Lax, P., Fucile, S., & Eusebi, F. (2002). Ca(2+) permeability of human heteromeric
nAChRs expressed by transfection in human cells. Cell Calcium, 32(2), 53-58.

[124] Gerzanich, V., Wang, F., Kuryatov, A., & Lindstrom, J. (1998). Alpha 5 Subunit
alters desensitization, pharmacology, Ca++ permeability and Ca++ modulation of

human neuronal alpha 3 nicotinic receptors. J Pharmacol Exp Ther, 286(1), 311-
320.

[125] Kalamida, D., Poulas, K., Avramopoulou, V., Fostieri, E., Lagoumintzis, G.,
Lazaridis, K., Sideri, A., Zouridakis, M., & Tzartos, S. J. (2007). Muscle and
neuronal nicotinic acetylcholine receptors. Structure, function and pathogenicity.
FEBS J, 274(15), 3799-3845. doi:10.1111/5.1742-4658.2007.05935 .x

[126] Lin, W., Hirata, N., Sekino, Y., & Kanda, Y. (2012). Role of alpha7-nicotinic
acetylcholine receptor in normal and cancer stem cells. Curr Drug Targets, 13(5),
656-665.



114

[127] Narbona-Carceles, J., Vaquero, J., Suarez-Sancho, S., Forriol, F., & Fernandez-
Santos, M. E. (2014). Bone marrow mesenchymal stem cell aspirates from
alternative sources: is the knee as good as the iliac crest? Injury, 45 Suppl 4, S42-
47. doi:10.1016/S0020-1383(14)70009-9

[128] Priya, N., Sarcar, S., Majumdar, A. S., & SundarRaj, S. (2014). Explant culture: a
simple, reproducible, efficient and economic technique for isolation of
mesenchymal stromal cells from human adipose tissue and lipoaspirate. J Tissue
Eng Regen Med, 8(9), 706-716. doi:10.1002/term.1569

[129] Vangsness, C. T., Jr., Sternberg, H., & Harris, L. (2015). Umbilical cord tissue offers
the greatest number of harvestable mesenchymal stem cells for research and clinical

application: A literature review of different harvest sites. Arthroscopy, 31(9), 1836-
1843. doi:10.1016/j.arthro.2015.03.014

[130] Devine, S. M., Cobbs, C., Jennings, M., Bartholomew, A., & Hoffman, R. (2003).
Mesenchymal stem cells distribute to a wide range of tissues following systemic
infusion into nonhuman primates. Blood, 101(8), 2999-3001. doi:10.1182/blood-
2002-06-1830

[131] Olson, A. L., & McNiece, 1. K. (2015). Novel clinical uses for cord blood derived
mesenchymal stromal cells. Cytotherapy, 17(6), 796-802.
doi:10.1016/j.jcyt.2015.03.612

[132] Hoogduijn, M. J., Cheng, A., & Genever, P. G. (2009). Functional nicotinic and
muscarinic receptors on mesenchymal stem cells. Stem Cells Dev, 18(1), 103-112.
doi:10.1089/s¢d.2008.0032

[133] Zablotni, A., Dakischew, O., Trinkaus, K., Hartmann, S., Szalay, G., Heiss, C., &
Lips, K. S. (2015). Regulation of acetylcholine receptors during differentiation of
bone mesenchymal stem cells harvested from human reaming debris. Int
Immunopharmacol, 29(1), 119-126. doi:10.1016/j.intimp.2015.07.021

[134] Michailovici, ., Harrington, H. A., Azogui, H. H., Yahalom-Ronen, Y., Plotnikov,
A., Ching, S., Stumpf, M. P., Klein, O. D., Seger, R., & Tzahor, E. (2014). Nuclear
to cytoplasmic shuttling of ERK promotes differentiation of muscle
stem/progenitor cells. Development, 141(13), 2611-2620. doi:10.1242/dev.107078

[135] Frescaline, G., Bouderlique, T., Huynh, M. B., Papy-Garcia, D., Courty, J., &
Albanese, P. (2012). Glycosaminoglycans mimetics potentiate the clonogenicity,
proliferation, migration and differentiation properties of rat mesenchymal stem
cells. Stem Cell Res, 8(2), 180-192. doi:10.1016/j.scr.2011.09.005

[136] Improgo, M. R., Scofield, M. D., Tapper, A. R., & Gardner, P. D. (2010). The
nicotinic acetylcholine receptor CHRNAS/A3/B4 gene cluster: dual role in nicotine
addiction and lung cancer. Prog  Neurobiol, 92(2), 212-226.
doi:10.1016/j.pneurobio.2010.05.003



115

[137] Menicanin, D., Mrozik, K. M., Wada, N., Marino, V., Shi, S., Bartold, P. M., &
Gronthos, S. (2014). Periodontal-ligament-derived stem cells exhibit the capacity

for long-term survival, self-renewal, and regeneration of multiple tissue types in
vivo. Stem Cells Dev, 23(9), 1001-1011. doi:10.1089/5¢d.2013.0490

[138] Moshaverinia, A., Xu, X., Chen, C., Ansari, S., Zadeh, H. H., Snead, M. L., & Shi,
S. (2014). Application of stem cells derived from the periodontal ligament or

gingival tissue sources for tendon tissue regeneration. Biomaterials, 35(9), 2642-
2650. doi:10.1016/j.biomaterials.2013.12.053

[139] Criado, M., Valor, L. M., Mulet, J., Gerber, S., Sala, S., & Sala, F. (2012). Expression
and functional properties of alpha7 acetylcholine nicotinic receptors are modified
in the presence of other receptor subunits. J Neurochem, 123(4), 504-514.
doi:10.1111/j.1471-4159.2012.07931.x

[140] Shu, C. H., Yang, W. K., Shih, Y. L., Kuo, M. L., & Huang, T. S. (1997). Cell cycle
G2/M arrest and activation of cyclin-dependent kinases associated with low-dose
paclitaxel-induced sub-G1 apoptosis. Apoptosis, 2(5), 463-470.

[141] Fridman, J. S., & Lowe, S. W. (2003). Control of apoptosis by p53. Oncogene,
22(56), 9030-9040. doi:10.1038/sj.onc.1207116

[142] Brunelle, J. K., & Letai, A. (2009). Control of mitochondrial apoptosis by the Bcl-2
family. J Cell Sci, 122(Pt 4), 437-441. doi:10.1242/jcs.031682

[143] Damarla, M., Parniani, A. R., Johnston, L., Maredia, H., Serebreni, L., Hamdan, O.,
Sidhaye, V. K., Shimoda, L. A., Myers, A. C., Crow, M. T., Schmidt, E. P.,
Machamer, C. E., Gaestel, M., Rane, M. J., Kolb, T. M., Kim, B. S., Damico, R. L.,
& Hassoun, P. M. (2014). Mitogen-activated protein kinase-activated protein
kinase 2 mediates apoptosis during lung vascular permeability by regulating
movement of cleaved caspase 3. Am J Respir Cell Mol Biol, 50(5), 932-941.
doi:10.1165/rcmb.2013-03610C

[144] Liu, N., Shi, S., Deng, M., Tang, L., Zhang, G., Liu, N., Ding, B., Liu, W., Liu, Y.,
Shi, H., Liu, L., & Jin, Y. (2011). High levels of beta-catenin signaling reduce
osteogenic differentiation of stem cells in inflammatory microenvironments
through inhibition of the noncanonical Wnt pathway. J Bone Miner Res, 26(9),
2082-2095. doi:10.1002/jbmr.440

[145] Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell, 116(2), 281-297.

[146] Callis, T. E., Chen, J. F., & Wang, D. Z. (2007). MicroRNAs in skeletal and cardiac
muscle development. DNA Cell Biol, 26(4), 219-225. doi:10.1089/dna.2006.0556

[147] Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell,
136(2), 215-233. doi:10.1016/j.cell.2009.01.002



116

[148] Chen, Z., & Liu, H. L. (2017). Restoration of miR-1305 relieves the inhibitory effect
of nicotine on periodontal ligament-derived stem cell proliferation, migration, and
osteogenic  differentiation. J Oral Pathol Med, 46(4), 313-320.
doi:10.1111/jop.12492

[149] Behar, R. Z., Hua, M., & Talbot, P. (2015). Puffing topography and nicotine intake
of  electronic  cigarette  users. PLoS  One, 102), 0117222,
doi:10.1371/journal.pone.0117222

[150] Trehy, M. Y., W.; Hadwiger, M.; Moore, T.; Allgire, J.; Woodruff, J.; Ahadi, S.;
Black, J.; Westenberger, B. (2011). Analysis of electronic cigarette cartridges, refill
solutions, and smoke for nicotine and nicotine related impurities. Journal of Liquid
Chromatography & Related Technologies, 34(14), 1442-1458.

[151] Shi, C., Tura, A., Terajima, M., Liu, F., Lyons, K., Pan, H., Zhang, H., Yamauchi,
M., Mishina, Y., & Sun, H. (2016). Deletion of BMP receptor type IB decreased
bone mass in association with compromised osteoblastic differentiation of bone
marrow mesenchymal progenitors. Sci Rep, 6, 24256. doi:10.1038/srep24256

[152] Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-delta delta C(T)) Method. Methods,
25(4), 402-408. doi:10.1006/meth.2001.1262

[153] Irizarry, R. A., Hobbs, B., Collin, F., Beazer-Barclay, Y. D., Antonellis, K. J., Scherf,
U., & Speed, T. P. (2003). Exploration, normalization, and summaries of high

density oligonucleotide array probe level data. Biostatistics, 4(2), 249-264.
doi:10.1093/biostatistics/4.2.249

[154] Fujita, T., Azuma, Y., Fukuyama, R., Hattori, Y., Yoshida, C., Koida, M., Ogita, K.,
& Komori, T. (2004). Runx2 induces osteoblast and chondrocyte differentiation

and enhances their migration by coupling with PI3K-Akt signaling. J Cell Biol,
166(1), 85-95. doi:10.1083/jcb.200401138

[155] Sobiesiak, M., Sivasubramaniyan, K., Hermann, C., Tan, C., Orgel, M., Treml, S.,
Cerabona, F., de Zwart, P., Ochs, U., Muller, C. A., Gargett, C. E., Kalbacher, H.,
& Buhring, H. J. (2010). The mesenchymal stem cell antigen MSCA-1 is identical
to tissue non-specific alkaline phosphatase. Stem Cells Dev, 19(5), 669-677.
doi:10.1089/s¢d.2009.0290

[156] Yuan, Q., Jiang, Y., Zhao, X., Sato, T., Densmore, M., Schuler, C., Erben, R. G.,
McKee, M. D., & Lanske, B. (2014). Increased osteopontin contributes to inhibition
of bone mineralization in FGF23-deficient mice. J Bone Miner Res, 29(3), 693-704.
doi:10.1002/jbmr.2079



117

[157] Kulterer, B., Friedl, G., Jandrositz, A., Sanchez-Cabo, F., Prokesch, A., Paar, C.,
Scheideler, M., Windhager, R., Preisegger, K. H., & Trajanoski, Z. (2007). Gene
expression profiling of human mesenchymal stem cells derived from bone marrow
during expansion and osteoblast differentiation. BMC Genomics, 8, 70.

doi:10.1186/1471-2164-8-70

[158] Agarwal, V., Bell, G. W., Nam, J. W., & Bartel, D. P. (2015). Predicting effective
microRNA target sites in mammalian mRNAs. Elife, 4. doi:10.7554/eLife.05005

[159] Liu, M. H., Sun, C., Yao, Y., Fan, X., Liu, H., Cui, Y. H,, Bian, X. W., Huang, B.,
& Zhou, Y. (2016). Matrix stiffness promotes cartilage endplate chondrocyte
calcification in disc degeneration via miR-20a targeting ANKH expression. Sci
Rep, 6,25401. doi:10.1038/srep25401

[160] Zhang, J. F., Fu, W. M., He, M. L., Xie, W. D., Lv, Q., Wan, G., Li, G., Wang, H.,
Lu, G., Hu, X, Jiang, S., Li, J. N., Lin, M. C., Zhang, Y. O., & Kung, H. F. (2011).
MiRNA-20a promotes osteogenic differentiation of human mesenchymal stem
cells by co-regulating BMP signaling. RNA Biol, §8(5), 829-838.
doi:10.4161/rna.8.5.16043

[161] Kosmider, L., Sobczak, A., Fik, M., Knysak, J., Zaciera, M., Kurek, J., & Goniewicz,
M. L. (2014). Carbonyl compounds in electronic cigarette vapors: effects of
nicotine solvent and battery output voltage. Nicotine Tob Res, 16(10), 1319-1326.
doi:10.1093/ntr/ntu078

[162] St Helen, G., Havel, C., Dempsey, D. A., Jacob, P., 3rd, & Benowitz, N. L. (2016).
Nicotine delivery, retention and pharmacokinetics from various -electronic
cigarettes. Addiction, 111(3), 535-544. doi:10.1111/add.13183

[163] Zhu, S. H., Sun, J. Y., Bonnevie, E., Cummins, S. E., Gamst, A., Yin, L., & Lee, M.
(2014). Four hundred and sixty brands of e-cigarettes and counting: implications
for product regulation. Tob Control, 23 Suppl 3, 1ii3-9. doi:10.1136/tobaccocontrol-
2014-051670

[164] Wall, M. A., Johnson, J., Jacob, P., & Benowitz, N. L. (1988). Cotinine in the serum,
saliva, and urine of nonsmokers, passive smokers, and active smokers. Am J Public
Health, 78(6), 699-701.

[165] Bahl, V., Lin, S., Xu, N., Davis, B., Wang, Y. H., & Talbot, P. (2012). Comparison
of electronic cigarette refill fluid cytotoxicity using embryonic and adult models.
Reprod Toxicol, 34(4), 529-537. doi:10.1016/j.reprotox.2012.08.001

[166] Behar, R. Z., Davis, B., Wang, Y., Bahl, V., Lin, S., & Talbot, P. (2014).
Identification of toxicants in cinnamon-flavored electronic cigarette refill fluids.
Toxicol In Vitro, 28(2), 198-208.



118

[167] Farsalinos, K. E., Romagna, G., Tsiapras, D., Kyrzopoulos, S., & Voudris, V. (2013).
Evaluation of electronic cigarette use (vaping) topography and estimation of liquid
consumption: implications for research protocol standards definition and for public
health authorities' regulation. Int J Environ Res Public Health, 10(6), 2500-2514.
do0i:10.3390/ijerph10062500

[168] Ogunwale, M. A., Li, M., Ramakrishnam Raju, M. V., Chen, Y., Nantz, M. H.,
Conklin, D. J., & Fu, X. A. (2017). Aldehyde detection in electronic cigarette
aerosols. ACS Omega, 2(3), 1207-1214. doi:10.1021/acsomega.6b00489

[169] Yingst, J. M., Veldheer, S., Hrabovsky, S., Nichols, T. T., Wilson, S. J., & Foulds,
J. (2015). Factors associated with electronic cigarette users' device preferences and

transition from first generation to advanced generation devices. Nicotine Tob Res,
17(10), 1242-1246. doi:10.1093/ntr/ntv052

[170] Rudy, S. F., & Durmowicz, E. L. (2016). Electronic nicotine delivery systems:
overheating, fires and explosions. Tob Control. doi:10.1136/tobaccocontrol-2015-
052626

[171] Wang, P., Chen, W., Liao, J., Matsuo, T., Ito, K., Fowles, J., Shusterman, D.,
Mendell, M., & Kumagai, K. (2017). A device-independent evaluation of carbonyl
emissions from heated electronic cigarette solvents. PLoS One, 12(1), e0169811.
doi:10.1371/journal.pone.0169811

[172] Mundt, K. A., Gentry, P. R, Dell, L. D., Rodricks, J. V., & Boffetta, P. (2018). Six
years after the nrc review of EPA's draft iris toxicological review of formaldehyde:
Regulatory implications of new science in evaluating formaldehyde
leukemogenicity. Regul Toxicol Pharmacol, 92, 472-490.
doi:10.1016/j.yrtph.2017.11.006

[173] Hauptmann, M., Stewart, P. A., Lubin, J. H., Beane Freeman, L. E., Hornung, R. W_,
Herrick, R. F., Hoover, R. N., Fraumeni, J. F., Jr., Blair, A., & Hayes, R. B. (2009).
Mortality from lymphohematopoietic malignancies and brain cancer among
embalmers exposed to formaldehyde. J Natl Cancer Inst, 101(24), 1696-1708.
doi:10.1093/jnci/djp416

[174] Pidoux, G., Gerbaud, P., Guibourdenche, J., Therond, P., Ferreira, F., Simasotchi,
C., Evain-Brion, D., & Gil, S. (2015). Formaldehyde crosses the human placenta
and affects human trophoblast differentiation and hormonal functions. PLoS One,
10(7), €0133506. doi:10.1371/journal.pone.0133506

[175] Kim, E. M., Lee, H. Y., Lee, E. H., Lee, K. M., Park, M., Ji, K. Y., Jang, J. H., Jeong,
Y. H., Lee, K. H., Yoon, L. J., Kim, S. M., Jeong, M. J., Kim, K. D., & Kang, H. S.
(2013). Formaldehyde exposure impairs the function and differentiation of NK
cells. Toxicol Lett, 223(2), 154-161. doi:10.1016/j.toxlet.2013.09.008



119

[176] Wang, X., Li, S., Cao, T., Fu, X., & Yu, G. (2012). Evaluating biotoxicity with
fibroblasts derived from human embryonic stem cells. Toxicol In Vitro, 26(6),
1056-1063. doi:10.1016/j.tiv.2012.04.002

[177] She, Y., Li, Y., Liu, Y., Asai, G., Sun, S., He, J., Pan, Z., & Cui, Y. (2013).
Formaldehyde induces toxic effects and regulates the expression of damage
response genes in BM-MSCs. Acta Biochim Biophys Sin (Shanghai), 45(12), 1011-
1020. doi:10.1093/abbs/gmt105

[178] Lerner, C. A., Sundar, I. K., Yao, H., Gerloff, J., Ossip, D. J., McIntosh, S., Robinson,
R., & Rahman, I. (2015). Vapors produced by electronic cigarettes and e-juices
with flavorings induce toxicity, oxidative stress, and inflammatory response in lung
epithelial cells and in mouse lung. PLoS One, 10(2), e0116732.
doi:10.1371/journal.pone.0116732

[179] Muthumalage, T., Prinz, M., Ansah, K. O., Gerloff, J., Sundar, I. K., & Rahman, I.
(2017). Inflammatory and oxidative responses induced by exposure to commonly

used e-cigarette flavoring chemicals and flavored e-liquids without nicotine. Front
Physiol, 8, 1130. doi:10.3389/fphys.2017.01130

[180] Farsalinos, K. E., Spyrou, A., Tsimopoulou, K., Stefopoulos, C., Romagna, G., &
Voudris, V. (2014). Nicotine absorption from electronic cigarette use: comparison
between first and new-generation devices. Sci Rep, 4,4133. doi:10.1038/srep04133

[181] Romagna, G., Allifranchini, E., Bocchietto, E., Todeschi, S., Esposito, M., &
Farsalinos, K. E. (2013). Cytotoxicity evaluation of electronic cigarette vapor
extract on cultured mammalian fibroblasts (ClearStream-LIFE): comparison with
tobacco cigarette smoke extract. Inhal Toxicol, 25(6), 354-361.
doi:10.3109/08958378.2013.793439

[182] Pinto, M. C., Kihara, A. H., Goulart, V. A., Tonelli, F. M., Gomes, K. N., Ulrich, H.,
& Resende, R. R. (2015). Calcium signaling and cell proliferation. Cell Signal,
27(11),2139-2149. doi:10.1016/j.cellsig.2015.08.006

[183] Ye, J., Ai, W., Zhang, F., Zhu, X., Shu, G., Wang, L., Gao, P., Xi, Q., Zhang, Y.,
Jiang, Q., & Wang, S. (2016). Enhanced proliferation of porcine bone marrow
mesenchymal stem cells induced by extracellular calcium is associated with the

activation of the calcium-sensing receptor and ERK signaling pathway. Stem Cells
Int, 2016, 6570671. doi:10.1155/2016/6570671

[184] Jiang, Y., Dai, A., Zhou, Y., Peng, G., Hu, G, Li, B., Sham, J. S., & Ran, P. (2014).
Nicotine elevated intracellular Ca(2)(+) in rat airway smooth muscle cells via

activating and up-regulating alpha7-nicotinic acetylcholine receptor. Cell Physiol
Biochem, 33(2), 389-401. doi:10.1159/000356678

[185] Ruiz, J. P., Pelaez, D., Dias, J., Ziebarth, N. M., & Cheung, H. S. (2012). The effect
of nicotine on the mechanical properties of mesenchymal stem cells. Cell Health
Cytoskelet, 4, 29-35. doi:10.2147/CHC.S24381



120

[186] Rosa, G. M., Lucas, G. Q., & Lucas, O. N. (2008). Cigarette smoking and alveolar
bone in young adults: A study using digitized radiographs. J Periodontol, 79(2),
232-244. d0i:10.1902/j0p.2008.060522

[187] Ge, S., Zhao, N., Wang, L., Yu, M., Liu, H., Song, A., Huang, J., Wang, G., & Yang,
P. (2012). Bone repair by periodontal ligament stem cells seeded on
nanohydroxyapatite-chitosan scaffold. Int J Nanomedicine, 7, 5405-5414.
doi:10.2147/1JN.S36714

[188] Boivin, G., Farlay, D., Bala, Y., Doublier, A., Meunier, P. J., & Delmas, P. D. (2009).
Influence of remodeling on the mineralization of bone tissue. Osteoporos Int, 20(6),
1023-1026. doi:10.1007/s00198-009-0861-x

[189] Follet, H., Boivin, G., Rumelhart, C., & Meunier, P. J. (2004). The degree of
mineralization is a determinant of bone strength: a study on human calcanei. Bone,
34(5), 783-789. doi:10.1016/j.bone.2003.12.012

[190] Gislason, M. K., Coupaud, S., Sasagawa, K., Tanabe, Y., Purcell, M., Allan, D. B.,
& Tanner, K. E. (2014). Prediction of risk of fracture in the tibia due to altered bone

mineral density distribution resulting from disuse: a finite element study. Proc Inst
Mech Eng H, 228(2), 165-174. doi:10.1177/0954411914522438

[191] Chen, F., Osterman, A. L., & Mahony, K. (2001). Smoking and bony union after
ulna-shortening osteotomy. Am J Orthop (Belle Mead NJ), 30(6), 486-489.

[192] Kyro, A., Usenius, J. P., Aarnio, M., Kunnamo, 1., & Avikainen, V. (1993). Are
smokers a risk group for delayed healing of tibial shaft fractures? Ann Chir
Gynaecol, 8§2(4), 254-262.

[193] Burr, D., & Allen, M. (2014). Basic and applied bone biology. Academic Press.

[194] Nair, A. K., Gautieri, A., Chang, S. W., & Buehler, M. J. (2013). Molecular
mechanics of mineralized collagen fibrils in bone. Nat Commun, 4, 1724.
doi:10.1038/ncomms2720

[195] Choi, Y. J., Lee, J. Y., Chung, C. P., & Park, Y. J. (2013). Enhanced osteogenesis by
collagen-binding peptide from bone sialoprotein in vitro and in vivo. J Biomed
Mater Res A, 101(2), 547-554. doi:10.1002/jbm.a.34356

[196] Barwinska, D., Traktuev, D. O., Merfeld-Clauss, S., Cook, T. G., Lu, H., Petrache,
I., & March, K. L. (2018). Cigarette smoking impairs adipose stromal cell
vasculogenic activity and abrogates potency to ameliorate ischemia. Stem Cells,
36(6), 856-867. doi:10.1002/stem.2813



	University of Miami
	Scholarly Repository
	2018-07-03

	The Effects of E-cigarette Vapor Exposure, and the Role of a7 Nicotinic Acetylcholine Receptors and Micro-RNA, on the Regeneration Potential of Periodontal Ligament Derived Stem Cells
	Carlos M. Carballosa
	Recommended Citation


	Microsoft Word - CCarballosa_PhD_Dissertation_Final Edits.docx

