
 
 

 
 

 
 
 
 
 
 

ABSTRACT 
 

Vaping and Comorbidities: Designing Experiments to Establish Adverse Health Effects 
 

Jake Dickinson 
 

Director: Christie M. Sayes, Ph.D. 
 
 

Modern diseases are complex and are dangerous when occur simultaneously with 
another conditions. While common, this phenomenon is not described universally, and 
existing terms presented in the literature often having conflicting definitions. In Chapter 
1, the term ³comorbidity´ is selected and defined as the presence of multiple conditions 
or diseases simultaneously in a single individual. Additionally, well-known examples of 
comorbidities such as asthma with allergic rhinitis and lung cancer with chronic 
obstructive pulmonary disease (COPD) are discussed.  

Vaping is currently a major health crisis in the United States. Unfortunately, the 
current scientific understanding on the effects of vaping is incomplete. Although there are 
multiple ways in which people vape, this thesis will focus on vaping through the use of e-
cigarettes. Significant knowledge gaps include understanding the interactions between 
vaping and comorbid conditions and the induced toxicological effects or biological 
interactions among the individual versus mixed components of e-liquid to pulmonary 
cells. To make progress toward filling data gaps, Chapter 2 discusses two experiments 
that were conducted. The first experiment determined the LC50 value of the e-cigarette 
flavoring cinnamaldehyde using two different viability assays: MTS and PrestoBlue. The 
aim of this experiment was to select a preferred assay for viability to be used in further 
studies. The second experiment determined the LC50 values of two common e-cigarette 
flavorings, cinnamaldehyde and myrcene. This enabled a comparison of the toxicity of 
each ingredient and established a robust protocol for further studies. Chapter 3 discusses 
future work and offers a more sophisticated experimental design that will both broaden 
and deepen the scope of the research. 
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CHAPTER ONE 
 

Comorbidity 
 
 

Currently, there is a global problem where people possess multiple medical 

conditions simultaneously. These diseases can have additive effects to individuals 

afflicted with the conditions. The vast majority of data on simultaneous medical 

conditions only takes into consideration multiple chronic conditions or chronic conditions 

together with acute conditions. It is likely that there are cases of acute conditions 

occurring simultaneously, but these are typically not studied. Globally, it is estimated that 

1 in 3 adults suffer from multiple chronic conditions.1 It is important to note that this is 

not particular to underdeveloped countries; in the US, about 86% of hypertensive adults 

possess at least one comorbidity.2 Possessing multiple medical conditions simultaneously 

can be problematic because the severity or risks may compound. For example, in the US, 

about 45% of adults have pre-existing conditions that increase the risk of severe 

complications upon contracting COVID-19.3 Additionally, possessing multiple medical 

 
1 Cother Hajat and Emma 6WHLQ��³7KH�*OREDO�%XUGHQ�RI�0XOWLSOH�&KURQLF�

&RQGLWLRQV��$�1DUUDWLYH�5HYLHZ�´�Preventive Medicine Reports 12 (October 19, 2018): 
284±93, https://doi.org/10.1016/j.pmedr.2018.10.008. 

 
2 &KDQK\XQ�3DUN�HW�DO���³&RPRUELGLW\�6WDWXV�DQG�$QQXDO�7RWDO�0HGLFDO�

([SHQGLWXUHV�LQ�8�6��+\SHUWHQVLYH�$GXOWV�´�American Journal of Preventive Medicine 
53, no. 6 Suppl 2 (December 2017): S172±81, 
https://doi.org/10.1016/j.amepre.2017.07.014. 

 
3 0DU\�/��$GDPV��'DYLG�/��.DW]��DQG�-RVHSK�*UDQGSUH��³3RSXODWLRQ�%DVHG�

Estimates of Comorbidities Affecting Risk for Complications from COVID-19 in the 
86�´�MedRxiv, April 2, 2020, 2020.03.30.20043919, 
https://doi.org/10.1101/2020.03.30.20043919. 
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conditions simultaneously can increase total annual medical expenditures.4 

Simultaneously occurring diseases demand the attention of the scientific community due 

to widespread prevalence, potential for increased severity, and impacts to medical 

expenditures. 

 
 

Terminology 
 

There is no universally accepted term to describe comorbidity. Existing terms 

have varying definitions; the terms that will be covered here are covariance, comorbidity, 

and multimorbidity. For the purposes of this discussion, covariance will be limited to the 

variations caused by interactions between medical conditions.  

The term covariance is typically defined as the joint variability of two variables. 

More simply, covariance measures how much variables change together.5 Using this term 

and definition, one can use medical conditions as the variables. This explains that one is 

attempting to see how the effects of the multiple conditions change when they are 

together. This is a very broad term and can apply to different variables ranging from the 

effects chemical concentrations in soil have on plants to how certain events can affect the 

stock market. Covariance is a term commonly used in the fields of statistics and 

economics. When used in the scientific community covariance typically seems to apply 

to nonmedical research or to research of the effect of a variable, which is not a disease, 

on a disease.  Although its definition allows it to be useful for studying the additivity of 

 
4 3DUN�HW�DO���³&RPRUELGLW\�6WDWXV�DQG�$QQXDO�7RWDO�0HGLFDO�([SHQGLWXUHV�LQ�8�6��

HypertensivH�$GXOWV�´ 
 

5 Hae-<RXQJ�.LP��³6WDWLVWLFDO�1RWHV�IRU�&OLQLFDO�5HVHDUFKHUV��&RYDULDQFH�DQG�
&RUUHODWLRQ�´�Restorative Dentistry & Endodontics 43, no. 1 (January 5, 2018), 
https://doi.org/10.5395/rde.2018.43.e4. 



 
 

3 
 

multiple medical conditions occurring simultaneously, its broadness can cause confusion. 

Due to the diversity and complexity of different scenarios that fall under the term of 

covariance, there is a need to redefine and include covariances of medical conditions. 

Another term that is often used to explain two or more simultaneous conditions in 

an individual is comorbidity. Comorbidity has many definitions with subtle differences, 

which makes it more difficult to understand its true meaning. To show the antithetical 

nature of many of the assigned definitions, Table 1 was constructed. 

 
 

 
 

Table 1: Literature definitions for ³comorbidity.´ 
 

 
Lastly, multimorbidity is a third term commonly used to describe multiple chronic 

conditions. Similar to comorbidity, multimorbidity has many definitions with subtle 

differences, which makes it difficult to understand its true meaning. Table 2 was 

constructed to show some of these conflicting terms. 
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Table 2: Literature definitions for ³PXOWLPRUELGLW\�´ 
 

 
Both terms, comorbidity and multimorbidity, relate to the covariance of multiple 

diseases in a particular individual; however, beyond that, it is hard to determine the true 

meaning. The way to properly remedy this confusion is to assign official definitions to 

these terms.    

As a short-term solution to enable the remainder of this thesis to achieve its goal, 

the two terms will be considered synonymous and be defined using the broadest 

definition that can accurately explain both terms. Additionally, only the term 

comorbidity, using the proposed, broad definition, will be used for the remainder of the 

thesis. This thesis will define both comorbidity and multimorbidity as the presence of 

multiple conditions or diseases occurring simultaneously in a single individual.  

 
 

Interactions 
 

When there are multiple conditions in an individual there is a significant 

possibility that at least some of the conditions can interact with each other. There is a 

myriad of ways diseases can interact ranging from multiple conditions all adversely 

affecting the same bodily system to a condition of one system effecting physiological 

changes that affect a condition in another system. However numerous the avenues of 
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interaction are, one should be able to explain the overall effects of these interactions with 

3 main terms: additivity, synergism, and antagonism. Additionally, there is another useful 

term called potentiation, which can sometimes be considered a subset of synergism. 

 
 

Figure 1: An analogy illustrating  the four types of interactions. 
 
 

An additive effect occurs when multiple agents do not interact, which causes their 

combined effect to be equal to the sum of the individual parts.6 This can be demonstrated 

by looking at the equation 5+5=10. In this equation the terms on the lefts represent the 

 
6 3DPHOD�<HK��$ULDQH�,��7VFKXPL��DQG�5R\�.LVKRQ\��³)XQFWLRQDO�&ODVVLILFDWLRQ�RI�

'UXJV�E\�3URSHUWLHV�RI�7KHLU�3DLUZLVH�,QWHUDFWLRQV�´�Nature Genetics 38, no. 4 (April 
2006): 489±94, https://doi.org/10.1038/ng1755. 
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individual parts, while the number on the right represents the combined effect. Clearly, 

the combined effect is simply the sum of the individual parts.  

An example of an additive effect is the interactions between opioids and other 

drugs such as benzodiazepines or alcohol. For this specific example, the opioid 

methadone will be used. Methadone is a long-acting synthetic opioid that is used 

primarily as a treatment for opioid dependence.7 Unfortunately, certain drugs such as 

benzodiazepine or alcohol can interact additively with opioids to decrease the doses 

needed for lethal consequences.8 The additive effects of benzodiazepines have been 

linked as a main factor in 40-80% of methadone-related deaths.9  

 
7 -RKQ�0��&RUNHU\�HW�DO���³7KH�(IIHFWV�RI�0HWKDGRQH�DQG�,WV�5ROH�LQ�)DWDOLWLHV�´�

Human Psychopharmacology: Clinical and Experimental 19, no. 8 (2004): 565±76, 
https://doi.org/10.1002/hup.630. 

 
8 0DUFHOOD�+��6RUJ�HW�DO���³$GGLWLYH�(IIHFWV�RI�&RLQWR[LFDQWV�LQ�6LQJOH-Opioid 

,QGXFHG�'HDWKV�´�Academic Forensic Pathology 6, no. 3 (September 2016): 532±42, 
https://doi.org/10.23907/2016.053. 

 
9 Jermaine D. Jones, 6KDQWKL�0RJDOL��DQG�6DQGUD�'��&RPHU��³3RO\GUXJ�$EXVH��$�

5HYLHZ�RI�2SLRLG�DQG�%HQ]RGLD]HSLQH�&RPELQDWLRQ�8VH�´�Drug and Alcohol 
Dependence 125, no. 1±2 (September 1, 2012): 8±18, 
KWWSV���GRL�RUJ���������M�GUXJDOFGHS��������������6��3LUQD\�HW�DO���³$�&ULWLFal Review of 
the Causes of Death among Post-Mortem Toxicological Investigations: Analysis of 34 
Buprenorphine-Associated and 35 Methadone-$VVRFLDWHG�'HDWKV�´�Addiction 99, no. 8 
(2004): 978±88, https://doi.org/10.1111/j.1360-0443.2004.00790.x; Irina Mikolaenko, C. 
$QGUHZ�-U�5RELQVRQ��DQG�*UHJRU\�*��'DYLV��³$�5HYLHZ�RI�0HWKDGRQH�'HDWKV�LQ�
-HIIHUVRQ�&RXQW\��$ODEDPD�´�The American Journal of Forensic Medicine and Pathology 
23, no. 3 (September 2002): 299±�����'HERUDK�=DGRU�DQG�6DQGUD�6XQMLF��³'HDWKV�LQ�
Methadone Maintenance Treatment in New South Wales, Australia 1990-�����´�
Addiction 95, no. 1 (2000): 77±84, https://doi.org/10.1046/j.1360-0443.2000.951778.x; 
0��7��%UXJDO�HW�DO���³(YDOXDWLQJ�WKH�,PSDFW�RI�0HWKDGRQH�0DLQWHQDQFH�3URJUDPPHV�RQ�
Mortality Due to OveUGRVH�DQG�$LGV�LQ�D�&RKRUW�RI�+HURLQ�8VHUV�LQ�6SDLQ�´�Addiction 
100, no. 7 (2005): 981±89, https://doi.org/10.1111/j.1360-0443.2005.01089.x; Barbara C. 
:ROI�HW�DO���³0HWKDGRQH-5HODWHG�'HDWKV�LQ�3DOP�%HDFK�&RXQW\�´�Journal of Forensic 
Sciences 49, no. 2 (2004): 1±4, https://doi.org/10.1520/JFS2003221; Elizabeth Ernst et 
DO���³0HWKDGRQH-Related Deaths in Western Australia 1993±���´�Australian and New 
Zealand Journal of Public Health 26, no. 4 (2002): 364±70, 
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A synergistic effect occurs when multiple agents interact with each other so that 

their combined effect is greater than the sum of their individual effects.10 This can also be 

explained by the equation 5+5=25. It is obvious that the sum of the two numbers on the 

right should equal 10, but their combination gives a greater number, 25. Synergism can 

be either good or bad. It can allow for a therapeutic effect of a drug to be achieved at 

lower doses, which is beneficial.11  

The interaction of long-acting beta-agonists (LABA) and inhaled corticosteroids 

(ICS) is an example of a synergistic interaction. LABAs and ICS are two drug types used 

to ease the inflamed asthmatic airways. LABAs are bronchodilators that can provide 12+ 

hRXUV�RI�WKHUDSHXWLF�HIIHFW�E\�VWLPXODWLQJ�WKH�ȕ�-adernegic receptors.12 ICSs suppress 

 
https://doi.org/10.1111/j.1467-842X.2002.tb00188.x; *DU�0LQJ�&KDQ�HW�DO���³7HVWLQJ�
Positive for Methadone and Either a Tricyclic Antidepressant or a Benzodiazepine Is 
$VVRFLDWHG�ZLWK�DQ�$FFLGHQWDO�2YHUGRVH�'HDWK��$QDO\VLV�RI�0HGLFDO�([DPLQHU�'DWD�´�
Academic Emergency Medicine 13, no. 5 (2006): 543±47, 
https://doi.org/10.1197/j.aem.2005.12.011. 

 
10 Kyle R. Roell, David M. Reif, and Alison A. Motsinger-5HLI��³$Q�,QWURGXFWLRQ�

to Terminology and Methodology of Chemical Synergy²Perspectives from Across 
'LVFLSOLQHV�´�Frontiers in Pharmacology 8 (2017), 
https://doi.org/10.3389/fphar.2017.00158. 

 
11 0XUDW�&RNRO�HW�DO���³6\VWHPDWLF�([SORUDWLRQ�RI�6\QHUJLVWLF�'UXJ�3DLUV�´�

Molecular Systems Biology 7 (November 8, 2011): 544, 
https://doi.org/10.1038/msb.2011.71. 

12 %DGUXO�$��&KRZGKXU\�DQG�*HUDOG�'DO�3DQ��³7KH�)'$�DQG�6DIH�8VH�RI�/RQJ-
Acting Beta-$JRQLVWV�LQ�WKH�7UHDWPHQW�RI�$VWKPD�´�New England Journal of Medicine 
362, no. 13 (April 1, 2010): 1169±71, https://doi.org/10.1056/NEJMp1002074. 
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inflammation by deactivating genes that can cause airway inflammation.13 When used 

together, they show effectiveness that is greater than their individual effects.14  

A potentiation effect is a subset of a synergistic effect that occurs when the effect 

of one agent is enhanced by another agent that has little to no effect alone.15 This can be 

explained through by the equation 5+0=25. Together the conditions have a significant 

effect, while alone one of the conditions has no effect.  

An example of a potentiation interaction is vanillin potentiating carbon 

WHWUDFKORULGH¶V�KHSDWRWoxicity. Carbon tetrachloride possesses hepatotoxic properties 

which can result in elevated serum values of ALP, AST, and ALT.16 When vanillin is 

administered by itself, it does not modify liver function; however, when it is administered 

in conjunction with carbon tetrachloride, the vanillin significantly increases the serum 

values of ALP, AST, and ALT.17  7KHVH�HOHYDWHG�VHUXP�YDOXHV�GHPRQVWUDWH�YDQLOOLQ¶V�

SRWHQWLDWLRQ�RI�FDUERQ�WHWUDFKORULGH¶V�KHSDWRWR[LFLW\� 

 
13 3HWHU�-��%DUQHV��³,QKDOHG�&RUWLFRVWHURLGV�´�Pharmaceuticals 3, no. 3 (March 

2010): 514±40, https://doi.org/10.3390/ph3030514. 
 
14 Robert 1HZWRQ�DQG�0DUN�$�*LHPE\F]��³8QGHUVWDQGLQJ�+RZ�/RQJဨDFWLQJ�Ǻ�ဨ

adrenoceptor Agonists Enhance the Clinical Efficacy of Inhaled Corticosteroids in 
Asthma ± DQ�8SGDWH�´�British Journal of Pharmacology 173, no. 24 (December 2016): 
3405±30, https://doi.org/10.1111/bph.13628. 

 
15 $QWRQLR�)��+HUQiQGH]�HW�DO���³7R[LF�(IIHFWV�RI�3Hsticide Mixtures at a 

0ROHFXODU�/HYHO��7KHLU�5HOHYDQFH�WR�+XPDQ�+HDOWK�´�Toxicology, Emerging health 
issues from chronic pesticide exposure: Innovative methodologies and effects on 
molecular cell and tissue level, 307 (May 10, 2013): 136±45, 
https://doi.org/10.1016/j.tox.2012.06.009. 

 
16 .��+��-DQED]�DQG�$��+��*LODQL��³3RWHQWLation of Paracetamol and Carbon 

Tetrachloride-,QGXFHG�+HSDWRWR[LFLW\�LQ�5RGHQWV�E\�WKH�)RRG�$GGLWLYH�9DQLOOLQ�´�Food 
and Chemical Toxicology 37, no. 6 (June 1, 1999): 603±7, https://doi.org/10.1016/S0278-
6915(99)00039-3. 

17 Janbaz and Gilani. 
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An antagonistic effect occurs when the effect of one agent is diminished by 

another agent. This can be explained through the equation 5+5=3. Although separately 

WKH\�ERWK�KDYH�D�FHUWDLQ�HIIHFW��WRJHWKHU�WKH\�GLPLQLVK�WKH�RWKHU¶V�HIIHFW�� 

A classic example of the antagonistic effect is the interaction between opioids and 

opioid receptor antagonists such as naloxone, naltrexone, and methylnaltrexone. Opioid 

receptor antagonists block the effects of opioids by serving as competitive inhibitors of 

WKH�ERG\¶V�RSLRLG�UHFHSWRUV�18 Methylnaltrexone is known for its ability to reduce opioid-

induced constipation.19 

 
 

Interactions & Comorbidity: 
 

When applying these tenets to comorbidity, one will typically use the terms 

additivity or synergism. Additivity would be used if the diseases have no interaction that 

causes an increased severity of one or all of comorbid diseases. Synergism would be used 

if there is an interaction that causes one or more of the conditions to be exacerbated. 

Antagonism is used rarely. One of the few examples would be the interaction of sickle 

cell anemia and malaria. In a person who is heterozygous for the sickle cell trait, the 

sickle cell anemia will protect the individual from malaria.20 Potentiation is also rare and 

 
18 -RQDWKDQ�7KHULRW��6DUDK�6DELU��DQG�0RKDPPDGUH]D�$]DGIDUG��³2SLRLG�

$QWDJRQLVWV�´�LQ�StatPearls (Treasure Island (FL): StatPearls Publishing, 2020), 
http://www.ncbi.nlm.nih.gov/books/NBK537079/. 

 
19 -D\�7KRPDV�HW�DO���³0HWK\OQDOWUH[RQH�IRU�2SLRLG-Induced Constipation in 

$GYDQFHG�,OOQHVV�´�UHVHDUFK-article, http://dx.doi.org/10.1056/NEJMoa0707377 
(Massachusetts Medical Society, July 17, 2009), world, 
https://doi.org/10.1056/NEJMoa0707377. 

20 /XFLR�/X]]DWWR��³6LFNOH�&HOO $QDHPLD�DQG�0DODULD�´�Mediterranean Journal of 
Hematology and Infectious Diseases 4, no. 1 (October 3, 2012), 
https://doi.org/10.4084/MJHID.2012.065. 
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would occur if one typically benign comorbid condition exacerbates the other comorbid 

condition. It may be useful to know the term potentiation in case one encounters someone 

who disbelieves the effects mental illnesses can inflict upon the body of an individual 

(this stance is not promoted in this thesis) and wishes to consider mental illnesses a 

condition that can exacerbate other conditions without having effects itself.  These people 

may consider the exacerbation of diseases via a mental illness to be potentiation not 

synergism or additivity because they view mental illness as benign to the rest of the body.  

 
 

Asthma & Rhinitis Comorbidity  
 

Asthma and allergic rhinitis are a common comorbidity. In this comorbidity, the 

two diseases act synergistically to cause a worsening of symptoms that can often lead to 

hospitalization. 

The exact definition of asthma is controversial. This can be due to reasons 

regarding the reversibility of asthma and the nature of its cause. Asthma was once 

thought to be a completely reversible disorder but that is no longer recognized to be the 

case.21 Older definitions of asthma may still call it a reversible condition. The cause of 

asthma is still ambiguous.22 However, it is now believed that asthma may be 

heterogeneous, which means that it may be caused by diverse sets of conditions.23 It is 

 
21 -DFN�$��(OLDV�HW�DO���³$LUZD\�5HPRGHOLQJ�LQ�$VWKPD�´�The Journal of Clinical 

Investigation 104, no. 8 (October 15, 1999): 1001±6, https://doi.org/10.1172/JCI8124. 
 

22 *UHJRU\�*��.LQJ��&DWKHULQH�(��)DUURZ��DQG�'DYLG�*��&KDSPDQ��³'LVPDQWOLQJ�
the Pathophysiology of Asthma UsiQJ�,PDJLQJ�´�European Respiratory Review 28, no. 
152 (June 30, 2019), https://doi.org/10.1183/16000617.0111-2018. 
 

23 .LQJ��)DUURZ��DQG�&KDSPDQ��.LDQ�)DQ�&KXQJ��³3HUVRQDOLVHG�0HGLFLQH�LQ�
$VWKPD��7LPH�IRU�$FWLRQ��1XPEHU���LQ�WKH�6HULHV�µ3HUVRQDOLVHG�0HGLFLQH�LQ�5HVSLUDWRU\�
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known that asthma is caused by environmental factors, genetic factors, and by an 

interplay between genetic and environmental factors.24 It is even believed that sex 

hormones may have an effect on the etiology of asthma.25 Due to these confusions, 

asthma is often given a rather broad definition stating that it is a disease causing a 

variable amount of airflow obstruction.26 Other times, asthma is defined as an umbrella 

term for several diseases that all have the clinical manifestations.27 Asthma is a common 

condition and has been estimated to affect 15 million people in the United States.28  

 
'LVHDVHV¶�(GLWHG�E\�5HQDXG�/RXLV�DQG�1LFRODV�5RFKH�´�European Respiratory Review 
26, no. 145 (September 30, 2017), https://doi.org/10.1183/16000617.0064-2017; Tara F. 
&DUU�DQG�(XJHQH�%OHHFNHU��³$VWKPD�+HWHURJHQHLW\�DQG�6HYHULW\�´�The World Allergy 
Organization Journal 9, no. 1 (November 29, 2016), https://doi.org/10.1186/s40413-016-
0131-2. 

 
24 Lee Maddox and David A. SchwarW]��³7KH�3DWKRSK\VLRORJ\�RI�$VWKPD�´�

Annual Review of Medicine 53, no. 1 (2002): 477±98, 
https://doi.org/10.1146/annurev.med.53.082901.103921; Shyamali C. Dharmage, Jennifer 
/��3HUUHW��DQG�$GQDQ�&XVWRYLF��³(SLGHPLRORJ\�RI�$VWKPD�LQ�&KLOGUHQ�DQG�$GXOWV�´�
Frontiers in Pediatrics 7 (2019), https://doi.org/10.3389/fped.2019.00246. 

 
25 'KDUPDJH��3HUUHW��DQG�&XVWRYLF��³(SLGHPLRORJ\�RI�$VWKPD�LQ�&KLOGUHQ�DQG�

$GXOWV�´ 
 
26 0DOFROP�5��6HDUV��³'HVFULSWLYH�(SLGHPLRORJ\�RI�$VWKPD�´�The Lancet 350 

(October 1, 1997): S1±4, https://doi.org/10.1016/S0140-6736(97)90028-3; F. E. 
+DUJUHDYH�DQG�3��1DLU��³7KH�'HILQLWLRQ�DQG�'LDJQRVLV�RI�$VWKPD�´�Clinical & 
Experimental Allergy 39, no. 11 (2009): 1652±58, https://doi.org/10.1111/j.1365-
2222.2009.03321.x. 

 
27 'KDUPDJH��3HUUHW��DQG�&XVWRYLF��³(SLGHPLRORJ\�RI�$VWKPD�LQ�&KLOGUHQ�DQG�

$GXOWV´��.LDQ�)DQ &KXQJ��³3HUVRQDOLVHG�0HGLFLQH�LQ�$VWKPD��7LPH�IRU�$FWLRQ��1XPEHU�
��LQ�WKH�6HULHV�µ3HUVRQDOLVHG�0HGLFLQH�LQ�5HVSLUDWRU\�'LVHDVHV¶�(GLWHG�E\�5HQDXG�/RXLV�
DQG�1LFRODV�5RFKH�´�European Respiratory Review 26, no. 145 (September 30, 2017), 
https://doi.org/10.1183/16000617.0064-2017. 

 
28 (OLDV�HW�DO���³$LUZD\�5HPRGHOLQJ�LQ�$VWKPD�´�2FWREHU���������� 
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Asthma exacerbation occurs in two phases an early and a late phase. In the early 

phase, IgE antibodies are sensitized and released by plasma cells.29 These IgE antibodies 

then bind to mast cells and basophils.30 Allergens in the lungs can then cause an IgE-

dependent release of histamine, prostaglandins, and leukotrienes.31 Additionally, 

allergens cause the mast cells to degranulate.32 Then, the smooth muscle in airways 

tighten, causing bronchoconstriction, and certain other cells, such as the Th2 lymphocytes 

help sustain the inflammation. In the late phase, Eosinophils, basophils, neutrophils, and 

helper and memory T-cells congregate in the lungs and increase bronchoconstriction and 

cause inflammation It is also known that asthma causes airway remodeling. This 

remodeling, which causes chronic inflammation happens many ways ranging from 

smooth muscle hypertrophy and hyperplasia to the transitioning of epithelial cells to 

mesenchymal cells.33 

 
29 Benjamin Sinyor and Livasky Concepcion PHUH]��³3DWKRSK\VLRORJ\�2I�

$VWKPD�´�LQ�StatPearls (Treasure Island (FL): StatPearls Publishing, 2020), 
http://www.ncbi.nlm.nih.gov/books/NBK551579/. 

 
30 Sinyor and Concepcion Perez. 
 
31 .LQJ��)DUURZ��DQG�&KDSPDQ��³'LVPDQWOLQJ�WKH�3DWKRSK\VLRORJ\�RI�$VWKPD�

8VLQJ�,PDJLQJ´��1DWLRQDO�$VWKPD�(GXFDWLRQ�DQG�3UHYHQWLRQ�3URJUDP�DQG�7KLUG�([SHUW�
Panel on the Diagnosis and Management of Asthma, Section 2, Definition, 
Pathophysiology and Pathogenesis of Asthma, and Natural History of Asthma, Expert 
Panel Report 3: Guidelines for the Diagnosis and Management of Asthma (National 
Heart, Lung, and Blood Institute (US), 2007), 
https://www.ncbi.nlm.nih.gov/books/NBK7223/. 

 
32 6LQ\RU�DQG�&RQFHSFLRQ�3HUH]��³3DWKRSK\VLRORJ\�2I�$VWKPD�´ 
 
33 Sinyor and Concepcion Perez; Program and Asthma, Section 2, Definition, 

Pathophysiology and Pathogenesis of Asthma, and Natural History of Asthma; Jack A. 
(OLDV�HW�DO���³$LUZD\�5HPRGHOLQJ�LQ�$VWKPD�´�The Journal of Clinical Investigation 104, 
no. 8 (October 15, 1999): 1001±6, https://doi.org/10.1172/JCI8124. 
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Bousquet et al. GHILQHV�UKLQLWLV�DV�³DQ�LQIODPPDWLRQ�RI�WKH�OLQLQJ�RI�WKH�QRVH�DQG�LV�

characterized by nasal symptoms including anterior or posterior rhinorrhea, sneezing, 

QDVDO�EORFNDJH�DQG�RU�LWFKLQJ�RI�WKH�QRVH�´34 Rhinitis can be either infectious or 

noninfectious. Allergic rhinitis, a type of noninfectious rhinitis, is the most common 

type.35 Allergic rhinitis is a symptomatic disorder caused by a IgE-mediated immune 

response to allergens.36 When allergens bind to IgE, they cause the IgE to release 

proinflammatory mediators and cytokines which help elicit an allergic response.37 This 

allergic response can be observed through the symptoms that an individual with rhinitis 

may exhibit. An additional issue with rhinitis is that rhinitis is considered a risk factor for 

asthma. Wright et al. found that children who develop rhinitis in the first two years of life 

are more likely to develop asthma.38 

It is estimated that over 80% of the asthmatic population also suffer from allergic 

rhinitis.39 It has also been found that the comorbidity between asthma and allergic rhinitis 

 
34 -��%RXVTXHW�HW�DO���³$OOHUJLF�5KLQLWLV�DQG�,WV�,PSDFW�RQ�$VWKPD��$5,$�������´�

Allergy 63, no. s86 (2008): 8±160, https://doi.org/10.1111/j.1398-9995.2007.01620.x. 
 
35 Anastasia Rowland-6H\PRXU��³5KLQLWLV�´�LQ�Decision Making in Medicine 

(Third Edition), ed. Stuart B. Mushlin and Harry L. Greene (Philadelphia: Mosby, 2010), 
32±35, https://doi.org/10.1016/B978-0-323-04107-2.50015-6. 

 
36 %RXVTXHW�HW�DO���³$OOHUJLF�5KLQLWLV�DQG�,WV�,PSDFW�RQ�$VWKPD��$5,$������´��

0DXUHHQ�(JDQ�DQG�6XSLQGD�%XQ\DYDQLFK��³$OOHUJLF�5KLQLWLV��7KH�µ*KRVW�'LDJQRVLV¶�LQ�
3DWLHQWV�ZLWK�$VWKPD�´ Asthma Research and Practice 1, no. 1 (September 7, 2015): 8, 
https://doi.org/10.1186/s40733-015-0008-0. 

 
37 -LOO�$��3RROH�DQG�/DQQ\�-��5RVHQZDVVHU��³7KH�5ROH�RI�,PPXQRJOREXOLQ�(�DQG�

,PPXQH�,QIODPPDWLRQ��,PSOLFDWLRQV�LQ�$OOHUJLF�5KLQLWLV�´�Current Allergy and Asthma 
Reports 5, no. 3 (May 1, 2005): 252±58, https://doi.org/10.1007/s11882-005-0045-5. 

38 $QQH�/��:ULJKW�HW�DO���³(SLGHPLRORJ\�RI�3K\VLFLDQ-Diagnosed Allergic Rhinitis 
LQ�&KLOGKRRG�´�Pediatrics 94, no. 6 (December 1, 1994): 895±901. 

 
39 (JDQ�DQG�%XQ\DYDQLFK��³$OOHUJLF�5KLQLWLV´��%RXVTXHW�HW�DO���³$OOHUJLF�5KLnitis 

DQG�,WV�,PSDFW�RQ�$VWKPD��$5,$�������´ 
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is frequently underdiagnosed. In fact, a study of 166 American children with asthma 

found that 72% of the children possessed rhinitis symptoms, additionally, 53% of the 

children were undiagnosed for rhinitis.40 This widespread incidence of comorbidity is a 

problem because possessing the comorbidity of allergic rhinitis and asthma leads to 

LQFUHDVHG�VHYHULW\�RI�DVWKPD�V\PSWRPV��%RXVTXHW�HW�DO��IRXQG�WKDW�³8QLYDULDWH�DQDO\VLV�

suggests that significantly more patients with concomitant AR experienced emergency 

room visits (3.6% vs. 1.7%, P=0.029) and asthma attacks (21.3% vs. 17.1%, P �������´41 

Bousquet et al. also used a multivariate analysis to confirm these results.  Unfortunately, 

the mechanism of the interaction causing this synergistic comorbidity has not found and 

proven.42 

 

 

 

 
  

 
40 &\QWKLD�$��(VWHEDQ�HW�DO���³8QGHUGLDJQRVHG�DQG�8QGHUWUHDWHG�$OOHUJLF�5KLQLWLV�

in Urban School-$JHG�&KLOGUHQ�ZLWK�$VWKPD�´�Pediatric Allergy, Immunology, and 
Pulmonology 27, no. 2 (June 1, 2014): 75±81, https://doi.org/10.1089/ped.2014.0344. 

 
41 J��%RXVTXHW�HW�DO���³,QFUHDVHG�5LVN�RI�$VWKPD�$WWDFNV�DQG�(PHUJHQF\�9LVLWV�

among Asthma Patients with Allergic Rhinitis: A Subgroup Analysis of the Improving 
$VWKPD�&RQWURO�7ULDO�´�Clinical & Experimental Allergy 35, no. 6 (2005): 723±27, 
https://doi.org/10.1111/j.1365-2222.2005.02251.x. 

 
42 (JDQ�DQG�%XQ\DYDQLFK��³$OOHUJLF�5KLQLWLV´��:ULJKW�HW�DO���³(SLGHPLRORJ\�RI�

Physician-DLDJQRVHG�$OOHUJLF�5KLQLWLV�LQ�&KLOGKRRG�´ 
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Lung Cancer & COPD Comorbidity: 
 

Another common comorbidity is that of lung cancer and chronic obstructive 

pulmonary disease (COPD). Lung cancer, also known as bronchogenic carcinoma, can be 

defined as having tumors in the lung parenchyma or bronchi.43 There are two broad 

categories of lung cancer: small cell lung cancer (SCLC) and non-small cell lung cancer 

(NSCLC), which makes up 85% of lung cancer cases.44 SCLC comes from tumors 

derived from neuroendocrine cells and make up approximately 15% of lung cancer 

cases.45 NSCLC makes up approximately 85% of lung cancer cases and is divided into 3 

subtypes: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma.46 

Adenocarcinoma can be defined as a carcinoma with an acinar/tubular structure or mucin 

production.47 Squamous cell carcinoma can be defined as carcinoma with keratinization 

or intercellular bridges.48 Large cell carcinoma can be defined as carcinoma that lacks 

 
43 )DUD]�6LGGLTXL�DQG�$EGXO�+��6LGGLTXL��³/XQJ�&DQFHU�´�LQ�StatPearls (Treasure 

Island (FL): StatPearls Publishing, 2020), 
http://www.ncbi.nlm.nih.gov/books/NBK482357/. 

 
44 &KDUOHV�6��'HOD�&UX]��/\QQ�7��7DQRXH��DQG�5LFKDUG�$��0DWWKD\��³/XQJ�&DQFHU��

(SLGHPLRORJ\��(WLRORJ\��DQG�3UHYHQWLRQ�´�Clinics in Chest Medicine 32, no. 4 (December 
2011), https://doi.org/10.1016/j.ccm.2011.09.001. 

 
45 'HOD�&UX]��7DQRXH��DQG�0DWWKD\��*UHJRU\�3��.DOHPNHULDQ�HW�DO���³6PDOO�&HOO�

/XQJ�&DQFHU�´�-RXUQDO�RI�WKH�1DWLRQDO�&RPSUHKHQVLYH�&DQFHU�1HWZRUNࣟ��-1&&1 11, no. 
1 (January 1, 2013): 78±98. 

 
46 'HOD�&UX]��7DQRXH��DQG�0DWWKD\��³/XQJ�&DQFHU�´ 
 
47 .HQWDUR�,QDPXUD��³/XQJ�&DQFHU��8QGHUVWDQGLQJ�,WV�0ROHFXODU�3DWKRORJ\�DQG�

WKH������:+2�&ODVVLILFDWLRQ�´�Frontiers in Oncology 7 (August 28, 2017), 
https://doi.org/10.3389/fonc.2017.00193. 

 
48 Inamura. 
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adenoidal or squamous morphology features.49 Lung cancer is the leading cause of cancer 

deaths worldwide.50 6LGGLTXL��)��HW�DO��VD\V��³,W�LV�HVWLPDWHG�WKDW�WKHUH�DUH���������QHZ�

cases of lung cancer in the United States annually and approximately 160,000 die because 

RI�OXQJ�FDQFHU�´51 The number one cause of lung cancer is smoking, and it is thought that 

90% of lung cancer deaths are due to smoking.52 The pathophysiology of lung cancer is 

still not completely understood, but it is thought that carcinogens can cause dysplasia of 

lung epithelium, which can lead to genetic effects.53  

According to Devine, J. F., chronic obstructive pulmonary disease (COPD) 

³FRPSULVHV�D�GLYHUVH�JURXS�RI�FOLQLFDO�V\QGURPHV�WKDW�VKDUH�WKH�FRPPRQ�IHDWXUH�RI�

OLPLWDWLRQ�RI�H[SLUDWRU\�DLUIORZ�´54 The leading cause of COPD is smoking; however, 

there is still a large group of patients with COPD who have never smoked.55 It is believed 

 
49 /LX�;LDRFKXDQ�HW�DO���³&OLQLFDO�&KDUDFWHULVWLFV�DQG�3URJQRVLV�RI�3XOPRQDU\�

/DUJH�&HOO�&DUFLQRPD��$�3RSXODWLRQဨEDVHG�5HWURVSHFWLYH�6WXG\�8VLQJ�6((5�'DWD�´�
Thoracic Cancer 11, no. 6 (June 2020): 1522±32, https://doi.org/10.1111/1759-
7714.13420. 

 
50 &KDUORWWH�/HGXF�HW�DO���³&RPRUELGLWLHV�LQ�WKH�Management of Patients with Lung 

&DQFHU�´�European Respiratory Journal 49, no. 3 (March 1, 2017), 
https://doi.org/10.1183/13993003.01721-������&��0DUWLQ�7DPPHPDJL�HW�DO���³,PSDFW�RI�
&RPRUELGLW\�RQ�/XQJ�&DQFHU�6XUYLYDO�´�International Journal of Cancer 103, no. 6 
(2003): 792±802, https://doi.org/10.1002/ijc.10882. 

 
51 6LGGLTXL�DQG�6LGGLTXL��³/XQJ�&DQFHU�´ 
 
52 6LGGLTXL�DQG�6LGGLTXL��$QWKRQ\�-��$OEHUJ�HW�DO���³(SLGHPLRORJ\�RI�/XQJ�

&DQFHU�´�Chest 143, no. 5 Suppl (May 2013): e1S-e29S, https://doi.org/10.1378/chest.12-
2345. 

 
53 6LGGLTXL�DQG�6LGGLTXL��³/XQJ &DQFHU�´ 
 
54 -RKQ�)��'HYLQH��³&KURQLF�2EVWUXFWLYH�3XOPRQDU\�'LVHDVH��$Q�2YHUYLHZ�´�

American Health & Drug Benefits 1, no. 7 (September 2008): 34±42. 
 
55 Devine. 
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that there is a genetic risk factor to COPD, which means that COPD can be caused by 

both genetic and environmental risk factors.56 COPD is an extremely common condition 

as well as the fourth leading cause of death worldwide.57 COPD causes breathing 

obstruction via inflammation of the airways, lung parenchyma, and pulmonary 

vasculature.58 This inflammation causes a decreased forced expiratory volume and tissue 

damage that leads to impaired gas exchange.59 These damages can bring about structural 

changes sch as emphysema.60 Emphysema manifests itself as alveolar damage.61Patients 

with COPD often possess the symptoms: persistent cough, particularly with mucus 

production, dyspnea (especially with exercise), wheezing, and chest tightness. 

COPD and lung cancer are closely related and often comorbid because they share 

the same common risk factor of smoking exposure.62 Additionally, COPD itself has been 

 
56 A. J. SandfoUG��7��'��:HLU��DQG�3��'��3DUH��³*HQHWLF�5LVN�)DFWRUV�IRU�&KURQLF�

2EVWUXFWLYH�3XOPRQDU\�'LVHDVH�´�European Respiratory Journal 10, no. 6 (June 1, 1997): 
1380±91. 

 
57 /HGXF�HW�DO���³&RPRUELGLWLHV�LQ�WKH�0DQDJHPHQW�RI�3DWLHQWV�ZLWK�/XQJ�&DQFHU´��

'DYLG�0�0DQQLQR�DQG�$�6RQLD�%XLVW��³*OREDO�%XUGHQ�RI�&23'��5LVN�)DFWRUV��
3UHYDOHQFH��DQG�)XWXUH�7UHQGV�´�The Lancet 370, no. 9589 (September 1, 2007): 765±73, 
https://doi.org/10.1016/S0140-6736(07)61380-���5LKRQJ�=KDL�HW�DO���³7KH�,PSDFW�RI�
Coexisting COPD on Survival of Patients With Early-Stage Non-Small Cell Lung Cancer 
8QGHUJRLQJ�6XUJLFDO�5HVHFWLRQ�´�Chest 145, no. 2 (February 2014): 346±53, 
https://doi.org/10.1378/chest.13-1176. 

 
58 $QXM�.��$JDUZDO��$YDLV�5DMD��DQG�%UDQGRQ�'��%URZQ��³&KURQLF�2EVWUXFWLYH�

3XOPRQDU\�'LVHDVH�´�LQ�StatPearls (Treasure Island (FL): StatPearls Publishing, 2020), 
http://www.ncbi.nlm.nih.gov/books/NBK559281/. 

 
59 Agarwal, Raja, and Brown. 
 
60 Agarwal, Raja, and Brown. 
 
61 'HYLQH��³&KURQLF�2EVWUXFWLYH�3XOPRQDU\�'LVHDVH´��3DUXO�3DKDO��$NVKD\�$YXOD��

DQG�6DQGHHS�6KDUPD��³(PSK\VHPD�´�LQ�StatPearls (Treasure Island (FL): StatPearls 
Publishing, 2020), http://www.ncbi.nlm.nih.gov/books/NBK482217/. 

62 /HGXF�HW�DO���³&RPRUELGLWLHV�LQ�WKH�0DQDJHPHQW�RI�3DWLHQWV�ZLWK�/XQJ�&DQFHU�´ 
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IRXQG�WR�EH�DQ�LPSRUWDQW�ULVN�IDFWRU�IRU�OXQJ�FDQFHU��/HGXF��&�HW�DO��VWDWHG�WKDW�³VPRNHUV�

with COPD are five times more likely to develop lung cancer than smokers without 

&23'�´63 This may be a result of the fact that reduced COPD is capable of reducing lung 

function. Although there are some confounding variables which may affect the percent 

comorbidity, cross-sectional studies show that 40-70% of those diagnosed with lung 

cancer also have comorbid COPD.64 Other studies have shown that at least half of lung 

cancer cases have comorbid COPD.65 Lee, J. H et al. found that reduced lung function, 

measured by a low forced expiratory volume in 1 second, is strongly associated with 

mortality in patients with NSCLC.66 COPD is known to cause a reduced forced 

expiratory volume in 1 second.67 This correlation means that COPD can be a cause 

increased mortality in patients with lung cancer. The interaction between COPD and lung 

 
63 Leduc et al. 
 
64 -��&RQJOHWRQ�DQG�0��)��0XHUV��³7KH�,QFLGHQFH�RI�$LUIORZ�2EVWUXFWLRQ�LQ�

Bronchial Carcinoma, Its Relation to Breathlessness, and Response to Bronchodilator 
7KHUDS\�´�Respiratory Medicine 89, no. 4 (April 1, 1995): 291±96, 
https://doi.org/10.1016/0954-6111(95)90090-;��5DJKX�6��/RJDQDWKDQ�HW�DO���³3UHYDOHQFH�
of COPD in Women Compared to Men Around the Time of Diagnosis of Primary Lung 
&DQFHU�´�Chest 129, no. 5 (May 1, 2006): 1305±12, 
https://doi.org/10.1378/chest.129.5.1305; R. 3��<RXQJ�HW�DO���³&23'�3UHYDOHQFH�,V�
,QFUHDVHG�LQ�/XQJ�&DQFHU��,QGHSHQGHQW�RI�$JH��6H[�DQG�6PRNLQJ�+LVWRU\�´�European 
Respiratory Journal 34, no. 2 (August 1, 2009): 380±86, 
https://doi.org/10.1183/09031936.00144208. 

 
65 <RXQJ�HW�DO���³&23'�3UHYDOHQFH�,V�,QFUHDVHG�LQ�/XQJ�&DQFHU��,QGHSHQGHQW�RI�

$JH��6H[�DQG�6PRNLQJ�+LVWRU\�´ 
 
66 -LQ�+ZD�/HH�HW�DO���³)RUFHG�([SLUDWRU\�9ROXPH�LQ�2QH�6HFRQG�DV�D�3URJQRVWLF�

Factor in Advanced Non-6PDOO�&HOO�/XQJ�&DQFHU�´�Journal of Thoracic Oncology 6, no. 
2 (February 1, 2011): 305±9, https://doi.org/10.1097/JTO.0b013e318201884b. 

 
67 JoH�'HYDVDKD\DP��.LOLDQ�/D)UHQLHUH��DQG�5RRSD�1DLN��³&KURQLF�(PSK\VHPD�´�

in StatPearls (Treasure Island (FL): StatPearls Publishing, 2020), 
http://www.ncbi.nlm.nih.gov/books/NBK539910/. 
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cancer is shown through the mechanisms of oxidative damage and chronic inflammation 

enhancing oncogenesis involving inflammatory mediators and DNA repair and of the 

obstructed airways causing carcinogen retention.68  

  

 
68 /HGXF�HW�DO���³&RPRUELGLWLHV�LQ�WKH�0DQDJHPHQW�RI�3DWLHQWV�ZLWK�/XQJ�&DQFHU�´ 
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CHAPTER 2 
 

Vaping Review & Experimental Section 
 
 

A rising crisis in the United States is the use of electronic cigarettes (e-cigarettes). 

A survey from the CDC found that 14.9% of adults in the US have used an e-cigarette.69 

Other studies have found similarly alarming, accelerated rates of e-cigarette use in teens. 

One such study found that from 2017 to 2019 e-cigarette use rose from 7.5% to 16.5% in 

8th graders,  15.8% to 30.7% in 10th graders, and 18.8% to 35.3% in 12th graders.70 By 

2020, these rates have plateaued with e-cigarette usage remain around 16.6% in 8th 

graders,  30.7% in 10th graders, and 34.5% in 12th graders.71 Although these surveys 

indicate plateaued usage, the current levels of use in middle to high-school aged 

individuals still represent a large risk and an epidemiological concern as these 

adolescents grow into adulthood. 

 

 
69 ³3URGXFWV�- Data Briefs - Number 365 - $SULO������´�$SULO�����������

https://www.cdc.gov/nchs/products/databriefs/db365.htm. 
 

70 1DWLRQDO�,QVWLWXWH�RQ�'UXJ�$EXVH��³6WXG\��6XUJH�RI�7HHQ�9DSLQJ�/HYHOV�RII��EXW�
5HPDLQV�+LJK�DV�RI�(DUO\������´�1DWLRQDO�,QVWLWXWH�RQ�'UXJ�$EXVH��'HFHPEHU�����������
https://www.drugabuse.gov/news-events/news-releases/2020/12/study-surge-of-teen-
vaping-levels-off-but-remains-high-as-of-early-2020. 

 
71 Abuse. 
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Figure 2: The rise in popularity of vaping by grade. 
 
 

E-cigarette usage has been linked to higher risk and susceptibility of illness due to 

lower immune functions.72 It is widely known that there are numerous risks to any sort of 

tobacco use, these include but are not limited to pulmonary and cardiovascular disease. In 

addition to the known harmful effects of e-cigarette use, there are also still many 

unknown effects due to its relative novelty and lack of regulation in the components of e-

cigarettes. This is best demonstrated through an e-cigarette phenomenon called EVALI 

(e-cigarette or vaping use associated lung injury), which, from the first known case in 

March 31, 2019 until February 15, 2020, has reported 2,807 hospitalizations and 68 

confirmed deaths.73 One chemical found in e-cigarettes called vitamin E acetate was 

 
72 Jorge A. Masso-6LOYD�HW�DO���³&KURQLF�(-Cigarette Aerosol Inhalation Alters the 

Immune State of the Lungs and Increases ACE2 Expression, Raising Concern for Altered 
Response and Susceptibility to SARS-CoV-��´�Frontiers in Physiology 12 (2021), 
https://www.frontiersin.org/article/10.3389/fphys.2021.649604. 

 
73 C'&¶V�2IILFH�RQ�6PRNLQJ�DQG�+HDOWK��³6PRNLQJ�DQG�7REDFFR�8VH��(OHFWURQLF�

&LJDUHWWHV�´�&HQWHUV�IRU�'LVHDVH�&RQWURO�DQG�3UHYHQWLRQ��$XJXVW����������
https://www.cdc.gov/tobacco/basic_information/e-cigarettes/severe-lung-disease.html. 
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shown to be strongly associated with the induction of EVALI.74 There is still much to be 

researched around the chemical interactions in e-cigarette liquids and biological 

mechanisms and its contributions to EVALI.  E-cigarette fluids typically consist of water, 

a humectant as a solvent (such as propylene glycol or glycerin), flavorings, and an active 

ingredient (such as nicotine or CBD).75 However, the exact concentrations of each of 

these ingredients are either held as proprietary information or are variable. It should be 

noted that in general e-cigarette fluids contain twice as much flavoring ingredients when 

compared to the amount of active ingredient.76 A study showed that about 85% of e-

cigarette fluids had total flavoring concentrations greater than 1 mg/ml and 37% had total 

flavoring concentrations greater than 10 mg/ml.77 Therefore, in the studies presented in 

this chapter, we choose dosing concentrations similar to these estimated real-world 

exposure concentrations.  The chemical interactions between the liquids in e-cigarettes 

are largely unregulated and research suggests that the flavoring agents in these devices 

have a synergistically effect in its contribution to EVALI along with vitamin E acetate. 

Our study conducted toxicological evaluation to calculate lethal concentrations where 

50% of cells in culture die (LC50) after inoculation exposure to cinnamaldehyde and 

myrcene, two flavoring agents used in e-cigarette liquids. 

 
74 +HDOWK��%HQMDPLQ�&��%ORXQW�HW�DO���³9LWDPLQ�(�$FHWDWH�LQ�%URQFKRDOYHRODU-

/DYDJH�)OXLG�$VVRFLDWHG�ZLWK�(9$/,�´�New England Journal of Medicine 382, no. 8 
(February 20, 2020): 697±705, https://doi.org/10.1056/NEJMoa1916433. 

 
75 Engineering National Academies of Sciences et al., Toxicology of E-Cigarette 

Constituents, Public Health Consequences of E-Cigarettes (National Academies Press 
(US), 2018), https://www.ncbi.nlm.nih.gov/books/NBK507184/. 

 
76 (VWKHU�(��2PDL\H�HW�DO���³+LJK�&RQFHQWUDWLRQV�RI�)ODYRU�&KHPLFDOV�$UH�3UHVHQW�

LQ�(OHFWURQLF�&LJDUHWWH�5HILOO�)OXLGV�´�Scientific Reports 9, no. 1 (February 21, 2019): 
2468, https://doi.org/10.1038/s41598-019-39550-2. 

77 Omaiye et al. 
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Two major divisions of biological models that are utilized in in vaping/inhalation 

toxicology are in vivo and in vitro models. In vivo biological models expose a whole 

living model organism, also known as animal models to the experimental procedure.  In 

vitro biological models apply the experimental procedure to cells outside of a whole 

living model organism. An example of how this may be done is by culturing cells on a 

petri dish or well plate and then exposing those cells to a toxicant.  

In vivo models are often anecdotally considered to be the gold standard of 

biological models, this is because the whole organism can demonstrate all interactions 

between cell-cell and organ-organ communication versus a monoculture of a cell line. 

They are often used to assess multiple effects induced by a toxicant. Unfortunately, there 

are drawbacks to in vivo models; these include time, space, money, and ethical 

considerations. These problems are minimized when using adequately characterized and 

complex in vitro models. In vitro models also can be cultured on well plates that enable 

numerous trials to be carried out simultaneously. These advantages of in vitro models 

lend them to be significantly better for high-throughput testing. Since there are numerous 

chemicals used in e-cigarette fluids, it is important for toxicological studies of e-

cigarettes to use a high throughput in vitro cell line.    

There have been many studies conducted to mechanistically understand the 

biological consequences of vaping, these include both in vitro, in vivo, and clinical 

studies.  Cytotoxicity and genotoxicity of e-cigarette fluids have been measured utilizing 

alveolar epithelial A549 cells and indicated significant DNA damage and high 

cytotoxicity.69  In addition to those findings, studies using another epithelial lung cell 

(NCI-H292) indicated that e-cigarette exposure resulted in lower viability and metabolic 
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activity and inflammatory activation with the express of interleukin (IL)-�ȕ��,/-6, IL-10, 

CXCL1, CXCL2 and CXCL10.78 A study using an in vitro biological model with A549 

lung cells demonstrated the cytotoxic and genotoxic potential of e-cigarette fluid.79  In 

vivo studies utilized adult female C57BL/6 mice demonstrated immunotoxicity and 

genotoxicity in the lungs.80 Regional effects have also been cited in literature with 

cytotoxicity and genotoxicity being indicated in the oropharynx.81 This implies that the 

toxicology susceptibility after e-cigarette exposure applies to  all areas of the airway and 

not just the lungs. Since the effects are severe everywhere there is exposure to e-cigarette 

aerosol, it logically follows that further research must be conducted on the chemicals, and 

their interactions leading to these levels of toxicity. 

Another concern with the risk associated with e-cigarette usage is its effects on 

lowered immune function and its relation to increased risk with COVID-19 infection.82 

 
78 1RHO�-��/HLJK�HW�DO���³)ODYRXULQJV�6LJQLILFDQWO\�$IIHFW�,QKDODWLRQ�7R[LFLW\�RI�

$HURVRO�*HQHUDWHG�IURP�(OHFWURQLF�1LFRWLQH�'HOLYHU\�6\VWHPV��(1'6��´�Tobacco 
Control 25, no. Suppl 2 (November 1, 2016): ii81±87, 
https://doi.org/10.1136/tobaccocontrol-2016-053205. 

 
79 &KULVWLDQ�.KDOLO�HW�DO���³(-Cigarette Aerosol Induced Cytotoxicity, DNA 

Damages and Late Apoptosis in Dynamically Exposed A549 &HOOV�´�Chemosphere 263 
(January 1, 2021): 127874, https://doi.org/10.1016/j.chemosphere.2020.127874. 

 
80 %ULWWDQ\�1��6]DIUDQ�HW�DO���³(OHFWURQLF-Cigarette Vehicles and Flavoring Affect 

Lung Function and Immune ResponsHV�LQ�D�0XULQH�0RGHO�´�International Journal of 
Molecular Sciences 21, no. 17 (January 2020): 6022, 
https://doi.org/10.3390/ijms21176022. 

 
81 &��6��7HOOH]�HW�DO���³&\WRWR[LFLW\�DQG�*HQRWR[LFLW\�RI�(-Cigarette Generated 

Aerosols Containing Diverse Flavoring Products and Nicotine in Oral Epithelial Cell 
/LQHV��´�7R[LFRORJLFDO�6FLHQFHVࣟ��$Q�2IILFLDO�-RXUQDO�RI�WKH�6RFLHW\�RI�7R[LFRORJ\ 179, 
no. 2 (February 2021): 220±28, https://doi.org/10.1093/toxsci/kfaa174. 

82 +XD�&DL��³6H[�'LIIHUHQFH�DQG�6PRNLQJ�3UHGLVSRVLWLRQ�LQ�3DWLHQWV�ZLWK�&29,'-
���´�The Lancet Respiratory Medicine 8, no. 4 (April 2020): e20, 
https://doi.org/10.1016/S2213-2600(20)30117-X. 
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This study inspires the question: do e-cigarette use and viral lung infections induce 

synergistic human health effects? Potentially, there is a risk that using e-cigarettes with 

comorbid conditions, both chronic and acute, could result in a synergistic interaction that 

could greatly enhance the dangers induced from both vaping and the secondary comorbid 

condition. For this reason, it is important that further research be done to compare healthy 

DQG�³GLVHDVHG´�VWDWHV�ZLWK�H-cigarette usage. This will be able to indicate synergistic 

effects from the comorbidity of diseases after vaping. 

The experimental design for this experiment can be viewed in Figure 3. This 

experiment consisted of two steps. The first step was to identify the preferred viability 

assay for our future toxicological assay, between the standard MTS assay and PrestoBlue 

viability assay using the e-cigarette flavoring, cinnamaldehyde. The second step was a 

toxicological comparison between the LC50 values of cinnamaldehyde and myrcene to 

determine how these flavorings affect viability of the A549 cells. 
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Figure 3: The experimental design for both steps of the experiment. 
 

 
The choice to use a A549 cell line was based on a couple factors. Like many other 

cell lines, A549 cells are adherent epithelial cells, which makes them easy to culture in 

T75 flasks and plate in 96 well plates. This enabled ease of propagating the large number 

of cells required and of setting up a way to test multiple replicates of an assay 

simultaneously using a plate reader. Differentiated A549 cells are also an extremely 

popular non-small cell lung cancer cell line to use and have been shown to model 

alveolar type II cells.83 These factors combined with their ease of acquisition made them 

an ideal cell type choice for these initial studies. 

 
83 .LPEHUO\�$��)RVWHU�HW�DO���³&KDUDFWHUL]DWLRQ�RI�WKH�$����&HOO�/LQH�DV�D�7\SH�,,�

PulmoQDU\�(SLWKHOLDO�&HOO�0RGHO�IRU�'UXJ�0HWDEROLVP�´�Experimental Cell Research 
243, no. 2 (September 15, 1998): 359±66, https://doi.org/10.1006/excr.1998.4172. 
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For this experiment, A549 cells from ATCC (Manassas, VA, USA) were 

purchased and used. These cells were cultured in Genesee Scientific T75 flasks (25-209, 

ThermoFisher Scientific Inc., Waltham, MA, USA) using Gibco RPMI-1640 medium 

(ThermoFisher Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal bovine 

serum (ThermoFisher Scientific Inc.) and 1% penicillin. These flasks were allowed to 

incubate at 37qC in an air-jacketed humidified incubator at 5% CO2 until they reached 

approximately 85% confluency. At the targeted confluency, cells were removed  with 

0.25% Trypsin-EDTA from the flask and plated onto Costar 96-well assay plates. Cells 

were counted using a Trypan-Blue exclusion assay on the Countess 3 FL cell counter 

(AMQAF2000, Invitrogen).  

Plating was done at 40,000 cells/cm2 to ensure that after one replication cycle, the 

cells would be confluent enough for testing. Using stoichiometry, a simplified equation, 

which is given below, can help take ensure no errors are made. 

 

�௦௨௧��௪݁݉ݑ݈ܸ ൌ �
ͶͲǡͲͲͲ�݈݈ܿ݁ݏ

௨௧ௗ�͓��௦��ݎܾ݁݉ݑܰ

ͳͲͲͲ� Ɋ� ൗ൘ܮ݉
 

 

ఓ��ௗ��௪݁݉ݑ݈ܸ ൌ ͳͲͲܮߤ� െ  ఓ���௦௨௧��௪݁݉ݑ݈ܸ

 

After plating onto a 96-well plate, cells were placed back to the incubator for 24 h to 

adhere and replicate for one cycle before testing was conducted. 

Dosing solutions were mixed in our own laboratory with dimethyl sulfoxide 

(DMSO) to help produced a homogenous solution. Myrcene (CAS 123-35-3) was 
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purchased from Acros Organics (Geel, Belgium). Cinnamaldehyde (CAS 14371-10-9) 

was purchased from Acros Organics. Due to the highly lipophilic nature and capability of 

dissolving plastic that certain toxicants possessed, glass scintillation were used as 

containers for all doses. 

The dosing solutions included pure RPMI media, 1% DMSO (Sigma-Aldrich, St. 

Louis, MO, USA) in RPMI media, 0.1% Triton-X (Sigma-Aldrich, St. Louis, MO, USA) 

and an assortment of concentrations of both flavoring agents in 1% DMSO. The DMSO 

and Triton-X were purchased from Sigma-Aldrich (St. Louis, MO, USA). The toxicants 

were mixed in a 1% DMSO solution to enable solvation. Without the 1% DMSO, the 

data would be erroneous due to separation of the solutions. Each plate included both a 1% 

DMSO and pure RPMI control to show that the 1% DMSO did not alter the results of the 

experiment. The plates used 0.1% Triton-X solution as a positive control to show 0% 

viability of the cells. 

Following formulation of the dosing solutions and the completion of the 24 h 

incubation time of the plated cells, the doses were added to the plates with replicates of 

six as shown in Table 3. The dose exposures were then allowed to incubate for 24 h at 

37qC and 5% CO2.  
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Table 3: Dosing arrangement for the 96 well plates.  Complete RPMI includes media plus 
10% fetal bovine serum (FBS) and 1% antibiotics (Penicillin-Streptomycin cocktail). 

DMSO stands for dimethyl VXOIR[LGH���$OO�H[SRVXUH�JURXSV�DUH�LQGLFDWHG�E\�³��
7R[LFDQW´�DQG�DUH�LQ�FRPSOHWH�530,�+ 1% DMSO solution in addition to the toxicant. 

 
 

Assays 
 

The plates were then subjected to either the CellTiter 96 AQueous One Solution 

Cell Proliferation MTS assay (G3582; Promega, Madison, WI, USA) or a PrestoBlue 

assay (A13261; Invitrogen Waltham, MA, USA). Assay was conducted according to the 

recommended manufacturer guidelines. For the MTS assay, the reagent was allowed to 

incubate for 2 h at 37qC and 5% CO2 before the absorbance reading was taken (490 nm). 

For PrestoBlue, the reagent was allowed to incubate for 20 min at 37qC and 5% CO2 and 

fluorescence was read at 560 nm/590 nm. For both assays, the readings  were taken using 

a BioTek Synergy H1 microplate reader at 37qC.  

Following the completion of the assays, analysis was carried out in a way that 

would enable two objectives: first, to decide which assay would be preferential for this 

study for continued research and, second, to compare the LC50 values of the two 

flavorings.   
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The MTS (MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium]) assay works by exposing cells to the MTS reagent and 

PHDVXULQJ�WKH�PHWDEROLF�DFWLYLW\��,W�LV�RIWHQ�FDOOHG�D�³RQH�VWHS´�077�DVVD\�84 MTS is a 

tetrazolium salt that forms soluble formazan upon bio-reduction inside of a cell.85 This 

formazan salt has a max absorbance of 490 nm which allows the quantification of how 

much metabolic activity occurred.86 Due to correlations between metabolic activity and 

cell viability, scientists often use the MTS assay as a cell proliferation assay. Although 

the MTS assay has been used as a cell viability assay, there are some concerns about its 

effectiveness in recent literature. The MTS encounters the problem that having double the 

amount of cells does not result in double the value of the reading.87 Additionally, 

differences between readings can rise or fall depending on how long the MTS was 

allowed to incubate.88 This is concerning because a cell viability assay being used to 

calculate the LC50 value needs to be able to accurately and precisely tell once there are 

half the amount of living cells present. Another major concern is that ingredients in 

 
84 Erman Salih Istifli, Mehmet Tahir Hüsunet, and Hasan Basri Ila, Cell Division, 

Cytotoxicity, and the Assays Used in the Detection of Cytotoxicity, Cytotoxicity - 
Definition, Identification, and Cytotoxic Compounds (IntechOpen, 2019), 
https://doi.org/10.5772/intechopen.88368. 

 
85 &��-��*RRGZLQ�HW�DO���³0LFURFXOWXUH�7HWUD]ROLXP�$VVD\V��$�&RPSDULVRQ�

EHWZHHQ�7ZR�1HZ�7HWUD]ROLXP�6DOWV��;77�DQG�076�´�Journal of Immunological 
Methods 179, no. 1 (January 1, 1995): 95±103, https://doi.org/10.1016/0022-
1759(94)00277-4. 

 
86 Istifli, Hüsunet, and Ila, Cell Division, Cytotoxicity, and the Assays Used in the 

Detection of Cytotoxicity. 
 
87 .XDQJ�7]X�+XDQJ��<HQ�+DR�&KHQ��DQG�$PHDH�0��:DONHU��³,QDFFXUacies in 

076�$VVD\V��0DMRU�'LVWRUWLQJ�(IIHFWV�RI�0HGLXP��6HUXP�$OEXPLQ��DQG�)DWW\�$FLGV�´�
BioTechniques 37, no. 3 (September 2004): 406±12, https://doi.org/10.2144/04373ST05. 

 
88 Huang, Chen, and Walker. 
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RPMI media can contribute to the activity and alter the assays reading.89 Some of the 

common components of media alter readings including phenol red and serums.90 This 

concern is especially noteworthy considering that the media used for many lung cells 

including the A549 cell line used in this experiment is RPMI.  

The PrestoBlue assay works by the bio-reduction of resazurin to resorufin during 

cellular respiration.91 The resorufin can then be measured by using a plate reader with 

excitation/emission wavelengths set at 560/590 nm.92  An important note about the 

PrestoBlue assay is that a previous experiment carried out on human corneal epithelial 

cells showed that PrestoBlue was faster and more sensitive than the MTS assay.93 

Although this previous experiment showed that PrestoBlue can be the better assay in 

human corneal epithelial cells, it was considered prudent to verify that it would be 

accurate and applicable to lung cells such as the A549 cell line. To achieve this end, the 

 
89 Huang, Chen, and Walker. 
 
90 .XDQJ�7]X�+XDQJ��<HQ�+DR�&KHQ��DQG�$PHDH�0��:DONHU��³,QDFFXUDFLHV�LQ�

076�$VVD\V��0DMRU�'LVWRUWLQJ�(IIHFWV�RI�0HGLXP��6HUXP�$OEXPLQ��DQG�)DWW\�$FLGV�´�
BioTechniques 37, no. 3 (September 2004): 406±12, https://doi.org/10.2144/04373ST05; 
)��'HQL]RW�DQG�5��/DQJ��³5DSLG�&RORULPHWULF�$VVD\�IRU�&HOO�*URZWK�DQG�6XUYLYDO��
Modifications to the Tetrazolium Dye Procedure Giving Improved Sensitivity and 
5HOLDELOLW\�´�Journal of Immunological Methods 89, no. 2 (May 22, 1986): 271±77, 
https://doi.org/10.1016/0022-1759(86)90368-6. 

 
91 0DQORQJ�;X��'DYLG�-��0F&DQQD��DQG�-DFRE�*��6LYDN��³8VH�RI�WKH�9LDELlity 

Reagent PrestoBlue in Comparison with AlamarBlue and MTT to Assess the Viability of 
+XPDQ�&RUQHDO�(SLWKHOLDO�&HOOV�´�Journal of Pharmacological and Toxicological 
Methods 71 (January 1, 2015): 1±7, https://doi.org/10.1016/j.vascn.2014.11.003. 

 
92 Istifli, Hüsunet, and Ila, Cell Division, Cytotoxicity, and the Assays Used in the 

Detection of Cytotoxicity. 
 
93 ;X��0F&DQQD��DQG�6LYDN��³8VH�RI�WKH�9LDELOLW\�5HDJHQW�3UHVWR%OXH�LQ�

Comparison with AlamarBlue and MTT to Assess the Viability of Human Corneal 
(SLWKHOLDO�&HOOV�´ 
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LC50 value of cinnamaldehyde was taken using both the MTS assay and the PrestoBlue 

assay. The viability curves and LC50 values can be seen in Figure 5 and Table 4 

respectively. The data shown in Figure 4 and Table 4 seem to show that both assays 

provide a very similar LC50 value with a largely overlapping standard deviation. The 

PrestoBlue assay was then used for the remainder of the experiment because it was less 

expensive to obtain, was less time consuming, was possibly more sensitive, and avoided 

concerns present in the MTS assay. 

 

 
 

Figure 4: Dose-response curves for cinnamaldehyde in A549 cells using MTS and 
PrestoBlue assays. 
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Table 4: LC50 values (in % v/v) for A549 cells dosed with cinnamaldehyde. 
 
 

Figure 5 and Table 5 compare the toxicity of cinnamaldehyde and myrcene. 

Figure 5 shows that cinnamaldehyde began to drop from around 100% viability at a much 

lower concentration than myrcene. Table 5 then shows the exact quantitative data 

showing that cinnamaldehyde had an LC50 value of 0.00378 r 0.000626, while myrcene 

had a LC50 value of 1.47 r 0.131. Since cinnamaldehyde required a much smaller 

concentration to reach 50% cell death when compared to myrcene, it was shown that 

cinnamaldehyde is more lethal to human lung cells in smaller concentrations. 
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Figure 5: Dose-response curves for cinnamaldehyde and myrcene created using the 
PrestoBlue assay.  

 
 

 
 

Table 5: The LC50 values (in %v/v) for A549 cells dosed with either cinnamaldehyde or 
myrcene and using the presto blue assay. 

 
 

It should be noted that the standard deviations for the LC50 values are relatively 

high. Although this would be concerning if this was a study aimed solely at measuring 

toxicity, it is believed that it is acceptable for this experiment since the aim is to highlight 

certain chemicals as possibly dangerous for future studies and to determine which assay 

is preferential for a future experiment that more widely pursues this goal. 
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Interestingly, after a thorough review of the literature and analysis of the National 

Library of Medicine (NLM) ToxNet Database, no studies have been published reporting 

the LC50, LD50, or EC50 of cinnamaldehyde exposure to human mammalian cells in 

culture.  There are some reported LC50 values reported after exposure to laboratory 

animals.  These values are listed in Table 6 below. 

 
 

organism test type route dose effect reference 
rat LD50 oral 2220 

mg/kg 
BEHAVIORAL: SOMNOLENCE 
(GENERAL DEPRESSED ACTIVITY); 
GASTROINTESTINAL: 
HYPERMOTILITY, DIARRHEA 

Food and Cosmetics 
Toxicology., 2(327), 1964 

mouse LD50 oral 2225 
mg/kg 

BEHAVIORAL: CONVULSIONS OR 
EFFECT ON SEIZURE THRESHOLD; 
BEHAVIORAL: ATAXIA; LUNGS, 
THORAX, OR RESPIRATION: 
RESPIRATORY STIMULATION 

Yakugaku Zasshi.  Journal of 
Pharmacy., 92(135), 1972 
[PMID:5063928] 

mouse LD50 intraperitoneal 200 
mg/kg 

NULL FAO Nutrition Meetings 
Report Series., 44A(16), 1967 

mouse LD50 intravenous 75 mg/kg NULL U.S. Army Armament 
Research & Development 
Command, Chemical Systems 
Laboratory, NIOSH Exchange 
Chemicals., NX#07571 

mouse LD50 parenteral 200 
mg/kg 

NULL Summary Tables of Biological 
Tests, National Research 
Council Chemical-Biological 
Coordination Center., 7(687), 
1955 

guinea pig LD50 oral 1160 
mg/kg 

BEHAVIORAL: COMA Food and Cosmetics 
Toxicology., 2(327), 1964 

 
Table 6. Acute Effects of Cinnamaldehyde as reported in the Published Literature. 

 
 

Similar results were found for myrcene in that no studies have been published 

reporting the LC50, LD50, or EC50 of myrcene exposure to human mammalian cells in 

culture.  There are some reported LC50 values reported after exposure to laboratory 

animals.  These values are listed in Table 7 below. 

 



 
 

36 
 

 
organism test type route dose effect reference 
rat LD50 oral &gt;5 gm/kg NULL Food and Cosmetics Toxicology., 14(615), 1976 
rabbit LD50 skin &gt;5 gm/kg NULL Food and Cosmetics Toxicology., 14(615), 1976 

 
Table 7. Acute Effects of Myrcene as reported in the Published Literature. 

 
 

E-cigarette use is a crisis that afflicts the US and is widespread, even in younger 

populations. Although e-cigarette use is known to cause many harmful effects, the 

individual effects of the components of its aerosolized fluid are unknown and require 

investigation. This experiment used an in vitro A549 model cultured with RPMI media to 

determine the better assay for analyzing e-FLJDUHWWH�IOXLG¶V�FRPSRQHQW�FKHPLFDOV�DQG�WR�

analyze two chemicals. It found that the PrestoBlue assay was preferential to the MTS 

assay because it was less expensive to obtain, was less time consuming, was possibly 

more sensitive, and avoided concerns present in the MTS assay. The toxicological data 

showed that, while both cinnamaldehyde and myrcene are capable of killing human 

airway cells, cinnamaldehyde was much more dangerous at lower concentrations.  
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Chapter 3 
 

Proposal for Future Work 
 
 

Current scientific knowledge of the effects of aerosolized terpenes on the lungs is 

limited. The research presented in the previous chapter provides a foundation for further 

studies that will both broaden and deepen the scope. These include comprehensive study 

of other flavorings, studying the degradant products of flavorings following heating and 

aerosolization, expanding the range of endpoints, and elucidating the effects of 

comorbidities between e-cigarette use and relevant chronic conditions.   

The fluids used for e-cigarettes utilize a wide variety of chemicals to produce the 

myriad of flavors available on the market. This translates to there being numerous 

different flavorings that are currently untested. To address this gap in knowledge, the 

continuation of this research must expand to cover many more flavorings. Another gap in 

current e-cigarette toxicology research relates to the degradants of the chemicals found in 

e-cigarette fluid. E-cigarettes often work by using a battery powered heating coil to heat a 

wick saturated with e-cigarette fluids to the point where the fluid aerosolizes into vapors. 

This heating process to aerosolize the fluid can result in some of the chemicals to 

degrade. In order to truly understand the effects of a chemical in the e-cigarette fluid, one 

PXVW�NQRZ�ERWK�WKH�HIIHFWV�RI�WKH�FKHPLFDO�LQ�WKH�OXQJV�DQG�WKH�HIIHFWV�RI�WKH�FKHPLFDO¶V�

degradants in the lungs since both will be present. 

Knowing that a chemical is toxic to the pulmonary system is not sufficient. The 

specific types of toxicity must be elucidated. This will be done by adding more assays 

that test a wide array of endpoints in addition to the endpoint of viability, which will be 

tested via the Presto Blue assay. The exact assays that will be used have not been 
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determined as of yet, but instead will be decided by allowing gathered results to guide 

future choices. 

Future studies will also test comorbidities. This work has actually already been 

begun since the cell line used in previous work, the A549 cell line, is a cancerous cell 

line. By both using a cancerous cell line and exposing the cell to the chemicals, we are 

producing comorbid cancer and vaping. This work should be continued by using other 

diseased cell lines (such as an asthmatic cell line) and a healthy cell line of non-diseased 

primary cells. The continued work with other diseased cell lines will enable the testing of 

multiple comorbidities. The continued work with a healthy cell line will enable the 

interaction between the comorbidities to be determined.  

Interactions will be able to determine how the LC50 values may change. If the 

LC50 values remain constant between the healthy and comorbid models, the interaction is 

likely additive because the presence of the comorbid disease does not affect the toxicity 

of the flavoring. If the LC50 value is smaller in the comorbid model than the healthy 

model, then the interaction is likely synergistic because the comorbid disease increased 

the toxicity of the flavoring. If the LC50 value is greater in the comorbid model than the 

healthy model, then the interaction is likely antagonistic because the comorbid disease 

lowered the toxicity of the chemical. If the LC50 value is significantly lesser in the 

comorbid model compared the healthy model and the LC50 for the healthy model enables 

the chemical to be considered benign, then the interaction is likely potentiation because 

the comorbid disease made a benign chemical be toxic in its presence.  
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Figure 6: The proposed experimental design for future experiments addressing 
comorbidity of asthma with vaping as well as cancer with vaping. The focal endpoints of 
this study will be (1) measuring cell viability as live:dead cell count ratios via the Presto 
Blue assay, (2) determining if the inoculants induce genotoxicity, such as DNA strand 
breakage, via Comet assay, and (3) determining if the EMT (epithelial to mesenchymal 

transition (EMT) gene is up or down regulated after inoculations. 
 
 

Some of the remaining respiratory health concerns can be addressed in following 

experimental plan. This experimental design can be visualized in Figure 6. The objectives 

would be: 

1. To expand the current knowledge base of e-cigarette toxicity by testing more terpenes 

and their degradants,  

2. To continue testing comorbidities and elucidating their interaction types, and  

3. To determine more specific toxicological endpoints.  
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