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Rising levels of e-cigarette usage particularly among young adults have become 

a major cause for concern, considering mounting evidence against its reputation as a 

safe smoking alternative. Previous studies have shown that e-cigarette aerosols trigger 

inflammatory responses in the lungs and heart, but the full systemic effects of 

aerosolized components are unknown, particularly in the largest immune organ: the 
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intestinal tract. We investigated the impact of e-cigarettes on the intestine using 

established in vivo murine models of acute (1 week) and chronic (3 months) e-cigarette 

exposure, measuring their impact on the intestinal barrier and mucosal inflammation. 

Histologic analyses revealed that chronic exposure to nicotine-free e-cigarette aerosols 

induced mucosal inflammation, and transcript expression analyses revealed that chronic 

exposure to nicotine-free e-cigarette significantly reduced expression of intestinal barrier 

genes and increased expression of pro-inflammatory genes. Further experiments done 

with ex-vivo murine and human intestinal models were able to reproduce the same 

findings found in vivo, and allowed for co-culture experiments with invasive E.coli, 

demonstrating that chronic exposure to nicotine-free e-cigarette aerosol produces the 

most drastic tight junction disruption, and inflammatory signaling, as well as an 

increased risk of maladaptive response to bacterial infection. These results shed light 

on the previously unknown effects of e-cigarette aerosols on the intestinal barrier, 

identifying the non-nicotine components of e-cigarettes as the agent of inflammatory 

damage.  
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1. Introduction 

E-cigarettes: therapy or threat? 

Electronic nicotine-delivery systems (ENDS), better known as e-cigarettes, were 

initially invented to promote smoking cessation (Lewek P et al., 2019). Some studies 

have shown e-cigarette use to be linked to lower frequency of cigarette use (Gomajee 

R. et al., 2019) and to be more effective than nicotine replacement therapies when 

combined with behavioral support (Hajek P et al., 2019). However, the widespread 

availability and perceived safety of e-cigarettes has contributed to the increase in 

recreational use of e-cigarettes particularly in the US, which was confirmed when the 

US Surgeon General declared e-cigarette use among youth to be an epidemic in 2018 

(Burt B et al., 2020). Another factor contributing to this public health crisis can be traced 

to the FDA’s 2017 extension of the compliance date for e-cigarette manufacturers 

allowed for the distribution of e-cigarettes without regulations, inspections, or a formal 

public health review (American Academy of Pediatrics, 2019).  

The unregulated use of e-cigarette products finally came to a head with the 

emergence of an unexpected epidemic of e-cigarette, or vaping product use-associated 

lung injury (EVALI), resulting in 2602 cases and 57 deaths among healthy young adults 

as of January 2020 (King BA et al., 2020). The CDC identified the primary chemical of 

concern as vitamin E acetate, which was added as an additive in THC-containing 

cartridges (Boudi FB et al., 2019). Notably, vitamin E acetate is a common ingredient 

found in skin products, but presents a danger when inhaled because it creates an oil in 

the lungs when inhaled, disrupting the vital role of surfactants in the lung, and causing 

various complications. Even with this current evidence, one can only imagine the 
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possible dangers of the multitude of ingredients found in e-cigarettes, which are found in 

over 7000 different flavors.  

E-cigarettes produce aerosols – not vapor, which is a common misconception – 

by heating up liquid solutions typically containing propylene glycol, glycerin, nicotine, 

flavors, and other additives. The e-cigarette heating element, called an atomizer, can 

reach temperatures between 100-250 Celsius, enough to cause pyrolysis and chemical 

decomposition, potentially creating over 50-150 different chemicals including 

carcinogens, heavy metals, and oxidants (Margham J et al., 2016). Considering these 

factors, the composition of e-cigarette aerosols is therefore subject to much variability 

and remains difficult to study. 

 

Prior studies of e-cigarette exposure  

Research studies conducted on human and mice models of e-cigarette use have 

made light of how e-cigarettes affect lung function, by inducing inflammation and 

impairing bacterial and viral clearance (Scott A et al., 2018; Sussan TE et al., 2015). 

Furthermore, studies with head and neck cells exposed to e-cigarette aerosols have 

been directly linked to DNA breakage and potential for carcinogenic effects over long 

term usage (Yu V et al., 2016).  

Beyond the lungs, e-cigarette use has been linked to systemic inflammation, 

evidenced by elevated pro-inflammatory cytokines in serum and oxidative stress 

markers in urine of chronic e-cigarette users (Singh KP et al., 2019). In studies 

conducted on mice and human cells, the systemic effects of long-term e-cigarette usage 

were responsible for widespread damage to multiple organs, including the lung, heart, 
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and bladder (Lee HW et al., 2018). However, the effects of e-cigarettes on other organ 

systems is not well known, despite such evidence for systemic circulation of e-cigarette 

inhalants.  

 

Intestinal models of e-cigarette exposure  

The systemic effects of e-cigarette exposure have yet to be explored in the 

intestinal tract. Its ability to harbor trillions of microbes is a testament to its vital role as a 

major stronghold of the bodily immune response. The intestinal tract is the largest 

immune organ in the body (Chassaing B et al., 2014), and the equilibrium of the 

intestinal tract with the luminal ecosystem is primarily maintained by the intestinal 

epithelium, also named the intestinal barrier, as it serves as the first line of defense 

against both harmful and opportunistic microbes.  

Intestinal barrier integrity is an emergent property of epithelial cells interlinked by 

intercellular junctions (Obata Y et al., 2015). Among the 3 types of intercellular 

junctions, Tight junctions (TJ) are the closest to the luminal side of the epithelium and 

are most directly involved in controlling the intracellular permeability of the epithelium 

(Itoh M et al., 2003). Different types of TJs can be characterized as “tight” or “leaky” 

depending on their level of permeability, but they generally serve as “gates”, allowing 

the transport of some small solutes like Na+ across adjacent cells, while preventing 

paracellular transport of antigens and bacteria.  

The major TJ proteins are occludin, claudins, and ZOs. Occludin KO studies 

indicated that its crucial role was in stabilizing tight junction complexes, not creating 

tight junctions themselves, but occludin deficiencies have been linked to intestinal 
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inflammatory diseases. Claudins have many subtypes, which are responsible for 

regulating the paracellular space, creating a wider or narrower “gate”. ZO’s are 

peripheral membrane proteins which create the scaffold by linking tight junctions to the 

cytoskeleton. TJ proteins are known to play a crucial role in maintaining immune 

tolerance, as barrier permeability is a prognostic marker for diseases such as 

inflammatory bowel disease (IBD) (Chelakkot C et al., 2018). 

Furthermore, the intestinal barrier is not simply a wall; it integrates environmental 

signals and internal signals to maintain intestinal homeostasis by mediating tolerogenic 

and inflammatory immune responses. The integrative function of the intestinal barrier 

allows it to be subject to change, particularly in response to major cytokines such as 

tumor necrosis factor-a (TNFa), interferon- γ (IFN-γ), and interleukins (IL), as well as 

chemokines such as CCLs and CXCLs. (Rescigno M, 2011)  

 

 

 

 

 

 

 

 

 

Figure 1: Tight junction protein localization between intestinal epithelial cells. TJs are the most 
apical of the intercellular junctions. Claudins (green), Occludin (pink), and Zona Occludens (blue) are the 
three primary proteins that constitute tight junctions. They are anchored in place by cytoskeletal actin 
(red).  
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Enteroid-Derived Monolayers (EDMs) as a model system 

 Any model that studies the intestinal immune function must be able to faithfully 

represent the previously mentioned components of intestinal epithelial regulation, which 

are TJ expression and immune signaling. In vivo mice models of the intestine allow for 

direct observation of physiological features resembling the human intestine, but there 

are disadvantages that make mouse models insufficient for human intestinal disease 

models (Jiminez JA et al., 2015). Therefore, an ex vivo, near-physiologic model of the 

human intestinal epithelium has been developed with the use of intestinal stem cells 

derived from crypts isolated from human colons to recapitulate the intestinal epithelial 

barrier.  

These intestinal stem cells were cultured as enteric spheroids (enteroids), and 

then prepared by dissociating into single cells and plating them onto a transwell insert, 

which has a semi-permeable membrane upon which the cells and the basement 

membrane are grown. The membrane divides the transwell into apical and basolateral 

compartments, simulating the lumen and the submucosa respectively. Once the cells 

are grown confluently on the membrane surface, creating an intact barrier, the enteroid-

derived monolayer (EDM) is fully polarized and ready to be used.  

These EDMs are designed to measure physiological function, particularly with 

assays that determine barrier permeability as a function of intercellular junction integrity. 

The EDMs can also be used to measure transcript and protein products of the cells to 

observe changes in genetic expression. The EDM model has been validated as an 

accurate model of the intestinal epithelium, containing all 5 major differentiated cell 

types (enterocytes, goblet, paneth, enteroendocrine, and tuft cells) in the correct  
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proportions as would be found in a normal intestinal epithelium (Mahe MM et al., 2013; 

Foulke-Abel J et al., 2014).  

 

Figure 2: Recapitulating the differentiated phenotype of intestinal barrier. The intestinal epithelium is 
composed of various cell types, which start out as intestinal stem cells. In vivo, stem cells proliferate 
within the crypts and are pushed towards the lumen as they differentiate into various intestinal cell types. 
To create ex-vivo models, intestinal biopsies are processed to isolate cells from the stem cell niche of 
colonic crypts, which are then cultured in stem cell proliferation media as enteric organoids (enteroids). 
Mature enteroids are dissociated into single cells, which are plated as a single layer onto a transwell 
insert, which has a basement membrane coating, and grown in differentiation media. The plated cells 
differentiate and form a continuous epithelial structure which contains primarily differentiated cells. This 
process results in a near-physiologic model of the intestinal epithelial barrier, using both mouse and 
human cells.  
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III. Results 

Prolonged exposure to e-cigarettes induces loss of epithelial integrity and tissue 

inflammation  

Initial experiments with e-cigarette exposure were conducted on mice in vivo to 

determine whether e-cigarette exposure has an observable effect on intestinal 

physiology, which may reflect its inferred impact on human subjects. Mice were 

exposed to e-cigarette aerosols for two different durations: 1 week was defined as acute 

exposure, and over 3 months was defined as chronic exposure (Figure 3A). After each 

regimen, mice were harvested to obtain tissue from the distal colon for H&E staining 

(Figure 3B). The Air treated controls for both acute and chronic exposure periods were 

not exposed to E-cig at all, representing the healthy phenotype, with distinct villi 

structures and no signs of leukocyte infiltration, and there is no difference between 

acute and chronic exposure to Air as expected. The acute E-cig sample appears to 

have minor signs of leukocyte infiltrates in the submucosal layer, and the acute E-cig + 

Nicotine sample shows major loss of villi structure as well as possible tissue breakdown 

when compared to the acute Air treatment. Samples with chronic exposure have more 

dramatic changes, showing a large area of leukocyte infiltration within the submucosa of 

E-cig treated mice, and a medium-sized leukocyte infiltration in the E-cig + Nicotine 

condition. The chronic E-cig exposure appears to have some breakdown of villi 

structure, but to our surprise, the chronic Ecig + Nicotine condition seemed to have 

healthy looking villi structures, especially in comparison to the acute exposure to Ecig + 

Nicotine.  

 After observing the drastic effects of chronic exposure, colon samples from mice 

from the three conditions were examined by RNA sequencing, which allowed us to get a 
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global perspective on changes in gene expression. Exposure to the e-cig condition 

upregulated 120 genes and downregulated 75 genes compared to air, and surprisingly, 

many of these gene changes seemed to be reversed in the E-cig + Nicotine condition 

(Figure 4A). The genes for barrier function, Occludin and ZO-1, were downregulated 

after exposure to E-cig, which corresponded to the loss of villus structure observed in 

histology samples of the chronic E-cig exposure in the distal colon (Figure 4B). 

Furthermore, the opposite trend was seen with the expression of TJ in the chronic E-cig 

+ Nicotine exposure, which also corresponds to the reduction in barrier damage and 

inflammation observed during histological analysis of chronic exposure samples. 

Expression levels of inflammatory markers were all upregulated in the E-cig 

condition compared to the Air control, which corresponded to the histological 

observations of having a large amount of leukocyte infiltrates in the submucosa (Figure 

4B). Inflammatory markers in the E-cig + Nicotine condition were mostly overlapping 

with the Air condition, suggesting the downregulation of inflammation which correlates 

with the smaller amount of leukocyte infiltrates found during histological analysis. Of the 

4 pro-inflammatory genes tested, MCP-1, IL-8, and Tnfa reached statistical significance, 

and only Cxcl2 did not reach significance, although it did show upregulated expression. 

Due to the absence of significant data produced by the E-cig condition with nicotine, 

these conditions were omitted in future experiments in the interest of exploring the pro-

inflammatory effects of e-cigarettes. 



 

9 

 

 

Figure 3. Electronic cigarette exposure induces inflammatory response and disrupts barrier 
integrity of the mouse colon. A. The schematic demonstrates the parameters of the mouse model of e-
cigarette exposure, including the definition of acute and chronic exposure. Mice were exposed to Air 
(negative control), E-Cig (nicotine-free e-cig, MOD brand), or E-Cig + Nicotine (e-cig + 6 mg/ml nicotine). 
B. Hematoxylin-eosin staining of the distal colon allows for distinguishing the blue cellular nuclei and pink 
extracellular matrix and cytoplasm. The stain also allows observation of villus structure as an indication of 
epithelial structural integrity. Leukocyte infiltrates can also be observed within the submucosa, which is 
below the mucosal level consisting of villi, and above the blood vessels and muscle tissue. C qPCR 
analysis was conducted on TJ proteins Occludin, ZO-1, Claudin-1, and Claudin-2. Black dots are male, 
red dots are female.   
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Figure 4. Electronic cigarette exposure induces global changes which are reversed in absence of 
nicotine. A. RNA sequencing was conducted on mice utilized in Figure 2, corresponding to H&E 
samples. B. Specific genes from RNA sequencing were isolated, including TJ proteins Occludin and ZO-
1, as well as pro-inflammatory markers such as MCP1, IL8, TNFa, and Cxcl2. 
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Murine EDMs show barrier disruption after acute treatments of e-cig-infused media 
 
 The integrity of the intestinal barrier is maintained by the cross-talk between the 

epithelial cells and immune cells in the lamina propria – it is possible that the loss in 

barrier integrity originates from immune cell signaling towards the epithelial barrier, but 

this mechanism cannot be determined in vivo. To determine whether the decrease in 

colon TJ markers is due to chronic exposure to E-cig, we used an ex vivo near-

physiologic model system called the enteroid-derived monolayer (EDM). Stem cells 

derived from mouse intestinal crypts were used to generate enteroids which were 

differentiated into polarized EDMs, which have an “apical” side corresponding to the 

intestinal lumen, and the “basolateral” side corresponding to the submucosa. These 

models have been validated as model systems that resemble the physiologic gut lining 

in which all cell types (enterocytes, goblet, paneth enteroendocrine, and tuft cells) are 

proportionately represented. 

Healthy mouse EDMs were treated by adding E-cig infused media (this 

procedure is explained in Materials and Methods) to the basolateral compartment 

(Figure 5A). After treatment, E-cig treated mice were found to have drastic loss of 

barrier integrity when measured using trans-epithelial electrical resistance (TEER), an 

indication of paracellular permeability, and confocal microscopy with tagged TJ proteins. 

As a measure of paracellular ion flow, TEER values are an indication of TJ function, 

with high TEER values indicating healthy cells and intact TJ proteins forming a 

continuous barrier without gaps. Upon acute exposure to e-cigarette infused media, the 

TEER of mouse EDMs dropped drastically, indicating sudden loss of epithelial integrity 

(Figure 5B). Confocal microscopy confirmed this barrier disruption with the statistically 
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significant increase in “bursts” at tricellular junctions, which are the most vulnerable to 

TJ disruption. (Figure 5C,D).  

 

 

Figure 5. E-cigarette infused media destroys barrier integrity in ex vivo models of mouse intestinal 
epithelium. A. The schematic displays how ex vivo disease model is used to test the murine colonic 
epithelial barrier. B. TEER measurements are graphed relative to the values measured before the 
experimental conditions were added, as percent change. C. Confocal microscopic images are 
representative of EDMs, either untreated (UN) or after 4 h of treatment with air or e-cig-infused media. 
Scale bar = 10 μm. EDMs were treated as indicated, fixed and stained for occludin (green) and DAPI 
(blue, nuclei) and analyzed by confocal microscopy. D. Percentage increase in tight junction (TJ) ‘bursts’ 
(indicative of disrupted TJs). Data is displayed as mean ± SEM (n = 3-5 fields/condition). Statistical 
significance was estimated using one-way ANOVA with Tukey’s test; **p < 0.01.  

 

Human EDMs show barrier disruption after chronic treatment with e-cig infused media 

 Human EDMs were likewise treated with E-cig infused media in the same 

protocol as with mouse EDMs, but were found to be more tolerant to e-cig exposure 

than with mouse EDMs, allowing for different conditions simulating acute and chronic 

conditions resembling the conditions of in vivo mice experiments (Figure 6A). Acute 

exposure with a single treatment of E-cig infused media resulted in a significant drop in 
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TEER after 4 hours, but after a 24 hour period, E-cig treated cells did not have a 

significant difference in TEER compared to Untreated (i.e. Vehicle) and Air conditions 

(Figure 6B). Chronic exposure with E-cig infused media, simulated by 3 consecutive 

exposures spaced 4 hours apart, resulted in a sustained drop in TEER after the 24 hour 

period. Furthermore, analysis of TJ bursts on human EDMs corresponded to the 

observations made regarding drop in TEER (Figure 6C-E). Whereas acute exposure to 

E-cig infused media produced a slight, but not statistically significant increase in bursts 

after 24 hours, chronic exposure produced a statistically significant increase in TJ 

bursts. The levels of transcript of membrane-integral TJ-marker, occludin, increased 

after acute exposure (Fig 6F, left), but returned to normal levels at 24 h (Fig 6F; right). 

The levels of the peripheral TJ-marker ZO1 was unchanged at 4 h after an acute 

exposure (Fig 6G; left), while there was a significant drop in gene expression of ZO1 

after chronic repetitive multiple exposure (Fig 6G; right).  

Overall, these physiological (TEER), morphological (TJ bursts), and 

transcriptomic (qPCR assessment of TJ-transcripts) readouts are all in agreement, i.e., 

exposure to nicotine-free e-cigarettes is sufficient to trigger epithelial barrier defect in 

the human gut. They also demonstrate that chronic (repetitive), but not acute (single) 

exposure is necessary for such disruption. Furthermore, we found that disruption in 

barrier integrity in the setting of chronic repetitive exposure is also associated with the 

induction of pro-inflammatory cytokines.
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Figure 6. Multiple exposures to e-cigarette infused media reduces functional integrity of the 
human gut barrier. A. The schematic displays the key aspects of ex vivo disease modeling of acute and 
chronic exposure. B. TEER measurements are graphed relative to the values measured before the 
experimental conditions were added, as percent change. Data is displayed as mean ± SEM (n = 3). C-E. 
EDMs were fixed after treatment and then stained for tight junction (TJ) marker occludin, ZO1, and DAPI 
(blue, nuclei) and analyzed by confocal microscopy. Bar graphs in C display the % increase in tight 
junction (TJ) ‘bursts’. Data is displayed as mean ± (n = 3-5 fields/condition). Scale bar = 10 μm. F-G. Bar 
graphs display the relative fold change in mRNA expression of tight junction markers (Occludin and ZO1) 
in human EDMs after acute (4 h) or chronic (24 h) exposure of e-cig vapor-infused media. Data is 
displayed as mean ± SEM (n = 3). Statistical significance for B, C, F, and G was estimated using one-way 
ANOVA with Tukey’s test; n.s. = not significant, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Human colonic EDMs have increased transcript levels of pro-inflammatory cytokines 

after exposure to e-cigarette treated media 

 As stated earlier, the immunomodulatory role of the intestinal epithelial barrier 

can be explored by measuring transcript levels of pro-inflammatory cytokines by qPCR. 

Some transcripts such as IL-8 and MCP-1 show significant increases in cytokine 

secretion comparing Untreated (Vehicle) to a 1X exposure to Ecig, but all cytokines, 

including IL-1B and IL-6, have a significantly higher expression for the 3X exposure to 

Ecig condition (Figure 7A-D). ELISA conducted on IL-8 using basolateral supernatant 

corresponded with our finding that the IL-8 cytokine synthesis was significantly 

increased in the Ecig 3X condition (Figure 7E).  

 

Human colonic EDMs with chronic exposure to e-cig media show heightened 

inflammation and weaker response towards pathogens 

 While the intestinal barrier of e-cigarette users is subject to damage, luminal 

microbes presents a double threat which reflects the actual situation of the intestinal 

barrier in vivo (Figure 8A). After treating Human EDMs with 1X and 3X exposures of 

Ecig-infused media, live pathogenic bacteria were added to the apical side to measure 

the resultant changes in barrier function and immune signaling. EDMs which were 

treated with the 3X exposure to E-cig prior to infection had significantly lower expression 

of TJ-associated occludin (Figure 8B), and significantly higher expression of the 

cytokines IL-1B, IL-8, and MCP-1 (Figure 8C-E), and a noticeable, but insignificant 

increase in IL-6 (Figure 8F). ELISAs conducted on basolateral supernatant confirmed 

the increased production of IL-8 and MCP-1 in response to 3X Ecig exposure with 
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bacterial infection (Figure 8G-H). Of note, none of the 1X Ecig exposures with 

pathogenic bacteria exhibited significant differences in inflammatory signaling or barrier 

function, suggesting that only the 3X Ecig exposure is relevant regarding the potential 

impact of E-cig-exposure on immune responsivity towards pathogens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Multiple exposures to e-cigarette infused media significantly increases the expression of 
proinflammatory cytokines in the human colonic epithelium. A-D. Bar graphs display the relative fold 
change in the levels of mRNA for proinflammatory cytokines. Data is shown as mean ± SEM (n = 3). E. 
ELISA was used to measure the concentration of IL-8 released in the basolateral compartment of 
polarized EDMs after exposure to e-cig vapor-infused media. Data is shown as mean ± SEM (n = 3 
independent experiments). Statistical significance for A-E was estimated using one-way ANOVA with 
Tukey’s test (black) or Mann-Whitney test (red); *p < 0.05 and **p < 0.01, and ***p < 0.001
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Figure 8. Multiple exposures to e-cigarette infused media increases colonic epithelium’s 
susceptibility to infection. A. The schematic represents the experimental layout carried for 
infection. Enteroid-derived monolayers (EDMs) from healthy humans were treated with e-cig infused 
media on basolateral side of polarized monolayer. After 24h, cells were infected with AIEC-LF82 on 
apical side of polarized monolayer. B-F. mRNA expression was assessed in colonic EDMs with either 
single or multiple exposure to untreated or e-cig infused media. The graphs represent the relative fold 
change compared to UN condition. G-H. Supernatant was collected from the basolateral side of 
human colonic EDMs and assessed for pro-inflammatory cytokines by ELISA. The graphs represent 
the concentration of cytokines displayed as mean ± SEM. One-way ANOVA with Tukey’s test was 
performed on B-J: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (n=3 or n>3 in all graphs) 
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III. DISCUSSION 

The results from our experiments support the hypothesis that exposing intestinal 

cells to e-cigarette aerosols would result in inflammation. Specifically, our data points to 

chronic exposure to non-nicotine e-cigarette aerosol components as the primary driver 

of inflammation. This finding clearly demonstrates the evidence that e-cigarette use can 

cause direct inflammatory damage to the intestinal epithelium, even in the absence of 

immune cells.  

Our experiments further demonstrate how e-cigarettes disturb the barrier function 

of the intestinal epithelium, a crucial factor in its ability to maintain immune homeostasis. 

Barrier function is constantly modulated in response to external and internal signals, 

and during pathogenesis, one of the major mechanisms of disease is the 

downregulation of tight junctions as a result of inflammation and the resultant influx of 

inflammatory triggers (Chelakkot C et al., 2018). This creates a vicious cycle which 

establishes chronic inflammation, where inflammatory stimuli themselves cause 

increased vulnerability to environmental threats. The increased bacterial infectivity and 

heightened inflammation found with chronic e-cig treatment of EDMs further 

demonstrates a counterproductive immune response to pathogenic stress. As seen with 

the TEER permeability assay as well as with IF microscopy, the barrier disruption 

caused by chronic e-cigarette exposure is linked to the maladaptive inflammation upon 

exposure to pathogens. 

The RNA sequencing data was an early factor in establishing the non-nicotine 

components of e-cigarette liquid as the primary culprit in establishing the drastic 

changes seen with e-cigarette exposure. Nearly all the changes in gene expression we 

observed was seemingly reversed with the inclusion of nicotine. These findings are 
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supported by studies using cells in vitro, one of which demonstrated the barrier-

tightening effect of nicotine through up-regulated expression of the TJ protein occludin 

(McGilligan VE et al., 2007). Nicotine has also been found to have potent anti-

inflammatory effects, known to alter immune cell responses and reduce inflammatory 

damage (Lakhan SE et al., 2011). Nicotine is also a candidate drug used in clinical trials 

as a potential therapeutic for the treatment of ulcerative colitis, a disease whose 

pathophysiology is intimately linked to epithelial barrier dysfunction (Ordás I et al., 

2012). The barrier-tightening effects of nicotine translates to reduced inflammation, 

even serving as a protective factor in the context of e-cigarette usage, which presents a 

clear threat to the integrity and immunity of the intestinal epithelium.  

While the relative safety of e-cigarettes as a nicotine-delivery mechanism in 

comparison to traditional smoking is strongly supported, the findings of this study make 

light of the particular dangers of nicotine-free e-cigarette use, and present clear 

evidence against the notion that e-cigarettes are constitutively harmless. Given the wide 

range of e-cigarette users and availability of nicotine-containing and nicotine-free 

offerings, the perception of e-cigarettes as a therapeutic and recreational device puts its 

users at risk, particularly those who vape nicotine-free liquids.  

 Use of nicotine-free e-cigarette has been reported in two particular instances. 

The current advice for e-cigarette users who intend to overcome nicotine dependence is 

for them to reduce the nicotine dose gradually over time to reduce dependence on the 

addictive chemical. Also, younger adults interested in e-cigarette use may avoid nicotine 

altogether, or use lower doses, from fears associated with the addictive properties of 

nicotine, or simply due to the notion that nicotine-free e-cigarette use is “harmless”. The 

results of this study clearly demonstrate that nicotine-free e-cigarette use is actually 
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potentially even more harmful than normal e-cigarettes containing nicotine, perhaps 

because the apparent “protective” effect of nicotine ends up masking the full potential of 

the damage caused by e-cigarette vaping.  

One of the major limitations of this study is the absence of immune cells in the 

EDM model, which could better represent the in vivo situation perpetuated by immune 

signaling that is often seen in chronic inflammatory diseases of the intestine. The 

immune signaling present in vivo is a complex factor that would potentially offer more 

insight into the actual effects of e-cigarettes on the intestinal system. Furthermore, the 

lack of bacterial variety is another shortcoming regarding the ability to reflect the in vivo 

situation, considering that commensal bacteria are the primary constituents of the 

luminal bacteria. It is a possibility that opportunistic bacteria may have altered 

interactions with the intestinal epithelium when it is exposed to e-cigarettes.  

Lastly, the additives in e-cigarette aerosols can be a major factor in determining 

the effects of e-cigarette exposure. Recreational e-cigarette use almost always includes 

flavors or other additives, which are more appealing to younger clientele, many of whom 

are not using e-cigarettes as a smoking cessation tool.  

Current regulations on e-cigarettes are informed by new data regarding its 

systemic effects, and e-cigarette usage remains a complex public health issue due to its 

known efficacy as a smoking cessation tool, and its accessibility to younger clientele. By 

studying the systemic effects of e-cigarettes in the long term, e-cigarette users would be 

better able to make informed decisions regarding such use.  
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IV. MATERIALS AND METHODS 

Mouse in vivo model of vaping 

Male or female C57BL/6 mice (Envigo), 6–8 weeks old were introduced into 

SciReq inExpose inhalation system. Mice inhaled E-CIG vapor either without nicotine or 

with nicotine (Sigma) at a concentration of 6mg/mL for 4 s every 20 s, for 1 h/day, for 5 

days/week for 7 days or 3 months, and control (Air) mice were exposed to 

environmental air for the same amount of time. Pre-warmed cages were used to recover 

mice for 30 min post-exposure. At the end of the specified time duration, mice were 

anesthetized with 10 mg/kg and 100 mg/kg of xylazine and ketamine, respectively. 

 

Haemotoxylin and Eosin (H&E) Staining 

Mice colons were rinsed with phosphate-buffered saline (PBS) and fixed in zinc 

formalin for 24 h and embedded in paraffin. Paraffin sections 4 µm thick were cut and 

was removed before immunohistochemical (IHC) staining. Sections were stained with 

H&E. Tissue sections were evaluated and images were taken with standard light 

microscopy. 

 

Isolation of enteroids from healthy human ileum and colon biopsies  

Biopsies used to generate enteroids for cell culture were collected with the 

consent of healthy subjects during a routine colonoscopy. Intestinal crypts were isolated 

from colonic tissue biopsies, according to a previous protocol (Sato T et al., 2011). 

Colonic tissue was minced and incubating with Collagenase type 1 solution (2 mg/mL) 

containing gentamicin (50ug/mL) at 37C, mixing every 10 minutes with vigorous 

pipetting, while monitoring the release of single epithelial units from tissue structures. 
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Wash media (DMEM/F12 with HEPES) containing 10% FBS is added to inactivate 

collagenase, after which cells are filtered through a 70 µM cell strainer. Filtrate is 

centrifuged at 200 g for 5 min and supernatant is aspirated, leaving a cell pellet. Density 

and viability of intestinal stem cells are checked using the Trypan Blue Exclusion 

method using a Countess II Automated Cell Counter. The cells are resuspended in 

matrigel (BD basement membrane matrix), added to wells of a plate, and incubated 

upside down in a 37C incubator for 10 minutes to polymerize matrigel, after which cell 

culture media is added to wells.  

Cell culture media is prepared with 50% Advanced DMEM/F12 and 50% 

conditioned media (prepared with L-WRN to produce Wnt3a, R-spondin, and Noggin) 

which promotes intestinal stem cell growth. Addition of 10uM Y27632 (ROCK inhibitor) 

and 10uM SB431542 (TGF-B type 1 receptor inhibitor) prevents anoikis-induced cell 

death and prevent differentiation of cells to promote a stem-cell phenotype. Additionally, 

penicillin and streptomycin are added to prevent contamination. Media is changed every 

3 days, and passaged within 7 days with 0.25% trypsin in PBS-EDTA. 

 

Preparing enteroid-derived monolayers (EDMs) 

Enteroid-derived monolayers were prepared according to protocols used in  a 

previous paper (Ghosh P et al., 2020). Transwells (0.4um pore, Corning Transwell 

polyester membrane cell culture inserts) are coated with matrigel diluted in PBS (1:40 

ratio) and allowed to settle for 1hr to form a layer of basement membrane for cell 

attachment. Colonic and ileal enteroids are trypsinized with vigorous pipetting to 

promote breakage into single cells and suspended in differentiation media, containing 
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5% conditioned media and 10uM Y27632 (ROCK inhibitor) to promote cell proliferation, 

and 1mM N-acetyl cysteine as an antioxidant. 

 

Transwells on 24 well plates and 96 well plates 

 Transwells were plated according to previous protocols (Ghosh P et al., 2020). 

For 24 well plate format, transwells with a diameter of 6.5mm and surface area of 0.33 

cm2 were seeded with 3 x 105 cells each to create a single confluent layer of cells. For 

96 well plate format, transwells with a diameter of 4.26mm and surface area of 0.143 

cm2 were seeded with 8 x 104 cells each to create a single confluent layer of cells. 

Media was changed after every 24 hours for 3 days using differentiation media 

(5% conditioned media), until the monolayer was polarized, as measured by a TEER 

value of >250 Ohm*cm2, representing a healthy intestinal epithelium with normal tight 

junction expression. 

 

Cell culture media infused with e-cigarette vapor 

E-liquid solution of PG/VG (70% propylene glycol, 30% glycerin) and 6mg/mL 

(Sigma) are mixed to prepare the e-cigarette solution, which doesn’t contain flavors or 

other additives. The atomizer and battery used were from the Kangertech Subtank Plus 

7mL (SciReq) using an 0.15 ohm coil and rechargeable battery. E-cigarette liquid is 

aerosolized by applying negative pressure to turn on the atomizer using the InExpose 

system (SciReq). Ecig vapor is collected with a 60 mL syringe and dispensed unto 10 

mLs of wash media (90% DMEM with high glucose and 10% FBS) followed by a 12 

second shake, which is then repeated for a total of 30 times.  
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Treatment of EDMs with e-cigarette infused media 

Transwells with fully polarized EDMs are treated with e-cigarette infused media, 

added to the basolateral compartment of transwells to simulate the introduction of e-

cigarette solutes into the bloodstream to contact the basolateral membrane of the 

intestinal epithelium. During this treatment, monolayer permeability/integrity was 

monitored with transepithelial electrical resistance (TEER). After the experimental time 

point, media is collected from the basolateral compartment to measure cytokine levels 

with ELISA and to measure ROS synthesis. Cells were then either lysed with RNA lysis 

buffer from the Quick RNA MicroPrep Kit or fixed for IF staining, as described below.  

 

Measuring Transepithelial Electrical Resistance (TEER) 

TEER was measured at timed intervals (1hr, 4hr, 24hr) using a pair of electrodes 

inserted into the apical and basolateral media of the transwells to detect resistance of 

ion flow across the epithelial membrane. For transwells plated in 24-well plates, STX2 

electrodes were used to manually insert probes into the apical and basolateral 

compartments of the transwell, with a digital readout by EVOM2 (WPI). For transwells 

plated in 96-well plates, TEER was measured with a WPI automated TEER 

Measurement System (REMS AutoSampler, Version 6.02). Raw TEER values were 

measured in ohms (Ω), which were then converted to the unit area resistance by 

multiplying the sample resistance by the surface area of the membrane (Ω * cm2) which 

was 0.33 cm2 for the 24 well transwells and 0.143 cm2 for the 96 well transwells).  

 



 

25 

Bacterial culture and infection of EDMs 

 Adherent Invasive Escherichia coli strain LF82 (AIEC-LF82), isolated from a 

Crohn’s disease patient, was obtained from Arlette Darfeuille-Michaud (Darfeuille-

Michaud et al., 2004). For the “day culture”, a single colony is inoculated into 10mLs of 

LB broth within a 50mL tube with a loose lid, and cultured for 6-8 hours on a shaking 

platform within a 37C incubator at 150rpm to support aerobic growth. After the day 

culture, the “night culture” was made by adding 100uL of the day culture to another10 

mLs of sterile LB broth within a 15mL tube and incubated at 37C for 16 hours, or 

overnight without shaking in an incubator with minimum aeration to maintain bacterial 

invasiveness. 

 For preparing LF82 for infection of EDMs, the pellet of bacteria is resuspended in 

wash media (90% DMEM with high glucose and 10% FBS) and diluted to obtain a 

multiplicity of infection (MOI) between bacteria and cell of 30:1 for all experiments. 

Bacteria is added apically to the monolayer and incubated for 3 h. For the gentamicin 

protection assay, media containing bacteria is removed, and the apical side of the 

monolayer is treated with a solution of 200ug/mL gentamicin for 90 minutes, after which 

bacteria is serially diluted with 1x PBS, plated on LB agar and counted after incubation. 

 

ELISA 

ELISAs were used on basolateral supernatant from EDMs to measure cytokines 

including IL-8 and MCP-1 using the human IL-8/CXCL8 and CCL2/MCP-1 DuoSet 

ELISA Development Kits per manufacturer’s instructions. 

 

.



 

26 

ROS Assay 

The amount of oxidative DNA damage in untreated and e-cigarette treated EDMs 

before and after infection was quantified using the DNA/RNA Oxidative Damage (High 

Sensitivity) ELISA Kit per manufacturer’s instructions. 

 

RNA isolation and qRT-PCR 

 RNA was isolated from mouse colon tissue using the Direct-zol RNA MiniPrep Kit 

and from EDMs using the Quick-RNA Microprep Kit per manufacturer’s instructions 

cDNA is synthesized from isolated RNA using the qScript cDNA SuperMix kit according 

to manufacturer's instructions. Quantitative Real-Time PCR was conducted using SYBR 

Green master mix for target genes and normalized to housekeeping gene 18S rRNA, 

and fold change of treatment wells was determined relative to the control condition.  

 

IF staining  

After removal of media from apical and basolateral compartments of the 

transwell, EDMs are gently washed 3 times with RT PBS, and then ice cold 100% 

methanol is added to the EDM, followed by a 20 minute incubation at -20C to fix cells. 

Methanol is removed and fixed EDM is incubated in blocking buffer (0.1% Triton TX-

100, 2mg/mL BSA diluted in PBS) to permeabilize cells, after which primary antibodies 

ZO-1 (1:500) and Occludin (1:500) are added. Primary antibodies were removed and 

washed with PBS 3 times for 5 min each time. After washing, the following secondary 

antibodies were added: Alexa Fluor 594 conjugated goat anti-rabbit IgG, Alexa Fluor 

488 conjugated goat anti-mouse IgG, and DAPI. Secondary antibodies were removed 
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and washed with PBS 3 times for 5 min each time. Prolong Gold antifade reagent was 

added, and monolayers were stored at 4°C until imaged. Confocal Microscope with a 

40x objective lens was used to image the IF stained EDMs. All images were processed 

using FIJI (Image J) software.  

Figures 3, 4, 5, 6, 7, 8 are being prepared for submission for publication of the 

material. Sharma A*, Lee J*, Fonseca AG*, Moshensky A, Kothari T, Sayed IM, 

Ibeawuchi SR, Pranadinata RF., Ear J, Sahoo D, Crotty-Alexander L$, Ghosh P$ and 

Das S$ (*$Equally Contributed). The thesis author will be a co-author of this material. 
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