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SUMMARY

E-cigarette usage continues to rise, yet the safety of e-cigarette aerosols is ques-
tioned. Using murine models of acute and chronic e-cigarette aerosol inhalation,
murine colon transcriptomics, andmurine and human gut-derived organoids in co-
culture models, we assessed the effects of e-cigarette use on the gut barrier.
Histologic and transcriptome analyses revealed that chronic, but not acute, nico-
tine-free e-cigarette use increased inflammation and reduced expression of tight
junction (TJ) markers. Exposure of murine and human enteroid-derived mono-
layers (EDMs) to nicotine-free e-cigarette aerosols alone or in co-culture with bac-
teria also causes barrier disruption, downregulation of TJ protein, and enhanced
inflammation in response to infection. These data highlight the harmful effects of
‘‘non-nicotine’’ component of e-cigarettes on the gut barrier. Considering the
importance of an intact gut barrier for host fitness and the impact of gut mucosal
inflammation on a multitude of chronic diseases, these findings are broadly rele-
vant to both medicine and public health.

INTRODUCTION

Electronic nicotine delivery systems, commonly referred to as e-cigarettes and vaping devices, were intro-

duced to the international market in 2007 (Etter and Bullen, 2011). Since then, e-cigarettes have become

widely popular in the United States (CDC; and United-States, 2016), primarily among the nation’s youth.

A large amount of research surrounding its regulation and consumption has been focused on the addictive

nicotine component in these devices; however, recent studies have increasingly begun to scrutinize the

harmful potential of the chemicals in the e-liquids, e.g., propylene glycol (PG), glycerol (VG), flavorings,

and contaminants (Alasmari et al., 2017, 2019; Bozier et al., 2020; Khlystov and Samburova, 2016; Perez

and Crotty Alexander, 2020; Yu et al., 2016). The PG:VG ratio is a key determinant of the amount of vapor

that is optimal for maintaining the flavor, whereas the composition of the e-liquid determines the exact

proportions of the �50–150 chemicals that are generated via heat-mediated pyrolysis and chemical

decomposition (Margham et al., 2016). Despite the presence of these wide ranges of multiple chemicals,

few regulations control the chemical composition of e-cigarettes, and they remain popular as a risk-free

alternative to combustible cigarettes.

This concept of risk-free use has recently been challenged. For example, morbidity and mortality among

teenagers and young adults owing to e-cigarette or vaping product use-associated lung injury (King

et al., 2020) created a public health crisis in 2019–2020; a single (non-nicotine) chemical in the e-liquids,

i.e., vitamin E acetate was found to be the culprit (Blount et al., 2020). In vitro and ex vivo studies have

already shown that e-liquids induce inflammatory responses and alter innate immune defenses in myeloid

and primary airway epithelial cells (Muthumalage et al., 2017; Scott et al., 2018; Wu et al., 2014). Mice

exposed to e-cigarette aerosols for 2 weeks were found to have impaired pulmonary bacterial and viral

clearance (Hwang et al., 2016; Sussan et al., 2015), which suggested increased susceptibility to influenza

and coronavirus infections in particular. Evidence of pulmonary and systemic inflammation has also been

found in the serum (Singh et al., 2019) and bronchoalveolar lavage (Song et al., 2020) samples from human

e-cigarette-users, with elevated biomarkers of inflammation, e.g., interleukin (IL)-1b, IL-6, IL-8, IL-13, and

interferon (IFN)-g. Furthermore, mechanisms that link the use of e-cigarettes to an increased risk of cancers

(Tang et al., 2019) or of cancer progression (Mravec et al., 2020) have been proposed, and e-cigarettes have
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been shown to induce DNA damage (independent of nicotine [Yu et al., 2016]) while reducing repair path-

ways (Lee et al., 2018). In light of these studies, an NIH-funded panel declared that all chemical components

of e-cigarette and vaping aerosols have the potential to adversely affect health (Crotty Alexander et al.,

2020), both in the heart and lungs and throughout the body (Crotty Alexander et al., 2020).

Here we set out to assess the impact of e-cigarette aerosol inhalation (with or without nicotine) on the

gastrointestinal tract. The gut is resident to diverse microbiota, and its handling of and response to the

same is known to regulate several chronic diseases such as inflammatory bowel diseases (IBDs), obesity,

cardiovascular diseases, cancers, and rheumatoid arthritis (Gilbert et al., 2016). Studies on human subjects

have shown that e-cigarette use significantly modulates the oral microbiome (Pushalkar et al., 2020) but not

the gut microbiome (Stewart et al., 2018). Studies in mice, however, have shown that e-cigarettes alter

epithelial mucus profiles and microbial diversity (Allais et al., 2016) and that such changes may induce

inflammation and decrease the integrity of the gut barrier (Fricker et al., 2018). Although e-cigarette use

is long suspected to negatively impact human gastrointestinal physiology, based on the numerous diges-

tive symptoms reported by vapers (Hua et al., 2013), little to nothing is known as to how e-cigarette usemay

impact the human gut barrier. Using a combination of mouse models, transcriptomics, and murine and

human gut-derived organoids as ex vivo near-physiologic model systems, here we expose the hitherto un-

known effects of e-cigarettes on the gastrointestinal tract and provide insights into the potential long-term

effects of e-cigarettes on health.
RESULTS

Daily e-cigarette aerosol inhalation drives inflammation in the colon and reduces the

expression of genes related to barrier function

To establish the in vivo effect of inhalation of these aerosols on the colon, the distal colon was harvested

from mice exposed daily to e-cigarette aerosols (1 h/day) at two time points: 1 week (resembling acute

exposure) and 3 months (resembling chronic exposure) (Figure 1A). Because the most common chemicals

in e-cigarette aerosols are nicotine and humectants (propylene glycol and vegetable glycerin), we utilized

nicotine-free and nicotine-containing (6 mg/mL) e-liquids with a 70:30 ratio of propylene glycol and vege-

table glycerol (PG:VG) within a KangerSubtank attached to a box Mod e-device and used exposure cham-

bers with room air for controls (Figure 1A). This low concentration of nicotine (6 mg/mL) was selected on the

basis of several published works (ranging typically between �6 and 9 mg/mL) and the amount present in

the most popular brands (Cox et al., 2016; Dawkins et al., 2016; Stewart et al., 2018). The ratio of 70:30

PG:VG was chosen because it is the most commonly used and preferred ratio as per consumer experience

(Smith et al., 2020). H&E staining of distal colons from mice acutely exposed to nicotine-free (vehicle only)

e-cigarette aerosols (e-cig) for 1 week demonstrated small, infrequent patches of leukocyte infiltration in

the submucosal layers (Figure 1B, left; asterisk). Acute exposure to nicotine-containing aerosols (e-cig +

nicotine) was associated with infrequent patches of epithelial erosions. By contrast, chronic e-cig exposure

over 3 months led to large submucosal inflammatory infiltrates within the colon (Figure 1B, right). No in-

flammatory infiltrates were seen in air controls, and only smaller and infrequent infiltrates were present

in colons of mice chronically exposed to nicotine-containing e-cig (e-cig + nicotine).

Markers of gut epithelial tight junctions (TJs), e.g., occludin (OCLN), zonula occludens (ZO)-1 (TJP1), and

Claudin-2 (CLDN2) had significantly reduced gene expression in mice chronically exposed to nicotine-

free aerosols (e-cig) compared with air controls (Figure 1C). The fact that e-cig exposure affects the levels

of Claudin-2, a major regulator of TJ-specific obliteration of the intercellular space (Kubota et al., 1999), but

not its counterpart Claudin-1 (Figure 1C), which is specialized for TJ integrity in the skin epidermis, indi-

cates that the effects of e-cig on TJs may be gut specific. No reduction was observed in any of the barrier

function genes in mice exposed to nicotine-containing e-cigarettes. No significant differences were

observed in the levels of pro-inflammatory cytokines MCP1 or IL-8 in the chronically exposed mice (Fig-

ure S1). Finally, no statistically significant differences were observed in the transcript levels of TJ markers

and pro-inflammatory cytokines in acute exposures between any conditions (Figure S1).

These findings indicate that chronic, but not acute, exposure to aerosols of nicotine-free e-cigarettes is suf-

ficient to trigger inflammation in the gut and that such inflammation is associated with reduced expression

of markers of epithelial TJs. Findings also suggest that concomitant exposure to nicotine may ameliorate

both phenotypes.
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Figure 1. Electronic cigarettes trigger inflammation in the murine distal colon and disrupt the integrity of the

murine gut barrier

(A) Schematic displays the key aspects of the murine model of vaping used in this study. Mice were exposed to air

(negative control), nicotine-free e-cig (e-cig alone; MOD brand), or nicotine-containing e-cig (e-cig + 6 mg/mL nicotine)

for 1 week or 3 months.

(B) Hematoxylin-eosin staining of distal colons after 1 week (left) or 3 months (right) of exposure to e-cig. Asterisks,

inflammatory infiltrates; arrowheads, epithelial erosions.

(C) Bar graphs display the relative levels of expression of genes in the colon (black dots, male mice; red dots, female mice)

that encode proteins that regulate epithelial tight junctions. Data are displayed as mean G SEM. Statistical significance

was estimated using either one-way ANOVA with Tukey’s test (black *) or Mann-Whitney’s test (red *); *p<0.05, **p <0.01

and ***p <0.001.

(D) Schematic displays the key aspects of ex vivo disease modeling to interrogate the impact of vaping on the murine

colonic epithelial barrier.

(E) Bar graphs display the percent change in TEER. Data are displayed as mean G SEM (n = 3–4 independent

experiments). UN, normal media; Air, air-infused media.

(F and G) EDMs were treated as indicated, fixed and stained for occludin (green) and DAPI (blue, nuclei), and analyzed by

confocal microscopy. Bar graphs in (F) display the percent increase in the tight junction (TJ) ‘‘bursts’’ (indicative of disrupted TJs).

Data aredisplayed asmeanG SEM (n = 3 fields/condition; 40–50 tricellular TJs/field). Statistical significancewas estimated using

one-way ANOVA with Tukey’s test; **p <0.01. Confocal microscopic images in (G) are representative of EDMs, either untreated

(UN) or after 4 h of treatment with air or e-cig-infused media. Scale bar, 10 mm.
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E-cigarettes disrupt the integrity of the gut barrier

An intact gut barrier is an important first-line defense. To determine if the observed decrease in colon TJ

markers in mice exposed to e-cigs is a direct consequence of circulating chemicals inhaled in the aerosols

on the gut epithelial barrier, we used an ex vivo near-physiologic model system called the ‘‘gut-in-a-dish’’

(Figure 1D) (Ghosh et al., 2020). In this model, crypt-derived stem cells isolated from mouse colon (see the

Transparent methods section) were used to generate organoids and later differentiated into polarized en-

teroid-derived monolayers (EDMs). The EDMs are also widely believed to be a model that is superior to

cultured colon cancer cell lines (e.g., Caco2) because (1) they have been validated as model systems

that closely resemble the physiologic gut lining in which all cell types (enterocytes, goblet, paneth enter-

oendocrine, and tuft cells) are proportionately represented (Foulke-Abel et al., 2014; Mahe et al., 2013;

Miyoshi and Stappenbeck, 2013; Noel et al., 2017); (2) they are not transformed and yet allow culturing

over several passages so that they can be used to ensure reproducibility of meaningful functional studies;

and (3) because they preserve dimensionality, i.e., apicobasal polarity with functional tight junctions that

can recreate the gut barrier ex vivo.

To dissect how e-cig-derived chemicals in the systemic circulation impact the gut barrier, we exposed the

basolateral surfaces of the murine colonic EDMs to e-cigarette aerosol-infused media. As negative con-

trols, we exposed the EDMs either to normal growth media (‘‘UN’’) or to air-infused media (‘‘Air’’). We

analyzed the integrity of the gut barrier using two readouts (Figure 1D): (1) paracellular permeability, as re-

flected by low trans-epithelial electrical resistance (TEER) and (2) molecular characterization of epithelial

TJs by looking at the localization of occludin; this integral membrane protein allows us to not just visualize

but also quantify the degree of TJ disruption. Exposure to nicotine-free e-cigarette aerosol media caused a

significant drop in TEER (�% change value of �97.3 G 0.3%) compared with untreated (UN, �0.5 G 8.1%)

and air-treated (1.4 G 9.7%) controls (Figure 1E). Findings indicate a significant increase in paracellular

permeability upon exposure to e-cig when compared with untreated (p = 0.0002) and air-treated (p =

0.0004) controls (Figure 1E). In e-cig-exposed EDMs, confocal microscopy showed a significantly increased

‘‘burst’’ tricellular TJs (these are specialized regions of the TJ where three or more cells come in contact

[Furuse et al., 2014], and are also the regions where TJ disruption can be visualized/assessed first [Ghosh

et al., 2020]) by�60.1G 8.1% when compared with untreated (p = 0.0010) and air-treated (p = 0.0015) con-

trols (Figures 1F and 1G). These findings show that chemicals contained within the most basic e-cigarette

aerosols have a direct disruptive effect on the epithelial barrier. Because the chemicals used to make the

e-liquids and e-cig aerosols used in these studies (propylene glycol and glycerol) are found in >99% of all

e-cigarettes, these data broadly apply to e-cigarettes and vaping devices.
Chronic exposure to inhaled e-cigarette aerosols induces stress responses in the colon

To determine the global impact of e-cigarettes on the gut, we next carried out RNA sequencing (RNA-seq)

on the distal colons. Acute exposure to nicotine-free e-cigarettes did not significantly change gene expres-

sion in the colon (Figure S2A), whereas chronic exposure was associated with significant changes (Fig-

ure 2A). A differential expression analysis showed that chronic exposure to nicotine-free e-cigarettes

was associated with a significant upregulation of 120 genes and downregulation of 75 genes (with a 30%

false discovery rate, FDR) (Figure 2B; Table S1). Barring a handful of genes (arrowheads, Figures 2B and

S2B), most of these differences were abolished when mice were exposed to nicotine-containing e-ciga-

rettes (Figure 2B). TJ markers occludin and ZO1 were downregulated by nicotine-free, but not nicotine-

containing, e-cigarettes (Figures 2C and 2D). Multiple pro-inflammatory cytokines were either elevated

significantly (MCP1, IL-8, and TNF-a) or showed an increasing trend but did not reach significance

(Cxcl2) (Figures 2E–2H). These RNA-seq findings are in agreement with our prior observations by histology

(Figure 1B) and the targeted analyses of TJ markers by qPCR (Figure 1C), in that colons of mice exposed to

nicotine-free, but not nicotine-containing, e-cig have impaired TJ markers and are inflamed.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (Figure 2I) and Gene Ontology (GO) (Fig-

ure S3) analyses revealed that the most enriched disease-related pathways were those that are involved

in cellular sensing and response to external stress and stimuli (peroxisome proliferator-activated receptors

[PPARs] and 50 AMP-activated protein kinase [AMPK] signaling), cell death and programmed cell death, de-

fense response to other organisms, metabolism (lipolysis, adipocytokine, and thermogenesis), and inflam-

mation (cytokine and receptors). With regard to cytokine signaling, we noted that il31ra (subunit for IL6R),

il1r2 (decoy receptor for IL1R1), ccl8 (a chemoattractant), ear2 (chemoattractant), and ilk (activator of nu-

clear factor kB [NF-kB]) were upregulated, whereas trim30a (a suppressor of NF-kB) and madcam1 (a
4 iScience 24, 102035, February 19, 2021



Figure 2. Nicotine-free, but not nicotine-containing, e-cigarettes trigger wide-ranging changes in gene

expression in the colon

(A) Principal component analysis (PCA) of the topmost variable genes in the distal colons of the three groups of mice, all

exposed to air or e-cig as indicated for 3 months. PCA identified air control and nicotine-containing e-cig group as similar

to each other, but distinctly different from the e-cig alone group along the first principal component.

(B) Heatmap visualization of the differentially expressed genes between the three groups of mice. Each row represents

one of the genes, whereas columns represent expression averages of replicates for each investigated group. Red color

indicates relative over-expression, whereas blue color indicates relative under-expression. Top genes in the Reactome

pathway analyses are marked on the left side. Arrowheads on the right side indicate a few genes that remained altered in

both e-cig alone and e-cig + nicotine groups (see Figure S2B).

(C–H) Whisker plots display the levels of expression of the genes, as determined by RNA-seq encoding tight junction

markers (occludin, C; ZO1, D; and pro-inflammatory cytokines (MCP1), E; IL-8, F; TNF-a, G; Cxcl2, H).

(I and J) KEGG (I) and Reactome (J) pathway analyses of the list of differentially expressed genes (see Table S1) reveal the

most up or downregulated pathways. Red color indicates upregulation, whereas blue color indicates the downregulation

of gene expression. No significant enrichment of pathways was seen in the list of downregulated genes by KEGG

analyses.
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cell-adhesion molecule required for leukocyte trafficking) were downregulated. No KEGG pathways were

significantly enriched among the downregulated genes. A Reactome pathway (Figure 2J) analysis on the

same gene sets showed enrichment of anti-microbial peptides, specifically beta-defensins (Defb4, 6 and

14), and de-enrichment of regulators of lysosome biogenesis (sh3gl2, eya3, vamp7) and chloride
iScience 24, 102035, February 19, 2021 5



ll
OPEN ACCESS

iScience
Article
transporters (slc12a3, slc12a5). Besides these statistically enriched pathways and processes, it is note-

worthy that several cancer-related genes (dkkl1, trim29, s100a4, tmem45a, and klk8) were also upregulated

(Figure 2B), and as expected, an enrichment of pathways for differentiation program in the colon (e.g., mul-

tiple Keratins; Figure 2J). Many of these differentiation-related genes continued to remain high despite

nicotine (Figure S2B). These findings suggest the upregulation of two opposing programs in the colon

that tightly regulate oncogenesis in the colon.

Chronic (repetitive) exposure to e-cigarettes disrupts the integrity of the human gut barrier

and triggers inflammation

To translate the relevance of our findings in mice colon to the human gut, we generated organoids from

colonic and ileal biopsies obtained from healthy human subjects (three independent donors, age range

29–71 years). These organoids were subsequently differentiated into EDMs and exposed either acutely

(single exposure) or chronically (repeated exposures x3, each 4 h apart) prior to analyzing them at 24 h

for barrier integrity and markers of inflammation using multiple modalities (see Figure 3A). An acute single

exposure to e-cig was associated with a significant drop in TEER (�48.1G 5.5%) at 4 h (Figure 3B, left). How-

ever, much of that initial drop at 4 h was virtually reversed after 24 h to levels that were similar to untreated

or air-treated control EDMs (UN = 41.7 G 8.0%, Air = 49.1 G 14.5% and e-cig = 23.6 G 18.5% (Figure 3B,

right). When the EDMs were subjected to 3x e-cig exposures, which is a more physiologic exposure based

on human use patterns, the drop in TEER was sustained at 24 h (�59.96 G 3.82%; Figure 3B, right).

We also confirmed that the observed drop in TEER in the colon-derived EDMs was also associated with a

loss of structural integrity of the TJs. An acute single exposure was associated with only infrequent aberrant

tricellular TJ morphology and a statistically insignificant ‘‘burst’’ appearance at 24 h (Figure 3C, left;

Figure 3D, arrowheads). However, repeated 3x exposures resulted in a significant �3-fold increase in

the percentage of burst TJs (Figure 3C, right; Figure 3E, arrowheads). The levels of transcripts of the mem-

brane-integral TJ marker, occludin, increased after acute exposure (Figure 3F, left) but returned to normal

levels at 24 h (Figure 3F, right; Figure S4). The levels of the peripheral TJ marker ZO1 was unchanged at 4 h

after an acute exposure (Figure 3G, left), while there was a significant drop in gene expression of ZO1 after

chronic repetitive multiple exposure (Figure 3G, right).

Because prior studies have implicated loss of epithelial barrier integrity as permissive to inflammation

(Ghosh et al., 2020), we next investigated inflammatory gene expression in the e-cigarette-exposed

EDMs by qPCR. Compared with untreated or air-treated controls, chronic repetitive exposure to e-ciga-

rettes (but not single acute exposure) increased the expression of transcripts for all the pro-inflammatory

cytokines tested (Figures 4A–4D). ELISA studies conducted on EDM supernatants confirmed that the pro-

tein levels of the pro-inflammatory cytokine IL-8 were significantly elevated (Figure 4E).

Similar findings were also observed in the case of human ileum-derived EDMs. TEER dropped significantly

at 4 h after both single and 3x exposures (Figures S5A–S5C;�55% drop compared with control EDMs). The

patterns of change in occludin and ZO1 were mirrored in the case of human ileum-derived EDMs (Figures

S5D–S5G). A single acute exposure had little or no effect on cytokine transcripts (Figures S5H, S5J, S5L, and

S5N), whereas chronic repetitive e-cigarette exposure caused increased IL-1B (Figure S5I), IL-6 (Figure S5K),

IL-8 (Figure S5M), and MCP1 (Figure S5O).

Taken together, these physiologic (TEER), morphologic (burst appearance of TJs), and transcriptomic

(qPCR assessment of markers of TJ transcripts) readouts are all in agreement, i.e., exposure to nicotine-

free e-cigarette aerosols causes epithelial barrier dysfunction in the human gut. They also demonstrate

that chronic (repetitive), but not acute (single), exposure is necessary for such disruption and that such

disruption is associated with the induction of pro-inflammatory cytokines.

Chronic (repetitive) exposure of the gut epithelium to e-cigarette aerosols accentuates

inflammatory responses to infections

Because the gut epithelial barrier of those who vape is concomitantly exposed to chemical components of

e-cigarettes as well as luminal microbes, we exposed EDMs simultaneously to both stressors. First, we

exposed the basolateral side of EDMs grown on Transwells to e-cigarette-infused media (mimicking the

absorption of core chemicals contained within nicotine-free vaping aerosols into the blood stream and

diffusion into tissues) and subsequently challenged the apical surface with live pathogenic microbes (to
6 iScience 24, 102035, February 19, 2021



Figure 3. Chronic exposure to e-cigarettes disrupts the integrity of the human gut barrier, triggers inflammation

(A) Schematic displays the key aspects of ex vivo disease modeling to interrogate the impact of vaping on the human

colonic epithelial barrier. Two modes of exposures (acute and chronic) were modeled and a variety of functional readouts

were analyzed. UN, normal media; Air, air-infused media.

(B) Bar graphs display percent change in transepithelial electrical resistance (TEER) over time. Data are displayed as

mean G SEM (n = 3). Statistical significance was estimated using one-way ANOVA with Tukey’s test; ****p <0.0001.

(C–E) EDMs were treated as indicated prior to fixation, and then stained for tight junction (TJ) marker occludin (green),

ZO1 (red), and DAPI (blue, nuclei) and analyzed by confocal microscopy. Bar graphs in (C) display the percent increase in

tight junction (TJ) ‘‘bursts.’’ Data are displayed as mean G SEM (n = 3 fields/condition). Statistical significance was

estimated using one-way ANOVA with Tukey’s test; **p <0.01; n.s., not significant. Confocal microscopic images

representative of EDMs after 24 h of treatment with either a single (D) or repeated (3x; E) exposures to air (control) or

nicotine-free e-cig vapor-infused media are shown. Scale bar, 10 mm. Insets ‘‘1’’ and ‘‘2’’ in (D) are displayed below as

magnified panels and the arrowheads (red/white) in (D) and (E) point to examples of burst TJs.

(F and 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 are displayed as meanG SEM

(n = 3). Statistical significance was estimated using one-way ANOVA with Tukey’s test; *p<0.05 and ****p <0.0001.
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Figure 4. Chronic exposure to nicotine-free e-cigarette induces the expression of pro-inflammatory cytokines in

the human colonic epithelium

(A–D) Bar graphs display the relative fold change in the levels of mRNA for pro-inflammatory cytokines. Data are shown as

meanG SEM (n = 3). UN, normal media; Air, air-infusedmedia. Statistical significance was estimated using either one-way

ANOVA with Tukey’s test (black) or Mann-Whitney test (red); *p<0.05, **p <0.01, and ***p <0.001. (E) Bar graphs display

the concentration of IL-8 released in the basolateral compartment of polarized EDMs after exposure to e-cig vapor-

infused media. Data are shown as mean G SEM (n = 3 independent experiments). Statistical significance was estimated

using one-way ANOVA with Tukey’s test; *p<0.05 and **p <0.01.
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simulate luminal microbes) (Figure 5A). As before (in Figure 3), EDMs were either treated acutely (single

exposure) or chronically (repeated exposures x3, each 4 h apart) with e-cig-infused media (ECIG X3). In

the negative controls, which were exposed only to media (UN), the media were changed every 4 h

(UNX3), just like the e-cig condition. We used the adherent invasive E. coli (AIEC)-LF82, a pathogen that

was originally isolated from a patient with IBD (Boudeau et al., 1999). Compared with untreated controls,

EDMs repeatedly exposed to e-cigarette aerosol media had a significant drop in the levels of occludin

mRNA (Figure 5B, left) and significant increases in the levels of transcripts of inflammatory cytokines IL-

1B, IL-8, and MCP1 (Figures 5C–5E). Levels of IL-6 also trended up but fell short of statistical significance

(Figure 5F). ELISA studies confirmed that EDMs repeatedly exposed to e-cigarette aerosol media also

secreted higher amounts of IL-8 (Figure 5G) and MCP1 (Figure 5H). Unlike the EDMs that were repeatedly

exposed to e-cigarettes (3x), those exposed only once did not have a significant reduction in occludin (Fig-

ure 5B, left) or induction of proinflammatory cytokines (Figures 5C–5H). These findings indicate that expo-

sure to the common core chemical components of e-cigarette aerosols is sufficient to make the gut hyper-

reactive to microbes and that repetitive exposure is necessary for such hyperresponsiveness.

Because cytokine production by epithelial cells after an infection is a culmination of multiple events during

epithelial sensing and signaling that are triggered by microbes, we next asked how exposure to e-ciga-

rettes impacts some of the early steps, i.e., infectivity of the gut epithelium and epithelial reaction to

such infection by production of reactive oxygen species (ROS); the latter serves as a critical second

messenger that modulates innate immune signaling in the gut epithelium (Jones et al., 2012). EDMs
8 iScience 24, 102035, February 19, 2021



Figure 5. Chronic exposure to nicotine-free e-cigarette induces the expression of pro-inflammatory cytokines in

the human colonic epithelium

(A) Schematic displays the overall experimental design for assessing how e-cig affects the gut epithelial response to

infectious pathogenic microbes, e.g., E. coli strain AIEC-LF-82.

(B–F) Bar graphs display the relative fold change (compared to media control) in the levels of mRNA for pro-inflammatory

cytokines. Data are shown as mean G SEM (n = 3 independent experiments). Statistical significance was estimated using

one-way ANOVA with Tukey’s test; *p<0.05, **p <0.01.

(G and H) Bar graphs display the concentration of IL-8 (G) and MCP-1 (H) released in the basolateral compartment of

polarized EDMs after exposure to e-cig vapor-infused media. Data are shown as mean G SEM (n = 3 independent

experiments). Statistical significance was estimated using one-way ANOVA with Tukey’s test; *p<0.05 and **p <0.01.

(I) Bar graphs display the bacterial load internalized in EDMs pretreated as indicated with or without single or repeated

exposure to e-cig vapor-infused media and then exposed to pathogenic AIEC-LF82 for 3 h. Data are expressed as the
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Figure 5. Continued

number of internalized bacteria to the infected control EDMs (untreated; i.e., not exposed to e-cig) and is represented

as the mean G SEM of three separate experiments. Statistical significance was estimated using one-way ANOVA with

Tukey’s test;**** p< 0.0001.

(J) Bar graphs display cellular accumulation of ROS, as determined by measuring the levels of oxidized DNA in the

supernatant in the basolateral compartment of polarized EDMs after exposure to the indicated treatments. Data are

represented as the mean G SEM of three separate experiments. Statistical significance was estimated using one-way

ANOVA with Tukey’s test; *p<0.05.

ll
OPEN ACCESS

iScience
Article
exposed repeatedly to e-cig (3x) showed a statistically significant higher number of internalized bacteria

compared with control EDMs after 3 h of infection, demonstrating decreased host defenses with higher

infectivity of gut epithelium after e-cigarette exposure (Figure 5I). Finally, we found that repeated expo-

sures of e-cigarette aerosol media (3x) followed by infection of EDMs were associated with a reduction

in ROS (Figure 5J). Unlike the chronically exposed EDMs, those exposed only once did not show a signif-

icant increase in infectivity, nor did they show a significant reduction in ROS production (Figures 5I and 5J).

Taken together, these findings indicate that chronic repetitive exposure to e-cigarettes alters the gut

epithelial cell response to infection with pathogenic microbes, characterized by higher infectivity and in-

duction of pro-inflammatory cytokines and a failure to induce protective ROS. Because the overall compo-

sition of the gut microbes does not appear to be significantly altered among the subjects who consume e-

cigarettes (Stewart et al., 2018), our findings show that e-cigarettes may impair gut homeostasis primarily

via modulation of host responses to microbes.
DISCUSSION

E-cigarettes trigger gut inflammation

The major discovery we report in this work is that chronic repetitive, but not acute, exposure to e-cigarette

aerosols disrupts the gut epithelial barrier, increases the susceptibility of the gut lining to bacterial infec-

tions, and triggers gut inflammation (Right; Figure 6). We also show the components in the e-liquid as the

major culprit (expanded upon later in ‘‘Discussion’’). We established causality by using near physiologic

ex vivo murine and human gut models (Left; Figure 6); the minimalistic nature of the polarized enteroid

monolayer system and our ability to manipulate it in a physiologically relevant manner allowed us to

pinpoint the target cell for e-cig-induced injury as the gut epithelial cell. It is possible that the barrier-

disruptive injury is a direct consequence of the heat-decomposed chemical components in the e-cig vapor

or is caused indirectly via secondary metabolites or the cytokines generated from EDMs. By using invasive

E. coli in co-culture studies with EDMs, we also determine that handling of microbes by the gut epithelium

was fundamentally impaired upon chronic and repetitive exposure to e-cig, resulting in higher infectivity

and inflammation. These findings are in keeping with prior studies showing higher infectivity and inflamma-

tion in the epithelial lining of the oral mucosa (Pushalkar et al., 2020) and the lung (Crotty Alexander et al.,

2018; Madison et al., 2019; Miyashita et al., 2018).
E-cigarettes broadly impact gut health

Our RNA-seq studies showed three major inter-related themes of altered transcriptional programs. The

first are the pathways concerning cellular response to stress and stimuli comprising prominent inductions

of genes that participate within the PPAR and AMPK signaling pathways. The second are the pathways con-

cerning mucosal response to infection and inflammation, with prominent induction of genes that encode

the anti-microbial peptide b-defensins and downregulation of multiple genes that modulate lysosomal

biogenesis and Tecpr1, which is necessary and sufficient for autophagic clearance of microbes (Ogawa

et al., 2011). The upregulation of stress response genes and the very specific pattern of upregulation of

b-isoform of defensins are not unique to the gut; transcriptomic analyses on human bronchial epithelium

have documented the same previously (Shen et al., 2016). The third and final theme is that of a balanced

upregulation of genes that support pro- and anti-oncogenic pathways and processes, the most prominent

of which were genes involved in cellular differentiation, i.e., multiple keratins. Because a sufficient amount

of keratin is needed for efficient stress protection in the colonic epithelia and because keratins play an

essential role of maintaining the epithelial barrier and its downregulation in intestinal tissue has been corre-

lated with the progression of IBD (Asghar et al., 2015; Dong et al., 2017), our findings suggest that the three

themes of altered gene expression may be inter-related consequences of epithelial stress response to

chronic stimuli (simultaneous exposure to e-cig and microbes) and inflammation.
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Figure 6. Summary of findings

Left: Schematic summarizes the various in vivo and ex vivo murine and human models used (top) and the readouts

assessed (bottom) in this work to study the impact of vaping on the gut barrier. Right: The major findings and conclusions

from this study showing how e-cig vapors can trigger distinct events (from top to bottom), such as epithelial barrier

disruption, which is permissive to altered gene expression (lower occludin and higher cytokines), and heightened

susceptibility for and response to bacterial infections, culminating in chronic inflammation and epithelial stress response.

Potential feedforward loops that could set up a vicious loop of mucosal injury are indicated using bidirectional arrows.
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E-liquid, not nicotine, is the culprit

Despite a vast array of literature pointing toward nicotine as a major source of ill-effects in people who

smoke and vape, our RNA-seq studies usingmurinemodels of vaping unexpectedly but decisively revealed

that it is the e-liquid component in e-cigarettes that induces broad and sweeping changes in gene expres-

sion in the gut. Virtually all changes in the distal colon were reversed by a concomitant co-administration of

nicotine. These findings are in keeping with the barrier-tightening effect and anti-inflammatory effect of

nicotine that have been demonstrated previously (Eliakim and Karmeli, 2003; Geng et al., 1996; Harries

et al., 1982; Lashner et al., 1990; Madretsma et al., 1996; Prytz et al., 1989; Suenaert et al., 2000, 2003; Sykes

et al., 2000; Van Dijk et al., 1995; Wang et al., 2012, 2016; Zhang and Petro, 1996). For example, exposure of

epithelial monolayers to nicotine and its metabolites at concentrations corresponding to those reported in

the blood of smokers significantly improves TJ integrity, and thus decreases epithelial gut permeability

(Wang et al., 2012). Similarly, studies in humans (Prytz et al., 1989; Suenaert et al., 2000) have shown that

nicotine does tighten the gut and that such effect may only be seen upon chronic, but not acute, exposures

(Harries et al., 1982; Lashner et al., 1990; Suenaert et al., 2003). As for mechanism(s) behind such tightening,

an upregulation of TJ markers (Wang et al., 2012, 2016), most prominently that of occludin, has been re-

ported. Furthermore, nicotine has been generally found to serve as a protective factor for the development

and progression of ulcerative colitis (Sykes et al., 2000), a condition that is characterized by leakiness of the

gut barrier and chronic inflammation in the gut lining. When we tested the impact of e-cig on the gut bar-

rier, we found that the nicotine-free vapors could disrupt the epithelial barriers in both murine (Figure S6)

and human (Figures S7A–S7F) EDMs to a similar extent as vapors that contained nicotine. These findings

are in keeping with other published work showing that it is the e-cig liquid alone (with PG/VG) that is

sufficient for disrupting the proteome of bronchial epithelial cells (Ghosh et al., 2018) and suppressing

bronchial epithelial cell ciliary motility (Clapp et al., 2019). The findings are also in keeping with the fact

that nicotine is known to exert its anti-inflammatory action via nicotinic acetylcholinergic receptors

(nAChRs) on monocytes (Madretsma et al., 1996; Sykes et al., 2000) and T cells (Geng et al., 1996; Zhang

and Petro, 1996), presumably through the direct activation of the cholinergic anti-inflammatory pathway,
iScience 24, 102035, February 19, 2021 11
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which involves inhibition of NF-kB signaling (Wang et al., 2003). That we see nicotine’s anti-inflammatory

action in mice (Figures 1 and 2) but do not see the same in EDMs (Figures S6 and S7) suggests that the

observed anti-inflammatory action in vivomight be epithelium independent, but it is the e-cig base formu-

lation containing PV/VG that is necessary and sufficient to destroy the gut barrier.

Translational relevance of findings

The gut is a complex environment; the gut mucosal barrier serves as the final frontier between the largest

immune system in the body and trillions of microbes, diverse microbial products, food antigens, and toxins

in the lumen. A compromised gut barrier allows microbes and antigens to leak through and encounter the

host immune system, thereby generating inflammation and systemic endotoxemia. The compromised gut

barrier is believed to be a major pathophysiologic component and a contributor to the initiation and/or

progression of various chronic diseases, including, but not limited to, metabolic endotoxemia, type II

diabetes, fatty liver disease, obesity, atherosclerosis, and IBDs. In documenting the harmful effects of e-cig-

arettes on the gut barrier, our study not just highlights the potential effects of e-cigarettes on the gastro-

intestinal tract but also provides insights into the potential long-term effects of e-cigarettes on health.

Limitations of the study

The safety of flavors and other additives (i.e., cannabinoids, THC) was not assessed here. In the absence of

regulations over e-liquid contents and compositions and the plethora of flavors there is to test (thousands),

scaling up to power such a study is not trivial. Another limitation is that the enteroid system is a minimalistic

model and lacks critical components (e.g., immune and non-immune cells present under normal physio-

logic conditions) that are important for setting up a vicious cycle of inflammation in the gut and further

damage of the epithelial lining. Thus, it is possible that the phenotypes observed in our EDM-based assays

underestimate the full extent of injury and inflammation due to e-cigarettes. In fact, we believe that the

missing immune cells in these assays could explain why there is an apparent discrepancy in the effects

of e-cig and nicotine combinations observed in vivo versus those observed in vitro on EDMs. Finally,

although we reconstitute the EDM model with live microbes (the single pathogenic strain of AIEC-LF82),

the full impact of e-cigarettes in the setting of the polymicrobial gut luminal milieu was not estimated

here. Ongoing work is investigating several of these outstanding aspects.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Pradipta Ghosh (prghosh@health.ucsd.edu).

Materials availability

EDMs generated in this study will be made available on request, but we may require a payment and/or a

completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability

This study has generated RNA-seq data of colon isolated from e-cigarette-treated mice. The RNA-seq da-

tasets (metadata, RAW data, and processed data) generated in this work has been deposited at the NCBI

GEO and can be queried using GSE161521.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102035.
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Supplementary Online Information 
 

MATERIALS AND METHODS 

 

Key Resource Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Biological Samples   
C57B/L6 mice ENVIGO/HARLAN  
Adherent Invasive Escherichia coli 
strain LF82 (AIEC-LF82) 

Arlette Darfeuille-Michaud, Inserm (Chassaing and Darfeuille-Michaud, 
2011) (Darfeuille-Michaud et al., 2004) 
Darfeuille-Michaud, A 

Human tissue biopsies HUMANOID CoRE 
VA hospital, San Diego 

UCSD HRPP Project ID190105 

   
Primers (Mouse/Human) Forward primer (3’- 5’) Reverse primer (3’- 5’) 
Mouse 18S qPCR primers GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
Mouse ZO-1 qPCR primers GGGAGGGTCAAATGAAGACA  GGCATTCCTGCTGGTTACAT 
Mouse IL-6 qPCR primers CCCCAATTTCCAATGCTCTCC CGCACTAGGTTTGCCGAGTA 
Mouse IL-1b qPCR primers GAAATGCCACCTTTTGACAGT CTGGATGCTCTCATCAGGACA 
Mouse TNF-alpha qPCR primers CCACCACGCTCTTCTGTCTA AGGGTCTGGGCCATAGAACT 
Mouse IL-8 qPCR primers CCTGCTCTGTCACCGATG CAGGGCAAAGAACAGGTCAG 
Mouse MCP-1 qPCR primers AAGTGCAGAGAGCCAGACG TCAGTGAGAGTTGGCTGGTG 

Mouse Occludin qPCR primers CCTCCAATGGCAAAGTGAAT CTCCCCACCTGTCGTGTAGT 

Mouse Claudin-1 qPCR primers CCCCCATCAATGCCAGGTATG AGAGGTTGTTTTCCGGGGAC 
Mouse Claudin-2 qPCR primers CCTTCGGGACTTCTACTCGC TCACACATACCCAGTCAGGC 
Human IL-8 qPCR primers GAGCACTCCATATGGCACAAA ATGGTTCCTTCCGGTGGT 
Human IL-6 qPCR primers CCAGAGCTGTGCAGATGAGT CTGCAGCCACTGGTTCTGT 
Human IL-1b qPCR primers CCACAGACCTTCCAGGAGAATG GTGCAGTTCAGTGATCGTACAGG 
Human MCP-1 qPCR primers AGTCTCTGCCGCCCTTCT GTGACTGGGGCATTGATTG 
Human ZO-1 qPCR primers CGGTCCTCTGAGCCTGTAAG GGATCTACATGCGACGACAA 
Human Occludin qPCR primers TCAGGGAATATCCACCTATCACTTCAG CATCAGCAGCAGCCATGTACTCT

TCAC 

   
Software programs   
Prism Graphpad https://www.graphpad.com/scientific-

software/prism/ 
Illustrator Adobe https://www.adobe.com/products/illustr

ator.html 
Leica Application Suite X (LAS X) Leica Microsystems https://www.leica-

microsystems.com/products/microscop
e-software/p/leica-las-x-ls/ 

 Image J FIJI https://imagej.net/Welcome 
AxioImager Z1 microscope Carl Zeiss MicroImaging  

   
Chemicals and Reagents   
Direct-zol RNA Miniprep Kit Zymo Research R2052 
Human IL-8/CXCL8 DuoSet ELISA R&D systems DY208 
Human CCL2/MCP-1 DuoSet ELISA R&D systems DY279 
Zinc Formalin Fixative Fischer Scientific 23313096 
DMEM with 10% FBS Thermo Fisher Scientific 11995073 
Fetal bovine serum SIGMA-Aldrich F2442-500ML 
SB431542 (an inhibitor for TGF-β type 
I receptor 

Bio-Techne Sales corp 1614/50 

Y27632 (ROCK inhibitor) Tocris 1254 
Advanced DMEM/F12  Thermo Fisher Scientific 12634028 



Trypsin Thermo Fisher Scientific 15090046 
Prolong Gold Thermo Fisher Scientific P36930 
DNA/RNA Oxidative Damage ELISA 
Kit  

Cayman Chemical, USA 501130 

Collagenase type II Invitrogen 17101015 
70-µm cell strainer Thermo Fisher Scientific 22-363-548 
Matrigel CORNING 354234 
Gentamicin Thermo Fisher Scientific 15750060 
Transwell inserts Thermo Fisher Scientific 07-200-154 
qScript™ cDNA SuperMix Quantabio 101414-108 
Methanol ACS EM-MX0485-3 
Triton X-100 SIGMA-Aldrich X100-500ML 
Trypan Blue Thermo Fisher Scientific 15250061 
 HTS Transwell®-96 Permeable 
Support with 0.4 µm PET Membrane 

Corning 7369 

   
Antibodies   
Anti-Occludin mouse monoclonal 
antibody (1:500) 

Invitrogen 331500 

Anti-ZO-1 rabbit polyclonal antibody 
(1:500) 

GeneTex GTX108627 

Alexa Fluor 594 conjugated goat anti-
rabbit IgG (1:500) 

Invitrogen A11012 

Alexa Fluor 488 conjugated goat anti-
mouse IgG (1:500) 

Invitrogen A11001 

DAPI (1:1000) Invitrogen D1306 
   
Instruments   
Countess II Automated Cell Counter Thermo Fisher Scientific AMQAX1000 
Epithelial Volt/Ohm (TEER) Meter 
 

WPI SKU EVOM2 
 

Automated TEER Measurement 
System (REMS AutoSampler, Version 
6.02) 

WPI SYS-REMS 

Corning HTS Transwell-96 Electrode WPI REMS-96C 
Leica Automated Inverted Microscope Leica Microsystems Leica DMI4000 B 
 

 

All methods involving human and animal subjects were performed in accordance with the relevant guidelines 

and regulations of the University of California San Diego and the NIH research guidelines. 

 

Murine E-Cigarette aerosol exposures: Six to eight-week-old male or female C57BL/6 (Envigo) were 

acclimatized to the SciReq whole body exposure inhalation system for 30 min a day for 3 days prior to 

beginning e-cigarette exposures. Mice were placed into individual slots in the whole-body exposure system and 

exposed for 4 sec every 20 sec for 1 h/day, 5 d/wk, for 1 wk or 12 wks. Mice received e-cigarette vapor 

produced from e-liquid containing 70/30 propylene glycol and glycerol with nicotine (Sigma) at a concentration 

of 6 mg/mL or without nicotine. At the end of the exposure period, mice were anesthetized with 10mg/kg and 

100 mg/kg of xylazine and ketamine, respectively.  

 



Preparation of E-cigarette vapor-infused media: E-liquid mixture of 70% propylene glycol and 30% glycerol 

and 6mg/mL nicotine (purchased from Sigma) without flavors or additives were used. E-cigarette atomizer and 

the rechargeable battery were obtained from Scireq. The atomizer contains a Kangertech Subtank Plus (7mL), 

with a 0.15 ohm coil. Fresh e-cig vapor-infused media was created by activating the battery via application of 

negative pressure by the InExpose system (SciReq), the e-liquid was heated and drawn through the internal 

atomizer and then into a 60 ml syringe containing 10 ml of wash media (DMEM/F12 with HEPES, 10% FBS). 

The wash media was exposed to 50mLs of e-cig vapor generated from the vaporization of the e-cig liquid, (with 

or without 6 mg/ml nicotine) followed by a 12-second shake; this is repeated 30 times. 

 

Human subjects: Human ileum and colonic biopsies were collected from healthy subjects undergoing routine 

colonoscopy for colon cancer screening using the protocol approved by the Human Research Protection 

Program Institutional Review Board (Project ID# 190105). For all the deidentified human subjects, information 

including age, ethnicity, gender, previous history of the disease, and the medication was collected from the chart 

following the rules of HIPAA. Each human participant was recruited to the study following an approved human 

research protocol and signed a consent form approved by the Human Research Protection Program at the 

University of California, San Diego. Each donor agrees that their gastro-intestinal specimens will be used to 

generate an enteroid line at UC San Diego’s HUMANOIDTM Center of Research Excellence (CoRE) for 

functional studies. 

 

Isolation of enteroids from mouse and ileum and colonic specimens of healthy human: Intestinal crypts, 

comprised of crypt-base columnar (CBC) cells, were isolated from both colonic tissue of mice; and human 

colonic and ileal tissue specimens using the previously published paper (Ghosh et al., 2020; Sayed et al., 

2020c). In brief, intestinal crypts were dissociated from tissues by digesting with collagenase type I (2 mg/mL 

solution containing gentamicin 50 ug/mL). The plate was incubated in a CO2 incubator at 37°C, mixing every 

10 minutes with vigorous pipetting in-between incubations, while monitoring the release of single epithelial 

units from tissue structures by light microscopy. To inactivate collagenase, wash media (DMEM/F12 with 

HEPES, 10% FBS) was added to cells, filtered through a 70 µM cell strainer, centrifuged at 200g for 5 min and 

then the supernatant was aspirated, leaving a cell pellet. The number of viable intestinal stem cells was 

determined by the Trypan Blue Exclusion method using  Countess II Automated Cell Counter. Epithelial units 

were resuspended in matrigel and 15µl of cell-Matrigel suspension was added to the wells of a 24-well plate on 

ice and incubated upside-down in a 37°C CO2 incubator for 10 min, which allowed for polymerization of the 

matrigel. After 10 min of incubation, 500µL of 50% Conditioned Media (CM, prepared from L-WRN cells with 

Wnt3a, R-spondin and Noggin, ATCC® CRL-3276™ (Miyoshi and Stappenbeck, 2013) containing 10 μM 

Y27632 and 10 μM SB431542 were added to the suspension. For the human colonic specimens, an in-house 



proprietary cocktail was added to the above media. The medium was changed every 2 days and the enteroids 

were either expanded or frozen in liquid nitrogen for biobanking. 

 

Preparation of Enteroid-derived monolayers (EDMs): EDMs were prepared by dissociating single cells from 

enteroids and plated either in 24-well or 96-well transwell with a 0.4 µm pore polyester membrane coated with 

diluted Matrigel (1:40)  in 5% conditioned media as done before (Ghosh et al., 2020; Sayed et al., 2020c). The 

single-cell suspension was seeded at a density of approximately 2x105 cells/well (in case of 24-well) or 8x104 

cells/well (in case of 96-well) and EDMs were differentiated for 2-3 days in 5% CM. The media was changed 

every 24 hours and monitored under a light microscope to evaluate the EDM generation and quality. As 

expected, the expression of EDMs showed a significant reduction of the stemness marker lgr5 in EDMs (Ghosh 

et al., 2020; Sato et al., 2009; Sayed et al., 2020c). 

 

The treatment of enteroid-derived monolayers (EDMs) with e-cigarette vapor-infused media for 

functional assays: The polarized differentiated EDMs were treated with media that was infused with either 

nicotine-free e-cigarette or with 6 mg/mL nicotine-containing e-cigarettes by adding the vapor-infused media to 

the basolateral compartment of the transwells for the indicated times. The cells were either stained for confocal 

microscopy or used for measurement of transepithelial electrical resistance (TEER) or mRNA isolation; and for 

the collection of supernatants from apical and basolateral sides.  

 

The measurement of Transepithelial electrical resistance (TEER): Two different methods were used for the 

measurement of TEER in low- (LTP) and high-throughput (HTP) modes.  

Manual, LTP: In 24-well, TEER was measured at 0 h, 1 h, 4 h, 8 h, and 24 h, following exposure to e-cigarette 

vapor infused media using the STX2 electrodes with digital readout by EVOM2 (WPI).  

Automated, HTP: The TEER of 96-well transwell plate with EDMs was measured using WPI automated TEER 

Measurement System. WPI REMS-96C recording electrode was used to record TEER, compatible with Corning 

96-well plate format. REMS-96C recording electrode was sterilized in 70% Ethanol, followed by rinse in PBS 

and media. The REMS-96C apical electrode was calibrated to measure TEER approximately 1 mm above 

transwell membrane. Transwell-read time set to 12sec/well. Once set-up complete, plate removed from 

incubator and TEER measured directly afterward; the same read sequence was repeated every subsequent read 

to mitigate TEER artifacts due to temperature fluctuations. TEER recorded by REMS AutoSampler were saved 

as .txt files; raw TEER values (in Ωs), are converted to normalized TEER values by Raw TEER in ohms (Ω) x 

surface area of transwell in cm2 = ohms. cm2 (SA=0.143 cm2 for 96-well and 0.33 cm2 for 24-well). 



 

Infection of EDMs with Adherent Invasive E. coli (AIEC-LF82): Adherent Invasive Escherichia coli strain 

LF82 (AIEC-LF82), isolated from the specimens of Crohn’s disease patient, was obtained from Arlette 

Darfeuille-Michaud (Darfeuille-Michaud et al., 2004). For experimental use, a single colony was inoculated into 

LB broth and grown for 8 h under aerobic conditions and then under oxygen-limiting conditions overnight. 24h 

following treatment with e-cig vaped media, cells in the transwells were infected apically with a multiplicity of 

infection (moi) of 30 for 3 h. For gentamicin protection assay, bacteria were removed after 3h and treated with 

200 µg/ml of gentamicin for 90 minutes, followed by serial dilution in 1x PBS and plating on LB agar plates. 

Colonies were counted the next day to measure colony forming unit per ml (cfu/ml) 

 

RNA isolation and qRT-PCR: RNA was isolated from mouse colon tissues and EDMs followed by cDNA 

synthesis, as per manufacturer's instructions. Quantitative Real-Time PCR was conducted for target genes and 

normalized to housekeeping gene 18S rRNA. Fold change of treatment conditions was determined relative to 

the control condition. All primer sequences used in the study are provided in the key resource Table above.  

 

RNA Seq and pathway enrichment analyses: RNASeq data was processed via kallisto (Bray et al., 2016) 

using the human genome build GRCh38 ensembl version 94 and corresponding genome annotation file to 

compute TPM (Transcripts Per Millions) (Li and Dewey, 2011; Pachter, 2011) values. We used log2(TPM+1) 

to compute the final log-reduced expression values. StepMiner (Sahoo et al., 2007) algorithm was used to 

compute a threshold for the high and low values for each gene. To generate the heatmap, a modified Z-score 

approach with StepMiner threshold (formula = (expr -SThr)/3*stddev) was used to further normalize the gene 

expression values. R version 3.2.3 (2015-12-10) was used to perform all statistical tests. We used python 

scipy.stats.ttest_ind package (version 0.19.0) with Welch’s Two Sample t-test (unpaired, unequal variance 

(equal_var=False), and unequal sample size) parameters. For multiple hypothesis correction,   p values were 

adjusted with statsmodels.stats.multitest.multipletests (fdr_bh: Benjamini/Hochberg principles). R statistical 

software (R version 3.6.1; 2019-07-05) was used to independently validate the results. 

Over-representation (KEGG, GO, etc) analyses were carried out using the g:GOSt platform on 

p:Profiler (https://biit.cs.ut.ee/gprofiler/gost). The g:GOSt platform performs functional over-representation 

analysis (ORA) on input gene lists and identify statistically significantly enriched terms. The website curates 

data from Ensembl database and include pathways from KEGG, Reactome and WikiPathways; tissue specificity 

from Human Protein Atlas; protein complexes from CORUM and human disease phenotypes from Human 

Phenotype Ontology. 

The RNA Seq dataset associated with this study can be accessed at NCBI GEO (GSE161521). 



  

H& E staining: Colonic specimens were rinsed with phosphate-buffered saline (PBS) and fixed in zinc 

formalin for 24 h and embedded in paraffin. Paraffin sections (4 µm) were cut and de-waxed prior to immune-

histochemical staining. Sections were stained with hematoxylin/eosin (H&E). Standard light microscopy was 

used to image tissue sections. 

 

ELISA: Supernatant was collected from basolateral sides of EDMs and was examined for secreted cytokines, 

including IL-8 and MCP-1. These studies were done exactly as described previously (Sayed et al., 2020b; Sayed 

et al., 2020c) using biolegend kit as per manufacturer’s protocol.  

 

Measurement of oxidative DNA/RNA damage: The amount of oxidative DNA damage in untreated and e-

cigarette treated EDMs before and after infection were quantified according to the manufacturer's instruction 

and previously published papers from others (Gao et al., 2019; Rodrigues et al., 2017) and from our own group 

(Sayed et al., 2020a; Sayed et al., 2020b). Briefly, supernatant from treated EDMs was used to detects oxidized 

guanine species: 8-hydroxy-2′-deoxaguanosine from DNA, and 8-hydroxyguanine from either DNA or RNA.  

 

Immunofluorescence staining: Following the final TEER measurement, the media was removed from apical 

and basolateral compartments of all EDMs and gently washed 3 times with room temperature PBS, fixed with 

cold 100% methanol at 20°C for 20 min. Afterward, methanol was removed and washed with blocking buffer 

(0.1% Triton TX-100, 2 mg/mL BSA diluted in PBS) to permeabilize EDMs and to incubate with the following 

primary antibodies: ZO-1 (1:500) and Occludin (1:500). Primary antibodies were removed and washed with 

PBS 3 times for 5 min each time; after which 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 and washed with PBS 3 times for 5 min each time. To preserve fluorescence, 

monolayers were treaeded with Prolong Gold antifade reagent and stored at 4°C until imaged. Confocal 

Microscope with a 40x objective lens was used to image the stained EDMs. Z-stack images were acquired by 

successive 1 µm depth Z-slices of EDMs in the desired confocal channels of Leica TCS SP5 Confocal 

Microscope as done previously (Ghosh et al., 2020). Fields of view that were representative of a given transwell 

were determined by randomly imaging 3 different fields. Z-slices of a Z-stack were overlaid to create maximum 

intensity projection images; all images were processed using FIJI (Image J) software.  

 
 

 



Statistical analysis 

TEER, qPCR and ELISA results were expressed as the mean ± SEM and compared using a one-way ANOVA 

with Tukey’s test or Mann-Whitney test. GraphPad Prism was used to analyze results  and  p-values < 0.05 was 

considered significant. 
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List of downregulated genes (n = 75) 

B830042I05RIK 
 

OTUD4 D430018E03RIK GM20476 PKN2 AFTPH SCYL3 EHF 1700028B04RIK GM25219 

MADCAM1  
 

GM43213 GM17733 4732463B04RIK ASXL2 IGHV 1-26  TRIM30A HADHA AW822252 SMG1 

GM31774  
 

ZBED6 CDK13 PTAR1 TRIM36 PRPF40A SLC33A1 ACNAT1 ZFP871 TRPV3 

GM12511  
 

RPS10-
PS1 
 

HAO2 1700120E14RIK RDH16F2 NAIP3 RANBP2 ZAN ABCG2 TNPO1 

GM26812 VAMP7  GM11945 MAP3K2 TECPR1 LY6C2 TMEM181B-
PS 

ETFDH GM26711 SLC12A5 
 

ZFP748 SLC12A3  GM44216 AL611930.1 ALG13 NUFIP2 GP2  
 

SIRT3 PREPL GM15693 

CLDN12 RBM45  SH3GL2 MZB1 USP53 RCOR1 UNC13B ATP6V0A2 TRIML1 GM9938 
MOB1B MYB A1CF EYA3 GAL3ST2c 

 
     

 

List of upregulated genes (n = 120) 

CNIH2 
 

SBSN 
 

WFDC12 
 

GM15519 
 

TMPRSS11A 
 

STFA1  CTCFLOS 
 

TNNC2 ADIG 
 

CYP1A1 

LCE1D 
 

SERPINB12 GM26751 PIN1 FAM178B ENDOU IL31RA 
 

1700003F12RIK CCDC27 DAPL1 

MCPT4  
 

GM32772 CNFN KRT13 KRT10 DEFB14 CSTA1 MARC1 GM15551  
 

GM94 

GM12496  RETN GP1bb KRT6B LGALS7 EAR2 BORCS5 Hp GM10108 
 

LCE1A2 

LEP 
 

CRCT1 GM48007 9330161L09RIK AC164431.1 HOXD3OS1 LCE3F GM11772 CALM4 
 

PRKAB2 
 

LCE3E  
 

CCL8 APOC1 SLS36A2 LCE3B LCE3A DKKL1  
 

KLK8 SPRR1A LCE3C 

IL1R2  
 

TAGLN SULT5A1 2300002M23RIK LIPE ARXES1 SLURP1 DEFB6 DEFB4 NNAT 

SMOC1  EYA1 SCD1 RTL5 LOR MT4 DISC1 NNMT ARG1 GM47507 
 

KRTAP20-2  ATP2A1 GAL3ST4 TMEM45A TRIM29  TLCD2 FLG SERPINB1C 
 

S100A4 EMB 

CAR3  
 

SPRR4 SPRR3 LCE1A1 FABP4 FABP5 RNASE2B GLB1L2 LCE1G FCOR 

STFA3  KRT1 A230028O05RIK  
 

KRT5 KRT4 FAM25C APOL6 KRT9 APOBR RNF165 

GM49339  ADIPOQ PLIN1 ASPRV1 ILK ADRB3 GM45716 SERPINB3a GLRX5 BC100530 
 

 

Supplementary Table S1 (related to Fig 2): Differentially regulated gene clusters in mice colon vaped with e-
cigarette alone, versus e cigarette with nicotine. 
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Figure S1. Gene expression changes after acute (1 week) or chronic (3 mo) of vaping (related to Fig 1). 
C57BL/6 mice were vaped using a special vaping chamber with MOD brand e-cigarette vapors (see Fig 1A), 
with (ECIG + NICO) and without (ECIG) 6 mg/ml nicotine for 1 week or 3 months by following specific 
regimen (details in methods), followed by isolation of the distal colon. The graphs represent the relative fold 
change in mRNA expression of tight junction markers (A-D) and pro-inflammatory cytokines (E-H) from 2-
3 independent experiments with at least 4-5 mice/group of each experiment (Male mice = black data points; 
Female mice = red data points). Air = air control. Data represent as mean ± SEM. One-way ANOVA with 
Tukey’s test was performed *p < 0.05, **p < 0.01 and ***p < 0.001. 
 



 

 
 
 
Figure S2. Genes differentially expressed in mouse colon exposed to air or electronic cigarette (ECIG) 
vapors with and without nicotine (related to Fig 2).  A. Principal component analysis of all 195 (75+120) 
genes by median absolute deviation. Colon exposed to e-cig vapors (green; n=4), e-cig with nicotine (purple, n 
=4), or Air (red; n=4). E-cig with nicotine samples differ from air controls and e-cig alone samples along with 
the first principal component, accounting for 71% of the variability in gene expression. B. Heatmap selectively 
highlighting those genes that are differentially expressed in air control (green) vs. e-cig alone (yellow) groups 
that are not rescued in the nicotine-containing e-cig group (magenta), as opposed to the large majority of them 
are indeed returned to levels in the control group (see Fig 2B). The upregulated genes support pathways (KEGG 
analysis) that concern differentiation, cornification and keratinization in the colon. 
 
 
 



 

 
Figure S3. Gene ontology (GO) analysis of differentially expressed genes the colons of mice exposed to e-
cig compared to air controls (related to Fig 2). Manhattan-like plots (top) represent the statistical enrichment 
(bottom) of pathways were generated using the list of differentially expressed genes and g:GOSt, a core of the 
g:Profiler that uses statistical enrichment analysis to interpret the functional relevance of gene signatures. The x-
axis represents functional terms that are grouped and color-coded by data sources (e.g. GO biological process, 
orange; KEGG, magenta; Reactome, blue, etc). The y-axis shows the adjusted enrichment p-values in a negative 
log10 scale. The light circles represent insignificant terms (if available).  
 
 
 
 
 
 
 



 

 
 
 
 
Figure S4. Confocal microscopic analysis of human EDMs after chronic exposure to e-cig vapor-infused 
media (related to Fig 3). Representative images show Occludin (a TJ marker; green), ZO-1(a TJ marker; red) 
and DAPI (blue, nuclei) in colonic EDMs either left untreated (top) for 24 h or exposed for the same duration to 
air (middle) or e-cig (bottom)-vapor-infused media. Scale bar = 10 μm. Cropped images on the right are 
presented in Fig 3E.  



 

 
Figure S5. Nicotine-free e-cig disrupts the human ileal epithelial barrier, triggers inflammation (related 
to Fig 4). A. Schematic displays how enteroids isolated from ileal biopsies of healthy humans were 
differentiated into polarized enteroid-derived monolayers (EDMs) and exposed to e-cig vapor- infused media on 
the basolateral side. B-C. EDMs were either grown in normal media (UN) or treated with air-infused media 
(Air) or e-cig vapor-infused media (e-cig) and transepithelial electrical resistance (TEER) was measured over 
time. The graphs represented the percent change in Ω*cm2 from three independent experiments and displayed 
as mean ± SEM. Healthy ileal EDMs were maintained in media or treated with air-infused media or e-cigarette 
vapor- infused media. After acute exposure of 4 h and chronic exposure of 24 h, mRNA expression was 
measured after single or multiple exposures. The graphs represented the relative fold change compared to the 
EDM grown in normal media (UN) and mRNA expression of tight junction markers (D-G) and inflammatory 
cytokines (H-O) was measured from at least three independent experiments and displayed as mean ± SEM. 
One-way ANOVA with Tukey’s test (black *) and Mann-Whitney (red *) test was performed *p < 0.05, **p 
< 0.01 ,***p < 0.001 and ****p < 0.0001.  



 
 

 
Figure S6. Media infused with vapors from nicotine-containing e-cig disrupt the integrity of the murine 
gut barrier to an extent similar to nicotine-free e-cig (related to Fig 4). A. Bar graphs display the percent 
change in TEER of murine EDMs after 4 h. EDMs were either grown in normal media (UN) or treated with air-
infused media (Air) or e-cig vapor-infused media (ECIG) or e-cig with 6 mg/mL of nicotine vapor-infused 
media (EN6). Data is displayed as mean ± SEM (n = 3 independent experiments). B-C. EDMs were treated as 
indicated, fixed and stained for occludin (green) and DAPI (blue, nuclei) and analyzed by confocal microscopy. 
Bar graphs in B display the % increase in the tight junction (TJ) ‘bursts’ (indicative of disrupted TJs). Data is 
displayed as mean ± SEM (n = 3 fields/condition). Statistical significance was estimated using one-way 
ANOVA with Tukey’s test; **p < 0.01, ,***p < 0.001 and ****p < 0.0001. Images in C display representative 
three different fields from EDMs after 4 h of treatment with e-cig containing 6 mg/mL of nicotine-infused 
media. Scale bar = 10 μm. 



  
 
Figure S7. Acute (4 h) and chronic (24 h) exposure to nicotine-free and nicotine-containing e-cigarettes 
decreases the TEER, alters the levels of markers of TJ and triggers inflammation to a similar extent 
(related to Fig 4). (A-B) Bar graphs display the percent change in TEER of human colonic EDMs after 4 h (A) 
and 24 h (B) of the indicated treatments. EDMs were either grown in normal media (UN) or treated with air-
infused media (Air) or e-cig vapor-infused media (ECIG) or e-cig with 6 mg/mL of nicotine vapor-infused 
media (EN6). Data is displayed as mean ± SEM (n = 5 independent experiments with 2 technical replicates for 4 
h). (C-F) Bar graphs display the relative fold change in mRNA expression of TJ genes after 4 h (C-D) and 24 h 
(E-F) of the treatment. (G-J) Bar graphs display the relative fold change in mRNA expression of pro-
inflammatory cytokines compared to the EDMs grown in normal media (UN) of genes from at least 
three independent experiments and displayed as mean ± SEM. One-way ANOVA with Tukey’s test (black *) 
and Mann-Whitney (red *) test were performed. *p < 0.05, **p < 0.01 ***p < 0.001, ****p < 0.0001.  
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