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cell death and NF-κB mediated acute lung inflammation in mice
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1Division of Nanomedicine, Department of Medicine, David Geffen School of Medicine, University 
of California, Los Angeles, California 90095-1772, USA

2Department of Environmental Health Sciences, Jonathan and Karin Fielding School of Public 
Health, University of California, Los Angeles, California 90095-1772, USA

3State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of 
Technology, 2 Linggong Road, 116024, Dalian, China

Abstract

Electronic cigarette (e-cigarette) use has been linked to recent acute lung injury case clusters in 

over 2000 patients and dozens of deaths in the United States, however, the mechanism leading to 

lung injury is not certain although ultrafine particles, heavy metals, volatile organic compounds, 

and other harmful ingredients have been implicated. To systematically evaluate e-cigarette toxicity, 

we generated e-cigarette aerosols by varying the puff numbers (20 to 480), nicotine contents (0 to 

24 mg/mL), and collected e-cigarette samples through an impinger system for biological assays. 

The calculated samples’ concentration ranged from 1.96 to 47.06 mg/mL. THP-1 monocyte-

differentiated macrophages, BEAS-2B bronchial epithelial cells, wild-type C57BL/6 mice, and 

NF-κB-luc transgenic mice were used to test the effects of these samples. E-cigarette samples 

showed cytotoxicity to THP-1 cells and BEAS-2B in vitro, leading to increased oxidative stress, 

inflammatory cytokine production with or without nicotine, and cell death. Furthermore, aerosol 

generated from PG is more toxic than VG. The toxicity of e-cigarette samples is at least partially 

due to the reactive oxygen species and aldehydes, which are generated during the aerosolization 

processes by the e-cigarette device. After NF-κB-luc mice exposed with e-cigarette samples by 

oropharyngeal aspiration, NF-κB expressions were observed in a dose-response fashion with or 

without nicotine. In addition, the e-cigarette samples induced neutrophil infiltrations, IL-1β 
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production, oxidative stress marker heme oxygenase-1 expression in wild-type C57BL/6 mice. 

These results suggested that oxidative stress, pro-inflammatory, NF-κB pathway activation, and 

cell death are involved in e-cigarette aerosols induced acute lung inflammation.
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Electronic cigarette aerosol; acute lung inflammation; oxidative stress; NF-κB pathway; aldehyde

Introduction

Electronic cigarette (e-cigarette) is marketed as a smoking cessation device for traditional 

tobacco cigarettes (t-cigarette). According to Adroit Market Research (2018), the global e-

cigarette market value is expected to grow over $48.9 billion by 2025, with the largest 

revenue in the United States (Adroit Market Research 2018). It is generally agreed that 

compared with t-cigarette, e-cigarette aerosols contain lower levels of toxic chemicals. Thus, 

it should be a safer alternative to t-cigarette (McAuley et al. 2012; Romagna et al. 2013). 

However, the lung toxicity of e-cigarette has raised much attention (Bolt 2020). Recently, a 

multistate outbreak of e-cigarette or vaping product use–associated lung injury (EVALI) has 

resulted in over 2000 patients and dozens of deaths in the United States (Davidson et al. 

2019; Krishnasamy 2020). The majority of the patients presented with acute respiratory 

symptoms and bilateral lung infiltrates on chest imaging (Henry et al. 2019). Though 

tetrahydrocannabinol (THC) and vitamin E acetate had been found strongly related to the 

EVALI, there is still limited knowledge regarding the acute lung inflammation of e-cigarette 

aerosols and the mechanism of toxicity (Blount et al. 2019; Feldman et al. 2020; 

Krishnasamy 2020).

One significant difficulty lies in the considerable variations in device design and diverse e-

liquid compositions, including propylene glycol (PG) and/or vegetable glycerin (VG) that 

are spiked with nicotine, flavorings, and other additives. It is estimated that nearly 500 

brands of e-cigarette with 7,700 flavors will be in the United States marketplaces before the 

Food and Drug Administration (FDA) can fully evaluate them (American Lung Association 

2016). Another difficulty is the complexity of aerosols containing both chemicals and 

particulates. Several studies, including ours, have found significant amounts of fine (PM2.5) 

and ultrafine particles (UFPs) in e-cigarette aerosols (Fuoco et al. 2014; Zhao et al. 2016). A 

recent review has summarized that the concentration of PG and VG was most abundant (i.e., 

greater than 1500 μg/puff) compared to other chemicals in e-cigarette aerosols (Li et al. 

2020). In addition, the nicotine level in e-cigarette aerosols was found comparable to that in 

t-cigarette aerosols (Li et al. 2020). Toxic and carcinogenic compounds, like carbonyl 

compounds (Farsalinos et al. 2015; Kosmider et al. 2014), and toxic metals including Ni, Cu, 

and Fe have also been reported (Lerner et al. 2015; Saffari et al. 2014) in e-cigarette 

aerosols. This is in agreement with our previous results collected in normal human oral 

keratinocytes (NHOKs), showing e-cigarette aerosols are capable of inducing oxidative 

stress and unfolded protein response, which subsequently leads to cytotoxicity (Ji et al. 

2019; Ji 2016). Although informative, these findings are obtained from specific device and 

e-liquid formulation that do not cover the wide range of e-cigarettes on the market. Thus, a 
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systematic approach is needed to elucidate the link between e-cigarette device features and 

key e-liquid components and their toxic potential.

In this study, we generated e-cigarette aerosols by varying the puff numbers, nicotine 

contents, and e-liquid compositions, which were collected through an impinger system. The 

collected e-cigarette aerosol samples in terms of particle size, shape, hydrodynamic size, 

charge, and metal contents were characterized. Their cytotoxic and pro-inflammatory effects 

on THP-1 monocyte-differentiated macrophages and BEAS-2B epithelial cells in vitro and 

acute lung inflammation using NF-κB-luc transgenic mice were tested. In addition, 

aldehydes, formaldehyde, and reactive oxygen species (ROS) concentration in e-cigarette 

samples were measured to reveal the potential mechanism of lung toxicity.

Methods

Experimental details on the characteristic of e-cigarette samples, cell culture, 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) assay, adenosine triphosphate (ATP) assay, glutathione (GSH) content, aldehyde, and 

formaldehyde content, ROS generation measurement, animal model construction and in vivo 
imaging, Western Blotting, together with the collecting efficiency and the mass distribution 

in aerosols samples, are provided in Supplemental Materials.

Acquisition of E-cigarette Samples.

A tank-style e-cigarette device (i.e., Vapor-fi model Volt Hybrid Tank) equipped with a 

refillable tank, high capacity batteries, and adjustable power settings was used in this study. 

To avoid unknown compounds in the commercial e-liquids (Flora et al. 2016), we prepared 

homemade flavorless e-liquids from individual chemical compounds of PG (C3H8O2, ≥ 

99.5%), VG (C3H8O3, ≥ 99.5%), and nicotine (C10H14N2, ≥ 99%). A 30/70 mixture of 

PG/VG along with nicotine levels ranging from 0.0% to 2.4% (0 to 24 mg/mL) in the e-

liquid was investigated in this study. Pure PG and VG were also used individually to 

compare their toxic effects.

E-cigarette aerosols were generated using an in-house made puffing machine composed of a 

compressed air source and a programmable timer to power the e-cigarette device at 3.0 V. 

The HEPA filtered air was continuously pushed through the e-cigarette tank at an airflow 

rate of 1 L/min. The e-cigarette device was controlled to repeat a continuous puffing cycle 

(i.e., 4 s puff duration, every 30 s) to mimic a typical puff topography of e-cigarette users 

(Behar et al. 2015; Farsalinos et al. 2013; Hua et al. 2013; Misra et al. 2002). Following the 

puffing protocol, we studied three exposure conditions: 20, 120, and 480 puffs.

The e-cigarette aerosols were collected by a water or cell culture media (20 mL) filled 

impinger (BioSampler, SKC Inc, Eighty-Four, PA) to obtain e-cigarette samples.

Statistical Analysis

Mean and standard deviation (SD) were calculated for each parameter. Results were 

expressed as mean ± SD of multiple determinations. Comparisons of each group were 
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evaluated by one-way ANOVA and pairwise t-test with Bonferroni. A statistically significant 

difference was assumed when p was <0.05.

Results

Physicochemical Characterization of E-cigarette Nanoparticles in the Liquid Phase

E-cigarette aerosols with different nicotine levels (0, 1.2 %, 2.4 %) were collected by a water 

or cell culture media filled impinger. This method has a high efficiency (80%, 1.96 mg/puff) 

in collecting aerosols into suspension to enable accurate dose control. The particle size 

distribution of the collected aerosols was calculated and showed in Figure S1. Most of these 

particles (95.9%) were smaller than 2.5 μm. E-cigarette aerosol particles in suspension were 

characterized by using TEM, which indicated that the particles in the e-cigarette aerosols 

were in irregular shapes (Figure 1). The Dynamic Light Scattering (DLS) measurement 

showed that the aerosols with nicotine had a smaller hydrodynamic size than samples 

without nicotine in water, ranging from 129.3 to 454.0 nm (Table 1). All the particles 

showed negative zeta-potentials in water ranging from −9.3 to −39.8 mV (Table 1). Zeta-

potential results indicated that aerosols without nicotine were not stable in water and were 

easier to form larger aggregates. This was verified by the TEM and DLS results. The metal 

and metalloid components of each sample were also determined by ICP-MS (Table 2). A 

total of 18 metal and metalloid elements were analyzed, where sodium (Na), phosphorus (P), 

Calcium (Ca) were the most abundant elements. Due to the diluted concentration of these 

elements, their toxic effects could be excluded based on our previous studies (Li et al. 2008; 

Nemery 1990; Xia et al. 2011).

E-cigarette Aerosol Induced Cytotoxicity and Oxidative Stress in vitro.

The cytotoxicity profiles for collected e-cigarette samples in THP-1 cells, a human 

monomyelocytic leukemia cell line, were determined by using MTS and ATP assays. THP-1 

macrophages were treated with e-cigarette samples with different nicotine levels for 24 h. 

The results show that the number of puffs and % of nicotine-dependent increased in cell 

toxicity induced by e-cigarette aerosols (Figures 2a and 2b). The aerosols collected at higher 

number puffs (480 puffs) induced more potent cytotoxicity in THP-1 cells than those 

collected at lower number puffs (20 puffs). At the same puff numbers, especially 480 puffs, 

the higher nicotine percent samples showed higher toxicity. Based on our previous studies, it 

was demonstrated that oxidative stress plays a major role in particle-induced cytotoxicity (Li 

et al. 2008). Thus, GSH depletion assay was performed. It was demonstrated that samples 

with the highest nicotine level and highest number of puffs induced an obvious decrease in 

GSH levels in cells (Figure 2c). In addition to the cytotoxicity and oxidative stress, e-

cigarette aerosols could also induce a pro-inflammatory effect, as demonstrated by the 

production of IL-1β and TNF-α in THP-1 cells. Figure 2d showed the number of puffs and 

% of nicotine-dependent IL-1β production. The highest number of puffs (480 puffs) can 

affect IL-1β significantly. The e-cigarette aerosol samples without nicotine (0%) induced 

more cytokine production than those with higher nicotine levels (1.2% and 2.4%). Samples 

collected at 0% and 1.2% nicotine level with 480 puffs induced similar cell viability and 

significantly different cytokine productions. As shown in Figure 2e, higher nicotine levels 

decreased the TNF-α production. In summary, aerosols can affect pro-inflammatory factors 
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at a higher number of puffs (480 puffs, for example), and nicotine may inhibit the production 

of IL-1β and TNF-α in THP-1 cells.

BEAS-2B was also used to determine the toxicity profiles of e-cigarette aerosols. After 24-h 

exposure to different e-cigarette aerosols, BEAS-2B cells showed similar trends and a higher 

resistance comparing the THP-1 cells. In the MTS assay (Figure 3a), only the highest puff 

number has significant toxicity, and a higher nicotine level with 480 puffs induced lower cell 

viability. As shown in Figures 3b and 3c, no significant toxicity for BEAS-2B cells was 

observed besides the 2.4% nicotine concentration at 480 puffs sample in the ATP assay and 

the GSH determination. The expression of IL-8 and TGF-β1 by e-cigarette aerosols treated 

BEAS-2B cells were measured with ELISA. It was found that e-cigarette aerosols at 20 

puffs induced a significant increase in TGF-β1 production, while higher puff numbers did 

not. The 480 puffs reduced the production of IL-8 (Figure 3e). The expression of IL-8 

decreases at a higher nicotine level, suggesting that nicotine may inhibit IL-8 production. 

The nicotine influence on the expression of TGF-β1 was not observed.

The toxicity of commercial e-liquid with different nicotine levels (0%, 1.2%, 2.4%) was also 

examined in THP-1 cells (Figures S2a and S2b). As shown in Figure S2c, intracellular GSH 

levels suggested that commercial e-liquids induced oxidative stress-dependent cell death. At 

the same nicotine level, commercial e-cigarette samples showed more toxic as the puff 

number increased. The HO-1 expression in cell extracts increased at the higher puff number 

(Figure S2e). For 120 puff samples, the e-cigarette aerosol induced less acute cytotoxicity as 

nicotine was increased. As shown in Figure S2f, the nicotine influence on the expression of 

IL-1β was not observed.

The Role of Individual E-liquid Component in Inducing Cytotoxicity and Oxidative Stress in 
vitro.

To explore mechanisms of the e-cigarette aerosol-induced cytotoxicity and pro-inflammatory 

effects, the component in e-liquid (PG, VG, and nicotine) were investigated in vitro. We 

used pure PG and pure VG as the e-liquid to prepare samples. As shown in Figures 4a and 

4b, comparing with VG, PG shows much more toxicity to THP-1 cells. GSH results 

indicated this injury might be induced by oxidative stress (Figure 4c). Neither PG nor VG 

can promote IL-1β production (Figure 4d). In addition, pure PG and VG without going 

through the heating process in the e-cigarette device were added into the cell culture medium 

directly, and the toxicity of these samples was tested. The results (Figure S3) suggested that 

PG and VG exhibit no significant cytotoxicity to the THP-1 cells when the concentration is 

below 40 mg/mL, which is similar to 480 puffs. This indicates that the heating process plays 

a critical role in causing the cytotoxicity. It is worth noting that PG showed more toxicity for 

THP-1 cells, even without the combustion process at 100 mg/mL.

We also determined the cytotoxicity of nicotine by directly adding it into the cell culture 

media at different concentrations. For THP-1 cells, the toxicity of nicotine does not strictly 

depend on its concentration (Figures S4a and S4b). As shown in Figure S4c, the GSH 

measurements have similar trends. Higher nicotine concentrations can inhibit the expression 

of IL-1β comparing with lower nicotine concentrations (Figure S4d).
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E-cigarette Induced ROS and Generation of Aldehyde.

As we demonstrated above, e-cigarette aerosols could generate cellular oxidative stress. One 

possibility is that e-cigarette aerosols could induce abiotic ROS. Thus, the ROS 

concentration induced by e-cigarette samples in water was measured by DCF assay. As 

shown in Figure 5a, e-cigarette samples significantly enhanced DCF fluorescence, 

suggesting increased total abiotic ROS generation. The DCF fluorescence intensity at 525 

nm was shown in Figure 5b. However, despite the increasing trend of ROS generation in 

terms of puff numbers and nicotine content, there is no statistical difference among all the 

samples.

In order to explore mechanisms of the e-cigarette aerosol induced cytotoxicity and pro-

inflammatory effects, we measured the total aldehyde and formaldehyde content in the 

samples. The e-cigarette aerosols with a PG/VG ratio of 30/70 at two nicotine levels (0%, 

2.4%) in cell culture media and water at low (120 puffs) and high (480 puffs) doses were 

tested (Figures 5c and 5d). The results showed that all the samples contained aldehyde, 

ranging from 2.45 to 28.92 μM, while samples of high puffs had a higher aldehyde level than 

that of low puffs (Figure 5c). A similar trend was also observed in the measurement of 

formaldehyde content in these samples (Figure 5d). Cytotoxicity assessments confirmed that 

aldehyde and formaldehyde could trigger a significant decrease in cell viability (up to 70 %) 

within the dose range measured in the e-cigarette samples (Figures 5e and 5f). These data 

showed that the aldehyde, especially the formaldehyde content in the e-cigarette aerosols, 

plays an important role in the cytotoxicity and pro-inflammatory effects.

E-cigarette Induced Acute Lung Inflammation by Activation of the NF-κB Pathway.

To verify if the in vitro toxicity could be replicated in vivo, an animal study using transgenic 

NF-κB-luc (inflammation, stress responses) mice from Jackson laboratory was performed to 

visually observe the responses of e-cigarette aerosols with and without nicotine in the lung. 

After lung exposure of e-cigarette aerosols for 24 h, the images of the lung were taken ex 
vivo after luciferin injection by in vivo imaging system (IVIS) (Nel et al. 2013). As seen in 

Figure 6a, the NF-κB-luc mice were used to show the activation of the NF-κB pathway in 

the lungs of animals receiving ZnO NPs (positive control, 2 mg/kg) and e-cigarette aerosols 

with different nicotine levels (0% and 2.4%). The data clearly showed that e-cigarette 

aerosols could activate the inflammatory pathway and induce stress responses (Figure 6b). 

Moreover, a 24-h in vivo study using wild-type C57BL/6 mice was conducted to confirm the 

inflammatory effect of e-cigarette aerosols in the lung. ZnO NPs at 2 mg/kg was used as a 

positive control. The results showed clear dose-dependent acute inflammatory effects in 

mice with high puff e-cigarette aerosols inducing more IL-1β production (Figure 6c) and 

neutrophil infiltration (Figures 6d and 6e) in BALF than lower number puff e-cigarette 

aerosols. The tissue HO-1 expression was also increased in the lung in a puff-dependent 

manner post-exposed to e-cigarette aerosols (Figure 6f). This effect was also confirmed by 

different levels of focal inflammation in the lung, as demonstrated by hematoxylin and eosin 

(H&E) staining (Figure 6g). These results showed that e-cigarette aerosols could induce 

acute lung inflammation and the mechanism also involves oxidative stress and NF-κB 

pathway.
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Discussion

Major e-liquid components PG and VG are widely used in medicines, cosmetics, or food 

products. However, it is difficult to identify the safety of these two chemicals as e-liquids. 

There are many decomposition pathways of PG and VG in the process of e-cigarette aerosol 

generation, suggesting that they may induce toxicity by the byproducts (Strongin 2019). In 

our study, comparing with VG, PG has much more toxicity after e-cigarette aerosol 

generation to THP-1 cells. We detected a considerable amount of aldehyde generation by e-

cigarette aerosols in our study (Fig. 5), which could induce oxidative stress and cell death 

(Li et al. 2020; O’Brien et al. 2005).

Nicotine is generally recognized as the major reason why people consume tobacco. The 

contrasting effects of nicotine in the cytotoxicity of THP-1 cells and BEAS-2B cells were 

observed. In addition, as shown in Figure 2d and Figure S4d, nicotine decreases the 

expression of IL-1β, which is one of the major pro-inflammatory effects (Ulloa 2005; Wang 

et al. 2003). This indicates that under certain conditions, nicotine might trigger adaptive/

protective response, a theory that agrees with some reports in the literature (Guan et al. 

2003; Hedstrom et al. 2013).

ROS are toxic to cells at higher levels due to the oxidative stress they exert by their reaction 

with proteins, lipids, and nucleic acids as well as cellular organelles, including mitochondria 

(Mates 2000; Xia et al. 2006). The appropriate cellular response to ROS production is 

critical to prevent further oxidative damage and to maintain cell survival. Among the 

oxidative stress-responsive signaling pathways, NF-κB is one of the most important 

pathways, and it is composed of five related transcription factors: p50, p52, RelA (p65), c-

Rel and RelB (Reuter et al. 2010; Valko et al. 2006). It is responsible for controlling ROS 

levels via increased expression of antioxidant proteins such as SOD. As the level of 

oxidative stress increases, NF-κB induces the expression of various pro-inflammatory genes, 

including those encoding cytokines and chemokines, and also participates in inflammasome 

regulation. In addition to mediating the induction of various pro-inflammatory genes in 

innate immune cells, NF-κB also has a role in regulating the activation of NLRP3 

inflammasomes that controls IL-1β production by expression of NLRP3 and pro-IL-1β 
proteins (Zhong et al. 2016). ROS could activate NF-κB by inducing IKK activation and 

IκBα phosphorylation, which result in the degradation of IκBα. NF-κB then translocates to 

the nucleus to activate target genes. In addition, the phosphorylation of RelA that is 

influenced by ROS-dependent processes leads to greater NF-κB activation. In NF-κB-luc 

mice, we observed enhanced NF-κB activation in the lung but no other organs in a dose-

response fashion. However, there are no obvious differences in the presence or absence of 

nicotine.

Compared to e-cigarette, the t-cigarette generates thousands of chemicals in the burning 

process, including carbon monoxide, acrolein, nicotine, acetaldehyde, ammonia, polycyclic 

aromatic hydrocarbons, N-nitrosamines, misc organic compounds, and so on (Flouris et al. 

2013; Lee et al. 2012). In e-cigarette aerosols, besides PG, VG, and nicotine, we also found 

aldehyde, especially formaldehyde. According to the literature, acetaldehyde, propanal, 

acetone, benzene, nickel, cadmium chromium were also identified in e-cigarette aerosols. 
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However, most chemicals were found at lower levels compared to those in t-cigarette smoke 

(Li et al. 2020). The results in this study suggested that t-cigarette and e-cigarette induced 

similar pro-inflammatory effects, such as NF-κB activation and TNF-α production, which 

was reasonable due to the similarity in some important toxic chemical components. 

However, many chemicals generated from t-cigarette have carcinogenic effects, and the 

complete chemical compositions of e-cigarette aerosols and their molecular and cellular 

effects on carcinogenesis have not been determined. Future studies are needed to determine 

the chemical compositions in e-cigarette aerosols and their cellular effects, including 

mutagenesis.

In addition to customized e-liquids, commercial e-liquids with the same nicotine level (0%, 

1.2%, and 2.4%) was used to generate aerosol samples, and the results were shown in 

supplemental materials (Figure S2). Compared with our homemade e-liquids, which only 

consist of PG, VG, and nicotine, commercial e-liquids showed significant cytotoxicity to 

THP-1 cells at 120 puffs. These results indicated that commercial e-liquids might contain 

unknown compositions beyond PG/VG, which contribute to cytotoxicity. Thus, a detailed 

and precise label for ingredients of e-liquids is necessary for us to understand and evaluate 

their health effect.

Conclusions

Samples were prepared by collecting e-cigarette aerosols generated from different e-liquids, 

which consist of PG, VG, and nicotine. By variation of the puff number and nicotine 

content, the toxicity of the e-cigarette samples was systematically investigated in vitro and in 
vivo. E-cigarette samples generated ROS, induced oxidative stress, pro-inflammatory 

cytokine production, and cytotoxicity in THP-1 cells and BEAS-2B cells. In addition, e-

cigarette samples induced oxidative stress and NF-κB expression in the animal lung after 

exposure by oropharyngeal aspiration. They also induced acute lung inflammation, including 

neutrophil infiltration, IL-1β production, and expression of an oxidative stress marker, heme 

oxygenase-1. PG and VG induced cytotoxicity depends on the puff number, and PG induced 

higher cytotoxicity than VG. Independent and concentration-dependent cytotoxicity for 

nicotine was observed, and nicotine’s protective effects were also noticed. The toxicity of e-

cigarette samples was at least partially due to the generation of abiotic ROS and aldehydes, 

which were generated during the aerosolization processes by the e-cigarette device. These 

results suggested that oxidative stress, pro-inflammatory pathway activation (e.g., NF-κB, 

NLRP3 inflammasome), and cell death were involved in e-cigarette induced acute lung 

inflammation, which provided valuable information to understand the cause of EVALI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative Transmission Electron Microscope (TEM) images to show the morphology 

of e-cigarette aerosol particles at 120 puffs with 0% nicotine (a), 120 puffs with 2.4% 

nicotine (b), 480 puffs with 0% nicotine (c), and 480 puffs with 2.4% nicotine (d).
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Figure 2. 
(a,b) Determination of THP-1 cell proliferation by MTS and ATP assays after e-cigarette 

samples treatment for 24 h. The e-liquid with 0%, 1.2%, 2.4% nicotine concentration was 

collected for 20, 120, and 480 puffs to prepare the sample. ZnO NPs were used as a positive 

control with a concentration of 10 μg/mL. The cell culture medium was used as a negative 

control. The proliferation rate of the e-cigarette samples treated cells was normalized to the 

value of non-treated control cells, which was regarded as 100%. (c) Cellular GSH depletion 

in THP-1 cells. THP-1 cells were exposed to e-cigarette aerosol samples for 6 h. GSH levels 

were expressed as a percentage of the luminescence intensity compared to control cells. a, b, 

and c use the same legend. (d,e) IL-1β and TNF-α production in the supernatants obtained 

from Figure 2a. IL-1β and TNF-α levels were determined by ELISA. Monosodium urate 

(MSU) was used as a positive control with a concentration of 100 μg/mL. *p < 0.05, 

compared to control.
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Figure 3. 
(a,b) Determination of BEAS-2B cells proliferation by MTS and ATP assays after e-

cigarette samples treatment for 24 h. The e-liquid with 0%, 1.2%, 2.4% nicotine 

concentration was collected for 20, 120, and 480 puffs to prepare the sample. ZnO NPs were 

used as a positive control with a concentration of 10 μg/mL. The cell culture medium was 

used as a negative control. The proliferation rate of the e-cigarette samples treated cells was 

normalized to the value of non-treated control cells, which was regarded as 100%. (c) 

Cellular GSH depletion in BEAS-2B cells. BEAS-2B cells were exposed to e-cigarette 

aerosol samples for 6 h. GSH levels were expressed as a percentage of the luminescence 

intensity compared to control cells. a, b, and c use the same legend. (d,e) TGF-β1 and IL-8 

production in the supernatants obtained from Figure 3a. TGF-β1 and IL-8 levels were 

determined by ELISA. ZnO NPs were used as the positive control with a concentration of 10 

μg/mL. *p < 0.05, compared to control.

Ma et al. Page 14

Arch Toxicol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Cellular viability and oxidative stress in THP-1 cells exposed to PG, VG aerosol samples, 

and samples with different nicotine. The number of puffs is 120. (a) Use of a MTS assay in 

THP-1 cells, exposure to pure PG and pure VG aerosol samples for 24 h. The culture 

medium was used as control and ZnO NPs (10 μg/mL) was the positive control. (b) Use of 

an ATP assay to assess the cell viability of THP-1 cells, using the same protocol as in MTS 

assay. (c) Cellular GSH depletion in THP-1 cells was conducted by using luminescence-

based GSH-Glo assay. THP-1 cells were exposed to e-cigarette aerosol samples for 6 h. 

GSH levels were expressed as a percentage of the luminescence intensity compared to 

control cells. *p < 0.05, compared to control. (d) IL-1β production in the supernatants 

obtained from Figure 5a. IL-1β levels were determined by ELISA. *p < 0.05 compared to 

control.
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Figure 5. 
DCF fluorescence: (a) 29 μmol/L of DCF was incubated with e-cigarette samples for 3 h. 

Fluorescence emission spectra were collected at 500–600 nm with excitation at 490 nm. 

Co3O4 NPs (10 μg/mL) was the positive control. (b) The intensity of DCF fluorescence at 

525 nm. *p < 0.05, compared to H2O. Quantification of aldehyde and formaldehyde content. 

(c) The aldehyde level in the e-cigarette aerosol samples was determined using a 

colorimetric aldehyde assay kit. After incubation with the aldehyde detection reagent for 1 h, 

the supernatants were used for assessment of absorbance at 405 nm in a SpectroMax M5e 

microplate reader. (d) The formaldehyde level in the e-cigarette aerosol samples was 

determined using a fluorometric aldehyde assay kit. After incubation with the detection 

reagent for 0.5 h, the fluorescence was detected at Ex/Em = 535/587 nm with a SpectroMax 

M5e microplate reader. Use of the MTS assay (e) and ATP assay (f) to determine the cellular 

viability of THP-1 cells exposed to formaldehyde. The inset shows the detail by using 

Logarithmic scale. All the MTS and ATP values were normalized vs. non-treated controls 

representing 100% cell viability. *p < 0.05 compared to control.
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Figure 6. 
Acute pulmonary inflammatory effect in mice. (a) Transgenic mice were exposed to ZnO 

and e-cigarette aerosols with different nicotine levels at two different doses for 24 h and 

imaged by IVIS. (b) The luminescence intensity of the lung area. Wild-type animals were 

euthanized at 24 h post-exposure, and BALF was collected to determine (c) IL-1β 
production, (d) neutrophil, and (e) differential cell count. *p < 0.05. (f) The lung tissues 

were collected to assess HO-1 expression by western blotting (ZnO NPs at 2 mg/kg was 

used as positive controls). (g) The lung tissue from the same animals was stained by H&E 

method. The scale bar corresponds to 500 μm.
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Table 1.

Hydrodynamic size (nm) and zeta potential (mV) of e-cigarette samples in water.

Sample in water Hydrodynamic Size (nm) Zeta potential (mV)

0%−20 puffs 454 ± 161 −19.8 ± 0.5

0%−120 puffs 281 ± 59 −9.4 ± 1.0

0%−480 puffs 219 ± 79 −9.3 ± 0.3

2.4%−20 puffs 129 ± 59 −20.5 ± 1.2

2.4%−120 puffs 160 ± 40 −39.8 ± 2.2

2.4%−480 puffs 259 ± 51 −27.2 ± 2.3
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Table 2.

Element analysis using inductively coupled plasma mass spectrometer (ICP-OES) in e-cigarette samples. 

(average ± stdev, ng/mL, ppb)

element 0%−20 puffs 0%−120 puffs 0%−480 puffs 2.4%−20 puffs 2.4%−120 puffs 2.4%−480 puffs

B 8.12±0.04 11.94±0.04 35.54±0.06 7.82±0.27 14.00±0.49 24.97±0.29

Na 677.39±2.85 866.63±0.47 1463.23±8.4 606.55±6.8 980.53±3.23 1422.84±11.79

Mg 168.64±0.91 213.21±1.71 545.46±3.85 147.72±0.48 201.43±0.35 196.12±2.01

Si 169.10±1.66 223.34±2.33 1074.02±22.95 155.03±2.03 234.00±1.88 201.51±2.91

P 558.18±25.25 979.19±25.5 3742.15±84.75 390.24±9.35 376.96±8.50 477.09±4.88

S 314.17±26.02 345.83±11.81 264.17±9.46 242.92±7.91 369.78±25.62 932.44±36.30

K 109.40±1.72 116.98±0.53 214.82±2.85 84.83±2.55 133.95±1.74 204.81±2.72

Ca 952.03±16.37 1553.32±3.7 3845.73±31.75 651.77±9.97 791.71±3.467 838.86±4.75

Fe 0.00 0.00 0.00 0.00 115.29±0.6 137.21±1.51

Cu n/a n/a 7.17±0.05 n/a 5.58±0.15 19.82±0.13

Zn 19.57±0.54 21.98±0.09 12.02±0.21 19.80±0.16 9.67±0.288 16.87±0.17

Sr 5.65±0.04 8.39±0.12 15.31±0.17 4.04±0.06 6.00±0.058 5.87±0.01

Nb 1.59±0.09 6.95±0.45 6.16±0.77 0.08±0.02 0.19±0.01 0.42±0.02

Sn 25.26±0.38 30.28±0.15 45.75±2.72 22.55±1.00 27.98±0.72 30.35±2.15

I 3.27±0.26 3.15±0.15 2.42±0.26 0.00 0.00 0.00

Ta 0.92±0.01 4.80±0.17 11.43±0.99 0.22±0.03 0.46±0.00 0.75±0.03

W 1.08±7.15 1.45±8.96 2.04±11.67 0.83±6.65 1.03±2.32 1.06±11.28

Pb 0.66±0.00 0.47±0.01 0.43±0.01 1.42±0.03 0.51±0.01 0.58±0.01
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