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Electronic cigarette (e-cig) usage has risen dramatically worldwide over the past decade. While they are touted as a safe alternative to cigarettes, recent studies indicate that high levels of nicotine and flavoring chemicals present in e-cigs may still cause adverse health effects. We hypothesized that an e-liquid containing a mixture of tobacco, coconut, vanilla, and cookie flavors would induce senescence and disrupt wound healing processes in pulmonary fibroblasts. To test this hypothesis, we exposed pulmonary fibroblasts (HFL-1) to e-liquid at varying doses and assessed cytotoxicity, inflammation, senescence, and myofibroblast differentiation. We found that e-liquid exposure caused cytotoxicity, which was accompanied by an increase in IL-8 release in the conditioned media. E-liquid exposure resulted in elevated senescence-associated beta-galactosidase (SA-β-gal) activity. Transforming growth factor-β1 (TGF-β1) induced myofibroblast differentiation was inhibited by e-liquid exposure, resulting in decreased α-smooth muscle actin and fibronectin protein levels. Together, our data suggest that an e-liquid containing a mixture of flavors induces inflammation, senescence and dysregulated wound healing responses.
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INTRODUCTION

Electronic cigarettes (e-cigs) have become increasingly popular in western countries, particularly among adolescents. These devices generate aerosols from refill liquids (e-liquids) containing nicotine and flavoring compounds solubilized in a humectant such as propylene glycol (PG) or vegetable glycerin (VG) (Barrington-Trimis et al., 2014; Goldenson et al., 2017). E-cigs have been marketed as a safer alternative to conventional cigarette smoking, but the availability of flavored e-cigs has led to an epidemic of nicotine addiction among teenagers. E-cig use among high school students nearly doubled from 11.7% to 20.8% during the 2017–2018 period (Gentzke et al., 2019), and recent efforts to limit use among younger users have led to a federal ban on the sale of prefilled cartridges with flavors except for menthol and tobacco in the United States (FDA, 2020). However, consumers may still fill their own cartridges or transition to other flavored tobacco products (Yang et al., 2020). Flavoring chemicals such as vanillin often contain aldehydes, which are known to cause DNA damage and senescence, markers of aging (Sundar et al., 2016). While cigarette smoke is an established driver of premature aging (Koh et al., 2002; Garcia-Arcos et al., 2016; Vij et al., 2018), there is little information on the effects of e-cigarettes on aging.

Aging is defined as the progressive deterioration of physiological functions over time (Meiners et al., 2015). These changes are accompanied by increased inflammation, dysregulated repair processes, and senescence, a state of irreversible growth arrest. The lung is constantly exposed to environmental challenges such as cigarette smoke, fumes, pollen, and viral and bacterial pathogens, which are normally cleared by specialized immune cells (Meiners et al., 2015). When there is sustained long term exposure to contaminants such as cigarette smoke, the defense systems in the lung can become overwhelmed leading to deleterious structural alterations. Cigarette smoke is thought to accelerate these changes by inducing oxidative and DNA damage responses in pulmonary fibroblasts resulting in stress-induced senescence (Nyunoya et al., 2006; Miglino et al., 2012). Fibroblasts are mesenchymal cells that help maintain the extracellular matrix (ECM), a complex meshwork of fibrous proteins, glycoproteins, and proteoglycans that provide scaffolding and structural stability in the lung (Chilosi et al., 2012). Senescent fibroblasts accumulate in older individuals and are thought of as a defense mechanism to prevent dysfunctional or potentially tumorigenic cells from continuing to proliferate (Baraibar et al., 2012; Rashid et al., 2018). However, senescence may prevent fibroblast proliferation during wound healing and these cells also adopt a senescence-associated secretory phenotype (SASP), releasing proteases, growth factors, and proinflammatory mediators/cytokines (Lerner et al., 2015b; Sundar et al., 2016) that maintain a proinflammatory phenotype which may further predispose the lung to age associated pulmonary exacerbations.

Another consequence of aging is the inability to maintain proper repair processes in the lung. These changes can lead to a further decline in pulmonary function (Meiners et al., 2015). During wound healing, pulmonary fibroblasts migrate and differentiate into myofibroblasts, the main effector cells that regulate the production and organization of the ECM. These effector cells secrete ECM proteins that serve as scaffolding for epithelial cells migrating into the wound (Ko et al., 2019). Once wound resolution initiates, myofibroblast undergo apoptosis. However, in interstitial lung disease (ILD) and aged lungs, these myofibroblasts are apoptosis-resistant (Huang et al., 2015; Hanson et al., 2019), leading to abnormal ECM accumulation. Myofibroblast differentiation is primarily controlled by the cytokine, transforming growth factor-β1 (TGF-β1) (Sandbo et al., 2009). Studies show that nicotine and potentially other e-cig constituents can inhibit TGF-β1 signaling, perturbing wound healing processes in the lung (Silva et al., 2012; Lei et al., 2017).

In this study, we assessed the effects of a commercially available e-liquid, a mixture of coconut, cookie, and vanilla flavors containing nicotine (3 mg/mL) on inflammation and senescence in pulmonary fibroblasts. Furthermore, we hypothesized that e-liquid exposure would disrupt myofibroblast differentiation, revealing undesired alterations to cell physiology that would be consistent with accelerated aging. Our previous work shows that chronic e-cig users have increased inflammatory and oxidative stress biomarkers. E-cig generated aerosols were also shown to contain comparable levels of reactive oxygen species (ROS) to cigarettes (Lerner et al., 2015a,b). E-cig exposure can also induce DNA fragmentation which can lead to senescence in human lung cells (Lerner et al., 2015b). However, there is little information available on the effects of e-cig flavorings on lung cellular senescence. E-cigs contain flavoring chemicals, humectants, and often nicotine. Since humectants and flavoring additives are generally recognized as safe (GRAS) in foods, it has been wrongly assumed that these compounds would be innocuous when inhaled (Sears et al., 2017). However, our recent work, as well as others, show that flavoring compounds, such as vanillin and cinnamaldehyde, induce oxidative stress and inflammatory responses in human lung cells (Hua et al., 2019; Muthumalage et al., 2019). Furthermore, PG and VG, two common e-cig vehicles, may alter extracellular matrix remodeling and inflammatory-immune responses in the lung (Madison et al., 2019; Wang et al., 2019) consistent with the promotion of aging. It is possible that the e-liquid containing flavoring chemicals may induce pro-senescence and dysregulated repair responses.



MATERIALS AND METHODS


Scientific Rigor

We used a rigorous and unbiased approach during experiments and data analysis.



E-Liquid Mixture of Flavors/Flavoring Chemicals

The e-liquid, a mixture of tobacco, coconut, vanilla, and cookie flavors, was kindly provided by the Belgium Ministry of Public Health. It consists of 50/50 PG/VG, nicotine (3 mg/ml), and tobacco, coconut, cookies, and vanilla flavors.



Gas Chromatography and Mass Spectrometry

Gas chromatography and mass spectrometry (GC-MS) was carried out as previously described (Muthumalage et al., 2019).



Cell Culture and Treatment

Human lung fibroblasts cells (HFL-1) were purchased from ATCC (Manassas, VA, United States) and cultured in Dulbecco’s Modified Eagle’s medium (Gibco; #10569-010, Carlsbad, CA, United States) and supplemented with 1% of penicillin/streptomycin (Gibco; #15140-122), 1% non-essential amino acids (Gibco; #11140-050), and 10% fetal bovine serum (FBS). Cells were treated with various doses of flavored e-liquid (0.1–1% v/v), nicotine (Sigma Aldrich; #200-607-2), 50/50 PG/VG1, and/or 5 ng/mL TGF-β1 (ab50036) for 24 or 72 h. HFL-1 were between passages 6–10 and cultured at 5% CO2 at 37°C in T75 flasks.



Cell Viability and ELISA

HFL-1 (5 × 104 cells/well) were cultured in 24 well plates to 80% confluency and serum-deprived overnight in 1% FBS. Cells were lifted with 0.25% trypsin with EDTA following treatment and neutralized with complete medium. Cells were stained with ViastainTM AO/PI (Nexelcom Biosciences; #CS2-0106, Lawrence, MA, United States) and counted on a Cellometer Auto 2000. IL-8 release was measured in cell supernatants using an IL-8 Human Matched Antibody Pair Kit (Invitrogen; #CHC1303, Carlsbad, CA, United States) according to the manufacturer’s instructions.



Western Blotting

Protein concentrations were measured in whole-cell lysates by Pierce BCA Protein Assay Kit Thermo Scientific; #23225, Waltham, MA, United States). 10 μg protein was separated in 10% SDS-PAGE gel and transferred on to a nitrocellulose membrane. The membrane was incubated with anti-α-SMA antibody (ab124964, 1:1000), anti-Fn antibody (ab2413, 1:1000), and anti-Col1A1 antibody (ab21286, 1:1000) from abcam (Cambridge, MA, United States) overnight at 4°C. The following day, the membrane was incubated with HRP-conjugated secondary anti-rabbit antibody (BioRad; #170-6515, 1:5000) for 1 h at room temperature. The chemiluminescence was detected using the Bio-Rad ChemiDoc MP imaging system. Densitometric analyses of the band intensities were performed using Image Lab software (v4.1, BioRad, Hercules, CA, United States). GAPDH (ab9484, 1:2000) was used as the endogenous control for normalization.



Cellular Senescence Activity Assay

Detection of SA-β-gal activity was determined by the conversion rate of 4-methylumbelliferyl-β-D-galactopyranoside (MUG) to the 4-methylumbelliferone (4-MU) using a kit (ENZO; #130-0010, Farmingdale, NY, United States). The assay protocol was adapted from the manufacturer’s instructions. Briefly, 50 μL of protein (20× dilution) was added to 50 μL of 2× assay buffer (40 mM citric acid, Na3PO4, 300 mM NaCl, 10 mM β-mercaptoethanol, 4 mM MgCl, and 1.7 mM MUG at pH 6.0) and incubated for 3 h. 50 μL of the solution was transferred to another plate and 200 μL of stop solution was added. Senescence activity was defined as the fluorescence intensity at 360 nm excitation and 465 nm emission. Data were normalized to protein concentration.



Statistical Analysis

Statistical analyses of significance were performed by one-way ANOVA followed by Tukey’s multiple comparison test when comparing multiple groups using GraphPad Prism 7 (La Jolla, CA, United States). Data are presented as means ± SEM. p < 0.05 is considered as statistically significant.



RESULTS


Mixed Flavored E-Liquid Induces Cytotoxicity in HFL-1 Fibroblasts

To investigate the cytotoxicity of the e-liquid flavors, HFL-1 cells were exposed to concentrations between 0.1 to 1% v/v for 24 h. A 50/50 mixture of PG/VG and nicotine controls were included in the study. E-liquid exposure demonstrated significant cytotoxicity at 0.5 and 1.0% concentrations. Total live cell counts were 79.6 and 52.0% relative to control for 0.5 and 1.0% concentrations, respectively. There was no associated toxicity with equivalent PG/VG or nicotine controls for 0.25 and 0.5% dose (Figures 1A,B).
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FIGURE 1. Mixed flavored e-liquid induces cytotoxicity in HFL-1. Total live cell counts of a (A) mixed flavored e-liquid, (B) nicotine or PG/VG controls in HFL-1 after 24 h exposure. Cells were stained with AO/PI dye and counted on a Cellometer Auto 2000. Data represented as mean ± SEM (n = 4 per group). *p ≤ 0.05, ***p ≤ 0.001 vs untreated control group. Only significant differences vs control were labeled with asterisks.




Inflammation and Cellular Senescence in HFL-1 by Mixed Flavored E-Liquid

To determine if a mixture of flavors elicited an inflammatory response, we exposed HFL-1 to various doses of e-liquid with the appropriate PG/VG and nicotine controls. TNF-α was used as a positive control and indicates that the cells were responsive to proinflammatory stimuli. IL-8 was measured in the conditioned media 24 h post-treatment. IL-8 release was significantly elevated at 0.25% e-liquid. However, at higher concentrations, IL-8 release was unchanged compared to control. There was no change in IL-8 release in nicotine or PG/VG treated cells compared to control (Figure 2).
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FIGURE 2. Mixed flavored e-liquid induces an inflammatory response in HFL-1. Cells were exposed to e-liquid (EL), nicotine, PG/VG, or 10 ng/mL TNF-α for 24 h. IL-8 release was measured in the conditioned media following exposure by ELISA. Data represented as mean ± SEM (n = 4 per group). *p ≤ 0.05, ***p ≤ 0.001 vs untreated control group. Only significant differences vs control were labeled with asterisks.


Senescence was assessed in HFL-1 exposed to varying concentrations of e-liquid for 72 h. SA-β-gal activity was measured as a marker of cellular senescence in these cells. Exposure to 0.5% e-liquid and PG/VG showed a significant increase in SA-β-gal activity compared to controls. There was no effect with nicotine treatment (Figure 3).
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FIGURE 3. Cellular senescence was caused by a mixed flavored e-liquid in HFL-1. Cells were treated with e-liquid (EL), nicotine, or PG/VG for 72 h. Cells were lysed and SA-β-gal activity was assessed by measuring the conversion rate of 4-MUG to 4-MU. Data represented as mean fluorescence intensity normalized to protein concentration ± SEM (n = 3 per group). *p ≤ 0.05, **p ≤ 0.01, vs untreated control group. Only significant differences vs control were labeled with asterisks.




E-Liquid Inhibited TGF-β1 Induced Myofibroblast Differentiation

Inhalation of toxic substances can cause damage to the lung and initiate wound healing responses. The production of ECM proteins was assessed by immunoblot analysis in response to e-liquid exposure alone and in combination with 5 ng/mL TGF-β1. Protein levels of α-SMA, a marker of myofibroblast differentiation was assessed. E-liquid exposure did not alter levels of α-SMA after 72 h compared to control. However, e-liquid exposure did significantly prevent TGF-β1 induced myofibroblast differentiation, measured by α-SMA levels. When we analyzed the production of ECM proteins, e-liquid treatment did not significantly alter levels of fibronectin or type I collagen. However, inhibition of TGF-β1 induced fibronectin was observed (Figure 4A). There were no significant changes in PG/VG or nicotine exposed groups (Figure 4B).
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FIGURE 4. E-liquid inhibited TGF-β1 induced myofibroblast differentiation. Immunoblots following exposure to a (A) mixed flavored e-liquid (EL) and/or 5 ng/mL TGF-β1 after 72 h or (B) nicotine and PG/VG controls are shown. The protein abundance of extracellular matrix related markers was measured in whole-cell lysate using western blotting. GAPDH was used as an endogenous control. Representative blots for α-smooth muscle actin (α-SMA), Fibronectin (Fn), and type I collagen (COL1A1) in HFL-1 are shown. The band intensity was measured by densitometry and data are shown as fold change relative to control. Data are shown as mean ± SEM (n = 3/group) *p < 0.05, **p < 0.01, indicates significance. Only significant differences vs control were labeled with asterisks.




Characterization of Chemical Constituents Contained in Mixed Flavored E-Liquid

The constituents of the mixed flavored e-liquid were categorized broadly into known flavoring additives, silicon-containing compounds, humectants and oils, terpenes, alkanes, and miscellaneous in Table 1. The predominant flavoring constituents were pyrazines, vanillin, and furonones.


TABLE 1. Constituents detected in e-liquid cartridge by GC-MS.
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DISCUSSION

It is well understood that cigarette smoking can drive premature aging of the lungs, vasculature, and skin (Rashid et al., 2018; Morita, 2007). Chronic low-level inflammation and dysregulated ECM remodeling are common features in aged individuals and cigarette smokers are more likely to exhibit these features earlier compared to non-smokers (Csiszar et al., 2009; Sundar et al., 2016). Studies show that chronic cigarette smoke exposure impairs autophagy and proteostasis, leading to abnormal lung function (Tran et al., 2015; Bodas et al., 2016). Additionally, the combustion products of tobacco smoke generate oxidative stress and inflammation that inhibit collagen biosynthesis by skin fibroblasts leading to excessive wrinkling (Koh et al., 2002; Morita, 2007). While much is known about the effects of cigarette smoke and nicotine in aging, the effect of e-cigarettes on premature aging is poorly understood. In this study, we demonstrated that direct exposure to a mixed flavored e-liquid causes changes in cellular homeostasis consistent with accelerated aging observed in long time cigarette smokers. Exposure to the mixed flavored e-liquid induced inflammation, senescence and inhibited wound healing responses in pulmonary fibroblasts. This demonstrates that e-liquid exposure may have negative consequences on human health and may promote changes in cellular function associated with aging.

We assessed the cellular responses of pulmonary fibroblasts to direct e-liquid exposure. Cytotoxicity was observed at 0.5% concentration, but not with the concentration equivalent nicotine and PG/VG controls, suggesting that other constituents, such as flavoring chemicals, are responsible for cell death. This is consistent with other studies that show cytotoxicity with flavoring compounds, independent of other e-cigarette components such as PG/VG and nicotine (Bitzer et al., 2018; Muthumalage et al., 2019).

To determine how e-liquid exposure may exacerbate aging, we looked at the release of inflammatory mediators and the development of senescence. The number of senescent fibroblasts increase in older individuals and patients with COPD. They also show increased levels of inflammatory mediators such as interleukin-8 (IL-8), prostaglandin E2 (PGE2), and interleukin-6 (IL-6) (Larsson, 2008; Zhang et al., 2012). Acute e-liquid exposure resulted in increased IL-8 release after 24 h. Higher doses failed to induce IL-8 secretion, which may be a consequence of increased cytotoxicity. IL-8 is a potent chemokine for neutrophils and plays an important role in sustaining chronic inflammation (Reynolds et al., 2018). In our previous work, tobacco-flavored e-cigarettes failed to elicit an inflammatory response in monocytes and fibroblasts, in contrast to what we have observed with this tobacco flavored e-liquid (Lerner et al., 2015b; Muthumalage et al., 2017). However, e-liquids represent a mixture of chemicals and interactions between tobacco flavors with other flavors may alter cellular responses. Moreover, e-liquid and PG/VG exposure increased cellular senescence, which may perpetuate inflammatory responses through SASP.

Prolonged inflammation and oxidative stress initiate the reorganization of the extracellular matrix. The ECM plays a vital role in injury responses (Crotty Alexander et al., 2018). Unresolved damage to the lung can perturb the normal wound healing process, which is observed in ILD and increases with age (Gould et al., 2015). In this study, the treatment of pulmonary fibroblasts with e-liquid did not significantly alter the production of fibronectin or collagen. However, we observed inhibition of myofibroblast differentiation, suggesting that this e-liquid may potentially inhibit wound healing responses in the lung. TGF-β1-induced fibronectin was also significantly inhibited with e-liquid exposure. Previously, we have reported that nicotine reduces the wound healing capacity by inhibiting contraction and myofibroblast differentiation. Nicotine inhibits myofibroblast differentiation by interfering with mitochondrial dynamics and these effects can be recapitulated with mitochondrial complex II inhibitor antimycin A (Lei et al., 2017). However, further studies would need to assess if other constituents besides nicotine are playing a role. In contrast to patients with ILD, we observed a decrease in ECM production. Fibroblasts are a heterogeneous population and the effects of premature senescence on different populations may differentially affect deposition and resolution phases in wound healing (Waters et al., 2018). Stress-induced senescence in progenitor populations may also negatively affect the ability of these cells to respond to injury. In addition, senesced fibroblasts secrete more matrix metalloproteases and limit fibrosis under certain conditions (Krizhanovsky et al., 2008; Li et al., 2016), which could prevent proper remodeling of the ECM. Disruption of collagen biosynthesis may also cause advanced aging of the skin. However, further research in skin fibroblasts is needed to make any conclusions.

We have previously demonstrated that mixed e-liquid flavors induce more severe cytotoxicity, generation of ROS, and inflammatory responses in comparison to a single flavor suggesting that mixing of flavors form secondary products eliciting an exacerbated cellular response (Muthumalage et al., 2017). The key constituents were identified through GC-MS analysis, which revealed that pyrazines, vanillin, and furonones, all known pulmonary irritants, were some of the main flavoring constituents present in this e-liquid. Pyrazines are associated with chocolate or roasted nut flavors. Pyrazines contain a heterocyclic motif that interacts with a diverse set of targets such as p53, the estrogen receptor, and the vascular endothelial growth factor (VEGF) making them an attractive target in the treatment of multiple diseases such as various cancers (Browne et al., 1991; Kamal et al., 2011; Lalitha et al., 2016). In hepatic stellate cells, tetramethylpyrazine induced senescence through a p53 dependent mechanism (Jin et al., 2017). Vanillin was associated with higher cytotoxicity in high throughput screening assays (Sassano et al., 2018). In addition, aldehydes like vanillin generate oxidative stress and are known to activate DNA damage responses (Sundar et al., 2016). Furan and its derivatives, which are often found in fruity and sweet flavors, are associated with damage to nasal mucosa and the lamia propia in rats (Arts et al., 2004). These compounds also exhibited anti-cancer properties in a lung adenocarcinoma cancer line (Yuan et al., 2006; Byczek-Wyrostek et al., 2018). The presence of silicon oils (siloxanes) is also a cause for concern. Inhalation of high concentrations of silicon compounds can lead to respiratory irritation, leukocytosis, and may contribute to the development of pulmonary edema and lesions (Jean and Plotzke, 2017; Muthumalage et al., 2020). While the qualitative nature of this data precludes us from making stronger associations, this data shows some evidence of exposure to chemicals capable of inducing cell growth arrest and senescence.

Our study has some limitations that need to be considered. We exposed fibroblasts to the e-liquid directly rather than exposure to aerosolized e-liquid. This does not consider the possibility that combustion products may form during heating and aerosolization of the e-liquid that may affect the toxicity outcomes we observed. Secondly, we conducted acute exposures, when the contributions of e-cigs to the pathogenesis of ILDs and aging would likely occur over extended periods of time. Furthermore, we tested only one mixed flavored e-liquid as shown above, whereas other flavor combinations are available commercially which need to be tested in order to evaluate the effects of various mixed flavors on biological systems.

In conclusion, e-liquids containing multiple flavors are more toxic and induces an exacerbated cellular response in comparison to single flavors. Thus, identifying the responsible flavoring chemicals that play a role in lung disease is vital for the regulation of flavors and their constituents. Considering the recent federal ban on flavored e-cigarettes, it is important to consider which ingredients represent the greatest health hazard as consumers look to other sources for flavored nicotine products. GC-MS analysis of the flavored e-liquid revealed the presence of known cytotoxic constituents that implicate it in age associated chronic lung injury. E-liquid exposure also caused inflammation and cellular senescence in pulmonary fibroblasts along with inhibition of myofibroblast differentiation and ECM production. Premature aging of the lung and skin may be a consequence of dysregulated ECM remodeling in senescent fibroblasts. However, further work must be conducted in vivo and with skin fibroblast to assess the crosstalk between these two processes. That aside, these data indicate that inhalation of e-liquids poses a health concern and that further regulation is required for the main chemicals identified in e-liquid flavors.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the supplementary material. Further inquiries can be directed to the corresponding author(s).



AUTHOR CONTRIBUTIONS

JL, TM, and IR conceived and designed the experiments. JL and TM conducted the experiments. JL wrote the manuscript. JL, TM, QW, and IR edited the manuscript. MF and AF analyzed the chemistry data. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by NIH 1R01HL135613, WNY Center for Research on Flavored Tobacco Products (CRoFT) No. U54CA228110, and the Toxicology Training Program Grant T32-ES007026. Research reported in this publication was supported by NCI/NIH and FDA Center for Tobacco Products (CTP). This content is the sole property of the authors and does not represent the official views of the NIH or the Food and Drug Administration.

FOOTNOTES

1xtremevaping.com


REFERENCES

Arts, J. H., Muijser, H., Appel, M. J., Frieke Kuper, C., Bessems, J. G., and Woutersen, R. A. (2004). Subacute (28-day) toxicity of furfural in Fischer 344 rats: a comparison of the oral and inhalation route. Food Chem. Toxicol. 42, 1389–1399. doi: 10.1016/j.fct.2004.03.014

Baraibar, M. A., Liu, L., Ahmed, E. K., and Friguet, B. (2012). Protein oxidative damage at the crossroads of cellular senescence, aging, and age-related diseases. Oxid. Med. Cell Longev. 2012:919832. doi: 10.1155/2012/919832

Barrington-Trimis, J. L., Samet, J. M., and McConnell, R. (2014). Flavorings in electronic cigarettes: an unrecognized respiratory health hazard? JAMA 312, 2493–2494. doi: 10.1001/jama.2014.14830

Bitzer, Z. T., Goel, R., Reilly, S. M., Elias, R. J., Silakov, A., Foulds, J., et al. (2018). Effect of flavoring chemicals on free radical formation in electronic cigarette aerosols. Free Radic. Biol. Med. 120, 72–79. doi: 10.1016/j.freeradbiomed.2018.03.020

Bodas, M., Van Westphal, C., Carpenter-Thompson, R., Mohanty, D. K., and Vij, N. (2016). Nicotine exposure induces bronchial epithelial cell apoptosis and senescence via ROS mediated autophagy-impairment. Free Radic. Biol. Med. 97, 441–453. doi: 10.1016/j.freeradbiomed.2016.06.017

Browne, L. J., Gude, C., Rodriguez, H., Steele, R. E., and Bhatnager, A. (1991). Fadrozole hydrochloride: a potent, selective, nonsteroidal inhibitor of aromatase for the treatment of estrogen-dependent disease. J. Med. Chem. 34, 725–736. doi: 10.1021/jm00106a038

Byczek-Wyrostek, A., Kitel, R., Rumak, K., Skonieczna, M., Kasprzycka, A., and Walczak, K. (2018). Simple 2(5H)-furanone derivatives with selective cytotoxicity towards non-small cell lung cancer cell line A549 - Synthesis, structure-activity relationship and biological evaluation. Eur. J. Med. Chem. 150, 687–697. doi: 10.1016/j.ejmech.2018.03.021

Chilosi, M., Poletti, V., and Rossi, A. (2012). The pathogenesis of COPD and IPF: distinct horns of the same devil? Respir. Res. 13:3. doi: 10.1186/1465-9921-13-3

Crotty Alexander, L. E., Drummond, C. A., Hepokoski, M., Mathew, D., Moshensky, A., Willeford, A., et al. (2018). Chronic inhalation of e-cigarette vapor containing nicotine disrupts airway barrier function and induces systemic inflammation and multiorgan fibrosis in mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 314, R834–R847. doi: 10.1152/ajpregu.00270.2017

Csiszar, A., Podlutsky, A., Wolin, M. S., Losonczy, G., Pacher, P., and Ungvari, Z. (2009). Oxidative stress and accelerated vascular aging: implications for cigarette smoking. Front. Biosci. (Landmark Ed) 14:3128–3144. doi: 10.2741/3440

FDA (2020). Enforcement Priorities for Electronic Nicotine Delivery System (ENDS) and Other Deemed Products on the Market Without Premarket Authorization. Silver Spring, MA: FDA.

Garcia-Arcos, I., Geraghty, P., Baumlin, N., Campos, M., Dabo, A. J., Jundi, B., et al. (2016). Chronic electronic cigarette exposure in mice induces features of COPD in a nicotine-dependent manner. Thorax 71, 1119–1129. doi: 10.1136/thoraxjnl-2015-208039

Gentzke, A. S., Creamer, M., Cullen, K. A., Ambrose, B. K., Willis, G., Jamal, A., et al. (2019). Vital signs: tobacco product use among middle and high school students – United States, 2011-2018. MMWR Morb. Mortal Wkly Rep. 68, 157–164. doi: 10.15585/mmwr.mm6806e1

Goldenson, N. I., Leventhal, A. M., Stone, M. D., McConnell, R. S., and Barrington-Trimis, J. L. (2017). Associations of electronic cigarette nicotine concentration with subsequent cigarette smoking and vaping levels in adolescents. JAMA Pediatr. 171, 1192–1199. doi: 10.1001/jamapediatrics.2017.3209

Gould, L., Abadir, P., Brem, H., Carter, M., Conner-Kerr, T., Davidson, J., et al. (2015). Chronic wound repair and healing in older adults: current status and future research. J. Am. Geriatr. Soc. 63, 427–438. doi: 10.1111/jgs.13332

Hanson, K. M., Hernady, E. B., Reed, C. K., Johnston, C. J., Groves, A. M., and Finkelstein, J. N. (2019). Apoptosis resistance in fibroblasts precedes progressive scarring in pulmonary fibrosis and is partially mediated by toll-like receptor 4 activation. Toxicol. Sci. 170, 489–498. doi: 10.1093/toxsci/kfz103

Hua, M., Omaiye, E. E., Luo, W., McWhirter, K. J., Pankow, J. F., and Talbot, P. (2019). Identification of cytotoxic flavor chemicals in top-selling electronic cigarette refill fluids. Sci. Rep. 9:2782. doi: 10.1038/s41598-019-38978-w

Huang, W.-T., Akhter, H., Jiang, C., MacEwen, M., Ding, Q., Antony, V., et al. (2015). Plasminogen activator inhibitor 1, fibroblast apoptosis resistance, and aging-related susceptibility to lung fibrosis. Exp. Gerontol. 61, 62–75. doi: 10.1016/j.exger.2014.11.018

Jean, P. A., and Plotzke, K. P. (2017). Chronic toxicity and oncogenicity of octamethylcyclotetrasiloxane (D(4)) in the Fischer 344 rat. Toxicol. Lett. 279(Suppl 1), 75–97. doi: 10.1016/j.toxlet.2017.06.003

Jin, H., Lian, N., Zhang, F., Bian, M., Chen, X., Zhang, C., et al. (2017). Inhibition of YAP signaling contributes to senescence of hepatic stellate cells induced by tetramethylpyrazine. Eur. J. Pharm. Sci. 96, 323–333. doi: 10.1016/j.ejps.2016.10.002

Kamal, A., Ramakrishna, G., Raju, P., Rao, A. V., Viswanath, A., Nayak, V. L., et al. (2011). Synthesis and anticancer activity of oxindole derived imidazo[1,5-a]pyrazines. Eur. J. Med. Chem. 46, 2427–2435. doi: 10.1016/j.ejmech.2011.03.027

Ko, U. H., Choi, J., Choung, J., Moon, S., and Shin, J. H. (2019). Physicochemically tuned myofibroblasts for wound healing strategy. Sci. Rep. 9:16070. doi: 10.1038/s41598-019-52523-9

Koh, J. S., Kang, H., Choi, S. W., and Kim, H. O. (2002). Cigarette smoking associated with premature facial wrinkling: image analysis of facial skin replicas. Int. J. Dermatol. 41, 21–27. doi: 10.1046/j.1365-4362.2002.01352.x

Krizhanovsky, V., Yon, M., Dickins, R. A., Hearn, S., Simon, J., Miething, C., et al. (2008). Senescence of activated stellate cells limits liver fibrosis. Cell 134, 657–667. doi: 10.1016/j.cell.2008.06.049

Lalitha, P., Veena, V., Vidhyapriya, P., Lakshmi, P., Krishna, R., and Sakthivel, N. (2016). Anticancer potential of pyrrole (1, 2, a) pyrazine 1, 4, dione, hexahydro 3-(2-methyl propyl) (PPDHMP) extracted from a new marine bacterium, Staphylococcus sp. strain MB30. Apoptosis 21, 566–577. doi: 10.1007/s10495-016-1221-x

Larsson, K. (2008). Inflammatory markers in COPD. Clin. Respir. J. 2(Suppl 1), 84–87. doi: 10.1111/j.1752-699X.2008.00089.x

Lei, W., Lerner, C., Sundar, I. K., and Rahman, I. (2017). Myofibroblast differentiation and its functional properties are inhibited by nicotine and e-cigarette via mitochondrial OXPHOS complex III. Sci. Rep. 7:43213. doi: 10.1038/srep43213

Lerner, C. A., Sundar, I. K., Watson, R. M., Elder, A., Jones, R., Done, D., et al. (2015a). Environmental health hazards of e-cigarettes and their components: oxidants and copper in e-cigarette aerosols. Environ. Pollut. 198, 100–107. doi: 10.1016/j.envpol.2014.12.033

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

Li, Y., Liang, J., Yang, T., Monterrosa Mena, J., Huan, C., Xie, T., et al. (2016). Hyaluronan synthase 2 regulates fibroblast senescence in pulmonary fibrosis. Matrix Biol. 55, 35–48. doi: 10.1016/j.matbio.2016.03.004

Madison, M. C., Landers, C. T., Gu, B. H., Chang, C. Y., Tung, H. Y., You, R., et al. (2019). Electronic cigarettes disrupt lung lipid homeostasis and innate immunity independent of nicotine. J. Clin. Invest. 129, 4290–4304. doi: 10.1172/JCI128531

Meiners, S., Eickelberg, O., and Königshoff, M. (2015). Hallmarks of the ageing lung. Eur. Respir. J. 45, 807–827. doi: 10.1183/09031936.00186914

Miglino, N., Roth, M., Lardinois, D., Sadowski, C., Tamm, M., and Borger, P. (2012). Cigarette smoke inhibits lung fibroblast proliferation by translational mechanisms. Eur. Respir. J. 39, 705–711. doi: 10.1183/09031936.00174310

Morita, A. (2007). Tobacco smoke causes premature skin aging. J. Dermatol. Sci. 48, 169–175. doi: 10.1016/j.jdermsci.2007.06.015

Muthumalage, T., Friedman, M. R., McGraw, M. D., Friedman, A. E., and Rahman, I. (2020). Chemical constituents involved in e-cigarette, or vaping product use-associated lung injury (EVALI). bioRxiv[Preprint] doi: 10.1101/2020.01.14.905539

Muthumalage, T., Lamb, T., Friedman, M. R., and Rahman, I. (2019). E-cigarette flavored pods induce inflammation, epithelial barrier dysfunction, and DNA damage in lung epithelial cells and monocytes. Sci. Rep. 9:19035. doi: 10.1038/s41598-019-51643-6

Muthumalage, T., Prinz, M., Ansah, K. O., Gerloff, J., Sundar, I. K., and Rahman, I. (2017). Inflammatory and oxidative responses induced by exposure to commonly used e-cigarette flavoring chemicals and flavored e-liquids without nicotine. Front. Physiol. 8:1130. doi: 10.3389/fphys.2017.01130

Nyunoya, T., Monick, M. M., Klingelhutz, A., Yarovinsky, T. O., Cagley, J. R., and Hunninghake, G. W. (2006). Cigarette smoke induces cellular senescence. Am. J. Respir. Cell Mol. Biol. 35, 681–688. doi: 10.1165/rcmb.2006-0169OC

Rashid, K., Sundar, I. K., Gerloff, J., Li, D., and Rahman, I. (2018). Lung cellular senescence is independent of aging in a mouse model of COPD/emphysema. Sci. Rep. 8:9023. doi: 10.1038/s41598-018-27209-3

Reynolds, C. J., Quigley, K., Cheng, X., Suresh, A., Tahir, S., Ahmed-Jushuf, F., et al. (2018). Lung defense through IL-8 carries a cost of chronic lung remodeling and impaired function. Am. J. Respir. Cell Mol. Biol. 59, 557–571. doi: 10.1165/rcmb.2018-0007OC

Sandbo, N., Kregel, S., Taurin, S., Bhorade, S., and Dulin, N. O. (2009). Critical role of serum response factor in pulmonary myofibroblast differentiation induced by TGF-beta. Am. J. Respir. Cell Mol. Biol. 41, 332–338. doi: 10.1165/rcmb.2008-0288OC

Sassano, M. F., Davis, E. S., Keating, J. E., Zorn, B. T., Kochar, T. K., Wolfgang, M. C., et al. (2018). Evaluation of e-liquid toxicity using an open-source high-throughput screening assay. PLoS Biol. 16:e2003904. doi: 10.1371/journal.pbio.2003904

Sears, C. G., Hart, J. L., Walker, K. L., and Robertson, R. M. (2017). Generally recognized as safe: uncertainty surrounding e-cigarette flavoring safety. Int. J. Environ. Res. Public Health 14:1274. doi: 10.3390/ijerph14101274

Silva, D., Caceres, M., Arancibia, R., Martinez, C., Martinez, J., and Smith, P. C. (2012). Effects of cigarette smoke and nicotine on cell viability, migration and myofibroblastic differentiation. J Periodontal Res. 47, 599–607. doi: 10.1111/j.1600-0765.2012.01472.x

Sundar, I. K., Javed, F., Romanos, G. E., and Rahman, I. (2016). E-cigarettes and flavorings induce inflammatory and pro-senescence responses in oral epithelial cells and periodontal fibroblasts. Oncotarget 7, 77196–77204. doi: 10.18632/oncotarget.12857

Tran, I., Ji, C., Ni, I., Min, T., Tang, D., and Vij, N. (2015). Role of cigarette smoke-induced aggresome formation in chronic obstructive pulmonary disease-emphysema pathogenesis. Am. J. Respir. Cell Mol. Biol. 53, 159–173. doi: 10.1165/rcmb.2014-0107OC

Vij, N., Chandramani-Shivalingappa, P., Van Westphal, C., Hole, R., and Bodas, M. (2018). Cigarette smoke-induced autophagy impairment accelerates lung aging, COPD-emphysema exacerbations and pathogenesis. Am. J. Physiol. Cell Physiol. 314, C73–C87. doi: 10.1152/ajpcell.00110.2016

Wang, Q., Khan, N. A., Muthumalage, T., Lawyer, G. R., McDonough, S. R., Chuang, T. D., et al. (2019). Dysregulated repair and inflammatory responses by e-cigarette-derived inhaled nicotine and humectant propylene glycol in a sex-dependent manner in mouse lung. FASEB Bioadv. 1, 609–623. doi: 10.1096/fba.2019-00048

Waters, D. W., Blokland, K. E. C., Pathinayake, P. S., Burgess, J. K., Mutsaers, S. E., Prele, C. M., et al. (2018). Fibroblast senescence in the pathology of idiopathic pulmonary fibrosis. Am. J. Physiol. Lung. Cell Mol. Physiol. 315, L162–L172. doi: 10.1152/ajplung.00037.2018

Yang, Y., Lindblom, E. N., Salloum, R. G., and Ward, K. D. (2020). The impact of a comprehensive tobacco product flavor ban in San Francisco among young adults. Addict Behav. Rep. 11:100273. doi: 10.1016/j.abrep.2020.100273

Yuan, J., Liu, H., Zhou, L. H., Zou, Y. L., and Lu, W. Q. (2006). Oxidative stress and DNA damage induced by a drinking-water chlorination disinfection byproduct 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) in mice. Mutat. Res. 609, 129–136. doi: 10.1016/j.mrgentox.2006.05.011

Zhang, J., Wu, L., Qu, J. M., Bai, C. X., Merrilees, M. J., and Black, P. N. (2012). Pro-inflammatory phenotype of COPD fibroblasts not compatible with repair in COPD lung. J. Cell Mol. Med. 16, 1522–1532. doi: 10.1111/j.1582-4934.2011.01492.x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Lucas, Muthumalage, Wang, Friedman, Friedman and Rahman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		E-Liquid Containing a Mixture of Coconut, Vanilla, and Cookie Flavors Causes Cellular Senescence and Dysregulated Repair in Pulmonary Fibroblasts: Implications on Premature Aging



		INTRODUCTION



		MATERIALS AND METHODS



		Scientific Rigor



		E-Liquid Mixture of Flavors/Flavoring Chemicals



		Gas Chromatography and Mass Spectrometry



		Cell Culture and Treatment



		Cell Viability and ELISA



		Western Blotting



		Cellular Senescence Activity Assay



		Statistical Analysis







		RESULTS



		Mixed Flavored E-Liquid Induces Cytotoxicity in HFL-1 Fibroblasts



		Inflammation and Cellular Senescence in HFL-1 by Mixed Flavored E-Liquid



		E-Liquid Inhibited TGF-β1 Induced Myofibroblast Differentiation



		Characterization of Chemical Constituents Contained in Mixed Flavored E-Liquid







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/fphys-11-00924-g002.jpg
% %%

500





OPS/images/fphys-11-00924-g001.jpg
Total Live Cell Count >

3x10°

2x105

1x105

(’0

Total Live Cell Count @





OPS/images/fphys-11-00924-g004.jpg
A Control 0.5%EL TGF-8 TGF-B + 0.5%EL

a-SMA (42KD2)
Col1A1 (140kDa)
Fibronectin (260kDa)
GAPDH (37kDa)

2.0+ 15—
I | I3 T
Q = Q
o g’ 1.5 o g E g, 10
< © < © as
o< o £ £
<o I3z )
w ©° 0.5 Z o w @
i w U O w
a ~— o ~ ~—
0.0-
» Q¥ R K
<° \3’ (§ (§
& S0
"%
o\o
Q-ﬁ
B Control 0.5%PGIVG  0.5% Nicotine
a-SMA (42kDa) | —— ——

Col1A1 (140kDa)
Fibronectin (260kDa)

GAPDH (37kDa)
1.5+ 5+ 1.5+
—_— I _— _—
3% EE £ 3
o 1.0 R O 1.0
& o £ 37 o c
(&) =0 <0
<5 < T 2 95
= 32 0.5+ =5 £ 5 054
Qu oL 1 iy
w S= w
0.0- 0- 0.0-
& 50 & & 50
& o0 O & 0O 0 & 0 5
P gL & P gl & & g8
N S ge oF g*
N o o





OPS/images/fphys-11-00924-g003.jpg
1
o
o
™~N

ujejoud BrijAyanoe jeb-gd-ys

150





OPS/images/cover.jpg
frontiers
in Physiology

E-Liquid Containing a Mixture
of Coconut, Vanilla, and Cookie
Flavors Causes Cellular
Senescence and Dysregulated
Repair in Pulmonary Fibroblasts:
Implications on Premature Aging









OPS/images/fphys-11-00924-t001.jpg
Flavoring chemicals Humectants/solvents Silicon compounds Terpenes Alkanes Miscellaneous

benzaldehyde, 3,4- dimethoxy-, heptaethylene glycol 1-methoxy-5-dimethyl(ethyl)silyloxy-3- cis-beta-terpineol tetradecane, 4,5-dihydro-4,4-undecamethylene-2-

methylmonoacetal- phenylpentane 2,6,10-trimethyl phenyl-1,3-oxazin-6-one

pyrazine,2,3-dimethyl glycerin 1-butyl(dimethyl)silyloxypropane cyclohexanol, octadecane, 6,7-epoxypregn-4-ene-9,11,18-triol-
1-methyl-4-(1- 3-ethyl-5-(2- 3,20-dione, 11,18-diacetate
methylethyl)- ethylbutyl)-

pyrazine, trimethyl methoxyacetic acid, 2-tetradecyl ester silane, diethoxydimethyl- squalene tetradecane, butanedioic acid, 2,3- dimethoxy-,

2(3H)-furanone,
5-heptyldihydro-

2-cyclopenten-1-one,2-
hydroxy-3-methyl
1,2-cyclopentanedione, 3-
methyl

menthol
2(3H)-furanone,5-butylhydro-

piperonal

2H-1-benzopyran-2-one,3,4-
dihydro-
vanillin

ethyl vanillin

2(3H)-furanone, 5-hexyldihydro-

benzaldehyde, 3,4-dimethoxy-
oxime-, methoxy-phenyl-
2(3H)furanone,dihydro-5-
pentyl-

DL-xylitol, 1-benzoate

sorbitol

sulfide, sec-butyl isopropyl-

9-octadecenoic acid (Z)-, methyl ester

10-octadecenoic acid, methyl ester

octadecanoic acid, methyl ester

10-octadecenoic acid, methyl ester
octadecenoic acid, methyl ester

hexadecanoic
acid,[2-phenyl-1,3-dioxolan-4-yl[methyl
ester, cis-

2-propanol, 1,1’-oxybis-

hexadecanoic acid, methyl ester

octadecanoic acid,
(2-phenyl-1,3-dioxolan,4-yl)methyl
ester, cis-

diphenyl sulfone

heptacosane
hexadecanoic acid, methyl ester
2-myristynoyl pantetheine

benzyl alcohol
1,2,3-propanetriol, diacetate

stearic acid, 3(octadecyloxy)propyl
ester

1,3-benzodioxole,5-(4-methyl-1,3-
dioxolan-2-yl)-

ethyl citrate

benzoic acid, pentadecy! ester
benzoic acid

benzoic acid, hexadecyl ester

diisopropyl(ethoxy)silane

cyclohexasiloxane, dodecamethyl-

4-methyl(trimethylene)silyloxyoctane

cycloheptasiloxane, tetradecamethyl-
cyclononasiloxane, octadecamethyl-

cyclooctasiloxane, hexadecamethyl-

cyclodecasiloxane, eicosamethyl-

octasiloxane,
1,1,8,835,567,7,88,11,1,18,18,15,15
-hexadecamethyloctasiloxane
heptasiloxane,
1,1,8,3,5,5,7.7,8,8,11,11,18,18-
tetradecamethyl-

2,6,10-trimethyl-

diethyl ester

butanoic acid,
4-(1,1-dimethylethoxy)-3- hydroxy-,
methyl ester, (R)
3-ethoxy-1,2-propanediol

urea

teredphthalic acid, 2-nitro-5-sulfanyl-
dithiocarbamate,5-
methyl-,N-(2-methyl-3-oxobutyl)-
benzoic acid,4-hydroxy-2,6-
dimethoxy-, methyl ester

benzene,
4-(dimethoxymethyl)-1,2-dimethoxy-
phenol, 2,4-bis(1,1-dimethylethyl)-

desulphosinigrin

dithiocarbamate,5-
methyl-,N-(2-methyl-3-oxobutyl)-
phenol, 3,5-bis(1,1-dimethylethyl)-
2-benzoyl -8-octanelactam
teredphthalic acid, 2-nitro-5-sulfanyl-






OPS/images/logo.jpg
, frontiers
in Physiology





