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Introduction: Evidence suggests that e-cigarette use (vaping) increases cardiovascular disease risk, but decades are needed before people who vape would develop pathology. Thus, murine models of atherosclerosis can be utilized as tools to understand disease susceptibility, risk and pathogenesis. Moreover, there is a poor understanding of how risk factors for atherosclerosis (i.e., hyperlipidemia, high-fat diet) intersect with vaping to promote disease risk. Herein, we evaluated whether there was early evidence of atherosclerosis in an inducible hyperlipidemic mouse exposed to aerosol from commercial pod-style devices and e-liquid.
Methods: Mice were injected with adeno-associated virus containing the human protein convertase subtilisin/kexin type 9 (PCSK9) variant to promote hyperlipidemia. These mice were fed a high-fat diet and exposed to room air or aerosol derived from JUUL pods containing polyethylene glycol/vegetable glycerin (PG/VG) or 5% nicotine with mango flavoring for 4 weeks; this timepoint was utilized to assess markers of atherosclerosis that may occur prior to the development of atherosclerotic plaques.
Results: These data show that various parameters including weight, circulating lipoprotein/glucose levels, and splenic immune cells were significantly affected by exposure to PG/VG and/or nicotine-containing aerosols.
Discussion: Not only can this mouse model be utilized for chronic vaping studies to assess the vascular pathology but these data support that vaping is not risk-free and may increase CVD outcomes later in life.
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1 INTRODUCTION
Electronic cigarettes (e-cigarettes) made their market debut across the United States in 2006, promoted as a new and convenient alternative to tobacco smoking and advertised as a safer, non-carcinogenic option (Cahn and Siegel, 2011; Fadus et al., 2019). E-cigarette usage has surged to include non-smoking teens and young adults (Caponnetto et al., 2012; Civiletto and Hutchison, 2019; Hammond et al., 2019). A recent survey in Canada indicated that 59.3% of those aged 16–25 had utilized a pod-style e-cigarette cartridge within the past 6 months (Ahmad et al., 2022). A survey from 2017 indicated that of individuals aged 15–24, 19% were regular users of the JUUL brand of e-cigarette (Willett et al., 2019). JUUL was introduced in 2015 (Fadus et al., 2019) and at one point, was the most popular e-cigarette brand in North America dominating with a 70% market share (King et al., 2018; Jackler and Ramamurthi, 2019). Despite the dramatic increase in e-cigarette use among teens and young adults in the US and Canada (Civiletto and Hutchison, 2019), long-term health consequences of use are unknown.
E-cigarettes consist of a rechargeable battery, atomiser (heating coil), and e-liquid cartridge. E-liquids contain a solvent—usually propylene glycol (PG) and vegetable glycerin (VG)—nicotine, and various flavour additives (Traboulsi et al., 2020). While many of the components in e-liquids are deemed safe for oral consumption and thus, labelled “Generally Recognized as Safe” by the United States Food and Drug Administration, there is limited information about the safety of the inhaled aerosolised e-liquid (Kaur et al., 2018). JUUL, a pod style e-cigarette, contains the same amount of nicotine as two packs of cigarettes (Goniewicz et al., 2019). JUUL e-liquids contain a nicotine base and a weak organic acid which form a nicotine salt. This form of nicotine is less abrasive for the lungs and facilitates the delivery of higher amounts of nicotine compared to free-base nicotine (Pankow et al., 2017; Rao et al., 2020). Moreover, in JUUL devices, the heating coil is usually made of nichrome, a combination of nickel, chromium, and other metals. Potential leaching of toxic metals from these heated coils into e-liquid and vaping aerosols represents a public health concern (Traboulsi et al., 2020).
E-cigarette use may correlate with increased risk of cardiovascular disease (CVD), such as stroke and acute myocardial infarct (AMI) (Vindhyal et al., 2019; Zhao et al., 2020), although it may take decades to have sufficient human data. An underlying cause of CVD is atherosclerosis, the gradual development of fibro-fatty plaque in large arteries. Plaque development is triggered by dyslipidemia, which is characterised by increased low-density lipoprotein (LDL) levels and decreased high density lipoprotein (HDL). Mechanistically, circulating reactive oxygen species (ROS) generate oxidised lipids that can activate cells of the endothelial layer lining the arteries, increasing adhesion molecule expression (Falk, 2006). Circulating levels of these adhesion molecules are biomarkers for CVD (Hwang et al., 1997). These activated endothelial cells express adhesion molecules that firmly bind to circulating monocytes, resulting in their migration into the subendothelial space where they differentiate into macrophages (Falk, 2006). Macrophages subsequently become activated and scavenge the oxidised lipoprotein particles, triggering their transformation into foam cells that accumulate as a component of plaque. Lastly, vascular smooth muscle cells then proliferate to form a stabilised fibrous cap over the plaque protecting it from rupture (Falk, 2006).
Because atherosclerosis takes years to develop into symptomatic disease in humans, it becomes necessary to develop models of vaping-induced vascular disease with which to assess the risk of vaping. Although several studies have utilized the well characterized apolipoprotein E knockout mice (ApoE−/−), the use of ApoE−/− mice limits the experimental design because the timing of hyperlipidemia cannot be varied. Moreover, these mice are always hyperlipidemic, and thus cannot be used to model important variables of exposure that occur in humans, such as adult-onset hyperlipidemia after adolescent vaping, for example,. Therefore, we utilized an inducible hyperlipidemic mouse model to study the vascular and immune effects of vaping. In this model, standard in-bred mouse strains infected with adeno-associated viral particles containing the human protein convertase subtilisin/kexin type 9 (AAV-PCSK9DY) variant develop hyperlipidemia due to increased recycling of LDL-R from the liver and subsequently will develop atherosclerosis (Roche-Molina et al., 2015; Goettsch et al., 2016). We then combined this inducible hyperlipidemic model with our published vaping regimen with JUUL e-cigarettes that mimics human puff topography (i.e., puff volume and puff interval) (Been et al., 2022) utilizing a 4-week exposure to either room air, the vehicle (PG/VG) or mango-flavored e-liquid containing 59 mg/mL nicotine. While 4 weeks is too premature for significant atherosclerotic plaque development in mice, we observed that there were early pro-atherogenic changes, suggesting that the AAV-PCSK9DY model is appropriate for assessing the risk of atherosclerosis from long-term vaping.
2 MATERIALS AND METHODS
2.1 JUUL products
For all exposures, commercial JUUL products were utilised. The vehicle consisted of a 30:70 ratio of PG and VG purchased from Fusion Flavours (fusionflavours.ca). JUUL products containing 59 mg/mL nicotine were purchased from a local vape store.
2.2 Animal exposures
All procedures involving mice were approved by the McGill University Animal Care Committee (Protocol number 2013–7421) and carried out in accordance with the Canadian Council on Animal Care Committee. C57BL/6J mice were purchased from the Jackson Laboratory and bred in-house. Four-week-old male mice were injected intraperitoneally with 3 × 1010 AAV-PCSK9DY viral particles (generated by GeneCopoeia, Inc. using plasmid from Addgene, pAAV/D377Y-mPCSK9, Cat# 58376) (Figure 1A). Male mice (10 mice/group) were utilized for optimization because the literature reports that female mice require more viral particles to generate the same level of atherosclerosis (Vozenilek et al., 2018). On the same day as injection, mice were started on a high-fat diet (ENVIGO high fat diet, TD.10825). One week following the injection, mice were randomly allocated to one of three groups: air, vehicle (PG/VG) or mango-flavored JUUL e-liquid. Air-exposed mice were placed within the device and received only room air. Exposures were performed using the SCIREQ® inExpose™ system equipped with an extension for JUUL and a nose-only exposure module. Exposure parameters and puff profile were programmed using the flexiWare software. Mice were exposed to a puff regime consisting of three 20-min exposures per day for 4 weeks. The puff regime was 4 puffs per minute with a 78 mL puff volume, 2.4 s puff duration, and 3 h between exposure sessions as we recently published (Been et al., 2022). These usage parameters are consistent with human use patterns of e-cigarettes (Behar et al., 2015; Leavens et al., 2019; Vogel et al., 2019). To establish a baseline for the hyperlipidemic mice, wild-type C57BL/6J mice exposed to air only served as a negative control. Following the 4 weeks of exposure, mice were euthanized with isoflurane 1 day following the final exposure, and the aorta, heart, spleen, liver, and kidneys were dissected and collected. Increased lipid levels are a blood biomarker for adequate AAV-PCSK9DY expression and subsequent LDL-R knock-down. Hypercholesterolemia (with total cholesterol levels > 200 mg/dL) reflects appropriate AAV-PCSK9DY function (Maxwell and Breslow, 2004). Thus, plasma lipid levels were evaluated and only those mice with total cholesterol levels higher than 200 mg/dL (Figure 1B) were further analyzed as reflection of appropriate AAV-PCSK9DY delivery.
[image: Figure 1]FIGURE 1 | Experimental design and mouse model of hyperlipidemia. (A) C57BL/6J male mice were injected with AAV-PCSK9DY virus and started on high fat diet on the same day. 1 week following injection mice were exposed to either room air, PG/VG only, or JUUL aerosol with mango flavour and 59 mg/mL nicotine. Mice were exposed to 4 puffs per min for 20 min 3 times a day for 4 weeks. Created with BioRender.com (B) Serum cholesterol level where a red line indicates 200 mg/dL total cholesterol level, below which mice were excluded. n = 10 (C) Serum cotinine level was measured by ELISA after 24 h of last exposure in hyperlipidemic mice. There was a significant increase in cotinine level in the JUUL mango group compared to Air and PG/VG groups (**** = p < 0.0001; n = 5). (D) CYP2A5 western blot comparing uninfected, unexposed C57BL/6J mice and AAV-PCSK9DY mice exposed to air, PG/VG, or JUUL mango shows no difference among exposure groups. Red stars indicate those mice infected with AAV-PCSK9DY, but without hyperlipidemia (not included in densitometry). Densitometric data includes only those mice with cholesterol >200 mg/dL. Results are expressed as the mean ± SD. n = 3 (E) Body weight was measured before and after the exposure period. ** = p = 0.005 n = 3–5.
2.3 Assessment of atherosclerotic lesions
Atherosclerotic lesions and lipid content were evaluated within the heart aortic sinus. The heart was rinsed, fixed, incubated in sucrose, and embedded in OCT. Frozen hearts were processed as previously described (Lemaire et al., 2011). Cryosections (7 µm) were generated from the aortic base throughout the aortic sinus, such that consecutive sections were placed on 10 different slides. Thus, individual slides contained between 7 and 10 sections. Slides were then stained with oil red O (Electron Microscopy Sciences) to visualize the plaque areas and were analyzed for their lipid content using ImageJ (National Institutes of Health).
2.4 Immunohistochemistry (IHC) staining
Vascular cell adhesion molecule-1 (VCAM-1) expression on the endothelial walls of the carotid and brachiocephalic artery (BCA) was evaluated using IHC staining. Arteries were dissected, rinsed, fixed in 4% paraformaldehyde, embedded longitudinally in paraffin, and processed. Then, consecutive 4 [image: image] m ring sections of the arteries were sectioned. Paraffin-embedded arterial sections were deparaffinized and then washed under running tap water for 5 min and MQ H2O for 2 min. Antigen retrieval was performed using antigen retrieval solution (1X TRIS/EDTA pH 9 and 0.025% Triton X-100) in a pressure cooker for 20 min. After, slides were washed with wash buffer (TBS plus 0.025% Triton X-100). Slides were then incubated in 4.5% H2O2 in 24 mM NaOH for 30 min and then rinsed with the wash buffer. Then, slides were blocked in 10% goat serum (Jackson Immuno Research) with 1% BSA in TBS for 30 min and washed once. After, slides were incubated in Fc block plus mouse HRP (Cytiva) (1:100) for 30 min followed by incubation with the primary antibody against VCAM-1 (1:400; Abcam; cat # ab134047) diluted in TBS with 1% BSA at room temperature for 30 min. After, slides were rinsed with wash buffer and incubated with the corresponding secondary antibody (Envision + HRP-anti rabbit; DAKO; cat #K4003) for 1 h then washed 4 times with wash buffer. Next, a short incubation of 1 min with DAB substrate was used to visualize the VCAM-1 staining, followed by 20 s of hematoxylin to counterstain. Finally, tissues were dehydrated then coverslips mounted using Permount mounting media. Slides were visualized using automated digital microscopy system (AxioScan slide scanner) and analyzed using QuPath-0.2.3 by measuring the mean DAB Optical Density exclusively in the ECs.
2.5 Measurement of endothelial cell activation markers
Blood ([image: image] 0.4 mL) was drawn by cardiac puncture and plasma was isolated using EDTA-coated tubes. Intracellular cell adhesion molecule-1 (ICAM-1), platelet endothelial cell adhesion molecule (PECAM-1), endothelium-selectin (E-selectin), platelet-selectin (P-selectin), matrix metalloproteinase-9 (MMP-9) and plasminogen activator inhibitor 1 (PAI-1) levels were assessed using an immunoassay kit (multiplex bead-based, mouse Cardiovascular Disease Panel 1 7-Plex Discovery Assay® Array (MDCVD1; Eve technology, Calgary, AB. Canada).
2.6 Measurement of total cholesterol and LDL levels
Total cholesterol, LDL, HDL, triglyceride, and glucose were assessed in plasma samples using the Bio-Rad Liquid Assayed Multiqual kit (The Centre for Phenogenomics, Toronto, Canada).
2.7 Measurement of cotinine levels
Serum cotinine levels were measured in plasma samples using an ELISA (Origene) as per the manufacturer’s instructions.
2.8 CYP2A5 western blot
Hepatic CYP2A5 levels were investigated using western blot. Frozen liver samples were ground to powder using liquid nitrogen, then incubated for 30 min in RIPA lysis buffer (BioBasic, Ontario, Canada) containing PhosStop and cOmplete, EDTA-free Protease inhibitor Complex (Sigma-Aldrich Canada Co. Ontario Canada). After preclearing the lysates with centrifugation for 20 min at 13,000 rpm, the amount of protein in each tissue lysate was quantified using a Bradford assay (Bio Rad). Then, an equal amount of protein (25 µg) from each sample was loaded and electrophoresed through a 7.5% SDS-polyacrylamide gel overnight. Proteins were then transferred to a PVDF membrane and blocked for 1 h with 5% fat free milk in Tris-buffered saline with Tween-20 (TBST). Membranes were then incubated with human CYP2A6 primary antibody, which cross-reacts with murine CYP2A5 (1:500) (Proteintech; cat #21721-1-AP) at 4°C overnight, and rabbit anti-GAPDH (1:3000; used as a control loading protein, Cell Signaling Technologies; cat #2118S). Membranes were washed three times with TBST for 10 min each prior to incubation with the secondary antibody (HRP-conjugated anti-rabbit; Cytiva; cat #NA934V) (1:3000) for 2 h at room temperature followed by washing three times with TBST for 10 min each. Signals were detected using prime ECL plus (Cytiva) and the membrane was exposed to an X-ray film (Thermo Scientific). Quantification and analysis of the expression of CYP2A5 and GAPDH were performed using ImageJ software.
2.9 Flow cytometry
The spleen was dissected and placed in a 1.5 mL Eppendorf filled with cold PBS. A single cell suspension was obtained by gentle pressure-dissociation of spleen in PBS using a pestle, and then passed through a 70-µm sterile cell strainer. Spleen cells were centrifuged 10 min at 300 × g, 4°C after the filtration step. The pellet was resuspended in 1 mL freezing media (10% DMSO, 90% FBS), then cryopreserved at −80°C.
Two panels were used to study both the myeloid and lymphoid lineages of hematopoietic immune cells. All antibodies were titrated prior to multiplexing and are described in Table 1. Unstained cells were used as a negative control in all experiments. Unstained controls and fluorescence-minus-one (FMO) controls were utilized to establish baseline gate settings for each respective antibody-fluorophore. For staining, cells were thawed and rinsed in cold PBS, centrifuged at 1,500 rpm for 5 min at 4°C, and supernatant decanted. Cells were counted using trypan blue and then seeded at 1 × 106 live cells per well in 96-well V-bottom plates. Each sample was then incubated with Live/Dead aqua stain (Thermo Fisher Scientific) for 30 min in the dark at 4°C. FACS buffer (PBS +5% FBS +0.01% NaN3) was then added to each sample. Samples were centrifuged for 5 min at 1,500 rpm and supernatant decanted. Samples were then incubated in Fc blocking solution for 30 min in the dark at 4°C. Next, where appropriate, extracellular antibodies were added to the blocking solution. Samples were then incubated for 30 min in the dark at 4°C. FACS buffer was then added to each sample. Samples were centrifuged for 5 min at 1,500 rpm and decanted. After the samples were washed with FACS buffer, Cyto Fix/Perm solution was added (Biolegend). Samples were centrifuged for 5 min at 1,500 rpm and supernatant decanted. FACS buffer was then added to each sample. Samples were centrifuged for 5 min at 1,500 rpm and decanted. Perm/Wash solution was then added to each sample (Invitrogen), centrifuged for 5 min at 1,500 rpm and the supernatant discarded. Next, intracellular antibodies diluted in Perm/Wash solution were added and incubated for 30 min in the dark. Perm/Wash solution was then added to each sample. Samples were centrifuged for 5 min at 1,500 rpm and supernatant decanted. Samples were then washed with FACS buffer, centrifuged for 5 min at 1,500 rpm and supernatant decanted. Finally, pellets were resuspended in FACS buffer and were then analyzed using the BD LSR Fortessa (BD Biosciences, Lady Davis Institute Flow Cytometry Core). Flow cytometry data were then analyzed using FlowJo version 10.7. Forward scatter-H vs. forward scatter-A were used to gate out single cells only. The expanded gating strategy schemes for immune-cell types are shown in Supplementary Figures S1, S2.
TABLE 1 | Antibodies for flow cytometry panels.
[image: Table 1]2.10 Statistical analyses
Statistics were performed using GraphPad Prism, version 8.00 (GraphPad Software, San Diego CA). The Shapiro-Wilk test was used to determine whether the data were normally distributed. A one-way or two-way ANOVA was used to indicate a significant difference as appropriate. Differences between groups were examined using multiple comparison test with Tukey correction for multiple comparisons. Data are shown as means ± SD. P <0.05 was considered statistically significant in all tests.
3 RESULTS
3.1 Characterization of the AAV-PCSK9DY murine atherosclerotic model post-JUUL exposure
Having established our murine exposure model of human vaping, we next combined this with an inducible atherosclerotic model. Standard in-bred strains of mice do not develop atherosclerosis, even on a high-fat diet (Getz and Reardon, 2012). Thus, in order to test whether JUUL exposure can enhance early pro-atherogenic changes, we utilized the AAV-PCSK9DY inducible hyperlipidemic mouse model. Exposure to aerosolized PG/VG or JUUL did not further increase cholesterol levels (Figure 1B). We also measured the nicotine metabolite cotinine the day after the last exposure and surprisingly, found significant increases in cotinine levels in the JUUL-exposed mice compared to those exposed to air and PG/VG (Figure 1C) with levels ranging between 10 and 40 ng/mL. There was no difference in hepatic CYP2A5 protein expression among the exposure groups or with wild-type C57Bl6/6J mice (Figure 1D). Additionally, we measured the weight of the mice before (Day 0) and after the experiment (Day 150). After 4 weeks of aerosol exposure, there was a significant increase in the weight of mice exposed to room air (whereas mice exposed to PG/VG or JUUL failed to gain weight (Figure 1E).
3.2 Inhalation of JUUL aerosols in hyperlipidemic mice results in pro-atherogenic changes
In addition to cholesterol, we also measured circulating triglyceride, LDL, HDL, and glucose levels, as changes in these parameters are associated with increased vascular disease. AAV-PCSK9DY infection alone altered lipid profiles from wild-type C57BL/6J mice [Figures 2A–D; red line indicates average male data (Otto et al., 2016; Jackson Laboratory, 2023)]. Significant decreases in both HDL and glucose levels were observed in JUUL-exposed mice compared to those that only received room air (Figures 2A, B); no changes were observed in triglycerides, LDL levels, or the ratios between total cholesterol:HDL, HDL:LDL, or HDL:triglycerides between exposure groups (Figures 2C–G).
[image: Figure 2]FIGURE 2 | HDL-Chol (A) and glucose (B) levels are decreased in JUUL Mango-exposed AAV-PCSK9DY mice compared to air control (* = p < 0.05). LDL-Chol (C) and triglycerides (D) were not altered. Red lines indicate average male C57BL/6 levels. HDL ratios are also shown in (E–G). Results are expressed as the mean ± SD. n = 6–9.
Next, we evaluated early markers of endothelial dysfunction that contribute to atherosclerosis and are biomarkers of CVD. First, we assessed soluble markers of endothelial cell activation (ICAM-1, PECAM-1, E-selectin, P-selectin, MMP-9, and PAI-1) in the serum, comparing AAV-PCSK9DY-infected C57BL/6J mice exposed to air, PG/VG and JUUL with unexposed, uninfected wild-type mice. Levels of MMP-9 and PAI-1 were below the limit of detection in all mice (data not shown). The levels of all detectable markers were higher in the hyperlipidemic mice compared to wild type mice with three being statistically significant: ICAM-1, P-selectin, and E-selectin (Figure 3). However, no changes were observed amongst exposure groups as compared to air (Figure 3). In addition, we assessed VCAM-1 expression on the endothelium lining the BCA and carotid arteries of the AAV-PCSK9DY-infected mice using IHC. No significant differences were observed in either the BCA (Figure 4A) or carotid arteries (Figure 4B).
[image: Figure 3]FIGURE 3 | AAV-PCSK9DY increases circulating soluble endothelial cell activation markers, which is not altered by JUUL aerosol exposure. Adhesion molecules (A) sICAM-1, (B) sPECAM-1, (C) sE-selectin, and (D) sP-selectin were assessed in the serum of control (open squares) and hyperlipidemic mice via multi-plex ELISA. AAV-PCSK9DY mice were exposed to air (black circles), PG/VG (black squares), or Mango-flavored JUUL (black triangles). Soluble adhesion molecule levels for uninfected, unexposed C57BL/6J mice are shown for comparison. Results are expressed as the mean ± SD. n = 3–4.
[image: Figure 4]FIGURE 4 | JUUL aerosol exposure has no effect on VCAM-1 expression on the endothelial cells in either the BCA (A) or carotid (B) as assessed by IHC staining and quantified by measuring Mean DAB OD within the endothelial cell layer. Results are expressed as the mean ± SD. n = 2–4.
In murine models, atherosclerotic plaque development requires around 9–15 weeks depending on diet (Nakashima et al., 1994); thus we did not anticipate large plaques after only 4–5 weeks. Indeed, 4 weeks after the injection of the AAV-PCSK9DY the aortic sinus plaques in all mice were small but detectable. Moreover, there was no significant difference between the exposure groups, although there was a trend of increased plaque size in the PG/VG-exposed mice compared to the control group or the JUUL-exposed group (p = 0.1; Figure 5A). Moreover, the percentage of lipid content within the plaque was not different between groups, although the same trend of increased lipid content in the PG/VG-exposed group compared to the control group was observed (Figures 5B, C).
[image: Figure 5]FIGURE 5 | No significant changes were observed in plaque size within the aortic sinus. (A) Plaque size (plaque per sinus area) and (B) lipid content (staining per plaque area) were quantified in the aortic sinus after oil red O staining. Representative images from each group are shown in (C). Black arrows point toward small fatty streaks/plaques. Results are expressed as the mean ± SD. n = 6–9.
3.3 Inhalation of JUUL aerosols increases indices of systemic inflammation
Given that atherosclerosis is caused by systemic inflammation (Wolf and Ley, 2019), we sought to assess whether JUUL exposure would alter immune cell populations by immunophenotyping splenic cells to assess myeloid and lymphoid lineages. No significant changes were observed in myeloid cell subsets or B cell populations within the spleen (Figure 6). However, the percentage of total CD3+ T cells was decreased by exposure to JUUL compared to PG/VG (Figure 7A). CD4+ and CD4+ helper T cells (Th cells) were also significantly decreased following JUUL exposure compared to both room air and PG/VG (Figures 7B, C). The percentage of CD4+ regulatory T cells (Tregs) was not altered by any exposure (Figure 7D). Finally, the percentage of CD8+ cytotoxic T cells in the PG/VG group was significantly increased compared to mice exposed to JUUL (Figure 7E). Together, our data showed that exposure to PG/VG and JUUL aerosols causes changes significant changes in splenic T cell subsets.
[image: Figure 6]FIGURE 6 | Effect of JUUL aerosol exposure on immune cell distribution of myeloid cells and B cells in the spleen. Using immunophenotyping, the following cell populations were identified: (A) neutrophils, (B) myeloid DCs, (C) monocytes, (D–F) immature, M1, and M2 macrophages, and (G) B cells. Results are expressed as the mean ± SD; individual data points represent individual mice. n = 6–9.
[image: Figure 7]FIGURE 7 | Effect of JUUL aerosol exposure on T cell distribution in the spleen. Using immunophenotyping, splenic T cell populations were analyzed as follows: (A) CD3+ total T-cells, (B) CD4+ T cells, (C) CD4 helper T cells, (D) CD25+ FoxP3+Tregs, and (E) CD8+ T cells. Results are expressed as the mean ± SD; individual data points represent individual mice. (* = p ˂ 0.05, ** = p ˂ 0.005) n = 6–9.
4 DISCUSSION
In this study, we utilized an AAV-PCSK9DY inducible model of atherosclerosis in conjunction with our established vaping protocol (Been et al., 2022) as a means to study vascular pathology. The use of e-cigarettes has been associated with negative cardiovascular outcomes (Lee et al., 2018) and immunological responses (Hwang et al., 2016; Corriden et al., 2020), but the results thus far from atherosclerotic mouse models have been contradictory (Espinoza-Derout et al., 2019; Szostak et al., 2020). Standard in-bred strains of mice are highly resistant to the development of atherosclerosis (Meir and Leitersdorf, 2004; Getz and Reardon, 2012); therefore, genetic modification of their lipid metabolism is required (i.e., through deletion of ApoE or LDL-R genes). Our findings show that the AAV-PCSK9DY (hyperlipidemic) model is highly effective for studying the pro-atherogenic effects of vaping. Importantly, we further showed using this model that there are modest changes in early proatherogenic indicators at this relatively short length of time (4 weeks), suggesting that assessment of atherosclerosis at longer exposure levels may be important for the assessment of CVD in vaping populations. Importantly, cotinine levels observed herein are within the range observed in e-cigarette users (Flouris et al., 2013; Behar et al., 2015; Marsot and Simon, 2016).
A single injection of AAV-PCSK9DY is sufficient to cause downregulation of LDL-R, inducing hyperlipidemia and atherosclerosis in mice, where plaque formation is similar to humans (Roche-Molina et al., 2015; Goettsch et al., 2016). This model has the advantage over the more established transgenic atherosclerosis mouse models (i.e., ApoE−/− and LDL-R−/− mice) in that it allows for control over the time of onset of hyperlipidemia in the lifespan of the animal. Establishing this inducible-atherosclerosis model was therefore an important first step toward testing real-world exposure scenarios. For example, we can now model whether JUUL use in adolescence predisposes individuals to cardiovascular risk later in life, when lifestyle choices, such as a high fat diet or smoking, combine to raise the risk. One could initiate vaping in young mice (before injection with AAV-PCSK9DY to induce hyperlipidemia) and with and without a high fat diet and assess whether there are any variations in cardiopulmonary outcomes. This would mimic the current age demographic of vapers to better understand if/how youth vaping predisposes to CVD risk later in life when combined with poor lifestyle choices (e.g., high-fact diet). This model can also allow us and others the ability to ascertain, for example, whether switching from cigarette smoking to JUUL (in conjunction with the AAV-PCSK9DY) reduces cardiovascular risk by attenuating pulmonary and systemic inflammation. This question is highly relevant to current smokers who are using e-cigarettes as a smoking-cessation tool, where up to 80% of those that quit smoking were still vaping 1 year later (Hajek et al., 2019).
One early indicator of CVD is dyslipidemia (Miller, 2009), defined as an imbalance of lipids such as cholesterol, LDL-C, triglycerides and HDL. Low HDL in particular is a component of metabolic syndrome and is common in individuals with coronary artery disease. Cigarette smoking is also associated with decreasing HDL levels. Herein, we show that HDL levels were significantly decreased after a 4-week exposure to JUUL mango in this hyperlipidemic mouse model. HDL plays an important role in the clearance of cholesterol from tissues (Linton et al., 2000) and maintains plaque stability by inhibiting degradation of the fibrous cap extracellular matrix through its anti-elastase activity (Ortiz-Muñoz et al., 2009). Thus, decreased HDL levels could indicate that JUUL exposure results in insufficient clearance of cholesterol from tissues, although at 1 month we do not see an accumulation of lipid within the artery. In contrast, JUUL exposure decreased glucose levels. Diabetes is clearly linked to an increased risk of CVD, however, an association between glucose levels and CVD is less clear. However, in non-diabetic patients, increased glucose levels corresponded to increased CVD risk (Riise et al., 2021). Our data that indicate that JUUL may not impact CVD through increased glucose levels.
One interesting observation from this study is that mice exposed to either PG/VG or JUUL failed to gain weight during the course of the exposure. Our findings are consistent with a previous report on the effect of short (2 weeks) e-cigarette exposure on cardiac function and body weight in C57BL/6J mice, where they found that e-cigarette exposure significantly inhibited bodyweight gain (Shi et al., 2019). Moreover, our findings are similar to what was observed after 4 weeks in ApoE−/− mice exposed to e-cigarette aerosols and fed high fat-diet for 12 weeks, although the decrease in weight was only observed in the nicotine (2.4%) group and was transient (Espinoza-Derout et al., 2019). Tobacco smoking is associated with lower body weight and nicotine alters energy balance (Seoane-Collazo et al., 2021), but it is unclear if e-cigarettes will have the same effect on body weight (Hod et al., 2022). Lack of weight gain may be due to decreased food consumption (Shao et al., 2019) and/or the presence of nicotine, both which could be measured carefully in future experiments.
Another important indicator of atherogenesis is an increase in systemic inflammation (Wolf and Ley, 2019). Our immunoprofiling data showed that JUUL exposure altered specific splenic immune cell populations, specifically a decrease in CD4+ Th cells. CD4+ Th cells can be either pro- or anti-atherogenic, depending upon their polarization towards Th1 or Th2 cells, respectively (Wolf and Ley, 2019). Future investigation should focus on further characterization of T cell subtypes as well as T cell function and activation, as both are negatively regulated by HDL (Grao-Cruces et al., 2022). HDL levels were decreased following JUUL exposure, potentially increasing T cell activation. Unlike T cells, myeloid lineage cells, such as neutrophils, monocytes, and macrophages, as well as B cells, did not change after vaping, but modulation of HDL levels could alter their function. Thus, e-cigarette exposure leads to HDL levels in this AAV-PCSK9DY model, which may lead to important pro-atherogenic immune modulation over time. An important component of future studies will be assessment of the immune components of the plaque, in addition to the systemic immune response.
Although many of the substances in e-liquids are “Generally Recognized as Safe” for oral intake, including PG/VG and flavour chemicals, there is little data on their safety when aerosolized and inhaled (Kaur et al., 2018). PG/VG is one of the most common solvents used in e-cigarette and by itself can be toxic and reduce cell viability in vitro (Sassano et al., 2018). Moreover, aerosolization of these solvents is associated with the generation of harmful chemicals, including diacetyl, formaldehyde, and methylglyoxal (Azimi et al., 2021; Tehrani et al., 2021). PG/VG aerosols may also include other components including metals derived from coil breakdown (Aherrera et al., 2017; Olmedo et al., 2018). Our data revealed some alterations are caused by PG/VG in the absence of other chemicals (including nicotine); this included the suppression of weight gain as well as a trend toward increased plaque size and CD8+ T cells in the spleen, both of which were not observed in mango-flavored JUUL exposure. These findings suggest that PG/VG is not inert and has the potential to affect important physiological responses that may predispose to disease risk. Importantly, it emphasizes the need to study the “real-world” devices/e-liquids.
There are several limitations to our study. We intended the study as a proof-of-principle to determine whether the AAV-PCSK9DY model would be amenable to study e-cigarette exposure before embarking on the significantly longer study required to assess atherosclerotic plaque. Thus, this study does not provide information on dose response, nor does it provide information on other devices or flavors. We utilized mango-flavored JUUL containing 59 mg/mL nicotine, because at the initiation of the experiment, it was the most common product in our market. However, Québec, along with many other districts, has now restricted the amount of nicotine and flavored-products (other than tobacco) (Laframboise, 2023). Longer term studies should be performed using the most current products, that would compare doses (i.e., puff frequency) and longer time points, but also consider the contribution of nicotine versus other additives to the e-liquid.
Together, our results demonstrate that early signs of atherosclerosis are induced in the AAV-PCSK9DY inducible hyperlipidemic model following exposure to e-cigarettes. Generation of this model will allow us to interrogate further the development of atherosclerosis over longer exposure times and in addition, will facilitate separation of the vaping and hyperlipidemic exposures to better model human exposures.
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