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Abstract
[bookmark: _Hlk51686635]The aim of this study was to review the most recent literature on the safety of electronic cigarettes (ECs) in the context of cardiovascular disease and in the context as a tool for smoking cessation and recreational purposes. The format of this review begins with relevant research from the basic sciences and follows through with a pertinent review of clinical trials. Daily use of ECs has implications in myocardial infarction (MI) with an odds ratio of 1.70 compared to healthy, nonsmokers and even worse risk for MI with dual use of combustible cigarettes together with EC with an odds ratio of 4.62. Studies measuring cardiac function with echocardiography reported both systolic and diastolic dysfunction along with reduced ejection fractions. Platelet aggregation, endothelial function, and hemodynamics during pregnancy were all but some of the pernicious cardiovascular implications of EC exposure. Though more studies need to be done on the topic of EC use and cardiovascular disease, the majority of studies considered in this review concluded some level of harm albeit in some instances less than that of traditional combustible cigarettes. ECs are toxic to human beings and their harmful effects cannot be overlooked. There is some favorable evidence of efficacy in smoking cessation though mixed with concern of chronic EC use. It will take decades to collect data for chronic EC use on long term sequelae, such as lung cancer. Though more and more reports of acute lung injury and hospitalizations related to EC use have been reported. Due to undergoing investigations of possible harm and life threatening complications of EC use, we cannot recommend ECs as safer or a more efficacious method of smoking cessation to traditional nicotine replacement therapies. A notable consideration for much of the literature reviewed are that standardization of EC use is difficult as device generation and battery voltage, frequency of use, and contents of EC liquid are just some of the vast complicating factors that limit the ability to effectively compare data. 
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Core Tip: Electronic cigarette (EC) use is rapidly expanding to cigarette-native users including adolescents with little known available studies on long term use in both respiratory and cardiovascular systems. As most recent studies have focused on respiratory implications of EC use, there is much research to be done on cardiovascular ramifications. This literature review focuses on the most recent publications relating to EC use and oxidant formation, thrombogenesis, and myocardial infarctions, and examines the safety profile of ECs in smoking cessation and recreational use.

INTRODUCTION
Electronic cigarettes (ECs, E-cigarettes, E-cigs, personal vaporizers, vape pens) are recreational devices used to vaporize a solvent mixture to inhale as a cigarette alternative. As the rate of tobacco cigarette (TC) use has dropped in the United States relative to the rest of the world, industries have heavily marketed the use of ECs as the “safer” alternative. According to the surgeon general, smoking rates had reached historic lows in 2014[1]. The CDC reported that from 2017 to 2018 EC use (defined as at least 1 d of use in 30 d) amongst high school students and middle school students had increased 78% and 48%, respectively[2]. Approximately 20% of current high school students say that they have tried ECs likely because they feel they are safe[3]. Many of the claims advocating ECs as healthier alternatives to combustible cigarettes are sponsored by profit-driven tobacco companies whose assertions in the determination of EC safety profile needs to be studied. 
Their rise to popularity can be attributed to a variety of factors including but not limited to unsubstantiated claims of higher safety profile compared to traditional combustion cigarettes, arguable smoking cessation efficacy, and limited market regulations. As large tobacco companies continue to enter the market, concerns about the short term and long term safety of ECs continues to trend as a popular topic[4,5]. 
EC devices vary in design but all share essential hardware basics consisting of a rechargeable lithium battery, a vaporization chamber, and an interchangeable liquid cartridge. Formulations of EC liquids include both tobacco-based and nontobacco mixtures. Of importance to our study, nicotine delivery to the human body is affected by various factors, such as the type of device used, voltage of battery, resistance, and chemical composition of solvent. Thus, studies on first-generation ECs reported delivery of low concentrations of nicotine to the bloodstream unlike newer generation devices equipped with high-capacity batteries[4-6]. One study by Farsalinos et al[8] showed a 35% to 72% increase in nicotine delivery with newer generations of ECs relative to first-generation devices.
ECs introduce new complexities to studying the side effect profile that prior combustible cigarette use did not entail. The broad variability of ECs arises from the various nicotine concentrations present in e-liquids, various volumes of e-liquids per product, different carrier compounds, additives, flavors, and battery voltages[4,5]. Figure 1 shows the main effects of TC smoke on the cardiovascular system[9]. Many of these effects could be relevant to ECs as well.
Given that cardiovascular disease accounts for 30% of smoking-related deaths[4] and the recent explosion of the use of ECs, it is important to review the current literature relating to ECs and the cardiovascular system.

MYOCARDIAL INFARCTION AND CARDIAC FUNCTIONAL CHANGES
A joint study[10] from Charles Drew University and University of California, Los Angeles used apolipoprotein-E knockout mice to study cardiovascular effects of ECs on the heart. These mice were elected as they have been used to study the cardiovascular effects of conventional cigarettes. Mice were grouped and exposed to either aerosolized saline (used as a baseline control), ECs sans nicotine (0%), or ECs with 2.4% nicotine for 12 wk. One of the aims of the study was to use the 0% nicotine group to determine the relationship, if any, of propylene glycol and glycerol on the formation of free radicals in a heat dependent manner. The study used the commercially available E-cig brand bluCig PLUS and a specialized EC delivery system for the mice similar to human ECs. The 0% nicotine and 2.4% nicotine groups were exposed to bluCig solvents, specifically the Gold Leaf Tobacco (0% nicotine) and Classic Tobacco (2.4% nicotine), which varied only in nicotine content. This study used echocardiography and reported that mice exposed to ECs with 2.4% nicotine had decreased left ventricular fractional shortening and ejection fraction compared with 0% nicotine ECs, though they found no differences in the saline, 0%, and 2.4% groups in the following parameters: peak early diastolic, E/A ratio, and atrial filling velocity. University of California, Los Angeles researchers looked at RNA sequence changes of tissue in the left ventricle of mice in the 2.4% and 0% and aerosolized nicotine groups using an Agilent 2100 Bioanalyzer. Of the 24054 genes analyzed, 109 of them showed at least a 1.5 fold variability (48 upregulated, 61 downregulated) with a P value of < 0.05 in the 2.4% aerosolized nicotine group relative to no changes seen in the saline group. The 2.4% subgroup again was associated with expression of inflammatory molecules Col5a3, TNFRSF12A, and selectin E.
Ventricular transcriptomatic analysis revealed changes in genes associated with metabolism, circadian rhythm, and inflammation on mice exposed to ECs with 2.4% nicotine while transmission electron microscopy showed cardiomyocytes with structural irregularities suggestive of cardiomyopathy. In the same group of mice, researchers saw increased oxidative stress, mitochondrial DNA mutations, and atherosclerotic lesions compared with saline aerosol-treated mice.
A large cross-sectional study from George Washington University published in 2018 was one of the first of its kind to report that daily EC use increased the odds of having a myocardial infarction (MI) with an odds ratio of 1.79, which was relatively less than associated TC smoking (odds ratio: 2.72) though still of significant concern[7]. Study data was collected from 2014 to 2016 by the National Health Interview Survey by random selection of United States households and subsequent in-person interviews of adults over the age of 18. The study found that daily dual use of EC and traditional combustible cigarettes had significantly higher risk for MI relative to never smokers (odds ratio: 2.72 × 1.70 = 4.62). The limitations of this study were that the study was a self-reporting survey posing concerns for recall bias, and equally as important there was no differentiation between solvent nicotine presence or concentration, type of device used, and a clearly defined meaning of “daily use.” 
Farsalinos et al[8] recently published a study shedding light on the little known effects of EC use and cardiovascular health. They conducted a study on 36 healthy persons who heavily smoked TC and compared them to 40 healthy, ex-TC smokers now using ECs at a comparable rate for 1 mo. Echocardiographic examinations were performed before and after using the EC device with “medium-strength” nicotine concentration. The study used echocardiography to measure acute changes in cardiac function and found no change in left ventricular function after EC use but did find changes in diastolic function after just one EC use[8]. Echocardiography studies focused on mitral flow diastolic velocities, deceleration time, isovolumetric relaxation time, and corrected heart rate[8]. Diastolic velocities were specifically measured by averaging the lateral, septal, anterior, and inferior insertion sites of the mitral leaflets. Some limitations of this study were a small sample size of 76 subjects and a lack of unhealthy participants. Further, the scope of the study was limited to acute changes and little can be said about the chronic effects of EC use from this experiment.
A cross-sectional study published in the American Journal of Preventive medicine had significant data regarding the association between EC use and myocardial infarction. Alzahrani et al[7] stratified EC and TC users as never before, former, some days, or daily users taking into account demographics and pre-existing health conditions such as hypertension, dyslipidemia, and diabetes. The study population was based on the 2014 and 2016 National Health Interview Survey with participants aged ≥ 18 years from randomly sampled United States households. Significantly, data unequivocally suggested an increased risk for MI with an odds ratio of 1.7 in both adjusted and unadjusted groups of daily EC users compared with subjects that had never used ECs before when all confounding variables were accounted for such as previous history of cigarette use, gender, etc. Moreover, participants who were dual users of ECs and combustible cigarettes had a total odds of 4.62 of having had an MI compared to those who had never smoked and never used ECs. This suggests a synergistic pernicious effect that dual usage has on cardiovascular health. In summary this study concluded that daily EC use was associated with a higher risk of MI after confounding factors are accounted for including traditional combustible cigarettes and other risk factors. 
We summarized the major studies about effects of ECs on cardiac functional changes and associated risks of MI in Table 1. 

THROMBOGENESIS/PLATELET AGGREGATION 
TCs have long been known to be associated with platelet aggregation and thrombogenesis[5,7,9,11]. One in vivo study evaluated platelet function while under incubation with ECs, TCs, and pure nicotine extracts and showed that platelet aggregation and adhesion receptors were upregulated in relation to nicotine concentration in a dose dependent manner[5,9]. Two types of ECs were used: all-in-one devices, 1.2% or 1.8% nicotine by volume (Njoy and OneJoy, respectively); and reloadable cartridge devices, 0, 12, and 18 mg of nicotine (eGo, OKC Vapes, and Desert Sands Flavor, respectively). Researchers mimicked puffing times of 5 min (time to smoke traditional cigarette) during their extraction of EC vapors. Extracts were stored in HEPES buffer and later exposed to healthy platelets. Results showed activation of platelet CD41 (GP11b) after exposure to both combustible tobacco smoke extracts and EC vapor extracts compared to controls of no smoke exposure. gC1qR, cC1qR, CD42b, GPIBa, and CD62P (P-selectin) also showed significant upregulation, and researchers also found an increase of platelet aggregation rate[5]. Interestingly, pure nicotine seemed to exacerbate platelet dysfunction in a dose-dependent manner. The study also measured deposition of complement products (C1q, C3b, C4d, and C5b-9) on the surface of platelets but was unable to show any correlation with exposure to any of the extracts. In the same study researchers at Stony Brook University showed a similar response in humans and by measuring CD40L and P-selectin platelet activation markers. After TC and EC use, an increase in activity in both of the aforementioned was observed. Another recently published study in the Journal of the American Heart Association reported a rapid increase in the number of circulating endothelial progenitor cells after EC use by examining the in vitro effects of adhesion and aggregation in healthy human volunteers[14].
Aldehydes such as formaldehyde and acrolein have long been suspected to play roles in human toxicology[9,11,12]. Acrolein is found in high concentrations in automobile exhaust, industrial waste, and tobacco smoke, which are generally thought to be produced by burning of fossil fuels exogenously and endogenously by lipid peroxidation[12]. Gaseous acrolein is one of the suspected agents in EC smoke that contributes to increased thrombogenesis, while another agent in EC smoke, formaldehyde, was seen to increase total platelet count in mice[9,11]. Sithu et al[12] showed that both acute and chronic acrolein levels correlated with increased platelet-fibrinogen formation, ADP-induced platelet aggregation, induction of platelet-leukocyte aggregates, and PF4 Levels.
[bookmark: _Hlk50367577]One significant study from Osei et al[13] at Johns Hopkins focused on dual usage of ECs and TCs and the subsequent effects on the cardiovascular system. This was a cross-sectional telephone survey study that consisted of 449092 participants of whom 15863 (3.5%) were current EC users, 2.9% were dual users (EC + TC), and 10% of the participants had cardiovascular disease. This was a self-reported study where cardiovascular disease was defined as a composite of coronary heart disease, myocardial infarction, or stroke. Remarkably, dual smokers had a 36% higher odds of cardiovascular disease (odds ratio: 1.36) along with reports of premature cardiovascular disease in women in comparison to traditional cigarette smokers who had never used ECs[13].

ARTERIOSCLEROSIS AND ENDOTHELIAL DAMAGE
A study from Stanford led by Lee et al[3] used stem-cell-derived endothelial cells to study the effects of EC use. The study included the flavors of fruit, tobacco, sweet tobacco with caramel and vanilla, sweet butterscotch, cinnamon, and menthol and nicotine concentrations of 0, 6, and 18 milligrams per milliliter. Of major significance, they found that the cells lost viability even in the absence of nicotine. Results varied from the different flavors with the cinnamon flavor having the highest adverse reactions, including decreased cell viability, increased reactive oxygen species (ROS) levels, caspase 3/7 activity, and low-density lipoprotein uptake, activation of oxidative stress-related pathway, and impaired tube formation and migration, which confirmed their hypothesis of endothelial dysfunction. Further they found activation of macrophages, which caused downstream activation of interleukin-1B and increased ROS. Lee et al[3] found that nicotine had a dose-dependent effect on many of the measured parameters including cytotoxicity, ROS generation, and apoptotic activities.
An interesting review article on vascular calcification and ECs comes from a recent publication in the Journal for the American Heart Association that looked at human, rat, and cell culture studies. First, a review on the definitions of atherosclerosis vs arteriosclerosis that this article focused on: Atherosclerosis is characterized by accrual of lipids, penetration of macrophages, and fibrotic lesions within plaques with ensuing rupture and thrombus formation; and arteriosclerosis is transformation of the arteriole wall by either hardening, thickening, or loss of elasticity. Of significance, this scholarly review of literature concluded that nicotine-containing vaping facilitates and perhaps induces osteogenic transdifferentiation and calcification of the tunica media wall of vascular smooth muscle cells by means of inflammation, endothelial dysfunction, and production of ROS. This process is believed to be a key event in the calcification of the tunica media of the vessel wall. Nicotine facilitates transdifferentiation of vascular smooth muscle cells by activation of three major pathways: NF-κB; macrophages and monocytes; and subsequently TNFα, interleukin-6 and VCAM-1. These all lead to an inflammatory state in the vasculature that can cause both acute cardiovascular compromise and chronic degradation of contractile properties of the vascular smooth muscle cells[14]. 
As concerns arise regarding the lack of regulation on EC products, it is important to recall that the flavoring additives alone can be toxic to humans. While combustible cigarettes are limited to menthol for flavoring, ECs remain unregulated with a wide range of flavorings available on the market. Fetterman et al[19] used freshly isolated endothelial cells from nonsmoking, healthy participants and measured nitric oxide production and vasodilation at baseline and after exposure to heated flavorings. The flavoring additives were heated to a temperature of 37 C using a tank device similar in function to an EC device and subsequently exposed to the endothelial cells for 90 min. The flavorings vanillin, cinnamaldehyde, eugenol, acetylpyridine, and menthol impaired nitric oxide production and increased expression of proinflammatory mediators and interleukin-6, suggesting that these flavors are injurious to the endothelium. 
In a previously referenced article[10], mice were exposed to an EC delivery system mimicking real use in a laboratory setting to measure the formation of atherosclerotic lesion formation. They used oil red O staining and contrasted that with a hematoxylin and fast green stain and found that rats exposed to 2.4% nicotine EC vapor had increased lesions at the aortic root as quantified by Image-Pro Plus in comparison to saline treated mice. To be exact, saline treated mice had lesions that measured 53.6 ± 7.5 × 105 μm2 vs a much larger lesion in 2.4% treated mice of 103.9 ± 12.9 × 105 μm2 with a P value of less than 0.01. More information on the methods of this particular experiment is mentioned above. 
One opposing view regarding cardiovascular effects of ECs comes from Cossio et al[15]. In a small study consisting of sixteen young, healthy tobacco product naïve participants, they measured acute responses to “vaping trials” using flavored ECs with either 0% or 5.4% nicotine for 6 min. The vaping protocol was a total of 6 min in length consisting of 4 s inhalations every 20 s, which corresponded to 18 puffs in total. Subjects were monitored during their trial to ensure they were puffing at a standardized rate. Measurements were done at baseline, immediately post, 1 h, and 2 h post-EC exposure. There were no noteworthy changes in heart rate, systolic and diastolic blood pressure, endothelial function (via flow-mediated dilation), or arterial stiffness (via cardio-ankle vascular index) during the trials. The study is limited in that the reported data represented acute changes to only one bout of EC use and does not account for multiple bouts per day, which is characteristic of many EC users.
We summarized the major studies about the effects of ECs on arteriosclerosis and endothelial damage in Table 2.

SMOKING CESSATION
The potential use of ECs in the area of smoking cessation therapy must be weighed against potential subsequent chronic use of ECs along with EC specific toxicities that remain to be studied extensively. As of September 24, 2019, 46 state health agencies have reported 805 patients with cases of lung injury associated with use of EC products to the Centers for Disease Control and Prevention and per the same report from the Centers for Disease Control and Prevention, 12 EC-related deaths have been confirmed in 10 states[24]. The efficacy of ECs in cessation of smoking TCs continues to be a debated topic with mixed results. Safety profile and superiority of ECs in relation to nicotine replacement products (NRTs) in smoking cessation are two areas of interest on the issue. A recent study published in the New England Journal of Medicine in February gives some insight into this topic.
Hajek et al[16] designed a two-group randomized, controlled trial with 886 participants to evaluate ECs as a means of smoking cessation relative to traditional NRTs. Smokers were divided into two treatment groups: EC users and NRTs. Subjects were treated for 3 mo with their respective cessation method and followed up in 1 year with a biochemical test (expired carbon-monoxide levels), and these values were compared to their baseline carbon-monoxide levels prior to initiation of treatment. EC users were given “starter packs” consisting of second generation refillable ECs with 18 mg per milliliter of nicotine though participants were free to purchase their own preferred brand and flavoring during the duration of the study. The NRT group was given their preferred choice of patch, gum, lozenge, nasal spray, inhalator, mouth spray, mouth strip, and microtab with the option of interchanging one for another. Both groups received weekly behavioral support for at least 4 wk from local clinicians. The abstinence rate at the 1-year mark was 18% in the EC group and 9.9% in the NRT group (relative risk, 1.83; 95% confidence interval: 1.30 to 2.58; P < 0.001). However, it is important to note that of those that were able to abstain from smoking at the year mark, EC users were more likely to be continually using their EC at the 52 wk mark than NRTs (80% vs 9%, respectively)[16]. The superiority of ECs to NRTs in smoking cessation is in contrast to the Cochrane study in 2016, which had inconclusive results of potency of ECs to NRTs in smoking cessation[6].
A recent review published in August 2019 by Worku et al[17] concluded that the few studies showing success in the role of ECs in smoking cessation were offset by the fact that the most common EC user was a dual user of both ECs and traditional combustible cigarettes and the increased susceptibility of users, particularly youth, to future use of cigarettes[18]. Youth are particular targets of the EC campaigns as the appeal for traditional cigarettes has lessened in recent years. Therefore, companies have aimed to revive the smoking industry by marketing the devices as trendy and modern. A University of California, Los Angeles review found three studies indicating that high school students who were EC users had increased interest relative to never-before-smokers to initiate use of cigarettes supporting the notion that ECs are a gateway to cigarettes and other combustible tobacco products such as hookah[20]. 

HEMODYNAMICS AND PREGNANCY
Youth are not the only subgroup that are especially at risk of potential harms. Pregnant females are also a population of concern. A survey study published in 2015 surveyed 184 persons, 68 of whom were 18-20-years-old, 55 were 21-30-years-old, and 61 were 31-plus-years-old. The study found that all ages perceive ECs as significantly less pernicious than combustible cigarettes including relating to lung cancer, harm during pregnancy, and addictive properties[21]. Multiple studies suggest that the negative fetal effects of tobacco are specifically linked to nicotine, an alarming finding in the context of increased usage of ECs during pregnancy due to false safety claims[21,23]. 
A Texas based study in May 2019 used lab rats to study how EC aerosol exposure during fetal development jeopardized vascular hemodynamic function and attributed to growth defects[22]. The study used pregnant Sprague-Dawley rats and divided them into three groups: controls, juice-fed, and juice plus nicotine fed and used a custom engineered vaping system to simulate the EC paradigm. Researchers compounded an inhouse e-liquid with various nicotine concentrations to use in the study with an 80:20 propylene glycol to glycerol ratio,, which is similar to that found in popular e-liquid brands. The rats undertook vaping treatment for 2 h a day, 5 d days per week from gestation day (GD)5 until GD 21 and gave birth on GD 22. It is important to note that the researchers exposed the nicotine rat group to 10% nicotine throughout the duration of the study. The study utilized mass spectrometry to identify and quantify blood nicotine levels. Results were significant as they found the juice plus nicotine group had a decreased fetal weight of 46.56% and a decrease of 23.83% in crown-rump length compared to controls. Again, fetal hemodynamics were compromised as both uterine and umbilical artery blood flow between the control group and nicotine group were significantly decreased (uterine artery 49.50%, P = 0.05; umbilical artery 65.33%, P = 0.01). These values were measured using a Doppler ultrasound and measured peak-to-peak times for three waveforms to pass. Although this study brings interesting insight into gestational hemodynamic compromise in rats, we are unable to draw any definitive implications regarding human gestation for obvious ethical concerns. Given the data presented in this study, we strongly admonish the use of EC during any stage of human gestation. 

CONCLUSION
ECs remain a threat to cardiovascular health as studies thus far unanimously support the notion that ECs pose at least some level of risk. Misleading marketing geared towards youth and a general misconception about the safety profile of ECs are of particular concern as these products remain generally unregulated and unstudied. Atherosclerosis, free radical formation, diastolic functional changes, RNA and mDNA sequence changes, and incidence of MI are only some of the changes implicated thus far in ongoing research on the topic of ECs. Further tangential vascular concerns include fetal compromise due to significant umbilical and uterine artery blood flow restriction from EC use in rat models. Though a minority of studies show EC as posing less of a threat to cardiovascular health in relation to traditional combustible cigarettes, there is a need for more studies, particularly ones that focus on chronic use. The vast majority of literature reviewed concluded some level of harm, and multiple studies showed a significant synergistic risk when smokers concomitantly used ECs with combustible cigarettes, which greatly increased the risk for MI relative to either used individually. This literature review concludes at least some level of risk to endothelial and platelet function as well as compromised hemodynamics during rat-model gestation. After thorough review of the current literature, we are unable to endorse ECs as a safe alternative to smoking cessation especially in the context of cardiovascular disease and ongoing reports of acute lung injury and lethal consequences with EC use.
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Figure 1 Effects of tobacco cigarette smoke on the cardiovascular system. Citation: MacDonald A, Middlekauff HR. Electronic cigarettes and cardiovascular health: what do we know so far? Vasc Health Risk Manag 2019; 15: 159-174. Copyright© The Authors 2019. Published by Dove Medical Press Limited.
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Table 1 Effects of electronic cigarettes on the risk of myocardial infarction and cardiac functional changes from electronic cigarettes
	Name of the study
	Type of the study
	Results
	Comments

	Chronic intermittent electronic cigarette exposure induces cardiac dysfunction and atherosclerosis in apolipoprotein-E knockout mice
	Animal model randomized control study with intervention
	ECs with 2.4% nicotine had decreased left ventricular ejection fraction and had increased atherosclerotic lesions compared to ECs without nicotine and saline groups. Mice exposed to 2.4% nicotine vapor had increased atherosclerotic lesions on aorta as well
	Mice model with limited implication to humans

	Association between electronic cigarette use and myocardial infarction
	Cross-sectional; study was based on self-reporting surveys
	Increased odds ratio (1.79) of having MI with ECs and even higher odds ratio (4.62) with dual use of ECs and combustible cigarettes relative to never smokers
	Number of surveys in 2014 was 36697 and 33028 in 2016

	Acute effects of using an electronic nicotine-delivery device (electronic cigarette) on myocardial function: comparison with the effects of regular cigarettes
	Interventional, case-control
	Electronic cigarettes caused delayed myocardial relaxation, no effect on systolic function
	Small study with total of 76 subjects; the study does not predict long term effects

	Association between electronic cigarette use and myocardial infarction
	Cross-sectional through surveys
	Daily EC use increased the odds of having MI (OR = 1.79) while daily TC smoking had a higher correlation of MI (OR = 2.72)
	Large surveys: 36697 in 2014 and 33028 in 2016 


ECs: Electronic cigarettes; MI: Myocardial infarction; OR: Odds ratio; TC: Tobacco cigarette.

Table 2 Arteriosclerosis and endothelial damage
	Name of the study
	Type of the study
	Results
	Comments

	Modeling cardiovascular risks of ECs with human-induced pluripotent stem cell-derived endothelial cells
	Randomized interventional on human endothelial cells; cells were exposed to EC flavoring products with and without nicotine
	Flavoring e-liquids caused endothelial dysfunction even without nicotine; nicotine had a dose-dependent effect on cytotoxicity, reactive oxygen species generation, and apoptotic activities
	In vitro study with limited implications

	Flavorings in tobacco products induce endothelial cell dysfunction
	Intervention study on human endothelial cells obtained from smokers and nonsmokers
	The flavorings vanillin, cinnamaldehyde, eugenol, acetylpyridine, and menthol impaired nitric oxide production and increased expression of proinflammatory mediators and interleukin-6
	Small study; the endothelial cells obtained by biopsy from 3 groups of 6 to 9 subjects

	Vascular effects of a single bout of electronic cigarette use
	Interventional nonrandomized study on healthy volunteers
	There were no significant changes in heart rate, systolic and diastolic blood pressure, endothelial function (via flow-mediated dilation), and arterial stiffness (via cardio-ankle vascular index) throughout the experiments
	Small study on 16 volunteers; the study was limited to acute changes post smoking one bout of ECs; flow mediated dilation and cardio-ankle vascular index may not be sensitive enough


ECs: Electronic cigarettes.
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