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Abstract

Temporal influence of electronic cigarettes (Ecigs) on blood vessels are poorly understood. This 

study evaluated a single-episode of cigarette versus Ecig exposure on middle cerebral artery 

(MCA) reactivity, and determined how long after the exposure MCA responses took to return to 

normal. We hypothesized cigarette and Ecig exposure would induce rapid (<4-hours) reduction in 

MCA endothelial function and would resolve within 24-hours. Sprague-Dawley rats (4-month-old) 

were exposed Air (n=5), traditional cigarettes (20-puffs, N=16) or Ecigs (20-puff group, N=16; 

or 60-puff group, N=12). Thereafter, cigarette and Ecig groups were randomly assigned for 

post-exposure vessel myography testing on Day-0 (D0, 1-4 hours post-exposure), Day-1 (D1, 

24-28 hours post), Day-2 (D2, 48-52 hours post), and Day-3 (72-76 hours post). Greatest effect on 

endothelial-dependent-dilation (EDD) was observed within 24-hours of exposure (~50% decline 
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between D0-D1) for both cigarette and Ecig groups, and impairment persisted with all groups 

for up to 3 days. Changes in endothelial-independent-dilation (EID) responses were less severe 

(~27%) and shorter-lived (recovering by D2) compared with EDD. Vasoconstriction in response to 

serotonin (5-HT) was similar to EID, with greatest impairment (~45% for all exposure groups) at 

D0-D1, and returning to normal by D2. These data show exposure to cigarettes and Ecigs trigger 

similar level/duration of cerebrovascular dysfunction following a single exposure. The finding that 

Ecig (without nicotine) and cigarette exposure (with nicotine) produce the same effects, suggests 

nicotine is not likely triggering MCA dysfunction and vaping (with/without nicotine) has potential 

to produce the same vascular harm and/or disease as smoking.
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INTRODUCTION

Acute effects of using electronic cigarettes (Ecigs) are known to have transient effects on 

vascular function in humans (Vlachopoulos et al., 2016; Franzen et al., 2018; Caporale et 

al., 2019; Kerr et al., 2019; Kuntic et al., 2020; Wehrli et al., 2020; Chatterjee et al., 2021), 

animals (Kuntic et al., 2020; Rao et al., 2020; Jin et al., 2021) and on endothelial (and 

other) cells in culture (Putzhammer et al., 2016; Fetterman et al., 2018; Lee et al., 2019; 

Kerasioti et al., 2020). Consistent with this, long-term Ecig exposure has been shown to 

increase arterial stiffness and impair (both endothelial-dependent and -independent) blood 

vessel reactivity (Vlachopoulos et al., 2016; Franzen et al., 2018; Olfert et al., 2018; Kerr et 

al., 2019; El-Mahdy et al., 2021). We have also recently reported impaired cerebrovascular 

endothelial function in offspring indirectly exposed (in utero) to Ecigs from maternal 

exposure during pregnancy (Burrage et al., 2021). Impaired cerebrovascular function is 

particularly concerning as it is associated with lower cerebral blood flow (Tarumi et al., 

2011; Jefferson et al., 2018), neurocognitive decline (Hanon et al., 2005; Mitchell et al., 

2011; Pase et al., 2016; Thorin-Trescases et al., 2018), development of cerebral microbleeds 

(Ding et al., 2015), and greater overall risk for cerebrovascular and cardiovascular disease 

(Mitchell, 2015; Alzahrani et al., 2018) – all of which are promoting factors for onset of 

stroke and worsening of post-ischemic brain injury (Kaisar et al., 2017). Recent reports 

also find that vaping increases shedding of endothelial- and platelet-derived extracellular 

vesicles (EVs), which may be associated to underlying vascular changes and eventually lead 

to adverse health outcomes (Benedikter et al., 2018; Mobarrez et al., 2020)

The purpose of this study was to evaluate effects of a single exposure on reactivity of the 

middle cerebral artery (MCA), and time required for MCA responses to return to normal 

following a single direct exposure. The MCA was studied because it is a major cerebral 

artery that supplies ~50% of cerebral blood flow to the brain (Harper et al., 1984), and is 

the most common site for an ischemic stroke. We hypothesized that a single vape exposure 

would induce rapid impairment/blunting of MCA endothelial function (<4 hours) that would 

likely resolve within 24 hours. Indeed, we observed rapid blunting of MCA endothelial 

function (1-4 hours) following vaping, but recovery of MCA function was not restored for 
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at least 72 hours after vaping. We also provide evidence that cigarette and Ecig exposure 

increase circulating extracellular vesicles (EVs) production demonstrating that a single 

exposure likely triggers maladaptive cellular/molecular responses. When compounded with 

chronic, daily, vaping it is not difficult to envisage that impaired vascular function may be 

prodromic for cerebrovascular disease.

MATERIALS AND METHODS

Ethical Approval

All procedures were conducted with approval from West Virginia University Animal Care 

and Use Committee (IACUC) approval (#16-05003053), and conformed to the previously 

described principles and regulations for animal experimentation (Grundy, 2015). All surgical 

procedures were terminal and performed under deep anesthesia (inhaled isoflurane) to 

minimize pain or discomfort.

Study design and exposure system

Male Sprague Dawley rats (4-month old) were purchased (Charles River, Wilmington, 

MA) and housed in pathogen-free vivarium facility at West Virginia University. They were 

provided standard rat chow and tap water and kept on 12:12 day:night cycle throughout the 

study.

Animals were randomly assigned to Air (n=5), Ecig 20-puffs (n=16), Ecig 60-puffs (n=12), 

or traditional cigarettes (i.e. 3R4F Reference cigarette, Univ. of Kentucky; n=16) groups, 

and subjected to single (one-time) exposure corresponding to the assigned group. After 

exposure to either E-cig or 3R4F Reference cigarette, animals were randomly assigned to 

post-exposure study days corresponding to Day 0 (D0, within 1-4 hours post exposure; 

n=3-5/exposure group), Day 1 (D1, 24-28 hours post exposure; n=3-5/exposure group), 

Day 2 (D2, 48-52 hours post exposure; n=3-5/exposure group), and Day 3 (72-76 hours 

post exposure; n=3-5/exposure group). Euthanasia occurred via exsanguination and organ 

removal under deep anesthesia to collect MCA vessel to be used for ex vivo studies with 

pressure arteriography (Living Systems, Scintica Inc.).

Exposures were performed using a whole-body chamber. Ecig exposure (n=4 per time 

group) and traditional cigarette smoke (n=4 per time group) exposure were generated from 

20 puffs over a 1-hour exposure window. For Ecig exposure, an additional group was 

studied, whereby the 20-puff/hour regime was extended for 3 hours resulting in a total 

exposure to 60 puffs (n=3 per time point). Ecig aerosol was generated using Joyetech 

atomizer (0.5Ω) with a custom Ecig controller system that allowed precise and reliable 

activation of the Ecig device. Puff duration was set to 5-sec with an inhalation draw rate of 

~1 LPM. Wattage (W) for heating coil was set at 17.5W, and 20 L/min bias flow of air was 

used to continuously flush the chamber throughout the exposure which provided an episodic 

exposure pattern.

E-liquid composition was a mixture by volume of 50% glycerin (Avantor, J.T. Baker 

#2143-01) and 50% propylene glycol (Fisher #P355-1) with no nicotine and no flavoring. 

Temperature and humidity were measured with probes inside the chamber (Table 1). Air 
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group received handling at the same time and in the same way as exposed groups to replicate 

any associated stress. They remained in the same room as exposure groups but were only 

exposed to ambient air.

Aerosol Analysis

Aerosol concentration was measured using MicroDust Tracker (Model# CEl-712, Cesella, 

MA) and reported as the average concentration from the entire exposure time (Table 1).

Measurements of Vascular Reactivity in Isolated MCA

Rats were anesthetized by inhalation of isoflurane using an induction chamber (at 5%) and 

placed on nose cone used to maintain anesthesia (at 1.5%-3%) throughout the procedure. 

Animals were euthanized by cardiac puncture and exsanguination by flushing the vascular 

system with phosphate buffer saline (PBS) solution. Immediately thereafter, the brain was 

removed and a middle cerebral artery (MCA) was removed from Circle of Willis, cleaned 

and placed into an isolated microvessel chamber filled with cold physiological salt solution 

(PSS; 4°C). Both ends of the isolated MCA were cannulated within a heated chamber 

(37°C) that allowed the lumen and exterior of the vessel to be perfused and superfused, 

respectively, with heated PSS from separate reservoirs. PSS was equilibrated with a 21% O2, 

5% CO2, and 74% N2 gas mixture and had the following composition (mM): 119 NaCl, 4.7 

KCl, 1.17 MgSO4, 1.6 CaCl2, 1.18 NaH2PO4, 24 NaHCO3, 0.026 EDTA, and 5.5 glucose.

Following cannulation, MCAs were extended to their in-situ length and equilibrated to ~70 

mmHg (Lombard et al., 1999). Then the vessel was challenged using 10−4 M serotonin 

to check viability; thereafter, vessel reactivity was assessed in response to increasing 

concentrations of an endothelial-dependent dilator (acetylcholine, ACh; 10−9M – 10−4M), 

endothelial-independent dilator (sodium nitroprusside, SNP; 10−9M – 10−4M), and a potent 

cerebrovascular constrictor (5-hydroxytryptamine, 5-HT (serotonin); 10−9M – 10−4M). 

MCA responses to ACh were also measured following acute incubation (30 minutes) of 

vessels with nitro-L-arginine methylester (L-NAME, 10−4M; an inhibitor of NO synthase, 

Sigma Aldrich) to assess contributions of nitric oxide (NO) (Butcher et al., 2012). Likewise, 

we incubated vessels in TEMPOL (10−4M) in similar manner to assess the effect of 

oxidative stress in modulating MCA reactivity (Butcher et al., 2012).

A video dimension analyzer connected to the inverted microscope was used to measure 

lumen diameter (Table 2). Resistance vessels (such as the MCA) have endogenous smooth 

muscle tone therefore pre-constriction prior to assessing dilator responses is not required. 

Thus, dilation and constriction are assessed by subtracting the starting lumen diameter 

before each treatment and chambers were washed between each drug. Although addition of 

L-NAME and/or TEMPOL can alter lumen diameter, these responses (and previously noted) 

are assessed to the vessels starting diameter before treatment, and therefore any initial effect 

by the addition of L-NAME or TEMPOL does not change our finding or interpretation that 

these compounds have on ACh-mediated dilation.
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Extracellular Vesicles (EVs)

Blood was obtained by cardiac puncture at sacrifice, and immediately spun at 3000 rpm, 

4°C, for 10 minutes, in sterile 2-ml BD vacutainer tubes containing Lithium Heparin (BD 

#366664). After centrifugation, plasma was removed in 200 μl aliquots with 2 μl of DMSO 

to preserve vesicles, flash frozen in liquid N2 and stored at −80°C until processed. To obtain 

EVs, frozen samples were thawed on ice and spun at 1500 rpm, 4°C for 10 minutes to 

separate plasma and cell debris. Supernatant was removed placed in a new tube, with 1 μL 

taken and diluted in 1 mL of 1X sterile PBS. Diluted sample was immediately visualized 

with a Malvern Panalytical Nanosight NS300 for particle size and quantity in the WVU 

Flow Cytometry & Single Cell Core Facility (RRID:SCR 017738). Remaining plasma was 

spun at max speed (13K rpm) for 2 hours at 4°C. The supernatant was removed and 500 μL 

of 1X PBS was added. The sample was spun for another hour at max speed at 4°C. These 

samples were later used in an Exo-check antibody array (# EXORAY200A-4, Thermo Fisher 

Scientific) to confirm presence of EVs. Markers for exosomes represented in the kit included 

CD63, CD81, ALIX, FLOT1, ICAM1, EpCam, ANXA5 and TSG101. GM130, a cis-Golgi 

marker, was also present to visualize any cellular contaminations within the samples.

Zeta Potential (ZP) was used to measure surface electrostatic potential of EVs as an 

indicator of surface charge and colloidal stability influenced by surface chemistry. It was 

conducted by diluting purified EVs (1:1000 −1:10,000 with sterile 1X- PBS) to reach a 

number per frame of 50 to 500, ideal for Nano Tracking Analysis (NTA) and measured by 

Zetasizer Nano Z (Zetasizer Nano Z) at WVU core laboratory. Temperature was set at 25 °C 

and 5 cycles at high sensitivity settings were performed per measurement for a total of three 

to five measurements per sample.

Data and Statistical Analyses

All data are presented as mean±SD, except when noted. Reactivity of isolated MCA 

vessels to changes in drug dose concentration were first analyzed by repeated-measures 

two-way analysis of variance (ANOVA). Thereafter, Tukey post-hoc test was used to 

determine differences between doses of respective drugs used. Max response characteristics 

between groups were assessed using a multifactorial analysis of variance (ANOVA) with 

an interaction term (time-by-group), and a Tukey post-hoc test to determine differences 

between groups, as appropriate.

In all cases, p≤0.05 was taken to reflect statistical significance.

RESULTS

No significant differences (at any timepoint) were observed in measured outcomes between 

Ecig 20-puffs (N=16; n=4 each time point) versus Ecig 60-puffs (N=12; n=3 each time 

point) exposure groups (Figure 1). Therefore, data from these two Ecig groups were 

combined to represent a single Ecig group (n=7) for all further analyses.
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Endothelial-dependent dilation (EDD)

EDD response of the MCA was significantly blunted in rats exposed to Ecig and 3R4F 

reference cigarette compared with Air controls (Figure 2A-C). For all exposure groups, the 

greatest decline (~50%) in EDD was observed with D0 or D1 (i.e. <24-hours post vaping)

(Figure 2A&B). Although evidence of recovery began by D2, maximal MCA EDD function 

still remained blunted at D2 for all exposure groups compared with controls (Figure 2C). 

By D3, MCA EDD function had returned to the same levels found in non-exposed controls 

(Figure 2A-C).

To evaluate the effect of nitic oxide (NO) on EDD we incubated the MCA with L-NAME 

(an inhibitor of NO synthase, Sigma Aldrich) and then stimulated with ACh. Here we 

observed, in Air control animals, L-NAME inhibition of NO production accounts for half 

(~50%) of EDD stimulated response (Figure 3A). Within 24 hours of Ecig exposure (i.e. D0 

and D1), the blunting effect with or without L-NAME in Ecig or 3R4F cigarettes exposed 

animals was not different, suggesting that majority (81-91%) of the impairment in MCA 

vessels at D0 and D1 was with due to reduced NO bioavailability (Figure 3A). The blunting 

effect of L-NAME remain consistent at all time points, even as partial and full recovery in 

MCA reactivity was observed at D2 and D3, respectively, in both Ecig and 3R4F Cigarette 

animals (Figure 3A).

We also evaluated the effect of TEMPOL on MCA reactivity to gain insight into the role of 

superoxide-mediated oxidative stress toward EDD response. For Ecig exposure, we observed 

MCA dysfunction was fully rescued by TEMPOL incubation on D1, D2 and D3; with 

only small (but statistically significant) improvement on D0 (Figure 3B). In contrast, 34RF 

Cigarette group, was not rescued at any time point with TEMPOL. However, as seen with 

Ecig group, there was also small (but statistically significant) improvement seen on D0 for 

3R4F cigarette group (Figure 2B).

Endothelial-independent dilation (EID)

EID response of the MCA was similarly impaired between Ecig and 3R4F Cigarettes groups 

(Figure 4A-C). Impairment for both Ecig and 3R4F Cigarette was only seen on D0 and 

D1 (p<0.01 for both Ecig and 3R4F groups), while EID responses on D2 and D3 were not 

different that non-exposed control (Figure 4C).

Vasoconstriction responses

Vasoconstrictor response to increasing concentration of serotonin (5HT) are shown in Figure 

5. As seen with EDD and EID, greatest impairment (~45%) for exposure to Ecig and 

cigarettes occurred within 24-hours after exposure (between D0 and D1). Blunting of the 

vasoconstriction response (~19% average for vape/smoke groups, p<0.05) persisted at D2, 

except for Ecig 20-puff group (p=n.s.). By D3, MCA vasoconstriction responses to 5HT had 

returned to control levels in air exposed animals (Figure 5).

Extracellular Vesicles (EVs)

Circulating plasma EVs were found to be elevated in Ecig and 3R4F Cigarette exposed 

groups on D1, D2 and D3 when compared with Air exposed controls (Figure 6 and Table 
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3). Peak values of circulating EVs showed elevated EVs for both Ecig and 3R4F Cigarettes 

(compared to Air controls) on D1-D3, and only 3R4F cigarettes on D0 (Table 3). When 

assessing area-under-curve (AUC) for Ecig and 3R4F Cigarette compared to Air, AUC 

was also greater for Ecig on D1 and D2, and for 3R4F Cigarette on D0 and D3, but not 

statistically significant for 3R4F on D1 and D2 compared to Air (Table 3). Although an 

ANOVA main effect for exposure condition was seen for EV sizes (correlating to peak 

circulating EVs), post-hoc testing showed no significant difference between Ecig or 3R4F 

conditions compared Air on any day post exposure (Figure 6 and Table 3).

DISCUSSION

To our knowledge this is the first report to describe temporal effects of Ecig exposure 

on cerebrovascular function. Our data demonstrates that a single 20-puff session of Ecig 

or cigarette use rapidly impairs MCA function (within 1-4 hours), and that impairment 

in EDD takes up to 72 hours after exposure to recover (for both cigarette smoke or 

Ecig aerosol exposure). This temporal response was the same even when increasing dose 

of Ecig exposure three-fold (going from 20- to 60-puffs, Fig. 1). The overall respective 

MCA responses (EDD, EID and vasoconstriction) were nearly identical between cigarette 

vs Ecig, suggesting that exposure to Ecigs likely confers similar risk/harm potential to 

cerebrovasculature that is known from cigarette use.

A major difference in the recovery of blunted responses we observed was the recovery 

(reactivity similar to air exposed control levels) for EID and vasoconstriction responses 

occurred earlier (by D2, i.e. 48 hours after exposure), whereas recovery for EDD responses 

did not occur until D3 (72 hours after exposure). The reason for the difference between EDD 

vs EID (or vasoconstriction) is not clear, but suggests that mechanisms with direct impact 

to smooth muscle function induced by EID are shorter-lived than that to endothelial cells, 

or that it takes a greater insult to blunt smooth muscle mechanisms rather than endothelium. 

In chronic conditions, such as chronic stress (Brooks et al., 2018), diabetes/metabolic 

syndrome (Phillips et al., 2005), and chronic inhalation to Ecigs or cigarettes (Olfert 

et al., 2018) impaired EDD is often accompanied by enhanced vascular smooth muscle 

vasoconstriction, which has been linked to reduced bioavailability of NO, the production 

of vasoconstrictor peptides (angiotensin II, endothelin-1), the formation of oxygen-derived 

free radicals (e.g. superoxide anions) and/or the release of vasoconstrictor metabolites of 

arachidonic acid. However, we show that the impaired EDD of the MCA was accompanied 

by a blunted, and not enhanced, vasoconstriction response. An explanation that might 

account for this difference is that chronic conditions associated with vascular dysfunction 

would also be expected to have vascular remodeling (e.g. changes in elastin and collagen 

deposition) that are not present (or have had sufficient time to develop) in the acute phase. 

But we also cannot rule out that receptors or enzymes in smooth muscle regulation are also 

directly impaired with acute exposure to Ecig and cigarettes. Thus, acute effects toward 

smooth muscle could be very different from those after chronic exposures.

Our data (LNAME+ACh, Figure 3A) establish that impairment in NO bioavailability is 

a major contributor to MCA dysfunction we observed. This finding is consistent with 

existing reports that both smoking (Golbidi et al., 2020) and vaping (Carnevale et al., 2016) 
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reduces NO bioavailability. Numerous studies have also shown that Ecig aerosol produce 

cytotoxicity and oxidative stress to endothelial cells (as well as epithelial cells, fibroblasts, 

and many other cells)(Lerner et al., 2015; Lerner et al., 2016; Putzhammer et al., 2016; 

Sancilio et al., 2016). Indeed, when examining MCA response to ACh in the presence of 

TEMPOL (a stable synthetic compound that mimics superoxide dismutase) we found that 

TEMPOL improved MCA function at all time points, and fully rescued impairment on D1-

D3 (Figure 3B). This supports the notion that oxidative stress is a principal contributor to the 

MCA dysfunction induced by Ecig exposure. The fact that TEMPOL only partially rescued 

MCA dysfunction within the first few hours after exposure (i.e. D0, Figure 3B) indicates that 

a different mechanism is likely at play in this early response. In contrast to Ecig, TEMPOL 

only partially improved MCA dysfunction induced by cigarettes at the D1-D2 time points, 

suggesting that superoxide may not the main mechanism at play with cigarette exposure. 

However, it should be noted, TEMPOL not only reduces superoxide, but it may increase 

H2O2 in blood vessels (Chen et al., 2003). In turn, H2O2 may produce vasodilation (Gao 

et al., 2003), vasoconstriction (Rodríguez-Martínez et al., 1998; Gao & Lee, 2001) or a 

biphasic effect (Gao et al., 2003; Csekő et al., 2004) depending on the vascular bed and 

experimental conditions. As such, we cannot rule out that the acute TEMPOL incubation of 

the MCA with the aim to lower the presence of superoxide, may have improved the MCA 

endothelial-dependent dilation via the modulating actions of H2O2.

One important difference between our Ecig and cigarette exposed groups was the presence 

of nicotine in 3R4F cigarettes. Nicotine acts on nicotinic acetylcholine receptors (NAChRs) 

which are broadly present in the body (i.e. central and peripheral nervous system, 

endothelial cells, immune cells, and many other organs/tissue), and have well documented 

cardiovascular effects (i.e. increasing heart rate, blood pressure, sympathetic predominance). 

Rather, the role and contribution of nicotine in the etiology for impaired EDD is more 

questionable. Several studies (Palpant et al., 2015; Carnevale et al., 2016; Vlachopoulos et 

al., 2016; Chaumont et al., 2018; Franzen et al., 2018), including our own work (Olfert et al., 

2018), have reported that Ecigs (with or without nicotine) produces similar EDD blunting 

effects as that occurring with smoking. These data are consistent with extensive literature 

showing chronic nicotine administration via transdermal application does not increase risk 

of cardiovascular disease (Working Group Report, 1994; Joseph et al., 1996; Tzivoni et al., 

1998; Meine et al., 2005). We have also previously reported TEMPOL is able to rescue 

MCA function in adolescent and adult rat offspring that have MCA dysfunction secondary 

to maternal Ecig exposure during pregnancy (with or without nicotine)(Burrage et al., 2021). 

Thus, it is not immediately clear why we see TEMPOL rescue blunted EDD on D1-D3 

for Ecigs, but not for cigarettes in the present study. We can only postulate that additional 

constituents in cigarette smoke could be triggering MCA dysfunction that are not responsive 

to actions of TEMPOL.

From a toxicological point of view, it is necessary to consider both the physical and 

chemical constituents present in the smoke/aerosol cloud delivered to the lungs. In our 

previous work (Burrage et al., 2021) we have reported that nearly all aerosol produced by 

Ecigs is in the fine range (less than 2.5 μm, PM2.5), and that ~10-20% are in the ultrafine 

range (PM less than 0.1 um, PM0.1). Both PM2.5 and PM0.1 are recognized in the etiology 

of vascular dysfunction (Brook et al., 2002; Kampa & Castanas, 2008; D'Errico & Stapleton, 
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2018), however PM0.1 is of particular interest as they can elicit cardiovascular responses 

independent of any effects in the lung (see review (Riediker et al., 2019)). Thus, Ecigs are 

designed to deliver aerosol that is optimal for deposition into the lung periphery. Yet, it is 

interesting to note, despite significant differences in aerosol concentration between 3R4F 

cigarette and Ecigs groups (ranging from 7 to 334 mg/m3)(Table 1), we do not find major 

differences in magnitude or temporal outcomes observed (Figures 1-6). These data suggest 

the differences in aerosol concentration (in this range and size distribution) does not worsen 

MCA function, indicating that the threshold that triggers vascular dysfunction is likely to be 

very low.

Numerous studies suggest that carbonyl compounds may play a significant role with vaping-

induced vascular dysfunction (Bekki et al., 2014; Kosmider et al., 2014; Farsalinos & 

Gillman, 2017; Ogunwale et al., 2017; Jin et al., 2021). Indeed, many studies have reported 

on chemical composition associated with Ecig aerosol generation, but it is often difficult 

or impossible to compare these studies to clinical outcomes due to differences in Ecig 

device, coil material, composition of e-liquid, and/or puff topology. However a recent report 

(Jin et al., 2021) finds that aerosolized formaldehyde produces a similar impairment in 

aortic EDD as seen with Ecig exposure, providing evidence that reactive aldehydes at the 

same concentration found within Ecig aerosol can trigger vascular dysfunction. Conklin 

and colleagues (Conklin et al., 2018) have also shown that changing the ratio of VG:PG 

can influence relative concentration of formaldehyde (and other reactive aldehydes) in each 

Ecig puff, raising the possibility that the ratio of VG:PG e-liquid could have an influence 

effecting the degree of vascular impairment. While the purpose of this study was not 

meant to uncover the mechanistic links responsible for MCA dysfunction, we believe the 

temporal responses and outcomes we are reporting are valuable to ensure the appropriate 

attention is made to the timing after inhalation exposures that investigator use in future 

(more mechanistic) studies. Moreover, our data and emerging literature provides strong 

rationale to more fully characterize the chemical constituents found in Ecig aerosols and 

their effect on clinical and physiological outcomes in future studies.

This is wide recognition EVs can provide important endocrine signaling in health and 

disease (Stahl & Raposo, 2019). Previous work from our lab (Burrage et al., 2021) and 

others (Antoniewicz et al., 2016; Benedikter et al., 2018; Mobarrez et al., 2020) have 

found Ecig exposure increase circulating EVs. Accordingly, we evaluated the temporal 

release of plasma EVs in our exposure groups. Our data show both Ecig and 3R4F 

cigarettes increase circulating EVs by 3-4.5 fold within the time course we studied, and 

remained elevated on D3 (even after our MCA reactivity returned to control levels)(Figure 

6). The implications of this remains unclear and will require further investigation, but 

raise the possibility epigenetic signaling events have much longer half-life than the clinical/

physiological impairments observed. Ecig and 3R4F responses were not different within the 

first 24 hrs (i.e. D0-D1), but were different on D2 and D3. Again, the significance of this (if 

any) is not presently clear. It is notable, a recent human study reports (a one-time 30-puff 

Ecig exposure) increases EVs within 2-6 hours after vaping, but only with Ecig+nicotine, 

and not with vaping without nicotine. Our study provides a longer temporal window of 

evaluation, showing that circulating EVs peaked after 2- or 3-days, for Ecig and Cigrettes 

respectively (Figure 6, Table 2). Although we do not have Ecig+nicotine to report, our 
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3R4F cigarettes contained nicotine, and showed increases of EVs were similarly elevated at 

D0-D1 compare to our Ecig groups (which did not have nicotine. Regardless of the temporal 

difference observed, these data provide compelling evidence that exposure to Ecigs (even 

without nicotine) produced significant biological stress to trigger increases in circulating 

EVs. Once released, EVs can be taken up by many different cell types (including endothelial 

cells) and thus are believed to represent early indicator of cellular changes that lead to 

chronic disease (Benedikter et al., 2018). Although we have not identified the cellular/tissue 

source(s) of EVs in this study, our data add to a growing number of studies that suggest Ecig 

exposure induces significant physiologic perturbations (similar to that seen with smoking) 

that indicate Ecigs should not be considered safe.

Human Relevance and Study limitations

Given that a relatively low exposure (one-time 20-puffs) produced significant blunting 

(~50%) of MCA function, and that the overall effect was similar with cigarette exposure (20-

puffs), it does not seem logical to conclude that vaping is risk-free, or that vaping will have 

meaningful harm reduction benefits toward vascular pathologies. Although the exposure 

in this acute study is not sufficient (nor designed) to induce any vascular pathologies per 
se, it clearly demonstrates even low-levels of Ecig or cigarette exposure alters the normal 

physiological responses (homeostasis) of cerebrovascular bed for several days. Thus, it is 

not difficult to envisage that repeated daily smoking, or vaping, could lead to damage and/or 

remodeling that ultimately result in vascular disease, such as stroke, peripheral artery disease 

atherosclerosis, coronary heart disease, etc. (Freund et al., 1993). Indeed, studies show that 

both vaping and smoking produces endothelial dysfunction in humans as evidenced by 

impaired flow-mediated dilation (FMD)(Carnevale et al., 2016; Biondi-Zoccai et al., 2019; 

Caporale et al., 2019; Chatterjee et al., 2021) and increases in pulse wave velocity (PWV, 

an index of arterial stiffness)(Vlachopoulos et al., 2016; Franzen et al., 2018; Kerr et al., 

2019). In vivo animals models also show increased FMD (Rao et al., 2020), increased PWV 

(Olfert et al., 2018; Szostak et al., 2020), as well as impaired vascular reactivity with chronic 

Ecig and cigarette exposures (Olfert et al., 2018; Burrage et al., 2021; Jin et al., 2021). Thus, 

although it is too early to know whether E-cigs will produce the same long-term outcomes 

on humans as smoking, based on evidence in this study and existing literature it seems 

unlikely to expect that Ecigs will be different/better for humans than smoking.

In this study, we did not include nicotine (or any flavors) in our e-liquid. While this is 

potential limitation in our study, we would also point out our findings provide insight 

that is relevant to all E-cig users. Indeed, our data underscores the point that the base 

solution (i.e. delivery vehicle itself) is a major contributor to vascular dysfunction. This does 

not mean that nicotine, or even other additives (such as flavors)(Fetterman et al., 2018), 

are not important and/or may be potentially harmful in their own right. To the contrary, 

nicotine alone can have significant influence on addiction and cardiovascular responses 

(as previously mentioned). Likewise, thermal degradation of flavors added to e-liquid can 

also produce harmful chemicals. User preferences toward nicotine concentration, choice of 

flavors, device voltage- or temperature-setting, vaping topology and frequency of use, are 

likely add further (not less) harm.
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Conclusions

E-cigs have only been widely available in USA/Europe markets since 2007, thus long-term 

consequences of Ecig use in humans are still being debated. While proponents for Ecigs 

argue that they provide significant health benefits compared with smoking (Benowitz & 

Burbank, 2016; Benowitz & Fraiman, 2017), there is growing evidence showing similarity 

in responses between Ecig and cigarette exposure that cannot be ignored. Our data show 

that acute MCA dysfunction is associated with exposure to Ecig and cigarettes and persists 

for up to 3 days after a single exposure. The observation that Ecig (without nicotine) 

and cigarette (with nicotine) exposure results in the same overall magnitude and temporal 

response for recovery of MCA reactivity, suggests that factor(s) other than nicotine are likely 

responsible for the sequalae leading to MCA dysfunction. When taken in the broader context 

of health, our data showing MCA dysfunction in correlation with increases in circulating EV 

concentration adds to the growing body of evidence that counters the narrative that Ecigs 

are ‘safe’, or even ‘safer’ than cigarettes. These data highlight the need for novel tobacco 

products to be evaluated with a more holistic view of health, and to look beyond just the 

potential for lung injury when evaluating the harm potential from inhalation exposures.
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New Findings

What is the central question of this study?

Acute exposure to electronic cigarettes (Ecigs) triggers abnormal vascular responses in 

systemic arteries, however effects on cerebral vessels are poorly understood and time 

for recovery is not known. We hypothesized that exposure to cigarettes or Ecigs would 

trigger rapid (<4-hours) impairment of middle cerebral artery (MCA) but that this would 

resolve by 24-hours.

What is the main finding and its importance?

Cigarettes and Ecigs caused similar degree and duration of MCA impairment. We find it 

takes up to 72-hours after exposure for MCA function to return to normal. Our finding 

suggest that Ecig use likely produces similar adverse vascular health outcomes as seen 

with cigarette smoke.
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Figure 1. 
Graph showing maximal response to ACh (i.e. 10-4 M) in middle cerebral arteries (MCA) 

between Ecig exposure groups (Ecig 20-puffs n=4 and Ecig 60-puffs n=3) compared to 

responses in controls (Air, n=5). MCA data for Ecig groups reflects number of (D)ays after 

exposure, and show no difference in response between Ecig 20- vs 60-puffs at any time 

point. *signifies different compared to Air (p<0.05). Mean±SD.

Mills et al. Page 17

Exp Physiol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Middle cerebral arteries (MCA) reactivity assessed with ex vivo pressure myography. MCA 

dilation responses to increasing concentration of acetylcholine (ACh). Dose response curves 

reflects data corresponding to number of (D)ays after an exposure to either (A) Ecig (n=7) 

or (B) 3R4F Reference Cigarette (n=4) and compared to responses in controls (Air, n=5). 

Numeral notation in panel A & B indicates post hoc testing with significant difference 

(p<0.05) between Air vs Day 0 = “0”; Air vs Day 1 = “1”, and Air vs Day 2 = “2” for 

respective doses. (C) Summary graph showing maximal response to ACh (i.e., [10−4] data 

point from dose response curves in A & B) showing similar blunting and overall time course 

for vessel recovery between Ecig and 3R4F Cigarette. *signifies different compared to Air 

(p<0.05). Post-hoc testing also revealed no differences between respective Ecig and 3R4F 

Cigarette groups at all time points, except D1 where a small, but statistically significant, 

difference between exposure groups was seen. Mean±SD.
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Figure 3. 
Data showing the temporal response of maximal [10−4] ACh-stimulated middle cerebral 

artery (MCA) incubated with (A) L-NAME, a nitric oxide (NO) inhibitor, or (B) TEMPOL, 

a superoxide dismutase mimetic (i.e. scavenger for superoxide anion). In (A), data show the 

inhibition of NO production in Air (control) animals results in ~50% impairment in MCA 

reactivity. Similar degree of impairment (i.e. ~50%) is observed in Ecig and 3R4F Cigarette 

exposed animals on D0 and D1, with or without L-NAME, suggesting the impairment is 

mostly attributable to reduced NO bioavailability. Partial recovery of the MCA reactivity 

(for both Ecig and 3R4F) begins by D2, and is fully recovered by D3, but again, is lost 

in the presence of L-NAME, further supporting the importance of altered NO underpinning 

the vascular impairment observed in response to Ecig and 3R4F on D0, D1 and D2. In 

(B), data show TEMPOL has small effect by improving MCA reactivity on D0, and then 

fully restores MCA dilation response on D1-3. In contrast, TEMPOL does not rescue the 
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impaired reactivity in 3R4F Cigarette exposed animals, suggesting that superoxide-induced 

ROS activity plays a role with vascular dysfunction associated with Ecigs but not cigarettes.
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Figure 4. 
Middle cerebral arteries (MCA) reactivity assessed with ex vivo pressure myography. MCA 

dilation responses to increasing concentration of sodium nitroprusside (SNP). Dose response 

curve reflects data corresponding to number of (D)ays after an exposure to either (A) 

Ecig (n=7) or (B) 3R4F Reference Cigarette (n=4) and compared to responses in controls 

(Air, n=5). Numeral notation in panel A & B indicates post hoc testing with significant 

difference (p<0.05) between Air vs Day 0 = “0”, Air vs Day 1 = “1”. (C) Summary graph 

showing maximal response to SNP (i.e., [10−4] data point from dose response curves in 

A & B) showing no difference in overall time course to vessel recovery between Ecig 

and 3R4F Cigarette. * signifies different compared to Air (p<0.05). Post-hoc testing also 

revealed no differences between respective Ecig and 3R4F Cigarette groups at any time 

point. Mean±SD.
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Figure 5. 
Middle cerebral arteries (MCA) reactivity assessed with ex vivo pressure myography. Data 

shows MCA constriction response to increasing concentration of serotonin (5-HT). Dose 

response curve reflects data corresponding to number of (D)ays after an exposure to either 

(A) Ecig (n=7) or (B) 3R4F Reference Cigarette (n=4) and compared to responses in 

controls (Air, n=5). Numeral notation in panel A & B indicates post hoc testing with 

significant difference (p<0.05) between Air vs Day 0 = “0”, Air vs Day 1 = “1”, vs Air and 

Day 2 = “2”. (C) Summary graph showing maximal response to SNP (i.e., [10−4] data point 

from dose response curves in A & B) showing no difference in overall time course to vessel 

recovery between Ecig and 3R4F Cigarette. * signifies different compared to Air (p<0.05). 

Post-hoc testing also revealed no differences between respective Ecig and 3R4F Cigarette 

groups at any time point. Mean±SD.
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Figure 6. 
Data showing temporal expression of circulating extracellular vesicles (EVs) number and 

size-distribution in plasma collected from Air (n=5), Ecig (n=7) and 3R4F Cigarette (n=4) 

exposed animals. ANOVA main effect for exposure condition (Ecig or 3R4F vs Air) is 

significant at all time points (i.e. D0-D3) when assessing peak EV values, EV size (at peak 

value) and Area-Under-Curve (AUC). Post-hoc testing and summary statistics are shown in 

Table 3.
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Table 1.

Chamber and exposure characteristics

3R4F E-cig

Chamber temperature (C) 22.6 ± 0.3 21.8 ± 1.2

Chamber relative humidity (%) 46.3 ± 13.6 25.8 ± 7.5

Aerosol/Smoke Concentration (mg/m3) 7 ± 5 334 ± 110

E-cig device 

 Watts (fixed setting with 0.5 Ω coil) n/a 17.5

 Volts n/a 3.0 ± 0.2

 Amps n/a 5.9 ± 0.4

n/a, not applicable
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Table 2.

MCA Starting Diameters

Air Ecig 3R4F
ANOVA

Exposure
ANOVA

Days
ANOVA

Interaction

n= 5 7 4

Diameter (μm)

D0

108±23

122±15 111±11

p=0.122 p=0.514 p=0.944
D1 116±14 99±15

D2 120±16 115±17

D3 109±21 100±9

Min (μm) 72 91 82

Max (μm) 126 147 127
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Table 3.

Extracellular Vesicles Summary data

Air Ecig 3R4F
ANOVA

Exposure
ANOVA

Days
ANOVA

Interaction

n= 5 7 4

Peak Distribution Value (x108

D0

7.41±8.90

22.3±14.9 27.1±5.8*

p<0.001 p=0.629 p=0.446
D1 32.8±15.5* 28.1±7.3*

D2 39.0±15.4* 26.9±5.5*

D3 26.1±13.4* 33.6±9.9*

Size @Peak (um)

D0

124±16

110±46 115±12

p=0.005 p=0.839 p=0.992
D1 101±9 108±11

D2 100±2 108±2

D3 106±13 105±6

Area Under Curve (x107

D0

6.32±7.50

15.3±12.1 20.8±3.4*

p<0.001 p=0.661 p=0.387
D1 23.5±9.3* 20.2±4.3□

D2 27.0±9.7* 19.5±1.6□

D3 15.5±1.1 22.5±7.4*

Tukey post-hoc test

*
p<0.05 and

□
p=0.075-0.05 compared to Air

Exp Physiol. Author manuscript; available in PMC 2023 August 01.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Ethical Approval
	Study design and exposure system
	Aerosol Analysis
	Measurements of Vascular Reactivity in Isolated MCA
	Extracellular Vesicles (EVs)
	Data and Statistical Analyses

	RESULTS
	Endothelial-dependent dilation (EDD)
	Endothelial-independent dilation (EID)
	Vasoconstriction responses
	Extracellular Vesicles (EVs)

	DISCUSSION
	Human Relevance and Study limitations
	Conclusions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.

