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Impairment of Endothelial Function by Cigarette Smoke is not
Caused by a Specific Smoke Constituent, but by Vagal Input
from the Airway

Pooneh Nabavizadeh, MD*1:8, Jiangtao Liu, MD*!, Poonam Rao, MD2:3, Sharina Ibrahim,
MSc2t, Daniel D. Han, BS2, Ronak Derakhshandeh, MSc?, Huiliang Qiu, MDZ, Xiaoyin
Wang, MD?, Stanton A. Glantz, PhD12:3, Suzaynn F. Schick, PhD#, Matthew L. Springer,
PhD1.2.3

1Cardiovascular Research Institute, University of California, San Francisco, San Francisco,
California

“Division of Cardiology, University of California, San Francisco, San Francisco, California

3Center for Tobacco Control Research and Education, University of California, San Francisco,
San Francisco, California

“4Division of Occupational and Environmental Medicine, University of California, San Francisco,
San Francisco, California

Abstract

Background: Exposure to tobacco or marijuana smoke, or e-cigarette aerosols, causes vascular
endothelial dysfunction in humans and rats. We aimed to determine what constituent, or class of
constituents, of smoke is responsible for endothelial functional impairment.

Methods: We investigated several smoke constituents that we hypothesized to mediate this effect
by exposing rats and measuring arterial flow-mediated dilation (FMD) pre- and post-exposure.

We measured FMD before and after inhalation of sidestream smoke from research cigarettes
containing normal and reduced nicotine level with and without menthol, as well as two of the main
aldehyde gases found in both smoke and e-cigarette aerosol (acrolein and acetaldehyde), and inert
carbon nanoparticles.

Results: FMD was reduced by all four kinds of research cigarettes, with extent of reduction
ranging from 20-46% depending on the cigarette type. While nicotine was not required for the
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impairment, higher nicotine levels in smoke were associated with a greater percent reduction of
FMD (41.1 + 4.5% percent reduction vs. 19.2 + 9.5%; p=0.047). Lower menthol levels were also
associated with a greater percent reduction of FMD (18.5 + 9.8% vs. 40.5 + 4.8%; p=0.048).
Inhalation of acrolein or acetaldehyde gases at smoke-relevant concentrations impaired FMD

by roughly 50% (p=0.001). However, inhalation of inert carbon nanoparticles at smoke-relevant
concentrations with no gas phase also impaired FMD by a comparable amount (p<0.001). Bilateral
cervical vagotomy blocked the impairment of FMD by tobacco smoke.

Conclusions: There is no single constituent or class of constituents responsible for acute
impairment of endothelial function by smoke; rather, we propose that acute endothelial
dysfunction by disparate inhaled products is caused by vagus nerve signaling initiated by airway
irritation.
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Introduction:

Exposure to cigarette smoke and aerosols from e-cigarettes causes endothelial dysfunction
in humans.~" In our prior studies, we showed that acute exposure to sidestream smoke

(7.e., smoke from the smoldering tip of a cigarette; a well-accepted surrogate for secondhand
smoke) from tobacco cigarettes, little cigars, and marijuana cigarettes impairs endothelial
function in rats.8-10 We also showed that acute exposure to aerosols from the heated tobacco
product 1QQOS, and from e-cigarettes with freebase nicotine or nicotine salts, impaired
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endothelial function to the same extent as cigarette smoke.11-13 The specific cause of the
endothelial dysfunction remains unclear, although oxidative stress has been implicated as an
underlying mechanism.14.15

A fundamental unanswered question is whether endothelial dysfunction is caused by one

or more specific chemicals in smoke or aerosol, or if it is a nonspecific response to
inhalation of particulate matter. Thousands of chemicals have been identified in tobacco

and marijuana smoke,18 some of which are also present in e-cigarette aerosols either as an
original ingredient or as a chemical reaction product of the heating process.1” Identification
of the specific factors involved would not only shed light on how inhalational exposures
lead to endothelial dysfunction, but would also suggest potential approaches for remediation
and treatment. Moreover, it would provide regulatory agencies like the FDA with important
information about specific ingredients whose levels could be assessed or regulated in current
and emerging products. For reasons delineated below, we hypothesized that endothelial
dysfunction could be caused or exacerbated by nicotine, menthol, aldehyde gases, or
ultrafine particles present in both combustion smoke and vaping aerosols.

Nicotine, a well-studied vasoconstrictor, can cause endothelial dysfunction in humans and
animal models.18-21 The fact that marijuana smoke impairs endothelial function? indicates
that nicotine is not required for this effect, but we hypothesized that it could exacerbate it.

Menthol is a cigarette additive2? that is widely used in tobacco products, and menthol
brands are promoted to African Americans, women, youth?324, and other groups.2®
Menthol addition to tobacco decreases irritation from smoke inhalation especially among
new smokers2® and enhances nicotine addiction.2”:28 Menthol exposure upregulates brain
nicotine receptors and enhances nicotine withdrawal intensity in mice.29 Menthol interacts
with smoke constituents and irritants such as acrolein through transient receptor potential
ion channels and also decreases the metabolism rate of nicotine.30:31

Acrolein and acetaldehyde, two of the main aldehyde gases in smoke, can affect endothelial
function by decreasing the bioavailability of nitric oxide through oxidative stress and eNOS
uncoupling.32-34 These and other aldehydes are also generated in e-cigarettes as chemical
reaction products of the glycerin and propylene glycol at the heating coil.3®

While there are reasons to suspect that individual chemicals are responsible for endothelial
dysfunction, fine particulate matter from air pollution has been implicated in cardiovascular
toxicity.36-38 Given that various kinds of smoke and aerosols have all impaired endothelial
function in studies by us and others, it is possible that the particulate nature of all of these
inhalational exposures, rather than specific chemical constituents, are responsible for driving
endothelial dysfunction.

In this study, we explored the influence of these suspected mediators on endothelial function
by testing the effects of acute exposure to individual constituents on arterial flow-mediated
dilation (FMD), which is a vascular functional index evaluating endothelium-dependent
vasodilation that relies on nitric oxide bioavailability in response to increased shear stress

at the vessel wall.39 Measurement of FMD is a validated non-invasive test to assess
endothelial function in humans and is associated with overall cardiovascular health.3%-41
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Notably, FMD is impaired in humans by active and passive tobacco smoking as well

as e-cigarette use.1® Here, we used a well-established method to measure FMD in rats
that we previously developed*2 and used to demonstrate impairment of FMD by smoke
and e-cigarette aerosol,-13 to assess the role of individual smoke constituents in causing
endothelial dysfunction and identify which are primarily responsible for this effect.

All data have been made publicly available at the Dryad repository and can
be accessed initially at https://datadryad.org/stash/share/iN211al8EbZxpaEXiAO864drIG-
nX31YHwehLPLmrFg and then permanently at https://doi.org/10.7272/Q6VM49JF.

We used male and female Sprague-Dawley rats (Simonsen Laboratory, CA and Charles
River, MI) at 8-10 weeks of age with body weights of 200-250g, as has been the standard
condition for our previous studies on smoke exposure.8-13 Rats were fed PicoLab® Rodent
Diet 20, #5053 (LabDiet, St. Louis, MO). For FMD data, power calculation was based on
standard deviations from within-group comparisons in several previous repeated-measures
FMD experiments. It was determined that N=8 per group was sufficient to achieve 0.8 power
to detect FMD change of 3.5 percentage points at a significance level of 0.05. Anesthesia
consisted of intraperitoneal (i.p.) injection of ketamine (100 mg/kg)/xylazine (5 mg/kg).
During all procedures, rats were kept on a heating pad to prevent hypothermia. Frequency
and depth of respiration were closely monitored to ensure full anesthesia and supplemental
i.m. anesthetic was given if necessary. Experiments were terminal. All procedures were
approved by the University of California, San Francisco Institutional Animal Care and Use
Committee.

Cigarette sidestream smoke generation and exposure:

Prior to each experiment, cigarettes were humidified overnight in a chamber over 16%
glycerol in water. We used Marlboro Red cigarettes to generate sidestream smoke for
positive controls in experiments on aldehydes and particles. To assess the effect of nicotine
and menthol on FMD, we used SPECTRUM research cigarettes from the National Institute
on Drug Abuse (NIDA) that contain different nicotine yields (conventional nicotine,
NRC600, 0.72 mg nicotine/cig; reduced nicotine, NRC102, 0.02 mg nicotine/cig) as well as
menthol flavored cigarettes (conventional nicotine plus menthol, NRC601, 0.68 mg nicotine/
cig, 7130 pg menthol/cig; reduced nicotine plus menthol, NRC103, 0.02 mg nicotine, 5980
ug menthol/cig). For sidestream smoke generation, we used a modified cigarette smoking
system as described in our previous experiments.8-10 A single cigarette was placed in a
holder inside a 21 L Plexiglass exposure chamber and lit for each experiment. The cigarette
was smoked by the machine according to standard conditions (ISO Standard 3308:2012,
one 35-mL puff of 2-s duration once/min, with filter-tip vent open) for 3 minutes and
extinguished, during which time the sidestream smoke from the burning tip of the cigarette
accumulated in the exposure chamber. A Sidepak AM510 aerosol monitor (TSI, Shoreview,
MN), gravimetrically calibrated for measurement of tobacco smoke, was used to monitor
the level of respirable suspended particles (RSP; i.e., PM2.5) in the chamber. 600 and 200
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pg/m3 RSP were used for high and low RSP starting levels; the levels proceeded to decrease
over the 10 minutes as we have previously reported.8-10 Rats were exposed to the sidestream
smoke at the desired level through a side hole with gasket in the chamber.

Aldehyde gas generation and exposure:

We used an EcoFlex™ gas standard generator and disposable permeation tubes (KIN-TEK
Analytical, Inc., La Marque, TX) to generate acrolein and acetaldehyde at 3 ppm and 10—
11.5 ppm respectively (levels comparable to those found in secondhand smoke;16 see section
on derivation of desired gas concentrations in the online supplement). Anesthetized rats had
10-minute continuous exposure to the generated gas through a nose cone.

Inert particle exposure:

Carbon nanoparticles with diameter <100 nm (SkySpring Nanomaterials, Inc. Houston, TX)
were introduced into a plexiglass exposure chamber using a manual powder insufflator
(Model 119, DeVilbiss Healthcare LLC, Toledo, OH), using that device’s intrinsic puff
volume. The suspension of particles naturally and rapidly distributed in the air and then
gradually settled to the bottom. A TSI Sidepak AM510 was used to monitor particle
concentration just above the bottom of the exposure chamber. Rats were exposed to inert
particles through a side hole at the same height as the monitor sampling tube when the
concentration reached ~8192 particles/cm3, which was calculated to equal number (not the
mass) of particles present in tobacco smoke at 600 pg/m3.

Endothelial function assessment:

We used our established rat model*2 to measure FMD before and after each exposure to
assess endothelial function. FMD is defined as the percent by which arteries vasodilate

after being transiently occluded, resulting in increased blood flow and fluid shear stress

that causes endothelial release of NO.3% Under anesthesia and after preparation of the

groin, baseline 2 D ultrasound and Doppler images of the right femoral artery were

obtained via a 35 MHz ultrasound transducer (initially Vevo660 and subsequently Vevo
3100 LT; VisualSonics, Toronto, Canada). A 5-minute transient limb ischemia was induced
surgically or non-surgically (see below), and subsequent ultrasound imaging was done
immediately after reperfusion and then every 30 seconds for 5 minutes. FMD was calculated
as % change: (peak diameter postischemia — diameter baseline)/diameter baseline x 100.
For transient limb ischemia, we used both surgical and non-surgical approaches. For non-
surgical transient ischemia, we used an external occluder (In Vivo Metric, Healdsburg, CA)
and occluded the femoral artery distal to the site of imaging. For surgical transient ischemia,
we made a 1 cm incision on the rat’s groin and occluded the common iliac artery proximal
to ultrasound probe. We inserted an arterial loop occluder consisting of a 5-0 Prolene
filament under the artery and passed it through a 15 cm PE-90 tubing to enable transient
occlusion of blood flow after suturing the skin. The surgical approach is what we have used
for our previous studies, then the external occluder approach was used for the experiments
with nicotine and menthol, but the occluders (which weaken with repeated use and needed to
be replaced) were no longer available after that point so the surgical approach was used for
all remaining experiments. The investigator was blinded to exposure conditions during FMD
procedure, analysis of ultrasound images, and subsequent calculations.
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Bilateral cervical vagotomy:

Statistics:

Results:

Rats were anesthetized under ketamine (100 mg/kg)/xylazine (5 mg/kg) by intraperitoneal
injection and placed on a surgical pad in the supine position. After fur was removed in

the neck area and skin sanitized with 70% ethanol, a midline cervical incision was made
and subcutaneous tissues were separated bilaterally using blunt dissection. The two lobes of
thyroid glands were pulled apart to expose the sternohyoid and sternomastoid muscles along
the trachea. Blunt dissection between the sternohyoid and sternomastoid muscles was carried
out to expose the carotid artery and the cervical vagus nerve on the right and left sides. The
right or left vagus nerve was carefully isolated from the carotid artery and the surrounding
connective tissue, then cut using microsurgical scissors, and the skin incision sutured (5-0,
gut). For sham surgery, the midline cervical incision was made, subcutaneous tissues were
separated using blunt dissection, and then the skin incision was sutured.

We used paired Student’s t-tests to compare the FMD values in each group before and after
exposures. We used a two-factor ANOVA to evaluate how the extent of FMD impairment
from smoke exposure was influenced by tobacco with varying nicotine and menthol levels.
For comparisons involving multiple groups and times, we fit a two-factor (condition and
time) repeated-measures ANOVA to all of the data at once using a mixed model estimated
with restricted maximum likelihood estimation with an unstructured covariance matrix of
residuals, then tested for differences over time and across condition using contrasts and
pairwise comparisons, adjusting for multiple comparisons using the Sidak method. Data
sets from all experiments passed Kolmogorov-Smirnov normality test and Levene’s test for
homogeneity of variances. Variability is presented as SD. Calculations were done using Stata
V.13.1. For all analyses, P value of <0.05 was considered statistically significant; larger P
values are still provided.

Reduction of nicotine level and addition of menthol lessen the acute impairment of FMD

We exposed 8 groups of rats for 10 minutes to sidestream smoke from the following four
different types of research reference cigarettes: conventional nicotine, reduced nicotine,
conventional nicotine with added menthol, and reduced nicotine with added menthol.

Rats of each condition were exposed to starting smoke levels of ~600 and ~200 ug/m3

RSP (levels decrease during the exposure period; see Methods). Because the response to
both concentrations was comparable, and because variability made it difficult to achieve
significance with the individual groups of n=8-10, the rats exposed to both concentrations of
smoke from a given product were combined into single groups of n=16-18 for analysis. We
also examined a negative control group exposed to chamber air without smoke (n=9). FMD
was measured before and 10 mins after exposure in each rat.

FMD values were generally lower in rats exposed later in the several-week-long experiment
(technical considerations limited us to ~8 rats measured per day), which accounts for

some of the intergroup variability, but the percent reduction of FMD from pre-exposure

to post-exposure measurement per rat remained consistent. The overall reduction in FMD
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measurements over the weeks was attributed to unexpected changes in the distensibility of
the external occluder occurring progressively over time with reuse (see supplemental Figure
S1). Exposure conditions were randomly alternated over the course of this long experiment,
with measurements by a blinded investigator; thus, differences in FMD measurements
between experimental conditions were not influenced by the progressive weakening of the
occluders (see Supplemental Table S1 showing the order in which each rat was exposed).

FMD was decreased from pre- to post-exposure in all smoke-exposed groups (Figure 1A).
The pre- vs. post-exposure FMD values (mean + SD) for conventional nicotine were
11.2+3.3% vs. 6.0+3.7% (a 46% decrease in FMD; p=0.0001), for reduced nicotine were
11.7+4.0% vs. 7.9+4.1% (a 32% decrease in FMD; p=0.001), for conventional nicotine plus
menthol were 12.8+3.4% vs. 8.8+3.9% (a 31% decrease in FMD; p=0.0001), for reduced
nicotine plus menthol were 11.0£5.4% vs. 8.8+3.9% (a 20% decrease in FMD; p=0.046),
and for chamber air as a negative control were 9.84+2.6% vs. 8.4+1.0% (p=0.13).

While each condition resulted in a significant impairment of FMD, the differences in the
extent of the impairment between conditions did not reach significance. However, when we
compared extent of FMD impairment in all conventional nicotine conditions to all reduced
nicotine conditions, and all menthol conditions to all non-menthol conditions, an interesting
pattern emerged (Figure 1B). Higher nicotine levels were associated with a greater decrease
in FMD than lower nicotine levels (41.1+4.5% vs. 19.2+9.5%; p=0.047). Menthol was
associated with a lower decrease in FMD than non-menthol conditions (18.5+9.8% vs.
40.5+4.8%; p=0.048). These two effects were independent (p for nicotine x menthol
interaction = 0.6).

Inhalation of acrolein and acetaldehyde impairs FMD

To determine if acrolein or acetaldehyde gas components of smoke and aerosols could be

at least partially responsible for the impairment of FMD, we exposed 4 groups of rats for

10 minutes to 3 ppm acrolein gas, 10-11.5 ppm acetaldehyde gas, Marlboro Red cigarette
smoke (600 pg/m3 RSP), or clean air. FMD was measured pre- and 10 min post-exposure in
each individual rat. Impairment of FMD was observed for acrolein (pre-exposure 10.8+1.7%
VS. post-exposure 5.8+2.9%; p=.001), acetaldehyde (8.8+2.0% vs. 6.0+2.5%; p=.001), and
cigarette smoke (9.4+2.9% vs. 5.8+2.0%; p=.002), but not for air (7.9£2.0% vs. 9£3.2%;
p=.44) (Figure 2).

Inhalation of inert carbon nanoparticles impairs FMD

Despite having shown that gas phase components can impair FMD, we still wanted to
determine whether the particulate phase of smoke or aerosols could independently exert a
similar effect. We exposed 3 groups of rats for 10 minutes to inert carbon nanoparticles

at the level of ~8192 particles/cm3 (comparable to 600 pug/m3 RSP smoke), Marlboro Red
cigarette sidestream smoke at 600 pg/m3 RSP, and clean air. FMD was quantified in each rat
pre- and post-exposure. FMD was impaired in the particle group (11.5+5.2% vs. 3.9+2.6%;
p=0.009) and the smoke group (11.9+4.8% vs. 6.1+5.2%; p=0.03), but not in the air group
(10.0£3.8% vs. 8.4+2.5%; p=0.47) (Figure 3A). To determine if recovery occurred within
~30 minutes as we have previously shown for tobacco smoke,819 we subsequently exposed
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an additional two groups of rats to particles or air and measured FMD pre-exposure, 10
minutes post (end of) exposure, and 40 minutes post-exposure. In rats exposed to particles,
FMD was impaired (9.1+£1.8% vs 7.1+2.3%; p=0.004) and recovered after 40 minutes
(7.1£2.3% vs. 9.0£1.8%; p=0.006). In rats exposed to air, there was no significant difference
in FMD pre-, 10 minutes post- and 40 minutes post-exposure (Figure 3B).

Impairment of FMD by cigarette sidestream smoke is dependent on an intact vagus nerve

Because FMD was impaired by whole smoke, gas phase components of smoke, and plain
carbon particles, with no single constituent or class of constituents uniquely responsible, we
explored whether the mechanism involved a common irritation response from the airway
mediated by the vagus nerve.*3 We performed a bilateral cervical vagotomy, severing the
right and left vagus nerves above the level of the heart and lungs, as well as a sham surgical
procedure without severing vagus nerves, and determined the effect of the vagotomy on
FMD before and after a 10-minute exposure to sidestream smoke. While the vagotomy
itself did not affect pre-exposure baseline FMD, and FMD was impaired by smoke in the
sham group as expected, the impairment of FMD by smoke was completely abrogated in
the vagotomized group (Figure 4A), with no discernable gender effect (Supplemental Figure
S4).

Vagotomy caused significant increases in heart rate and significant decreases in respiratory
rate, as expected. Respiratory rate and heart rate in the vagotomy group did not significantly
change post-exposure. In contrast, sham surgery animals showed an increase in respiratory
rate decrease in heart rate post-exposure (Figure 4B,C).

The slower respiration in the vagotomized group raised the possibility that the lack of FMD
impairment might not reflect vagal influence, but instead might simply be a result of having
inhaled too little smoke to impair FMD. Therefore, a subsequent control experiment was
performed in which vagotomized rats and sham rats were subjected to the same smoke
exposure conditions as before, and blood was collected 20 minutes after end of exposure
and assayed for serum nicotine levels to assess the influence of vagotomy on overall smoke
intake. (A substantial amount of nicotine remains in the circulation of rats 20 minutes after
end of exposure and different nicotine exposure levels are reflected by similarly different
serum nicotine levels.11) Serum levels of nicotine were not significantly different between
the groups (Figure 4D), indicating that the prevention of FMD impairment was a direct
result of the vagotomy.

Discussion:

The goal of this project was to determine why a growing number of inhaled tobacco and
marijuana products, including combustible products, dry heat vaporizer and heated tobacco
products, and e-cigarettes, all acutely impair endothelial function despite fundamental
differences in the products. Given that aldehyde gases and inert carbon particles both

exert similar impairment effects despite representing completely different chemical and
physical components of smoke, we reached the unexpected conclusion that there is not such
a convenient substance or property (e.g., particulate nature) responsible. This conclusion
implies that either there are multiple mechanisms of FMD impairment mediated by distinct
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components in these inhalational products, or that all of the products exert their acute effects
through a common pathway, such as the inhalation of irritants.

Our results thus suggest that it is unlikely that design changes to different tobacco products
(such as cigarettes vs. heated tobacco products!! or e-cigarettes!2-13) avoid or substantially
reduce the endothelial dysfunction that accompanies using inhaled tobacco (and marijuana)
products. The lack of a specific toxin that accounts for FMD impairment means that
regulatory agencies cannot rely on imposing product design rules based on prohibiting
specific ingredients to avoid adverse effects of inhaled products on endothelial function.

Our study showed that reduction of nicotine level and addition of menthol each
independently lessen the acute impairment of FMD. Prior studies in humans showed that
exposure to nicotine causes airway irritation and cough with more intense response when
exposed to high nicotine smoke as opposed to low nicotine.*4 The nicotine-induced cough
is mediated through vagal bronchopulmonary C-fibers and rapidly adapting receptors as
well as activation of neuronal nicotinic acetylcholine receptors on pulmonary sensory
nerves.*446 This study, as well as our prior studies involving marijuana smoke and cannabis
leaf vaporizer aerosols1947 reveal that nicotine is not required for FMD impairment.
However, with lower nicotine level and menthol addition causing less respiratory irritation,
our finding suggests a separate mechanism for FMD impairment through respiratory
irritation and pulmonary sensory nerves.

The finding that smoke from “reduced nicotine” cigarettes impaired FMD to a lesser extent
than that from “conventional nicotine” cigarettes raises the question of whether government-
mandated reduction in nicotine to non-addictive levels might also benefit vascular health as
a direct result of the lower nicotine level. Notably, the “reduced nicotine” research cigarettes
used here contain such a low amount of nicotine that they are practically nicotine-free (yield
of 0.02 mg nicotine/cig compared to 0.72 mg nicotine/cig for the conventional nicotine
product); presumably far lower than any commercial reduced nicotine product. Therefore,
our findings do not suggest any direct vascular benefit from using commercial reduced
nicotine products.

It should be emphasized that our finding that addition of menthol reduces the severity of
FMD impairment should not be over-interpreted to suggest that menthol is a beneficial
additive in smoking and vaping products. Menthol inhibition of respiratory irritation

could hypothetically lead to greater exposure to harmful constituents in tobacco products.
Moreover, menthol plays a major role in facilitating nicotine addiction, including in youth
and specific populations, notably in the African-American and LGBTQ communities,
resulting in the FDA recently proposing rules to end menthol in cigarettes and cigars.*
Any incremental benefit to reducing (but not preventing) the acute impairment of FMD by
smoke with menthol should be viewed in the context of its addiction-enhancing qualities.

Given the implication that many inhalational products impair FMD via a common pathway
not mediated by specific constituents, an important finding of our study is that smoke
exposure in vagotomized rats does not impair FMD. As shown previously, there are both
NO-mediated and non-NO-mediated mechanisms for FMD.4! The requirement for an intact
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vagus nerve in the underlying mechanism of FMD impairment suggests that airway irritation
mediates downstream inhibitory effects on endothelial function, potentially via neurogenic
inflammation3 in a manner that leads to oxidative stress. Such an interpretation is consistent
with the findings of Jin et al.,*® who reported airway irritation and endothelial dysfunction in
mice exposed to aldehydes found in e-cigarette aerosol. Of note, they did not observe these
effects to be caused specifically by acetaldehyde whereas we did. This discrepancy may be
due to higher acetaldehyde levels in our study (>10 ppm vs. 5 ppm). Still, our recent report!3
showing almost identical extents of FMD impairment from smoke, 1QOS, and multiple
types of e-cigarettes with and without nicotine indicate a threshold effect that would be
unexpected if the culprit was a specific smoke/aerosol constituent, but is not surprising if

the effect is caused by an irritation response. The nature of the vagal link from smoking

or vaping to acute endothelial dysfunction, and its relationship to the effects of chronic
smoking/vaping, are the subject of future studies.

In conclusion, there is no single constituent or class of constituents responsible for acute
impairment of endothelial function; instead, we propose that acute endothelial dysfunction
by disparate products is caused by a vagus nerve dependent mechanism resulting from
airway irritation. Thus, rather than assessing endothelial toxicity of new tobacco products on
the basis of a specific compound or compounds, regulatory agencies may need to evaluate
the physiological effects directly and recognize that a//inhaled products are likely to have
similar effects on vascular function.
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Highlights:

. Nicotine was not required for impairment of vascular endothelial function
(FMD) by cigarette smoke, but higher nicotine levels increased the extent
of impairment, whereas menthol in cigarette smoke decreased the extent of

impairment.

. Inhalation of acrolein or acetaldehyde gases at concentrations found in smoke
impaired FMD.

. Inhalation of inert carbon particles at smoke-relevant concentrations also
impaired FMD.

. Impairment of FMD by smoke was completely abrogated by severing the

vagus nerve.

. There is no single constituent or class of constituents responsible for acute
impairment of endothelial function by smoke; rather, we propose that acute
endothelial dysfunction by disparate inhaled products is caused by vagus
nerve signaling initiated by airway irritation.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nabavizadeh et al.

A Conventional
Nicotine
25 -
p<0.0001
20

Pre Post

Conventional Nicotine

plus Menthol
25 -
p=0.001
20 -
15
o
2 10 -
A
5 - \
0 .
Pre Post
Figure 1.

25

20

15

10

25

20

15

10

Reduced
Nicotine

p=0.001

\t

Pre Post

Reduced Nicotine

plus Menthol

p=0.046

25

20

15

10

% FMD Reduction

100

Page 15

Air

p=0.13

Pre Post

--Non-menthol
-e-Menthol

All conventional
nicotine vs. all
reduced nicotine:
p=0.047

All menthol vs. all
non-menthol:
p=0.048

Reduced Conventional
Nicotine Nicotine

A. Impairment of FMD after 10 minute exposure to sidestream smoke from conventional
and reduced-nicotine cigarettes with and without menthol addition. Each colored line shows
FMD of an individual rat measured before and after exposure. See Supplemental Figure S2
for separate presentation of groups exposed to smoke levels of ~600 and ~200 pg/m3 RSP.
B. Independent reduction in the extent of FMD impairment with decreased nicotine levels or
addition of menthol. Each colored dot is the group mean of one of the four smoke exposure

groups. Error bars are SD.
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Figure 2.

Impairment of FMD after a 10-minute exposure to acrolein, acetaldehyde, or sidestream
smoke from Marlboro Red cigarettes. Each colored line represents one rat; black bars show
group means.
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A. Impairment of FMD after a 10-minute exposure to carbon nanoparticles or sidestream
cigarette smoke. The smoke group showed significant impairment even without removing
the one outlier. B. Impairment of FMD after a 10-minute exposure to carbon nanoparticles
was recovered 40 minutes post exposure. Each colored line represents one rat.
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Figure 4.

Bilateral cervical vagotomy prevented impairment of FMD by cigarette smoke. Anesthetized
rats underwent bilateral cervical vagotomy or sham operation before exposure to 10 min of
sidestream smoke. Average starting concentration of respirable suspended particles (RSP)
were 790+18 ug/m3 for the vagotomy group and 808+16 pg/m?3 for sham-operation group
(see Supplemental Figure S3 for decreasing RSP levels over the exposure period. Vagotomy
group consisted of 4 male and 5 female (n=9); sham-operation group consisted of 4 male
and 4 female (n=8). “Pre-op” = pre-operation, “post-op” = post-operation, “post-SHS” =
post-sidestream smoke. Data are mean£SD. (A) Changes in FMD (see Supplemental Figure
S4 for breakdown by gender). (B,C) Changes in heart rate and respiratory rate. (D) Serum
nicotine at 20 min post-end-of-exposure in subsequent control experiment. Group sizes for
panel C are smaller than those in A,B because we did not measure respiratory rate for the
first several rats. Group sizes in panel D are the same as those in panel C by coincidence.
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