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Abstract

Usage of nicotine-only formulations, such as transdermal patches, nicotine gum, or electronic
nicotine delivery systems is increasing, as they are perceived as healthier alternatives to traditional
cigarettes. Unfortunately, there is little data available on the effect of isolated nicotine on
myocardial and aortic remodeling, especially in the setting of cardiovascular disease risk factors,
such as hypertension. We hypothesized that nicotine would exacerbate cardiovascular remodeling
induced by angiotensin-I1 (Ang Il) treatment. Subcutaneous osmotic minipumps were implanted to
administer Ang I, Nic, nicotine plus ANG I or saline to C57BI/6 mice for 4 weeks. Heart weights
were increased by all treatments, with control < nicotine < Ang Il < nicotine + Ang Il. Activity
levels of matrix metalloproteinase (MMP-2) mirrored these changes and demonstrated clear
additivity between nicotine and Ang II. Histopathological analysis of aortas revealed that mice
receiving combined nicotine and Ang Il treatment induced significant hypertrophy compared to all
other groups. This study reveals possible cardiotoxic interactions between nicotine and a common
model of systemic hypertension. Safety testing of novel nicotine delivery devices should consider
that hypertension is a common impetus to begin smoking cessation therapy, and potential
interactions should be more thoroughly studied.
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INTRODUCTION

The use of tobacco is an important cardiovascular risk factor that has been the focus of
intense public health campaigns for over a decade. Despite efforts aimed at cessation,
currently 19.3% of all Americans (45.3 million people) report smoking at least 9 cigarettes
daily, and 52% of those describe attempting to quit at least once in the last year (1). Patients

Corresponding Author: Matthew J. Campen, Ph.D., MSC09 5360, College of Pharmacy, 1 University of New Mexico, Albuguerque,
M 87131-0001, Office: 505 925-7778, mcampen@salud.unm.edu.
denotes equal author contributions.

The authors declare they have no known conflicts of interest with the present work.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Colombo et al.

Page 2

with hypertension, a risk factor for the development of heart failure, are invariably urged to
quit smoking to slow disease progression.

To aid smoking cessation, nicotine replacement therapy (NRT) products such as transdermal
delivery patches and nicotine gum have been developed and become commonplace. More
recently, electronic nicotine delivery systems, or “e-cigarettes,” have been increasing in
popularity. Unlike the previously noted NRT products, electronic cigarettes have not been
evaluated for safety by the FDA, and little information is available to patients or their
physicians as to the health impact of nicotine alone. While administration of pure nicotine
avoids numerous toxicants found in traditional cigarette smoke including carbon monoxide,
benzene, and acrolein, it remains an agent with well-known detrimental pharmacological
and toxicological characteristics. There is conflicting data on how exposure to pure nicotine
impacts cardiovascular disease, specifically.

Both smoking and hypertension are established drivers of cardiovascular disease,
specifically aortic aneurysm formation and atherosclerosis (2). Cigarette exposure is shown
to cause a moderate, transient worsening of hypertension (3). However, the relationship
between nicotine alone and hypertension is complex. Some studies demonstrate increased
heart rate and BP (2,4-7), whereas others find no effect (8-10). In addition to nicotine,
complete cigarette smoke contains other vasoactive compounds, some of which are present
in significant levels and have potent vasodilatory affects, including carbon monoxide (CO;
11). Thus, the cardiovascular effects of nicotine alone, without other toxicants that may
antagonize or enhance nicotine effects, require further investigation to ensure safety for
pertinent at-risk subpopulations.

In an effort to address these gaps in knowledge, a model of subchronic hypertension was
used to evaluate the effects of nicotine exposure on myocardial and aortic remodeling.
Studies of long-term tobacco smoke have shown cardiac enlargement in healthy rats, noting
ultrastructural cardiomyocyte remodeling by electron microscopy (12). More recent work by
Meurrens and colleagues with cigarette smoke in a rat model of spontaneous hypertension
noted pronounced cardiac hypertrophy with associated increases in ventricular mRNA for
atrial natriuretic factor and ornithine decarboxylase; the specific components of cigarette
smoke that contributed to the cardiac enlargement were not identified (13). Therefore, we
tested the hypothesis that nicotine exposure augments cardiac remodeling as evidenced by
increased matrix metalloproteinase-2 (MMP-2) activity resulting in cardiac growth and
increased aortic wall thickness, in an angiotensin-11 (Ang Il) model of hypertension.

METHODS

Animals

Mice (male, C57BL/6; 8 weeks old) were obtained from a commercial vendor (Taconic) and
placed in 7 day quarantine prior to experimentation. Mice were housed in an AAALAC-
approved facility with a 12h light:dark cycle and food and water available ad libitum
throughout the study protocol. On day zero, mice were implanted with pumps containing
saline, nicotine, Ang I, or nicotine+Ang Il (N=6 per group) and followed for 4 weeks. All
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procedures were conducted with full approval of the University of New Mexico Institutional
Care and Use Committee.

Experimental Protocol

Osmotic pumps (Alzet model 2ML4) were filled with sterile-filtered saline, nicotine and/or
Ang Il under aseptic conditions. Nicotine was delivered at a target rate of 5 mg/kg/day, and
Ang Il was delivered at 21.6 pg/d, calculated based on initial weight and assumed weight
gain of 0.5 g per week (normal chow diet), for a total of 4 weeks. Pumps were primed in
saline at 37°C for 4 hours prior to implantation. Subcutaneous pump implantation was
conducted with mice briefly anesthetized with isofluorane. Mice were shaved at the incision
site and scrubbed with betadine. A small dermal incision was made between the scapulae
and the pump was gently inserted. The incision was closed with wound clips, which were
removed 5 days later. After 4 weeks, the mice were anesthetized with isoflurane and
intubated for ventilator support during a thoracotomy. A saline-filled catheter was inserted
into the left ventricle to obtain cardiac pressure readings (ADInstruments, Inc, Colorado
Springs, CO). Mice were then euthanized and hearts and aortas carefully dissected, weighed,
and divided for freezing in liquid nitrogen.

Gelatinase Zymography

1-2mm? samples of cardiac tissue were homogenized in 0.1% Triton X-100/Phosphate
buffer, pH 7.4. A Bradford assay was performed on homogenate, to allow equal amounts of
protein to be loaded onto a Tris/SDS 10% Polyacrylamide gel, with 0.1% Gelatin (Sigma
#G-2500) substrate. Equal amounts of protein were diluted 1:1 with non-reducing loading
buffer, loaded (without boiling) and run at 80V for 1.5 hours. Gel was transferred to LSCB
buffer (0.05M Tris, pH 7.6; 0.02M NaCl; 5mM CaCl,; 0.02% Brij-35) and allowed to
incubate for 48 hours at 37°C. The gel was then placed in Coomassie-G dye solution (0.8%
Coomassie-G, 50% Methanol, 10% Acetic Acid in water) for one hour, followed by a 2.5-
hour incubation in 10% acetic acid to destain. Gel was imaged and quantification of bands
was performed using Image J.

Gene Analysis

Histology

Following euthanasia, mouse hearts were removed and stored in a —80° freezer. 1ml of
Trizol reagent was used to homogenize a 0.5mm3 sample of apical myocardial muscle using
Dynabeads in a Magnalyser for 120 seconds. RNA was extracted using the common Trizol
protocol, resuspended in 50ul RNase free water and quantified on a Nanodrop 2000. cDNA
was synthesized (Applied Biosystems) with standard cycling parameters using 100pg RNA
per reaction. Primer/Probe sets were purchased from Applied Biosystems, (MMP-2,
MMP-9, Ang2 Receptor, and ACE) and were used to analyze gene expression after dynamic
range analysis was performed.

Abdominal aortas were dissected out and mounted on-end in OCT and shap frozen on dry
ice. Thereafter, 4 um cryosections were cut and placed on Fisher Superfrost slides. Sections
were heat fixed overnight on a slide warmer at 37°C. Sections were stained with a standard
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Hematoxalin and Eosin stain, and imaged on the Olympus BX51 with an Olympus DP72
camera. Aortic wall thicknesses for each animal were measured using Image J (NIH,
Bethesda) and determined by the mean area of three sections of each aorta. Diameters were
determined by normalizing perimeter tracings to a true circle, as in vivo morphologies are
closer to this assumption.

All data were tested for normality and Guassian distributions were confirmed in all cases.
For all data, a two-factor (nicotine vs. Ang I1) ANOVA with Bonferroni post hoc testing
(GraphPad Prism v5.02) was used to ascertain differences among groups. Probability values
less than 0.05 were considered significant.

Mice in all four groups (saline control, nicotine alone, Ang Il alone, nicotine+Ang Il) gained
appropriate weight during the study. A slight trend for reduced growth was noted in the mice
receiving nicotine (Figure 1A), although it did not reach statistical significance by a 2-factor
ANOVA. One mouse from the nicotine+Ang Il group died early in the study (Day 9) and
gross necropsy revealed substantial hemorrhage limited to the pericardial sac. Left
ventricular pressures were determined at sacrifice under anesthesia, confirming that the Ang
Il treatment elevated systemic blood pressure (Figure 1B). While the data confirmed the
efficacy of the Ang Il model, the determination of arterial pressures under anesthesia was
suboptimal. This caveat, combined with potentially inadequate statistical power, did not
reveal potential interactions with Ang Il and nicotine, which may be a crucial factor in the
interpretation of this study.

Cardiac Changes

Cardiac weights were elevated in both groups treated with Ang Il (Figure 1C). The addition
of nicotine appeared to further increase the cardiac mass relative to body weight, but this
effect was not significantly elevated above Ang 11, alone, and may have been largely related
to the potential anorectic effects of nicotine, rather than an impact on the heart. Without
normalizing to body weight, it is more evident that Ang Il is the only factor that increases
cardiac mass (not shown).

Activities of MMP-2 and -9 were determined in cardiac homogenates by gelatin
zymography. Cardiac MMP-2 activity was substantially increased in Ang ll-treated mice,
with a further independent, additive effect induced by nicotine (Figure 2). Cardiac MMP-9
activity also was elevated by Ang I, but the addition of nicotine to this treatment appeared
to downregulate MMP-9 activity, resulting in a differential balance of gelatinase activity.
Gene expression analysis did not demonstrate increases in MMP-2, MMP-9, ACE, or Ang Il
receptor in response to exogenous Ang I, nicotine, or the combination thereof.
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Aortic Changes

One mouse treated with Ang I1, alone, was noted as having evidence of an aortic aneurism.
Beyond that, no gross pathological changes were observed in any group. Aortic wall
thickness was analyzed from cross sections outlining the inside vessel diameter and
subtracting that from the outlined outside diameter. Neither nicotine nor Ang Il alone
induced thickening of the aortic wall. However, the combination treatment of nicotine +Ang
Il led to substantial thickening, nearly doubling the cross-sectional area of the vessels
(Figure 3).

DISCUSSION

The data from the present study reveal an interactive relationship between nicotine and
hypertension on cardiovascular remodeling. While the net arterial vascular pressure was not
significantly increase above Ang Il, alone, we observed a clear interaction between Nic and
Ang Il in terms of thickening of the aortic wall and indications of a complex alteration in
cardiac growth. While the study design is descriptive, these interactions highlight the need to
consider potentially additive impacts of nicotine in the setting of hypertension, as a number
of cardiovascular pathologies may be adversely affected.

Numerous studies specifically implicate the renin-angiotensin system (RAS) in the
development of hypertension and hypertension-mediated cardiovascular remodeling (14—
16). The final product of the RAS, Ang Il, regulates blood pressure through its effects on
salt and volume balance, increased myocyte contractility, and stimulation of the vascular
tone via the sympathetic nervous system (17). Other functions of Ang Il include increases in
cellular levels of reactive oxygen species (ROS) through its effects on mitochondria,
inducing fibroblast proliferation, and intensified extracellular matrix deposition, all of which
are features of heart failure. Clinically, it has been shown that Ang Il expression is increased
in humans following a myocardial infarction and in those with congestive heart failure
(14,15). Furthermore, pharmacologic inhibition of Ang Il inhibits detrimental cardiac
remodeling in congestive heart failure, preserves renal function in diabetics and prevents the
development of hypertension.

Previously published work suggests that exposure to nicotine alone can impact the
vasculature by driving changes in endothelial and vascular smooth muscle cell physiology.
Wang et al. (18) demonstrated that, in a mouse model of atherosclerosis, nicotine exposure
increases the incidence of abdominal aortic aneurysms nearly two-fold in a MMP-2-
dependent manner. This work is supported by previous data indicating that nicotine
exposure drives proliferation of vascular smooth muscle and neointima formation following
vascular injury (19). Other groups have published data linking nicotine exposure to
endothelial cell gene expression of other markers of vascular dysfunction, such as eNOS,
angiotensin converting enzyme (ACE) and plasminogen activator inhibitor-1 (20). The data
presented in this paper adds to this body of work and has potentially important implications
as to which patients should receive screening for abdominal aortic aneurism, as it is
currently only recommended for all current or former cigarette smokers.
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Little is known regarding the relationship of nicotine and the RAS to cardiac and vascular
remodeling and hypertrophy. Aortic wall thickness has been linked to hypertension and
older age (21). Cigarette smoking was first reported to be associated with cardiac
hypertrophy more than 20 years ago (22,23), but determining which components of cigarette
smoke are responsible has proved challenging. Li et al. (22) reported that cultured vascular
smooth muscle cells and fibroblasts display a potent mitogenic response to nicotine and
angiotensin, either when administered together or separately. Interestingly, Loennechen et
al. (24) evaluated the effects of nicotine and CO on ventricular hypertrophy and concluded
that cardiac remodeling is driven by CO mediated activation of endothelin-1. Nicotine alone,
when uncoupled from vasodilatory factors such as CO and NO found in traditional cigarette
smoke, has the potential to induce greater vascular constriction and worsen cardiac
outcomes. Gene expression analysis of ACE and the Ang Il receptor indicate this effect does
not appear to be mediated through upregulation of these products as no detectable change
between groups was observed.

Increased MMP-2 activity in the response to Ang Il is not a new finding but how this
relationship is impacted by nicotine exposure was not previously known. Castardeli and
colleagues (25) reported MMP-2 or -9 activity is not increased in normotensive rats
chronically exposed (4 months) to cigarette smoke. Our data support this finding, as nicotine
alone did not have a statistically significant impact on MMP-2 or -9 activity. However,
increased activity was demonstrated when nicotine is combined with Ang I1. This unique
finding points to an interactive relationship between Ang Il and nicotine in cardiac
remodeling. Other studies have reported induction of MMP-2 gene expression in response to
mechanical stress in cultured vascular smooth muscle cells (26). Elevated LV pressures in
animals receiving Ang Il is likely partially driving the MMP-2 activity; however, LV
pressures were not different in the group that received nicotine and Ang Il compared to
those that received Ang Il alone. Because MMP-2 activation is augmented in the combined
nicotine/Ang Il group, this further supports the assertion there is an interactive relationship
between Ang Il and nicotine that is not simply due to hemodynamic effects.

It is important to note that the dosage used in the present study is likely high compared to
the typical high initial dose of nicotine in a patch form (20-25 mg/day in a 70 kg subject).
However, the mouse metabolism of nicotine is notoriously high (27) and the mice also
insensitive to many of the neurobehavioral effects of nicotine, and thus we predict that the
level used for the present study is a reasonable starting point for assessing potential adverse
cardiovascular effects. Additionally, while nicotine delivery via patches is well-controlled,
nicotine inhalation via electronic cigarettes may have greater potential for higher doses.
Future research at various levels and in different species will clearly be necessary to fully
understand the potential nicotine impact on human cardiovascular remodeling.

The present study focused primarily on gross morphological changes of the aorta and
activation of specific remodeling pathways in the myocardium. These findings indicate that
the effects of nicotine alone, independent of other vasoactive substances found in cigarette
smoke, may promote vascular remodeling pathways, especially in the setting of systemic
hypertension. This has important implications regarding the safety of nicotine-only delivery
systems. Although these are publicly perceived as a safe alternative to smoking, substantial
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risks likely persist, especially to those with hypertension or other cardiovascular diseases.
The present findings, along with that published by Wang et al., raise public health questions
regarding the need for similar monitoring guidelines for those using alternative nicotine

d

elivery systems as those that smoke regular cigarettes (18). Smokers that utilize the patch

or switch to electronic cigarettes should be encouraged to use these modalities as a means to

C
S
C

essation, not a permanent replacement. Safety labeling should also be considered with
pecial attention to those patients with uncontrolled hypertension and/or a history of
oronary artery disease, congestive heart failure, or aneurysm formation.
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Figure 1. Body and Heart Weight Changes Induced by Nic and ANG |1
A. Body weight (mean = SEM) in four groups of mice throughout the experimental period:

saline control (n=6), Nic-treated (n=6), ANG ll-treated (n=6), and Nic + ANG ll-treated

(n=5). B. Left ventricular pressures obtained under anesthesia prior to euthanasia revealed a

probable pressor effect of ANG Il (p<0.05 for ANG Il by 2-way ANOVA). Values overall
were low due to the suboptimal methodology for collection, thus conclusions on a possible
interaction with Nic are not feasible. C. The ratio of heart weight to body weight was
calculated. Animals treated with ANG Il alone and ANG Il with Nic had a statistically
significant increase in heart weight compared to controls when adjusted for body weight
(*,** p<0.05, p<0.01, by 2-way ANOVA). No statistical interaction was noted for the
combination treatment.
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Figure 2. Cardiac Metalloproteinase Effects Induced by Nic and ANG 11
A. Activity of MMP-2 in myocardial homogenates. Exposure to Nic alone did not increase

MMP-2 activity above baseline. The presence of Angiotensin Il increased MMP-2 activity
(*, p<0.05), which was further augmented by the presence of Nic(**, p<0.05). B. Activity of
MMP-9 in myocardial homogenates. ANG Il treatment significantly upregulated MMP-9
activity, but this was reduced when combined with Nic (*,** p<0.05, p<0.01, compared to
control by 2-way ANOVA)..
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Figure 3. Interactive Effects of Nic and ANG |1 on Vascular Remodeling
A. Cross-sectional aortic wall thickness (mean+SE) in micrometers? in four treatment

groups. B. Normalized internal diameter for aortic cross-sections, suggesting an eccentric
remodeling in the Nic + ANG Il group. Combined treatment of Nic + ANG Il was the only
permutation that significantly drove aortic hypertrophy. C. Representative images at 10x
and 40x% are shown for each group.
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