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Abstract

Cigarette smoking remains the leading modifiable risk factor for cardiopulmonary diseases; 

however, the effects of nicotine alone on cardiopulmonary function remain largely unknown. 

Previously, we have shown that chronic nicotine vapor inhalation in mice leads to the development 

of pulmonary hypertension (PH) with right ventricular (RV) remodeling. The present study 

aims to further examine the cardiopulmonary effects of nicotine and the role of the α7 

nicotinic acetylcholine receptor (α7-nAChR), which is widely expressed in the cardiovascular 

system. Wild-type (WT) and α7-nAChR knockout (α7-nAChR−/−) mice were exposed to 

room air (control) or nicotine vapor daily for 12 weeks. Consistent with our previous study, 

echocardiography and RV catheterization reveal that male WT mice developed increased RV 
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systolic pressure with RV hypertrophy and dilatation following 12-week nicotine vapor exposure; 

in contrast, these changes were not observed in male α7-nAChR−/− mice. In addition, chronic 

nicotine inhalation failed to induce PH and RV remodeling in female mice regardless of 

genotype. The effects of nicotine on the vasculature were further examined in male mice. Our 

results show that chronic nicotine inhalation led to impaired acetylcholine-mediated vasodilatory 

response in both thoracic aortas and pulmonary arteries, and these effects were accompanied by 

altered endothelial nitric oxide synthase phosphorylation (enhanced inhibitory phosphorylation 

at threonine 495) and reduced plasma nitrite levels in WT but not α7-nAChR−/− mice. Finally, 

RNA sequencing revealed up-regulation of multiple inflammatory pathways in thoracic aortas 

from WT but not α7-nAChR−/− mice. We conclude that the α7-nAChR mediates chronic nicotine 

inhalation-induced PH, RV remodeling and vascular dysfunction.

Introduction

Cardiovascular and pulmonary diseases (CVPD) are the leading causes of death in the 

United States of America and worldwide, and smoking remains the most significant 

preventable risk factor [1]. While the steady decline of traditional cigarette smoking since 

the 1950s can be considered a health-care victory, this downward trend coincided with the 

advent and rise in popularity of electronic cigarettes (e-Cig) [2,3]. While e-Cig use is highest 

among current and former smokers [4], these products have proven increasingly attractive to 

never-smokers, especially among youth and young adults [5]. This appeal may be tied to the 

perception that these devices are “safer” than traditional cigarettes or even completely safe. 

However, e-Cig liquids and aerosols contain a mixture of potentially harmful chemicals [6], 

including nicotine, the addictive component of all tobacco products.

The extent of nicotine’s contribution to smoking-related CVPD remains generally unknown; 

however, there is increasing evidence from animal models that nicotine alone can exacerbate 

CVPD such as chronic hypertension [7], atherosclerosis [8], and lung cancer [9]. We 

recently demonstrated that chronic inhalation of vaporized nicotine alone is sufficient to 

induce pulmonary hypertension (PH) in male mice [10]. Mice exposed to nicotine vapor 

daily for 8 weeks exhibit increased pulmonary vascular resistance, elevated right ventricular 

systolic pressure (RVSP), and right ventricular (RV) hypertrophy. Additionally, we found 

that nicotine inhalation leads to acute increases in systemic blood pressure, consistent with 

previous reports [11–14]. These alterations in cardiopulmonary function are associated with 

angiotensin-converting enzyme (ACE) overexpression and mitogen-activated protein kinase 

(MAPK) activation in the RV. Subsequently, we demonstrated that angiotensin-II type 1 

receptor (AT1R) antagonism attenuates inhaled nicotine-induced PH and RV remodeling 

[15].

While our previous investigations provide insight into nicotine’s impact on cardiopulmonary 

function, the precise pathogenic mechanisms involved in these changes have yet to be fully 

identified. Nicotine exerts many of its actions by interacting with nicotinic acetylcholine 

receptors (nAChR) expressed throughout the body, including the cardiovascular system. 

These receptors are pentameric ligand-gated ion channels which allow the flow of cations 

upon binding of the endogenous ligand acetylcholine (ACh) or exogenous nicotine [16]. 
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Among the many subtypes of nAChR, the homomeric α7-nAChR has been linked with a 

variety of cardiovascular effects [17]. Importantly, Vang et al. recently demonstrated that 

the α7-nAChR mediates RV fibrosis and diastolic dysfunction in a rat Sugen/hypoxia model 

of PH [18]. However, the contribution of the α7-nAChR to cardiopulmonary dysfunction 

induced by inhaled nicotine remains unknown.

The current study aims to further examine the cardiopulmonary effects of nicotine and the 

role of the α7-nAChR using a well-established murine model of chronic nicotine inhalation 

[10,15].

Materials and methods

Animals

B6.129S7-Chrna7tm1Bay/J (α7-nAChR−/−) mice [19] were bred in-house in a colony 

established by breeding pairs purchased from the Jackson Laboratory (Bar Harbor, ME). 

At the time of experiments, age matched C57BL6/J wild-type (WT) mice were purchased 

from Jackson Laboratory. All mice were housed in a temperature- and humidity-controlled 

facility under a 12-h dark/light cycle. The mice were fed standard mouse chow (Teklab 

Extruded Rodent Diet 2019S; Envigo, Indianapolis, Indiana) and water ad libitum. All 

procedures conformed to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and were approved by the Louisiana State University Health Sciences 

Center (LSUHSC) Institutional Animal Care and Use Committee (Protocol #3674). All 

animal works were performed at LSUHSC Animal Care Unit.

Chronic nicotine inhalation model

WT and α7-nAChR−/− mice were randomly assigned to air or nicotine vapor treatments. 

The nicotine inhalation model in this study was previously described by Oakes et al. [10]. 

Mice in the nicotine vapor group were housed in a nicotine inhalation chamber (La Jolla 

Alcohol Research, La Jolla, CA, U.S.A.). Nicotine vapor was produced by bubbling air at 

a flow rate of 3 L/min through a solution of pure nicotine (free base; Sigma-Aldrich, St. 

Louis, MO, U.S.A.). After the concentrated nicotine vapor was diluted by the addition of 

60 L/min fresh air, the vapor was distributed to the nicotine chamber at a final flow rate 

of 7–8 L/min. The nicotine exposure was set on a 12 h on/12 h off schedule (9:00 pm to 

9:00 am) that overlapped with the dark cycle (mouse active period; 6:00 pm to 6:00 am). 

The exhaust from the nicotine inhalation chamber was filtered through an activated carbon 

drum canister (Carbtrol with 90.7 kg of carbon) connected to the exhaust line of the research 

building. Mice in the air control group were housed in the same room, outside of the nicotine 

inhalation chamber.

Nicotine intake was monitored via biweekly measurements of serum cotinine, a stable 

metabolite of nicotine. Blood was obtained by submandibular vein puncture within 15 min 

following the end of the daily nicotine exposure period. The serum was separated, and 

cotinine levels were measured by enzyme-linked immunosorbent assay (ELISA; Calbiotech, 

El Cajon, CA, U.S.A.) per the manufacturer’s protocol.
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Echocardiography

Cardiac structure and function were assessed at baseline and following 8 weeks of nicotine 

exposure via echocardiography using the Vevo 3100 Imaging System with a 30-MHz probe 

(VisualSonics, Toronto, Canada). Mice were anesthetized with 1.0–1.5% isoflurane and 

placed on a heating pad. B-mode and M-mode images of the long and short axis were 

recorded. Images of both the left ventricle (LV) and RV were analyzed using the leading-

edge method in Vevo LAB 5.5.1 (VisualSonics). Group averages were calculated from 

measurements made during a minimum of three cardiac cycles per animal.

RV pressure measurement and heart weight

Mice underwent RV catheterization after 10–12 weeks of nicotine exposure. Mice were 

anesthetized with 2–3% isoflurane and placed on a heated pad. A high-fidelity pressure 

transducer (SPR-1000; Millar, Houston, TX, U.S.A.) was inserted into the right jugular 

vein and advanced through the right atrium into the RV. Systolic and diastolic pressure 

tracings from the RV were collected and analyzed with the PowerLab 8/35 acquisition 

system (ADInstruments, Colorado Springs, CO, U.S.A.). Deeply anesthetized mice were 

killed by exsanguination following RV catheterization. After removing the heart, the RV was 

dissected from LV and interventricular septal (S) tissues. Weights of the individual cardiac 

structures were obtained for calculation of Fulton index [RV/(LV+S)*100%]. Cardiac tissues 

were then snap frozen in liquid nitrogen and stored at −80°C for further analysis.

Aortic ring vascular reactivity

Thoracic aortas were dissected from fully anesthetized mice (2.5–3.0% isoflurane) and 

placed in cold modified Krebs-Henseleit buffer (KHB: 118 mM NaCl, 25 mM NaHCO3, 

4.7 mM KCl, 1.2 mM KH2PO4, 1.25 mM CaCl2, 1.2 mM MgSO4, and 11 mM dextrose). 

Vessels were carefully cleaned of fat and cut transversely into rings. The vessels were 

suspended in an ex vivo tissue chamber with a Grass instruments pressure transducer 

system (Radnoti LLC, Covina, CA, U.S.A.). The rings were equilibrated in oxygenated 

KHB at 37°C for 1 h and set under tension with 0.5 g (4.90 mN) of force. Baseline 

tensions were recorded, then vessel responsiveness and maximal constriction were tested 

using 80 mM KCl. Changes in tension were recorded, and the vessels were rinsed with 

fresh KHB solution until tensions returned to baseline. Endothelium-dependent vasodilation 

was assessed by ACh-induced relaxation. The vessels were pre-constricted with 10−6 M 

L-phenylephrine (Phe) and allowed to stabilize before exposure to increasing concentrations 

of ACh (10−9 to 10−5 M). Concentration response curves were generated, and data were 

represented as percent (%) relaxation from Phe-induced precontraction. After rinsing with 

fresh KHB solution until tensions returned to baseline, the rings were then exposed to 

increasing concentrations of Phe (10−9 to 10−5 M), and data were analyzed as percentage 

of KCl maximal contraction normalized to baseline tension. After rinsing again with fresh 

KHB solution until tensions returned to baseline, endothelium-independent vasodilation 

was assessed by sodium nitroprusside (SNP)-induced relaxation of Phe precontracted rings. 

Experiments were performed as in ACh data collection, with increasing concentration of 

SNP (10−10 to 10−6 M).
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Myograph assessment of pulmonary artery and aorta reactivity

In a second cohort of mice, pulmonary arteries (PA) and thoracic aortas were analyzed using 

a wire myograph system. Vessels were dissected from fully anesthetized mice and placed 

in cold modified KHB. The vessels were carefully cleaned and cut transversely into rings. 

These rings were mounted on a wire myograph system (Multi Myograph System-610M, 

Danish Myo, Denmark), and bathed and equilibrated in 5 ml oxygenated KHB warmed 

to 37°C for 1h. The bathing solution was then changed to fresh KHB, and initial resting 

tensions were set to 3 mN for PA and 4 mN for aortic rings. Changes in tension were 

recorded by direct connection of the 620M Interface to a PC with Labchart Pro (Version 

8). Vessel reactivity was assessed using ACh, SNP, and Phe, as described for the Radnoti 

system. For a subset of PA, the vessels were pre-treated with 1 μM of L-NAME (NG-Nitro-

L-arginine Methyl Ester, Hydrochloride) for 30 min prior to Phe exposure.

Western blotting

Total proteins were extracted using RIPA buffer containing protease and phosphatase 

inhibitors (Cell Signaling, Danvers, MA, U.S.A.) and quantified using the bicinchoninic 

acid method (Pierce Biotechnology, Waltham, MA, U.S.A.). Equal amounts of proteins 

were analyzed by Western blotting as described [10]. Antibodies against total endothelial 

nitric oxide synthase (eNOS, #32027, Cell Signaling), phosphorylated eNOS at serine 

1177 (#ab215717, Abcam, Waltham, MA, U.S.A.) and at threonine 495 (#9574, Cell 

Signaling), α7-nAChR (PA-77505, Invitrogen, Waltham, MA, U.S.A.) and GAPDH (#5174, 

Cell signaling) were used. The primary antibodies were used at 1:1000 dilutions and HRP-

conjugated secondary antibodies (Cell Signaling) were used at 1:10,000 dilutions. Images 

were captured using the Amersham Imager 680 (GE Healthcare Bio-Sciences, Marlborough, 

MA, U.S.A.) and densitometry measurements were performed using ImageQuant™ TL 

software (GE Healthcare Bio-Sciences).

Plasma nitrite measurement

Plasma samples were isolated from venous blood obtained from the jugular vein and 

transferred into microtainer tubes containing lithium heparin (BD Biosciences, Franklin 

Lakes, NJ, U.S.A.). Plasma nitrite levels (NO2
−) were measured using high performance 

liquid chromatography with a sensitivity to 0.1 pmol as previously described [20–22]. 

Plasma nitrite concentrations were quantified by ion chromatography using the Eicom 

ENO-20 NOx Analyzer (Amuza, San Diego, CA, U.S.A.).

RNA sequencing

RNA sequencing was performed at Tulane University School of Medicine Center for 

Translational Research in Infection and Inflammation NextGen Sequencing core. Briefly, 

total RNA was extracted from thoracic aortas isolated from WT and α7-nAChR−/− male 

mice following air or nicotine exposure (n = 3 per group), using RNeasy Plus mini 

kit (Qiagen, Ann Arbor, MI, U.S.A.) followed by library preparation using SMART-Seq 

v4 Ultra Low Input RNA Kit (Takara Bio, Mountain View, CA, U.S.A.). Illumina next 

generation sequencing was performed using the NextSeq 500 system with the high output 
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flow cell (up to 800 M paired end reads). Ingenuity Pathway Analysis (IPA, Qiagen 

Bioinformatics) was used to identify differentially regulated genes and pathways.

Statistical analysis

Data were expressed as mean ± SEM and analyzed, where appropriate, by Student’s t test 

or two-way ANOVA followed by post hoc tests for multiple comparisons between means. 

Analyses were performed using GraphPad Prism 8 or later versions (GraphPad Software, 

San Diego, CA, U.S.A.), and values of P<0.05 were considered statistically significant.

Results

Chronic inhaled nicotine fails to induce PH in α7-nAChR knockout mice

After 10–12 weeks of nicotine exposure, RV systolic pressure (RVSP), an approximation 

of pulmonary artery pressure, was measured via RV catheterization. Consistent with our 

previous results [10,15], RVSP was significantly increased by chronic nicotine inhalation in 

WT male mice (31.4 ± 1.5 mmHg, n=10) versus the air controls (24.0 ± 1.3 mmHg, n=10, 

P<0.01) (Figure 1A). Nicotine-exposed α7-nAChR−/− males did not exhibit increased RVSP 

(25.7 ± 0.8 mmHg, n=10) compared with air-exposed α7-nAChR−/− littermates (21.6 ± 

2.0 mmHg, n= 7) and had significantly lower RVSP when compared with nicotine-exposed 

WT males (P<0.05, Figure 1A). RVSP in air-exposed WT and α7-nAChR−/− males were 

comparable. The ratio of RV weight to LV and interventricular septum (LV+S) weight, 

referred to as the Fulton index, was measured to assess PH-induced RV hypertrophy [23]. 

Nicotine exposure in WT males induced a trend toward increased Fulton index (27.4 ± 0.7, 

n=10) versus air controls (25.4 ± 0.5, n=10, P=0.077) (Figure 1B). Fulton index was not 

significantly different between α7-nAChR−/− males exposed to air (25.5 ± 0.5.n=8) and 

nicotine (26.5 ± 0.5 n=10) (Figure 1B).

In contrast our findings in male mice, chronic nicotine inhalation did not induce PH in either 

WT or α7-nAChR−/− females. Both RVSP and Fulton index were within normal physiologic 

parameters in air- or nicotine-exposed WT and α7-nAChR−/− females (Figure 1C,D). In our 

chronic nicotine inhalation model, serum cotinine levels were found to be consistently lower 

in females compared with males [24] (Supplementary Figure S1), consistent with published 

reports that females metabolize nicotine more rapidly than males in rodents [25], and similar 

to what has been observed in humans [26,27].

Chronic inhaled nicotine fails to induce RV remodeling in α7-nAChR knockout mice

RV remodeling, which is clinically associated with PH [28], was assessed by 

echocardiography following 8 weeks of nicotine exposure. Consistent with our previous 

studies [10,15], nicotine exposure in WT males resulted in an increase in RV free wall 

thickness during diastole (RV FWT; d, 0.43 ± 0.01 mm, n=19) versus air-exposed controls 

(0.30 ± 0.01 mm, n=15, P<0.0001) (Figure 2A). In contrast, nicotine exposure did not 

result in increased RV FWT; d in α7-nAChR−/− males (0.29 ± 0.01 mm, n=11) versus air-

exposed littermates (0.31 ± 0.01 mm, n=7) (Figure 2A), and nicotine-exposed α7-nAChR−/− 

males had significantly lower RV FWT; d than their WT counterparts (P<0.0001). Nicotine 

exposure inWT males significantly increased RV internal diameter during diastole (RVID; 
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d, 1.51 ± 0.02 mm, n=19) versus air-exposed WT males (1.26 ± 0.04 mm, n=15, P<0.0001) 

(Figure 2B). The above nicotine exposure associated RV dilatation was not observed in 

α7-nAChR−/− males (nicotine: 1.31 ± 0.05 mm, n=11; air: 1.42 ± 0.05 mm, n=7) (Figure 

2B).

In females, consistent with the absence of nicotine-induced PH, RV FWT; d and RVID; d 

were not altered by nicotine exposure in eitherWT or α7-nAChR−/− mice (Figure 2C,D).

LV structure and function as measured by echocardiography were unaffected by nicotine 

in either WT or α7-nAChR−/− mice (Table 1). There were no significant differences in LV 

internal diameter during systole and diastole, LV posterior wall thickness during systole and 

diastole, ejection fraction or fractional shortening in any of the study groups.

Chronic nicotine inhalation impairs endothelium-dependent vasodilation in thoracic aortas

To further examine the effects of nicotine on the vasculature and the role of the α7-nAChR, 

we evaluated the vasoreactivity of both thoracic aortas and PA isolated from male WT and 

α7-nAChR−/− mice exposed to air or nicotine vapor for 12 weeks. Although our previous 

study revealed only acute increases in systemic blood pressure by inhaled nicotine (1–3 

weeks of nicotine vapor exposure) [10], aortas isolated from WT mice following 12-week 

nicotine exposure exhibited reduced relaxation responses to the endothelium-dependent 

vasodilator ACh, as evidenced by the rightward and upward shift in the response curve 

compared with aortic rings isolated from the air control mice (Figure 3A). In particular, 

aortic ring relaxation was significantly reduced in response to ACh concentrations ranging 

from 10−7 to 10−5.5 M in aortas from the nicotine group compared with air controls. 

However, the EC50 of ACh was unaffected by nicotine (135.5 ± 50.9 nM of ACh in 

nicotine-exposed compared with 59.5 ± 12.1 nM of Ach in air controls, P=0.1776). In 

contrast with WT mice, aortas isolated from α7-nAChR−/− mice exposed to nicotine and air 

showed similar vasodilatory responses to ACh (Figure 3D), indicating that nicotine-induced 

impairment of endothelium-dependent vasodilation is indeed mediated by α7-nAChR.

Aortic response to the endothelium-independent vasodilator SNP was not impacted by 

nicotine in either WT or α7-nAChR−/− mice (Figure 3B,E), indicating that nicotine does 

not alter vascular smooth muscle relaxation in response to the NO donor, SNP. Likewise, 

vascular smooth muscle constriction in response to Phe was not affected by nicotine in either 

WT or α7-nAChR−/− mice (Figure 3C,F).

Chronic nicotine inhalation alters vasoreactivity in pulmonary arteries

We further assessed the effects of nicotine on the pulmonary vasculature. Similar to our 

findings in thoracic aortas, the vasodilatory response of PA to ACh was impaired by nicotine 

in WT mice, with a rightward shift in the response curve as shown in Figure 4A. Relaxation 

was significantly reduced in response to 10−7.5 M and 10−7 M ACh in PA from nicotine-

exposed animals compared to air controls. Furthermore, the EC50 of ACh was significantly 

increased (51.8 ± 5.8 nM of ACh in nicotine-exposed compared with 34.1 ± 3.1 nM of ACh 

in air controls, P=0.0144) (Figure 4A). Similar to thoracic aortas, PA response to SNP was 

not impacted by nicotine, with no change in the response curve or the EC50 (Figure 4B). 

Unlike thoracic aortas, however, nicotine inhalation exposure increased PA constriction in 
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response to Phe, as evidenced by the upward and leftward shift in the response curve (Figure 

4C). PA constriction was significantly increased in response to 10−5.5 M and 10−5 M of 

Phe in the nicotine group compared with air controls. Furthermore, the maximal contraction 

observed for 10−5 M Phe with respect to maximal KCl response was increased from 134% in 

PA from air controls to 197% in PA from nicotine-exposed mice.

The endothelium-dependent vasodilatory response to ACh relies on eNOS-mediated nitric 

oxide (NO) production in endothelial cells, and disruption in eNOS/NO signaling has been 

shown to also enhance vasoconstrictive response to adrenergic agonists, such as Phe [29,30]. 

To test this hypothesis, we analyzed Phe-induced PA vasoconstriction in the presence of 

L-NAME, an arginine analog that competitively inhibits eNOS-mediated NO production 

[31,32]. As expected (Figure 4C), pre-treatment with L-NAME increased PA response to 

Phe in the air control group (maximal contraction in response to 10−5 M Phe increased 

from 134% in the absence of L-NAME to 255% in the presence of L-NAME) due to 

reduced basal eNOS-mediated NO production. Importantly, pre-treatment with L-NAME 

abolished the difference in Phe-induced vasoconstriction between the air and nicotine groups 

(Figure 4C). These data indicate that the enhanced vasoconstrictive response to Phe in PA 

isolated from nicotine-exposed mice is likely secondary to changes in eNOS activity/NO 

bioavailability. Furthermore, compared with the thoracic aorta, which is not considered 

a reactive vessel, it is likely that the PA is more sensitive to changes in vasoreactive 

substances.

Similar to thoracic aortas, PA isolated from α7-nAChR−/− mice exposed to air or nicotine 

exhibited similar responses to ACh, SNP, and Phe (Figure 4D–F), confirming that the effects 

of nicotine on PA vasoreactivity are mediated by α7-nAChR.

Chronic nicotine inhalation impairs eNOS/NO signaling pathway

To directly assess the effects of nicotine on eNOS/NO signaling pathway, we performed 

Western blotting to examine total eNOS protein and the phosphorylation status of eNOS 

subunits. Activity of eNOS can be modulated through a multitude of post-translational 

regulatory mechanisms, including both inhibitory and stimulatory phosphorylation [33,34]. 

In RV samples from WT male mice chronically exposed to nicotine vapor, there was 

an increase in the ratio of phosphorylated eNOS at Thr495 (inhibitory phosphorylation) 

to total eNOS (Figure 5A), and increased Thr495 phosphorylation is associated with 

decreased eNOS activity [34]. In contrast, the ratio of phosphorylated Ser1177 (stimulatory 

phosphorylation site) to total eNOS was not significantly altered by nicotine (Figure 5A). 

The above changes in eNOS phosphorylation also led to an increase in the ratio of inhibitory 

phosphorylation (at Thr495) to stimulatory phosphorylation (at Ser1177) in WT male mice 

by nicotine (Figure 5A). No changes in eNOS phosphorylation at either Thr495 or Ser1177 

were observed in RV from α7-nAChR−/− male mice exposed to nicotine compared with the 

air controls (Figure 5B), indicating that nicotine-induced changes in eNOS phosphorylation 

are also mediated by the α7-nAChR. Consistent with these findings, plasma nitrite levels, 

a biomarker of NO bioavailability and vascular function [35], were decreased in WT male 

mice exposed to nicotine compared with air controls (Figure 5C). In contrast, plasma nitrite 

levels were similar in α7-nAChR−/− male mice exposed to air or nicotine (Figure 5D).
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To gain insight into why female mice are protected from nicotine-induced cardiopulmonary 

dysfunction, we examined the levels of total and phosphorylated eNOS, as well as the 

expression levels of α7-nAChR, in RV samples from WT females in comparison with 

WT males. The expression levels of α7-nAChR or total eNOS were not significantly 

different between WT males and females, in either nicotine exposed animals or air controls 

(Supplementary Figure S2). Consistent with the absence of nicotine-induced PH and RV 

remodeling, nicotine did not alter eNOS phosphorylation at either Thr495 or Ser1177 in WT 

females (Supplementary Figure S2). The above data indicate that the protection observed in 

females is not due to the differential expression of α7-nAChR or total eNOS between the 

sexes; instead, nicotine fails to alter eNOS activity (phosphorylation status) in females.

Chronic nicotine inhalation robustly alters vascular gene expression

Given the impact of nicotine inhalation exposure on vascular reactivity, we next analyzed 

gene expression in thoracic aortas from WT and α7-nAChR−/− male mice (n=3 per group) 

exposed to air or nicotine. Gene expression was robustly altered in aortas from WT male 

mice exposed to nicotine vapor compared with air controls, with 179 differentially expressed 

genes (adjusted P-value < 0.1). Among these genes, 149 were found to be up-regulated, 

whereas 30 were down-regulated (Figure 6A and Supplementary Table S1). In contrast, 

only 7 non-overlapping genes were found to be differentially expressed in α7-nAChR−/− 

male mice exposed to nicotine. (Figure 6A and Supplementary Table S2). The above data 

indicate that nicotine-induced changes in vascular gene expression is largely mediated by the 

α7-nAChR.

Ingenuity pathway analysis revealed 21 pathways differentially regulated by nicotine in WT 

males, including 18 up-regulated and 3 down-regulated pathways (Supplementary Table S3). 

Figure 6B displays the top 10 differentially regulated pathways. Nicotine exposure activates 

multiple inflammatory pathways, including acute phase response (P=4.91E-06), complement 

system (P=5.71E-06), pathogen recognition (P=1.08E-04), IL-6 signaling (P=1.88E-03), and 

cardiac hypertrophy signaling (P=6.54E-04). Of the 149 genes up-regulated by nicotine 

inhalation exposure, the following genes are involved in three or more of the up-regulated 

inflammatory pathways: C3 (1.45-fold), Il6 (interleukin 6, 11.68-fold), Il1b (interleukin 1B, 

5.21-fold), Osm (oncostatin M, 14.14-fold), Serpine1 (2.40-fold), Tlr7 (Toll-like receptor 

7, 2.87-fold), and Ptgs2 (prostaglandin-endoperoxide synthase 2, 2.49-fold). Furthermore, 

Agtr1a, which encodes AT1R, was up-regulated 4.48-fold by nicotine. Figure 6C shows the 

heatmap of genes involved in the differentially regulated pathways in WT male mice by 

nicotine. None of the above gene expression changes were found in the α7-nAChR−/− male 

mice exposed to nicotine compared with air controls.

Discussion

Nicotine exerts its actions by binding and signaling through various nAChRs, which are 

expressed throughout the body in addition to the central nervous system. The α7-nAChR 

is widely expressed in the cardiovascular system [17]; however, the role of this receptor in 

nicotine-induced cardiovascular dysfunction is largely unknown. The current study fills this 

gap in knowledge, showing that chronic nicotine inhalation-induced PH, RV remodeling and 
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vascular dysfunction are mediated by the α7-nAChR. Our findings are consistent with recent 

reports in support of a role for this receptor in PH pathogenesis and RV remodeling. Indeed, 

Vang et al. showed that the α7-nAChR mediates RV fibrosis and diastolic dysfunction in 

the Sugen/hypoxia model of PH in rats [18]. In RV samples from human patients with 

pulmonary arterial hypertension, α7-nAChR expression was increased, accompanied by 

reduced acetylcholinesterase activity compared with RV samples from control subjects [36]. 

The above findings indicate that α7-nAChR could serve as a novel therapeutic target in the 

treatment of PH and RV remodeling.

Consistent with our previous studies [10,15], chronic inhaled nicotine exposure led to the 

development of PH, characterized by elevated RVSP, in WT male mice. Elevated RVSP 

was associated with thickening of the RV wall and dilatation of the RV chamber, which 

predispose patients to RV failure and mortality in clinical PH [28]. These findings were 

absent in α7-nAChR−/− males, demonstrating an essential role of this receptor in the 

pathogenesis of nicotine-induced PH. The α7-nAChR is expressed on multiple cell lineages 

within the heart, including cardiomyocytes and cardiac fibroblasts [37], and α7-nAChR-

mediated communication between these cell types is an important mechanism underlying 

RV fibrosis and dysfunction in Sugen/hypoxia-induced PH in rats [18]. Further studies 

are required to elucidate the relationship between nicotinic receptor signaling and cardiac 

remodeling pathways in the pathogenesis of nicotine-dependent and nicotine-independent 

PH. In contrast with our current and previous findings in male mice [10,15], females 

appear protected from nicotine-induced PH and RV remodeling following chronic inhalation 

exposure to nicotine. Nicotine metabolism in both rodents and humans is driven by sex-

dependent differences in cytochrome P450 activity [26], and in our study, we observed 

consistently lower cotinine levels, suggesting more rapid nicotine metabolism, in females 

compared with males. A recent study in mice exposed to e-Cig containing 20.2 mg/ml of 

nicotine demonstrates LV dysfunction in adolescent male mice but not in adolescent or adult 

female mice [38]. Consistent with our study, this group also found lower serum cotinine 

levels in females, which were associated with a 3-fold increase in cytochrome P450 2A5 

mRNA expression, further supporting more rapid nicotine metabolism in females [38]. In 

addition to the possible dose-dependent effect of nicotine, female sex hormones have been 

shown to have direct protective effects on the pulmonary vasculature [39]. The mechanisms 

underlying the female protection from nicotine-induced PH warrant future investigation.

Endothelial dysfunction with reduced NO bioavailability is considered an early event 

and a key underlying feature in most forms of PH and cardiovascular diseases. Reduced 

NO production by eNOS leads to increased vascular smooth muscle tone, increased 

vascular resistance, and vascular inflammation. It is well-documented that chronic cigarette 

smoke exposure in rodent models or in cultured endothelial cells results in reduced 

eNOS/NO signaling [40–43]. However, the mechanisms responsible for the impairment of 

the eNOS/NO pathway appear to be different between cigarette smoke and nicotine only 

exposure. Chronic cigarette smoke exposure both in vivo and in vitro leads to decreases in 

both total eNOS and stimulatory eNOS phosphorylation at Ser1177 [40–43]. In contrast, 

our study reveals that chronic exposure to inhaled nicotine alone results in elevated 

inhibitory eNOS phosphorylation at Thr495, without significant changes in the levels of 

total eNOS or stimulatory eNOS phosphorylation at Ser1177. Consistent with the increase in 
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inhibitory eNOS phosphorylation, plasma NO bioavailability (i.e., plasma nitrite levels) was 

significantly reduced following nicotine exposure compared to the air controls. The above 

alteration of eNOS phosphorylation and NO availability are mediated by the α7-nAChR as 

these effects were not observed in α7-nAChR−/− mice. Vascular endothelial cells express 

α7-nAChR [44], and additional studies are needed to uncover the mechanisms underlying 

α7-nAChR-mediated alterations in eNOS phosphorylation and NO bioavailability.

Our finding that nicotine-induced changes in aortic gene expression is mediated by α7-

nAChR further supports a role for this receptor in nicotine’s impact on the vasculature. 

While seemingly contradictory to the well-established cholinergic anti-inflammatory effects 

of acute nicotine, our study shows that chronic exposure to inhaled nicotine in mice 

elicits multiple proinflammatory pathways in the vasculature. Our results are consistent 

with the well-documented association between cigarette smoking and the development of 

atherosclerosis, where nicotine has been shown to enhance atherosclerotic progression by 

increasing inflammation, reactive oxygen species production, and immune cell activation 

[45]. Down-regulation of LXR/RXR (liver X receptor/retinoid X receptor) also supports 

a proinflammatory role for nicotine in the vasculature, as LXR has been found to inhibit 

inflammation and the development of atherosclerosis [46]. In addition, Agtr1a, which 

encodes AT1R, was up-regulated 4.48-fold by nicotine, indicating that altered local activity 

of the renin–angiotensin system in the vasculature may also play a role in nicotine-induced 

vascular dysfunction. This finding is in line with our previous study demonstrating that 

AT1R mediates the development of PH and RV remodeling following chronic nicotine 

inhalation [15].

In conclusion, our study reveals a pivotal role for the α7-nAChR in chronic nicotine 

inhalation-induced PH, RV remodeling, and vascular dysfunction including alterations 

in eNOS phosphorylation/NO bioavailability and impaired endothelium-dependent 

vasodilation. While these insights are crucial to delineating the long-term effects of nicotine 

exposure, there are some limitations to this study. In our nicotine exposure model, the 

mice are subjected to 12 h of continuous nicotine vapor inhalation each day, with serum 

cotinine levels comparable to mice exposed to e-Cig containing 50–60 mg/ml of nicotine 

[47]. While products containing similar nicotine concentrations are commercially available, 

including JUUL Pods with 5% nicotine (59 mg/ml), our exposure time frame may not 

recapitulate typical usage patterns in humans. Furthermore, while inhaled nicotine impairs 

cardiopulmonary function as shown in our study, it remains unknown whether nicotine 

replacement therapies (e.g., nicotine patches or gums) are safe as promoted or would 

have similar cardiovascular manifestations as inhaled nicotine. Another limitation of our 

study is the use of the global α7-nAChR−/− mice, which does not allow us to dissect 

cell type-specific contribution of the α7-nAChR in nicotine-induced cardiopulmonary 

dysfunction. Future studies using targeted α7-nAChR−/− mice could provide further insights. 

Despite the above limitations, our study strongly suggests that targeting α7-nAChR could 

have therapeutic potential in treating cardiopulmonary dysfunction resulting from nicotine 

inhalation associated with tobacco product use.
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Clinical perspectives

• The popularity of e-Cig and the recent increase in conventional cigarette sales 

(the first time in the past 20 years primarily due to the COVID-19 pandemic) 

are alarming public health concerns. The general lack of knowledge of 

the harmful effects of nicotine on the cardiopulmonary system renders 

both cigarette smokers and e-Cig users vulnerable to nicotine-induced 

cardiopulmonary dysfunction. The present study was undertaken to further 

elucidate the cardiopulmonary effects of nicotine and the role of the α7-

nAChR.

• Our study reveals that the α7-nAChR mediates chronic nicotine inhalation-

induced PH, RV remodeling, and vascular dysfunction, including alterations 

in gene expression, changes in eNOS phosphorylation/NO bioavailability, and 

impaired endothelium-dependent vasodilation.

• The present study clearly demonstrates the adverse consequences of chronic 

nicotine inhalation on the cardiopulmonary system and the essential role of 

α7-nAChR in mediating the deleterious effects of nicotine. The present study 

furthers our understanding of the significant health risks of inhaled nicotine 

and strongly suggests that targeting α7-nAChR could have therapeutic 

potential in treating cardiopulmonary dysfunction associated with tobacco 

product use.
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Figure 1. Chronic nicotine inhalation-induced pulmonary hypertension is mediated by α7-
nAChR in male mice
(A) Chronic nicotine inhalation leads to increased right ventricular systolic pressure (RVSP) 

in wild-type (n=10 air; n=10 nicotine) but not α7-nAChR−/− (n=7 air; n=10 nicotine) male 

mice. *P<0.05, **P<0.01. (B) Chronic nicotine inhalation results in a trend of increase in 

Fulton index (P=0.077) in wild-type (n=10 air; n=10 nicotine) but not α7-nAChR−/− (n=8 

air; n=10 nicotine) male mice; LV, left ventricle; RV, right ventricle; S, interventricular 

septum. (C) Chronic nicotine inhalation does not alter RVSP in wild-type (n=5 air; n=5 

nicotine) or α7-nAChR−/− (n=5 air; n=7 nicotine) female mice. (D) Chronic nicotine 

inhalation does not alter Fulton index in wild-type (n=5 air; n=8 nicotine) or α7-nAChR−/− 

(n=5 air; n=8 nicotine) female mice. The above data were analyzed by two-way ANOVA 

followed by Tukey–Kramer post hoc test.
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Figure 2. Chronic nicotine inhalation-induced RV remodeling is mediated by α7-nAChR in male 
mice
(A) Chronic nicotine inhalation leads to increased RV free wall thickness (FWT) at 

diastole (d) in wild-type (n=15 air; n=19 nicotine) but not α7-nAChR−/− (n=7 air; n=11 

nicotine) male mice; ****P<0.0001. (B) Chronic nicotine inhalation leads to increased RV 

internal diameter (RVID) at diastole (d) in wild-type (n=15 air; n=19 nicotine) but not 

α7-nAChR−/− (n=7 air; n=11 nicotine) male mice; **P<0.01, ****P<0.0001. (C) Chronic 

nicotine inhalation does not alter RV free wall thickness (FWT) at diastole (d) in wild-type 

(n=8 air; n=10 nicotine) or α7-nAChR−/− (n=8 air; n=11 nicotine) female mice. (D) Chronic 

nicotine inhalation does not alter RV internal diameter (RVID) at diastole (d) in wild-type 

(n=8 air; n=10 nicotine) or α7-nAChR−/− (n=8 air; n=11 nicotine) female mice. The above 

data were analyzed by two-way ANOVA followed by Tukey–Kramer post hoc test.
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Figure 3. Chronic nicotine inhalation impairs endothelium-dependent vasodilation of thoracic 
aorta in wild-type but not α7-nAChR−/− male mice
(A) Thoracic aortas isolated from wildtype male mice exposed to nicotine (n=12) exhibit 

reduced vasodilatory response to acetylcholine (ACh) compared with those from air-exposed 

males (n=11); *P<0.05, **P<0.01. The EC50 of ACh was not impacted by nicotine and 

is represented for each response curve as a dashed vertical line. (B and C) Chronic 

nicotine inhalation does not alter vasodilatory response to sodium nitroprusside (SNP) or 

vasoconstrictive response to phenylephrine (Phe) in thoracic aorta. Air, n=9–11; nicotine, 

n=10–12. (D–F) Thoracic aortas isolated from α7-nAChR−/− male mice exposed to nicotine 

(n=3–7) and air (n=3–6) exhibit similar vasoreactivity to ACh, SNP, and Phe. Response 

curves were analyzed by two-way ANOVA followed by Bonferroni’s multiple comparisons 

test and EC50 was analyzed by two-tailed Student’s t-test.
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Figure 4. Chronic nicotine inhalation impairs vasoreactivity of pulmonary artery in wild-type 
but not α7-nAChR−/− male mice
(A) Pulmonary arteries isolated from wild-type male mice exposed to nicotine (n=10) 

exhibit reduced vasodilatory response to acetylcholine (ACh) compared with those exposed 

to air (n=10); **P<0.01. The EC50 of ACh was significantly increased by nicotine and 

is represented for each response curve as a dashed vertical line; †P<0.05. (B) Pulmonary 

arteries isolated from wild-type male mice exposed to nicotine (n=6) exhibit similar 

vasodilatory response to sodium nitroprusside (SNP) compared with those exposed to air 

(n=6). (C) Pulmonary arteries isolated from wild-type male mice exposed to nicotine (n=10) 

exhibit enhanced vasoconstrictive response to phenylephrine (Phe) compared with those 

exposed to air (n=10), and pretreatment with L-NAME (10 μM) abolishes the heightened 

response (right, n=9/group); *P<0.05. (D–F) Pulmonary arteries isolated from α7-nAChR−/− 

male mice exposed to nicotine (n=7–8) and air (n=5–6) exhibit similar vasoreactivity to 

ACh, SNP, and Phe. Response curves were analyzed by two-way ANOVA followed by 

Bonferroni’s multiple comparisons test and EC50 was analyzed by two-tailed Student’s 

t-test.
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Figure 5. Chronic nicotine inhalation leads to altered eNOS phosphorylation and reduced 
plasma nitrite levels in wild-type but not α7-nAChR−/− male mice
(A) Chronic nicotine inhalation leads to increased inhibitory phosphorylation of eNOS 

at Thr495 without significant alteration of the stimulatory phosphorylation at Ser1177 in 

wildtype male mice; **P<0.01. (B) Chronic nicotine inhalation does not alter the levels 

of total or phosphorylated eNOS in α7-nAChR−/− male mice. (C and D) Chronic nicotine 

inhalation leads reduced plasma nitrite levels in wild-type (n=14 air; n=15 nicotine) but 

not α7-nAChR−/− (n=8 air; n=17 nicotine) male mice; *P<0.05. Data were analyzed by 

two-tailed Student’s t-test.
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Figure 6. Chronic nicotine inhalation alters aortic gene expression in male mice
(A) RNA sequencing (n=3/group) reveals that chronic nicotine inhalation in wild-type male 

mice results in 179 differentially regulated genes (149 up-regulated and 30 down-regulated), 

while only 7 non-overlapping genes are found to be differentially regulated by nicotine in 

α7-nAChR−/− male mice. (B) Top-10 signaling pathways differentially regulated by nicotine 

in wild-type male mice. (C) Heatmap of genes identified in the pathways differentially 

regulated by nicotine in wild-type male mice.
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Table 1

Left ventricular echocardiographic measurements in male and female mice

Echocardiographic measurement Air wild-type Nicotine wild-type Air α7-nAChR−/− Nicotine α7-nAChR−/−

Males n=15 n=20 n=7 n=11

LVID;s (mm) 2.68 ± 0.10 2.63 ± 0.07 2.55 ± 0.15 2.52 ± 0.11

LVID;d (mm) 3.88 ± 0.10 3.87 ± 0.07 3.79 ± 0.20 3.81 ± 0.10

LVPW;s (mm) 1.29 ± 0.03 1.18 ± 0.06 1.18 ± 0.06 1.17 ± 0.04

LVPW;d (mm) 0.92 ± 0.03 0.83 ± 0.03 0.86 ± 0.06 0.82 ± 0.02

EF (%) 58.3 ± 2.91 60.9 ± 1.55 61.6 ± 2.41 63.4 ± 2.41

FS (%) 30.8 ± 1.96 32.3 ± 1.10 32.7 ± 1.72 34.0 ± 1.47

Females n=8 n=10 n=8 n=11

LVID;s (mm) 2.76 ± 0.07 2.55 ± 0.05 2.56 ± 0.18 2.56 ± 0.07

LVID;d (mm) 3.80 ± 0.05 3.68 ± 0.04 3.75 ± 0.10 3.68 ± 0.05

LVPW;s (mm) 1.02 ± 0.02 1.06 ± 0.04 1.08 ± 0.04 1.02 ± 0.03

LVPW;d (mm) 0.79 ± 0.02 0.77 ± 0.04 0.73 ± 0.02 0.73 ± 0.01

EF (%) 53.7 ± 2.52 59.3 ± 1.43 60.4 ± 4.36 58.7 ± 1.97

FS (%) 27.4 ± 1.70 30.9 ± 0.96 32.3 ± 3.14 30.5 ± 1.28

Data are displayed as mean ± SEM and analyzed by two-way ANOVA; EF, ejection fraction; FS, fractional shortening; LV, left ventricle; LVID;s/d, 
LV internal diameter during systole/diastole; LVPW;s/d, LV posterior wall thickness during systole/diastole.
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