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Abstract

Use of electronic cigarettes is rapidly increasing among youth and young adults, but little is known regarding the long-
term cardiopulmonary health impacts of these nicotine-containing devices. Our group has previously demonstrated that
chronic, inhaled nicotine induces pulmonary hypertension (PH) and right ventricular (RV) remodeling in mice. These
changes were associated with upregulated RV angiotensin-converting enzyme (ACE). Angiotensin II receptor blockers
(ARBs) have been shown to reverse cigarette smoking-induced PH in rats. ACE inhibitor and ARB use in a large
retrospective cohort of patients with PH is associated with improved survival. Here, we utilized losartan (an ARB
specific for angiotensin II type 1 receptor) to further explore nicotine-induced PH. Male C57BL/6 mice received
nicotine vapor for 12 h/day, and exposure was assessed using serum cotinine to achieve levels comparable to human
smokers or electronic cigarette users. Mice were exposed to nicotine for 8 wk and a subset was treated with losartan via
an osmotic minipump. Cardiac function was assessed using echocardiography and catheterization. Although nicotine
exposure increased angiotensin II in the RV and lung, this finding was nonsignificant. Chronic, inhaled nicotine
significantly increased RV systolic pressure and RV free wall thickness versus air control. These parameters were
significantly lower in mice receiving both nicotine and losartan. Nicotine significantly increased RV internal diameter,
with no differences seen between the nicotine and nicotine-losartan group. Neither nicotine nor losartan affected left
ventricular structure or function. These findings provide the first evidence that antagonism of the angiotensin II type 1
receptor can ameliorate chronic, inhaled nicotine-induced PH and RV remodeling.

NEW & NOTEWORTHY Chronic, inhaled nicotine causes pulmonary hypertension and right ventricular remodeling
in mice. Treatment with losartan, an angiotensin II type 1 receptor antagonist, ameliorates nicotine-induced pulmonary
hypertension and right ventricular remodeling. This novel finding provides preclinical evidence for the use of renin-
angiotensin system-based therapies in the treatment of pulmonary hypertension, particularly in patients with a history of
tobacco-product use.
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INTRODUCTION

Cigarette smoking in the United States, while declining, contributes to nearly 500,000 deaths per year and is the major
cause of cardiopulmonary disease (1). Increased electronic cigarette use, however, threatens to undo decades-long
progress toward reducing global cigarette smoking (2, 3). Surveys between 2017 and 2018 show that 20.8% of high
school students and 7.6% of young adults in the United States are actively using electronic cigarettes (4, 5). These
statistics are particularly concerning considering the paucity of knowledge regarding the long-term cardiopulmonary
health implications of electronic cigarette use (6).

Nicotine, an addictive agonist of the nicotinic cholinergic receptor family, is of particular interest as the principle
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biologically active constituent of electronic cigarette vapor. Despite this, the effects of inhaled nicotine in isolation have
been poorly characterized. Previously, we have shown that exposure to chronic, inhaled nicotine causes pulmonary
hypertension (PH) and right ventricular (RV) remodeling in mice (7). This novel finding parallels previous literature
connecting cigarette smoking to the development of PH in multiple animal models (8–11). Pathogenesis of both
nicotine- and cigarette smoking-induced PH appears to be associated with dysregulation of the renin-angiotensin system
(7, 8, 11).

The effects of nicotine on the renin-angiotensin system are well-studied. Nicotine upregulates the prohypertensive,
prohypertrophic, and proinflammatory components of the renin-angiotensin system including angiotensin II,
angiotensin-converting enzyme (ACE), and angiotensin II type 1 receptor (AT1R); nicotine downregulates the counter-
regulatory components of the renin-angiotensin system including angiotensin II type 2 receptor (AT2R) and ACE2 (12).
Treatment of rats with losartan, a specific antagonist of the AT1R ameliorated cigarette smoking-induced PH (8, 11).
Furthermore, a retrospective study of over 24,000 patients with PH in the Veterans Affairs system demonstrated
significantly improved survival in patients receiving an ACE inhibitor or angiotensin II receptor blocker (13). This study
aims to assess the effects of AT1R blockade on chronic, inhaled nicotine-induced PH and RV remodeling using a mouse
model.

MATERIALS AND METHODS

Animals

Adult, male C57BL6/J mice (8–12-wk-old) were purchased from Jackson Laboratory (Bar Harbor, ME) for use in all
experiments. Mice were housed in a temperature- and humidity-controlled facility under a 12-h/12-h light-dark cycle,
fed standard mouse chow (iOS Teklab Extruded Rodent Diet 2019S; Envigo, Huntingdon, United Kingdom) and water
ad libitum. The sodium content of the mouse chow was 0.1%. 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 Institutional Animal Care and Use Committee (Protocol No. 3674).

Losartan Infusion

Before nicotine or air exposure, a subset of mice was surgically implanted with subcutaneous osmotic minipumps
(Model 1004; Alzet, Cupertino, CA) containing losartan potassium dissolved in saline (MilliporeSigma, Burlington,
MA). Following 4 wk of infusion, the procedure was repeated and old pumps were replaced with new, identically-
prepared pumps. Mice were anesthetized with 2.5% isoflurane and preoperatively injected with 50 µL of subcutaneous
Buprenorphine-SR (ZooPharm, Windsor, CO). Losartan dosage during weeks 1 through 4 was ∼6.5 mg/kg/day (based
on a body weight of 23–25 g). Losartan dosage during weeks 5 through 8 was ∼5.0 mg/kg/day (based on a body weight
of 30 g).

Radio-Telemetry Implantation and Blood Pressure Measurement

A subset of mice (n = 6/treatment group) was implanted with radio-telemetry probes (PA-C10 or HD-X10; DSI, St.
Paul, MN) before nicotine exposure as previously reported (14, 15). After a 1-wk recovery period, mice underwent
baseline recording of conscious blood pressure for 24 h. Twenty-four-hour blood pressure was recorded again at 8 wk.
The areas above and below the systolic blood pressure traces were calculated to establish normotensive and
hypertensive zones. A systolic blood pressure of 130 mmHg was used as a threshold for these calculations.

Chronic Nicotine Inhalation Model

Nicotine-exposed mice were housed in a nicotine inhalation chamber (La Jolla Alcohol Research, La Jolla, CA) as
previously described (7). Briefly, nicotine vapor was produced by bubbling air at a flow rate of 20 L/min through a gas-
washing bottle containing a pure nicotine solution (free base; Sigma Aldrich, St. Louis, MO). The highly concentrated
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nicotine vapor was diluted through the addition of 60 L/min of clean air and was homogeneously distributed between
chambers at a flow rate of 7 to 8 L/min. Air flow rate was adjusted to produce nicotine vapor concentrations which
resulted in blood cotinine (a more stable metabolite of nicotine) levels comparable to human smokers. Exposure to
nicotine followed a 12 h-on/12 h-off schedule with the nicotine exposure (9:00 PM to 9:00 AM) overlapping with the
dark cycle (6:00 PM to 6:00 AM). Blood cotinine levels were measured using ELISA (Calbiotech, El Cajon, CA). Blood
samples were collected via submandibular vein puncture within 1 h of the nicotine-exposure period ending. Mice in the
air-exposed group were housed outside of the chamber, but in the same room.

Echocardiography

Echocardiography was performed at baseline and after 8 wk of exposure using the Vevo 3100 Imaging System with a
30-MHz probe (VisualSonics, Toronto, Canada). Measurements were recorded under 1%–1.5% isoflurane anesthesia
with mice placed on a heated pad. Heart rates were maintained between 400 and 550 beats/min. Short-axis and long-axis
views were captured using B-mode images, and M-mode recordings were collected using a two-dimensional reference
sector for left ventricular (LV) dimensions. Right ventricular (RV) dimensions were derived from B-mode images.
Ultrasound image processing was performed using the leading-edge method with VisualSonics software. All
measurements were performed on a minimum of 3 cardiac cycles, and group averages were calculated for each time
point.

RV Pressure Measurement

Following 8 wk of exposure, mice underwent right heart catheterization. Mice were anesthetized with 2%–3% isoflurane
and placed on a heated pad. After dissection to expose the right jugular vein, a pressure transducer (SPR-1000; Millar,
Houston, TX) was inserted into the RV through the right jugular vein and right atrium. RV pressure was recorded and
analyzed by the PowerLab 8/35 acquisition system (ADInstuments, Colorado Springs, CO).

Plasma and Tissue Collection

Mice under anesthesia were euthanized by decapitation at the conclusion of the 8-wk study. Trunk blood was collected
immediately into microtubes containing 40 μL of protease inhibitor cocktail concentrate (Attoquant Diagnostics,
Vienna, Austria) and placed on ice. Heart and lung tissues were collected and snap-frozen in liquid nitrogen for further
analysis. In the heart tissue, RV was separated from LV and interventricular septum and individually weighed. Tissue
was stored at −80°C.

Angiotensin Peptide Analysis

Blood treated with protease inhibitor cocktail was centrifuged at 3,000 g for 10 min at 4°C. Plasma was collected,
transferred to a new microtube, snap-frozen in liquid nitrogen, and stored at −80°C. Frozen plasma, RV, LV, and lung
tissue were shipped on dry ice to Attoquant Diagnostics (Vienna, Austria) for the analysis of 6 angiotensin (ANG)
metabolites (ANG I, ANG II, ANG III, ANG IV, ANG 1–7, and ANG 1–5) via liquid chromatography–mass
spectrometry.

Statistical Analysis

Data were expressed as means ± SE. Findings were analyzed, where appropriate, by Student’s t test or two-way
ANOVA followed by Tukey–Kramer post hoc test for multiple comparisons between means using GraphPad Prism 8
(GraphPad Software, San Diego, CA). P < 0.05 was considered statistically significant.

RESULTS

Chronic, Inhaled Nicotine Exposure in Mice Produces Serum Cotinine Concentrations
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Comparable to Human Smokers

Our study sought to examine the effects of angiotensin II type 1 receptor (AT1R) blockade on pulmonary hypertension
(PH) and right ventricular (RV) remodeling in mice exposed to chronic, inhaled nicotine. To achieve this, male,
C57BL6/J mice (aged 10–12 wk) were housed for 8 wk in room air or in an inhalation chamber receiving daily, 12 h
on/12 h off exposure to vapor nicotine. Nicotine exposure was assessed via measurement of serum cotinine levels (a
more stable metabolite of nicotine) due to the short half-life of nicotine in mice (16). Air-exposed mice, housed outside
of the nicotine inhalation chamber, had undetectable serum cotinine levels. Serum cotinine in mice receiving nicotine
was 559 ± 57 ng/mL (Fig. 1). This concentration is comparable to those found within human smokers and our previously
published study using this exposure model in mice (614 ± 39 ng/mL) (7, 16). Plasma cotinine levels in humans
following electronic cigarette use are similar to those found following cigarette smoking (17).

Figure 1.
Group-averaged serum cotinine levels in air- and nicotine-exposed mice measured by ELISA. n = 12/group. Data are
displayed as means ± SE. ****P < 0.0001 (two-tailed t test).

Chronic, Inhaled Nicotine Does Not Significantly Increase Angiotensin II in the Lung, RV, or
LV

The renin-angiotensin system (RAS), through its actions on the AT1R, is implicated in the pathogenesis of both PH and
cardiac remodeling (12, 18). In addition, we have previously shown increased expression of angiotensin-converting
enzyme (ACE) and RAS-associated signaling molecules in the RV, but not the left ventricle (LV), of nicotine-exposed
mice (7). Samples of plasma, lung, RV, and LV from nicotine- and air-exposed mice (n = 8/group) were assessed by
liquid chromatography–mass spectrometry for quantification of six angiotensin (ANG) peptides. Eight weeks of
chronic, inhaled nicotine resulted in significantly elevated levels of plasma ANG 1–7 (P < 0.5; Table 1). There were
nonsignificant elevations of ANG II in the lung (P = 0.077), RV (P = 0.064), and LV (P = 0.097) following nicotine
exposure (Table 1). Expression of ANG I, ANG III, ANG IV, and ANG 1–5 was unchanged by nicotine exposure in
plasma and the three tissues. ANG III and ANG 1–7 are metabolites of ANG II which exert counterregulatory effects
via preferential activation of the ANG II receptor type 2 (AT2R) and Mas receptor. These actions include reducing
inflammation, inducing natriuresis, and attenuating PH (24–27). ANG 1–5, a metabolite of ANG 1–7, may have similar
effects at the AT2R and Mas receptor (28). ANG IV is a metabolite of ANG III which may have hypertensive effects via
action on the AT1R (29).

Table 1.
Angiotensin peptide quantification via liquid chromatography–mass spectrometry in air- and nicotine-exposed mouse
tissues

Systemic Blood Pressure is Unaffected by Angiotensin II Type 1 Receptor Blockade and
Nicotine

We have previously shown that inhaled nicotine increases systemic blood pressure during the first 3 wk of exposure,
with systemic blood pressure returning to normal in subsequent weeks of exposure (7). In the current study, no
differences were noted in systolic blood pressure following 8 wk of exposure to losartan, nicotine, or both (Fig. 2).

Figure 2.
Average 24-h systolic blood pressure at 8 wk in mice exposed to air (light teal, n = 6), air and losartan (dark teal, n = 6),
nicotine (light brown, n = 6), and nicotine and losartan (dark brown, ...
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Angiotensin II Type 1 Receptor Blockade Ameliorates Nicotine-Induced Pulmonary
Hypertension

At the conclusion of the 8-wk study, mice underwent right heart catheterization for measurement of RV systolic
pressure (RVSP), allowing estimation of systolic pressure in the pulmonary artery (Fig. 3, A and B). Chronic,
inhaled nicotine significantly increased RVSP (40.7 ± 3.5 mmHg, n = 11) versus air exposure (25.6 ± 1.0 mmHg, n = 11,
P < 0.0001). Mice receiving both losartan and nicotine had significantly reduced RVSP (24.0 ± 1.3 mmHg, n = 12, P <
0.0001) versus nicotine alone. There was no difference in RVSP between air-exposed mice and either losartan-infused
group (air-losartan: 23.7 ± 1.2 mmHg, n = 14).

Figure 3.
Losartan treatment ameliorates chronic, inhaled nicotine-induced pulmonary hypertension measured by cardiac
catheterization. A: representative right ventricular (RV) pressure tracings for mice exposed to air (upper left), air and
losartan (upper right ...

Fulton index (RV weight divided by the sum of the weight of the LV and interventricular septum, LV + S) was used to
assess RV hypertrophy associated with PH (Fig. 3C) (30). There was a nonsignificant increase in Fulton index in
chronic, inhaled nicotine exposure (24.9 ± 0.7, n = 15) versus air exposure (22.5 ± 0.7, n = 19, P = 0.064). Fulton index
between air-exposed mice receiving losartan (25.3 ± 0.8, n = 13) and nicotine-exposed mice receiving losartan
(23.2 ± 0.5, n = 14) was not significantly different. Surprisingly, Fulton index in losartan-infused, air-exposed mice was
significantly increased versus mice receiving air without treatment (P < 0.05). Examination of individual heart weights
suggests that this finding was driven by reduced LV + S weight (air-losartan: 101.5 ± 2.4, n = 13 vs. air: 109.5 ± 2.3, n =
18), rather than increased RV weight. The differences in RV and LV + S weights were not significant (Fig. 3, D and

E).

Angiotensin II Type 1 Receptor Blockade Ameliorates Nicotine-Induced Right Ventricular
Remodeling

Hypertrophic remodeling of the RV leading to dysfunction and failure is a hallmark of mortality in PH (31).
Echocardiography was used to assess the structure of the right side of the heart following chronic, inhaled nicotine
exposure and losartan treatment (Fig. 4). Reflective of the observed elevation in RVSP, RV free wall thickness during
diastole (RV FWT;d) was increased in nicotine mice (0.44 ± 0.01 mm, n = 12) versus air mice (0.31 ± 0.01 mm, n = 10,
P < 0.0001). Losartan infusion of nicotine-exposed mice resulted in significantly decreased RV FWT;d
(0.34 ± 0.01 mm, n = 8, P < 0.0001) versus nicotine alone. There was no difference in RV FWT;d between air mice and
the air-losartan group (0.317 ± 0.01 mm, n = 7). Chronic, inhaled nicotine increased RV internal diameter during
diastole (RVID;d; 1.56 ± 0.04 mm, n = 12) versus air mice (1.24 ± 0.07 mm, n = 10, P < 0.0001), suggesting dilation of
the chamber. We have previously shown a nonsignificant trend towards increased RVID;d in nicotine-exposed mice (7).
RVID;d between air-exposed mice receiving losartan (1.23 ± 0.04, n = 7) and nicotine-exposed mice receiving losartan
(1.44 ± 0.03, n = 8) was not significantly different.

Figure 4.
Losartan treatment ameliorates chronic, inhaled nicotine-induced right ventricular (RV) remodeling assessed by
echocardiography. RV free wall thickness in diastole (RV FWT;d) (A) and RV internal diameter in diastole (RVID;d)
(B) in air- and nicotine-exposed ...

Despite significant nicotine-induced changes to the RV which were ameliorated by losartan infusion, we observed no
changes in any parameter of LV structure or function (Fig. 5). LV anterior wall thickness in systole and diastole
(LVAW;s and LVAW;d), LV internal diameter during systole and diastole (LVID;s and LVID;d), LV posterior wall
thickness in systole and diastole (LVPW;s and LVPW;d), ejection fraction (EF), and fractional shortening (FS) were all
unchanged by nicotine-exposure or losartan treatment. We found no significant difference in systemic blood pressure
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between air-losartan mice and nicotine-losartan mice via radio-telemetry monitoring (Fig. 2). These findings support our
previously published results showing transient systolic blood pressure elevations with no LV remodeling or dysfunction
following chronic inhaled nicotine (7).

Figure 5.
Left ventricular (LV) structure and function, assessed by echocardiography, are unaffected by nicotine and losartan. A
and B: LV anterior wall thickness in systole and diastole (LVAW;s and LVAW;d); (C and D): LV internal diameter in
systole and diastole ...

DISCUSSION

The current study assessed the effects of AT1R blockade on chronic, inhaled nicotine-induced PH and RV remodeling
using a murine model. Eight weeks of inhaled nicotine exposure appears to upregulate expression of angiotensin II in
the RV and lung, but this finding was nonsignificant (P = 0.064 and P = 0.077, respectively). This provides support for
our previous findings of upregulated ACE expression and RAS-associated signaling in the RV of nicotine-exposed mice
(7). This study shows, for the first time, that losartan treatment ameliorates nicotine-induced increases in RVSP and RV
wall thickness.

PH is a complex disease state that encompasses five major groups: pulmonary arterial hypertension (group 1), PH due to
left heart dysfunction (group 2), PH due to lung disease (group 3), chronic thromboembolic PH (group 4), and
multifactorial PH (group 5) (31). Cigarette smoking has been associated with group 1 and group 4 PH in a large,
international case-control study (32). The role of cigarette smoking in the development of LV dysfunction, pulmonary
disease, and multisystem pathology further suggests involvement in the pathogenesis of group 2, group 3, and group 5
PH (19, 33, 34). The classification of inhaled nicotine-induced PH is currently unknown. LV remodeling and
dysfunction were absent in both the current study and our previously published study (7); a group 2 PH classification is,
therefore, unlikely. Alternative methods of nicotine delivery do, however, lead to LV changes. One month of daily
0.6 mg/kg intraperitoneal nicotine injections in rats causes LV remodeling and dysfunction; these changes are attenuated
by injection of the AT1R antagonist, irbesartan (35).

Treatment for patients with PH comprises supportive therapies (diuretics, oxygen, and anticoagulants), calcium channel
blockers, and targeted therapies (phosphodiesterase-5 inhibitors, prostacyclin analogues and receptor agonists, and
endothelin receptor antagonists) (31). Although not currently standard, the Veterans Affairs cohort provides compelling
evidence for the addition of ACE inhibitors and AT1R blockers to the PH treatment regimen (13). Our studies of
nicotine-induced PH in mice and others’ studies of cigarette smoking-induced PH in rats further support the plausibility
of RAS-based therapy in PH patients, particularly those with a history of electronic or combustible cigarette use (7, 8,
11).

Previous studies have implicated both nicotine and the AT1R in cardiac remodeling (reviewed extensively in Ref. 12).
Cardiac fibroblasts exposed to nicotine in vitro have increased proliferation and collagen production mediated by the
protein kinase C signaling pathway (36). Protein kinase C signaling also mediates RV hypertrophy and fibrosis in PH
rats. These protein kinase C-mediated findings can be replicated in vitro via treatment of healthy cardiac fibroblasts with
ANG II (22). In our study, we demonstrate a nonsignificant, nicotine-induced increase in ANG II concentration in the
RV and lungs of mice leading to elevated RVSP and RV remodeling. There were no changes in circulating ANG I or
ANG II, suggesting potential involvement of local RAS in the heart and lungs (23, 37). Serum ANG 1–7 was
significantly elevated, but the importance of this finding is unclear. ANG 1–7 opposes the hypertrophic effects of ANG
II and could be upregulated in these mice via a compensatory mechanism (38, 39). Sampling and storage of plasma and
tissue for the analysis of ANG peptides was standardized, but it is not possible to rule out contamination with blood or
peptides generated ex vivo. The effect of losartan to reduce RVSP and RV wall thickness was robust, but losartan
effects on RV chamber dilation were subtle.

We found no significant difference between RV chamber diameter in air-losartan mice and nicotine-losartan mice.
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There was, however, no significant reduction in RV chamber diameter between nicotine mice and nicotine-losartan
mice. RV dilation leading to failure is a major cause of mortality in patients with PH (31). Combination therapy with
AT1R blockade and thiazide diuretics, commonly available as losartan-hydrochlorothiazide, may provide greater
amelioration of the observed nicotine-induced RV dilation (31, 42). In heart failure patients, chlorthalidone (a long-
acting thiazide-like diuretic, which also inhibits the sodium-chloride symporter) is preferred over hydrochlorothiazide
(short-acting) (40); combined losartan-chlorthalidone therapy has previously been shown to be well-tolerated and
efficacious in a randomized clinical trial (41). Future studies of nicotine-induced PH could explore this dual therapeutic
approach.

Our study is not without limitations. The chronic, nicotine inhalation model used here achieves serum cotinine levels
which compare favorably to those found in human cigarette smokers. Despite comparable nicotine delivery, our model
exposes mice continuously over a 12-h period each day in contrast to the intermittent exposure of a typical electronic
cigarette user. Future investigations should employ an intermittent nicotine delivery method to more closely replicate
human behavior. An intermittent approach could include 15 min of nicotine exposure followed by 15 min air exposure
throughout a 12-h period. In addition, the dose-effect of nicotine on PH and RV remodeling is currently unknown and
should be examined in future work. Previous studies of nicotine’s cardiovascular effects (heart rate, blood pressure, and
skin temperature) suggest that maximal effects are achieved at moderate nicotine doses, with a flattening of the dose-
response curve at higher exposure levels (21).

Nicotine is the principal, but not the only, biologically active inhalant found in electronic cigarette vapor. Nicotine-
containing electronic cigarettes cause transient elevations in heart rate and blood pressure in patients that were not seen
in patients receiving inhaled nicotine or nicotine-free electronic cigarettes (20). This synergistic interaction between
nicotine and other electronic cigarette-associated inhalants warrants further exploration. PH development and the
efficacy of losartan treatment may differ in mice exposed to various combinations of nicotine, flavoring agents, and
electronic cigarette humectants.
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Figure 1.

Group-averaged serum cotinine levels in air- and nicotine-exposed mice measured by ELISA. n = 12/group. Data are
displayed as means ± SE. ****P < 0.0001 (two-tailed t test).

Table 1.

Angiotensin peptide quantification via liquid chromatography–mass spectrometry in air- and nicotine-exposed mouse
tissues

ANG I (1–10) ANG II (1–8) ANG III (2–8) ANG IV (3–8) ANG 1–7 ANG 1–5
Tissue Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95%

CI)
Mean (95% CI) Mean (95% CI)

Plasma,
pmol/L
 Air 133.9 (70.7 to

197.0)
73.5 (30.7 to

116.3)
70.8 (38.4 to

103.3)
10.7 (7.4 to

14.0)
6.4 (2.6 to 10.4) 13.1 (6.5 to

19.7)
 Nicotine 208.5 (109.4 to

307.7)
104.1 (45.9 to

162.2)
105.2 (70.3 to

140.1)
16.3 (7.1 to

24.6)
26.3* (6.4 to

46.2)
23.1 (10.7 to

35.6)
RV, fmol/L
 Air 18.8 (13.9 to 23.6) 147.4 (78.39 to

216.5)
10.5 (9.3 to 11.7) 5.9 (4.9 to 6.9) 15.0 (15.0 to

15.0)
6.1 (4.3 to 7.9)

 Nicotine 26.2 (15.0 to 37.4) 241.8 (155.1 to
328.4)

10.2 (9.7 to 10.6) 5.7 (4.3 to 7.1) 15.0 (15.0 to
15.0)

7.5 (4.5 to 10.5)

LV, fmol/L
 Air 25.7 (18.1 to 33.3) 209.0 (110.9 to

307.1)
10.43 (9.4 to

11.4)
6.4 (4.9 to 8.0) 23.0 (16.8 to

29.1)
9.5 (6.5 to 12.5)

 Nicotine 34.3 (25.4 to 43.3) 320.8 (209.1 to
432.4)

11.4 (9.1 to 13.8) 6.5 (5.1 to 7.9) 28.6 (20.2 to
37.1)

11.6 (7.7 to
15.5)

Lung, fmol/L
 Air 36.6 (8.0 to 65.3) 95.6 (52.4 to

138.8)
18.4 (8.4 to 28.4) 7.2 (3.7 to

10.7)
26.3 (7.2 to

45.4)
16.2 (5.3 to

27.0)
 Nicotine 22.6 (16.9 to 28.3) 153.0 (96.4 to

209.5)
35.1 (12.0 to

58.2)
7.9 (4.6 to

11.2)
18.5 (11.8 to

25.1)
12.8 (10.7 to

15.0)

Chronic, inhaled nicotine increases ANG 1–7 in plasma. There were nonsignificant elevations of ANG II in the RV (P =
0.064) and lung (P = 0.077) of nicotine-exposed mice. These entries are indicated in bold. n = 8/group. *P < 0.05 (two-
tailed t test). LV, left ventricular; RV, right ventricular.
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Figure 2.
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Average 24-h systolic blood pressure at 8 wk in mice exposed to air (light teal, n = 6), air and losartan (dark teal, n = 6),
nicotine (light brown, n = 6), and nicotine and losartan (dark brown, n = 6). The shaded area corresponds to time of
nicotine exposure; the solid line indicates the threshold for normotensive and hypertensive zones (130 mmHg). Data are
displayed as means ± SE. No significant differences were measured (two-way ANOVA with Tukey–Kramer post hoc
test).
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Figure 3.

Losartan treatment ameliorates chronic, inhaled nicotine-induced pulmonary hypertension measured by cardiac
catheterization. A: representative right ventricular (RV) pressure tracings for mice exposed to air (upper left), air and
losartan (upper right), nicotine (lower left), and nicotine and losartan (lower right). B: RV systolic pressure (RVSP) in
air- and nicotine-exposed mice with or without losartan treatment. n = 11–14/group. C: Fulton index in air- and nicotine-
exposed mice with or without losartan treatment. n = 13–19/group. D and E: RV weight and left ventricular (LV) and
interventricular septum (S) weight. n = 13–19/group. Data are displayed as means ± SE. *P < 0.05, ****P < 0.0001
(two-way ANOVA with Tukey–Kramer post hoc test).
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Figure 4.

Losartan treatment ameliorates chronic, inhaled nicotine-induced right ventricular (RV) remodeling assessed by
echocardiography. RV free wall thickness in diastole (RV FWT;d) (A) and RV internal diameter in diastole (RVID;d)
(B) in air- and nicotine-exposed mice with or without losartan treatment. Heart rate was maintained between 400 and
550 beats/min. Data are displayed as means ± SE. n = 7–12/group; *P < 0.05, ****P < 0.0001 (two-way ANOVA with
Tukey–Kramer post hoc test).
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Figure 5.

Left ventricular (LV) structure and function, assessed by echocardiography, are unaffected by nicotine and losartan. A
and B: LV anterior wall thickness in systole and diastole (LVAW;s and LVAW;d); (C and D): LV internal diameter in
systole and diastole (LVID;s and LVID;d); (E and F): LV posterior wall thickness in systole and diastole (LVPW;s and
LVPW;d); ejection fraction (G) and fractional shortening (H) in air- and nicotine-exposed mice with or without losartan
treatment. Heart rate was maintained at 400 to 550 beats/min. Data are displayed as means ± SE. n = 7–12/group. No
significant differences were measured (two-way ANOVA with Tukey–Kramer post hoc test).
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