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ABSTRACT 

Significant attention is dedicated to studying ethanol and the effect it elicits on left-side 

heart function and systemic blood pressure, ignoring its cardiopulmonary impact, specifically in 

relation to pulmonary arterial hypertension (PAH).  Using male Sprague-Dawley (SD) rats, this 

study was designed to address this concern in three phases: 1) Analyzing the cardiopulmonary 

effects of chronic ethanol consumption; 2) Assessing PAH induction via vascular endothelial 

growth factor (VEGF) receptor inhibition by SU5415 (SU) injection; 3) Evaluating chronic ethanol 

consumption and its effect in PAH induced by VEGF receptor blockade. Designed to elucidate 

ethanol’s hemodynamic, structural, and molecular effects on cardiopulmonary health in healthy 

and diseased rats, the overarching hypothesis of this preclinical study was that chronic ethanol 

consumption predisposes and exacerbates PAH pathophysiology through upregulation of the 

endothelin-/tumor necrosis factor-a/interleukin-6 (ET-1/TNF-a/IL-6) vasoconstricting/pro-

inflammatory signaling axis and subsequent downregulation of cardioprotective bone 



 

morphogenetic protein receptor 2 (BMPR2).  Our research demonstrates ethanol alone causes 

cardiopulmonary remodeling, inflammation, and cardioprotective receptor modulation similar to 

that of the PAH-inducing injection (SU).  Additional observations found that ethanol consumption 

exacerbates the PAH pathology in male rats with SU-induced PAH, causing increased right 

ventricle (RV) and left ventricle (LV) hypertrophy, elevated mean pulmonary arterial pressure 

(mPAP) and mean arterial pressure (MAP), and significant RV fibrosis.  Collectively, these results 

support our hypothesis that chronic ethanol consumption is a cardiopulmonary insult, predisposing 

and exacerbating PAH pathophysiology.   
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CHAPTER ONE:  GENERAL INTRODUCTION 

 

1.1 Scientific Premise 

Pulmonary arterial hypertension (PAH), a progressive disease characterized by pulmonary 

arteriole remodeling, increased pulmonary vascular (PV) resistance, and elevated blood pressure 

within the lungs1, leads to hypertrophy of the right ventricle (RV) and progressive RV failure2.  As 

a rare cardiopulmonary disorder with a complex and multifactorial pathophysiology, PAH causes 

premature death amongst patients3.  While PAH is incurable, healthy lifestyle changes can be made  

to increase quality of life and reduce PAH symptoms4.   The most recent ethanol research indicates 

no cardiovascular benefit to ethanol consumption, citing all amounts of alcohol intake increase 

cardiovascular risk5; however, this study is isolated to left-sided heart diseases, ignoring ethanol’s 

elicited cardiopulmonary impact.  To address this concern, this preclinical research is designed to 

increase our understanding of the mechanisms through which chronic ethanol consumption enables 

or exacerbates PAH development. A recent brief ethanol study showed ethanol-induced RV 

hypertrophy, increased cardiomyocyte size, and decreased intrapulmonary artery diameter6, but 

lacked the mechanism by which ethanol causes these consequences, particularly within the context 

of PAH molecular signaling.  

To address this concern, this preclinical research will evaluate the effect of chronic ethanol 

consumption on cardiopulmonary structure/hemodynamics in healthy male rats and male rats 

genetically sensitive to PAH development through vascular endothelial growth factor (VEGF) 

receptor inhibition7. Specifically, this study will give attention to the potent vasoconstrictor and 

inflammation-inducing protein endothelin-1 (ET-1)8 and its endothelin A (ETA) and endothelin B 
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(ETB) receptor expression9.  Furthermore, this research will provide insight on how ethanol 

influences cytokine expression, specifically tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-

6), whose upregulation can induce experimental PAH10. Additional attention to ethanol’s influence 

on the cytostatic pulmonary protective protein, bone morphogenetic receptor 2 (BMPR2), will be 

addressed in this study, as novel therapies aim to restore the signaling axis in patients who develop 

PAH due to loss of BMPR2 expression/signaling11.  Determining the impact of ethanol 

consumption on cardiopulmonary health and PAH therapeutic targets will contribute knowledge 

to the understudied PAH research network and provide understanding of how environmental 

exposure (ethanol consumption) contributes to disease predisposition and progression.  

 

1.2 Ethanol 

Cardiovascular research involving ethanol consumption has a paradoxical history, evoking 

beneficial and detrimental effects12; however, the recent ethanol intake recommendations have 

changed, citing zero cardiovascular benefit to ethanol consumption at acute or chronic levels13.  

Left-side of the heart and blood pressure research involving ethanol consumption is abundant, 14 

15; however, the effect of ethanol consumption on RV structure/function is limited.  Acute ethanol 

exposure in pigs via intravenous administration documented PAH induction, with significant 

elevations in mean pulmonary artery pressure (mPAP), PV resistance (PVR), pulmonary 

vasoconstriction, and subsequent RV dysfunction 16.  Chronic ethanol exposure (5.2% ethanol 

solution; 4-weeks) in Wistar rats showed ethanol mediated increases in RV pressure, RV 

hypertrophy, and narrowing of intrapulmonary arteries 6.  Pre-clinical research supports ethanol as 

a cardiopulmonary modulator; however, the potential of ethanol to alter PAH therapeutic 

molecular targets has not been determined.  Interestingly, ethanol consumption causes 
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upregulation of PAH inflammatory mediators within the plasma: ET-117,18, IL-619, and TNF-a18, 

all of which are all highly indicated in experimental and clinical PAH.  Realizing the potential of 

ethanol to induce cardiopulmonary remodeling and inflammation, studies are needed to determine 

the consequences of ethanol consumption on the development/exacerbation of PAH.     

 

1.3 Vascular Endothelial Growth Factor (VEGF) Receptor Inhibition 

Within a healthy lung, VEGF is abundantly expressed, helping to maintain lung structure by 

eliciting pro-survival and antiapoptotic effects on endothelial cells (EC). Both clinical and 

experimental PAH are characterized by VEGF upregulation, sometimes due to hypoxic exposure 

and/or genetic factors20.  It was originally hypothesized by other investigators that VEGF receptor 

inhibition using SU5416 (SU) would resolve PAH in rats exposed to chronic hypoxia21.  Instead, 

these researchers observed the opposite, with SU-treated rats developing severe PAH.  The severe 

PAH was attributed to SU increasing EC apoptosis, generating conditions that favor apoptosis-

resistance with high growth potential and eventual EC hyperproliferation21.   

Importantly, injection of SU generates pulmonary arterial changes similar to those observed 

clinically, unlike other experimental injections22.  VEGF expression is regulated via numerous 

factors, including hypoxia, cytokines, and growth factors23.  When VEGF is inhibited using SU, 

alterations in the pulmonary vasculature occur, causing EC death.  Subsequent stimulation of EC 

proliferation causes the precapillary arterial lumen to become obliterated with proliferating 

endothelial cells, a characteristic of severe PAH.  Importantly, increased apoptosis of endothelial 

cells by VEGF receptor blockade causes the loss of survival signaling and apoptosis-resistant cells 

form within the vasculature, cells with a high growth potential. The formation of plexiform-type 

lesions similar to human pathophysiology make the SU model favored, as other popular models, 
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like the monocrotaline model, do not form obstructive lesions within the pulmonary arteries.  

Therefore, this study is designed to evaluate the effect of SU-induced PAH on integral molecular 

signaling related to PAH development/therapies.  Additionally, this study will determine if 

ethanol-diet causes SU-induced PAH to worsen.   

 

1.4 Role of Endothelin-1 (ET-1) in PAH 

Endothelin-1 (ET-1) is a potent vasoconstricting pro-inflammatory peptide highly indicated in 

both PAH pathophysiology and therapeutics. Clinically, patients with PAH have elevated serum 

and lung ET-1 expression24.  Interestingly, plasma ET-1 expression is upregulated due to ethanol 

consumption25 and enhances ET-1 induced vasoconstriction8.   Under healthy physiological 

conditions, pulmonary vascular tone is optimally maintained via the balancing of the 

vasoconstrictor ET-1 and the vasodilating actions of nitic oxide and prostacyclin; during PAH an 

imbalance induces vasculopathy26.  ET-1 mediates vasoconstriction via ETA and ETB receptors 

on vascular smooth muscle cells; however, the ETB receptor present on endothelial cells stimulates 

vasodilation via NO release. Loss of ETB signaling, and its restoration is central to PAH therapy 

27.  Selective ETA receptor antagonism is used as a PAH pharmacological approach to decrease 

ETA signaling and retain the vasodilating effect mediated by the ETB receptor 27.  Interestingly, 

ethanol-evoked tissue dependent changes in ET-1 receptor expression profile have been 

documented, reducing ETB receptor expression within the corpus cavernosum of rats chronically 

exposed to ethanol 28,29.  Additionally, PAH pathophysiology involves an upregulated 

inflammatory response. 30   ET-1 mediates intrapulmonary artery inflammation by inducing IL-6 

release from human vascular smooth muscle cells via activation of nuclear factor kappa B (NF-

KB).31  Therefore, with ET-1 having a pivotal role in the capacity of ethanol to augment the ET-1 
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signaling axis combined with its pro-inflammatory properties, it is integral to study the influence 

of ethanol to better understand the potential ramifications/contraindications to pathophysiology 

and therapeutic targets.  The proposed study will test the hypothesis that ethanol increases ET-1 

expression and alters ET-1 receptor signaling, thus predisposing/exacerbating PAH in male rats.  

 

1.5 Role of Interleukin-6 (IL-6) in PAH 

 

Patients with PAH have elevated serum and lung IL-6 32.  It is important to note that increased 

IL-6 levels impact patient prognoses, with high concentrations correlating with poorer RV 

function, quality of life, and decreased patient survival 10.  Experimental research shows 

overexpression of lung specific IL-6 alone (without hypoxic exposure) in mice leads to 

spontaneous PAH development, with pulmonary vascular remodeling via the promotion of 

apoptosis resistant conditions within the pulmonary artery 32. Additionally, experimental IL-6 

blockade ameliorates pulmonary hypertension via inhibiting IL-6 mediated M2 macrophage 

polarization within the lung33.  IL-6 expression can be influenced by environmental exposures 

including ethanol consumption, which is indicated to increase plasma IL-6 levels34.  Finally, ET-1 

promotes IL-6 release 35.  Therefore, with environmental and molecular factors, like ethanol and 

ET-1 causing IL-6 induction, the proposed studies investigated the function of the IL-6 

inflammatory axis and its relation to ethanol-predisposed/exacerbated PAH.   

 

1.6 Tumor Necrosis Factor-α (TNF-α) 

Another inflammatory cytokine highly indicated in PAH pathophysiology is TNF-α, with PAH 

patients exhibiting elevated serum TNF-α levels, and experimental models showing TNF-α 
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suppressing vasodilating PGI2 mRNA and increasing vascular reactivity30. Additionally, TNF-α 

is indicated to stimulate IL-6 release from vascular smooth muscle cells 36.  TNF-α release is 

increased with chronic ethanol consumption 37.  Research indicates that TNF-α induces IL-6 

synthesis and stimulates inflammation via recruitment of p65 to the IL-6 promoter 36. Chronic 

ethanol consumption is indicated to cause organ damage via increased release of TNF-α38, but it 

remains unclear if ethanol mediates TNF-α increases within the lung and RV in the context of 

PAH.   

 

1.7 Bone Morphogenetic Receptor Type 2 (BMPR2) and PAH 

Loss of BMPR2 signaling is central to novel PAH research and therapies, with deficiencies 

found in 70% of patients with hereditary and 20% with idiopathic PAH 39.  BMPR2 is an important 

target for PAH therapeutics because of the receptor’s protective role on the pulmonary vasculature 

due to anti-proliferative signaling40; therefore, research on factors that downregulate BMPR2 are 

needed to better understand the development of PAH pathophysiology. A multitude of biochemical 

markers are associated with BMPR2 downregulation in both experimental and clinical PAH11, 

including ET-1, TNF-α, and IL-6; molecules elevated due to ethanol.  ET-1 downregulates BMPR2 

signaling, leading to elevated anti-BMP gremlin-1 expression, causing increased p38 mitogen 

activated protein kinase (MAPK), resulting in pulmonary artery smooth muscle cell (PASMC) 

proliferation 41.  Additionally, TNF-α causes a reduction in BMPR2 transcription and mediates 

BMPR2 cleavage by sheddases, causing PASMC proliferation42. Finally, IL-6 is indicated to cause 

BMPR2 deficiency via negative feedback by activation of STAT3 and the release of miR17-5 and 

miR20 to bind the 5´UTR of BMPR2 mRNA.  This causes  degradation of BMPR2 43, thus 

investigation on how BMPR2 expression can be augmented due to ethanol consumption is 
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instrumental to understand ethanol’s contribution to PAH pathophysiology.  Therefore, our results 

will provide insight on how an ethanol-diet augments lung BMRP2 expression, which could be 

detrimental to cardiopulmonary health.  

 

1.8 Innovation 

These novel studies are designed to understand how ethanol consumption influences 

cardiopulmonary disease, sensitivity to PAH development, and the influence of an ethanol diet on 

pre-existing PAH.  This longitudinal study was designed to document time-based PAH 

development via echocardiographic analysis, with additional postmortem molecular and 

histological analysis.  The findings of this study have determined the influence of an ethanol diet 

on PAH related molecular signaling, thus advancing our understanding of the cardiopulmonary 

contraindications of ethanol consumption in relation to PAH therapeutic targets.     

 

1.9 Aims of the Study 

Specific Aim 1:  Test the hypothesis that chronic ethanol consumption provokes PAH in male rats. 

Rationale:  Ethanol consumption is indicated to elicit detrimental cardiovascular effects13.  

Importantly, the majority of ethanol research has focused on left-side of the heart disease, limiting 

our understanding of its right-side of heart effects. A recent comparison study indicates the RV as 

more sensitive to ethanol-elicited cardiomyocyte hypertrophy6; however, time-based progression 

of RV hemodynamic changes and the effect of ethanol on integral PAH mediators have not been 

determined. Patients with PAH have vasoconstriction of pulmonary arterioles, mediated by ET-1, 

which is upregulated in patient plasma9.  Ethanol upregulates ET-1 plasma expression and disrupts 

the ET-1 signaling axis by enhancing contraction in the carotid artery via altered receptor 
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expression8 . Noteworthy, ethanol upregulates the ET-1 induced protein IL-631,34 , a pro-

inflammatory protein whose overexpression induces experimental PAH44 and is upregulated in 

PAH patients45. The literature shows that IL-6 expression is induced by ET-131, as well as the pro-

inflammatory TNF-a 46,47, a protein known to govern PAH development42 .  Collectively, it 

important to understand the influence of ethanol consumption on these PAH pro-inflammatory 

mediators, known to modulate BMPR2 expression/signaling11,42,43, a protein of novel therapeutic 

importance11 . To address the hypothesis that chronic ethanol consumption provokes PAH in male 

rats, this study addressed the following questions:   

 

1. Will chronic ethanol consumption cause alterations in cardiopulmonary 

echocardiographic parameters used in PAH diagnostics? 

2. What is the effect of ethanol on mean arterial pressure and/or cardiac contractility? 

3. Does ethanol cause intrapulmonary artery remodeling and subsequent RV hypertrophy?  

4. Does ethanol upregulate the vasoconstricting/pro-inflammatory ET-1 axis within the 

lung and RV, causing alterations in ETA and ETB receptor expression within the lung?   

5. Is the pro-inflammatory ET-1-TNFα-IL-6 axis upregulated by ethanol consumption, 

influencing BMPR2 expression in the lung? 

 

Specific Aim 2:  Test the hypothesis that male Sprague-Dawley (SD) rats (CD strain) from Charles 

River Laboratories (Raleigh, North Carolina) are sensitive to a single injection (20 mg/kg) of the 

VEGF receptor inhibitor SU5416 (SU) and develop PAH without hypoxic exposure.  
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Rationale:  An early issue faced in this study was the lack of access to whole body experimental 

hypoxia chambers, making the utilization of the Sugen + Hypoxia in vivo model of PAH 

unattainable at our current institution.  Importantly, studies have documented strain-dependent 

sensitivity to the SU injection, ranging from unresponsive (does not cause PAH) to 

hyperresponsive (developing severe PAH)2,7.  Specifically, Charles River Laboratory male SD rats 

of different geographic locations have been observed to develop PAH after a single injection of 

SU, without hypoxic exposure2,7.  Therefore, this preclinical study sought to determine if SD rats 

from Charles River Laboratories (Raleigh, North Carolina) developed PAH after a single injection 

of SU, without hypoxia, as documented in the literature.  Furthermore, the mechanism by which 

rats sensitive to SU develop PAH remains unclear.  These studies addressed the following questions 

to understand the development of PAH in SD rats:    

1. Does SU cause RV hypertrophy and change cardiopulmonary hemodynamics?  

2. Does SU upregulate the inflammatory peptide ET-1 and modulate ETA and ETB 

receptor expression in the lungs?  

3. Will SU cause an upregulation of the ET-1-TNF-a-IL-6 pro-inflammatory axis in the 

RV and lungs? 

4. How is the expression of BMPR2 affected due the SU injection?   

 

Specific Aim 3:  Does ethanol diet cause an exacerbation in the PAH disease profile caused 

by VEGF receptor blockade in rats sensitive to PAH induction?  

 

Rationale:  Clinically, the development of PAH can be multifactorial, with patients developing 

PAH due to drugs, toxins, and/or genetic factors 48.  Currently there is an unmet need to 
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understand how environmental exposures, such as ethanol consumption, can impact the disease 

profile of PAH.  These exploratory studies will elucidate how ethanol consumption impacts 

healthy and diseased rats and contribute to our understanding of how diet impacts 

cardiopulmonary health. The following questions will be answered to address this aim: 

 

1. Will an ethanol diet and VEGF receptor inhibition compromise cardiopulmonary 

hemodynamic function and increased RV hypertrophy?  

2. Does the SU-injection + ethanol diet cause an exacerbation in ET-1 expression and its 

downstream induction of the pro-inflammatory cytokines TNF-a and IL-6? 

3. Will there be a change in ET-1 and BMPR2 receptor expression within the lungs of 

SU-injection + EtOH-diet rats.



 

CHAPTER TWO:  MATERIALS AND METHODS 

 

2.1 Animals 

Male 6-week-old (200-250g) CD strain Sprague-Dawley rats (Charles River, Raleigh, 

North Carolina) were individually housed in standard plastic cages at the animal facility at East 

Carolina University.  During the one-week acclimation period, rats were allowed free access to 

water and chow until the beginning of the protein liquid diet administration.  A 12-h light/dark 

cycle and a room temperature of 23 ± 1 °C was maintained for the duration of the experiment.  

This study was approved by the East Carolina University Institutional Animal Care and Use 

Committee and was consistent with the Guide for the Care and Use of Laboratory Animals as 

governed by the U.S. National Institutes of Health (2023).  

 

2.2 Ethanol-Feeding Regimen 

Upon arrival, rats were given free access to water and standard chow diet for one week.  

Rats were weighed, matched for body weight, and divided into two groups (n=7-8 per group).  A 

one- week acclimation period was allowed by adding 2.5% (w/v) ethanol to balanced liquid protein 

diet (Alcohol rodent liquid diet, LD 102A, TestDiet). The control rats were pair-fed with isocaloric 

control diet (Rodent liquid diet, 102, TestDiet).  Thereafter, ethanol concentration was increased 

to 5% (w/v), water was removed, and pair-feeding continued for 8-weeks. Liquid diets were 

prepared fresh daily (contents detailed in Table 1) and tail blood was drawn on weeks 3, 6 and 8 

to determine blood ethanol levels.  Weekly EchoMRI™ and transthoracic echocardiography were 

conducted.  After 8-weeks at 5% ethanol, rats underwent femoral artery catheterization followed 

by euthanasia and tissue collection.  
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2.3 Induction of Pulmonary Arterial Hypertension using SU5416 

Rats were given free access to water and standard chow diet.  After a one-week acclimation 

period, rats were matched for body weight, divided into two groups (n=8-9 per group), baseline 

echocardiography and EchoMRI was conducted, liquid-protein diet was administered, and a one-

week acclimation period was given.  SU5416 (Cayman Chemical, #13342) was suspended in 

0.05% vehicle CMC (0.05% carboxymethycellulose sodium, 0.9% sodium chloride, 0.4% Tween 

80, 0.9% benzyl alcohol in deionized water) and rats were administered a single subcutaneous 

injection of SU (20 mg/kg) suspended in 0.05% CMC or vehicle control 0.05% CMC7,49.  Eight-

weeks post-injection, rats underwent femoral artery catheterization followed by euthanasia and 

tissue collection.  Male rats were exclusively used in this study to reduce variability. A general 

experimental timeline schematic is provided for each study aim (Fig(s) 3.1, 4.1, & 5.1). 

 

2.4 Transthoracic Echocardiography 

Transthoracic echocardiography was conducted using the VisualSonics Vevo3100 

ultrasound system under isoflurane (2%) anesthesia. Rat chest hair was removed using Veet® hair 

removal cream, and the heart rate was titrated to approximately 300/min.  Echocardiography data 

analysis was conducted using VivoLab 5.5.0 Software.    

 

2.5 Assessment of Pulmonary Hemodynamics 

Pulmonary artery (PA) visualization was obtained in the modified left parasternal-long axis 

view in B-mode.  Color Doppler was used to identify the location to assess the PA, then using 

Pulsed-waved Doppler (PW-Doppler), the PW-doppler sample area was set and measured in the 
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area of optimal flow. Pulmonary artery acceleration time (PAAT) and pulmonary artery ejection 

time (PET) were measured.  PAAT was adjusted by PET to account for heart rate variability 50. 

 

2.6 Evaluation of Right Ventricle Structure 

A left modified parasternal long-axis view 51 was used to obtain a clear view of the RV, aortic 

valve, intraventricular septum (IVS), and LV in B-mode.  Using M-mode, the sample volume line 

was placed between the shadow of two contiguous vertebrae. Images obtained from this orientation 

were used to calculate the RV internal diameter during diastole (RVID; d) and the LV internal 

diameter during diastole (LVID; d) 52. 

 

2.7 Determination of Left Ventricle Mass 

 Left ventricle (LV) mass was analyzed using weekly echocardiography for the duration of 

the experiment.  A clear view of the LV was visualized in short-axis orientation using B-mode and 

a reference image was taken.  Next, the cursor was put over the LV in M-mode to obtain a clear 

view the LV walls (anterior and posterior).  Measurements of the LV anterior and posterior walls 

during diastole and systole were recorded with additional measurement of the left ventricle internal 

diameter during diastole and systole. All measurements were recorded for 5 cycles and the 

instances were averaged.   

  

2.8 Measurement of Mean Arterial Pressure 

Rats were anesthetized by intraperitoneal injection (0.1 mL/100g) of ketamine (90 mg/mL) 

and xylazine (10 mg/kg).  An incision was made in the inner thigh to expose the femoral artery.  

Using a 25-gauge needle a small arteriotomy was made in the artery and a catheter was guided into 
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the femoral artery.  The catheter's position within the artery was verified visually. Blood pressure 

was recorded, and analyzed using LabChart software (v.7, AD Instruments, Colorado Spring, CO) 

as in our previous studies 53,54.   

 

2.9 Determination of Plasma Ethanol Concentration 

Plasma ethanol (EtOH) concentration was determined using the method established in the 

lab previously published studies 55. Using a microplate reader (Tecan Group Ltd., Männedorf, 

Schweiz), absorbance was detected at 340 nm and using a standard calibration curve, ethanol 

concentration was calculated as in our previous studies 54,56 

 

2.10 Body Composition Analysis 

Whole body composition analyzer, EchoMRI™ (Echo Medical Systems, Houston, Texas), 

was used weekly to monitor body composition.  Rats were inserted into analysis tube and then into 

EchoMRI™ machine for body composition analysis. Lean muscle and fat mass values were 

corrected by the respective body weight of each rat throughout the experiment. 

 

2.11 Enzyme-linked Immunoassay (ELISA) 

Lung and RV tissues were homogenized in PBS and ELISA was used to determine the 

levels of ET-1, IL-6, and TNF-α (R&D Systems #DET100, #R6000B, #RTA00,) according to 

manufacturer’s instructions. 
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2.12 Western Blot 

Lung tissue was homogenized in lysis buffer with a protease inhibitor cocktail.  Samples 

were centrifuged for 15 min at 12,000 g, supernatant was collected, and 20 μg of protein was 

loaded into each well to be separated via 2-14% bis-tris gel electrophoresis.  Gels were then 

transferred onto nitrocellulose membranes, blocked with 2.5% non-fat dry milk for 2 hours, and 

incubated with the following: BMPR2 monoclonal antibody (Invitrogen #MA5-15827, 1:1,000 

dilution), ETA (Invitrogen PA3-065, 1:1,000 dilution), ETB (Invitrogen PA3-066, 1:1,000 

dilution) receptors, β-actin (Abcam #ab115777, 1:20,000 dilution), or GAPDH (Invitrogen #MA1-

16757), and were incubated at 4°C for 24 hours. Membranes were washed in PBST and incubated 

with IRDye680-conjugated goat anti-mouse (1:15,000) and IRDye800-conjugated goat anti-rabbit 

(1:15,000) from LICOR Biosciences for one hour. Membranes were washed using PBST, and 

proteins were observed using Odyssey M. Imager (LI-COR) and analyzed using LI-COR 

ImageStudio 5.2 software.   

 

2.13 Histology 

Lung and RV samples were fixed in 4% paraformaldehyde, in O.T.C., cut to 4 μm thickness 

at -24℃ using a cryostat, and mounted onto positively charged slides (Fisher Scientific).  H&E 

staining was conducted, and slides were imaged (Keyence microscope).  Lung intrapulmonary 

arteries were imaged at 200X magnification (15 arteries per sample) and medial layer % thickness 

was quantified as (% wall thickness = [(medial thickness × 2)/ (external diameter)] × 100), 57,58. 

RV cross-sectional area (CSA, 400X) was calculated using random images of RV cardiomyocytes 

(8 random images per sample, 20 cardiomyocytes per image, 480 cardiomyocytes per group).  

Masson’s trichrome staining was conducted, and slides were imaged (Keyence microscope) at 
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100x and 200x.  Percent fibrotic area, intrapulmonary artery thickness, and CSA were calculated 

using ImageJ software (NIH).   
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Table 1.1:  Liquid Diet Formulation. 

Diet Type Water (mL) Powder Diet (g) Maltodextrin (g) Ethanol (mL) 

Control 771 229g: LD102 0 0 

EtOH (2.5%) 792.7 139g: LD102A 40 28.3 

EtOH (5%) 810.1 139g: LD102A 0 50.9 



 

CHAPTER THREE:  LUNG AND RIGHT VENTRICLE INFLAMMATION AND 

REMODELING PREDISPOSE ETHANOL-INDUCED PULMONARY ARTERIAL 

HYPERTENSION 

 

3.1 Abstract 

Current research on ethanol-induced cardiovascular anomalies has focused on left 

ventricular (LV) function and blood pressure.  Therefore, the aim of this study was to determine if 

ethanol induced alterations in the right ventricle (RV) and pulmonary artery (PA) structure and 

function lead to pulmonary arterial hypertension (PAH).  Two groups of male Sprague-Dawley 

rats received balanced liquid diet containing 5% ethanol (w/v) or pair-fed isocaloric liquid diet for 

8-weeks. Weekly echocardiography was conducted to evaluate cardiopulmonary function and 

lung, RV tissues were collected for ex vivo histological and molecular studies.  The ethanol-treated 

rats exhibited: (1) Elevated mean pulmonary arterial pressure (mPAP) and decreased pulmonary 

artery acceleration time/ejection time (PAAT/PET); (2) Pulmonary vascular remodeling 

comprising intrapulmonary artery medial layer thickening; (3) RV hypertrophy along with 

increased RV/LV+Septum, RV diameter, RV cardiomyocyte cross-sectional area, and LV 

mass/body weight ratio. These responses were associated with (A) increased lung and RV pro-

inflammatory markers, endothelin-1 (ET-1), TNF-α and IL-6 levels; (B) higher ET-1, ETA/ETB 

receptor ratio and downregulation of the cytoprotective protein, bone morphogenetic protein 

receptor 2 (BMPR2) in the lungs.  These findings suggest that moderate ethanol-induced 

cardiopulmonary changes underlie progression to PAH via upregulated proinflammatory ET1-

TNFα-IL6 pathway and suppressed anti-inflammatory BMPR2. 
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3.2 Introduction 

Previous translational studies have focused on the effect of ethanol on left ventricle (LV) 

structure and function as well as vasculature 14. However, there has been significantly less focus 

on the right ventricle (RV) or pulmonary artery hemodynamics. It is noteworthy that there are 

differences in the LV and RV responses to pathological stressors 59. RV function and 

cardiopulmonary hemodynamics are important to heart health, with changes contributing to a 

multitude of cardiac diseases, including pulmonary arterial hypertension (PAH) 60. Research 

dedicated to understanding factors that influence cardiopulmonary health is increasingly 

important, as prevalence of pulmonary hypertension has increased 61.   Notably, increased 

pulmonary vascular (PV) remodeling and resistance, which lead to RV hypertrophy and failure, 

are major hallmarks of pulmonary arterial hypertension (PAH) 62.  Therefore, with habitual alcohol 

consumption being associated with increased risk of cardiovascular disease development 5, studies 

are needed to elucidate the effects of chronic ethanol consumption on RV and pulmonary arterial 

function and structure, with attention to mechanisms leading to cardiopulmonary dysfunction.  

The recapitulation of the clinical manifestations of PAH discussed above 48,63 has been 

modeled in rats 64, offering validated PAH models for preclinical research. Earlier findings showed 

that acute ethanol administration elevated mean pulmonary artery pressure (mPAP) and was 

associated with RV dysfunction in pigs 16. A more recent study showed chronic ethanol induced 

RV pressure, RV hypertrophy, and narrowing of intrapulmonary arteries in rats 6. However, it is 

possible that the use of a 4-week ethanol (5% in drinking water) model hindered the progression 

to PAH phenotype in this recent study. Importantly, studies that demonstrated evidence of LV 

injury and dysfunction utilized an 8-week ethanol (5% in balanced liquid diet) model65. Therefore, 
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this study utilized, for the first time, the 8-week model to investigate the long-term effects of 

ethanol on cardiopulmonary function and structure.   

 In particular, PAH patients exhibit upregulated plasma and lung tissue endothelin-1 (ET-1) 

9which enhances pulmonary artery tone via activation of vascular smooth muscle ETA and ETB 

receptors 27.  Additionally, ethanol administration influences the ET-1 axis via  increasing plasma 

ET-1 levels25and inducing tissue dependent changes in ET-1 receptor expression 28. However, 

studies on lung tissue and RV ET-1 levels or ETA/ETB receptor expression following long-term 

moderate ethanol consumption have not been conducted.   

PAH research supports the role of inflammation in pulmonary vasculopathy 66, particularly 

upregulations of plasma ET-1 67, and serum TNF-α and IL-6 68.  Importantly, elevations in 

circulating IL-6 or its signaling in smooth muscles of remodeled vessels of human and 

experimental PAH are associated with decreased RV function, quality of life, and survival amongst 

PAH patients 10,69. While ethanol increases TNF-α and IL-6 in other tissues18,19, it remains 

unknown if long-term ethanol consumption causes their increase in the RV and lung, leading to 

PAH.  

Growing evidence supports anti-proliferative role for bone morphogenic protein receptor 

2 (BMPR2) because its expression/signaling is downregulated in pulmonary artery smooth muscle 

cells due to increases in local ET-170, lung and circulating IL-6 71, and vascular TNF-α levels 72. 

Loss of BMPR2 signaling due to  downregulation or low levels of its activator, bone morphogenic 

protein (BMP), causes pulmonary artery smooth muscle cell proliferation 11.  However, the 

possibility of reduced lung BMPR2 expression as a mechanism for chronic ethanol induced 

adverse PA pathology has not been investigated. 
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The present study had two aims. First, to determine whether long-term moderate ethanol 

consumption alters the RV and PA structure and function leading to PAH in rats. Second, to assess 

the hypothesis the observed effects are caused, at least partly, via ethanol-induced upregulation of 

the pro-inflammatory ET-1-TNF-α -IL-6 axis and/or downregulation in its counterbalancing 

BMPR2 in the lung.   

 

3.3 Protocols and Experimental Groups 

A general experimental timeline of this preclinical study is provided in figure 3.1.  Male 6-

weeks old (200-250g) Sprague-Dawley CD rats (Charles River, Raleigh, North Carolina) were 

individually housed in standard plastic cages at the animal facility at East Carolina University.  A 

12-h light/dark cycle and a room temperature of 23 ± 1°C was maintained for the duration of the 

experiment. This study was conducted and approved by the East Carolina University Institutional 

Animal Care and Use Committee and were consistent with the Guide for the Care and Use of 

Laboratory Animals as governed by the U.S. National Institutes of Health (2023). Upon arrival, 

rats were given free access to water and a standard chow diet for one week.  Rats were weighed, 

matched for body weight, and divided into two groups (n=7-8 per group). Animals were 

individually housed to monitor liquid diet intake and facilitate pair-feeding.  A one-week 

acclimation period was allowed by adding 2.5% (w/v) ethanol to balanced liquid protein diet 

(Alcohol rodent liquid diet, LD 102A, TestDiet). The control rats were pair-fed with isocaloric 

control diet (Rodent liquid diet, 102, TestDiet).  Thereafter, ethanol concentration was increased 

to 5% (w/v), and pair-feeding continued for 8-weeks. Liquid diets were prepared fresh daily and 

tail blood was drawn on weeks 3, 6 and 8 to determine blood ethanol levels.  Weekly EchoMRI™ 
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and transthoracic echocardiography were conducted.  After 8-weeks at 5% ethanol, rats underwent 

femoral artery catheterization followed by euthanasia and tissue collection.   

 

3.4 Data Analysis and Statistics 

Values are presented as mean ± SEM. Time-course data was analyzed by Two-Way 

ANOVA with repeated measures followed by multiple comparisons testing to determine the effect 

of ethanol over the entire 8-week treatment period and at different time points, compared with 

control diet.  Other group data was analyzed for difference between control and ethanol-fed rats 

by unpaired two-tailed t-test.  All statistical analyses were conducted using Prism 9.5.1 (GraphPad 

software Inc., La Jolla, CA) with P < 0.05 considered significant.  

 

3.5 Results 

3.5.1 Ethanol-induced RV Hypertrophy with no change in body weight or composition. 

Ethanol-fed rats exhibited blood ethanol concentration of 39.8 + 1.9 mg/dL (Fig. 3.2 A) along with 

higher (P<0.01) RV/BW (Fig. 3.2 B) and RV/LV+Septum (Fig. 3.2 C) ratios, compared with 

control. Time-course studies revealed similar progressive increase in body weight (Fig. 3.2 D) and 

fat composition/body weight ratio (Fig. 3.2 E) while lean mass/body weight ratio (Fig. 3.2 F) 

progressively decreased in ethanol-fed and in isocaloric diet fed control rats.  

 

3.5.2 Ethanol increased right ventricle afterload. 

Transthoracic echocardiography measurements revealed significant (P<0.05) reductions in 

pulmonary artery acceleration time (PAAT) in ethanol fed, compared with control, rats over the 

entire 8-week period (Fig. 3.3 A). The overall PAAT reduction was more evident when the 
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normalized PAAT/PET ratios (Fig. 3.3 B) were compared over the 8-week treatment period, which 

also showed lower (P<0.01) ratios in ethanol-treated rats at weeks 6 (P<0.05) and 8. These findings 

show chronic ethanol-fed rats exhibited an overall increase in RV afterload.   

 

3.5.3 Ethanol-induced elevation in pulmonary artery pressure and right ventricular remodeling.  

Assessment of RV structure was obtained in the modified parasternal-long axis orientation where 

the RV, interventricular septum, and LV are all together.  Time-course M-mode of RV internal 

diameter during diastole (RVID; d) to the LV internal diameter during diastole (LVID; d) ratio 

(RVID; d/ LVID; d) was higher (P<0.01) in ethanol-fed rats (Fig. 3.3 C).  Additional time-course 

echocardiographic analysis showed that ethanol-fed rats exhibited significantly (P<0.05) higher 

mean pulmonary artery pressure (mPAP; Fig. 3.3 D) compared to control.  Ethanol-fed rats 

exhibited overall significantly (P<0.001) higher LV mass/body weight ratio (Fig. 3.3 E) during the 

8-week treatment period.  

 

3.5.4 Ethanol-induced pulmonary vascular remodeling and cardiomyocyte hypertrophy. 

Ethanol-fed rats exhibited pulmonary vascular remodeling and RV hypertrophy, two hallmark 

phenotypes of PAH. H&E staining of the intrapulmonary arteries revealed greater (P<0.001) 

medial layer thickness in ethanol-fed rats reflecting pulmonary vascular remodeling (Fig. 3.4 A &  

B). Further H&E staining showed ethanol-induced RV cardiomyocyte hypertrophy based on the 

greater (P< 0.05) RV cross sectional area, compared to control values (Fig. 3. 4 C & D).   
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3.5.5 Ethanol Induces a RV and Lung Pro-Inflammatory Environment.  

Quantification of pro-inflammatory mediators involved in experimental PAH showed higher (P 

<0.05) levels of endothelin-1 (ET-1), IL-6 and TNF-α in the lung (Fig. 3.5 A, C, E) and right 

ventricle (Fig. 3. 5 B, D, F) of ethanol-fed, compared with control rats. These data showed an 

ethanol-evoked pro-inflammatory environment in the lungs and RV, supporting PAH pulmonary 

and cardiac phenotypes.  

 

3.5.6 Ethanol increases the ETA/ETB receptor ratio and suppresses BMPR2 in the lung. 

Western blot analysis showed minimal alteration in endothelin-1 type A (ETA) receptor (Fig. 3.6 

A) and substantial reduction (P <0.01) in ETB receptor (Fig. 3.6 B) in the lungs of ethanol fed, 

compared with control rats. These results reflect an increased lung ETA/ETB receptor ratio in 

ethanol-fed rats.  Further, the lungs of the ethanol-fed rats exhibited reduced (P<0.05) levels of the 

anti-inflammatory protein BMPR2, compared to control rats (Fig. 3.6 C).  

 

3.5.7 Ethanol-induced elevation in mean arterial pressure.  

MAP, recorded via femoral artery catheterization, was higher (P<0.01) in the ethanol fed rats (Fig. 

3.6 D). However, there were no differences in derivative pressure over time (+dp/dt and -dp/dt) 

(Fig. 3.6 E & F) between groups.   

 

3.6 Discussion 

This study contributes new knowledge on the adverse cardiopulmonary effects of moderate 

(5% (w/v) chronic (8-weeks) ethanol consumption in male rats. The most important findings of 

the present study include ethanol induced: (1) elevations in mean pulmonary artery pressure and 
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RV afterload; (2) RV hypertrophy and intrapulmonary remodeling as evidenced by higher 

cardiomyocyte cross sectional area and increased pulmonary artery medial layer thickness; (3) 

higher lung and RV endothelin-1, IL-6 and TNF-; (4) lower lung endothelin-1 receptor B (ETB) 

and BMRP2 expression. Collectively, the present findings are the first to demonstrate ethanol-

induced adverse cardiopulmonary structural and functional effects along with possible 

mechanisms for the progression toward a pulmonary arterial hypertension phenotype in male rats.  

Previous preclinical cardiopulmonary studies on ethanol had limitations in duration and 

administration of ethanol exposure, which include conducting acute studies in pigs16 and a 

relatively short (4-week) exposure to 5% ethanol (in drinking water) in rats6 .  Here, we used a 

well-accepted 5% ethanol regimen in a balanced liquid diet with pair-fed controls and extended 

the exposure duration to 8- weeks65. Further, we studied, for the first time, the effect of this ethanol 

regimen in a Sprague-Dawley CD sub-strain, with documented sensitivity to PAH induction 7. The 

adopted regimen resulted in blood ethanol concentration of approx. 40 mg/dL (Figure 3.2 A), 

consistent with moderate ethanol consumption 73.  Noteworthy, the observed effects were ethanol 

mediated without any reduction in body weight (Figure 1D) contrary to the reduction produced by 

the same ethanol regimen in the Sprague-Dawley (SD) sub-strain rats in our previous study65, 

suggesting sub-strain specific effects of ethanol.  

The ethanol-induced RV hypertrophy, which is expressed as higher RV/body weight ratio 

and Fulton index (RV/LV+ Septum) (Figure 3.2 B, C), likely resulted from increased RV afterload, 

a hallmark cardiac phenotype of PAH 74. As discussed earlier, elevated RV afterload is supported 

by ethanol-induced: (1) progressive reductions in both PAAT and PAAT/PET (Figure 3.3 A,B), 

which are inversely related to RVSP derived from right ventricle catheterization 50,75, and (2) 

elevation in mPAP (Figure 3.3 D). Our echocardiographic findings of ethanol-induced progressive 



26 

increases in RV chamber size (Figure 3.3 C) likely reflect adaptive response to RV pressure 

overload, which ultimately leads to RV dilation and PAH phenotype 76,77. 

The present study demonstrated ethanol-induced increases in LV mass/body weight ratio 

(Figure 3.3 E) and MAP (Figure 3.6 D) denoting LV hypertrophy and elevated LV afterload. The 

higher MAP in ethanol-fed rats is consistent with a recent comprehensive epidemiological study 

that linked ethanol consumption to higher blood pressure 15. Notably, ethanol had no effect on LV 

contractility indices (Figure 3.6 E & F). It is likely that longer exposure to ethanol might be 

required to cause LV dysfunction. While studies on the effects of longer exposure period to ethanol 

are warranted, combining the ethanol regimen and the PAH sensitive rat strain used in the present 

study uncovered the first evidence of ethanol-induced RV and PAH phenotypes in the absence of 

LV dysfunction. 

To determine if structural changes contributed to  increased RV afterload, we conducted 

histological analysis of intrapulmonary artery medial layer wall thickness and RV cardiomyocyte 

cross sectional area (CSA). The findings showed reduced intrapulmonary artery diameter (Figure 

3.4 A & B) and increased RV cardiomyocyte CSA (Figure 3.4 C & D) in ethanol-fed rats.  Similar 

findings were observed in ethanol-fed rats 6 with no evidence of PAH phenotype likely due to the 

shorter (4-week) exposure to ethanol.  Therefore, these findings suggest that the RV and 

intrapulmonary artery structural changes predispose to the progression toward PAH phenotype 

following extended ethanol consumption (Fig. 3.4 A & B) possibly via thickened pulmonary 

arteries following vascular smooth muscle proliferation 78.  

We hypothesized that upregulation of ET-1 and its receptors ETA/ETB ratio contribute to 

the ethanol-induced PA and RV remodeling for the following reasons. First, serum and lung ET-1 

levels are higher in PAH patients 9,24. Consistent with these findings, ethanol increased lung and 



27 

RV ET-1 level (Figure 3.5 A & B) and in reported studies 8, and enhanced ET-1-induced vascular 

contraction 25,28. It is noteworthy that ET-1 mediates opposing vascular effects dependent on its 

receptor subtype location because activation of vascular smooth muscle ETA and ETB receptors 

causes vasoconstriction 26 while activation of endothelial cell ETB receptors mediates vasodilation 

79. Therefore, a higher ETA/ETB receptor ratio indicates a shift in ET-1 effects towards 

vasoconstriction. The latter constitutes the basis for using ETA selective antagonists as PAH 

therapeutics 27. Our findings demonstrate, for the first-time, ethanol- increased lung ETA/ETB 

receptor ratio (Figure 3. 6 A & B), which contributes to the ethanol-induced PA pathological 

changes (Figure 3.3 A,B,D & 3.4 A,B). These findings also raise a concern about ethanol use by 

PAH patients, particularly when ETA receptor antagonists are used as therapeutics.  This is 

particularly important because little is known about potential ethanol interactions with ETA 

receptor antagonist therapy in PAH patients. Future studies are needed to address this health-

related issue.     

ET-1 increases pro-inflammatory cytokine production, particularly IL-6 35, which is 

implicated in clinical and experimental PAH 32.  The elevations in RV and lung IL-6 (Figure 3.5 

C & D) likely play a pivotal role in ethanol induced PAH because: (1) overexpression of lung 

specific IL-6 leads to PAH development in mice 32; (2) Lung IL-6 is elevated in PAH patients and 

experimental models of PAH 30, and correlates with RV dysfunction and poorer patient survival 

10; (3) Ethanol-induced increases in lung and RV TNF-α (Figure 3.5 E, F) stimulates the release of 

IL-6 from vascular smooth muscle cells 36. Collectively, these findings support a role for the 

upregulated ET-1-TNF-α-IL-6 axis in ethanol-induced PAH phenotype in our study. It is also 

likely that downregulation in anti-inflammatory molecules contributed to the observed effects in 

ethanol-fed rats. 
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Recent evidence supports BMPR2 downregulation as a novel PAH trigger in 70% of 

patients with hereditary, and 20% with idiopathic, PAH 39.  Notably, BMPR2 protects the 

pulmonary vasculature due to its anti-proliferative signaling 40. The contribution of the 

downregulation of lung BMPR2 (Figure 3.6 C) to the ethanol-induced RV and PA detrimental 

effects gains credence from the following findings. First, ET-1, which is increased by ethanol 

(Figure 3.5 A, B), downregulates BMPR2 signaling resulting in pulmonary artery smooth muscle 

cell proliferation 41. Second, TNF-α, which is increased by ethanol (Figure 3.5 E, F), reduces 

BMPR2 transcription and enhances its cleavage 42. Third, IL-6 promotes BMPR2 deficiency via a 

negative feedback loop 43.  Therefore, the novel downregulation of lung BMPR2 contributes to 

ethanol-induced PAH pathophysiology.   

This work is a contribution to the understudied area of ethanol effects on RV and PA 

pathophysiology. However, this work should be interpreted within the boundaries of its limitations.  

This study establishes ethanol as a cardiopulmonary insult, but its limitations warrant recognition. 

Echocardiography is a non-invasive diagnostic and surveillance tool for PAH, but the absence of 

invasive RVSP measurement is a limitation that needs to be addressed in future studies. Future 

research needs to determine if ethanol effects on the pulmonary artery and RV hypertrophy are 

permanent, or reversible once ethanol consumption ceases. This study supports ethanol as a 

cardiopulmonary insult in male rats; however, future research in female rats is needed to determine 

if these effects of ethanol are influenced by animal sex. This is important because: (1) ethanol-

induced LV cardiac dysfunction is exaggerated in sex/estrogen dependent manner 80, and (2) 

women more commonly develop PAH, but have a higher survival rate than men 81.   

In summary, this study advances current knowledge on moderate ethanol induced 

cardiopulmonary remodeling and dysfunction. Specifically, the shift towards RV and PA 
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pathologies is initiated, at least partly, by ethanol-induced imbalance between the increased 

proinflammatory (ET-1, TNF-α and IL-6) and the downregulated counterbalance BMPR2 arms in 

the RV and PA. The present findings yield new insight into the adverse effect of ethanol on 

cardiopulmonary health, providing a foundation for future studies.  
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Figure 3.1:  Aim One Experimental timeline.  A timeline outlining experimental procedures, 

including feeding regimen, ethanol concentration, echocardiographic measurements, EchoMRI ™, 

femoral catheterization, and tissue collection of male Sprague-Dawley (CD stain) rats.  
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Figure 3.2:  Moderate chronic ethanol consumption causes right ventricular hypertrophy 

with no alteration in body weight or composition.  Blood ethanol concentration (A), Higher 

right ventricle (RV) weight to body weight (BW) ratio (B) and Fulton index (RV/ LV+Septum) 

(C) indicated RV hypertrophy in ethanol-fed rats.  Time-course of body weight (D), and 

EchoMRI™ analysis of body fat content/body weight (E), and lean mass/body weight (F) of 

ethanol (5%)-fed and control rats.  Data presented as means ± SEM (n=7-8 in each group); **P < 

0.01, compared to control group. 
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 Figure 3.3:  Ethanol Increases pulmonary vascular resistance and RV diameter along with 

LV hypertrophy.  Echocardiographic pulsed-wave Doppler mode analysis of PAAT (A), 

PAAT/PET ratio (B), RVID; d/ LVID; d (C), mPAP (D), and LV mass/BW.   Values are reported 

as means ± SEM (n= 7 per group).  Time-course data analyzed by two-way ANOVA with repeated 

measures followed by Bonferroni multiple comparisons testing.  #P<0.05, ##P<0.01, ###P<0.001 

vs control pair-fed rats, *P <0.05, **P < 0.01 vs. corresponding weekly value. 
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Figure 3.4:  Ethanol causes pulmonary arteriole thickening and RV cardiomyocyte 

hypertrophy.  Quantification of medial layer thickness of H&E-stained intrapulmonary arteries 

(A).  Values reported as mean ± SEM, compared to control group.  H&E staining illustrating effect 

of chronic ethanol consumption on intrapulmonary remodeling (B). Cross-sectional area (CSA) 

quantification of RV cardiomyocytes (C) and representative images of H&E-stained RV 

cardiomyocytes (D).  Values are reported as mean ± SEM (n=3), *P <0.05, ***P <0.001 compared 

to control group. 
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Figure 3.5:  Ethanol-evoked upregulation of lung and RV key pro-inflammatory mediators 

of PAH.   ET-1 (A & B), IL-6 (C & D) , and TNF-α (E & F) levels in lung and RV tissues of 

ethanol-fed, compared with isocaloric liquid diet fed (control), rats.  Values are means ± SEM 

(n=5-6 in each group), *P <0.05, **P<0.01, compared to control group. 
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Figure 3.6: Ethanol affects lung receptor expression, mean arterial pressure (MAP), and 

contractility.  Lung endothelin A receptor (ETA; A), endothelin B receptor (ETB; B) and bone 

morphogenetic protein receptor 2 (BMPR2, C) levels in ethanol-fed, compared with isocaloric 

liquid diet fed (control), rats.  Mean arterial pressure (MAP; D) and dp/dt (E, F) generated via 

femoral artery catheterization. Data presented as means ± SEM (n=5-6 rats per group).  Values 

presented as means ± SEM, *P <0.05, **P <0.01 compared to control group.  



 

CHAPTER FOUR:  Investigating the Sensitivity of Sprague-Dawley Rats to the Vascular 

Endothelial Cell Growth Factor Receptor (SU5416) Inhibitor and the Development of 

Pulmonary Arterial Hypertension 

 

4.1 Abstract 

Pulmonary arterial hypertension (PAH) is a progressive vasculopathy characterized by 

elevated pulmonary arterial pressure, hypertrophy of the right ventricle (RV), and eventual right-

heart failure.  Animal models of PAH pathophysiology are complex, with the Sugen + Hypoxia 

model being favored (subcutaneous injection of a vascular endothelial growth factor receptor 

inhibitor (SU5416 (SU)) followed by a 3-week exposure to chronic hypoxia to produce sustained 

PAH without recovery.   Unfortunately, limited access to hypoxic chambers causes decreased 

accessibility to the model, negatively impacting progress in PAH research.  Studying rat strain 

responses to SU can contribute to the development of an affordable PAH model and increase PAH 

research accessibility forgoing the current necessary hypoxic exposure.  Previous studies have 

found certain strains of Sprague-Dawley (SD) rats from Charles River Laboratories of different 

geographic locations have heightened sensitivity to the SU injection, developing PAH without 

hypoxic exposure2,7. Therefore, the goal of this study was to evaluate the cardiopulmonary 

hemodynamic response of SD rats from Charles River Laboratories (Raleigh, North Carolina) to 

the SU injection and understand its influence on clinical and experimental PAH mediators.  

Interestingly, SU injected rats exhibited:  1) Elevated RV and LV afterload; 2) Significant cardiac 

hypertrophy and RV dilation; 3) Cardiac fibrosis; 4) Upregulation of the lung and RV pro-

inflammatory endothelin-1 (ET-1), TNF-α and IL-6 signaling; 5) higher ET-1, ETA/ETB receptor 

ratio and downregulation of the cardioprotective protein, bone morphogenetic protein receptor 2 
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(BMPR2), in the lungs.  Therefore, SD rats of Charles River Laboratories (Raleigh, North 

Carolina) are sensitive to PAH induction via a single injection of SU causing an upregulation of 

the proinflammatory ET1/TNFα/IL6 pathway and suppressed anti-inflammatory BMPR2.    
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4.2 Introduction 

Pulmonary arterial hypertension (PAH) is a progressive cardiopulmonary disease 

characterized by elevated blood pressure within the lungs, leading to right ventricular hypertrophy 

and failure.  The pathophysiology and development of the disease is poorly understood 82, likely 

due to limitations in the capacity of animal models to  replicate human PAH83.  Currently, the 

preclinical gold standard rat model known as the Sugen + Hypoxia model 84, produces PAH via 

injection of the vascular endothelial growth factor (VEGF) receptor inhibitor SU5416 (SU, 20 

mg/kg), followed by a 3-week exposure to chronic hypoxia (10% O2).  While this model provides 

the best representation of clinical PAH, institutional access to hypoxic chambers is limited, causing 

decreased model accessibility.    

Notably, differences in sensitivity to SU amongst rat strains has been reported, ranging 

from unresponsiveness to the development of severe PAH, without hypoxic exposure.  Evidence 

suggests that rat colonies from different origins have a range of sensitivity to SU injection (Charles 

River Laboratories in Wilmington, MA and Montreal, QC, Canada 2,7); however, it remains 

unknown if Sprague-Dawley CD stain rats from Charles River in Raleigh, North Carolina develop 

PAH after a single SU injection, without hypoxic exposure.  Research investigating the 

responsiveness of rat strains to the SU injection could expand access to a clinically relevant PAH 

model, without the need for hypoxic exposure, an environment unattainable for many academic 

institutions.   

The clinical PAH vasculopathy involves the upregulation of inflammatory mediators, ET-

1, tumor necrosis factor alpha (TNF-a) and IL-6, with SU facilitating their induction85–87 .  ET-1 is 

a potent pro-inflammatory vasoconstrictor that can regulate pulmonary artery tone via activation 

of ETA and ETB receptors on vascular smooth muscle cells9. In vitro treatment of human lung 
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microvascular endothelial cells with SU resulted in ET-1 upregulation 87.  Therefore, studying if 

SU-sensitive rats develop PAH due to an upregulation ET-1 and an alteration in the ET-1 signaling 

axis warrants attention.  

The PAH pathophysiology involves the upregulation of influential inflammatory markers, 

including ET-1 88, TNF-α 18, and its downstream IL-6 19 36 .  It remains unclear if SU-sensitive rats 

develop PAH due to an enhancement in pro-inflammatory signaling within the lungs and RV.   

PAH therapeutic research has investigated the protective role of the bone morphogenetic 

protein receptor type 2 (BMPR2), with loss of BMPR2 signaling causing pulmonary smooth 

muscle proliferation.  BMPR2 expression is modulated by inflammation, with increased ET-1, 

TNF-a, and IL-6 contributing to BMRP2 deficiency 11, with the role of inflammation mediated 

BMPR2 deficiency in rats sensitive to SU remaining elusive.    

The presented study had the following aims: First, determine whether the Sprague-Dawley 

CD colony at Charles River Laboratories in Raleigh, North Carolina develop PAH 

pathophysiology after a single injection of SU.  Second, test the hypothesis that VEGF inhibition 

causes upregulation of ET-1/TNFα/IL-6 axis and/or downregulation of BMPR2.  

 

4.3  Protocols and Experimental Groups 

Male Sprague-Dawley rats (6-weeks; 200-250g) from Charles River Laboratories (Raleigh, 

North Carolina) were individually housed in standard plastic cages at the animal facility at East 

Carolina University, maintaining a 12-h light/dark cycle and a room temperature of 23 ± 1 °C for 

the duration of the experiment.  This study was approved by the East Carolina University 

Institutional Animal Care and Use Committee and was consistent with the Guide for the Care and 

Use of Laboratory Animals as governed by the U.S. National Institutes of Health (2023).  
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Rats were given free access to water and standard chow diet.  After a one-week acclimation 

period, rats were matched for body weight, divided into two groups (n=8-9 per group), baseline 

echocardiography and EchoMRI was conducted, liquid-protein diet was administered, and a one-

week acclimation period was given.  SU5416 (Cayman Chemical, #13342) was suspended in 

0.05% vehicle CMC (0.05% carboxymethycellulose sodium, 0.9% sodium chloride, 0.4% Tween 

80, 0.9% benzyl alcohol in deionized water) and rats were administered a single subcutaneous 

injection of SU (20 mg/kg) suspended in 0.5% CMC or vehicle control 0.5% CMC.  For the 

duration of the experiment, liquid diets were prepared and administered fresh daily, and 

echocardiography and EchoMRITM were conducted weekly.  Eight-weeks post-injection, rats 

underwent femoral artery catheterization followed by euthanasia and tissue collection. A general 

experimental timeline schematic is provided (Figure 4.1).        

 

4.4 Data Analysis and Statistics 

Values are presented as mean ± SEM. Time-course data was analyzed by Two-Way 

ANOVA with repeated measures followed by multiple comparisons testing to determine the effect 

of ethanol over the entire 8-week treatment period and at different time points, compared with 

control.  Other group data was analyzed for difference between control and SU rats by unpaired 

two-tailed t-test.  All statistical analyses were conducted using Prism 9.5.1 (GraphPad software 

Inc., La Jolla, CA) with P < 0.05 considered significant.  
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4.5 Results 

4.5.1 SU induced right ventricular hypertrophy in male SD rats after a single subcutaneous 

injection (20mg/ kg).   

SU-injected male rats exhibited increased RV/ LV + Septum ratio (Fig. 4.2A) and RV/Body Weight 

ratio (Fig. 4.2 B) 8-weeks post injection compared to control, indicative of RV hypertrophy.   

 

4.5.2 Liquid protein diet caused no change in body composition. 

Time-course of body weight (Fig. 4.2 C) and fat composition/body weight (Fig. 4.2) showed 

progressive increases while lean muscle/body weight (Fig. 4.2 E) progressively decreased during 

the course of the study. Diet and injection had no significant effects on body weight or body 

composition during the course of the study (Fig. 4.2 C-E). 

 

4.5.3 Echocardiographic changes in cardiac structure due to VEGF receptor inhibition. 

Representative transthoracic echocardiographic short-axis images of control (Fig. 4.3 A) and SU 

injected (Fig. 4.3 B) hearts 8-weeks post injection with showing RV dilation and septal shift in SU 

treated rats.  Further m-Mode imaging of control and SU rats (Fig. 4.4 A) supports SU mediated 

RV dilation, exhibiting increased RV internal diameter compared to control. Time-course 

quantification of RVID; d/ LVID; d ratio (Fig 4.4 B) showed significant time-course increases in 

RV diameter. 

 

4.5.4 SU injection increased RV afterload. 

Echocardiographic pulsed-wave doppler example images of the pulmonary artery show significant 

changes in waveform (Fig. 4.5A) due to the SU injection (doppler images at 8-weeks post 
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injection). Time-course analysis of mPAP (Fig. 4.5 B) showed an overall significantly increased 

mPAP in rats treated with SU compared to control, with significant increases at weeks 6 and 7 

post-injection. Analysis of pulmonary artery acceleration time (PAAT, Fig. 4.5 B, C) showed a 

significant decrease in time to peak velocity.  The PAAT/PET ratio (Fig. 4.6 E, F) was significantly 

reduced due to the SU injection.  These results reflect SU-induced increases in RV afterload. 

Representative histological images showed healthy intrapulmonary arteries within the lungs of 

control rats (Fig. 4.6 A); however, rats treated with SU showed the formation of plexiform lesions 

within the lung (Fig, 4.6 B).   

 

4.5.5 VEGF Receptor Inhibition Induces a Lung and RV Pro-Inflammatory Environment. 

Quantification of pro-inflammatory mediators involved in experimental and clinical PAH showed 

SU induced elevation in lung endothelin-1 (ET-1, Fig. 4.7A) compared to control, with no 

significant change in RV ET-1 (Fig. 4.7B).  Tumor necrosis factor-alpha (TNF-α) was increased 

in both lung and RV (Fig. 4.7 C&D) compared to control.  Further increases in lung and RV 

interleukin-6 (IL-6; Fig. 4.7 E, F) were observed in SU injected rats compared to control.  These 

data showed a pro-inflammatory environment in the lungs and RV of SU injected rats, which 

exhibited pulmonary and cardiac phenotypes related to PAH.  

 

4.5.6  VEGF receptor inhibition induces cardiac fibrosis within the right ventricle 8-weeks post 

injection. 

Quantification of cardiac fibrosis (Fig. 4.8 A) of Masson’s Trichrome stained RV tissue showed 

SU injected rats having significantly higher percent fibrotic area compared to control rats 8-weeks 

post injection.  Representative microscopic imaging of RV cardiac fibrosis (Fig. 4.8 B) shows SU 
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treated rats having increased collagen (blue stain) compared to control, indicative of cardiac 

fibrosis, a consequence of PAH.   

 

4.5.7    SU injection causes modification to lung receptors important in PAH therapeutics.  

Western blot analysis of both endothelin A (ETA) and endothelin B (ETB) receptors showed no 

significant change in ETA receptor expression (Fig. 4.9 A) but a significant downregulation in 

ETB receptor expression (Fig. 4.9 B). Additional analysis of the anti-inflammatory/anti-

angiogenic lung bone morphogenetic protein receptor 2 (BMPR2) exhibited significant 

downregulation in rats injected with SU compared to vehicle control (Fig. 4.9 C).  

 

4.5.8  VEGF receptor inhibition causes significant change to arterial pressure and contractility. 

Final mean arterial pressure (MAP; Fig. 4.10 C) obtained via femoral artery catheterization was 

elevated in rats injected with SU compared to control. Time-based echocardiographic analysis of 

the LV showed increased LV mass/body weight ratio (Fig. 4.10 A) compared to control.  Analysis 

of -dp/dt and +dp/dt (Fig. 4.10 C &D) via final femoral artery catheterization showed a significant 

decrease in -dp/dt in SU injected rats compared to control, and no alteration in +dp/dt.  These 

results are consistent with SU-induced LV hypertrophy and decreased cardiac relaxation during 

diastole.   

 

4.6 Discussion 

 The SU injection (20mg/kg) in combination with chronic hypoxia is the favored method to 

induce PAH in rats, inducing sustainable PAH without recovery upon return to normoxia89.  Strain 

sensitivity of SD male rats to VEGF receptor inhibition and incidence of PAH development 
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without hypoxia has been reported in previous studies2,7.  The present study demonstrates the 

capacity of a single SU injection to produce PAH characteristics and alter influential PAH 

mediators in male SD rats (CD stain) from Charles River Laboratories (Raleigh, North Carolina). 

 Analysis of RV/LV + Septum and RV/body weight ratios (Figure 4.2 A & B) determined 

significant SU-induced RV hypertrophy, consistent with previous studies2,7. The RV hypertrophy 

observed in this study is likely due to increased RV afterload, a classic phenotype of PAH74.  This 

is supported by our longitudinal pulsed-wave doppler assessment of the pulmonary artery, 

detailing significant SU-mediated reductions in PAAT and PAAT/PET (Figure 4.5 C & D), an 

echocardiographic measurement that inversely correlates with RV systolic pressure (RVSP) 

obtained from RV catheterization 75,90.  Additional echocardiographic assessment found a 

significant increase in mPAP (Figure 4.5 B) in SU-injected rats, a key diagnostic of PAH 91.   

Chronic pressure overload due to PAH induces change in the RV extracellular matrix, 

resulting in collagen deposition in the form of fibrosis 92.  Masson’s trichrome staining (Figure 4.8 

A & B) of the RV showed collagen deposition with significant increase in percent fibrotic area 

SU-injected rats compared to control.   Importantly, elevations in RV afterload can induce RV 

structure change, specifically RV dilation 77.  Echocardiographic assessment of RV chamber size 

in M-mode showed (Figure 4.3 A) increased chamber size 8-weeks post injection with SU 

compared to control.  Additional time-based assessment RVID; d/ LVID; d ratio (Figure 4.3 B) 

showed a progressive and significant increase in RV diameter due to the SU injection, suggesting 

RV dilation. 

It is important to address the observation that effects of VEGF receptor inhibition were not 

isolated to the RV and pulmonary artery.  Assessment of LV mass/body weight (Figure 10A) 

determined LV hypertrophy in SU-injected rats. Notably, an SU-induced change in cardiac 
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contractility derived from femoral artery catheterization showed a significant decrease in -dp/dt 

and unchanged +dp/dt (Figure 4.10 C & D), indicative of compromised cardiac relaxation during 

diastole, a characteristic significantly altered in hypertrophy 93.  Additionally, there was a  marked 

increase in MAP (Figure 4.10 B) derived from direct assessment of blood pressure in SU-injected 

rats was recorded, indicating hypertension, the most common source of LV hypertrophy 94.  These 

results support that VEGF receptor inhibition increases LV afterload, resulting in LV hypertrophy, 

and a subsequent alteration in LV relaxation during diastole.   

It is important to note the pair-fed liquid-based protein diet and the injection (vehicle or 

SU) did not result in reduction in body weight, fat, or lean muscle (Figure 4.3), supporting the 

cardiac hypertrophy and blood pressure changes were due to SU and not the diet.   

 This study hypothesized that VEGF receptor inhibition will cause an upregulation of 

endothelin-1 (ET-1) and change its receptor ratio (ETA/ETB), contributing to SU-induced 

pulmonary and RV remodeling.  This study showed significant elevation lung ET-1 and unchanged 

RV ET-1 (Figure 4.7 A, B) concentrations in rats treated with SU, consistent with upregulated 

lung ET-1 in PAH patients 95.  ET-1 is a dynamic protein, mediating opposing vascular effects 

dependent on activation of receptor subtypes and their location.  Activation of the ETA and ETB 

receptors on vascular smooth muscle cells induces vasoconstriction26, while activation of ETB 

receptors located on endothelial cells causes vasodilation79.  This study displayed an increase in 

lung ETA/ETB receptor ratio in SU-injected rats (Figure 4.9 A & B), indicating a shift toward ET-

1 mediated vasoconstriction. This study demonstrates VEGF receptor inhibition causes ET-1 

upregulation and an increased lung ETA/ETB receptor ratio, which could contribute to the 

pathological hemodynamic changes in the pulmonary artery.  These findings indicate that SU 
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sensitivity in SD rats from Charles River Laboratories could be attributed to a shift in the ET-1 

signaling axis within the lungs.    

ET-1 influences cytokine production, increasing production the pro-inflammatory 

mediator IL-6 10, a highly influential molecule in clinical and experimental PAH, with elevations 

associated with increased RV dysfunction and poor patient outcome 10.  Additionally, clinical, and 

experimental PAH have upregulated TNF-a 30, a known stimulator of IL-6 release from vascular 

smooth muscle cells 36.  This study showed SU-induced elevations in lung and RV IL-6 and TNF-

a (Figure 4.7 C-F).  Collectively, these results support the SU-evoked upregulation of the ET-

1/TNF-α/IL-6 axis contributes PAH development. 

BMPR2, a member of the TGF-b family and novel target in PAH therapeutics, it known to 

be downregulated in PAH patients96.  Its role in anti-proliferative signaling protects the pulmonary 

vasculature from the occlusion seen in PAH patients40.  This study showed SU-mediated 

downregulation of lung BMPR2 levels (Figure 4.9, C), which possibly contributes to pulmonary 

artery alterations and change in RV structure. ET-1, found to be upregulated in this study, 

downregulates BMPR2 signaling, leading to pulmonary artery smooth muscle cell proliferation41.  

Previous studies report TNF-a as a reducer of BMPR2 transcription and enhancer of its cleavage97; 

therefore, SU-induced TNF-a upregulation could contribute to the downregulation of BMPR2 in 

this study.  Finally, BMPR2 is repressed through an IL-6-STAT-3 pathway43.  Therefore, lung 

BMPR2 expression could be downregulated via SU-enhancement of a pro-inflammatory ET-

1/TNF-a/IL-6 pathway, leading to a promotion of PAH pathophysiology in SD male rats from 

Charles River Laboratories (Raleigh, North Carolina). 

This work is a contribution to PAH research in an effort to advance our understanding on 

strain sensitivity to VEGF receptor inhibition amongst rat colonies of different locations.  This 
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work should be interpreted within the area of its inherent limitations.  This study establishes the 

SU injection as an inducer of PAH in SD rats, but it is uncertain if the experimental timeline was 

increased if the disease would progress or recovery would occur.  This experiment was conducted 

using a small cohort of male SD rats.  Future experiments should use increased sample size with 

the addition of female rats to better assess overall sensitivity to PAH induction using SU without 

hypoxia.  Additionally, while echocardiography is a highly utilized non-invasive diagnostic and 

longitudinal study tool for PAH, this study lacks direct measurement of RVSP, a limitation to be 

addressed in future studies.  Finally, the molecular analysis conducted in this study was done using 

tissue homogenates, thus additional cell type specific research (i.e., pulmonary endothelial cells) 

would increase specificity of the results.   

In summary, this study adds to our current knowledge on SU-induced PAH.  While further 

research is needed, it could contribute to eventual development of an SU-sensitive strain that 

develops severe PAH, similar to the Sugen + Hypoxia model, thus increasing animal model 

accessibility to institutions without hypoxic chambers, and eventual increase in PAH research.     
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Figure 4.1: Aim Two Experimental Timeline.  A synopsis of the experimental diet regimen, 

injection of SU or vehicle control, echocardiographic and EchoMRI™ schedule, femoral 

catheterization, and final tissue collection in control and SU groups.   
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Figure 4.2:  VEGF receptor inhibition via SU5416 injection causes right ventricular 

hypertrophy in CD strain Sprague-Dawley male rats.  Higher Fulton index (RV/ LV+Septum) 

(A) and right ventricle (RV) weight to body weight ratio (B) were observed, indicating RV 

hypertrophy in SU treated rats compared to control. Time-course of body weight (D), and 

EchoMRI™ analysis of body fat content/body weight (E), and lean mass/body weight (F) of SU-

treated and control rats.   Data are presented as mean ± SEM (n=6-9 in each group); *P <0.05, **P 

< 0.01, compared to control group. 
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Figure 4.3:  Representative echocardiographic images of control and SU treated rats.  Short-

axis (A) and long-axis (B) transthoracic echocardiography showing control and SU rats showing 

right ventricle (RV), left ventricle (LV), and intraventricular septum (IVS) alterations 8-weeks 

post-injection.    
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Figure 4.4:  VEGF receptor inhibition evokes right ventricle dilation. (A) Example 

echocardiographic images showing RV and LV diameter in control and SU injected rats 8-weeks 

post injection.  Time-course echocardiographic RVID; d/LVID (B) showing increased RV 

diameter in SU injected rats.  Time-course data analyzed by two-way ANOVA with repeated 

measures followed by Bonferroni multiple comparisons testing.  #P<0.05, ##P<0.01, ###P<0.001 

vs control pair-fed rats, *P <0.05, **P < 0.01 vs. corresponding weekly value. 
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Figure 4.5:  Time-course echocardiographic analysis of the pulmonary artery.  Representative 

pulsed-wave doppler images (A) of control and SU pulmonary artery 8-weeks post-injection.   

Time course analysis of mPAP (B),  PAAT (C) PAAT/PET ratio (D).  Values are reported as 

means ± SEM (n= 8-9 per group).  Data analyzed by two-way ANOVA with repeated measures 

followed by Bonferroni multiple comparisons testing.  #P<0.05, ##P<0.01, ####P<0.0001 vs control 

rats, *P <0.05, **P < 0.01 vs. corresponding weekly value. 
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Figure 4.6: VEGF inhibition induced plexiform lesions within the lung.   H & E staining of 

lung tissue showed healthy intrapulmonary arteries in control rats and the presence of plexiform 

lesions in SU-injected rats (B).   
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Figure 4.7:  Upregulation of key pro-inflammatory markers of PAH pathophysiology within 

the lungs and RV due to VEGF receptor inhibition.  ELISA quantification of ET-1 (A, B), IL-

6 (C, D) , and TNF-α (E, F) in lung and RV tissue from differing experimental groups.  Values 

reported in mean ± SEM (n=5-6 in each group), *P <0.05, **P<0.01, compared to control group.        
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Figure 4.8:  Trichrome staining of the right ventricle showed fibrosis due to VEGF receptor 

inhibition.  Quantification of fibrotic area in Masson’s Trichrome-stained RV (A) with 

representative images (B) illustrating increased SU- induced fibrosis compared to control.   Values 

are reported as mean ± SEM (n=3),  **P <0.01, compared to control group.    
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Figure 4.9:  Determination of SU elicited effect on lung receptor expression.  Western blot 

analysis of lung endothelin A receptor (ETA, A), endothelin B receptor (ETB, B) and bone 

morphogenetic protein receptor 2 (BMPR2, C).  Data are presented as mean ± SEM (n=5-6 rats 

per group).  Values presented as means ± SEM, *P <0.05, **P <0.01 compared to control group.  
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Figure 4.10:  VEGF receptor inhibition causes LV hypertrophy and elevated arterial 

pressure.  Time-course echocardiographic analysis of  LV mass/Body Weight was significantly 

increased due to SU treatment (A).  Mean arterial pressure (MAP; B) and dp/dt (C, D) generated 

via femoral artery catheterization. Data presented as means ± SEM (n=5-6 rats per group).  Values 

presented as means ± SEM, *P <0.05, **P <0.01 compared to control group.  Time-course data 

analyzed by two-way ANOVA with repeated measures followed by Bonferroni multiple 

comparisons testing.  #P<0.05, ##P<0.01, ###P<0.001 vs control pair-fed rats, *P <0.05, **P < 0.01 

vs. corresponding weekly value.



 

CHAPTER FIVE:  MODERATE CHRONIC ETHANOL CONSUMPTION ENHANCES 

SU5416 INDUCED PULMONARY ARTERIAL HYPERTENSION IN MALE RATS  

 

5.1 Abstract 

Our previous study determined that moderate ethanol consumption is a cardiopulmonary 

insult that predisposes pulmonary arterial hypertension (PAH) development.  Furthermore, the 

same CD-strain of Sprague-Dawley (SD) rats displayed sensitivity to developing PAH after single 

injection of the VEGF receptor inhibitor SU5416 (SU).  This preclinical study involved the co-

administration of single administration of the VEGF receptor inhibitor  SU and 8-week exposure 

to chronic moderate ethanol consumption (5% w/v).  Four groups of male Sprague-Dawley rats 

were divided into the following groups:  1) Vehicle + pair-fed isocaloric liquid diet; 2) Vehicle + 

balanced liquid diet containing 5% ethanol (w/v); 3) SU injection + pair-fed isocaloric liquid diet; 

4) SU injection + balanced liquid diet containing 5% ethanol (w/v).  Weekly echocardiography 

was conducted to assess cardiopulmonary function, followed by tissue collection for ex vivo 

histological and molecular testing.  Rats exposed to ethanol-diet plus VEGF receptor blockade 

exhibited: (1) Elevated RV afterload (2) Cardiac hypertrophy; (3) higher ET-1, lung ETA/ETB 

ratio, and downregulation of cardioprotective bone morphogenetic receptor protein 2 (BMPR2).  

These observations reveal that chronic ethanol exposure causes cardiopulmonary insult and 

contributes to the exacerbation SU-induced PAH pathophysiology.  
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5.2 Introduction 

 

 Pulmonary arterial hypertension (PAH) is paradoxical disease brought on via genetic 

predisposition or environmental factors, usually in multifactorial combination98. The VEGF 

receptor inhibitor, SU5416 (SU), accompanied by a 3-week exposure to chronic hypoxia is one of 

the best animal (or experimental) models of PAH 89, inducing angioobliterative lesions similar to 

plexiform lesions observed clinically, a characteristic not reflected in other popular PAH 

experimental models99.  Recent studies observed hypersensitivity to the SU injection, developing 

PAH after single administration of SU, without hypoxic exposure in male SD rats 2,7.  Notably, our 

recent study (chapter four) confirmed the presence of SU-hypersensitivity (single administration 

of 20 mg/kg injection) in SD rats from Charles River Laboratories, Raleigh, NC, inducing PAH 

characteristics in absence of hypoxia.  This research combines the findings of moderate ethanol 

consumption inducing PAH predisposition100 (chapter three) with the observed hypersensitivity of 

SU-mediated PAH induction (chapter four) in SD rats to follow a “second-hit hypothesis” of PAH 

exacerbation.   

The experimental PAH “second-hit hypothesis” theorizes at risk individuals (usually 

genetic) develop PAH through exposure certain drugs/toxins, thus contributing to the development 

of the disease.  Therefore, this preclinical study follows “two-hit” exposure:  1) SD rats 

hyperresponsive to VEGF receptor blockade using SU; 2) 8-week exposure to chronic moderate 

ethanol consumption.   The present study is the first to assess the impact of VEGF receptor 

blockade in rats chronically administered an ethanol-based diet.  

Our previous studies showed ethanol and SU-mediated changes in cardiopulmonary 

hemodynamics, development of cardiac hypertrophy and fibrosis, upregulated PAH-
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inducing/mediating inflammation (ET-1, IL-6, TNF-α) with increased ETA/ETB ratio and 

downregulated BMPR2 expression.  Therefore, the third phase of this research will address the 

following hypothesis: exposure to chronic ethanol-diet will exacerbate PAH induced by VEGF 

receptor blockade in rats sensitive to PAH development.  To test this hypothesis this study will 

assess: 1) hemodynamic function and cardiac hypertrophy; 2) pro-inflammatory cytokine 

expression; 3) alterations to endothelin receptor profile and BMPR2 within the lung.  This 

preclinical research adds to our understanding of how lifestyle choices, like ethanol consumption, 

combined an inducer of PAH (SU) can influence the pathophysiology of PAH in rats sensitive to 

PAH development. 

 

5.3 Protocols and Experimental Groups 

 Six-week-old male SD (CD strain, 200-250g) rats from Charles River (n=7-9 per group) 

were used in this study. Baseline echocardiography, body weight, and EchoMRI were conducted 

after one week acclimation period, and repeated weekly throughout the experiment.  Next, rats 

were divided into four treatment groups: 1) Isocaloric control liquid diet with vehicle injection of 

0.05% CMC; 2) Ethanol-based (5%) liquid protein diet with vehicle injection of 0.05% CMC; 3) 

Isocaloric control liquid diet with 20 mg/kg injection of SU; 4) Ethanol-based (5%) liquid protein 

diet with 20 mg/kg SU injection.  Rats were housed individually, and liquid-protein diet 

administration began, with rats receiving 2.5% ethanol liquid protein diet or an isocaloric pair-fed 

control diet for one week.  After one week at 2.5%, ethanol concentration was increased to 5%, 

water was removed from the cage, and food was prepared fresh daily.  At 8-weeks of 5% ethanol, 

femoral catheterization to record hemodynamic measurements were conducted, followed by tissue 
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collection for molecular and histological analyses.  A general schematic of the experimental 

timeline is provided (Figure 5.1).         

5.4 Statistical Analysis 

 Statistical analyses were conducted using GraphPad Prism 9.2 software and data was 

expressed in mean ± SEM.  Analyses of Western blot and ELISA results were conducted using a 

one-way ANOVA followed by Tukey’s multiple comparison post hoc testing.  Two-way ANOVA 

with multiple comparisons post hoc testing was used on change from baseline data.   

5.5 Results 

5.5.1 VEGF receptor inhibition in combination with ethanol-diet exacerbates right ventricular 

hypertrophy.  The ethanol-feeding regimen tested every other week resulted in a blood ethanol 

concentration range of 31-49 mg/dL (Fig. 5.2 A), consistent with our previous findings100, and did 

not differ between ethanol-consuming groups.  Post-euthanasia analysis of RV/LV + Septum (Fig. 

5.2 B) ratio was significantly increased in the SU + EtOH group, and RV/body weight (Fig. 5.2 C) 

ratio was significantly increased in all experimental groups compared to control. 

 

5.5.2  Ethanol-diet with pair-fed controls showed no alteration in body weight and composition. 

Time-based analysis (Fig. 5.3 A) showed no difference in body weight between groups.  Body 

composition was not significantly altered for the duration of the experiment, as fat/body weight 

(Fig. 5.3 B) and lean/body weight (Fig. 5.3 C) were not significantly different from one another.   
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5.5.3.   A combination of ethanol and SU causes increased right ventricular afterload. 

Mean pulmonary arterial pressure (mPAP, Fig. 5.4  B) was elevated from baseline in ethanol-

drinking vs. control rats and SU+ EtOH diet-rats vs. control rats.  Pulsed-wave doppler 

echocardiographic assessment of the pulmonary artery showed visual (Fig. 5.4 A) wave-form 

alterations in SU + EtOH vs. control group.  Analysis of pulmonary artery acceleration time (PAAT, 

Fig. 5.4 C) showed significant decreases in EtOH vs. control and SU vs. control, with the most 

significant decrease in SU + EtOH compared to healthy control rats.  Further analysis of 

PAAT/pulmonary artery ejection time (PAAT/PET) ratio (Fig. 5.4 D) showed significant decreases 

in both EtOH and SU treated groups compared to control with an additional decrease in the 

SU+EtOH group compared to control.  

 

5.5.4 Right ventricle dilation was present but not exacerbated. 

Representative M- mode echocardiographic images of RVID ;d/ LVID; d at 8-weeks of 5% (w/v) 

ethanol consumption (Figure 5.5 A) show increased RV internal diameter with a decrease in LV 

internal diameter.  Echocardiographic analysis of RVID; d/ LVID; d ratio (Fig. 5.5 B) showed 

significant increases in SU vs. control, SU vs. EtOH, and SU + EtOH vs. control groups, indicating 

the presence of RV dilation, a hallmark of PAH. 

 

5.5.5 EtOH + SU causes significant PAH-related inflammation within the lungs. 

ELISA quantification of PAH pro-inflammatory markers within the lungs (Fig. 5.6) showed 

upregulated ET-1 (Fig. 5.6 A) in the SU + EtOH treated rats compared to control with additional 

increases in SU + EtOH vs. EtOH-diet rats, suggesting EtOH in combination with SU causes 
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significant ET-1 upregulation.  TNF-a concentration  (Fig. 5.6B) was significantly upregulated in 

EtOH-diet vs control groups.  Additionally, SU + EtOH vs. control, SU + EtOH vs EtOH-diet, and 

SU + EtOH vs. SU were all significantly different, with SU + EtOH rats expressing the highest 

TNF-a concentration.  Additional quantification of lung IL-6 concentration (Fig. 5.6 C) showed a 

marked increase in SU vs. control, with the most significant upregulation in SU + EtOH vs.  control 

rats.   

5.5.6 SU + EtOH combination upregulates right ventricle IL-6 expression. 

ELISA quantification of RV ET-1 (Fig. 5.7 A) showed significant upregulation in only the SU vs. 

control groups.  Analysis of RV TNF-a levels (Fig. 5.7 B) showed a marked increase in the EtOH-

diet vs. control rats.  Further analysis of IL-6 (Fig. 5.7 C) expression showed a significant increase 

in EtOH-diet vs. control-diet and the most significant increase in SU+ EtOH-diet vs. control-diet 

rats. 

5.5.7 Chronic ethanol consumption in combination with VEGF receptor inhibition exhibits  

RV fibrosis.  

Histological analysis of RV fibrosis using Masson’s Trichrome staining (Fig. 5.8 A, B) found 

significant collagen formation in EtOH and SU +EtOH groups compared to control.  Further, 

results indicated significantly increased fibrosis in the SU + EtOH group compared to EtOH alone 

and SU + EtOH compared to SU alone.  These results support that the combination of ethanol diet 

and SU injection cause the most significant RV fibrosis in male SD rats.  
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5.5.8 ETB and BMPR2 expression is decreased, but not additive.   

Western blot analyses showed no significant alterations in lung ETA receptor expression (Fig. 5.9 

A) but significant decreases in lung ETB receptor expression (Fig. 5.9 B) in all experimental 

groups compared to control.  Additionally, analysis of lung BMPR2 (Fig. 5.10 C) showed a 

significant downregulation in SU vs. control and SU + EtOH vs. control groups.  These results 

support that ethanol and SU cause ETB and BMPR2 downregulation; however, their combined 

administration does not exacerbate the effect.  

 

5.5.9 Significantly elevated mean arterial pressure without change in contraction and 

relaxation. 

Mean arterial pressure (MAP) derived from end of experiment femoral artery catheterization (Fig. 

5.10 A) revealed significant elevations in MAP the EtOH-group and SU + EtOH group compared 

to control.  Additional recording of +dp/dt and -dp/dt (Fig. 5.10 B, C) showed no alterations 

amongst experimental groups, with the most sigificant hypertrophy observed in SU + EtOH vs. 

control rats.      

 

5.6 Discussion 

 The ethanol-feeding model (5% w/v) used in this study was found to induce PAH 

characteristics in male SD rats100 (chapter 3).   Our results showed no significant difference in 

blood ethanol concentration between ethanol-fed rats and rats receiving ethanol and SU injection 

(Figure 5.2 A), supporting rats in different groups consumed similar amounts of ethanol and the 

SU injection did not influence blood ethanol concentration.  Furthermore, the same strain of rat 
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was found to be hyperresponsive to the SU-injection, developing PAH without hypoxic exposure 

(chapter 4), in alignment with previous literature2,7.  The present study is the first to evaluate the 

response VEGF receptor blockade in combination with long-term moderate ethanol consumption 

in a rat strain sensitive to PAH induction2,7.  

Using the ethanol-feeding regimen previously established within the lab54,55, the 

experimental blood ethanol concentration in ethanol-drinking rats (vehicle and SU-injected) was 

approximately 41 mg/dL (Figure 5.2 A), consistent with moderate ethanol-consumption73 and the 

resulting blood ethanol concentration quantified in chapter 3100.  Ethanol diet with VEGF receptor 

inhibition causes increased RV hypertrophy, evidenced by higher RV/body weight and RV/LV + 

Septum ratios (Figure 5.2B, C).  Importantly, RV hypertrophy is a hallmark compensatory adaptive 

(retains RV function) or maladaptive (associated with dilation, fibrosis, and RV failure) feature of 

PAH101.  Here, we present evidence of potential maladaptive RV hypertrophy in rats exposed to 

ethanol diet with VEGF receptor inhibition.  This study confirmed significant RV dilation in all 

experimental groups compared to the healthy control group (Figure 5.5 A, B), with increased 

RVID; d/ LVID; d ratios.  The combination of SU and EtOH was significant but not additive; 

however, histological analysis of RV fibrosis (Figure 5.8), a maladaptive form of RV remodeling 

associated with PAH102, revealed ethanol-diet induced fibrosis with exacerbated fibrosis occurring 

from the addition of VEGF receptor blockade. The fibrotic response in PAH is an adaptation to 

prevent ventricular dilation, a clinical feature of RV failure76, a potential explanation of why RV 

dilation was not exacerbated in the SU + EtOH experimental group. 

 Myocardial remodeling in the form of hypertrophy, a response to chronic pressure 

overload103, was observed in this study via longitudinal assessment of the pulmonary artery. The 

most significant reductions in both PAAT and PAAT/PET (Figure 5.4 B & C) in rats dually treated 
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with SU and ethanol-diet.  These echocardiographic measurements inversely correlated with right 

ventricle systolic pressure (RVSP) gained from surgical right ventricle catheterization and are a 

reliable indirect measurement of RV function50,75.  Furthermore, echocardiographic analysis of 

mean pulmonary arterial pressure (mPAP, Figure 5.4 A) showed ethanol-diet alone and SU-

injection alone caused significant elevations in mPAP; however, co-administration of SU and 

ethanol caused the highest mPAP, being significantly higher than rats administered ethanol-diet 

only (Figure 5.5 A, B).  Collectively, the elevation in mPAP reduces the time in which blood flow 

within the pulmonary artery reaches maximum velocity, causing a decrease in the PAAT/PET ratio.  

Therefore, a low PAAT/PET is a predictor of PAH, with a decreased ratio correlating with more 

severe PAH104. These results suggest that ethanol-diet accompanied by the SU injection caused an 

exacerbation in RV afterload and decreased RV function compared to that of ethanol consumption 

alone.   

Noteworthy, the elevated afterload and hypertrophic responses were not isolated to the RV 

and pulmonary artery.  Mean arterial pressure (MAP) derived through end of experiment femoral 

artery catheterization (Figure 5.10 A) was elevated due to ethanol-diet and ethanol-diet plus SU 

injection groups compared to control.  Additionally, no alteration in contractility (Figure 5.10 B, 

C), a response observed in pulmonary hypertension induced by aortic stenosis105.  These results 

suggest that the combination of ethanol-diet and VEGF receptor inhibition in the PAH sensitive 

rat strain may lead to development of PAH or pulmonary hypertension due to left-heart disease, a 

type of pulmonary hypertension of a different classification106 . Further studies are needed to 

address this observation.    

 We hypothesized ethanol consumption in combination with VEGF receptor inhibition 

would cause additive upregulation of the ET-1/TNF-α/IL-6 pro-inflammatory axis within the lungs 
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and RV on the basis of results generated from chapters 3 and 4.  Consistent with these findings, 

this study revealed upregulated ET-1 expression in lung (Figure 5.6 A) SU + EtOH vs. control and 

+ EtOH SU vs. SU groups, suggesting lung ET-1 upregulation was additive when ethanol and SU 

were co-administered. Significant RV ET-1 expression was found to be SU-mediated, with no 

significant change in other experimental groups (Figure 5.7 A), suggesting ET-1 upregulation and 

its elicited vasoconstrictive effects are more significant within the lung, rather than the RV.  

Consistent with the findings of chapter 3, lung TNF-a expression (Figure 5.6 B) was upregulated 

with ethanol consumption vs. control; however, the most significant upregulation was when the 

ethanol diet was combined with VEGF receptor inhibition.  While lung TNF-α was with co-

administration of SU and ethanol, RV TNF-α was only upregulated when ethanol-diet was 

administered alone (Figure 5.7 B). Furthermore, the most significant increase in IL-6 expression 

in lung and RV was seen in rats exposed to ethanol-diet with VEGF receptor blockade (Figure 5.6 

C & 5. C).   

 Similar to the results of chapters 3 and 4, ETA expression profile was unchanged (Figure 

5.9 A), with significant decreases in ETB expression (Figure 5.9 B) in all experimental groups 

compared to control, suggesting an increased lung ETA/ETB receptor ratio.  While this is 

significant, co-administration of SU and ethanol did not further increase the ETA/ETB receptor 

ratio as what was hypothesized.  

 Further analysis of lung BMPR2 showed significant decreases in rats exposed to SU alone 

and rats exposed to SU with ethanol-diet compared to control (Figure 5.9 C).  While the results 

were significantly different from control, co-administration of ethanol and SU did not have an 

exacerbated decrease on lung BMPR2 expression.   
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 In summary, the results of this study demonstrate the effect of how environmental exposure 

(chronic moderate ethanol consumption) can impact PAH development induced by VEGF 

inhibition in rats genetically sensitive to PAH development.  Specifically, this preclinical study 

exposed rats of ethanol and SU, a double-hit model exposure, mimicking the multiple exposure 

characteristics of the human pathology.     
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Figure 5.1:  Aim Three Experimental Timeline.  Graphical synopsis of experimental procedure 

including dosage, feeding regimen, echocardiography and EchoMRI schedule, femoral 

catheterization, and final tissue collection in CD strain male Sprague-Dawley rats. 
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Figure 5.2:  Ethanol-diet in combination with SU injection causes right ventricular 

hypertrophy. The experiment yielded a range of  blood ethanol concentration of 32-51 mg/dL of 

EtOH and SU + EtOH groups (A).  Effect of ethanol and/or SU after 8-weeks showed increased 

RV/LV+ Septum ratio (B) and RV/ body weight ratio (C).   Data are presented as mean ± SEM 

(n=5-6 in each group).  Data were analyzed by one-way ANOVA followed by Tukey’s Multiple 

Comparison Test.  *P < 0.05, **P < 0.01, compared to control group. 
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Figure 5.3 Moderate ethanol consumption or injection causes no significant alteration in 

body weight and composition.  Time-course of body weight (A), EchoMRI analysis of body fat 

content/body weight (B), and lean muscle/body weight (C) of all experimental groups.  Data are 

presented as mean ± SEM (n=5-6 in each group). 
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Figure 5.4:  Ethanol-diet in combination with VEGF receptor inhibition increases right 

ventricular afterload.  Example echocardiographic pulsed-wave doppler images of the 

pulmonary artery (A) showing changes in PAAT and PET measurements after 8-weeks post 

injection and ethanol-diet compared to control. Change from baseline analysis of the pulmonary 

artery showed increased of mPAP (B) with decreased  PAAT (C), and PAAT/PET ratio (D).  Values 

are reported as means ± SEM (n=5-6 in each group), *P <0.05, **P < 0.01, ***P < 0.01, ****P 

<0.0001 using two-way ANOVA with  post hoc multiple comparison testing.  
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Figure 5.5: Right ventricle dilation was significant in rats treated with ethanol-diet, SU, or a 

combination. Example M-mode echocardiographic images after 8-weeks of ethanol-diet, 

injection, or combination of control and SU + EtOH groups (A) showing RV, intraventricular 

septum (IVS), and LV chambers.  Analysis of right ventricle internal diameter during diastole 

(RVID ;d/ LVID; d, (B)) showed significant RV dilation due to all treatments compared to control.  

Values are reported as means ± SEM (n=5-7 in each group), *P <0.05, ***P < 0.001, using two-

way ANOVA with  post hoc multiple comparison testing. 
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Figure 5.6:  VEGF receptor inhibition in combination with chronic ethanol consumption 

increases key PAH pro-inflammatory markers within the lungs.   ELISA quantification of lung 

ET-1 (A), TNF-α (B), and IL-6 (C) in the lung of experimental groups.  Values are reported as 

means± SEM (n=5-6 in each group), *P <0.05, **P < 0.01, ***P < 0.01, ****P <0.0001 using one-

way ANOVA with Tukey’s post hoc test. 
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Figure 5.7:  Upregulation of key pro-inflammatory markers associated with PAH within the 

right ventricle.  ELISA quantification of right ventricle ET-1 (A), TNF-α (B), and TNF-α (C) 

from differing experimental groups.  Values reported in means ± SEM (n=5-6 in each group), *P 

<0.05, **P<0.01, ***P < 0.001 using one-way ANOVA with Tukey’s post hoc test. 
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Figure 5.8:  Ethanol-diet in combination with VEGF receptor inhibition causes right 

ventricular fibrosis.  Quantification 200X magnification of fibrotic area in Masson’s Trichrome-

stained right ventricle (A) and representative images (100X and 200X magnification) (B) 

illustrating control and the combined effect of VEGF receptor inhibition and chronic ethanol 

consumption on the right ventricle. Values are reported as mean ± SEM (n=5), *P <0.05, **P <0.01, 

****P<0.0001 using one-way ANOVA with Tukey’s post hoc test.  
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Figure 5.9:  Ethanol-diet in combination with VEGF receptor inhibition augments ET-1 

receptor expression and BMPR2.  Western blot analyses of lung endothelin A receptor (ETA, A), 

endothelin B receptor (ETB, B) and bone morphogenetic protein receptor 2 (BMPR2, C).  Data 

are presented as mean ± SEM (n=5-6 rats per group).  *P <0.05 using one-way ANOVA with 

Tukey’s post hoc test. 
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Figure 5.10:  Ethanol in combination with SU causes elevated mean arterial pressure with 

unchanged contractility.  Mean arterial pressure (A), +dp/dt (B), and -dp/dt (C) derived from 

end of experiment femoral artery catheterization. Data are presented as mean ± SEM (n=5-6 rats 

per group).  *P <0.05 using one-way ANOVA with Tukey’s post hoc test.



 

CHAPTER SIX:  GENERAL DISCUSSION 

6.1 Chapter Three Summary 

 The first phase of this preclinical study sought examine the cardiopulmonary effects 

chronic ethanol consumption, an underrepresented area of ethanol-based cardiovascular research.  

Using the ethanol-feeding model previously published within our lab 65, this research provided 

novel data, supporting the role of ethanol in provoking PAH, providing time-course 

echocardiographic data and hemodynamic changes, along with RV and lung physiological 

remodeling induced by ethanol exposure.  Additional molecular analyses established significant 

inflammation indicated to disrupt vascularly protective pulmonary receptors.  

The ethanol-diet (5% w/v) used in this study produces clinically relevant cardiopulmonary 

remodeling associated with PAH.  Similar to other ethanol research6, this study replicated ethanol-

induced RV hypertrophy,  increased cardiomyocyte size, and decreased intrapulmonary artery 

diameter 6.  Collectively, these results provided evidence that chronic moderate ethanol 

consumption negatively affects cardiopulmonary structure.  

 Pathological cardiac hypertrophy is a physiological response to increased afterload107.  The 

results of this research showed marked increases in mPAP  and MAP, citing ethanol as a 

hemodynamic modulator, consistent with other findings108.  Elevation in RV afterload is associated 

with compromised RV function, an observation recorded in this study through time-course 

decreases in PAAT/PET.  Decreased PAAT/PET ratio suggests RV dysfunction 75,104, likely due to 

the observed ethanol-induced elevations RV afterload.  

 The molecular targets analyzed in this study were chosen due to their physiological 

importance in PAH development and therapy.  This study hypothesized that an upregulation of ET-
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1 and the ETA/ETB receptor ratio within the lungs partially contributes to the ethanol-evoked 

remodeling within the intrapulmonary arteries and RV.  Upregulation of lung and RV ET-1  due to 

ethanol is critical, as patients with PAH have elevated ET-19.  Therefore, exposures such as ethanol 

consumption that increased ET-1 levels could be contraindicated in PAH patients, as the ET-1 

signaling axis being important in therapeutics109.  The results of this study show upregulated lung 

ETA/ETB receptor ratio, a result that cannot be overlooked, as since selective endothelin receptor 

blockers aim to preserve ETB receptor vasodilating signaling and block the vasoconstricting 

signaling of the ETA receptor110.   Therefore, ethanol consumption interrupts balanced ET-1 

receptor signaling within the lung in favor of vasoconstriction.   

Upregulated pro-inflammatory cytokine production was observed within the RV and lungs 

of ethanol-fed rats. Interestingly, IL-6 overexpression in experimental research can induce PAH32, 

whose signaling is important in PAH pathogenesis 33.  Additionally, this study found TNF-a 

upregulation, a protein linked to IL-6 upregulation46 and PAH development36.   It is essential to 

recognize the role of inflammatory cytokines to contribute to BMPR2 deficiency.  IL-6 and TNF-

a both contribute to downregulated BMPR2 expression11,39, an observation in patients with 

hereditary and idiopathic PAH111.     

Collectively, this study shows ethanol-evoked increases in vasoconstrictive/pro-

inflammatory signaling contributing to BMPR2 downregulation, likely contributing to the 

observed structural and functional cardiopulmonary changes in this study.  Therefore, these 

findings provide novel insight on the contraindications of chronic moderate ethanol consumption 

to cardiopulmonary health, supporting an ethanol-evoked PAH environment within the RV and 

lungs of male rats.  A graphical abstract of the mechanism in which ethanol promotes PAH is 

provided in figure 6.1.  
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6.2 Chapter Four Summary 

The overarching goal of this research was to evaluate the impact of ethanol consumption 

not only in healthy rats, but in rats with PAH.  With no access to  hypoxic chambers for the Sugen 

+ Hypoxia rat model, alternative options to induce PAH were investigated.  Specifically, male SD 

rats (CD strain) from Charles River Laboratories were used as they had been cited to be sensitive 

to PAH development (Charles River Laboratory SD rats of different locations) after a single 

injection2,7.  Therefore, this second research phase focused on physiological, hemodynamic, and 

molecular responses of rats to a single injection (20mg/kg) of the VEGF receptor inhibitor SU.   

It is important to note that this study observed genetic susceptibility to PAH development 

using the SU injection alone, without hypoxic exposure. The results of this study provided an 

acceptable alternative to the Sugen + Hypoxia rat model, gaining us access to a PAH model in the 

absence of chronic hypoxia to further study ethanol consumption’s effect on PAH (chapter 5).   

 The 20mg/kg single dose of SU caused cardiac remodeling in the form of hypertrophy.  

Post-euthanasia analysis showed significant RV hypertrophy, while time-course echocardiographic 

analysis of LV mass documented LV hypertrophy.  The observed cardiac hypertrophy is likely due 

to increased cardiac afterload, supported by increases in mPAP and MAP, with afterload associated 

with the development of cardiac hypertrophy107.  These results suggest the cardiovascular effects 

of VEGF receptor blockade are not isolated to right-side of heart and the pulmonary vasculature 

but elicit additional effects on the left-side and systemic vasculature.   

 Further RV remodeling was observed in this study in the form of RV dilation and fibrosis, 

both adaptive responses to ventricular pressure overload associated with PAH92,102. Increased 

afterload and decreased RV function was observed through echocardiographic analysis of PAAT 
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and PAAT/PET.  Significant decreases in these measurements inversely correlate with increased 

RVSP75, the gold-standard of PAH diagnostics112. 

 Studies involving SD rats and SU attribute their hypersensitivity to SU-mediated PAH 

development to increased expression of apoptosis inducing lung caspase-37, without attention to 

key PAH modulators: ET-1 (ET-1 receptor profile), TNF-a, IL-6, and BMPR2.  Similar to results 

of the ethanol study (chapter 3), a single injection of SU caused significant upregulated lung ET-

1, TNF-a, and IL-6.  Additionally, RV TNF-a and IL-6 increased significantly, but ET-1 was not 

significant.  Therefore, SU-induced inflammation/vasoconstriction is most significant in the lung 

compared to the RV.  Therefore, with inflammation known to augment ET-1 receptors and 

BMPR248, a higher ETA /ETB receptor ratio and downregulation of BMPR2 was determined. 

These results support SU-induced PAH can be attributed to upregulated inflammatory signaling 

and augmentation of integral receptors involved in PAH development and therapeutics.  

 

6.3  Chapter Five Summary 

 The third aim of this study was developed due to the results of chapters three and four.  

Considering the heterogenous nature of PAH, we sought to understand how an environmental 

exposure (ethanol consumption) impacts PAH pathophysiology within a PAH rat model.  The 

results of this study were an effort to observe how lifestyle choices can impact PAH 

pathophysiology. 

Central to PAH is the development of RV hypertrophy and remodeling, usually due to 

increased RV afterload as a result of intrapulmonary artery thickening63.  This study found 

significant RV remodeling in the form of hypertrophy, fibrosis, and dilation.   
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The results of this study found significant upregulation of the ET-1/TNF-a/IL-6 

inflammatory axis within the lung and RV; however, the effect was not completely additive when 

ethanol-diet and SU were combined.  Within the lung, the only additive effect observed was in 

TNF-a expression, with significant upregulation in the SU + EtOH group vs. EtOH alone and SU 

alone.  Additional analysis of RV inflammatory markers showed no exacerbation in the ET-1- TNF-

a-IL-6 pro-inflammatory axis. However, significant lung inflammation was observed, suggesting 

the inflammatory effects associated with PAH development are mostly pulmonary mediated. 

Collectively, these results show moderate ethanol consumption can exacerbate certain 

inflammatory PAH markers that are linked to BMPR2 downregulation.   For clinical relevance, 

this study identifies ethanol consumption as a potential risk factor for PAH and supports ethanol 

abstinence in PAH patients.     

 

6.4 Conclusions 

 These preclinical studies provide insight on cardiopulmonary consequences of ethanol 

consumption in healthy rats and rats with PAH induced by VEGF receptor blockade.   While more 

studies are needed to understand the mechanisms of ethanol-mediated PAH predisposition, SU-

induced PAH development, and their combined effect, this study was able to provide evidence of 

the following:  1)  Ethanol and SU elicit cardiac hypertrophy in response to increased RV afterload 

in healthy and diseased rats; 2)  Ethanol facilitates intrapulmonary artery remodeling and 

elevations in mean arterial pressure (pulmonary and systemic); 3) Ethanol provokes and 

exacerbates PAH through upregulated inflammation and downregulation of receptors protective to 

cardiopulmonary health. This research project provides a foundation and future for ethanol-related 



110 

PAH research, as it highlights the importance on how exposure can facilitate and exacerbate 

cardiopulmonary disease.  

  

6.5 Overall Limitations 

This work is a contribution to the understudied effect of ethanol, SU, and their combination 

on RV and PA pathophysiology.  This study establishes ethanol and VEGF receptor blockade as 

cardiopulmonary insults; however, this work should be interpreted within the boundaries of its 

inherent limitations.  Echocardiography is a non-invasive diagnostic and surveillance tool for 

PAH75,104,113, but the absence of invasive RVSP measurement (the gold-standard diagnostic tool 

for PAH) obtained via RV catheterization114 is a limitation that needs to be addressed in future 

studies. Future research needs to determine if ethanol and SU effects on the pulmonary artery and 

RV hypertrophy are permanent, or reversible once ethanol consumption ceases. Additionally, 

research determining the effects of ethanol, SU, and their combination elicit similar or juxtaposing 

effects in females is needed.  While these studies have limitations, they generate a foundation for 

future ethanol-based PAH research.   

 

6.6 Future Directions 

This study supports ethanol, SU, and their combination as potent cardiopulmonary and 

hemodynamic modulators with the novelty of these preclinical studies providing a foundation for 

future research.  
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As addressed in our limitations, these studies lacked the representation of female rats, but 

produced pilot data for a more robust study.  Female representation in PAH research is essential, 

as the global female/male PAH ratio is 1.6:1; however, a greater ratio is documented in younger 

patients (18–65-year-old), with a ratio of 2.3:1115.  The ratio equalizes between the sexes at age 65.  

These sex differences in PAH are represented by a concept known as the “estrogen paradox.”  This 

paradox has two major points:  1)  Females are more susceptible to PAH development but have 

better survival and response to treatment than males; 2)  Experimental animal models show 

protective and detrimental effects of estrogen on the pulmonary vasculature115. Estrogen elicits 

cardiopulmonary effects that related to PAH via estrogen receptor alpha having pro-proliferative 

actions associated with decreased BMPR2 expression81.  Furthermore, estrogen receptor beta 

facilitates antifibrotic, anti-inflammatory, and vasodilatory actions within the RV and lungs81. 

Therefore, the addition of female rats to future alcohol/PAH investigation is essential.  To address 

this concern, the study will utilize protocols previously established in the lab which include: 1) the 

ethanol-feeding regimen of 5% (w/v)56; and 2) ovariectomy and estradiol (E2) replacement116 to 

better isolate the physiological impact of estradiol on cardiovascular health.  It is noteworthy to 

address this strain of rat has sex-dependent differences in responsiveness to the SU injection, with 

72% of males compared to 27% of females exhibiting severe PAH development likely due to 

estrogen elicited protection117.  However, previous lab studies show ethanol promotes E2 

dependent myocardial toxicity through its counterbalancing receptors55 .  Therefore, ethanol could 

potentially generate a toxicological estrogen environment and increase female responsiveness to 

SU-induced PAH. Future studies will aid in addressing sex differences in the cardiopulmonary 

effects of ethanol, SU, and their combination, with the additional isolation of the potential effects 

of estrogen. 
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The SD male rats from Charles River Laboratories were selected because of their 

documented sensitivity to SU induced PAH (without hypoxic exposure).  Researching strain 

sensitivity to SU provides opportunity, as PAH research is limited at institutions, as many lack 

hypoxic chambers.  Studying rat-strain dependent responses to VEGF receptor blockade could 

facilitate the development of rats genetically prone to PAH development, therefore generating a 

PAH rat model that increases accessibility to PAH research by bypassing hypoxic exposure.   

 Another aspect to consider is the RV and LV response to stress overload is not the same, 

likely due to their biological, structural, and functional differences118. Therefore, the data generated 

from this, and future studies could be used to generate an ethanol-based RV and LV study 

comparison study to elucidate if a particular ventricle is more or less susceptible to ethanol-induced 

toxicity.   

 The novel preclinical data presented provides a foundation for future PAH research.  Future 

studies encompassing sex-differences, susceptibility to PAH induction, attention to ventricular 

differences will further elucidate the complex pathophysiology of PAH.    
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Figure 6.1: Summary of the cardiopulmonary effects of moderate ethanol consumption.  

Chronic moderate ethanol consumption causes cardiopulmonary remodeling in the form of 

thickened intrapulmonary arteries, RV hypertrophy, RV dilation, and elevated RV afterload.  The 

observed response to ethanol is due to, at least partially, the upregulation of inflammatory PAH 

mediators, specifically the ET-1-TNF--IL6  pathway.  Ethanol further disrupts the ET-1 axis, 

causing elevated ETA/ETB receptor ratio (promoting vasoconstriction) and downregulation of 

cytoprotective BMPR2. 
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