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

elevated pulmonary arterial pressures in which the pulmonary vasculature and right ventricle 

undergo significant structural and functional remodeling. To understand the mechanisms of this 

disease, we use a multiscale approach to quantify the relationship between cellular signaling and 

tissue biomechanics, specifically fibrotic cell signals arising due to stretch and changes in substrate 

stiffness. Since sex differences are well-established in PAH patients, where the prevalence of PAH 

in women is much higher but their survival rate is better, we also want to examine how biological 
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sex plays a role in how fibroblasts respond to stretch and stiffness. Given the upregulation of 

profibrotic gene expression of pulmonary arterial adventitial fibroblasts (PAAFs) and right 

ventricular cardiac fibroblasts in PAH, in-silico models were made of cell signaling, in-vitro 

experiments with cultured fibroblasts were conducted, and pulmonary artery tissue from in-vivo 

rat models of pulmonary arterial hypertension were analyzed. 

We studied crosstalk of profibrotic pathways in PAAFs as well as teased apart the effects 

of stretch and substrate stiffness in mechanical activation of these cells. By conducting in-vitro 

inhibition studies that the model was able to recapitulate, we demonstrated the usefulness of a 

computational model that was 80% accurate in simulating experimental designs and robust to 

parameter and epistemic uncertainty. We used this model to propose crucial experiments on the 

effects of AngII and TGFβ blockade based on the sensitivity analysis determining that those two 

cytokines along with stiffness and stretch were the most crucial to PAH pathology. The model was 

able to qualitatively predict 70% of the in-vitro AngII and TGFβ inhibition experiments, and areas 

of quantitative mismatch were used to propose differential regulation, missing pathways, and 

determine the relative importance of specific pathways. Pathways determined to be important in 

more than one gene’s regulation of expression were stiffness and stretch upregulating TGFβ, AngII 

and the Hippo pathway, stretch activation of TRP, AngII activating MAPK and AP1 to latent 

TGFβ, and TGFβ activation of smad2/3 phosphorylation and TAK1 activation of p38. This has led 

to a model that can be used for predictive high-throughput screening of which target species in the 

PAAF signaling network can be inhibited to reverse adverse remodeling in PAH.  

By combining in-vitro and in-silico data, we were able to tease apart profibrotic responses 

to individual mechanical stimuli and individual inhibitors. Reducing variables have allowed us to 

come to important conclusions about the importance of genes at varying time points of the disease 



 

xx 

 

due to stretch or stiffness, which is important since marked differences are seen at different weeks 

of PAH treatment. We learned that expression of Col1a1, Col3a1, and Eln might rise early in-vivo 

as the increased mPAP in PAH increases vascular wall strain and stays elevated, but Loxl1 and 

Acta2 expression may rise at first but eventually returns to baseline as wall stiffening becomes 

severe, while Fn1 may be induced after the ECM stiffens. By varying stretch time from 0, 4, 8, 

and 24 hours, we were able to find that Col1a1 expression increases progressively while other 

genes increased at 4 or 8 hours but went back down to baseline, indicating profibrotic responses 

to stretch may be more transient in some genes. 

Isolating cells and tissue from both the pulmonary artery and right ventricle have allowed 

us to tackle the vascular remodeling in PAH in two different organ systems, which is important to 

understanding the interplay which leads to RV dysfunction. Ultimate failure of the RV shows 

survival rate sexual dimorphism in PAH, a sex paradox which has not yet been explained. Our 

studying of male and female-derived fibroblasts in both the pulmonary artery and right ventricle 

as well as male and female pulmonary artery and right ventricular tissue has led us to conclude 

that profibrotic genes are more likely to be activated in male-derived cells and tissue. In PAAFs, 

female-derived fibroblasts require a higher threshold of stiffness before activation and the 

profibrotic genes primarily only respond to changes in stiffness not stretch while ovariectomized-

derived cells had a higher baseline expression. In RV CFBs, male-derived cells primarily respond 

to stretch, which given there is demonstrated greater end diastolic pressure in male RVs, means 

this induction by stretch may lead to adverse remodeling via increased ECM remodeling. There is 

significant upregulation of all six genes in male-derived PA tissue in sugen-hypoxia animal model 

of PAH, with only four genes upregulated in female-derived PA tissue and one in ovariectomized-

derived PA tissue. The observed variability in response of fibroblasts from male, female, and 
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ovariectomized rats and tissue to PAH conditions exhibits why it is so important to consider sexual 

dimorphism in disease to explain differences in outcome and is crucial headway into why male 

patients are less likely to survive PAH due to pressure overload in the remodeled pulmonary 

arteries leading to pressure overload in the right ventricle. 

We used our in-silico model to determine that mechanical stimuli were a main driver of 

PAH, then iterated upon it to separately probe what pathways affected stretch and stiffness 

separately. In-vivo data in PAs from male rats demonstrated profibrotic activation in all six genes, 

while in-vitro data in male-derived PAAFs analyzing those same six genes demonstrated their 

response to both stiffness and stretch. Adding the variable of sex led to conclusions that 

mechanoregulation in the cells themselves are responsible for changes in response to stretch and 

stiffness as PAAFs from female rats were less likely to be activated by stretch and PAs from female 

rats were overall less induced, while PAAFs and PAs from ovariectomized rats had a high baseline 

expression and were much less likely to be induced. The variable of time in male PAAF response 

to stretch demonstrates that not all profibrotic genes respond equally, such as Col1a1 increasing 

while the other genes have a more transient response. By isolating variables of stretch, stiffness, 

and sex, we can break down PAH into its important pathways in different sexes.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Cellular Mechanosignaling in Pulmonary Arterial Hypertension 

Pulmonary arterial hypertension (PAH) is a complex vasculopathy characterized by sustained 

elevated pulmonary arterial pressures in which the pulmonary vasculature and right ventricle 

undergo significant structural and functional remodeling. To better understand disease 

mechanisms, in this thesis we highlight recent insights into the regulation of pulmonary arterial 

cells by mechanical cues associated with PAH. Specifically, the mechanobiology of pulmonary 

arterial endothelial cells (PAECs), smooth muscle cells (PASMCs) and adventitial fibroblasts 

(PAAFs) has been investigated in-vivo, in-vitro, and in-silico. Increased pulmonary arterial 

pressure increases vessel wall stress and strain and endothelial fluid shear stress. These mechanical 

cues promote vasoconstriction and fibrosis that contribute further to hypertension and alter the 

mechanical milieu and regulation of pulmonary arterial cells. 

 

1.1.1 Clinical Indications and Treatments for PAH 

Pulmonary arterial hypertension is a vasculopathy that is manifested by sustained elevation of 

pulmonary arterial pressures and irreversible vascular remodeling. In PAH, the pulmonary 

vasculature undergoes significant structural and functional remodeling, including thrombus 

formation, endothelial dysfunction, cell proliferation, migration, and hypertrophy, and 

accumulation of extracellular matrix (ECM) proteins, leading to the formation of complex lesions 

known as plexiform lesions [1]. Consequently, there is thickening of the vascular wall, persistent 

vasoconstriction, arterial stiffening, and vascular rarefaction that further exacerbate pressure 

overload and adversely impairs pulmonary artery (PA) perfusion and hemodynamics. 
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Therapeutics targeting different cell types involved in this cascade of events have been 

developed to ameliorate the symptoms or progression of PAH. Vasodilators targeting smooth 

muscle cells by stimulating nitric oxide (NO) release have shown to reduce pulmonary arterial 

pressure, but do not reverse adverse vascular remodeling [2]. Other therapeutic targets include G 

protein-coupled receptors (GPCRs), ion channels, metabolic pathways, transcription factors, and 

growth factor receptors [3,4]. NO release is stimulated by phosphodiesterase type 5 (PDE5) 

inhibitors Tadalafil and Sildenafil, and endothelin receptor antagonists Ambrisentan and 

Macitentan also lead to smooth muscle cell relaxation. Bone morphogenic protein receptor type 2 

(BMPR2) antagonists like chloroquine and Smad2/3 antagonists like Sotatercept are used to target 

the BMP and transforming growth factor beta (TGF-β1) pathways, respectively [4,5]. Since the 

structural and cellular remodeling of the pulmonary arteries is still largely irreversible, the 

prognosis of PAH is poor, and the underlying causes remain untreatable. Existing drugs do not 

reduce the progression of vascular remodeling, and patients deteriorate over time. Fewer than 60% 

of patients survive more than five years after diagnosis [6] and lung transplantation remains the 

only cure [4]. Since PAH therapeutics have had limited efficacy in reversing the pathological 

mechanisms that drive vascular remodeling, there is a need for more research into the pathology 

and crosstalk between biochemical and mechanosensitive signaling pathways in pulmonary 

arterial cells [5]. 

 

1.1.2 Cellular Mechanical Regulation 

In response to the rise in mean pulmonary arterial pressure, the pulmonary artery wall thickens 

due to increased proliferation and hypertrophy of PA smooth muscle cells (PASMCs) [7,8]. This 

is accompanied by increased proliferation of PA endothelial cells (PAECs) and adventitial 
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fibroblasts (PAAFs) as well as inhibited apoptosis of PAECs and PASMCs, and an endothelial-to-

mesenchymal-transition (EndoMT), that transforms PAECs to myofibroblasts, leading to 

overproduction of ECM proteins and fibrosis [9]. The mechanical stresses that trigger vascular cell 

remodeling in PAH result from the effect of increased blood pressure on the wall and increased 

blood flow on the endothelium [10,11]. Increases in arterial pressure leads to vessel thickening, 

while increased PA flow due to PAH also increases PAEC fluid shear stress which promotes 

EndoMT and further accumulation of PAAFs [9]. Increased vessel loading also promotes PAAF 

proliferation and activates increased ECM expression resulting in matrix stiffening that in turn 

activates myofibroblasts to produce more ECM, further decreasing vascular compliance [11]. This 

cascade of events exacerbates adverse structural remodeling and vascular dysfunction (Fig. 1.1). 

 

Figure 1.1: Schematic of mechanical feedback in pulmonary arterial cells. Vascular 

remodeling in pulmonary arterial hypertension is manifested by increased pulmonary arterial 

pressures, decreased arterial compliance, and pruning of the vasculature. At the cellular level, 

pulmonary arterial adventitial fibroblasts (PAAFs) respond to increased strain, endothelial cells 

(PAECs) respond to increased flow, and smooth muscle cells (PASMCs) are activated to contract 

causing vasoconstriction. These cellular responses feedback into the system by increasing 

extracellular matrix (ECM) stiffness, releasing paracrine factors, and increasing PA pressure, 

respectively. 
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Figure 1.2: Diagram of how pressure, stress, strain, and blood flow affect pulmonary artery 

cells. Increased pulmonary arterial pressure (P) increases vessel wall stress (σ) and strain (ε). 

Pressure gradients increase blood flow, which increases shear fluid shear stress (τ) on the 

endothelium. The main cell types affected by these mechanical stimuli are PAECs — blue which 

experience shear stress, PASMCs — red which thicken in response to wall strain, and PAAFs — 

green which proliferate and increase pulmonary artery stiffness. 

Increased pulmonary arterial pressure induces an increase in vessel wall stress and strain 

and drives an increase in blood flow that increases fluid shear stress on the endothelium (Fig. 1.2). 

Changes in stiffness at the tissue scale of the pulmonary vasculature results in cellular 

mechanotransduction responses leading to activation of signaling pathways that feed back to 

induce more remodeling [12]. For example, ECM gene expression by PAAFs can be activated by 

mechanical strain, leading to the overproduction of collagen. The resulting increase in ECM 

stiffness activates PAAFs to transition to myofibroblasts and can also stimulate PASMC and 

PAEC proliferation [13]. Here we summarize the mechanobiological responses to wall stress and 

strain, fluid shear stress and ECM stiffening in these three cell types and the crosstalk between 
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them in the context of vessel remodeling in response to mechanical overload in the pathogenesis 

of PAH (Fig. 1.3). 

 

Figure 1.3: Effect of an increased mean pulmonary arterial pressure on pulmonary artery 

stiffness. The effect of an increase of mean pulmonary arterial pressure (mPAP) on increasing 

blood flow results in increased shear stress experienced by pulmonary arterial endothelial cells 

(PAECs) which increases their proliferation. This and other cytokines mediate the PAEC transition 

into activated fibroblasts and release of paracrine factors that induce smooth muscle cell (PASMC) 

proliferation and vasoconstriction that in turn reduces blood flow. An increase in mPAP also 

increases PA wall stress and strain, which increases profibrotic adventitial fibroblast (PAAF) 

expression, increasing ECM stiffness and overall PA stiffness leading to decreased PA wall strain. 

 

1.1.3 In-vivo Models of Pulmonary Arterial Hypertension 

Most experimental studies of vascular remodeling in PAH use one of three animal models: 

monocrotaline (MCT), chronic hypoxia (CH), and sugen-hypoxia (SuHx). MCT is a poisonous 

pyrolizidine alkaloid found in the leguminous plant Crotalaria spectabilis, that produces a massive 
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inflammatory response in the lung, damaging pulmonary endothelial cells, leading to 

pathologically elevated pulmonary arterial pressures [14]. Four weeks post-MCT injection in 

rodents is a well-established animal model of end-stage PAH. MCT is however toxic to the liver 

and other tissues [14,15], and commonly results in sudden cardiac death [16]. Exposure to chronic 

hypoxia (10% oxygen) for few weeks induces pathologic elevation in pulmonary arterial pressure 

via PA medial hypertrophy and sustained pulmonary vasoconstriction [17]. SuHx in rats, an animal 

model developed by Taraseviciene-Stewart et al. [18], is the model of PAH that most closely 

recapitulates the pulmonary arterial lesions found in lung tissues from human PAH patients [19] 

and the progressive hemodynamic sequelae. With a single injection of 20 mg/kg of vascular 

endothelial growth receptor factor inhibitor sugen SU5416 and exposure to chronic hypoxia (10% 

oxygen) for three weeks, rats show significant pulmonary arterial medial hypertrophy, pulmonary 

arterial wall thickening and sustained pulmonary vasoconstriction that results in progressively 

elevated pressures [19,20]. 

 

1.1.4 Pulmonary Arterial Endothelial Cells 

PAECs form the permeable barrier between blood and vascular tissue and respond to circulating 

cytokines such as endothelin-1 (ET-1), a vasoconstrictor, and platelet-derived growth factor 

(PDGF), which increases cell proliferation [21,22]. PAEC signaling is also regulated by 

mechanical cues associated with altered fluid shear stress on the vascular endothelium due to 

increased blood pressure and flow, increases in matrix stiffness, and hypoxia. Dysregulation of 

pathways such as the vascular endothelial growth factor (VEGF), Notch, and bone morphogenetic 

protein (BMP) signaling pathways leads to disordered formation of new vessels [21]. 
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In both chronic hypoxia and MCT rats, hyper-proliferation of PAECs and increased levels 

of VEGF in-vivo mediated vessel growth and disordered angiogenesis [17]. Chronic hypoxia 

induces expression of PDGF, increasing PAEC proliferation and inhibiting apoptosis. This 

indicates that hypoxia-induced angiogenesis in PAECs stimulates elevated expression of PDGF 

and VEGF, growth factors that are well known to regulate vascular remodeling. 

In the MCT rat model of PAH, downregulation of miR-371b-5p was shown to increase 

apoptosis of PAECs via phosphatase and tensin homolog (PTEN)/ phosphoinositide 3-kinase 

(PI3K)/Akt signaling and to suppress endothelial nitric oxide synthase (eNOS) synthesis of nitric 

oxide which is a vasodilator [15]. This miRNA could thus be an important regulator of proliferation 

of PAECs and vasoconstriction in PAH. 

An important pathway that is dysregulated in PAH is BMP signaling. In SuHx rats and 

cultured lung samples from human patients, an elastase inhibitor Elafin was used to rescue BMP 

signaling, which is important in vasculogenesis, improving PAEC survival and normal 

angiogenesis and thereby reversing adverse remodeling [20]. 

In a recent study by Woodcock et al., SuHx rats and lungs from PAH patients showed 

decreased miR-7 expression [19]. miR-7 has been reported to regulate serine and arginine-rich 

splicing factor 1 (SRSF1), which promotes PAEC migration [19]. Therefore, this may be a novel 

mechanism by which changes in ECM stiffness in PAH regulates pathologic endothelial 

dysfunction and cell migration. 

 

In-vitro experiments. Increased fluid shear stress on PAECs in-vitro has been shown to decrease 

Protein Kinase C delta (PKCδ) activity, which leads to increases in phosphorylation of eNOS and 

consequent generation of NO in primary ovine cell cultures [10]. 
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In primary human PAECs isolated from PAH patients, increased production of ET-1 was 

observed, which leads to PAEC dysfunction and excessive proliferation [23]. Stimulation with 

peroxisome proliferator–activated receptor gamma (PPARγ) was able to reduce this ET-1 

overexpression, demonstrating the potential for PPARγ agonists as therapeutics for PAH. 

In-vitro, increased extracellular matrix stiffness from 1 kilopascal (kPa), representing 

control arterioles, to 50 kPa, representing diseased pulmonary arterioles, led to increased 

glycolysis via the YAP/TAZ mechanotransducers in the Hippo signaling pathway [24]. A shift 

from oxidative phosphorylation to glycolysis is a driver of PAEC proliferation and migration early 

in PH, as glycolysis is needed to meet the metabolic demands of proliferating cells. When PAECs 

were grown on the 50-kilopascal (kPa) matrix representative of tissue stiffness in PAH compared 

with a soft 1-kPa matrix representative of control lungs by Woodcock et al., miR-7 was 

downregulated, which led to increased migration [19]. 

 

Summary. PAECs respond to the elevated ECM stiffness, fluid shear stress, and hypoxia associated 

with PAH via dysregulated PI3K and BMP signaling, which trigger hyper-proliferation and 

migration. This in turn mediates pathogenic angiogenesis and vascular remodeling. 

 

1.1.5 Pulmonary Arterial Smooth Muscle Cells 

PASMCs are the primary cell type in the medial layer of the pulmonary artery. They contain 

contractile proteins which are regulated by calcium and control vascular tone [25]. When 

dysregulated, abnormal SMC contractility can cause persistent vasoconstriction, a disease marker 

of PAH. In PAH we also observe neointimal hyperplasia due to proliferation, hypertrophy, and 

migration of PASMCs to the intimal layer of the PA. Under PAH conditions, SMCs also produce 
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more pro-inflammatory cytokines, deposit increased elastin and collagen, and grow thereby 

thickening the medial layer [26]. SMCs respond to increases in matrix stiffness and hypoxia by 

remodeling the ECM and proliferating abnormally. 

 

In-vivo experiments. Signaling pathways such as NFAT and Notch signaling become overactive 

in PAH conditions. In MCT rats, calcineurin/nuclear factor of activated T-cells (NFAT) signaling 

was reported to be activated and shown to increase PASMC proliferation and migration and inhibit 

apoptosis [27]. Notch signaling is another important pathway that upregulates proliferation and 

differentiation of PASMCs. The γ-secretase inhibitor DAPT blocks Notch3 and successfully 

reduced mean pulmonary arterial pressure in extrauterine growth restriction (EUGR) rats [28,29]. 

Transient receptor potential vanilloid-3 (TRPV3) channel expression was also found to be 

increased in hypoxic rats and is thought to mediate pulmonary vascular remodeling via the 

proliferation of PASMCs by activating PI3K/Akt signaling [30]. 

There is evidence of regulation of PAH by noncoding RNAs. Upregulation of the newly 

found microRNA miR-205-5p was observed to reduce PASMC proliferation in a hypoxia-induced 

PAH mouse model, inhibiting molecule interacting with CasL 2 (MICAL2) expression by 

targeting the 3′ untranslated region, which activates the ERK1/2 pathway [31]. miRNAs were also 

found to be important in PASMC synthesis of collagen, particularly miR-29b, which physically 

binds Smad3 downstream of TGFβ1 as found by chromatin immunoprecipitation [32]. TGF-β1 is 

an important cytokine because chronic activation in-vivo leads to spontaneous PAH in mice [33]). 

TGF-β1 also downregulates miR-29b through Smad3 [34]. PASMCs isolated from PAH patients 

by Lei et al. demonstrated an increase in a long noncoding RNA (lncRNA), which reduces the 

expression of miR-141 [35]. miR-141 normally downregulates expression of RhoA, suppressing 
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the RhoA/ROCK pathway, but when miR-141 is not highly expressed the ROCK pathway is 

upregulated, which increases vasoconstriction and remodeling of the arterial wall. 

 

In-vitro experiments. Rat PASMCs showed higher expression of collagen III protein and 

fibronectin mRNA when stimulated with connective tissue growth factor (CTGF), upstream of 

PI3K [36]. This increase in ECM protein deposition promotes pulmonary vascular remodeling 

under PAH conditions. 

Different pathways are upregulated by hypoxia in PASMCs. Huang et al. showed that the 

mitogen-activated protein kinases (MAPK) signal pathway is crucial in the proliferative response 

of PASMCs to hypoxia [37]. Hypoxia induces pulmonary vasoconstriction, mediated by increased 

intracellular calcium in PASMCs [38]. Vasoconstriction causes reactive oxygen species (ROS)-

dependent phospholipase C (PLCγ1) activation and contraction in mouse PASMCs. 

BMP signaling is important to normal function of PASMCs but can be disrupted by disease. 

Wang et al. found in rat primary PASMCs that BMP signaling is suppressed in hypoxia-induced 

PH [39]. Dysfunctional BMP signaling causes proliferation of PASMCs in PAH, and PDGF-BB 

can activate Rho kinase and enhance proliferation of rat SMCs [32]. 

NFAT signaling can also be dysregulated in PAH. PASMCs isolated from PAH patients 

and control subjects showed upregulated STIM2 in PAH-PASMCs, which raises resting cytosolic 

calcium and increases PASMC proliferation via, among others, the Akt and NFAT signaling 

pathways [40]. Upregulation of the matricellular protein osteopontin by Sphingosine-1-phosphate 

(S1P) via calcineurin/NFAT signaling is observed in rat cell cultures [41]. S1P induces a 

vasoconstrictive response, and via osteopontin, directly promotes PASMC proliferation. 
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Regulation of PAH by noncoding RNAs has also been shown in-vitro, particularly miR-

17-92 has been shown to regulate the PASMC contractile phenotype and increase proliferation in 

cells isolated from PAH patients [42]. 

 

Summary. PASMCs respond to increases in pulmonary arterial pressure by increasing 

vasoconstriction via the NFAT signaling pathway, increases in stiffness through proliferation 

mediated by miRNAs and dysregulated BMP and TGFβ1 signaling, and hypoxic conditions by 

depositing ECM proteins which remodels the pulmonary vasculature. 

 

1.1.6 Pulmonary Arterial Adventitial Fibroblasts 

PAAF cells are important for vascular ECM homeostasis and remodeling [13,43]. There is 

evidence that PAAFs are regulated by matrix stiffness [2,12,44], stretch [45], and hypoxia [43]. In 

the presence of injury, PAAFs are activated and differentiate into myofibroblast subtypes that 

remodel vascular wall properties by altering the expression, degradation or cross-linking of ECM 

proteins including collagen, fibronectin, and elastin [43]. Given that the ECM also serves as a 

substrate for cell adhesion and sends physical and chemical cues that determine cell phenotype, it 

has recently been suggested that matrix remodeling and stiffening may themselves signal tissue 

remodeling and drive the disease process [11]. 

 

In-vivo experiments. Balloon overstretch has been a useful way to study in-vivo activation of 

PAAFs in injury. Juvenile swine had a high number of proliferating cells in the adventitia, and 

increased expression of PDGF, showing that adventitial myofibroblasts aid in lesion formation by 

synthesizing growth factors and alpha-smooth muscle actin [46]. Another balloon overstretch 
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experiment conducted by Mallawaarachchi et al. demonstrated that PAAFs are activated to 

myofibroblasts by stretch in PAH, migrate towards the lumen to form the neointima, and 

synthesize ECM after vascular injury mediated by the TGF-β1 pathway [47]. 

Hypoxia is also a critical regulator of matrix gene expression by activating ROS signaling 

that stimulates increased alpha smooth muscle actin (α-SMA) production, a marker of activated 

fibroblasts [48]. Work by Chai et al. [49] showed that hypoxia induces PAAF proliferation, 

migration, and vascular remodeling via the PI3K/Akt pathway, inducing medial and adventitial 

thickening and excessive fibronectin and collagen deposition in pulmonary artery walls of hypoxic 

rats in-vivo. 

In-vivo studies have shown an overexpression of transient receptor potential vanilloid 4 

(TRPV4), a calcium-permeable channel that is activated by mechanical stimulation, in chronic 

hypoxia and MCT rats [50]. In their study, Cussac et al. showed how upregulation of the TRPV4 

channel leads to PAAF activation and adverse adventitial remodeling in PAH, increasing collagen 

I and fibronectin expression. Targeting TRPV4 could potentially ameliorate disease progression 

in PAH by reducing PAAF activation. 

 

In-vitro experiments. In-vitro experiments have shown the effect of altered substrate stiffness on 

PAAFs. Bertero et al. studied the YAP/TAZ and miR-130/301 vascular matrix feedback loop using 

cultured primary human PAAFs. They conducted quantitative RT-PCR of PAAFs on 1-kPa and 

12-kPa stiffness matrices and found that stiffer matrices created a positive feedback loop, 

suggesting that matrix remodeling and stiffening may themselves signal tissue remodeling and 

drive the disease process [11]. The group also showed that YAP/TAZ signaling was activated by 

ECM stiffening from as low as 0.4 kPa to 1 kPa [51]. As part of the Hippo pathway, YAP/TAZ 
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and the role of miRNA 130/301 have also been suggested to promote PAAF proliferation, collagen 

deposition and cross-linking [12]. As the matrix stiffens due to fibrosis, angiotensin II is released 

by PAAFs activating pathways, such as the MAPK signaling cascade, that stimulate further ECM 

deposition [52]. 

Recently, TRPV4 has been shown to mediate PAAF proliferation and migration in-vitro 

using BrdU and wound scratch assays in PAAFs isolated from rats [50]. Cussac et al. showed how 

upregulation of TRPV4 activates PAAFs to transition to myofibroblasts. This work suggests a role 

for TRPV4 in excessive adventitial remodeling in PH. 

Our group has shown how PAAFs respond to stretch and changes in extracellular matrix 

stiffness associated with PAH remodeling [53]. PAAFs were differentially regulated by stretch 

and stiffness in expressing collagen I (Col1a1), collagen III (Col3a1), fibronectin (Fn1), α-SMA 

(Acta2), Lysyl oxidase-like 1 (Loxl1), and elastin (Eln) mRNA, but there were no interaction 

effects between stretch and stiffness for these genes. Increasing substrate stiffness resulted in an 

increase in collagen III and myofibroblast marker protein α-SMA, confirming the important role 

of PAAFs in PA stiffening and vascular remodeling. In addition, Fn1 expression was significantly 

upregulated when PAAFs were stretched for 4 h but returned to baseline if cells were stretched for 

24 h. However, Col1a1 expression was only upregulated after PAAFs were stretched for 24 h. 

This faster response to stretch of Fn1 than Col1a1 suggests that more detailed time-courses of PA 

cell responses to stretch may be needed. 

We used a sensitivity analysis of the computational model to predict which receptors would 

have the largest impact on downstream phenotypic outputs when inhibited. Based on this, we 

tested the effects of using losartan, an angiotensin II type I receptor inhibitor, on the relative 

expression of Fn1. Losartan inhibited the upregulation of Fn1 by an increase in matrix stiffness 
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and revealed an angiotensin receptor-independent activation of Fn1 expression by stretch in 

PAAFs grown on stiffer substrates. 

 

In-silico experiments. We developed a computational model of PAAFs mechanosignaling that 

included TGFβ, MAPK, PDGF, tumor necrosis factor α (TNFα), hypoxia, fibroblast growth factor 

(FGF), angiotensin II, and Hippo signaling pathways, which are upregulated by PAH, and 

phenotypic outputs to investigate mechanical regulation of fibrosis in PAH [54]. The model 

predicted 80% of the results from 20 independent papers not used for the original formulation. 

Sensitivity analysis showed PAAFs to be most sensitive to TGF-β1, MAPK and hypoxia signaling. 

In-vitro, PAAF cells were cultured on hydrogel substrates having stiffnesses representing normal, 

mild and severe PAH vessels, and were subjected to biaxial cell stretch [53]. Based on increasing 

the stimulus of the input “stiffness”, we ran experiments and verified the model-predicted 

upregulation of five profibrotic genes including Col1a1, Col3a1, and Eln mRNA in response to 

biaxial stretch, while six profibrotic genes including Fn1 and Acta2 were upregulated by increases 

in matrix stiffness in PAAFs. This computational framework allowed us to incorporate 

experimental findings, to predict how PAAFs would respond to inhibition of the angiotensin II and 

TGFβ receptors, and design new experiments. By using the model, we were able to successfully 

test our hypothesis of the differential effects of stretch and substrate stiffness in which stretch 

activates integrin-β3, Macrophage Stimulating 1 or 2 (MST1/2) kinases, angiotensin II, and the 

TRP pathways and stiffness activates integrin β3, MST1/2, angiotensin II, TGF-β1, and syndecan-

4 signaling. Even though the model identified candidate pathways based on the available literature, 

this model was not able to replicate the observed inhibition of Fn1 expression by losartan or the 

transient response of Fn1 at 4 h that was demonstrated in our in-vitro experiments published in 
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Wang et al. [53]. In addition, while this model can accurately predict many independent 

experiments, it only predicts qualitative increases and decreases of expression. With more data, 

the predictive and quantitative power of this model should increase greatly.  

 

Summary. PAAFs respond to hypoxia, stretch and stiffness by activating to myofibroblasts that 

produce more α-SMA, proliferate, and overproduce ECM proteins causing adventitial remodeling 

via YAP/TAZ and MAPK signaling in-vitro and in-vivo. 
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Figure 1.4: Intracellular and intercellular signaling pathways in pulmonary arterial cells 

regulated by fluid shear stress, stretch, hypoxia and extracellular matrix stiffening. PAECs 

respond to fluid shear stress via vascular endothelial growth factor (VEGF) signaling and bone 

morphogenic protein (BMP) signaling to ECM stiffness via VEGF signaling and miR-7, and to 

hypoxia via platelet-derived growth factor (PDGF) signaling. PASMCs respond to paracrine 

signals released by the PAEC and ECM stiffness via transforming growth factor beta 1 (TGF-β1), 

soluble guanylate cyclase (sGC), and endothelin (ET) signaling while responding to hypoxia via 

dysregulated BMP signaling and increased Notch signaling and transient receptor potential (TRP) 

channel calcium influx. PAAFs respond to ECM stiffness via TRP influx of calcium, TGF-β1 

signaling, and activation of the Hippo pathway via YAP/TAZ transcription factors, to stretch via 

YAP/TAZ and PDGF signaling, and to hypoxia via reactive oxygen species (ROS) signaling. The 

four physical stimuli (black) lead to intercellular reactions (gray dashed arrows) and intracellular 

reactions (solid arrows matching cell color), resulting in phenotypic outputs (white). Illustration 

created with Biorender.com 

 

1.1.7 Cellular Crosstalk 

In addition to the intracellular signaling via VEGF, BMP, PDGF, TGF-β1, Notch, endothelin and 

TRP channel signaling, mechanical crosstalk and paracrine signaling mediate interactions between 
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PAECs, PASMCs, and PAAFs in response to physical stimuli caused by PAH, including altered 

fluid shear stress, stretch, ECM stiffness and hypoxia (Fig. 1.4). 

Constriction of the pulmonary artery, regulated by PASMC contraction and relaxation, can 

be regulated by PAEC released paracrine factors. ECs release endothelium-derived constricting 

factors (EDCF), endothelin-1 (ET-1) and thromboxane A2 (TXA2), which lead to vasoconstriction 

via PASMCs [55]. On the other hand, ECs can also release endothelium-derived relaxing factors 

(EDRF), NO and prostacyclin (PGI2), and the endothelium-derived hyperpolarizing factors 

(EDHF), which cause vasodilatation via PASMCs. This response between cell types is due to a 

connection of myoendothelial gap junctions, which transfer electric signals [55]. Serotonin 

synthesized by PAECs is transferred through these gap junctions into PASMCs, where it activates 

TGF-β1 signaling and induces a more differentiated phenotype. As TGF-β1 is a crucial regulator 

of fibrosis, this is an important way PAECs and PASMCs respond to PAH [56,57]. 

A crucial way endothelium responds to stressors such as increased levels of TGF-β1, tumor 

necrosis factor-α (TNF-α), or interleukin-1β (IL-1β), is to undergo endothelial-to-mesenchymal 

transition (EndoMT). This cellular transdifferentiation results in some PAECs losing their 

endothelial markers, for example von Willebrand factor (vWF), and tight gap junctions between 

cells. The PAECs then express α-smooth muscle actin (α-SMA) and vimentin, fibronectin, and 

other markers of myofibroblasts. These transformed PAECs then go on to overproduce collagen I 

and other ECM proteins that remodel the matrix, inducing a profibrotic phenotype and increasing 

PA stiffness [9]. This then decreases vascular wall strain and further exacerbates ECM remodeling 

(Fig. 1.3). 
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In-silico experiments. Recently, there has been published a computational model of the EndoMT 

transition integrating boolean equations, feedback mechanisms, and fixed patterns of activation 

which simulates cell behaviors and predicts effects of mutations. This allows them to explore 

conditions that cause EC activation, the transition, and reverse-transitions for future possible 

pharmacological control of the endothelial to mesenchymal transition [58]. 

There is currently no computational model of the crosstalk between PAECs, PASMCs, and 

PAAFs, or indeed any network models of PAECs or PASMCs individually, but a theoretical 

framework would allow us to synthesize experimental findings from different cell types and 

understand how their interactions contribute to pathological vascular remodeling. 

Summary. PAECs release paracrine factors that can affect the level of vasoconstriction and TGF-

β1 signaling as mediated by PASMCs through gap junctions. Increased levels of TGF-β1 and TNF-

α can lead to EndoMT wherein PAECs transform into activated PAAFs, or myofibroblasts, which 

increases deposition and accumulation of collagen and other ECM proteins (Fig. 4). This matrix 

remodeling can in turn increase ECM stiffness, which regulates PAEC migration and angiogenesis, 

matrix expression by PASMCs and PAAFs, and PAAF proliferation. 

 

1.1.8 Discussion 

There is now compelling evidence that mechanical cues caused by pulmonary arterial hypertension 

and subsequent disease remodeling regulate the responses of endothelial cells, smooth muscle 

cells, and adventitial fibroblasts in the pulmonary vasculature. As we continue to map the signaling 

pathways, paracrine interactions, and mechanical crosstalk in these cells, we can build predictive 

network models and use them to identify new therapeutic targets specifically to the mechanical 
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milieu during different stages of the disease. It is likely that customized combination therapies 

could prove more effective than single targets in this context. 

 

1.2 Network Models of Cell Signaling 

In-silico network models of cell signaling help to integrate the function of many pathways together 

to better understand their crosstalk and effects without having to do many combinatorial 

experiments. These network models of specific cell types also help one to better probe effects of 

stimuli such as stretch, stiffness, or hypoxia and their ultimate effect on phenotypic outputs such 

as cell proliferation or extracellular matrix deposition. By using experimental data to construct 

these network models, and other literature data to serve as validation, the model can be used to 

propose new experiments that feed back into the model and vice versa. In the subsections below, 

model formulations and uncertainty quantification of these models will be discussed, as well as 

schematized models for pulmonary artery cells. 

 

1.2.1 Normalized Hill-Type Differential Equations 

Work has been done by the Saucerman group to develop normalized Hill-type ordinary differential 

equations to create a biochemical model of cell signaling across different pathways in a cardiac 

beta-adrenergic signaling context that can be adapted to other cell types [59]. The cell signaling 

networks use normalized functions based on the Hill equation that incorporate the parameters n as 

the Hill coefficient, the EC50 which represents half maximal activation, ω the weight of the 

reaction, τ the time constant, and a yinitial and ymax that are by default 0 and 1 respectively for every 

reaction. The reaction logic is created by doing a literature review and determining if nodes are 

controlled by logical AND and OR operators that represent the crosstalk in signaling. The use of 
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normalized Hill-type differential equations allows for quantitative predictions of cell network 

outputs even with a scarcity of biochemical data. Sensitivity analysis of these network models also 

allows for identification of the most important inputs and nodes to the cell types analyzed, such as 

the significance of PKA negative feedback and integrin-mediated mechanotransduction on cardiac 

beta-adrenergic signaling.  

 

1.2.2 Uncertainty Quantification 

There are, however, many sources of uncertainty present in computational networks of cell 

signaling that can be quantified such as parameter uncertainty and epistemic uncertainty [60]. 

Parameter uncertainty in the parameters discussed above in Section 1.2.1 (n, EC50, ω, τ, yinitial and 

ymax) can arise due to default parameters being used when the actual value is not known. Within a 

reasonable range, these parameters can be sampled and the change in accuracy of the model in 

predicting activity of nodes can be evaluated to determine which parameter is most sensitive to 

uncertainty. Epistemic uncertainty arises when the structure or logic of a reaction is not made clear 

by literature, as there can be errors of interpretation, or the logic-based ordinary differential 

equation cannot accurately reflect the real biochemical reaction. Indeed, in cases where there are 

not enough experiments on the specific cell type in the literature, models can be filled in with other 

cell types which may not perfectly reflect how this cell type will respond.  

 A more detailed discussion of how uncertainty quantification (UQ) in parameter 

uncertainty and epistemic uncertainty was applied to a specific pulmonary arterial fibroblast model 

will be examined in Chapter 2.  

 

1.2.3 Pulmonary Arterial Smooth Muscle Cell Model 
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Schematics of how pulmonary arterial smooth muscle cells use ion channels and membrane 

receptors to respond to external stimuli such as mechanical stimuli and hypoxia that we have 

made can be used to construct a network model as shown below (Fig 1.5). 

 

Figure 1.5: Pulmonary arterial smooth muscle cell model with diagrammed ion channels and 

membrane receptors. External inputs of mechanical stimuli and hypoxia lead to cytokines, nodes 

of signaling proteins, transcription factors, and functional outputs such as cell migration and 

proliferation. Made on Biorender.com 

 

 The flow of cations such as Ca2+ and K+ through ion channels and binding of cytokines 

such as transforming growth factor beta (TGFβ) and platelet-derived growth factor (PDGF) to their 

respective membrane receptors leads to signaling cascades such as Smad3 [33] and 

phosphoinositide 3-kinase (PI3K)/Akt signaling [30] that can ultimately lead to activation of 
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transcription factors and phenotypic outputs such as extracellular matrix remodeling, increased 

smooth muscle cell contractility, or cell proliferation. Combining the effects of these pathways can 

lead to predictions such as which cations would increase vasoconstriction, and inhibition of which 

pathways could reduce smooth muscle cell proliferation. 

 

1.2.4 Pulmonary Arterial Adventitial Fibroblast Modeling 

A pulmonary arterial adventitial fibroblast network model was constructed using 56 research 

papers with 20 papers that included only human, rat or mouse data set aside for independent 

validation. The resulting network has 69 nodes and 97 reactions, with input nodes specifically 

found to be important in PAH. These inputs include the mechanical stimuli of stiffness and stretch, 

TGFβ, tumor necrosis factor alpha (TNFα), PDGF, angiotensin II (AngII), fibroblast growth factor 

(FGF) and hypoxia. These then lead to signaling modules PI3K, TGFβ, Notch, reactive oxygen 

species (ROS), mitogen-activated protein kinase (MAPK), calcineurin, and Hippo signaling. 

Pathways activate or inhibit seven transcriptional regulators, and crosstalk to affect eight 

phenotypic outputs crucial to PAH disease progression, including collagen I, collagen III, alpha 

smooth muscle actin (αSMA), lysyl oxidase like 1 (Loxl1), fibronectin, elastin, cell proliferation, 

and cell migration.  

The model schematic and formulation, as well as iterations and improvements, will be 

discussed in detail in Chapters 2 and 3. 

 

1.3 In-vitro Methods to Study PAAFs 

To iterate upon the network model of pulmonary arterial adventitial fibroblasts, in-vitro 

experiments teasing apart the effects of stretch and stiffness, as well as inhibition of specific nodes 
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suggested by sensitivity analysis of the model were done. This led to improvements of the model 

and in turn suggested future in-vitro experiments. These following subsections will discuss the 

methods by which these in-vitro PAAF studies were conducted. 

 

1.3.1 PAAF Isolation and Characterization 

The pulmonary artery is dissected from the heart and lungs of a Sprague-Dawley rat, then the outer 

adventitial layer is stripped off and enzymatically digested with 1 mg/mL Type 2 collagenase for 

1.5 hours at 37 ◦C (Fig. 1.6). 

 

Figure 1.6: Isolated pulmonary artery. The pleura is carefully removed from the harvested lungs 

to identify and isolate the left pulmonary artery (LPA), main pulmonary artery (MPA), and right 

pulmonary artery (RPA).  

 

Samples of the PAAF culture were taken as labeling controls to estimate purity. Cells were 

stained for DAPI (nucleus), vimentin (mesenchymal lineage cells), von Willebrand factor (vWF) 

which is a pulmonary arterial endothelial cell marker, and myosin heavy chain 11 (MYH11) which 

is a pulmonary arterial smooth muscle cell marker. Images were all acquired at 40× magnification, 

with representative images shown below (Fig. 1.7). Cells were characterized as pulmonary arterial 

adventitial fibroblasts if they expressed vimentin and not vWF or MYH11, and only 3% were 
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positive for vWF and 0.2% were positive for MYH11 suggesting high enrichment of PAAFs [53]. 

Intact pulmonary artery tissue sections were stained and imaged with the same antibodies and 

imaging settings as positive controls for these markers. 

 

 

Figure 1.7: Immunofluorescent staining of cells isolated from pulmonary arterial adventitia. 

The cell culture showed positive labeling for (A, E) DAPI, (B, F) vimentin, (C) vWF, and (G) 

MYH11 with (D,H) overlays. Out of 425 isolated cells, 3% expressed vWF, a PAEC marker, and 

out of 888 cells, 0.2% expressed MYH11, a PASMC marker, and 100% expressed vimentin (A–

H). Due to the exclusion of PAEC and PASMC marker expressing cells, the culture was 

determined to be primarily PAAFs. 

  

1.3.2 PAAFs Cultured on Varying Stiffness Hydrogels 

Based on work by Liu et al. using atomic force microscopy (AFM), pulmonary arteries (PAs) from 

Sprague Dawley rats were determined to have stiffnesses of roughly 0.5 kPa for normotensive 

controls, 3 kPa for mild PAH, and 10 kPa for severe PAH conditions [61]. Corresponding stiffness 

polyacrylamide hydrogels with the same modulus of elasticity were formulated according to 

formulas by Tse et al [62]. PAAFs when cultured on plastic transition into myofibroblasts, which 

exhibit higher collagen I (Col1a1), collagen III (Col3a1), and αSMA (Acta2) expression (Fig 1.8). 

To validate that culture for three days on a softer matrix of 0.5 kPa was enough to revert PAAFs 

back to fibroblasts, PAAFs were trypsinized from plastic and cultured at 0.5 and 8 kPa. To validate 
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the comparison of in-vitro isolated PAAF data to in-vivo isolated pulmonary artery data, relative 

expressions of six profibrotic genes (Col1a1, Col3a1, Acta2, Loxl1, Fn1, Eln) were compared to 

RNA isolated from a normotensive pulmonary artery and no significant difference was found 

[53]. These six genes were used due to their inclusion in the PAAF mechanosignaling model 

discussed in Section 1.2.4 as mRNA important in PAAF response to many different crucial 

pathways upregulated by PAH such as the mechanosignaling TGFβ and Hippo pathways. 

 

Figure 1.8: Relative expression of PAAFs cultured on 0.5 kPa and 8 kPa substrates and 

plastic. Mean ± standard errors of the mean of Col1a1, Col3a1, Acta2, and Fn1 gene expression 

of cells seeded on Cytosoft® plates. Effects of stiffness on PAAF gene expression relative to 18S 

ribosomal RNA. Induction of Col1a1, Col3a1, and Acta2 were significant at both 8 kPa and the 

stiffness of tissue culture plastic, while induction of Fn1 was not significant. This experiment 

demonstrates the response of PAAFs to induction by stiffness in 4 profibrotic genes. Significant 

effect of stiffness (* p < 0.05 and ** p < 0.0001) by one-way analysis of variance (ANOVA) is 

compared with gene expression at 0.5 kPa. 
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1.3.3 PAAFs Cultured on Equibiaxial Stretchers 

To apply 10% equibiaxial stretch to PAAFs cultured onto varying stiffness gels (0.5 kPa, 3 kPa, 

10 kPa), custom-machined circular stretchers made of polycarbonate were designed using 

computer-aided design (Fig. 1.9). Polydimethylsiloxane (PDMS) membranes are made and treated 

with benzophenone for polyacrylamide gel adherence [63]. Polyacrylamide gels were made to be 

25 mm in diameter and ringed with silicone grease, then coated with collagen I for cell adherence. 

100,000 – 140,000 PAAFs are platted and cultured onto the polyacrylamide gels for three days at 

37 °C, 5% CO2, 100% humidity, changed to serum-free media, then stretched via two full turns of 

the stretcher equivalent to 10% static stretch for 24 hours before RNA isolation.  

 

Figure 1.9: Equibiaxial stretcher design and cell seeding schematic. On the left, the stretcher 

CAD file with design specifications and measurements. On the right, a schematic of the tunable 

stiffness polyacrylamide gel arrangement on polydimethylsiloxane (PDMS) membrane to be 

placed into stretcher for cell culture in separate wells. 

 

1.4 Sex Differences in Pulmonary Arterial Hypertension 

The incidence of PAH is two to four times higher in women than men, but their prognosis is better 

with higher rates of survival than men if the women are pre-menopausal [64]. Estrogens are 

elevated in men and postmenopausal PAH patients, and sex differences largely dissipate after 
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women are 45 years of age or post-menopause, indicating a possible role for estrogen in the 

pathophysiology of PAH. Cardiovascular diseases show a great deal of sexual dimorphism in 

incidence and outcome as well, and studies by the Aguado lab show the importance of considering 

the sex of cardiac cells in in-vitro disease models [180]. Left ventricular cardiac fibroblasts 

particularly secrete factors that affect heart function and display a differential fibrotic response in 

male-derived versus female-derived cells. This suggests an underlying sex difference in the disease 

that is not well-understood that could be present at the cellular and tissue scales.  

 

1.5 Current Open Questions and Motivation for this Dissertation  

Pulmonary arterial hypertension is a complex and often fatal disease that ultimately results in right 

heart failure [65, 66]. PAH is a very complex disease, and the molecular pathways that lead to its 

pathogenesis are not fully elucidated. A multitude of pathways have been identified but their 

crosstalk and response to stimuli are not well-understood [3,43]. Dysregulation of this cell 

signaling is critical to understanding how PAH develops, but there is a scarcity of available 

literature data to characterize this dysregulation. 

The underlying molecular mechanisms and the time course of the disease are also not well-

characterized. Since our model showed high sensitivity to the interplay of important pathways like 

AngII, TGFβ and hypoxia, we built a network signaling model of the PAAF, using it to generate 

experimentally testable hypotheses about in-vitro inhibition experiments utilizing hydrogels of 

tunable stiffness and custom machined equibiaxial stretchers. This allows for examination of the 

model to suggest areas where experiments are necessary, and the results of the experiments feed 

in to and improve the computational model. While there is literature data on individual pathways 

that regulate the fibrotic responses of PAAFs in-vitro and in-vivo, such as the Angiotensin and 
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TGFβ pathways, how these different pathways respond to physical stimuli and interact with each 

other remains unknown. [3] There are also limited treatment options, only vasodilators or whole 

lung transplants or but no treatments that reverse the maladaptive vascular remodeling [2]. Our 

hypothesis is that we can use this model to identify important drivers of PAH and predict inhibitors 

for the fibrosis that occurs as the disease progresses.  

No such computational model of PAAFs existed beforehand, nor did experiments that 

separated the variables of stretch and stiffness and their interplay in PAH progression. PAH 

introduces many mechanical stimuli including fluid shear, vessel wall stress and vessel wall strain, 

but the effect of these on the cells and phenotype are still unknown [26] The idea of stretch and 

stiffness as separate mechanical signals which separately regulate disease response had also not 

yet been explored and how different profibrotic genes respond to different stimuli is important to 

understand in the context of PAH disease complexity. We are studying the activation of crucial 

ECM proteins collagen I (Col1a1), collagen III (Col3a1), fibronectin (Fn1) as the model has 

identified these as candidate genes for how PAAFs remodel the matrix. We are also studying 

smooth muscle actin (Acta2) for its role in transitioning fibroblasts to myofibroblasts, elastin (Eln) 

which determines PAAF response to stretch, and lysyl-oxidase like 1 (Loxl1) due to its role in 

stiffening the matrix independent of increases in collagen through crosslinking [53].   We aim to 

identify the pathways that regulate differential responses of PAAFs to altered stiffness and stretch 

at different stages of PAH because in PAH, there is an increase of pressure in the vessels that 

increases strain as well of deposition of ECM proteins leading to an increase of stiffness [43]. We 

hypothesize that combinations of altered substrate stretch and stiffness give rise to different PAAF 

responses than altered stretch or stiffness alone, that changes in ECM stiffness and strain are 

regulated by a combination of different pathways and those mechanical stimuli occur at different 
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timepoints in PAH. Using the model’s inhibition predictions of the effect of the most important 

inputs of angiotensin and TGFβ, we can identify combinations of receptor blockers that inhibit 

disease phenotypes arising from stretch and stiffness to test in-vitro. By iterating the model using 

conclusions from in-vitro experiments, we can make better predictions of PAAF responses to PAH 

conditions that tease apart which pathways are the most important in activation of the profibrotic 

genes we are studying and hypothesize about regulation and other pathways that may be involved 

in this regulation. 

Sex differences in PAH at the cellular and tissue level have also not been examined this in-

depth, which is a crucial need to be addressed. This sex difference on the patient scale has been 

demonstrated [64], but the underlying cause has yet to be determined. In sugen-hypoxia rats, 

female rats have demonstrated improved hemodynamics, demonstrating a significantly lower 

mean pulmonary arterial pressure than male and ovariectomized rats, and Rafikova et al. have also 

shown significantly more collagen accumulation in PAs from sugen-hypoxia male rats compared 

to PAs from female rats [179]. In the RV, we have observed higher end diastolic pressure in male 

rats, profibrotic gene upregulation in male RV tissue, and increased collagen in histology and end 

diastolic elastance as a measure of RV stiffness in RVs isolated from male rats. Studies on the sex 

differences in left ventricular cardiac fibroblasts suggest the importance of cellular level responses 

to microenvironment in determining cardiovascular disease sexual dimorphism [180]. Tissue-level 

sex differences could arise due to differential activation of PAAFs and RV CFBs in response to 

stiffness and stretch due to sex of the cells alone as the Aguado lab has observed in LV CFBs. This 

suggests hypothetical differences in activation of profibrotic genes by stretch and stiffness in 

pulmonary arterial and cardiac fibroblasts and changes in vascular remodeling due to sugen-

hypoxia treatment in pulmonary arteries could give rise to the sex paradox differences in PAH 
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since increased fibrosis in the PAs and RVs could lead to increases in pressure and reduction in 

cardiac function. This work would go a long way to elucidating if female-derived, ovariectomized-

derived, and male-derived cells and tissue are fundamentally different at baseline or in their 

response to stretch and stiffness in-vitro and to sugen-hypoxia in-vivo models of PAH. 
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CHAPTER 2: QUANTIFICATION OF UNCERTAINTY IN A NEW NETWORK MODEL OF PULMONARY 

ARTERIAL ADVENTITIAL FIBROBLAST PROFIBROTIC SIGNALING 

 

2.1 Abstract 

Here, we present a novel network model of the pulmonary arterial adventitial fibroblast (PAAF) 

that represents seven signaling pathways, confirmed to be important in pulmonary arterial fibrosis, 

as 92 reactions and 64 state variables. Without optimizing parameters, the model correctly 

predicted 80% of 39 results of input–output and inhibition experiments reported in 20 independent 

papers not used to formulate the original network. Parameter uncertainty quantification (UQ) 

showed that this measure of model accuracy is robust to changes in input weights and half-maximal 

activation levels (EC50) but is more affected by uncertainty in the Hill coefficient (n), which 

governs the biochemical cooperativity or steepness of the sigmoidal activation function of each 

state variable. Epistemic uncertainty in model structure, due to the reliance of some network 

components and interactions on experiments using non-PAAF cell types, suggested that this source 

of uncertainty had a smaller impact on model accuracy than the alternative of reducing the network 

to only those interactions reported in PAAFs. UQ highlighted model parameters that can be 

optimized to improve prediction accuracy and network modules where there is the greatest need 

for new experiments. 

 

2.1.1 Computational Models of Cell Signaling 

Cell signaling networks are cascades of biochemical reactions that regulate cellular responses to 

external cues, and their dysregulation is important in the progression of disease. PAH involves 

pathological remodeling of the vascular wall mediated in part by PAAFs in response to 
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pathological strain and stresses such as mechanical overload and hypoxia. PAAFs residing in the 

adventitial layer of the arterial wall regulate vascular extracellular matrix (ECM) and mechanical 

properties [43]. Studying the interplay between the effects of signaling cytokines, hypoxia and the 

mechanical stimuli that are activated in PAH will help to elucidate signaling pathway interactions 

and may aid in developing novel therapies to reverse vascular fibrosis and disease progression. 

Mathematical modelling of cell signaling networks is a useful tool for synthesizing 

available experimental data and investigating interactions between pathways that are difficult to 

study experimentally. Here, we introduce a new logic-based ordinary differential equation model 

[59] of the major biochemical networks known to regulate pro-fibrotic cell responses such as ECM 

expression, proliferation and myofibroblast transformation in PAAFs [63]. The network model 

was derived from published cell biological experiments and transcriptional measurements in 

primary PAAFs supplemented, where necessary, with information on canonical pathway structure 

from better studied fibroblast types, mainly cardiac fibroblasts (CFBs). Inputs to the PAAF 

signaling network model were based on reported stimuli upregulated in PAH [43]. 

While the signaling pathways included in this model have been identified in PAAFs, their 

interplay is not well understood, and there is a paucity of experimental data in the literature specific 

to these fibroblast cells. Therefore, after constructing a PAAF signaling network model, we carried 

out a sensitivity analysis to identify the important nodes in the network. 
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Creating a cell signaling model inherently introduces parameter uncertainty, since 

experimental studies rarely report quantitative biochemical reaction properties. There are also 

epistemic uncertainties in the structure and logic of the network, which depend on published 

experiments from a variety of cell types and conditions that are occasionally inconsistent or 

ambiguous [67]. Therefore, to analyze the robustness of the developed model and identify how 

small perturbations in the parameters leads to changes in model predictions, we have carried out 

uncertainty quantification (UQ) analysis of the model parameters. Using a separate set of data not 

used in the model formulation, we determined the prediction capabilities of the model and its 

qualitative accuracy. We also used this method to determine if adding pathways from other 

fibroblast cell types impacts model accuracy. 

Since the model parameters were not optimized, we do not expect a close quantitative 

agreement between model predictions and experimental data. Rather, objective qualitative 

comparison criteria were used, and we used UQ to assess the robustness of model prediction 

accuracy and to identify the modules and parameters that are most affected by incomplete or noisy 

data [68]. Analysis of parameter and structural uncertainty showed that the PAAF model is robust 

to most parameter uncertainty and identified new experiments that are needed to improve model 

confidence and accuracy. 

Here, we present a novel network model of the pulmonary arterial adventitial fibroblast 

(PAAF) that represents seven signaling pathways, confirmed to be important in pulmonary arterial 

fibrosis, as 92 reactions and 64 state variables. Without optimizing parameters, the model correctly 

predicted 80% of 39 results of input–output and inhibition experiments reported in 20 independent 

papers not used to formulate the original network. Parameter uncertainty quantification (UQ) 

showed that this measure of model accuracy is robust to changes in input weights and half-maximal 
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activation levels (EC50) but is more affected by uncertainty in the Hill coefficient (n), which 

governs the biochemical cooperativity or steepness of the sigmoidal activation function of each 

state variable. Epistemic uncertainty in model structure, due to the reliance of some network 

components and interactions on experiments using non-PAAF cell types, suggested that this source 

of uncertainty had a smaller impact on model accuracy than the alternative of reducing the network 

to only those interactions reported in PAAFs. UQ highlighted model parameters that can be 

optimized to improve prediction accuracy and network modules where there is the greatest need 

for new experiments. 

 

2.1.2 Materials and Methods 

 

2.1.2.1 Computational Model of Pro-Fibrotic PAAF Cell Signaling 

The PAAF signaling model was manually constructed with the same default parameters and model 

file structures as the one developed by Zeigler et al. for cardiac fibroblasts [69]. Out of the 92 

reactions in our model, 52 reactions are unique to PAAFs. The model construction was based on 

results reported in 52 published papers describing experimental studies in PAAFs or other 

fibroblast types [3, 48-49, 51-52, 70-117] when necessary to complete 18 intermediate reactions 

not described in the comparatively sparse literature on PAAF signaling. In addition, 20 

independent papers documenting in-vitro or in-vivo experiments in rat or human PAAFs and not 

used in the original model formulation were set aside to measure the predictive capability of the 

model.  

The resulting PAAF signaling network (Fig. 2.1) integrates seven input stimuli that are 

implicated in PAH pathogenesis: mechanical loading, transforming growth factor-𝛽 (TGF 𝛽), 
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tumor necrosis factor- 𝛼 (TNF 𝛼), platelet-derived growth factor (PDGF), angiotensin II (AngII), 

fibroblast growth factor (FGF), and hypoxia. These activate seven receptors and signaling 

modules, namely the phosphoinositide 3-kinase (PI3K), TGF 𝛽, Notch, reactive oxygen species 

(ROS), mitogen-activated protein kinase (MAPK), calcineurin and Hippo pathways. Downstream 
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transcription factors regulate the expression of eight outputs important in the pro-fibrotic cell 

 
Figure 2.1: A schematic of pro-fibrotic PAAF cell signaling network comprised of 64 nodes. 

This network is comprised of 64 nodes with input stimuli (blue ovals), receptors (triangles), 

signaling molecules (hexagons), transcription factors (colored rectangles), messenger RNA 

(rectangles) and phenotypic outputs (grey diamonds). The colors represent the recognized 

signaling modules including phosphoinositide 3-kinase (PI3K) (red), TGFβ (orange), Notch, 

reactive oxygen species (ROS, yellow), mitogen-activated protein kinase (MAPK, green), 

calcineurin (blue) and Hippo (purple). The arrows indicate the 92 activation or inhibition reactions, 

with the grey arrows denoting reactions based only on experiments in non-PA fibroblasts. 

Converging reactions denoted by & indicate ‘AND’ gate logic, while other combinations imply 

‘OR’ gate logic. 
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phenotype and ECM remodeling [3]. Overall, there are 64 nodes that represent physical stimuli, 

ligands, receptors, signaling molecules, transcription factors, messenger RNA (mRNA), proteins, 

and cell phenotypes interconnected via 92 reactions. The publications used to justify each 

individual reaction and interaction are listed below in Fig. 2.2. 

 

Figure 2.2: Reaction List with References. Reactions are listed as input or middle, where ! 

indicates inhibition and default parameters of input weight = 0.25, middle weight = 1, Hill 

coefficient = 1.4, EC50 = 0.6 
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Figure 2.2: Reaction List with References. Reactions are listed as input or middle, where ! 

indicates inhibition and default parameters of input weight = 0.25, middle weight = 1, Hill 

coefficient = 1.4, EC50 = 0.6 
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Figure 2.2: Reaction List with References. Reactions are listed as input or middle, where ! 

indicates inhibition and default parameters of input weight = 0.25, middle weight = 1, Hill 

coefficient = 1.4, EC50 = 0.6 

 

Using previously described methods [69, 118], the PAAF signaling network model was 

implemented as a system of logic-based ordinary differential equations that were integrated 

numerically using the explicit fourth Runge–Kutta method. Each state variable is normalized to a 

value between 0 and 1 and follows a Hill-type activation function [59]. This approach allows a 

Boolean system to be translated into a continuous time system with parameters that are 

representative of biochemical reactions [59]. Logical operators are used to represent signaling 

interactions with ‘NOT’ representing inhibition, ‘OR’ a reaction in which the node can be activated 

by multiple inputs, and ‘AND’ representing where the activation requires the activity of more than 

one upstream node. 
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The system of differential equations is formulated for each node yi in the network, i = 1…64 

as in Equation 2.1. 

𝑑𝑦𝑖

𝑑𝑡
=  

1

𝜏𝑦𝑖

[𝜔𝑦𝑖
𝑓𝑗𝑦𝑖

𝑚𝑎𝑥 − 𝑦𝑖]   (2.1) 

 

with a general reaction weight ω and Hill function fj, where j can be an activation (act) as 

in Equation 2.2 or inhibition (inhib) reaction as in Equation 2.3. 

𝑓𝑎𝑐𝑡(𝑦𝑖) =  
𝐵𝑦𝑖

𝑛

𝐾𝑛+𝑦𝑖
𝑛     (2.2)    and     𝑓𝑖𝑛ℎ𝑖𝑏(𝑦𝑖) = 1 −  

𝐵𝑦𝑖
𝑛

𝐾𝑛+𝑦𝑖
𝑛     (2.3) 

where B is a function of the half-maximal activation EC50 and the Hill coefficient n 

(Equation 2.4), which is a measure of nonlinear cooperative activation and K is a function of B and 

Hill coefficient n (Equation 2.5) [59]. 

𝐵 =  
𝐸𝐶50

𝑛 −1

2𝐸𝐶50
𝑛 −1

     (2.4)       and     𝐾 = (𝐵 − 1)1/𝑛    (2.5) 

In the case where yj is an input, fj  = 1 and the input reaction weight is denoted ω. 

 

To represent ‘OR’ logic interactions, Equation 2.1 is modified to represent the sum of the reactions 

with respective weights for each node and subtracting the intersection of fj(yk) and fj(yl) as shown 

in Equation 2.6. 

𝑑𝑦𝑖

𝑑𝑡
=  

1

𝜏𝑦𝑖

[(𝜔𝑦𝑘
𝑓𝑗(𝑦𝑘) + 𝜔𝑦𝑙

𝑓𝑗(𝑦𝑙) + 𝜔𝑦𝑘
𝑓𝑗(𝑦𝑘)𝜔𝑦𝑙

𝑓𝑗(𝑦𝑙)) 𝑦𝑖
𝑚𝑎𝑥 − 𝑦𝑖]    (2.6) 

where yk and yl are upstream nodes that activate or inhibit yi. 

 

For ‘AND’ logic interactions, equation (2.1) is modified to be the product of the general reaction 

weight ω, fj(yk) and fj(yl) as shown in Equation 2.7. 
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𝑑𝑦𝑖

𝑑𝑡
=  

1

𝜏𝑦𝑖

[𝜔𝑦𝑘
𝑓𝑗(𝑦𝑘)𝑓𝑗(𝑦𝑙)𝑦𝑖

𝑚𝑎𝑥 − 𝑦𝑖]    (2.7) 

 

The baseline model solution was obtained using a default Hill coefficient of n = 1.4 and EC50 of 

0.6 for every node. The time constants τ for each different reaction type in the network followed 

those used previously [69]: 0.1 h for signaling reactions; 1 h for transcription; and 10 h for 

translation. Timepoints chosen were run at steady state. Input weights (ω) were initialized to 0.25 

to represent baseline activity. Reaction weights for the rest of the system (ω) were set to a default 

value of 1. The system of ODEs was generated from a tabular representation of the network using 

custom software available on Github at https://github.com/saucermanlab/Netflux. 

 

2.1.2.2 Model Validation 

To validate the model predictions, 39 input-output experiments in rat or human PAAF cells 

(reported in 20 papers [11, 22, 47, 119-135]) were classified as observing a significant increase or 

decrease, or no significant change in activity of an output quantity that is a node in the model in 

response to a stimulus, that was also an input to the model. The threshold for considering a 

response in the model to represent a significant change in output activity was chosen to be 0.05. 

In-vivo data were used when there were no in-vitro data reported in the literature on PAAFs. The 

time-course of the model for each comparison was matched to that of the corresponding 

experimental measurement. Citations to the publications used for each model comparison 

experiment are given in Fig. 2.3 below. 
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Figure 2.3: Validation Data with References. The input is listed, and then the weight (w) of the 

input is set to 1, and the change in the output is determined by a threshold value of 0.1. The 1 

indicates there is a match with the model prediction and the experimental measurement. 

 

2.1.2.3 Sensitivity Analysis 

A model baseline was calculated by setting all input weights to 0.25 and the initial values of all 

state variables to 0. They were then integrated until a steady state was achieved for all nodes at 

200 minutes. 100% knockdown of each node was simulated by reducing ymax from 1 to 0, and the 

subsequent effect at every node was calculated as knockdown activity minus baseline activity. 

Sensitivity analysis was performed under baseline conditions and under conditions of high 
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mechanical stretch (mechanical input weight set to 0.9) to represent the effects of mechanical 

overload and matrix stiffening associated with PAH. 

 

2.1.2.4 Uncertainty Quantification 

The model system of ordinary differential equations (Equation 2.1) can be represented as ẏ= f(y,θ), 

y ∈ ℝi, where ẏ is a vector representing the time rate of the change of the nodal network states y. 

The index i represents the problem dimension, which in this case is equal to the number of nodes 

in the network (Fig. 2.1). The vector θ contains the parameters that can be represented as θ ∈ ℝk, 

where k is the number of uncertain model parameters that we intend to investigate. 

To propagate parameter uncertainties in the network, we followed the approach described 

by Marino et al. [136], in which each parameter in 𝜃 is assumed to be a uniform random variable 

from the uniform distribution ~U(min, max). Herein, we propagate three uncertain independent 

parameters: n, EC50, and ω (θ = {n, EC50, ω}). These parameters were sampled randomly from 

uniform distributions. The ranges chosen for the model parameters vary roughly 30% around their 

mean when carrying out UQ analysis. For example, n was chosen to be a uniform random variable 

such that n ~ U(1.36, 2.36). It should be noted that the range of n was set from 1.36 to 2.36 as 

guided by the equation in Section 2.2.3.1, since a default value of EC50 = 0.6 gives a minimum of 

n to be 1.36 or else B would be negative and thus K would not produce a viable value. When n is 

set to 1.4, the EC50 can only vary slightly around the default value of 0.6, so the UQ analysis was 

run with n set to 2, in order to perturb a wider range of EC50 from 0.4 to 0.7, EC50 ~ U(0.4,0.7). 

Similarly, the input weight 𝜔 was also run with n set to 2 to keep the results consistent, and was 

set to vary from 0.1 to 0.4, around the default value (0.25), 𝜔 ~ U(0.1,0.4).  
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The uncertainty quantification simulations were performed using the package Uncertainty 

1.2.1 in Python [137]. The package was run to quantify the change in model accuracy when varying 

the three model parameters: n, EC50, and 𝜔. Since there are only 7 locations in the network that 

depend on the input weight 𝜔, we used the polynomial chaos expansion approach with order-4 

approximation to non-intrusively propagate uncertainty. This is generally less computationally 

expensive than Monte Carlo simulations, however for systems with over 20 uncertain parameters, 

the required number of model evaluations scales worse than the Monte Carlo method [137]. 

Because of this, the (quasi-) MC method was used with 5,000 model evaluations for UQ analysis 

of n and EC50 due to there being 99 reactions each with individual n and EC50 values being 

perturbed in the network. The ranges of parameter values that are noted in the UQ results are 

identified by examining the output file and sorting by accuracy, then analyzing the combinations 

of parameters that led to notable changes in accuracy. The code used for uncertainty analysis is 

available on Github at https://uncertainty-toolbox.github.io/ 

Moreover, to compare the baseline model results with a model derived only from 

experiments in PAAFs or cardiac fibroblasts, we ran UQ analysis using the (quasi-)Monte Carlo 

approach varying all 3 parameters where n ~ U(2, 2.4), EC50 ~ U(0.4, 0.6), and 𝜔 ~ U(0.1, 0.4), 

and with 10,000 model evaluations. The effects on model accuracy of changing parameters and 

the network structure were evaluated by classifying input-output model results as increased, 

decreased, or unchanged using a threshold change of 0.05 and determining the percentage of model 

results in agreement with the published experimental findings. 
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2.1.3 Results 

2.1.3.1 Model Validation 

The model accurately predicted 31 out of 39 (80%) of the qualitative experimental results, 

including 4 out of 5 of the in-vivo (bolded) and 27/34 of the in-vitro experimental findings (Fig. 

2.4A). Model accuracy went down to 35% when not using PAAF-specific pathways and using 

only reactions from the cardiac fibroblast model by Zeigler et al. (Fig. 2.8B) [69]. The model was 

also able to predict results from in-vitro experiments in rat PAAFs in which TGF𝛽, TNF𝛼 or ROS 

were inhibited pharmacologically [131, 132]. Each node in the model was first initialized with a 

default baseline value of 0.25, and the control activity of collagen I, 𝛼-SMA, fibronectin, and IL6 

were computed. Next, stimulation with TGF𝛽 and TNF𝛼 was simulated by increasing the input 

weights corresponding to those nodes to 0.475 and 0.375, respectively. These two values were 

chosen to best match the increase in relative level of 𝛼-SMA as reported by Zhang et al. and IL6 

as reported by He et al. [131, 132] experiment. Experiments using 10 𝜇M of the ERK inhibitor 

U0126 (T+U) reduced its activity to 30% [138]. Similarly, 10 𝜇M of the p38 inhibitor SB203580 

(T+SB) reduced p38 activity to 5% [139], the ROS scavenger N-acetyl-L-cysteine (NAC) 

completely blocked ROS activity [132]. Hence, after stimulation of the baseline model with TGF𝛽, 

the effects inhibiting the ERK1/2 and p38 nodes were simulated in the model by reducing ymax 

from 1.0 to 0.3 and 0.05, respectively (Fig. 2.4B-D). Similarly, the effects of NAC on TNF 𝛼 were 

simulated by reducing the ROS node from 1.0 to 0.0 (Fig. 2.4E). Simulations ran for 24 hours 

[131] and 8 hours [132] to match the time-course of the corresponding experimental 

measurements, as depicted in Fig. 2.4 B-E.  

 Percent errors between model-predicted and experimental results for collagen I expression 

stimulated by TGF𝛽 and with TGF𝛽 in the presence of the ERK1/2 and p38 inhibitors were 109%, 
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218%, and 283%, respectively [131]. Although these errors were high, the model did qualitatively 

predict the observed increase in collagen I stimulated by TGF𝛽 but not the observed inhibitory 

effects of either inhibitor. This may be because of incomplete or inaccurate interaction logic in the 

module of the network regulating collagen I expression. On the other hand, the model did correctly 

predict observed trends for fibronectin with % errors of 66%, -95%, and -99%, though predicted 

inhibition was greater than observed, perhaps because only MAPK signaling regulates fibronectin 

in the model. Because the model simulation was matched to the 𝛼-SMA experimental results, the 

error for TGF𝛽 stimulation was only -0.4%, and there was a good match with the inhibition results 

with % errors of 16.7% for T+U (ERK1/2 ymax to 0.3) and 8.4% T+SB (p38 ymax to 0.05) [131]. 

This shows that the model was able to closely predict the trends in 𝛼-SMA and fibronectin activity. 

Changes in the model structure may be required before collagen I expression can be predicted. 

We compared the model to experiments in which TNF𝛼 was added to rat PAAFs [132] by 

increasing the TNF𝛼 node from 0.25 to 0.375. The error in the predicted increase in IL6 expression 

was only -1.1%, and the predicted effect of adding the ROS scavenger was qualitatively as 

measured, with an error of 128% (Fig 2.4E).  

All model results were significantly different (p < 0.05) than experimental means except 

those for 𝛼-SMA (Fig. 2.4D). A Student's heteroscedastic t-Test produced p-values of 0.06 for 𝛼-

SMA stimulation and ERK inhibitor (T+U) and 0.16 for 𝛼-SMA stimulation and p38 inhibitor 

(T+SB) given the sample size (n=3) and standard deviation reported in the original experimental 

paper [131]. 
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Figure 2.4: Model prediction of qualitative input-output experiments and inhibition results 

signaling. (A) Input–output validation: model predictions agreed with published experimental 

observations for 31 out of 39 (80%) of the input–output responses measured in rat or human 

PAAFs. Intermediate and phenotypic output results are organized by input stimulus, where the 

bolded node names indicate experimental results that were measured in-vivo. (B–E) Inhibition 

validation: results of the PAAF model are compared with the results of inhibition experiments in 

cultured rat PAAFs reported by Zhang et al. (B–D) [131] and He et al. (E) [132]. Each model 

prediction was normalized to the baseline condition obtained when all inputs were 0.25. 

Stimulation with TGFβ and TNFα were simulated by increasing these inputs to 0.475 and 0.375, 

respectively, to be consistent with the experimental protocol. The effects of the ERK inhibitor 

(T+U), p38 inhibitor (T+SB) and ROS scavenger (NAC) were simulated by decreasing ymax for 

those nodes from 1.0 to 0.3, 0.05 and 0, respectively, consistent with the published reports [131].  
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2.1.3.2 Sensitivity Analysis 

A sensitivity analysis was used to identify the nodes that are the most influential determinants of 

network state under baseline conditions and conditions of high-mechanical stimulation as occurs 

in PAH. The change in the steady-state (200 min) response of each node in the network (columns) 

to 100% knockout of each node individually (rows) is displayed as a heat map in Fig 2.5. The 

analysis shows that mechanical stimulation, hypoxia, AngII, and TGF𝛽 are the most important 

inputs. Important intermediate regulators include the mitogen-activated protein kinases (ERK1/2, 

JNK1/2 and p38), calcineurin, the Smads 2 and 3, cleaved osteopontin (clOPN), reactive oxygen 

species (ROS), notch intracellular domain (NICD), nitric oxide (NO), and NADPH oxidase 4 

(Nox4). This sensitivity analysis has thus revealed the larger influence of hypoxia and FGF in the 

PAAF model than in the model of cardiac fibroblasts [69]. 

Given the importance of mechanical loading and vessel stiffening in the pathogenesis of 

pulmonary arterial fibrosis, we repeated the sensitivity analysis in the context of high-mechanical 

load by increasing the input weight of the mechanical stimulation input node from the baseline 

value of 0.25 to 0.9 (Fig. 2.6). Under these conditions, the most influential unique nodes were 

found to be 𝛼-SMA, cGMP, ET1, proteins in the Hippo pathway, and syndecan-4. These nodes 

are highly active in mechanotransduction, proliferation, vasoconstriction, and activation of 

fibroblasts into the myofibroblast phenotype [63]. Knocking out these nodes generally resulted in 

a decrease in matrix proteins including collagen III and fibronectin. This global sensitivity analysis 

is also a way to elucidate the likely determinants of greatest structural and parameter uncertainty 

in the model. In the following sections we investigated the effects of parameter and network 

uncertainty in the model. 
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Figure 2.5: Heatmap of the baseline sensitivity analysis for pulmonary arterial adventitial 

fibroblasts. Heatmap of the baseline sensitivity analysis showing changes in activity of all the 

nodes in the model (columns) in response to knocking out each node (rows), where red indicates 

an increase in activity over baseline and blue shades indicate a decrease in activity in response to 

the knockout. This indicates the most important nodes are mechanical stimulation, TGFβ, AngII, 

and hypoxia.  
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Figure 2.6: Sensitivity Analysis Under High Mechanical Stimulation. Heatmap of sensitivity 

analysis with the weight of the mechanical input increased from a default of 0.25 to 0.9, showing 

changes in activity of all the nodes in the model (columns) in response to knocking out each node 

(rows), where red indicates an increase in activity over baseline and blue shades indicate a decrease 

in activity in response to the knockout. This indicates the most important input nodes are 

mechanical stimulation, Notch1/3, TGFβ, AngII, and hypoxia.  
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2.1.3.3 Quantification of Parameter Uncertainty 

To examine the effect of propagated uncertainty of model parameters on the accuracy of the model, 

a table of the 39 experimental results was coded to compare results against. The accuracy was 

compared with the baseline 80% accuracy achieved with default model parameters.  

Each parameter was varied independently using a uniform distribution n ~ (1.36-2.36), 

EC50 ~ (0.4-0.7), 𝜔 ~ (0.1-0.4). A (quasi-)Monte Carlo method with 5,000 model evaluations was 

used for UQ analysis of n and EC50 to cover the 99 uncertain reactions, and an order-4 polynomial 

chaos expansion was used for the weight 𝜔 of the 7 model inputs. As seen in Figure 2.4, the 

distribution of model accuracy for input weight has a mean of 70.4%, standard deviation of 5.3%, 

a minimum accuracy of 66.67%, and a maximum accuracy of 79.5%. For EC50, the mean of the 

distribution is 65.4% with a standard deviation of 19.2% and a minimum accuracy of 20.5% and 

maximum accuracy of 82%. For the Hill coefficient, the mean accuracy of the distribution was 

63.9% with a standard deviation of 13.3%, a minimum accuracy of 20.5%, and a maximum 

accuracy of 79.5%. This indicates that network model accuracy was most vulnerable to uncertainty 

in n, somewhat vulnerable to uncertainty in EC50 and relatively robust to input weight uncertainty.  

A subset of specific combinations of input weights over the range of 0.1-0.4 did result in a 

decrease in accuracy including a combination of low mechanical and low hypoxia or a combination 

of low AngII, TGF𝛽 and FGF, but these did not decrease the model accuracy more than 13% (Fig 

2.7A).  

There was a wide range of changes in model accuracy as shown in Fig 2.7B, over the 

relatively large range of n of 1.36-2.36, showing increased uncertainty propagation. Lower model 

accuracy (<40%) was observed when more than 30% of the 99 reactions had Hill coefficients n 
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exceeding 2.2. To allow EC50 to vary, n was set to 2 as stated in the Methods to avoid numerical 

errors [59].   

Model accuracy was generally high and robust to varying EC50 from 0.4-0.7, but there was 

a secondary peak at 20% as seen in Fig 2.7C. The low peak occurred when the reactions of MST1/2 

activating LATS1/2 and miR130/301 inhibiting LRP8 both had EC50 values greater than 0.68. 

Both reactions are involved in the Hippo pathway, which is activated by mechanical stimulus.  

 

Figure 2.7: Uncertainty quantification of parameters in Pulmonary Arterial Adventitial 

Fibroblasts. Quantification of the effects of model parameter uncertainty on the probability of 

qualitative model prediction accuracy assuming uniform random distributions of input weights ω 

(A), Hill coefficients n (B), and half-maximal activations EC50 (C). Accuracy with using default 

parameters is annotated. Varying input weight ω randomly between 0.1 and 0.4 for seven inputs 

using polynomial chaos expansion with a fourth order produced accuracies between 70% and 80%, 

whereas varying the Hill coefficient n from 1.36 to 2.36 for all 99 reactions using the (quasi-

)Monte Carlo method resulted in a much wider distribution of model accuracies ranging from 20% 

to 80%. Varying EC50 randomly between 0.4 and 0.7 for all 99 reactions using the (quasi-)Monte 

Carlo method resulted in peaks in accuracy at around 20% and at 70–80%. 
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Finally, there was a set of EC50 values that led to an increased model accuracy of 82%. 

When compared with thousands of combinations that produced an 80% accuracy. This result is 

unique in that all of the inputs and hypoxia -> Nox4 were not extreme values (0.42 < EC50 < 0.68) 

combined with a high EC50 (>0.68) for the reaction: MMP9 and latent TGF𝛽 activating TGF𝛽 and 

a low EC50 (<0.42) for the reaction: proMMP9 activating MMP9 and TIMP1 inhibiting MMP9. 

This finding demonstrates how further tuning can be done by optimizing model parameters.  

 

 The 11 inhibition results seen in Fig 2.4B-E (activation by TGF𝛽 and TNF𝛼 then inhibition 

of p38, ERK1/2 or ROS) were coded with a threshold of 0.05, and UQ was repeated using 

polynomial chaos expansion with an order-4 varying the 7 input weights from 0.1-0.4. Fig. 2.9 

shows that the predicted results of inhibition experiments were relatively robust to this change, 

accurately predicting 9/11 (82%) or 8/11 (73%) of the activation by TGF𝛽 and TNF𝛼 and 

inhibition of p38, ERK1/2, and ROS. However, the model was not able to capture the inhibition 

of collagen I by p38 or ERK1/2. 

 

2.1.3.4 Quantification of Epistemic Uncertainty 

To use UQ to evaluate the level of uncertainty associated with the cell type used in the model 

construction, a reduced version of the model was created with only experimental data reported for 

fibroblast cells from the cardiovascular system, specifically PAAFs and cardiac fibroblasts 

(CFBs). This new criterion led to a reduced model with 82 reactions and 62 nodes, due to the 

removal of ET1 and latent TGF𝛽, versus the 92 reactions and 64 nodes in the original model. The 

reduced model was qualitatively compared against the same independent set of data as the full 

model. Here the accuracy went down to 24/38 (63%) from the accuracy of 31/39 (80%) for the 
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original model. The number of experiments compared against drops down from 39 to 38 as a result 

of ET1 being a node in the input-output comparison. 

We ran a (quasi-)Monte Carlo simulation with 10,000 model evaluations where n was 

given a uniform distribution from 2 to 2.4, EC50 was given a uniform distribution of 0.4 to 0.7 

(default value of 0.6), and the input weight 𝜔 was given a uniform distribution of 0.1 to 0.4 (default 

value of 0.25) as depicted in Fig. 2.8A.  

We further compared the two models by varying all three parameters at once: n ~ U(2, 2.4), 

EC50 ~ U(0.4, 0.6), and 𝜔 ~ U(0.1, 0.4) (Fig. 2.8). The mean accuracy of the baseline model (Fig 

2.5A) was 35.7% with a standard deviation of 18% and reaches a maximum accuracy of 80%, 

while the mean accuracy of the reduced model (Fig 2.8B) was 38.4% with a standard deviation of 

12% and a maximum accuracy of 63%. Overall, this result suggests that while using data from 

non-cardiovascular cell types is a source of epistemic uncertainty, the additional model 

components and reactions deduced from these other cell types can improve prediction accuracy 

without significantly compromising robustness. These results may help to prioritize new in-vitro 
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experiments in PAAFs that are not in the literature but are important to the accuracy of the model. 

This includes experiments on the feedback from and activation of latent TGF𝛽, activation of 

TIMP1 and ET1 by AP1, activation of Eln by PKC𝛼, activation of HIF1𝛼 by ROS, and activation 

of 𝛼-SMA (Acta2) by p38. 

To examine the effects of only including cardiovascular fibroblast data (PAAFs and CFBs) 

on the inhibition results, simulations were rerun with the same conditions as in Fig. 2.4B-E. 

Briefly, input TGF𝛽 = 0.475, and TNF𝛼 = 0.375, ERK1/2 ymax = 0.3, p38 ymax = 0.05, ROS ymax = 

0, and at 24 hours and 8 hours, respectively. While other trends remained the same, the reduced 

 
Figure 2.8: Quantification of epistemic uncertainty in network structure. Results of a 10000 

model evaluation runs using the (quasi-)Monte Carlo simulation where the Hill coefficient n was 

a uniform random variate between 2 and 2.4, EC50 was given a uniform distribution of 0.4 to 0.6, 

and ω was varied according to a uniform random distribution of 0.1 to 0.4. The two models being 

compared are the UQ results for the full model (A) versus the reduced model (B) based only on 

literature data from cardiovascular cells (PAAFs and CFBs) with accuracy using default 

parameters annotated. Inhibition results for α-SMA using the reduced model were run under the 

same conditions used to produce figure 2.4D (C). Results remained unchanged for the other 

outputs (collagen I, fibronectin, IL6).  
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model resulted in a qualitative reversal of the accuracy for 𝛼-SMA predicted by the full PAAF 

model. As shown in Fig 2.5C, there was no longer a decrease in activity in 𝛼-SMA due to ERK 

and p38 inhibitors as originally observed. The reduced form of the model only agrees with the 

increase in 𝛼-SMA due to TGF𝛽 stimulation. The results also no longer match the experiment, 

producing p values that were less than 0.05 with a heteroscedastic Student's t-Test, rejecting the 

null hypothesis that the model results lie in the same distribution as the experimental ones [131]. 

Thus, the full model, despite including some information from non-cardiovascular fibroblasts, 

better captures the complex regulation of 𝛼-SMA expression. 

 

 

Figure 2.9: Dynamic Inhibition Results using the Cardiovascular Fibroblast Model for 

Col1a1. The reduced model with only cardiovascular fibroblast data was not able to predict 

inhibition of Col1a1 by ERK or p38 inhibitor. Model prediction results for the other inhibition 

predictions when using the reduced cardiovascular fibroblast model (fibronectin, alpha smooth 

muscle actin, and IL6) were unchanged from results shown in Fig. 2.4 B-E. 

 

2.1.4 Conclusion 
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We created a novel network model of cell signaling in PAAFs that integrates seven signaling 

modules known to be involved in pulmonary arterial fibrosis. This model was qualitatively 

consistent with experimentally measured input–output relationships and was able to match results 

from inhibition experiments not used to formulate the model originally. To determine the 

specificity of the model to fibroblasts from the pulmonary arterial adventitia, we ran a simulation 

using only nodes also included in the CFB model developed by Zeigler et al. Here, the CFB model 

with 40 reactions significantly underpredicted by almost threefold the PAAF input–output 

experiments. This indicates the important role played by the 52 added reactions in our fibroblast 

model to describe the signaling pathway representing PAAF properties in PAH. Sensitivity 

analysis showed that the model predicted PAAF network state was most sensitive to TGFβ, MAPK 

and hypoxia signaling pathways. The sensitivity analysis for the CFB model showed similar 

importance of TGFβ pathways and MAPK pathways, but mechanical stimulus had a higher impact. 

By using UQ, we determined the robustness of the model with respect to input weight and EC50, 

but found that parameter uncertainty propagation was increased significantly with increased n. 

This work takes similar approaches to those previously undertaken in other logic-based 

network models including those done by Zeigler et al. [69] and Kraeutler et al. [59]. The Zeigler 

model has been shown to be similarly robust to this PAAF model, with an accuracy of 80% and 

similarly predicts a strong influence of TGFβ [69]. Our model uses the same default parameters 

and includes analysis of variation in baseline input. This contrasts with the Kraeutler model, where 

the model is fully parameterized and the authors carried out a sensitivity analysis on the Hill 

coefficient, EC50, and ymax [59]. We have further varied the Hill coefficient and EC50 using a 

uniform distribution via UQ. 
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We also identified the areas of epistemic uncertainty inherent in network construction that 

will need further confirmation, revision and comparison with future experiments done specifically 

in PAAFs by running a three parameter UQ analysis on the model with and without the pathways 

derived from non-cardiovascular fibroblasts. In some cases, information from non-cardiovascular 

cell types were shown not to highly affect input–output prediction accuracy but did improve the 

accuracy of predictions on the effects of inhibitors as seen in the predictions of how α-SMA 

responds to TGFβ when ERK or ROS were inhibited. Thus, the full model, despite including some 

information from non-cardiovascular fibroblasts, better recapitulated the regulation of α-SMA 

expression. In this way, UQ was able to capture the levels to which the output of model accuracy 

could vary given changes in large ranges of parameters and in the absence of pathways elucidated 

by non-cardiovascular fibroblasts. This analysis was crucial to a system that has so little certainty 

in model construction and literature data such as in PAAFs. With directions for optimization given 

by UQ, this model can be improved to help the scientific community understand the complex 

interplay of pathways in pulmonary arterial remodeling to identify treatments that can better target 

adventitial fibrosis. 

 

2.1.5. Limitations and Future Directions 

There is very little literature from which to determine specific model parameters, so we have not 

attempted to identify individual parameters and instead used constant values for every node and 

explored parameter uncertainty over a wide range of values. For example, all reactions are at a 

default weight of 1; however, the literature data could suggest that some reactions are more 

important than others in determining fibrosis. These findings are consistent with the conclusion 

that capturing the molecular interactions within the network topology is more important for 
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reproducing the qualitative features revealed by typical cell biological experiments than the choice 

of parameters. This property explains why this class of network model is often preferred to more 

biochemically detailed models with fewer interacting pathways for interpreting the frequently 

more qualitative conclusions of many cell-biological studies. The analyses suggested that the 

model is quite robust to parameter uncertainty at least when using qualitative experimental criteria. 

When varying input weight (ω) the model accuracy ranged from 67% to 80%, when varying half-

maximal effective concentration (EC50) the accuracy generally ranged from 60% to 80% though 

the model accuracy was highly affected by changes in the Hill coefficient (n). Given that the UQ 

results depend on the ranges chosen for the model parameters, in this case n, EC50 and ω, caution 

should be taken in making too many biological conclusions based on this analysis. 

A critical next step identified by UQ is to fill in the areas where there are no in-vitro 

experiments in PAAFs both to refine the model and acquire more validation data so one can be 

more confident in the results. For example, there are no literature data on how stimulation of 

PAAFs with TNFα affect phenotypic outputs, only on intermediates in the model. There is some 

data uncertainty in the literature, as a low sample size and power in typical cell biology 

experiments means there is less confidence in experimental findings concluding no significant 

change versus those reporting significant changes. 

The model is currently only shown to be qualitatively consistent with input–output 

experiments and normalized from 0 to 1 as the range is unknown and many reported experimental 

results are not quantitative. In the future, we can implement mass-action equations with kinetic 

rates to create a more quantitative and realistic measure of matrix remodeling that we can validate 

through experimentation. We can also integrate paracrine signaling with other cell types, as PAAFs 

are known to activate macrophages and smooth muscle cells surrounding them in the pulmonary 
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arterial wall [3] Another future direction is to reformulate the model by adding exogenous 

stimulation for ET1 and IL6 and feedback, which could increase model accuracy. 
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CHAPTER 3: SUBSTRATE STIFFNESS AND STRETCH REGULATE PROFIBROTIC 

MECHANOSIGNALING IN PULMONARY ARTERIAL ADVENTITIAL FIBROBLASTS 

 

3.1 Abstract 

PAAFs are important regulators of fibrotic vascular remodeling during the progression of PAH, a 

disease that currently has no effective anti-fibrotic treatments. We conducted in-vitro experiments 

in PAAFs cultured on hydrogels attached to custom-made equibiaxial stretchers at 10% stretch 

and substrate stiffnesses representing the mechanical conditions of mild and severe stages of PAH. 

The expression of collagens α(1)I and α(1)III and elastin messenger RNAs (Col1a1, Col3a1, Eln) 

were upregulated by increased stretch and substrate stiffness, while lysyl oxidase-like 1 and α-

smooth muscle actin messenger RNAs (Loxl1, Acta2) were only significantly upregulated when 

the cells were grown on matrices with an elevated stiffness representative of mild PAH but not on 

a stiffness representative of severe PAH.  

Fibronectin messenger RNA (Fn1) levels were significantly elevated by increased 

substrate stiffness and transiently upregulated by a 4h stretch, but was not significantly altered by  

a 24h stretch while Col3a1, Acta2, Loxl1, and Eln were  significantly altered/up-regulated at both 

8h and 24h, where the 8h groups show a higher response level. We modified our published 

computational network model of the signaling pathways that regulate profibrotic gene expression 

in PAAFs to allow for differential regulation of mechanically-sensitive nodes by stretch and 

stiffness. When the model was modified so that stiffness activated integrin β3, the Macrophage 

Stimulating 1 or 2 (MST1\2) kinases, angiotensin II (Ang II), transforming growth factor-β (TGF-

β), and syndecan-4, and stretch-regulated integrin β3, MST1\2, Ang II, and the transient receptor 

potential (TRP) channel, the model correctly predicted the upregulation of all six genes by 
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increased stiffness and the observed responses to stretch in five out of six genes, although it could 

not replicate the non-monotonic effects of stiffness on Loxl1 and Acta2 expression.  

Blocking Transforming Growth Factor β (TGFβ) and Ang II Receptor Type 1 (AT1R) in-

vitro uncovered previously unknown pathway interactions in regulation of Col1a1, Col3a1, and 

Acta2, as well as novel pathways that could be in PAAFs that regulate Fn1. This novel combination 

of in-vitro and in-silico models of PAAF profibrotic cell signaling in response to altered 

mechanical and biochemical conditions may help identify regulators of vascular adventitial 

remodeling due to changes in stretch and matrix stiffness that occur during the progression of PAH 

in-vivo. 

 

3.1.1 Importance of PAAFs in PAH 

PAH is a vasculopathy manifested by sustained elevation of pulmonary arterial pressures, vascular 

constriction, and irreversible vascular remodeling [43]. The fibrosis that occurs in PAH is an 

important vascular pathology that is not well-studied, and there are currently no anti-fibrotic 

treatments for PAH [131]. PAAFs are important for vascular extracellular matrix (ECM) 

homeostasis and remodeling [13, 43] and fibrosis [131], and there is evidence that PAAFs are 

regulated by stretch [141, 142] or overstretch injury [47, 152], matrix stiffness [12, 44, 140], and 

hypoxia [43]. During injury, PAAFs are activated and differentiate into myofibroblast subtypes 

that remodel the pulmonary arterial wall by modifying the expression, synthesis, degradation, and 

cross-linking of ECM proteins including collagen, fibronectin, and elastin [80,73,82]. Since 

elevated pulmonary artery pressure in PAH results in increased arterial wall strain [11], increased 

stretch of PAAFs may be a primary driver of fibrosis in the adventitia and resultant stiffening of 

the PA ECM [46, 47]. Given that the ECM also serves as a substrate for cell adhesion and sends 
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physical and chemical cues that can regulate cell phenotype [153], matrix stiffening may also 

regulate subsequent tissue remodeling as PAH progresses [11]. 

While fibroblast activation induces changes in the composition and structure of the 

vascular adventitial matrix, it is unclear how PAAFs are regulated by the combination of altered 

vessel stretch due to increased loading during PAH and the matrix stiffening that occurs, what 

signaling pathways regulate these phenotypic responses to physical stimuli, and the extent to which 

these mechanically-stimulated pathways overlap and interact.  

We previously constructed a mechanosignaling model of PAAFs as described in Chapter 

2 [54]. The computational model incorporated major pathways such as Ang II and TGFβ 

profibrotic signaling pathways reported in the literature and included a single input representing 

all types of mechanical stimulation [54]. Here we used a new iteration of this model together with 

in vitro experiments in PAAFs cultured on different stiffness gels and subjected to different stretch 

conditions to focus on how six important profibrotic gene outputs of the model respond to stretch 

and changes in stiffness that mimic the mild and severe stages of PAH (compared with healthy 

conditions). The analysis suggests pathways that are differentially activated by changes in cell 

stretch and ECM stiffness that help elucidate how PAAFs respond to mild and severe PAH. 

Therefore, the goal of this study was to investigate how increased stretch and matrix 

stiffness affect the expression of profibrotic genes in PAAFs and whether there is an interaction 

effect between these stimuli. We stretched PAAFs grown on different substrates for 4, 8 and 24 

hours and measured the expression of the six profibrotic genes in the model to test the hypothesis 

that responses to stretch and stiffness in PAAFs are regulated by different but overlapping and 

potentially interacting pathways. We also used the model to identify nodal regulators of 
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mechanoregulation of profibrotic gene expression in PAAFs and investigated the yet unknown 

effects of inhibiting these pathways on responses to stretch and matrix stiffness.  

 

3.1.2 Materials and Methods 

 

3.1.2.1 Cell Isolation 

Pulmonary arteries (PAs) were harvested and isolated from six- to eight-week-old normotensive 

male Sprague–Dawley rats (Charles River Laboratories, Wilmington, MA, USA) under 

advisement of the Animal Care and Use Committee at the University of California San Diego 

(Protocol #S17237). The adventitial layer was stripped off and segments were cut into pieces, 

enzymatically digested with 1 mg/mL Type 2 collagenase (#LS004176, Worthington, Lakewood, 

NJ, USA) in Dulbecco’s Modified Eagle Media (DMEM, D5030, Gibco Thermo Fisher Scientific, 

Waltham, MA, USA) and agitated for 1.5 h at 37 °C, following the protocol by Liu et al. [105]. 

Fibroblast media was prepared by combining DMEM and 10% (v/v) fetal bovine serum (FBS) 

(#16140, Sigma Aldrich, St. Louis, MO, USA) and 1% antibiotic-antimycotic solution 

(#15240062, Gibco Thermo Fisher Scientific, Waltham, MA, USA). Isolated PAAFs were 

expanded on T75 tissue culture plastic (#25-209, Genesee Scientific, El Cajon, CA, USA) at 5% 

CO2, 37 °C, 100% humidity. To characterize PAAF cultures and compare their phenotypes to 

PAAFs in-vivo, 10 mm segments of fixed, intact normotensive pulmonary artery were 

cryosectioned to 10µm and immunolabeled with antibodies against von Willebrand Factor (vWF) 

(#SC-365712, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) as a marker for pulmonary 

arterial endothelial cells, myosin-11 (MYH11) (#SC-6956, 1:50, Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) as a marker of pulmonary arterial smooth muscle cells, and vimentin (#AB-
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92547, 1:250, AbCam, Cambridge, UK) as a marker in all pulmonary artery cells that is also highly 

expressed in pulmonary arterial myofibroblasts, with appropriately matched secondary antibodies 

(Life Technologies, Carlsbad, CA, USA) (1:500) (Goat anti-Mouse Texas Red (#T862), Goat anti-

Rabbit AlexaFluor700 (#A21038) with Wheat Germ Agglutinin-488 for membrane (#W6748, 10 

μg/mL) and DAPI (#P36941) using standard immunofluorescence protocols with images taken at 

40× magnification on a ThermoFisher Scientific EVOS FL-Auto 2 fluorescent microscope. The 

same staining protocol and imaging settings were also used to image isolated PAAFs that were 

expanded on plastic to characterize the culture. Cells were freshly isolated or used at a maximum 

passage number of 3 for these experiments. Data on Cytosoft® 6-well plates (#5140 and #5142, 

Sigma Aldrich, St. Louis, MO, USA) were from seeding 100,000 frozen PAAFs per well, where 

2 wells were pooled for RNA isolation after 3 days. 

 

3.1.2.2 Stretcher Preparation 

Polyacrylamide gels were prepared using stiffnesses corresponding to a normotensive pulmonary 

artery (0.5 kPa), mild PAH (3 kPa), and severe PAH (10 kPa), based on work by Liu et al. [61]. 

Gel stiffness was modulated by the percentage of acrylamide and bis-acrylamide (#A9099 and 

#146072, Sigma Aldrich, St. Louis, MO, USA): 3% acrylamide and 0.06% bis-acrylamide were 

used for the construction of 0.5 kPa gels; 4% acrylamide and 0.3% bis-acrylamide were used for 

the constructions of 3 kPa gels; and 10% acrylamide and 0.1% bis-acrylamide were used for the 

construction of 10 kPa gels [62]. 

Custom-made circular stretchers were designed using computer-aided design and 

constructed with polycarbonate. Polydimethylsiloxane (PDMS) membranes were built by mixing 

the Sylgard 186 elastomer kit (#4026144, Dow, Midland, MI, USA), extruding onto a wafer, 
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degassing in a vacuum chamber then curing in the oven. The PDMS membranes were treated with 

10% benzophenone (#A10739, Alfa Aesar Thermo Scientific, Haverhill, MA, USA) for 

polyacrylamide gel adherence, as previously described by Herum et al. [63]. The polyacrylamide 

gels were constructed to be 25 mm in diameter, cross-linked through exposure to ultraviolet light 

for 25 min, attached to PDMS membranes, and surrounded by silicone grease to prevent cell 

migration and media leakage. The gels were equilibrated in 1× Phosphate Buffered Saline (PBS, 

# 10010023, Gibco Thermo Fisher Scientific, Waltham, MA, USA) overnight, then Corning® 

collagen I (100 g/mL, #354236, Sigma Aldrich, St. Louis, MO, USA) was attached with 1-Ethyl-

3-(3-dimethylaminopropyl) carbodiimide (#00050, Chemplex, Mahwah, MJ, USA) and N-

hydroxysuccinimide (#A10312, Alfa Aesar Thermo Scientific, Haverhill, MA, USA) to facilitate 

cell adherence. The stretcher was assembled so that two full turns were equivalent to 10% static 

stretch, as previously done [144, 145]. PAAFs were trypsinized from the tissue culture plates using 

0.25% Trypsin-EDTA (#25200056, Gibco Thermo Fisher Scientific, Waltham, MA, USA) and 

seeded onto the gels at a density of 140,000 cells per gel. Cells were cultured at 37 °C, 5% CO2, 

100% humidity for three days. Cells were changed into serum-free media for 24 h before being 

stretched. The stretch condition was applied for 24 h (and 4h and 8h) based on the increase in gene 

expression shown by Herum et al. in left ventricular cardiac fibroblasts [63]. 

 

3.1.2.3 Inhibition Studies 

For the inhibition experiments, PAAFs were seeded onto 0.5 kPa and 3 kPa gels at a density of 

40,000 cells per gel and cultured for three days as described above. The media was changed to 

serum-free media, and each gel slated for inhibition was pre-incubated for 4 h with 1 M losartan 

(#3798, Tocris Bioscience, Minneapolis, MN, USA) or with 30 min of 10 µM SB 431542 (#1614, 



 

67 

 

Tocris Bioscience, Minneapolis, MN, USA). The dose of losartan was delivered according to work 

by Kim et al. in adventitial fibroblasts from 6-week-old Sprague–Dawley rats [146] and dose of 

SB 431542 was determined by work with Herum et al. done in cardiac fibroblasts [109]. The cells 

were then stretched for 24 h as previously described in the Stretcher Preparation subsection. RNA 

isolation of these cells was conducted as described below. 

 

3.1.2.4 RNA Isolation 

For RNA extraction of the normotensive pulmonary artery, the adventitial layer was sectioned into 

6 pieces and submerged in TRIzol reagent (Invitrogen #15596026, Thermo Fisher Scientific, 

Waltham, MA, USA). Tissue was homogenized using a BeadBug homogenizer with 1.5 mm 

zirconium beads. (Benchmark Scientific, Sayreville, NJ, USA). For PAAF experiments, RNA 

isolation was carried out using TRIzol and 5PRIME Phase Lock Gel Heavy tubes (#2302830, 

Quantabio, Beverly, MA, USA) and RNA was extracted using either a standard TRIzol total RNA 

isolation protocol or the RNeasy® Mini kit (#74104, Qiagen®, Hilden, Germany), which was then 

reverse transcribed into cDNA using the NEB cDNA ProtoScript First Strand Kit (#E6300L, New 

England Biolabs, Ipswich, MA, USA) and then RNA was extracted using the RNeasy Mini kit 

(#74104, Qiagen, Hilden, Germany). Quantitative real-time PCR was performed using the 

StepOnePlusTM Real-time PCR machine (Thermo Fisher Scientific, Waltham, MA, USA) and 

KAPA SYBR Fast Universal qPCR kit (#KK4601, Roche, Basel, Switzerland) using primers 

targeting genes of interest listed in Supplementary Table S1 (produced by Integrated DNA 

Technologies, San Diego, CA, USA). Relative gene expressions were compared against 

housekeeping gene 18S ribosomal RNA unless otherwise noted. 

 



 

68 

 

3.1.2.5 Imaging 

Thirty thousand PAAFs were plated onto 35 mm cell culture dishes with #0 coverglass bottom 

(#D35-20-0-N, CellVis, Sunnyvale, CA, USA) onto 0.5 kPa or 3 kPa polyacrylamide gels, or 

directly onto plastic for 3 days at 37 °C and 5% CO2. Images were taken on an EVOS FL Auto 2 

microscope, running software v2.0.1732.0 (Thermo Fisher Scientific, Waltham, MA, USA). 

Antibodies against Smooth Muscle alpha-Actin (mouse #A5228 1:100, Sigma, St. Louis, MO, 

USA) with secondary Goat anti-Mouse Texas Red (#T862, 1:250, Life Technologies, Carlsbad, 

CA, USA), Wheat Germ Agglutinin-488 for membrane (#W6748, 10 g/mL, Life Technologies, 

Carlsbad, CA, USA) and DAPI for nuclei in mounting media with Prolong Gold Antifade Reagent 

with DAPI (#P36941, Life Technologies, Carlsbad, CA, USA). Images were processed using 

DeconvolutionLab2 (EPFL, Lausanne, Switzerland) in ImageJ v1.53g4 developed by the National 

Institutes of Health (Bethesda, MD, USA). 

 

3.1.2.6 Protein Quantification 

Ten thousand PAAFs per gel were plated on 12 mm polyacrylamide gels at 0.5 kPa, 3 kPa, and 10 

kPa stiffnesses formulated as described above and cultured for 3 days and fixed. Antibodies against 

Collagen 3a1 Rabbit (#13548-1-AP, 1:50, Proteintech, Wuhan, China) with secondary Goat anti-

Rabbit AF700 (#A21038, 1:250, Life Technologies, Carlsbad, CA, USA) and against Smooth 

Muscle alpha-Actin (SMA) Mouse (#A5228, 1:100, Sigma, St. Louis, MO, USA) with secondary 

Goat anti-Mouse Texas Red (#T862, 1:250, Life Technologies, Carlsbad, CA, USA) were used to 

stain the PAAFs. The same imaging settings were used across cells cultured on different stiffnesses 

and fluorescence intensity was quantified using ImageJ v1.53g4 developed by the National 
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Institutes of Health (Bethesda, MD, USA) and displayed as corrected total cell fluorescence 

(CTCF). 

 

 

 
Figure 3.1: Revised PAAF signaling network model with 70 nodes. PAAF mechanosignaling 

network with 8 input stimuli (orange ovals), 7 receptors (triangles), 34 nodes (ovals), 7 

transcription factors (rectangles), 6 messenger RNAs (hexagons), and 8 phenotypic outputs (green 

diamonds), modified from our previous work [54]. Activation is shown with arrows and inhibition 

is shown with blunt head arrows. Blue arrows indicate non-PAAF-based experiments. Magenta 

nodes indicate the Phosphoinositide 3-kinase (PI3K) pathway, orange nodes indicate the Reactive 

Oxygen Species (ROS) pathway, purple nodes indicate the mitogen-activated protein kinase 

(MAPK) pathway, blue nodes indicate the calcineurin pathway, and red nodes indicate the Hippo 

signaling pathway. 
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3.1.2.7 Computational PAAF Network Model 

We used our recently published PAAF network model [54] to investigate how substrate stiffness 

and stretch regulate profibrotic gene expression in PAAFs. The mechanical stimulus input was 

divided into substrate stiffness and stretch inputs, where stretch activated integrin 𝛽3, AngII, 

MST1/2, and TRP; and stiffness activated integrin 𝛽3, Ang II, MST1/2, TGF-𝛽, and Syndecan-4 

[51, 107, 109,112, 147-149]. We also added details to the activation of mitogen activated protein 

kinases (MAPKs) to allow independent regulation of JNK1/2, p38, and ERK1/2 [69, 150-157]. In 

this refined model, ASK1 regulates JNK1/2 as well as ERK1/2 [150-151]. Ras was added 

downstream of AT1R to mediate regulation of ERK1/2 and JNK1/2 [152-153]. Based on studies 

by Xie et al. [154] in adult rat cardiac fibroblasts, activation of JNK1/2 by cleaved osteopontin 

(clOPN) was included. The TGFβ receptor now also activates p38 via the TGFβ-activated kinase 

(TAK1) [155] and TGFβ receptor also activates Eln through smad2/3 based on work in PAAFs by 

Rabinovitch et al. [158]. Based on a model of cardiac fibroblasts by Zeigler et al. [69] and papers 

on MAPK signaling [156, 157], we included ROS activation of p38. Finally, we incorporated the 

activation of TRP channels TRPC6 and TRPC1/C5 by stretch, which allows calcium to activate 

Protein Kinase C alpha (PKC𝛼) [159-161]. We also updated endothelin-1 and its receptor to be 

outside of the PAAFs due to secreted endothelin feeding back into the model and have thusly 

updated the model to reflect this [162]. Given the scarcity of PAAF studies, the network includes 

reactions from fibroblasts not derived from pulmonary arteries, such as cardiac and lung 

fibroblasts. The updated network is displayed in Fig. 3.1. 

The PAAF signaling network model was implemented as a system of logic-based ordinary 

differential equations that were integrated numerically using an explicit Runge–Kutta method. 

Briefly, each state variable yi that represents each of the species in the network is normalized to a 
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value between 0 and 1 and follows a Hill-type activation function. The system of equations for the 

69 nodes in the model takes the form of Equation 3.1:  

𝑑𝑦𝑖

𝑑𝑡
=  

1

𝜏𝑦𝑖

[(𝜔𝑖𝑦𝑖𝑓(𝐸𝐶50, 𝑛, 𝐵)𝑦𝑖
𝑚𝑎𝑥 − 𝑦𝑖]    (3.1) 

  

where ωi represents the weight for each node, τ is the time constant, and f is the sigmoidal Hill 

function of yi, where f(EC50, n, B) is a function of half-maximal activation EC50, cooperativity n, 

and constant B. The form of biochemical interactions between two or more species is specified by 

‘AND’ or ‘OR’ Boolean operators that represent the biochemical interactions between upstream 

nodes expressed as continuous functions as described in Wang et al. [54] in Chapter 2 of this 

thesis. 

Inputs of the model (PDGF, TNF, TGF-β, hypoxia, AngII, FGF, stiffness, stretch) were 

initialized at 0.25. Default reaction weights ω, Hill coefficient n, and half-maximal activation EC50 

were set to 1, 1.4, and 0.6, respectively. The time constants τ for each different reaction followed 

those used previously [54]: 0.1 h for signaling reactions; 1 h for transcription; and 10 h for 

translation. Similar to the network model analysis by Tan et al., (2017), we chose a change in 

normalized model output values of 0.1 as the threshold for considering the output to have changed 

significantly by mechanical stimulation or for a significant response to have been significantly 

inhibited [118]. While Tan et al., (2017) used a threshold of 0.05, we chose a more stringent 

threshold of 0.1, but our conclusions were not affected by this difference. Parameters in the model 

were not optimized or fitted. Rather we chose equal parameters for all reactions using values from 

Zeigler et al. [69]. While the parameters EC50, weight, and Hill coefficient were set to be the same 

value across all reactions, the time constant τ was chosen according to the type of reaction. 

Furthermore, parameter values were tested for consistency with the mathematical constraints 
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described in Cao et al. for this class of model [159]. In a previous comprehensive analysis of 

parameter uncertainty, we verified that model accuracy was robust to the choices of these 

parameter values [54]. 

The input weights of stretch and stiffness were both set to 0.25 to represent the softest 

matrix, 0.5-kPa, and no applied stretch. We increased the stiffness input weight to 0.7 and 0.9 to 

represent the effects of 3-kPa and 10-kPa substrates, respectively, and evaluated the model at t=72 

hours to mimic the in-vitro experimental time course.  

To numerically simulate the effects of stretch on PAAFs after 24 h and the changes in 

substrate stiffness for 72 h when inhibiting nodes, the model was evaluated at those time points 

(i.e., yi (t = 24) and yi (t = 72)) after the corresponding input weights of stiffness and stretch were 

increased from 0.25 to 0.7. To simulate the effects of inhibition, yi
max corresponding to blocked 

nodes were set to 0, while the other parameters remained the same. The change for each gene was 

calculated with respect to each condition’s control group. 

To simulate the different conditions under which losartan inhibited AT1R or SB 431542 

inhibited TGFβR, we conducted eight sets of simulations. Four sets of these simulations were 

evaluated on 0.5 kPa substrate stiffness for 72 h with parameters at baseline, and input weights 

stiffness and stretch set to 0.25. For simulations involving stretch but no inhibition, the input 

weight of stretch was increased from 0.25 to 0.7 and the model was evaluated at t = 24 h. For the 

unstretched and stretched inhibited conditions, yi
max corresponding to the AT1R node or TGFβR 

node was set to 0 before applying changes to the stretch input weight and was evaluated at t = 24 

h. The same combinations were used for the other four set of simulations on 3 kPa substrate 

conditions, but with a stiffness input weight of 0.6. 
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The implementation of the model in Python 3.9.0 along with simulation data are available 

on Github at https://github.com/dvaldezjasso/DVJ-LAB/tree/main/PAAF. 

 

3.1.2.8 Statistics 

Descriptive statistics were performed using JMP Pro Statistical software (version 14, SAS Institute 

Inc., NC, USA) for group comparisons of relative gene expression. For normally distributed data, 

one-way analysis of variance (ANOVA) was used to test for differences in means of three different 

stiffnesses and gene expression of the normotensive pulmonary artery adventitial layer for all six 

genes, followed by the Dunnett’s post-hoc test. Otherwise, the non-parametric Wilcoxon–

Kruskal–Wallis statistic was used followed by Dunnett’s post-hoc test. Effects of stiffness and 

stretch were tested using two-way ANOVA with stiffness and stretch as fixed factors. For normally 

distributed data, the Dunnett’s post-hoc test was used. Otherwise, the non-parametric Wilcoxon–

Kruskal–Wallis statistic was used followed by Dunnett’s post-hoc test. For the inhibition studies, 

three-way ANOVA was used to compare the effects of stiffness, stretch, and inhibition, followed 

by Sidak’s post-hoc test. Data are expressed as means ± standard error of the mean, unless 

otherwise specified. Statistical significance was determined at a level of 0.05. Data were graphed 

in GraphPad Prism software (v8.4.3.686, San Diego, CA, USA) and Illustrator (Adobe, San Diego, 

CA, USA, v24.2.3). 

 

3.1.3 Results 

 

3.1.3.1 PAAFs Upregulate Profibrotic Genes in Response to Increased Substrate Stiffness 

and Stretch 



 

74 

 

The immunostained cultures for markers of endothelial cells (vWF), smooth muscle cells 

(MYH11), and myofibroblasts (vimentin) (Fig. 3.2A-H) were only 3% were positive for vWF and 

0.2% positive for MYH11, suggesting high enrichment of PAAFs in our cell cultures. Intact PA 

tissue sections were stained and imaged with the same antibodies and imaging settings as positive 

controls for these markers (Fig. 3.2I-R). 

 

Figure 3.2: Characterization of cells isolated from pulmonary arterial adventitia.  The cell 

culture showed positive labeling for (A, E) DAPI, (B,F) vimentin, (C) vWF, and (G) MYH11 with 

(D,H) overlays. Out of 425 isolated cells, 3% expressed vWF, and out of 888 cells 0.2% expressed 

MYH11 and 100% expressed vimentin with representative images shown in (A–H). 

Immunostained PA tissue sections showed positive labeling for: (I) DAPI, (J) WGA, (K) vWF, 

(red), and (L) vimentin(magenta) with an (M) overlay. Separate immunostained PA tissue sections 

showed positive labeling for: (N) DAPI, (O) WGA, (P) MYH11 (orange), and (Q) vimentin 

(magenta) with an (R) overlay. These samples were used as labeling controls to estimate purity of 

a cell culture expanded on plastic. Images were all acquired at 40× magnification, scale bar 50 µm. 
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PAAFs expanded on plastic reverted from a myofibroblast to a fibroblast phenotype after 

three days of culture on 0.5-kPa stiffness 6-well plates, as assessed by their low expression of 

Acta2 (Fig. 3.4) and their rounded appearance in culture (Fig. 3.3B) compared with the more  

 
Figure 3.3: Effect of substrate stiffness on PAAF differentiation. (A) Mean ± standard errors 

of the mean relative to housekeeping gene 18S ribosomal RNA of PAAFs cultured at different 

stiffness (n = 9) compared with gene expression of sections in a normotensive pulmonary artery 

adventitia (n = 6). Effect of stiffness (* p < 0.05 and ** p < 0.0001) by one-way analysis of 

variance (ANOVA) compared with control 0.5 kPa with a post-hoc Dunnett’s test. (B–D) PAAFs 

plated on (B) 0.5 kPa (40×), (C) 3 kPa (20×) polyacrylamide gel and (D) plastic (40×), scale bar 

50 µm. Cells were stained with DAPI, which stains the nucleus (blue), wheat germ agglutinin 

stains the membrane (green), and α-SMA filaments (orange). 
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Figure 3.4: Mean ± standard errors of the mean of Col1a1, Col3a1, Acta2, and Fn1 gene 

expression of cells seeded on Cytosoft® plates. Effects of stiffness on PAAF gene expression 

relative to 18S ribosomal RNA. Genes Col1a1, Col3a1, and Acta2 were significantly induced by 

an increased stiffness of 8 kPa and plastic relative to a control stiffness of 0.5 kPa. Fn1 was not 

significantly upregulated at 24 hours. Significant effect of stiffness (* p < 0.05 and ** p < 0.0001) 

by one-way analysis of variance (ANOVA) compared with gene expression at 0.5 kPa. 

 

stellate shapes and higher Acta2 expression in cells grown on stiffer substrates (Fig. 3.3 C-D). 

Messenger RNA levels of Col1a1, Col3a1, Eln, Fn1, Loxl1, and Acta2 genes in fibroblasts
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cultured on 0.5-kPa substrates were not significantly different from those in the pulmonary artery 

adventitia of a normotensive rat (p>0.05 by one-way ANOVA, Fig. 3.3A). This finding suggests 

 
Figure 3.5: Effect of stiffness and stretch on gene expression in PAAFs. Mean ± standard 

errors of the mean of mRNA levels relative to housekeeping control gene 18S ribosomal RNA in 

unstretched cells (n = 9, white bars) and after 24 h 10% equibiaxial stretch (n = 12, blue bars). 

*Significant pairwise effect of stiffness (p < 0.05) by a post-hoc Dunnett’s multiple comparisons 

test and # significant effect of stretch (p < 0.05) based on group comparisons made using a two-

way analysis of variance (ANOVA) for: (A) Collagen I (Col1a1) (B) Collagen III (Col3a1) (C) 

Elastin (Eln) (D) Fibronectin (Fn1) (E) Lysyl oxidase-like 1 (Loxl1) (F) Smooth Muscle Actin 

(Acta2). 
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that cells cultured on a 0.5-kPa substrate may mimic expression of PAAFs in-vivo with respect to 

the six genes studied in this thesis. 

Compared with mRNA levels in PAAFs cultured on 0.5-kPa substrates (as control), all six 

genes were significantly upregulated in response to increased matrix stiffness (p<0.05 by one-way 

ANOVA and Dunnett's post-hoc test). The expression of Acta2 and Loxl1 was significantly up-

regulated on cells grown on 3-kPa matrices but not significantly altered on cells grown on 10-kPa 

matrices, while Col1a1, Col3a1, Eln, and Fn1 were only significantly upregulated on 10-kPa 

substrates (comparable to arterial stiffness in advanced PAH [61]), all compared with PAAFs 

cultured on 0.5-kPa matrices (Figure 3.3A). Interestingly, Acta2 and Loxl1 expression exhibited 

non-monotonic responses, with significant upregulation of gene expression on 3-kPa matrices 

compared with the 0.5-kPa matrices, but no significant difference between cells cultured on 0.5-

kPa and 10-kPa matrices.  

Examining the transcriptional responses of the six genes to 10% equibiaxial stretch for 24h 

in PAAFs (Fig. 3.5A-F), we observed that Col1a1, Col3a1, Eln, Loxl1 and Acta2 were 

significantly upregulated compared with unstretched cells independent of the substrate stiffness 

(p<0.05 based on group comparisons made using a two-way ANOVA).  

 As described in Section 3.1.2.3, stretchers apply 10% equibiaxial stretch with two full 

rotations. RNA is isolated at 4, 8, and 24 hours post application of stretch. In the case of Col1a1, 

relative expression increased the most 24 hours after stretch, while Col3a1, Acta2, Loxl1 and Eln 

expression increased at 8 hours and partially returned to baseline at 24 hours, and Fn1 expression 

increased at 4 and 8 hours after stretch and returned to baseline by 24 hours (Fig. 3.6). Col3a1 

demonstrated the highest increase in relative expression at 8 hours of stretch, while Acta2, Fn1, 

and Eln showed the greatest increase with stretch on the stiffest matrices. Loxl1, which is 
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responsible for crosslinking collagens, increased greatly at 8 hours in cells grown on all substrates. 

This suggests Fn1 is transiently induced by a short period of stretch, while the Col1a1 response to 

stretch is much slower. This finding is consistent with reports identifying Fn1 as an early response 

gene [164]. No significant interaction effects between substrate stiffness and stretch were found in 

the expression of any of the six genes (Table 3.1). 

 

Figure 3.6: Time course of PAAF profibrotic gene expression evaluated after at 4, 8 and 24 

hours of applied stretch. For genes: (A) Col1a1 (B) Col3a1 (C) Acta2 (D) Fn1 (E) Loxl1 (F) 

Eln. For Col1a1, the largest increase occurs when stretched for 24 hours, while for Col3a1, Acta2, 

Loxl1 and Eln the largest increase occurs when stretched for 8 hours. Fn1 gene expression is largest 

at both 4- and 8-hour timepoints. Col3a1, Acta2, Loxl1 and Eln thus may have the most induction 

after 8 hours of stretch, and Fn1 is transiently induced by a short period of stretch but returns to 

baseline at 24 hours, while the Col1a1 is most induced at 24 hours. Data is graphed as means ± 

standard errors of the mean of cells undergoing no stretch (n=9), stretch for 4h (n=6), 8h (n=9), 

and 24h (n=12). Significant differences (p<0.05) are marked by an asterisk * via 2-way ANOVA 

and post-hoc Dunnett’s test.  
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Increased ECM stiffness significantly upregulated protein expression of Collagen III and 

Smooth Muscle Actin (SMA) from a baseline of 0.5-kPa at both 3-kPa and 10 kPa based on a post-

hoc test (Fig. 3.7). There was no significant difference between 3-kPa and 10-kPa protein 

expression for either Collagen III or SMA. This is consistent with the changes in relative 

expression of RNA for Collagen III (Col3a1) and SMA (Acta2) (Fig. 3.5 B, F), where there was a 

significant increase in gene expression from 0.5-kPa to 3-kPa, and no further significant increase 

in gene expression from 3-kPa and 10-kPa substrates. 

 

Table 3.1: p-values from a two-way ANOVA testing for the effects of substrate stiffness and 

stretch on the expression of six genes in cultured PAAFs.  Bolded values indicate p<0.05. All 

genes responded to changes in stiffness and all but fibronectin to stretch. No gene was found to 

be p<0.05 in the interaction term, suggesting stiffness and stretch are independent of each other 

with regards to these six genes.  

 
Genes Effects of Stiffness Effect of Stretch Interaction Term 

Col1a1 0.046 0.006 0.86 

Col3a1 <0.0001 0.012 0.69 

Eln 0.009 0.009 0.66 

Fn1 0.001 0.27 0.28 

Loxl1 <0.0001 0.0007 0.30 

Acta2 0.0007 0.002 0.88 
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3.1.3.2 PAAF Network Model Simulates Gene Expression Activated by Stiffness and Stretch 

A threshold change of 0.1 in the normalized variable representing each of the six genes was used 

to classify the change in each gene as significant. The model predicted significant upregulation of 

five genes in response to an increase in substrate stiffness from 0.5-kPa to 3- or 10-kPa but not for 

Eln, and the data showed a non-monotonic decrease from 3- to 10-kPa in Acta2 and Loxl1 that the 

model was not able to capture, while stretch data matched except for predicting a decrease in Eln 

(Fig. 3.8). These model predictions matched our experimental observation that five genes were 

significantly upregulated in cells grown on stiffer matrices and increased due to stretch except for 

no change in Fn1 and an increase in Eln in experimental data but decrease in model prediction.  

 

 
Figure 3.7: Effect of stiffness on PAAF protein expression of Collagen III and SMA. Mean 

± standard errors of the mean of Corrected Total Cell Fluorescence (CTCF) for 6–8 replicate 

hydrogels cultured with PAAFs. Collagen III and SMA protein results match the trends in the 

relative expression mRNA results in Col3a1 and Acta2 respectively, suggesting mRNA trends 

are a good predictor of protein activity for Collagen III and SMA. *Significant pairwise effect of 

stiffness (p < 0.05) determined by one-way analysis of variance (ANOVA). 
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The model also predicted upregulation of the gene expression of Col1a1, Col3a1, Loxl1, 

and Acta2 and the return to baseline of Fn1 expression 24 hours after induction by 10% equibiaxial 

stretch. However, the model predicted Eln expression to be downregulated with stretch while 

experimental results showed upregulation. We investigated whether the inhibitory effect of 

JNK1/2 on Eln may have outweighed the activating effect of PKC𝛼 and found that decreasing the 

weight of the inhibition of JNK1/2 on Eln [173] by 50% allowed the model to predict the observed 

upregulation of Eln (Fig. 3.5). While the model was in qualitative agreement with the data, it did 

not recapitulate the non-monotonic responses of Loxl1 and Acta2 (Fig. 3.3A), which were 

 
 

Figure 3.8: Comparison of the experimental observations (Data) with model predictions 

(Model) of gene activity due to stretch and stiffness. Increase (red), decrease (blue), and no 

change (grey) in gene predicted by the model is based on a threshold of 0.1 and experimental 

observations that reached a significant difference 24h after stretch (p < 0.05). Model results match 

well with stiffness increases from 0.5 to 3 kPa except for in Eln where the model predicts no 

change. The model was not able to predict the non-monotonic response of Acta2 and Loxl1 where 

a stiffness increase from 3 to 10 kPa led to a decrease in induction of Acta2 and Loxl1 

experimentally. With regards to stretch, the model was well able to predict the lack of induction 

of Fn1 by stretch but did not predict an increase in Eln induction by stretch, instead predicting a 

decrease. This suggests the model does not predict Eln induction nor non-monotonic responses 

with accuracy. 
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significantly upregulated by 3-kPa matrix stiffness (compared with 0.5-kPa) but not by 10-kPa 

substrates. 

 

3.1.3.3 Transforming Growth Factor β Receptor Inhibition and Angiotensin II Receptor  

Inhibition Unmasks New Pathway Interactions 

Based on a sensitivity analysis done in Chapter 2 [54], we simulated the effects of stretch and 

increased stiffness in the presence of inhibitors of three mechanosensitive nodes in the model 

(AT1, and TGF-𝛽, and MST1/2). Table 3.2 shows the effects of inhibiting AT1, TGF-𝛽, and 

MST1/2 on changes in gene expression due to an increase in substrate stiffness from 0.5 and 3-

kPa and due to stretch on 0.5 kPa stiffness matrices. Here, model-predicted differences in the 

normalized mRNA variable due to inhibitor treatments were considered significant if they 

exceeded a threshold of 0.1.  

From the model simulations, the induction of Loxl1 expression by increased substrate 

stiffness is specifically regulated by MST1/2 signaling, whereas the responses of the other five 

genes to stiffness were all significantly inhibited by blocking TGF𝛽 receptor. AT1 receptor 

Table 3.2: Model-predicted changes in gene expression due to inhibition of AT1, TGFβ, 

MST1/2 receptors in response to stiffness and stretch in cultured PAAFs.  Numbers in bold 

indicate activity changes greater than a threshold of 0.1. The model predicts significant changes 

in the output six genes upon inhibition of AT1, TGFβ, and MST1/2 with AT1 and TGFβ 

significantly reducing effects of stiffness, and AT1 inhibition more crucial in affecting response 

to stretch. 

Genes 
Effects of Stiffness on 3kPa Effect of Stretch on 0.5 kPa 

AT1 (-) TGF-𝛽 (-) MST1/2 (-) AT1 (-) TGF-𝛽 (-) MST1/2 (-) 

Col1a1 -0.16 -0.24 -0.10 -0.14 -0.06 -0.26 

Col3a1 -0.16 -0.24 -0.10 -0.14 -0.06 -0.26 

Eln -0.04 -0.46 0 0.20 -0.08 0 

Fn1 -0.15 -0.39 0 -0.01 -0.03 0 

Loxl1 0 0 -0.37 0 0 -0.37 

Acta2 -0.14 -0.70 0 -0.04 -0.14 0 
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inhibition significantly attenuated the stiffness-dependent induction of Col1a1, Col3a1, Fn1 and 

Acta2, but had no significant effect on Eln or Loxl1, and the magnitude of inhibition was noticeably 

less than when TGF𝛽 receptors were blocked. Blocking angiotensin signaling in the model with 

increased substrate stiffness downregulated the collagens by 16% and blocking TGF𝛽 signaling 

downregulated the collagens by 24%, while blocking angiotensin downregulated Acta2 by 14% 

and blocking TGF𝛽 downregulated it by 70% (Table 3.2). 

Blocking TGF𝛽 signaling in the model while applying stretch stimulation suppressed the 

upregulation of Acta2 by 14% and reduced the downregulation of Eln by 8%. Stretch induction of 

Col1a1 and Col3a1 was shown to be reduced by inhibition of MST1/2 (by 26%) and angiotensin 

II signaling (by 14%), while Loxl1 regulation by stretch was affected only by inhibiting MST1/2 

(by 37%). Fn1 expression, which was not significantly altered by stretch, remained unchanged in 

the presence of all three inhibitors. This contrasts with its response to substrate stiffness, where 

inhibiting AT1 and TGF𝛽 receptors had a significant effect (Table 3.2). 

Since inhibiting AT1 or TGF𝛽 receptors were predicted to have the largest effect on the 

induction by increased stiffness and stretch of the profibrotic genes we are studying, we treated 

cells with losartan (AT1R inhibitor) or SB 431542 (TGF𝛽RI inhibitor) as described in Methods 

Section 3.1.2.3. In-vitro experimental results were normalized and plotted against normalized in-

silico modeling results carried out according to the protocol described in Methods Section 3.1.2.7 

in Fig. 3.9 below.  
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Figure 3.9: PAAF inhibition experimental data (solid) compared with model predictions 

(shaded). Effects of inhibiting TGFβ receptor on: (A) Col1a1 (B) Col3a1 (C) Acta2 (D) Fn1 and 

(E) Loxl1 and AT1 receptor on: (F) Col1a1 (G) Col3a1  (H) Acta2  (I) Fn1 and  (J) Loxl1 in five 

out of the six profibrotic genes. Experimental data (solid white) with mean ± SEM and n=3 

independent gels cultured with PAAFs are normalized and graphed against model simulations 

(shaded) of 72 hours of stiffness plus 24 hours of no stretch, stretch, or inhibition. Since the model 

did not predict the effects of stiffness or stretch for Eln, this gene expression is not included in this 

comparison. Model predictions qualitatively match experimental results in stiffness for Col1a1 (A, 

F) and Fn1 (D, I); both stretch and stiffness for Col3a1 (B, G), and Loxl1 (E, I), but model 

predictions do not match for Acta2 (C, H), detailed tabulation is given below in Fig. 3.11. 
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 In-vitro inhibition data in shades of grey are compared with model predictions, both 

normalized from 0 to 1. The model was not able to predict stiffness or stretch measures for Eln, so 

its gene expression was not included in the comparison. Col3a1 response to TGFβRI, the Loxl1 

response to TGFβR, and AT1R inhibition show the best qualitative agreement between the model 

and the experimental data. On both soft and stiff substrates, the induction of Col1a1 and Acta2 in 

response to stretch was completely blocked by either TGFβ receptor or AT1 receptor inhibition, 

but the model predicted little or no inhibition. This may be because while either pathway was 

sufficient for stretch activation in the model, both may be required to upregulate Col1a1 and Acta2 

signaling following stretch. Fn1 expression, on the other hand, was not affected by TGFβ receptor 

or AT1 receptor inhibition in the experiments, but the model did predict attenuated stretch 

responses by both inhibitions. Loxl1 expression generally agreed well, though baseline expression 

was too low in the model. 
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Figure 3.10: Model modifications made to improve agreement with experiments. White bars 

indicate experimental data and shaded bars indicate model simulation results. (A-D) Col1a1, 

Col3a1 and Acta2 modifications involve adding an AND reaction, (E, F) Eln the reduction of 

weight of the JNK reaction, (G, H) Loxl1 a reduction of weight of the miR node, and for (I, J) Fn1 

the addition of a Piezo1 pathway for TGFβRI and addition of a STAT3 pathway for AT1RI. 
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Figure 3.10A shows the effects of inhibiting the TGFβ receptor on Col1a1 expression 

when the model was modified by changing the OR logic coupling ET1 and PPARγ signaling to an 

AND. This change resulted in the model being able to better match experimental results by 

correctly predicting a larger effect of TGFβ receptor inhibitor. Figure 3.10B and 3.10C illustrates 

how changing reactions upstream of Col1a1 and Col3a1 to allow for coregulation with smad2/3 

and YAP/TAZ better predicts the inhibition response to AT1RI since the model now predicts a 

larger effect of AT1RI as shown by the experimental results. Figure 3.10D is Acta2 AT1R in 

response to changing to coregulation of p38 and PKCα, TGFβRI is not shown since results were 

the same. This similarly demonstrates a larger effect of AT1RI on Acta2 induction as demonstrated 

in the experiment. Figures 3.10E and 3.10F are Eln response to decreasing the weight of the 

JNK1/2 inhibiting Eln reaction to 0.5 which allowed for prediction of Eln in response to stiffness, 

stretch, and inhibition whereas before the model was not able to predict Eln response at all. Figures 

3.10 G and 3.10 H are model predictions of Loxl1 in relation to decreasing the weight of the 

miR130/301 reaction by 5%, this allows the model to better capture the lack of Loxl1 response to 

inhibition of AT1R and TGFβR that is predicted by experiments. Figures 3.10 I and 3.10 J are 

Fn1 in response to adding the Piezo1 and STAT3 pathways, which allows for Fn1 to still be 

induced while AT1R and TGFβR are inhibited where before the Fn1 gene in the model was only 

regulated by AT1R and TGFβR. Alternate pathways allow for the model to better predict Fn1 

induction by stretch and stiffness. 

 Based on observations of differences between the in-vitro experiments and model 

predictions, modifications were made to the model to generate new hypotheses. The model was 

used to investigate possible mechanisms of differential regulation of Col1a1 and Col3a1 signaling 

in response to TGFβRI. Assuming that ET1 and PPARγ signaling are both required upstream of 
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Col1a1 better recapitulated the observed inhibition of Col1a1 expression by TGFβRI without 

affecting Col3a1 expression (data is not shown as it matches the Fig. 3.9 Col3a1 response to 

TGFβRI). In human PAECs both ET1 and PPARγ signaling were required for response to hypoxia, 

and Kang et al. [181] reported that this was mediated by miR-27a reduction of the expression of 

PPARγ and increase in ET1 protein levels. In response to AT1R block, both Col1a1 and Col3a1 

signaling were significantly more inhibited in the experiment than in the model, suggesting that 

smad2/3 and YAP/TAZ may both be required for angiotensin mediated induction of these genes 

during in induction by increased stiffness and stretch. smad3 and YAP/TAZ have been reported to 

act as transcriptional co-factors in the mouse lung endothelial cell endothelial-to-mesenchymal 

transition process mentioned in Chapter 1 as mediated by TGFβ signaling [182]. Based on 

experimental data, TGFβ and AngII were necessary for stiffness and stretch induction of Col1a1 

expression, while only AngII was necessary for Col3a1 since AT1R blockade was sufficient to 

block Col3a1 response to stiffness and stretch.  

 Block of TGFβR and AT1R receptors highly inhibited Acta2 expression in response to 

stretch and stiffness but the model only predicted a slight decrease (Fig. 3.9). Modifying the model 

to change the OR reactions of PKCα and p38 to PKCα AND p38 improved the model agreement 

with observations as shown in panel 4 (Fig. 3.10).   

 Fn1 was, on the other hand, not upregulated enough in the model. Comparison between 

experimental and modeling data revealed an angiotensin-independent stretch-activated pathway 

that was not explained by the model, so we modified the model to add regulation of Fn1 via stretch 

activating integrins which activate c-Src which then activate signal transducer and transcription 

factor 3 (STAT3) which then increases active TGFβ expression outside of the membrane, that then 

induces Fn1 via smad2/3 as reported in renal epithelial cells [183]. In response to TGFβR block, 
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Fn1 expression induction by stiffness and stretch still occurs. To test whether the stiffness activated 

Piezo1 pathway that increases Fn1 expression as observed in cardiac fibroblasts by Braidotti et al. 

[184] may explain this discrepancy, the model was modified to include Piezo1 Fn1 induction via 

calcium signaling and PKCα and the predictions showed better agreement with experimental 

results (Fig. 3.10).  

 Loxl1 is not activated without stiffness or stretch in the model as it is only regulated by one 

pathway, stiffness or stretch activating the Hippo pathway which upregulates the transcription 

factor YAP/TAZ. In the model, decreasing the weight of miR130/301 inhibiting PPARγ from 1 to 

0.95 allows us to predict levels of Loxl1 even at 0.5 kPa without stretch with and without inhibition 

to a level that follows closely to experimental data.  

 Eln expression was not able to be predicted by the model as neither stretch nor stiffness 

were activated enough to match experimental results where both stretch and stiffness significantly 

increased Eln expression in experiments. In the model, Eln is regulated by TGFβ via smad2/3 

signaling, hypoxia via ROS and JNK1/2 inhibiting Eln and stretch via TRP. Reducing the weight 

of the hypoxia to JNK1/2 inhibition of Eln allows for correct prediction of inhibition results and 

prediction of stiffness and stretch effects.  

 Important pathways in the model needed to explain much of the profibrotic upregulation 

in the six genes examined: Col1a1, Col3a1, Acta2, Fn1, Loxl1, and Eln were determined to be 

stiffness and stretch upregulating TGFβ, AngII and the Hippo pathway. Another important 

pathway was stretch activating the TRP channel then activating PKCα. The important pathways 

for angiotensin II signaling were MAPK and the path through AP1 to latent TGFβ which is 

important for crosstalk between AngII and TGFβ. For TGFβ, induction through smad2/3 

phosphorylation as well as the pathway involving TAK1 and p38 were the most crucial. 



 

91 

 

 

 

Figure 3.11 Model predictions vs. experimental results from the inhibition of angiotensin 

signaling via Losartan (AT1R) and inhibition of TGFβ signaling via SB431542 (TGFβRI) in 

PAAFs. Colors represent if stiffness or stretch responses were fully inhibited (blue), there was a 

significant model decrease over the threshold of 0.1 but the simulation response was not as fully 

inhibited as in the experimental data (light blue) or if the response stayed the same (grey), or if the 

response was increased (red). Eln gene expression is not included in this comparison because the 

model was not able to predict its increase in stiffness or response to stretch. Experimental 

conditions were considered significantly changed if p < 0.05 while model predictions used a 

normalized threshold of 0.1 to indicate significant change.  

 

 Through the model described in Chapter 3 and the Chapter 2 sensitivity analysis identifying 

the importance of AngII, TGFβ and mechanical signaling, it was determined that the pathways 

driving PAH were those downstream of AngII, TGFβ, and the signals of stiffness and stretch can 

be separated through in-vitro experiments. PAAFs were plated onto gels and then pre-incubated 

with 10 µM TGFβR inhibitor SB451342 or 1 M AT1R inhibitor losartan as described in Section 

4.1.2.5 and then isolated for RT-PCR. Model simulations of inhibition were run for each condition 

by using the corresponding stiffness input (ω = 0.25 for 0.5 kPa, ω = 0.6 for 3 kPa) and according 

to the methods detailed in Section 3.1.2.7 where the ymax of the inhibited species (AT1R or TGFβR) 
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were set to 0. Time scales in the model were set to match the experiment of first 72 hours of the 

corresponding stiffness, then 24 hours of no stretch or stretch (ω = 0.7 for the stretch input) and 

inhibition or no inhibition. Fig. 3.11 displays an “increase” in red if the inhibited condition is 

higher than the non-inhibited control in response to  stiffness or stretch, “no change” if there is no 

significant difference (p > 0.05) or the difference in model prediction is < 0.1, “slight decrease” if 

the difference in model prediction is ≥ 0.1 but the response was not fully blocked, and “decrease” 

if the inhibition attenuated the gene response to stiffness or stretch. The model was able to predict 

70% of the inhibition results without any modifications. 

 

3.1.4 Discussion 

In-vitro experiments in PAAFs were used to investigate the differential effects of equibiaxial 

stretch and increased substrate stiffness on six genes of a new mathematical model of PAAF cell 

signaling [54]. While both physical stimuli occur in PAH, these stimuli may occur at different 

stages of the disease, in part because increased vascular fibrosis leads to ECM stiffening that in 

turn opposes the increase in arterial wall strain caused by increased wall stress. In this study, we 

used a novel combination of in-vitro and in-silico models to investigate how PAAFs respond to 

changes in ECM stiffness and strains representative of those associated with adventitial 

remodeling in PAH. While PAAFs are exposed to cyclic loading in-vivo, we used static stretch as 

a model of the strain increase from the mean pulmonary arterial pressure increase [63] during PAH 

rather than fluctuations in the cardiac cycle [63, 163]. Although there are no existing studies 

examining how PAAFs respond to cyclic stretch, Wu et al. [102] reported that 10% cyclic stretch 

for 36 h led to 2- to 3-fold increases in Col1a1 and Col3a1 expression in mouse aortic fibroblasts, 

which are comparable to the 3-fold increase in Col1a1 and 2- to 4-fold increase in Col3a1 that we 



 

93 

 

observed after 24 h of static stretch [164]. While the cells were maintained at a 10% static stretch 

for 24 h, measurements of cell area in cardiac fibroblasts using the same circular custom stretchers 

showed that after cell area initially increased during static stretch, they returned to their original 

size within 1 h, well before the 24-h time point at which gene expression was measured [63]. 

 

3.1.4.1 Stiffness and Stretch Differentially Affect Expression of Six Profibrotic Genes 

Stretch and increased substrate stiffness were both able to upregulate five out of the six profibrotic 

genes we investigated. However, while increasing stiffness from 0.5 kPa significantly induced all 

six genes, fibronectin expression was transiently upregulated by stretch at 4 h but was not 

significantly altered by stretch at 24 h. There was also a non-monotonic response to the two levels 

of increased substrate stiffness in the expression of Loxl1 and Acta2, which were both upregulated 

compared with 0.5 kPa substrates on 3 kPa matrices (mimicking vessel stiffness walls during mild 

PAH), but the expression of both was not significantly altered compared with 0.5 kPa substrates 

on 10 kPa matrices (which are comparable to vessel stiffness walls in severe PAH). Unlike 

observations in cardiac fibroblasts [63], we found no statistical interaction effects between the 

stretch and stiffness conditions in these six genes. These results suggest that the expression 

of Col1a1, Col3a1, and Eln could be expected to rise early in-vivo as elevated pulmonary arterial 

pressure increases vascular wall strain and remain elevated as fibrosis increases adventitial ECM 

stiffness, even though this stiffening would also reduce arterial strain. In 

contrast, Loxl1 and Acta2 expression may initially rise but eventually return to baseline as wall 

stiffening becomes severe, and Fn1 mRNA may be induced only after the ECM has remodeled 

and stiffened. 
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3.1.4.2 Model Modifications to Investigate Differential Regulation by Stretch and Stiffness 

By allowing stiffness and stretch to be separate inputs to the model, we investigated the pathways 

regulating the expression of six mechanosensitive genes (Col1a1, Col3a1, Eln, Fn1, Loxl1, Acta2) 

in response to each stimulus. While there is published evidence that TGF-β is activated by stretch 

in cardiac [63] and lung [165] fibroblasts, we only found experimental evidence of TGF-β 

activation by substrate stiffness in PAAFs [148, 149]. Based on ample published data in other cell 

types, we refined the model of the MAPK signaling cascade in the original version of our model 

so that ERK1/2, p38, and JNK1/2 could be independently activated, and we updated the model to 

include the effects of stretch activated TRP channels observed by Yue and Suzuma et al. [160, 

161]. 

Comparing the predictions of this revised model against the same independent 

experimental data from rat and human PAAFs that we used to test our original implementation 

[54], we found no significant changes in model validation accuracy from what we reported 

previously [54]. Comparing predictions of the revised model with in-vitro PAAF experiments 

conducted here on the effects of stretch and stiffness on gene expression, the model correctly 

predicted the upregulation of all six ECM genes by increased stiffness though not the subsequent 

return to baseline levels on the stiffest matrices for Loxl1 and Acta2. The model also correctly 

predicted the observed upregulation of four ECM genes and the lack of response to stretch 

in Fn1 expression at 24 hrs. However, while we observed an increase in Eln mRNA after stretch, 

the model incorrectly predicted a decrease. Examining the regulation of elastin gene expression in 

the network, we found that halving the weight of JNK1/2 inhibition on Eln mRNA while leaving 

the activating weight of PKC on Eln the same reversed this result. Hence it is possible that the 
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activating effect of PKC dominates the inhibiting effect of JNK1/2 in the regulation of elastin gene 

expression by stretch. 

Since we were curious if there was a transient response to stretch in some genes, we 

collected RNA from stretched PAAFs after 4, 8, and 24 hours. We found that Col1a1 

monotonically increases and has the highest expression at 24 hours, Fn1 is most induced by stretch 

at 4 hours then returns to baseline, and the other four genes are transiently upregulated at 8 hours. 

This indicates that stretch may induce Col1a1 due to stretch associated with increased pulmonary 

arterial pressure, causing PAAFs to deposit more matrix that leads to fibrosis and arterial 

stiffening. On the other hand, Fn1 may be induced transiently by stretch, but primarily respond to 

longer term changes in stiffness in-vivo. 

The equations in the model were formulated using studies from both in-vivo and in-vitro 

experiments. While we used the rat PAAFs to validate the gene expression in response to stimuli 

such as mechanical stretch or substrate stiffness, this approach allows us to predict how phenotypic 

outputs respond to mechanical load. It is reported that mechanical stretch may increase the stiffness 

of the substrate, which in turn decreases the stretch. However, the interactions between them have 

not yet been classified. Through this work, we can model the interactions by adjusting time 

parameters and the activated reactions to represent beneficial versus maladaptive remodeling in 

fibrosis. Furthermore, the model can simulate a high number of experimental designs and make 

corresponding predictions that would be difficult to reproduce experimentally. This feature also 

enables the model to predict effects of specific drugs through simulating the activation or inhibition 

of any target species in the network. 
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3.1.4.3 Blocking TGFβ Receptor and Angiotensin II Receptor Unveil New Possible 

Mechanisms of Regulation 

We did in-vitro experiments to inhibit the AngII receptor AT1R and the TGFβ receptor TGFβR 

using losartan and SB 431542 respectively to determine the important pathways regulating 

induction by stiffness and stretch. Based on quantitative differences between the model and 

experimental inhibition data, we were able to posit many novel areas of regulation which could be 

responsible for these differences.  

The differential responses in Col1a1 and Col3a1 in response to TGFβRI are consistent with 

the hypothesis that both ET1 and PPARγ signaling are required to induce Col1a1 response to 

stretch and stiffness but either pathway may be sufficient to induce Col3a1 in response to these 

stimuli. There is a known mechanism by which ET1 and PPARγ signaling are both regulated by 

miR-27a in PAECs found by Kang et al [181]. Wolf et al. have discovered that ET1 production 

decreases PPARγ signaling which impairs tube formation in-vitro also in PAECs [185]. While 

Montezano et al. posits that PPARγ activators may prevent ET1 dependent proinflammatory 

vascular effects in vascular smooth muscle cells in hypertension [186]. These papers suggest this 

mechanism may be well-supported, but possibly only in regulation of Col1a1. Currently, every 

pathway in the model that regulates Col1a1 also regulates Col3a1, but this improvement in 

matching experimental data indicates this should not be the case. This suggests differential 

regulation of the collagens that Tang et al. has observed through MAPK signaling in cardiac 

fibroblasts, and Millar et al. has seen this differential effect via miR-29a in human tendon-specific 

fibroblasts [187, 188]. On the other hand, experimentally, AT1R inhibition exhibited a great effect 

on both Col1a1 and Col3a1 so the proposed hypothesis is that smad2/3 and YAP/TAZ may act as 
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co-transcriptional regulators. Savorani et al. have demonstrated that smad3 may combine with 

YAP/TAZ in the nucleus during endothelial to mesenchymal transitions in lung endothelial cells 

from mice in response to TGFβ signaling [182]. The ability of the model modification to improve 

predictions and evidence for smad3 and YAP/TAZ as transcriptional co-factors outside of PAAFs 

leads us to conclude this is a possible mechanism by which collagens are regulated in response to 

AngII signaling. Our work was able to determine that TGFβ and AngII are needed for Col1a1 

response to stretch and stiffness, but only AngII is needed for Col3a1 response.  

Inhibition of Acta2 by TGFβRI and AT1RI revealed that p38 and PKCα could both be 

required for Acta2 induction. By blocking PKCα signaling, which is not crucial to adaptive 

fibrosis, we could then reduce the fibroblast to myofibroblast transition as the induction of Acta2 

leads to this phenotypic change [63]. Evidence for p38 and PKCα both being activated by the same 

receptor for advanced glycation end products in response to angiotensin signaling has been shown 

in human umbilical vein endothelial cells [189]. We have concluded that both TGFβ and AngII 

are needed for Acta2 response to stretch and stiffness.  

Fn1 inhibition reveals possible regulation by STAT3 and Piezo1 pathways not yet 

implicated in PAAFs but there is evidence in literature of the STAT3 pathway in renal epithelial 

cells [183] and Piezo1 induction of fibronectin in cardiac fibroblasts via calcium signaling and 

PKCα [184]. AngII is responsible for the stiffness response in Fn1 Since Fn1 is primarily induced 

by stiffness, we have accurately identified these important regulators but the transient induction of 

Fn1 by stretch through AngII independent pathways would need to be targeted to reduce fibrotic 

fibronectin deposition due to stretch induction [53]. Since PKCα signaling may be important in 

both Fn1 induction by TGFβ signaling in stiffness and in Acta2 induction by TGFβ and AngII 

signaling in response to stiffness and stretch, PKCα signaling could be a novel target to target to 
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reduce Fn1 ECM deposition and fibroblast to myofibroblast transitions that lead to excess ECM 

deposition.  Since PKC isoforms have been implicated in regulating AngII-mediated fibrosis 

through p38 in RV fibrosis in pulmonary hypertension, targeting PKC could potentially reduce 

fibrosis in both the PA and the RV [190]. 

Differences in induction of Loxl1 also led us to conclude that miR130/301 could be an 

important regulator of Loxl1 expression and increasing the weight of TGFβ and stretch regulation 

on Eln allows for significantly improved model predictions in response to stretch, stiffness and 

inhibition though neither Loxl1 nor Eln require TGFβ or AngII for stretch and stiffness response 

[11, 163]. This use of the model to compare against in-vitro data and propose mechanisms and 

pathways not previously implicated in PAAFs is a useful tool to discover which pathways are 

necessary to upregulate the profibrotic genes we are studying, and which mechanical signals are 

responsible for this upregulation. Col1a1, Col3a1, and Acta2 are all induced by at least AngII in 

stretch and stiffness, while Fn1 is induced by AngII in stiffness alone, and the genes Loxl1 and 

Eln are not regulated by AngII or TGFβ. By identifying the importance of AngII and TGFβ 

cytokines, we can hypothesize targets to reverse PAH fibrosis through inhibiting nodes 

downstream of these pathways such as MAPK or smad2/3 signaling, or introducing PPARγ 

agonists, since the inhibition of PPARγ induces Col1a1 expression in response to stretch and 

stiffness, which have been proposed as a vasodilator treatment of PAH [191]. 

 

3.1.4.4 Limitations 

We used rat PAAFs because of the detailed biomechanical measurements of ECM stiffness 

pulmonary arterial strain in the sugen-hypoxia rat model of PAH and normotensive control rats. 

However, human PAAF cell lines have been used to study fibrotic signaling in response to 
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increased ECM stiffness [11], where they showed that ten out of twelve genes studied were 

differentially expressed when stiffness increased from 1 to 12 kPa. Their analysis identified an 

miR-130/301-PPARγ signaling network regulated by ECM stiffness and associated with ECM 

remodeling in human PAH. Studies of mechanosignaling in human PAAF cell lines would enable 

us to generate a similar model of profibrotic mechanosignaling in human cells that could include 

these networks. ECM remodeling depends on protein synthesis, post-translational modifications, 

and cell-mediated matrix assembly [13]. One limitation of this study is that we focused primarily 

on gene expression, but we did find that changes in collagen III and smooth muscle actin protein 

abundances in response to increased ECM stiffness were consistent with changes in their mRNA 

expression. Finally, while the model was able to predict many TGFβR and AT1R inhibition results, 

it was not able to predict many profibrotic gene responses to stretch. These model limitations can 

nevertheless be used to identify candidate pathways and reactions that need to be added to the 

network. 

 

3.1.5 Conclusions 

In-vitro experiments using hydrogel substrates of various stiffnesses coating elastic membranes in 

cell-stretch devices showed that expression of profibrotic genes by PAAFs is differentially 

regulated by cell stretch and extracellular matrix stiffness. No interaction effects between stretch 

and stiffness were observed for the six genes studied here; however, the blockade of TGFβR and 

AT1R did reveal possible mechanisms upstream of stiffness and stretch regulation and the need 

for inclusion of pathways not previously implicated in PAAFs. A novel combination of in-vitro 

and in-silico models of PAAF profibrotic cell signaling in response to altered mechanical 
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conditions has helped to identify regulators of the vascular adventitial remodeling that results from 

the changes in stretch and matrix stiffness occurring during the progression of PAH. 
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CHAPTER 4: SEX DIFFERENCES IN MECHANOREGULATION IN PAAFS INDUCE SIGNIFICANT 

DIFFERENCES IN REMODELING AT THE TISSUE LEVEL 

 

4.1 Abstract 

Pulmonary arterial hypertension results in changes in arterial wall stiffness and strain due to 

increased mean pulmonary arterial pressure that results in vascular remodeling. The incidence of 

PAH is much higher in women, but women do better with treatment and are less likely to die from 

the disease. We have demonstrated significant upregulation of six profibrotic genes (Col1a1, 

Col3a1, Acta2, Fn1, Loxl1, and Eln) in pulmonary arteries isolated from male rat models of PAH 

compared to normotensive male PAs, that is not observed in PAs from female or ovariectomized 

rats.  

Having examined the variables of stretch and stiffness, we wanted to know if differences 

at the cellular level were responsible for the sex differences in the PA tissue. Studying PAAFs 

from female rats demonstrated that female-derived PAAFs have a higher threshold to effects of 

stiffness and less sensitivity to stretch than male-derived cells, a possible explanation for female 

PAH patients not doing as poorly as male patients in response to mild PAH. Cells from 

ovariectomized rats also had less sensitivity to stretch but were activated even at lower stiffnesses 

representing normotensive and mild PAH. This demonstrates that sex differences already exist in 

mechanoregulation at the cellular level, an important finding that may point towards mechanisms 

leading to why male patient outcomes are so much worse. 
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4.1.1 Remodeling Process of the PA Vasculature in PAH and Sex Differences 

As we mentioned in Chapter 1, there are significant sex differences in PAH. There is evidence that 

sex chromosomes themselves may modify sexual dimorphism in pulmonary arterial hypertension 

rather than just the contribution of sex hormones, positing foundational differences may result in 

inherent genetic differences [192]. The role of sex hormones in decreased arterial stiffness in 

women compared to increased arterial stiffness in males has been examined by Dupont et al. [193]. 

The removal of ovaries, or ovariectomy, in rats can somewhat elucidate the effect of having less 

sex hormones while still isolating cells from biologically female animals [194]. These differences 

indicate a need to study the sex differences in profibrotic induction of the pulmonary artery in-vivo 

to determine if sex was an independent predictor of outcome in the sugen-hypoxia rat model of 

PAH as well.  

Experiments we have done using sugen-hypoxia rats have demonstrated that, although 

mPAPs are still significantly increased by sugen-hypoxia treatment in all groups, female rat mPAP 

is significantly lower than that of male or ovariectomized rats, and studies by Rafikova et al. have 

shown increased fibrosis in male rat PAs with no significant increased fibrosis in female rat PAs 

[179]. Treatment of sugen-hypoxia rats with exogenous estrogen also reduced PA vasoconstriction 

and remodeling as demonstrated by Phillip et al [195]. This sexual dimorphism in the sugen-

hypoxia model of PAH makes it a useful tool to study what is causing this difference in profibrotic 

response and ultimately increased fibrosis in male rat PAs [196]. Because of this, we hypothesize 

that PAs from male rats will have significantly increased profibrotic induction in response to 

sugen-hypoxia treatment compared to PAs from female and ovariectomized rats. Since PAAFs are 

the cells in the adventitial layer of PAs primarily responsible for mechanosignaling in response to 

vascular wall stiffening and stretch due to changes in mPAP, we speculate that they could play a 
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role in this increased fibrosis and vascular remodeling in male rats compared to female rats [43]. 

What is unknown is if differences in PA stretch and stiffening between sugen-hypoxia male and 

female rats can explain differences in PA remodeling or if the differences are a result of PAAF 

response to stretch and stiffness differing between PAAFs from male and female rats. 

While studies by Aguado et al. have shown that sex differences in left ventricular cardiac 

fibroblasts are crucial to sexual dimorphism in cardiac disease outcome, no study exists addressing 

sex differences in PAAFs [180]. Our hypothesis is that since PAAFs respond to changes in wall 

strain in the pulmonary artery because of increased mean pulmonary arterial pressure, PAAFs 

derived from male rats will exhibit more profibrotic gene induction in response to stretch.  

We believe that the significant difference in magnitude of mPAP between sugen-hypoxia 

male rats and sugen-hypoxia female rats, which induces stretch on PAs, alone is not enough to 

explain the significantly increased fibrosis in male rat PAs. Do sex differences in PAAF 

mechanosignaling explain this difference in PA fibrosis? Could this be due to differences in male 

versus female PAAF cells by themselves, or could this be due to differences in male and female 

PAAF induction by stretch? 

 

4.1.2 Materials and Methods  

 

4.1.2.1 PAAF Stretch and Stiffness 

Cells are isolated according to the same procedure as in Section 3.1.2.1, PAAF isolation from 

female and ovariectomized Sprague-Dawley normotensive rats follows the same protocol as the 

isolation from male Sprague-Dawley rats. For the sex difference data, 100-150,000 female-derived 
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and ovariectomized female-derived PAAFs were seeded onto equibiaxial stretchers with gels at 

0.5, 3 and 10 kPa stiffnesses and subjected to stretch for 24 hours   

 

4.1.2.2 Ovariectomization 

Ovariectomization of rats are done at Charles River Lab, Wilmington, MA. Ovaries are removed 

from five-week-old female Sprague-Dawley rats weighing 140-170 grams and shipped UC San 

Diego. After a week of recovery, the animals are randomized into different treatment groups.  

 

4.1.2.3 Sugen-Hypoxia (SuHx) Rat Model of PAH 

The sugen-hypoxia (SuHx) rat model of PAH was used because combining the vascular 

endothelial growth factor (VEGF) receptor antagonist Sugen 5416 and hypoxia, one can prevent 

vascular remodeling and adaptation via small vessel angiogenesis of the pulmonary vasculature 

when exposed to low levels of oxygen. Hence, when the rats return to normoxia, the vessels do 

not adapt and the animals develop similar lesions found in human PAH patients. This is the most 

specific and localized model of PAH as it develops vascular lesions resembling those found during 

autopsy in patients with PAH [18]. Animal care, housing, and food were approved by the 

Institutional Animal Care and Use Committees at the University of California San Diego. The 

inducement of PAH occurs via a single subcutaneous injection (20 mg/kg) of sugen (S8442 

MilliporeSigma, CAS Number 204005-46-9, PubChem Substance ID 24278606 Sigma-Aldrich, 

MO) followed by exposure to chronic hypoxia (10% O2) for three weeks, then a return to normoxia 

for up to 10 weeks post-injection (Fig. 4.1). The disease phenotype is verified by measuring the 

mean pulmonary arterial pressure invasively with catheter (>20 mmHg). Age-matched 

normotensive control rats are kept in normoxia throughout the duration of the study.  
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Figure 4.1: Schematic of inducing PAH in rats with Sugen-Hypoxia (SuHx). Timeline of the 

sugen-hypoxia animal model, which after a single injection of sugen, the animals are kept for three 

weeks in a hypoxic chamber, and then kept in normoxia for 6-10 weeks. Control groups are aged-

matched and kept for the same duration in normoxia. Figure created using Biorender.com 

 

4.1.2.4 Homogenization of Tissue 

Pulmonary arteries were isolated as described in Chapter 3 Methods Section 3.1.2.1. BeadBug 

Microtube Homogenizer (Benchmark Scientific #D1030 Sayreville, NJ, USA), 3.0 mm High 

Impact Zirconium beads TriplePure M-Bio Grade (Benchmark Scientific, Sayreville, NJ, USA) at 

1800 rpm for 3-6 minutes until sections of pulmonary artery tissue and right ventricle chunks were 

visually confirmed to be broken down in TRIzol by Invitrogen (#15596026, Thermo Fisher 

Scientific, Waltham, MA, USA). The sugen-hypoxia procedure is as described in Section 4.1.2.3 

for rats from which pulmonary artery tissue was taken. Pulmonary artery tissues from (n=3) 

normotensive male rats, (n=6) normotensive female rats, (n=7) normotensive ovariectomized rats, 

(n=10) male SuHx rats, (n=10) female SuHx rats, and (n=9) ovariectomized SuHx rats were 

homogenized and processed via the RNA isolation methods described in Section 3.1.2.4. The 

relative expression of six profibrotic genes (Col1a1, Col3a1, Acta2, Fn1, Eln, Loxl1) were 

analyzed for each pulmonary artery tissue type and analyzed using RT-PCR as described in 

Section 3.1.2.4. 
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4.1.2.5 Statistics 

Descriptive statistics were performed using JMP Pro Statistical software (version 14, SAS Institute 

Inc., NC, USA) for group comparisons of relative gene expression. For normally distributed data, 

one-way analysis of variance (ANOVA) was used to test for differences in means of three different 

stiffnesses and for all six genes, followed by the Dunnett’s post-hoc test. Otherwise, the non-

parametric Wilcoxon–Kruskal–Wallis statistic was used followed by Dunnett’s post-hoc test. 

Effects of stiffness and stretch were tested using two-way ANOVA with stiffness and stretch as 

fixed factors. For normally distributed data, the Dunnett’s post-hoc test was used. Otherwise, the 

non-parametric Wilcoxon–Kruskal–Wallis statistic was used followed by Dunnett’s post-hoc test. 

Data are expressed as means ± standard error of the mean relative to housekeeping gene 18S, 

unless otherwise specified. Statistical significance was determined at a level of 0.05. Data were 

graphed in GraphPad Prism software (v8.4.3.686, San Diego, CA, USA). 

 

4.1.3 Results 

 

4.1.3.1 Profibrotic Gene Expressions Measured at the Tissue Level 
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Figure 4.2: Combined pulmonary artery tissue data separated by sex and SuHx treatment. 

Pulmonary artery tissues from (n=3) normotensive male rats, (n=6) normotensive female rats, 

(n=7) normotensive ovariectomized rats, (n=10) male SuHx rats, (n=10) female SuHx rats, and 

(n=9) ovariectomized SuHx rats are homogenized and RNA from isolated tissue is analyzed with 

RT-PCR. Mean ± standard errors of the mean of mRNA levels relative to housekeeping gene 18S 

with white bars for female data, light blue bars for ovariectomized data and dark blue bars for male 

data. * indicates significance between control and SuHx conditions by two-way ANOVA and post-

hoc Tukey test for female, ovariectomized, and male rats. Significant induction by SuHx in all six 

genes: (A) Col1a1 (B) Col3a1  (C) Acta2  (D) Fn1 (E) Loxl1 and (F) Eln is observed in male rats, 

while significant induction in fewer genes by SuHx (Col1a1, Fn1, Loxl1, and Eln) is observed in 

female rats, and only significant induction by SuHx in Col1a1 in ovariectomized rats is observed. 

This suggests more profibrotic genes are upregulated in male rats than female rats, while a higher 

baseline expression of genes at control is observed in ovariectomized rats. 

 

Pulmonary artery tissues were isolated from rats that underwent sugen-hypoxia treatment 

as described in Section 4.1.2.3 and were then homogenized as described in Section 4.1.2.4. 

Pulmonary artery tissue from male rats shows significant upregulation by sugen-hypoxia treatment 

for all six genes, tissue from female rats shows significant upregulation in Col1a1, Fn1, Loxl1, and 
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Eln, and tissue from ovariectomized females displays a significant upregulation only in Col1a1 

and a generally higher relative expression of the six genes at baseline when taken from 

normotensive rats that did not undergo sugen-hypoxia treatment (Fig. 4.2)
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Figure 4.3: Gene expression of pulmonary arterial sections clustered into sex and treatment. 

Messenger RNA relative expression derived tissue from the main, left and right pulmonary artery 

(MPA, LPA, RPA) from normotensive male (n=3), female (n=6), and ovariectomized rats (n=7) 

were compared with relative expression of PA tissue from male (n=10), female (n=10), and 

ovariectomized (n=9) SuHx rats. Across sexes, there was a more significant effect of SuHx 

treatment in increasing the induction of profibrotic genes in the LPA and RPA as opposed to the 

MPA. There was significant induction of profibrotic genes in sections of pulmonary artery from 

male rats (M-R) in all six genes (Col1a1, Col3a1, Acta2, Fn1, Loxl1, Eln), and in 4 genes (Col1a1, 

Fn1, Loxl1, Eln) in pulmonary artery sections from female rats (A-F) and 2 genes (Col1a1, Fn1) 

in ovariectomized rats (G-L). Ovariectomized rat MPA sections demonstrated a high baseline 

expression of Acta2 and Loxl1 in the control rats and a significantly lower expression in SuHx 

ovariectomized rats. Statistical analysis done by two-way ANOVA and a post-hoc Tukey test. 

Mean ± standard errors of the mean of mRNA levels relative to housekeeping gene 18S with blue 

bars for left pulmonary artery data, gold bars for main pulmonary artery data, and white bars for 

right pulmonary artery data. 
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Figure 4.3: Gene expression of pulmonary arterial sections clustered into sex and treatment. 

Messenger RNA relative expression derived tissue from the main, left and right pulmonary artery 

(MPA, LPA, RPA) from normotensive male (n=3), female (n=6), and ovariectomized rats (n=7) 

were compared with relative expression of PA tissue from male (n=10), female (n=10), and 

ovariectomized (n=9) SuHx rats. Across sexes, there was a more significant effect of SuHx 

treatment in increasing the induction of profibrotic genes in the LPA and RPA as opposed to the 

MPA. There was significant induction of profibrotic genes in sections of pulmonary artery from 

male rats (M-R) in all six genes (Col1a1, Col3a1, Acta2, Fn1, Loxl1, Eln), and in 4 genes (Col1a1, 

Fn1, Loxl1, Eln) in pulmonary artery sections from female rats (A-F) and 2 genes (Col1a1, Fn1) 

in ovariectomized rats (G-L). Ovariectomized rat MPA sections demonstrated a high baseline 

expression of Acta2 and Loxl1 in the control rats and a significantly lower expression in SuHx 

ovariectomized rats. Statistical analysis done by two-way ANOVA and a post-hoc Tukey test. 

Mean ± standard errors of the mean of mRNA levels relative to housekeeping gene 18S with blue 

bars for left pulmonary artery data, gold bars for main pulmonary artery data, and white bars for 

right pulmonary artery data. 
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Figure 4.3: Gene expression of pulmonary arterial sections clustered into sex and treatment. 

Messenger RNA relative expression derived tissue from the main, left and right pulmonary artery 

(MPA, LPA, RPA) from normotensive male (n=3), female (n=6), and ovariectomized rats (n=7) 

were compared with relative expression of PA tissue from male (n=10), female (n=10), and 

ovariectomized (n=9) SuHx rats. Across sexes, there was a more significant effect of SuHx 

treatment in increasing the induction of profibrotic genes in the LPA and RPA as opposed to the 

MPA. There was significant induction of profibrotic genes in sections of pulmonary artery from 

male rats (M-R) in all six genes (Col1a1, Col3a1, Acta2, Fn1, Loxl1, Eln), and in 4 genes (Col1a1, 

Fn1, Loxl1, Eln) in pulmonary artery sections from female rats (A-F) and 2 genes (Col1a1, Fn1) 

in ovariectomized rats (G-L). Ovariectomized rat MPA sections demonstrated a high baseline 

expression of Acta2 and Loxl1 in the control rats and a significantly lower expression in SuHx 

ovariectomized rats. Statistical analysis done by two-way ANOVA and a post-hoc Tukey test. 

Mean ± standard errors of the mean of mRNA levels relative to housekeeping gene 18S with blue 

bars for left pulmonary artery data, gold bars for main pulmonary artery data, and white bars for 

right pulmonary artery data. 

 

 Pulmonary artery tissue data is separated by sex and pulmonary arterial segments: left 

pulmonary artery (LPA), main pulmonary artery (MPA) and right pulmonary artery (RPA). These 

trends show that the MPA generally has a lower relative expression in the six genes, except for the 

pulmonary arteries derived from ovariectomized control and sugen-hypoxia treated animals (Fig. 
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4.3). The left and right pulmonary artery sections show similar trends for increase by SuHx 

treatment, though overall as seen in the combined pulmonary artery tissue data, arteries from male 

animals are more induced in the left and right pulmonary arteries than ovariectomized and female 

rats. Significant induction by SuHx is demonstrated in all six genes in the pulmonary artery 

sections from male rats compared to only four genes in the pulmonary artery sections in female 

rats (Col1a1, Fn1, Loxl1, Eln) in pulmonary artery sections from female rats and two genes 

(Col1a1, Fn1) in ovariectomized rats. The MPA in control ovariectomized rats have higher Loxl1 

and Acta2 expression than the MPAs in SuHx ovariectomized rats, demonstrating higher baseline 

gene expression in control ovariectomized rat PA tissue. 

 

4.1.3.2 Sex Differences in PAAFs 

PAAFs derived from male rats are significantly upregulated by stiffness and stretch in all six 

(targeted) genes except for Fn1, while PAAFs from female rats are upregulated by only stiffness 

in all six genes except for Acta2 which is regulated only by stretch (Fig. 4.4). PAAFs derived from 

ovariectomized animals are significantly upregulated by stiffness in Col1a1 and Eln, and by stretch 

for Acta2 but not any of the other genes. PAAFs from female rats show a higher stiffness induction 

threshold before upregulation of relative gene expression for all profibrotic genes, only 

significantly increasing under stiffnesses representing severe PAH. PAAFs from ovariectomized 

female rats, on the other hand, already show a higher relative expression than ones from male and 

female rats even at stiffnesses representing normotensive and mild PAH conditions in genes Fn1, 

Loxl1 and Eln.  
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Figure 4.4: Effect of stiffness and stretch on gene expression in PAAFs derived from male 

rats (blue), ovariectomized rats (red) and female rats (green). Mean ± standard errors of the 

mean of mRNA levels relative to housekeeping gene 18S in unstretched cells (striped bars) and 

after 24 h 10% equibiaxial stretch (solid bars). No interaction effects were found between stretch 

and stiffness for either male, ovariectomized, or female derived cells. Unstretched male (n=9), 

stretched male (n=12), unstretched female (n=7), stretched female (n=6), unstretched 

ovariectomized (n=8), stretched ovariectomized (n=9). (A) Col1a1 (B) Col3a1 (C) Acta2 (D) Fn1 

(E) Loxl1 and (F) Eln. Annotations of significance in blue refer to male data, in green refer to 

female data, and in red refer to ovariectomized data as to whether cells are significantly affected 

by stiffness or stretch via 2-way ANOVA and post-hoc Dunnett’s multiple comparisons test. 

PAAFs derived from male rats are significantly upregulated by stiffness and stretch in all six genes 

except for Fn1 which is only upregulated by stiffness, while PAAFs from female rats are 

upregulated by only stiffness in all six genes except for Acta2 which is regulated only by stretch. 

PAAFs derived from ovariectomized animals are significantly upregulated by stiffness in Col1a1 

and Eln, and by stretch for Acta2 but not any of the other genes. PAAFs from female rats have a 

higher threshold before upregulation of relative gene expression due to stiffness for all profibrotic 

genes, only significantly increasing when subjected to 10 kPa stiffnesses representing severe PAH.  
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4.1.4 Discussion 

Sexual dimorphism in PAH is a well-known phenomenon in which the incidence of the disease is 

much higher in female patients, but male sex is an independent predictor of death [64].  Because 

of this it is important to understand if these sex differences were reflected in isolated pulmonary 

arteries from rats subjected to PAH conditions in-vivo. Pooled pulmonary artery tissue data 

suggests that sugen-hypoxia treatment significantly increases expression of all six profibrotic 

genes (Col1a1, Col3a1, Acta2, Fn1, Loxl1, and Eln) pulmonary arteries from male rats. This 

suggests higher induction of male-derived PAs by sugen-hypoxia which could be a reason for the 

worse PAH survival rates due to increased fibrosis and PA stiffening leading to pressure overload 

[179]. As PAH continues to progress, the profibrotic induction of male PAs could lead to increased 

vascular wall stiffening which can in turn feed back into more fibrosis and ECM stiffening.  

Along with increases in matrix stiffness, a significantly higher mean pulmonary arterial 

pressure in male rats due to sugen-hypoxia treatment compared to female rats indicates 

hemodynamic differences that increase the stimulus of stretch in male PAs as shown in data from 

our lab.  

With how profibrotic genes respond to stretch, stiffness, and inhibition of these signals 

established, adding the variable of sex may indicate a need for personalized inhibition treatments 

depending on patient gender since we discovered differential induction effects of stretch in isolated 

fibroblasts among male, OVX, and female rats. 

While male-derived cells generally exhibited a monotonic increase of gene expression from 

normotensive to mild PAH conditions and from mild PAH conditions to severe PAH conditions, 

female-derived cells had no significant difference between normotensive and mild PAH conditions 

but a significant increase in relative gene expression under severe PAH conditions. This is well in 
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line with work by Chaudhury et al. which has found that protective effects of female sex hormones 

are lost once severe PAH phenotypes are established in female patients [197]. Female-derived cells 

appear to have a higher threshold to the effects of stiffness than male cells and overall display less 

sensitivity to stretch than the male-derived cells, which could result in less induction of female 

PAAFs in response to mild PAH due to stretch and thus less vascular remodeling. Decreased 

vascular stiffening and fibrosis is indeed observed in female rat models of PAH [179]. 

On the other hand, ovariectomized-derived cells had an overall higher relative expression 

even at stiffnesses representing normotensive and mild PAH. According to work by Hussien et al., 

ovariectomy in rats may cause fibrosis through activation of the renin-angiotensin system [198]. 

The higher baseline expression in profibrotic genes in cells from ovariectomized rats could be 

explained by this activation of the renin-angiotensin system, since we have established that 

angiotensin is an incredibly important cytokine in induction of four of the six profibrotic genes 

(Col1a1, Col3a1, Acta2, Fn1).  

 

 

Figure 4.5: Summary hypothesis of how PAAFs derived from male (blue), ovariectomized 

(red), and female (green) rats responds to changes in mean pulmonary arterial pressure in 

PAH. Increases in mean pulmonary arterial pressure in PAAFs derived from male rats leads to 

high stretch induction and ECM production that then increases fibrosis which feeds back into 

higher ECM production. Lower stretch induction in PAAFs from ovariectomized and female rats 

leads to overall lower PA fibrosis. 
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In humans, women are more susceptible to PAH but demonstrate better survival and 

response to treatment, indicating sex differences in the pathophysiology and vascular remodeling 

in response to this disease. Male PA tissue and PAAFs show higher induction of profibrotic genes 

in response to sugen-hypoxia treatment and in-vitro increases in stretch, which in turn leads to 

more vascular remodeling and fibrosis in the PA compared to lower induction by stretch of PAAFs 

from female rats which can explain the lack of significant PA fibrosis in female rats (Fig. 4.4). 

The slightly higher mPAP in male rats compared to that in female rats is not enough to explain the 

stark differences in PA fibrosis and stiffening [179], therefore we turned to the differential 

induction by stretch in PAAFs from male and female rats (Fig. 4.5). Through this work, we have 

learned that sex differences already exist in mechanoregulation at the cellular level. This increased 

induction of profibrotic genes in PAAFs and PAs from male rats likely leads to deleterious fibrosis, 

an important finding that may be the mechanism leading to why male patient outcomes are so 

much worse. 

 

4.1.4.1 Limitations 

A limitation of our work is that we have not examined if there is a threshold effect for female 

PAAFs in response to stretch. We have determined that PAAFs derived from female rats require 

a higher threshold of stiffness representing severe PAH before induction by stiffness occurs but 

have not determined the same for stretch. It is possible that there is a similar threshold PAAFs 

from female rats have in response to stretch. Another limitation is that studies were not done in 

human PAAFs, though work is being done to establish a human PAAF culture line with stiffness 

at 2 kPa and 4 kPa to represent human PA stiffnesses [61]. Another limitation is that there is no 
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model of the difference between male and female PAAFs, especially in stretch induction, though 

there is some evidence as to the mechanistic difference in estrogen response as determined by 

Frump et al. [199]. 
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CHAPTER 5: SEX DIFFERENCES IN MECHANOREGULATION IN RV CFBS INDUCE SIGNIFICANT 

REMODELING AT THE TISSUE LEVEL 

 

5.1 Abstract 

Pulmonary arterial hypertension affects not only the pulmonary artery, but also the right ventricle. 

Left untreated, RV dysfunction and decompensation often lead to heart failure, and no treatment 

exists to reverse the matrix remodeling and stiffening of the RV. Sex differences in PAH also 

manifest in the RV, leading to increased end diastolic pressure, fibrosis, and stiffening in male RV 

tissue.  

Our lab has studied the longitudinal nature of PAH, examining changes in RV end diastolic 

pressure, stiffness, fibrosis, and hypertrophy across many weeks of sugen-hypoxia treatment. This 

has led us to work comparing what is upregulated at week 4 of sugen-hypoxia representing less 

stiff RV and weeks 9 and 10 wherein the RV is significantly stiffened by measures of end diastolic 

elastance. Some genes were upregulated by sugen-hypoxia at 4 weeks representing mild PAH and 

then went back down at 9-10 weeks representing more severe PAH: Col1a1, Fn1, Eln, while some 

monotonically increased to be highest after 9 and 10 weeks of sugen-hypoxia: Col3a1, Loxl1, 

Acta2. In RV tissue from male rats, significant induction by six weeks of sugen-hypoxia treatment 

occurred while there was no significant induction in female rat RV tissue by two-way ANOVA. 

The important longitudinal and sex difference factors in RV tissue led us to investigate the 

primary responder to changes in mechanical stimuli, cardiac fibroblasts. We isolated cardiac 

fibroblasts from male and female rats and determined that cells from male rats primarily respond 

to stretch and not stiffness, while cells from female rats did not respond as much to stretch. Since 

we observed a significant increase in end diastolic pressure in male rat RVs we did not see in 
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female rat RVs, and pressure induces stretch activation of CFBs, we hypothesize that this stretch 

signal is responsible for much of the RV remodeling and stiffening in male RVs. As male RV 

CFBs are more induced by stretch, this leads to profibrotic gene activation that increases matrix 

proteins and crosslinking which in turn can increase stiffening that feeds back into more ECM 

deposition. Through this proposed mechanism, male RVs are more likely to fail in PAH through 

this differential stretch response. 

 

5.1.1 Sex Differences in the Remodeling of the Right Ventricle in PAH 

As PAH progresses, the formation of plexiform lesions leads to a rise in mean pulmonary arterial 

pressure that induces a pressure overload on the right ventricle, which can then lead to right 

ventricular dysfunction and decompensation and ultimately heart failure [172, 173]. The right 

ventricle is often implicated as a large contributor to the PAH “sex paradox” since reduction in 

cardiac function in male patients is a predictor for death by PAH [64]. Tello et al. demonstrated 

that there is superior RV systolic function in female versus male patients, better diastolic 

relaxation, and lower RV mass index [200].  

Our work in RVs in sugen-hypoxia male rats gives compelling evidence that there is a 

significant increased end diastolic pressure that is not observed in female rats, an activation in 

profibrotic genes in male RV tissue due to sugen-hypoxia not observed in female tissue, a higher 

collagen-myocyte ratio in histology, and increased RV stiffening in male rats via the measure of 

end diastolic elastance as proven in data from our lab. Our group has also studied the distinct time 

course of right ventricular hypertrophy and structural remodeling over a longitudinal 10-week 

period in sugen-hypoxia treated male Sprague-Dawley rats, noting significant RV hypertrophy by 
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week 4, then a later stage significant increase in end-systolic and end-diastolic elastance in week 

5-10 animals [177].  

To study how the RV adapts to changes throughout the pathobiology of the disease, RV 

tissue from normotensive and sugen-hypoxia [18] treated rats at week 4 and weeks 9 and 10 were 

analyzed. We also examined if the “sex paradox” in PAH would be exhibited in differential 

induction of profibrotic genes by RVs from male and female rats after six weeks of sugen-hypoxia 

treatment [64]. Since induction was significantly different in male and female RV tissue, and RV 

diastolic stiffening and dysfunction in animals and PAH patients [66, 174] is mediated by 

remodeling of the RV ECM by cardiac fibroblasts (CFBs), we hypothesized a difference in 

induction of CFBs between male and female rats.  

CFBs regulate extracellular matrix remodeling in response to mechanical stress due to 

hypertension by activating and transforming into myofibroblasts which produce excess ECM and 

can exhibit increased proliferation [63, 175, 176]. Work by the Aguado lab in left ventricular 

cardiac fibroblasts demonstrates that sex differences in isolated male and female CFBs are crucial 

in determining sexual dimorphism in heart disease outcome [180]. Sex differences in 

mechanoregulation of RV CFBs, has not yet been established. Thus, this work will be key in 

determining the mechanism by which male RV tissue is stiffer and more fibrotic than female RV 

tissue through studying sex differences in CFB induction by stretch and stiffness.  
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5.1.2 Methods and Materials 

 

5.1.2.1 Homogenization of Tissue 

BeadBug Microtube Homogenizer (Benchmark Scientific #D1030 Sayreville, NJ, USA), 3.0 mm 

High Impact Zirconium beads TriplePure M-Bio Grade (Benchmark Scientific, Sayreville, NJ, 

USA) at 1800 rpm for 3-6 minutes until RV chunks were visually confirmed to be broken down in 

TRIzol by Invitrogen (#15596026, Thermo Fisher Scientific, Waltham, MA, USA). The sugen-

hypoxia procedure is as described in Section 4.1.2.3 for rats from which right ventricular tissue 

was taken.  

 

5.1.2.2 Adult Primary Cardiac Fibroblast Isolation 

Animal care, housing, and feed were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of California San Diego. Sprague-Dawley rat (Charles 

River, Wilmington, MA) right ventricles were cut into 8-12 pieces. Hearts were transferred into 

0.6 mg/mL Trypsin solution (Trypsin 1:300 #2271525-GM, USB Corporation, Cleveland OH 

USA) in cold Hanks’ Balanced Salt Solution (1X #14175-095 Gibco by Life Technologies 

Carlsbad, CA USA) and left to rock overnight at 4°C for pre-digestion. A solution of 1 mg/mL 

collagenase type 2 (#LS004176, Worthington, Lakewood NJ USA) and mechanical agitation with 

a 10 mL serological pipette (Nunc Cat #170356N, Thermo Fisher Scientific, Waltham, MA, USA) 

is used to digest the heart tissue. Dead cells and red blood cells are removed, then the solution is 

passed through a 100 µm cell strainer (#22363549, Fisherbrand, Hampton, NH, USA). Cells are 

spun down at 400g for 5 minutes in a centrifuge (5804 R, Eppendorf, Hamburg, Germany) in 

fibroblast media (DMEM with 10% FBS and 1% anti/anti) (DMEM 1X #10566-016, Gibco 
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Carlsbad, CA, USA; FBS #35-010-CV, Corning, Corning, NY, USA; antibiotic/antimycotic 

#15240-062 Life Technologies Grand Island NY USA), and pre-plated in a T-75 flask (#25-209, 

Genesee Scientific San Diego, CA USA) for 30 minutes at 37°C and 5% CO2. The supernatant is 

transferred to a new flask and pre-plated for another 30 minutes. Cells are detached with 0.25% 

trypsin (1X #15050-065 Life Technologies Grand Island NY USA) and pooled to spin at 400g for 

10 minutes and counted via hemacytometer and plated at a concentration of 100-150,000 cells per 

gel.  

 

5.1.2.3 Stiffness Determination 

Polyacrylamide gels were formulated as described previously using acrylamide (#A4058100ML 

Sigma Aldrich St Louis, MO USA) and bis-acrylamide (#M1533-25ML Sigma Aldrich St Louis, 

MO USA) with the same protocol as Section 3.1.2.2 according to the stiffnesses outlined by Tse 

et al. [62]. To mimic the substrate stiffness of the cardiac fibroblasts, according to a study by Jang 

et al., normotensive rat RVs are at a stiffness of roughly 7 kPa and pulmonary artery banded rats, 

a model of RV dysfunction in PAH, exhibits a stiffness of roughly 40 kPa [178]. 

 

5.1.2.4 Attachment Methods 

The polyacrylamide gels described in the last section were then coated with collagen or fibronectin 

for LV or RV cardiac fibroblast attachment. Collagen (10 μg/mL) was added using the crosslinking 

of EDC (#00050, Chem-Impex Int'l Inc Wood Dale IL, USA) and NHS (#A10312, Alfa Aesar 

Ward Hill MA USA), PBS, anti-anti (#15240-062 Life Technologies Grand Island NY USA), and 

rat tail collagen I (#354236, Corning, Corning, NY USA). The solution was then incubated 

overnight at 37 °C, 5% CO2, 100% humidity before cells are plated.  
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Fibronectin attachment is done according to the protocol by Tse et al. [62]. First, sulfo-

SANPAH (#22589 Thermo Scientific Waltham, MA USA) is used to coat the polyacrylamide gel, 

then the gel is placed in a 365-nm UV light source (Black-Ray UV Bench Lamp 365 nm 

115V~60Hz #XX-15L P/N 95-0042-07, UVP Upland, CA USA) for 10 minutes. The gel is then 

rinsed with 50 mM HEPES (Free acid #JT4018-1, Avantor Center Valley, PA USA), and 

fibronectin (#F1141-1MG Sigma Aldrich St Louis, MO USA) is added and incubated overnight at 

37 °C, 5% CO2, 100% humidity before cells are plated. RT-PCR is done as described in Chapter 

4. 

 

5.1.2.5 Statistics 

Descriptive statistics were performed using JMP Pro Statistical software (version 14, SAS Institute 

Inc., NC, USA) for group comparisons of relative gene expression. For normally distributed data, 

one-way analysis of variance (ANOVA) was used to test for differences in means of three different 

stiffnesses and for all six genes, followed by the Dunnett’s post-hoc test. Otherwise, the non-

parametric Wilcoxon–Kruskal–Wallis statistic was used followed by Dunnett’s post-hoc test. 

Effects of stiffness and stretch were tested using two-way ANOVA with stiffness and stretch as 

fixed factors. For normally distributed data, the Dunnett’s post-hoc test was used. Otherwise, the 

non-parametric Wilcoxon–Kruskal–Wallis statistic was used followed by Dunnett’s post-hoc test. 

Data are expressed as means ± standard error of the mean relative to housekeeping gene 18S, 

unless otherwise specified. Statistical significance was determined at a level of 0.05. Data were 

graphed in GraphPad Prism software (v8.4.3.686, San Diego, CA, USA). 
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5.1.3 Results 

5.1.3.1 RV Tissue Longitudinal and Sex Difference Data  

 

Figure 5.1: Right-ventricular tissue gene expression derived from male control, 4 weeks and 

9 and 10 weeks of SuHx. RV tissue is extracted from male Sprague-Dawley rats and graphed as 

relative expression of 6 relevant genes in pulmonary arterial hypertension. Col1a1, Fn1, and Eln 

exhibit an increased induction at week 4 of sugen-hypoxia treatment and then a decrease at weeks 

9 and 10, while Col3a1, Acta2, and Loxl1 continue to increase by weeks 9 and 10 of SuHx 

treatment. No significant increases were found using one-way ANOVA. 

 

RV tissue is broken down by homogenization and analyzed by RT-PCR as described in Section 

5.1.2.1 and graphed as relative expression of six genes that increased at 4 weeks of SuHx treatment 

and went down to baseline and genes that increased until 9-10 weeks of SuHx (Fig. 5.1). The genes 

increased after 4 weeks of SuHx were Col1a1, Eln, and Fn1. The genes which kept increasing by 

weeks 9 and 10 of SuHx treatment were Col3a1, Loxl1, and Acta2. Based on these results, for our 

cellular level study in RV CFB, we chose to target three genes that increased at 4 weeks of SuHx: 

Cola1, Eln, Fn1, and three that continued to increase: Col3a1, Loxl1, and Acta2. 
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Figure 5.2: Rat right-ventricular tissue response to 6 weeks of SuHx in male and female rats. 

RV tissue is extracted from Sprague-Dawley rats and the relative expression against housekeeping 

gene 18S is graphed as the mean ± SEM. Age-matched normotensive male control data (n=6) is 

plotted against shaded male 6-week SuHx data (n=4), along with age-matched normotensive 

female control data in red (n=6) against shaded female 6 week SuHx data (n=6). No significant 

differences were found in induction of the six genes by sugen-hypoxia in RV tissue from female 

rats but was significant by two-way ANOVA in RV tissue from male rats. 

 

RV tissue from week 6 male and female rats is homogenized as discussed in Section 5.1.2.1 and 

analyzed by RT-PCR. The six profibrotic genes examined here are the same as used to analyze 

isolated CFBs in the section below. Male and female RV data demonstrate some upregulation in 

response to sugen-hypoxia treatment used to mimic PAH in rats. Normotensive female control rat 

RVs had generally lower relative expression than the normotensive male control rat RVs, and 
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induction of the six genes by sugen-hypoxia was not significant in female RVs but was significant 

by two-way ANOVA in male RVs. 

 

5.1.3.2 Sex Differences in Isolated RV CFBs in Response to Stiffness and Stretch 

 

Figure 5.3: RV cardiac fibroblasts isolated from male and female Sprague-Dawley rats shows 

response to stiffness and stretch. RV cardiac fibroblasts are isolated from male and female rats 

and plated onto polyacrylamide gels coated with fibronectin and subjected to differences in 

stiffness (7 kPa for normotensive and 40 kPa representing PAH stiffness) and 10% stretch for (A) 

Col1a1 (B) Col3a1, (C) Eln, (D) Acta2, (E) Fn1, and (F) Loxl1. Data is graphed as mean ± standard 

errors of the mean of mRNA levels relative to housekeeping gene 18S with blue bars male data 

(n=4) and green bars representing female data (n=8) with shaded data indicating no stretch and 

solid data indicating stretch. Asterisks (*) show data significantly affected by stiffness and # 

indicates data significantly affected by stretch by Students’ t-test. RV CFBs from male rats were 

more induced by stretch in genes Col1a1, Eln, Acta2, and Loxl1 while RV CFBs from female rats 

were only induced by stretch in genes Col1a1 and Fn1. RV CFBs from female rats were were 

induced by stiffness in genes Col1a1, Acta2, and Fn1 while RV CFBs from male rats were 

upregulated by stiffness only in gene Loxl1. 
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Control RV CFBs isolated from male and female Sprague-Dawley rats according to 

Section 5.1.2.2 were plated on gels of 7 kPa and 40 kPa using the same protocol and were coated 

in fibronectin according to Section 5.1.2.4. Significant upregulation due to stretch in CFBs from 

male rats were observed in Col1a1, Eln, Acta2, and Loxl1, while CFBs from female rats responded 

to stretch in genes Col1a1 and Fn1. RV CFBs from male rats was upregulated due to stiffness in 

Loxl1 while CFBs from female rats were upregulated due to stiffness in genes Col1a1, Fn1, and 

Acta2.  

 

5.1.4 Conclusions 

Ultimately, it is RV dysfunction that leads to the outcome of death in PAH, and since the PAH sex 

paradox indicates that male sex is an independent indicator of death, it is important to study sex 

differences in the RV.  

To probe differing induction of genes depending on severity of PAH, RV tissue from 

normotensive and sugen-hypoxia treated male Sprague-Dawley rats was isolated and probed for 

gene expression that is important in cardiac fibrosis. Data showed some gene expression was 

upregulated by SuHx at 4 weeks and then returns to baseline by 9-10 weeks: Col1a1, Fn1, Eln, 

while some increase to their highest point after 9-10 weeks of SuHx treatment: Col3a1, Loxl1, 

Acta2. This four-week timepoint is also when our group has found a turn from the early stage of 

PAH significant RV hypertrophy by week 4, then the late-stage increase in end-systolic and end-

diastolic elastance indicating RV stiffening after that [177]. This indicates matrix proteins Col1a1 

and Fn1 are induced early in PAH in the RV during adaptive remodeling, while Eln, which is 

responsible for response to stretch may first be induced but there is less signal once adaptive 
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remodeling decreases the effect of stretch through RV wall thickening. On the other hand, Col3a1 

is induced but continues to be expressed as the RV stiffens, Loxl1 which crosslinks collagen 

thereby increasing stiffening may lead to the increased RV stiffening after week 4, and Acta2 

indicating transition of fibroblasts to myofibroblasts is induced as the RV wall stress increases and 

excess ECM is deposited.  

RV tissue from male and female rats after six weeks of sugen-hypoxia treatment compared 

to normotensive control demonstrated increases in profibrotic gene expression, though only male 

RV tissue was significantly induced by two-way ANOVA. This indicates that there are sex 

differences in profibrotic gene activation in RV tissue, along with increased fibrosis, and increased 

RV stiffening found in data from our lab. The profibrotic gene activation in tissue is likely due to 

the contribution of CFBs, which are the primary responder to injury in the myocardium. It is 

unknown, however, whether RV CFBs have sex differences in response to mechanosignaling. 

We isolated RV CFBs from male and female rats and cultured them at stiffnesses 

representing control RV stiffness (7 kPa) and pulmonary artery banded RV stiffness (40 kPa). 

Overall, RV CFBs from male rats were found to primarily respond to stretch in genes Col1a1, 

Acta2, Loxl1, and Eln expressions, while RV CFBs from female rats only respond to stretch in 

genes Col1a1 and Fn1 expressions. This sex difference in induction of RV CFBs indicates that 

their response to their microenvironment and effect on cardiac function [180] is varied in male 

versus female rats, which could be translated and explain the different rates of RV dysfunction in 

male versus female patients once they suffer from the disease [64].  

Our lab has previously found significantly increased end-diastolic pressure in male rats 

undergoing SuHx treatment that is not observed in female rats, indicating that there is a strong 

stretch induction of RV CFBs from male rats that does not occur in RV CFBs from female rats 
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based on data from our lab. This stretch signal is hypothesized to lead to stretch induction of 

Col1a1 and Eln which means RV CFBs from male rats put down more ECM in response to stretch 

signals, and higher induction of Acta2 leads to fibroblast transition into myofibroblasts which in 

turn deposit excessive ECM (Fig. 5.4). This leads to increased RV stiffening, which is increased 

by induction of Loxl1, a crosslinker of collagen that increases stiffening without increasing 

collagen production. The higher end diastolic pressures in male rats with SuHx compared to female 

rats with SuHx in turn leads to differential induction of RV CFBs from male rats at the cellular 

level. This difference in induction of the cellular phenotype can in turn explain increased stiffness 

in the RV of male rats as measured by end diastolic elastance done in our lab. 

 

Figure 5.4: Summary hypothesis of differential responses between male and female RV 

CFBs. Stretch induced by increase in end-diastolic pressure in male RVs could indicate sex-

dependent remodeling due to the contribution from RV CFBs in male rats at the cellular level 

inducing changes at the organ level since RV CFBs from male rats are more likely to be induced 

by stretch than RV CFBs from female rats. 

 

Interestingly, in-vitro experiments on RV CFBs were more difficult to carry out than those 

on PAAFs as we found that RV CFBs were not able to be revived from frozen even when the same 

density of cells as PAAFs was taken from T75 flasks. Isolation of RV CFBs was adapted from a 

method used to isolate mouse LV CFBs, therefore time in collagenase was a variable that was 

iterated on until a consistent sufficient population of RV CFBs could be derived. Another crucial 
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difference between the two fibroblast types was in the attachment methods, as described in Section 

4.1.2.7. Enough PAAFs stayed attached when using collagen I to coat the polyacrylamide gels, but 

many attachment methods were tested before a combination of fibronectin and sulfo-SANPAH 

was successful in retaining RV CFBs. Those methods included 2% gelatin, laminin, and collagen 

I. No sex differences were observed in revival and attachment of PAAFs.  

As was applied to the PAAFs, one could use logic-based computational networks of 

mechanosignaling to analyze the RV CFB response to stretch and stiffness. Zeigler et al. have 

made a computational model of cardiac fibroblast response to “mechanical” signals [69] which 

can be iterated on using our in-vitro data to probe which pathways are more sensitive to stiffness 

or stretch, or which pathways are more likely to be upregulated by RV CFBs from male or female 

rats. This could result in very targeted hypothesis generation and predictions of which nodes should 

be inhibited to prevent deleterious RV fibrosis, especially in male RVs. 

 

5.1.5 Limitations 

One limitation of this work is that there is no model of RV cardiac fibroblasts that distinguishes 

sex differences. Work done by Zeigler et al. [69] has led to the creation of a mechanosignaling 

network of cardiac fibroblasts, but it does not separate mechanical stimuli into stretch or stiffness 

separately. We could use our very interesting in-vitro data teasing apart the mechanosignaling sex 

differences in RV CFBs to modify Zeigler’s existing model to incorporate that CFBs from male 

rats were more induced by stretch. Another limitation of this work is the lack of RV CFB data 

from ovariectomized rats, which could give interesting information on how less circulating 

estrogen, but still female cells could affect profibrotic stretch induction. We would also be curious 
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to see if tissue from ovariectomized RVs exhibit increased fibrosis even in normotensive 

ovariectomized rats as seen in PAs.  
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

 

In this body of work, we are examining mechanisms of mechanosignaling PAH using a variety of 

in-vivo, in-vitro and in-silico methods that studied two tissues which become dysregulated in PAH: 

the pulmonary artery and right ventricle in male, female, and ovariectomized animals in a 

comprehensive study.  

We created a novel mechanosignaling network model of the pulmonary arterial adventitial 

fibroblast with a model accuracy of 80% that integrates the crosstalk of signaling pathways known 

to be crucial to PAH, including ones involving hypoxia and pulmonary arterial fibrosis [54]. We 

validated this model using papers independent from model formulation, even quantitatively 

matching Acta2 expression in response to ERK and p38 inhibitors found in literature. We also used 

sensitivity analysis to determine the important inputs of AngII, mechanical, and TGFβ. Uncertainty 

quantification was then used to study how robust the model was to changes in input weight and 

EC50, but how important the Hill coefficient parameter n was to the model accuracy. We also 

analyzed the epistemic uncertainty of adding literature data from fibroblasts that were not 

cardiovascular to the model and found that the reduced model had much lower model accuracy. 

This demonstrates that while there is uncertainty about adding some non-cardiovascular pathways 

in the PAAF model, the additional pathways deduced from these other cell types can improve 

prediction accuracy without significantly compromising robustness, a lesson we applied to making 

model inhibition simulations match better to experimental inhibtion data.  The model successfully 

simplifies the complex relationships between pathways in PAH to make useful predictions of 

PAAF response to mechanical signals, stimulation, and inhibitors.   
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We were able to update this model by using the results of in-vitro experiments that 

separately subjected our well-characterized PAAFs to changes in substrate stiffness and stretch 

using tunable hydrogels and a custom equibiaxial stretcher [53]. We found that PAAFs derived 

from male Sprague-Dawley rats significantly responded to stretch and stiffness in all genes 

studied: Co11a1, Col3a1, Acta2, Eln, and Loxl1 but only to stiffness in Fn1. This led us to iterate 

the model and crucially separate the input node of ‘mechanical’ into ‘stretch’ and ‘stiffness’ so 

that we could identify which pathways are more significant in upregulation due to stretch and 

which to stiffness. We found that stiffness activated integrin β3, the MST1/2 kinases, angiotensin 

II, TGFβ, and syndecan-4, and stretch regulated integrin β3, MST1/2, Ang II, and the transient 

receptor potential (TRP) channel. There were no interaction effects between stretch and stiffness 

for the six gene outputs of the model we studied. We found that protein expression of Collagen III 

and Fibronectin matched the trends of the RNA expression data. The results also showed that Acta2 

and Loxl1 expression were non-monotonic, increasing at stiffnesses representing mild PAH but 

decreasing at stiffnesses representing severe PAH. This suggests the expression of Col1a1, 

Col3a1, and Eln might rise early in-vivo as the increased pulmonary arterial pressure in PAH 

increases vascular wall strain and stays elevated as fibrosis increases ECM stiffness, but Loxl1 and 

Acta2 expression may rise at first but eventually returns to baseline as wall stiffening becomes 

severe, while Fn1 may be induced after the stiffening of the ECM has already occurred.  

Our model predictions of which receptors would be most influential of AT1R or TGFβ in 

stretch and stiffness led us to do in-vitro experiments into how PAAFs would respond to inhibiting 

these important nodes. Without any modifications, model was able to qualitatively predict 70% of 

the inhibition experiment results and quantitatively match Col3a1 response to TGFβRI and the 

Loxl1 response to TGFβRI and AT1R. As stated a few paragraphs above, the sensitivity analysis 
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of the model indicates, AngII, TGFβ and stiffness and stretch were important drivers in PAH 

disease pathology. We are testing this through in-vitro experiments to inhibit the AngII receptor 

AT1R and the TGFβ receptor TGFβR. Through this analysis, we were able to determine the 

important pathways regulating the profibrotic gene expression of the six candidate genes Co11a1, 

Col3a1, Acta2, Fn1, Loxl1, and Eln. These pathways were stiffness and stretch upregulation of 

AngII, TGFβ and the Hippo pathway, stretch activating TRP, AngII activating MAPK and AP1 

leading to latent TGFβ, and TGFβ activation through smad2/3 phosphorylation and TAK1 

activation of p38.  

By analyzing the quantitative differences between the predicted model response and 

experimental data, we were able to make model modifications to try to explain these differences. 

Experimental results indicated that Col1a1 requires AngII and TGFβ to respond to stiffness and 

stretch, but Col3a1 only requires AngII. Col1a1 and Col3a1 did not respond to TGFβRI in the 

same way, so positing ET1 and PPARγ both being necessary for Col1a1 induction alone based on 

work in PAECs was used to explain this phenomenon [181]. Smad2/3 and YAP/TAZ being 

cotranscriptional regulators as in cardiomyocytes was a way to explain the more dramatic effect 

of AT1R on collagen expression experimentally [201]. Previously, the model had no difference in 

the regulation of Col1a1 and Col3a1, but this experimental result and importance of the Collagen 

I / Collagen III ratio in pulmonary hypertension indicates this should not be the case [202]. Based 

on the difference between Col1a1 and Col3a1 regulation, Col3a1 induction via stiffness or stretch 

would be more difficult to block than Col1a1 induction since it only requires AngII signaling.  

Similar dramatic effects on Acta2 TGFβ and AngII inhibition led us to test p38 and PKCα 

both being necessary as in atherosclerotic response to AT1R, while Fn1 inhibition was more 

notable in the model predictions than in the experiments which indicates the need for more 
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pathways regulating Fn1 expression, such as stretch regulating STAT3 and stiffness regulating 

Piezo1 [183, 18h]. Acta2 requires both AngII and TGFβ for response to stretch and stiffness, while 

Fn1 requires AngII and TGFβ for response to stiffness. This work has indicated an interesting 

target to block to reduce fibroblast to myofibroblast transition induced by Acta2 [63], since 

blocking PKCα would theoretically block Acta2 stiffness and stretch induction without knocking 

out important pathways to adaptive remodeling downstream of TGFβ and AngII. Fn1 expression, 

on the other hand, demonstrates why epistemic uncertainty of adding non-PAAF and non-

cardiovascular pathways to the model can still benefit model formulation [53]. 

Our work to elucidate mechanisms by which regulation of these profibrotic genes occurs 

is crucial to understanding which cytokines are necessary in profibrotic response. Since we 

surmise, for example, that ET1 and PPAR signaling are both necessary for induction of Col1a1 

but not Col3a1 we can reach a specificity of targeting these specific nodes to inhibit specific 

profibrotic genes that could not have been achieved without simulating this with a complex model. 

This makes the model more useful as a high-throughput predictive screening tool that can identify 

which nodes to target to decrease profibrotic signaling. 

Since we learned that stretch is an important regulator, we examined gene expression of 

the six profibrotic genes in response to stretch after 4 hours, 8 hours, and 24 hours. In doing this 

we found that Col1a1 increases monotonically and has the highest expression at 24 hours, Fn1 is 

most upregulated at 4 and 8 hours then returns to baseline, and the other four genes are upregulated 

at 8 hours and then decreases. When examining the role of stretch alone, Col1a1 is the only gene 

that increases in expression throughout time, while male PAAFs subjected to stiffness and stretch 

indicated that Col1a1, Col3a1 and Eln were all observed to increase and continue increasing. This 

shows that Col3a1 and Eln possibly require the feedback of increased ECM stiffness to continue 
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to increase in relative expression but Col1a1 induction by stretch is sufficient to increase its 

expression. Interestingly, Col3a1, Eln, Acta2, and Loxl1 were significantly increased at 8 hours of 

stretch and then dropped, while Acta2 and Loxl1 were increased due to stretch and stiffness but 

decreased to baseline at severe PAH stiffnesses. This indicates that stretch may be the main inducer 

of Acta2 and Loxl1 in male PAAFs since the same response occurs with and without stiffness, and 

as wall stiffness becomes severe the effects of stretch fall off in these two genes. Fn1 levels were 

significantly induced by increased substrate stiffness and transiently upregulated by stretch at 4 

hours, but returned to baseline, while there was no significant upregulation of Fn1 by stretch at 24 

hours. This leads us to conclude that there is only a transient Fn1 response to stretch, possibly at 

the initial adaptive remodeling step. 

In addition to studying how PAAFs respond to stretch and stiffness, a crucial aspect of 

PAH we studied was sex differences at the in-vivo and in-vitro level in the pulmonary artery, the 

vascular remodeling of which is a major hallmark of PAH pathobiology and can lead to the 

observed sex differences in outcome. In-vivo data from pulmonary arteries isolated from rats 

treated with sugen-hypoxia allows us to examine how the vessel responds to simulated PAH 

conditions. The pulmonary artery tissue data indicates that sugen-hypoxia treatment for six to ten 

weeks after treatment with hypoxia significantly upregulates expression of all six genes in PAs 

from male rats, but only significant increases in Col1a1, Fn1, Loxl1, and Eln expression in PAs 

from female pulmonary arteries, and PAs from ovariectomized females only exhibited increased 

Col1a1. Pulmonary arteries isolated from normotensive ovariectomized rats had a higher relative 

expression than ones isolated from normotensive male and female rats. Since PAAFs are a major 

regulator of response to factors in PAH such as increased vascular wall stiffness and wall strain, 

we examined the induction of the same six genes in cells from male, female, and ovariectomized 
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rats. These in-vitro experiments allowed us to tease apart how cells differ in their response to 

stiffness, stretch, and sex separately. In PAAFs, we found that male-derived cells generally 

responded to stretch and stiffness, but female cells required a higher stiffness representing severe 

PAH before responding to changes in stiffness and exhibited no response to stretch except in Acta2. 

This aligns well with work by Chaudhury et al. that indicates female sex hormones are no longer 

protective for female patients experiencing severe PAH, suggesting early intervention would be 

more effective in treating women before increased stiffening of the PAs occurs [197]. On the other 

hand, PAAFs from ovariectomized female rats had an overall higher relative expression even at 

stiffnesses representing normotensive and mild PAH conditions, upregulation in stiffness only in 

Col1a1 and Eln, and response to stretch in Acta2. This is similar to how PAAFs derived from 

ovariectomized female rats exhibited increased relative expression at stiffnesses representing 

normotensive and mild PAH conditions as compared to PAAFs derived from male and female rats. 

Cells and tissue derived from normotensive ovariectomized rats thus already seem to have high 

profibrotic responses from the procedure alone. This aligns well with studies done by Hussien et 

al. on ovariectomy in rats causing fibrosis because of activation of the renin-angiotensin system, 

and as we have already established, angiotensin is an important inducer of four of the six 

profibrotic genes (Col1a1, Col3a1, Acta2, Fn1) [198].  

This leads us to conclude that there is higher induction of profibrotic genes in both PAAFs 

and PAs from male rats, lower induction of PAAFs and PAs from female rats, and a higher baseline 

induction in PAAFs and PAs from ovariectomized rats, which could be a reason for the worse 

PAH survival rates in male patients as this induction can lead to increased PA stiffening and 

fibrosis seen in male rats [179] which can in turn lead to RV failure via pressure overload. 
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This increased vascular load on the RV leads to RV wall thickening, and then dilation and 

dysfunction [203]. RV tissue from normotensive and SuHx treated male Sprague-Dawley rats 

showed that some genes were upregulated by SuHx at the 4-week timepoint and then returned to 

baseline by 9-10 weeks: Col1a1, Fn1, Eln, while some increase to their highest point after 9-10 

weeks of SuHx treatment: Col3a1, Loxl1, Acta2. Our group has found that this 4-week timepoint 

is a turning point in the RV hypertrophy from the early stage of PAH, leading to a late-stage 

increase in end-systolic and end-diastolic elastance after that [177]. The induction of Col1a1 and 

Fn1 at 4 weeks indicates these matrix proteins may be upregulated during the adaptive RV wall 

thickening and then decrease, while Eln which is a primary responder to stretch may also increase 

initially when the vascular load induces a pressure which stretches the RV cells but then decrease 

as wall stiffening compensates and decreases the stretch induction. Col3a1 in another example of 

being differentially expressed from Col1a1, increases monotonically, and may feed back into 

increasing more as the RV stiffens in week 9 and 10. Loxl1 as it increases will crosslink collagen 

and cause even more RV stiffening. Acta2 induction will increase transition of RV CFBs into 

myofibroblasts, which will put down excess ECM and further increase this stiffening process. The 

turn from 4 week to 9- and 10-week PAH is not the only interesting results in RV tissue, however, 

since we also examined the difference in male and female RV tissue after 6 weeks of sugen-

hypoxia treatment. 

The six profibrotic genes we examined at week 4 and weeks 9 and 10 were probed for in 

male and female RV tissue. By two-way ANOVA, sugen-hypoxia significantly upregulated male 

RV tissue in these six profibrotic genes while female RV tissue was not significantly upregulated. 

Since RV stiffness by measure of end diastolic elastance and RV fibrosis by measure of 

collagen:myocyte ratio was all significantly increased in RV tissue from male rats but not in RVs 
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from female rats, this increase in profibrotic response in male RVs was not altogether unexpected 

based on previous data from our lab. As a main regulator of the RV response to PAH conditions 

such as stiffness and stretch, it is important to determine the mechanism by which this profibrotic 

activation occurred by studying RV CFBs in-vitro. 

In-vitro experiments allow us to study RV CFBs in response to stiffness, stretch and sex 

separately. We found sex differences in the RV CFBs isolated from male and female rats, which 

could play a role in why outcomes from PAH manifests distinctly in male versus female patients. 

RV CFBs from male rats were found to respond primarily to stretch while RV CFBs from female 

rats were not as induced by stretch. As important regulators of heart function, ventricular 

fibroblasts have been proven to have inherent sex differences that lead to sexual dimorphism in 

presentation and outcome of cardiac diseases [180]. The proposed mechanism by which this could 

occur is that increased end diastolic pressure in RVs from male rats induces stretch activation of 

the RV CFBs from male rats that does not occur in RV CFBs from female rats since there is no 

significant increase in end diastolic pressure due to sugen-hypoxia treatment in female rats (Figure 

5.4). This stretch induction leads to excessive ECM deposition via Acta2 leading to RV CFB 

transition into myofibroblasts, as well as induction of Col1a1, a matrix protein, and Eln, a matrix 

protein that responds to increases in stretch in the male RVs that ultimately leads to a stiffer RV, 

through induction of Loxl1 which crosslinks collagen, that in turn feeds back into even more ECM 

remodeling. Our discovery of this possible mechanism of maladaptive remodeling in the male RV 

goes a long way to explaining why being male is an independent predictor of death in regard to 

PAH, as RV dysfunction is the main cause of death in PAH [204]. RV CFBs from female rats do 

not show this increase in stiffening or fibrosis in data from our lab, which explains why female 
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patients are more likely to survive PAH. Targeting this maladaptive remodeling process in male 

RVs could do much to treat PAH patients before RV dilatation causes death. 

We have created the first model of PAAFs which we iteratively improved using our own 

in-vitro stiffness, stretch, and inhibition data. We have also demonstrated that we can separate the 

mechanical stimuli of stretch and stiffness to improve the model and understand the intricacies of 

upregulation of stiffness and stretch in six profibrotic genes in isolated PAAFs. We also uniquely 

demonstrated sex differences in male, female, and ovariectomized -derived fibroblasts and PA and 

RV tissue that could explain the PAH sex paradox. In studying as complex of a disease as PAH, 

we have used computational models and in-vivo and in-vitro experiments in both organ systems to 

study many facets of its pathobiology in response to abnormal mechanical environments. This has 

allowed us to conclude that the variables of stretch, stiffness, and sex all play crucial roles and 

interplay with each other in understanding PAH disease pathology.  

Stretch and stiffness affect male PAAF induction at 24 hours after stretch similarly to how 

PAs from male rats are activated after six to ten weeks of sugen-hypoxia treatment but changing 

the variable of sex to female rats leads to decreased PAAF induction by stretch and PA induction 

in general, while ovariectomized rats are even less induced because of a high baseline of expression 

in normotensive rat PAAFs and PAs. In male PAAFs, changing the harvest time after stretch by 

itself illuminates the role of Col1a1 in increasing fibrosis in response to stretch while the other 

five genes have a more transient response to stretch alone. Stiffness alone, on the other hand, 

induces all six profibrotic genes in male-derived PAAFs, all except Acta2 in female-derived 

PAAFs, and only Col1a1 and Eln in ovariectomized-derived PAAFs. All of these important 

conclusions tell us how complex PAH is to understand and our ability to isolate variables to study 

allows us to pinpoint which genes are more important at which timepoint in what sex animal, or 
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which mechanical stimulus is more crucial to induction of which gene. These conclusions indicate 

the need for sex-specific treatments in PAH that can target upregulation by stiffness which induces 

more profibrotic genes in female fibroblasts or stretch which induces more profibrotic genes in 

male fibroblasts. This is an important step in discovering new treatments for PAH and delving into 

the mechanisms by which profibrotic genes are upregulated inherently differently in male and 

female cells.  

 

6.2 Limitations  

While we have made many strides to understanding PAH at many levels with our current work, 

there are many limitations of our work that should be addressed.  

 

6.2.1 In-vivo Limitations  

Only six profibrotic genes were studied in PAs from male, female, and ovariectomized rats, a 

comprehensive RNA-Seq of the differences between normotensive and sugen-hypoxia PAs and 

PAs from different sex animals could give a more comprehensive view of what is upregulated, 

downregulated, or not changed in response to treatment and sex.  

The sugen-hypoxia model, while good at replicating vascular remodeling, right heart 

failure, and sexual dimorphism in PAH, the mechanisms of sugen-hypoxia are not well understood, 

and it is not able to recapitulate a model of severe PAH [205].  

The ovariectomy rat model is not a translational model of menopause but can mimic 

estrogen deficiency. It can also induce the renin-angeiotensin system which can conflate 

profibrotic results since baseline relative expression may be inherently high in cells derived from 

ovariectomized rats [198].    
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6.2.2 In-vitro Limitations 

While our work has explored inherent sex differences in male, female, and ovariectomized PAAFs, 

it is a limitation that we have not studied the effects of growing these cells in hormone-free media 

or added estrogen to the male and ovariectomized cells which could illuminate the role of sex 

hormones in stiffness and stretch induction. In female PAAFs, we have not tested stimulation with 

testosterone. 

 We study static stretch as a measure of hemodynamic load rather than the cyclic stretch 

that pulmonary arteries experience because the frequency of cyclic stretch is not high enough but 

this is a limitation of our stretch system. The harvest time after stretch being 4, 8, and 24 hours 

leading to different induction of specific genes indicates that 24 hours is only able to capture the 

stretch and stiffness induction in male PAAFs, we did not test different times for PAAFs from 

female and ovariectomized animals and may have missed their stretch and stiffness induction. 

We used rat PAAFs because of the detailed laboratory hemodynamic data and 

biomechanical measurements of ECM stiffness in the sugen-hypoxia rat model of PAH and 

normotensive control rats. However, human PAAFs have been used to study fibrotic signaling in 

response to matrix stiffness by Bertero et al. and we have been able to order human PAAFs from 

different sex donors [11]. We have determined human normotensive PA stiffness to be 2 kPa and 

PAH stiffness to be 4 kPa but have not yet successfully gotten RT-PCR data from our stretchers.  

Another limitation of this study is that most of our data is relative expression, aside from 

collagen III and smooth muscle actin protein quantities being qualitatively consistent with their 

corresponding changes in mRNA expression. Actual protein expression reflects changes in ECM 
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from MMPs, degradation, and responses to post-translational modifications which could 

drastically change relative amounts [82].  

We never tested combinations of inhibitor TGFβRI and AT1RI, which could tell us if 

certain profibrotic genes such as Loxl1 and Eln were not regulated by either cytokine.   

 

6.2.3 In-silico Limitations 

The limitations of our model currently are that we can make predictions of changing different 

nodes to the network with some accuracy, but the model only extends to six profibrotic genes. It 

is also a logic-based set of ordinary differential equations and does not reflect the complexity of 

biochemical signaling. It can be extended to include a mass-action component equation with 

kinetic rates to create a more quantitative and predictive model of matrix remodeling 

The network model also uses default parameters due to the dearth of literature data in 

PAAFs, but is still able to predict 80% of input-node experiments in the literature by capturing the 

important network topology [54]. The model has many OR reactions that could be ANDs if given 

enough literature support and experimental evidence for, such as smad2/3 and YAP/TAZ 

signaling. 

The model does not include paracrine signaling from other cell types such as the PASMCs 

and PAECs that are also present in the pulmonary artery, along with macrophages that are 

upregulated by inflammation [13].  

 The PAAF model does not have sex differences included and would need to be restructured 

based on our work to reflect important induction of fibroblasts from male animals by stretch and 

lack of induction of fibroblasts from female animals by stretch [199]. 
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6.3 Future Directions 

A lot has been done to understand profibrotic responses to stiffness and stretch, but there is much 

future work that needs to be done to elucidate those mechanisms and ones governing sex 

differences in PAAFs and RV CFBs. In the future, we can use RNA-Seq to extend the model to 

many different genes to get a better picture of which genes are important in the regulation of PAH.  

We can also add more detail in specific parameters of the model to improve the predictive 

capabilities of the model aside from those regulating JNK1/2 inhibition of Eln [173]. The model 

is also not currently able to replicate sex differences, which can be done through adding estrogen 

and other hormone receptors to the model and iterating upon its effects to better recapitulate our 

interesting in-vitro sex difference results in PAAFs [64]. The model can be tuned through different 

stimulations to upregulate certain stretch induced pathways in male PAAFs as opposed to female 

PAAFs, for example.  

Since a model of cardiac fibroblasts was already made by Ziegler et al., an interesting 

future direction would be to iterate upon that model to separate the effects of stiffness and stretch 

using our in-vitro RV CFB data [69]. We can also modify the CFB model to better reflect 

demonstrated sex differences such as CFBs from male rats being more induced by stretch [199]. 

We also have done many of our in-vitro studies in rat PAAFs, which is not necessarily fully 

reflective of the changes we see in human patients. In the future, it would be very interesting to 

see if these in-vitro studies can be recapitulated using cultured human PAAFs, especially from 

cells isolated from patients of different genders [11].  

In the future, an in-depth study of how estrogen or testosterone stimulation affects PAAF 

and CFB induction by stiffness and stretch using hormone-free fetal bovine serum would also be 

interesting. 
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