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1. INTRODUCTION 

1.1 Pulmonary Circulation and right ventricle 

1.1.1 Pulmonary Vasculature and physiology 

 
The pulmonary vascular system is unusual for both its size and function. For gas exchange in 

the alveoli, mixed venous blood is delivered through the pulmonary circulation, a low-pressure 

circulatory bed capable of transporting the whole cardiac output. Alveolar capillaries, where 

blood flow swiftly equilibrates with alveolar air, are where gas exchange happens in normal 

circumstances. Blood cells travel through the capillary network at an average speed of 0.5–1 

second. Due to the capillary bed's volume being normally equal to the stroke volume, each 

pulse exchanges the whole capillary volume. Since each pulse exchanges the entire volume 

of the capillary bed, each heartbeat is equivalent to a stroke. 

The pulmonary vasculature is a one-of-a-kind structure in terms of volume and function. The 

pulmonary circulation is a low-flow, high-resistance circuit throughout fetal life. The pulmonary 

vasculature dilates throughout postnatal life, accommodating the whole cardiac output (CO) 

while maintaining a high blood flow at a low intravascular pulmonary arterial pressure (PAP). 

In comparison to the systemic circulation, pulmonary arteries have thinner walls with 

significantly less vascular smooth muscle and a relative lack of basal tone, most likely due to 

increased endogenous vasodilators and decreased endogenous vasoconstrictors, resulting in 

a normal pulmonary vascular resistance (PVR) of about one-tenth that of the systemic 

circulation. In addition, the adult lung's vascular anatomy, gravity, the mechanical 

consequences of breathing, and neuronal and humoral variables influence pulmonary blood 

flow (1). 

In addition to exchanging gases, the lungs filter the blood, which helps to keep thrombi and 

other micro emboli from entering the bloodstream. Pulmonary circulation is also essential to 

metabolic activity since the whole circulating blood flow flows through the lungs. In humans, 

endothelium-bound angiotensin-converting is responsible for the alteration of angiotensin I to 

angiotensin II (ANG II) and the deactivation of bradykinin of regulating the blood pressure. As 

a blood reserve, it provides nutrients to the alveoli and temporarily supports the left ventricle's 

(LV) output when the right ventricle's (RV) production is limited (2). 

 
1.1.2 Anatomy of Right Ventricle and physiology  

 
In mammals and birds, the RV is a thin-walled crescent-shaped structure connected to 

systemic venous return on one side and pulmonary circulation on the other. It has a 10% to 

15% larger volume than the left ventricle (LV), a thinner free wall (3 to 5 mm in adults), and a 

one-third to one-sixth smaller mass (3, 4). For example, during imaging, it is possible to 
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partition RV into the anterior and posterior walls and the basic to middle and apex portions (5). 

There are three major components of the RV anatomically, 1) Three or more papillary muscles, 

2) the tricuspid valve that makes up the intake, and 3) The apical trabeculation, which may be 

pretty thin. The infundibulum holds the pulmonary valve's leaflets in place, a tubular muscular 

tissue. The dimension of the infundibulum does not depend on how big the RV is as a whole. 

It makes up about 20% of the RV's end-diastolic volume (EDV). It is called the supraventricular 

crest, or ventriculoinfundibular fold. It separates the RV's input (tricuspid) and output 

(pulmonary valve) parts. Two bands form when the crest gets shorter. The first band is called 

a "parietal band" on the RV free wall. The second band is called "septo marginal," on the inside 

of the tricuspid annulus or septum (6). When the septo marginal band is too big or does not 

work well, it looks like a Y-shaped muscular strap that can make the RV into two separate 

chambers (double-chambered RV) (7). A part of the septal band called the inferior limb 

attaches to the moderator band, where the anterior papillary muscle attaches to it. A peristalsis-

like motion is produced by the RV contracting in a highly coordinated way, 20 to 50 ms former 

in the sinus and apex than in the conus. The conus might operate as a barrier adjacent to high 

systolic pressures being communicated to the pulmonary artery because of its delayed 

contractions, greater curvature, and most likely more significant tropic response. Because of 

its unusual shape and low-pressure levels, the outflow of the RV is more stable than systemic 

circulation, which means less assistance is required in rerouting the flow. 

 
1.2 Pulmonary hypertension and Right ventricular failure 

1.2.1 Pulmonary hypertension 

 
Pulmonary hypertension (PH) is characterized by substantial remodeling of the pulmonary 

vasculature and a gradual increase in the pulmonary vascular load, resulting in RV 

hypertrophy. Currently, PH is characterized hemodynamically by a resting mean pulmonary 

arterial pressure (mPAP) greater than 20 mm Hg, as measured by catheterization of the right 

heart. An increase in pulmonary vascular resistance (PVR) further characterizes precapillary 

PH resulting from pulmonary vascular disease. Resistance of at least three Wood units (WU), 

as opposed to isolated post-capillary resistance PH with decreased PVR. 3 WU and the 

increase in mean pulmonary arterial pressure are attributable to increased filling pressures on 

the left side of the heart (8). 



8 | P a g e  
 

 

Figure 1. Clinical Classification of Pulmonary Hypertension (PH). The PH classification based on 

the 2018 World Symposium on Pulmonary Hypertension meeting is shown, along with each group's 

clinical characteristics and hemodynamic profile.1 COPD: chronic obstructive pulmonary disease, HIV: 

human immunodeficiency virus, ILD: interstitial lung disease, LVEF: left ventricular ejection fraction, 

mPAP mean pulmonary arterial pressure, OSA: obstructive sleep apnea, PAH: pulmonary arterial 

hypertension, PAWP: pulmonary arterial wedge pressure, PCH: pulmonary capillary hemangiomatosis, 

PVOD: pulmonary veno-occlusive disease, PVR: pulmonary vascular resistance, RV: right ventricular, 

and WU: Wood units Reproduced with permission from (8), Copyright Massachusetts Medical Society.     

PH is classified into five groups based on different etiologies (Figure 1). The primary cause of 

mortality in people with PH is right heart malfunction, cardiac collapse, and respiratory failure. 

Exertional dyspnea, which indicates an inability to elevate cardiac output (CO), is prevalent in 

PH patients. Other symptoms mentioned include low energy or tiredness, hypotension, and 

angina pectoris, all indications of right heart failure (9). The predicted median survival period 

following diagnosis for patients is around 2.8 and 4 years. 
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1.2.2 Anatomical and Physiological differences between the RV and LV 

 
The RV and LV have distinct developmental origins (10). The LV arises from the first heart 

field, whereas the RV originates from the second heart field. Consequently, it is highly likely 

that distinct gene sets control RV and LV formation. The RV functions as a systemic ventricle 

during gestation. In addition to providing little pulmonary blood flow throughout fetal life, the 

RV pumps blood to the inferior body and placenta and delivers more than half of the total CO 

(11). With the shift from fetal to postnatal physiology and the decrease in PVR, the sub 

pulmonary RV changes its shape and geometry, becoming a thin-walled chamber to acquire 

its postnatal physiologic features (12). Due to the low resistance nature of the pulmonary 

circulation, the normal postnatal RV preserves the same CO as the LV at a fraction of the 

energy expenditure. This contrast is reflected in the quadrilateral RV pressure-volume loop, 

which has few, if any, isovolumic intervals. 

Consequently, RV output begins early during pressure formation and is later sustained by a 

"hangout phase" during which antegrade flow into the pulmonary artery persists despite the 

commencement of RV relaxation. On the contrary, the rectangular LV pressure-volume loops 

depict the LV square-wave pump function with well-defined contraction and relaxation 

intervals. Similarly, RV myocytes have quicker stroke speeds than LV (13). The anatomical 

distinctions between the ventricles correlate with the physiological variances (Table 1). The 

low-pressure RV is three-sided in the sagittal section and crescent-shaped cross-section due 

to the concave RV free wall and convex interventricular septum that wrap around the high-

pressured, thick-walled, bullet-shaped LV. Consequently, although the standard RV has a 

lower ratio of volume to surface area and a thinner wall than the LV, the RV's ratio of volume 

to surface area and wall thickness are comparable (14), and the decreased cavity pressure 

results in reduced wall stress and oxygen requirements. The architecture of the myocardium 

also reveals anatomical distinctions. LV epicardial and endocardial fibers are oblique and 

helical, whereas the myocardial myocytes are oriented primarily in the short-axis plane (15). 

Consequently, the contraction of the LV is largely circumferential and radial, with a 

supplementary rotational and twisting motion. RV myocytes are mostly longitudinal, causing 

peristaltic contraction from inflow to outflow and bellows-like movement of the free wall toward 

the septum (16). Beyond that, the ventricles diverge in their anatomy and physiology is 

overwhelming, but these distinct features are also intimately linked to the pathophysiology and 

disease (17). 
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Table 1. Differences between the right and left ventricles under normal conditions. (Modified table 

from reference (17)). 

 
1.2.3 Pathophysiology of right heart remodeling and dysfunction  

 
In patients with PH, RV function is a significant determinant of survival. RV remodeling is a 

response that occurs due to both intrinsic and extrinsic stimuli. RV remodeling is a complex 

reorganization of the myocardial micro- and macro-structure, established as a result of the 

myocardial accumulation of extracellular matrix (ECM) (myocardial fibrosis), capillary loss, 

inflammatory/immune cell infiltration and cardiomyocyte hypertrophy, in response to pressure 

 Left ventricle Right ventricle 

Evolutionary 

development 
Early Late 

Embryological 

origin 
First heart field Second heart field 

Morphological 

characteristics 
Bullet shape Crescentic 

Myocardial 

characteristics 
Thick, fine trabeculated walls Thin, heavily trabeculated walls 

Myocardial 

architecture 

Predominant radial myocyte 

orientation in the mid layers; 

endocardial myocytes follow right-

hand helix configuration; 

epicardial myocytes form the left-

hand helix 

Predominant longitudinal myocyte 

orientation; the angulated intrusion 

of superficial myocytes toward the 

endocardium 

Physiological 

pump 

conditions 

High-resistance, high-pressure 

pump; dominant radial thickening 

and contraction during ejection 

Low-resistance, low-capacitance 

pump; peristaltic-like motion from 

inflow to outflow during ejection 

Flow 

characteristics 

Well-defined isovolumic 

contraction and relaxation; no 

hangout period 

No or minimal isovolumic periods; 

hangout period 
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overload, which leads to detrimental alterations in the myocardial performance, ultimately 

resulting in right heart failure and premature death (18) (Figure 2). The mechanisms behind 

RV remodeling produced by pressure stress are complicated and incompletely understood. 

On the other hand, the molecular mechanisms identified to play a role in LV remodeling may 

not necessarily contribute to the RV remodeling due to structural and functional variations 

between the two chambers (19). Recent studies have shown that several pathological 

processes may contribute to the development and pathobiology of RV remodeling, including 

increased myocardial fibrosis (20), inflammation (21), impaired myocardial capillarization (22), 

dysregulated neurohormonal homeostasis (23), altered metabolism (24), mitochondrial 

dysfunction (25), and increased reactive oxygen species (ROS) production (26). 

Although an acute rise in afterload is less tolerated in the RV than in the LV, in the setting of 

PH, RV afterload increases gradually over time, allowing the RV sufficient time to adjust (27, 

28). RV wall thickening (RV hypertrophy), which develops in the early (adaptive) phase of RV 

remodeling, permits the production of tremendous pressure to counteract increasing afterload. 

RV hypertrophy primarily results from the increased synthesis of new sarcomeres and other 

contractile proteins, allowing RV cardiomyocytes to grow in length and diameter with the 

primary aim of enhancing cardiomyocyte contractility. Moreover, RV adaptation to pressure 

overload is associated with the development of myocardial fibrosis (20), which provides a 

framework for cardiomyocytes to relate their contractility to the increasing RV wall stress (29). 

Similarly, RV adaptation is related to an increase in myocardial capillary density in the 

pressure-overloaded RV to provide adequate food and oxygen delivery to the cardiomyocytes 

(22). As major components of RV remodeling, the development of myocardial fibrosis, 

cardiomyocyte hypertrophy, and changes in myocardial capillarization occur sequentially and 

involve intricate overlapping signaling pathways in the myocardial cells, including 

cardiomyocytes, fibroblasts, resident/infiltrated immune cells, and coronary artery endothelial 

cells, mediated by diverse growth factors, cytokines, and chemokines. 

Initial RV structural modifications following progressive pressure overload induction aim to 

sustain RV operation against the growing RV afterload at the price of structural alterations 

(adaptive RV remodeling). Nonetheless, as the disease progresses, the RV loses its capacity 

to withstand persistent infection pressure overload due to inadequate/excessive myocardial 

fibrosis, impaired myocardial capillarization, and cardiomyocyte apoptosis (transition to 

maladaptive RV remodeling), resulting in right heart failure. 
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Figure 2. Pathophysiology of PAH-induced right heart failure. Reused under Creative Common 

CC BY license from reference (30). 

1.3 Transcription factors 

Transcription factors (TFs) are the first step in decoding the DNA sequence by directly 

interpreting the genome. Many acts as "master regulators" and "selector genes," directing 

mechanisms such as cell type specification and chronological sequencing (31) as well as 

specialized pathways like immunological responses (32). Compared to other sequences, TFs 

can have a thousand folds or more significant affinity for specific binding sequences (33). Since 

TFs can regulate transcription by blocking other proteins' DNA-binding sites (e.g., the classic 

lambda, lac, and trp repressors), the capacity to attach to a specific DNA sequence is 

frequently used as a criterion (34). 

To activate TFs, various intracellular signaling pathways or specific molecules that bind, known 

as ligands, can be involved (35). Target genes' upstream, intron, or downstream regions 

contain cis-regulatory elements (CREs) to which TFs bind to modulate gene activity. Besides 

directly interacting with the core DNA sequence, they can also interact with distant genomic 

regions (36). Transcriptional activation CREs include promoters and enhancers, while 

transcriptional repression CREs are known as silencers (37). It is common for TFs to recognize 

their target sequences using a wide range of DNA-binding domains (DBD), including 
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homeodomain (HD), helix–turn–helix (HTH), and high-mobility group (HMG). Many other 

aspects are involved in TFs binding to DNA beyond the structural and sequence level. These 

include cofactors, epigenetic changes, and co-operation amongst other TFs (38). 

Recognizing and binding to DNA sequences within regulatory regions that engage in 

transcriptional control are two critical aspects of TF activity (39). The present TF evolution 

literature covers a wide range of topics. To begin with, gene duplication and loss, key 

evolutionary factors (40), are also important drivers of TF evolution. They exist in all domains 

of life, regardless of organism complexity. By increasing or decreasing the number of TFs 

within specific binding regions, duplication and deletion of TFs can affect transcriptional 

regulatory networks (41). The two gene copies that come from the duplication of a TF gene 

are most frequently identical. They bind to the same target genes because they have the same 

sequence, including the DBD sequence. Alterations in the DBD sequence can cause one of 

the TF copies to regulate a different target gene due to the mutations. 

1.3.1 Role of Transcription factors in PH and RV failure 

 
Several TFs and transcriptional coactivators (proteins that do not contain DNA binding domain 

in their structure but can bind to other transcription factors to express or repress the ability of 

transcription factors to activate gene expression) have been associated with PH and RV 

dysfunction. Some of the key TFs include PPAR-γ, STAT3, myocyte enhancer factor 2 (MEF2), 

FOXO1, TP53, KLF4, HIF1A, HIF2A, CCAAT-enhancer binding proteins (CEBPs), Runt-

related transcription factor 2 (RUNX2), FOSL1, FOSL2 CtBP1, FoxM1, PKM2, NF-κB, 

CTNNB1 (Figure 3) (42-48). FOXO1 inactivation is implicated in the pro-proliferative and 

apoptosis-resistant phenotype of pulmonary artery smooth muscle cells (PA-SMCs), and is a 

known downstream mediator of various growth factors and inflammatory signaling cascades 

(48). Likewise, the transcription factor FOXM1 belonging to the same forkhead family promotes 

PA-SMC proliferation in PH (42), suggesting that targeting the Forkhead box transcription 

factors could be a potential strategy for treating PH. Moreover, recent findings from our lab 

also delineated the role of FOSL transcription factors in driving RV dysfunction. Recently, TF 

co-activators have been implicated in the pathogenesis of PH (49, 50). Importantly, restoring 

metabolic activity using metabolic inhibitors like 2-deoxyglucose or directly lowering CtBP1 

expression reduces adventitial fibroblast proliferation and apoptotic resistance (50).  
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Figure 3. Transcription factors and transcriptional co-regulators in pulmonary hypertension (PH) 

pathogenesis induced RV failure. “Created with BioRender.com.” 

In PAH (Group 1 PH), phenotypic alterations in pulmonary vascular cells are caused by 

abnormalities in other TFs, such as NOTCH3, STAT3 and central mediator of HIPPO signaling, 

large tumor suppressor 1 (LATS1) (51), and in different growth factors. Loss of PPAR-ɣ in 

pulmonary endothelial cells, for instance, results in a defective complex formation with beta-

catenin and a decrease in apelin impairs pulmonary endothelial cell survival and angiogenesis 

(52). Likewise, Yes-associated protein (YAP)/translational coactivator with PDZ-binding motif 

(TAZ) are emerging as essential regulators of cell growth and migration in PAH and associate 

mechanical stimulation with dysregulated vascular metabolism (53). A study in two rat strains, 

F344 and WKY, whose responses to chronic hypoxia differ, revealed that the gene Slc39a12 

encoding the zinc transporter ZIP12 is an important additional regulator of hypoxia-induced 

pulmonary vascular remodeling (54). Although a more comprehensive knowledge of the overall 

risk-benefit ratio of targeting these TFs is still required, all these studies demonstrate the 

potential therapeutic value of targeting certain TFs and/or TF coactivators in PAH (55). 

Increasing evidence reveals that FOXOs are linked with several biological processes 

connected with the onset and progression of PH) and right ventricle failure (RVF). 
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1.4 The History of FOXOs 

In the 1990s, chromosomal translocations detected in human cancers led to the discovery of 

FOXO genes (56). Furthermore, when insulin-like growth factor 1(IGF-1) triggered the 

PI3K/AKT pathway, DAF16, the nematode homolog of mammalian FOXO proteins, its function 

was reduced in Caenorhabditis worms and shown to be associated with longevity. All FOXO 

proteins in the mammalian FOXO family are phosphorylated at three specific AKT sites (Thr32, 

Ser253, and Ser315). It was discovered in 1999 that AKT had phosphorylated FOXO3a, 

leading to its nuclear accumulation (57). The studies of the FOXO1, 3a, and 4 full-body knock-

out mice show that FOXOs play distinct and redundant roles. FOXO1 and FOXO3a, and 

FOXO4 deficiency led to a significant advance in our understanding of the function of FOXOs 

in oncology and regenerative cell biology. FOXO factors were long-established as tumor 

suppressors in these animals, and their involvement in stem cell compartment maintenance 

and integrity was shown (58). 

In the vast Forkhead protein family, transcriptional controllers with a common DNA-binding 

area known as the "Forkhead box" includes FOXO transcription factors (59). Human FOXO 

genes encode proteins of similar length and predicted molecular mass of 54 to 72 kDa. FOXO 

proteins are composed of four domains: a 100-AA-residue forkhead DNA-binding domain 

(DBD), a nuclear localization signal (NLS) positioned downstream of the DNA-binding area, 

and a nuclear export sequences (NES) and a transactivation domain (TAD) at the N terminus 

(Figure 4). A member of the Forkhead group is found in every eukaryotic cell. Subgroups A to 

S of the Forkhead family (FOX stands for "Forkhead Box" A to S) have 39 members in humans. 

Organogenesis (FOXC) and language acquisition (FOXP) are two examples of FOX 

transcriptional regulators' involvement in a variety of developmental processes (60). Four 

members are in the Forkhead family subgroup FOXO (FOXO1, FOXO3, FOXO4, and FOXO6). 

FOXO1/FKHR, FOXO3/FKHRL1, and FOXO4/AFX were identified as genetic alterations in 

human tumors, and this led to the identification of the FOXO family in human beings in the first 

place (61).  
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Figure 4. The members of FOXO family transcription factors in humans. FOXO1, FOXO3, FOXO4 

and FOXO6. DBD: DNA binding domain, NLS: Nuclear localization signal, NES: Nuclear export signal, 

TAD: Transactivation domain. Adapted with permission from Springer Nature, Calissi, G., et al. (2021). 

Nat Rev; Therapeutic strategies targeting FOXO transcription factors. License Number: 5307020874330 

(62). 

FOXO transcription factors may have a role in tumor growth, according to these preliminary 

findings. FOXO1 mRNA, FOXO3 mRNA, and FOXO4 mRNA are expressed in varying degrees 

in all organs in mammals (63). All three FOXO mRNAs in the brain and heart are found in fatty 

tissues, whereas only one of them, FOXO1 mRNA, may be found in the brain. This suggests 

that FOXO6 may play an important role in developing the nervous system (64). 

 
1.4.1 Regulation of FOXO activity 

 

The FOXOs are controlled by biosynthesis, phosphorylation, acetylation, and ubiquitination at 

three separate tiers: intracellular positioning, durability, and expression levels. Post-

translational alterations of FOXO proteins form a molecular code that determines the 

transcriptional programs regulated by these transcriptional regulators (65) (Figure 5). FOXOs 

activity is regulated by growth factor-dependent stimulation of the PI3K/AKT pathways and 

oxidative signaling. In the lack of development or existence cues, FOXO proteins are present 

in the nucleus, where they may perform their transcriptional functions. FOXO transcription 

factors in the nucleus are phosphorylated by AKT in growth factors or cancerous cells when 
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the PI3K/AKT pathway is persistently stimulated, resulting in a binding domain for 14-3-3 

protein which facilitates the transport of FOXO protein molecules to the cytoplasm and inhibits 

them. Regarding FOXO6 subcellular localization, PI3K/AKT signaling has little influence (64). 

 

Figure 5. Outline of FOXO post-translational modifications. The major domains of FOXO and the 

modifications, including phosphorylation (P), ubiquitination (Ub), acetylation (Ac), formation of the 

intermolecular disulfide bonds (S), and methylation (Me), directly responsible for the listed effects are 

highlighted. Positions refer to FOXO3 if not stated otherwise (F1 for FOXO1, F4 for FOXO4, F6 for 

FOXO6). The asterisk indicates post-translational modifications not present in FOXO6. Adapted with 

permission from Springer Nature, Calissi, G., et al. (2021). Nat Rev; Therapeutic strategies targeting 

FOXO transcription factors. License Number: 5307020874330 (62) 
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1.4.2 Phosphorylation of FOXO proteins 

 
The kinase AKT phosphorylates FOXO proteins at three evolutionarily complementary 

sequences that are part of a pattern targeted by this kinase. Even though AKT phosphorylation 

is the most well-known FOXO-PTM, FOXO components are phosphorylated by a wide range 

of kinases (66). Both DNA binding affinity and 14-3-3 interaction can be reduced by AKT/SGK1 

phosphorylation. Because S253 is concealed within the NLS of FOXO, phosphorylation of T32 

and S253 makes it easier for 14-3-3 to connect with FOXO, which changes and may hide the 

NLS sequence (67). Because FOXO1 is excluded from the nucleus by IGFR1, at least one 

other mechanism must exist to shuttle the protein into the cytoplasm (68). It appears that 

Melted, another scaffold protein in Drosophila, is responsible for modulating the 

phosphorylation of AKT-phosphorylated drosophila FOXO (dFOXO), which in turn allows 

dFOXO and AKT to be near to each other under active insulin/IGF-1 signaling (IIS) (69). The 

ubiquitination of phosphorylated FOXO in the cytoplasm can lead to its proteasomal 

degradation (70). However, the phosphorylation of these proteins can induce the nuclear 

localization and activation of FOXO proteins. When Cdk1 is phosphorylated, it aids FOXO1-

dependent transcription and induces apoptosis in the brain (71). dFOXO transcriptional activity 

was modulated by several kinases in Drosophila cell culture (72).  

1.4.3 Acetylation, Ubiquitination and Methylation of FOXO proteins 

 
In response to oxidative stress, FOXO proteins are acetylated by histone acetyltransferases 

(HATs), such as CBP and p300 (73, 74), and de-acetylated by histone deacetylases (HDACs), 

such as members of the sirtuin family of proteins (SIRT1, SIRT2, and SIRT3) (75). Target-

specific acetylation of FOXO proteins boosts or lowers their transcriptional activity (75, 76). 

The majority of acetylation sites are in the DNA-binding domain (DBD) of FOXO proteins, and 

the acetylation of many lysine residues in FOXO1 and FOXO3 decreases their DNA-binding 

capacity (77). FOXO3 acetylation has also been demonstrated to enhance its transcriptional 

and tumor suppressive activities (78-80). Moreover, it has been demonstrated that acetylation 

of FOXO factors increases their susceptibility to phosphorylation and cytoplasmic localization 

(81). FOXO acetylation and deacetylation are thought to control FOXO activity, as opposed to 

operating as on/off switches like FOXO phosphorylation by kinases (62, 82). 

In human primary tumors and cancer cell lines, activation of many protein kinases, including 

Akt, IB kinase (IKK), and ERK, results in phosphorylation of FOXO proteins and their 

ubiquitination mediated by E3 ligases such as SKP2 and MDM2. Due to their ubiquitination 

and proteasome degradation, the tumor suppressor activities of FOXO proteins are either 

decreased or eliminated, encouraging cell transformation, proliferation, and survival (83). 
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FOXO proteins are also well-known targets of methyltransferases, and Lysine methylation 

negatively regulates FOXO3-mediated transcription and neuronal apoptosis (84). Arginine 

methylation of FOXO transcription factors inhibits their phosphorylation by Akt (85). Notably, 

acetylation, ubiquitination, and methylation compete for the same lysine residues in FOXO 

proteins, and the effect of one PTM can influence another PTM; for instance, lysine residues 

in FOXO3 that are de-acetylated by SIRT1 can then be ubiquitylated, leading to FOXO3 

degradation via the proteasomal system (86). 

1.4.4 FOXO proteins and signaling pathway 

 
FOXO1, 3, and 4 isoforms of the FOXO family exhibit overlapping and isoform-specific 

upstream regulatory systems and different target gene preferences (87). FOXO proteins are 

involved in various cellular physiological processes such as apoptosis, cell-cycle regulation, 

glucose metabolism, immune regulation, oxidative stress resistance, and longevity (Figure 6). 

Numerous FOXO isoforms are being discovered to play non-redundant functions in various 

tissues. FOXO1, 3, and 4 are present in almost all tissues. FOXO6 expression is restricted to 

the CNS, and PI3K/AKT activation does not influence its subcellular localization. The 

prolonged activation of FOXO upregulates the synthesis of p27, p130, and cyclin G2 in the 

absence of growth factor-induced PI3K-Akt signaling, hence preserving the quiescent state. 

Stimulation of cells with growth factors and subsequent activation of the PI3K-Akt signaling 

pathway leads to the phosphorylation, nuclear exclusion, and inhibition of FOXO, as well as 

the reentry of cells into the cell cycle as a result of the loss of FOXO's effects on the expression 

of these target genes. FOXO is also involved in the cell cycle phase G2. In addition to inducing 

G1arrest, ectopic or conditional production of a constitutively active form of FOXO increases 

G2 delay or G2arrest. DNA microarray analysis suggests that GADD45a (growth arrest and 

DNA damage-inducible protein of 45 kDa) is a potential mediator of FOXO-induced G2 arrest. 

Purified recombinant GADD45a inhibits the histone H1 kinase activity associated with the 

cyclin B–Cdc2 complex by encouraging the complex's separation, which is important for G2 

transition. FOXO directly binds and activates the GADD45a gene promoter, boosting the 

GADD45a protein level (88-90). Among the genes controlled by FOXO, GADD45a is triggered 

by a range of stressors, including ionizing radiation, ultraviolet light, and reactive oxygen 

species such as H2O2, indicating that FOXO may also be activated by cellular stress. DAF-16 

translocates from the cytoplasm to the nucleus in C. elegans in response to specific forms of 

oxidative stress (91). FOXOs promote apoptosis in a mitochondria-independent and -

dependent way by stimulating the production of death receptor ligands, such as Fas ligand, 

tumor necrosis factor-associated cell cycle arrest ligand, and Bcl-2 family members, including 

Bim, bNIP3, and Bcl-XL, respectively (57, 92). FOXO signaling is essential for physiological 
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muscle atrophy and is directly repressed by Hsp70 (93). Foxo1 loss led to a significant 

impairment in interleukin 7 receptor alpha-chain (IL-7R alpha) expression, correlated with its 

capacity to bind an Il7r enhancer. Furthermore, growth factor removal caused an elevation in 

Sell, Klf2, and Il7r expression in FOXO dependent manner (94). Considering the importance 

of insulin signaling on Akt-mediated phosphorylation of FOXO and the relatively hyper 

activation of FOXO signaling in insulin-responsive tissues, this transcription factor is very well 

known to modulate energy metabolism (95). 
 

 

Figure 6. FOXO signaling pathway and its downstream targets. “Created with BioRender.com.” 
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1.4.5 FOXO target genes 

 
FOXOs are involved in a wide range of cellular processes, such as proliferation, cell death, 

autophagy, metabolic activity, infection, differentiation, and stress tolerance, according to a 

flood of studies published in the previous decade (Table 2). In many cases, the 

characterization of FOXO target genes coincided with or enabled the determination of the 

biological roles of these transcription factors, as mentioned above. The various cellular 

functions of FOXO factors and known FOXO target genes, which regulate these activities, are 

discussed below. 

Target genes FOXO Pathway 

BIM-1 FOXO3 Apoptosis 

bNIP3 FOXO3 Muscle atrophy 

Bcl-6 FOXO3, FOXO4 Apoptosis 

FasL FOXO1, FOXO3 Apoptosis 

Trail FOXO3 Apoptosis 

atrogin-1 FOXO3 Muscle atrophy 

G6Pase FOXO1, FOXO3 Metabolism 

PEPCK FOXO1 Metabolism 

p21CIP1 FOXO1, FOXO3, FOXO4 Cell cycle 

p27KIP1 FOXO1, FOXO3, FOXO4 Cell cycle 

p130 FOXO1, FOXO3, FOXO4 Cell cycle 

GADD45 FOXO3, FOXO4 DNA repair 

Cyclin G2 FOXO1, FOXO3, FOXO4 Cell cycle 

GADD45 FOXO3, FOXO4 Cell cycle 

DDB1 FOXO1 DNA repair 

MnSOD FOXO3 Stress resistance 

catalase FOXO3 Stress resistance 

p21CIP1 FOXO3 Differentiation 

BTG1 FOXO3 Differentiation 

 

Table 2. FOXO target genes and their pathways. Modified from reference (96). 

1.5 FOXOs and human diseases 

Due to their critical involvement in a wide range of cellular processes, FOXO proteins have 

been implicated in several human diseases, such as carcinoma, hyperglycemia, fertility 

problems, neurodegeneration, and immune response failure. According to recent research, the 
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deregulation of FOXO factors may also play a role in the link between insulin resistance, 

metabolic diseases, and cancer. Post-translational changes and miRNA-mediated inhibition 

inactivate FOXO proteins in various human malignancies (97). Many cancerous cells have an 

increased amount of reactive oxygen species (ROS), which activates FOXO factors and 

promotes stress tolerance in dormant cells while suppressing proliferation and causing death 

in growth factor-treated cells. When FOXO proteins are deactivated in cancerous cells, 

transcriptional pathways controlling cell development and defense systems are reduced. As 

an outcome, triple conditional knockout of FOXO1, 3, and 4 developed cancer in mice. FOXO 

proteins function as the last effectors in the insulin signaling cascade, promoting 

gluconeogenesis in the liver, inhibiting adipocyte and myocyte differentiation, and changing 

muscle fuel consumption from glucose to lipids in response to nutrient deficiency (98). As a 

result, diabetes has been linked to FOXO protein dysregulation. 

1.5.1 Role of FOXOs in cancerogenesis 

 
FOXO3, FOXO1, and FOXO4 are detected at chromosomal translocation breakdown sites in 

rhabdomyosarcoma and severe myeloid leukemia cells. FOXO3 is a part of the FOXO family 

linked to Invasive ductal carcinoma, epithelial cancer, glioblastoma, and leukemia. As an 

outcome, FOXO3 is being investigated as a possible therapy for several cancers. Akt, IKK, 

and ERK are three carcinogenic kinases that are commonly active in human malignancies, 

and all three kinases inhibit FOXO3a's tumor suppressor action in the same way (99). All three 

kinase-mediated phosphorylation increase FOXO3a ubiquitination, which leads to 

proteasomal degradation. As a result, researchers are working on a FOXO3a targeting 

technique based on controlling the kinases mentioned above. By blocking Akt activity, the 

chemotherapeutic drugs paclitaxel and KP372-1 (a multiple kinase inhibitor) used to treat 

breast cancer enhance FOXO3a (100). In K562 doxorubicin-sensitive leukemic cells, 

doxorubicin activates FOXO3a, which leads to the activation of the multidrug resistance gene 

ABCB1 (MDR1). Through suppression of BCR-ABL, imatinib activates FOXO3a and promotes 

Bim-dependent apoptosis in chronic myeloid leukemia. Imatinib also causes erythroid 

differentiation by activating FoxO3a and suppressing ID1 gene transcription (101). In T-cell 

acute lymphoblastic leukemia (T-ALL) cell lines, BMS-345541, a selective IKK inhibitor, 

increases apoptosis. FOXO3 targeting approaches may also help treat various types of human 

disorders, according to several publications from recent years. FoxO3a, for example, 

upregulates PUMA, which triggers apoptosis in prostate cancer cells. FoxO3a deficiency has 

been linked to chemotherapy resistance in liver cancer, and FoxO3a has anti-cancer 

characteristics in hepatocellular carcinoma (102). Through Akt, FoxO3a contributes to the 

neuroprotective action of erythropoietin (EPO) in Parkinson's disease. These results suggest 
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that as our understanding of FoxO3a targeting techniques improves, therapeutic use of FoxO3 

may be a viable way to slow the course of cancerogenesis in the future. 

1.5.2 Role of FoxOs in myocardial fibrosis 

The three major cell types in cardiac tissue are cardiomyocytes, vascular endothelial cells, and 

fibroblasts. Fibroblasts comprise approximately 30% of the overall heart cell population. 

Fibroblasts are mesenchymal cells with a flat spindle structure that govern the extracellular 

matrix's equilibrium (103) (Figure 7). Collagen and elastic fibers are embedded in a viscous 

gel composed of glycosaminoglycan, hyaluronic acid, and other glycoproteins. These 

molecules interact via entangled, cross-linking, and charge-dependent connections to form 

bioactive polymers that partly influence tissues' biomechanical properties and biological 

phenotypes. The proportionate contributions of different ECM molecules vary according to 

tissue type, leading to mechanical and biological properties tailored to the environment. This 

study will address the role of specific profibrotic extracellular matrix in the cellular activities that 

result in tissue fibrosis. Any modification in the equilibrium of different ECM components alters 

the architecture of the tissue. Changes in structure typically affect the mechanical properties 

of tissues, which are then sensed by cells, resulting in altered cellular activity (104). 

Because fibroblasts lack a specific cell marker, their identification is based on morphological, 

proliferative, and phenotypic properties. There is not yet a protein that is only found in 

fibroblasts. However, fibroblasts can be found in human and mouse heart tissues because of 

the expression of the elastin protein tyrosine kinase discoidin domain receptor 2 (DDR2) and 

intermediate filament-associated calcium-binding protein S100A4 (or fibroblast-specific protein 

1 (105)). High voltage coupling, intercellular signaling, and tissue repair after damage are some 

of the most well-known roles of cardiac fibroblasts and other cells in the heart (106). 
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Figure 7. A postulated sequence of events illustrates a progressive remodeling of the 

ECM, which includes changes in the ECM's composition and impacts on cell phenotypic, finally 

leading to tissue fibrosis. Modified from reference (107). 

FoxO3a controls cell cycle progression in adult rat cardiac fibroblasts by upregulating p27kip1, 

a cyclin-dependent kinase inhibitor, via an ERK1/2-dependent signaling mechanism. 

Increased collagen levels in the heart of diabetic mice are linked to reduced FoxO3 levels. 

Resveratrol also reduces the fibrosis caused by exercise by inactivating FoxO3. Exercise-

induced fibrosis, on the other hand, is unrelated to FoxO3 phosphorylation in this paradigm. 

These findings point to FoxO3 inactivation as a factor in fibrosis reduction, most likely through 

regulation of proliferation and apoptosis sensitivity (108). 

Collagen deposition and higher expression of aSMA are linked to FoxO3 inactivation in a 

unilateral ureteral obstruction-induced kidney fibrosis model. A distinguishing feature is the 

capacity of primary fibroblasts derived from patients with idiopathic pulmonary fibrosis (IPF) to 

avoid the proliferation-suppressive characteristics of polymerized type I collagen (109). This 

capacity is based on the abnormal stimulation of the PI3K/Akt signaling pathway, which 

inactivates FoxO3a and causes p27kip1 downregulation and reduced apoptosis sensitivity. 

FoxO3a is also suppressed by microRNA-96 in IPF fibroblasts. Caveolin 1 downregulation, 

which lowers Fas levels, causes decreased sensitivity to apoptosis. Reduced FoxO3 

expression, on the other hand, is enough to cause IPF fibroblasts to become hyperproliferative 

(110). These data indicate that FoxO3 inhibition contributes to developing renal or pulmonary 

fibrosis by maintaining the proliferative pathogenic fibroblast phenotype. FoxO3 is also 

involved in the regulation of hepatic stellate cell proliferation and death in the liver. In the LX-

2 cell line, immortalized human hepatic stellate cells, TRAIL, a member of the TNF family, 

promotes FoxO3 nuclear translocation and thereby increases apoptosis. 

Furthermore, FoxO3 activation causes a rise in p27kip1 expression, which causes LX-2 

proliferation to decrease (111). As a result, the evidence suggests that FoxO3 controls 

proliferation and apoptosis sensitivity rather than myofibroblast differentiation in hepatic 

stellate cells. FoxO3a siRNA can make human dermal fibroblasts more senescent when grown 

in the lab for the first time. Dermal fibroblasts exposed to UV light become more senescent in 

the same way that FoxO3 is phosphorylated. The senescent block phenotype caused by UV 

exposure is hampered when FoxO3 phosphorylation is inhibited. Activating p53 makes 

FoxO3a less active by phosphorylating it and moving it to different parts of the cell in a model 

of aging caused by Cell injury in mouse embryonic fibroblast cells. 
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1.5.3 Role of FOXOs in myocardial hypertrophy and dysfunction 

 
Heart failure (HF) is a complicated clinical illness in which the heart cannot pump enough blood 

to support the body's basic metabolic requirements. It is a substantial public health issue that 

affects more than 23 million people globally, putting a strain on the healthcare system. HF 

remains one of the primary causes of disease and mortality, despite progress in evidence-

based medicines and care quality. Between April 2013 and March 2014, the overall 1-year 

death rate in the UK was 27 percent, and the 5-year mortality rate was 45.5 percent, according 

to the National Institute for Cardiovascular Outcomes Research's national heart failure audit. 

We need to gain better knowledge of the molecular processes underlying the development 

and progression of heart failure in order to design viable treatment methods (112). 

FOXO1, FOXO3, and FOXO4 are members of the FOXO subfamily that are expressed in the 

heart and localized in the nucleus, where they interact with coactivators and control multiple 

signals transduction pathways. The effects of the FOXO family on cardiac function and 

remodeling have been studied. The FOXO proteins are thought to be involved in oxidative 

stress, metabolic control, cell cycle, and cell death in the context of cardiac function. 

FOXO1 - Cardiac hypertrophy 

In the heart, FOXO1 is thought to serve an anti-hypertrophic function. Hypertrophy occurs in 

the heart due to mechanical strain, and hypertrophy can retreat when the heart is unloaded. 

FOXO1 activation was found responsible for left ventricular shrinkage after unloading in 

research by Hari Haran and colleagues. Furthermore, phosphorylation of FOXO1 inhibits left 

ventricular shrinkage during unloading (113). 

The function of FOXO1 in diabetic cardiomyopathy is a highly debated topic. SY Chan et al. 

have reported that FOXO1 activation exacerbates metabolic abnormalities, causes cardiac cell 

death, and hinders angiogenesis, making it a critical pathogenic component in diabetic 

cardiomyopathy (114). On the contrary, some studies also show that metabolic stress-induced 

activation of FoxO1 triggers diabetic cardiomyopathy in mice (115). According to Y Qi et al., 

activation of Foxo1 by insulin resistance promotes cardiac dysfunction and β–Myosin heavy 

chain gene expression (116). 

In ischemic heart disease, FOXO1 is a double-edged sword. Activation of FOXO1 causes 

endoplasmic reticulum (ER) stress and the stimulation of inducible NOS (iNOS) expression 

after ischemia. FOXO1 has also been demonstrated to boost the expression of antioxidants, 

therefore protecting the myocardium from ischemia damage.  

 



26 | P a g e  
 

FOXO3 – Cardiac hypertrophy 

Myocardial hypertrophy has been demonstrated to be inhibited or reversed by FOXO3. On the 

other hand, its suppression causes pathological cardiac hypertrophy, heart failure, and 

mortality in mice (117). An increase in the size of individual cardiomyocytes characterizes the 

pathogenic alteration seen in cardiac hypertrophy. By limiting cardiomyocyte development and 

encouraging autophagy, FOXO3 preserves the size of cardiomyocytes. Under hyperglycemic 

circumstances, the activities of FOXO3 vary in various cardiac cell types. In diabetic rat 

cardiomyocytes, FOXO3 phosphorylation is reduced, whereas nuclear translocation is 

increased (118). As previously stated, FOXO1/3 plays a vital role in suppressing cardiac 

hypertrophy; nevertheless, FOXO1/3 activation is elevated under diabetes circumstances, and 

myocardial hypertrophy is the most common symptom of diabetic cardiomyopathy. 

Ischemia-related cardiac damage is exacerbated by mitochondrial dysfunction. Myocardial 

infarction causes an overproduction of ROS in the mitochondria, aggravating mitochondrial 

dysfunction and ischemia damage. Through its intricately coordinated control, FOXO3 

preserves healthy mitochondrial function and reduces ischemia damage. FOXO3 regulates 

cytoplasmic and mitochondrial calcium homeostasis by promoting the expression of the 

downstream protein ARC, which reduces calcium release from the sarcoplasmic reticulum and 

prevents oxidative stress-induced calcium elevations in cardiomyocytes' cytoplasm and 

mitochondria (119). As a result, FOXO3 knockout animals had larger myocardial infarct sizes 

after ischemia/reperfusion, suggesting that FOXO3 plays an important and beneficial function 

in calcium homeostasis following myocardial infarction. 

FOXO4 – Cardiac hypertrophy 

Endothelial NO is produced by up-regulation of endothelial NOS (eNOS), a critical enzyme in 

cardiovascular homeostasis. Endothelial NO reduces leukocyte attachment to the endothelium 

and migration into the vascular system by decreasing the synthesis of pro-inflammatory factors 

and a variety of membrane adhesion molecules (120). FOXO4 has been demonstrated to 

adhere to the regulator of arginase 1, a NOS inhibitor that increases arginase 1 expression 

while lowering NO production. FOXO4 silencing enhances NO production during ischemia 

while reducing neutrophil aggregation and cytokine activation, resulting in a reduced infarct 

and enhanced cardiac function following myocardial infarction. 
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1.5.4 FOXOs in pulmonary hypertension and RV dysfunction 

 
In Pulmonary hypertension, FOXO1 has been shown as a critical integrator of pro-proliferative 

and proinflammatory signaling cascades. Savai et al. have nicely shown that FoxO and FoxO 

target genes are dysregulated in PAH vessels and targeted ablation of FoxO1 in SMCs 

resulted in exacerbated PH. Furthermore, they have convincingly shown that activation of 

FoxO1 using a genetic or pharmacological approach reverses established PH (48). Awad et 

al. reported hypoxia and ROS downregulate cellular antioxidant defenses and activate survival 

factors like Akt, which inactivated FoxO1 in PASMCs (121). In another study by Kudryashova 

et al., MST kinases promoted the proliferation of pulmonary artery adventitial fibroblasts 

(PAAF) and survival via PSMC6-dependent inhibition of FOXO3 (122). Inflammation is 

becoming increasingly prevalent in patients with pulmonary arterial hypertension. The 

inflammatory milieu in PAH is composed of indigenous and recruited phagocytic cells, dendrite, 

T cells, B cells, and mastocyte cells. FOXO1 is abundant in the immune system and serves a 

critical function in keeping T cells quiet and the body more receptive (123). FOXO1 is localized 

to the nucleus of dormant T lymphocytes. When triggered, the T-cell receptor migrates to the 

cytosol. FOXO1 deficiency can result in spontaneous T cell activation, B cell proliferation, and 

the generation of auto antibodies. Consequently, inhibiting FOXO1 consistently stimulates the 

immune cells involved in PAH. On the other hand, stimulating FOXO1 may aid in regulating 

inflammatory processes by decreasing both T- and B-cell function (124). 

FOXO1 promotes macrophage activation in mature macrophages by increasing interleukin-1 

and toll-like receptor 4 signaling. Thus, stimulation of FOXO1 may promote macrophage 

activation in the pulmonary circulation, favoring PAH. Paclitaxel, for example, enhances the 

expression of several circulating inflammatory mediators in vitro and in vivo, indicating that 

paclitaxel stimulates FoxO1 nuclear persistence in macrophages, at least in cancer patients 

(125). Although FoxO1 integrates receiving inflammatory signals in PASMCs, the result in PAH 

is variable, with some aspects helpful and others deleterious. Although tailored administration 

of such medicines (e.g., inhaled approach) may minimize some harmful effects on circulating 

cells, the impact on immune cells within and around the pulmonary arteries will continue to be 

a concern. 

FOXO1 is inactivated in cardiomyocytes under hypertrophic stimuli. Overexpression of FOXO1 

suppresses cardiac development in part by inhibiting the calcineurin/NFATc2 pathway (126). 

NFATc2 suppresses mitochondrial-dependent apoptosis in PAH by decreasing the 

transcription of several mitochondrial proteins and promoting the expression of an 

antiproliferative member of the BCL2 (B-cell CLL/lymphoma 2) family. In PAH rats' 

hypertrophied RV cardiomyocytes, phospho-FOXO1 (Thr24) is suppressed, resulting in a rise 
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in pyruvate dehydrogenase kinase 4 activity and eventual mitochondrial repression via 

pyruvate dehydrogenase inhibitory activity (127). This could be in contrast to the information 

that in RV hypertrophy, Akt and NFATc2 are active. This apparent disagreement could be since 

the RVs evaluated in these papers were not always classified as compensating or 

decompensating (128). FOXO1 could have contradictory effects on RV hypertrophy and, for 

example, play a role in the transformation from balanced to decompensated RV function. The 

impact of FOXO1-activating therapies on RV cardiomyocyte metabolism, hypertrophy, and 

failure must be examined (129). 

FOXO1 stimulates the production of antioxidant genes, such as MnSOD, that are 

epigenetically reduced in pulmonary arterial hypertension. Additionally, FOXO1 regulates 

insulin's influence on the peroxisome proliferator-activated receptors gamma, coactivator 1 

(PGC-1) promoter activity. PGC-1 enhances mitochondrial biogenesis and function in part by 

inducing the mitochondrial deacetylase sirtuin 3, which activates several mitochondrial 

enzymes. PGC-1 and SIRT3 are downregulated in PAH, implying that medications that 

activate FOXO1 may increase their synthesis (130). 

Most of the studies focused on understanding the role of FoxOs in cardiac remodeling in the 

view of LV, and little is known about their role in the context of isolated RV dysfunction. 

Moreover, several studies primarily described the role of the FoxO1 isoform but did not address 

the role of the FoxO3 isoform in RV dysfunction. In the current thesis work, we would like to 

shed some light on the functional role of the FoxO3 transcription factor and associated 

signaling pathways in RV failure induced by chronic pressure overload. 
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2.  AIMS OF THE STUDY 

 

The functional state of the right ventricle (RV) is the primary determinant of prognosis in 

patients with pulmonary hypertension (PH). RV hypertrophy (RVH) triggered by pressure 

overload is initially compensatory but often leads to RV failure. The Forkhead family of 

transcription factors plays an essential role in cell signaling mechanisms that mediates various 

physiological and molecular aspects of RV function, including cell cycle regulation, 

metabolism, ECM organization and muscle atrophy. Although there is substantial evidence 

about the effects of FoxO3 in cultured cardiac cells, thus far, the elucidation of fibroblast-

specific FoxO3 function on the RV function is still mostly unknown. However, insights of 

relevance for RV compensation and decompensation can likely be gained under these 

conditions. 

 

The work presented in this thesis aims to elucidate the role of the FoxO3 transcription factor 

in RV remodeling and failure. Specifically, we aimed to: 

 

1. Determine the regulation of FoxOs during compensation and decompensation states of RV 

2. Investigate the role of FoxO3 corresponding to RV function in pressure overload induced 

animal models 

3. Investigate if FoxO3 is dysregulated in various pathophysiological processes involved in 

maladaptive remodeling of RV 

4. Decipher the FoxO3-dependent transcriptomic changes upon pressure overload in mice 

5. Understand the functional outcomes of pharmacological modulation of FoxO signaling in 

pathological states of RV in the context of PAH. 
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3.  MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Chemicals and Reagents 

Reagent Company 

4′,6-Diamidin-2-phenylindol (DAPI) Invitrogen, USA 

Acetic acid, glacial Sigma, USA 

Acetone Carl Roth, Germany 

Acrylamide solution (30%) Sigma Aldrich, USA 

Agarose, low gelling temperature, Type VII Sigma Aldrich, USA 

Ammonium Persulfate (APS) Sigma Aldrich, USA 

Bovine serum albumin (BSA) Carl Roth, Germany 

Bromophenol blue Roche, Germany 

BSA solution (2mg/ml) BioRad, USA 

Chloroform Carl Roth, Germany 

Citrate buffer Life technologies, USA 

Dako Fluorescence Mounting Media Dako, Denmark 

Dimethyl sulfoxide Sigma Aldrich, USA 

Diphenylacetohydroxamic acid Sigma Aldrich, USA 

DirectPCR® lysis reagent Peqlab, Germany 

Di-sodium hydrogen phosphate Carl Roth, Germany 

DNA ladder Fermentas, USA 

Ethanol absolute Carl Roth, Germany 

Ethidium Bromide Carl Roth, Germany 

Ethylenediamine-Tetraceticacid (EDTA) Carl Roth, Germany 

Ferric-hematoxylin A Waldeck, Germany 

Ferric-hematoxylin B Waldeck, Germany 

Fluorescence mounting medium Dako, USA 

Halt™ protease and phosphatase inhibitor cocktail Thermo Fisher Scientific, USA 

Hanks’ Balanced Salt solution Thermo Fisher Scientific, USA 

Hematoxylin Solution Life technologies, USA 

Hydrochloric acid Carl Roth, Germany 

Hydrogen peroxide Merck, Germany 

Isopropanol Carl Roth, Germany 
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iTaq™ Universal SYBR® Green Supermix BioRad, USA 

Mayer's Hematoxylin Solution Sigma Aldrich, USA 

Methanol Carl Roth, Germany 

Methyl-green Vector, USA 

Milk powder Carl Roth, Germany 

N,N,N´,N´-Tetramethyl-1,2-diaminomethane (TEMED) Sigma Aldrich, USA 

Page Ruler Prestained Protein Ladder Thermo Scientific, USA 

Paraformaldehyde Carl Roth, Germany 

Pertex Mounting Medium Medite, Germany 

Picric acid AppliChem, Germany 

Ponceau S Solution Sigma Aldrich, USA 

Potassium chloride Carl Roth, Germany 

Potassium dihydrogen phosphate Carl Roth, Germany 

Proteinase K Peqlab, Germany 

Proteinase K 40x Dako, Denmark 

Proteinase K Diluent Dako, Denmark 

Rainbow protein molecular weight marker AmershamBiosciences, USA 

RNase Away Invitrogen, USA 

Scott′s Tap Water Substitute Concentrate 10X Sigma Aldrich, USA 

Sodium bicarbonate Carl Roth, Germany 

Sodium chloride Carl Roth, Germany 

Sodium dodecylsulfate (20% w/v) Carl Roth, Germany 

Sodium hydroxide Carl Roth, Germany 

Stripping Buffer Thermo Scientific, USA 

Tetramethylrhodamine methyl ester (TMRM) Invitrogen, USA 

Tris 0.5 M (pH 6.8) Amresco, Germany 

Tris 1.5M (pH 8.9) Amresco, Germany 

Tris base Sigma Aldrich, USA 

Triton X-100 Carl Roth, Germany 

TRIzolTM Thermo Fisher Scientific, USA 

Trypsin Concentrate and Diluent Life technologies, USA 

Tween 20 Sigma, USA 

Xylol Carl Roth, Germany 

β mercaptoethanol Sigma Aldrich, USA 



32 | P a g e  
 

3.1.2 List of Equipment used 

 

Name of the Equipment Company 

Agarose electrophoresis chambers  BioRad, USA 

Cell culture incubator, Hera cell  Heraus, Germany  

Centrifuge  Thermo Scientific, USA 

StepOnePlus™ Real-Time PCR System Thermo Scientific, USA 

Whitley H35 Hypoxystation Don Whitley Scientific Ltd, UK 

All-in-One Fluorescence Microscope (BZ-X series) Keyence Corporation, USA 

Fluorescence microscope Leica DM 2500  Leica, Germany  

ImageQuant LAS 4000  GE Healthcare, UK  

Leica DM 6000B  Leica, Germany  

Microplate reader Infinite 200  TECAN, Germany  

NanoDrop2000 Spectrophotometer  Thermo Scientific, USA  

PCR thermocycler T3000 Biometra, Germany  

Power supply  BioRad, USA  

PowerLab  AD Instruments, Australia  

Precellys Homogenizer  PeQLab, Germany  

Nanozoomer 2.0 HT  Hamamatsu, Japan  

Leica VT1200 S  Leica, Germany  

Water bath (cell culture)  Heraeus, Germany  

Western blot chambers  BioRad, USA  

Cryostar NX50 Thermo Scientific, USA 

Leica RM2255 Rotary Microtome Leica, Germany 

Leica EG1160 Tissue Embedding Station Leica, Germany 

ASP200S Advanced Smart VacuumTissue 

Processor 
Leica, Germany 

VisualSonics VEVO 1100 FujiFilm, Canada 

MPVS Ultra Pressure-Volume Unit from Millar AD Instruments, New Zealand 

7.05 T Bruker PharmaScan MRI Imaging Bruker, USA 

Q Exactive Orbitrap Mass Spectrometer Thermo Scientific, USA 
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3.1.3 List of Kits used 

Name of the Kit Company 

DC Protein assay kit  BioRad, USA  

High Capacity cDNA synthesis kit  Applied Biosystems, USA  

Picro-Sirius red Stain kit  Abcam, UK  

RNeasy Micro kit  Qiagen, USA  

RNeasy Plus Micro kit  Qiagen, USA  

Supersignal West Femto maximum sensitivity 
substrate kit  

Thermo Scientific, USA  

 

3.1.4 List of Primary Antibodies 

Antibody Host Cross-reactivity Company Reference 

FOXO3 Rabbit HMR Cell signaling 12829S 

FOXO3 Rabbit HMR Novus NBP2-16521 

FOXO1 Rabbit HMR Cell signaling 2880S 

TBP Rabbit HMR cell signaling 44089S 

pFOXO3 (S253) Rabbit HMR Cell signaling 9466S 

pFOXO1 

(T24)/FOXO3(T32) 
Rabbit HMR Cell signaling 9464S 

CA9 Rabbit HMR Novus NB100-417 

pFOXO1 (s256) Rabbit HMR Cell signaling 84192S 

CTGF Mouse HMR Santa Cruz sc365970 

Periostin Mouse HMR Santa Cruz sc398631 

alpha SMA Rabbit H Sigma SAB5500002 

GAPDH Mouse H Invitrogen MA5-15738 

Beta-actin Mouse H Sigma A2228 

Anti Vimentin-Cy3 Mouse H Sigma C9080 

 

3.1.5 List of Secondary Antibodies 

Antibody Host Cross-reactivity Company Reference 

Anti-Mouse IgG-

Peroxidase 

conjugated 

Rabbit HM Sigma A9044 
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Anti-Rabbit IgG-

Peroxidase 

conjugated 

Goat HM Sigma A0545 

anti-Rabbit IgG, 

Alexa Fluor™ 488 
Goat HMR Invitrogen A-11008 

anti-Rabbit IgG  

Alexa Fluor™ 594 
Goat HMR Invitrogen A-11037 

 

3.1.6 List of Lectins used 

Type of Lectin Cross-reactivity Company Reference 

Wheat Germ Agglutinin, 

Alexa Fluor™ 488 Conjugate 

Plasma 

Membrane 

Labeling across 

species 

Invitrogen A-11037 

Isolectin GS-IB4 From 

Griffonia simplicifolia, Alexa 

Fluor™ 594 Conjugate 

Plasma 

Membrane 

Labeling across 

species 

Invitrogen I21413 

 

3.1.7 List of Primers used for real-time PCR 

Gene Forward Primer Reverse Primer 

Hu FOXO1 ACGAGTGGATGGTCAAGAGC TCTTGCCACCCTCTGGATTG 

Hu FOXO3 TGTTGGTTTGAACGTGGGGA TGTCCACTTGCTGAGAGCAG 

Hu CCND1 TGACCCCGCACGATTTCATT CATGGAGGGCGGATTGGAAA 

Hu POSTN TGATGGAGTGCCTGTGGAAA CTTCCTCACGGGTGTGTCTC 

Hu CTGF GGTGTGGCTTTAGGAGCAGT TGATGGCTGGAGAATGCACA 

Hu COL3A1 TGGGAGAAATGGTGACCCTGG CCAGGATAGCCTGCGAGTCCT 

Hu TGFB1 GCAGCACGTGGAGCTGTA CAGCCGGTTGCTGAGGTA 

Hu TGFBR2 ATGACATCTCGCTGTAATGC GGATGCCCTGGTGGTTGA 

Hu ACTA1 ATGTGCGACGAAGACGAGAC CAGTTGGTGATGATGCCGTG 

Hu ACTA2 TGAGCTTCGTGTTGCCCCTG CTCCCACAGGCCTCACCAGTA 

Hu GAPDH TTTTGCGTCGCCAGCCGAG TGACCAGGCGCCCAATACGA 

Hu HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

Hu PBGD CAGGAGTCAGACTGTAGGACGAC ACTCTCATCTTTGGGCTGTTTTC 

Ms Hprt1 GCTGACCTGCTGGATTACAT TTGGGGCTGTACTGCTTAAC 
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Ms Pbgd AGAAGAGCCTGTTTACCAAGGAG TTTCTCTGTAGCTGAGCCACTCT 

Ms Foxo1 AGTGGATGGTGAAGAGCGTG GAAGGGACAGATTGTGGCGA 

Ms Foxo3 GAGGAAAGGGGAAATGGGCA ACTGTCCACTTGCTGAGAGC 

Rat Hprt1 GACTTTGCTTTCCTTGGTCA AGTCAAGGGCATATCCAACA 

Rat Pbgd ATGTCCGGTAACGGCGGC CAAGGTTTTCAGCATCGCTAC 

Rat Foxo1 ACGAGTGGATGGTGAAGAGTG CCTCCCTCTGGATTGAGCATC 

Rat Foxo3 AAAGGGGAAATGGGCAAAGC GGCTGAGAGCAGATTTGGCA 

 
3.1.8 Equipment required for PAB surgery 

 

Company Article 

Number 

Article name 

FST 11050-10 Graefe Forceps - 0.8mm Tips Straight 

FST 11052-10 Graefe Forceps - 0.8mm Tips Curved 

FST 11009-13 Semken Forceps: curved, tipps serrated 

1.3mmx1mm 

FST 11370-31 Moria MC31 Forceps - Serrated Curved 

FST 14106-09 Fine Iris Scissors - Large Loops Straight Sharp 

9.5cm 

FST 12060-01 Castroviejo Micro Needle Holder -Straight w/Lock 

9cm 

FST 15003-08 Vannas-Tübingen spring scissors, Effective Cutting 

Edge: 5mm 

FST 15024-10 Spring Scissors - 8mm Blades Straight Sharp, 

Länge: 10cm, Durchmesser der Spitzen: 0.2mm 

Edward Weck REF 

523735 

Weck Hemoclip® small ligating clips 

Edward Weck 523140 S Weck Hemoclip® clip applier small 

 

Handmade tools 

Intubation cannula 

Retractor consisting of 3 needles (20G) 

L-shape needle G26 
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Devices required for PAB surgery 

Company Article Number Article name 

Leica Leica M50 with 

small boom stand 

Microscope for surgery, catheterization. 

Objective should have x0.5 (NOT x1.0) 

Schott KL-200 Cold light source 

Hugo Sachs 

Electronics 

73-0044 MiniVent Type 845 

VetEquip 901806 Table Top Laboratory Animal Anesthesia 

System 

AD Instruments ML295/M-220 The ML295/M Homeothermic Controller and 

Plate provides temperature feedback control for 

controlling small animal (mouse) temperature 

through a heating plate. Heating Plate Size: 111 

mm x 217 mm. The system includes the 

controller, heating plate and MLT1404 Mouse 

Rectal Probe. 

Harvard 

Apparatus 

720127 Germinator 500 Glass Bead Sterilizer (CellPoint 

Scientific) 

 

Surgical sutures 

 

Company Article 

Number 

Article name 

Ethicon EH7228 Ethicon Prolene 6-0 USP, C1 (13 mm 3/8c) 

 
Analgesic buprenorphine hydrochloride (Temgesic®, 0.1 mg/kg, Sigma-Aldrich, Germany) 

Braunoderm® (Braun, Melsungen, Germany) 
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3.2 METHODS 

3.2.1 Human Tissue samples 

 
Donor RVs (CTRL) tissues were obtained from patients with normal RV function who 

underwent cardiac surgery or early autopsy patients who did not have any cardiac or 

respiratory diseases. Idiopathic PAH (IPAH) RVs were obtained from an early autopsy of 

patients with end-stage PAH. Experimental procedures using human tissues obeyed the 

principles summarised in the Declaration of Helsinki and were performed with the approval of 

animal authorities at the Laval University and the IUCPQ Biosafety and Ethics Committees 

(CER#20773, CER#20735 and CER#21747). All the experiments were performed in 

accordance with the most recent preclinical PAH research guidelines. Clinical characteristics 

are described in (Table.1)(131). 

3.2.2 Animals 

 
Mice with the null (-) and floxed allele (L) for Foxo3 were kindly provided by Prof. Ronald A. 

Depinho (Harvard Medical School, Boston, USA). To specifically delete Foxo3 in fibroblasts 

(Fb-Foxo3-/-), homozygous floxed mice for the Foxo3 allele (Foxo3 L/L) were crossed with 

transgenic mice expressing Cre under the control of collagen type 1A1 promoter (Col1a1-Cre). 

Fb-Foxo3+/- mice were intercrossed, and animals homozygous for Foxo3 deletion in fibroblasts 

(Fb-Foxo3-/-) were obtained. Mice littermates were used as WT control. Col1a1-Cre transgenic 

mice were purchased from Mutant Mouse Regional Resource Centers (MMRRC; stock ID: 

000208-UCD)(132). 

Mice were given free access to water and food and housed under a controlled temperature 

(22°C) and standard light-dark cycle (12 hrs. each) throughout the experimental period. The 

experiments were performed as per NIH, USA Guidelines on the Use of Laboratory Animals. 

German federal authorities for animal research of the Regierungspräsidium Darmstadt 

(Hessen, Germany) approved the study protocol (approval numbers B2/1215).  

3.2.3 Experimental groups 

 
In total, 40 mice were included in the study; 20 for sham surgery and 20 for PAB surgery. 

Among these 40 mice, 20 were Fb-FoxO3-/- KOs, and 20 were WT. Schematic overview of 

experimental design as shown in (figure 8).  
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Figure 8. A. Randomization of Wildtype (Wt) and Fibroblast specific Foxo3 Knockout (Fb-

Foxo3-/-) to Sham and PAB group. B. Schematic overview of experimental design 

 

3.2.4 Mouse orotracheal intubation and ventilation 

 
The intubation and surgical procedures were performed with a surgical microscope (Leica 

Microsystems, Wetzlar, Germany) at 8x magnification. An intravenous 22G x 1 in. catheter 

(Terumow Surflo, Emergency Medical Products Inc, Waukesha, WI, USA) serving as an 

endotracheal tube, appropriate stiff guide (e.g., Seldicath 2F, Laboratoire Plastimed, Saint-

Leu-La-Foreˆt Cedex, France) to facilitate the introduction of a cannula as well as a pair of 

curved forceps (FST) were prepared. A drop of 1% lidocaine is put on the tip of the tube to 

numb the throat and reduce the gag reflex. A blunted needle attached to a 50-ml syringe, which 

was held on a retort stand, allowed the mouse to be fixed in a hanging position for the intubation 

procedure. As intubation requires both hands, the microscope was prefocused approximately 

15 mm below the needle to the vocal cords' putative working field. 

For induction of general anesthesia (Table Top Laboratory Animal Anesthesia System, 

VetEquip Inc, Pleasanton, USA), the animal was placed into a transparent Chamber induction 

chamber. 5% isoflurane (Forene® Abbott, Weisbach, Germany) in 100% oxygen (Air Liquid, 

Siegen, Germany) at a flow rate of 2 L/min was used until the animal lost its righting reflex. 

After that, the mouse was taken out and suspended by the superior incisors on a blunted 

needle attached to a 50-ml syringe, which was held on a retort stand. A power light with flexible 

horns (KL-200, Fiber Optics Schott, Mainz, Germany) was focused on the ventral neck to 



39 | P a g e  
 

transilluminate the trachea. The tongue of the mouse, held with the curved forceps held in the 

operator’s right hand, was moved to the left. The left hand's forceps are put under the tongue 

to hold it firmly to the lower jaw. The vocal cords and trachea were then visualized. With the 

operator’s free right hand, the intubation tube was gently inserted into the trachea for 6 mm 

starting from the vocal cords. Then the guide was removed, and the mouse was placed supine 

on a thermally controlled surgical table and connected to a small animal ventilator MiniVent 

type 845 (130 breaths/min, 225 μL stroke volume, and a positive-end expiratory pressure of 1 

cm H2O, Hugo Sachs Elektronik, March-Hugstetten, Germany), with the exhaust tube 

immersed in water to confirm the flow of air. The success of the intubation was evaluated by 

the visual observation of the rhythmic expansion of the thorax synchronous with the ventilator. 

Maintenance of anesthesia was provided by continuous inhalation of 2% isoflurane mixed with 

oxygen (133). 

3.2.5 Pulmonary artery banding model 

Thirty minutes before surgery, an analgesic buprenorphine hydrochloride (Temgesic®, 0.1 

mg/kg, Sigma-Aldrich, Germany) is given subcutaneously. The induction of anesthesia with 

the gaseous isoflurane is started by placing the animal in a box filled with 3-4% isoflurane 

mixed with oxygen. After induction, mice are intubated with a 20-gauge atraumatic cannula 

and placed supine on a thermally controlled surgical table. Mice are ventilated (130 

breaths/min, 225 μL stroke volume, and a positive-end expiratory pressure of 1 cm H2O) using 

a mouse ventilator MiniVent type 845 (Hugo Sachs Elektronik, March-Hugstetten, Germany). 

Maintenance of anesthesia is provided by continuous inhalation of 2% isoflurane mixed with 

oxygen. 

The left thoracic wall is shaved and cleaned with Braunoderm® (Braun, Melsungen, Germany). 

A transverse 5-mm incision of the skin is made with scissors 2 mm away from the left sternal 

border, 2 mm lower than the level of the armpit. Both layers of thoracic muscles are gently 

pulled apart. The chest cavity is opened with scissors by a small incision at the level of the 

second intercostal space 2–3 mm from the left sternal border. The chest retractor is gently 

inserted to spread the wound 4–5 mm in width, taking care to avoid the lungs getting caught 

in the teeth of the retractor. The thymus and fat are pulled away with forceps to the left arm of 

the retractor. With two forceps, the pericardial sac is gently pulled apart and attached to both 

arms of the retractor. After mobilization of the pericardium, the pulmonary trunk is visualized. 

The pulmonary trunk is bluntly dissected with curved forceps from the aorta and left atrium. To 

create a tunnel underneath the pulmonary trunk, an L-shaped 26-gauge blunted needle is 

used. The needle is placed from the side of the pulmonary trunk closest to the left atrium and 
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gently pushed underneath the pulmonary trunk so that the end of the needle appears between 

the pulmonary trunk and the aortic trunk. 

Small titanium ligating clip (Hemoclip®, Edward Weck, and Research Triangle Park, NC, USA) 

is placed around the pulmonary trunk with specially adapted appliers set to width to produce 

65-70% constriction. The chest retractor is removed, and the thymus is moved back to its 

physiological position. The lungs are then reinflated by shutting off the outflow on the ventilator 

for 1–2 s using a finger. The chest cavity is closed by combining the second and third ribs with 

two 6–0 prolene sutures. While making a knot, slight pressure is applied to the chest with the 

needle holder to reduce the free air volume in the chest cavity. All layers of muscle are moved 

back to their physiological position. Then, the skin is closed with a 6-0 prolene suture, and the 

wound is treated with Braunoderm® (Braun, Melsungen, Germany). 

For the sham operation, dissection of the pulmonary trunk is performed using the L-shaped 

needle, but a ligating clip is not placed around the pulmonary artery. The lungs are then 

reinflated, and the wound is closed. Immediately after the operation, 0.5ml of 37°C saline is 

given subcutaneously. An analgesic buprenorphine hydrochloride (Temgesic®, 0.1 mg/kg, 

Sigma-Aldrich, Germany) is given subcutaneously every 8h for the next 48h. Once 

spontaneous respiration has resumed, animals are extubated, placed under a heating lamp, 

and closely observed for 6 hours to ensure a complete recovery from the anesthesia. The mice 

are then housed in a standard rodent cage with free access to food and water in a room kept 

at 23°C (133). 

3.2.6 MCT-induced pulmonary hypertension model  

 
Monocrotaline was dissolved in 0.5M HCl, and the pH was adjusted to 7.4 with 0.5M NaOH. A 

single subcutaneous injection of monocrotaline (60mg/kg, Sigma Aldrich) was administered to 

induce pulmonary hypertension in SD rats. Control rats received an equal volume of isotonic 

saline. Organs were harvested four weeks after saline/MCT injections. 

3.2.7 Echocardiography 

 
The VEVO2100 system was equipped with a 30-MHz, 100-frame-per-second micro-

visualization linear probe (MS400, mouse cardiovascular) to perform echocardiography (Visual 

Sonics, Toronto, Canada). Anesthesia was initially administered to a mouse in an anesthesia 

induction chamber (Tabletop Laboratory Animal Anesthesia System, Vet Equip Inc. 

Pleasanton, USA) using 5% isoflurane and 100% oxygen at a flow rate of 1 L/min. The mouse 

was then positioned supine on an imaging platform. Throughout the investigation, the mouse's 

snout was maintained in a nasal cone attached to the anesthetic system to maintain a steady-
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state sedation level (1 to 1.5 percent isoflurane mixed with 1 liter per minute of 100 percent 

oxygen) while the animal breathed freely. A rectal thermometer (Indus Instruments, Houston, 

TX) was used to monitor and maintain body temperature at 37°C. Both eyes were treated with 

Dexpanthenol ophthalmic ointment (Bepanthen® Bayer, Leverkusen, Germany) to avoid 

scleral dryness. The four paws of the mouse were attached to the electrocardiogram (ECG) 

electrodes with surgical tape and electrode gel to measure heart rate (HR). A cotton applicator 

tip was used to apply depilatory cream to the chest from the sternum to the diaphragm to 

eradicate chest hair. The cream was removed after two minutes with a gently rolling motion of 

tissue paper, and the chest was then washed with a cotton swab moistened with distillation 

water. To overcome air attenuation, a pre-warmed acoustic coupling gel (Aquasonic® 100, 

Parker Laboratories, Inc.) was applied to the chest wall of the sedated and immobilized mouse. 

The echocardiographic evaluation administered 1.5 to 2.5 percent isoflurane to maintain a 

physiological heart rate (HR). HRs were kept similar throughout experimental groups (400–

550 bpm). If the HR was above the acceptable range, the isoflurane concentration was briefly 

raised to 4 - 5 percent and subsequently lowered to 1.5 - 2 percent until the HR approached 

the appropriate level. Alternatively, if the HR was below the necessary range, the isoflurane 

concentration might be adjusted to 0.5 percent and then raised. 

Initially, a typical 2D echocardiographic examination was done in the parasternal long-axis 

view to evaluate LV dimensions and systolic performance. The picture depth, breadth, and 

gain parameters were adjusted to maximize image quality. The echocardiographic measures 

were obtained using the typical procedures outlined in previously published papers (134). RV 

free wall thickness (RVWT) was determined utilizing a right parasternal long-axis view with 

both M-mode and B-mode images. Either RVOT or LVOT blood flow characteristics were used 

to estimate cardiac output. RVOT VTI-derived CO. From the parasternal short-axis view (with 

the focus on PA) at the aortic valve level, two-dimensional pictures of the right ventricular 

outflow tract (RVOT) and pulsed-wave Doppler profiling of the pulmonary blood flow were 

acquired. The pulsed-wave Doppler sample was positioned at the tip of the pulmonary valve 

leaflets and aligned with color Doppler mode to enhance laminar flow. RVOT dimeter (RVOTd) 

was measured utilizing the parasternal short-axis view at the pulmonary valve levels during 

mid-systole. RVOT VTI was determined using the RVOT pulsed-wave Doppler flow velocity 

profile. Based on these echocardiographic measures, the RVOT stroke volume (SV) was 

computed as follows: SV = ((LVOTd) 2 x 3.14 x (VTI)/4) LVOT VTI-derived CO. The Doppler 

angle varied slightly, so the interrogation beam was perpendicular to the aortic flow to acquire 

the highest flow velocity. The left ventricular outflow tract (LVOT) flow velocity and velocity time 

integral (LVOT VTI) profiles were obtained from a right supraclavicular perspective. Using B-

mode echocardiography at the center of the aortic valve during mid-systole and a modified left 
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parasternal log-axis view focused on the LVOT, the LVOT diameter (LVOTd) was measured. 

Based on these echocardiographic measures, the following formula was used to determine 

LVOT SV: SV = ((LVOTd) 2 x 3.14 x (VTI)/4) 

Tricuspid annular systolic velocity (RVS') and tricuspid annular plane systolic excursion 

(TAPSE) were assessed to evaluate RV function. The M-mode cursor was positioned at the 

intersection of the tricuspid annulus and RV free wall using the apical four-chamber image to 

determine TAPSE. RVS' velocity was estimated using Tissue Doppler imaging (TDI) at the 

lateral aspect of the tricuspid annulus in the four-chamber view. 

All echocardiographic image (M-mode, 2D, and flow) data were collected in triplicate, omitting 

the respiration peaks. All photos were taken between 10 and 25 minutes following induction of 

anesthesia, and computations were performed after acquisition. The chest wall was cleansed 

with tissue paper, and paw tapes were removed when the imaging was complete. The 

anesthetic was discontinued, and the mouse was allowed to recuperate while unrestrained on 

the heated ECG pad. The mouse was returned to its cage after it regained consciousness. 

3.2.8 MRI, hemodynamic, and RV hypertrophy measurements 

 
Cardiac MRI was performed on days 0 (pre-OP), or 35. Cardiac MRI measurements were 

performed on a 7.0T Bruker PharmaScan, equipped with a 300mT/m gradient system, using 

a custom-built circularly polarized birdcage resonator and the IntraGateTM self-gating tool 

(Bruker, Ettlingen, Germany). Mice were measured under the influence of isoflurane (2.0% v/v) 

anesthesia delivered in an oxygen/medical air (0.5/0.5 L/min) mixture. Body temperature was 

maintained at 37 ◦C throughout the experiment. The measurement is based on the gradient 

echo method (repetition time = 6.2ms; echo time = 1.6ms; field of view = 2.20x2.20 cm; slice 

thickness = 1.0mm; matrix = 128x128; repetitions = 100; resolution 0.0172 cm/pixel). The 

imaging plane was localized using scout images showing the sagittal and coronal view of the 

heart, followed by axial acquisition orthogonally to the septum of both scout scans. Multiple 

(9–10) contiguous axial slices were acquired for complete coverage of the left and right 

ventricle. MRI data were analyzed using Qmass digital imaging software (Medis, Leiden, 

Netherlands) (135-137). 

Invasive hemodynamic measurements were performed as described previously (48). Briefly, 

mice were anesthetized using isoflurane and fixed on a homeothermic plate (AD Instruments, 

Spechbach, Germany) in a supine position. A rectal probe was inserted to measure the core 

body temperature and was maintained at 37 ºC. A high-fidelity 1.4F micromanometer/Mikro-

Tip Pressure catheter (Millar Instruments, Houston, TX) was inserted into the right ventricle 

through the right jugular vein to measure the RVSP. Systemic arterial pressure (SAP) was 
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measured by catheterizing the LV through the left carotid artery. Data were analyzed using the 

PowerLab data acquisition system (MPVS-Ultra Single Segment Foundation System. AD 

Instruments) and LabChart 7 software. The heart and lungs were perfused with PBS and 

harvested after the measurements. The RV was separated from the LV and the septum (S) to 

calculate the Fulton index (weight ratio of RV/(LV+S)). 

3.2.9 Cell Culture 

 
Human cardiac fibroblasts (HCFs) were grown on poly-lysine coated dishes in a fibroblast 

medium supplemented with FBS, FGS, penicillin, and streptomycin. Cells were maintained at 

37 °C in a 5% CO2 incubator. Experiments were performed with cells from passages 5 to 6. A 

basal medium supplemented with 0.1% FCS was used for serum starvation.  

3.2.10 Transfection with siRNA 

 
Human CFs were transfected with different siRNAs using Lipofectamine 3000 Transfection 

Reagent (Invitrogen) in an optiMEM serum-free medium. FOXO3 siRNA (Cat. No. 4392420 

and All Stars negative siRNA (Cat. No. 1027281) as non-silencing control (si_NS) were 

obtained from Qiagen. Cells were transfected with siRNA for 6 hours in the serum-free 

medium.  

3.2.11 Cell culture with matrix stiffness plates 

 
Ready-to-use hydrogels were pre-coated with rat tail collagen type 1 bound to 100mm 

petrisoft™ polystyrene dishes (Cell Guidance Systems Ltd). To mimic the physiological and 

pathophysiological matrix stiffness, we used petrisoft™ dishes with Young's (elastic) modulus 

of 0.5 kPa (soft matrix), 12kPa (medium matrix) and 50 kPa (stiff matrix) as described 

previously (32). Human cardiac fibroblasts (HCFs) (700,000 cells per dish) were plated onto 

dishes with soft and stiff matrices after 24h. Cells were treated with Trifluoperazine 

dihydrochloride (TFP) (10µM) for 24h. Later cells were trypsinized and the cell suspension was 

divided for subsequent RNA and protein extraction. 

3.2.12 RNA isolation, cDNA synthesis and qRT-PCR 

 
 Total mRNA from heart tissues was isolated using miRNeasy micro Kit/RNeasy mini Kit 

(Qiagen, Germany) following the manufacturer's protocol. The procedure included the 

proteinase K digestion step for removing abundant proteins in fiber-rich PAB right ventricles. 

20-30 mg of heart tissue was used for each sample. Tissue was homogenized prior to isolation 

in RLT buffer (provided by kit) using Precellys homogenizer (Peqlab, Germany). Total mRNA 

from cells was isolated using miRNeasy micro Kit (Qiagen, Germany) following the 
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manufacturer's protocol. RNA concentration and purity were determined using Nanodrop 

(Thermo Scientific). cDNA synthesis with equal amounts of RNA was performed using a High-

capacity cDNA reverse transcription kit (Applied Biosystems) according to the manufacturer's 

instructions (Table 3).  

Table 3. Compounds of master mix for reverse transcription 

Applied Biosystems Kit 

Components Volume 

RNA (1ug) 
 

Dnase/Rnase-free H2O 10 - Vol of RNA 

Total 10ul 

Components 1x (ul) 

10x RT buffer 2 

25x dNTP mix 0,8 

10xRT Random primers 2 

ddH20 3,7 

Rnase inhibitor 0,5 

Reverse Transcriptase 1 

Total 10ul 

Total volume for reaction 20ul 

 

qPCR was performed with StepOnePlus™ real-time PCR systems (Applied Biosystems) 

(Table 4) using the PCR protocol mentioned in (Table 5). For comparison of expression levels, 

Ct values of the gene of interest (GOI) were normalized to reference gene Porphobilinogen 

Deaminase (PBGD) or Hypoxanthine Phosphoribosyltransferase 1 (HPRT1). ΔCt was 

calculated as ΔCt = Ct (reference gene) – Ct (gene of interest). Higher ΔCt values indicate 

higher expression. 

Table 4. qRT-PCR reaction mix composition 

Components  Volume (μl)  

iTaq™ Universal SYBR® Green Supermix  7  

Forward primer, 10 μM  0.5  

Reverse primer, 10 μM  0.5  

cDNA template  2  

Nuclease free water  10  
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Table 5. qPCR reaction steps 

qRT PCR steps  Temperature  Time  Number of 

repeats  

Initial denaturation  95°C  3 min  1  

Denaturation  95°C  10 sec   

Annealing  60°C  30 sec  40  

Elongation  72°C  30 sec   

Denaturation  95°C  10 sec  1  

Melting curve  65°C to 95°C  Increment 0.5°C  
for 5 sec  

1  

 

3.2.13 RNA sequencing 

All the RNA sequencing protocols were performed at the Bioinformatics core facility (Deep 

Sequencing Platform Service group) at the Max Planck Institute for heart and lung research, 

Bad Nauheim, by Dr. Stefan Guenther  

From RV tissues 

For RNA-seq analysis, total RNA was isolated from RV tissues using the RNeasy mini kit 

(Qiagen) combined with on-column DNase digestion (DNase-Free DNase Set, Qiagen) to 

avoid contamination by genomic DNA. RNA and library preparation integrity was verified with 

LabChip Gx Touch 24 (Perkin Elmer). 750ng of total RNA was used as input for VAHTS 

Stranded mRNA-seq Library preparation following the manufacturer’s protocol (Vazyme). 

Sequencing was performed on the NextSeq500 instrument (Illumina) using v2 chemistry with 

a 1x75bp single-end setup. The resulting raw reads were assessed for quality, adapter content 

and duplication rates with FastQC (Andrews S. 2010, FastQC: a quality control tool for high 

throughput sequence data. Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Trimmomatic version 0.39 was 

employed to trim reads after a quality drop below a mean of Q20 in a window of 5 nucleotides 

(Bolger et al., Trimmomatic: a flexible trimmer for Illumina sequence data).  Only reads 

between 30 and 150 nucleotides were cleared for further analyses. Trimmed and filtered reads 

were aligned versus the Ensembl mouse genome version mm10 (ensemble release 101) using 

STAR 2.7.7a with the parameter “--outFilterMismatchNoverLmax 0.1” to increase the 

maximum ratio of mismatches to mapped length to 10% (Dobin et al., STAR: ultrafast universal 

RNA-seq aligner). The number of reads aligning to genes was counted with featureCounts 

1.6.5. tool from the Subread package (Liao et al., featureCounts: an efficient general purpose 

program for assigning sequence reads to genomic features). Only reads mapping at least 
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partially inside exons were admitted and aggregated per gene. Reads multiple overlapping 

genes or aligning to multiple regions were excluded. Differentially expressed genes were 

identified using DESeq2 version 1.30.0 (Love et al., Moderated estimation of fold change and 

dispersion for RNA-Seq data with DESeq2). Only genes with a minimum fold change of +- 2 

(log2 = +-1), a maximum Benjamini-Hochberg corrected p-value of 0.05, and a minimum 

combined mean of 5 reads were significantly differentially expressed. The Ensemble 

annotation was enriched with UniProt data (release 06.06.2014) based on Ensembl gene 

identifiers (Activities at the Universal Protein Resource (UniProt)). 

From Human Cardiac Fibroblasts 

1µg of total RNA was input for VAHTS Stranded mRNA-seq Library preparation following the 

manufacturer’s protocol (Vazyme). Sequencing was performed on the NextSeq2000 

instrument (Illumina) using a P3 flow cell with a 1x72bp single-end setup. The resulting raw 

reads were assessed for quality, adapter content and duplication rates with FastQC (Andrews 

S. 2010, FastQC: a quality control tool for high throughput sequence data. 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Trimmomatic version 0.39 was 

employed to trim reads after a quality drop below a mean of Q20 in a window of 5 nucleotides 

(Bolger et al., Trimmomatic: a flexible trimmer for Illumina sequence data).  Only reads 

between 30 and 150 nucleotides were cleared for further analyses. Trimmed and filtered reads 

were aligned versus the Ensembl human genome version hg38 (ensemble release 104) using 

STAR 2.7.9a with the parameter “--outFilterMismatchNoverLmax 0.1” to increase the 

maximum ratio of mismatches to mapped length to 10% (Dobin et al., STAR: ultrafast universal 

RNA-seq aligner). The number of reads aligning to genes was counted with featureCounts 

2.0.2. tool from the Subread package (Liao et al., featureCounts: an efficient general purpose 

program for assigning sequence reads to genomic features). Only reads mapping at least 

partially inside exons were admitted and aggregated per gene. Reads overlapping multiple 

genes or aligning to multiple regions were excluded. Differentially expressed genes were 

identified using DESeq2 version 1.30.0 (Love et al., Moderated estimation of fold change and 

dispersion for RNA-Seq data with DESeq2). Only genes with a minimum fold change of +- 2 

(log2 = +-1), a maximum Benjamini-Hochberg corrected p-value of 0.05, and a minimum 

combined mean of 5 reads were significantly differentially expressed. The Ensemble 

annotation was enriched with UniProt data (release 06.06.2014) based on Ensembl gene 

identifiers (Activities at the Universal Protein Resource (UniProt)) 
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3.2.14 Protein isolation and Western Blotting 

 
 Cells were homogenized in RIPA buffer containing 1x protease and phosphatase inhibitor 

cocktail (Thermo Scientific, USA). Heart tissue was homogenized in Precellys homogenizer 

(Peqlab, Germany) with 500µl of RIPA buffer with protease/phosphatase inhibitor cocktail. 

Subsequently, the samples were centrifuged for 30 min at 14000 rpm. Protein concentration 

was measured using BioRad DC Protein Assay. Equal amounts of protein were loaded onto 

10% polyacrylamide gels (Table 6) in running buffer (Table 7) and were transferred onto the 

PVDF membrane. The transfer was carried out for 1h and 25 min at 100 V in a blotting buffer 

(Table 8). Membranes were blocked for 1h in 5% milk and incubated overnight with the primary 

antibodies at 4°C with shaking. Post washing, membranes were incubated with appropriate 

horseradish peroxidase (HRP)-conjugated secondary antibodies, followed by developing with 

SuperSignal West Femto Chemi-luminescent Substrate (Thermo Scientific, USA) and 

capturing the signal using an Image reader (GE Healthcare). Densitometric analysis of the 

blots was acquired using multi gauge software (Fujifilm, Tokyo, Japan). Expression was 

quantified using band intensity values (in arbitrary units) normalized to ACTB or GAPDH. 

Table 6. Composition of Gel 

Gel Component Percentage of gel 

 6% (Stacking gel) 10% (Resolving gel) 

Acrylamide 30% 0.625mL 1.5mL 

Tris-HCL 0.5mL 2mL 

SDS 10% 25µL 60µL 

APS 10% 12.5µL 30µL 

TEMED 2.5µL 6µL 

Water upto final volume 1.3mL 2.4mL 

 

Table 7. Running buffer composition 

 

 

 

 

 

 

Components Final concentration 

Tris 25mM 

Gycline 250mM 

SDS 10% (w/v) 0.10% 

Water Up to final volume 
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Table 8. Blotting buffer composition 

Components Final concentration 

Tris 50mM 

Gycline 40mM 

Methanol (v/v) 20% 

Water Upto final volume 

 

3.2.15 Immunofluorescence 

 
After various treatments, cardiac fibroblasts were fixed in PBS/PFA 4% for 10 min and 

permeabilized with PBS/Triton 100X 0.1% for 10min at room temperature. The cells were then 

washed with 1x PBS and blocked with 5% BSA solution for 1h at RT. Primary antibodies were 

diluted in 3% BSA and incubated overnight at 4°C. The next day, cells were incubated with 

appropriate secondary antibodies, and nuclei were counterstained with DAPI. Images were 

acquired using Zeiss LSM 710 confocal microscope or Leica fluorescence microscope. 

3.2.16 Histological and immunofluorescence analyses of mouse right ventricles 

 
Mouse RVs were fixed with 4% PFA at 4ºC overnight and embedded in paraffin, sectioned at 

5µm and stained with wheat germ agglutinin (WGA) conjugated with Alexa-488 to determine 

cardiomyocyte cross-sectional area (CSA), with isolectin B4 (IB4) conjugated with Alexa-594 

to assess the capillary density. To assess the degree of fibrosis, RV sections were stained with 

Picrosirius red (Direct red 80, Sigma, cat. no. 365548). Subsequently, imaged and quantified 

by calculating the ratio of picrosirius red-stained connective tissue area (stained red) to total 

myocardial area (stained yellow) using Leica Qwin V3 computer-assisted image analysis 

software and macro program "Collagen" (Leica Microsystem, Wetzlar, Germany) as described 

previously (1,3). CSA was measured using Image J (NIH, USA). At least 10 randomly chosen 

areas per section were imaged and quantified at 40x magnification. 

For staining, mouse hearts from Sham and PAB animals were harvested and washed in cold 

HBSS (Gibco, USA) buffer. Right and left ventricles were separated and embedded in Tissue-

Tek OCT compound (Sakura, USA), frozen on dry ice. About 6-10µm sections were cut and 

mounted on glass slides. Sections were postfixed with ice-cold acetone and methanol (1:1) for 

10mins at room temperature (RT). Sections were permeabilized with PBST (0.1% Triton X-

100 in PBS) for 10mins, blocked with 5% BSA for 1h at RT and incubated with primary 

antibodies diluted in 3% BSA at 4ºC overnight. Post washing sections were incubated with 
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secondary antibodies and Draq5 at RT for 1h. After three washes, sections were mounted with 

Dako mounting medium. Images were taken using Zeiss LSM 710 microscope 

3.2.17 Statistical analysis 

 
Data were plotted as individual data points with mean in addition. Statistical analysis was 

performed in GraphPad Prism Version 9 (GraphPad Software Inc., SanDiego, CA, USA) using 

a two-tailed unpaired Student’s t-test for experiments with two groups or one-way ANOVA with 

Dunnett´s multiple comparison test for time-course experiments or two-way ANOVA with 

Sidak’s correction for posthoc multiple comparisons for experiments including multiple groups. 

Kaplan-Meier survival analysis was used to determine mortality risk following the PAB 

procedure. A P value less than 0.05 was considered statistically significant. In the figures, 

asterisks denote statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). 
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4. RESULTS 

4.1 FOXO3 is increased explicitly in compensated RV and significantly decreased in 

decompensated RV of PAH patients 

To explore the role of FOXOs in RV remodeling in PAH, we first assessed the FOXOs 

expression pattern in healthy human RV (hRV) versus compensated RV (cRV) and 

decompensated RV (dcRV) from PAH patients. FOXO3 expression was significantly increased 

in cRV compared with control and decreased in dcRV compared with cRV from PAH patients. 

Whereas FOXO1 expression was unchanged and FOXO4 expression was increased in cRV 

compared to hRV (Figure 9A–9C) 

 

Figure 9. Expression of FOXO isoforms in RVs of human PAH patients. A–C) Normalized read 

counts of FOXO1, FOXO3 and FOXO4 derived from RNA sequencing of healthy, compensated (cRV) 

and decompensated RV (dcRV) tissues homogenates. hRV (n=8), cRV (n=8), dcRV (n=8). Error bars 

indicate the mean with SEM. Data were analyzed using one-way ANOVA with tukey’s multiple 

comparisons test. *p<0.05, **p<0.01, ns=not significant. 

Similarly, the known target genes of the FOXO signaling pathway which are involved in various 

cellular processes such as autophagy (GABARAP), cell cycle regulation (GADD45A), Immune 

regulation (S1PR1), oxidative stress and DNA repair (SOD2), metabolism (ACOX1) and 

muscle atrophy (FBXO32) were also significantly regulated in cRV and dcRV of PAH patients 

(Figure 10A–10F).  
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Figure 10. Expression of FOXO signaling target genes in RVs of human PAH patients. A–F) 

Normalized read counts of GABARAP, GADD45A, S1PR1, SOD2, ACOX1 and FBXO32 derived from 

RNA sequencing of healthy, compensated (cRV) and decompensated RV (dcRV) tissues homogenates. 

hRV (n=8), cRV (n=8), dcRV (n=8). Error bars indicate the mean with SEM. Data were analyzed using 

one-way ANOVA with tukey’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ns=not 

significant. 

 

4.1.1 mRNA expression of FOXO1 and FOXO3 is downregulated in compensated and 

decompensated RV of PAH patients 

 

Next, we performed mRNA expression analysis using qRT-PCR from the cDNA reverse 

transcribed from RNA extracted from RV of hRV, cRV and dcRV. Correspondingly, the mRNA 

expression of both FOXO1 and FOXO3 was unchanged in the cRV state but was significantly 

downregulated in the dcRV state (Figure 11). 

 

Figure 11. mRNA expression of FOXO1 and FOXO3 isoforms in RVs of human PAH patients. 

FOXO1 and FOXO3 mRNA expression in healthy, compensated (cRV) and decompensated (dcRV) 

RVs. hRV (n=6), cRV (n=6), dcRV (n=9). Error bars indicate the mean with SEM. Data were analyzed 

using one-way ANOVA with tukey’s multiple comparisons test. *p<0.05, ***p<0.001, ns=not significant.  
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4.1.2 Reduced immunoreactivity of FOXO3 in decompensated RV of PAH patients 

 

The histological expression pattern of FOXO3 was assessed by immunofluorescence staining 

in the RV sections of healthy controls, compensated and decompensated PAH patients. The 

staining of RV sections with wheat gram agglutinin (WGA) indicated hypertrophy in 

cardiomyocytes in both cRV and dcRV. Consistent with RNA seq and quantitative real-time 

PCR results, the overall signal intensity of FOXO3 was increased in cRV and decreased in 

dcRVs. The signal was predominantly in the nucleus in hRV, in the nucleus and the cytoplasm 

in cRV and almost completely absent in dcRV (Figure12) 

 

Figure 12. Immunolocalization of FOXO3 in human healthy, compensated and decompensated 

RV tissues. Representative immunofluorescence stainings of WGA (green), FOXO3 (red) and DAPI 

(blue). hRV (n=3), cRV (n=3) and dcRV (n=3). Scale bar: 50µm. 
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4.2 Transcriptional downregulation of Foxo isoforms in MCT induced RV failure in rats 

Further to explore the expression pattern of Foxos in the animal models classically used to 

study the evolution of RV remodeling, which essentially also mimics the molecular and 

histological features described in PAH patients. We first employed the MCT (5 weeks) rat 

model, which mimics the natural course of RV failure. Interestingly, all the Foxo isoforms 

(Foxo1, Foxo3, and Foxo4) are transcriptionally downregulated in RV of rats injected with MCT 

relative to their respective controls (Figure 13A–13C). Similar to human decompensated RV, 

Foxos were significantly downregulated in MCT RV. 

 

Figure 13. Expression of FoxO isoforms in RV of MCT rats. A-C) Normalized read counts of Foxo1, 

Foxo3 and Foxo4 derived from RNA sequencing of control (n=10) and MCT (5 weeks) (n=7) rat RV 

tissues homogenates. Error bars indicate the mean with SEM. Data were analyzed using one-way 

ANOVA with tukey’s multiple comparisons test. **p<0.01, ***p<0.001. 

Next, we performed mRNA expression analysis using qRT-PCR from the cDNA reverse 

transcribed from RNA extracted from RV of control and MCT rats. Similarly, the mRNA 

expression of Foxo3 was significantly downregulated in the MCT rats (Figure 14). 

 

Figure 14. mRNA expression of Foxo3 in RV of MCT rats. Foxo3 mRNA expression in control (n=3) 

and MCT (n=4) RV. Error bars indicate the mean with SEM. Data were analyzed using an unpaired t-

test. *p<0.05. 
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4.2.1 Dysregulated activity of Foxo3 in MCT induced RV failure in rats 

 

Next, we assessed the total and phosphorylated protein expression levels of Foxo3 in 

cytoplasmic and nuclear lysate fractions from RV homogenates of control and MCT rats. 

Western blot analysis (Figure 15A) and subsequent densitometric quantification demonstrated 

a significant decrease in the total foxo3 levels (Figure 15B) and a significant increase in the 

phosphorylation levels of foxo3 (Figure 15C) in the nuclear fraction of MCT RV compared to 

controls. However, there was no significant change in the cytoplasmic levels of foxo3 in both 

MCT and control RV. 

 

Figure 15. Protein expression of Foxo3 in RV of MCT rats. A) Representative western blot images 

of cytoplasmic and nuclear protein lysates of control (n=3) and MCT (n=4) rat RV tissues homogenates. 

B, C) Densitometric quantification of the western blots. Error bars indicate the mean with SEM. Data 

were analyzed using one-way ANOVA with tukey’s multiple comparisons test. *p<0.05, ***p<0.001, 

ns=not significant. 
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4.2.2 Reduced immunoreactivity of Foxo3 in MCT-induced RV failure in rats 

 
The histological expression pattern of Foxo3 was assessed by immunofluorescence staining 

in the RV sections of control and MCT RVs. Consistent with stainings from human hRVs, the 

signal was predominantly in the nucleus in the control RV and the overall signal intensity was 

decreased in MCT rats, similar to human dcRVs. (Figure 16). 

 

Figure 16. Immunolocalization stainings of Foxo3 in control and MCT RV tissues. Representative 

immunofluorescence stainings of WGA (green), Foxo3 (red) and DAPI (blue). Ctrl (n=3), MCT (n=3). 

Scale bar: 50µm. 
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4.3 Expression of Foxo3 in pulmonary artery banding (PAB) model of RV dysfunction 

The next preclinical animal model we employed is the PAB model of RV dysfunction. This 

model is based on the narrowing of the internal diameter of the main pulmonary artery, which 

serves as a model of RV failure. This model does not impact the pulmonary vasculature but 

exhibits direct effects on the RV due to increased pressure overload. Two time points of PAB 

were employed to understand RV's compensated (day 35) and decompensated states (day 

53). A cardiac functional assessment revealed a decrease in the ejection fraction (RVEF) and 

an increase in RVSP and Fulton index (RV/LV+S) in the PAB group at both time points 

compared to their respective sham groups. Although not significant, the RVEF and Fulton 

index were worsened to a greater degree at day 53 of PAB (Figure 17A–C) 

            

Figure 17. Cardiac function, Haemodynamic and RV hypertrophy measurements in rats 

subjected to PAB. RV ejection fraction (RVEF), RV systolic pressure (RVSP) and Fulton index 

(RV/LV+S) measured in Sham (n=4) and PAB (n=4) at day 35 and day 53 post PAB. Error bars indicate 

the mean with SEM. Data were analyzed using two-way ANOVA with tukey’s multiple comparisons test. 

**p<0.01, ****p<0.0001, ns=not significant. 

 

Further, we assessed the expression of the total and phosphorylated state of Foxo3 in the 

compensated state of RV hypertrophy. We subjected rats to sham or PAB surgery and 

harvested the RV tissues after 5 weeks (35d) and isolated protein. Western blot analysis 

revealed foxo3 localized in the nucleus and the phosphorylated Foxo3 at serine 253 residue 

(pFoxo3 (S253)) in both cytoplasm and nucleus (Figure 18A). Although there was no 

significant difference in the total Foxo3 levels (Figure 18B), pFoxo3 levels were significantly 

reduced in the nucleus of rats subjected to PAB compared to sham animals (Figure 18C), 

which corroborates the findings from humans where foxo3 expression was increased at the 

compensated state of RV. 
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Figure 18. Protein expression of Foxo3 in RV of PAB 35days rats. A) Representative western blot 

images of cytoplasmic and nuclear protein lysates of Sham (n=3) and PAB35days (n=4) rat RV tissues 

homogenates. B, C) Densitometric quantification of the western blots. Error bars indicate the mean with 

SEM. Data were analyzed using one-way ANOVA with tukey’s multiple comparisons test. *p<0.05, 

**p<0.01, ****p<0.0001, ns=not significant.4.3.1  

4.3.1 Downregulation of Foxo3 in pulmonary artery banding (PAB) induced RV failure 

 
We assessed the expression of Foxo3 in sham and PAB rats (53days). Similar to findings in 

humans and the MCT model, Foxo3 mRNA expression in the decompensated RV was 

significantly downregulated in rats subjected to PAB (Figures 19A and 19B). 

 

Figure 19. mRNA expression of Foxo3 in RV of PAB in rodents. A) Foxo3 mRNA expression in 

sham (n=4) and PAB 35d (n=4) mice RV. B) Foxo3 mRNA expression in sham (n=4) and PAB 53d (n=4) 

rat RV. Error bars indicate the mean with SEM. Data were analyzed using an unpaired t-test. *p<0.05, 

**p<0.01. 
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The histological expression pattern of Foxo3 was assessed by immunofluorescence staining 

in the RV sections of Sham and PAB RV. Consistent with stainings from human RVs, the signal 

was predominantly in the nucleus in the sham RV; however, the overall signal intensity was 

decreased in rats subjected to PAB (Figures 20). 

 

Figure 20. Immunolocalization stainings of Foxo3 in control and PAB RV tissues. A) 

Representative immunofluorescence stainings of WGA (green), Foxo3 (red) and DAPI (blue), Sham 

(n=3), PAB 53days (n=3) rat RV. Scale bar: 50µm. 

 

4.4 FOXO3 expression is downregulated in cardiac fibroblasts (CFs) when cultured on 

a stiff matrix 

Mechanically, fibrosis is distinguished by matrix stiffness, which has been demonstrated to 

enhance CF activation, thus accelerating the progression of fibrosis via a positive feedback 

process (138). To delineate whether mechanical or physical cues conveyed by ECM stiffness 

modulated the expression of FOXO3 in CFs, we used matrigel coated cell culture dishes with 

different stiffness (0.5/12/50 kPa) to mimic the normal, compensated and decompensated 

states of myocardial tissues (Figure 21A and 21B). 

 

Figure 21. Expression of FOXO3 in CFs cultured on soft and stiff matrix. A) Graphical image 

illustrating the later view of a cell culture well coated with matrigel. B) Representative graphical 

illustration of cardiac fibroblasts cultured on soft, medium and stiff matrix gels. 
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We performed mRNA and protein expression analysis of total and phosphorylated FOXO3 in 

cardiac fibroblasts cultured on soft (0.5 kPa), medium (12 kPa) and stiff matrix (50 kPa). 

Although the mRNA expression of FOXO3 was not significantly altered in CFs when cultured 

on medium and stiff matrix, there is an appreciable downward trend in the expression in the 

medium matrix and increased in the stiff matrix (Figure 22A). We next assessed the total and 

phosphorylated levels of FOXO3. Interestingly, the levels of pFOXO3 were increased and total 

FOXO3 levels were decreased with an increase in stiffness of the matrix. The consequences 

of FOXO3 downregulation lead to activation of extracellular matrix (ECM) protein markers like 

Periostin (POSTN) in CFs cultured on the stiff matrix (Figures 22B and 22C). Through 

immunofluorescence staining, we found that different hydrogel stiffnesses imposed different 

degrees of CF activation, where the expression of FOXO3 was decreased with increasing 

matrix stiffness (Figure 22D). Collectively, these data indicate that the activity and subcellular 

localization of FOXO3 could be associated with stiff matrix-induced cardiac fibroblast activation 

and regulation of ECM-related genes. 
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Figure 22. The expression and activity of FOXO3 in the CFs cultured on a stiff matrix. A) qRT-

PCR analysis of FOXO3 in CFs cultured on different matrix stiffness at 24h time point. B) Representative 

images of protein levels of pFOXO3, FOXO3 and POSTN determined by western blot analysis. C) 

Corresponding densitometric quantification of the western blots. D) Immunofluorescence images 

indicated decreased FOXO3 expression with increasing stiffness (FOXO3 (red), DAPI (green)). Scale 

bar =  50 μm. n=3. Error bars indicate the mean with SEM. Data were analyzed using one-way ANOVA 

with tukey’s multiple comparisons test. *p<0.05, **p<0.01, ns=not significant. 

 

 
4.5 FOXO3 expression is diminished in cardiac fibroblasts (CFs) in response to hypoxia 

To explore the regulation of FOXO3 under hypoxic stress, a pathophysiological process 

involved in the transition of the compensated RV to decompensated RV (139), primary human 

CFs were cultured under normoxia and hypoxia (1% O2) for 48h. A decrease in FOXO3 mRNA 

expression and correspondingly a significant increase in remodeling markers (ACTA2, 

POSTN) and hypoxic markers (CA9) were observed under hypoxia compared to normoxia 

(Figure 23A). Similarly, the protein expression of FOXO3 and remodeling markers (aSMA and 

POSTN) were increased in hypoxia (Figure 23B) which were then quantified (Figure 23C). 
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Figure 23. The expression of FOXO3 in response to Hypoxia. Human primary cardiac fibroblasts 

(HCFs) (n=3) were cultured under hypoxia for 48h, and cell lysates were prepared at indicated timepoint. 

A) mRNA expression of FOXO3, remodeling and hypoxic marker genes in HCFs. Data were analyzed 

using 2-way ANOVA with Sidak’s multiple comparison test. B) Western blots analysis of FOXO3, aSMA 

and POSTN and corresponding C) densitometric analysis. Data were analyzed using the Unpaired t-

test. D) Subcellular localization of FOXO3 (green), pFOXO3 (green), CA9 (green) and aSMA (red), DAPI 

(blue) in HCFs. Error bars indicate mean with SEM.. *p<0.05, **p<0.01, ***p<0.001, ns=not significant. 

Scale bar: 50µm. 

 

To further evaluate the subcellular localization, we performed immunofluorescence stainings, 

indicating the nuclear exclusion of FOXO3 and increased phosphorylation of FOXO3 in HCFs 

cultured under hypoxia. Hypoxic marker carbonic anhydrase 9 (CA9) and myofibroblast marker 

alpha-smooth muscle actin (aSMA) staining was increased in hypoxic CFs (Figure 23D). 

These observations confirmed that FOXO3 expression is dysregulated under hypoxia and 

could promote the fibrogenic response of CFs. 
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4.6 Knockdown of FOXO3 in human cardiac fibroblasts activates ECM and interferon-

associated transcriptional targets 

To investigate FOXO3 dependent differential expressed transcriptional targets, we reduced 

FOXO3 expression using siRNA in cultured human primary cardiac fibroblasts. 48h post siRNA 

transfection (siFOXO3), both mRNA and protein expression of FOXO3 was significantly 

reduced as compared to the negative control (siScr) siRNA treatment (Figure 24A and 24B). 

To identify the direct transcriptional targets and signaling pathways regulated by FOXO3, we 

extracted RNA from siScr, and siFOXO3 treated cells and performed RNA sequencing. 

BioAnalyzer assessed RNA integrity (RIN), and RIN values of all samples were over 7. A total 

of 76 genes were differentially regulated by FOXO3, out of which 34 were up-regulated 

differentially expressed genes (DEGs) and 42 were down-regulated DEGs analyzed using 

EdgeR (FDR<0.05; Log2FC>+-0.585, Mean counts>5) (Figure 24C and 24D) 

 

To generate insights into the potential biological functions of these DEGs, we performed 

functional enrichment analyses to identify top enriched transcription factors using TRANSFAC 

and JASPAR database, top enriched pathways using Reactome pathways database and 

biological processes using Gene Ontology (GO) database. Interestingly we found enrichment 

of crucial developmental transcription factors (TFs) such as KLF4, KLF11 and MYCN, also 

other transcription factors like IRF9, which play an important role in anti-viral immunity by 

driving the cell into an antiviral state (Figure 25A) 
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Figure 24. Analysis of differentially expressed genes (DEGs) upon knockdown of FOXO3 in 

HCFs. 

HCFs were transfected with negative control siRNA (siSCr) (n=3) or siFOXO3 (n=3) for 48h followed by 

RNA and protein extraction. Both A) mRNA levels and B) protein levels of FOXO3 in siScr and siFOXO3 

and their respective quantifications. Data were analyzed using 2-way ANOVA with Sidak’s multiple 

comparison test (A) and paired t-test (B). C) The MA plot displays mean normalized counts vs. log2-FC. 

The volcano plot shows the significance of each expressed gene (−log10 (FDR) values on the y-axis) 

plotted against the FC (log2 scale) (x-axis). Significant DEGs classified by DESeq2 are highlighted in 

red or green. D) Heatmap representation of the top 50 significant DEGs according to the FDR computed 

by DESeq2 (FDR<0.05; Log2FC>+-0.585, Mean counts>5). Depicted are row-wise z-scores of DESeq2-

normalized counts. 

 

The analysis revealed deregulated genes and pathway networks associated with interferon 

signaling and ephrin signaling (Figure 25B). Furthermore, GO enrichment analysis pointed 

towards biological processes such as cellular response to the type 1 interferon signaling 

pathway (Figure 25C). 
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Figure 25. Histogram of Transcription factors (TFs), Gene Ontology (GO) enrichment and 

pathway analysis of DEGs. A pathway enrichment analysis was performed on a target list of 285 

DEGs. The list of significantly enriched categories is displayed as bar charts with –log2 (P-value) and a 

corresponding table chart. The enrichment analysis was conducted against the following databases: A) 

top enriched transcription factors (TRANSFAC and JASPAR PWMs). B) top enriched pathways 

(Reactome pathways). C) top enriched Gene Ontology (GO) biological process. 
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4.7 Fibroblast-specific Foxo3 deletion deteriorates RV function in mice subjected to 

chronic pressure overload 

4.7.1 Decreased survival rate 

 
To determine whether Foxo3 depletion in FBs plays a role in the RV failure, we generated FB-

specific loss of function by crossing Foxo3fl/fl mice with mice harboring Col1a1 driven Cre 

recombinase. Adult mutant (Foxo3fl/fl; Col1a1Cre, hereafter referred to as Fibroblast specific 

Foxo3 knockout (fb-Foxo3-/-)) and control (Foxo3fl/fl denoted as wildtype (WT)) mice were next 

subjected to PAB surgery and post five weeks (35 days) of PAB. Mice underwent cardiac MRI 

and right heart catheterization (RHC) before being sacrificed for anatomical and histological 

assessments. A group of sham-operated WT and mutant mice served as controls (Figure 

26A). None of the sham-operated mice died during surgery and throughout the experiment. 

During the period of the disease development in PAB-operated mice, none of the mice died in 

the WT group, while two mutant mice subjected to PAB died two days before the termination 

of the experiment (Figure 26B). 

 
Figure 26. A) Schematic representation of the experimental design. B) Kaplan-Meier survival curve 

demonstrates increased post-pulmonary artery banding (PAB) mortality in mutant mice (fb-Foxo3-/-) 

compared with wildtype (WT) mice. 

 

4.7.2 Reduced RV function assessed by cardiac magnetic resonance (CMR) imaging 

 
Additionally, we assessed cardiac function using non-invasive imaging techniques such as 

CMR imaging. A representative two-chambered short axis (Figure 27A)  and four-chambered 

long axis cine images (Figure 27B) at end-systolic and end-diastolic phases in both WT and 

mutant mice subjected to PAB displayed hypertrophy and a substantial increase in end-systolic 

and end-diastolic right ventricle internal diameter (RVID) (double-headed arrows in Figure 27A 

and Figure 27B). However, five weeks post-PAB, mutant mice (fb-Foxo3-/-) displayed a 

severe dilation of RV. As a result, the left ventricle was compressed, reflected in the linear 

shape of the interventricular septum (IVS). 
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Figure 27. Representative MRI images of a mouse heart at end-diastolic and systolic images for each 

experimental group are shown in A) axial (two-chambered) and B) coronal (four-chambered) view at 

end-diastole and end-systole at 5 weeks after Sham or PAB surgery. 

 

Next, we assessed the cardiac functional parameters by analyzing the images acquired from 

CMR imaging. As hypothesized, the analysis revealed RV dysfunction in WT mice that 

underwent PAB surgery which is reflected by a significant decrease in cardiac index (CI) and 
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Ejection fraction (RVEF). Simultaneously, the RV end-diastolic volume to LV end-diastolic 

volume ratio (RVEDV/LVEDV) and RV end-diastolic mass to RV end-diastolic volume 

(RVEDM/RVEDV) ratio is significantly increased in WT on day 35 post-PAB. However, 

interestingly, mutant mice (fb-Foxo3-/-) that underwent PAB surgery exhibited much more 

severe RV dysfunction compared to WT mice at day 35 post-PAB, which was reflected by the 

significant decrease in the CI, stroke volume index (RVSVI) and RVEF, and a significant 

increase in RVEDV/LVEDV. In conjunction, the mutant mice group displayed severe RV 

dysfunction compared to the WT group upon PAB (Figure 28A-28E). 

  
Figure 28. Cardiac functional analysis of Fibroblast specific Foxo3 knockout upon PAB.  

A-E) Cardiac index (CI), RV stroke volume index (RVSVI), RV ejection fraction (RVEF), RV end-diastolic 

volume to LV end-diastolic volume ratio (RVEDV/LVEDV) and RV end-diastolic mass to RV end-diastolic 

volume (RVEDM/RVEDV) were measured in WT (Sham (n=6) and PAB (n=6)) and mutant mice (Sham 

(n=7) and PAB (n=6)) both at baseline (day0) and day 34 post PAB. Error bars indicate the mean with 

SEM. Data were analyzed using two-way ANOVA with tukey’s multiple comparisons test. *p<0.05, 

**p<0.01, ****p<0.0001, ns=not significant. 
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4.7.3 Altered hemodynamic response in mutant mice 

 
Before sacrificing the mice at day 35 post-PAB, invasive right heart catheterization (RHC) and 

anatomical measurements were performed to measure the systemic and pulmonary 

hemodynamics and the hypertrophic growth of RV, respectively. All PAB-operated mice 

developed severe right ventricular hypertrophy as evident with significantly increased Fulton 

index (RV/LV+S) and RV mass to tibia length ratio (RV/tibia length); however, the hypertrophy 

was more pronounced in the mutant mice subjected to PAB compared to WT littermates. 

Similarly, PAB-operated WT mice displayed increased right ventricular end-diastolic pressure 

(RVEDP). However, PAB-operated mutant had significantly higher values of RVEDP 

compared to WT littermates, while mutant PAB mice had significantly higher RVEDP values 

compared to WT littermates. PAB surgery resulted in a similar degree of increased RVSP in 

both WT and mutant mice.  

 

 
Figure 29. Hemodynamic and anatomical parameters of Fibroblast specific Foxo3 knockout upon 

PAB. A-E) Fulton index (RV/LV+S), RV/tibia length, Right ventricular end-diastolic pressure (RVEDP, 

mmHg), Right ventricular systolic pressure (RVSP, mmHg), Left ventricular systolic blood pressure 

(LVSP, mmHg) was measured in WT (Sham (n=5) and PAB (n=7)) and mutant mice (Sham (n=7) and 

PAB (n=6)) at day 35 post-PAB. Error bars indicate the mean with SEM. Data were analyzed using two-

way ANOVA with tukey’s multiple comparisons test. *p<0.05, **p<0.01, ****p<0.0001, ns=not significant. 
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On day 35 post sham or PAB surgery, mice from all groups had no significant changes in left 

ventricular systolic pressure (LVSP), regardless of their genetic background or treatment 

(Figure 29A-29E). Together these results demonstrate that loss of Foxo3 in Col1a1 lineage 

CFs leads to reduced cardiac function and increased cardiac hypertrophy after PAB-induced 

pressure overload injury. 

 

4.7.4 Immunofluorescence and histopathological assessment of cardiomyocyte 

hypertrophy, capillary density and fibrosis in RV 

 
Immunofluorescence staining on transversal slices of right ventricular cardiomyocytes stained 

with wheat gram agglutinin (WGA-FITC) (green), which specifically stains the cell membrane 

of all cardiac cell types, was employed to measure the CSA of RV cardiomyocytes and Isolectin 

b4 (IB4) (red) which stains explicitly the cell membrane of endothelial cells to quantify the 

capillary density in the RV. As seen in (Figure 30A), the individual cardiomyocytes are much 

more prominent in size in the PAB group on day 35. However, quantitatively, the CSA in mutant 

mice was markedly increased, with no capillary density change compared to Wt PAB mice 

(Figure 30B-30C).  
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Figure 30. A) Representative images of RV stained with Wheat germ agglutinin (WGA) (green) or 

Isolectin B4 (IB4) (red) from Wt and mutant mice subjected to either sham or PAB. B–C) Quantitative 

analyses of cardiomyocyte cross-sectional area and capillary density in RVs from WT (Sham (n=3) and 

PAB (n=3)) and mutant mice (Sham (n=3) and PAB (n=3)) at day 35 post-PAB. Error bars indicate the 

mean with SEM. Data were analyzed using one-way ANOVA with tukey’s multiple comparisons test. 

*p<0.05, **p<0.01, ***p<0.001, ns=not significant. 

 

Histological examination of right ventricular tissues with Picric Sirius red staining revealed that 

mice upon PAB developed a marked increase of RV myocardial fibrosis compared to sham 

mice (Figure 31A). However, at least histologically, no significant changes were observed in 

myocardial fibrosis between Wt and mutant mice upon PAB. (Figure 31B). 

 
Figure 31. A) Representative images of RV stained with Picric sirious red from Wt and mutant mice 

subjected to either sham or PAB. B) Quantitative analysis of the percentage of fibrotic area in RVs from 

WT (Sham (n=3) and PAB (n=3)) and mutant mice (Sham (n=3) and PAB (n=3)) at day 35 post-PAB. 

Error bars indicate the mean with SEM. Data were analyzed using one-way ANOVA with tukey’s multiple 

comparisons test. **p<0.01, ***p<0.001, ns=not significant. Scale bar:100µm. 
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4.7.5 mRNA expression profiling of maladaptive remodeling genes 

 
Next, we examined if the known marker genes induced during maladaptive remodeling in RV 

upon PAB, such as hypertrophic markers genes (Nppa, Nppb), fibrotic marker genes (Postn, 

Col3a1), cell contractility genes (Myh6, Myh7, Acta2, Actc1), cell cycle genes (Ccnd1). The 

genes induced during maladaptive remodeling presented heterogeneous expression levels 

between different animals, possibly due to different cell compositions of the tissue samples 

and heterogeneity in the constriction of the pulmonary artery. Nppa was significantly 

upregulated in both genotypes of the PAB group. However, Nppb, Myh7 and Postn were 

specifically upregulated in mutant mice subjected to PAB, indicating more pronounced 

pathological hypertrophy in those mice (Figure 32).  

 
 

Figure 32. Relative mRNA expression of remodeling and heart failure marker genes in RVs from WT 

(Sham (n=3) and PAB (n=3)) and mutant mice (fb-KO) (Sham (n=3) and PAB (n=3)) at day 35 post PAB. 

Error bars indicate the mean with SEM. Data were analyzed using one-way ANOVA with tukey’s multiple 

comparisons test. *p<0.05, **p<0.01, ***p<0.001, ns=not significant. 
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4.7.6 Comparison of transcriptomic profiles in the RV of WT-Sham and Fb-FoxO3-Sham 

mice 

 

To determine fibroblast-specific FoxO3 deletion‑mediated alteration of gene expression in RV 

of sham mice, RNA‑seq was used to analyze the transcriptome of RV tissue from WT-Sham 

and FB-FoxO3 mice. The volcano plot shows the significance of each expressed gene (−log10 

(FDR) values on the y-axis) plotted against the FC (log2 scale) (x-axis). Significant DEGs 

classified by DESeq2 are highlighted in red or green between WT-Sham and FB-FoxO3-Sham 

groups (Figure 33A). A total of 255 DEGs were obtained between the groups, and a heatmap 

with the top 50 most significantly DEGs (up or down) for this contrast (sorted by smallest padj) 

(Figure 33B). Compared with WT-Sham, upregulated genes in the FB-FoxO3 group were 

associated with innate immune responses, such as ‘defense response to virus,’ ‘cellular 

response to interferon-alpha and gamma,’ ‘positive regulation of type I interferon-mediated 

signaling pathway’ (Figure 33C). These results indicate that Foxo3 might be involved in 

regulating innate immune responses, such as interferon-mediated signaling pathways in the 

RV of mice. 
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Figure 33. Transcriptomic profiling in the RV of FB-FoxO3 mutant mice. A) The volcano plot shows that 

the significant DEGs classified by DESeq2 are highlighted in red or green. B) A heatmap shows the top 

50 DEGs between WT-Sham (n=3) and Fb-FoxO3-Sham (n=3) mice. C) GSEA analysis of the DEGs 

between WT-Sham and Fb-FoxO3-Sham. 

 

4.7.7 Comparison of transcriptomic profiles in the RV of WT-Sham and WT-PAB mice 

 
To determine PAB‑mediated alteration of gene expression in RV of WT mice, RNA‑seq was 

used to analyze the transcriptome of RV tissue from WT-Sham and WT-PAB mice. The 

volcano plot shows the significance of each expressed gene (−log10 (FDR) values on the y-

axis) plotted against the FC (log2 scale) (x-axis). Significant DEGs classified by DESeq2 are 

highlighted in red or green between WT-Sham and WT-PAB groups (Figure 34A). A total of 

1270 DEGs were obtained between the groups, and a heatmap with the top 50 most 

significantly DEGs (up or down) for this contrast (sorted by smallest padj) (Figure 34B). 

Compared with WT-Sham, upregulated genes in the Wt-PAB group were associated with 

ECM-related terms, such as ‘Extra cellular matrix organization,’ ‘Integrin signaling,’ ‘ECM 
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synthesis and degradation,’ ‘Immune system.’ Compared with WT-Sham, downregulated 

genes in the WT-PAB group were associated with G-protein coupled adrenergic receptors, 

such as ‘Adrenoreceptors’ (Figure 34C). These results indicate that PAB in WT mice induces 

ECM reorganization or remodeling, leading to a stiff matrix in the RV, and the changes in ECM 

can negatively impact the sympathetic response ('flight-or-fight response'), resulting in 

abnormal heart rate and energy demand responses. 

  

Figure 34. Transcriptomic profiling in the RV of WT-PAB mice. A) The volcano plot shows that the 

significant DEGs classified by DESeq2 are highlighted in red or green. B) A heatmap shows the top 50 

DEGs between WT-Sham (n=3) and WT-PAB (n=4) mice. C) GSEA analysis of the DEGs between WT-

Sham and WT-PAB mice. 
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4.7.8 Comparison of transcriptomic profiles in the RV of FB-FoxO3-Sham and FB-

FoxO3-PAB mice 

 
To determine the transcriptional response of FB-FoxO3 upon subjecting them to PAB, 

RNA‑seq was used to analyze the transcriptome of RV tissue from FB-FoxO3-Sham and FB-

FoxO3-PAB mice. The volcano plot shows the significance of each expressed gene (−log10 

(FDR) values on the y-axis) plotted against the FC (log2 scale) (x-axis). Significant DEGs 

classified by DESeq2 are highlighted in red or green between WT-Sham and WT-PAB groups 

(Figure 35A). A total of 530 DEGs were obtained between the groups, and a heatmap with the 

top 50 most significantly DEGs (up or down) for this contrast (sorted by smallest padj) (Figure 

35B).  

  

Figure 35. Transcriptomic profiling in the RV of FB-FoxO3 mice upon PAB. A) The volcano plot shows 

that the significant DEGs classified by DESeq2 are highlighted in red or green. B) A heatmap shows the 

top 50 DEGs between FB-FoxO3-Sham (n=3) and FB-FoxO3-PAB (n=4) mice. C) GSEA analysis of the 

DEGs between FB-FoxO3-Sham and FB-FoxO3-PAB mice. 

 

fb-Foxo3-Sham_vs_fb-Foxo3-PAB 

A 

C 

B 



76 | P a g e  
 

Compared with FB-FoxO3-Sham, upregulated genes in the FB-FoxO3-PAB group were 

associated with pro-proliferative and anti-apoptotic phenotypes, such as ‘negative regulation 

of the apoptotic process,’ ‘positive regulation of smooth muscle cell migration, ‘positive 

regulation of fibroblast proliferation.’ Compared with FB-FoxO3-Sham, downregulated genes 

in the FB-FoxO3-PAB group were associated with the process that activates or increases the 

activity of a GTPase, cardiac muscle cell plasma membrane potential changes and positive 

regulation of endothelial cell proliferation (Figure 35C). These results indicate that PAB in FB-

FoxO3 mice induces hyperproliferation of fibroblasts and coronary artery remodeling, leading 

to myocardial and periarteriolar fibrosis. Down regulation of endothelial cell proliferation also 

hints toward blunted angiogenic and cardiac conduction processes. 

 

4.7.9 Comparison of transcriptomic profiles in the RV of WT-PAB and FB-FoxO3-PAB 

mice 

 
As it is evident from the previous sections that the cardiac function of FB-FoxO3 is much worse 

than WT mice subjected to PAB, RNA‑seq was used to analyze the transcriptome of RV tissue 

from FB-FoxO3-PAB and WT-PAB mice. The volcano plot shows the significance of each 

expressed gene (−log10 (FDR) values on the y-axis) plotted against the FC (log2 scale) (x-

axis). Significant DEGs classified by DESeq2 are highlighted in red or green between WT-

Sham and WT-PAB groups (Figure 36A). 

A total of 254 DEGs were obtained between the groups, and a heatmap with the top 50 most 

significantly DEGs (up or down) for this contrast (sorted by smallest padj) (Figure 36B). 

Compared with WT-PAB, in the FB-FoxO3-PAB group, there were few gene enrichment terms. 

Compared with WT-PAB, downregulated genes in the FB-FoxO3-PAB group were associated 

with ‘complement cascade,’ ‘Innate immunity,’ and ‘Toll-like receptor signaling’ (Figure 36C). 

These results indicate that PAB in FB-FoxO3 mice blunts the innate immune signaling by 

dysregulating the Toll-like receptor signaling pathway and complement cascade system. 
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Figure 36. Transcriptomic profiling in the RV of FB-FoxO3 mice upon PAB compared to WT mice upon 

PAB. A) The volcano plot shows that the significant DEGs classified by DESeq2 are highlighted in red 

or green. B) A heatmap shows top 50 DEGs between WT-PAB (n=3) and FB-FoxO3-PAB (n=4) mice. 

C) GSEA analysis of the DEGs between WT-PAB and FB-FoxO3-PAB mice. 

 

4.8 Pharmacological activation of Foxo3 improves established RV dysfunction in animal 

models 

With the consistent correlation of FOXO3 downregulation to declined  RV function established 

in the previous sections of the results, we sought to determine whether pharmacological 

activation of FOXO3 could improve RV function in vivo. In this study, we used the antipsychotic 

drug trifluoperazine (TFP), which was repurposed for cancer treatment due to its anti-tumor 

properties in various preclinical cancer models (140-142). Especially, TFP was reported to 

inhibit the AKT/forkhead box protein O3 (FOXO3) axis and interfere with DNA repair 

mechanisms and autophagy (140-142), all of which are implicated in the abnormal behavior of 
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cardiac cells in the decompensated RV. Recently, our Canadian collaborators also showed 

that TFP exerts anti-survival and anti-proliferative effects on PAH-PASMCs, and its 

administration improved established PAH in two preclinical models (143)(Figure 37). However, 

whether TFP has a beneficial effect on diastolic function and contractile properties of RV 

remains unknown. To address this question, together with our collaborators, we assessed the 

effects of TFP in two well-established animal models mimicking the RV dysfunction due to 

progressive vascular remodeling (143).                                                                                     

 

Figure 37. Trifluoperazine (TFP) inhibits AKT activity, leading to nuclear translocation of FOXO3 

in PAH-PASMCs (n=9). (A) Representative Western blots and corresponding densitometric analyses 

of p(Ser473)-AKT, AKT, p(Ser253)-FOXO3, FOXO3, p27 and SOD2 in PAH-PASMCs exposed or not 

to TFP for 24 h. (B) Representative immunofluorescence images for subcellular localization of FOXO3 

in PAH-PASMCs exposed to TFP (10 µM) or its vehicle for 24 h. Quantification of the percentage of 

cells exhibiting nuclear expression of FOXO3 is shown. Protein expression was normalized to Amido 

black (AB). * p < 0.05; ** p < 0.01 and *** p < 0.001. Scale bars: 20 µm. Reused under Creative 

Commons Attribution License from reference (143). 

 

4.8.1 Effects of trifluoperazine (TFP) treatment on Monocrotaline (MCT) and Sugen 

hypoxia-induced RV decompensation in rats 

 
We first employed an MCT animal model that mimics the RV dysfunction in PAH patients. To 

accomplish the purpose, rats received a single injection of monocrotaline. Two weeks after 

MCT injection, rats were randomized into two groups that received either TFP or vehicle 

(Figure 38A). Administration of TFP significantly reduced end-diastolic pressure (EDP, mmHg) 

and improved arterial elastance (Ea). Treatment with TFP also significantly improved stroke 

volume (SV) and cardiac output (CO), whereas end-systolic pressure (ESP, mmHg) and slope 

A 

B 
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of maximum and minimum derivative of the change in systolic pressure over time (dP/dtmax, 

dP/dtmin) were unchanged (Figure 38B). Further, we assessed the RV hypertrophy in MCT-

treated rats by measuring cardiomyocyte cross-sectional area (CSA), which was significantly 

attenuated upon treatment with TFP compared to vehicle-treated animals (Figure 38C). 

 

Figure 38. Effects of trifluoperazine (TFP) treatment on Monocrotaline (MCT) induced RV 

decompensation in rats. A) Schematic representation of the experimental protocol for induction and 

therapeutic intervention in the MCT-induced PAH rat model. B) End diastolic pressure (EDP, mmHg), 

End systolic pressure (ESP, mmHg), the slope of maximum/minimum derivative of the change in systolic 

pressure over time (dP/dtmax, dP/dtmin), Arterial Elastance (Ea), stroke volume (SV), cardiac output 

(CO). C) Representative images of RV CSA measured and quantified in control (CTRL) (n=5), 

MCT+vehicle (Veh) (n=5) and MCT+TFP (n=5) rats. Data are presented as mean ± SEM; * p < 0.05; 

** p < 0.01; *** p < 0.001; **** p < 0.0001. Scale bar: 20 μm. 

 

We then employed a second animal model, the sugen/hypoxia (Su/Hx) rat model, to assess 

the therapeutic effects of TFP on RV function. Rats received a single injection of sugen (a 

vascular endothelial growth factor (VEGF) receptor inhibitor) on day 0 and were exposed to 

hypoxia for 3 weeks before being randomly assigned to treatment with vehicle or TFP thrice a 

week for the subsequent 14 days (Figure 39A). On day 35, all animals underwent RHC 

assessment before they were sacrificed. Consistent with the results obtained in the MCT-

induced RV dysfunction, administration of TFP significantly reduced end-diastolic pressure 

(EDP, mmHg), end-systolic pressure (ESP, mmHg) and slope of the maximum derivative of 

the change in systolic pressure over time (dP/dtmax). Treatment with TFP also reduced the 

arterial load and improved arterial elastance (Ea), whereas cardiac output (CO) was 
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unchanged (Figure 39B). Further, we assessed the RV hypertrophy in Su/Hx treated rats by 

measuring cardiomyocyte cross-sectional area (CSA), which was significantly attenuated upon 

treatment with TFP compared to vehicle-treated animals (Figure 39C). 

 
 

Figure 39. Effects of trifluoperazine (TFP) treatment on Sugen-Hypoxia (Su/Hx) induced RV 

decompensation in rats. A) Schematic representation of the experimental protocol for induction and 

therapeutic intervention in the Su/Hx-induced PAH rat model. B) End diastolic pressure (EDP, mmHg), 

End systolic pressure (ESP, mmHg), the slope of maximum/minimum derivative of the change in systolic 

pressure over time (dP/dtmax, dP/dtmin), Arterial Elastance (Ea), cardiac output (CO). C) 

Representative images of RV CSA measured and quantified in control (CTRL) (n=5), Su/Hx+vehicle 

(Veh) (n=5) and Su/Hx+TFP (n=5) rats. Data are presented as mean ± SEM; * p < 0.05; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001. Scale bar: 20 μm. 
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5. DISCUSSION 

Pulmonary artery hypertension (PAH) is characterized by pathological remodeling of the 

pulmonary vasculature, elevating right ventricular (RV) afterload and ultimately establishing 

RV dysfunction. RV dysfunction is the predominant predictor of death in PAH (144-146), and 

the responsiveness of the RV determines the survival of PAH patients. In addition, RV 

dysfunction is not caused only by an increase in afterload since some PAH patients indicate 

the development of RV dysfunction despite therapy with pulmonary vasodilators (147, 148). 

Currently, there are no PAH treatment options that specifically target the RV. Furthermore, 

markers of LV remodeling poorly predict RV dysfunction (149). Therefore, a better 

understanding of the fundamental molecular mechanisms that drive RV failure is necessary to 

improve the long-term prognosis of PAH (150). 

In this study, we aimed to explore the role of the FoxO3 transcription factor during RV 

remodeling and dysfunction in PAH. To address our research objectives, we screened FoxO 

signaling molecules in human, mouse and rat RV samples. We assessed FoxO3 regulation in 

human primary cardiac fibroblasts exposed to various pathological stimuli. Generated 

fibroblast-specific foxO3 KO mice, subjected them to chronic pressure overload and evaluated 

the cardiac function of the mice. Additionally, two preclinical rat models of RV function were 

employed to assess the therapeutic potential of FoxO activators in this case, TFP, in vivo. The 

following are the key findings of this study: i) FOXO3 is increased explicitly in compensated 

RV and significantly decreased in decompensated RV, ii) mRNA expression of FOXO1 and 

FOXO3 is downregulated in compensated and decompensated RV of PAH patients, iii) 

histological expression of FOXO3 is reduced in decompensated RV, iv) Foxo3 activity and 

histological expression are dysregulated in MCT rats and PAB RV of the mouse, v) FoxO3 is 

dysregulated in various pathophysiological processes involved in RV dysfunction, vi) fibroblast 

specific deletion of FoxO3 declined RV function in mice subjected to PAB, vii) pharmacological 

activation of FoxO3 prevent RV dysfunction in Su-Hx and MCT rat models.  

5.1 Inactivation of Foxo3 transcription factor in human decompensated RV  

RV hypertrophy is an adaptive or compensated response to pathological remodeling of 

pulmonary arteries; if not paid attention, it can eventually lead to maladaptive or 

decompensated RV, one of the strongest causes of mortality in PAH patients (144) (Figure 

40). Several groups worldwide are investigating strategies to reverse decompensated state or 

prolong the compensated state of RV. Since FOXOs are key transcription factors involved in 

multiple aspects of cardiac diseases, they have emerged as promising targets in recent years. 

Therefore, it is crucial to understand the FOXO regulation in physiological and pathological RV 

hypertrophy. 
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The role of FOXO3 has not been elucidated in the context of RV failure until now. Our study is 

the first to screen FOXOs expression in human RV tissues from healthy control, compensated 

and decompensated RV. Interestingly, FOXO3 is upregulated during compensated 

hypertrophy and downregulated in decompensated RV (Figure 9B). Similarly, the known 

target genes of the FOXO signaling pathway involved in various cellular processes are also 

significantly regulated in RV-C and RV-DC of PAH patients. Previous studies also showed that 

Foxo3 is inactivated in the hypertrophic heart and can surpass the antigrowth program induced 

by Foxo (126). In another study by Fang et al., cardiac hypertrophic response in high-fat diet-

associated obesity is mediated by the inactivation of Foxo3 by the Akt pathway (151). As 

shown in the study by Kim et al., the inactivation of FOXO pathways is responsible for abnormal 

cardiac growth in PRKAG2 diseases, which is rescued by FOXO1 overexpression (134).  

 

Figure 40. Graphical representation of RV transition from compensation to decompensation. 

“Created with BioRender.com.” 

Transcriptional regulation of FOXOs was further validated by qPCR from the RNA extracted 

from human compensated and decompensated RV tissues. Indeed both FOXO1 and FOXO3 

were significantly downregulated in the human dcRV. Though, there was no significant change 

observed in the mRNA expression at the compensated state (Figure 11A). Furthermore, using 

indirect fluorescence staining of paraffin-embedded human sections, we could further validate 

the expression pattern and localization of FOXO3 in cRV and dcRV. The signal was 

predominantly in the nucleus in hRV, in the nucleus and the cytoplasm in cRV and sporadically 

distributed in dcRV (Figure 12A). Various signaling pathways that include Gq-phospholipase 

C-diacylglycerol (DAG)/inositol triphosphate (IP3), mitogen-activated protein kinases, 

calcineurin-nuclear factor of activated T cells (NFAT), phosphatidylinositol 3-kinase 

(PI3K)/protein kinase B (AKT), mTOR, TGF-β, play a significant role in the development of 

cardiac hypertrophy, and complex crosstalks and feedbacks among these pathways are widely 

studied (152, 153). In the field of cardiac hypertrophy research, noncoding RNAs such as 

microRNAs (miRNAs), circular RNAs (circRNAs), and long noncoding RNAs (lncRNAs) have 

also been receiving increasing interest in recent years and have been implicated in both 

cardiac development and pathological remodeling (154, 155). Multiple microRNAs, including 
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miR-1, miR-21, and miR-132/212, have been found to affect the process of vascular 

remodeling and cardiac hypertrophy by modulating the expression of several target genes, 

including 1-adrenergic receptor, TGF1 receptor III, matrix metalloproteinase-2, and connexin 

43, PDGFRβ (156-158). However, the interaction of FOXO transcription factors with non-

coding RNAs is underexplored, which could determine the expression pattern of FOXOs. 

Although the expression of FOXOs in compensatory cardiac hypertrophy of LV has been 

extensively studied, to our knowledge, this is the first study demonstrating a decreased FOXO1 

and FOXO3 expression in the human dcRV. 

5.2 Expression and localization of Foxo3 in experimental models of RV dysfunction 

In the current study, two established animal models of RV dysfunction were employed to further 

understand the Foxo3 expression levels and localization pattern during cRV and dcRV. To 

begin with, we analyzed the normalized read counts from RNA-sequencing performed on the 

RV from control and MCT rats. The analysis demonstrated significant downregulation of 

Foxo1, Foxo3 and Foxo4 in the RV of MCT rats. At the mRNA level, Foxo3 exhibited a 

significant decrease in MCT rat RV (Figure 14). Multiple pathways are activated or inactivated 

during pressure overload-induced cardiac growth resulting in metabolic maladaptation, 

contractile dysfunction, abberant angiogenesis and dysregulated adrenergic signaling. Several 

growth factors, cytokines, metabolites and hormones are mediators of several pathways that 

can activate or inactivate FOXO proteins. These results suggest that beta2 -AR stimulation 

results in rapid upregulation of miR-374b-5p and miR-7a-1-3p in myotubes, resulting in a 

decrease in FoxO1 mRNA expression via the beta2 -AR-cAMP signaling pathway (159). Ang 

II signaling effects on sGC expression occurred through an AT1 receptor and FoxO 

transcription factor-dependent mechanism at both the mRNA and protein expression levels 

(160). Regulation of the stress response is a key function of FOXO transcription factors and 

activation of FOXOs in response to stress is partly mediated by Jun-N terminal kinase (JNK) 

(161). Metabolic adaptation of cardiomyocytes is fundamental to the survival of the stressed 

heart. The ATP-dependent potassium channels (KATP channels) are the most important 

sensors of cellular energy status that can strongly regulate the expression of Foxo1 and Foxo3 

during the compensation and decompensation of the heart (162). Altered Ca2+ handling is often 

present in diseased hearts undergoing structural remodeling and functional deterioration. 

Calmodulin-dependent protein kinase II (CaMKII) and the calmodulin-dependent protein 

phosphatase calcineurin (Cn) are two major transducers of Ca2+ signals in cardiomyocytes 

which are known to regulate Foxo signaling in the heart (163). To further elucidate the 

molecular processes of FOXO proteins in transcriptional control, more research has focused 

on post-translational modifications (PTMs). >400 forms of protein PTMs, including 

phosphorylation, acetylation, ubiquitination, methylation, glycosylation, tiny ubiquitin-like 
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modification, and nitrosylation, have been identified. Different PTMs alter the expression of 

FOXO target genes and influence the activity, subcellular localization, DNA-binding activity, 

and half-life of FOXO proteins through distinct enzymatic processes (164). FOXO protein 

phosphorylation, mediated by various protein kinases, is the most significant PTM. Different 

enzymes control phosphorylation at distinct locations on FOXO proteins to generate distinct 

biological effects. Therefore, we next analyzed the phosphorylation status and the sub-cellular 

localization of Foxo3 in the control and MCT rat RV homogenates. Interestingly, the total Foxo3 

levels in the nuclear fraction were significantly decreased, and phosphorylated levels of Foxo3 

were increased in the MCT RV compared to ctrl RV. However, no changes were observed in 

the cytoplasmic fraction (Figure 15A-15B). Corroborating these findings, we also observed a 

significant reduction in the immunoreactivity of Foxo3 in rat MCT RV compared to control RV 

(Figure 16).  

The MCT model is the classical experimental PAH model to study pathophysiological 

mechanisms and therapeutic options for the disease. However, RV dysfunction in the MCT 

model is due to progressive vascular remodeling. Although there are numerous well-

characterized animal models for LV failure, the PAB model is the only one that can be used 

reliably to study RV failure. Pressure overload is the most prevalent cause of RV hypertrophy 

and failure in individuals with PAH and other disorders associated with PH. The PAB model of 

RV hypertrophy and failure has lately attracted considerable interest as one of the most 

important research tools for elucidating the processes driving RV remodeling and assessing 

possible RV-directed treatments. The most significant advantage of this model over classical 

animal PH models (chronic hypoxia-induced PH and monocrotaline (MCT)-induced PH) and 

the distinctive SuHx-PH model (combination of a vascular endothelial growth factor receptor 

(VEGFR) antagonist, Sugen 5416 (Su5416), and exposure to 3 weeks of chronic hypoxia in 

rats) is that it permits a detailed and specific investigation of the mechanisms of RV dysfunction 

and remodeling independent of pulmonary vascular remodeling. Creating a fixed RV pressure 

overload by placing a metal clip on the main pulmonary artery or ligating it with a suture to 

reduce the main pulmonary cross-sectional area to around 70 percent is a fundamental aspect 

of the PAB model, which is utilized in a variety of animals, including small (mice and rats) and 

large (sheep, pigs, and lambs) animals. In order to investigate the contribution of Foxo3 in RV 

dysfunction due to exclusive pressure overload, we further investigated the expression of 

Foxo3 at day 35 post-PAB. Changes in the RV function at day 35 post-PAB were more 

representative of the compensated state of RV hypertrophy (Figure 17). Western blot analysis 

revealed foxo3 localized in the nucleus and the phosphorylated Foxo3 at serine 253 residue 

(pFoxo3 (S253)) in both cytoplasm and nucleus. Although there was no significant difference 

in the total Foxo3 levels, pFoxo3 levels were significantly reduced in the nucleus of rats 
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subjected to PAB compared to sham animals (Figure 18A-18C), which correlates with the 

expression pattern of Foxo3 in human cRV. As observed in humans and the MCT model, the 

decompensated RV Foxo3 mRNA expression was significantly downregulated in mice and rats 

subjected to PAB (Figure 19). Consistent with stainings from human decompensated RV, the 

signal was predominantly in the nucleus in the sham RV. However, the overall signal intensity 

was substantially decreased in mice and rats subjected to PAB (Figure 20). Apart from the 

above-mentioned various signaling cascades that are activated during RV remodeling, the 

variability in the Foxo3 protein expression and phosphorylation between MCT and PAB model 

could be partly explained by RV changes in the MCT model is not a reflection of mere pressure 

overload that is developed in the model but also due to direct effects of MCT on the RV and 

system vasculature. Moreover, in the MCT model, the RV systolic pressure increases over a 

span of time, while they are acutely induced in the PAB model. 

5.3 FOXO3 expression is diminished in human cardiac fibroblasts (CFs) in response to 

stiff matrix or hypoxia 

The pathophysiological mechanism causing RV failure is complicated and multifaceted. 

Hence, in vitro models reproducing fibroblasts' adaptive and maladaptive characteristics are 

insufficient. Despite this, some in vitro models are necessary to understand the pathogenesis 

in addition to the in vivo findings. 

Cardiac fibroblasts (CFs) are responsible for maintaining ECM composition and organization 

in the ventricular walls. They are critical mediators of the fibrosis that develops in various forms 

of cardiac remodeling pathologies. In response to injury, the CFs become activated and 

acquire a myofibroblast phenotype, characterized by pro-proliferative, excessive ECM 

production, and contractile phenotype due to expression of smooth muscle actin (SMA). 

Conversely, it is becoming increasingly clear that activated CFs display multiple overlapping 

phenotypes depending on their location and the stage of remodeling (165, 166). It has been 

established that the altered mechanical properties of the myocardium associated with cardiac 

diseases activate CFs (167). However, similar to the heterogeneity of CFs phenotypes, the 

mechanical alterations occurring in and adjacent to the infarct are regionally variable and 

change during the compensation and decompensation phases of remodeling. Therefore 

teasing out if mechanical cues regulate specific phenotypic traits may identify novel targets 

that could prevent the adverse progression of cardiac remodeling (168). The fibroblast to 

myofibroblast conversion is a complex process that requires coordinated interaction of several 

factors and mechanisms. It is widely described that substrate stiffness influences cell 

morphology and function; for example, the stiff matrix can promote stress fiber formation in 

cultured fibroblasts and promote their transdifferentiation into myofibroblasts (169-171). Foxo3 
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was found to be down-regulated in IPF myofibroblasts in the lung (132). Another important 

signaling that acts as a mechanosensor in the heart and other contractile cell types is YAP/TAZ 

signaling, which can mediate adaptive cardiac remodeling in response to pressure overload 

(172). YAP and TAZ are mechanoactivated coordinators of the matrix-driven feedback loop, 

which drives the activation of fibroblast and fibrosis (173). YAP is a known nuclear co-factor of 

FoxO1 and can regulate FoxO1 activity (174). Our findings also corroborate that CFs display 

altered phenotypes when cultured on soft and stiff matrices. 

Phosphorylated protein levels of FOXO3 were increased, and total levels were decreased in 

CFs cultured on a stiff matrix. It could be that activated YAP/TAZ signaling under a stiff matrix 

could bind to FOXO3 and modulates its activity and expression. Consequently, ECM protein 

markers like POSTN were in CFs cultured on the stiff matrix (Figure 22). Substrate stiffness 

also regulates integrin-mediated mechanotransduction through intracellular signal transducers 

such as Rho kinases (ROCK) and focal adhesion kinases (FAK) in human mesenchymal stem 

cells (175) and a study by Richard Seonghun et al. have previously shown that in human lung 

fibroblasts, β1-integrin-ECM interaction decreases FoxO3a protein levels via caspase-3-

mediated cleavage and promotes fibroblast proliferation (176). However, the mRNA levels 

were not changed in the stiff matrix. There could be several reasons for the discrepancy in the 

correlation between mRNA and protein levels. There are several complex steps between 

transcription and translation, and a cell could be controlling the mRNA expression due to the 

dynamic proliferating state of the cell (177-179). The rate of post-translational processing of 

FOXO proteins could also be a reason for low protein with the corresponding high mRNA 

levels. Furthermore, to better understand the role of FOXO3 in fibroblast to myofibroblast 

transition in a stiff environment, CFs with loss of Foxo3 should be cultured upon soft and stiff 

matrix and evaluate the transcriptional responses at various time points. 

Similarly, PH and RV hypertrophy frequently develop in patients with hypoxic lung disease. 

Acute hypoxic exposure is correlated with an increase in mean pulmonary artery pressure 

(mPAP), resulting in an increased hemodynamic load on the RV. In addition, hypoxia may 

dysregulate the transcriptional response in the RV. However, the RV responses to such 

changes are not fully understood (180, 181). A study by Kimberly et al. found that chronic 

hypoxia modified the expression of nearly 400 genes in the RV of WT animals, including 

biological processes associated with gene pathways related to cardiac growth, development, 

and cell division, which contributed to the RV hypertrophic remodeling (182). 

Moreover, it is a well-known concept that an important driver of epithelial-to-mesenchymal 

(EMT) in cancer by upregulating remodeling marker genes (183, 184). In this line, we exposed 

CFs to acute hypoxia in vitro and assessed the regulation of FOXO3. Mechanistically, in 
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contrast to previous studies (185), a decrease in FOXO3 mRNA expression and 

correspondingly a significant increase in remodeling markers (ACTA2, POSTN) and hypoxic 

markers (CA9) were observed under hypoxia compared to normoxia. Similarly, the protein 

expression of FOXO3 and remodeling markers (aSMA and POSTN) were increased in hypoxia 

(Figure 23). However, studies related to HIFs and FOXO3 interaction should be further 

addressed because HIFs are known master regulators of hypoxic cellular response and 

chromatin immunoprecipitation (ChIP) studies with HIF-1α demonstrated that FoxO3 as a 

direct target gene of HIF-1 (186). FOXO3 downregulation that we observed in our study is 

contradictory to its expression in a hypoxic situation of cancers, mainly driven by its complex 

microenvironment that is usually not observed in the myocardium of the heart. Nevertheless, 

RV remodeling is a chronic process and several genes have multiple peaks and troughs 

throughout the timeline. It is important to assess the expression of FOXO3 at several stages 

of the disease to understand its precise contribution to the RV remodeling process. 

5.4 Loss of Foxo3 in CFs promoted adverse RV remodeling by dysregulating 

homeostatic proliferation of cardiac cells and innate immune signaling 

To identify target genes of FOXO3 in CFs that might influence remodeling in the heart, we 

cultured human primary cardiac fibroblasts and silenced FOXO3 using siRNA followed by 

RNA-sequencing (Figure 24). Our findings indicate that FOXO3 restrains a transcriptional 

program enriched for genes associated with interferon signaling and ephrin signaling. Type 1 

interferons (IFN-I) are central mediators of antiviral responses and their transcription is 

regulated by multiple transcription factors (187, 188), principal amongst are the family of 

interferon regulatory factors (IRFs) (189). The IRF gene regulatory networks are complex and 

contain multiple feedback loops within themselves and other TFs. Yusuf et al. have shown Klf4 

as a novel FOXO target gene in B cells and overexpressing KLF4 causes cell cycle arrest and 

death in B cells (190). KLF12 acts as a negative regulator of FOXO1 by directly biding to its 

promoter region and disrupts the successful embryo implantation (191). It is already known 

from previous studies that FOXO3 can mediate the transcription of interferon signaling genes 

in different cell types, such as macrophages (192) and neural progenitor cells (193). 

Corroborating this link between Foxo3 and interferon genes, a zebrafish study showed that 

Foxo3b, an ortholog of mammalian FOXO3, is induced by a viral infection and inhibits irf3/irf7 

transcriptional activity and negatively regulates cellular antiviral response (194).  

Communication between the cells is essential for organ function and stress reactions, 

particularly in the heart. Cardiac fibroblasts, cardiomyocytes, endothelial cells, and immune 

cells are the key cell types that coordinate all functional activities in the ventricular myocardium. 

The non-cellular extracellular matrix (ECM) that provides structure and houses growth factors 
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and other signaling proteins that impact cell activity is essential to this cellular network. The 

ECM is synthesized and regulated by myocardial cells, predominantly by cardiac fibroblasts, 

and it also serves as a conduit for communication between all myocardial cells (195). 

After cardiac damage, inflammation is a significant regulator of the reparative response. An 

immediate, strong inflammatory response is crucial for commencing the healing process after 

injury (196). Later immunological responses enhance repair. The timing and intensity of 

inflammatory reactions are crucial for healthy recovery. Persistent inflammation can cause 

more tissue damage, whereas inadequate responses prolong the harmful effects of damaging 

stimuli. All elements of cardiovascular health, including cardiac fibrosis, are governed by 

inflammation. Immune cells and fibroblasts are intricately intertwined, with one cell controlling 

the function of the other. Inflammatory responses that occur in the heart continue to be poorly 

understood, despite the fact that their study has increased in recent years.  

Previous studies have shown a strong correlation between Foxo3 and innate immune 

responses. RNA binding protein YTHDF3 suppresses interferon-mediated innate immune 

responses by promoting Foxo3 translation (197). Foxo3 is also known to regulate genes 

important in the development and maintenance of macrophages, dendritic cells, B and T cells 

(198). FOXO transcription factors also function as central regulators of bacterial stimuli-

induced innate immune responses in lung epithelial cells (199). FOXO3 is implicated in 

regulating NK cell activity and may play a key role in antiviral innate immunity. Therefore, 

populations with polymorphism in the FOXO3 gene resulting in increased FOXO3 activity may 

be beneficial in chronic inflammation, such as cancer and cardiovascular disease, but 

detrimental in managing acute viral infection (200). Supporting this claim, another study 

showed mice epithelial cells lacking Foxo3 exhibit reduced viral clearance capacity and 

enhanced lung inflammation in response to a challenge with rhinovirus via reducing IFN alpha 

and IFN beta expression (201). There is a further need to comprehend the mechanics of heart 

healing because no large-scale immunomodulatory or anti-inflammatory treatment procedures 

have been successfully implemented in clinical practice (202).  

As a central coordinator of ECM deposition, inflammation and immune responses, Cardiac 

fibroblasts have been presented as sentinel cells interacting with local cardiomyocytes and 

inflammatory cells to regulate cardiac remodeling and the role of Foxo3 in regulating cardiac 

fibroblast function and cardiac remodeling has not been well studied. In the present study, we 

generated constitutive fibroblast-specific Foxo3 knockout mice and demonstrated that loss of 

Foxo3 in fibroblasts significantly worsened the cardiac function after PAB-induced cardiac 

dysfunction in mice. Interestingly, dysregulation of ECM due to CF-specific loss of Foxo3 lead 

to increased cardiomyocyte hypertrophy, despite the continued pressure overload stimulus. 
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However, collagen content and microvascular density were not significantly altered. 

Histopathology is based on the qualitative examination of ultra-thin (4µm thick), two-

dimensional slices extracted from a three-dimensional heart. Using two-dimensional slices to 

define the quantitative fibrotic or angiogenesis status of the whole RV can sometimes be 

misleading. A three-dimensional approach would be more appropriate to evaluate the fibrotic 

status in a highly complex and heterogeneous tissue like the heart. However, a significant 

increase in hypertrophy of cardiomyocytes and impaired cardiac conduction in fb-Foxo3 KO 

PAB mice could be indicative of severe RV dilatation, which can further be explained by a 

much significant increase in RVEDV/LVEDV parameter, a surrogate marker for chronic volume 

overload and diastolic dysfunction of RV (Figure 28-31). Moreover, loss of Foxo3 in the 

fibroblasts after PAB leads to amplified mRNA expression of the classical prognostic markers 

for hypertrophy and heart failure such as Nppa, Nppb, Myh7 and Postn (Figure 32), 

demonstrating a severe RV dysfunction in the mutant mice subjected to PAB. 

Indeed, multiple studies have addressed transcriptomic changes in the left heart using bulk 

sequencing under normal conditions, after ischemic injury and upon TAC injury, but the RV 

response to pressure overload/PAB, at least in Foxo3 dependent manner, has so far not been 

addressed. Although a cardiomyocyte perspective has long been studied concerning the 

mechanisms of heart failure progression (203-209), the advent of cell-specific ablation mouse 

models and next-generation sequencing has expanded the view and shifted attention at least 

in part to the non-myocytes of the myocardium. In our bulk RNA-seq analysis from RV tissues 

in wildtype and mutant mice under sham or PAB, we observed strong differential gene 

expression patterns between wildtype and Foxo3 mutants both at the baseline and upon PAB-

induced hypertrophy. At the baseline, Foxo3 mutants displayed a strong upregulation defense 

response to the virus through activation of interferon signaling, and this is consistent with 

previous findings in other cell types that Foxo3 mediates interferon signaling in neural 

progenitor cells (193) and macrophages (192). When subjected to chronic pressure overload, 

wildtype mice upregulated 9 terms related to ECM among the top 10, which signifies 

myocardial ECM as highly dynamic and adaptive to changes in hemodynamic and mechanical 

load which preserve the geometry and integrity of the RV (210) (Figure 34).  
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Figure 41. Schematic representation of loss of Foxo3 mediated adverse cardiac remodeling. 

Extra cellular pathogenic stimuli, such as hypoxia, chronic pressure overload and myocardial stiffness, 

modulate Foxo3 expression in fibroblasts (red ‘NO’ symbols), which leads to its phenotype switching by 

activating interferon signaling and secreting inflammatory signals that will attract the inflammatory cells 

to the heart. The crosstalk between pro-inflammatory fibroblasts, cardiomyocytes and endothelial cells 

will lead to persistent pro-hypertrophic signals, blunted angiogenic response and reduced cardiac 

conduction resulting in adverse cardiac remodeling and driving RV into decompensation. “Created with 

BioRender.com.” 

Further, our data suggest that chronic pressure overload in Foxo3 mutant mice induces pro-

proliferative and anti-apoptotic phenotypes of cardiac fibroblast and smooth muscle cells 

leading to dysregulated collagen fibril organization. Moreover, Foxo3 mutant mice displayed a 

significant increase in response to ischemia indicative of increased oxygen requirements and 

reduced vascular density due to hypertrophy, diastolic dysfunction and abnormalities of intra-

myocardial arterioles (211, 212). We also found depressed capillary density (Figure 35), 

predominantly induced in the chronic phase of pressure overload, where capillary rarefaction 

is known to develop, likely contributing to cardiac dysfunction. The association of capillary 

density with ischemic myocardium is a well-studied phenotype. FoxOs regulate endothelial cell 

migration and maintenance of vascular homeostasis (213-215). Loss of foxo3 could cause an 

imbalance in essential paracrine signaling between fibroblasts and endothelial cells, leading 

to aberrant angiogenesis (Figure 41). 

Our study provides insights into the contribution of the fibroblast-specific Foxo3 role in RV 

remodeling and failure, which because of the use of bulk sequencing of RV tissues with a 
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higher sequencing depth, goes beyond the results of other studies in the field that relied mainly 

on a single cell in vitro cultures. It also serves as a deep resource and a reference for cardiac 

cellular and molecular gene expression pattern under baseline conditions and in chronic 

pressure overload. 

5.5 Pharmacological activation of FoxO factors in vivo improves RV function 

The findings from the transgenic mouse prompted the rationale that reactivation of Foxo3 could 

be an ideal strategy for reversing or slowing down the RV remodeling process. Given the role 

of FoxOs in pathological processes and aging, pharmacological modulation of FoxO functions 

is a potential strategy to develop new therapies and promote the survival of patients. However, 

FOXO factors, like many other transcription factors, are not easily targetable (216). Since FoxO 

transcription factors serve as the central regulator of cellular homeostasis and are tumor 

suppressors in human cancers, impaired FoxO activity has been reported in many cancers 

(217-219). So far, the only efficient method to increase FoxO activity is by using inhibitors that 

block upstream kinases like AKT, AMPK, PI3K that phosphorylate FoxO or by modulating 

microtubules (48, 220, 221). Studies in cancer and PAH, both in vitro and in vivo, show that 

TFP, an approved antipsychotic drug, imparts anti-tumor effects in experimental models by 

targeting various signaling pathways commonly dysregulated in pulmonary vascular diseases 

(143) (Figure 42). Other studies showed that PD-L1 protein levels were inversely correlated 

with FOXO3 protein levels in patients with ovarian, breast, and hepatocellular tumors. 

Pharmacological activation of FOXO3 abrogated PD-L1 protein expression and significantly 

improved the survival rate in syngeneic mouse tumor models (222). Other studies showed that 

TFP could improve myocardial function after acute occlusion of the left anterior descending 

artery and reperfusion (223). 
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Figure 42. Schematic overview of the mechanism of modulating FoxO protein using 

Trifluoperazine (TFP). CaM: CalmodulinM; Ac:acetylation; P:phosphorylation; Ub: Ubiquitination. 

“Created with BioRender.com.” 

Until now, no concrete studies have understood the potential beneficial effects of FoxO 

activators in RV dysfunction. In this study, to determine the effects of TFP mediated by FoxO 

activation on RV function, two in vivo PAH models, MCT and SuHx rat models, were employed. 

MCT-injected rats and rats injected with SU5416 combined with three weeks of chronic 

hypoxia are the two well established PH animal models. The MCT, a toxic alkaloid, is 

subcutaneously injected into the rats, which progresses into PAH development characterized 

by increased medial wall thickening and an increase in the pulmonary artery pressures, 

consequently leading to structural abnormalities and dysfunction in the RV. In the 

Sugen/Hypoxia PAH rat model, a combination of SU5416, a vascular endothelial growth factor 

receptor 2 (VEGFR2) inhibitor, and subsequent exposure to chronic hypoxia is used for PH 

induction. The SuHx rats develop PAH due to endothelial cell death in the pulmonary vascular 

wall followed by the expansion of pro-proliferative and apoptotic resistant vascular cells. 
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Interestingly, the SuHx rat model develops neointima lesions mimicking the human PAH 

pathology. This model recapitulates pathological phenotypes observed in severe forms of PH, 

such as elements of inflammation and angio-obliteration leading to RV dilatation or failure (224, 

225).  

In this study, our results demonstrated that Foxo activation using TFP could be a potential 

therapeutic approach for PH patients with worse RV function. In two well established PH rat 

models, TFP treatment inhibited and reversed PH related increase in RVEDP, arterial 

elastance and cardiomyocyte hypertrophy (Figures 38B and 39B). As we know from previous 

studies, as the severity of PAH increases, there is an increase in max dP/dt and a decrease in 

min dP/dt, indicating the RV contractility changes (226). The beneficial effects of TFP on RV 

contractility and relaxation were observed in the Su-Hx rats, which is a more severe model of 

PH (Figure 39). In the MCT model, an improved stroke volume and cardiac output were upon 

treatment with TFP (Figure 38). Intriguingly, the in vivo cardioprotective effects of TFP were 

further characterized by a decrease in cardiomyocyte hypertrophy in both the animal models 

(Figures 38 and 39C). However, activating Foxo3 can be counterintuitive because studies 

show that Foxos can negatively regulate sirtuins (SIRTs), which play an important role in 

postnatal muscle growth and in preventing cachexia (227), which highlights the importance of 

moderate, stage and site-specific activation of FoxOs in pathologies associated with 

dysregulated FoxO signaling.  

Therefore, our findings demonstrate that transient activation of FoxOs could serve as a 

potential therapeutic strategy for PAH patients with decompensated RV. Moreover, the 

improved contractile and relaxation properties of RV myocardium upon treatment with TFP 

illustrate its RV-specific beneficial effects and may serve as a therapeutic option in etiologies 

of RV failure other than PAH. 

  



94 | P a g e  
 

6. FUTURE OUTLOOK 

In the present study, we have comprehensively evaluated the expression pattern of FOXO3 in 

the compensated and decompensated states of RV humans and further substantiated it in two 

animal modes of PH with severe RV dysfunction. Moreover, the current study also employs 

several invitro approaches to assess the expression of FOXO3 in human cardiac fibroblasts 

exposed to various pathophysiological stresses. Most importantly, we have generated 

fibroblast-specific Foxo3 KO mice and delineated the functional role of Foxo3 upon chronic 

pressure overload in mice. Transcriptomic analysis on the RV tissues revealed several novel 

signaling pathways dysregulated in fb-Foxo3 KO mice upon PAB. However, several aspects 

of Foxo3 signaling and its role in RV failure need to be addressed in the future outlook of this 

project. 

 

6.1 Studying the role of Foxo3 in cardiac myocytes (CMs) and cardiac endothelial cells 

(CECs) 

Since several studies showed that CMs and CECs play a significant role in cardiac remodeling 

and failure, studies in the context of these two cells are vital in understanding the disease 

progression and more cell-specific roles of Foxo3. 

 

In vitro: Studies should address the influence of FoxO knockdown (siRNAs) or deletion (cells 

isolated from FoxO knockout mice) as well as constitutive activation of FoxOs (FoxO3-AAA 

mutants) on matrix stiffness (to mimic the PH conditions) dependent changes in cell 

morphology and functional aspects of CMs/CECs. The functional readouts include changes in 

cardiomyocyte hypertrophy, beating frequency, and assessment of cardiac function and 

stiffness using skinned cardiomyocytes. This should be followed by a detailed analysis of the 

underlying molecular signaling mechanisms.  

 

In vivo:  Myh6/7-Cre (driver line for cardiomyocytes) and Cdh5-Cre (driver line for endothelial 

cells) driven Foxo3 KO mouse lines need to be generated and subject them to 

Hypoxia+Su5416 and PAB to develop PH and RV dysfunction. In these studies, “standard” 

elaborate assessment of pulmonary hemodynamics and RV hypertrophy and function needs 

to be assessed. Moreover, specific imaging and analysis techniques should be applied to 

assess pulmonary artery distensibility index and RV stiffness. Since RV, systolic and diastolic 

longitudinal strain and strain rate were shown to be severely impaired upon chronic pressure 

overload MRI based speckle-tracking imaging should be employed to assess the myocardial 

strain/stiffness in the mutant mice that will be generated. 
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6.2 Comprehensive bioinformatics and Proteomic analysis of RV from fb-Foxo3 KO 

mice upon PAB 

Further comprehensive bioinformatics approaches must be performed to gain deeper insights 

into Foxo3-dependent molecular targets in the heart during the remodeling process. For 

instance, different pair-wise comparisons of groups that were not addressed in this study, 

transcription factor analysis, and reconstruction of gene regulatory networks (GRN) to 

understand gene expression relationships between transcription factors and target genes. 

Using mass spectrometry-based quantitative proteomics, changes in protein expression levels 

need to be assessed and combined with RNA sequencing data to understand the alterations 

in the proteome throughout that are either or not the consequence of changes in the 

transcriptome. 

6.3 Single-cell sequencing of RV from Wildtype and fb-Foxo3 KO mice in the presence 

or absence of PAB 

Transcriptomic profiling studies from KO mice revealed interesting biological processes up and 

down-regulated such as innate immune processes like interferon and interleukin signaling and 

positive regulation of fibroblast proliferation. Therefore we hypothesize that a distinct 

proinflammatory subtype of fibroblasts is activated in the RV of KO mice upon PAB, which 

leads to the secretion of cytokines leading to either recruitment or activation of immune cells 

in the RV. Conventional bulk transcriptomics cannot reveal the cellular heterogeneity that 

drives this complexity of the disease. The coordinated functions of individual cells determine 

complex biological systems. To address this open question, we need to perform single-cell 

sequencing of RV from KO mice that examines the transcriptomes of individual cells, providing 

a high-resolution view of immune cell and fibroblasts sub populations. 

6.4 Investigating the pharmacological activation of FoxOs in the pressure overload 

model 

The beneficial effects of Trifluoperazine (TFP) that were exhibited in the in vivo rat models 

could be attributed to its effects on pulmonary vascular remodeling per se. In order to address 

the direct beneficial effects of TFP on the RV, we need to employ the PAB animal model and 

administer TFP in a therapeutic approach. Further molecular and biochemical assays should 

be performed to understand the molecular targets downstream of FoxOs. In addition, different 

dosages of TFP could be tested or more precise pharmacological compounds that can 

modulate FOXO activity to gain more prominent beneficial effects of FOXO activation. We 

strongly believe that understanding functional roles and specific downstream mechanisms of 

FoxO activation will improve treatment options for PH patients with RV dysfunction.  
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7. SUMMARY 

Right ventricular (RV) dysfunction is often associated with poor prognosis independent of the 

etiology. In the context of pulmonary arterial hypertension (PAH), current clinical therapies 

primarily pursue vasodilation or reducing pulmonary vascular resistance, thereby alleviating 

the pressure overload on the RV. However, therapies that specifically target RV dysfunction 

are limited. Current heart failure treatment options approved for patients with left heart failure 

are less effective or harmful in the treatment of RV failure, given the distinctive geometry, 

mechanics and response to pressure overload of the RV. Therefore, it is crucial to identify 

cellular and molecular targets specifically altered in RV of PAH patients. Among the FoxO 

protein family (FoxO1, FoxO3, FoxO4, and FoxO6), FoxO3 was shown to play a critical role in 

various cellular processes. It is not surprising that FoxO protein inactivation has been 

implicated in a broad range of human diseases, including cancer, diabetes, 

neurodegeneration, and immune system dysfunction. Although many studies have been 

performed to elucidate the role of Foxo3 in cardiovascular disease in general, nothing is known 

in the pathophysiology of RV function, as well as specific downstream and upstream signaling 

pathways in the setting of RV remodeling. 

During my doctoral work, I evaluated the transcriptional regulation and protein expression of 

FoxO isoforms in human compensated and decompensated RV. In human and preclinical 

animal models, FoxO3 expression is increased in the compensated state and decreased in the 

decompensated state of RV. FoxO3 is dysregulated in various pathophysiological processes 

such as hypoxia and stiff matrix that contribute to RV remodeling. Therefore, I hypothesized 

that fibroblast-specific ablation of FoxO3 (fb-FoxO3-/-) in mice and subjecting them to pressure 

overload by performing pulmonary artery banding (PAB) would give us insights into the role of 

Foxo3 in RV remodeling. Accordingly, I observed that PAB caused a significant decrease in 

cardiac output, stroke volume, and ejection fraction, leading to much worse RV function in fb-

FoxO3-/- mice compared to WT mice, as shown by cardiac MRI and invasive hemodynamic 

measurements. Further, to determine FoxO3-dependent transcriptional regulation during the 

remodeling process, I performed RNA-sequencing from the RV tissues and identified “pro-

fibrotic pathways” and “pro-inflammatory pathways” are upregulated in the fb-FoxO3-/- mice 

compared to wildtype mice. In addition, This work provides evidence that trifluoperazine via 

FoxO activation improved established RV dysfunction in two preclinical models, which 

supports the view that transient reactivation of FoxO proteins may represent an avenue to 

improve RV function.  

Taken together, this study signifies that FoxO3 represents a novel player in RV remodeling 

and serves as a new therapeutic target for treating RV failure. 
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8. ZUSAMMENFASSUNG 

Eine rechtsventrikuläre (RV) Dysfunktion ist unabhängig von der Ätiologie häufig mit einer 

schlechten Prognose verbunden. Im Zusammenhang mit der pulmonalen arteriellen 

Hypertonie (PAH) zielen die derzeitigen klinischen Therapien in erster Linie auf eine 

Vasodilatation oder eine Verringerung des pulmonalen Gefäßwiderstands ab, wodurch die 

Drucküberlastung des RV gemildert wird. Es gibt jedoch nur wenige Therapien, die speziell 

auf die RV-Dysfunktion abzielen. Die derzeit für Patienten mit Linksherzinsuffizienz 

zugelassenen Behandlungsmöglichkeiten sind bei der Behandlung der RV-Insuffizienz 

aufgrund der besonderen Geometrie, Mechanik und Reaktion auf Drucküberlastung des RV 

weniger wirksam oder schädlich. Daher ist es von entscheidender Bedeutung, zelluläre und 

molekulare Ziele zu identifizieren, die im RV von PAH-Patienten spezifisch verändert sind. Von 

der FoxO-Proteinfamilie (FoxO1, FoxO3, FoxO4 und FoxO6) spielt FoxO3 nachweislich eine 

entscheidende Rolle bei verschiedenen zellulären Prozessen. Es überrascht nicht, dass die 

Inaktivierung des FoxO-Proteins mit einer Vielzahl menschlicher Krankheiten in Verbindung 

gebracht wird, darunter Krebs, Diabetes, Neurodegeneration und Funktionsstörungen des 

Immunsystems. Obwohl viele Studien durchgeführt wurden, um die Rolle von Foxo3 bei 

kardiovaskulären Erkrankungen im Allgemeinen aufzuklären, ist nichts über die 

Pathophysiologie der RV-Funktion sowie über spezifische nach- und vorgelagerte Signalwege 

im Zusammenhang mit dem RV-Remodeling bekannt. 

Während meiner Doktorarbeit untersuchte ich die Transkriptionsregulation und 

Proteinexpression von FoxO-Isoformen im humanen kompensierten und dekompensierten 

RV. In humanen und präklinischen Tiermodellen ist die Expression von FoxO3 im 

kompensierten Zustand des RV erhöht und im dekompensierten Zustand des RV verringert. 

FoxO3 wird bei verschiedenen pathophysiologischen Prozessen wie Hypoxie und starrer 

Matrix, die zum Umbau des RV beitragen, dysreguliert. Daher stellte ich die Hypothese auf, 

dass die Fibroblasten-spezifische Ablation von FoxO3 (fb-FoxO3-/-) in Mäusen und deren 

Drucküberlastung durch Pulmonalarterienbanding (PAB) uns Einblicke in die Rolle von Foxo3 

beim RV-Remodeling geben würde. Dementsprechend beobachtete ich, dass PAB eine 

signifikante Abnahme des Herzzeitvolumens, des Schlagvolumens und der Auswurffraktion 

verursachte, was zu einer deutlich schlechteren RV-Funktion bei fb-FoxO3-/--Mäusen im 

Vergleich zu WT-Mäusen führte, wie durch kardiale MRT und invasive hämodynamische 

Messungen gezeigt wurde. Um die FoxO3-abhängige Transkriptionsregulation während des 

Umbauprozesses zu bestimmen, führte ich eine RNA-Sequenzierung von RV-Gewebe durch 

und stellte fest, dass "pro-fibrotische Signalwege" und "pro-inflammatorische Signalwege" in 

fb-FoxO3-/--Mäusen im Vergleich zu Wildtyp-Mäusen hochreguliert sind. Darüber hinaus liefert 

diese Arbeit Beweise dafür, dass Trifluoperazin durch FoxO-Aktivierung die etablierte RV-
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Dysfunktion in zwei präklinischen Modellen verbessert, was die Ansicht unterstützt, dass die 

vorübergehende Reaktivierung von FoxO-Proteinen einen Weg zur Verbesserung der RV-

Funktion darstellen könnte. 

Insgesamt zeigt diese Studie, dass FoxO3 ein neuartiger Akteur beim RV-Umbau ist und als 

neues therapeutisches Ziel für die Behandlung von RV-Versagen dienen kann. 
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