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Abstract 

 Systemic hypoxia affects more than 9 million infants around the world each year and 

directly contributes to increased morbidity and mortality in early life. While a lack of oxygen at 

the tissue level results in a number of conditions known as diseases of prematurity, the 

developing heart appears to be particularly vulnerable. At the cellular level, reduced oxygen 

tension promotes the hypoxia-inducible factor (HIF) adaptive response, altering cardiac 

metabolism and elevating the expression of the pro-death Bcl-2 protein, Bnip3. While initially 

adaptive, emerging evidence suggests that these specific components of the HIF-1 response are 

detrimental to cardiac structure and function, which impairs downstream tissue perfusion, further 

worsening disease progression. Because of this, development of potential pharmacological 

approaches to treat the maladaptive effects of HIF-activation could be therapeutic. Previous 

evidence from our lab and others has suggested that prostaglandins, locally produced lipid 

signalling molecules, are protective during hypoxic pathologies, but the mechanism remains 

unclear. Therefore, we chose to investigate if and how misoprostol, an FDA- and Health Canada-

approved prostaglandin E1 analogue, may protect the neonatal heart.   

 This thesis summarizes our findings across three independent studies. In the first study 

we characterized the molecular mechanism by which misoprostol treatment represses Bnip3 

protein expression in the neonatal rat heart, while also showing that it directs the alternative 

splicing of Bnip3 to produce a smaller isoform, called sNip. Through this study we found that 

sNip not only opposes Bnip3 activity but promotes cardiomyocyte maturation through nuclear 

calcium signalling. This novel mechanism led to our second study where we used misoprostol to 

promote the expression of sNip in order to oppose an aberrant hypoxia-induced proliferative 

phenotype observed in neonatal cardiomyocytes. The third study examines how misoprostol 
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activates a pathway independent of repression and alternative splicing, directly targeting and 

inhibiting Bnip3’s deleterious activity at the mitochondria and endoplasmic reticulum through 

phosphorylation. Together these findings represent a major advancement in our understanding of 

Bnip3 in the neonatal heart, by demonstrating for the first time that its expression and activity 

can be pharmacologically modulated using misoprostol. Ongoing investigation of misoprostol’s 

long term protective effects on cardiac structure and function are required, as we continue to try 

and find ways to reduce the burden of hypoxia in early life for this vulnerable population.  
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CHAPTER I: Literature Review 

It is estimated that each year more than 9 million preterm infants will experience hypoxic 

insults in early life (Blencowe et al, 2012; Luu et al, 2015). While the exact causes may vary, 

many preterm infants experience chronic or acute asphyxia, which is then compounded by 

altered and arrested heart and lung development. The resultant lack of oxygen at the tissue level 

is an important determinate in the pathogenesis of diseases of prematurity throughout the body, 

negatively impacting childhood morbidity and mortality. While these early life diseases are 

wide-ranging, they are unified by the cellular activation of the adaptive hypoxia-inducible factor 

(HIF) response. Initially protective, this hypoxia-induced response also alters cardiac metabolism 

and elevates the abundance of a number of pro-death factors, including Bnip3 (Zhang et al, 

2008). Together these detrimental components of the HIF response result in structural and 

functional cardiac derangements, which impair downstream tissue perfusion, further promoting 

disease progression. To date, this deleterious series of events has been met with very few 

pharmacological interventions. However, in recent years there has been a renewed interest in the 

potential cardiac applications of the small lipid-derived signalling molecules, known as 

prostaglandins. Building on these points, this literature review aims to cover each of these topics 

in detail, including: the causes and results of neonatal hypoxia, the cellular response to hypoxia, 

as well as prostaglandin metabolism and signalling in the cardiovascular system.  

 

1.1 Hypoxia and the Role of Early Life Exposures in Disease Development 

  The incidence of preterm birth (<37 weeks of gestation) is increasing, accounting for 8% 

of Canadian births annually (Luu et al, 2015). Given that the normal human gestational period is 

40 weeks, shortening this critical developmental window by even three weeks, significantly 
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increases the risk of perinatal asphyxia, altered and arrested lung development, cyanotic 

congenital heart diseases, and infection. Together, these maladies result in the infant’s tissues 

being deprived of the oxygen they require for the maintain ace of normal metabolic processes, a 

condition known as systemic hypoxia. While the exact prevalence of systemic hypoxia in this 

population has yet to be fully and reliably measured, work focused on the incidence of hypoxic 

brain injury suggests that these episodes affect nearly 60% of preterm infants worldwide 

(Vannucci, 2004). Such episodes also play a central role in the acute development of diseases of 

prematurity, including hypoxic-ischemic encephalopathy (HIE), necrotizing enterocolitis (NEC), 

and retinopathy of prematurity (ROP), which directly contribute to neonatal hypoxia being the 

leading cause of both morbidity and mortality in human neonates (Millar et al, 2017; Vannucci, 

2004; Grow & Barks, 2002; Ferriero, 2004; Neu & Walker, 2013; Wang et al, 2013b; Douglas-

Escobar & Weiss, 2015). While much of the modern literature has focused on the resultant 

neurocognitive defects, stressors linked to hypoxic injury have been found to promote 

incompletely understood structural and functional changes in the developing heart, compounding 

these previously mentioned end-organ complications through further compromising  downstream 

tissue perfusion (Kluckow, 2011; Carr et al, 2017; Cox et al, 2014).  

Data from developed countries suggests that significant advances in clinical research and 

care have resulted in more than 70% of infants born after 22 weeks of gestation surviving beyond 

one year of life (Larroque, 2004; The EXPRESS Group, 2009). While promising, this decline in 

preterm mortality has resulted in a significant increase in life-long disability (Millar et al, 2017; 

Crump et al, 2021).  Therefore, it has become increasingly important that researchers understand 

the molecular mechanisms of hypoxia-induced cardiomyocyte injury in order to treat and prevent 

the downstream cardiac dysfunction and reduce the burden of this early life exposure.  
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1.1.1. Causes of Hypoxia Exposure in Early Life 

 As previously outlined, the origins of hypoxic insults in early life are multifactorial with 

any given preterm infant likely demonstrating several complicated aetiologies at the same time. 

These potential causes include perinatal and neonatal asphyxia, cyanotic congenital heart 

diseases that produce right-left shunting of blood in the heart, as well as altered and abnormal 

lung development. While on their own, each of these are potent contributors to systemic hypoxia, 

how they get to that point is very different and critical to understanding the evolution of hypoxic 

injury.  

1.1.1.1. Perinatal and Neonatal Asphyxia 
 
 Perinatal asphyxia, which refers to an oxygen deficit occurring between the 28th week of 

gestation and the first moments of extrauterine life, is among the earliest causes of hypoxic 

insults in human life. During human fetal development, early embryogenesis (0-10 weeks) is 

considered to be a hypoxic event, where the oxygen tension of the placenta is significantly lower 

than that of the surrounding endometrium (Rodesch et al, 1992; Christoffels et al, 2000; Burton 

et al, 1999). As a result, expression of enzymes like mitochondrial superoxide dismutase, a 

potent antioxidant, remains limited until between weeks 8 and 9 of gestation (Watson et al, 

1998). Histological studies reveal that during this period of reduced oxidative stress, the 

developing heart completes looping, forming a functional, 4 chambered, organ by gestational 

week 8 (See I-Figure 1 for overview) (Webb et al, 2001; Christoffels et al, 2000; Rodesch et al, 

1992). 

  By the second trimester, the expression of antioxidant enzymes is increased in 

preparation for the growing dependence on maternal blood supply and more than 60% oxygen 

saturation within fetal tissues (Jauniaux et al, 2000; Palmer et al, 1992; Rodesch et al, 1992). 
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However, some pregnancies including those at high altitudes, and those complicated by maternal 

pulmonary and congenital heart diseases, pre-existing and gestational diabetes [diagnosed by oral 

glucose tolerance during pregnancy (American Diabetes Association, 2010)], as well as acute 

respiratory infections can result in pre-placental or utero-placental hypoxia (Hutter et al, 2010; 

Golic et al, 2018; Kingdom & Kaufmann, 1997; Corrado et al, 2016). In response, the placenta 

undergoes vascular remodeling events resulting placental villus malformation, oxidative stress, 

inflammation, and alterations in both vascular contractility, and endothelial wall function. 

Together these pathological changes promote vascular impedance, obstructing gas exchange with 

the fetus (Steiner et al, 1995; Burton et al, 1999; Vangrieken et al, 2020; Aljunaidy et al, 2016). 

In these contexts, maternal oxygen supply does not meet the fetal oxygen demand, resulting in 

the fetus failing to achieve its inherent growth potential, a condition known as intrauterine 

growth restriction (IUGR) (reviewed later in “Results of Early life Hypoxia Exposure”) (Pollack 

& Divon, 1992; Aljunaidy et al, 2016). While it has long been understood that these placental 

alterations result in IUGR, the potential risks of pharmacological treatment in the developing 

fetus have hindered drug development for this condition. Recent pre-clinical studies have shown 

that advances in nanoparticle technology may be able to challenge this conventional thinking by 

abrogating placental hypoxia-induced oxidative stress and growth restriction, while not crossing 

over to the fetus (Phillips et al, 2017; Ganguly et al, 2019). Though beyond rodent studies, 

prevention and treatment of hypoxia exposure in utero remains a major challenge for maternal 

and fetal medicine.  

 In addition to this chronic form of hypoxia during fetal developmental, perinatal asphyxia 

also includes the acute hypoxic-ischemic (HI) episodes that can occur during the transition to 

extrauterine life (Volpe, 2001; Perlman, 2006). These episodes are a result of events including: 
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placental abruption, compression or occlusion of the umbilical cord, intrauterine pneumonia, as 

well as severe meconium aspiration as a result of birth trauma/stress (McGuire, 2007; Millar et 

al, 2017). While there is no unifying pre-existing pathology that predicts these types of insults, 

data from a well-studied Nepalese birth cohort demonstrates that preterm birth increases the risk 

of birth asphyxia by 2.28-fold (Lee et al, 2008a). Together, these forms of hypoxia, both in utero 

and during birth, represent a significant risk to the developing child.   

1.1.1.2. Cyanotic Congenital Heart Diseases 

 In addition to what is known about hypoxia during development and delivery, there are a 

number of diseases that result from altered or arrested organogenesis that can also promote post-

natal systemic hypoxia. The first example of this is congenital heart disease (CHD), which is a 

broad classification for a number of developmental abnormalities in the heart and great vessels 

(Rohit & Shrivastava, 2018). CHDs are further divided in two categories, cyanotic and 

acyanotic, based on their impact on neonatal systemic oxygen saturation. Cyanotic CHDs 

including: transposition of the great arteries (TGA), and tetralogy of Fallot (TOF) are pediatric 

cardiac emergencies, resulting in the right-to-left shunting of blood in the heart, sending 

deoxygenated blood into the systemic circulation (Apitz et al, 2009; Sommer et al, 2008). 

Accounting for 1/3 of all birth defects, CHDs are observed in 1% of all live births and are 

thought to be an underlying factor in more than 4% of all neonatal deaths (Oster et al, 2013; 

Fahed et al, 2013). Perhaps unsurprisingly, data from multiple cohort studies suggests that both 

the occurrence of, and mortality associated with, CHDs is significantly higher in preterm infants 

(Godfrey et al, 2010; Zhao et al, 2019; Norman et al, 2020). While preterm birth is a factor, 

given the timeline of cardiac development (See I-Figure 1 for overview), CHDs are more likely 

the result of failed patterning and organogenesis earlier in life. 
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Cardiac development is punctuated by a series of rapidly occurring, pre-programed 

events that are tightly regulated by transcription factors (See I-Figure 1 for overview). Briefly, 

during gastrulation, the embryo is re-organized into the three main germ layers, including the 

ectoderm, mesoderm, and endoderm. This early patterning sets the stage for embryonic heart 

development, where between weeks 2 and 3 of human gestation [mouse embryonic day 6.5 

(E6.5)], portions of the mesoderm are specified towards a cardiac lineage (Montgomery et al, 

1994; Antin et al, 1994; Devine et al, 2014). Specification of cardiac progenitor cells is governed 

by signals that are derived from surrounding germ layers, including: NODAL, bone 

morphogenetic protein (BMP), fibroblast growth factor (FGF), NOTCH, Wnt, and sonic 

hedgehog (SHH) (Barron et al, 2000; Schultheiss et al, 1997; Marvin et al, 2001; Dunwoodie, 

2007). At the same time, a portion the neural ectoderm responds to Wnt and BMP signalling to 

form a temporary population of future cardiac contributors known as the neural crest cells (Saint-

Jeannet et al, 1997; Sasai et al, 2001; Luo et al, 2003). 

Following specification, myocardial progenitors migrate and differentiate into two main 

regions known as the first and second heart field. Differentiation of these two regions is achieved 

through cell-specific responses to GATA binding protein 4 (GATA4) and GATA6, which are 

redundant master-regulators of cardiac transcription (Zhao et al, 2008). In cells of the first heart 

field, GATA4 stimulates the expression of NK homeobox 2-5 (Nkx2.5) while also functionally 

interacting with T-Box transcription factor 5 (TBX5), both of which promote muscle growth and 

differentiation (Searcy et al, 1998; Maitra et al, 2009; Misra et al, 2014). While in the second 

heart field, GATA4 promotes the expression of heart and neural crest derivative 2 (HAND2) and 

myocyte enhancer factor-2 isoform c (MEF2C) (Dodou et al, 2004; Zhao et al, 2008). Beginning 

at E7.5 the first heart field forms an embryonic structure known as the cardiac crescent 
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(Ivanovitch et al, 2017). With help from the second heart field, the cardiac crescent fuses at 

mouse E8.0, forming a linear heart tube composed of cardiomyocytes and endothelial cells that 

produce the primoradial heartbeat. Concurrently, cells from the neural crest and second heart 

field migrate to form the right ventricle and cardiac outflow tract (Sizarov et al, 2011; Ivanovitch 

et al, 2017). While incompletely understood at the molecular level, the morphology of the 

embryonic mouse heart changes significantly at E8.5 with right-ward looping, bringing both the 

inflow and outflow components to the anterior pole of the heart (Gittenberger-de Groot et al, 

2014). This is followed by asymmetric growth and remodeling of the developing heart into a 4 

chambered structure by mouse E10.5, that has strong electrical coupling and conduction by 

E12.5. In the final phase of cardiac development, the remaining neural crest cells contribute to 

cardiac septation, finalizing the division of what was initially a tube into a functioning “mature” 

heart by E15 (Krishnan et al, 2014). Together, this highly coordinated series of events has been 

refined across evolution but is still prone to failure, as evidenced by the high rate of CHDs in the 

general population.  

 

 

I - Figure  1: Stages of mammalian cardiac development. 
Comparison of the stages of mouse (top) and human (bottom) cardiac development in utero, including 
specification, cardiac crescent formation, heart tube formation, looping, chamber maturation, and septation 
across 19 days and 36 weeks of gestation, respectively.  
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While it is agreed that CHDs are the result of interrupted organogenesis, our 

understanding of the exact causes for these disruptions remains unclear. The predominant 

hypothesis has not changed since James Nora’s seminal paper in 1968 describing CHDs as being 

a result of inherited genetic predisposition interacting with environmental factors (Nora, 1968). 

The potential for a genetic basis of CHDs was expanded upon by Helen Taussig in 1988 when 

she suggested that common cardiac malformations occurring in otherwise “normal” children 

must have a genetic origin (Taussig, 1988). Our greatest understanding of how genetic changes 

result in CHD comes from the development of TOF, which is associated with Di George 

Syndrome (Webber et al, 1996). This condition arises from a copy number variation, where 30-

40 genes are deleted on chromosome 22, at a location known as 22q11.2 (del22q11.2) (Webber 

et al, 1996). In a genetic screen of more than 235 Japanese patients with diagnosed Di George 

syndrome, it was suggested that the resultant TOF may be due to the absence of TBX1, a key 

cardiac transcription factor (Yagi et al, 2003). In a follow up study using mice harbouring a 

cardiac-specific TBX1 deletion, it was observed that TBX1 is required for FGF expression and 

proliferation of cells in the second heart field that contribute to the outflow tract. TBX1-null 

mice further demonstrated failed aorto-pulmonary septation, revealing a potential interaction 

between TBX1 and Nkx2.5 (Xu et al, 2004). Generally, it is thought that point mutations 

contribute less to the development of CHDs, when compared to copy number variants; however, 

several high profile mutations in both NOTCH and TBX5 have been implicated in the 

development of TOF and septal defects, respectively (Bruneau et al, 2001; Garg et al, 2005; 

Fahed et al, 2013). Importantly though, the combined contribution of these genetic abnormalities 

does not account for the prevalence of CHDs in the general population, indicating a potential role 

for environmental exposures.  
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 Dating back to 1967, it was suggested that environmental agents may act on individuals 

“predisposed to malformation”, but that the exposure must also occur during a vulnerable period 

of development (Nora, 1967). It has since been determined that these exposures can include 

environmental teratogens (ex. dioxins and pesticides), maternal exposures (ex. alcohol, 

thalidomide, and diabetes), and infection (ex. rubella) (Burd et al, 2007; Zhu et al, 2009; Oster et 

al, 2010; Carreira et al, 2015; Hoang et al, 2017). Perhaps most interesting in the context of 

maternal exposures is the role of pre-existing diabetes during pregnancy. In a 1973 observational 

study of 571 pregnant women (426 with diabetes) at the Joslin Clinic in Boston, it was 

determined that CHDs occur 5-times more in diabetes-exposed offspring when compared to 

control (Rowland et al, 1973). The cardiac defects associated with maternal diabetes closely 

mirror those that occur with neural crest cell ablation in mammalian embryos (Suzuki et al, 

1996; Eriksson et al, 2003). Building on this, Kumar and colleagues used pregnant swiss-albino 

mice that had previously been injected with streptozotocin to mimic pre-existing diabetes. Using 

this model, they observed that maternal hyperglycemia inhibits embryonic BMP production, 

thereby preventing the induction of neural crest cells (Kumar et al, 2007). More recent evidence 

suggests that maternal hyperglycemia also impacts fetal epigenetics, limiting chromatin 

availability and the expression of NOTCH during cardiac specification (Basu et al, 2017).  

 Taken together, this brief review of cyanotic congenital heart diseases highlights the 

critical cardiac developmental window in early embryogenesis. However, given that these 

defects arise in utero it is challenging to fully understand their underlying causes, likely 

contributing to how little we know about their etiology. Regardless of the cause, cyanotic CHDs 

represent a major risk to the infant during post-natal life, contributing significantly to neonatal 

systemic hypoxia.  
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1.1.1.3. Altered and Arrested Lung Development 
 
 The second main example of altered or arrested organogenesis contributing to post-natal 

hypoxia comes into play when the infant is required to transition from maternal to atmospheric 

gas exchange prematurely. Most critically, the degree to which the lung is developed and 

functional plays an outsized role. Given the complexity of the mammalian lung, organogenesis 

begins as early as mouse E8.0 (human gestational weeks 3-4), and continues well into post-natal 

life for as many as 2 years in humans (See I-Figure 2 for overview) (Kimura & Deutsch, 2007).  

Briefly, lung development begins with specification of the ventral foregut through 

elevated levels of FGF-2 coming from the cardiac mesoderm at mouse E8.0. Data using mouse 

embryonic explants shows that this FGF-2 signal precedes expression of the lung development 

master regulator NK homeobox 2-1 (Nkx2.1). These studies further demonstrate that Nkx2.1 is 

required for the differentiation, but not specification, of mature lung cell types including clara 

cells and alveolar type 1 cells (Little et al, 2019; Minoo et al, 1999; Serls et al, 2005). Following 

these critical specification steps, lung development continues to depend on complex interactions 

between growth factors secreted by the maturing mesenchymal layer that directs branching 

morphogenesis through human gestational weeks 8-16 (mouse E12-16) (Deimling et al, 2007; 

Metzger et al, 2008). As development proceeds, the immature lung passes through the 

canalicular phase (weeks 18-26), in which both the airways and pulmonary capillaries begin to 

develop, but remain separated by thick epithelial and mesenchymal layers (Hislop et al, 1986).  

The in-tandem development of the airways and vasculature is key to the formation of rich 

alveolar capillary networks in the mature lung. This process is controlled by reciprocal signalling 

between airway epithelium-derived vascular endothelial growth factor-A (VEGF-A) and 

endothelial-derived hepatocyte growth factor (HGF) (Yamamoto et al, 2007). Histological 
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analysis of 30 lungs from infants that died of non-pulmonary complications demonstrates the 

alveolar-capillary membrane remains thick and non-functional until the saccular phase of lung 

development, not thinning until around 29 weeks of gestation in humans (mouse E17.5) (Hislop 

et al, 1986). While pulmonary vascular development proceeds in tandem with alveolar 

development, it is important to note that because the fetal lung is not required for gas exchange, 

the pulmonary vasculature at this stage of development is naturally hypertensive. This is due to 

increased vascular tone, maintained by elevated endothelin-1 (ET-1) expression in combination 

with depressed nitric oxide (NO), and prostacyclin production during the fetal period (Endo et al, 

1996; Arrigoni et al, 2002; Steinhorn, 2010).  

Clinical data further suggests that secretion of surfactant, a complex mixture of lipids and 

apoproteins responsible for breaking alveolar surface tension, equalizing pressure, and promoting 

lung compliance, by type 2 pneumocytes does not accumulate to a functional level until between 

weeks 32 and 34 of gestation in humans (mouse E19) (Buckingham & Avery, 1962; Olson et al, 

1975). Lung development is finalized with a long step known as alveolarization (human 

gestational week 36-2 years of age), which is characterized by secondary septation of alveoli 

resulting in a significant expansion of gas exchange surface area (Mund et al, 2008). At the 

molecular level, these septation events are a result of platelet-derived growth factor A (PDGF-A) 

expression within the budding septal crest. PDGF-A expression at this site is known to attract 

myofibroblasts, which then migrate in and deposit elastin, providing the skeleton for the 

developing alveolus (Boström et al, 1996; Shifren et al, 2007; Osornio-Vargas et al, 1996; Li et 

al, 1998). To facilitate the transition to terrestrial life, the pulmonary vasculature undertakes an 

additional preparatory phase in order to handle a rapid and sustained 10-fold increase in blood 

volume. Data from the porcine lung suggests that this is achieved through elevated NO-synthase 
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expression and activity in the fetal pulmonary vasculature late in gestation (Arrigoni et al, 2002). 

The role of NO-synthase in this process was best demonstrated by Fineman and colleagues who 

infused N-omega-nitro-L-arginine (an NO-synthase inhibitor) into fetal sheep for 24-hours prior 

to delivery. In doing this, they found that chronic inhibition of NO-synthase prevents the 

required post-natal relaxation of the pulmonary vessels, promoting post-natal hypertension 

(Fineman et al, 1994).  As a whole, this brief review of lung development demonstrates a 

complex process governed by interactions between various signalling molecules including 

VEGF-A and PDGF-A and requiring well over 40 human weeks in order to fully transpire (See 

I-Figure 2 for overview). 

 

I - Figure  2: Stages of mammalian lung development. 
Comparison of the phases of mouse (top) and human (bottom) lung development, including specification, 
branching morphogenesis, the canalicular phase, the saccular phase, and the initiation of alveolarization 
across 23 days and 36 weeks of gestation, respectively.  

 
 

With this understanding of the key developmental milestones for the fetal lung, it can be 

easily extrapolated how lung immaturity can contribute to the development of post-natal 

hypoxia. One major complication that ties together arrested lung development and neonatal 

hypoxia is newborn respiratory distress syndrome (NRDS), which is known to affect 1% of all 

live births (Angus et al, 2001). Importantly though, not all infants are at equal risk, with those 

born at reduced gestational age and weight being the most significantly impacted (St. Clair et al, 

2008; Bae & Hahn, 2009). It has been postulated that this is due to a combination of immature 
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lung structures and a lack of surfactant production, both of which contribute to inefficient gas 

exchange and the promotion of alveolar and whole lung collapse (Orgeig et al, 2007). This link 

was demonstrated in a study of 44 Finnish preterm infants, that correlated tracheal aspirate 

sample VEGF-A (as an indicator of maturity) to lung surfactant content. Through this approach 

they showed that the abnormally low tracheal VEGF-A content found in preterm infants predicts 

both surfactant deficiency and severe NRDS in early life (Lassus et al, 1999, 2001). Due to this 

deleterious combination, NRDS results in arterial partial pressures of oxygen that can fall well 

below 50%, alongside significant increases in arterial acidosis (Xiang & Wang, 2019).  

It has further been found that 10% of NRDS cases are complicated by a condition known 

as persistent pulmonary hypertension (PPHN). Similar to what was seen with chronic inhibition 

of NO-synthase in the fetal lambs, this condition is characterized by elevated pulmonary vascular 

resistance. When this resistance is combined with immature cardiac structures (i.e. patent 

foramen ovale and/or ductus arteriosus) blood is shunted away from the lungs, promoting 

chronic systemic hypoxia in the neonate (Steinhorn, 2010). At the same time, the right side of the 

heart, which is not designed to push against the sustained afterload produced by PPHN, changes 

in both structure and function, which depending on severity can progress towards right heart 

failure (de Boode et al, 2018). At the cellular level, mounting evidence suggests that the lack of 

oxygen induced by conditions like NRDS results in the accumulation of reactive oxygen species 

(ROS) in arterial smooth muscle and endothelial cells (Brennan et al, 2003; Wedgwood et al, 

2005). These oxygen radicals have been found to interfere with NO-synthase activity, 

uncoupling it from NO production, significantly impacting the pulmonary vasculatures ability to 

dilate and auto-regulate pulmonary pressure (Konduri et al, 2003; Aschner et al, 2007). The role 

of ROS in this process was further supported by work from Farrow et al. using a lamb model of 
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PPHN. Here, they induced PPHN and concurrently provided recombinant superoxide dismutase, 

a potent antioxidant enzyme that combines superoxide (O2-) with protons to make hydrogen 

peroxide and molecular oxygen. By doing this, they found that superoxide dismutase 

supplementation significantly reduced pulmonary endothelial ROS production and restored NO-

synthase function (Farrow et al, 2008). They also found while less efficient than exogenously 

boosting superoxide dismutase content, inhaled NO was protective against PPHN, an observation 

that has since been translated into a treatment and management strategy used by neonatologists 

(Farrow et al, 2008; Pedersen et al, 2018).  

Unlike treating hypoxia in utero, modern neonatology has further developed a number of 

approaches to treating NRDS and reduce the risk of PPHN, with varying levels of success. These 

approaches include antenatal corticosteroids to promote type 2 pneumocyte surfactant production 

before birth, postnatal surfactant supplementation, and mechanical ventilation (Roberts et al, 

2017; Polin et al, 2014; Suresh & Soll, 2005). While clinical trials demonstrate that exogenous 

surfactant replacement therapy can be successful within 24 hours of administration, some infants 

will still require significant levels of ventilation, which is not without consequence (Northway et 

al, 1967). One major side-effect of mechanical ventilation is bronchopulmonary dysplasia 

(BPD), which results from a combination of ventilator-induced lung injury and oxygen toxicity 

(Nakanishi et al, 2007).  

Underlying BPD is widespread respiratory inflammation, resulting in extracellular matrix 

(ECM) remodeling, dysmorphic pulmonary vasculature, and the disruption of normal alveolar 

development (Oak & Hilgendorff, 2017; Savani, 2018). This process is enhanced by the 

production of inflammatory cytokines by damaged lung cells, which actively recruit circulating 

neutrophils and resident macrophages into the immature tissue (Ambalavanan et al, 2009; Speer, 
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2003; Merritt et al, 1983). This influx of neutrophils is the cause of BPD, as they are responsible 

for the production and secretion of an elastolytic enzyme, known as neutrophil elastase (Merritt 

et al, 1983; Bruce et al, 1992; Ogden et al, 1984). As previously mentioned, elastin is critical for 

normal alveolar and blood vessel development, forming a structural framework for both of these 

processes. This role is best illustrated in elastin knockout mice, that exhibit failed alveolar 

septation and pulmonary vascular smooth muscle (VSM) overgrowth, two key characteristics of 

BPD (Wendel et al, 2000). Furthermore, work focused on elafin, an endogenous elastase 

inhibitor, demonstrates that overexpression of this protein prevents ventilation-induced elastin 

breakdown and BPD in the developing mouse lung (Hilgendorff et al, 2012).  

While neutrophil-induced elastase activity disrupts alveolar development, it also 

enhances proinflammatory signalling by stimulating transforming growth factor-beta (TGF-β) 

production in neighboring smooth muscle cells (Lee et al, 2006). To this end, elevated TGF-β 

concentrations in bronchoalveolar lavage fluid (BALF) appear to be a trademark of BPD 

progression. This was evidenced by a 60% increase in BALF TGF-β content in a study of 18 

British preterm infants that were receiving mechanical ventilation for NRDS and subsequently 

developed BPD (Kotecha et al, 1996). Nakanishi and colleagues confirmed this link using TGF-

β neutralizing antibodies in neonatal mice exposed to high flow hyperoxia (85% O2) (Nakanishi 

et al, 2007). In doing this, they showed that hyperoxia elevates both TGF-β expression and 

activity, disrupting mouse alveologenesis, and inducing BPD, which was absent when TGF-β 

was inhibited (Nakanishi et al, 2007). Emerging evidence from the Hilgendorff lab suggests that 

TGF-β arrests distal lung development through inhibiting both PDGF-A and VEGF-A signalling, 

which as previously outlined are key to the maturation of rich alveolar capillary networks (Oak 

et al, 2017).  
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Taken together, NRDS and BPD interrupt the complex sequence of events that result in 

normal lung development. These developmental blockades result in a thickened barrier between 

the airways and vasculature, while dramatically reducing the amount of surface area available for 

gas exchange, further compounding systemic hypoxia in the premature infant.   

 As a whole, this summary demonstrates that the causes of early life hypoxic insults are 

multifactorial in nature, with altered and arrested organ growth and development being a central 

element in the aetiologies. However, it is important to note that preterm infants are at a 

significantly increased risk of developing any and all of these conditions.  

1.1.2. Results of and Adaptation to Early Life Hypoxia Exposure  

 While the causes of neonatal hypoxia are multi-faceted, together they result in the 

singular lack of oxygen in peri- and neo-natal tissues, negatively impacting early life. While 

these deleterious results may begin early in life, conditions such as intrauterine growth restriction 

and diseases of prematurity carry through childhood further impacting morbidity and mortality 

outside of the neonatal period. Because of this, it is critical to understand the results of early life 

hypoxia-exposure in order to develop therapeutics that not only treat the symptoms but target the 

underlying pathophysiology.  

1.1.2.1. Intrauterine Growth Restriction 

 Given that many experimental models of IUGR and neonatal hypoxia overlap 

considerably, and that IUGR commonly occurs when maternal oxygen supply does not meet fetal 

oxygen demand, it will be reviewed in detail in this section. At the level of the placenta, 

significant vascular remodeling events in response to pre-placental and/or uteroplacental hypoxia 

tend to result in growth restriction during development. Classically, IUGR is diagnosed when a 

given fetus fails to achieve its “genetically pre-determined size” (Marsál, 2002). Depending on 
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the severity, IUGR is associated with perinatal mortality, as well as significant post-natal 

morbidity that spans the entire life of the once growth restricted infant (Cosmi et al, 2011; Jang 

et al, 2011; Dolinsky et al, 2011; Rueda-Clausen et al, 2011).  

Because these complications begin in utero, it is apparent that IUGR-induced hypoxia 

deranges both fetal and post-natal development. Focusing on the fetal period, data from both 

human and animal studies suggests that this dysfunction is two-fold, beginning with hypoxia-

induced changes in fetal metabolism. This metabolic derangement is initiated by fetal 

hypoglycemia as a result of hypoxia-induced reductions in glucose delivery to the developing 

fetus (Jones et al, 1983). The combination of reduced oxygen and glucose impairs fetal oxidative 

metabolism, resulting in a down regulation of genes required for glucose oxidation, concurrent 

with the accumulation of plasma lactate (Brown et al, 2015). Like in adults, this hypoglycemia 

and lactate accumulation stimulates the fetal liver to produce and secrete glucose through 

gluconeogenesis and glycogenolysis (Limesand et al, 2007; Thorn et al, 2009, 2013; 

Wesolowski & Hay, 2016). However, given that the fetal liver contains very little glycogen, 

hepatic glucose production declines with increasing severity of IUGR (Baschat, 2004). To 

compensate, fetal plasma cholesterol and triglyceride content becomes elevated, well beyond that 

of maternal levels (Rodie et al, 2004). While these lipids may be a source of energy through the 

production of ketones, very little remains known about both fetal ketone metabolism and 

utilization. This accumulation of fats has however been tied to fetal dyslipidemia, which in a rat 

model of growth restriction resulted in fetal hepatic lipid deposits, an upregulation of the 

lipogenic machinery, and no change in carnitine palmitoyltransferase I (CPT1) abundance, a key 

enzyme in lipid oxidation (Yamada et al, 2011). Taken together, these studies suggest that IUGR 
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promotes wide ranging metabolic derangements established by the initial dysregulation of fetal 

glucose and its resultant hypoglycemia.  

In addition to what is observed with metabolism, IUGR is often described as a vascular 

condition, which starts in utero and has deleterious impacts on the fetal heart. Fetal circulation is 

very different from that of adults, given that oxygenation occurs at the placenta rather than the 

lungs. Because of this, oxygenated blood coming from the placenta arrives via the umbilical 

vein, passing through the liver on its way to the left ventricle, and eventually the systemic 

circulation (Jones, 2018). Under normal conditions a proportion of this incoming, highly 

oxygenated blood is shunted towards the right atrium before entering the liver, through a critical 

piece of fetal vasculature known as the ductus venosus (DV) (Jones, 2018). This shunting is 

thought to stream oxygen-rich blood directly to left side of the heart (through the Foramen 

ovale), which is then distributed to the myocardium and brain through the coronary arteries and 

middle cerebral arteries, respectively. Importantly though, work using doppler ultrasound in 56 

human IUGR fetuses demonstrates that in response to severe oxygen restriction significantly 

more blood is shunted through the DV and towards the heart (Bellotti et al, 2004). This enhanced 

shunting results in a redistribution of oxygenated blood towards the brain and coronary arteries, 

at the expense of the liver (Bellotti et al, 2004; Al‐Ghazali et al, 1989; Baschat et al, 2000). 

While this redistribution of blood is initially adaptive, “sparing” the developing brain and heart, 

it also increases the volume of blood entering the heart during any given cardiac cycle.  

Redistribution is particularly detrimental when combined with IUGR-induced vascular 

resistance, significantly increasing afterload on the fetal heart. Data collected from human IUGR 

fetuses suggests that the cause of this vascular resistance is two-fold, including vascular 

remodeling, and an enrichment of vasoconstrictive signalling molecules. In terms of vascular 
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remodeling, studies have found that in IUGR fetuses the aortic intima-media, a sub-endothelial 

vascular layer commonly deranged during atherosclerosis, is significantly thicker than control 

fetuses as early as 32 weeks of gestation (Cosmi et al, 2009; Zanardo et al, 2013). At the same 

time, IUGR increases the expression of ET-1, vasopressin, and vasoactive intestinal peptide, all 

of which cause significant vasoconstriction in the developing fetus (Rizzo et al, 1995; Karsdorp 

et al, 1998; Harvey-Wilkes et al, 1996; Baschat, 2004). Together, this increased afterload on the 

fetal heart results in systolic dysfunction, ventricular dilation, and in the most severe cases, 

subclinical myocardial injury (Lear et al, 2018; Hecher & Campbell, 1996; Chaiworapongsa et 

al, 2002; Iacovidou et al, 2007; Bahtiyar & Copel, 2008; Crispi et al, 2008).  

Overall, this brief summary of the peri-natal effects of intrauterine growth restriction 

shows that oxygen is critical during the earliest stages of mammalian life. A lack of oxygen is the 

cause of alterations in fetal circulation and metabolism, patterning hypertension, metabolic 

disease, and cardiac dysfunction in early life.  

1.1.2.2. Diseases of Prematurity 

 In addition to what is known about hypoxia and IUGR, a significant proportion of 

preterm infants are expected to experience systemic HI-episodes in early life as a result of 

neonatal asphyxia, CHDs, and respiratory distress. These early life hypoxic exposures culminate 

in a group of conditions termed ‘diseases of prematurity’, a broad category that includes 

necrotizing enterocolitis (NEC), hypoxic-ischemic encephalopathy (HIE), and retinopathy of 

prematurity (ROP).  

Necrotizing enterocolitis, a gastrointestinal disease that affects 7% of preterm infants, 

presents very early in life with symptoms like feeding intolerance, abdominal distension, and 

bloody stools. Upon further inspection, infants with NEC will show radiographic signs of 
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intestinal gas trapping, which can progress to perforations, peritonitis, and death in 

approximately 25% of cases (Neu & Walker, 2011).  While NEC remains a pediatric emergency 

of grave proportions, very little is known about its etiology, which is thought to be due to some 

combination of hypoxia exposure and inappropriate intestinal microbial colonization (Nowicki & 

Nankervis, 1994; Neu & Walker, 2011). Dating back to 1969, it was first proposed by James 

Lloyd that intestinal perforations in the newborn intestine are caused by asphyxia during delivery 

and early life. This was based his study of 83 infants, which demonstrated that 80% of those that 

experienced hypoxic-insults in early life went on to develop intestinal perforations within 3 days 

of initial onset (Lloyd, 1969). However, this hypothesis has been challenged by the observations 

of a large case-control study conducted in the United States which suggested that asphyxiated 

infants did not develop NEC at a higher rate than their control counterparts (Stoll et al, 1980).  

Through advancements in imaging technologies and animal models, our understanding of 

NEC has moved beyond asphyxia, to focus on the role of systemic hypoxia and its effects on the 

intestinal microvasculature. Similar to what was seen systemically with IUGR, doppler-flow 

velocimetry suggests that elevated vascular resistance in the superior mesenteric artery (SMA), 

the main blood supply to the intestine, is predictive of NEC development in preterm infants 

(Murdoch et al, 2006). Using rats, Downard and colleagues confirmed that intestinal 

microvascular impedance, not only in the SMA but throughout the entire mucosal layer, is the 

key initiating event in the development of NEC (Downard et al, 2011).  

Under normal conditions, intestinal vascular tone is maintained by a balance of two 

vasoactive mediators: NO, which is responsible for vasodilation, and ET-1, which is key to 

vasoconstriction (Watkins & Besner, 2013). The function of NO appears to be mediated through 

penetration of the endothelial and smooth muscle cells that surround the intestine, activating 
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cytosolic guanylyl cyclase, which in turn promotes cyclic guanylyl mono-phosphate production 

and intestinal relaxation (Groneberg et al, 2011). While the actions of ET-1 are mediated by 

binding to either ETA- or ETB-receptors located  predominantly on vascular smooth muscle, or 

endothelial cell plasma membranes, respectively (Takuwa et al, 1990; Davenport et al, 1995; 

Nankervis & Nowicki, 2000). Here, ETA activation results in the elevation of cytosolic calcium, 

smooth muscle contraction, and vasoconstriction (Takuwa et al, 1990). While ETB has been 

found to promote endothelial cell NO synthesis and release, which in turn stimulates 

vasodilation, as outlined above (Hirata et al, 1993). 

However, under hypoxic conditions this balance of ET-1 and NO appears to be 

pathologically altered, starting with the observation that hypoxia exposed human endothelial 

cells produce 4- to 8-fold more ET-1 than normoxic control cells in culture (Kourembanas et al, 

1991). This hypoxia-induced disruption may underly data from resected human NEC intestines, 

which demonstrate extensive vasoconstriction, elevated ET-1 expression, and concurrent 

inhibition of NO production in the most damaged regions of bowel (Nowicki et al, 2005, 2007). 

Building on this, Nankervis and colleagues used a piglet model of intestinal ischemia, to show 

that a lack of oxygen repressed the activity or expression of the ETB receptor, further 

demonstrating the inability of the ischemic vasculature in the neonatal intestine to relax 

(Nankervis et al, 2000). In the same study, they compared the vascular response to ischemia in 

the PND3 and PND35 intestine. In doing this, they found that the immature intestine was more 

hyperreactive, noting that ischemia exposure in the PND35 intestine did not enhance 

vasoconstriction to the same extent (Nankervis et al, 2000).  

In normal intestinal physiology, feeding is followed by postprandial hyperemia where the 

vessels of the intestinal microvasculature dilate to allow a more than 200% increase in blood 
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flow to the intestinal mucosa and epithelium (Chen et al, 2019; Sieber et al, 1991). This influx of 

blood is required, in part, to meet the increased oxygen demands of the digesting intestine. While 

it may not be immediately obvious, absorption is an energy-intensive process, requiring a large 

pool of adenosine triphosphate (ATP), the main energy currency in the cell (Ward et al, 2014). 

As will be reviewed in greater detail later, oxidative phosphorylation (OXPHOS) uses oxygen to 

produce ATP through the mitochondrial tricarboxylic acid (TCA) cycle, and the electron 

transport chain (ETC). This ATP is required to drive the sodium-potassium (Na+/K+) ATPase 

transporter, which produces sodium gradients across the epithelial membranes, which are 

required to take up more than 1-kilogram of nutrients, and 9-liters of water each day (Wright et 

al, 2011; Ward et al, 2014). However, systemic hypoxia-induced alterations in the intestinal 

vasculature reduces the postprandial response to only a 30% increase (Sieber et al, 1991). As a 

result, the oxygen supply to the intestinal epithelium fails to meet demand, causing 

mitochondrial dysfunction and programed cell death (which will be covered in detail in the next 

section) (Ward et al, 2014). This failure in oxygen delivery combined with inflammation from 

inappropriate microbial colonization comes together to promote NEC in the preterm infant.  

 As opposed to NEC, HIE, an ischemic brain injury affecting 2 out of every 1000 live 

births, is directly caused by a lack of oxygen delivery to neurons (Kurinczuk et al, 2010). This 

hypoxia-induced neurological disease is associated with high a degree of infant mortality, as well 

as lifelong developmental disabilities, including conditions such as cerebral palsy (McIntyre et 

al, 2011; Jyoti et al, 2006). While the search for a diagnostic biomarker continues, HIE is most 

often diagnosed though neonatal bedside observation (Massaro et al, 2018). This low-resolution 

approach reliably predicts HIE through the assessment of levels of consciousness, respiratory 

drive, muscle tone and strength, as well as the presence or absence of seizures in infants (Miller 
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et al, 2004; Thompson et al, 1997; Massaro et al, 2018). If HIE is suspected, 

electroencephalogram’s and magnetic resonance imaging are used to assess the degree of injury 

and predict long-term outcomes (Douglas-Escobar & Weiss, 2015; Tsuchida, 2013). Predictions 

are possible as HIE produces characteristic lesions in specific brain regions, including the basal 

ganglia, hippocampus, as well as the peripheral white and grey matter that correlate with motor, 

cognitive, and sensory impairments in childhood (Hunt, 2004; Jyoti et al, 2006). The formation 

of these characteristic brain lesions is enhanced by regional differences in neuron’s susceptibility 

to die in response to a lack of oxygen.  

While a detailed summary of the conserved cellular response to hypoxia will be provided 

in the following section, there are a few qualities that are unique to neonatal neurons that require 

a closer look. Data from preterm sheep, show that HI events result in a rapid drop in cerebral 

oxygen content, which is coupled to a response known as ‘adaptive hypometabolism’, a dramatic 

reduction in neuronal metabolic activity (Bennet et al, 2007). Mechanistic data from HIE 

neurons and isolated mitochondria, demonstrates that downregulation of ETC function, and 

therefore ATP production, is the basis for this initially adaptive metabolic response (Demarest et 

al, 2016; Gilland et al, 1998; Caspersen et al, 2008).  Consistent with findings from the intestinal 

epithelium, Golden and colleagues (2001) demonstrated that depletion of ATP significantly 

impacts neuronal Na+/K+ ATPase activity in piglets following HIE exposure (Golden et al, 

2001). This study also demonstrated that there are regional subunit differences in the Na+/K+ 

ATPase enzyme that predispose particular neurons and regions of the porcine basal ganglia to 

HIE-induced dysfunction (Golden et al, 2001). In neurons, the Na+/K+ ATPase transporter 

resides within the plasma membrane and is principally responsible for the maintenance of resting 

membrane potential. Loss of this electrophysiological function results in an influx of Na+ and 
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calcium (Ca2+) across the membrane, depolarizing of the cell (Golden et al, 2001, 2003; Wassink 

et al, 2014).  

These observed rapid and sustained neuronal depolarizations have been observed to 

promote the release of glutamate in the ischemic neonatal brain. At the same time, a lack of 

membrane polarity prevents glutamate re-uptake into the cell, resulting in an over accumulation 

of this excitatory anion of glutamic acid outside of the cell (Rossi et al, 2000; Moretto et al, 

2005). In the extracellular environment, glutamate binds to neuronal N-methyl-D-aspartate 

(NMDA) receptors, which promote significant Ca2+ uptake into the cell. While calcium is 

required for homeostatic processes, the calcium overload elicited from over accumulation of 

glutamate is deleterious, resulting in a process that Rothman and Olney named: ‘excitotoxicity’ 

(Rothman et al, 1987; Rothman & Olney, 1995; Wang & Thayer, 1996). Pathologically, 

mitochondria attempt to buffer this incoming calcium (a conserved response), which ultimately 

results in mitochondrial dysfunction, ROS production, and programed cell death (Wang & 

Thayer, 1996; Reynolds & Hastings, 1995; Lorek et al, 1994). Together, this brief summary of 

HIE with its unique and regional excitotoxicity phenotype, demonstrate how neonatal hypoxia 

exposure represents a major risk to the developing brain. 

 Alternatively, ROP, the leading cause of blindness in children, is an ischemic retinal 

disease that is thought to affect between 25-75% of very premature infants (less than 28 weeks of 

gestation) in developed countries (Austeng, 2009; Markestad, 2005; Allegaert et al, 2004). While 

population-based studies suggest that the prevalence of ROP is highly variable between regions, 

it is evident that the risk of an infant developing ROP decreases with increased gestational time 

and fewer hypoxic episodes (Hellström et al, 2013; Coleman et al, 2008; Di Fiore et al, 2010). 

Many studies further show that the rates and severity of ROP have not improved over time, 
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likely as a result of increased survival rates among this cohort (Tan et al, 2012; Gunn et al, 

2012). First histologically described in 1954, ROP is an angiopathy that results from phasic 

alterations in retinal vascular development. In the natural progression of ROP, phase 1 is 

characterized by a cessation of growth, which is followed by a period of overgrowth and retinal 

detachment in phase 2 (Ashton, 1954).  

The first phase is known to be the result of the systemic hyperoxic events associated with 

supplemental oxygen support required to prevent mortality in very preterm infants (Campbell, 

1951). This over-oxygenation has been found to interrupt and inhibit the normal signaling 

pathways involved in vascular development in the immature retina (Smith et al, 1994). As with 

the lung, the key player in the process appears to be vascular endothelial growth factor (VEGF), 

which is downregulated in response to hyperoxia, in a well-characterized mouse model of ROP 

(Pierce et al, 1996). Studies further show that exogenous supplementation of VEGF during 

hyperoxia, restores the majority of normal retinal vascularization in the mouse (Pierce et al, 

1996). More recent studies indicate that hormone signaling molecules also participant in this 

angiogenic-failure, notably erythropoietin (Epo) and angiotensin (Ang)-II. With respect to Epo, 

work from Watanabe and colleagues (2005) established that while Epo may normally be 

associated with erythrocyte production in the bone marrow, is also has a role in in retinal 

vascular growth in adults (Watanabe et al, 2005). Since this key finding, Chen et al. 

demonstrated that hyperoxia also prevents Epo expression in the neonatal mouse retina, which 

was further associated with a robust loss of vascularization (Chen et al, 2008). At the same time, 

Ang-II, a hormone traditionally associated with vessel destabilization and regression, has been 

found to be upregulated in the initial phase of neonatal mouse ROP (Sato et al, 2011; Reiss et al, 
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2007). Together this initial dysregulation of vascular development results in blood vessel 

network incapable of supplying enough oxygen to the retina as its metabolic demands increase.  

In severe cases of ROP, this metabolic mismatch established by retinal hypoperfusion, 

results in retinal hypoxia and the initiation of phase 2. In a now well-documented response to a 

lack of oxygen, retinal blood vessels carry out a process of uncontrolled vascular overgrowth, 

known as ‘neovascularization’ (Smith et al, 1994). This process is seemingly controlled by the 

same factors dysregulated by hyperoxia, including VEGF. Two foundational papers published 

from Lois Smith’s Boston-based group in 1995 laid the groundwork for the role of VEGF in the 

hypoxic eye. In these studies, they demonstrated that VEGF injection on its own promotes 

neovascularization, and that VEGF expression was increased more than 3-fold within hours of 

retinal hypoxia exposure in the mouse (Aiello et al, 1995; Pierce et al, 1995). They also showed 

that neovascularization could be prevented by simple infusion of VEGF inhibitory peptides, an 

observation that has been translated into modern anti-ROP therapies (Pierce et al, 1995; Aiello et 

al, 1995). Importantly though, recent meta-analyses have observed that anti-VEGF therapies on 

their own only partially block the development of ROP, suggesting that other factors may be at 

play (Li et al, 2018). Similar to VEGF, Epo, which is downregulated with hyperoxia, has been 

observed to increase significantly in the neonatal mouse in response to retinal hypoxia (Chen et 

al, 2008). A follow-up study from the same group further showed that intravenous infusion of 

short interfering ribonucleic acids (siRNAs) targeting Epo, reduced its expression and 

neovascularization in the mouse retina (Chen et al, 2009). At the same time, hypoxia seems to 

shift the balance in retinal angiotensin isoform expression, towards the pro-angiogenic Ang-1 

isoform, and away from the anti-proliferative Ang-II isoform (Sato et al, 2011). As this vascular 

overgrowth proceeds, poorly constructed, leaky, vessels push through the internal limiting layer 
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of the retina and into the ocular cavity producing a fibrous scar which limits vision, and 

promotes retinal detachment (Ashton, 1954; Hellström et al, 2013). As a whole, ROP is an 

ischemic angiopathy in the developing eye, that at its root is caused by hypoxia-induced 

dysregulation of key signaling factors during retinal development.  

   In brief, HI-episodes place the infant in a particularly challenging situation where under 

oxygenation promotes vascular remodeling, mitochondrial failure, and ATP depletion. This is a 

set of cellular stressors that culminate in intestinal and neuronal cell death in both NEC and HIE, 

respectively. However, attempts to prevent hypoxic episodes through supplemental oxygen 

treatment result in further vascular abnormalities in the developing eye, promoting ROP and 

blindness in childhood. This sets up a double-edged sword when it comes to the management of 

neonatal oxygen tension for the prevention of mortality and diseases of prematurity. This also 

further underscores the importance of developing novel therapeutic options.  

 

1.2 Cellular Adaptation to Hypoxia  

 For as long as life on earth has depended on oxygen, the ability to sense and detect a 

potential lack of oxygen availability has been critical to survival. Over the last 30 years it has 

become evident that cells do not merely detect a lack of oxygen, but through an elegant system 

of cytosolic oxygen sensors and transcription factors they are able to produce an adaptative 

response. This adaptation is reliant on shifting cellular metabolism away from oxidative 

phosphorylation, while promoting cellular growth and survival. Perhaps as evidence of failed 

adaptation, or evidence of an individual cell not being more important than the tissue as a whole, 

this process can ultimately result in regulated cell death, a process which underlies a number of 

the pathologies outlined in the previous section. This section will provide an overview of the 



 28 

discovery of the oxygen sensing an adaptation machinery, as well as the adaptive responses that 

they elicit. While also providing a focused summary of what happens when cardiomyocytes fail 

to adapt to a hypoxic environment.   

1.2.1. Cellular Oxygen Sensing 

The ability of cells and tissues to sense and adapt to hypoxia has been of interest since 

1913, when Mabel FitzGerald, a member of the Pikes Peak expedition in Colorado, published 

that the human body adapts to high altitude (therefore decreased oxygen tension) by thickening 

the blood to maximize its oxygen carrying capacity (FitzGerald, 1913). This tissue-level 

response was not understood until 1991, when Lorentz and colleagues determined that Epo 

secretion from the liver or kidney was the mediator of hypoxia-induced red blood cell production  

(Lorentz et al, 1991). This discovery, coupled with cloning of the Epo gene, sparked an 11-year-

long Nobel-Prize-winning revolution in our understanding of cellular oxygen sensing and 

transcription. Based on the importance of these observations and the subcellular ramifications for 

adaptation to low oxygen environments, the oxygen sensing pathways utilized by cells will be 

outlined in detail in this summary. 

 The 2019 Nobel Prize in Physiology or Medicine was awarded to Gregg Semenza, Sir 

Peter Ratcliffe, and William Kaelin for their contributions to our understanding of how cells 

sense and adapt to changes in environmental oxygen availability. As previously mentioned, these 

initial discoveries were centered on the erythropoietin gene, which at the time was thought to be 

the only hypoxia-responsive gene in the body. In 1991, two independent analyses of the Epo 

gene revealed that the DNA sequence contains a 3’ (downstream) enhancer region that may be 

responsible for sensor control of Epo expression (Semenza et al, 1991; Pugh et al, 1991). These 

two studies further demonstrated that this enhancer is approximately 70 base-pairs long, which 
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they postulated is long enough to bind multiple hypoxia-inducible factors (Semenza et al, 1991; 

Pugh et al, 1991). Less than a year later, Gregg Semenza’s group further described this enhancer 

region as a hypoxia responsive element (HRE), containing 50 essential nucleotides, that when 

mutated would eliminate hypoxia-induced enhancer activity (Semenza & Wang, 1992). These 

studies also revealed that enhancer activity was controlled through a heterodimeric DNA-binding 

complex that was enriched in response to cellular exposure to hypoxic conditions, which they 

named hypoxia-inducible factor (HIF)-1 (Semenza & Wang, 1992). In the years following, 

Semenza’s group put considerable effort into fully characterizing the HIF-1 complex, 

determining that the heterodimer is composed of a hypoxia-inducible 120 kilodalton (kDa) HIF-

1ɑ subunit, and a constitutively expressed 90 kDa HIF-1β subunit. Both subunits contain a basic 

helix-loop-helix motif, which is a classic characteristic of a number of dimerizing transcription 

factors (Wang et al, 1995) (See I-Figure 3 for overview).  

 While HIF’s hypoxia-responsive binding downstream of the Epo gene was a critical 

discovery, many wondered how a transcription factor that did not localize to the promoter was 

able to so dramatically enhance Epo production. In order to resolve this, Arany et al. sought to 

test the hypothesis that adaptor proteins may interact with the HIF-1 complex, linking it back to 

the 5’ promoter region to enhance RNA polymerase activity. In doing this, they observed that 

under hypoxic conditions, the erythropoietin HRE was occupied by a complex of proteins that 

included HIF-1, along with E1A binding protein p300 (p300) and CREB binding protein (CBP) 

(Arany et al, 1996).  Building on previous data that suggests the p300/CRB complex has 

transcriptional adaptor properties, when they inhibited the p300 component of the complex Epo 

production was significantly reduced, despite elevated HIF-1 expression (Arany et al, 1996, 

1995; Eckner et al, 1994). As summarized in I-Figure 3, this work elucidated the key molecular 
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machinery required for inducible expression of erythropoietin during periods of reduced oxygen 

tension.  

 

I - Figure  3: Transcription factors and adaptors involved in hypoxic-regulation of erythropoietin 
expression. 
Demonstration of the complex interactions between transcription factors required for hypoxic induction of 
the erythropoietin gene. Here, hypoxia inducible factors (HIF)-1ɑ and -1β, which are further complexed 
with E1A binding protein p300 (p300) and CREB binding protein (CBP), bind to a 3’ hypoxia responsive 
element (HRE) to regulate RNA polymerase activity and gene expression. 

 
 

At the same time, Peter Ratcliffe’s laboratory was demonstrating that, unlike previously 

thought, this response is not exclusive to the Epo gene (Maxwell et al, 1993). They were able to 

demonstrate that HIF-1 increases the expression of a number of genes, including those involved 

in glycolysis (reviewed later), and that this response was not exclusive to the liver or the kidney, 

but rather occurs in most cells of the body (Firth et al, 1994). Given that glycolysis is an 

evolutionarily conserved pathway, Ratcliffe’s group followed up on their observations using 

Drosophila. In this evolutionarily divergent model they were able to confirm the ancient nature 

of this pathway, which has since also been replicated in Caenorhabditis elegans (Epstein et al, 

2001; Nagao et al, 1996). Taken together the early work of Semenza and Ratcliffe indicates that 

the heterodimeric HIF-1 complex acts as a hypoxia-inducible transcriptional enhancer, binding to 

HRE’s of a wide-variety of target genes, however the mechanism of activation remained unclear.  



 31 

 It was originally thought that the underlying mechanism for this pathway depended on 

the upregulation of HIF-1ɑ gene expression, with its original description as the as the ‘hypoxia-

inducible subunit’ of the HIF-1 heterodimer. However, this changed in 1996 when Franklin 

Bunn’s group demonstrated that regardless of cellular oxygen tension, messenger RNA content 

for both HIF-1 subunits remains at a steady-state. This observation was in opposition to what had 

been seen at the protein level. Based on this, Bunn’s group suggested that rather than 

upregulating HIF-1ɑ expression, hypoxia stabilizes the alpha subunit, allowing it to function 

(Huang et al, 1996b). Going forward from this observation, Semenza and Ratcliffe were 

interested to know if the key to understanding HIF-1ɑ’s stability may be found in its structure. 

From their studies they found that the alpha subunit contains two minimal transactivation 

domains (TADs), one closer to the N-terminal region (residues 531-575), known as TAD-N, and 

one closer to the C-terminus of the protein (residues 786-826), known as TAD-C. They further 

found that the two TADs were separated by an inhibitory domain (ID), which when deleted 

increases HIF-1 transcriptional activity regardless of oxygen tension (Jiang et al, 1997; Pugh et 

al, 1997) (See I-Figure 4 for domain map). However, the importance of these findings was not 

fully realized until the TAD-N was implicated as a major component of the HIF-1ɑ oxygen-

dependent degradation (ODD) domain (residues 403-603). This region was found to be critical 

for the destruction of the subunit by the ubiquitin-proteosome complex under normoxic 

conditions, so much so that when they added HIF-1ɑ’s ODD domain to other proteins, they 

would be quickly degraded as well (Huang et al, 1998b).  

 Concurrently, observations from oncology began to inform our understanding of hypoxia 

signalling, and in particular the role of the Von Hippel-Lindau (VHL) tumour suppressor protein, 

also known as pVHL. For reference, patients with VHL syndrome have a genetic pre-disposition 
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to highly angiogenic kidney tumours, due to a genetic inactivation of pVHL. As a result of this 

inactivation, tumor cells undergo a metabolic switch to glycolysis and a significant 

overexpression of many genes including: glucose transporter 1, VEGF, and PDGF (Kaelin & 

Maher, 1998). Given the considerable degree of overlap between the previous discoveries 

surrounding HIF-1, and the phenotype of VHL syndrome, both Peter Ratcliffe’s and William 

Kaelin’s laboratories set out to determine if HIF-1ɑ and pVHL interact. To this end, Maxwell et 

al. studied two different renal cell carcinoma cell lines that were deficient for pVHL, finding that 

HIF-1ɑ was constitutively active when pVHL is absent. When they performed the necessary add-

back experiments they found both that HIF-1ɑ was rapidly degraded in the presence of pVHL 

and that the two proteins reproducibly co-immunoprecipitated together under normoxic 

conditions (Maxwell et al, 1999). Kaelin however, was more interested in how the VHL tumor 

suppressor protein is able to target the alpha subunit for degradation. In 1999, it was published 

that pVHL is composed of an ɑ and β subunit, where the alpha subunit closely interacts with 

elongin B and C, as well as cullin-2, proteins that are common to ubiquitin E3 ligase complexes 

(Lisztwan et al, 1999; Iwai et al, 1999). Building on this, Kaelin’s group showed that during 

normoxia, pVHL uses its beta subunit to bind to the TAD-N of HIF-1ɑ, while the alpha subunit 

recruits the E3 ubiquitin ligase, to ubiquitinate HIF, a conserved process by which proteins are 

tagged for destruction by the proteosome (Ohh et al, 2000) (See I-Figure 4). While these studies 

clearly indicate a role for direct interaction between HIF-1ɑ and pVHL, it remained unclear what 

changes occur in the ODD domain and the TAD-N to promote it and enhance HIF-1ɑ instability.  

 Based on observations of the HIF-1ɑ ODD domain, it was thought that stability must be 

governed by a post-translational modification (PTM). Deep analysis and mutagenic studies 

further determined there were 8 specific amino acid residues in the HIF-1ɑ ODD domain that 
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when converted into non-modifiable alanine’s would promote HIF-1ɑ stability (Srinivas et al, 

1999). In back-to-back publications in the April 2001 edition of Nature, Ratcliffe and Kaelin 

both independently determined that the initiating modification is hydroxylation at proline-564 

(P564) (Jaakkola et al, 2001; Ivan et al, 2001). These ground-breaking studies started with the 

observation that pVHL only interacts with HIF-1ɑ when it is has been modified by an “unknown 

factor”. Working off the hypothesis that this was controlled by PTM’s, Kaelin’s group mutated 

every potential phosphorylation site in the ODD domain, demonstrating that this had no impact 

on stability. Further ruling out phosphorylation, the assumed PTM did not appreciably alter HIF-

1ɑ’s weight or charge. The true breakthrough came when they mutated proline-564, finding that 

it was essential for pVHL binding, and mass spectroscopy further resolved that pVHL only binds 

to HIF-1ɑ when P564 is hydroxylated (Ivan et al, 2001). At the same time, Ratcliffe’s group 

confirmed that proline-564 hydroxylation was the initiating PTM required for HIF-1ɑ 

degradation (Jaakkola et al, 2001). Later that year, Masson et al. demonstrated that an additional 

proline at residue, P402, was also hydroxylated during normoxia and was in some way 

responsible for the regulation of pVHL binding (Masson et al, 2001) (See I-Figure 4 for domain 

map). 

Because atmospheric oxygen on its own is slow to hydroxylate amino acid residues, the 

final step in fully delimiting this pathway depended on determining the subcellular sensor 

responsible for translating cellular oxygen tension into ODD domain proline hydroxylation. In 

Ratcliffe’s April 2001 paper, they suggested that this process may be mediated by an unknown 

family of proline hydroxylases, which they termed the HIF-1ɑ prolyl hydroxylases (HPHs) 

(Jaakkola et al, 2001). Briefly, proline hydroxylases are an evolutionarily conserved family of 

dioxygenases which have an absolute requirement for oxygen and 2-oxogluterate as co-
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substrates. Importantly, iron serves as both a co-factor, and an essential component of the 

enzyme itself (Fong & Takeda, 2008). Based on what was known at the time, Ratcliffe’s group 

published a follow up paper where they performed a mutagenesis screen in C. elegans that they 

then exposed to normoxia and hypoxia to assess HIF-1ɑ stability. Based on this work, they 

discovered that regardless of exposure, HIF-1ɑ was stabilized when the gene Egl-9 was missing 

(Epstein et al, 2001). They further determined that the Egl-9 gene product was responsible for 

splitting oxygen and replacing a proline ring methyl (CH) group with a hydroxyl (COH) group. 

The resultant COH bond at P402 and P564 was also found to be absolutely necessary for 

hydrogen-bonding between HIF-1ɑ and pVHL (Epstein et al, 2001). Inspired by this work in 

worms, less than a year later Kaelin’s laboratory published that there are 3 human Egl-9 

homologues with prolyl-hydroxylase domains (PHDs) known as EglN2 (PHD-1), EglN2 (PHD-

2) and EglN3 (PHD-3) (Ivan et al, 2002). Together these discoveries focused on proline 

demonstrate that when oxygen (and iron) is abundant, PHD enzymes are essentially oxygen 

sensors, free to hydroxylate the ODD domain of HIF-1ɑ, promoting pVHL hydrogen binding, 

ubiquitination, and degradation (See I-Figure 4 for overview).  

Hydroxylation has been found to play another key to the regulation of HIF-1ɑ activity, 

but not stability. While initially not understood as a hydroxylation event, this line of 

investigation was initiated following the discovery of a new protein known as factor inhibiting 

HIF-1 (FIH) by Gregg Semenza’s laboratory (Mahon et al, 2001). In their paper they found that 

FIH binds to the TAD-C of HIF-1ɑ, inhibiting its ability to be transactivated and bind to 

p300/CRB complex (Mahon et al, 2001).  Additional work from Lando and colleagues (2002), 

demonstrated that a novel hydroxylation site at asparagine 803 (N803), which resides within the 

TAD-C, also inhibits the well-documented interaction between HIF-1ɑ and p300/CRB (Lando et 
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al, 2002b) (See I-Figure 4 for domain map). In an effort to see if these two observations were 

related in some way, Lando et al. quickly published a follow up paper demonstrating that FIH is 

an asparaginyl-hydroxylase that targets N803 in an oxygen rich environment to prevent 

transactivation of the alpha subunit of the HIF-1 complex (Lando et al, 2002a). When combined 

with the previously outlined observations of PHDs, these studies of FIH further enforce the idea 

that hydroxylases are the subcellular oxygen sensor.  

 

 

I - Figure  4: Oxygen-induced regulation of HIF-1ɑ stability and activation. 
Hypoxia inducible factor (HIF)-1ɑ protein shown as a linear domain map, highlighting its DNA binding 
domain, N-terminal transactivation domain [(TAD-N), (residues 531-575)], inhibitory domain (ID), and C-
terminal transactivation domain [(TAD-C), (residues 786-826)]. Under normoxic conditions, residue P564 
is hydroxylated (indicated as “OH”) by prolyl-hydroxylase domain enzymes to promote Von Hippel-Lindau 
tumour suppressor protein (pVHL) binding, while its N803 residue is hydroxylated (OH) to inhibit its 
interaction with E1A binding protein p300 (p300) and CREB binding protein (CBP). This combination 
promotes degradation of HIF-1ɑ. Alternatively, hypoxic conditions prevent these hydroxylation events 
allowing for HIF-1ɑ to be stabilized and active.  

 
 
 In summary, this 11-year competitive journey driven by Semenza, Ratcliffe, and Kaelin 

(and assisted by many others) revolutionized how we think about the interplay between oxygen 

and the regulation of not only Epo, but hundreds of other genes as well (Dengler et al, 2014). By 



 36 

working outwards from the Epo gene they were able to define hydroxylases as the key 

evolutionarily conserved cellular oxygen sensors, which when oxygen is abundant are able to 

hydroxylate key residues on the HIF-1ɑ subunit. Surprisingly, the replacement of a proton with a 

hydroxyl group at specific proline residues regulates HIF-1ɑ stability, by attracting pVHL, an E3 

ubiquitin ligase complex that marks HIF-1ɑ for destruction. But critically, when oxygen is no 

longer abundant, PHDs “sense” this (through no longer having the enough co-substrate), ceasing 

HIF-1ɑ hydroxylation and promoting its stability. This change in PHD activity allows HIF-1ɑ to 

dimerize with its beta counterpart and bind to HREs in a number of genes that are essential for 

the cell to adapt to its new environment.   

1.2.2. Hypoxia-Inducible Factor Activated Adaptations in the Cell  

 While determining how cells sense changes in environmental oxygen is an essential 

discovery in its own right, it also expanded our collective understanding of how cells adapt to 

their changing environment. As outlined above, the first observed adaptive response activated by 

HIF-1 was seen at the tissue level, increasing renal and hepatic Epo expression in order to 

enhance the oxygen carrying capacity of blood. Since then, HIF-1 signaling has also been 

implicated in the local production of VEGF, activating regional angiogenesis, and enhancing 

oxygen delivery to the cells (Arany et al, 1996). While both of these are important tissue 

responses, it does not fully represent the changes that are occurring at the cellular level. HIF-1 is 

thought to control hundreds of other genes, that are primarily involved in the regulation of 

energy and redox homeostasis, which has implications for cellular survival, particularly in the 

cardiovascular system (Dengler et al, 2014; Zhang et al, 2008).  

 Under normoxic conditions, a majority of cellular energy metabolism relies on the 

continual cytosolic breakdown of glucose (6-carbon ring), into two 3-carbon intermediates 
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(pyruvate). Pyruvate is then normally transported into the mitochondria via the mitochondrial 

pyruvate carrier, where it feeds into a large multimeric protein complex known as pyruvate 

dehydrogenase (PDH). Through a series of 3 sequential steps, PDH rapidly converts pyruvate 

into acyl-coA, which then enters the tricarboxylic acid (TCA) cycle in order to generate NADH 

and FADH2, two different high energy reducing equivalents. The generation of these high energy 

substrates by the TCA cycle is critical, as they are oxidized by complex 1 and 2 of the ETC, 

producing NAD+ and FAD+, respectively. The extracted electrons are then passed through the 

complexes of the ETC, where they use the energy to pump hydrogen ions from the mitochondrial 

matrix into intermembrane space. This movement of ions builds mitochondrial membrane 

potential and produces the proton motive force required to drive F0F1-ATP-synthase. The 

movement of protons down their electro-chemical gradient through the F0F1-ATP-synthase 

complex ultimately produces the cells main energy currency, ATP. At the same time, the 

electrons being passed through the ETC then terminate on oxygen at complex 4 (cytochrome-c 

oxidase), producing 2 molecules of water. As a whole, this process is highly oxygen-dependent 

and is often referred to as ‘internal respiration’, or ‘mitochondrial respiration’ (Saraste, 1999). 

While this process is key for ATP production in a majority of cell and tissue types, given the 

high level of activity carried out by the heart on a minute-to-minute basis, respiration is of 

particular importance to the cardiomyocyte.  

 When oxygen becomes limiting, cells of the heart can adapt by modulating both oxygen 

consumption and respiration in a phenomenon known as ‘cardiac hibernation’. This was first 

documented by David Bristow’s group in 1991, when they impeded the left anterior descending 

(LAD) artery, the main source of blood (and therefore oxygen) to the coronary arteries. They 

found that within 5-10 minutes of a 31% reduction in blood flow, myocardial energy stores 



 38 

(ATP) were exhausted, and lactate began to accumulate. However, after more than an hour of 

sustained occlusion energy stores were returned to control levels and lactate subsided (Arai et al, 

1991). They then stimulated the hypo-perfused myocardium to contract and observed both an 

increase in lactate production and a decline in ATP energy storage in response. This implied that 

the hypoxic heart did not lose its ability to burn energy and oxygen, but rather it had adapted to 

its new environment (Arai et al, 1991). These results were later confirmed using isolated whole 

canine hearts that were stimulated to beat with isoproterenol and perfused with normoxic or 

hypoxic blood. Through this approach, it was determined that at baseline the hypoxic canine 

cardiac function is no different from that of control, but its oxygen consumption was reduced. 

The hypoxic heart could still respond to isoproterenol treatment to increase cardiac output, but 

this was slightly reduced when compared to the control heart (Lee & Downey, 1993). While it 

would be expected that a decrease oxygen supply may result in a decrease in respiration, it has 

been suggested that cardiac hibernation drops respiration below the level that would be possible 

at a certain level of oxygen availability (Pantely & Bristow, 1995). Based on these observations, 

cardiac hibernation is adaptive during ischemia, but the exact cellular response and the potential 

underlying role of HIF was unclear.  

1.2.2.1. Adaptation and the Electron Transport Chain 

 At the same time that this hibernation phenomenon was being first described, so too was 

HIF-1 and its associated signaling pathways. Once the details of the HIF-1 pathway were 

established, it became clear that the hypoxia-induced reduction in cardiomyocyte respiration was 

a result of the HIF-1 adaptative response. This HIF-1 response is achieved through a few key 

changes, starting with adaptive alternations in the complexes of the mitochondrial electron 

transport chain. While there are functional alterations in most ETC complexes as oxygen 
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becomes limiting, the majority of the research has focused specifically on complex 4 

(cytochrome c oxidase). Acting as a mitochondrial oxygen sensor, complex 4’s response to 

hypoxia is two-fold, including a short-term HIF-1-independent response, and a HIF-1-dependent 

isoform switch over the long term. Data from the late 1990’s suggests that in the short-term, the 

loss of freely available oxygen inhibits complex-4 activity through allosteric interactions within 

the cytochrome-c oxidase complex itself (Chandel et al, 1995). While this effect of reduced 

oxygen availability on complex 4 was originally documented using mitochondria from rat liver 

hepatocytes, it was later found to also be the case in the rodent heart (Chandel et al, 1996). In 

addition, this loss of cytochrome-c oxidase activity also negatively impacts both mitochondrial 

membrane potential, and respiration (Chandel et al, 1997). Therefore, immediate modulation of 

complex 4 activity reduces respiration well below what the ETC is actually able to handle in the 

short-term, in order to buy time for HIF-1-induced changes in gene expression to occur.  

 To this end, complex 4 expression and function also appears to an evolutionarily 

conserved target of HIF-1 transcriptional regulation. First detected in yeast, HIF-1 activation 

altered cytochrome-c oxidase subunit expression, switching out subunit 5A in favor of subunit 

5B. While this may seem like a subtle change, it has been found to significantly increase 

complex 4 efficiency in situations where oxygen is limiting (Kwast et al, 1998; Allen et al, 

1995). Work from the Semenza lab built upon this in 2007, when they used multiple human cell 

lines to show that HIF-1 results in a shift in the homologous cytochrome-c oxidase subunit 4-1 to 

4-2. By simply shifting the predominant subunit, hypoxic cells efficiently produced more ATP 

and less reactive oxygen species, when compared to cells that were not able to adapt (Fukuda et 

al, 2007). But they also discovered that this process was dependent on HIF-1 binding to HREs of 

two genes: cytochrome-c oxidase subunit 4-2, and LON protease. Mechanistically, expression of 
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LON was found to selectively target subunit 4-1 for destruction, allowing for subunit 4-2 to 

dominate and improve mitochondrial respiration during hypoxia exposure (Fukuda et al, 2007). 

While this represents the first discovery of HIF-1 regulating ETC architecture, it has since been 

found to regulate the expression of a majority of the ETC complexes.  

 The second key way that HIF-1 promotes cellular adaptation is through preventing the 

expression of a number of other ETC components like aconitase as well as complexes 1, 2 and 4. 

Given that the HIF-1 complex on its own is a transcriptional activator, it does not possess the 

ability to directly repress the expression of particular genes, rather HIF-1 carries out this function 

through directing the upregulation of specific micro RNAs (miRNAs) (Chan et al, 2012). 

Briefly, micro RNAs are small (~22 nucleotides), non-coding RNA fragments that are encoded 

by the genomic DNA but require processing in order to mature. In most cases, they bind to the 3’ 

untranslated region of target mRNAs, promoting its degradation or reducing the efficiency of its 

translation, thereby suppressing gene expression (O’Brien et al, 2018). There is increasing 

evidence that miRNAs participate in a number of cellular signaling pathways, but prior to 2007 

very little was known about their role in the regulation of hypoxia. In 2007, the Mircea group 

performed miRNA screens in a number of cancer cell lines and observed that protective 

miRNAs-26, -107 and -210 were all significantly upregulated in response to hypoxia 

(Kulshreshtha et al, 2007). This was expanded upon by Chan and colleagues in 2009, when they 

used pVHL-deficient mice to show that stabilization of HIF-1ɑ results in the constitutive 

expression of miRNA-210 in the brain, heart, and liver (Chan et al, 2009). In the same study it 

was observed that the loss of pVHL also significantly reduced the expression of the iron-sulfur 

cluster assembly enzymes (ISCU) 1 and 2. Proper formation of iron-sulfur clusters is critical for 

both ETC complex formation and efficient electron transport. Based on this knowledge, loss of 
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ISCU1/2 was found to reduce the expression of complex 1 and aconitase, effectively 

downregulating respiration (Chan et al, 2009).  It has since been observed that the loss of 

ISCU1/2 is meditated through miR-210 upregulation, and it further affects the expression of 

complex 2 (succinate dehydrogenase), and cytochrome-c oxidase subunit 10 (Chen et al, 2010b; 

Favaro et al, 2010; Puisségur et al, 2011). While these previous studies suggest that HIF-1-

induced miR-210 expression would be protective at the cellular level, this hypothesis was tested 

using hindlimb ischemia in miR-210-overexpressing mice. Using this model Zaccagnini et al. 

determined that miR-210 depressed skeletal muscle respiration, preventing ischemia-induced cell 

death and inflammation, when compared to wild-type control mice (Zaccagnini et al, 2017). 

Taken together, the downregulation of mitochondrial respiration is seemingly protective, likely 

serving to reduce oxygen consumption and ROS production, as cells enter a state of hibernation. 

1.2.2.2. Adaptation and Fatty Acid Metabolism 

 At the same time that HIF-1 targets gene expression to downregulate respiration, data 

from hypoxic cardiac myocytes suggests that it also reduces fat metabolism, while promoting 

triglyceride storage (Huss et al, 2001). Briefly, normoxic cells (particularly those of the heart) 

commonly use a mitochondrial process known as β-oxidation in order to catabolize fatty acids 

and produce energy. Similar to glycolysis, β-oxidation functions to oxidize fatty acyl-CoA to 

produce acetyl-CoA that then normally feeds into the TCA cycle in order to produce high energy 

intermediates that fuel the ETC. However, in comparison with glycolysis the cell is able to yield 

more energy per unit of fat, given that β-oxidation generates additional NADH and FADH2 along 

the way (Lopaschuk et al, 2010).   

While hypoxia appears to significantly alter β-oxidation in the heart, it remains not 

entirely clear how this is achieved. Mechanistically, data from Huang et al. in 2014 suggests that 
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exposure to hypoxia represses the expression of medium- and long-chain acyl-coA 

dehydrogenases (MCAD and LCAD), key enzymes involved in the initiation of β-oxidation 

(Huang et al, 2014). In order to see if this was a HIF-dependent mechanism they exposed HIF-

knockout cells to hypoxia and found that MCAD, LCAD, and β-oxidation as a whole were no 

longer affected (Huang et al, 2014). Additional data generated using the hypoxic mouse liver, 

cultured hepatocytes, and cancer cells demonstrates that HIF is also responsible for the active 

repression of CPT1 (Du et al, 2017; Liu et al, 2014). Critically, CPT1 is required for the import 

of fatty acids into the mitochondria, where β-oxidation takes place. However, while these results 

are interesting, HIF is only a transcriptional activator, and current research has yet to define the 

exact HIF-induced mediator that is required for this response. These studies also found that 

triglyceride storage in hypoxic cells and tissues was increased, suggestive of an accumulation of 

fatty acids that are not being broken down. Experimental evidence further suggests that HIF 

upregulates the expression of genes involved in lipid storage, including lipin-1, and fatty acid 

synthase (Furuta et al, 2008; Mylonis et al, 2012). Based on these key observations, the HIF-

mediated adaptive response to hypoxia not only alters ETC function directly, but also limits its 

activity through upstream control of the TCA cycle and β-oxidation.  

1.2.2.3. Adaptation and Mitochondrial Elimination 

As oxygen becomes limiting, mitochondria become dispensable, which is clearly 

demonstrated by these previously outlined approaches used to adapt to hypoxic environments. 

With fewer high energy substrates, programmed dysfunction in the electron transport chain, and 

a loss of proton motive force, the hypoxic mitochondria mostly functions to generate ROS 

(Moyzis et al, 2015). In order to overcome this, cells have evolved a HIF-1-induced mechanism 

to remove dysfunctional mitochondria, known as mitochondrial autophagy, or mitophagy for 
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short (Zhang et al, 2008). As a summary, mitophagy is a highly specific form of autophagy, or 

cellular ‘self-eating’, that follows a series of discrete and well-studied steps. The process begins 

with phagophore formation, which is initiated by activation of a Beclin-1/phosphoinositide 3-

kinase class 2 complex in the cytosol (Menon & Dhamija, 2018). The phagophore then elongates 

by means of a ubiquitin-like conjugation system that employs autophagy related (ATG) -5, -12, 

and microtubule associated protein 1 light chain 3 (LC3). As the phagophore matures into a 

double membraned autophagosome, LC3 remains present on the outer membrane. LC3 is then 

used to interact with various adaptor proteins and receptors on the dysfunctional mitochondria, 

allowing the autophagosome to completely engulf it (Lamark et al, 2009). With the mitochondria 

secured inside the autophagosome, it is free to fuse with the lysosome, forming an 

autophagolysosome, which results in degradation of the contents (Klionsky & Schulman, 2014). 

While the general process of macro-autophagy is thought of as non-specific, mitophagy has 

evolved mechanisms to select only dysfunctional mitochondria.  

While removal of a potential source of ROS could be beneficial, this process also 

removes the cells main source of ATP production, making it not immediately clear if mitophagy 

prolongs life, or hastens death (Kundu & Thompson, 2005). However, several recent studies 

have indicated this process is protective, particularly in terminally differentiated cells, like the 

cardiomyocyte (Moyzis et al, 2015).  

1.2.2.3.1. Mitochondrial Elimination Through PINK1 and Parkin 

Mitophagy is thought to take advantage of two very different mechanisms for labeling 

dysfunctional mitochondria, the HIF-independent PTEN induced kinase 1 (PINK1)/Parkin 

pathway, and the HIF-induced mitophagy receptor-mediated system. Given that the 

PINK1/Parkin pathway is hypoxia independent, it will only be briefly reviewed in this section. 
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Under normal conditions, PINK1 localizes with and is imported into the mitochondria via the 

translocase of outer mitochondrial membrane (TOMM) complexes, where it is normally 

degraded. But when dysfunctional mitochondria fail to produce an adequate membrane potential, 

PINK1 is no longer be imported, remaining associated with the outer mitochondrial membrane 

(OMM) (Jin et al, 2010). Given that PINK1 is a kinase, on the OMM it functions to 

phosphorylate a number of proteins including mitofusin (MFN) 2, which then acts as the receptor 

for Parkin (Chen & Dorn, 2013). Once recruited and activated through a PINK1 phosphorylation, 

Parkin uses its ubiquitin E3 ligase activity to ubiquitinate a number of protein substrates (Kane et 

al, 2014). This ubiquitination step is critical, as adaptor proteins like p62 recognize these 

ubiquitinated proteins, which in turn recruit the autophagosome through interactions with LC3, 

resulting in mitochondrial clearance (Pankiv et al, 2007; Ichimura et al, 2008).  

In addition to the role of the PINK1/Parkin pathway in mitochondrial turnover, it has also 

been observed that Parkin recruitment also participates mitochondrial protein degradation. This 

is thought to serve two main purposes, helping to keep mitochondria in a fused state, and 

promoting the removal of ETC complexes. Starting with mitochondrial dynamics, work from 

Richard Youle’s lab using neural model systems has demonstrated that Parkin-induced 

ubiquitination of MFN1 and 2 also promotes their degradation by the proteosome (Tanaka et al, 

2010). This is particularly important given that the MFN proteins are both large guanosine 

triphosphate (GTP)-ases, responsible for membrane fusion and elongation in healthy polarized 

mitochondria (Hermann et al, 1998; Legros et al, 2002). Loss of these proteins is thought to be 

key to maintaining dysfunctional mitochondria in a fragmented state, that is easier for 

autophagosome engulfment (Tanaka et al, 2010). At the same time, work in both the brain and 

the heart shows that the mitochondrial Rho GTPase (MIRO) is also a target for PINK1 
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phosphorylation, Parkin ubiquitination, and proteasomal degradation (Wang et al, 2011; Cao et 

al, 2019). MIRO is the primary adaptor protein that anchors the OMM to kinesin, a motor 

protein that traffics cargo towards the periphery of the cell along microtubules (anterograde). To 

this end, MIRO degradation results in nuclear clustering and clearance of fragmented 

mitochondria, one of the classical cellular phenotypes associated observed in mitophagic cells 

(López‐Doménech et al, 2018). Additional studies suggest that MIRO also anchors the 

mitochondria to the ER, helping to produce the close interactions between the two organelles. 

However, loss of this function further aids in the selective removal of dysfunctional 

mitochondria only, during mitophagy (Modi et al, 2019). Moreover, genetic studies in flies show 

that Parkin recruitment is a requirement for ETC protein ubiquitination and degradation. A 

process that serves to remove complexes (especially complex 1), and alters respiration (Vincow 

et al, 2013). Based on these studies, the PINK1/Parkin pathway not only controls mitophagy 

through LC3, but by directing mitochondrial dynamics, localization and function.  

1.2.2.3.2. Mitochondrial Elimination Through Bnip3 

 Alternatively, the HIF-activated mitophagy receptor system takes advantage of members 

of the evolutionarily conserved B-cell lymphoma 2 (Bcl-2) family, which are known to have 

both pro-survival and pro-death functions. As the name implies, this family of proteins was 

originally discovered in cancer, but has since been found to play a role in nearly every cell in the 

body, including the heart (Pegoraro et al, 1984; Tsujimoto & Croce, 1986; Tsujimoto et al, 

1984). Classified based on their Bcl-2 homology (BH) domains, they have generally been 

subdivided into three main groups: (1) The pro-survival members, which are known to possess 

all four BH domains, including Bcl-2, B-cell lymphoma-extra-large (Bcl-xL), myeloid cell 

leukemia 1 (MCL-1), and Bcl-2-like protein 2 (Bcl-W). (2) The multidomain pro-death 
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members, which contain BH domains 1-3, including BOK, Bcl-2-associated X protein (BAX), 

and Bcl-2-associated killer protein (BAK) (discussed below). (3) The BH-3 only pro-death 

proteins, which has grown to include BIK, Bcl-2-like protein 11(BIM), phorbol-12-myristate-13-

acetate-induced protein 1 (Noxa), BH3 interacting-domain death agonist (BID), BAD, Bnip3 

(Bcl-2 interacting protein 3), and Bnip3L (NIX).  

Of particular interest to the topic of mitophagy is this last group, and more specifically 

the Bnip3 subfamily, which includes both Bnip3 and NIX. The prototypical member of this 

subfamily, Bnip3, was originally discovered in the Chinnadurai lab in 1994 through a yeast two-

hybridization screen using E1B-19K as bait (Boyd et al, 1994). In follow up studies focused on 

Bnip3s structure and function; it was observed that the protein carries out the majority its pro-

cell death functions through its C-terminal transmembrane (TM) domain, which inserts into the 

outer mitochondrial membrane. They also determined that some of Bnip3s actions are mediated 

through its 19-amino acid BH3 domain, which aides in heterodimeric interactions between 

members of the Bcl-2 families pro-survival group, namely Bcl-2 and Bcl-xL (Theodorakis et al, 

1996; Yasuda et al, 1998a; Imazu et al, 1999; Ray et al, 2000). 

 

 

I - Figure  5: Amino acid sequence alignment comparing Bnip3 and NIX in mice and humans. 
CLUSTAL alignment for the amino acid sequences for NIX (top 2 sequences) and Bnip3 (bottom 2 
sequences) in mice (indicated as ‘mus’) and humans. Yellow sections are intended to highlight the residues 
that are different between the two proteins.  

 

mus_Nix_AF067395           -MSHLVEPPPPLHNNNNNCEEGEQPLPPPAGLNSSWVELPMNSSNGNENG 49 NGKNGGLEHVPSSSSIHNGDMEKILLDAQHESGQSSSRGSSHCDSPS--- 96
human_Nix_NM_004331        MSSHLVEPPPPLHNNNNNCEENEQSLPPPAGLNSSWVELPMNSSNGNDNG 50 NGKNGGLEHVPSSSSIHNGDMEKILLDAQHESGQSSSRGSSHCDSPS--- 97
mus_Bnip3_NM_009760        ------------------MSQSG-----EENLQGSWVELHFSN------G 21 NGSS-----VPASVSIYNGDMEKILLDAQHESGRSSSK-SSHCDSPPRSQ 65
human_Bnip3_NM_004052      ------------------MSQNGAPGMQEESLQGSWVELHFSNN-----G 27 NGGS-----VPASVSIYNGDMEKILLDAQHESGRSSSK-SSHCDSPPRSQ 71
                                              .:.        .*:.***** :..      *    ** .     **:* **:****************:***: *******.

mus_Nix_AF067395           PQEDGQIMFDVEMHTSRD-HSSQSEEEVVEGEKEVE-ALKKSADWVSDWS 144 SRPENIPPKEFHFRHPKRAASLSMRKSGAMKKGGIFSAEFLKVFIPSLFL 194
human_Nix_NM_004331        PQEDGQIMFDVEMHTSRD-HSSQSEEEVVEGEKEVE-ALKKSADWVSDWS 145 SRPENIPPKEFHFRHPKRSVSLSMRKSGAMKKGGIFSAEFLKVFIPSLFL 195
mus_Bnip3_NM_009760        TPQDTNRA-EIDSHSFGEKNSTLSEEDYIERRREVESILKKNSDWIWDWS 114 SRPENIPPKEFLFKHPKRTATLSMRNTSVMKKGGIFSADFLKVFLPSLLL 164
human_Bnip3_NM_004052      TPQDTNRASETDTHSIGEKNSSQSEEDDIERRKEVESILKKNSDWIWDWS 121 SRPENIPPKEFLFKHPKRTATLSMRNTSVMKKGGIFSAEFLKVFLPSLLL 171
                           . :* :   : : *:  : :*: ***: :* .:***  ***.:**: ***     *********** *:****:.:****::..*********:*****:***:*

mus_Nix_AF067395           SHVLALGLGIYIGKRLSTPSASTY 218
human_Nix_NM_004331        SHVLALGLGIYIGKRLSTPSASTY 219
mus_Bnip3_NM_009760        SHLLAIGLGIYIGRRLTT-STSTF 187
human_Bnip3_NM_004052      SHLLAIGLGIYIGRRLTT-STSTF 194
                           **:**:*******:**:* *:**:
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Bnip3 and NIX share about 56% cDNA sequence homology, including the same domain 

structure, however this difference in cDNA does translate into NIX having a 17-18 amino acid 

N-terminal extension and an additional proline in its TM domain (see I-Figure 5 for alignment) 

(Matsushima et al, 1998). Aside from the slight dissimilarities in their sequences, the main 

difference between the two proteins is a result of divergent transcriptional regulation (see I-

Figure 6 for overview). While the promoter regions for both genes contain HREs, work using 

hypoxia-exposed neonatal cardiomyocytes demonstrated that Bnip3 is significantly more 

dependent on HIF-1α stabilization when compared to NIX (Gálvez et al, 2006). In the same 

comparative studies it was determined that rather than in a HIF-dependent mechanism, NIX 

expression is strongly regulated by hypertrophic signalling (Gálvez et al, 2006). This connection 

was made using phenylephrine, a pharmacological activator of guanine nucleotide-binding 

proteins (G proteins) of the Gαq family, which are classically associated with cardiomyocyte 

hypertrophic signal transduction from a number of plasma or nuclear membrane-bound G 

protein-coupled receptors (GPCRs) (Adams et al, 1998; Tadevosyan et al, 2010). Following 

GPCR activation by ligands including Ang-II and ET-1, these Gαq signalling proteins stimulate 

phospholipase C (PLC) activity, which catalyzes the hydrolysis of phosphatidylinositol 4,5-

bisphosphate to form the secondary messengers: inositol 1,4,5-trisphosphate (IP3), and 

diacylglycerol (DAG) (Kolpakov et al, 2017). While these messengers promote hypertrophy 

through several downstream pathways, work from Gerald Dorn’s group suggests that activation 

of protein kinase C alpha (PKCɑ), likely by DAG, is required for upregulation of NIX (Gálvez et 

al, 2006). They further demonstrated that in order to enhance NIX expression, PKC must 

activate sp1 (specificity protein 1), a transcription factor that was found to bind to the GC-rich 

portions of the NIX promoter region (see I-Figure 6 for overview) (Gálvez et al, 2006). 



 48 

While these observations establish cardiac hypertrophy as a transcriptional regulator of 

NIX expression, the importance of DAG in this pathway also implies that nutrient stress may be 

involved. Previous studies have established that NIX is a component of the cellular nutrient 

stress response in tissues like the skeletal muscle, but this has not yet been observed in the heart 

(da Silva Rosa et al, 2020). Importantly though, work from Gary Lopaschuck’s laboratory 

presented this possibility in the heart when they found that high fat diet fed mice accumulate 

excessive cardiac DAG, resulting in the activation of myocardial PKCɑ (see I-Figure 6 for 

overview) (Zhang et al, 2011). It is also important to note that while NIX expression in the heart 

is not strongly regulated by HIF-1, data from both tumour cells and neurons suggests that HIF 

stabilization may enhance NIX expression in a tissue-specific manner (Sowter et al, 2001; Jung 

et al, 2019; Guo, 2017). However, in order to maintain focus on the HIF-induced adaptive 

response to hypoxia the remainder of this section will be concentrated specifically on the role of 

Bnip3 in mitophagy.  
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 I - Figure  6: Differences in the transcriptional regulation of Bnip3 and NIX in the 
cardiomyocyte. 
Transcriptional regulation of Bnip3 (shown on the left) is controlled by reduced oxygen tension resulting 
in hypoxia inducible factor (HIF)-1ɑ stabilization and activation through the inhibition of both prolyl-
hydroxylase domain (PHD) enzyme activity, and Von Hippel-Lindau tumour suppressor protein (pVHL) 
binding. Stabilized HIF-1ɑ translocates to the nucleus, binds HIF-1β, and promotes the expression of Bnip3. 
Alternatively, cardiac transcriptional regulation of NIX (shown on the right) is controlled by G-protein 
coupled receptor signaling to Gαq proteins, which activate phospholipase C (PLC) to produce diacylglycerol 
(DAG). Elevated DAG results in protein kinase C alpha (PKCɑ) activation, downstream specificity protein 
1 (sp1) phosphorylation, and enhanced NIX gene expression.  

 
 
 The role for Bnip3 in mitophagy was first described by Asa Gustafsson’s laboratory in 

2007, using a model of ischemia/reperfusion (I/R) in both mouse- and cell culture-based 

experiments. Through this approach they initially documented that I/R induces a robust 

autophagic phenotype, as seen by changes the localization and recruitment of a green fluorescent 

protein (GFP)-tagged LC3, and the presence of autophagic puncta through electron microscopy. 

But upon closer examination, they found the LC3-positive puncta clearly overlaid with 
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mitochondrial fragments, indicative of mitophagy (Hamacher-Brady et al, 2007). The direct link 

to Bnip3 was made through lenti-viral induction of a dominant negative form of the protein, 

known as Bnip3ΔTM. Overexpressing this construct revealed that Bnip3 inhibition repressed 

mitophagy. This paper also demonstrated that Bnip3 overexpression in HL-1 cells induced 

mitophagy on its own, which can also be effectively inhibited by the dominant negative form 

(Hamacher-Brady et al, 2007). Building on these observations, the following year it was 

demonstrated that Bnip3-induced mitophagy, is only a feature of cells that express HIF-1. They 

further observed that HIF-1-induced Bnip3 expression reduces cellular mitochondrial DNA 

content, ATP production, oxygen consumption, and cell death, suggestive of a protective 

adaptation to reduced oxygen availability (Zhang et al, 2008).  

 Mechanistically, Bnip3 is thought to play two different roles. The first being through its 

BH-3 domain-dependent interactions with the pro-survival protein Bcl-2. Under normal 

conditions, Bcl-2 is normally found bound to Beclin-1, a protein that when found on its own is 

known to recruit Parkin to the mitochondria. Upon upregulation of Bnip3, it appears to displace 

Beclin-1 from the Bcl-2 interaction, freeing Beclin-1 to stimulate the PINK1/Parkin pathway 

(Zhang et al, 2008). Although more work is required, Bnip3 has additionally been proposed to 

modulate the PINK1/Parkin pathway through preventing the import and degradation of PINK1 

within the mitochondria. This is thought to be the result of a direct interaction between Bnip3 

and PINK1, that stabilizes the protein on the OMM and promotes Parkin recruitment (Zhang et 

al, 2016).  

More commonly, Bnip3 is associated with being a direct receptor for mitophagy, an idea 

pioneered by the Gustafsson lab. This was based on Quinsay et al.’s discovery that LC3 puncta 

found at the mitochondria also colocalizes with Bnip3. Using a series of pharmacological and 
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genetic inhibitors to block mitochondrial dysfunction [ROS, permeability transition, 

mitochondrial calcium accumulation (reviewed in the next section)] they found that Bnip3 

overexpression was still sufficient to promote mitochondrial clearance, implying that Bnip3 is in 

some way a receptor for LC3 (Quinsay et al, 2010b). It was later determined by Gustafsson’s lab 

that both Bnip3 mitochondrial localization and homodimerization were two critical steps in the 

initiation of LC3 recruitment. They found this through abrogating mitophagy by removing or 

introducing point mutations in the Bnip3 TM domain. However, they also discovered that the 

TM domain was not the only critical region on the Bnip3 protein, demonstrating that the Bnip3 

protein also contains an N-terminal WXXL LC3-interacing region (LIR). While Bnip3 

consistently colocalized and co-immunoprecipitated with LC3, this effect was lost when the 

region was mutated, indicative of Bnip3 being an actual mitochondrial LC3 receptor (Hanna et 

al, 2012). This this study also introduced a new concept when they discovered that Bnip3 both 

localizes to, and enhances the autophagic degradation of the endoplasmic reticulum (ER) (Hanna 

et al, 2012). This is of particular importance, given that hypoxia is a potent stressor that is known 

to promote the accumulation of misfolded and unfolded proteins, triggering the ER stress 

response (Lee et al, 2020).  

 Similar to the PINK1/Parkin pathway, Gustafsson’s group has determined that in addition 

to Bnip3 being a direct mitophagy receptor, it is also a regulator of mitochondrial protein 

degradation. This was demonstrated by Rikka and colleagues, who found that overexpression of 

Bnip3 results in the selective degradation of ETC protein complexes that are both encoded by the 

nuclear DNA and the mitochondrial DNA. Bnip3 also had no effect on mRNA levels, nor did it 

effect other mitochondrial proteins like the TOMM complexes (Rikka et al, 2011). They further 

determined that this was not due to mitochondrial clearance, observing that when they inhibited 
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mitophagy the ETC deficit still exists. However the underlying mechanism was found to depend 

on the upregulation of mitochondrial protease, which selectively targeted complexes 1, 2, 4 and 

ATP-synthase (Rikka et al, 2011).  

 While the role of Bnip3 in the HIF-induced mitophagy response remains the focus of 

many current studies, there are two additional proteins with similar functions: FUN14-domain 

containing 1 (FUNDC1), and Blc-2 Like-13 (Bcl-2-L13). Originally discovered through studies 

in yeast, FUNDC1 was found in a search for mammalian orthologues to the ATG-32 protein, that 

to date has only been observed in lower eukaryotes (Otsu et al, 2015; Liu et al, 2012). ATG-32 

was of particular interest given its established role as an LC-3 receptor and ability to induce the 

rapid clearance of yeast mitochondria (Kanki et al, 2009; Okamoto et al, 2009). Building on this, 

Liu and colleagues (2012) first determined that FUNDC1 is a constitutively expressed protein 

that exclusively localizes to the outer mitochondrial membrane via its 3-hyrdophobic 

transmembrane domains (Liu et al, 2012). They further observed that like Bnip3, FUNDC1 

interacts with LC-3 through an evolutionarily conserved LIR, which when mutated abrogates 

mitochondrial clearance (Liu et al, 2012). Importantly though, FUNDC1 has not been found to 

be upregulated by HIF-1, but rather a hypoxia-induced LIR phosphorylation event enhances its 

activity as cellular oxygen tension is reduced (Liu et al, 2016a, 2012). While not directly 

regulated by HIF-1, FUNDC1 remains integral to hypoxia-induced mitophagy. This is based on 

the observation that loss of the protein resulted in an inability to respond to hypoxia exposure 

and a complete loss of LC-3-puncta and mitochondrial clearance (Liu et al, 2012).  

Three years after the discovery of FUNDC1, molecular screens of mammalian databases 

identified Bcl-2-L13 to be the mammalian homologue of the yeast ATG-32 protein (Otsu et al, 

2015). This protein is an atypical member of the Bcl-2 family of proteins that possess all four 
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BH-domains, but to date has not been shown to use these domains to bind to any pro-survival or 

pro-death factors. However, similar to Bnip3, Bcl-2-L13 executes cell death through its 

interactions between its C-terminal transmembrane domain and the outer mitochondrial 

membrane (Kataoka et al, 2001). As for its function in mitophagy, Bcl-2-L13 has been found to 

require all four BH domains to mediate mitochondrial fragmentation that takes place in the 

absence of any additional machinery, like the PINK1/Parkin pathway (Yoo & Jung, 2018). Like 

FUNDC1 and Bnip3, the ability of Bcl-2-L13 to enhance mitophagy is mediated through one of 

its two LIRs, located between residues 147-150 and 273-276 (Otsu et al, 2015). Through 

targeted mutagenesis, it has since been determined that the second set of residues (273-276) 

forms the functional LIR (Otsu et al, 2015). While the exact mechanism of Bcl-2-L13-induced 

mitophagy remains largely unknown it has been determined that serine-272, located within the 

LIR, is phosphorylated in response to stress, increasing the interaction of Bcl-2-L13 with LC-3 

(Hamacher-Brady & Brady, 2016; Bian et al, 2014). Importantly, Bcl-2-L13 expression and 

activity has not yet been shown to be regulated by hypoxia, but given its similarities to both 

FUNDC1 and Bnip3, more investigation is required. 

As a whole, the HIF-induced regulation of mitophagy receptors like Bnip3, FUNDC1, 

and Bcl-2-L13 is clearly a component of the cellular adaptation to hypoxia, eliminating potential 

sources of ROS through being a key regulator of mitochondrial clearance and modulation of 

respiration. 

1.2.2.5. Adaptation and Glucose Metabolism 

By reducing lipid metabolism, eliminating dysfunctional mitochondria, and modulating 

ETC activity in those mitochondria that remain, the cell is left with one metabolic option, 

enhanced glycolysis. This was originally documented by Louis Pasture in 1861, where he 
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observed enhanced cellular metabolism of glucose in the absence of oxygen (Aisenberg & Potter, 

1957). During glycolysis, the cell catabolizes glucose to produce pyruvate and NADH that under 

normal conditions would feed into the TCA cycle to drive respiration. While far less efficient 

than respiration, glycolysis on its own also produces ATP, which can then power many cellular 

processes. However, when oxygen becomes limiting anaerobic glycolysis is triggered resulting 

in the reduction of pyruvate to lactate, and the enhancement of cellular glucose uptake in order to 

allow for this process (Rovetto et al, 1973). This is thought to be an adaptive response, where in 

the cardiomyocyte for example it functions to maintain ATP production, although this is at a 

significantly reduced rate when compared to that of well-oxygenated cells (Rovetto et al, 1973). 

Generally occurring over the course of hours, this metabolic shift was initially thought to be a 

dependent on changes in gene expression and this hypothesis has since been confirmed to be a 

conserved HIF-dependent response.  

During this HIF-activated response there are three main groups of genes upregulated, 

those involved in glucose uptake, those involved in glycolysis proper, and those involved in 

determining the fate of pyruvate. Starting with glucose uptake, cellular positron emission 

tomography (PET) using radiolabeled glucose analogues in a variety human cancer cell lines has 

demonstrated that hypoxia exposure significantly enhances glucose uptake (Busk et al, 2008). 

Underlying this glucose uptake appears to be HIF-1-induced upregulation and membrane 

localization of the glucose transporters (GLUT) 1 and 4. In the heart, one of the earliest 

observations of this phenomena was made by Brosius et al. in 1997 using canine hearts that had 

undergone LAD ligation for 6 hours prior to heart collection and analysis. In doing this they 

found that ischemia significantly increased whole heart GLUT1 expression, but did not 

appreciably change the expression of GLUT4 (Brosius, III et al, 1997). These results were later 
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corroborated by Ralphe and colleagues in 2005 using a sheep model of chronic myocardial 

anemia. By depriving the fetal lamb heart of oxygen, they were able to show that hypoxia 

significantly increases GLUT1 expression, but has no impact on GLUT4 expression (Ralphe et 

al, 2005).  

Work from Gregg Semenza’s laboratory has further shown that HIF-1ɑ stabilization also 

directly upregulates a number of the key enzymes required for glycolysis (Iyer et al, 1998). This 

study elegantly demonstrated the interdependence of glycolysis and hypoxia through the  

generation of the first ever HIF-1ɑ-null mouse embryonic stem cells. Using these cells, they 

assessed the effect of hypoxia exposure on the expression of every protein required for the 

normal progression of glycolysis, comparing changes to normoxia treated, wild-type stem cells 

(Iyer et al, 1998). In order of how they appear during glycolysis, they determined that HIF-1ɑ 

was required for hypoxic induction of: hexokinase (HK) 1 and 2, glucose phosphate isomerase 

(GPI), phosphofructokinase (PFK) L, aldolase (ALD) A and C, triosephosphate isomerase (TPI), 

phosphoglycerate kinase (PGK) 1, enolase (ENO) 1, and pyruvate kinase (PK) M  (Iyer et al, 

1998). Based on these observations, it is clear that the HIF-induced adaptive response to reduced 

oxygen tension depends on enhancing glycolysis.  

While HIF-1 regulates a number of metabolic genes involved in the import and 

breakdown of glucose, it is thought that the HIF-1-induced changes in lactate dehydrogenase A 

(LDHA) and pyruvate dehydrogenase kinase (PDK) 1 are responsible for the majority of this 

metabolic switch. This is due to the role of these two proteins in determining the fate of the 

pyruvate that is produced. Focusing first on PDK1, this protein is critical in regulating the 

activity of PDH, the large multi-subunit mitochondrial complex that converts pyruvate to acyl-

CoA. This role for PDKs was first described by Holness and Sugden in 2003, when they 
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determined that PDH activity could be reversibly inhibited upon phosphorylation of its E1ɑ 

subunit by PDK, preventing progression of the TCA cycle (Holness & Sugden, 2003). Building 

on this Kim et al. determined that PDK1 is a HIF target gene that confers protection during 

hypoxia exposure. They did this by forcing the expression of PDK1 in HIF-1ɑ-null mouse 

embryonic fibroblasts under hypoxic conditions, and showing that PDK1 expression alone was 

sufficient to phosphorylate PDH, reducing both ROS production and cell death (Kim et al, 

2006b). Published concurrently with this work, Nicholas Denko’s laboratory confirmed that 

PDK1 was a HIF-inducible gene in a renal cancer cell line, and that it significantly reduced the 

cellular and mitochondrial oxygen consumption  (Papandreou et al, 2006). Importantly though, 

loss of PDH activity could result in the cytosolic accumulation of pyruvate, without the 

concurrent induction of LDHA. Lactate dehydrogenases reduce pyruvate into lactate, the 

endpoint of anaerobic glycolysis, using the energy gained from sacrificing NADH and 

converting it into NAD+. This re-regenerated NAD+ is then used to promote the forward 

progression of anerobic glycolysis in order to generate more ATP (Vander Heiden et al, 2009). 

While it might have been assumed, similar to Epo, the LDHA gene in human cervical carcinoma 

cells (HeLa) contains a 3’ HRE that allows for its hypoxia inducibility (Firth et al, 1994). This 

observation has since been confirmed in a number of cells and tissues, including in a screen of 

hypoxic mouse embryonic stem cells (Iyer et al, 1998). Based on these critical observations 

focused on the fate of cytosolic pyruvate, it is apparent that acyl-CoA production is inhibited in 

hypoxic cells, thereby inhibiting the TCA cycle. As a whole, the upregulation of genes involved 

in glucose uptake, the proper progression of glycolysis, and preventing the production of acyl-

CoA appear to be cornerstones of the HIF adaptive response in cells.  
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Taken together, these aforementioned alterations in cellular metabolism, mediated 

through the elimination of mitochondria, and the downregulation of genes involved in both the 

ETC and lipid metabolism, function to prevent mitochondrial ROS production when oxygen is 

limiting. While protective, for any cell to survive in a hypoxic environment it still needs a safe 

source of energy, which in most cases appears to be anaerobic glycolysis.  

 
1.2.3. Adaptation and Regulated Cell Death    

 In most cases, under hypoxic conditions, cells are able to rely upon the previously 

described adaptive HIF response for generalized protection. However, depending on the degree 

of exposure, hypoxic cell stress is associated with ROS accumulation, inflammation, DNA 

damage, ER stress, and autophagy, all of which are implicated in cellular dysfunction and death, 

similar to what is seen in diseases of prematurity. Additionally, some components of the HIF-1 

response have been documented to alter cellular viability on their own. This observation, in and 

of itself, indicates that it may be an adaptation to eliminate the most damaged cells for the 

collective health of a particular tissue or organism.  

 Understanding how cells die at the molecular level was initially considered unimportant 

but has gained significant attention over the last few decades. Early studies considered cell death 

a random and unregulated process and cell death was thought of as simply an unfortunate 

consequence of living. As work has continued in the field, it’s now understood that the way in 

which a cell dies is a highly regulated process and varies depending on cellular context, and 

stimulus (Galluzzi et al, 2018). This high level of control allows cell death to play key roles in 

organismal development, tissue homeostasis, host defence and pathophysiology in most tissue 

types, including the cardiovascular system (Conrad et al, 2016; Weinlich et al, 2017; Fuchs & 

Steller, 2011; Galluzzi et al, 2016).   
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As this field has continued to evolve so too has the nomenclature, forms of cell death that 

were formerly described generally as “apoptosis” have been parsed into entirely new groups 

based on the pathways activated, underlying biochemistry, and cell morphology. Building on 

this, there are at least seven forms of regulated cell death (RCD) described to date, including: 

apoptosis, mitochondrial permeability transition (MPT)-driven necrosis, necroptosis, ferroptosis, 

pyroptosis, parthanatos, and autophagy-mediated cell death (Galluzzi et al, 2018, 2015).  These 

forms of death are found to be in direct opposition to accidental cell death, where cells die 

instantaneously and chaotically in response to noxious stimuli, including physical, chemical and 

mechanical stressors (Galluzzi et al, 2018).  

 Understanding the underlying mechanisms of cell death is particularly poignant for 

tissues where cells are terminally differentiated and have a limited capacity for regeneration, 

including the myocardium (Nakada et al, 2017; dos Remedios et al, 2013). This is based on the 

idea that under conditions like a myocardial infarction (MI), the HIF-1 mediated response can 

only protect to a certain extent before there are moderate to severe levels of cardiomyocyte death 

depending on the size and length of the coronary blockage (Xin et al, 2013; Konstantinidis et al, 

2012). Following the clearance of the infarct, the lost cardiomyocytes are not able to regenerate 

and are later replaced by a fibrotic scar, considerably impacting cardiac function and contributing 

to heart failure (Xin et al, 2013; Foo et al, 2005). For this reason, many cardiovascular studies 

have been focused on understanding how cells die in order to design better therapeutic 

interventions to prevent the death before it occurs.  

 Through analysis and summary of both current and historical literature, this section aims 

to demonstrate how the seven main forms of RCD are similar and yet vastly different at the 
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molecular level. It also aims to show how the stressors associated with hypoxia exposure play a 

role in the development of each form of cell death.  

1.2.3.1. Molecular Mechanisms of Regulated Cell Death 

1.2.3.1.1. Apoptosis 

Thought of as the most classical form of cell death, apoptosis can be differentially 

activated by intracellular (intrinsic) or extracellular (extrinsic) signalling, and while the initiating 

cues may be very different the two pathways elegantly converge on proteolytic caspase activity 

(Thornberry, 1998). This caspase activity is thought to activate the classical morphology of 

apoptosis, which was described in the early 1970s and characterized by cellular shrinkage, 

nuclear condensation and fragmentation as well as membrane blebbing (Taylor et al, 2008; Kerr 

et al, 1972; Schweichel & Merker, 1973). All the while, apoptotic cells are thought to maintain 

their plasma membrane integrity and metabolic activity to a certain degree (Galluzzi et al, 2018). 

These main characteristics result in a form of cell death that is generally immunologically silent, 

with very little accompanying inflammation and immune cell recruitment. However, in vivo 

evidence suggests that the remaining apoptotic bodies do require some degree of phagocytotic 

macrophage activation to be cleared, completing the cell death process (Green et al, 2016; Yatim 

et al, 2017). While the end result is the same for both the intrinsic and extrinsic death pathways, 

the underlying molecular mechanisms, and the degree of mitochondrial involvement is very 

different between the two.  

1.2.3.1.1.2. Intrinsic Apoptosis  

As the name implies intrinsic apoptosis is activated by perturbations in the intracellular 

microenvironment including DNA damage, ER stress, ROS overload, and mitotic defects that 

result in replication stress (Czabotar et al, 2014; Pihán et al, 2017; Brumatti et al, 2010). While 
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the initiating triggers for intrinsic apoptosis are wide-ranging, they all result in irreversible 

mitochondrial outer membrane permeabilization (MOMP). The critical link between these 

microenvironmental stressors and MOMP is the multifaceted Bcl-2 family of proteins, 

containing members responsible for driving, sensitizing, and inhibiting MOMP.   

 Supported by extensive evidence and strong genetic models, it has been determined that 

the two key Bcl-2 family members involved in MOMP are BAX and BAK. Under normal 

conditions, inactive BAK is found on the cytosolic face of the OMM, while BAX exists in a 

dynamic equilibrium between the cytosol and the OMM (Iyer et al, 2015; Edlich et al, 2011; 

Schellenberg et al, 2013). Confocal microscopy using cultured mammary epithelial cells 

demonstrates that this equilibrium is dramatically shifted following microenvironmental stress, 

resulting in BAX activation and accumulation at the OMM (Schellenberg et al, 2013). When 

both proteins are localized to the OMM, they oligomerize through grooves that are exposed 

following activation and a subsequent conformational change, culminating in MOMP (Dewson 

et al, 2008; Li et al, 2017; Czabotar et al, 2013). The importance of this interaction has been 

further demonstrated through evidence suggesting that when BAX and BAK are missing, or are 

unable to interact (determined through targeted mutations in the groove), MOMP cannot be 

triggered regardless of the amount of pro-apoptotic stimuli (George et al, 2007; Dewson et al, 

2008; Wei, 2001).    

 The exact nature of OMM permeabilization and the direct contribution of BAX and BAK 

remains unclear. However, it is clear that MOMP is largely non-selective, allowing proteins of 

many sizes to pass freely through into the cytosol (Kuwana et al, 2002). This was further 

clarified using HeLa cells, where fluorescent labeling of most proteins found in the 

mitochondrial intermembrane space (IMS) had the same diffusion kinetics across the OMM 
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following MOMP (Munoz-Pinedo et al, 2006). What remains unclear is the nature of the 

permeabilization, with some research pointing to the formation of a proteinaceous BAX/BAK 

pore in the OMM. This is based on the observation that BAX/BAK oligomers are capable of 

forming pores and promoting conductance across artificial membranes that was detected using 

patch-clamp analysis (Antonsson et al, 1997). However, it has been suggested that the pore 

created by BAX and BAK would not be large enough to allow the free movement of IMS 

proteins across the membrane. This observation led to more recent data demonstrating that 

BAX/BAK oligomers may bend the lipid bilayer of the OMM, leading to the formation of large, 

transient, and non-selective lipid pores (Basanez et al, 1999; Basañez et al, 2002; Hardwick & 

Polster, 2002). Follow-up studies have demonstrated that BAX and BAK expression is able to 

cause cardiolipin-dependent lipid pore formation in artificial membranes (Kuwana et al, 2002; 

Schafer et al, 2009). 

 While BAX and BAK are a part of the Bcl-2 family, as previously mentioned this group 

is a large amalgamation of proteins that all contain at least one of four known BH domains in 

their amino acid sequence. While most proteins in the family have all, or at least many of these 

BH-domains, the BH3-only subfamily contains only the one (Tait & Green, 2010). Each member 

of this subfamily has a conserved sequence of 9-15 amino acids in its structure, which it uses to 

directly activate BAX and BAK, driving MOMP and cell death (Kim et al, 2006a; Letai et al, 

2002). This is supported by studies where only the peptides that make up the BH3-domain of 

these potent proteins were shown to be sufficient to cause BAX/BAK-induced MOMP in a cell 

free system (Cosulich et al, 1997). As transducers of cell stress, some of these BH3-only proteins 

are transcriptionally upregulated as a component of a cellular stress response, including Bcl-2-

like protein 11 (BIM), Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), and p53 
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upregulated modulator of apoptosis (PUMA). While others in the subfamily simply require a 

post-translational modification in order to be active, like BH3 interacting-domain death agonist 

(BID), which gets truncated and to a pro-apoptotic form, tBID (Dai et al, 2014; Moldoveanu et 

al, 2013; Ren et al, 2010; Kuwana et al, 2005). 

Regardless of how and when these BH3-only proteins are produced in the cell, they are 

recognized for their ability to directly bind to and activate either BAX or BAK in the initiation of 

MOMP. This particular phenomenon has been well described in the cases of both BID and BIM, 

where these two pro-apoptotic proteins differentially target BAK and BAX, respectively 

(Kuwana et al, 2005). Their individual mechanisms of action are also very similar, where both 

tBID and BIM bind to a “trigger site” on their respective targets in a BH3-dependent fashion, 

resulting in BAK and BAX activation and exposure of the groove required for oligomerization 

(Moldoveanu et al, 2013; Kuwana et al, 2005; Gavathiotis et al, 2008, 2010). PUMA is also able 

to directly activate BAX and BAK, however its mechanism of action is less well described (Ren 

et al, 2010). 

 While the focus of this section is stress induced cell death, as explained earlier, some Bcl-

2 family members are considered to be pro-survival, including Bcl-2, Bcl-xL, MCL-1, and Bcl-

W (Galluzzi et al, 2018). These family members possess all four BH domains and generally 

localize to the OMM or the ER. It is further thought that the BH1-, BH2-, and BH3-domains of 

these proteins come together to form a hydrophobic binding groove which is then able to bind to 

and inhibit the pro-apoptotic Bcl-2 family members including BAX and BAK (Sattler et al, 

1997; Cheng et al, 2001). While not directly implicated in the formation of the groove, the BH4-

domain of Bcl-2 is absolutely required for its anti-apoptotic activity, and the protein does not 

block apoptosis in its absence (Hirotani et al, 1999; Huang et al, 1998a). It was determined much 
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later using structural biology techniques that the BH4-domain of Bcl-2 directly binds to BAX 

and prevents any interactions with BH3-only family members like BIM, as well as 

oligomerization with BAK (Barclay et al, 2015). Similarly, Bcl-xL binds directly to BAK 

through hydrophobic and electrostatic interactions, both inhibiting its ability to be activated and 

moving it away from the OMM (Edlich et al, 2011; Sattler et al, 1997).   

 A major consequence of MOMP is the release of IMS proteins into the cytosol, including 

cytochrome c (CytC). Under normal physiological conditions, CytC is held to the inner 

mitochondrial membrane (IMM) through electrostatic interactions with cardiolipin and functions 

to shuttle electrons between complex three and four in the electron transport chain (Ott et al, 

2002). However in cells undergoing MOMP, CytC release from the IMS is favored by structural 

reorganization within the IMM, including cristae remodeling (Chai et al, 2000). Free CytC binds 

to its cytosolic interacting partner, apoptotic peptidase activating factor 1 (APAF1), which is 

composed of an N-terminal caspase recruitment domain (CARD), a middle nucleotide (dATP) 

binding and oligomerization domain (NOD) and a C-terminal regulatory domain. By targeting 

the regulatory domain, CytC effectively relieves APAF1 from autoinhibition, forming an active 

heterodimer (Zou et al, 1997, 1999). In the cytosol, seven APAF1/CytC heterodimers come 

together to form a complex known as the apoptosome (Zou et al, 1999; Acehan et al, 2002). 

From this point, the seven CARDs present in the complex are each able to recruit pro-caspase-9 

in a 1:1 ratio. The complex then cleaves pro-caspase-9 to produce a mature caspase-9 enzyme 

(Zou et al, 1999). 

 Caspases are a family of cysteine proteases that participate in the disassembly (effectors) 

or initiate the disassembly (initiators) of cellular life (Thornberry, 1998). Caspases are among the 

most highly specific proteases in the cell, with an absolute requirement for cleavage after an 
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aspartic acid as well as a tetrapeptide recognition motif that is different for each caspase 

(Thornberry et al, 1997). Due to the serious consequences that caspase activity has for cellular 

viability, they exist as catalytically inactive zymogens until they are needed (Chai et al, 2000). 

The requirement for activation, allows for the initiator caspase, caspase-9 which is activated by 

the apoptosome, to move downstream and proteolytically mature and activate pro-caspase-3 and 

-7 (executioner caspases) promoting cellular disassembly and apoptosis (Du et al, 2000).   

MOMP propagates this caspase cascade in one other critical way, which is promoting the 

concurrent release of a protein known as SMAC (secondary mitochondrial activator of caspases) 

alongside CytC (Chai et al, 2000; Du et al, 2000). Existing as a homodimer in the cytosol, 

SMAC proteins have been shown to physically interact with and block the activity of a family of 

proteins known as the inhibitors of apoptosis (IAPs), which function to prevent both the 

maturation and function of caspases within the cytosol, in effect blocking apoptosis (Chai et al, 

2000; Deveraux et al, 1998). 

 In summary, intrinsic apoptosis is a process governed by the Bcl-2 family of proteins and 

defined by MOMP. This process is highly regulated at every level, and the resulting release of 

mitochondrial proteins into the cytosol, initiates a cascade of caspase activation, and cellular 

destruction. 

1.2.3.1.1.1. Extrinsic Apoptosis 

Extrinsic apoptosis is activated by perturbations in the extracellular microenvironment 

that result in the activation of cell surface receptors (Galluzzi et al, 2018). While these receptors 

have classically been grouped together and called “death receptors”, this group includes the FAS 

ligand receptor (also known as CD95 and APO-1), tumor necrosis factor receptor 1 (TNFR1), 

and the death receptors (DR)-3, -4, and -5 (Ashkenazi, 1998; Aggarwal et al, 2012; Wajant, 
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2002; Strasser et al, 2009). Although the underlying mechanism following activation of each of 

these receptors slightly differ, the end result is the same, which is apoptosis. However, given the 

extensive amount of research and the depth of knowledge on the underlying molecular 

mechanisms, for the purposes of this review we will focus specifically on CD95.  

At the cell surface, nuclear magnetic resonance imaging has revealed that CD95 receptors 

have a tendency to both cluster and work together (Huang et al, 1996a). Upon ligand binding in 

the extracellular space, the death signal is rapidly transduced through to the cytoplasm, resulting 

in the recruitment of an adaptor molecule known as FADD (Fas-Associated Death Domain). 

When present, FADD works to form a complex known as the death-inducing signalling complex 

(DISC), recruiting proteins with death effector domains (DEDs), including pro-caspase-8 (and 

sometimes pro-caspase-10) (Ashkenazi, 1998; Dickens et al, 2012). Recent evidence suggests 

that the death signaling is amplified at the DISC, with pro-caspase-8 forming an “activating 

chain” accumulating to a ratio of 9:1 when compared with FADD (Dickens et al, 2012). This 

same report determined that this process is dependent on physical interactions between the DED 

of FADD and pro-caspase-8, and that if this interaction was prevented (through residue 

mutation), extrinsic apoptosis cannot proceed (Dickens et al, 2012). Data further suggests that 

simple recruitment of pro-caspase-8 to the DISC is not enough to induce cell death, indicating 

that it is a two-step activation, requiring subsequent proteolytic cleavage to produce a mature 

caspase-8 enzyme (Hughes et al, 2009; Oberst et al, 2010).   

CD95 activation most often results in FADD recruitment but subsequent caspase-8 

activation depends on cellular context (Peter et al, 2007). Initially discovered in 1997 as a 

mechanism by which viruses avoid the host cells apoptotic response, the viral FLICE-inhibitory 

protein (v-FLIP) is in most ways a caspase-8 mimetic, possessing a very similar structure while 
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lacking enzymatic activity (Thome et al, 1997; Irmler et al, 1997). That same year it was 

determined that under normal conditions a variety of mammalian cell lines express a protein 

reminiscent of this viral isoform known as cytosolic FLIP (c-FLIP or Casper) (Shu et al, 1997). 

While initially thought to be a competitive inhibition model, whereby FLIP proteins and pro-

casapase-8 enzymes would compete to bind FADD, the mechanism has recently been shown to 

be more cooperative. This is based on the observation that in many cells c-FLIP exists as 2 main 

isoforms, c-FLIP long (c-FLIPL) and c-FLIP short (c-FLIPS) (Irmler et al, 1997; Scaffidi et al, 

1999). Using a functionally reconstituted DISC model, Hughes and colleagues built on this, 

demonstrating that rather than competing with each other it is a “co-operative hierarchical 

binding model”, where pro-caspase-8 binds to FADD and then recruits c-FLIP to dimerize with 

it (Hughes et al, 2016). In this model, control over the induction of apoptosis occurs at the level 

of the specific c-FLIP isoform, where if c-FLIPL is the predominant form, caspase-8 will be 

activated, but if c-FLIPS dominates, apoptosis is inhibited (Hughes et al, 2016).  

 Once activated caspase-8 acts as an initiator enzyme, triggering the downstream 

destruction of the cell and merges the intrinsic and extrinsic apoptosis pathways. Caspase-8 is 

able to do this in two different ways depending on cellular context. In some cell types, caspase-8 

matures the executioner caspases-3, and -7 directly, creating a cell death pathway completely 

independent of the mitochondria, MOMP and the Bcl-2 family (Strasser et al, 1995). While in 

other cells, caspase-8 targets the Bcl-2 family, and BID in particular, producing tBID, which 

goes on to induce MOMP, apoptosome formation, and caspase-3 and -7 maturation (Jost et al, 

2009; Gross et al, 1999; Huang et al, 2016).  

 Together this demonstrates that over time cells have determined that the cell death 

produced by a highly regulated caspase cascade is efficient and advantageous to multicellular 
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life. Because of this, cells have evolved two separate mechanisms to initiate this caspase cascade, 

be it through intracellular (intrinsic) or extracellular (extrinsic) means.  

1.2.3.1.2. MPT-Driven Necrosis 

 In some ways, similar to intrinsic apoptosis, mitochondrial permeability transition 

(MPT)-driven necrosis is triggered by perturbations of intracellular microenvironment, including 

cytosolic and mitochondrial calcium accumulation, oxidative stress, intracellular alkalization, 

and the cytosolic build-up of inorganic phosphate (Pi) and long chain fatty acids (Galluzzi et al, 

2018; Brenner & Grimm, 2006; Vander Heiden & Thompson, 1999; Vanden Berghe et al, 2014; 

Izzo et al, 2016). These stressors are known to result in a necrotic morphotype which is most 

well characterized by MPT, which involves a rapid increase in the permeability of the IMM to 

low molecular weight solutes, mitochondrial swelling and bioenergetic collapse (Schweichel & 

Merker, 1973; Izzo et al, 2016; Galluzzi et al, 2012; Vanden Berghe et al, 2014). While it has 

been the focus of many studies to date, the existence and composition of the pore that governs 

MPT, and the exact regulatory mechanisms that feed into MPT remain largely unclear and 

therefore will be the focus of this review.    

 Work dating back to the early 1990s observed that MPT was activated by two structures, 

the mitochondrial megachannel (MMC) and the mitochondrial permeability transition pore 

(mPTP), both of which were capable of dramatically increasing IMM conductance in response to 

calcium overload (Szabó et al, 1992). These channels were further thought to be composed of 

multiple subunits that work cooperatively and are inhibited by a drug known as cyclosporin-A 

(CsA) (Szabó et al, 1992; Gunter & Pfeiffer, 1990). Through comparative analysis using isolated 

mitochondrial membranes, it was later determined that the MMC and mPTP were the same 

structure, and it became known as the mPTP (Szabo & Zoratti, 1992).  
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In the following years, work in neurons suggested that the mPTP may be a complex of 

proteins including voltage-dependent anion-selective channel (VDAC), adenine nucleotide 

translocator (ANT), HK1, and creatine-kinase mitochondrial-1 (CKMT1) (Beutner et al, 1996, 

1998). In the same reports they demonstrated that this accumulation of mitochondrial-associated 

proteins had MPT-like characteristics when re-constituted in artificial membranes (Beutner et al, 

1996, 1998). These observations formed the basis of the early model of the mPTP, which rapidly 

grew to include cyclophilin D (CYPD) as a protein regulator of the pore, based on its sensitivity 

to CsA treatment and strong interaction profile with both VDAC and ANT (Crompton et al, 

1998; Tanveer et al, 1996; Halestrap & Davidson, 1990).    

As genetic manipulation and modeling became more accessible in the early 2000s, the 

earlier prototypes for the mPTP began to change. One early target was the involvement of 

VDAC in the system, where knockout data targeting all three isoforms of VDAC separately 

determined that these cells were still capable of undergoing MPT normally (Krauskopf et al, 

2006). While the results were compelling, silencing each VDAC isoform independently left 

room for speculation that other isoforms may be compensating and contributing to normal MPT. 

To rule this out, Baines et al. developed VDAC-null mice, eliminating all three isoforms at the 

same time. Data generated from these mice demonstrated that MPT induction was 

indistinguishable from that of the response in wild-type mice and that VDACs are therefore 

dispensable in the process (Baines et al, 2007).  

At the same time, work turned to focus on the role of ANT, a protein that normally 

functions to exchange mitochondrial ATP, for cytosolic ADP during cellular energy production 

(Marzo et al, 1998). In 2004, Kokoszka and colleagues set out to determine the exact role of 

ANT in MPT through genetically inactivating both ANT1 and ANT2 in the mouse liver. In this 
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model they observed that the absence of ANT still allowed mitochondria to undergo permeability 

transition, however it required significantly more calcium to trigger it. Based on these results 

they concluded that ANT is not a structural member of the pore itself, but may be just be a 

regulator of the process (Kokoszka et al, 2004). However, what was not known at the time was 

that there is a third mouse ANT isoform, ANT4. Building on this 15 years later, data generated 

from mice completely lacking ANT (isoforms 1, 2 and 4), showed that this protein is absolutely 

required for MPT, and that ANT isoforms are capable of compensation when needed (Karch et 

al, 2019).   

 Another constituent protein that has been found to contribute to mitochondrial 

permeability transition is the CsA-inhibitable, mitochondrial matrix protein, CYPD. While there 

has been one report showing that CYPD overexpression in HEK293 cells is cytoprotective, 

promoting mitochondrial function and survival, most published literature indicates that is not the 

case (Lin & Lechleiter, 2002). In 2005, four independent studies were published demonstrating 

that CYPD is intimately involved in mitochondrial permeability transition. While each study 

employed genetic silencing of CYPD, they assessed its effect in a different model system 

including MEFs, neurons, and isolated mitochondria and used either calcium overload or 

oxidative stress as their stimulus. Collectively, these studies solidified a universal role for CYPD 

in MPT, regardless of cell or tissue type (Baines et al, 2005, 200; Nakagawa et al, 2005; 

Schinzel et al, 2005; Basso et al, 2005). 

 More recently several other mitochondrial proteins have been suggested to contribute to 

the mPTP, including ATP synthase (ATPase), which is composed of an F1 globular domain that 

protrudes into the mitochondrial matrix and a F0 domain that resides in the IMM (Bonora et al, 

2015). As previously outlined, under normal conditions the F1F0-ATPase dissipates the proton 
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gradient built by the electron transport chain according to Mitchell’s chemiosmotic model 

(Mitchell, 1961). This controlled dissipation causes a rotation in the F1F0-ATPase structure, and 

with each rotation ADP is combined with Pi to produce ATP for the cell (Bonora et al, 2015; 

Yasuda et al, 1998b). However, F1F0-ATPase has attracted considerable attention over the last 

decade for its potential to be the pore forming unit of the mPTP (Green et al, 2014). This is 

based on the observations that F1F0-ATPase interacts with CYPD and ANT in the IMM, two 

proteins previously implicated in MPT (Giorgio et al, 2009). Furthermore, work from Paolo 

Bernardi’s group using isolated mitochondria has demonstrated that F1F0-ATPase 

homodimerization in response to intracellular stress allows for the formation of a relatively non-

selective mitochondrial pore (Giorgio et al, 2013). However, in a follow up study from the same 

group, Bonora et al. demonstrated that stabilization the F1F0-ATPase homodimer actually 

prevents mPTP in response to a combination treatment of ionomycin and calcium, potent 

inducers of mPTP under normal conditions.  These observations imply that the F1F0-ATPase 

dimer must dissociate prior to MPT, directly contradicting their previous work (Bonora et al, 

2017). Taken together the evidence implicating ATPase as a pore forming unit remains tentative 

but represents an interesting and continuing line of investigation.   

The final mitochondrial proteins implicated in mPTP formation are BAK and BAX. This 

builds on the previous observation that BAX and ANT are capable of forming pores in artificial 

membranes and co-immunoprecipitate together following the induction of MPT (Marzo et al, 

1998). Continuing to focus specifically on BAX, work from Richard Kitsis’ group using 

BAX/BAK double knockout cells, has demonstrated that cells lacking both proteins are not able 

to undergo MPT in response to stress, but when they added back BAX alone this phenotype was 

lost. Through their interpretation of the data they concluded that BAX may act as a secondary 
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regulator of mPTP by promoting mitochondrial fusion (Whelan et al, 2012). Later work from the 

Molkentin lab using the same cellular model was able to demonstrate that cells lacking BAX and 

BAK are able to undergo IMM permeabilization but were resistant to OMM rupture. Based on 

this they concluded that while MPT is regulated at the IMM, BAX and BAK make up the OMM 

component of the mPTP (Karch et al, 2013). These observations lay the groundwork for a mPTP 

model where ANT makes up IMM component, and is regulated by CYPD, while BAX and BAK 

make up the OMM component.  

  While the current model implicates BAX and BAK as components of the mPTP, they are 

not the only Bcl-2 family members required for MPT to occur. Similar to intrinsic apoptosis the 

BH3-only subfamily appears to be key in sensing intracellular stress and driving MPT, mostly 

through the disruption of subcellular calcium dynamics.  

In a healthy cell, the ER [or sarcoplasmic reticulum (SR) in muscle cells] functions as a 

calcium storage site. Calcium is actively moved from the cytosol into the ER by means of the 

SR/ER calcium ATPase (SERCA), and released when stimulated through the inositol 

trisphosphate receptor (IP3R), in response to GPCR signalling at the plasma membrane (Lewis et 

al, 2014). At the level of the ER there are three main IP3Rs, with type one and two covering the 

entire surface the organelle, while type three localizes predominantly to the mitochondrial 

associated membrane (MAM) of the ER (Mendes et al, 2005). This specialized region of ER 

membrane is held to the OMM through highly regulated protein-protein interactions, allowing 

for indirect contact and calcium flow between the two organelles (Shore & Tata, 1977; Mannella 

et al, 1998; Csordás et al, 2006; Hayashi et al, 2009). Under normal conditions, VDAC on the 

OMM and the ER protein, IP3R, are tightly coupled, allowing for short-lasting ER calcium 

release and mitochondrial calcium uptake (Rapizzi et al, 2002). Once in the IMS, calcium freely 
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flows through the mitochondrial calcium uniporter (MCU) and into the matrix, regulating a 

number of mitochondrial functions (Baughman et al, 2011; Chaudhuri et al, 2013).  

As previously mentioned, this normal process is seemingly co-opted by BH3-only family 

members in order to drive MPT and necrosis following the accumulation of intracellular 

stressors. This was best described in a pair of papers published in 2009, demonstrating that 

Bnip3, and its closely related family member NIX, control subcellular calcium localization 

(Diwan et al, 2009; Zhang et al, 2009b). Upregulated in response to oxidative or nutritive stress, 

Bnip3 and NIX, respectively, interact with the IP3R and are capable driving ER calcium release 

and mitochondrial calcium overload to induce MPT and cell death (Diwan et al, 2009; Zhang et 

al, 2009b; da Silva Rosa et al, 2020). However, similar to intrinsic apoptosis, BH4-containing 

Bcl-2 family members appear to be able in inhibit BH3-only-induced calcium phenomena. This 

was first observed by Chen and colleagues in 2004, where they found that Bcl-2 itself and IP3R 

functionally interact to inhibit ER calcium release. This was based on the observation that when 

Bcl-2 was overexpressed it strongly interacted with IP3R, preventing the flow of calcium 

between the two organelles (Chen et al, 2004b). But more recently, researchers have built on this 

by simply overexpressing the BH4 domains from both Bcl-2 and Bcl-xL. Similar to what was 

found with the entire Bcl-2 protein, the BH4 domains of both proteins functionally interact with 

the regulatory and coupling domains of the IP3R, inhibiting channel opening, the flow of 

calcium, and cell death in response to necrotic stimuli (Diwan et al, 2009; Zhang et al, 2009b; 

Rong et al, 2009; Monaco et al, 2015).  

 Taken together, the process of MPT-driven necrosis, including what makes up the mPTP 

and how the Bcl-2 family are able to contribute to both its structure and function are highly 

regulated, and take advantage of already existing pathways to cause cellular demise. The end 
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result is a form of cell death that depends on CYPD and IMM permeabilization to cause 

downstream mitochondrial swelling and bioenergetic collapse.  

1.2.3.1.3. Necroptosis 

 In some ways similar to both extrinsic apoptosis and necrosis, necroptosis is a form of 

cell death that is activated by perturbations in the extracellular environment that result in the 

production of cytokines such as tumor necrosis factor (TNF). These cytokines bind to cell 

surface receptors (TNFR1 in particular), which then transduce a “death” signal to the interior of 

the cell. However, in direct opposition to extrinsic apoptosis, the necroptotic death pathway is 

completely caspase-independent (Vandenabeele et al, 2010). This pathway is thought to have 

evolved to allow cells to die even in circumstances when apoptosis is inhibited, for example 

during certain viral infections (Thome et al, 1997). At the same time, necroptosis is 

morphologically similar to necrosis, culminating in mitochondrial ROS production, plasma 

membrane permeabilization and a localized immune response.   

 Mechanistically, activation of the cytokine receptor TNFR1 results in the downstream 

activation of a cytosolic protein known as receptor interacting 1 kinase (RIP1). This critical 

necroptotic mediator, composed of an N-terminal kinase domain, an intermediate domain, a RIP 

homotypic interaction motif (RHIM), and a C-terminal death domain, is normally found to be in 

an inactive, polyubiquitinated state bound to TNFR1 (Degterev et al, 2005, 2008). Once active, 

RIP1 recruits and phosphorylates FADD and RIP3, forming a complex of proteins knowns as the 

necrosome (He et al, 2009; Moriwaki & Chan, 2013). Since its initial discovery, our 

understanding of both necrosome structure and function have advanced significantly. We now 

understand that formation of the necrosome is not a simple dimerization event, but rather 

heterodimers of RIP1 and RIP3 form larger filamentous structures in the cytosol, as seen with 
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beta-amyloids (Li et al, 2012). These filamentous signalling complexes are formed through 

protein-protein interactions via the RHIM’s on each protein: when these are missing or modified 

the necrosome fails to form (Zhang et al, 2009a; Li et al, 2012).  Moreover, while there are at 

least five RIP isoforms expressed in mammalian cells, the dimerization must be between RIP1 

and RIP3 in order for both formation of the necrosome and progression to necroptosis (He et al, 

2009; Cho et al, 2009).  

Up until 2012 the exact contribution of RIP3 to necroptosis was not well understood. 

Using 3T3 cells, it was initially recognized that RIP3 acts as a kinase, phosphorylating and over-

activating enzymes involved in metabolism, and thereby producing significant amounts of 

mitochondrial ROS (Zhang et al, 2009a). At this time it was also suspected that increased ROS 

production was responsible for necroptotic cell death, but research in the following years 

demonstrated that while ROS formation accompanies necroptosis, it is not required for the 

process (Tait et al, 2013). In order to find the protein mediator of RIP3-induced necroptosis, Sun 

and colleagues screened more than 200,000 small molecules and found a single compound that 

blocked RIP3-induced cell death (Sun et al, 2012). Using the affinity probe technique they were 

further able to determine that the protein that this small molecule targeted was MLKL (mixed-

lineage kinase-domain-like) (Sun et al, 2012). At the same time an independent study confirmed 

MLKL as a RIP3 target, and further determined using MLKL-null HT-29 cells that this protein 

and its kinase activity are absolutely required for necroptosis to proceed (Zhao et al, 2012). 

Further analysis of MLKL revealed that upon phosphorylation by RIP3, MLKL forms complexes 

with unknown proteins and migrates from the cytosol to cell membranes (Hildebrand et al, 

2014). And more recently it was determined that MLKL forms divalent cation channels in the 
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plasma membrane, permeabilizing and depolarizing it, resulting in necroptotic cell death (Xia et 

al, 2016).  

Overall, this means that while necroptosis may be activated by the same triggers as 

extrinsic apoptosis, and results in a similar morphology to necrosis, it is very distinctive on its 

own. This caspase-independent, RIP3/MLKL-dependent cell death pathway offers cells an 

additional way to die in response to extracellular stressors. 

1.2.3.1.4. Ferroptosis 

Unlike most other forms of cell death, ferroptosis is generated by very specific 

intracellular perturbations, namely elevated lipid peroxidation. This results in a caspase-, 

RIP1/RIP3-, CYPD-, and autophagy-independent form of cell death, with a phenotype similar to 

that of necrosis (Dixon et al, 2012). The morphology that results during ferroptosis is 

characterized by mitochondrial shrinkage, and the formation of electron dense mitochondrial 

ultrastructure, with reduced cristae, and OMM rupture (Galluzzi et al, 2018; Dixon et al, 2012).    

 Ferroptosis is thought to be an ancient form of cell death that was only discovered 

recently. This is because early life on earth was an anaerobic existence, completely devoid of 

oxygen at the cellular level. Following “the great oxygenation event” life on earth had to begin 

incorporating significantly more oxygen into daily life, a traditionally dangerous molecule that 

freely targets and peroxidises polyunsaturated fatty acids (PUFAs) (Yang & Stockwell, 2016; 

Pratt et al, 2011). In order to overcome this, cells evolved a highly regulated and specialized 

ROS scavenging system built on the tripeptide glutathione (GSH). In this system GSH functions 

to reduce oxidized proteins through disulfide exchange, limiting their ability to impact cellular 

redox levels (Yang & Stockwell, 2016; Seiler et al, 2008). GSH further acts as a reducing agent 

for GSH peroxidases (GPXs), of which there are 7 known isoforms in mammalian cells. 
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However, only GPX4 is ubiquitously expressed and essential to life, such that GPX4-null mice 

are embryonic lethal (Yant et al, 2003). Additionally, GPX4 is the only known GPX capable of 

reducing lipids while they remain in their respective membranes, and loss of this critical enzyme 

results in a dangerous build-up of these cytotoxic lipid peroxides (Seiler et al, 2008; Roveri et al, 

1994; Thomas et al, 1990).  

The connection between GPX4 and ferroptosis was not made until recently, when 

researchers found two small molecules, Erastin and RSL3, that drove a form of oxidative, iron-

dependent cell death that had not been seen before (Yang & Stockwell, 2016). Through 

molecular analysis, it was determined that Erastin is a glutamate/cystine antiporter (sometimes 

known as System Xc-) inhibitor, which leads to a depletion of intracellular cystine pools (Dixon 

et al, 2012). Cystine is the major precursor for GSH production at the cellular level, and 

therefore Erastin treatment resulted in GSH-depletion, downstream GPX4-dysfunction, and a 

total loss of anti-oxidative capacity (Dixon et al, 2012; Brigelius-Flohé & Maiorino, 2013). At 

the same time, work focused on the small molecule RSL3 determined that it is a direct inhibitor 

of GPX4, resulting in the accumulation oxidized lipids in biological membranes (Yang et al, 

2014). Collectively these independent studies determined that GPX4-inhibition activates an 

oxidative form of cell death (also seen with iron overload), where mitochondria shrink, but 

remain functional until the cell dies, and this was at the time named ferroptosis (Dixon et al, 

2012; Dixon, 2017). 

 While it is understood that lipid peroxidation is detrimental to cells, the exact mechanism 

by which it results in ferroptosis is yet to be elucidated. One potential mechanism is through the 

induction of ER stress, a cellular response that has previously been linked to the induction of 

multiple cell death pathways. This is based on evidence from Dixon and colleagues in 2014, who 
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observed while there were widespread transcriptomic changes with Erastin treatment, more than 

33 genes associated with the EIF2a-ATF4 branch of ER stress were enriched in an epithelial cell 

line (HT-1080) (Dixon et al, 2014). They further demonstrated that Erastin treatment in vitro 

activated both branches of the ER stress pathway, including the unfolded protein response 

(UPR), a process that when overwhelmed commonly leads to cellular demise (Dixon et al, 2014; 

Hiramatsu et al, 2015).  

However, it has also been suggested that the peroxyl radical found on oxidized PUFAs, is 

capable of interacting with and oxidizing other PUFAs, forming a chain reaction within the cell 

(Yang et al, 2014). This chain reaction has two major consequences, one being that PUFA 

peroxides will often give rise to reactive aldehyde species, which are considered extremely 

cytotoxic (Yang & Stockwell, 2016). One example of this toxicity is seen in the DNA, where 

aldehydes are able to react with amine nucleotide bases, crosslinking them, thereby interfering 

with DNA replication, and transcription (Feng & Stockwell, 2018). Alternatively, this PUFA 

chain reaction is also tied to membrane thinning, where oxidized PUFAs tend to reorient 

themselves to be in contact with the aqueous phase of the cytosol (Wong-ekkabut et al, 2007). 

This change in membrane structure reduces the thickness, and promotes an unnatural curvature, 

ultimately rupturing the membrane and promoting macrophage recognition (Li et al, 2007; Borst 

et al, 2000; Agmon et al, 2018). Whether ferroptosis results because of one, or all of these 

factors remains to be elucidated. 

Collectively it is clear that maintenance of cellular redox potential has been critical since 

the existence of oxygen in the atmosphere. While cells evolved elegant systems designed so 

tightly regulate oxidation through GSH and GPX4, they concurrently evolved mechanisms to 
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terminate cells where these systems failed. This resulted in an oxidative, iron-dependent form of 

cell death, independent of most other cell death types outlined before. 

1.2.3.1.5. Pyroptosis 

 Key to innate immunity, pyroptosis is initiated by the cytosolic recognition of very 

specific intracellular pathogens including gram-negative bacteria, made recognizable by their 

outer surface composed of lipopolysaccharide (Galluzzi et al, 2018; Yang et al, 2015; Jorgensen 

& Miao, 2015). While caspase-dependent like apoptosis, pyroptosis is dependent on 

inflammatory caspases, resulting in leakage of cellular contents, DNA fragmentation, and a non-

apoptotic form of chromatin condensation (Jorgensen & Miao, 2015; Shi et al, 2014, 2015). 

Overall, this process by which cells sense infection and quickly move to destroy themselves is 

highly regulated and unique.  

 As previously mentioned, the pyroptotic process is entirely dependent on inflammatory 

caspases, including caspase-1 and murine caspasae-11 (with caspases-4 and -5 being its human 

counterparts) (Jorgensen & Miao, 2015; Shi et al, 2014). In the cytosol caspase-1 is most often 

activated by inflammasomes, which are large multiprotein complexes designed to detect foreign 

invaders within the cell. Structurally, inflammasomes have a central scaffold protein which can 

include nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain-

containing (NLRP)-1, and -3, NLR family apoptosis inhibitory protein (NAIP), absent in 

melanoma 2 (AIM2), and pyrin (Lamkanfi & Dixit, 2014). Each scaffold protein is specialized to 

detect a different pathogen. For example, NAIP is able to bind bacterial flagellin, while pyrin 

indirectly detects infection by monitoring the activation status of Rho-GTPases (Zhao et al, 

2011b; Zhao & Shao, 2015; Xu et al, 2014). Alternatively, murine caspase-11 can be directly 

activated by binding bacterial LPS, circumventing canonical inflammasome signalling, and 
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moving downstream to activate caspase-1 (Shi et al, 2014; Kayagaki et al, 2013; Hagar et al, 

2013).  

 While it was understood that following inflammatory caspase activation cells often 

experienced plasma membrane permeabilization, cellular swelling, and cytosolic leakage, the 

key mediating proteins were unknown. This changed with the 2015 discovery by Shi et al. that 

gasdermin d (GSDMD) is downstream of the inflammatory caspases and is absolutely required 

for pyroptosis (Shi et al, 2015). It was determined that in the cytosol, GSDMD exists as an 

inactive protein, but following caspase cleavage it is liberated from autoinhibition and the N-

terminal fragment rapidly moves to the plasma membrane. When cleavage is blocked by an 

inhibitory mutation or GSDMD is lost all together, despite caspase activation, pyroptosis cannot 

proceed (Shi et al, 2015). In 2016, two independent studies demonstrated that at the membrane, 

the N-terminal fragment is able form a pore with a 10-14 nm diameter and this is done through 

homo-oligomerization and strong interactions with phosphoinositides (PIs) and cardiolipin (Ding 

et al, 2016; Sborgi et al, 2016). Once formed, the GSDMD pore allows free passage between the 

extracellular and intracellular compartments, compromising the cell. It is important to note that 

while both DNA fragmentation, and the condensation of chromatin (without a loss of nuclear 

integrity) are associated with pyroptosis, they are not required in order for it to proceed 

(Jorgensen & Miao, 2015; Fink & Cookson, 2006).  

 Through this straightforward pathway of pathogen detection, caspase activation and 

GSDMD cleavage, cells are able to rapidly self-sabotage, simultaneously alerting the immune 

system to potential threats.  
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1.2.3.1.6. Parthanatos 

Parthanatos is a form of regulated cell death that is initiated by chronic or severe 

hyperactivation of the DNA damage response (DDR) pathway, and in particular the enzyme 

poly(ADP-ribose) polymerase-1 (PARP1) (Fatokun et al, 2014). Morphologically, parthanatos is 

characterized by caspase-independent bioenergetic collapse resulting from mitochondrial 

dysfunction, activation of apoptosis inducing factor (AIF), and extensive DNA fragmentation 

(Fatokun et al, 2014; Virág et al, 2013; David et al, 2009). However, clear links between these 

characteristics and the underlying molecular mechanisms have only recently been discovered.  

 In a normal healthy cell, PARP1 is associated with homeostasis, preserving cells through 

providing genomic stability, and is composed of an N-terminal DNA interacting domain, a 

central autoregulatory domain, and a C-terminal catalytic domain (Fatokun et al, 2014; Virág et 

al, 2013). Critical for PARP1’s ability to repair DNA strand nicks, the catalytic region contains 

both an NAD binding site and poly (ADP-ribose) (PAR) synthesizing domain. However, this 

domain becomes problematic when PARP1 is overactivated due to DNA damage resulting from 

ROS, reactive nitrogen species (RNS), and DNA alkylation, producing long branched polymers 

of PAR (David et al, 2009; Andrabi et al, 2006). Cells have evolved a mechanism to degrade 

PAR polymers, known as poly (ADP-ribose) glycohydrase (PARG) (Davidovic et al, 2001). 

Through knockdown studies it has been determined that without PARG, cells accumulate PAR 

polymers dramatically, which results in a negative outcome for cellular survival (Andrabi et al, 

2006). However, depending on the extent of the DNA damage, PAR polymer production can far 

outpace degradation. In this case the polymers move out of the nucleus and into the cytosol 

(Andrabi et al, 2006). 
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 Early research focused on PAR demonstrated that cytosolic localization of this polymer 

resulted in the nuclear localization of AIF, a protein normally found in the inner mitochondrial 

space (Yu, 2002). This was coupled to the observation that AIF inhibition following PARP1 

overactivation was protective, and prevented the induction of parthanatos (Yu, 2002). A follow-

up study from the same group, found that isolated PAR polymers targeted the mitochondria and 

released AIF, allowing it to move to the nucleus and promote DNA fragmentation and chromatin 

condensation (Wang et al, 2009a, 2009b; Yu et al, 2006). It was initially unclear how PAR was 

able to release AIF from the IMS without also releasing CytC and inducing apoptosis. To 

overcome this, cells appear to have evolved a smaller secondary pool of AIF loosely attached to 

OMM, which is the target of PAR during parthanatos (Yu et al, 2009). 

 Following nuclear AIF localization the DNA is fragmented into very characteristic 20-

50kB fragments, but AIF itself does not have any obvious nuclease activity and endonuclease G 

(EndoG) appears not to have any major role in mammalian cells (Fatokun et al, 2014). Based on 

this observation, Wang and colleagues were interested in finding the PARP1-dependent, AIF 

associated nuclease (PAAN) responsible for cellular demise. Using an si-RNA screen in HeLa 

cells, they knocked down 160 different proteins that were found to have the strongest predicted 

interaction with AIF, and found that macrophage migratory inhibitory factor (MIF) depletion 

was protective against PARP1-induced parthanatos (Wang et al, 2016). Further characterizing 

MIF, they found that AIF is required for MIF recruitment to the nucleus, and once in the nucleus 

MIF’s catalytic subunit was capable of fragmenting DNA characteristic of parthanatos (Wang et 

al, 2016).  

 Based on these studies, parthanatos is initiated by extensive DNA damage, resulting in 

PARP1 hyperactivation. In this state, PARP1 produces PAR polymers at a rate that far outpaces 
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degradation, resulting in mitochondrial targeting, AIF release, MIF-dependent DNA 

fragmentation, and cell death.  

1.2.3.1.7. Autophagy-Mediated Cell Death 

 Autophagic cell death (ACD) is a form of RCD that is defined by the presence of 

lysosomes and relies on other components of the autophagic machinery (Galluzzi et al, 2018). 

This form of cell death was coined in the 1970’s on a purely morphological basis: the presence 

of extensive vacuolization of the cytosol in cells that would go on to die (Schweichel & Merker, 

1973). However, because no mechanism linking vacuolization to RCD was identified, the 

existence of ACD has been a point of contention in the years since  (Klionsky et al, 2016; 

Kroemer & Levine, 2008). This is particularly controversial for two main reasons: (1) autophagy 

is generally thought of as protective (as previously outlined), so it’s possible role in cell death is 

not immediately obvious, and (2) while cells that are dying may have active autophagic 

processes, many studies have failed to show that autophagy is the pre-requisite for cell death 

(Kroemer & Levine, 2008). This last point is of particular importance, given that cell stressors 

can activate multiple RCD pathways (Galluzzi et al, 2015). Based on these observations, the 

Nomenclature Committee on Cell Death (NCCD) has altered the definition of ACD to include 

that inhibition of autophagy must block the progression of cell death (Galluzzi et al, 2018). 

However, because the pharmacological inhibitors of autophagy may have many ‘off target’ 

effects, the NCCD has further specified that the inhibition must be mediated through a genetic 

inactivation (Galluzzi et al, 2018).  

 Under normal conditions the process of macro-autophagy has a considerable amount of 

overlap with the previously outlined mitophagy pathway and is initiated through ATG1 

(sometimes referred to as Unc-51 like autophagy activating kinase 1, or ULK1) activating a 
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Beclin-1/phosphoinositide 3-kinase class 2 complex in the cytosol (Russell et al, 2013). This 

signaling complex then recruits ATG proteins to the elongating isolation membrane 

(phagophore) (Kim et al, 2002). Vesicular elongation and its maturation into an autophagosome 

requires the previously outlined ubiquitin-like conjugation systems, that employ ATG-5, -12, and 

LC3 (Kabeya et al, 2000; Ichimura et al, 2000; Kim et al, 2002). Once mature, and containing 

cellular components, the autophagosome fuses with the lysosome in a ras-related protein 7- 

dependent mechanism, and the contents are then degraded (Jäger et al, 2004; Kimura et al, 

2007). While this process is adaptive in response to stress (ex. starvation, hypoxia), cells use the 

autophagic machinery to break down organelles (ex. mitophagy) and cytosolic components to 

redistribute the energy to other processes (Gozuacik & Kimchi, 2007). It is generally thought that 

this is an energy-saving process, given that it is less energetically expensive to recycle cellular 

components through autophagy than to synthesize them de novo (Lee et al, 2020).  

However, evidence suggests that this can shift to a more deadly phase following the 

excessive and irreversible degradation of cellular components. Based on the revised definition, 

many studies have demonstrated this form of RCD best during Drosophila and C. elegans 

development. Drosophila metamorphosis is marked by a number of cell death events that results 

in the removal of obsolete tissues and cells, particularly in the midgut. Using a series of mutant 

fly lines, Denton and colleagues determined that genetic inactivation of caspases had no effect on 

the progression of cell death in the fly midgut. However, when the group independently knocked 

out ATG-2, and -18, they were able to inhibit midgut degradation, leaving many obsolete 

structures behind in the fly (Denton et al, 2009). Similarly, programmed removal of 131 somatic 

cells and germ cells is critical during C. elegans embryogenesis. Data generated by Wang et al. 

showed that like in the fly, genetic inhibition of caspases had no effect on this developmental 
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process. It was only when they inactivated ATG-2, -3, -5, -13, or -18, that they were able to 

prevent removal of these cells (Wang et al, 2013a). Evidence suggests that this extends into 

mammalian development, where removal of the interdigital webbing is supressed in ATG5 

knockout animals, that are also lacking BAX and BAK (Arakawa et al, 2017). Beyond 

development, numerous studies have found that pharmacological and/or genetic inhibition of 

autophagy is protective during cardiac reperfusion. This is perhaps best exemplified by data from 

Junichi Sadoshima’s laboratory, that showed autophagy to be protective during ischemia, and 

maladaptive during reperfusion, resulting in cell death  (Matsui et al, 2007) . Using Beclin-1+/- 

mice, they were able to extend their conclusions, showing that when Beclin-1 was missing, cell 

death was significantly reduced following reperfusion, when compared to WT control animals 

(Matsui et al, 2007).  

 While these studies show that under the right circumstances ACD does in fact exist, the 

mechanism by which lysosomal accumulation progresses to cellular demise has largely remained 

unclear. When Christian de Duve made the Nobel Prize winning discovery of lysosomes in the 

1970s, he noted their potential role in cell death, referring to them ‘suicide bags’ (de Duve, 

1983). Around the same time Firestone et al. recognized that accumulating lysosomes could 

rupture, and kill cells in a way that was not dependent on other pathways (Firestone et al, 1979). 

This phenomena was soon termed lysosomal membrane permeabilization (LMP), but due to the 

challenges associated with studying it, it quickly fell to the way-side while ACD was being 

discovered, but not fully described (Brunk & Dricsson, 1972). Interestingly though, LMP and 

rupture has been implicated in caspase-dependent apoptosis, which has also been found to spill 

over to caspase-intendent necrotic cell death (Boya & Kroemer, 2008; Johansson et al, 2010). 

While the molecular players in this process were unknown, a 2001 study using BAX/BAK 
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double knockout MEFs, showed that when those two Bcl-2 family members are missing, cells do 

not die from starvation like their wild-type counterparts (Wei, 2001). However, given what we 

already know about BAX and BAK, it was not clear if the loss of BAX and BAK prevented 

LMP and ACD, or if this was mediated through inhibition apoptosis and necrosis. This was not 

until work from Jeffery Molkentin’s group elegantly determined that LMP was the mechanism 

by which cells die during ACD, and that it was independent of other known cell death pathway 

(Karch et al, 2017). In this paper, Karch et al. further determined that LMP was mediated 

through BAX and BAK lysosomal localization, which in turn acidified the cytosol and resulted 

in plasma membrane permeabilization (Karch et al, 2017). Based on these observations, it is 

clear that when cellular stress becomes great enough to activate BAX and BAK, the normally 

protective process turns into ACD. 

 This summary of the molecular mechanisms of cell death clearly outlines how the various 

stressors associated with exposure to hypoxia in early life may induce cell death. As indicated 

throughout, these forms of cell death do not occur in isolation, rather there is overlap between 

them. Based on this summary, it is clear that the final step of the HIF-1 mediated adaptive 

response is to eliminate cells that may be irreparably damaged.  While this is seen as initially 

adaptive, it also contributes significantly to widespread tissue damage observed during diseases 

of prematurity.  

 

1.3 Prostaglandin Metabolism and Signalling 

 Based on these two previous sections, it is apparent that the cellular adaptations required 

to overcome hypoxia in the short term can have lasting negative effects later in life. To this end, 

it is increasingly important to understand how endogenous signalling molecules may shift the 
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balance of adaptation, in order to prevent tissue derangement. One group of signalling molecules 

that may merit attention in this regard are the small lipid-derived mediators known as 

prostaglandins (PGs). Originally discovered by Ulf von Euler in 1935, PGs were initially found 

to be strong regulators of vascular tone and function (Euler, 1935, 1936). However, in the years 

since it has been determined that they play regulatory role in most tissue types. Of note, PGs 

have long been known to alter myocardial function, and in more recent years they have been 

recognized for their ability to modulate myocyte viability. Given that cardiovascular system is 

particularly affected by exposure to hypoxia in early life, and it plays a central role in 

downstream tissue perfusion, it may be an interesting target in the neonate. Building on this, this 

section will be specifically focused on how prostaglandins are produced and secreted in the 

myocardium, and the different signaling pathways that they may activate.  

1.3.1. Overview of Prostaglandin Metabolism and Signalling 

Briefly, PGs are a subclass of eicosanoids that are derived from the 20-carbon 

polyunsaturated eicosanoic fatty acids (FAs), a critical sub-population of essential FAs that 

cannot be produced by animals because we lack the ability to desaturate FAs beyond the ninth 

carbon. Therefore, eicosanoic FAs are obtained from the diet, usually in the form of linoleic or 

arachidonic acid (ARA) (Ramwell et al, 1977). Once consumed, essential FAs are transported 

through the bloodstream as free FAs bound to albumin, or as triglycerides that reside in the core 

of chylomicrons and very-low-density lipoproteins (Dusting et al, 1979; Ramwell et al, 1977; 

Van der Vusse et al, 1998; Lopaschuk et al, 2010). While at the cellular level free FAs can easily 

pass through the plasma membrane with the assistance of fatty acid transporters, triglycerides are 

not capable of this type of movement, requiring hydrolysis by lipoprotein lipases into free FAs 

prior to transport across the plasma membrane (Van der Vusse, 2000; Carley & Kleinfeld, 2011; 
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Yagyu et al, 2003). Once inside the cell, free FAs are transported intracellularly by FA binding 

proteins and can be retained as one of the two lipid components of the phospholipids that then 

make up cellular- and organellar-membranes, or transformed back into triglycerides, residing 

intracellular lipid droplets (Leslie, 1997; Lopaschuk et al, 2010).  

 

I - Figure  7: Intracellular prostaglandin synthesis pathways. 
Arachidonic acid is liberated from the sn-2 location on a phospholipid by phospholipase A2 (PLA2) and 
cyclized with oxygen by the cyclooxygenase (COX) -1 and -2 enzymes to produce the cyclic 
endoperoxides, prostaglandin (PG)-G2 and PGH2 (red box). PGH2 is then transformed by any of the terminal 
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prostaglandin synthases into any of the primary prostaglandins (PGD2, -E2, -F2α, and -I2) (blue boxes). 
Cellular/tissue origin in the cardiovascular system is indicated below each end product. Alternatively, 
arachidonic acid can be converted into leukotrienes (LTs) through the lipoxygenase pathway (black box).  

 

 Upon stimulation, eicosanoic FAs, predominantly ARA, are liberated from cellular 

membranes and transformed into a number of different eicosanoids, including PGs. This 

transformation is a highly complex and regulated process, beginning with phospholipase A2s 

(PLA2s), a lipolytic family of enzymes that catalyze the hydrolysis of the ester bond that holds 

ARA in the sn-2 location on a phospholipid, the rate limiting step in PG synthesis (see I-Figure 

7) (Hui, 2012). Since their initial discovery, it has been determined that there are three main 

forms of PLA2 including a secreted isoform (sPLA2), and two intracellular isoforms, further 

divided into a cytosolic (cPLA2) and calcium-independent (iPLA2) form (De Windt et al, 1998). 

While cPLA2s have been implicated in agonist-induced PG production throughout the body, their 

role in myocardial PG production has yet to be clearly identified (McHowat et al, 2001; Saito et 

al, 2012; Kerkelä et al, 2011). Alternatively, group 2 sPLA2s and iPLA2s are thought to be the 

predominant phospholipases in the myocardium, contributing to both baseline and inducible PG 

production following myocardial infarction (MI) and cytokine challenge (Gross, 1985; Wolf & 

Gross, 1985; Hazen et al, 1991; Kriegsmann et al, 1993; McHowat et al, 2001; Mancuso et al, 

2003; Jenkins et al, 2008).   

Following liberation, free eicosenoic fatty acids are converted into cyclic endoperoxides 

by cyclooxygenases (COXs) (see I-Figure 7). The COX enzymes are heme-containing 

homodimers specialized to catalyze two sequential reactions. The first of which is the COX 

reaction, which is the target of non-steroidal anti-inflammatory drugs (NSAIDs), combining 

ARA with 2 oxygen molecules to produce PGG2. While the second reaction is a hydroperoxide 

reaction requiring heme, to reduce PGG2 by two electrons to produce PGH2 (Smith et al, 2000). 
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Additionally, there are two main forms of COX enzymes, COX-1 and -2, which share about 60% 

sequence homology, but differ greatly in their temporal regulation (see I-Figure 8). The basis for 

this difference is found in the promoter region of the two enzymes, where COX-1 contains no 

TATA-box, indicating that it is constitutively expressed and is involved in both normal cardiac 

homeostasis, and is available to participate in the acute response to stimuli. Alternatively, the 

promoter region of COX-2 contains the elements of an ‘immediate early gene’, including a 

TATA-box, indicating that COX-2 is not expressed at baseline, but requires stimuli-induced 

transcriptional activation and allows it to be involved in prolonged pro-inflammatory responses 

(Xu et al, 1997; Gilroy et al, 1999; Smith et al, 2000; Gong et al, 2001; Smith & Langenbach, 

2001).  

 

I - Figure  8: Differences in cyclooxygenase metabolism. 
Cyclooxygenase (COX)-1 (shown on the left) is constitutively expressed and plays a role in homeostatic 
and acute stimuli-induced production of cyclic endoperoxides. Alternatively, expression of COX-2 (shown 
on the right) is inducible, requiring time for transcription and translation prior to its production of cyclic 
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endoperoxides. This inducibility and longer timeframe allow for COX-2 to participate in chronic 
prostaglandin production.  

 
 

Once produced, PGH2 sits at a branch point, where it can become any of the biologically 

relevant PGs (see I-Figure 7). While cyclic endoperoxides do have some physiological functions, 

the majority are rapidly transformed into PGD2, -E2, -F2α, and -I2 via specific PG synthases, or 

thromboxane (TX)-A2, and -B2 via thromboxane synthase (Smith et al, 2011). Synthesis of these 

classical eicosanoids is further known to occur in both a cell- and tissue-specific manner (Smith 

et al, 2011).  

Following synthesis and release, PGs must bind to a receptor found on the plasma 

membrane of neighboring cells in order to exert their downstream physiological effects. 

Importantly, the receptor to which the PG binds alters both the cellular and tissue response to 

that stimuli. Generally, PG receptors are a part of the GPCR superfamily, which 

characteristically possess seven hydrophobic transmembrane domains (Breyer et al, 2001). As 

previously alluded to with other GPCR-mediated responses, the effect of PG binding on a cell 

depends entirely on the G protein to which the receptor is coupled. Briefly, G proteins are 

composed of an α, β, and γ subunit, and are named based on their α subunit. Upon stimulation of 

the GPRC, the α subunit separates from the β/γ-dimer, and goes on to affect downstream cellular 

processes (Syrovatkina et al, 2016). There are 3 main forms of Gα subunit, Gαq, Gαs, and Gαi, 

which have stimulatory, or inhibitory cellular functions (see I- Figure 9 for overview). Upon 

dissociation, Gαq activates phospholipase C, producing IP3 and DAG, while Gαs activates 

adenylyl cyclase to produce cyclic AMP (cAMP), and Gαi inhibits adenylyl cyclase, reducing 

cAMP production (see I- Figure 9) (Breyer et al, 2001; Syrovatkina et al, 2016; Hata & Breyer, 

2004).    
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I - Figure  9: Receptor-based differences in cellular responses to prostaglandins.  
The intracellular responses elicited by G-protein coupled receptor activation depends on the Gα subunit to 
which it is coupled. Gαq signalling (shown on the left) results in phospholipase C (PLC) activation, which 
converts phosphatidylinositol to inositol triphosphate (IP3), which activates IP3-receptor (IP3R) on the 
endoplasmic reticulum to release calcium (Ca2+), increasing the cytosolic Ca2+ concentration. Gαs signalling 
(shown in the middle) results in adenylate cyclase (AC) activation, which takes adenosine triphosphate 
(ATP) to produce cyclic adenosine monophosphate (cAMP), which then results in downstream protein 
kinase A (PKA) activation. Gαs signalling (shown on the right) results in AC inhibition, which prevents 
the breakdown of ATP to cAMP, which promotes PKA inhibition.  

 
 

This brief, cardiovascular-focused, review of PG synthesis and signalling outlines a 

tightly regulated mechanism that takes eicosanoic FAs liberated from intracellular membrane 

phospholipids and converts them into biologically active lipid mediators. However, as we expand 

our scope beyond the individual molecules and into cardiovascular physiology as a whole, both 

cell and tissue specificity come into focus. 

 

1.3.2. Cellular Sources of Prostaglandins in the Cardiovascular System  

While it has been long understood that the cellular components of the blood and vascular 

walls are major sources of PGs, it was not initially clear whether the heart itself played a role in 

PG synthesis and secretion. This was until Hsueh and Needleman perfused radiolabeled ARA 
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(bound or not bound to albumin) into isolated rabbit hearts. Upon further inspection they found 

that while the unbound ARA primarily localized to vascular walls, the albumin-bound form was 

incorporated into the myocardium and was contained within the cardiomyocytes themselves. 

When these ARA enriched hearts were stimulated with bradykinin or transient ischemia, the 

radiolabeled ARA was rapidly converted into PGs, and released into the perfusate (Hsueh & 

Needleman, 1978). However, a drawback of this early study was that they were unable to 

delineate which PGs were being produced by the myocardium itself. In a number of follow up 

studies employing advanced detection methods it was observed that under normal conditions rat 

primary cardiomyocytes produce mainly PGE2, and -F2α, and that when the cells were challenged 

with mechanical injury or ischemia the composition remains unchanged, but overall production 

is elevated (Oudot et al, 1995; Pinson et al, 1992). 

Further work in male human subjects using carbon-14 labeled ARA revealed that the 

heart itself is able to rapidly convert ARA into PGE2, -F2α, and -I2 (Nowak et al, 1980).  

However, an additional observation from this study was that myocardial PG production appeared 

to be age dependent. To this end, they demonstrated that in their cohort, the oldest subject (57 

years old) produced far more prostacyclin than any other PG, when compared to the younger 

subjects examined (Nowak et al, 1980). This observation initiated a number of studies exploring 

the age-related divergence in PG production in the cardiomyocyte. Multiple studies using 

myocytes isolated from neonatal rat pups have demonstrated that the neonatal cardiomyocyte 

produces mainly PGE2, and -F2α, indicating that prostacyclin found in the cardiovascular system 

at a young age likely does not come from the cardiomyocyte (Ahumada et al, 1980; Pinson et al, 

1992; Oudot et al, 1995). However, studies using myocytes isolated from the hearts of adult rats 

and dogs have demonstrated the opposite observation. In adult cardiomyocytes, ARA challenge 
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results in the production of abundant amounts of all of the primary PGs, including PGD2, -E2, -

F2α, and -I2 (Bolton, 1980). This was later confirmed in cardiomyocytes isolated from 12-week 

old male Wistar rats, which under the influence of histamine and bradykinin produced significant 

amounts of both PGE2, and -I2 (Linssen et al, 1993). Together these historical studies 

demonstrate that the cardiomyocyte itself is a source of PGs within the cardiovascular system, 

however exactly which PGs are produced and in what proportion seems to be age dependent.  

Further evidence for cardiomyocyte PG production came much later when researchers 

began assessing the differences in the transcriptional regulation and temporal segregation of 

COX enzyme expression (see I-Figure 8). As previously mentioned, the constitutively expressed 

COX-1 enzyme is involved in normal cardiac homeostasis, while the inducible-expression of 

COX-2 implicates it in the delayed and prolonged pro-inflammatory response (I-Figure 8). These 

observations were elegantly confirmed in the heart by Camitta et al. in their 2001 paper where 

they used isolated, perfused hearts from COX-1 and -2 knockout mice, assessing their response 

to ischemia-reperfusion. At baseline they noticed that both wild type and COX-2-knockout mice 

had the same basal cardiac PGE2, indicating that in the unperturbed heart, COX-1 is the 

predominant isoform. But following ischemia-reperfusion, PGE2 production was elevated in the 

COX-1-knockout mice not in the COX-2-knockout mice, indicating that COX-2 was upregulated 

and producing PGs in the cardiomyocyte. Both COX-1 and -2 knockout mice were more 

susceptible to acute ischemia-reperfusion, as were hearts that were pretreated with indomethacin, 

suggesting that both basal and inducible PG synthesis are protective to the heart during ischemia-

reperfusion injury (Camitta et al, 2001).   

Recent studies using large-scale single-cell transcriptomics has revealed that 

cardiomyocytes only represent 30-50% of the total cellular population (by cell number) in the 
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adult human heart. These studies have further determined that the remainder of the cells are the 

endothelial, smooth muscle, and pericyte cells of the coronary vasculature, alongside fibroblasts 

and resident lymphoid and myeloid cell populations (Litviňuková et al, 2020). To this end, very 

little is known about the role of the cardiac fibroblast in PG synthesis and secretion. It was first 

discovered that cardiac fibroblasts produce PGs as a result of the early challenges associated with 

purification of primary cardiomyocyte cultures. However, what was initially seen as a drawback, 

allowed for the detection of significant PGE2, -F2α, and -I2 production by fibroblasts in response 

to histamine and bradykinin (Ahumada et al, 1980). It has become increasingly clear that cardiac 

fibroblasts mainly produce PGs in response to heart damage or stress. For example, in their 1989 

study Weber et al. isolated fibroblasts from the normal and healing left ventricles to assess PG 

production one-week following canine MI. While they unsurprisingly observed significantly 

more fibroblasts in the healing heart, they also found that this increased fibroblast population had 

the capacity to produce two- to five-fold more PGs, than their normal control counterparts 

(Weber et al, 1989). This function of fibroblasts as activatable PG producers was later confirmed 

in three independent studies demonstrating that only when stimulated by mechanical injury, 

histamine, bradykinin, angiotensin-2, or MI do cardiac fibroblasts play any significant role in 

myocardial PG production  (Linssen et al, 1993; Pinson et al, 1992; Scheuren et al, 2002). 

Taken together, these studies provide both a historical context highlighting the key early 

studies focused on PGs synthesis in response to stress, while further outlining the key differences 

when it comes to the cellular sources within the cardiovascular system (see I-Figure 10).  
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I - Figure  10: Cellular sources of prostaglandins in the cardiovascular system. 
Cells of the cardiovascular system produce a variety of prostaglandins (PGs) and thromboxane’s (TXs). 
Both cardiac fibroblasts and cardiomyocytes produce PGE2, - F2a, and -I2. While in the vasculature, vascular 
smooth muscle cells produce PGE2, - D2, - F2a, and -I2, and vascular endothelial cells produce PGE2, - F2a, 
and -I2. Alternatively, platelets, which are components of the blood, produce both TXA2 and B2. 

 
1.3.3. Myocardial Prostaglandin Signalling 

1.3.3.1. Early Understandings of Myocardial Prostaglandin Signaling 
 

Once produced in the myocardium or surrounding cells, it has been long understood that 

PGs have a strong cardiovascular effect depending on what receptor they bind to. However, 

dating back more than 50 years the receptors themselves were not known, but the phenotypic 

response was. Initially, in vitro work using isolated whole hearts from both guinea pigs and frogs 

revealed that exogenous application of PGE1 robustly increased both the heart rate and the force 

of contraction. When they investigated further it became apparent that this was highly dependent 

on species, based on the observation that this response was absent in the hearts of cats and 

rabbits (Berti et al, 1965; Vergroesen & De Boer, 1968). This confirmed what Sune Bergstrom 

had observed six years earlier in humans, where PGE1 infusion was strongly chronotropic, 



 96 

inducing tachycardia and overcoming heart block stimulated by the vagus nerve (Bergström et 

al, 1959). Further investigation into the underlying mechanism of this phenotype demonstrated 

that PGE1 application results in adenylate cyclase activity and a more than 70% increase in 

cyclic adenosine mono-phosphate (cAMP) content in guinea pig whole heart homogenates 

(Klein & Levey, 1971). This was later tied to PGE1-induced elevation of cytosolic calcium pools, 

consistent with a highly contractile phenotype, and modern day EP4 receptor activation (Moura 

& Simpkins, 1976).  

Additionally, human studies focused on the role of PGE2 signaling in the myocardium in 

both male and female human subjects, demonstrated that PGE2 elevates heart rate, but not force 

of contraction following intravenous infusion. In vitro studies completed two years later 

observed that PGE2 is capable of driving a significant increase in heart rate in the isolated rat 

atria, while having no observable impact on force of contraction (Levy, 1973). This observation 

was confirmed in atria isolated from guinea pigs, demonstrating similar trends across multiple 

species and models (Szekeres et al, 1976). Early studies looking at the effects of PGF1α on the 

myocardium had mixed results depending on model and approach. Where PGF1α exposure was 

sufficient to increase the heart rates of isolated whole cat and guinea pig heart, but had no effect 

on the canine and rabbit heart (Nutter & Ratts, 1973; Su et al, 1973; Szekeres et al, 1976). These 

mixed observations persisted with respect to force of contraction, and translated in no clear 

results in human studies employing PGF1α infusion (Karim & Somers, 1971; Nutter & Ratts, 

1973; Su et al, 1973; Szekeres et al, 1976).   

1.3.3.2. Recent Developments in Myocardial Prostaglandin Signaling 

More recently, advances in molecular biology have allowed myocardial PG research to 

focus heavily on underlying receptor biology and specifically on the role of PGE2. This PG is of 
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particular interest because it appears to be both the most abundantly produced PG in the body 

and has diverse roles and even opposing functions in different tissues. This differential tissue 

response has led to the discovery of 4 separate GPCRs for PGE2: EP 1-4 (Breyer et al, 2001). Of 

the most heavily studied members of this family, the EP3 receptor has only been found to be 

expressed in the mouse heart, while the EP4 receptor is known to have a robust and 

evolutionarily conserved presence in the both the rodent and human heart (Sugimoto et al, 1992; 

Honda et al, 1993; Sando et al, 1994; An et al, 1993). Further analysis of the cell-specific 

expression of the EP4 receptor has demonstrated that it is expressed in both cardiomyocytes, and 

the surrounding cells of the heart, including fibroblasts, smooth muscle cells, and endothelial 

cells. In comparative studies, EP4 expression was observed to be approximately 3-times higher in 

the non-cardiomyocyte cell population, but the cellular response to EP4 activation was been 

found to be similar between the two types of cell (Xiao et al, 2004). Additionally, recent work 

focused on EP1 and EP2 receptors has provided evidence that these little studied receptors are 

also present in the mouse cardiomyocyte (Gu et al, 2016; Miyatake et al, 2007). Despite these 

new findings, a majority of contemporary cardiomyocyte prostaglandin research has focused on 

the two major receptors and their influence on both cardiac physiology and pathophysiology. 

At the cellular level, the differences in PGE2 receptor responses are thought to be due to 

EP3 and EP4 receptors coupling to very different secondary messenger systems, where EP3 is 

linked to the Gɑi system which inhibits cAMP production, while the EP4 receptor is coupled to 

the Gɑs system which increases cytosolic cAMP content (see I-Figure 9) (Breyer et al, 2001). 

Focusing specifically on the EP3 receptor, in their 2016 paper, Gu et al. demonstrated that direct 

treatment with PGE2 or sulprostone, an EP1 and EP3 agonist, caused a loss of cardiac 

contractility and left ventricular developed pressure in isolated perfused hearts and primary 

cardiomyocytes (Gu et al, 2016). While this study did not use genetic manipulation to confirm 
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that the EP3 receptor was critical in this PGE2-response, they used L798-106, an EP3 specific 

pharmacological inhibitor. Using this inhibitor, they reversed the reduction in contractility 

observed with sulprostone, demonstrating that this is an EP3-dependent cardiac response. Tying 

this back to a pathophysiological model, Gu and colleagues observed that expression of the EP3 

receptor is significantly increased in the viable border zone of mice following 2-weeks of 

permanent left anterior descending (LAD) artery ligation (Gu et al, 2016). Four years later this 

group followed up on their original study using cardiomyocyte-specific EP3 overexpressing 

mice. In this system Bryson and colleagues confirmed that the EP3 receptor was responsible for 

negative cardiovascular outcomes, including significant reductions in ejection fraction and 

fractional shortening (Bryson et al, 2020). Beyond the functional measures, they also observed 

that overexpression of the EP3 receptor in the heart is responsible for increases in cardiomyocyte 

cross-sectional area by histology, and elevated left-ventricular LV end diastolic volume, coupled 

to a reduction in LV posterior wall thickness by echocardiography, classical signs of eccentric 

hypertrophy (Bryson et al, 2020). Using a model of Ang-II-induced hypertension, they also 

demonstrated that while the combination of EP3 overexpression and Ang-II infusion is 

detrimental to cardiac structure and function, Ang-II infusion and concurrent EP3 antagonism 

with L798-106 is able to prevent these cardiac derangements (Bryson et al, 2020).  

When compared to the EP3 receptor, much more has been learned about the myocardial 

role of the EP4 receptor in recent years. Foundational work from Xiao et al. in 2004 

demonstrated that challenge with AE1-329, an EP4 agonist, results in elevated cAMP content in 

cardiomyocytes isolated from WT but not whole-animal EP4-knockout hearts. This result 

indicates that the EP4 receptors is coupled to a Gɑs-based stimulatory system (see I-Figure 9) 

(Xiao et al, 2004). This 2004 paper further indicated a protective role for EP4 receptor signaling 

based on a significantly worsened phenotype following I/R injury in both EP4 knockout and 
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pharmacological antagonism studies with AE1-329, a result that was later confirmed in 2016 by 

Gu and colleagues (Gu et al, 2016; Xiao et al, 2004). In their 2008 paper, Qian et al. 

significantly advanced the field when they generated a cardiac specific EP4-knockout mouse line, 

overcoming previously documented challenges with viability in the whole-animal knockout  

(Qian et al, 2008). In this cardiac-specific model, they found that while the loss of EP4 receptors 

promoted hypertrophy and fibrosis following a permanent left-anterior descending ligation in 

adult mice, there was no change in overall infarct size (Qian et al, 2008). This difference 

between the knockouts of Xiao et al. and Qian et al. may be explained the missing effect of the 

knockout on the vasculature when it is restricted to the cardiomyocytes themselves. This 

explanation was best demonstrated by Zhu and colleagues in their 2019 paper, which used a 

vascular endothelial cell-specific EP4-knockout to replicate the worsened I/R phenotype that was 

associated with the whole-body EP4-knockout (Zhu et al, 2019). Critically, the authors also 

compared their endothelial-specific results to a whole-animal EP4-knockout. In doing this they 

noted that the vascular knockout did not completely replicate the whole-body phenotype, 

implying some role for the myocardial EP4 receptors as well (Zhu et al, 2019). 

In a 2010 follow-up study using the cardiac specific EP4-knockout mouse line, Harding et 

al. further observed that the EP4 receptor is required for cardio-protection as the heart ages. This 

was based on the observation that both cardiac structure and function significantly decline in 

male EP4-knockout mice with age, which interestingly was not seen in female mice. They further 

showed that this sex-specific difference was due to EP4 receptor activation regulating myocardial 

genes associated with remodeling, inflammation, and oxidative stress only in male mice in early 

life (Harding et al, 2010). 

While these studies clearly demonstrate that loss of the EP4 receptor has negative impacts 

on the myocardium, both activation and overexpression have been shown to have the opposite 
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effect. In their 2016 paper focused on the EP3 receptor, Gu and colleagues also demonstrated that 

both in vivo and in vitro treatment with the EP4 agonist, CAY 10598 increases myocardial 

contractility, in opposition to the previously outlined deleterious effects of EP3 overexpression 

(Gu et al, 2016). This work was further extended in 2018 when the Harding lab employed a 

model of MI in cardiomyocyte-specific EP4 overexpressing mice (Bryson et al, 2018). In this 

approach they observed that control animals with MI demonstrated the classical indicators of 

myocardial dysfunction, including reductions in fractional shortening and ejection fraction, 

coupled with significant increases in LV diameter at both systole and diastole. While these 

observations closely mirrored what was observed with EP3 overexpression, they determined that 

EP4 overexpression had the opposite effect, reversing myocardial dysfunction and injury by 

echocardiography, and histological examination, respectively (Bryson et al, 2018; Gu et al, 

2016). In this study they also determined that EP4 overexpression completely prevents the 

myocardial pro-inflammatory response that is typically associated with MI, further contrasting 

what is seen with EP3 expression and activation in the cardiomyocyte (Bryson et al, 2018; Gu et 

al, 2016). 

Taken together, these recent studies delineate a clear and differential role for myocardial 

PG signaling through the EP3 and EP4 receptors in physiology and pathophysiology. As a whole, 

they indicate strong and deleterious effects for both EP3 activation and overexpression at 

baseline and following MI in rodent studies. While EP4 receptor activation and overexpression is 

protective in both the control and ischemic myocardium.  

 Collectively, this brief summary of prostaglandin metabolism and signaling outlines both 

the breadth and depth of the historical and more recent studies focused on PG metabolism and 

signaling in the myocardium. This collection of research clearly demonstrates the important role 

that PGs play in physiology and pathophysiology, in the heart and beyond. At the same time, this 
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review brings to light the potential that pharmacologically modulating the PG signaling pathway 

may have in the treatment and prevention of hypoxia-induced myocardial injury.  
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CHAPTER II: Thesis Rationale and Specific Aims 

Systemic hypoxia continues to be a problem that challenges neonatal intensive care units 

around the world. This is because while modern medicine has made significant advances in 

perinatal care, the preterm birth rate continues to rise globally. Accounting for 8% of Canadian 

births each year, a significant proportion of these infants are expected to go on to experience 

hypoxic episodes in early life (Luu et al, 2015; Vannucci, 2004). This is thought to be due to the 

immediate insult of perinatal and neonatal asphyxia as well as the complications associated with 

treating altered and arrested cardio-pulmonary development in the first few days of life. Such 

episodes play a central role in the acute development of diseases of prematurity, including HIE, 

NEC, and ROP, which directly contribute to neonatal hypoxia being the leading cause of both 

morbidity and mortality in the human neonate (Millar et al, 2017; Vannucci, 2004; Grow & 

Barks, 2002; Ferriero, 2004; Neu & Walker, 2013; Wang et al, 2013b; Douglas-Escobar & 

Weiss, 2015). Additional data from human studies suggest that preterm birth and hypoxia are 

sufficient to alter cardiac structure and function, resulting in diminished downstream tissue 

perfusion, which further compounds these diseases of prematurity (see II-Figure 1) (Armstrong 

et al, 2012; Shastri et al, 2012). Importantly though, the exact mechanism underlying these 

hypoxia-induced alternations in the neonatal heart remain unclear.  
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II - Figure  1: Overview of the downstream effects of neonatal hypoxia. 
A lack of oxygen in neonatal tissues, including the heart, results in impaired cardiac metabolism which 
manifests itself as myocardial dysfunction. Depending on the length, time, and severity this can directly 
result in myocardial damage. However, myocardial damage also impairs tissue perfusion, contributing to 
diseases of prematurity, including hypoxic-ischemic encephalopathy (HIE) in the brain, necrotizing 
enterocolitis (NEC) in the intestine, and retinopathy of prematurity (ROP) in the neonatal eye. 

 
At the cellular level, lower than normal oxygen tension stabilizes HIF-1, which directs 

the expression of a number of genes that are responsible for promoting survival where possible 

and expediting cell death when needed. While many studies show that the HIF response is 

beneficial in the short term, it is increasingly apparent that shifting cardiomyocyte metabolism 

towards glycolysis and the upregulation of Bnip3 protein expression may be the cause of long-

term cardiac morbidities that can result from hypoxia in the neonatal heart.  

Previous studies focused on Bnip3 have revealed that its expression and activity are not 

solely under the control of HIF-1, representing three possible novel routes for intervention. For 

example, data in cardiomyocytes demonstrates that the abundance of Bnip3 is negatively 

regulated by nuclear factor kappa B (NF-κB), a pro-inflammatory transcription factor (Gordon et 

al, 2011). Bnip3 has also been shown to be alternatively spliced through an unknown mechanism 

to produce an endogenous inhibitor that lacks the third exon, called Bnip3DExon3 [also 

interchangeably referred to as small Nip (sNip)] (Gang et al, 2011). Additional work has 
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concluded that Bnip3 possess a TM-domain phosphorylation site, which when phosphorylated is 

cytoprotective by limiting Bnip3s function at the mitochondria and inhibiting apoptosis (Liu & 

Frazier, 2015). However, it remains unclear if these pathways intersect and if Bnip3 expression 

and activity can be pharmacologically modulated to impact cardiac structure and function during 

neonatal hypoxia exposure.  

Previous work from our group using an intestinal model of cell stress showed that 

misoprostol, an FDA and Health Canada approved prostaglandin (PG) E1 analogue, is capable of 

counteracting Bnip3-induced mitochondrial dysfunction and cell death (Diehl-Jones et al, 2015). 

While these results were not in the heart, data from Pamela Harding’s group suggests that EP4 

receptor activation is protective during myocardial infarction (Bryson et al, 2018). This 

observation strengthens the idea that our previously published, yet undefined, misoprostol-

induced protective mechanism may easily be translated into the neonatal heart.  

Building on this, the work in this thesis aims to determine if misoprostol treatment 

modulates the non-HIF regulatory pathways of Bnip3 outlined above, with the overarching 

question: Does the PGE1 analogue misoprostol modulate the adaptive response to hypoxia in the 

neonatal heart, in order to repress Bnip3 protein expression, promote sNip expression, and 

inhibit Bnip3 function? This question was addressed experimentally across three manuscripts 

where we tested the following four hypotheses:   

 

1. Misoprostol activates pathways that repress Bnip3 protein expression.  

2. Misoprostol enhances the expression of sNip, which counteracts Bnip3-induced 

dysfunction.  

3. sNip affects subcellular calcium dynamics that promote maturation during hypoxia.  
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4. Misoprostol directs the inhibition of Bnip3 protein activity through promoting 

phosphorylation of its C-terminal transmembrane domain.  

 

In the first series of experiments (outlined in Manuscript I), we investigated the 

underlying mechanism by which misoprostol treatment results in the repression of Bnip3 protein 

expression in the brain, large intestine, and heart of PND10 rat pups after exposure to hypoxia. 

Based on the existing literature, we used cell-based studies to delineate a novel mechanism by 

which misoprostol treatment results in the downstream activation of protein kinase A (PKA), 

which is able to non-canonically stimulate NK-κB. Working cooperatively, NK-κB and HIF-1ɑ 

are then able to reduce the abundance of Bnip3 protein in the neonatal rat tissues, including the 

heart. But we further determined that this unique combination of NK-κB and HIF-1ɑ promotes 

the expression of sNip (Bnip3DExon3). We however built on the previously published role of 

sNip to define a mechanism by which sNip prevents Bnip3-induced transfer of calcium from the 

ER to the mitochondria and confirmed through RNA interference studies that it is required for 

misoprostol-induced protection. But to our surprise we also observed that sNip expression on its 

own transfers calcium from the ER to the nucleus, a phenomenon that is often seen in cardiac 

hypertrophy.  

We next sought to determine if the signals common to hypertrophy can promote 

maturation in the hypoxia-exposed neonatal heart. This is because cardiomyocyte maturation can 

become deranged during hypoxia, as HIF-1 promotes glycolysis, which keeps cells in an 

immature, proliferative state. Based on this, our studies demonstrated that misoprostol treatment 

supresses glycolysis and promotes maturation in the hypoxia exposed neonatal cardiomyocyte. 

We further found that this process depends on misoprostol-induced sNip expression, and sNip’s 
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ability to direct calcium towards the nucleus, counteracting the HIF-1 adaptive response, by 

reducing glycolytic flux and immaturity (see II-Figure 2 for overview). 

 

II - Figure  2: Graphical representation of main findings in Manuscript II. 
Misoprostol-induced sNip (Bnip3DExon3) expression results in endoplasmic reticulum to nuclear calcium 
(Ca2+) transfer. This nuclear calcium accumulation results in the nuclear localization of nuclear factor of 
activated T-cells c3 (NFATc3), which alters cardiomyocyte gene expression to counteract hypoxia-induced 
proliferation and promotes maturation.   

 

 
 Finally, while Manuscript I demonstrates a mechanism for the repression of Bnip3 

expression through misoprostol, this phenomenon was observed to be incomplete in the heart 

when compared to other neonatal tissues. Based on this, we sought to determine if the previously 

described Bnip3 C-terminal TM-domain phosphorylation site played a role in misoprostol 

induced cardio-protection. Through a series of animal and cell-based studies we delineated a 

mechanism that builds upon misoprostol-induced PKA activation, to show that this results in the 

downstream phosphorylation of Bnip3 at threonine-181. We further found that this was required 

for the inhibition of Bnip3 activity at the ER, functioning to prevent cardiomyocyte bioenergetic 

collapse and cell death during acute hypoxia exposures (see II-Figure 3 for overview).   
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II - Figure  3: Graphical representation of main findings in Manuscript III. 
Misoprostol-induced activation of protein kinase A (PKA) results in the phosphorylation (indicated as “P”) 
and inhibition of Bnip3. This inhibition prevents Bnip3s interactions at the endoplasmic reticulum, 
preventing calcium (Ca2+) release, and mitochondrial calcium uptake. This further prevents mitochondrial 
permeability transition, maintaining adenosine triphosphate (ATP) production, and preventing death.   

 

 
 As a whole, the data presented in this thesis pulls together three previously unknown 

and/or disparate pathways that are tied together by misoprostol induced PKA activation. These 

pathways represent a unique way to modulate the cellular response to hypoxia 

pharmacologically, in order to prevent changes that may result in life-long cardiac injury and 

dysfunction.  
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CHAPTER III: Manuscript I 

3.1 Rationale 

Bnip3 is known as a hypoxia inducible member of the Bcl-2 family of proteins, having 

very low basal expression in the normoxic cell, which changes significantly through HIF-1 

stabilization (Bruick, 2000; Hamacher-Brady et al, 2007). While it is known that HIF-1 rapidly 

enhances Bnip3 abundance, this pattern of expression is strongly suggestive of transcriptional 

repression at baseline in order to turn it off. Building on this, work from Lorrie Kirschenbaum’s 

laboratory in the early 2000’s demonstrated that NF-κB stabilization is sufficient to repress 

hypoxia-induced Bnip3 expression, mitochondrial dysfunction, and cell death in primary 

ventricular neonatal cardiomyocytes (PVNCs) (Regula et al, 2004; Baetz et al, 2005; Shaw et al, 

2008). Briefly, canonical stabilization and activation of NF-κB, is generally enhanced by TNFɑ 

binding to TNFR1 at the cell surface, which then transfers and amplifies the pro-inflammatory 

signal into the cell. In the cytosol, TNFR1 activation stimulates inhibitor of kappa-B kinase 

(IKK), to phosphorylate inhibitor of kappa-B (IκB), which normally binds to and sequesters the 

p65/p50 dimer pair of NF-κB. Phosphorylation of IκB, promotes its ubiquitination and 

proteasomal degradation, freeing NF-κB to then translocate to the nucleus. Once there, NF-κB 

interacts with transcriptional regulators such as p300/CBP and histone deacetylases (HDACs) in 

order to alter gene expression (Gordon et al, 2011). However, work from Sankar Ghosh’s lab 

determined that NF-κB can also be activated non-canonically through PKA phosphorylation at 

serine-276, which also results in nuclear accumulation and activation of the protein complex 

(Zhong et al, 2002, 1997, 1998).  

At the same time, very early work from Arnold Greenberg's laboratory demonstrated that 

breast cancer cells can withstand levels of Bnip3 protein expression that were otherwise deadly 
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in MEFs (Chen et al, 1997). While the mechanism was not clear at the time, this suggested the 

possible presence of an endogenous inhibitor of the Bnip3 protein. This hypothesis was formed 

based on the observation that Bnip3’s longer counterpart, NIX (Bnip3L), is alternatively spliced 

to produce a smaller isoform that inhibits its function, known as sNix (Yussman et al, 2002). It 

has since been determined that Bnip3 is alternatively spliced to produce a smaller isoform, 

known as Bnip3ΔExon3, or sNip. This smaller protein is produced through the removal of the 

third exon (fusing exons 2 and 4), which results in a frame shift and the introduction of a 

premature stop codon before exons 5 and 6. The resultant protein lacks both the BH3- and TM-

domains, the cytotoxic portions of the protein, allowing it to interact with and inhibit the full 

length version of Bnip3 (Gang et al, 2011). Hence, Bnip3 repression and alternative splicing 

represent additional mechanisms that cells can use to regulate Bnip3’s expression and activity, 

independent of HIF-1.  

 Prior to the initiation of the work presented in this thesis, a 2015 publication from the 

Gordon and Diehl-Jones labs showed that the abundance of Bnip3 significantly elevated in a 

human breast milk fortifier (HMF) model of enterocyte cell stress in culture, which combines 

both nutritive and oxidative stress concurrently (Diehl-Jones et al, 2015). This study also tested 

the effect of PGE1 signaling mediate by misoprostol, given its positive safety profile and 

previously demonstrated efficacy in the treatment of gastric ulcers in adults (Wood & Walt, 

1992; Watkinson et al, 1988). To this end, Diehl-Jones et al. further demonstrated that 

misoprostol prevented both HMF- and Bnip3-induced cell death, indicating that misoprostol is 

protective under these conditions (Diehl-Jones et al, 2015). While interesting, this work failed to 

demonstrate a clear mechanism for protection, prompting much of the work in this first 

manuscript.  
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This manuscript aims to further explore the mechanism of protection by experimentally 

addressing the first two hypotheses outlined in the Thesis Rationale, which are: 1) misoprostol 

activates pathways that reduce the abundance of Bnip3 protein; 2) misoprostol increases the 

abundance of sNip, which counteracts Bnip3-induced dysfunction. These hypotheses were 

primarily evaluated in immortalized human colorectal cancer cells (HCT-116), which are a 

commonly used model for hypoxia studies. Supporting evidence was obtained in a rat myoblast 

cell line (H9c2), primary ventricular neonatal cardiomyocytes (PVNCs), as well as a Long-Evans 

rat model of neonatal hypoxia. 
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3.2 Abstract 

The cellular response to hypoxia involves the activation of a conserved pathway for gene 

expression regulated by the transcription factor complex called HIF. This pathway has been 

implicated in both the adaptive response to hypoxia and in several hypoxic-ischemic related 

pathologies. Perinatal hypoxic injury, often associated with prematurity, leads to multi-organ 

dysfunction resulting in significant morbidity and mortality. Using a rodent model of neonatal 

hypoxia and several representative cell lines, we observed HIF1a activation and down-stream 

induction of the cell death gene Bnip3 in brain, large intestine, and heart, which was mitigated by 

administration of the prostaglandin E1 analog misoprostol. Mechanistically, we determined that 

misoprostol inhibits full-length Bnip3 (Bnip3-FL) expression through PKA-mediated NF-kB 

(P65) nuclear retention, and the induction of pro-survival splice variants. We observed that the 

dominant small pro-survival variant of Bnip3 in mouse cells lacks the third exon (Bnip3DExon3), 

whereas human cells produce a pro-survival BNIP3 variant lacking exon 2 (BNIP3DExon2). In 

addition, these small Bnip3 splice variants prevent mitochondrial dysfunction, permeability 

transition, and necrosis triggered by Bnip3-FL by blocking calcium transfer from the 

sarco/endoplasmic reticulum to the mitochondria. Furthermore, misoprostol and Bnip3DExon3 

promote nuclear calcium accumulation, resulting in HDAC5 nuclear export, NFAT activation, and 

adaptive changes in cell morphology and gene expression. Collectively, our data suggests that 

misoprostol can mitigate the potential damaging effects of hypoxia on multiple cell types by 

activating adaptive cell survival pathways through Bnip3 repression and alternative splicing. 
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3.3 Introduction 

Hypoxia is a central element in many diseases of prematurity, including hypoxic/ischemic 

encephalopathy (HIE) (Douglas-Escobar & Weiss, 2015), necrotizing enterocolitis (NEC) (Neu & 

Walker, 2011), retinopathy of prematurity (Wang et al, 2013b), and persistent pulmonary 

hypertension of the newborn (PPHN) (Dakshinamurti, 2005). In addition, cardiac dysfunction is 

an important predictor of morbidity and mortality in hypoxia- and asphyxia-related neonatal 

disorders, as impaired cardiac metabolism and contractile performance compromises tissue 

perfusion (Armstrong et al, 2012; Shastri et al, 2012). Regardless of the cause, oxygen-deprived 

cells display accumulating levels of transcription factors belonging to the hypoxia-inducible 

factor-1 alpha (HIF-1a) family. During normoxia, HIF-1a is hydroxylated within its oxygen 

degradation domain (ODD) by the prolyl-hydroxylase domain (PHD) enzymes, triggering HIF-1a 

degradation by the proteasome (Greer et al, 2012). However, a reduced cellular oxygen tension 

inhibits the activity of the PHD enzymes, allowing HIF-1a to accumulate in the nucleus and 

activate transcription through dimerization with the HIF-1b subunit (Greer et al, 2012). Although 

cell-type specific differences in this pathway exist, there is remarkable conservation amongst 

multiple cell-types in response to HIF-1a activation, including the resulting induction of glycolytic 

metabolism and the reduction of mitochondrial respiration (Carmeliet et al, 1998; Greer et al, 

2012).     

 HIF1a has been shown to increase the expression of members of the Bcl-2 gene family, 

including the BCL-2/adenovirus E1B 19 kd-interacting protein 3 (Bnip3), whose protein product 

plays a pivotal role in hypoxia-induced apoptosis, necrosis, and autophagy (Kothari et al, 2003; 

Azad et al, 2008). Depending on the cellular context, Bnip3 has been previously shown to induce 

macro-autophagy by disrupting the Beclin-1/Bcl-2 complex (Mazure & Pouysségur, 2009), 
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promote mitochondrial outer membrane permeability (MOMP) leading to apoptosis (Zhang et al, 

2009b; Chen et al, 1999), and trigger mitochondrial permeability transition-dependent necrosis by 

releasing calcium from the endoplasmic reticulum (Zhang et al, 2009b; Vande Velde et al, 2000). 

In cardiomyocytes, Bnip3 expression is negatively regulated by a P65/P50 dimer of the NF-kB 

family (reviewed by Gordon et al. (Gordon et al, 2011)). Although canonical NF-kB signaling 

occurs through repression of Inhibitor of kB (IkB) by the IkB kinase (IKK), other signaling 

pathways have been shown to alter NF-kB transcriptional activity, co-factor interaction, and alter 

the nuclear-to-cytoplasmic shuttling of the P65 subunit (Hayden & Ghosh, 2008, 2004). For 

example, PKA phosphorylates P65 at serine-276 to promote nuclear accumulation and the 

interaction with the histone acetyl transferase p300. However, in the context of the Bnip3 

promoter, P65 serves to recruit HDAC1 to repress gene expression (Gordon et al, 2011).  

Bnip3 has been shown to be alternatively spliced, leading to the production of an 

endogenous inhibitor that lacks the third exon, called Bnip3DExon3 (Gang et al, 2011). The fusion 

of exon 2 to exon 4 of the bnip3 gene results in a frameshift, a premature stop codon, and the 

production of a truncated protein with a divergent C-terminus. Bnip3DExon3 appears to act as an 

endogenous inhibitor of full-length Bnip3 (Bnip3-FL) by preventing mitochondrial depolarization 

and promoting cell viability (Gang et al, 2011). However, the precise mechanism(s) by which 

Bnip3DExon3 inhibits hypoxia- and Bnip3-induced cell death remain less clear.  

Recently, we demonstrated that Bnip3 expression was elevated in enterocytes subjected to 

nutrient/oxidative stress induced by breast milk fortifiers, while Bnip3-induced enterocyte cell 

death was inhibited by exogenous expression of Bnip3DExon3 (Diehl-Jones et al, 2015). 

Furthermore, fortifier-induced cellular toxicity was completely abrogated by treatment of 

enterocytes with the prostaglandin E1 analog misoprostol (Diehl-Jones et al, 2015). These 
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compelling findings led us to investigate whether misoprostol could protect cells against hypoxia-

induced injury. Furthermore, given the degree of conservation in the cellular response to hypoxia, 

we sought to determine if misoprostol could protect multiple cell types from Bnip3-induced injury, 

such as that occurring during neonatal hypoxia/asphyxia.  

In this report, we provide evidence that misoprostol opposes hypoxia induced Bnip3 

expression in multiple tissues, including gut, brain, and the heart. In cultured cells, we observed 

that misoprostol activates PKA signaling and promotes nuclear localization of P65 to reduce the 

abundance of Bnip3-FL and increase the abundance of smaller splice variants. In addition, we 

discovered a previously unidentified Bnip3 splice variant lacking exon 2 (BNIP3DExon2), which 

is expressed in human cells. Remarkably, this spice variant contains the same frameshift as 

Bnip3DExon3, resulting a conserved C-terminal amino acid sequence. Mechanistically, we 

determined that a combination of NF-kB and HIF1a activation alters BNIP3 splicing and induces 

the expression of the smaller variants. Finally, we experimentally altered the ratio of Bnip3-FL to 

Bnip3DExon3, and Bnip3-FL to BNIP3DExon2 in multiple cell types and observed that the smaller 

variants prevent mitochondrial permeability transition and cell death by inhibiting mitochondrial 

calcium accumulation and promoting nuclear calcium-dependent cell adaptation. These findings 

suggest that prostaglandin signaling may play an important developmental role that can be used 

therapeutically to circumvent many of the morbidities associated with neonatal hypoxia.   

 

3.4 Materials and Methods 

In vivo neonatal hypoxia model: All procedures in this study were approved by the Animal Care 

Committee of the University of Manitoba, which adheres to the principles for biomedical research 

involving animals developed by the Canadian Council on Animal Care. Litters of Long-Evans rat 
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pups (N=5) and their dam were placed into a hypoxia chamber with 10% oxygen delivery, at post-

natal day-3 (PND3) for 7 days. Control pups (N=5) were left in normoxic conditions at 21% 

oxygen (Ward et al, 2007; Wallace et al, 2007). Animals received subcutaneous injections of 10 

μg/kg misoprostol, or saline control, for 7 days. At PND10 animals were euthanized and perfused 

with saline for tissue collection.   

 

Plasmids and virus production: The PKA biosensor (pPHT-PKA) was a gift from Anne Marie 

Quinn (Addgene #60936)(Ding et al, 2015). The plasmids for human P65 expression including: 

GFP-RelA, T7-RelA, T7-RelA(S276A), and PCMV4-3 HA/IkB-alpha(SS32,36AA) were gifts 

from Warner Greene (Addgene #23255, 21984, 24153, 24143) (Chen et al, 2001, 2005). The 

plasmid for HIF1a (HA- HIF1a-pcDNA3) was a gift from William Kaelin (Addgene #18949) 

(Kondo et al, 2002). The mitochondrial (CMV-mito-CAR-GECO1), endoplasmic reticulum 

(CMV-ER-LAR-GECO1), and nuclear (CMV-NLS-R-GECO) targeted calcium biosensors were 

gifts from Robert Campbell (Addgene #46022, 61244, and 32462) (Zhao et al, 2011a; Wu et al, 

2013, 2014). Flag-BCL-2 was gift from Clark Distelhorst (Addgene #18003) (Wang et al, 2001). 

pMSCV-puro-mMCL1-WT was a gift from Joseph Opferman (Addgene #45817) (Perciavalle et 

al, 2012). NFATc3 fused to YFP (NFAT-YFP) was a gift from Tetsuaki Miyake, and HDAC5-

GFP was provided by E. Olson. The mouse myc-Bnip3-FL and HA-Bnip3DExon3 (Accession 

#MF156210) were described previously (Addgene #100796, #100793) (Diehl-Jones et al, 2015). 

The pLenti-Bnip3DExon3 virus was generated by ligating a PCR amplicon (HA- Bnip3DExon3) 

into the pLenti-puro back bone, which was a gift from Ie-Ming Shih (Addgene #39481) (Guan et 

al, 2011). Virus was packaged and purified in the University of Manitoba Lentiviral Vector Viral 

Particles & Production Core. Human HA-BNIP3-FL and HA-BNIP3DExon2 (Accession 
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#MF593120)(Addgene #100781, #100782) were generated by PCR using cDNA from HUECs and 

primers containing EcoRI and XhoI restriction enzymes sites in the forward and reverse primers, 

respectively. Primers include BNIP3 Forward: 5’- 

TATGCGGAATTCATGTCGCAGAACGGAGCGCCCGGGAT-3’, BNIP3 Reverse: 5’- 

AATCCGCTCGAGTCAAAAGGTGCTGGTGGAGGTTGTC-3’; BNIP3DExon2 Reverse: 5’- 

AATCCGCTCGAGTCAAGATGCTTTCAACTTCTTTCC-3’. PCR products were cut and 

ligated into pcDNA3, in frame with an N-terminal HA tag, described previously (Perry et al, 2009; 

Du et al, 2008).    

 

Cell culture, transductions and transfections: HCT-116 cells were maintained in McCoy's 5A 

medium (Hyclone), containing penicillin, streptomycin, and 10% fetal bovine serum (Hyclone), at 

37 °C and 5% CO2. H9c2 and 3T3 cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM; Hyclone), containing penicillin, streptomycin, and 10% fetal bovine serum (Hyclone), 

at 37 °C and 5% CO2. Rat primary ventricular neonatal cardiomyocytes (PVNC) were isolated 

from 1-2 day old pups using the Pierce Primary Cardiomyocyte Isolation Kit (#88281). All cells 

were transfected using JetPrime Polyplus reagent, as per the manufacturer’s protocol (Mughal et 

al, 2015). Overexpression of Bnip3DExon3 in PVNC cells was carried out using pLenti-puro-

Bnip3DExon3 lentiviral particles, alongside control lentiviral particles (Santa Cruz, sc-108080) to 

control for the effects of transduction alone. RNAi experiments targeting Bnip3-FL were 

performed using siRNA targeting the 3rd exon (sense sequence: UCGCAGACACCACAAGAUA) 

(Dharmacon), alongside a scrambled control siRNA (Santa Cruz sc-37007). siRNA’s were 

transfected into cells using JetPrime Polyplus reagent, as per the manufacturer’s protocol (Mughal 

et al, 2015). For misoprostol treatments, 10mM misoprostol (Sigma) in phosphate buffered saline 
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(PBS; Hyclone) was diluted to 10 μM directly in media and applied to cells for 20 hours (Diehl-

Jones et al, 2015). For H89 treatment, a 10 mM stock of H89-dyhydrochloride hydrate (Sigma) in 

PBS, was diluted to 10 μM directly in media. For cobalt chloride (CoCl2) treatment, a 200 mM 

stock solution of cobalt(II) chloride hexahydrate (Sigma) in PBS, was diluted to 200 μM directly 

in media and applied to cells. CoCl2 concentration was selected based on previously published 

data looking at HIF1a induction (Lee et al, 2008b). For calcium imaging experiments, 1 μM 

Thapsigargin (Sigma) was applied directly to cells for 4 hours, while 2 μM 2-APB (Sigma), 10 

μM Ru360 (Sigma), and 10 μM disodium 4,4′-diisothiocyanatostilbene-2,2′-disulfonate (DIDS, 

Sigma) were applied directly to cells for 16 hours. For cardiac hypertrophy experiments, a 10 mM 

stock of phenylephrine (Sigma) in PBS, was diluted to 10 μM directly in media. 

 

Fluorescent staining and live cell imaging: Hoechst 33342, TMRM, Calcein-AM and Ethidium 

Homodimer-1 were all purchased from Biotium and applied using manufacturer’s protocol 

(Mughal et al, 2015; Alizadeh et al, 2017). MitoSOX was purchased from Life Technologies and 

was applied to cells for a 10-minute incubation to assess mitochondrial superoxide(Mughal et al, 

2015). Calcein-cobalt chloride (CoCl2) staining was used to assess mitochondrial permeability 

transition, which is achieved through quenching cytosolic Calcien-AM signal with 5 μM CoCl2 

described previously (Mughal et al, 2015). Immunofluorescence with Anti-MF-20 (DSHB # 

AB_2147781) was used with fluorescent secondary antibody conjugated to Alexa Fluor 555 

(Themo # A-31570) in order to assess cardiac hypertrophy in fixed and permeabilized PVNM 

cells. All imaging experiments were done on an Olympus IX70 inverted microscope with 

QImaging Retiga SRV Fast 1394 camera using NIS Elements AR 3.0 software. Quantification, 
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scale bars, and processing including background subtraction, was performed on Fiji (ImageJ) 

software.   

 

Immunoblotting: Protein extractions were achieved using a RIPA lysis buffer combined with 

phenylmethanesulfonyl fluoride (PMSF, Sigma), sodium orthovanadate (Na3VO4, Sigma) and 

phosphatase inhibitor cocktail (PIC, Santa Cruz). Homogenization was required in the case of 

tissue protein extraction. Mitochondrial/cytosolic fractionation was done using a Mitochondrial 

Isolation Kit (Qiagen Qproteome # 37612), while nuclear/cytosolic fractionation was done using 

a NE-PER Nuclear and Cytosolic Extraction Kit (Pierce # 78833), as described previously (Gang 

et al, 2011; Pagiatakis et al, 2012; Gordon et al, 2009). Protein content was determined using a 

Bio-Rad Protein Assay Kit. Extracts were resolved via SDS-PAGE and later transferred to a PVDF 

membrane using an overnight transfer system. Immunoblotting was carried out using primary 

antibodies in 5% powdered milk or BSA (as per the manufacturer’s instructions) dissolved in 

TBST. Horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories; 1:5000) were used in combination with enhanced chemiluminescence (ECL) to 

visualize bands (Pagiatakis et al, 2012; Gordon et al, 2009). The following antibodies were used: 

Bnip3-FL and BNIP3DExon2 (CST # 44060), P65 (CST # 8242), P65 Phospho-Ser276 (Assay 

BioTech # A7169), HIF1a (CST # 14179), Flag (CST # 2368), HA (CST # 3724), AIF (CST # 

5318), MEK (CST # 8727), Histone-H3 (CST # 4499), Tubulin (CST # 86298), and Actin (Santa 

Cruz sc-1616).  

 

Mitochondrial respiration: Mitochondrial respiration in PVNM cells was assessed using the 

Seahorse XF-24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA), 
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as described previously (Mughal et al, 2015). Calculated respiration rates were determined as per 

the manufacturer's instructions (Mito Stress Kit; Seahorse Bioscience).  

 

Reverse Transcription PCR: Total RNA was extracted from cells and pulverized tissues by the 

TRIzol extraction method and genomic DNA was removed via the RNeasy Mini Kit (Qiagen), 

including an On-Colum DNase I Digestion (Qiagen). For reverse transcription PCR (RT-PCR), 

purified mRNA was reverse transcribed using Maxima Enzyme (Thermo), followed by PCR using 

Taq polymerase (New England Biolabs). Amplified RNA was then run on a 2% agarose gel with 

GelRed nucleic acid gel stain (Biotium). The cloning primers, described above, were used to detect 

human BNIP3 splice variants. Mouse Bnip3 primers were: Forward: 5’- 

GCCGGAATTCATGTCGCAGAGCGGGGAG-3’, Bnip3-FL Reverse: 5’- 

CGGCGCTCGAGTCAGAAGGTGCTAGTGGAAGTTGTC-3’, and Bnip3DExon3 Reverse: 5’- 

CGGCGCTCGAGTCAGGATACTTTCAACTTCTCTTCTTCTCTC-3’ 

Primers used for rat heart tissue were: 5’- Ttccagcttccgtctctattt-3’ and 5’- 

TCAGGATACTTTCAACTTCTCTTCT-3’.  For quantitative real-time PCR (qPCR) targeting 

myosion heavy chain expression, mRNA was extracted from cells using Trizol then reverse 

transcribed into cDNA. Following DNase treatment, cDNA was combined with SYBR Green 

Supermix (Thermo) and mRNA was amplified using the ABI 7500 Real-Time PCR system 

(Applied Biosystems). Primers were: Rat myosin heavy chain 6 forward: 5’- 

GAGGAATAACCTGTCCAGCAG -3’, and reverse: 5’-TACAGGCAAAGTCAAGCATTC -3’. 

Rat myosin heavy chain 7 forward: 5’- CCAACACCAACCTGTCCAAG-3’, and reverse: 5’- 

CAAAGGCTCCAGGTCTCAGG -3’. Rat B-Actin forward: 5’- 
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CTGTGTGGATTGGTGGCTCTA -3’, and reverse 5’- AAAACGCAGCTCAGTAACAGTCC -

3’. 

 

Statistics: Data are presented as mean ± standard error of the mean (S.E.M.). Differences between 

groups in imaging experiments with only 2 conditions were analyzed using an unpaired t-tests, 

where (*) indicates P<0.05 compared with control. In the case of the cell size experiment, a 2-

tailed t-test with Welches correction was used to compare the differences between conditions. 

Experiments with 4 or more conditions were analyzed using a 1-way ANOVA, with Tukey’s test 

for multiple comparison, where (*) indicates P<0.05 compared with control, and (**) indicates 

P<0.05 compared with treatment. All statistical analysis was done using GraphPad Prism 6 

software. 

 

3.5 Results 

Misoprostol inhibits Bnip3-FL expression in vivo:  

Previously, we demonstrated that misoprostol could inhibit cell death in cultured 

enterocytes exposed to nutrient stress (Diehl-Jones et al, 2015). Moreover, our previous work 

implicated the hypoxia-inducible gene Bnip3 in this process. In order to further these studies in 

vivo, we exposed neonatal rats to 7 days of hypoxia (10% oxygen), prior to weaning, with and 

without misoprostol therapy (10 µg/kg; subcutaneous). This protocol has been previously shown 

to induce cognitive impairment consistent with HIE (Ward et al, 2007; Wallace et al, 2007). Gene 

expression analysis by western blot demonstrated increased Bnip3-FL expression in the 

hippocampus, large intestine, and heart of hypoxia-exposed animals, which was completely 

abrogated by concurrent misoprostol treatment (Figure 1A).  
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III - Figure  1: Misoprostol opposes hypoxia-induced Bnip3-FL expression. 

(A) Immunoblot for Bnip3-FL in protein extracts from the hippocampus, large intestine, and heart of 
PND10 rat pups exposed to hypoxia (10% O2) ± 10 μg/kg misoprostol for 7 days. Data shown 
representative of 3 PND10 rats per condition.  
 
 
 Canonical NF-kB signaling has been previously shown to be a critical regulator of Bnip3 

expression during cardiac hypoxia (reviewed by Gordon et al (Gordon et al, 2011)). Moreover, 

PKA has been previously shown to phosphorylate P65 of the NF-kB complex at serine-276 to 

promote nuclear accumulation (Zhong et al, 1998). Thus, we tested the hypothesis that misoprostol 

could repress Bnip3-FL expression through a conserved PKA- and NF-kB-dependent mechanism. 

Using a genetically-encoded plasmid-based protein kinase-A (PKA) biosensor (pPHT-PKA) 

(Ding et al, 2015), we observed marked PKA activation in HCT-116 cells treated with misoprostol 

(Figure 2A, B).  

 

III - Figure  2: Misoprostol activates PKA in HCT-116 cells. 

(A) HCT-116 cells were transfected with protein kinase A (PKA) biosensor (pPHT-PKA) and treated with 
10 μM misoprostol or vehicle for 2 hours. Cells were imaged by standard fluorescence microscopy.  
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(B) Quantification of fluorescent images in (A) by measuring the ratio of green (active) to red (inactive) 
fluorescent signal, normalized to cell area, quantified in 10 random fields. Data are represented as mean ± 
S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, determined unpaired 
t-test. 

 

Consistent with our hypothesis, we observed increased nuclear localization of a human 

P65-GFP construct in misoprostol treated HCT-116 cells. However, when cells were co-treated 

with misoprostol and the PKA-inhibitor H89, this effect was lost and P65 was retained in the 

cytoplasm (Figure 3A, B). To further investigate the role of canonical NF-kB signalling in this 

misoprostol-induced response, we expressed the same P65-GFP construct concurrently with a 

dominant negative form of the inhibitor of kappa-B (IkB S32A, S36A or IkB-SA), in misoprostol 

treated HCT-116 cells. Here we observed that the misoprostol-induced nuclear localization was 

lost in the presence of IkB-SA (Figure 3C, D). To confirm P65-nuclear localization biochemically, 

we performed nuclear and cytosolic fractionation studies on HCT-116 cells treated with vehicle or 

misoprostol and assessed P65 NF-kB expression by western blot. Shown in Figure 3E, misoprostol 

treatment had no effect on total P65 expression. However, consistent with our P65-GFP findings, 

we observed an increase in nuclear P65.  
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III - Figure  3: Misoprostol treatment induces P65 activation and nuclear localization. 

(A) HCT-116 cells were transfected with GFP-P65 (green) and were treated with 10 μM misoprostol ± 10 
μM H89 for 20 hours. Cells were then stained with Hoechst (blue) and imaged by standard fluorescence 
microscopy.  

(B) Quantification of fluorescent images in (A) by calculating the percentage of cells with nuclear P65 
signal over 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, 
while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

(C) HCT-116 cells were transfected with inhibitor of kappa-B alpha(SS32,36AA) [indicated as IkB (S, A)] 
or an empty vector control. GFP-P65 (green) was used to indicate subcellular P65 localization in all 
conditions. Cells were then treated with 10 μM misoprostol or vehicle control for 20 hours.  

(D) Quantification of fluorescent images in (C) by calculating the percentage of cells with nuclear P65 
signal over 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, 
while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 
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(E) HCT-116 cells were treated with 10 μM misoprostol or vehicle for 20 hours, during extraction proteins 
were fractioned according to their sub-cellular compartment. Protein extracts were immunoblotted, as 
indicated.  

 
 

Additionally, we assessed the role of misoprostol in the regulation of P65 phosphorylation 

at a known PKA phosphorylation site, serine-276. Shown in Figure 4A, we observed that 

misoprostol treatment increased phospho-p65. The migration of this band is consistent with 

information provided by the manufacturer.  To confirm NF-kB regulates BNIP3-FL expression in 

HCT-116 cells, we expressed P65 in this cell line and analyzed BNIP3-FL expression by western 

blot. Shown in Figure 4B, ectopic expression of P65 reduced BNIP3-FL protein levels. 

Furthermore, we expressed wild-type P65, and a P65 mutant in HCT-116 cells, where the PKA 

phospho-acceptor site, Ser-276, was mutated to a neutral alanine (P65-S276A). This experiment 

confirmed wild-type P65 represses BNIP3-FL expression; however, when Ser-276 is neutralized 

BNIP3-FL expression is enhanced (Figure 4C).  

 

III - Figure  4: Misoprostol-induced P65 activation represses Bnip3-FL immunoreactivity. 

(A) 3T3 cells were treated with 10 μM misoprostol or vehicle control for 4 hours. Protein extracts were 
immunoblotted as indicated. 

(B) HCT-116 cells were transfected with wild-type (WT) P65 or empty vector control for 20 hours. Extracts 
were immunoblotted, as indicated.  

(C) HCT-116 cells were transfected with P65 wild-type (WT) or phospho-neutral (S276A) constructs for 
20 hours. Extracts were immunoblotted, as indicated. 
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Collectively, these findings are consistent with a model where misoprostol activates PKA signaling 

to promote P65 phosphorylation of Ser-276 leading to nuclear accumulation of an NF-kB complex 

that represses BNIP3-FL expression. 

Discovery of BNIP3DExon2:  

Recently, it was reported that the rat bnip3 pre-mRNA undergoes alternative splicing to 

yield a full-length protein, containing all six exons, and a small splice variant lacking the third 

exon (Bnip3DExon3) (Gang et al, 2011). Moreover, the fusion of exon 2 to exon 4 in the 

Bnip3DExon3 mRNA results in a frameshift and the generation of a pre-mature stop codon. 

Functionally, Bnip3DExon3 acts as an endogenous inhibitor of Bnip3-FL, blocking hypoxia- and 

nutrient stress-induced cell death (Gang et al, 2011; Diehl-Jones et al, 2015). Based on our findings 

that misoprostol supressed Bnip3-FL expression elicited by neonatal hypoxia, we used semi-

quantitative RT-PCR to evaluate whether misoprostol could alter bnip3 splicing. Using primers 

that spanned the exon 2-4 junction, we detected a smaller amplicon representing Bnip3DExon3 in 

RNA isolated from hearts of neonatal rats treated with misoprostol, but not in vehicle treated 

animals (Figure 5A).  

To our knowledge, Bnip3DExon3 expression has not been reported at the protein level. 

Recently, a commercially available antibody targeting exon 1 of BNIP3 has come to market. This 

antibody could hypothetically detect smaller BNIP3 variants; however, this antibody only detects 

human BNIP3 protein (Cell Signaling Technology; #44060). In order to evaluate the role of 

misoprostol promoting BNIP3 splicing in human cell lines, we attempted to clone human 

BNIP3DExon3. We designed a forward primer encompassing the 5’-ATG of human BNIP3 and a 

reverse primer containing the premature stop codon identified in mouse Bnip3DExon3. Restriction 

enzymes site were incorporated into these primes to allow easy ligation into pcDNA3 and 



 127 

sequencing. Interestingly, in three distinct human cells lines we observed three amplicons 

generated by these primers (Figure 5B). Based on sequencing analysis, the largest amplicon 

represents a fragment of BNIP3-FL. However, the middle and smallest amplicons represent splice 

variants lacking exon 2 (BNIP3DExon2) and exons 2 and 3 (BNIP3DExon2+3), respectively. 

Using the same approach in three representative mouse cell lines, we identified a fragment of 

Bnip3-FL, Bnip3DExon3, and Bnip3DExon2+3 (Figure 5B). These findings suggest that Bnip3 is 

differentially spliced in human versus rodent cells (Figure 5C). The variants with two missing 

exons form very small peptides due to early stop codons in their reading frame (Figure 5C). 

However, the mouse Bnip3DExon3 and human BNIP3DExon2 share the same frame shift and 

generate a conserved C-terminus when translated (Figure 5D) (Alignment performed on the 

CLUSTAL O 1.2.4 multiple sequence alignment tool). 

 

III - Figure  5: Misoprostol alters the splicing of Bnip3. 
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(A) RT-PCR for Bnip3-FL and Bnip3ΔExon3 in the heart of PND10 rat pups treated with 10 μg/kg 
misoprostol for 7 days.  

(B) RT-PCR for Bnip3 isoforms comparing expression patterns between human (HCT-116, CaCo, and 
HUEC) and mouse (HT22, C2C12, and 3T3) cell lines.  

(C) Bnip3 splicing diagram showing BNIP3ΔExon2 and Bnip3ΔExon3, indicating the differences in 
splicing between human and mouse.  

(D) CLUSTAL amino acid sequence alignment for human BNIP3ΔExon2 and mouse Bnip3ΔExon3.  

 
 

 Importantly, when expressed in HCT-116 cells, we were able to detect both human HA-

BNIP3-FL and HA-BNIP3DExon2 with the commercially available N-terminal BNIP3 antibody, 

suggesting that endogenous expression of small BNIP3 splice variants is possible in human cells 

and tissue. However, this commercially available antibody could not detect mouse Bnip3ΔExon3 

protein (Figure 6A). To solve this, we designed a custom Bnip3 antibody specifically targeted to 

a region of the N-terminus of full-length Bnip3 that is conserved in both humans and rodents. We 

then performed a series of validation experiments to test this custom antibody. First, we tested if 

the antibody was able to detect HA-BNIP3-FL, myc-Bnip3-FL, HA-BNIP3ΔExon2, or HA-

Bnip3ΔExon3 in a side-by-side comparison with commercial HA-tag or myc-tag antibodies. As 

shown in Figure 6B, the antibody successfully detected both human and mouse full-length 

BNIP3/Bnip3, and what is likely the monomeric and dimeric forms at the approximate sizes of 30 

and 60 kDa, respectively. Importantly, we detected the smaller mouse isoform, Bnip3ΔExon3, but 

not the human isoform BNIP3ΔExon2, as this epitope spans the second exon in the human gene. 

Second, we used an siRNA targeted to the unique sequence of the Exon 2–4 junction of 

Bnip3ΔExon3 to knockdown endogenous Bnip3ΔExon3 protein in H9c2 cells (Figure 6C). This 

set of experiments provides evidence that both the custom antibody successfully detects 

Bnip3ΔExon3, and that the siRNA knockdown shows specificity for Bnip3ΔExon3 and has little 

effect on the expression of full-length Bnip3 protein. Finally, we exposed H9c2 cells to 24 hours 
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of hypoxia, with and without misoprostol and performed western blots for endogenous 

Bnip3ΔExon3 (Figure 6D). We observed a modest induction of Bnip3ΔExon3 with both 

misoprostol and hypoxia, and a more robust increase in Bnip3ΔExon3 expression with combined 

treatment. To our knowledge this is the first documentation of Bnip3ΔExon3 detected as a protein; 

furthermore, we demonstrate that endogenous expression of this protein is enhanced by 

misoprostol treatment in a rodent cardiac cell line. 

 

III - Figure  6: Bnip3 splice variants are detectable at the protein level. 

(A) Immunoblot showing that a commercially available antibody targeted to the amino-terminus (N-
Terminus) of BNIP3 (CST #44060) can detect overexpressed HA-BNIP3-FL and HA-BNIP3ΔExon2.  

(B) Immunoblot demonstrating the specificity of our custom antibody targeted to the amino-terminus (N-
Terminus) of BNIP3, where the antibody is able to detect overexpressed HA-BNIP3-FL (Human), Myc- 
Bnip3-FL (Mouse), and HA- Bnip3ΔExon3 (Mouse), but not HA-BNIP3ΔExon2 (Human).  

(C) Immunoblot demonstrating the specificity of si-BNIP3ΔExon3 (indicated as si-ΔEx3), shown using our 
custom antibody targeted to the amino-terminus (N-Terminus) of Bnip3.  

(D) H9c2 cells were exposed to 1% hypoxia for 24 hours, with and without 10 μM misoprostol. Extracts 
were western blotted as indicated. 
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variants, and only mouse Bnip3DExon3 contained the N-terminal LC3 interacting region (LIR) 

(Figure 7A). Interestingly, both mouse Bnip3DExon3 and human BNIP3DExon2 contain C-

terminal WH2 actin binding motifs and a di-lysine ER retention signal (ER). Moreover, the C-

terminal region of human BNIP3DExon2 contains a predicted bipartite nuclear localizing signal 

(NLS). Finally, the Phyre2 (Protein Homology/analogY Recognition Engine V 2.0) web portal 

for protein modeling provided the predicted structure of the smaller Bnip3 splice variants, 

described previously (Kelley et al, 2015; Gordon, 2017). We used the predicted structure of mouse 

Bnip3-FL as a comparison (Figure 7B). Intriguingly, the Phyre2 portal predicted a remarkably 

similar structure for both mouse Bnip3DExon3 and human BNIP3DExon2 (Figure 5C, D), which 

supports the idea that they may function in a similar biological manner.  

 

III - Figure  7: Predictive comparisons of mouse Bnip3DExon3 and human BNIP3DExon2. 

(A) Linear motif diagram for Bnip3-FL, human BNIP3ΔExon2, and mouse Bnip3ΔExon3.  
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(B) Model of Mus Bnip3-FL indicating locations of the transmembrane (TM) domain, atypical BH3 domain 
(aBH3), and microtubule associated protein 1 light chain 3 (LC3)-Interacting region (LIR) present on this 
isoform.  

(C), (D) Comparison of Mus Bnip3ΔExon3 and human BNIP3ΔExon2, indicating the locations of the 
predicted ER domains, WH2 domains, nuclear localization sequence (NLS), and the Mus Bnip3ΔExon3 
specific LC3-Interacting region (LIR) 

 

HIF1a and NF-kB P65 regulate BNIP3 expression and splicing: 

 To further investigate how the expression of the smaller BNIP3 variants are regulated, we 

treated HCT-116 cells with misoprostol, and the HIFa stabilizer cobalt chloride (CoCl2) for 16 

hours. Using semi-quantitative RT-PCR and primers designed to detect both BNIP3-FL and 

BNIP3DExon2, we observed that misoprostol alone reduced BNIP3-FL expression, while CoCl2 

treatment induced the expression of both BNIP3 splice variants (Figure 8A). However, in the 

presence of misoprostol, we observed proportionally more BNIP3DExon2. Moreover, we 

performed the same experiment using the N-terminal BNIP3 antibody, combined with western blot 

analysis, and observed induction of BNIP3-FL concurrent with increased HIF1a with CoCl2 

treatment (Figure 8B). When combined with misoprostol, CoCl2 induced the expression of a 17 

kDa band detected by the N-terminal BNIP3 antibody, consistent with migration pattern of 

BNIP3DExon2 observed in Figure 6F. Interestingly, at this dose and time misoprostol did not 

affect BNIP3-FL protein expression. To reconcile this observation with our misoprostol findings 

in vivo, we extended our time-course and treated HCT-116 cells with CoCl2 and misoprostol for 

36 hours. Shown in Figure 8C, at this time point misoprostol attenuated CoCl2 induced BNIP3-FL 

expression, while the expression BNIP3DExon2 was less effected. These findings suggest that 

misoprostol alters BNIP3 splicing at earlier time points and represses BNIP3-FL expression at 

later time points. Next, we performed gain-of-function transfection experiments in HCT-116 cells 

and assessed the expression of BNIP3 splice variants by western blot. Shown in Figure 8D, 
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expression of HIF1a induced the expression of BNIP3-FL; however, when HIF1a expression was 

combined with NF-kB P65, BNIP3DExon2 expression was increased, and BNIP3-FL expression 

was proportionally decreased. 

 

III - Figure  8: HIF-1α and NF-kB P65 drive expression of Bnip3 splice variants. 

(A) HCT-116 cells were treated with 200 μM cobalt chloride (CoCl2) ± 10 μM misoprostol or vehicle 
control for 20 hours. RNA was isolated, and RT-PCR was performed for BNIP3 isoforms.  

(B) HCT-116 cells were treated as in (A). Protein extracts were immunoblotted, as indicated.  

(C) HCT-116 cells were treated with misoprostol and CoCl2 in for 36 hours. Protein extracts were 
immunoblotted, as indicated.  

(D) HCT-116 cells were transfected with HIF1α ± NF-kB P65 for 20 hours. Protein extracts were 
immunoblotted, as indicated.  

 
 
 To evaluate the functional consequences of altered BNIP3 splicing, we transfected HCT-

116 cells with HIF1a and NF-kB P65, and assessed cell viability by using calcein-AM, which 

stains viable cells green, and ethidium homodimer-1, which stains necrotic cells red. HIF1a 

expression increased the percentage of necrotic cells, where the combination of both HIF1a and 
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NF-kB P65 had no effect on cell death (Figure 9A). Next, we treated HCT-116 cells with CoCl2, 

with and without misoprostol. Overnight treatment of cells with CoCl2 significantly increased the 

percentage of necrotic cells (Figure 9B). However, when cells were treated with both CoCl2 and 

misoprostol, the percentage of necrotic cells was significantly reduced. In order to evaluate the 

role of Bnip3-FL in CoCl2-induced cell death, we performed Bnip3-FL knockdown studies. Prior 

to functional assays, we transfected HCT-116 cells with si-Bnip3-FL and treated with CoCl2. We 

observed that the siRNA reduced Bnip3-FL expression without affecting Bnip3DExon2 expression 

(Figure 9C).  We then assessed the functional consequences of this this knockdown and 

demonstrated that si-Bnip3-FL was sufficient to prevent CoCl2-induced necrotic cell death in 

HCT-116 cells (Figure 9D). Furthermore, in parallel gain-of-function experiments, we transfected 

HCT-116 cells with Bnip3-FL to induce necrosis and added either Bnip3DExon3 or 

BNIP3DExon2. Shown in Figure 9E and F, Bnip3-FL increased the percentage of necrotic cells, 

which was reduced by co-expression of either Bnip3DExon3 or BNIP3DExon2. These findings 

suggest that both Bnip3DExon3 and BNIP3DExon2 act as endogenous inhibitors of Bnip3-FL-

induced cell death.  
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III - Figure  9: HIF-1ɑ- and P65-induced Bnip3 splice variants are pro-survival. 

(A) Quantification of HCT-116 cells that were transfected with hypoxia-inducible factor 1 alpha (HIF1α) 
and/or P65 for 20 hours. Live cells stained positive with calcein-AM (green), while necrotic cells strained 
positive with ethidium homodimer-1 (red). The percent of total cells that were necrotic (ethidium 
homodimer-1 positive) was calculated in 10 random fields. Data are represented as mean ± S.E.M. *P < 
0.05 compared with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

(B) Quantification of HCT-116 cells that were treated with 200 μM cobalt chloride (CoCl2) ± 10 μM 
misoprostol or vehicle control for 20 hours. Cells were stained, imaged, and quantified as in (A) across 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with treatment, determined by 1-way ANOVA. 

(C) Immunoblot of HCT-116 cells that were transfected with si-BNIP3-FL or scrambled control. Cells were 
treated with 200 μM CoCl2 or vehicle control for 20 hours.  

(D) HCT-116 cells were treated as in (C), stained and quantified as in (E) across 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, 
determined by 1-way ANOVA.  

(E) Quantification of HCT-116 cells that were transfected with Bnip3-FL, Bnip3ΔExon3 or empty vector 
control. Cells were then stained and quantified as in (A) across 10 random fields. Data are represented as 
mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, determined 
by 1-way ANOVA.  

(F) Quantification of HCT-116 cells that were transfected with Bnip3-FL, BNIP3ΔExon2 or an empty 
vector control. Cells were then stained and quantified as in (A) across 10 random fields. Data are 
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represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with 
treatment, determined by 1-way ANOVA. 
 

Misoprostol and Bnip3DExon3 protect against hypoxia-induced mitochondrial dysfunction: 

 Clinical evidence suggests that cardiac dysfunction, and the presence of serum cardiac 

marker-proteins, are important predictors of morbidity and mortality during neonatal 

hypoxia/asphyxia (Armstrong et al, 2012; Shastri et al, 2012). Moreover, recent experimental 

evidence has implicated mitochondrial permeability transition, rapid dissipation of the 

mitochondrial membrane potential, and mitochondrial superoxide production as pre-cursor events 

leading to regulated necrosis (Kwong & Molkentin, 2015; Izzo et al, 2016). Thus, we evaluated 

the effect of misoprostol and Bnip3DExon3 on hypoxia-induced mitochondrial dysfunction in 

primary ventricular neonatal ventricular myocytes (PVNCs). First, we assessed mitochondrial 

membrane potential by TMRM staining. Shown in Figure 10A and B, exposure to hypoxia (10% 

O2 for 48 hours) reduced mitochondrial membrane potential, which was completely attenuated by 

treatment with misoprostol. Next, we evaluated mitochondrial superoxide production with 

MitoSOX, and observed that hypoxia-induced superoxide induction was also prevented by 

misoprostol treatment (Figure 10C, D).  
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III - Figure  10: Misoprostol opposes hypoxia-induced mitochondrial dysfunction in primary 
ventricular neonatal cardiomyocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) ± 
10% O2 (HPX) for 48 hours. Cells were then stained with TMRM (red) and Hoechst (blue) and imaged by 
standard fluorescence microscopy.  

(B) Quantification of TMRM in (A), red fluorescent signal was normalized to cell area and quantified in 
10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 
0.05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(C) PVNC cells were treated as in (A). Cells were then stained with MitoSOX (red) to evaluate 
mitochondrial superoxide and Hoechst (blue) and imaged by standard fluorescence microscopy.  

(D) Quantification of (C), red fluorescent signal was normalized to cell area and quantified in 10 random 
fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared 
with hypoxia treatment, determined by 1-way ANOVA. 

 

In addition, we evaluated mitochondrial respiration in primary ventricular myocytes using 
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of hypoxia reduced both basal and maximal respiration, which was completely abrogated by 

misoprostol treatment (Figure 11A, B).  

 

III - Figure  11: Misoprostol opposes hypoxia-induce mitochondrial respiratory dysfunction in 
primary ventricular neonatal cardiomyocytes. 

(A) Oxygen consumption rate (OCR) trace determined by Seahorse XF-24 analysis of primary ventricular 
neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) ± 10% O2 (HPX) for 48 
hours. To evaluate mitochondrial function, wells were injected with oligomycin (1 μM) (a), FCCP (1 μM) 
(b), and antimycin A (1 μM) and rotenone (1 μM) (c). Data are represented as mean ± S.E.M. *P < 0.05 
compared with control, determined by 1-way ANOVA, (N= 5 wells/condition).  

(B) Calculated respiration rates from (A). Data are represented as mean ± S.E.M. *P < 0.05 compared with 
control, while **P < 0.05 compared with hypoxia treatment, determined by 1-way ANOVA, (N= 5 
wells/condition). 

 
Finally, we generated a Bnip3DExon3 lentivirus and evaluated if this Bnip3 splice variant 

could overcome mitochondrial perturbations induced by hypoxia. Primary myocytes transduced 

with Bnip3DExon3 lentivirus were resistant to mitochondrial depolarization induced by hypoxia 

(Figure 12A, B). Collectively, these findings demonstrate that both misoprostol and Bnip3DExon3 

provide some degree of protection against hypoxia-induced mitochondrial dysfunction in primary 

ventricular neonatal cardiomyocytes. 
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III - Figure  12: Bnip3DExon3 opposes hypoxia-induced mitochondrial dysfunction in primary 
ventricular neonatal cardiomyocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were transduced with Bnip3ΔExon3 ± 10% O2 
(HPX) for 48 hours. Cells were then stained with TMRM (red) and Hoechst (blue) and imaged by standard 
fluorescence microscopy.  

(B) Quantification of (A), red fluorescent signal was normalized to cell area and quantified in 10 random 
fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared 
with hypoxia treatment, determined by 1-way ANOVA.  

 
Bnip3-FL-induced mitochondrial perturbations are inhibited by the small Bnip3 splice variants: 

 Next, we evaluated how misoprostol and CoCl2 affect mitochondrial membrane potential 

using HCT-116 cells. Staining with TMRM, we observed that CoCl2 significantly reduced 

mitochondrial membrane potential; however, co-treatment with misoprostol completely abolished 

this effect in HCT-116 cells (Figure 13A, B). In addition, we determined the effects of Bnip3-FL 

and the smaller splice variants on mitochondrial membrane potential and permeability transition 

in a cardiac myocyte cell line. We assessed mitochondrial membrane potential by TMRM staining 

in cultured H9c2 cells, where CMV-GFP was used to identify transfected cells. Shown in Figure 

13C, knockdown of Bnip3ΔExon3 reduced the effectiveness of misoprostol in moderating the 

depolarization caused by treatment with CoCl2. Therefore, we decided to directly examine the 

effects of the smaller splice variants on membrane potential in transfection experiments. Bnip3- 
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restored TMRM staining to levels comparable to control (Figure 13D), and BNIP3ΔExon2 had the 

same effect (Figure 13E, F). 

 

III - Figure  13: Bnip3 splice variants oppose mitochondrial membrane potential perturbations. 

(A) HCT-116 cells were treated with 200 μM cobalt chloride (CoCl2)  ± 10 μM misoprostol or vehicle 
control for 20 hours. Cells were then stained with TMRM (red) and Hoechst (blue) and imaged by standard 
fluorescence microscopy.  

(B) Quantification of TMRM in (A), red fluorescent signal was normalized to cell area and quantified in 
10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 
0.05 compared with Bnip3-FL treatment, determined by 1-way ANOVA. 

(C) Quantification of H9c2 cells that were treated with 200 μM CoCl2 ± 10 μM misoprostol or vehicle 
control for 20 hours and transfected with si-Bnip3ΔExon3 or a scrambled control. Cells were then stained 
as in (A) and quantified as in (B) across 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 
compared with control, while **P < 0.05 compared with Bnip3-FL treatment, determined by 1-way 
ANOVA. 

(D) Quantification of H9c2 cells that were transfected with Bnip3-FL, Bnip3ΔExon3, or an empty vector 
control. Cells were then stained as in (A) and quantified as in (B) across 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with Bnip3-
FL treatment, determined by 1-way ANOVA. 

(E) H9c2 cells were transfected with Bnip3-FL, BNIP3ΔExon2, or empty vector control. Cells were then 
stained as in (A). Outlines indicate CMV-GFP positive cells, included to identify transfected cells.  
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(F) Quantification of cells in (E), red fluorescent signal was normalized to cell area and quantified in 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with Bnip3-FL treatment, determined by 1-way ANOVA. 

 
We assessed mitochondrial permeability transition by staining H9c2 cells with calcein-

AM, where cobalt chloride is used to quench the cytosolic emission (Mughal et al, 2015). With 

this technique, loss of mitochondrial puncta is interpreted as permeability transition. A CMV-

dsRed plasmid was included to identify transfected cells. Expression of Bnip3-FL in H9c2 cells 

resulted in a significant decrease in transfected cells with observable puncta (Figure 14A, B); 

whereas co-expression of either Bnip3DExon3 (Figure 14A, B) or BNIP3DExon2 (Figure 9C) 

restored the number of punctate cells. Finally, to evaluate whether these mitochondrial 

perturbations translated into an effect on cell viability, we transfected H9c2 cells with Bnip3-FL, 

with and without Bnip3DExon3, and determined the percentage of cells positive for ethidium 

homodimer-1. Shown in Figure 14D and E, Bnip3-FL-induced cell death was reversed in the 

presence of Bnip3DExon3 in the cardiac cell line. 
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III - Figure  14: Bnip3 splice variants oppose mitochondrial permeability transition and necrotic 
cell death. 

(A) H9c2 cells were transfected with Bnip3-FL, Bnip3ΔExon3, or empty vector control. CMV-dsRed (red) 
was used to identify transfected cells. Cells were then stained with calcein-AM and cobalt chloride (CoCl2, 
5 μM) to assess permeability transition.  

(B) Quantification of (G) by calculating the percentage of cells with punctate calcein signal in 10 random 
fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared 
with Bnip3-FL treatment, determined by 1-way ANOVA. 

(C) Quantification of H9c2 cells that were transfected with Bnip3-FL, BNIP3ΔExon2, or empty vector 
control. CMV-dsRed was used to identify transfected cells. Cells were then stained as in (A) and quantified 
as in (B) across 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, 
while **P < 0.05 compared with Bnip3-FL treatment, determined by 1-way ANOVA. 

(D) H9c2 cells were transfected with Bnip3-FL, BNIP3ΔExon3, or empty vector control. Live cells were 
stained with calcein-AM (green), and necrotic cells were then stained with ethidium homodimer-1 (red), 
cells were imaged by standard fluorescence microscopy.  

(E) Fluorescent images in (D) were quantified by calculating the percent of necrotic cells (ethidium 
homodimer-1 positive) cells in 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 
compared with control, while **P < 0.05 compared with Bnip3-FL treatment, determined by 1-way 
ANOVA. 
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Bnip3 splice variants regulate mitochondrial calcium homeostasis: 

 An important component of regulated necrosis involves permeability transition triggered 

by elevations in mitochondrial calcium (Izzo et al, 2016; Kwong et al, 2015; Luongo et al, 2015), 

where calcium release from the endoplasmic reticulum can serve as a trigger for permeability 

transition (Szabadkai et al, 2006b; De Stefani et al, 2011). To more fully investigate the role of 

cellular calcium in Bnip3-regulated permeability transition, we used organelle-targeted plasmid-

based calcium biosensors, called GECOs (Genetically Encoded Ca2+ indicators for Optical 

imaging) (Zhao et al, 2011a). We used the mitochondrial matrix-targeted red GECO, known as 

Carmine (mito-carmine), and ER-targeted LAR-GECO (ER-LAR-GECO). Shown in Figure 15A 

and B, expression of Bnip3-FL reduced steady-state ER calcium levels. Surprisingly, 

Bnip3DExon3 also reduced ER calcium content and had no effect on Bnip3-FL-induced calcium 

release. Next, we performed a parallel experiment evaluating mitochondrial calcium content 

(Figure 15C, D). Bnip3-FL increased mitochondrial calcium levels, whereas Bnip3DExon3 had no 

effect. Moreover, Bnip3DExon3 attenuated mitochondrial calcium accumulation elicited by 

Bnip3-FL, and similar results were obtained for BNIP3DExon2 (Figure 15E). Similarly, CoCl2 

induced mitochondrial calcium accumulation was prevented by concurrent misoprostol treatment 

(Figure 15F).  
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III - Figure  15: Bnip3 splice variants differentially regulate subcellular calcium micro-domains. 

(A) HCT-116 cells were transfected with Bnip3-FL, Bnip3ΔExon3, or an empty vector control. ER-LAR-
GECO (red) was used to indicate endoplasmic reticulum (ER) calcium content in all conditions. Cells were 
then stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of cells in (A), where red fluorescent signal was normalized to cell area and quantified 
in 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 
0.05 compared with treatment, determined by 1-way ANOVA. 

(C) HCT-116 cells were transfected with Bnip3-FL, Bnip3ΔExon3, or an empty vector control. Mito-CAR-
GECO (red) was used to indicate mitochondrial (mito) calcium content in all conditions. Cells were then 
stained and imaged as in (A).  

(D) Quantification of (C), as in (B) across 10 random fields. Data are represented as mean ± S.E.M. *P < 
0.05 compared with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

(E) Quantification of HCT-116 cells that were transfected with Mito-CAR-GECO, Bnip3-FL, 
BNIP3ΔExon2, or an empty vector control. Cells were then stained as in (A) and quantified as in (B) across 
10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 
0.05 compared with treatment, determined by 1-way ANOVA. 

(F) Quantification of HCT-116 cells that were transfected with Mito-CAR-GECO and treated with 200 μM 
cobalt chloride ± 10 μM misoprostol or vehicle control for 20 hours. Cells were then stained as in (A) and 
quantified as in (B) across 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared 
with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 
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Moreover, knockdown of BNIP3-FL with an siRNA prevented CoCl2 induced 

mitochondrial calcium accumulation (Figure 16A). In concert with our earlier observations, 

knockdown of Bnip3ΔExon3 reduced the effectiveness of misoprostol in moderating the 

mitochondrial calcium load (Fig. 16B). These observations led us to hypothesize that 

Bnip3DExon3 attenuates mitochondrial permeability transition by blocking mitochondrial calcium 

uptake, but not the release of calcium from the ER. To test this hypothesis, we expressed Bnip3-

FL, with and without the inositol triphosphate receptor (IP3R) antagonist 2APB and evaluated 

mitochondrial calcium. Shown in Figure 16D, Bnip3-FL-induced mitochondrial calcium 

accumulation was attenuated by 2APB, suggesting that the ER calcium release is buffered by the 

mitochondria. Next, we evaluated whether pharmacological inhibition of the mitochondrial 

calcium uniporter (MCU) with Ru360, or inhibition of the mitochondrial voltage-dependent anion 

channel (VDAC) with DIDS, could affect Bnip3-FL-induced calcium accumulation. We observed 

that both Ru360 and DIDS prevented mitochondrial calcium accumulation to a similar magnitude 

as Bnip3DExon3, where a combination of both inhibitors did not provide an additional effect 

(Figure 16D). Finally, we used the SERCA inhibitor thapsigargin (Thaps) to circumvent a 

regulated ER calcium release. Shown in Figure 16E, thapsigargin treatment led to mitochondrial 

calcium accumulation that was attenuated by expression of Bnip3DExon3. Collectively, these 

observations support our hypothesis that Bnip3-FL promotes ER calcium release that accumulates 

in the mitochondrial matrix, while Bnip3DExon3 and BNIP3DExon2 blocked mitochondrial 

calcium accumulation.  
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III - Figure  16: Bnip3 splice variants prevent mitochondrial calcium accumulation. 

(A) Quantification of HCT-116 cells that were transfected with si-BNIP3-FL, or scramble control. Cells 
were treated with 200 μM cobalt chloride (CoCl2) or vehicle control for 16 hours. Mito-CAR-GECO (red) 
was used to indicate mitochondrial calcium content in all conditions. red fluorescent signal was normalized 
to cell area and quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared 
with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

(B) Quantification of H9c2 cells that were transfected with si-Bnip3ΔExon3, or scramble control. Cells 
were treated with 200 μM CoCl2 ± 10 μM misoprostol or vehicle control for 20 hours.  Mito-CAR-GECO 
(red) was used to indicate mitochondrial calcium content in all conditions. red fluorescent signal was 
normalized to cell area and quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < 
0.05 compared with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

(C) Quantification of HCT-116 cells that were transfected with Bnip3-FL, or empty vector control. Cells 
were treated with  2 μM 2-APB or vehicle control for 16 hours. Mito-CAR-GECO (red) was used to indicate 
mitochondrial calcium content in all conditions. red fluorescent signal was normalized to cell area and 
quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, 
while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

(D) Quantification of HCT-116 cells that were transfected with Bnip3-FL, Bnip3ΔExon3 and/or empty 
vector control. Cells treated with 10 μM DIDs and/or 10 μM Ru360 for 16 hours (where both indicates 
DIDs + Ru360). Mito-CAR-GECO (red) was used to indicate mitochondrial calcium content in all 
conditions. red fluorescent signal was normalized to cell area and quantified in 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, 
determined by 1-way ANOVA. 
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(E) Quantification of HCT-116 cells that were transfected with Bnip3ΔExon3, or empty vector control. 
Cells treated with 1 μM Thapsigargin (Thaps) or vehicle control for 4 hours. Mito-CAR-GECO (red) was 
used to indicate mitochondrial calcium content in all conditions. red fluorescent signal was normalized to 
cell area and quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared 
with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

 

 Bnip3 was originally discovered as an interacting partner of the pro-survival protein Bcl-2 

(Chen et al, 1997). Interestingly, Bcl-2 has been implicated as an important regulator of cellular 

calcium signaling through multiple mechanisms, including blocking mitochondrial calcium uptake 

through inhibition of VDAC channels (Shimizu et al, 2000; De Stefani et al, 2011). Thus, we 

evaluated if Bnip3DExon3 could alter the cellular location of Bcl-2 to impact mitochondrial 

calcium accumulation. We expressed Flag-tagged Bcl-2, with and without HA-tagged 

Bnip3DExon3, in HCT-116 cells and performed mitochondrial and cytosolic fractionation. 

Western blot analysis of these fractions revealed that Bnip3DExon3 reduced the cytosolic levels 

of Bcl-2 and increased the mitochondrial Bcl-2 levels, without impacting the whole-cell expression 

of Bcl-2 (Figure 17A). These findings suggest that Bnip3DExon3 promotes mitochondrial 

translocation of Bcl-2. Importantly, we observed that both Bcl-2 and the structurally related MCL-

1 blocked Bnip3FL-induced mitochondrial calcium accumulation (Figure 17B).  
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III - Figure  17: Bnip3 splice variants regulate mitochondrial calcium content. 

(A) HCT-116 cells were transfected with Flag-BCL2 and HA-Bnip3ΔExon3, as indicated. Protein extracts 
then subjected to cytosolic/mitochondrial fractionation and immunoblotted, as indicated.  

(B) HCT-116 cells were transfected with Bnip3-FL, Flag-BCL2, or MCL-1, as indicated. Mito-CAR-
GECO (red) was used to indicate mitochondrial calcium content in all conditions. red fluorescent signal 
was normalized to cell area and quantified in 10 random fields. Data are represented as mean ± S.E.M. *P 
< 0.05 compared with control, while **P < 0.05 compared with treatment, determined by 1-way ANOVA. 

 
 Our observation that Bnip3DExon3 did not block ER calcium release, but did prevent 

mitochondrial calcium accumulation, led us to investigate in which subcellular localization 

calcium accumulated under the influence of Bnip3DExon3. Using a GECO-based calcium 

biosensor fused to a nuclear localization signal (NLS-GECO) (Zhao et al, 2011a), we evaluated 

the effect of Bnip3DExon3 on nuclear calcium content. Shown in Figure 18A and B, Bnip3DExon3 

increased nuclear calcium levels, where Bnip3-FL had no effect. Although not as marked as 

observed with Bnip3DExon3 alone, nuclear calcium remained elevated when Bnip3-FL was co-

expressed with Bnip3DExon3. Similar effects on nuclear calcium were observed with 

BNIP3DExon2 (Figure 18C, D).  
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III - Figure  18: Bnip3 splice variants regulate nuclear calcium content. 

(A) HCT-116 cells were transfected with Bnip3-FL, Bnip3ΔExon3, or an empty vector control. Nuclear 
localization signal (NLS)-R-GECO (red) was used to indicate nuclear calcium content. Cells were then 
stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of (A), where red fluorescent signal was normalized to nuclear area and quantified in 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with treatment, determined by 1-way ANOVA. 

(C) HCT-116 cells were transfected with Bnip3-FL, BNIP3ΔExon2, or an empty vector control. NLS-R-
GECO (red) was used to indicate nuclear calcium content in all conditions. Cells were then stained with 
Hoechst (blue) and imaged by standard fluorescence microscopy.  

(D) Quantification of (C), where red fluorescent signal was normalized to nuclear area and quantified in 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with treatment, determined by 1-way ANOVA. 

 
In addition, we observed that Bnip3DExon3-induced calcium accumulation was prevented 

by the IP3R inhibitor 2APB (Figure 19A, B), suggesting that an ER-dependent release is the source 
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of nuclear calcium. We used thapsigargin to circumvent a regulated ER calcium release and 

observed no additional effect on Bnip3DExon3-induced nuclear calcium accumulation (Figure 

19C). Finally, misoprostol treatment also increased nuclear calcium levels (Figure 19D, E). 

Collectively, these observations suggest that Bnip3DExon3 promotes ER-to-nuclear calcium 

transfer, while Bnip3-FL promotes ER-to-mitochondrial calcium transfer. Furthermore, 

mitochondrial translocation of Bcl-2 appears to influence the subcellular destination of the ER-

dependent calcium release.  

 

III - Figure  19: Bnip3 splice variants direct calcium to the nucleus from the endoplasmic 
reticulum through IP3R modulation.  

(A) HCT-116 cells were transfected with Bnip3ΔExon3 ± 2 μM 2-APB for 16 hours. Nuclear localization 
signal (NLS)-R-GECO (red) was used to indicate nuclear calcium content in all conditions. Cells were then 
stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of (A), where red fluorescent signal was normalized to nuclear area and quantified in 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with treatment, determined by 1-way ANOVA.  
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(C) HCT-116 cells were transfected with Bnip3ΔExon3 ± 1 μM Thapsigargin (Thaps) for 4 hours. NLS-R-
GECO (red) was used to indicate nuclear calcium content in all conditions. Cells were then stained with 
Hoechst (blue) as in (A) and quantified as in (B) across 10 random fields. Data are represented as mean ± 
S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with treatment, determined by 1-way 
ANOVA.  

(D) H9c2 cells were transfected with si-Bnip3ΔExon3 (indicated as si-ΔEx3) or scrambled control. Cells 
were treated with 10 μM misoprostol or vehicle control for 20 hours.  NLS-R-GECO (red) was used to 
indicate nuclear calcium content in all conditions. Cells were stained with Hoechst (blue) and imaged by 
standard fluorescence microscopy.  

(E) Quantification of (D), where red fluorescent signal was normalized to nuclear area and quantified in 
10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 
0.05 compared with treatment, determined by 1-way ANOVA. 
 
Bnip3DExon3 promotes cardiomyocyte hypertrophy:  

 In order to understand the cellular consequences of Bnip3DExon3-induced nuclear calcium 

accumulation, we evaluated two transcriptional regulators known to be impacted by calcium 

activated signaling. In this regard, the transcription factor NFATc3 translocates to the nucleus 

when dephosphorylated by the calcium-calmodulin activated phosphatase calcineurin, while the 

histone deacetylase HDAC5 is exported from the nucleus by calcium-calmodulin activated kinases 

(CaMK). Thus, we evaluated the effect of Bnip3DExon3 on the subcellular localization of NFATc3 

fused to yellow fluorescent protein (NFAT-YFP) and HDAC5 fused to green fluorescent protein 

(HDAC5-GFP). We observed that expression of Bnip3DExon3 increased the nuclear localization 

of NFAT-YFP (Figure 20A, B), and increased the cytosolic localization of HDAC5-GFP (Figure 

20C, D). These observations suggest that Bnip3DExon3-induced nuclear calcium accumulation 

may function to alter gene expression.  
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III - Figure  20: Bnip3ΔExon3 regulates calcium-responsive hypertrophic transcription factor 
localization. 

(A) HCT-116 cells were transfected with Bnip3ΔExon3 or an empty vector control. Nuclear factor of 
activated T-cells (NFAT)-YFP (green) was used to indicate subcellular localization of NFAT. Cells were 
then stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of fluorescent images in (A), by calculating the percentage of cells with nuclear NFAT 
signal over 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, 
determined by unpaired t-test.  

(C) HCT- 116 cells were transfected with Bnip3ΔExon3 or an empty vector control. Histone deacetylase 5 
(HDAC5)-GFP (green) was used to indicate subcellular localization of HDAC5. Cells were then stained 
and imaged as in (A).  

(D) Quantification of fluorescent images in (C), by calculating the percentage of cells with cytosolic 
HDAC5 signal over 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with 
control, determined by unpaired t-test.  

 
Interestingly, both NFAT and HDAC5 have been implicated as regulators of 

cardiomyocyte growth during development and cardiac disease. Thus, we transduced primary 
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cardiomyocytes with lentivirus delivering Bnip3DExon3 and performed immunofluorescence with 

the sarcomeric myosin antibody MF-20. Shown in Figure 21A and B, we observed a statistically 

significant increase in cardiomyocyte cell area with Bnip3DExon3 transduction. Furthermore, we 

evaluated myosin heavy chain (MHC) expression by qPCR as an additional indicator of 

cardiomyocyte growth. In this regard, the ratio of b-MHC (Myh7) to a-MHC (Myh6) has been 

classically used as a marker of cardiac hypertrophy and ‘fetal-gene’ activation during cardiac 

disease. We observed that Bnip3DExon3 increased Myh7 expression and reduced Myh6 

expression (Figure 21C). This resulted in a 1.66 increase in the MHC ratio with Bnip3DExon3 

transduction. Finally, we observed that misoprostol treatment of primary cardiomyocytes 

increased cell area to a similar extent as the hypertrophy-inducer phenylephrine (PE) (Figure 21D). 

Collectively, these findings suggest that nuclear accumulation of calcium elicited by the small 

Bnip3 splice variants operates to control cardiomyocyte growth, in addition to their roles in cell 

survival.  
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III - Figure  21: Bnip3ΔExon3 regulates cardiomyocyte hypertrophy. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were transduced with Bnip3ΔExon3 or control 
virus. Cells were then fixed, stained with Hoechst (blue), and probed for myosin heavy chain (Anti-MF-20, 
red) expression.  

(B) Quantification of (A), where cell size (μm2) was calculated based on the area of the red fluorescent 
signal and quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with 
control, determined by unpaired t-test.  

(C) PVNC cells were treated as in (A). RNA was isolated and qRT-PCR was then performed for myosin 
heavy chain isoform expression.  

(D) Quantification of PVNCs that were treated with 10 μM misoprostol, 10 μM phenylephrine (PE), or 
vehicle control for 20 hours. Cells were stained with calcein-AM (green) and assessed for cell size. Cell 
size (μm2) was calculated based on the area of the green fluorescence signal and quantified in 10 random 
fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, determined by unpaired t-
test.  
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3.6 Discussion 

 The cellular response to hypoxia involves both adaptive cell survival phenomenon and 

regulated cell death; however, the mechanisms dictating these opposing cell phenotypes during 

development and disease remain poorly defined. Here we provide evidence that activation of 

prostaglandin signaling through misoprostol treatment induces pro-survival NF-kB gene 

expression during hypoxia, resulting in reduced expression of the pro-death Bnip3-FL splice 

variant and increased expression of pro-survival small Bnip3 variants. Our data also implicates the 

combined action of HIF1a and NF-kB P65 to promote cell survival, whereas activation of HIF1a 

alone induces Bnip3-FL expression and cell death. We also demonstrate that the BNIP3 gene can 

be differentially spliced in human versus rodent cells. 

 Since its discovery, it has been noted that BNIP3 could induce context-dependent apoptotic 

or necrotic cell death (Chen et al, 1997; Vande Velde et al, 2000). Early studies evaluating BNIP3 

determined its subcellular location is predominantly mitochondrial, and cells expressing BNIP3 

displayed features consistent with apoptosis (Chen et al, 1997). However, more detailed analysis 

of BNIP3 revealed that it could activate cell death from extra-mitochondrial sites and cells 

expressing BNIP3 display a necrotic cell phenotype, particularly when BNIP3 is targeted to the 

ER with the cytochrome-b5 transmembrane domain (Zhang et al, 2009b; Ray et al, 2000). 

Importantly, cell death elicited by BNIP3 is attenuated with the mitochondrial permeability 

transition pore inhibitor cyclosporine-A and the mitochondrial calcium uniporter blocker Ru360 

(Zhang et al, 2009b; Vande Velde et al, 2000); whereas, cells expressing BNIP3 are resistant to 

caspases inhibitors, such as zVAD-fmk (Vande Velde et al, 2000). These findings are consistent 

with the notion that BNIP3 is an important regulator of mitochondrial permeability transition-

regulated necrosis through a calcium-dependent mechanism (Izzo et al, 2016; Kwong & 
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Molkentin, 2015). Current models of BNIP3 function suggest that BNIP3 regulates apoptosis and 

mitophagy when localized at the mitochondria, and macro-autophagy and necrosis when localized 

at the ER membranes (Zhang & Ney, 2009). However, a definitive mechanism describing how 

BNIP3 is translocated to either the mitochondria or ER is lacking, and many questions remain 

regarding cell-type specific differences in BNIP3 function. 

 The results of the present study expand these previous observations and suggest that 

alternative splicing of Bnip3 is an important mechanism to control cellular calcium homeostasis, 

cell death, and cell growth. We observed that both Bnip3-FL and Bnip3DExon3 deplete ER 

calcium content. However, Bnip3-FL preferentially transfers calcium to the mitochondrial matrix 

and triggers mitochondrial permeability transition and necrosis; whereas Bnip3DExon3 serves to 

block mitochondrial accumulation and promote nuclear calcium transfer leading myocyte cell 

growth. These findings serve to unify the seemingly disparate observations of others who have 

observed that IP3R-dependent calcium release can induce cell death (De Stefani et al, 2011; 

Szabadkai et al, 2006b), and cardiac hypertrophy (Wu et al, 2006). Our findings suggest that the 

splicing of Bnip3, and the cellular location of Bcl-2, can influence cell fate by dictating where the 

IP3R-dependent calcium release accumulates, either in the mitochondria or the nucleus. However, 

additional in vivo experimentation is required to determine under which biological contexts this 

Bnip3-dependent mechanism operates, as other Bcl-2 family members, such as Bnip3L/Nix, likely 

contribute to cardiac calcium homeostasis.   

 Another important observation in the present study is the identification of the human 

BNIP3DExon2 splice variant. Although we identified several similarities between BNIP3DExon2 

and Bnip3DExon3, such as inhibition of cell death, prevention of ER-mitochondrial calcium 

transfer, and nuclear calcium accumulation, potential differences likely exist. In silico domain 
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mapping revealed conserved N-terminal and C-terminal sequences; however, significant sequence 

differences exist, including a predicted nuclear localization sequence present in BNIP3DExon2 

that is not present in Bnip3DExon3, and the LIR domain which is present in Bnip3DExon3 but not 

BNIP3DExon2. Further experimental work is required to fully define how BNIP3DExon2 and 

Bnip3DExon3 functions are distinct. Interestingly, recent work regarding the Bnip3 homologue, 

Bnip3L/Nix, has demonstrated that its small splice variant, named sNix, alters gene expression to 

promote cell survival in an NF-kB-dependent manner (Chen et al, 2013). Collectively, this 

suggests an interplay between Bnip3 and Bnip3L/Nix splicing and NF-kB-dependent survival gene 

expression. Moreover, the expression ratio of Nix to sNix was determined to be approximately 

10:1, which is consistent with our findings regarding ratio of Bnip3 to its small survival splice 

variants, and suggests that these small splice variants exert their physiological effects through gene 

expression amplification rather than direct inhibition of the full-length isoforms (Chen et al, 2013).    

 Recent progress has been made regarding the mitochondrial permeability transition pore 

structure and function, and several studies have defined the importance of permeability transition-

dependent necrosis in the pathophysiology of ischemic cardiac and cerebrovascular diseases (Izzo 

et al, 2016). Our data suggests that Bnip3 splicing plays an important role in the complications 

arising from neonatal hypoxia. However, additional studies are needed to determine if this 

mechanism operates to control permeability transition, necrosis, and/or cell growth in other 

pathologies. Given the diverse roles of Bnip3 splice variants regulating mitochondrial function, 

autophagy, and hypertrophy, dysregulation of this genetic pathway may have broad implications 

involving ischemic cardiovascular and cerebrovascular diseases, as well as cancer biology. 
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CHAPTER IV: Manuscript II 

4.1 Rationale 

A number of pioneering papers from Hesham Sadek’s group in the last 5 years have 

started to challenge the conventional thinking that cardiomyocytes no longer divide or multiply 

after birth. Using hypoxic and normoxic mice, Sadek’s lab has demonstrated that reduced 

oxygen availability in early life delays ROS production, DNA damage accumulation, and 

functions to prolong the post-natal proliferative window for cardiomyocytes (Puente et al, 2014). 

In the years following, the Sadek lab has further determined that proliferating cardiomyocytes 

switch their main source of energy towards glycolysis, which is known to promote a more 

immature phenotype (Cardoso et al, 2020). It has since been determined that this is not  just a 

rodent phenomenon, but rather it also occurs in both the porcine and human heart, where humans 

have been found to have proliferative potential up until 20 years of age, an observation that may 

help explain the structural changes that occur in the hypoxia-exposed preterm heart (dos 

Remedios et al, 2013; Lewandowski et al, 2012; Posod et al, 2016). 

At the same time as these studies were being published, we were in the process of 

collecting the animal data that was presented in Manuscript I. In doing this it was increasingly 

apparent that hypoxia exposed PND10 rat hearts were larger and heavier than both control 

hearts, and hearts exposed to the combination of hypoxia and misoprostol treatment. Based on 

this preliminary observation, and the mechanism of misoprostol-induced nuclear calcium 

accumulation and hypertrophy through Bnip3DExon3 (sNip) outlined in Manuscript I, we asked 

if there was a possible connection, and potential therapeutic role for PG signalling? Thus, the 

second published manuscript included in this thesis aims to experimentally address the second 
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from last hypothesis outlined in Thesis Rationale, which is: sNip affects subcellular calcium 

dynamics that promote maturation during hypoxia. 
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4.2 Abstract 

Systemic hypoxia resulting from preterm birth, altered lung development, and cyanotic 

congenital heart disease is known to impede the regulatory and developmental pathways in the 

neonatal heart. While the molecular mechanisms are still unknown, hypoxia induces aberrant 

cardiomyocyte proliferation, which may be initially adaptive, but can ultimately program the heart 

to fail in early life. Recent evidence suggests that the prostaglandin E1 analogue, misoprostol, is 
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cytoprotective in the hypoxic neonatal heart by impacting alternative splicing of the Bcl-2 family 

member Bnip3, resulting in the generation of a variant lacking the third exon (Bnip3ΔExon3 or 

small Nip; sNip). Using a rodent model of neonatal hypoxia, in combination with rat primary 

ventricular neonatal cardiomyocytes (PVNCs) and H9c2 cells, we sought to determine if 

misoprostol can prevent cardiomyocyte proliferation and what the key molecular mechanisms 

might be in this pathway. In PVNCs, exposure to 10% oxygen induced myocyte proliferation 

concurrent with molecular markers of cell-cycle progression, such as Cyclin-D1, which were 

prevented by misoprostol treatment. Furthermore, we describe a critical role for sNip in opposing 

cardiomyocyte proliferation through several mechanisms, including reduced expression of the 

proliferative MEF2C-myocardin-BMP10 pathway, accumulation of nuclear calcium leading to 

NFATc3 activation, and increased expression of the cardiac maturation factor BMP2. Intriguingly, 

misoprostol and sNip inhibited hypoxia-induced glycolytic flux, which directly influenced 

myocyte proliferation. These observations were further supported by knockdown studies, where 

hypoxia-induced cardiomyocyte proliferation is restored in misoprostol-treated cells by an siRNA 

targeting sNip. Finally, in postnatal day (PND)-10 rat pups exposed to hypoxia, we observed 

histological evidence of increased nuclei number and increased PPH3 staining, which were 

prevented by misoprostol treatment. Collectively, these data demonstrate that neonatal 

cardiomyocyte proliferation can be pharmacologically modulated by misoprostol treatment, which 

may have important implications for both neonatal and regenerative medicine.  

 
4.3 Introduction 

Systemic neonatal hypoxia resulting from early-life cyanotic events including preterm 

birth, placental abnormalities, abnormal/impaired lung development, and certain forms of 

congenital heart disease, are known to promote both structural and functional alterations in the 



 162 

developing heart  (Carr et al, 2017; Cox et al, 2014). Importantly, exposure to maternal diabetes 

during fetal development increases the risk for nearly all causes of neonatal hypoxia (Robert et al, 

1976, 197; Michael Weindling, 2009). Hypoxic infants can demonstrate dramatic reductions in 

systolic and diastolic function, concurrent with extensive increases in left-ventricular mass 

(Lewandowski et al, 2012). While such changes are thought to be initially protective to preserve 

cardiac output in the neonatal stage, they also significantly increase the risk for early-life heart 

failure, and lifelong cardiovascular abnormalities (Carr et al, 2017; Lewandowski et al, 2012; 

Posod et al, 2016).  

         Although traditional literature suggests that cardiomyocytes proliferate early in gestation, 

and that postnatal cardiac growth is achieved exclusively through hypertrophy, recent evidence in 

humans demonstrates that cardiomyocytes continue to proliferate in the first year of life, and a 

small number remain proliferative for as long as 20 years (dos Remedios et al, 2013). Moreover 

in rodents, cardiomyocytes retain the ability to proliferate until the point of binucleation, which 

occurs on or before postnatal day 7 (Cui et al, 2020; Porrello et al, 2011). Work focused 

specifically on this developmental window has revealed that cardiomyocytes continue to undergo 

mitosis in an environment where the oxygen tension is low, even extending into adulthood, where 

whole animal hypoxia-exposure following myocardial infarction reduces cardiac damage and 

fibrosis by enhancing cardiomyocyte proliferation (Kimura et al, 2015; Nakada et al, 2017; dos 

Remedios et al, 2013). In addition, sustained cardiomyocyte proliferation elicited by hypoxia is 

also dependent on a metabolic shift towards enhanced glycolysis, and impaired mitochondrial 

respiration (Cardoso et al, 2020; Puente et al, 2014). Importantly, infants exposed to neonatal 

hypoxia display evidence of smaller and more numerous myocytes, suggesting that cardiac 
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remodeling occurring at this age is substantially different from the remodeling occurring in 

adulthood (Puente et al, 2014).  

The developmental switch from proliferation to hypertrophy is the result of large-scale 

shifts in gene expression and metabolism, where changes in the expression pattern of the myocyte 

enhancer factor-2 (MEF2) family appears to be a key event (Desjardins & Naya, 2016, 2017; Lin 

et al, 1997, 2; Mughal et al, 2015). Genetic studies have shown that three MEF2 genes have non-

redundant and potentially antagonistic roles. For example, MEF2C has been shown to regulate 

cardiomyocyte proliferation during cardiac looping, MEF2A promotes cardiomyocyte 

differentiation and mitochondrial biogenesis, and MEF2D modulates postnatal maturation and 

remodeling (Desjardins & Naya, 2017; Kim et al, 2008, 2; Lin et al, 1997; Mughal et al, 2015; 

Naya et al, 2002). Furthermore, MEF2C expression is governed by hypoxia signaling, where loss 

of the hypoxia-inducible factor-1ɑ (HIF-1ɑ) prevents MEF2C expression, cardiac looping and 

embryo viability (Bohuslavova et al, 2013; Krishnan et al, 2008). Myocardin is a transcriptional 

co-activator involved in the proliferation, differentiation and maturation of cardiomyocytes, and is 

a direct transcriptional target of MEF2C (Desjardins & Naya, 2017; Kim et al, 2008; Krishnan et 

al, 2008; Naya et al, 2002). Myocardin’s ability to regulate cardiomyocyte proliferation is directly 

linked to the expression of bone morphogenetic protein (BMP) 10, a growth factor associated with 

embryonic cardiomyocyte expansion (Cox et al, 2014; Field et al, 2018; Huang et al, 2012; Mughal 

et al, 2018). 

 In contrast to proliferation, the calcium-calmodulin-dependent phosphatase, calcineurin 

(PP2B), is a major regulator of cardiomyocyte hypertrophy signaling (Molkentin, 2004; Molkentin 

et al, 1998; Wilkins & Molkentin, 2002; Zeglinski et al, 2018). Classically, calcineurin is activated 

by low amplitude nuclear calcium transients, resulting in nuclear accumulation of nuclear factor 
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of activated T-Cells (NFAT) (Crabtree & Olson, 2002; Molkentin, 2004). In the nucleus, NFATs 

complex with GATA4 to drive the expression of many hypertrophy genes including beta-myosin 

heavy chain (β-MHC), brain natriuretic peptide (BNP), myocyte-enriched calcineurin-interacting 

protein 1 (MCIP1), and endothelin 1 (ET-1) [Reviewed by Wilkins and Molkentin, 2002 (Wilkins 

& Molkentin, 2002)]. In addition to its interactions with GATA4, NFAT also physically interacts 

with the p65 subunit of nuclear factor kappa B (NF-κB) and is able to drive differentiation and 

hypertrophy, and increase the expression of the cardiac maturation factor BMP2 (Hendrikx et al, 

2019). Calcineurin has additionally been shown to enhance MEF2A activity (Wu et al, 2000, 

2001).  

 Independent from the hypoxia-inducibility of MEF2C, HIF-1ɑ also increases the 

expression of BCL2/Adenovirus E1B 19 KDa Protein-Interacting Protein 3 (Bnip3), whose protein 

products play a pivotal role in hypoxia-induced cardiomyocyte apoptosis, necrosis and autophagy 

(Azad et al, 2008; Gustafsson, 2011; Hanna et al, 2012; Kothari et al, 2003; Kubli et al, 2007; 

Quinsay et al, 2010a). Alternative splicing of Bnip3 produces a truncated form of the protein (i.e. 

short/small Nip or sNip) lacking the second exon in humans, or the third exon in rodents, that act 

as endogenous inhibitors of the full-length proteins (Field et al, 2018; Gang et al, 2011). Recently, 

we have shown that these splice variants also drive the accumulation of calcium in the nucleus 

triggering hypertrophic growth of cardiomyocytes. Interestingly, we also demonstrated that the 

prostaglandin analogue, misoprostol can modulate the expression of sNip in multiple cell and 

tissue types  (Diehl-Jones et al, 2015; Field et al, 2018).    

 Building on this previous work, in this report we provide evidence that misoprostol inhibits 

hypoxia-induced proliferation in the neonatal heart, primary ventricular neonatal cardiomyocytes 

and cultured cell lines by reducing MEF2C and BMP10 expression. We further show that hypoxia 
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in combination with misoprostol treatment enhances sNip expression leading to nuclear calcium 

retention, activation of NFATc3, and increased BMP2 expression to promote maturation and 

hypertrophy. Finally, sNip-dependent NFATc3 activation prevents hypoxia-induced glycolytic 

flux, which directly opposes proliferation. 

 

4.4 Materials and Methods 

In vivo neonatal hypoxia model: All procedures in this study were approved by the Animal Care 

Committee of the University of Manitoba, which adheres to the principles for biomedical research 

involving animals developed by the Canadian Council on Animal Care (CCAC). Litters of Long-

Evans rat pups and their dams were placed in a hypoxia chamber with 10% O2 (±1%) from 

postnatal day (PND) 5-10. Additionally, hypoxic animals were exposed to 100% N2 for 90 seconds, 

daily from PND 5-7 (inclusive). Control litters (N=3) were left in normoxic conditions at 21% O2. 

Animals received 10 μg/kg misoprostol or saline control, administered orally in rat milk substitute 

daily from PND5-10. At PND10 animals were euthanized and perfused with saline for tissue 

collection. 

 

Histology: Male PND10 hearts were fixed in 10% buffered formalin for 24 hours at time of 

sacrifice and stored in phosphate buffered saline (PBS; Hyclone). Fixed hearts were cut 

longitudinally (to expose the four chambers of the heart), processed and embedded in paraffin 

blocks. Hearts were sectioned at 5μm thicknesses, mounted on APTES coated slides, and stained 

with hematoxylin and eosin, Masson’s trichrome, or TUNEL via the CardioTACS™ In Situ 

Apoptosis Detection Kit (Trevigen) as per the manufacturer's protocol by the University of 

Manitoba Histology Core. Hearts were imaged on a Zeiss Axio Lab.A1 bright-field microscope 
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fitted with an Axiocam 105 color camera (Zeiss). Imaging was done using Zen 2.3 Pro imaging 

software and quantification, scale bars, and processing was done in Fiji (ImageJ) software. 

 

Plasmids and virus production: The endoplasmic reticulum (CMV-ER-LAR-GECO1), and 

nuclear (CMV-NLS-R-GECO) targeted calcium biosensors were gifts from Robert Campbell 

(Addgene #61244, and 32462) (Wu et al, 2013, 2014). CMV-dsRed was a gift from John C. 

McDermott and myc-NFATc3 was a gift from Tetsuaki Miyake. GW1-Peredox-mCherry 

(Peredox-mCherry) was a gift from Gary Yellen (Addgene plasmid #32380) (Hung et al, 2011). 

The FRET-based lactate biosensor [Laconic/pcDNA3.1(-)] and pyruvate biosensor 

[Pyronic/pcDNA3.1(-)] were gifts from Luis Felipe Barros (Addgene plasmid #44238, and 

#51308) (San Martín et al, 2013, 2014). The mouse HA-Bnip3ΔExon3 (sNip) (Accession 

#MF156210) was described previously (Addgene #100793) (Diehl-Jones et al, 2015). Generation 

of the pLenti-Bnip3ΔExon3 (sNip) virus using a pLenti-puro back bone was described previously 

(Field et al, 2018). 

 

Cell culture, transduction and transfections: Rat primary ventricular neonatal cardiomyocytes 

(PVNC) were isolated from 1-2-day old pups using the Pierce Primary Cardiomyocyte Isolation 

Kit (#88281), which includes a cardiomyocyte growth supplement to reduce fibroblast 

contamination. H9c2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 

Hyclone), containing penicillin, streptomycin, and 10% fetal bovine serum (Hyclone), at 37 °C 

and 5% CO2. All cells were transfected using JetPrime Polyplus reagent, as per the manufacturer’s 

protocol. Lentiviral expression of sNip and RNAi targeting of sNip were described previously 

(Field et al, 2018). For misoprostol treatments, 10 mM misoprostol (Sigma) in phosphate buffered 
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saline (PBS; Hyclone) was diluted to 10 μM directly in media and applied to cells for 48 hours. 

For hypoxia treatments, cells were held in a Biospherix incubator sub-chamber with 10% O2 

(±1%), 5% CO2, balanced with pure N2 (regulated by a Biospherix ProOx C21 sub-chamber 

controller) at 37 °C for 48 hours. For other drug treatments, 2-aminoethoxydipheny borate (2APB), 

etomoxir (ETO), Cyclosporine-A (CsA) and 2-Deoxy-D-Glucose (2DG) were purchased from 

Sigma. 

 

Fluorescent staining, live cell imaging and immunofluorescence: Hoechst 3334 and Calcein-

AM were all purchased from Biotium and applied using the manufacturer's protocol. Tag-it Violet 

Proliferation and Cell Tracking Dye was purchased from BioLegend and applied using the 

manufacturer’s protocol. Glucose uptake was measured as previously described using the 

fluorescent D-glucose analog 2NBDG (200 μM; Molecular Probes) (Mughal et al, 2015). Dye 

based calcium imaging was done with Rhod-2AM (Invitrogen, R1245MP), as per the 

manufacturer's protocol. Immunofluorescence with Cardiac Troponin T (Invitrogen, MA5-12960), 

Aurora B (Sigma, A5102), NFATc3 (sc-8405 AF488), Myc-Tag (CST # 2272) and Phospho-

Histone H3 (CST # 9701) antibodies were performed in conjunction with fluorescent secondary 

antibodies conjugated to Alexa Fluor 466 or 647 (Jackson) in fixed and permeabilized PND10 

heart tissues, PVNCs and H9c2’s. All imaging experiments were done on a Zeiss Axiovert 200 

inverted microscope fitted with a Calibri 7 LED Light Source (Zeiss) and Axiocam 702 mono 

camera (Zeiss), while FRET imaging was done using a Cytation 5 Cell Imaging Multi-Mode 

Reader. Imaging was done using Zen 2.3 Pro or Gen5 imaging software and quantification, scale 

bars, and processing including background subtraction, was done on Fiji (ImageJ) software.  
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Measurement of Proliferation by Flow Cytometry: Cell cycle was assessed by flow cytometry 

using the Nicoletti method and FxCycleTMPI/RNase Staining Solution purchased from Invitrogen 

(product # F10797) (Riccardi & Nicoletti, 2006). Red fluorescence was analyzed for 20,000 

cells/treatment using a Thermo Scientific Attune NxT flow cytometer equipped with a 488 nm 

laser, as per the manufacturer's protocol. Gating and DNA histogram analysis was described 

previously (Moghadam et al, 2018).    

 

Immunoblotting: Protein isolation and quantification was performed as described previously 

(Field et al, 2018). Extracts were resolved via SDS-PAGE and later transferred to a PVDF 

membrane using an overnight transfer protocol. Immunoblotting was carried out using primary 

antibodies in 5% powdered milk or BSA (as per the manufacturer’s instructions) dissolved in 

TBST. Horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories; 1:5000) were used in combination with enhanced chemiluminescence (ECL) to 

visualize bands. The following antibodies were used: Cyclin-D1 (sc-450), p57(KP39) (sc-56341), 

LDHA (CST #3582), MEF2C (CST #5030), MEF2A (CST #9736), Myc-Tag (CST # 2272), 

NFATc3 (F-1) (sc-8405), p-NFATc3 (Ser 169) (sc-68701),  Histone-H3 (CST #4499), MEK1/2 

(CST #8727), Actin (sc-1616), and Tubulin (CST #86298). For detection of the Bnip3 splice 

variant, Bnip3ΔExon3 (sNip), we used a custom rabbit polyclonal antibody that was previously 

described and validated (Field et al, 2018). 

 

Intracellular L-Lactate and Extracellular Acidification: Intracellular lactate was quantified using 

the colorimetric L-Lactate Assay Kit (Abcam, ab65331) in deproteinized PVNC samples, as per 

the manufacturer’s protocol. Samples read on a BioTek Epoch plate reader at 450 nm and analyzed 
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via Gen5. Extracellular acidification was determined on a Seahorse XF-24 Extracellular Flux 

Analyzer in combination with Seahorse Glycolysis Stress Test. Calculated acidification rates were 

determined as per the manufacturer’s instructions (Glycolysis Stress Test; Seahorse). 

 

Real-Time PCR: Total RNA was extracted from cells and pulverized tissues by the TRIzol 

extraction method and genomic DNA was removed via the RNeasy Mini Kit (Qiagen), including 

an On-Colum DNase Digestion (Qiagen). For qRT-PCR, mRNA was extracted from cells using 

Trizol then reverse transcribed into cDNA. Following DNase treatment, cDNA was combined with 

SYBR Green Supermix (Thermo) and mRNA was amplified using the ABI 7500 Real-Time PCR 

system (Applied Biosystems). Primers were: MEF2C Mus Fwd: 

GATGCAGACGATTCAGTAGGTC, MEF2C Mus Rev: GGATGGTAACTGGCATCTCAA, 

MEF2A Rat FWD: GGAACCGACAGGTGACTTTTA, MEF2A Rat REV: 

AGAGCTGTTGAAGATGATGAGTG, BMP10 Rat Fwd: TGCCATCTGCTAACATCATCC, 

BMP10 Rat Rev: CAAACGATCTCTCTGCACCA, BMP2 Rat FWD: 

GCTCAGCTTCCATCACGAA, BMP2 Rat REV: GAAGAAGCGTCGGGAAGTT, MYOCD 

Rat Fwd: GTGTGGAGTCCTCAGGTCAAAC, MYOCD Rat Rev: 

TGATGTGTTGCGGGCTCTT, L13 Rat Fwd: AGGAGGCGAAACAAATCCAC, L13 Rat Rev: 

TATGAGCTTGGAGCGGTACTC. 

 

Statistics: Data are presented as mean ± standard error (S.E.M.). Differences between groups in 

imaging experiments with only 2 conditions were analyzed using an unpaired t-test, where (*) 

indicates P<0.05 compared with control. Experiments with 4 or more conditions were analyzed 

using a 1-way ANOVA, or 2-way ANOVA where appropriate, with subsequent Tukey test for 
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multiple comparisons, where (*) indicates P<0.05 compared with control, and (**) indicates 

P<0.05 compared with treatment. All statistical analysis was done using GraphPad Prism software. 

 

4.5 Results 

Misoprostol opposes hypoxia-induced neonatal cardiomyocyte proliferation 

 In order to investigate if misoprostol can modulate hypoxia-induced cardiomyocyte 

proliferation, we employed cultured primary ventricular neonatal cardiomyocytes (PVNCs), 

isolated from PND 1-2 rat pups. When exposed to 10% O2 for 48-hours we observed a significant 

increase in PVNC proliferation using a live cell imaging and a tracker-based proliferation 

technique, Tag-it Violet, in combination with cardiomyocyte-specific cardiac troponin staining 

(Figure 1A, B). We also used immunofluorescence to colocalize cardiac troponin staining and 

aurora B expression, a protein that is upregulated during cytokinesis, and observed that 10% O2 

significantly increased its expression in myocytes (Figure 1C, D).  
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IV-Figure  1: Hypoxia promotes proliferation in primary neonatal cardiomyocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were exposed to 21% O2 (NMX) or 10% O2 
(HPX) for 48 hours. Cells were then stained with Tag-it Violet (blue), and Cardiac Troponin Type-T (cTnT) 
(red) were acquired by standard fluorescence microscopy. Arrows indicate proliferative (Tag-it Violet-
positive) cells. 

(B) Quantification of Tag-it Violet positive cells in (A), where the number of blue cells is represented as a 
percentage (%) of the total number of cardiomyocytes (cTnT-positive cells) in 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, determined by unpaired t-test. 

(C) PVNCs were treated as in (A). Aurora B (green) and Cardiac Troponin Type-T (cTnT) (red) were 
acquired by standard fluorescence microscopy.  

(D) Quantification of Aurora B fluorescence in (C), where green fluorescence was quantified in 
cardiomyocytes (cTnT-positive cells) only across 10 random fields. Data are represented as mean ± S.E.M. 
*P < 0.05 compared with control, determined by unpaired t-test. 

 
Furthermore, in PVNCs we observed that hypoxia-induced proliferation of cardiomyocytes 

was inhibited with misoprostol treatment (Figure 2A, B). In addition, we observed a marked 

increase in cyclin-D1 expression, a protein that rapidly accumulates in the G1 phase of the cell 

cycle and is further required for the transition from the G1 to S phase, which was prevented by 

misoprostol treatment (Figure 2C). Next, we evaluated cell size by calculating surface area of 
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PVNCs exposed to hypoxia and/or misoprostol (Figure 2D, E). Consistent with our previous 

results (Field et al, 2018), misoprostol treatment on its own increased the size of PVNCs, while 

exposure to hypoxia decreased myocyte cell area. However, when hypoxic PVNCs were treated 

with misoprostol, cell area was significantly restored (Figure 2 D, E).  

 

IV-Figure  2: Misoprostol opposes hypoxia-induced neonatal cardiomyocyte proliferation. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) ± 
10% O2 (HPX) for 48 hours. Cells were then stained with Tag-it Violet (blue) and calcein-AM (green) and 
imaged by standard fluorescence microscopy. Arrows indicate proliferative (Tag-it Violet-positive) cells. 

(B) Quantification of Tag-it Violet positive cells in (A), where the number of cells with blue nuclei are 
represented as a percentage (%) of the total number of cells across 10 random fields. Data are represented 
as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia treatment, 
determined by 2-way ANOVA. 

(C) Immunoblot for Cyclin-D1 and p57(KP39) in protein extracts from PVNCs that were treated as in (A).  

(D) PVNCs were treated as in (A) and stained with calcein-AM (green) and imaged by standard 
fluorescence microscopy.  
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(E) Quantification of cell size in (D), where cell surface area was calculated for > 80 cells/condition in 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with hypoxia treatment, determined by 2-way ANOVA. 

 
To confirm that hypoxia-induced proliferation was also happening at the cell population 

level, we utilized flow cytometry-based nicoletti assays with propidium iodide and observed a 

significant increase in the ratio of G2 phase cells to G1 phase cells when cultures were exposed to 

10% O2 for 48 hours, indicating a hypoxia-induced increase in mitosis (Figure 3A, B ). However, 

when cells were treated with misoprostol and exposed to hypoxia, the ratio of G2 to G1 phase cells 

was reduced to control levels (Figure 3A, B).   

 

IV-Figure  3: Misoprostol opposes hypoxia-induced changes in myocyte proliferative index. 

(J) Representative DNA Histograms of H9c2 cells that were treated with 10 μM misoprostol (Miso) ± 10% 
O2 (HPX) for 48 hours. G1 indicates cells that are 2 N, G2 indicates cells that are 4 N, and G2/G1 ratio 
indicates the proliferative index.  

(K) Quantification of cells as in (A), comparing the percentage of cells gated into G2 vs. G1 across 6 
independent experiments. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while 
**P < 0.05 compared with hypoxia treatment, determined by 2-way ANOVA. 

 

As fetal cardiomyocyte proliferation is associated with high glycolytic rates, and 

cardiomyocyte maturation involves considerable mitochondrial biogenesis and increased fatty acid 

oxidation, we evaluated whether inhibition of glycolysis with 2-deoxyglucose (2DG) or 
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mitochondrial fatty acid uptake with etomoxir (ETO) altered the myocyte response to either 

hypoxia or misoprostol treatment. Shown in Figure 4A-C hypoxia-induced proliferation was 

attenuated in the presence of 2DG in both PVNCs and H9c2 cells and had no impact on the ability 

of misoprostol to block PVNC proliferation.  

 

IV-Figure  4: Hypoxia-induced myocyte proliferation is dependent on a switch to glycolysis. 

(A) PVNCs were treated with 10 μM misoprostol (Miso) ± 10% O2 (HPX) for 48 hours. 2 mM 2-deoxy-D-
glucose (2DG) was added to half of the conditions for 48 h in order to inhibit glycolysis. Cells were then 
stained with Tag-it Violet (blue) and calcein-AM (green) and imaged by standard fluorescence microscopy. 
Arrows indicate proliferative (Tag-it Violet-positive) cells. 

(B) Quantification of Tag-it Violet positive cells in (A) where the number of cells with blue nuclei are 
represented as a percentage (%) of the total number of cells per field, across 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia 
treatment, determined by 2-way ANOVA. 

(C) H9c2s were treated as in (A) and quantified as in (B) across 10 random fields. Data are represented as 
mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia treatment, 
determined by 2-way ANOVA. 
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Finally, etomoxir treatment of PVNCs increased proliferation in normoxic conditions, but 

did not enhance the effect of hypoxia (Figure 5A, B). Intriguingly, misoprostol treatment blocked 

hypoxia-induced proliferation, but not in the presence of etomoxir. Collectively, these 

observations suggest that hypoxia-induced proliferation is dependent on a switch to glycolysis, 

and that mitochondrial fatty acid oxidation may serve to oppose neonatal myocyte proliferation. 

These results further indicate that misoprostol’s ability to modulate proliferation is dependent on 

myocyte energetics. 

 

IV-Figure  5: Normoxic inhibition of fatty acid oxidation promotes myocyte proliferation. 

(A) H9c2's were treated with 10 μM misoprostol (Miso) ± 10% O2 (HPX) for 48 hours. 100 μM Etomoxir 
(ETO) was added to half of the conditions for 48 hours in order to inhibit fatty acid oxidation. Cells were 
then stained with Tag-it Violet (blue) and calcein-AM (green) and imaged by standard fluorescence 
microscopy. Arrows indicate proliferative (Tag-it Violet-positive) cells. 

(B) Quantification of Tag-it Violet positive cells in (A), where the number of cells with blue nuclei are 
represented as a percentage (%) of the total number of cells per field, across 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia 
treatment, determined by 2-way ANOVA. 
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presence of NADH. Exposure to hypoxia significantly increased the green fluorescence emission 

of Peredox-mCherry, indicating increased cytosolic NADH content (Figure 6A, B). However, 

when cells were treated with misoprostol, the red emission was restored, suggesting that 

misoprostol inhibited hypoxia induced NADH production.  

 

IV-Figure  6: Misoprostol inhibits hypoxia-induced NADH production. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 
(HPX) for 48 hours. Peredox-mCherry (where Red = NAD+, Green = NADH) was used to evaluate 
cytosolic reduced and oxidized NAD content in all conditions. Cells were imaged by standard fluorescence 
microscopy.  

(B) Quantification of cells in (A), where the ratio of green fluorescence (NADH) to red fluorescence signal 
(NAD+) in 15 random fields across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined 
by 2-way ANOVA. 
 

Next, we measured extracellular acidification in H9c2 cells exposed to hypoxia and/or 

misoprostol treatment and calculated glycolytic capacity and glycolytic reserve. Hypoxia 

significantly increased extracellular acidification, and the calculated glycolytic capacity and 

glycolytic reserve (Figure 7A-C), which were attenuated by misoprostol treatment.  
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IV-Figure  7: Misoprostol prevents hypoxia-induced glycolysis. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 

(HPX) for 48 hours. Extracellular acidification rate (ECAR) was then determined by Seahorse 
Extracellular Flux Analysis at baseline, following 1 μM oligomycin injection (a), and 50 mM 2DG 
injection (b), from 15 wells across 3 independent experiments. Data are represented as mean ± S.E.M. *P 
< .05 compared with control determined by 1-way ANOVA. 

(B) Quantification of H9c2 glycolytic capacity, calculated from (A). Data are represented as mean ± 
S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 
2-way ANOVA. 

(C) Quantification of H9c2 glycolytic reserve, calculated from (C). Data are represented as mean ± 
S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 
2-way ANOVA. 

 
Building on this, we moved to evaluate the accumulation of intracellular lactate, the end 

product of anaerobic glycolysis, using the FRET-based Laconic biosensor (San Martín et al, 2013).  

Shown in Figure 8A and B, hypoxia increased the FRET emission of the Laconic biosensor, 

indicating an increase in intracellular lactate accumulation, which was prevented in cells treated 

with misoprostol. Next, we confirmed these observations in PVNCs, using an intracellular lactate 

quantification kit, which demonstrated that hypoxia increased primary myocyte lactate content, 

and that this too was reduced with misoprostol treatment (Figure 8C). This increase in PVNC 

lactate accumulation with hypoxia corresponded with an increase in the expression of lactate 

dehydrogenase-A (LDHA; Figure 8D), which was also reduced with misoprostol treatment, 

suggesting that misoprostol-induced signaling alters myocyte gene expression to modulate 
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glycolytic metabolism. We additionally evaluated intracellular pyruvate accumulation, a key 

metabolite in aerobic glycolysis, using the FRET-based Pyonic biosensor. Using this approach, we 

observed the reverse phenomenon to lactate accumulation, where hypoxia exposure decreased 

cellular pyruvate, which was restored to normal with misoprostol treatment (Figure 8E, F). 

 

IV-Figure  8: Misoprostol prevents hypoxia-induced intracellular lactate production and pyruvate 
depletion. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 

(HPX) for 48 hours. Laconic was transfected in all conditions to indicate cytosolic lactate content. Cells 
were imaged by FRET-based microscopy. Pink indicates increased cytosolic lactate content.  

(B) Quantification of cells in (A), where the FRET-YFP (lactate) signal was divided by the YFP (unbound 
biosensor) signal in 15 random fields across 3 independent experiments. Data are represented as mean ± 
S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 
2-way ANOVA. 

(C) Quantification of intracellular L-lactate content in primary ventricular neonatal cardiomyocytes 
(PVNCs) treated as in (A), where concentration is expressed as percent change from control in 6 
independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, while 
**P < .05 compared with hypoxia treatment, determined by 2-way ANOVA. 

(D) Immunoblot for lactate dehydrogenase A (LDHA) in protein extracts from PVNCs treated as in (A).  
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(E) H9c2 cells were treated as in (A). Pyronic was transfected in all conditions to indicate cytosolic pyruvate 
content. Cells were imaged by FRET-based microscopy. Orange indicates increased cytosolic pyruvate 
content. 

(F) Quantification of cells in (E), where the FRET-YFP (Pyruvate) signal was divided by the YFP (unbound 
biosensor) signal in 15 random fields across 3 independent experiments. Data are represented as mean ± 
S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 
2-way ANOVA. 

 

Finally, we determined that these results occurred in the absence of any observable changes 

in H9c2 and PVNC glucose uptake (Figure 9A-C). Taken together, these observations suggest that 

misoprostol can prevent hypoxia-induced anaerobic glycolytic flux through a mechanism that may 

involve alterations in gene expression, as is the case for LDHA.   

 

IV-Figure  9: Myocyte glycolytic changes occurred in the absence of enhanced 2-NBDG uptake. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 
(HPX) for 48 hours. Cells were then stained with Hoechst (blue) and 200 μM 2-NBDG (green) and imaged 
by standard fluorescence microscopy.  

(B) Quantification 2-NBDG uptake in (A), where green fluorescence was normalized to cell area and 
quantified in 15 random fields across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA. 

(C) Quantification of primary ventricular neonatal cardiomyocytes (PVNCs) treated and stained as in (A). 
2-NBDG uptake was calculated as in (B) across 10 random fields. All data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA. 
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Misoprostol promotes nuclear calcium accumulation and regulates gene expression 

Given the central role of nuclear calcium signaling in the regulation of cardiac transcription 

factors, we first assessed subcellular calcium localization in PVNCs with the cell permeant calcium 

indicator Rhod-2. Using this approach, we observed that while hypoxia and misoprostol alone had 

little impact on nuclear calcium content, when hypoxic cells were treated with misoprostol, we 

observed a significant increased nuclear calcium accumulation (Figure 10A). This observation was 

confirmed in H9c2 cells using a nuclear targeted calcium biosensor (NLS-GECO) (Wu et al, 

2014). This biosensor revealed that only the combination of hypoxia and misoprostol increases 

nuclear calcium accumulation (Figure 10B, C).  

 

IV-Figure  10: Misoprostol promotes myocyte nuclear calcium accumulation. 

(A) Quantification of primary ventricular neonatal cardiomyocytes (PVNCs) that were treated with 10 
μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 (HPX) for 48 hours. Cells were 
stained with Rhod2-AM (red) to visualize calcium and Hoechst (blue), then imaged by standard 
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fluorescence microscopy. Red fluorescent signal was quantified in the nucleus and cytosol independently 
and the relative proportion of fluorescent signal in each compartment was quantified in 10 random fields. 
Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with 
hypoxia treatment, determined by 2-way ANOVA. 

(B) H9c2 cells were treated as in (A). NLS-R-GECO (red) was used to indicate nuclear calcium content in 
all conditions. Cells were then stained with Hoechst (blue) and imaged by standard fluorescence 
microscopy.  

(C) Quantification of cells in (C), where red fluorescent signal was normalized to cell area and quantified 
in 15 random fields across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 
compared with control, determined by 2-way ANOVA. 

 
Next, we evaluated how this calcium signal impacted the localization of the calcineurin-

regulated transcription factor NFATc3, which is known to promote cardiomyocyte growth and 

maturation. To do this we treated PVNCs with hypoxia and misoprostol and used 

immunofluorescence techniques to localize NFATc3 within the cell. This approach revealed that 

similar to calcium, hypoxia and misoprostol alone had little impact on NFATc3 localization, but 

when combined NFATc3 expression was significantly increased in the nucleus (Figure 11A). We 

confirmed this result in H9c2 cells by expressing a Myc-tagged NFATc3 construct (Myc-

NFATc3), exposing cells to hypoxia, with and without misoprostol, and performing 

immunofluorescence using a primary Myc antibody and a fluorophore-conjugated secondary 

antibody. Consistent with our PVNC and nuclear calcium data in Figure 10A, hypoxia and 

misoprostol on their own had little effect on the accumulation of NFATc3 in the nucleus, but the 

combination of hypoxia and misoprostol resulted in a more than 5-fold increase in nuclear 

NFATc3 accumulation (Figure 11B, C). We further confirmed this observation using cell 

fractionation studies in H9c2 cells that were exposed to 10% O2 with and without misoprostol for 

48 hours. Here we observed that hypoxia and misoprostol decreased the cytosolic NFATc3 content 

and increased the nuclear content, without impacting the total, whole cell NFATc3 expression 

(Figure 11D).  
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IV-Figure  11: Misoprostol regulates calcium-responsive NFATc3 localization. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 10% O2 (HPX) for 48 hours. Cells were fixed, stained with Hoechst 
(blue), and immunofluorescence was performed using a nuclear factor of activated T-cells c3 (NFATc3) 
primary antibody (green). Cells were then imaged by standard fluorescence microscopy.  

(B) Quantification of cells in (A), where nuclear NFATc3 expression was quantified in 15 random fields 
across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
determined by 2-way ANOVA. 

(C) H9c2 cells were treated as in (A). Myc-NFATc3 was transfected into each condition. Cells were fixed, 
stained with Hoechst (blue), and immunofluorescence was performed using a Myc primary antibody 
(green). Cells were then imaged by standard fluorescence microscopy.  

(D) Quantification of cells in (C), where the number of cells with nuclear Myc-NFATc3, is presented as a 
percentage of the number of cells per field in 5 random fields. Data are represented as mean ± S.E.M. *P < 
.05 compared with control, determined by 2-way ANOVA. 

(E) H9c2 cells were treated as in (A). Protein extracts were subjected to nuclear/cytosolic fractionation and 
were immunoblotted, as indicated. 

 
Next, we evaluated the role of calcineurin and NFATc3 on cytosolic NADH, as an indicator 

of hypoxia-induced glycolysis. Using the Peredox-mCherry biosensor, we treated cells with 

hypoxia and misoprostol, with and without the calcineurin inhibitor cyclosporine-A (CsA). 
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Interestingly, CsA had little impact on hypoxia-induced NADH accumulation; however, the ability 

of misoprostol to block hypoxia-induced NADH accumulation was lost in the presence of CsA, 

suggesting that misoprostol works through calcineurin signaling to inhibit glycolysis (Figure 12A, 

B). As proof-of-concept experiments, we transfected cells with NFATc3, or an empty vector 

control, along with Peredox-mCherry, and exposed cells to hypoxia. We observed that hypoxia-

induced NADH accumulation was prevented by NFATc3 expression (Figure 12C), confirming 

that NFATc3 is sufficient to block hypoxia-induced glycolysis. In addition, we evaluated 

proliferation in cells expressing NFATc3, or an empty vector control, and observed less hypoxia-

induced proliferation in cells expressing NFATc3 cells than in hypoxic control cells (Figure 12D, 

E). 

 

IV-Figure  12: Misoprostol-induced NFATc3 activity regulates myocyte NADH content and 
proliferation. 
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(A) H9c2's were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 (HPX) 
for 48 hours. 2 μM CsA was added to half of the conditions for 48 hours in order to inhibit calcineurin- 
nuclear factor of activated T-cells (NFAT) signaling. Peredox-mCherry (where Red = NAD+, Green = 
NADH) was used to indicate cytosolic reduced or oxidized NAD content in all conditions. Cells were 
imaged by standard fluorescence microscopy.  

(B) Quantification of cells in (A), where the ratio of green fluorescence (NADH) to red fluorescent signal 
(NAD+) in 15 random fields across 3 independent experiments. Data are represented as mean ± S.E.M. *P 
< .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA. 

(C) Quantification of H9c2 cells treated with 10% O2 (HPX) for 48 h and transfected pcDNA3 (control) or 
myc-NFATc3. Peredox-mCherry was used to indicate cytosolic NAD content. The ratio of green 
fluorescence (NADH) to red fluorescent signal (NAD+) was measured in > 15 random fields across 6 
independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, while 
**P < .05 compared with hypoxia treatment, determined by 2-way ANOVA. 

(D) H9c2's treated as in (C), Cells were then stained with Tag-it Violet (blue) and calcein-AM (green) and 
imaged by standard fluorescence microscopy. Arrows indicate proliferative (Tag-it Violet-positive) cells. 

(E) Quantification of Tag-it Violet positive cells in (D), where the number of cells with blue nuclei are 
represented as a percentage (%) of the total number of cells per field, across 10 random fields. Data are 
represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia 
treatment, determined by 2-way ANOVA. 

 
Next, we evaluated if misoprostol treatment could impact known cardiomyocyte 

proliferation pathways. Using western blot analysis of PVNCs we first observed that hypoxia 

increased the expression MEF2C, the MEF2 family member associated with fetal cardiomyocyte 

proliferation, while MEF2A expression remained unchanged from control (Figure 13A). 

Furthermore, the induction of MEF2C observed following hypoxia was prevented when combined 

with misoprostol treatment; however, MEF2A expression was sustained (Figure 13A). We also 

observed that hypoxia increased proliferative BMP10 expression by 58.5% , which was 

significantly reduced with the addition of misoprostol (Figure 13B). 
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IV-Figure  13: Misoprostol alters primary cardiomyocyte protein and mRNA abundance. 

(A) Immunoblot for myocyte enhancer factor (MEF)2C and MEF2A in protein extracts from primary 
ventricular neonatal cardiomyocytes (PVNCs) that were treated with 10 μM misoprostol (Miso) and 
exposed to 21% O2 (NMX) or 10% O2 (HPX) for 48 hours.  

(B) PVNCs were treated as in (A). RNA was isolated and qRT-PCR was performed for bone morphogenetic 
protein (BMP)-10 expression. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

 
sNip opposes hypoxia-induced neonatal cardiomyocyte proliferation 

Previously, we demonstrated that misoprostol treatment leads to the nuclear retention of 

the P65 subunit of NF-κB (Field et al, 2018), and when combined with HIF-1ɑ activation, this led 

to the alternative splicing of Bnip3 in favor of sNip expression (Field et al, 2018). Thus, we 

performed western blot analysis on H9c2 cells exposed to hypoxia and/or misoprostol treatment 

to evaluate sNip expression. We observed that the combination of hypoxia and misoprostol 

increases the expression of the small Bnip3 isoform, sNip (Figure 14A). In order to define the role 

of sNip as a mechanism for misoprostol-induced blockade of cell cycle re-entry, we performed a 

series of gain-of-function and loss-of-function experiments in PVNCs and H9c2 cells. When 

PVNCs were exposed to hypoxia, we observed a more than 3.8-fold increase in the number of 

proliferative nuclei, compared to normoxia-treated control cells. When these cells were transduced 

with a lentivirus delivering sNip, proliferation was reduced by 79.7%, back to control levels 

(Figure 14B, C). In addition, we evaluated cell surface area in PVNCs exposed to hypoxia and 
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transduced with sNip, and observed that sNip alone increased PVNCs surface area, and restored 

cell size in cells exposed to hypoxia (Figure 14D).  

 

IV-Figure  14: sNip opposes hypoxia-induced neonatal cardiomyocyte proliferation. 

(A) H9c2 cell were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 

(HPX) for 48 hours. Protein extracts were then collected and immunoblotted for sNip expression,  

(B) Primary ventricular neonatal cardiomyocytes (PVNCs) treated with pLenti-HA-sNip and exposed to 
21% O2 (NMX) or 10% O2 (HPX) for 48 hours. Cells were then stained with Tag-it Violet (blue) and 
calcein-AM (green) and imaged by standard fluorescence microscopy. Arrows indicate proliferative (Tag-
it Violet-positive) cells. 

(C) Quantification of Tag-it Violet positive cells in (B), where the number of cells with blue nuclei are 
represented as a percentage (%) of the total number of cells across 10 random fields. Data are represented 
as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia treatment, 
determined by 2-way ANOVA. 

(D) Quantification of cells in (B), where cell surface area was calculated for > 80 cells/ condition in 10 
random fields. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 
compared with hypoxia treatment, determined by 2-way ANOVA. 

 
Next, we performed a ‘rescue’ style experiment in H9c2 cells exposed to hypoxia and 

treated with misoprostol, where sNip function was reduced by a specific siRNA (Figure 15A, B). 
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Consistent with our observations in Figures 1 and 2, hypoxia induced cell proliferation, which was 

attenuated by misoprostol treatment. However, when cells were transfected with an siRNA 

targeting sNip, misoprostol treatment no longer reduced cell proliferation (Figure 15A, B).  

 

IV-Figure  15: Misoprostol-induced suppression of proliferation is dependent on sNip. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 10% O2 

(HPX) for 48 hours. Cells were also transfected with scrambled control si-RNA or si-sNip, and then stained 
with Tag-it Violet (blue) and calcein- AM (green) and imaged by standard fluorescence microscopy. 
Arrows indicate proliferative (Tag-it Violet-positive) cells. 

(B) Quantification of Tag-it Violet positive cells in (A), where the number of cells with blue nuclei are 
represented as a percentage (%) of the total number of cells across 10 random fields. Data are represented 
as mean ± S.E.M. *P < 0.05 compared with control, while **P < 0.05 compared with hypoxia treatment, 
determined by 1-way ANOVA. 

 
In addition, we evaluated hypoxia-induced glycolysis in H9c2 cells expressing the 
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C). Consistent with the effect of misoprostol on glycolysis, sNip expression prevented the 

accumulation of both cytosolic NADH and intracellular lactate in cells exposed to hypoxia. We 

further determined that these results occurred in the absence of any observable changes in PVNC 

glucose uptake (Figure 16D, E). Collectively, these observations support the notion that 

misoprostol exerts its effects on hypoxia-induced myocyte proliferation and glycolysis through the 

expression of sNip. 

 

IV-Figure  16: sNip prevents hypoxia-induced intracellular lactate production and pyruvate 
depletion. 

(A) Quantification of H9c2 cells exposed to 21% O2 (NMX) or 10% O2 (HPX) for 48 hours. Cells were 
transfected with pcDNA3 (control) or HA-sNip. Peredox-mCherry was used to indicate cytosolic NAD 
content in all conditions. The ratio of green fluorescence (NADH) to red fluorescent signal (NAD+) was 
measured in > 15 random fields across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < 0.05 compared with control, while **P < 0.05 compared with hypoxia treatment, determined by 1-
way ANOVA. 
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(B) Ratiometric images of H9c2's treated as in (A). Laconic was transfected in all conditions to indicate 
cytosolic lactate content. Cells were imaged by FRET-based microscopy. 

(C) Quantification of cells in (B), where the FRET-YFP (lactate) signal was divided by the YFP (unbound 
biosensor) signal in 15 random fields across 3 independent experiments. Data are represented as mean ± 
S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 
2-way ANOVA. 

(D) Primary ventricular neonatal cardiomyocytes (PVNCs) treated with pLenti-HA-sNip and exposed to 
21% O2 (NMX) or 10% O2 (HPX) for 48 hours. Cells were then stained with Hoechst (blue) and 200 μM 2-
NBDG (green) and imaged by standard fluorescence microscopy.  

(E) Quantification of PVNC 2-NBDG uptake in (D), where green fluorescence was normalized to cell area 
and quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 2-way ANOVA. 

 

sNip promotes nuclear calcium and NFATc3 accumulation 

Next, we determined the impact of sNip expression on the calcium-dependent gene 

expression. First, we utilized the nuclear calcium biosensor NLS-GECO in H9c2 cells expressing 

sNip or empty vector and exposed to normoxia or 10% O2 for 48 hours. We observed that both 

sNip on its own and in combination with hypoxia induced calcium accumulation in the nucleus 

(Figure 17A, B). Noting that subcellular calcium dynamics can differ in primary cells, we tested 

this observation using Rhod2-AM in PVNCs transduced with a lentivirus delivering sNip. In doing 

this, we confirmed that sNip expression alone shifted calcium away from the cytosol and into the 

nucleus (Figure 17C, D).  
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IV-Figure  17: sNip promotes myocyte nuclear calcium accumulation. 

(A) H9c2 cells were exposed to 21% O2 (NMX) or 10% O2 (HPX) for 48 hours. Cells were transfected with 
pcDNA3 (control) or HA-sNip.  NLS-R- GECO (red) was used to indicate nuclear calcium content in all 
conditions. Cells were stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of cells in (A), where red fluorescent signal was normalized to cell area in 10 random 
fields across 2 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with 
control, determined by 2-way ANOVA. 

(C) Primary ventricular neonatal cardiomyocytes (PVNCs) were transduced with pLenti-sNip or empty 
vector control. Cells were then stained with Rhod2-AM (red) to visualize calcium and Hoechst (blue), then 
imaged by standard fluorescence microscopy.  

(D) Quantification of cells in (C) where the red fluorescence signal was quantified in the nucleus and cytosol 
independently and the relative proportion of fluorescence signal in each compartment was quantified in 10 
random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, determined by 2-
way ANOVA. 

 
Given that the endoplasmic/sarcoplasmic reticulum (ER/SR) contains a large pool of 

intracellular calcium and is continuous with the outer membrane of the nuclear envelope, we 

sought to determine if the ER/SR was the source of cellular calcium that was accumulating in the 
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nucleus under the influence of sNip. We used the ER targeted calcium biosensor (ER-LAR-

GECO), described previously (Field et al, 2018; Mughal et al, 2018; Wu et al, 2014), to assess 

ER/SR calcium content. Interestingly, when expressed in H9c2 cells sNip reduced steady-state ER 

calcium content by 58.8% compared to control (Figure 18A, B). In a parallel series of experiments, 

sNip-induced nuclear calcium accumulation was inhibited when cells were treated with the IP3 

receptor inhibitor, 2-APB (Wu et al, 2006) (Figure 18C, D), or the ryanodine receptor antagonist 

dantrolene, where the magnitude of this blockade was greater for 2-APB (Figure 18E, F).  

 

IV-Figure  18: sNip directs calcium from the endoplasmic reticulum to the nucleus. 

(A) H9c2 cells were transfected with pcDNA3 (control) or HA-sNip. ER-LAR-GECO (red) was used to 
indicate endoplasmic reticulum calcium content in all conditions. Cells were stained with Hoechst (blue) 
and imaged by standard fluorescence microscopy.  

(B) Quantification of H9c2 ER calcium in (A), where red fluorescent signal was normalized to cell area in 
10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, determined by 
unpaired t-test. 
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(C) H9c2 cells were transfected with pcDNA3 (control) or HA-sNip and treated with 2 μM 2-APB for 16 
hours. NLS-R-GECO (red) was used to indicate nuclear calcium content in all conditions. Cells were 
stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(D) Quantification of H9c2 nuclear calcium content in (C), where red fluorescent signal was normalized to 
nuclear area in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with sNip treatment, determined by 2-way ANOVA. 

(E) H9c2 cells were transfected with pcDNA3 (control) or HA-sNip and treated with 10 μM Dantrolene 
(DAN) for 16 hours. NLS- R-GECO (red) was used to indicate nuclear calcium content in all conditions. 
Cells were stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(F) Quantification of H9c2 nuclear calcium content in (E), where red fluorescent signal was normalized to 
nuclear area in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with sNip treatment, determined by 2-way ANOVA. 

 
Next, we expressed sNip in H9c2 cells to evaluate its effect on transcription factor 

localization and gene expression. Using subcellular fractionation to separate components of the 

cytosolic compartment from components of the nuclear compartment, we observed that sNip 

increased the nuclear localization of NFATc3, without impacting total cell NFATc3 (Figure 19A). 

We confirmed this observation using immunofluorescence in parallel experiments in H9c2 cells 

and PVNCs, where sNip expression alone resulted in an increase in the nuclear localization of 

NFATc3 (Figure 19B-E).  
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IV-Figure  19: sNip regulates calcium-responsive NFATc3 localization. 

(A) H9c2 cells were transfected with pcDNA3 (control) or HA-sNip. Protein extracts were subjected to 
nuclear/cytosolic fractionation and were immunoblotted, as indicated.  

(B) H9c2 cells were treated as in (A). Myc-nuclear factor of activated T-cells c3 (NFATc3) was included 
in all conditions to indicate transfected cells. Cells were fixed, stained with Hoechst (blue), and 
immunofluorescence was performed using a Myc primary antibody (green). Cells were then imaged by 
standard fluorescence microscopy.  

(C) Quantification of Myc-NFATc3 localization in (B), where the number of cells with nuclear Myc-
NFATc3, is presented as a percentage of the number of cells field in 5 random fields. Data are represented 
as mean ± S.E.M. *P < .05 compared with control, determined by unpaired t-test. 

(D) Primary ventricular neonatal cardiomyocytes (PVNCs) were transduced with pLenti-sNip or empty 
vector control. Cells were fixed, stained with Hoechst (blue), and immunofluorescence was performed 
using a NFATc3 primary antibody (green). Cells were then imaged by standard fluorescence microscopy. 

(E) Quantification of PVNC NFATc3 localization in (D), where nuclear NFATc3 fluorescence was 
normalized to nuclear area in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared 
with control, determined by unpaired t-test. 

 
In addition, sNip transduction in PVNCs reduced the expression of myocardin (43%), 

BMP10 (66%) and MEF2C (55%), and increased the expression of the NFAT target gene BMP2 

by 794% (Figure 20A), determined by real-time PCR.  
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IV-Figure  20: sNip expression alters mRNA abundance of NFATc3-responsive genes in 
primary neonatal cardiomyocytes. 

(P) Primary ventricular neonatal cardiomyocytes (PVNCs) were transduced with pLenti-sNip or empty 
vector control. mRNA was isolated and qRT-PCR was performed for Myocardin (MYOCD), bone 
morphogenetic protein (BMP)-10, BMP-2, myocyte enhancer factor (MEF)2C, and MEF-2A abundance 
in 3 independent cell preparations per condition. Data are represented as mean ± S.E.M. *P < .05 
compared with control, determined by multiple t-test. 
 
 
Misoprostol prevents hypoxia-induced cardiomyocyte proliferation in vivo 

To evaluate our observations in vivo, we used a rodent model of neonatal hypoxia, where 

neonatal Long-Evans rats are exposed to 10% oxygen and treated with misoprostol or vehicle 

control for 5-days. Importantly, we did not observe any acute adverse effects associated with 

misoprostol treatment in hypoxic animals. Histological examination of the neonatal left ventricle 

revealed an increase in the number of myo-nuclei by an average of 9.5 nuclei per field, which was 

prevented by misoprostol treatment (Figure 21A, B). Interestingly, this degree of hypoxia was not 

sufficient to induce apoptosis as determined by TUNEL staining, or cardiac fibrosis as determined 

by trichrome staining (Figure 21A). However, immunofluorescence staining using a primary 

antibody targeting the specific proliferation marker phospho-histone H3 (PHH3) identified an 

increased number of proliferative nuclei in hypoxic hearts, which was completely eliminated in 

misoprostol-treated, hypoxic hearts (Figure 21A, C). In addition, we confirmed that the 
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combination of hypoxia and misoprostol treated increased sNip expression in vivo (Figure 21D), 

consistent with our observations in cultured myoblasts. 

 
IV-Figure  21: Misoprostol prevents hypoxia-induced cardiomyocyte proliferation in vivo. 

(A) Left ventricular sections from post-natal day (PND) 10 rat pups exposed to hypoxia (10% O2) ± 10 μg/ 
kg misoprostol for 5 days. Sections were stained with hematoxylin and eosin (H&E), and Masson's 
trichrome, as well as subjected to Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), 
and immunofluorescence for phospho-histone H3 (PHH3). Data shown representative of 3 PND10 rats per 
condition. 

(B) Quantification of left ventricular nuclei number in the PND10 rat heart in (A) (n=3 animals/condition, 
with 10 fields/animal). Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P 
< .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(C) Quantification of left ventricular PHH3 fluorescence in (A) (n=3 animals/condition, with 10 
fields/animal). Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 
compared with hypoxia treatment, determined by 1-way ANOVA. 

(D) Rat pups were treated as in (A). Protein extracts from PND10 hearts were immunoblot for sNip 
expression as indicated. Data shown representative of 3 PND10 rats per condition. 
 
4.6 Discussion 

Neonatal hypoxic injury is considered detrimental to cardiac development, increasing the 

risk of pediatric heart failure, and lifelong cardiovascular abnormalities. However, recently it has 

been observed that the underlying cause may involve aberrant cardiomyocyte proliferation. In this 
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report, we show that hypoxia promotes cardiomyocyte proliferation, concurrent with activation of 

a MEF2C and BMP10 pathway and enhanced glycolytic metabolism. We also provide evidence 

that PGE1 signaling through misoprostol treatment is able to activate a secondary and opposing 

pathway, enhancing Bnip3 splicing to produce sNip. This alternative splicing of Bnip3 results in 

nuclear calcium accumulation, NFATc3 activation, inhibition of glycolysis, and attenuation 

hypoxia-induced proliferation. These findings are consistent with our previous results 

demonstrating that misoprostol treatment restores mitochondrial respiration in hypoxic 

cardiomyocytes (Field et al, 2018). 

The results in the present study expand on previous reports that early life hypoxia exposure 

is sufficient to drive neonatal cardiomyocyte proliferation. These previous studies have mainly 

focused on the regenerative capacity of hypoxia-induced cardiomyocyte proliferation. 

Interestingly, maintaining a capacity for proliferation after birth appears to depend on the 

metabolic status of the cardiomyocyte, where the switch from glycolysis to oxidative 

phosphorylation and the resultant accumulation of cytotoxic free radicals is thought to result in 

cardiomyocyte senescence (Puente et al, 2014). Moreover, recent evidence further suggests that 

preventing this metabolic shift is key to maintaining c-kit+ cardiac progenitor cells in culture 

(Korski et al, 2019).  

While the literature to date has primarily focused on the role of cellular metabolism, our 

data provides insight into the underlying hypoxia-induced mechanisms promoting neonatal 

cardiomyocyte proliferation. In this report, we confirm that expression of MEF2C is hypoxia 

inducible, and that this may be a key cardiac-enriched initiator of a hypoxia-induced 

cardiomyocyte proliferation (Bohuslavova et al, 2013; Krishnan et al, 2008). Furthermore, 

evidence supports the existence of a feed-forward loop promoting proliferation that hinges on 
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MEF2C-dependent activation of myocardin and downstream BMP10 expression. Importantly, loss 

of the myocardin-BMP10 signaling pathway negatively impacts cardiomyocyte proliferation in 

vivo (Huang et al, 2012). BMP10 also appears to be required for maintaining MEF2C expression 

and preventing myocyte maturation, which may function to propagate proliferation and alter the 

structure of the developing heart (Chen et al, 2004a).   

A number of previous studies have assessed methods to extend the period of post-natal 

cardiomyocyte proliferation (Kimura et al, 2015; Nakada et al, 2017; Porrello et al, 2011; Puente 

et al, 2014). However, in the contexts of early life hypoxic/cyanotic events and cardiac 

regeneration, there may be direct benefits to pharmacologically targeting cardiomyocyte 

proliferation. Our data demonstrates that elevated sNip expression through misoprostol treatment 

can inhibit the MEF2C-Myocardin-BMP10 pathway, and simultaneously increase BMP2 

expression. Previous work from our group, and others, have demonstrated that while sNip is 

hypoxia-inducible, NF-κB activity is crucial for its expression in cardiomyocytes, and activated 

by misoprostol treatment (Field et al, 2018; Gang et al, 2011). Interestingly, much of sNip’s 

opposition to cardiomyocyte proliferation appears to be based on its ability to promote the transfer 

of calcium from the SR/ER to the nucleus. This builds on our recent findings that sNip possesses 

a C-terminal ER retention signal, and that unlike full-length Bnip3, sNip expression in 

cardiomyocytes functions to sustain nuclear calcium accumulation (Field et al, 2018). Nuclear 

calcium signaling is known to activate calcium-calmodulin dependent transcriptional regulators, 

such as the calcineurin-NFAT pathway (Crabtree & Olson, 2002; Molkentin, 2004; Molkentin et 

al, 1998; Wilkins & Molkentin, 2002). Our findings demonstrate that NFATc3 is sufficient to 

oppose both hypoxia-induced glycolysis and proliferation in cultured myocytes. 



 198 

 Collectively, our data demonstrates that the activation of PGE1 signaling through 

misoprostol treatment is sufficient to mitigate hypoxia-induced proliferation in neonatal 

cardiomyocytes through a mechanism involving alternative splicing of Bnip3, activation of 

NFATc3, and inhibition of hypoxia-induced glycolysis. Moreover, our findings suggest that 

pharmacological fine-tuning of the underlying molecular mechanisms that control hypoxia-

induced cardiomyocyte proliferation may represent a novel strategy to prevent pediatric cardiac 

dysfunction, reduce the risk of early-life heart failure, and have implications for cardiac 

regenerative medicine. 
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CHAPTER V: Manuscript III 

5.1 Rationale 

 
Both Manuscripts I and II suggest that PG signalling mediated by misoprostol is 

protective against hypoxia-induced cardiomyocyte injury. These manuscripts further suggest that 

protection is mediated though a pathway dependent on repression of Bnip3-FL and the 

promotion of alternative splicing. However, as documented in Manuscript I (Chapter III), the 

repression response appears to be incomplete in the PND10 heart, when compared to other 

tissues (see III-Figure 1). This observation led us to postulate that there may be other possible 

regulatory pathways for Bnip3. 

Building on this, in the third chapter of this thesis (Manuscript I) we showed that 

misoprostol enhanced PKA activity in immortalized cell lines using a plasmid based PKA 

biosensor. As was outlined in the introduction, PGE1 is able to activate PKA through binding the 

EP4 cell surface receptor, which is widely considered to be stimulatory in nature (Xiao et al, 

2004). Consistent with this, recent work from the Harding lab has demonstrated that EP4 receptor 

overexpression in the mouse myocardium significantly improves cardiac function and prevents 

injury, when compared to wildtype controls (Bryson et al, 2018). At the same time, cell culture 

work by Liu and Frazier, dating back to 2015, demonstrated that the Bnip3 possess an inhibitory 

PKA phosphorylation site in TM-domain. It was found that phosphorylation of this site inhibited 

Bnip3 activity at the mitochondria, preventing apoptosis (Liu & Frazier, 2015). However, it 
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remains unknown if this site can be modulated pharmacologically, and what role it plays in 

neonatal cardiac injury.  

Based on these two sets of observations, we sought to determine if misoprostol activates 

a protective pathway in the hypoxic neonatal heart that links EP4 activation to Bnip3 

phosphorylation and inhibition. The work in this unpublished manuscript experimentally 

addresses the fourth hypothesis outlined in the Thesis Rationale, which is: misoprostol directs the 

inhibition of Bnip3 protein activity through promoting phosphorylation of its C-terminal 

transmembrane domain. This hypothesis was tested using a model of neonatal hypoxia in both 

wild-type and Bnip3-null C57BL/6 mice. This animal data was further supported by data 

generated in PVNC’s, human induced pluripotent stem cell-derived cardiomyocytes, H9c2s, and 

Bnip3-null MEFs. In order to generate a robust mitochondrial dysfunction and cell death 

response, the in vitro studies in this Manuscript employ an acute model of hypoxia, where cells 

were exposed to 1% oxygen for 24 hours. This is an important difference as compared to the 

more chronic two-day, 10% oxygen exposure used in Manuscripts I and II. 
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5.2 Abstract 

Systemic hypoxia, a major complication associated with reduced gestational time, affects 

more 60% of preterm infants and is a known promoter of hypoxia-induced Bcl-2-like 19kDa-

interacting protein 3 (Bnip3) expression in the neonatal heart. At the level of the cardiomyocyte, 

Bnip3 activity plays a prominent role in the evolution of necrotic cell death, disrupting subcellular 

calcium homeostasis and initiating mitochondrial permeability transition (MPT). Emerging 

evidence suggests both a cardioprotective role for protein kinase A (PKA) through stimulatory 

prostaglandin (PG) E1 signaling during prolonged periods of hypoxia, and a cytoprotective role 

for Bnip3 phosphorylation, indicating that post-translational modifications of Bnip3 may be a point 

of convergence for these two protective pathways. Using a combination of in vivo and multiple 

cell models, including human iPSC-derived cardiomyocytes, we tested if the PGE1 analogue 

misoprostol is cardioprotective during neonatal hypoxic injury by altering the phosphorylation 

status of Bnip3. Here we report that exposure to hypoxia significantly increases Bnip3 expression, 

as well as mitochondrial fragmentation, ROS accumulation, calcium accumulation, and 

permeability transition, while reducing mitochondrial membrane potential. Misoprostol prevented 

all of these changes, despite elevated levels of Bnip3 protein. Through both gain- and loss-of-

function genetic studies we further show that misoprostol-induced protection directly affects 

Bnip3, preventing mitochondrial perturbations. We demonstrate that this is a result of PG EP4 

receptor signaling, PKA activation, and direct Bnip3 phosphorylation at threonine-181. 
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Furthermore, when this PKA phosphorylation site within Bnip3 is replaced with a non-

phosphorylatable amino acid, the protective effect of misoprostol is lost. We also provide evidence 

that misoprostol traffics Bnip3 away from the ER through a physical interaction with 14-3-3β, 

thereby preventing aberrant ER calcium release and MPT.  In vivo studies further demonstrate that 

misoprostol treatment increases Bnip3 phosphorylation at threonine-181 in the mouse heart, while 

both misoprostol treatment and genetic ablation of Bnip3 prevented hypoxia-induced reductions 

in contractile function. Taken together, our results demonstrate a foundational role for Bnip3 

phosphorylation in the molecular regulation of cardiomyocyte contractile and metabolic 

dysfunction and identifies EP4 signaling as a potential pharmacological mechanism to prevent 

hypoxia-induced neonatal cardiac injury. 

5.3 Introduction 
 

Globally, the preterm birth rate is 11.1%, meaning more than 15 million infants are born 

before 37 weeks of gestation each year. At the same time, complications associated with preterm 

birth are recognized as the leading cause of death among children under age 5 (Blencowe et al, 

2012; Liu et al, 2016b). Systemic hypoxia, a major complication associated with reduced 

gestational time, affects more than 60% of preterm infants and is known to activate pathological 

hypoxic signaling across most neonatal tissues (Luu et al, 2015; Vannucci, 2004; Shastri et al, 

2012). Moreover, stressors linked to hypoxic injury have been shown to alter neonatal cardiac 

metabolism, resulting in diminished contractile performance and compromised tissue perfusion, 

further compounding neuro-cognitive and end-organ complications (Armstrong et al, 2012). A 

lack of oxygen at the level of the cardiomyocyte results in the accumulation and activation of 

transcription factors belonging to the hypoxia-inducible factor-alpha (HIFɑ) family (Greer et al, 

2012; Chaudhuri et al, 2020). This inducible pathway is conserved throughout life, functioning to 
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drive the expression of a number of genes, and promoting cardiomyocyte glycolysis and 

diminishing mitochondrial respiration when oxygen tension is low (Greer et al, 2012; Chaudhuri 

et al, 2020; Carmeliet et al, 1998).  

 Bcl-2-like 19 kDa-interacting protein 3 (Bnip3) is one such hypoxia-inducible gene and is 

also a member of the pro-apoptotic BH3-only subfamily of the Bcl-2 family of proteins 

(Gustafsson, 2011; Field et al, 2018; Kubli et al, 2007; Azad et al, 2008; Gordon et al, 2011). 

Bnip3 is an atypical member of this subfamily, which classically use their BH3 domains to drive 

cell death. Bnip3’s pro-apoptotic functions are controlled through its C-terminal transmembrane 

(TM) domain (Ray et al, 2000). Previous studies indicate that through this functionally important 

domain, Bnip3 inserts through the outer mitochondrial membrane, interacting with optic atrophy-

1 (OPA-1), driving mitochondrial bioenergetic collapse, fission, cytochrome c release, and 

apoptosis (Ray et al, 2000; Liu & Frazier, 2015; Landes et al, 2010). Alternatively, Bnip3 can also 

localize to the endoplasmic reticulum (ER), interrupting Bcl-2-induced inhibition of inositol 

trisphosphate receptor (IP3R) calcium leak, resulting in ER calcium depletion and mitochondrial 

matrix calcium accumulation, mediated though voltage-dependent anion channel (VDAC) and the 

mitochondrial calcium uniporter (MCU) (Ray et al, 2000; Zhang et al, 2009b; Rapizzi et al, 2002; 

Baughman et al, 2011; Chaudhuri et al, 2013). Accumulating evidence suggests that elevated 

matrix calcium is an important trigger for mitochondrial permeability transition (MPT), a 

phenomena that is required for the induction of necrotic cell death and evolution of ischemic injury 

(Karch et al, 2013; Giorgio et al, 2013; Izzo et al, 2016; Mughal et al, 2018; Whelan et al, 2010; 

Baines et al, 2005; Nakagawa et al, 2005; Kwong et al, 2014). Key to both of these processes is 

Bnip3’s ability to drive mitochondrial bioenergetic collapse by affecting complexes of the inner 

mitochondrial membrane’s electron transport chain and, ultimately, ATP production (Rikka et al, 
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2011). Taken together, these observations have long made Bnip3 an attractive therapeutic target 

in the heart, with limited success.  

 Interestingly, previous work has demonstrated that prostaglandin (PG) signaling through 

the PG EP4 receptor, a G protein-coupled receptor classically associated with enhanced protein 

kinase A (PKA) activity, improves cardiac function in mice following MI (Bryson et al, 2018). 

Furthermore, overexpression of the EP3 receptor, known to reduce PKA activity, is deleterious in 

the murine heart (Bryson et al, 2020). Recent work from our group built on this, demonstrating 

that misoprostol, a PGE1 analogue that is capable of binding to both EP3 and EP4 receptors, 

activated PKA signaling and was cytoprotective in an in vitro model of chronic hypoxia (Field et 

al, 2018). Moreover, loss of Bnip3 activity through ablation or overexpression of a dominant 

negative form of Bnip3 (Bnip3ΔTM) is protective in the heart or cultured myocytes, respectively, 

following prolonged ischemic episodes (Regula et al, 2002; Hamacher-Brady et al, 2007; 

Kubasiak et al, 2002). Work in cell culture models has further concluded that phosphorylation of 

Bnip3 within its TM domain is cytoprotective  by limiting Bnip3’s activity at the mitochondria 

and inhibiting apoptosis (Liu & Frazier, 2015). However, it is not currently known if Bnip3 

phosphorylation can be pharmacologically modulated to impact cardiomyocyte permeability 

transition and in vivo heart function during a hypoxic episode (Liu & Frazier, 2015). Based on 

these previous studies, we examined if misoprostol signaling through EP4 receptors is sufficient to 

alter the phosphorylation status of Bnip3 to prevent mitochondrial calcium accumulation, and 

permeability transition in the neonatal heart.  

 In this report we provide novel evidence that through EP4 receptor signaling, misoprostol 

inhibits hypoxia-induced neonatal contractile dysfunction resultant from cardiomyocyte 

respiratory collapse. We further show that this is a result of inhibiting Bnip3-induced transfer of 
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calcium from the ER to the mitochondria, which prevents mitochondrial dysfunction, ATP 

depletion, MPT, and necrotic cell death. Mechanistically, we provide evidence that this process is 

regulated through PKA, by identifying a PKA phosphorylation site on mouse Bnip3 at threonine-

181, which we show is essential for the inhibition of Bnip3 activity. We further delineate a role 

for the 14-3-3 family of molecular chaperones in this novel pharmacological pathway, 

demonstrating that 14-3-3β interacts with Bnip3, facilitating misoprostol-induced Bnip3 

trafficking from the ER and mitochondria, thereby preventing hypoxia- and Bnip3-induced 

changes in subcellular calcium localization and MPT. 

 

5.4 Materials and Methods 

In Vivo Neonatal Hypoxia Model and Adult Coronary Ligation Model: All procedures in this 

study were approved by the Animal Care Committee of the University of Manitoba, which adheres 

to the principles for biomedical research involving animals developed by the Canadian Council on 

Animal Care (CCAC). Litters of wild-type and/or Bnip3-null (embryonic deletion described 

previously (Diwan et al, 2007b)) C57BL/6 mouse pups and their dams were placed in a hypoxia 

chamber with 10% O2 (±1%) on postnatal day (PND) 3 for a period of 7 consecutive days. Control 

litters were left in normoxic conditions at 21% O2. Animals received 10 μg/kg misoprostol or 

saline control, administered through subcutaneous injection daily from PND3-10. At PND10 

animals were euthanized and perfused with saline for tissue collection. In the in vivo rodent model 

of myocardial infarction, the left coronary artery of Sprague Dawley rats was ligated 

approximately 2 mm from its origin, while sham operated rats serve as control (Dixon et al, 1990; 

Ghavami et al, 2015). Following recovery for 4 or 8 weeks, animals are anesthetized, the heart 
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excised, and the left anterior descending territory dissected for scar tissue and viable border-zone 

myocardium.  

 

In Vivo Assessment of Cardiac Function: Transthoracic echocardiography was performed on 

mildly anesthetized rats (sedated with 3% isofluorane in oxygen at 1 L/min, and maintained at 1-

1.5% isofluorane in oxygen at 1 L/min) at 10 days of age using a Vevo 2100 High-Resolution 

Imaging System equipped with a 30-MHz transducer (RMV-716; VisualSonics, Toronto) as 

described previously (Dolinsky et al, 2010).  

 

Cell Culture and Transfections: Rat primary ventricular neonatal cardiomyocytes (PVNC) were 

isolated from 1-2-day old pups using the Pierce Primary Cardiomyocyte Isolation Kit (#88281), 

which includes a cardiomyocyte growth supplement to reduce fibroblast contamination. H9c2 cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone), containing 

penicillin, streptomycin, and 10% fetal bovine serum (Hyclone). Media was supplemented with 

MEM Non-Essential Amino Acids Solution (Gibco) for MEFs. Cells were incubated at 37 °C and 

5% CO2. Human induced pluripotent stem cell-derived cardiomyocytes (H-iPSC-CMs) were 

obtained from Cellular Dynamics (iCell Cardiomyocytes #01434). iCell Cardiomyocytes were 

cultured in maintenance medium as per the manufacturer's protocol and differentiated for 72 hours. 

Cell lines were transfected using JetPrime Polyplus reagent, as per the manufacturer’s protocol. 

For misoprostol treatments, 10 mM misoprostol (Sigma) in phosphate buffered saline (PBS; 

Hyclone) was diluted to 10 μM directly in the media and applied to cells for 24 hours. To achieve 

hypoxia, cells were held in a Biospherix incubator sub-chamber with 1% O2 (±1%), 5% CO2, 

balanced with pure N2 (regulated by a Biospherix ProOx C21 sub-chamber controller) at 37 °C for 
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24 hours. For other drug treatments, BvO2, L161-982, L798-106, and H89 dihydrochloride (H89) 

were purchased from Sigma. 

 

Plasmids: Mito-Emerald (mEmerald-Mito-7) was a gift from Michael Davidson (Addgene 

#54160) (Planchon et al, 2011). The endoplasmic reticulum (CMV-ER-LAR-GECO1), and 

mitochondrial (CMV-mito-CAR-GECO1) targeted calcium biosensors were gifts from Robert 

Campbell (Addgene #61244, and #46022) (Wu et al, 2013). CMV-dsRed was a gift from John C. 

McDermott. The FRET-based ATP biosensor (ATeam1.03-nD/nA/pcDNA3) was a gift from 

Takeharu Nagai (Addgene plasmid #51958) (Kotera et al, 2010). The dimerization-dependent 

PKA biosensor (pPHT-PKA) was a gift from Anne Marie Quinn (Addgene #60936) (Ding et al, 

2015). pcDNA3-HA-14-3-3 beta (14-3-3β) was a gift from Michael Yaffe (Addgene #13270). The 

generation of mouse myc-Bnip3 (Addgene #100796) was described previously (Diehl-Jones et al, 

2015). The phospho-neutral mouse myc-Bnip3-T181A was generated by PCR using the New 

England Biolabs Q5 Site-Directed Mutagenesis Kit and primers Forward: 5’-CTAGTCTAGA 

ATGTCGCAGAGCGGGGAGGAGAAC-3’and Reverse: 5’-

GATCGGATCCTCAGAAGGTGCTAGTGGAAGTtgcCAG-3’. 

 

Fluorescent Staining, Live Cell Imaging and Immunofluorescence: MitoView Green, TMRM, 

Calcein-AM, ethidium homodimer-1, and Hoechst 33342 were purchased from Biotium. MitoSox 

was purchased from Life Technologies. MPTP imaging was described previously (Mughal et al, 

2018). Dye based calcium imaging was done with Rhod-2AM (Invitrogen, R1245MP) as per the 

manufacturer's protocol (including the production of dihyrdorhod-2 AM). Immunofluorescence 

with HMBG1 (CST # 3935), rodent specific Bnip3 (CST # 3769), TOM-20 (CST # 42406), and 
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SERCA (Sigma MA3-919) antibodies were performed in conjunction with fluorescent secondary 

antibodies conjugated to Alexa Fluor 466 or 647 (Jackson). All epifluorescent imaging 

experiments were done on a Zeiss Axiovert 200 inverted microscope fitted with a Calibri 7 LED 

Light Source (Zeiss) and Axiocam 702 mono camera (Zeiss) in combination with Zen 2.3 Pro 

imaging software. Confocal imaging was done on a Zeiss LSM700 Spectral Confocal Microscope 

in combination with Zen Black, which was also used for colocalization analysis, while FRET 

imaging was done using a Cytation 5 Cell Imaging Multi-Mode Reader. Quantification, scale bars, 

and processing including background subtraction, was done on Fiji (ImageJ) software. 

 

 Transmission Electron Microscopy (TEM): TEM imaging was performed according to a 

protocol described previously (Moghadam et al, 2018). Briefly, PND10 hearts were fixed (3% 

glutaraldehyde in PBS, pH 7.4) for 3 hours at room temperature. Hearts were treated with a post-

fixation step using 1% osmium tetroxide in phosphate buffer for 2 hours at room temperature, 

followed by an alcohol dehydration series before embedding in Epon. TEM was performed with a 

Philips CM10, at 80 kV, on ultra-thin sections (100 nm on 200 mesh grids). Hearts were stained 

with uranyl acetate and counterstained with lead citrate. 

 

Immunoblotting: Protein isolation and quantification was performed as described previously 

(Field et al, 2018). Extracts were resolved via SDS-PAGE and later transferred to a PVDF 

membrane using an overnight transfer protocol. Immunoblotting was carried out using primary 

antibodies in 5% powdered milk or BSA (as per the manufacturer’s instructions) dissolved in 

TBST. Horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories; 1:5000) were used in combination with enhanced chemiluminescence (ECL) to 
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visualize bands. The following antibodies were used: HMGB1 (CST # 3935), Rodent-specific 

Bnip3 (CST # 3769), Myc-Tag (CST # 2272), HA-Tag (CST # 3724), Actin (sc-1616), and Tubulin 

(CST #86298). For detection of phosphorylation of Bnip3 at threonine-181, a custom rabbit 

polyclonal antibody was generated by Abgent using the following peptide sequence: 

AIGLGIYIGRRLp(T)TSTSTF. 

 

Quantitative PCR: Total RNA was extracted from pulverized frozen tissue or from cultured cells 

by TRIzol method. cDNA was generated using SuperScript IV VILO Master Mix with ezDNase 

(Thermo #11766050) and q-RT-PCR performed using TaqMan Fast Advanced master mix 

(Thermo #4444965) on a CFX384 Real-Time PCR Instrument. The primers used were provided 

through ThermoFisher custom plating arrays (see supplement 1 and 2 for assay list).  

 

Cardiac and Cellular Lactate, ATP and Oxygen Consumption: Cardiac lactate was quantified 

using the bioluminescent Lactate-Glo™ Assay (Promega #J5021) in deproteinized PND10 heart 

samples, as per the manufacturer's protocol. Luminescence was detected and quantified using a 

Fluostar Optima microplate reader (BMG Labtech, Ortenberg, Germany). Cardiac and H9c2 ATP 

content was determined using a the Adenosine 5′-triphosphate (ATP) Bioluminescent Assay Kit 

(Sigma #FLAA-1KT), and normalized to DNA content as described previously (Seshadri et al, 

2017). Oxygen consumption was determined on a Seahorse XF-24 Extracellular Flux Analyzer in 

combination with Seahorse Mitochondrial Stress Test with drug concentrations as follows: 1 uM 

Oligomycin, 2 uM FCCP and 1 uM rotanone/antimycin A (Agilent Seahorse #103015-100). 

Calculated oxygen consumption rates were determined as per the manufacturer's instructions 

(Mitochondrial Stress Test; Seahorse). 
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Mitochondrial Swelling and CRC Assays: Mitochondrial swelling and calcium retention capacity 

(CRC) assays were performed using a cuvette–based fluorometric system (Horiba Scientific) 

which allows for the simultaneous detection of both fluorescence and absorbance, as described 

previously (Karch et al, 2019). Hearts were minced in mitochondrial isolation buffer and 

homogenized using a 2 mL Teflon-glass homogenizer. Mitochondria were enriched by differential 

centrifugation at 4°C. The mitochondrial isolation buffer consisted of 225 mM mannitol, 75 mM 

sucrose, 5 mM HEPES, and 1 mM EGTA, pH 7.4. Within the cuvette, 2 mg of mitochondria were 

incubated with 250 nM Calcium Green-5N (Invitrogen), 7 mM pyruvate (Sigma-Aldrich), and 1 

mM malate (Sigma-Aldrich) in 1 ml of hypotonic KCl buffer (125 mM KCl, 20 mM HEPES, 2 

mM KH2PO4, 40 μM EGTA, pH 7.2). In some experiments, mitochondria were incubated with 10 

μM misoprostol for 5 minutes prior to the start of the assay. Mitochondria were then pulsed with 

sequential additions of CaCl2 (20 μM) over specific increments of time until mitochondrial 

swelling occurred. 

 

Phospho Peptide Mapping: Synthetic peptides (GeneScript) were resuspended at a concentration 

of 1 mg/ml. These peptides were used as the substrate in a PKA kinase assay kit (New England 

Biolabs, #P6000S) according to the manufacturer’s instructions, with the exception that [32P]-

ATP was replaced with fresh molecular biology grade ATP. The Kemptide substrate (Enzo Life 

Sciences; #P-107; LRRASLG) was used as a positive control in each assay. Before mass 

spectrometry analysis, kinase assays were prepared using C18 ZipTips (EMD Millipore, 

Etobicoke, ON, Canada). Samples in 50% acetonitrile and 0.1% formic acid were introduced into 

a linear ion-trap mass spectrometer (LTQ XL: ThermoFisher, San Jose, CA, USA) via static 
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nanoflow, using a glass capillary emitter (PicoTip: New Objective, Woburn, MA, USA), as 

described previously (Mughal et al, 2015). 

 

Statistics: Data are presented as mean ± standard error (S.E.M.) from 3 independent cell culture 

preparations. Differences between groups in imaging experiments with only 2 conditions were 

analyzed using an unpaired t-test, where (*) indicates P<0.05 compared with control. Experiments 

with 4 or more conditions were analyzed using a 1-way ANOVA, or 2-way ANOVA where 

appropriate, with subsequent Tukey test for multiple comparisons, where (*) indicates P<0.05 

compared with control, and (**) indicates P<0.05 compared with treatment. All statistical analysis 

was done using GraphPad Prism software. 

 
4.5 Results 

Misoprostol prevents hypoxia-induced contractile and mitochondrial dysfunction in vivo. 

While clinical data suggests that preterm birth and neonatal hypoxia are major drivers of 

cardiac dysfunction, we were first interested in determining if we could replicate this using our 

previously described model of neonatal hypoxia, combined with daily misoprostol treatment from 

postnatal day (PND) 3-10 (Fig. 1A) (Field et al, 2018; Martens et al, 2020).  

 

V-Figure 1: Graphical representation of neonatal hypoxia model. 
(A) Schematic of the mouse model of neonatal hypoxia, where mice are exposed to hypoxia (10% O2) ± 10 
μg/kg misoprostol daily from post-natal day (PND) 3-10. 
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In our model, transthoracic echocardiography demonstrated signs of significant contractile 

dysfunction in hypoxic animals on PND10, which included reductions in both fractional shortening 

(FS) and ejection fraction (EF) (Figure 2A, B). Pulsed wave tissue doppler imaging was used to 

further assess diastolic function via analysis of mitral anulus peak velocities during early (E’) and 

atrial (A’) filling.  Here, E’ represents the velocity (volume of blood per unit time) moving across 

the mitral annulus in response to left ventricular (LV) relaxation, a measure normally much greater 

than A’, which represents the velocity (volume of blood per unit time) generated by atrial 

contraction. As LV diastolic function fails, E’ falls below A’ which can be observed as a drop in 

the E’/A’ ratio, a clinically relevant measure of diastolic function. In doing this we observed that 

hypoxic animals had significantly reduced E’/A’ ratios, when compared to their normoxic control 

counterparts, indicative of reduced LV diastolic function (Figure 2C). At the same time, the 

myocardial performance index (MPI), a commonly used indicator that when elevated is suggestive 

of LV dysfunction, was significantly increased in PND10 hypoxic mouse pups (Figure 2D). We 

also observed that when hypoxic animals were concurrently treated with misoprostol, contractility 

and filling of the heart were returned to normoxic control levels (Figure 2A-D).  

Importantly, additional measures of LV dysfunction were performed via 

echocardiography, including isovolumic relaxation time (IVRTc), a measure of the length of time 

between aortic ejection and LV filling. While we observed that hypoxic mouse pups had 

significantly increased IVRTs compared to control, indicative of poor LV relaxation, misoprostol 

treatment failed to statistically return this measure back to normoxic control levels (Figure 2E).  



 214 

 

V-Figure 2: Misoprostol prevents hypoxia-induced contractile dysfunction in the neonatal mouse 
heart. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. Transthoracic echocardiography was then used to assess fractional 
shortening, the percentage change in left ventricular (LV) diameter during contraction, in 7-9 PND10 mice 
per condition. Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 
compared with hypoxia treatment, determined by 2-way ANOVA. 

(B) Mice were treated as in (A), transthoracic echocardiography was then used to assess ejection fraction, 
the percentage (%) of LV end-diastolic volume released with each contraction, in 7-9 PND10 mice per 
condition. Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 
compared with hypoxia treatment, determined by 2-way ANOVA. 

(C) Mice were treated as in (A), pulsed wave tissue doppler imaging was then used to assess mitral valve 
peak velocities during early (E’, LV contraction) and atrial (A’) filling, which are represented as a ratio of 
E’/A’. This was performed in 7-9 PND10 mice per condition. Data are represented as mean ± S.E.M. *P < 
.05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA. 

(D) Mice were treated as in (A), transthoracic echocardiography was then used to assess myocardial 
performance index (MPI), calculated by adding LV isovolumic relaxation time and isovolumic contraction 
time divided by ejection time, in 7-9 PND10 mice per condition. Data are represented as mean ± S.E.M. *P 
< .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA.  

(E) Mice were treated as in (A), transthoracic echocardiography was then used to assess isovolumic 
relaxation time (IVRT), a measure of the length of time between aortic ejection and LV filling. This value 
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was then corrected for heart rate (expressed as IVRTc), in 7-9 PND10 mice per condition. Data are 
represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia 
treatment, determined by 2-way ANOVA. 

 
In an effort to understand the underlying mechanism of this dysfunction, we ran targeted 

PCR arrays to assess the expression of genes associated with mitochondrial energy metabolism 

and various cell death pathways (Figure 3A). Through this approach we found that there was a 

change in the abundance of mRNAs associated with the mitochondrial electron transport chain 

(ETC), in particular there was a reduction in the abundance of mRNAs for proteins associated with 

complex-1 (NADH ubiquinone oxidoreductase) (Figure 3A), a phenomena which has previously 

been linked to mitochondrial dysfunction, fragmentation and bioenergetic collapse (Rikka et al, 

2011). Additionally, we observed that mRNAs associated with ATP synthase, the terminal step of 

electron transport and main beneficiary of a well-developed proton motive force, were also less 

abundant in the PND10 hypoxic heart, relative to normoxic control animals (Figure 3A).  

When we examined cell death pathways, we found that a number of mRNAs for regulators 

of apoptosis and necrosis were reduced in abundance, including induced myeloid leukemia cell 

differentiation protein (Mcl-1), Ras-Related Protein Rab-25 (Rab25), CASP8 and FADD Like 

Apoptosis Regulator (Cflar), and cyclophilin D (CYPD) (Figure 3A). At the same time hypoxia 

increased the abundance of mRNAs for proteins that drive extrinsic cell death and inflammation 

like, Tumor Necrosis Factor Receptor Superfamily Member 5 (CD40), Fas Cell Surface Death 

Receptor (Fas), TNF Receptor Associated Factor 2 (Traf2), DNA Fragmentation Factor Subunit 

Alpha (Dffa) and interleukins (IL) 17a and 12a (Figure 3A).  

Given the central role of Bnip3 in hypoxic cell stress, and connections to mitochondrial 

energy metabolism and cell death, we also assessed its expression by Western blot analysis and 
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observed that Bnip3 immunoreactivity was significantly increased in the hypoxic PND10 heart, 

and partially reduced by misoprostol treatment (Figure 3B, C).   

 

V-Figure 3: Hypoxia exposure alters mRNA abundance for mitochondrial, cell death, and 
inflammatory proteins in the neonatal mouse heart. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. PCR-based arrays were then performed on RNA isolated from ventricles 
(n=3 animals per group). Green indicates a downregulation of expression (<1), and red indicates an 
upregulation of expression (>1), relative to the normoxic control (1).  

(B) Mice were treated as in (A), protein extracts from PND10 hearts were then immunoblotted for Bnip3 
as indicated. Data shown representative of 6-9 PND10 mice per condition. 

(C) Quantification of Bnip3 protein expression in (B). Blots were subjected to densitometric analysis 
relative to tubulin for 6-9 animals per group. Data are represented as mean ± S.E.M. *P < .05 compared 
with control, while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA.   

 

We were interested in determining if the hypoxic PND10 heart was demonstrating signs of 

mitochondrial dysfunction. To do this, we assessed cardiac ATP content, and observed that after 

7 days of exposure to hypoxia there was a significant reduction in ATP in the neonatal heart (Figure 

4A). Importantly, when we combined hypoxia with misoprostol treatment in these animals, ATP 
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content was elevated significantly beyond that observed in the normoxic control animals (Figure 

4A). In keeping with a potential failure in oxidative phosphorylation, we next assessed lactate 

content in the hypoxic PND10 heart using a bioluminescent assay. In doing this, we found the 

opposite of what we observed with ATP in that there was a 33% increase in lactate concentration 

in hypoxic animals, when compared to controls (Figure 4B). Daily misoprostol treatment during 

exposure to hypoxia significantly reduced lactate production in the PND10 mouse heart (Figure 

4B). We then used transmission electron microscopy (TEM) to visualize mitochondrial 

morphology in the hypoxic neonatal mouse heart. This analysis revealed that hypoxia both reduced 

mitochondrial size and altered their structure when compared to normoxic controls; however, these 

changes were prevented with hypoxic animals were treated with misoprostol (Figure 4C).   

 

V-Figure 4: Misoprostol prevents hypoxia-induced mitochondrial dysfunction in the neonatal 
mouse heart. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. Adenosine triphosphate (ATP) content was then measured in the PND10 
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mouse ventricles (n=6-8 animals per condition). Data are represented as mean ± S.E.M. *P < .05 compared 
with control, while **P < .05 compared with hypoxia treatment, determined by 2-way ANOVA.   

(B) Mice were treated as in (A). Cardiac lactate content was then measured in the PND10 mouse ventricles 
(n=6-8 animals per condition). Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 2-way ANOVA.   

(C) Mice were treated as in (A), hearts were then fixed and imaged via transmission electron microscopy. 
Images showing mitochondrial morphology. Data shown representative of 3 PND10 mice per condition. 

 
Building on the biochemical indicators of bioenergetic collapse and the increased 

abundance of mRNAs for proteins involved extrinsic apoptosis, necrosis and inflammation, we 

were interested in potential role of necrosis and necroptosis in hypoxic PND10 hearts. To this end, 

we assessed LV high mobility group box 1 (HMGB1) localization in our model of neonatal 

hypoxia. Using immunofluorescence, hypoxic LVs demonstrated a significant decrease in 

HMGB1 nuclear localization (Figure 5A). However, when hypoxia was combined with daily 

misoprostol treatment, HMGB1 remained in the nucleus, as observed in normoxia (Figure 5A).  

 

V-Figure 5: Misoprostol prevents HMGB1 release in the hypoxia-exposed neonatal heart. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. Hearts were then fixed, stained with DAPI (Blue), and 
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immunofluorescence was performed for high mobility group box 1 (HMGB1, red). Hearts were imaged 
via confocal microscopy. Data shown representative of 4 PND10 mice per condition. 
 

These results indicate that the hypoxic heart may be undergoing bioenergetic collapse and 

early signs of cell death, resulting in significant alterations in contractile function concurrent with 

elevated Bnip3 expression.  

 
Misoprostol prevents hypoxia-induced mitochondrial dysfunction in rodent and human 

cardiomyocytes. 

In order to investigate if misoprostol could modulate hypoxia-induced mitochondrial 

dysfunction at the cellular level, we employed cultured primary ventricular neonatal 

cardiomyocytes (PVNCs), isolated from PND 1–2 rat pups. When exposed to hypoxia for 24 hours 

we observed a significant increase in mitochondrial fragmentation when compared to normoxic 

control cells (Figure 6A, B), consistent with our TEM data, and commonly associated with 

mitochondrial dysfunction and complex-1 deficiency. However, when PVNCs were concurrently 

exposed to hypoxia and treated with misoprostol, fragmentation was absent, and mitochondria 

returned to their normal branching and networked appearance (Figure 6A, B).  

 

V-Figure 6: Misoprostol prevents hypoxia-induced mitochondrial fragmentation in primary 
neonatal cardiomyocytes. 
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(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. Cells were stained with Hoechst (blue), and 
MitoView Green to show mitochondrial morphology. Cells were then imaged by standard fluorescence 
microscopy.  

(B) Quantification of PVNC mitochondrial morphology in (A), where the number of cells with elongated 
and fragmented mitochondria are expressed as a percentage of all transfected cells in 30 random fields, 
across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA.   

 
Due to the previously reported association between fragmentation and mitochondrial 

dysfunction, we next performed a number of functional assays to assess the response of PVNC 

mitochondria to hypoxia. To do this we used TMRM, a cell-permeant red fluorescent dye, to assess 

mitochondrial membrane potential (ΔѰm). We observed that hypoxia significantly reduced ΔѰm 

when compared to normoxic controls, which was restored by misoprostol treatment (Figure 7A). 

We were further interested in determining if this observation translated to human induced 

pluripotent stem cell (IPSC)-derived cardiomyocytes (H-iPSC-CMs). We observed that hypoxia 

significantly reduced mitochondrial membrane potential in these H-iPSC-CMs, and misoprostol is 

able to prevent this effect, consistent with the PVNC results (Figure 7B, C). We next moved to 

assess the production of mitochondrial derived superoxide, a common and potent cytotoxic free 

radical, using MitoSOX staining. We observed that hypoxia markedly increased mitochondrial 

superoxide production well above that of control levels but was completely abrogated in the 

presence of misoprostol (Figure 7D, E).  
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V-Figure 7: Misoprostol prevents hypoxia-induced mitochondrial dysfunction in myocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. Cells were then stained with TMRM (red) 
and Hoechst (blue) and imaged by standard fluorescence microscopy. Red fluorescent signal was 
normalized to cell area and quantified in 30 random fields, across 3 independent experiments. Data are 
represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia 
treatment, determined by 1-way ANOVA.   

(B) Human induced pluripotent stem cell-derived cardiomyocytes (H-IPSC-CMs) were treated as in (A).  
Cells were then stained with TMRM (red) and Hoechst (blue) and imaged by standard fluorescence 
microscopy.  

(C) Quantification of H-IPSC-CMs in (B), as in (C) across 10 random fields. Data are represented as mean 
± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined 
by 1-way ANOVA.   

(D) PVNCs treated as in (A). Cells were then stained with MitoSOX (Red), a mitochondrial superoxide-
specific dye, and Hoechst (blue) and imaged by standard fluorescence microscopy.  

(E) Quantification of PVNCs in (D), where red fluorescent signal was normalized to cell area and quantified 
in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 
compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA.   
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Next, we investigated how hypoxia alters subcellular calcium dynamics and impacts 

mitochondrial permeability transition. To do this, we stained cardiomyocytes with a reduced form 

of Rhod-2AM (dihydrorhod2-AM), which provides specificity for mitochondrial calcium imaging. 

We observed that 24 hours of hypoxia significantly increased mitochondrial calcium content 

relative to that of the normoxic controls, in both PVNCs and H-iPSC-CMs (Figure 8A-C). 

However, when hypoxic cardiomyocytes were co-treated with misoprostol, the observed hypoxia-

dependent increase in mitochondrial calcium was prevented (Figure 8A-C). Given the previously 

published links between mitochondrial calcium accumulation and MPT, we assessed MPT in 

hypoxic cardiomyocytes using the calcein-CoCl2 method. Consistent with the calcium results, 

hypoxia exposure resulted in a loss of mitochondrial puncta, indicative of permeability transition, 

while cells that were concurrently treated with hypoxia and misoprostol maintained mitochondrial 

staining comparable to control levels (Figure 8D). Using a mitochondrial-targeted biosensor that 

fluoresces red in the presence of acidic pHs, like those found in the lysosome, we also assessed 

the effects of hypoxia on mitophagy in H9c2 cells. Hypoxia significantly increased mitochondrial 

acidification; however, this was prevented in the presence of misoprostol (V - Supplemental Figure 

1A, B).  

Using extracellular flux analysis, we examined the effects of mitochondrial dysfunction on 

oxidative phosphorylation. As shown in Figure 8E, myocyte hypoxia significantly reduced basal, 

maximal and spare respiratory capacity, which further resulted in a significant reduction in 

mitochondrial ATP production. However, consistent with what was seen in vivo, the addition of 

misoprostol during hypoxia abrogated this effect, preventing respiratory collapse in primary 

neonatal cardiomyocytes (Figure 8E).   
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V-Figure 8: Misoprostol prevents hypoxia-induced mitochondrial calcium accumulation, 
permeability transition, and respiratory failure in myocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. Cells were then stained with dihyrorhod-
2AM (Red)  and Hoechst (blue) and imaged by standard fluorescence microscopy. Red fluorescent signal 
was normalized to cell area and quantified in 30 random fields, across 3 independent experiments. Data are 
represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia 
treatment, determined by 1-way ANOVA. 

(B) Human induced pluripotent stem cell-derived cardiomyocytes (H-IPSC-CMs) were treated as in (A).  
Cells were then stained with dihyrorhod-2AM (Red) and Hoechst (blue) and imaged by standard 
fluorescence microscopy.  

(C) Quantification of H-IPSC-CMs in (B), where red fluorescent signal was normalized to cell area and 
quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(D) Quantification of PVNC’s treated as in (A). Cells were stained with Hoechst (blue) and calcein-AM 
quenched by cobalt chloride (CoCl2, 5 μM) to assess permeability transition. Green fluorescence was 
normalized to cell area and quantified in 30 random fields, across 3 independent experiments. Data are 
represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia 
treatment, determined by 1-way ANOVA. 

(E) Calculated oxygen consumption rates (OCR) determined by Seahorse XF-24 analysis of PVNCs treated 
as in (A), to evaluate mitochondrial respiratory function in >15 wells per condition, across 3 independent 
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experiments. Data are represented as mean ± S.E.M. *P < 0.05 compared with control, determined by 1-
way ANOVA. 

 

While these results demonstrate that hypoxia results in mitochondrial dysfunction, we also 

wanted to determine if the downstream result was ultimately cell death. In order to do this we 

performed live/dead assays using ethidium homodimer-1 to mark the nuclei of cells that had lost 

their membrane integrity, a common characteristic of necrotic cell death (Galluzzi et al, 2018). 

With this approach we observed that hypoxia significantly increased the percentage of red-staining 

nuclei by 173% when compared to normoxic controls, however myocytes treated with misoprostol 

displayed levels of cell death similar to that of control cells (Figure 9A). To further understand the 

underlying mechanism of cell death in hypoxia-induced cardiomyocyte pathology we again 

assessed HMGB1 localization. Hypoxic PVNCs demonstrated a significant decrease in nuclear 

HMGB1 immunofluorescence, concurrent with an increase in HMGB1 secreted into the culture 

media (Figure 9B-D). Consistent with the live/dead results, the addition of misoprostol during 

hypoxia restored HMGB1 to the nucleus and decreased its presence in the media, resembling the 

distribution observed in normoxic control cells (Figure 9B-D). Taken together, these results 

indicate that misoprostol prevents hypoxia-induced mitochondrial dysfunction, and necrotic cell 

death in neonatal cardiomyocytes. 
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V-Figure 9: Misoprostol prevents hypoxia-induced necrotic cell death in primary neonatal 
cardiomyocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. Live cells were stained with calcein-AM 
(green), and necrotic cells were stained with ethidium homodimer-1 (red). Percent (%) dead was calculated 
across 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < 
.05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way 
ANOVA. 

(B) PVNC’s treated as in (A). Cells were then fixed, stained with Hoechst (blue), and immunofluorescence 
was performed using a high mobility group box 1 (HMGB1) primary antibody (green).  Cells were then 
imaged by standard fluorescence microscopy.  

(C) Quantification of PVNCs in (B), where Green fluorescence was normalized to nuclear area and 
quantified in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(D) PVNCs were treated as in (A), after exposure cell culture media was collected and concentrated via 
centrifugation. Immunoblots of concentrated filtered media was then performed and probed as indicated. 
Total protein was determined by Coomassie brilliant blue staining.  
 
Misoprostol prevents Bnip3-induced mitochondrial dysfunction and cell death. 

 Given the central role that Bnip3 has previously been shown to play in the evolution of 

hypoxic injury in the heart, we also wanted to assess its expression in our model  
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(Regula et al, 2002; Field et al, 2018). Using PVNCs we observed that hypoxia exposure increased 

Bnip3 immunoreactivity (Figure 10A, B). Consistent with our previously published results, the 

addition of misoprostol to PVNCs during hypoxia reduced Bnip3 immunofluorescence, however 

it still remained elevated relative to the levels observed in the normoxic control cells (Figure 10A, 

B) (Field et al, 2018).  

 

V-Figure 10: Hypoxia enhanced Bnip3 immunofluorescence in primary neonatal 
cardiomyocytes. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. Cells were fixed, stained with Hoechst (blue), 
and immunofluorescence was performed using a Bnip3 primary antibody (green).  Cells were then imaged 
by standard fluorescence microscopy.  

(B) Quantification of PVNCs in (A), where green fluorescence was normalized to cell area and quantified 
in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 
compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

 
To determine if a direct link exists between the effects of hypoxia on mitochondrial 

function and the abundance of Bnip3 immunoreactivity, we used fibroblasts isolated from mouse 

embryos possessing a genetic deletion for Bnip3 (Bnip3-/- MEFs), which were described 

previously (Azad et al, 2008; Diwan et al, 2007b). Using western blot analysis, we observed that 

hypoxia increased Bnip3 immunoreactivity in wild-type (WT) MEFs, but not in the Bnip3-/- MEFs 

(Figure 11A). TMRM analysis revealed that in WT MEFs hypoxia significantly reduced ΔѰm 
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when compared to normoxic cells, a phenomenon that was absent in the Bnip3-/- MEFs (Figure 

11B, C). Importantly, misoprostol restored mitochondrial membrane potential in WT MEFs 

(Figure 11B, C). We next assessed mitochondrial calcium accumulation using dihydrorhod2-AM. 

Hypoxia increased mitochondrial calcium in the WT MEFs, but not in Bnip3-/- MEFs. Consistent 

with our PVNC results, misoprostol prevented mitochondrial calcium accumulation in WT cells 

(Figure 11D). In addition, Bnip3-/- MEFs were less susceptible to hypoxia-induced MPT when 

compared to WT MEFs, which demonstrated a significant reduction in mitochondrial puncta in 

response to hypoxia. These effects of hypoxia were prevented by misoprostol (Figure 11E).  

 

V-Figure 11: Hypoxia-induced mitochondrial perturbations are prevented by genetic deletion of 
Bnip3. 

(A) Wild-type (WT) and Bnip3-/- mouse embryonic fibroblasts (MEFs) were treated with 10 μM 
misoprostol (Miso) and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. Protein extracts were 
then immunoblotted, as indicated.   
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(B) WT and Bnip3-/- MEFs were treated as in (A). Cells were then stained with TMRM (red) and Hoechst 
(blue) and imaged by standard fluorescence microscopy. 

(C) Quantification of MEFs in (B) where red fluorescent signal was normalized to cell area and quantified 
in 15 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 
compared with control, while **P < .05 compared with hypoxia treatment, determined by 3-way ANOVA. 

(D) WT and Bnip3-/- MEFs treated as in (A). Cells were stained with Hoechst (blue) and dihydrorhod-2AM 
to stain mitochondrial calcium. Red fluorescent signal was then normalized to cell area and quantified in 
15 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 
compared with control, while **P < .05 compared with hypoxia treatment, determined by 3-way ANOVA. 

(E) WT and Bnip3-/- MEFs were treated as in (A). Cells were stained with Hoechst (blue) and calcein-AM 
quenched by cobalt chloride (CoCl2, 5 μM) to assess permeability transition. Green fluorescence was then 
normalized to cell area and quantified in 15 random fields, across 3 independent experiments. Data are 
represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia 
treatment, determined by 3-way ANOVA. 

 
Given that Bnip3 immunoreactivity is elevated in our cellular model of hypoxia, we next 

wanted to determine if misoprostol had a direct effect on Bnip3. We used gain-of-function 

transfection studies in H9c2 cells and assessed markers of mitochondrial dysfunction. H9c2 cells 

were transfected with Bnip3, or empty vector control, along with mito-Emerald to visualize 

mitochondrial morphology. As shown in Figure 12A and B, Bnip3 overexpression alone 

significantly altered mitochondrial morphology, resulting in a more fragmented appearance 

overall. Importantly, when Bnip3-overexpressing cells were treated with misoprostol this effect 

was lost and mitochondria retained a branching and networked appearance (Figure 12A, B). Given 

the role of Opa1 in the regulation of mitochondrial morphology, and its documented interaction 

with Bnip3, we also tested if overexpression of Opa1 rescues Bnip3-induced mitochondrial 

fragmentation. In doing this we observed that Bnip3 expression consistently resulted in 

mitochondrial fragmentation, but this effect was lost with the addition of Opa1 (Figure 12C). Using 

TMRM we additionally observed that Bnip3 overexpression induced mitochondrial 

depolarization, resulting in a 43% reduction in ΔѰm when compared to control (Figure 12D, E). 

However, Bnip3 overexpression was unable to reduce ΔѰm in the presence of misoprostol (Figure 

12D, E).  
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V-Figure 12: Misoprostol prevents Bnip3-induced mitochondrial fragmentation and 
depolarization. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 and treated with 10 μM misoprostol 
(Miso) or PBS control for 16 hours. Mito-Emerald (green) was included in all conditions to show 
transfected cells and mitochondrial morphology. Cells were then stained with Hoechst (blue) and imaged 
by standard fluorescence microscopy.  

(B) Quantification of H9c2 mitochondrial morphology in (A), where the number of cells with elongated 
and fragmented mitochondria are expressed as a percentage of all transfected cells in 30 random fields, 
across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with Bnip3 treatment, determined by 1-way ANOVA. 

(C) H9c2 cells were transfected with pcDNA3 (control), Myc-Bnip3, and/or myc-OPA. Mito-Emerald 
(green) was included in all conditions to show transfected cells and mitochondrial morphology. Cells were 
then stained and imaged as in (A) and quantified as in (B) in 30 random fields, across 3 independent 
experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 
compared with Bnip3 treatment, determined by 1-way ANOVA. 

(D) H9c2 cells treated as in (A). CMV-GFP was included in all conditions to indicate transfected cells. 
Cells were then stained and imaged as in (A). Outline indicates transfected cells, detected with CMV-GFP. 

(E) Quantification of H9c2 cells in (D), where red fluorescent signal was normalized to cell area and 
quantified in 15 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, determined by 1-way 
ANOVA. 
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We next investigated the underlying mechanism of Bnip3-induced mitochondrial 

dysfunction, focusing on the role of subcellular calcium. To do this we employed organelle-

targeted, genetically-encoded calcium biosensors (GECOs) that fluoresce red in the presence of 

calcium. When we expressed the ER-targeted calcium biosensors (ER-LAR-GECO) in H9c2 cells 

we observed that Bnip3 overexpression significantly reduced ER calcium stores, when compared 

to control (Figure 13A, B). The mitochondrial-targeted calcium indicator (Mito-CAR-GECO) 

demonstrated a Bnip3-dependent increase in mitochondrial calcium (Figure 13C, D). Together this 

data suggests that Bnip3-induced a shift of calcium from the ER to the mitochondria, consistent 

with previous observations in a neuronal cell line (Zhang et al, 2009b). We further demonstrated 

that this shift in calcium was completely prevented by misoprostol (Figure 13A-D). We also 

evaluated if Bnip3-induced mitochondrial calcium accumulation was impacting MPT. Using 

calcein staining with cobalt chloride, we observed that Bnip3 overexpression significantly reduced 

the number of cells with mitochondrial puncta by nearly 30%, indicating that MPT was actively 

occurring in these cells (Figure 13E). In addition, we confirmed that misoprostol prevented Bnip3-

induced MPT in H9c2 cells (Figure 13E). Additionally, we used immunofluorescence to assess 

the colocalization of LC-3 and the mitochondria in Bnip3 overexpressing cells. In doing this we 

found that Bnip3 resulted in a punctate LC-3 signal that overlaid with the mitochondria. However, 

this observation was absent with the addition of misoprostol in Bnip3 overexpressing H9c2 cells 

(V – Supplemental Figure 1B, C).   
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V-Figure 13: Misoprostol prevents Bnip3-induced subcellular calcium perturbations and 
mitochondrial permeability transition. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 and treated with 10 μM misoprostol 
(Miso) or PBS control for 16 hours. ER-LAR-GECO (red) was included in all conditions to indicate ER 
calcium content. Cells were then stained with Hoechst (blue) and imaged by standard fluorescence 
microscopy.   

(B) Quantification of H9c2 cells in (A), where red fluorescent signal was normalized to cell area and 
quantified in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, determined by 1-way 
ANOVA. 

(C) H9c2 cells were treated as in (A). Mito-CAR-GECO (red) was included in all conditions to indicate 
mitochondrial calcium content. Cells were stained and imaged as in (A).  

(D) Quantification of H9c2 cells in (C) as in (B) in 30 random fields, across 3 independent experiments. 
Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with 
Bnip3 treatment, determined by 1-way ANOVA.  

(E) H9c2 cells were treated as in (A). CMV-ds.RED was included in all conditions to indicate transfected 
cells. Cells were stained with Hoechst (blue) and calcein-AM quenched by cobalt chloride (CoCl2, 5 μM) 
to assess permeability transition. Green fluorescence was then normalized to cell area and quantified in 15 
random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared 
with control, while **P < .05 compared with Bnip3 treatment, determined by 1-way ANOVA. 
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Next, we determined if Bnip3-induced mitochondrial dysfunction led to a depletion of 

cellular ATP stores and bioenergetic collapse. Using the FRET-based ATeam biosensor to detect 

cytosolic ATP levels (Kotera et al, 2010), we observed that ATP content was significantly reduced 

in Bnip3-expressing H9c2 cells and that this effect was completely prevented in misoprostol-

treated cells (Figure 14A). Complementary to what we observed with acute hypoxia exposure, 

Bnip3-induced mitochondrial dysfunction and bioenergetic collapse in H9c2 cells translated into 

a significant increase in the number dead cells per field, which was also prevented with misoprostol 

treatment (Figure 14B). Together this data indicates that misoprostol is capable of inhibiting Bnip3 

function and restoring mitochondrial calcium homeostasis. 

 

V-Figure 14: Misoprostol prevents Bnip3-induced energetic collapse and necrotic cell death. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 and treated with 10 μM misoprostol 
(Miso) or PBS control for 16 hours.  ATeam was transfected in all conditions to indicate cytosolic adenosine 
triphosphate (ATP) content. Cells were imaged by FRET-based microscopy. FRET-YFP (ATP) signal was 
then divided by the YFP (unbound biosensor) signal in 15 random fields across 3 independent experiments. 
Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with 
Bnip3 treatment, determined by 1-way ANOVA.  

(B) H9c2 cells were treated as in (A). Live cells were stained with calcein-AM (green), and necrotic cells 
were stained with ethidium homodimer-1 (red). Percent (%) dead was calculated in 30 random fields, across 
3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, while 
**P < .05 compared with Bnip3 treatment, determined by 1-way ANOVA. 
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Misoprostol modulates a novel PKA phosphorylation site on Bnip3 at Thr-181. 

Next, we sought to determine if misoprostol was acting directly on the mitochondria or if 

a plasma membrane mediator was involved in this response. To do this we used isolated 

mitochondria from the whole rat heart, in combination with mitochondrial calcium retention 

capacity (CRC) and mitochondrial swelling assays that were treated directly with misoprostol or 

vehicle. Shown in Figure 15A and B, misoprostol treatment had no effect on the calcium retention 

capacity, or the optical absorbance of isolated mitochondria treated with exogenous calcium.   

 

V-Figure 15: Misoprostol has no effect on isolated mitochondrial swelling and calcium retention 
capacity. 

(A) Mitochondria were isolated from adult rat hearts and treated with 10 μM misoprostol (Miso) or PBS 
control for 5 minutes. Mitochondrial calcium retention capacity (CRC), a measure of the capability of 
mitochondria to retain calcium was analyzed via a cuvette–based fluorometric system in response to 
sequential pulses of CaCl2 (20 μM, indicated by arrows) over 20 minutes. 

(B) Mitochondrial were isolated and treated as in (A). Mitochondrial swelling was analyzed via a cuvette–
based absorbance system in response to CaCl2 (20 μM, indicated by arrow) challenge over 20 minutes. 

 
As misoprostol did not affect mitochondrial swelling or calcium accumulation directly, we 

investigated the role of prostaglandin cell surface receptors. We differentially inhibited the 

prostaglandin EP3 and EP4 receptors, which are both known to be enriched in the heart. Using 

TMRM to monitor ΔѰm, we applied L161,982, an EP4 receptor antagonist, in combination with 

hypoxia and misoprostol treatments. Consistent with our observations in PVNCs, misoprostol 

treatment prevented hypoxia-induced mitochondrial depolarization, but importantly this rescue 
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was completely lost when binding to the EP4 receptor was inhibited (Figure 16 A, B). Conversely, 

EP3 receptor antagonism with L798106 had no effect on misoprostol’s ability to restore ΔѰm 

during hypoxic stress (Figure 16C, D).  

 

V-Figure 16: Misoprostol prevents hypoxia-induced mitochondrial depolarization via EP4 
receptor signaling. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 1% O2 
(HPX) for 24 hours. 10 μM L161,982 was also included in half of the conditions to inhibit EP4 receptors. 
Cells were stained with TMRM (red) and Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of H9c2 cells in (A), where red fluorescent signal was normalized to cell area and 
quantified in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA. 

(C) H9c2 cells were treated as in (A). 1 μM L798106 was also included in half of the conditions to inhibit 
EP3 receptors. Cells were stained with TMRM (red) and Hoechst (blue) and imaged by standard 
fluorescence microscopy.  

(D) Quantification of H9c2 cells in (C), as in (B) in 30 random fields, across 3 independent experiments. 
Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with 
hypoxia treatment, determined by 2-way ANOVA. 
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In addition, we expressed a plasmid-based fluorescent protein kinase A (PKA) biosensor 

in H9c2 cells and treated the cells with misoprostol. The misoprostol time course shown in Figure 

17A, demonstrates that PKA activation peaks 30 minutes following misoprostol administration, 

and returns to control levels within 2 hours, indicative of the type of rapid response induced by 

cell surface receptor activation. To further explore the role of PKA in misoprostol-induced 

protection, we used H89, a PKA inhibitor, in combination with hypoxia and misoprostol drug 

treatments. Consistently, exposure to hypoxia significantly reduced H9c2 ΔѰm, which was 

rescued with the addition of misoprostol (Figure 17B). However, when misoprostol treatment was 

combined with H89, this rescue effect was lost, indicating a role for PKA in the misoprostol-

induced protection (Figure 17B). These results indicate that EP4 receptor-dependent activation of 

PKA might be a mechanism by which misoprostol prevents mitochondrial membrane 

depolarization and permeability transition. 

 

V-Figure 17: Misoprostol-induced PKA activation is required for the prevention of hypoxia-
induced mitochondrial depolarization. 

(A) H9c2 cells were transfected with pPHT-PKA (protein kinase A) and treated with 10 μM misoprostol 
for 0.5 hours, 1 hour, 2 hours and 4 hours. Cells were then imaged by standard fluorescence microscopy 
and the ratio of green (active PKA) to red (inactive PKA) fluorescent signal was measured and normalized 
to cell area in 10 random fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
determined by 1-way ANOVA. 

(B) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 1% O2 
(HPX) for 24 hours. H89 (10 μM) was also included in some of the conditions to inhibit PKA activation. 
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Cells were stained with TMRM (red) and Hoechst (blue) and imaged by standard fluorescence microscopy. 
Red fluorescent signal was normalized to cell area and quantified in 10 random fields. Data are represented 
as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia treatment, 
determined by 1-way ANOVA. 

 
To investigate whether PKA can inhibit Bnip3 function by direct phosphorylation, we 

performed in silico analysis of the mouse Bnip3 amino acid sequence, which identified two 

conserved potential PKA phosphorylation motifs, the first at serine (Ser)-107 and the second at 

threonine (Thr)-181. We engineered peptides spanning each of these regions and exposed them to 

in vitro kinase reaction with purified PKA. Following the kinase reaction, peptides were analyzed 

by mass spectrometry. For the peptides spanning Ser-107, no discernible peaks corresponding to 

the phosphorylated form of the peptide were observed (V-Supplemental Figure 3A). However, for 

the peptides spanning Thr-181, a single ion monitoring (SIM) scan of the control peptide displayed 

a predominant peak at m/z of 836.92 (z=2+); however, following incubation with PKA the peptide 

showed an increased m/z of 40, representing the addition of a phosphate to the peptide [Mass = 

80.00 Da (40 m/z x 2)] (Figure 18A). We also evaluated if this peptide could be phosphorylated at 

more than one residue, but we did not detect an increased m/z of 80 (i.e., 160 Da) (V-Supplemental 

Figure 3B). Next, we analyzed the MS2 spectra produced by collision-induced dissociation (CID) 

of the mass-shifted ion with m/z = 876.86 (z=2+). CID typically fragments phospho-peptides 

resulting in the neutral loss of H3PO4, and the generation of a product-ion with a mass less 98 Da 

(m/z = 49 for z=2+). CID of the phospho-peptide spanning Thr-181 yielded a product-ion with m/z 

= 827.92 (delta = 48.94), indicating phosphorylation (Figure 18B). Although these mass shifts are 

consistent with phosphorylation, they do not identify which of the serines or threonines are 

phosphorylated within the peptide. Thus, we subjected the triply charged phospho-peptide 

(m/z=585.27) spanning Thr-181 to electron transfer dissociation (ETD). This technique breaks 

peptide bonds but retains side-chain phosphorylation’s to determine specific phospho-residues. 
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Using the MS2 spectra produced by ETD, Mascot software definitively identified threonine-181 

of Bnip3 as the phosphorylation residue (Figure 18C). 

 

V-Figure 18: Bnip3 contains a PKA phosphorylation site at threonine-181. 

(A) Single ion mass spectroscopy (SIM)  scan of the wild-type peptide spanning the protein kinase A (PKA) 
site of Bnip3. Peptides were and were not incubated in a PKA assay prior to SIM scan. The 
unphosphorylated peptide has an 837 m/z (z=2+) (Left), putative phosphorylation showing an increased 
m/z of 40 that corresponds to HPO3 [M = 80.00 Da (40 x 2)] (Right).  

(B) MS2 spectra following collision induced dissociation (CID) of the mass shifted ion from (A) yielding a 
product-ion consistent with a neutral loss of phosphate.  

(C) MS2 spectra following electron transfer dissociation (ETD) of a triply charged mass-shifted ion 
following kinase reaction (not shown) (triply charged peptide was 585 m/z). Analysis of this fragmentation 
spectra confirmed that threonine-181 is the preferred phosphorylation residue. 

 
To confirm that PKA phosphorylates Bnip3 in cells and in vivo, we used a custom phospho-

specific antibody targeted to Thr-181. We co-expressed the catalytic subunit of PKA and Bnip3 in 

H9c2 cells and observed a marked increase in phosphorylation (p-Bnip3) (Figure 19A). To 

determine if Bnip3 phosphorylation was regulated during hypoxia-induced cardiac pathologies, 

we performed western blots on cardiac extracts from neonatal mice exposed to hypoxia for 7 days 
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and observed a significant reduction of Bnip3 phosphorylation at Thr-181, suggesting an increase 

in Bnip3 activity in the hypoxic neonatal heart (Figure 19B, C). In addition, when the neonatal 

mice were both exposed to hypoxia and treated with misoprostol, Bnip3 phosphorylation was 

returned to control levels (Figure 19B, C). We further evaluated Bnip3 phosphorylation in adult 

rodent heart and observed a significant decrease in Bnip3 phosphorylation in the viable border 

zone following 4-weeks of coronary ligation (C.L) in adult Sprague Dawley rats (V-Supplemental 

Figure 2A-C). However, during the recovery phase (8 weeks post C.L.), where the heart is 

overcoming the initial insult, we observed a restoration in Bnip3 phosphorylation when compared 

to the sham control (V-Supplemental Figure 2A-C). Taken together these results imply that Bnip3 

phosphorylation at Thr-181 is a regulated event during hypoxic injury in vivo. 

 

V-Figure 19: Bnip3 is phosphorylated at threonine-181 both in vitro and in vivo. 

(A) H9c2 cells were transfected with Myc-Bnip3 and/or the catalytic subunit of protein kinase A (PKA) for 
16 hours. Protein extracts were then immunoblotted as indicated.  

(B) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. Protein extracts from PND10 hearts were then immunoblotted for Bnip3 
as indicated. Data shown representative of 3-6 PND10 mice per condition. 

(C) Quantification of phsopho-Bnip3 protein expression in (B). Blots were subjected to densitometric 
analysis relative to total Bnip3 and tubulin for 3-6 animals per group. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way 
ANOVA.   
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Misoprostol-induced cytoprotection is Thr-181 dependent. 

To understand the cellular role of Bnip3 phosphorylation, we first engineered a peptide 

spanning Thr-181 and generated a Bnip3 expression plasmid, replacing Thr-181 with an alanine 

residue (T181A). Using ion-trap mass spectroscopy combined with an in vitro kinase assay, we 

demonstrated that the Bnip3 mutant peptide can no longer be phosphorylated (Figure 20A), unlike 

its wild-type peptide shown previously (Figure 18A). To demonstrate specificity, we also 

engineered a peptide containing an alanine at position-182, and observed near complete 

phosphorylation, similar to the wild-type peptide (V-Supplemental Figure 3C).  

 

V-Figure 20: A Bnip3 construct were threonine-181 has been replaced with an alanine (T181A) 
cannot be phosphorylated by PKA. 

(A) Single ion mass spectroscopy (SIM) scan of a mutated peptide where the protein kinase A (PKA) 
phosphorylation site at Threonine-181 is replaced with Alanine. Peptides were incubated in a PKA assay 
prior to SIM scan. Phosphorylation of this mutant peptide is negligible at the predicted m/z that corresponds 
to the addition of HPO3 [M = 80.00 Da (40 x 2)]. 
 

We next employed gain-of-function transfection studies with the Bnip3-T181A construct 

in combination with mito-Emerald to visualize mitochondrial morphology. Similar to what was 

observed with the WT Bnip3 construct, expression of the T181A mutant resulted in a robust shift 

in mitochondrial morphology towards a fragmented and punctate phenotype (Figure 21A, B). 

However, unlike WT Bnip3, the T181A mutant was not inhibited by misoprostol treatment, and 

the fragmented mitochondrial morphology was retained (Figure 21A, B). In addition, misoprostol 

A

In
te
ns

ity

GIYIGRRLATSTSTFBnip3:

40 m/z 
(z=2+)

T181A

Bnip3(T181A) + PKA



 240 

was not able to overcome the significant reductions in ΔѰm that resulted from T181A expression 

in H9c2 cells (Figure 21C). To determine the specificity of Thr-181 as a down-stream target of 

misoprostol treatment, we reconstituted WT or T181A Bnip3 expression in Bnip3-/- MEFs. We 

observed that both the WT and T181A constructs reduced mitochondrial membrane potential; 

however, misoprostol treatment restored ΔѰm to control in the WT Bnip3 transfected cells but 

failed to significantly improve ΔѰm in the presence of T181A (Figure 21D, E).  

 

V-Figure 21: Misoprostol fails to prevent T181A-induced mitochondrial dysfunction. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-T181A and treated with 10 μM misoprostol 
(Miso) or PBS control for 16 hours. Mito-Emerald (green) was included in all conditions to show 
transfected cells and mitochondrial morphology. Cells were then stained with Hoechst (blue) and imaged 
by standard fluorescence microscopy.  

(B) Quantification of H9c2 cells in (A), where the number of cells with elongated and fragmented 
mitochondria are expressed as a percentage of all transfected cells in 30 random fields, across 3 independent 
experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, determined by 1-way 
ANOVA.   
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(C) H9c2 cells were treated as in (A). CMV-GFP was included in all conditions to indicate transfected cells. 
Cells were stained with TMRM (red) and Hoechst (blue) and imaged by standard fluorescence microscopy. 
Red fluorescent signal was then normalized to cell area and quantified in 30 random fields, across 3 
independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
determined by 1-way ANOVA.   

(D) Bnip3-/- mouse embryonic fibroblasts (MEFs) were treated as in (A) where either Myc-Bnip3 (WT) or 
Myc-Bnip3 (T181A) was transfected in. Cells were stained with TMRM (red) and Hoechst (blue) and 
imaged by standard fluorescence microscopy.  

(E) Quantification of Bnip3-/- MEFs in (D), where red fluorescent signal was normalized to cell area and 
quantified in 15 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, determined by 2-way 
ANOVA.   

 
When we investigated that underlying calcium phenomena, we observed that like WT, 

T181A expression shifted calcium away from the ER and into the mitochondria. However, unlike 

WT, misoprostol was unable to prevent this calcium movement upstream of the ER in the presence 

of the T181A mutant (Figure 22A-D). Furthermore, using calcein-CoCl2 and Live/Dead imaging, 

we observed that the T181A mutant was sufficient to drive mitochondrial permeability transition 

and cell death, which could not be prevented with misoprostol drug treatment (Figure 22E, F). 

These data demonstrate that phosphorylation of Bnip3 at Thr-181 is necessary for misoprostol to 

inhibit cellular Bnip3 function.    
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V-Figure 22: Misoprostol fails to prevent T181A-induced mitochondrial calcium accumulation, 
permeability transition and necrotic cell death. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-T181A and treated with 10 μM misoprostol 
(Miso) or PBS control for 16 hours. ER-LAR-GECO (red) was included in all conditions to indicate ER 
calcium content. Cells were stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of H9c2 cells in (A) where red fluorescent signal was normalized to cell area and 
quantified in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, determined by 1-way ANOVA.   

(C) H9c2 cells were treated as in (A). Mito-CAR-GECO (red) was included in all conditions to indicate 
mitochondrial calcium content. Cells were stained with Hoechst (blue) and imaged by standard fluorescence 
microscopy.  

(D) Quantification of H9c2 cells in (C) as in (B) in 30 random fields, across 3 independent experiments. 
Data are represented as mean ± S.E.M. *P < .05 compared with control, determined by 1-way ANOVA.   

(E) H9c2 cells were treated as in (A). CMV-ds.RED was included in all conditions to indicate transfected 
cells. Cells were stained with Hoechst (blue) and calcein-AM quenched by cobalt chloride (CoCl2, 5 μM) 
to assess permeability transition. Quantification was then done by calculating the percentage of cells with 
mitochondrial puncta in 30 random fields, across 3 independent experiments. Data are represented as mean 
± S.E.M. *P < .05 compared with control, determined by 1-way ANOVA.    

(F) H9c2 cells were treated as in (A). Live cells were stained with calcein-AM (green), and necrotic cells 
were then stained with ethidium homodimer-1 (red) and are expressed as percent (%) dead in 30 random 
fields, across 3 independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with 
control, determined by 1-way ANOVA.    
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Misoprostol promotes survival by retaining phosphorylated Bnip3 in the cytosol. 

 To determine how phosphorylation at Thr-181 inhibits Bnip3 function, we differentially 

expressed mitochondrial matrix-targeted or ER-targeted green fluorescent plasmids in H9c2 cells 

and performed immunofluorescence for Bnip3 following exposure to hypoxia and misoprostol. As 

shown in Figures 23 A, B and C, confocal microscopy revealed that at baseline there is very little 

interaction between the organelle-targeted fluorophores and Bnip3; however, when H9c2 cells 

were exposed to hypoxia the colocalization coefficient increased by more than 116.3% and 381.9% 

at the mitochondria and ER, respectively. Interestingly, we observed that this organellar 

localization was abrogated with the addition of misoprostol treatment (Figure 23A-C). Next, we 

determined the subcellular localization of phosphorylated Bnip3 through subcellular fractionation 

studies. We observed that Bnip3 is predominantly localized to the mitochondria, and to a lesser 

extent at the ER, while phosphorylated Bnip3 is retained in the cytosol (Figure 23D), a location 

commonly associated with Bnip3 initialization (Azad et al, 2008).  
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V-Figure 23: Misoprostol promotes survival by retaining phosphorylated Bnip3 in the cytosol. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 1% O2 
(HPX) for 24 hours. Myc-Bnip3 and Mito-Emerald (green) were included in each condition to visualize 
localization. Cells were fixed, stained with Hoechst (blue), and immunofluorescence was performed using 
a Myc-tag primary antibody (Red).  Cells were then imaged by confocal microscopy.  

(B) Quantification of Bnip3 localization in (A), where the colocalization coefficient was calculated by Ziess 
Zen software for 30 cells per condition across 10 random fields. Data are represented as mean ± S.E.M. *P 
< .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way 
ANOVA.   

(C) H9c2 cells were treated as in (A). Myc-Bnip3 and ER-Emerald (green) were transfected in all conditions 
to visualize localization. Cells were fixed, stained with Hoechst (blue), and immunofluorescence was 
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performed using a Myc-tag primary antibody (Red).  Cells were then imaged by standard confocal 
microscopy. The colocalization coefficient was calculated for 30 cells per condition across 10 random 
fields. Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared 
with hypoxia treatment, determined by 1-way ANOVA.   

(D) Control treated H9c2 cells were subjected to protein extraction and mitochondrial/nuclear fractionation. 
Extracts were then immunoblotted as indicated. 

 
In silico analysis of Bnip3 predicted that Thr-181 lies within a conserved interacting 

domain of the molecular chaperone family 14-3-3, which recognizes motifs commonly found 

within PKA and CaMKII phosphorylation sites. As certain 14-3-3 family members are known 

interactors with Bcl-2 proteins (Datta et al, 2000; Masters & Fu, 2001; Petosa et al, 1998; Tzivion 

& Avruch, 2002; Tan et al, 2000), we investigated the role of these molecular chaperones as a 

mechanism by which misoprostol inhibits Bnip3 function. Using hypoxia and misoprostol exposed 

PVNCs, we applied BvO2, a pan-14-3-3 inhibitor, and assessed mitochondrial membrane potential 

using TMRM. We observed that misoprostol’s ability to rescue of ΔѰm was prevented with 14-3-

3 inhibition (Figure 24A). We observed similar results when we used calcein-CoCl2 to visualize 

MPT, where misoprostol treatment prevented hypoxia-induced permeability transition, in the 

absence but not the presence of BvO2 (Figure 24B, C).  
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V-Figure 24: Misoprostol-induced cyto-protection is dependent on 14-3-3 family members. 

(A) Primary ventricular neonatal cardiomyocytes (PVNCs) were treated with 10 μM misoprostol (Miso) 
and exposed to 21% O2 (NMX) or 1% O2 (HPX) for 24 hours. BvO2 (5 μM) was included in half of the 
conditions to inhibit 14-3-3 protein activity. Cells were stained with TMRM (red) and Hoechst (blue) and 
imaged by standard fluorescence microscopy. Red fluorescent signal was then normalized to cell area and 
quantified in 20 random fields, across 2 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA.   

(B) PVNCs were treated as in (A). Cells were stained with Hoechst (blue) and calcein-AM quenched by 
cobalt chloride (CoCl2, 5 μM) to assess permeability transition. Cells were then imaged by standard 
fluorescence microscopy.  

(C) Quantification of PVNCs in (B), where the percentage of cells with mitochondrial puncta was 
calculated in 20 random fields, across 2 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA.   

 
We were further interested in determining which 14-3-3 family member is involved in this 

mechanism. Based on previous data from our group, which demonstrated that 14-3-3β traffics 

phosphorylated Nix (Bnip3L) from the mitochondria and ER/SR in skeletal muscle cell lines, we 
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began by investigating this 14-3-3 family member in the cardiomyocyte (da Silva Rosa et al, 2020). 

Using gain of function transfection studies where we expressed Bnip3 and 14-3-3β, alone and in 

combination, in H9c2 cells. TMRM staining revealed that like misoprostol, 14-3-3β was able to 

rescue Bnip3-induced mitochondrial depolarizations (Figure 25A, B). Similar experiments were 

conducted using 14-3-3ε, which was unable to restore mitochondrial membrane potential, 

demonstrating some degree of isoform specificity (Figure 25C).  

 

V-Figure 25: 14-3-3β prevents Bnip3-induced mitochondrial depolarization. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 with and without HA-14-3-3β.  
CMV-GFP was included in all conditions to indicate transfected cells. Cells were then stained with TMRM 
(red) and Hoechst (blue) and imaged by standard fluorescence microscopy. Outlines indicate CMV-GFP 
positive cells. 

(B) Quantification of H9c2 cells in (A), where red fluorescent signal was normalized to cell area and 
quantified in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, determined by 1-way 
ANOVA.   

(C) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 with and without 14-3-3ε. Cells 
were then stained and imaged as in (A) and quantified as in (B) across 30 random fields, in 3 independent 
experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 
compared with Bnip3 treatment, determined by 1-way ANOVA.   

 
Next, we determined that 14-3-3β expression is sufficient to prevent the ER calcium 

depletion and mitochondrial calcium accumulation that is triggered by Bnip3 expression (Figure 

26A-C). Using the calcein-CoCl2 method, we also evaluated how these calcium events were 
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affecting MPT. Similar to our previous results, Bnip3 significantly increased the number of H9c2 

cells experiencing MPT in each field, reducing the number of cells with distinct mitochondrial 

puncta. However, consistent with the mitochondrial calcium results, when we combined Bnip3 

and 14-3-3β expression, MPT was prevented, and cells returned to their normal punctate phenotype 

(Figure 26D, E). 

 

V-Figure 26: 14-3-3β prevents Bnip3-induced mitochondrial calcium accumulation and 
permeability transition. 

(A) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 with and without HA-14-3-3β. ER-
LAR-GECO (red) was included in all conditions to indicate ER calcium content. Cells were then stained 
with Hoechst (blue) and imaged by standard fluorescence microscopy. 

(B) Quantification of H9c2 cells in (A), where red fluorescent signal was normalized to cell area and 
quantified in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, determined by 1-way 
ANOVA. 
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(C) H9c2’s were treated as in (A). Mito-CAR-GECO (red) was included in all conditions to indicate 
mitochondrial calcium content. Quantification performed as in (B) in 30 random fields, across 3 
independent experiments. Data are represented as mean ± S.E.M. *P < .05 compared with control, while 
**P < .05 compared with Bnip3 treatment, determined by 1-way ANOVA. 

(D) H9c2 cells treated as in (A). CMV-ds.RED was included in all conditions to indicate transfected cells. 
Cells were then stained with Hoechst (blue) and calcein-AM quenched by cobalt chloride (CoCl2, 5 μM) to 
assess permeability transition. Cells were then imaged by standard fluorescence microscopy. 

(E) Quantification of H9c2 cells in (D), where the percentage of cells with mitochondrial puncta was 
calculated in 30 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, determined by 1-way 
ANOVA. 

 
Given this data indicating a potential functional interaction between 14-3-3β and Bnip3, 

we were next interested in determining if there was a physical interaction between the two proteins. 

We started by performing immunofluorescence targeting both Bnip3 and 14-3-3β following 

exposure to hypoxia and/or misoprostol in the neonatal heart. This approach in combination with 

confocal microscopy revealed that at baseline there was very little colocalization between the two 

proteins and their fluorophores, likely due to the relatively low expression of Bnip3 in the 

normoxic conditions. However, the combination of hypoxia exposure and misoprostol drug 

treatments significantly increased the colocalization coefficient between Bnip3 and 14-3-3β 

(Figure 27A). To validate this finding and overcome the challenges associated with altered Bnip3 

expression levels between normoxic and hypoxic conditions, we overexpressed both Bnip3 and 

14-3-3β in H9c2 cells and performed confocal immunofluorescence. As shown in Figure 27 B and 

C, the addition of misoprostol increased the degree of colocalization by more than 45%. Next, we 

co-expressed HA-14-3-3β and myc-Bnip3 in HCT-116 cells and performed a co-

immunoprecipitation with the HA antibody. Using this approach, we observed a marked increase 

in detectable myc-Bnip3 when the two proteins were expressed together, indicative of a physical 

interaction between the two proteins (Figure 27D). Collectively, this data indicates that 
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misoprostol promotes Bnip3 trafficking away from the mitochondria and ER through a mechanism 

involving 14-3-3 the molecular chaperones. 

 

V-Figure 27: Bnip3 and 14-3-3β localize and immunoprecipitate together. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. PND10 hearts were fixed, sectioned, and stained with DAPI (Blue) and 
immunofluorescence was performed using Bnip3 (red), and 14-3-3β (green) fluorescent primary antibodies. 
Hearts were then imaged by confocal microscopy. Colocalization coefficient was then calculated by Ziess 
Zen software for 10 fields per animal in 4 animals per treatment group. Data are represented as mean ± 
S.E.M. *P < .05 compared with control, determined by 1-way ANOVA. 

(B) H9c2 cells transfected with Myc-Bnip3 and treated with 10 μM misoprostol (Miso) 20 hours. Cells 
were fixed, stained with DAPI (Blue) and immunofluorescence was performed using Bnip3 (red), and 14-
3-3β (green) fluorescent primary antibodies.  Cells were then imaged by confocal microscopy.  

(C) Quantification of  H9c2 cells in (A), where the colocalization coefficient was calculated by Ziess Zen 
software for 30 cells per condition across 10 random fields. Data are represented as mean ± S.E.M. *P < 
.05 compared with Bnip3-only control, determined by unpaired t-test. 

(D) HCT-116 cells were transfected with HA-14-3-3β and Myc-Bnip3. Proteins were pulled down with 
Myc-tag and probed for HA-tag. Immunoblot was probed as indicated. 
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Bnip3 ablation prevents hypoxia-induced contractile dysfunction in vivo. 

To determine if a direct link existed between hypoxia-induced alterations in contractile 

function and Bnip3 protein expression in vivo, we returned to our mouse model of neonatal hypoxia 

this time using previously characterized mice harboring a genetic deletion of Bnip3 (Figure 28A) 

(Diwan et al, 2007b).  

 

V-Figure 28: Graphical representation of neonatal hypoxia model using Bnip3-KO mice. 

(A) Bnip3-wildtype (WT) and Bnip3-knockout (KO) mice were exposed to 21% O2 (NMX) or 10% O2 

(HPX) from post-natal day (PND) 3-10. Hearts were then imaged and collected on PND10. 

 

Using this approach in combination with transthoracic echocardiography, we observed that 

hypoxia induced significant contractile dysfunction in wild-type PND10 animals, including 

reductions in ejection fraction (EF), and alterations in left ventricular filling between heart beats, 

as assessed by the previously described E’/A’ ratio (Figure 29A, B). When we assessed Bnip3-

knockout mice under that same conditions, there were no alterations in contractile function at 

baseline (normoxia) and the loss of Bnip3 conferred protection against hypoxia-induced 

derangements in contraction, preventing reductions in both EF and E’/A’ (Figure 29A, B). These 

results phenocopy what we observed using misoprostol drug treatments during neonatal hypoxia 

and indicates that the presence of functionally active Bnip3 is deleterious to contractile 

performance in the hypoxia-exposed neonatal heart.  

A
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V-Figure 29: Bnip3 ablation prevents hypoxia-induced contractile dysfunction in the neonatal 
mouse heart. 

(A) Bnip3-wildtype (WT) and Bnip3-knockout (KO) mice were exposed to 21% O2 (NMX) or 10% O2 

(HPX) from post-natal day (PND) 3-10. Transthoracic echocardiography was then used to assess ejection 
fraction, the percentage (%) of left ventricle (LV) end-diastolic volume released with each contraction, in 
3-5 PND10 mice per condition. Data are represented as mean ± S.E.M. *P < .05 compared with WT NMX 
control, while **P < .05 compared with WT hypoxia treatment, determined by 1-way ANOVA. 

(B) Mice were treated as in (A), pulsed wave tissue doppler imaging was then used to assess mitral valve 
peak velocities during early (E’, LV relaxation) and atrial (A’) filling, which are represented as a ratio of 
E’/A’. This was performed in 3-5 PND10 mice per condition. Data are represented as mean ± S.E.M. *P < 
.05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way 
ANOVA. 

 

At the same time, when we returned to investigate the subcellular distribution of HMGB1 

in these PND10 hearts, we found that when WT animals were exposed to hypoxia this resulted a 

marked decrease in HMGB1 nuclear localization (Figure 30A). However, when we investigated 

the distribution of HMGB1 in the hearts of hypoxic Bnip3-knockout mice, we observed that the 

inflammatory protein was retained in the nucleus (Figure 30A).  
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V-Figure 30: Bnip3 ablation prevents hypoxia-induced HMGB1 translocation in the neonatal 
mouse heart. 

(A) Bnip3-wildtype (WT) and Bnip3-knockout (KO) mice were exposed to 21% O2 (NMX) or 10% O2 

(HPX) from post-natal day (PND) 3-10.  PND10 hearts were fixed, sectioned, and stained with DAPI (Blue) 
and immunofluorescence was performed using a high mobility group box 1 (HMGB1) primary antibody, 
and a red fluorescent secondary antibody. Hearts were then imaged by confocal microscopy. Data shown 
representative of 4 PND10 mice per condition. 

 
5.6 Discussion 

Among the leading complications associated with preterm birth, systemic hypoxia affects 

an estimated 9 million infants a year and is a known to promote functional alterations in the 

developing heart. While until now the mechanisms have remained unclear, in this study we provide 

in vivo, in vitro, and cell-based evidence, including data from human iPSC-derived 

cardiomyocytes, that hypoxia-induced mitochondrial dysfunction and bioenergetic collapse is a 

major activator of this neonatal cardiac dysfunction. Through several lines of investigation, 

including being the first study of its kind to assess the effect of Bnip3 genetic ablation in the 

neonatal heart, we established that this pathology is contingent on Bnip3 protein expression.  We 
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further demonstrate that Bnip3 promotes this pathology through driving mitochondrial calcium 

accumulation and oxidative-phosphorylation failure, ultimately resulting in ROS production, 

MPT, and cell death. We also demonstrate that Bnip3 activity can be pharmacologically modulated 

through PGE1-induced activation of EP4 receptors, resulting in PKA signalling, phosphorylation 

of Bnip3 at threonine-181, and prevention of hypoxia-induced mitochondrial dysfunction.  

 The results presented in this report serve to unify previous reports demonstrating the 

deleterious role of Bnip3 and its pro-death C-terminal transmembrane (TM) domain. Through 

detailed evaluations of the role of Bnip3 at ER/SR, we demonstrate changes in subcellular calcium 

localization. Previous data suggests that the TM domain of Bnip3 directly interacts with Bcl-2, 

which is traditionally associated with inhibiting the IP3R, resulting in calcium release from the ER 

(Ray et al, 2000).  This Bnip3-induced ER calcium is quickly buffered by the mitochondria through 

VDAC and MCU directly in the mitochondrial matrix (Rapizzi et al, 2002; Chaudhuri et al, 2013; 

Baughman et al, 2011). These previous studies further demonstrate that an increase in 

mitochondrial calcium  results in a loss of membrane potential and respiration, ROS production, 

MPT and ultimately a caspase-independent necrosis (Ray et al, 2000; Zhang et al, 2009c; Vande 

Velde et al, 2000). However, Bnip3 is known as a dual-regulator of cell death, where it also inserts 

through the outer mitochondrial membrane and uses its TM domain to interact with the dynamin 

related protein, OPA-1 (Landes et al, 2010; Chen et al, 2010a; Pereira et al, 2017). While OPA-1 

is traditionally associated with maintaining cristae structure, efficient organization of ETC 

complexes, and mitochondrial fusion, disruption and/or genetic deletion of OPA-1 results in ETC 

dysfunction, mitochondrial fragmentation and cell death (Frezza et al, 2006; Cogliati et al, 2013; 

Liu & Frazier, 2015). Additionally, work by Rikka et al. demonstrated that cardiomyocyte-specific 

overexpression of Bnip3 enhances mitochondrial protease activity, resulting in the degradation of 
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complex-1 (NADH ubiquinone oxidoreductase) and -4 (cytochrome c oxidase), suppressing 

respiratory activity, while enhancing mitochondrial fragmentation (Rikka et al, 2011). ETC 

dysfunction is further tied to the overproduction of mitochondrial reactive oxygen species, which 

propagates an influx of calcium into the matrix (Lopez-Fabuel et al, 2016; Koopman et al, 2007).  

Together these studies demonstrate that by altering mitochondrial function and calcium 

homeostasis in two very different ways, Bnip3 displays overlapping and redundant functions to 

depress energy production and promote necrotic cell death in the heart.  

Consistent with these studies, we show that in the context of neonatal pathological hypoxia 

signaling, Bnip3 expression in the heart contributes to mitochondrial dysfunction and cell death. 

By directly measuring SR/ER calcium content this work advances our understanding of what 

Bnip3 is doing at the organellar level and supports the notion that Bnip3 triggers ER calcium 

release that is buffered by the mitochondria. We further build on the findings of these past studies 

that link mitochondrial calcium accumulation with ROS production alongside the induction of 

MPT, bioenergetic collapse and necrosis both in cultured cardiomyocytes and in vivo. The work 

presented here also demonstrates that these pathways can be pharmacologically modulated through 

PGE1-induced EP4 activation, which work from us and others, has been shown to be 

cardioprotective (Field et al, 2018; Martens et al, 2020; Bryson et al, 2018). While a previous 

study has demonstrated that Bnip3 phosphorylation inhibits its interactions with OPA-1, we 

provide mechanistic evidence both in vivo and in cardiomyocytes that misoprostol activates the 

EP4 receptor and PKA, resulting in an inhibitory phosphorylation of Bnip3’s TM domain at Thr-

181. Furthermore, based on the known roles of the 14-3-3 family of molecular chaperones, we 

propose a mechanism by which 14-3-3β translocates phosphorylated Bnip3 to the cytosol, which 

likely prevents interactions with factors at ER and mitochondrial, including Bcl-2 and OPA-1, 
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respectively (Datta et al, 2000; Masters & Fu, 2001; Petosa et al, 1998; Tzivion & Avruch, 2002; 

Tan et al, 2000).  

Taken together the results presented in this study elevate the role of Bnip3 in the neonatal 

heart, and strongly implicate it as a critical regulator of mitochondrial calcium homeostasis that 

when upregulated by hypoxia in the neonatal heart enhances mitochondrial calcium accumulation 

and a necrotic phenotype. Additionally, the data in this preclinical study builds on the 

accumulating evidence that misoprostol directly regulates Bnip3 activity, with potential 

meaningful implications for neonatal and adult hypoxia-induced cardiac pathologies, and stem 

cell-based cardiac therapies where promoting cardiomyocyte survival would be of benefit.  
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5.8 Supplemental Data 
 

V - Supplemental Table  1: Complete list of relative Ct values for mitochondrial energy 
metabolism qRT-PCR array in PND10 heart samples (n=3 animals/condition), identified by 
mitochondrial complex. 

Complex Target Array ID NMX  HPX HPX + MISO 

Complex 1 

Ndufa10 Mm00600325_m1 1.000000 0.197397 0.225888 
Ndufs4 Mm00656176_m1 1.000000 0.251290 0.626054 
Ndufa6 Mm01303455_g1 1.000000 0.446720 0.560977 
Ndufab1 Mm01137654_g1 1.000000 0.456153 0.530460 
Ndufa11 Mm01236867_g1 1.000000 0.462330 0.876922 
Ndufb3 Mm00835179_g1 1.000000 0.477876 5.086023 
Lhpp Mm01269918_m1 1.000000 0.867248 2.086091 

Ndufb7 Mm00788005_s1 1.000000 0.883464 3.577282 
Ndufb9 Mm00612543_m1 1.000000 0.963204 4.114191 
Ndufs7 Mm01144210_m1 1.000000 0.993365 1.360459 
Ndufa5 Mm01165335_m1 1.000000 1.053928 2.232583 
Ndufa3 Mm01329704_g1 1.000000 1.119881 2.969799 
Ndufs3 Mm01329746_g1 1.000000 1.270824 0.955209 
Ndufs6 Mm02529639_u1 1.000000 1.272835 1.198779 
Ndufs5 Mm02600127_g1 1.000000 1.384180 3.076444 
Ndufv3 Mm01345700_m1 1.000000 1.870935 0.721520 
Ndufc2 Mm04213119_s1 1.000000 2.068060 1.442927 
Ndufs2 Mm00467603_g1 1.000000 2.454698 0.991675 
Ndufs1 Mm00523640_m1 1.000000 3.377395 2.718098 
Ndufb5 Mm00452592_m1 1.000000 5.968531 2.784598 

Complex 2 Sdhd Mm00546511_m1 1.000000 0.652135 0.805184 

Complex 3 

Cyc1 Mm00470540_m1 1.000000 1.051789 1.276995 
Uqcrq Mm00772880_m1 1.000000 1.118767 0.921522 
Uqcr11 Mm00824470_g1 1.000000 1.519776 0.988861 
Uqcrc1 Mm00445911_m1 1.000000 2.289718 0.946879 
Uqcrh Mm00835199_g1 1.000000 8.377721 0.874225 

Complex 4 

Cox11 Mm01615963_g1 1.000000 0.078951 0.971551 
Cox4i1 Mm01250094_m1 1.000000 0.676532 0.852358 
Cox5a Mm00432638_m1 1.000000 0.860288 0.942858 
Cox7b Mm00835076_g1 1.000000 1.087345 0.839040 
Cox7a2 Mm00438299_m1 1.000000 1.423320 2.855101 
Cox8c Mm01325374_m1 1.000000 3.089582 0.000000 

ATP Synthase 
Atp5g3 Mm01334541_g1 1.000000 0.078880 0.130007 
Atp5d Mm00502864_m1 1.000000 0.677803 4.668294 
Atp5a1 Mm00431960_m1 1.000000 4.229016 0.646722 
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V - Supplemental Table  2: Complete list of relative Ct values for cell death pathway finder 
qRT-PCR array in PND10 heart samples (n=3 animals/condition), identified by cell death 
pathway. 

Pathway Target Array ID NMX  HPX HPX + MISO 

Apoptosis 

Mcl1 Mm00725832_s1 1.00000 0.09085 0.23385 
Rab25 Mm00444175_m1 1.00000 0.26157 0.34519 
Cflar Mm01255578_m1 1.00000 0.39314 0.71528 
Birc2 Mm00431811_m1 1.00000 0.81076 4.67332 
Bcl2 Mm00477631_m1 1.00000 2.16225 0.43035 
Xiap Mm01311594_mH 1.00000 5.13869 5.39754 

Ywhaz Mm01158417_g1 1.00000 8.17255 1.46103 
Bcl2l11 Mm00437796_m1 1.00000 0.33395 1.44004 
Casp1 Mm00438023_m1 1.00000 0.34537 1.73104 
Apaf1 Mm01223702_m1 1.00000 0.67758 1.14831 
Cd40 Mm00441891_m1 1.00000 2.10615 1.11862 
Casp2 Mm00432314_m1 1.00000 2.52140 5.98441 

Fas Mm01204974_m1 1.00000 3.69722 4.33228 
Traf2 Mm00801978_m1 1.00000 3.90931 1.41652 
Dffa Mm00438410_m1 1.00000 6.43212 0.40410 

Autophagy 

Esr1 Mm00433149_m1 1.00000 0.08536 0.12262 
Gaa Mm00484581_m1 1.00000 0.17815 0.36807 
Akt1 Mm01331626_m1 1.00000 0.21520 0.26158 
Casp3 Mm01195085_m1 1.00000 0.23869 1.15156 
Pik3c3 Mm00619489_m1 1.00000 0.34942 0.36887 
Atg5 Mm00504340_m1 1.00000 0.53311 5.37482 
Irgm1 Mm00492596_m1 1.00000 0.59373 0.37320 

Map1lc3a Mm00458725_g1 1.00000 0.66540 7.28435 
Atg7 Mm00512209_m1 1.00000 3.30256 0.76212 

Becn1 Mm01265461_m1 1.00000 3.62075 5.66199 
Atp6v1g2 Mm01159330_g1 1.00000 4.97828 6.60147 

Snca Mm01188700_m1 1.00000 5.44339 5.97623 
Atg16l1 Mm00513085_m1 1.00000 5.48796 1.04288 
Mapk8 Mm00489514_m1 1.00000 8.34948 9.06761 

Necrosis 

Bmf Mm00506773_m1 1.00000 0.16720 4.62077 
Cyld Mm00557599_m1 1.00000 0.51276 8.72694 

Kcnip1 Mm01189526_m1 1.00000 0.19440 0.67120 
Dpysl4 Mm00496436_m1 1.00000 0.23837 2.38527 
Spata2 Mm00468039_g1 1.00000 0.31416 1.10926 

Ccdc103 Mm01248720_m1 1.00000 0.42559 1.86050 
Parp2 Mm00456462_m1 1.00000 0.55469 2.04393 
Parp1 Mm01321084_m1 1.00000 0.59457 0.56596 

Tmem57 Mm00550603_m1 1.00000 0.65448 1.23867 
Dennd4a Mm00768872_m1 1.00000 5.50594 1.00824 

Inflammation 

Il12b Mm01288992_m1 1.00000 0.27653 0.01620 
Edn1 Mm00438656_m1 1.00000 0.45629 0.40834 
Il1b Mm00434228_m1 1.00000 0.49674 0.54534 
Il15 Mm00434210_m1 1.00000 2.05814 4.37305 
Cd4 Mm00442754_m1 1.00000 4.82734 2.44139 
Il12a Mm00434165_m1 1.00000 10.19767 0.00000 
Il17a Mm00439619_m1 1.00000 10.33179 0.00000 
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V - Supplemental Figure  1: Misoprostol prevents mitophagy induced by hypoxia or Bnip3 
overexpression. 

(A) H9c2 cells were treated with 10 μM misoprostol (Miso) and exposed to 21% O2 (NMX) or 1% O2 
(HPX) for 24 hours. GW-1-Mito-pHred (red) was included in all conditions to visualize mitophagy. Cells 
were then stained with Hoechst (blue) and imaged by standard fluorescence microscopy.  

(B) Quantification of H9c2 cells in (A), where red fluorescent signal was normalized to cell area and 
quantified in 15 random fields, across 3 independent experiments. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 2-way 
ANOVA. 

(C) H9c2 cells were transfected with pcDNA3 (control) or Myc-Bnip3 and treated with 10 μM misoprostol 
(Miso) or PBS control for 16 hours. microtubule associated protein 1 light chain 3 (LC3)-GFP (green) was 
included in all conditions to show transfected cells and autophagic puncta. Cells were stained with Hoechst 
(blue) and MitoTracker red (red) and imaged by standard fluorescence microscopy.  

(D) Quantification of H9c2 cells in (C), where the number of cells with LC3-GFP and MitoTracker co-
localization are expressed as a percentage of all transfected cells in 10 random fields. Data are represented 
as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with Bnip3 treatment, 
determined by 2-way ANOVA. 

 

 
V - Supplemental Figure  2: Phosphorylation of Bnip3 at threonine-181 is altered in adult 
hypoxia-induced pathologies. 

(A) Sprague Dawley rats were subjected to left coronary artery ligation, or sham operation as a control. 
Following 4-weeks of recovery, the viable infarct border-zone was harvested from the left ventricle. Protein 
extracts were then immunoblotted for phospho-Bnip3 as indicated.   
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Supplement 3. Phosphorylation of Bnip3 at Thr-181 is altered in adult hypoxia-induced pathologies. (A) 
Representative immunoblot of heart protein extracts from Sprague Dawley rats subjected to left coronary artery 
ligation, or sham operation as a control. Following 4-weeks of recovery, the viable infarct border-zone was 
harvested from the left ventricle. Extracts were immunoblotted for phospho-Bnip3 expression.  (B) Densitometry 
analysis for extracts in (A), representing an N of 4 animals per condition. (C) Representative immunoblot of heart 
protein extracts from Sprague Dawley rats treated as in (A) and viable infarct border-zone was harvested 8-weeks 
of recovery. Extracts were immunoblotted for phospho-Bnip3 expression. All data are represented as mean ± 
S.E.M. *P<0.05 compared with control determined by Students T-Test. 
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(B) Quantification of phsopho-Bnip3 protein expression in (A). Blots were subjected to densitometric 
analysis relative to total Bnip3 and actin for 4 animals per group. Data are represented as mean ± S.E.M. 
*P < .05 compared with control, determined by unpaired t-test.   

(C) Sprague Dawley rats treated as in (A) and viable infarct border-zone was harvested after 8-weeks of 
recovery. Protein extracts were then immunoblotted for phospho-Bnip3 as indicated. 

 

 
 

V - Supplemental Figure  3: Characterization of Bnip3 phosphorylation by mass spectroscopy. 

(A) Single ion mass spectroscopy (SIM) scan of the peptide spanning the predicted S107 PKA site of Bnip3. 
Peptides were and were not incubated in a protein kinase A (PKA) assay prior to SIM scan. The 
unphosphorylated peptide has an m/z of 625 (z=2+), which is not changed in the presence of PKA.  

(B)  SIM scan of the wild-type peptide spanning the T181 PKA site of Bnip3. The unphosphorylated peptide 
has an 837 m/z (z=2+) which is shifted by phosphorylation, showing an increased m/z of 40 that 
corresponds to a single HPO3 [M = 80.00 Da (40 x 2)] and not a double phosphorylation [M=160.00 Da 
(40 x 4)].  

(C)  SIM scan of a mutated peptide where the PKA site at Threonine-182 is replaced with Alanine. Peptides 
were and were not incubated in a PKA assay prior to SIM scan. The unphosphorylated peptide has an m/z 
of 837 (z=2+), while putative phosphorylation shows an increased m/z of 40 that corresponds to HPO3 [M 
= 80.00 Da (40 x 2)], demonstrating no effect of T182A on the ability of PKA to phosphorylate Bnip3. 
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CHAPTER VI: Dissertation Discussion 

 Systemic hypoxia is thought to affect more than 9 million preterm infants around the 

world each year and is a leading cause of morbidity and mortality in early life (Luu et al, 2015; 

Vannucci, 2004). While the lack of oxygen directly affects developing tissues like the intestine, 

brain, and retina, this is seemingly compounded by reduced tissue perfusion resulting from 

hypoxia-induced cardiac dysfunction (Millar et al, 2017; Vannucci, 2004; Grow & Barks, 2002; 

Neu & Walker, 2013; Douglas-Escobar & Weiss, 2015; Armstrong et al, 2012; Shastri et al, 

2012). Underlying this pathology is dysfunction at the cellular level, promoted by the HIF-1 

adaptive response, which alters a number of cellular processes. These changes intentionally shut 

down ETC respiration, and remove dysfunctional mitochondria through pathways that converge 

on upregulating the pro-death Bcl-2 family member, Bnip3 (Rikka et al, 2011; Hanna et al, 

2012). At the same time, the adaptive response has long been observed to shift the cells main 

energy source to anaerobic glycolysis, maintaining some degree of ATP production alongside 

significantly more lactate (Semenza, 2007; Potter et al, 2016).  

While these alterations are initially protective, they are also thought to be intimately 

involved in the pathological deterioration of both cardiac structure and function. For example, in 

addition to the protective role of Bnip3, uncontrolled overexpression is tied to IP3R-mediated 

mitochondrial calcium accumulation, permeability transition and necrotic cell death (Diwan et 

al, 2009).  At the same time, the initially adaptive switch to anaerobic glycolysis also promotes 

aberrant cardiomyocyte proliferation, which ultimately deranges neonatal cardiac performance in 

later life (Puente et al, 2014; Cardoso et al, 2020; dos Remedios et al, 2013; Lewandowski et al, 

2012; Posod et al, 2016). Given these observations, it has been increasingly important to find a 

way to pharmacologically modulate the HIF-1 response, in order to maintain the adaptive 
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components, while decreasing the deleterious effects. With this in mind, the data presented in 

this thesis builds on our labs previously published findings about misoprostol’s ability to prevent 

human milk fortifier-induced enterocyte cell death, to establish it as a potential therapeutic agent 

for cardiac dysfunction. The studies outlined in this thesis have further demonstrated that 

misoprostol improves cardiac outcomes through regulating Bnip3, a key detrimental component 

of the HIF-1 adaptive response. However, this work shows that misoprostol does not only 

regulate a singular pathway, but rather it pulls together three previously unknown and/or 

disparate pathways that are integrated by PG-induced PKA activation (see VI-Fig. 1 for 

overview). 

 

 

VI-Figure  1: Overview of mechanisms by which misoprostol regulates Bnip3. 
Misoprostol-induced activation of prostaglandin EP4 receptors results in protein kinase A (PKA) activation, 
which activates a number of Bnip3 regulatory pathways. (1) PKA phosphorylates Bnip3 and inhibits its 
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interactions at the endoplasmic reticulum, preventing calcium (Ca2+) release through the inositol 
triphosphate receptor (IP3R), and subsequent mitochondrial calcium uptake. This prevents mitochondrial 
permeability transition, contractile dysfunction, and necrotic cell death. (2) PKA non-canonically activates 
nuclear factor kappa B (NF-kB), which when combined with hypoxia-inducible factor (HIF)-1ɑ, promotes 
the expression of sNip (Bnip3ΔExon3). sNip is directly protective by acting as an endogenous inhibitor to 
Bnip3, but sNip also (3) results in endoplasmic reticulum to nuclear calcium (Ca2+) transfer. This nuclear 
calcium accumulation results in the nuclear localization of nuclear factor of activated T-cells c3 (NFATc3), 
which alters cardiomyocyte gene expression to counteract hypoxia-induced proliferation and promotes 
maturation.   

 

 We started by showing that the combination of environmental hypoxia exposure and 

misoprostol drug treatment represses Bnip3 protein abundance in many PND10 neonatal rat 

tissues, including the heart. Through a series of mechanistic cell-based experiments we found 

that this was through PG-induced activation of PKA, which goes on to phosphorylate the P65 

subunit of NF-κB at serine-276. This observation builds on the work of Sankar Ghosh’s lab, 

which previously showed that NF-κB can be non-canonically activated by PKA, but still ends up 

in the nucleus in order to alter gene expression (Zhong et al, 2002, 1998, 1997). We further show 

that NF-κB is required for near complete repression of HIF-1-induced Bnip3 protein expression 

in immortalized cell lines. This observation supports findings from Lorrie Kirshenbaum’s lab 

from the early 2000’s, which suggested that canonical NF-κB stabilization is responsible for 

repressing Bnip3 expression in the healthy control cardiomyocyte (Regula et al, 2004; Baetz et 

al, 2005; Shaw et al, 2008).  

The work presented in Manuscript I (Chapter III) also demonstrates that the unique 

combination of HIF-1ɑ and NF-κB stabilization promotes the alternative splicing of Bnip3, 

which represents a significant advancement in our understanding of this phenomena. While 

alternative splicing of Bnip3 is not a new concept, what was previously presented as evidence of 

this phenomena was only shown through qRT-PCR, and suggested that hypoxia alone was 

sufficient to drive it (Gang et al, 2011). While the work presented in this thesis does not refute 
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these early findings, it does expand on them considerably. For the first time to our knowledge, 

we were able to show the expression of sNip at the protein level using both custom and 

commercially available antibodies targeted to the N-terminus of the rodent and human Bnip3 

protein, respectively. This is particularly advantageous given that in our hands the degree of 

overlap between Bnip3 full length and the smaller splice variant, sNip, has proven quantification 

of each independent transcript nearly impossible through qRT-PCR. Using this protein-based 

detection system, we were further able to determine that while hypoxia does promote sNip 

expression, it is a rather weak inducer in both HCT-116 (shown in Manuscript I) and H9c2 

(shown in Manuscript II) cells. Through critical gain-of-function experiments we were able to 

show that the combination of HIF-1ɑ and NF-κB reliably promotes robust sNip expression, well 

above that of HIF-1 alone. But perhaps the most critical finding with regard to sNip expression is 

that the process is “drug-able” through misoprostol, a significant advancement in the field of 

Bnip3 biology.  

The work presented in both Manuscripts I and II also expands greatly upon the biological 

role of sNip. While previous work on the smaller isoforms of BH3-only proteins like sNip and 

sNix has suggested they function merely as endogenous inhibitors of the larger isoform, the work 

presented in this thesis challenges that conventional thinking (Yussman et al, 2002; Gang et al, 

2011). Through live-cell imaging with novel, organelle-targeted calcium indicators we show that 

while sNip does prevent Bnip3-induced cell death, it also directs calcium from the ER and into 

the nucleus, a completely Bnip3-FL-independent event. This novel role has implications for 

cardiac hypertrophy and maturation. As previously mentioned these observations help to unify 

the opposing roles of IP3R-mediated ER calcium release in the initiation of cell death, and 

Donald Bers’ excitation-transcription model of hypertrophy (Szabadkai et al, 2006a; De Stefani 
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et al, 2012; Wu, 2006). However, it is important to note that a number of the experiments that 

helped form the basis for these conclusions were conducted in H9c2 cells. While these cells have 

been found to have similar hypertrophic responses to PVNCs, they lack the ability to contract 

(Watkins et al, 2011). This known characteristic of H9c2 cells simplifies the role of calcium in 

these immortalized cells, presenting a potential limitation to these findings.  

 In the next set of experiments (outlined in Chapter IV), a protective mechanism that takes 

advantage of this misoprostol- and sNip-induced hypertrophic response during neonatal hypoxia 

was proposed. While hypertrophy is generally seen in a negative light in the heart, the data 

outlined in Chapter IV suggests that systemic neonatal hypoxia promotes an immature, 

proliferative phenotype in cardiomyocytes, which misoprostol-induced sNip expression opposes. 

Importantly, we are not the first to show hypoxia-induced proliferation in cardiomyocytes, but 

our results confirm the very recent findings from both the Sadek and Olson labs (Cui et al, 2020; 

Xin et al, 2013; Porrello et al, 2011; Puente et al, 2014; Cardoso et al, 2020). As shown in these 

papers, hypoxia shifted myocyte metabolism towards glycolysis, but we were further able to 

show that this was prevented by misoprostol administration. While Puente et al. observed that 

senescence was activated by ROS-induced DNA damage, we present an additional mechanism 

that hinges on sNip-induced nuclear calcium accumulation (Puente et al, 2014). Our data 

suggests that sNip results in the kind of sustained nuclear calcium transients that activate the 

calcium-calmodulin-dependent phosphatase, calcineurin, building on the foundational work of 

Jeffery Molkentin and Donald Bers (Nakayama et al, 2006; Wu, 2006). In a study that was 

published from the Sadek lab while Manuscript II was in revision, they additionally confirmed 

our observations that calcineurin activation is sufficient to repress myocyte proliferation 

(Nguyen et al, 2020). This concurrent paper used pathway analysis to suggest possible routes 
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being altered by calcineurin. In doing this they observed that genes broadly involved in muscle 

development and hypertrophy are upregulated by calcineurin during mouse myocyte maturation 

(Nguyen et al, 2020).  

The work presented in this thesis takes this one step further, by looking at calcineurin’s 

downstream target, NFATc3, a connection that was established by Molkentin and colleagues in 

1998 (Molkentin et al, 1998). In doing this, we provided evidence that sNip-dependent, NFATc3 

activation inhibits a novel feed-forward loop where MEF2C enhances the developmental 

myocardin-BMP10 gene expression pathway, previously described by Michael Parmacek’s 

group (Huang et al, 2012; Creemers et al, 2006). At the same time, Chen and colleagues suggest 

that BMP10 is able to promote the expression of MEF2C, thereby completing the loop (Chen et 

al, 2004a). While there is significant supporting literature focused on the requisite pieces of this 

proliferative loop, more research is required to firmly establish its existence in the developing 

neonatal heart. But as a whole the studies presented in Chapter IV represent an important 

advance in our understanding and ability to treat neonatal myocyte proliferation.  

 In the final portion of this thesis, we present evidence for the regulation of Bnip3 outside 

of repression and alternative splicing, demonstrating that misoprostol also promotes Bnip3 

phosphorylation. While previous studies have established a role for Bnip3 during various adult 

cardiac pathologies, the work presented in Chapter V also centralizes Bnip3 in hypoxic 

pathologies of the neonatal heart. Tying together what previous studies have suggested are 

separate roles for Bnip3, this thesis shows that phosphorylation at Thr-181 inhibits Bnip3 activity 

at both the ER and mitochondria. At the ER, phosphorylation of Bnip3 seemingly prevents the 

IP3R-mediated calcium release and the mitochondrial calcium accumulation that has been so 
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intimately tied to the initiation of MPT and necrotic cell death (Ray et al, 2000; Vande Velde et 

al, 2000; Zhang et al, 2009b).  

Previous work from Gary Isom’s group would suggest that this Bnip3-induced ER 

calcium release is mediated through physical interactions between Bnip3 and the IP3R; however, 

ER stress and the unfolded protein response (UPR) may also be playing a role in the hypoxia-

exposed cardiomyocyte (Zhang et al, 2009b). Briefly, the UPR is thought to be an initially 

adaptive response to any form of cell stress that alters ER luminal homeostasis, inhibiting its 

ability to promote effective protein folding within. Research has determined that there are 3 

independent branches, or arms, to this response which are mediated through protein kinase R 

(PKR)-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (Ire1), and 

activating transcription factor 6 (ATF6), respectively (Glembotski, 2007). While a 2006 study 

from Segrezdi and colleagues demonstrated that all three arms of the UPR were activated in 

hypoxia exposed primary cardiomyocytes, more recent studies suggest that Bnip3 may directly 

regulate the PERK arm to facilitate ER calcium release (Szegezdi et al, 2006; Chaanine et al, 

2013). This is based on the 2013 observations of Chaanine et al. which used a pressure overload-

induced heart failure model to show Bnip3 expression was concurrent with phosphorylation of 

eukaryotic translation initiation factor 2A (eIF2A), a downstream target of PERK, as well as the 

induction of C/EBP homologous protein (CHOP) expression. The role of Bnip3 was further 

clarified in this system when they used adenoviruses to knock it down, observing that eIF2A was 

not phosphorylated and CHOP was not upregulated when Bnip3 was absent (Chaanine et al, 

2013). While the importance of these observations is not immediately obvious, CHOP has been 

found to upregulate ER oxidoreductin 1 (ERO1) and repress Bcl-2, which both ultimately result 

in IP3R-mediated ER calcium release (McCullough, 2004; Chen et al, 2004b; Li et al, 2009). 
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Based on these observations, misoprostol-induced phosphorylation may be inhibiting ER 

calcium release through directly inhibiting interactions between Bnip3 and the IP3R, or by 

preventing ER stress all together; however, more work is required to delineate which process 

underlies our observed perturbations in calcium homeostasis.   

At the same time, by monitoring mitochondrial dynamics in vivo and in vitro, our data 

also suggests that misoprostol prevents mitochondrial fission. While we did not look at 

interactions with the fission protein, OPA-1, previous studies have shown that the Bnip3 TM-

domain interacts directly with OPA-1 to direct mitochondrial fission (Landes et al, 2010; Chen et 

al, 2010a). Additionally, Liu and Frazier observed in their 2015 paper that Bnip3 TM-domain 

phosphorylation does prevent this interaction with OPA-1, restoring normal mitochondrial 

morphology (Liu & Frazier, 2015).  

 The data presented in Chapter V suggests that phosphorylation may serve to increase 

Bnip3s interaction with 14-3-3β, a novel interaction described in this thesis. This was initially 

proposed based on high-resolution confocal imaging, which demonstrated that misoprostol 

treatment shifted Bnip3 away from both ER and mitochondria, sequestering it in the cytosol. 

Gain-of-function transfection experiments further revealed that 14-3-3β overexpression on its 

own mimic’s misoprostol-induced Bnip3 inhibition. Interestingly, previous work on the 14-3-3 

family of chaperones has found that while serine or threonine phosphorylation is not required for 

its binding to proteins, it does enhance the interaction (Petosa et al, 1998; Tzivion & Avruch, 

2002). Furthermore, 14-3-3 proteins have been found to be anti-apoptotic mediators, noted for 

their ability to bind other BH3-domain containing Bcl-2 family members like BAD, and NIX 

(Datta et al, 2000; Masters & Fu, 2001; Tan et al, 2000; da Silva Rosa et al, 2020). Based on 

this, our data suggests that misoprostol results in the phosphorylation of Bnip3, enhancing 14-3-
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3β binding and trafficking it away from its roles at both the mitochondria and ER. This is further 

supported by data that was presented as supplemental data in the manuscript showing that Bnip3-

induced mitophagy, a protective event, is also lost with misoprostol drug treatment. 

 However, in addition to the previously outlined limitations surrounding the use of H9c2 

cells throughout this thesis, there are other factors that may limit the interpretation and 

translatability of these studies. With respect to the animal models of neonatal hypoxia, while 

necessary for neonate survival, the inclusion of the dam in the hypoxia enclosure presents a 

particular challenge. Recent studies conducted in non-human primates suggest that maternal 

exposure to stressful environments increases the presence of cortisol in maternal breast milk, 

which was further found to promote downstream stress phenotypes and altered post-natal growth 

in the offspring (Hinde et al, 2015). Interestingly, very little is known about the direct effects of 

cortisol on neonatal cardiomyocyte growth and metabolism; however, work done using near-

term fetal sheep hearts and myocytes suggests that cortisol exposure promotes cardiomyocyte 

cell cycle re-entry and enhances LV wall thickness (Lumbers et al, 2005; Giraud et al, 2006). 

While differences exist between fetal and neonatal cardiomyocytes, these previous findings may 

confound our observations surrounding hypoxia-induced cardiomyocyte proliferation, but likely 

does not take away from the efficacy of misoprostol in this response. Conversely, in clinical 

settings pre-term infants experiencing hypoxic insults are not necessarily nourished with their 

mothers own milk, but rather donor milk and/or formula are often used as a supplement (Madore 

et al, 2017). This introduces the potential for a significant difference between our pre-clinical 

and possible future clinical findings, given that pups in our studies were dependent on their 

mother’s milk for nutrition, creating a possible “double-hit” in our model which combines 

hypoxia exposure and maternal cortisol transfer.  
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 Additionally, in order to comply with animal welfare requirements and allow for daily 

misoprostol treatments, hypoxic animals throughout the studies outlined in this thesis were not 

held at 10% oxygen for the entire 7 days. Each day, animals were brought up to 21% oxygen, 

weighed, treated, and returned to hypoxia, in a process that took less than 30 minutes. While 

every effort was taken to reduce the amount of time animals spent at 21% oxygen, this cyclic 

pattern could have resulted in an ischemia/reperfusion-like phenotype in our model. This 

presents a challenge because the HIF-adaptative response to hypoxia functions to alter 

cardiomyocyte metabolism, allowing for some degree of preserved energy production and 

subverting death for a period of time. However, with reperfusion oxygen is allowed to flood back 

into a metabolic system that is not prepared for it, “stunning” the myocardium while promoting 

ROS production, mitochondrial permeability transition, and an accelerated cell death phenotype 

(Bolli & Marbán, 1999). While data from a neonatal intensive care unit in Cleveland suggests 

that these cyclic swings in infant oxygenation are seen clinically, this potential limitation does 

need to be taken into consideration when interpreting the data presented in this thesis (Dimaguila 

et al, 1997).  

 Moreover, while this thesis employs multiple routes of investigation, including both 

rodent and human cell lines, as well as rat and mouse animal models, the translatability of the 

findings are potentially limited by the lack of data generated in human samples. To overcome 

this, human induced pluripotent stem cell-derived cardiomyocytes were used in a few key 

studies; however, more data focused on Bnip3 phosphorylation in patient samples undergoing 

cardiac surgery would have been helped establish these mechanisms as evolutionarily conserved 

in both rodents and humans.  
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 Taken together, work presented in this thesis does however fill many gaps in our 

knowledge about the cardiac role of Bnip3 during the HIF-1 adaptive response to hypoxia. 

Further functioning to bring together and expand upon three poorly understood pathways and 

elevating the role of Bnip3 in neonatal cardiac injury, the three manuscripts in this thesis do not 

merely point to Bnip3 as being a problem but also propose a novel and universally available way 

to directly regulate its expression and activity pharmacologically in the neonatal heart. This may 

represent a significant and consequential development in our ability to protect the hypoxia-

exposed neonatal heart.  
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CHAPTER VII: Future Directions 

 While this thesis represents a significant advancement in our understanding of the role of 

Bnip3 and its interactions with PG signalling, more work is still required in order to fully 

understand the events that occur. Some additional studies required, which are represented in the 

following experimental aims:  

1. Further Explore Misoprostol’s Ability to Prevent Hypoxia-Induced Proliferation  

2. Define the Role of Cardiac PGs on Bnip3 Activity in the Neonatal Heart  

3. Determine Why Loss of Bnip3 Alters Cardiac Structure and Function 

7.1. Further Explore Misoprostol’s Ability to Prevent Hypoxia-Induced Proliferation 

7.1.1. Protection During the Neonatal Period  

 Building on the observations presented in Manuscript II, more in vivo evidence is 

required in order to establish the protective role of misoprostol in this process. Using our 

previously described mouse model of neonatal hypoxia, mice would be exposed to 10% oxygen 

with and without misoprostol from PND3-10 (see VII-Figure 1 for overview). On PND10, 

cardiac structure and function would be assessed using transthoracic echocardiography.   

 

 

VII - Figure  1: Experimental Timeline 

Schematic of the mouse model of neonatal hypoxia, where mice are exposed to hypoxia (10% O2) ± 10 
μg/kg misoprostol daily from post-natal day (PND) 3-10. 
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 Preliminary data for this aim collected over the last year demonstrates that hypoxic 

PND10 mice have some of the classical indicators for dilated cardiomyopathy (shown in VIII-

Figure 2). This includes hypoxia-induced increase in LV internal diameter, mass, and 

significantly more blood being retained in the heart following contraction, all of which were 

prevented with misoprostol treatment. At the same time, there was no indication of hypoxia-

induced changes in LV anterior, posterior, or septal thicknesses, helping us to rule out 

hypertrophy. Analysis of cardiac protein abundance further revealed that exposure to hypoxia 

promotes cyclin-D1 expression, and a shift towards anerobic glycolysis, both of which are 

indicators of active proliferation in the neonatal heart (VIII-Figure 3A-C). While these 

preliminary results suggest that the heart is growing in response to hypoxia, more experiments 

are required to confirm this. In order to potentially capture proliferative events in vivo 18-F-FLT, 

a radiolabelled PET tracer that integrates into the DNA of dividing cells when its present, should 

be used. Traditionally used for detecting cancer cells, this approach may allow us to capture 

dividing cells in the heart. In follow up experiments, the PND10 heart should also be fixed for 

histological analysis, using bright field stains like hematoxylin and eosin and Mason’s trichrome. 

In addition, immunohistochemistry would be performed looking at PHH3, and Aurora Kinase B 

as markers of cell-cycle re-entry, as well as wheat germ antigen staining for cell borders. Based 

on our previous results, we would hypothesize that there will be more, small, PHH3-positive 

cells in the hypoxic hearts, when compared to control and combination-treated hearts.  

In order to understand what is going on at the cellular level, we propose two different sets 

of experiments, starting with assessing PND10 mRNA and protein abundance. While the PCR 

arrays shown in VIII-Figure 1A and B, and as well as the protein expression studies shown in 

VIII-Figure 3A-C demonstrate general shifts towards anerobic glycolysis and activation of the 



 275 

cell cycle, a deeper analysis is required. This should include a significant exploration of the 

earlier proposed MEF2C-myocardin-BMP10 proliferative pathway. We would further 

hypothesize that the combination of hypoxia and misoprostol will promote alternative splicing to 

stabilize sNip expression in the PND10 heart (preliminary expression results shown in VIII-

Figure 3D). These proposed studies would help to support our previous observations that were 

made in neonatal rats, while further demonstrating that this pathway may be evolutionarily 

conserved.  

The second set of experiments should include the isolation of PVNCs from PND1-2 

mouse pups, where they can then be treated with hypoxia and misoprostol ex vivo. Following 

treatment, cells would be subjected to seahorse extracellular flux analysis, employing both the 

glucose- and fatty acid-stress tests to assess PVNC energy substrate preference. Taking this one 

step further, this series of experiments would benefit from metabolite tracing using carbon-13 

labeled glucose, which is a non-radioactive, stable isotope. This labeling would be used in a big 

data approach known as fluxomics. Using these metabolic approaches, we would hypothesize 

that hypoxia will enhance PVNCs preference for glycolysis over fatty acids, which will likely be 

prevented with the addition of misoprostol.  

7.1.2. Protection Across the Life Course  

Building on the observation that many preterm infants go on to develop cardiac 

dysfunction in early life, a secondary aim here would be to age the mice and assess cardiac 

structure and function longitudinally. In this study, animals would be exposed to hypoxia and 

misoprostol according to the timeline shown in VII-Figure 1, then returned to normoxia and 

allowed to age normally for 15-24 weeks. During this time animals would be assessed through 

echocardiography, and periodically sacrificed for histological and biochemical analysis. Based 
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on what was seen in young adults that were born preterm, we hypothesize that pups that 

experienced a period of hypoxia would go on to develop dilated cardiomyopathy. Moreover, 

with the protective effect already being seen at PND10, we hypothesize that daily misoprostol 

treatments from PND3-10 would  prevent these effects later in life.  

7.2. Define the Role of Cardiac PGs on Bnip3 Activity in the Neonatal Heart 

While the studies outlined in this thesis indicate a protective role for exogenously 

supplied PGs through misoprostol, we also know that PGs are produced by the heart itself 

(Bolton, 1980; Linssen et al, 1993; Hsueh & Needleman, 1978). Knowing that PGs only have 

local actions when produced in a tissue, we suggest that it is important to understand if 

endogenous myocardial PG production has a protective effect during neonatal hypoxia.  

To do this we would determine if the cardiovascular response to neonatal hypoxia is 

exacerbated in mice lacking cardiac PGs (cardiac-specific knockout of cyclooxygenase-1 (COX-

1)). Additionally, we would assess if the exacerbated hypoxic response to COX1 knockout can 

be rescued through supplementation with misoprostol. COX-1-null mice have previously been 

shown to exhibit a worsened ischemia-reperfusion phenotype (Camitta et al, 2001). These studies 

would use existing floxed-COX-1 mice available through our collaboration with Dr. Grant 

Gordon (U. Calgary). In order to make this cardiac specific, these mice would have to be crossed 

with a Nkx2.5-cre mouse (JAX labs), to produce a stable COX-1 knockout in the neonatal heart.  

In order to assess the response to hypoxia in these animals, mice would be treated 

according to the same timeline outlined in the previous aim (see VII-Figure 1 for overview). We 

suggest that this study should employ similar endpoints as the previous aim, including 

echocardiography, histological assessment, as well as biochemical analysis. We would also 

isolate primary neonatal cardiomyocytes from these COX-1-null mice to determine if the loss of 
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PG signaling worsens hypoxia- and Bnip3-induced mitochondrial dysfunction and cell death at 

the cellular level. In these experiments, cells exposed to hypoxia, with or without misoprostol 

treatment, would also be assessed for mitochondrial function and viability by fluorescence 

microscopy, and Seahorse extracellular flux analysis. In these cell-based experiments we 

hypothesize that the loss of PG signaling will worsen the cellular response to hypoxia and Bnip3 

overexpression, further reducing cellular viability following these exposures.  

7.3. Determine Why Loss of Bnip3 Alters Cardiac Structure and Function  

 In the course of collecting data for Manuscript III, we were interested in using whole 

animal Bnip3-null mice that were originally generated by Gerald Dorn’s group (Diwan et al, 

2007b), to phenocopy the effects of misoprostol through genetic ablation. Due to COVID-19-

related interruptions, we were not able to complete this aspect of the study; however, some 

compelling data related to cardiac function (EF and E’/A’) was presented in V-Figure 29. While 

significance was not reached for many other parameters across the 4 planned groups, it was 

increasingly clear that loss of Bnip3 at baseline affects the neonatal heart (VIII-Figures 4 and 5).  

While the initial characterization of these mice at 8-12 weeks of age suggested no 

measurable changes in cardiac structure and function, our preliminary data generated through 

PND10 echocardiography suggests otherwise (Diwan et al, 2007b). Structurally, we present 

evidence that while the overall weight of the heart is unchanged, the mass of the left ventricle, 

alongside its posterior and anterior wall thicknesses are increased (VIII-Figure 4A-D). At the 

same time, our preliminary data suggests that the Bnip3-null heart has some degree of diastolic 

dysfunction, demonstrating reduced isovolumic relaxation time (IVRT) and an elevated heart 

rate (VIII-Figure 5C, D). Together this data suggests that the neonatal Bnip3-null heart may be 

undergoing concentric hypertrophy and possibly diastolic heart failure (Gutierrez & Blanchard, 
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2004). Based on these observations, the next step of this study should be to determine how the 

loss of Bnip3 fails to protect the unstressed heart.  

 There are a number of possible explanations for this loss of protection, these proposed 

experimental approaches to address the following two: (1) The whole-animal Bnip3-KO has 

extra-cardiac effects that result in systemic hypertension that negatively impact the developing 

heart; and (2) Loss of sNip in the Bnip3-KO heart allows for unchecked proliferation during 

neonatal stage.   

Previous work from Gerald Dorn’s lab has demonstrated that the loss of other Bcl-2 

proteins like Nix, results in the over-production of blood cells, which may alter hemodynamics 

by thickening the circulating blood (Diwan et al, 2007a). While the initial characterization of the 

whole animal Bnip3 knockout mice at 8-12 weeks revealed no difference in hematocrit with 

wild-type animals, it may be of value to reassess this at PND10. Because Bnip3 has not been 

documented in blood cell development (to date), We would hypothesize that the blood of Bnip3-

KO animals will likely be no different that of control. While being able to directly measure 

PND10 blood pressure would be advantageous, given the small size of the animals we have 

determined that this is impossible. Given the potential for extra-cardiac effects that remain 

unknown, this line of investigation would benefit from the generation of a cardiac-specific 

Bnip3-KO mouse to rule these effects out. Using this myocyte specific model, we would 

similarly age the animals to PND10 and assess cardiac structure and function via 

echocardiography. Using this approach, we hypothesize that the hypertrophic phenotype would 

persist, allowing us to rule out the role of non-cardiac effects.  

The genetic loss of Bnip3 would also result in the loss of sNip, we speculate that this may 

be the cause of the observed cardiac enlargement and dysfunction. Rather than hypertrophy, we 
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hypothesize that the left ventricles of these animals may be growing through unchecked 

proliferation. In order to assess this, animals would first be assessed using 18-F-FLT PET, in 

order to visualize proliferation in vivo.  We would also collect hearts from these PND10 animals 

and run PCR arrays targeted to hypertrophy and the cell cycle. It would be critical to assess the 

expression of sNip as well as the novel MEF2C-myocardin-BMP10 pathway that was outlined 

earlier in this thesis. Additionally, hearts would be assessed histologically, using wheat germ 

antigen to look at cell size, and PHH3 to observe proliferative nuclei. This line of investigation 

would also benefit from the isolation of PVNCs from WT and Bnip3-/- mice at PND1-2, which 

could then be assessed in vitro. Here, PVNC’s could be imaged using live-cell calcium-sensitive 

fluorescent dyes, like FURA-2, to assess if calcium is going to the nucleus in the absence of 

sNip. Additionally, myocytes could be subjected to immunofluorescence in order to look at both 

calcineurin and NFATc3 activation in vitro. Taking this one step further we could add-back sNip 

virally and determine if the phenotype is lost.  

The pre-clinical studies proposed in these future directions will advance our 

understanding of the role of Bnip3 in the development of cardiac dysfunction, and further expand 

on the protective role of PG signalling. In doing these studies it will take us one step closer to the 

clinical application of PG supplementation to reduce the burden of hypoxia-induced cardiac 

morbidity in preterm infants.  
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CHAPTER VIII: Additional Data  

 
VIII - Figure  1: Misoprostol prevents hypoxia-induced changes in neonatal mouse cardiac gene 
expression. 

(A), (B) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol 
daily from post-natal day (PND) 3-10. PCR-based arrays were then performed on RNA isolated from 
ventricles (n=3 animals per group). Green indicates a downregulation of expression (<1), and red indicates 
an upregulation of expression (>1), relative to the normoxic control (1). 
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VIII - Figure  2: Misoprostol prevents hypoxia-induced changes in neonatal mouse cardiac 
structure and function. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. PND10 hearts were weighed in grams (g) and normalized to tibial length 
(TL) in 9-16 mice per condition. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(B) Mice were treated as in (A). Transthoracic echocardiography was then used to assess left ventricular 
(LV) diameter during diastole in millimeters (mm), this was done in in 7-9 mice per condition. Data are 
represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 compared with hypoxia 
treatment, determined by 1-way ANOVA. 

(C) Mice were treated as in (A). Transthoracic echocardiography was then used to assess LV mass in 
nanograms (ng), this was done in in 7-9 mice per condition. Data are represented as mean ± S.E.M. *P < 
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.05 compared with control, while **P < .05 compared with hypoxia treatment, determined by 1-way 
ANOVA. 

(D) Mice were treated as in (A). Transthoracic echocardiography was then used to assess LV anterior wall 
thickness in millimeters (mm), this was done in in 7-9 mice per condition. Data are represented as mean ± 
S.E.M. **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(E) Mice were treated as in (A). Transthoracic echocardiography was then used to assess LV posterior wall 
thickness in millimeters (mm), this was done in in 7-9 mice per condition. Data are represented as mean ± 
S.E.M. **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(F) Mice were treated as in (A). Transthoracic echocardiography was then used to assess intraventricular 
septum (IVS) thickness in millimeters (mm), this was done in in 7-9 mice per condition. Data are 
represented as mean ± S.E.M., non-significance determined by 1-way ANOVA. 

(G) Mice were treated as in (A). Transthoracic echocardiography was then used to assess LV end diastolic 
volume in microliters (μL), which represents the volume of blood in the LV prior to contraction. This was 
done in in 7-9 mice per condition. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(H) Mice were treated as in (A). Transthoracic echocardiography was then used to assess LV end systolic 
volume in microliters (μL), which represents the volume of blood in the LV after contraction. This was 
done in in 7-9 mice per condition. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA. 

(I) Mice were treated as in (A). Transthoracic echocardiography was then used to assess cardiac output, 
expressed as millilitres per minute (mL/min), which represents the volume of blood the heart is able to  
move every minute.  This was done in in 7-9 mice per condition. Data are represented as mean ± S.E.M., 
non-significance determined by 1-way ANOVA. 
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VIII - Figure  3: Misoprostol prevents hypoxia-induced alterations in neonatal cardiac protein 
expression. 

(A) Mice were exposed to 21% O2 (NMX) or 10% O2 (HPX) and treated with 10 μg/kg misoprostol daily 
from post-natal day (PND) 3-10. PND10 heart protein extracts were collected and immunoblotted for 
Cyclin-D1 immunoreactivity. Blots were subjected to densitometric analysis relative to tubulin for 3-5 
animals per group. Data are represented as mean ± S.E.M. *P < .05 compared with control, while **P < .05 
compared with hypoxia treatment, determined by 1-way ANOVA 

(B) Mice were treated as in (A). PND10 heart protein extracts were collected and immunoblotted for lactate 
dehydrogenase A (LDHA) immunoreactivity. Blots were subjected to densitometric analysis relative to 
tubulin for 3-5 animals per group. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
while **P < .05 compared with hypoxia treatment, determined by 1-way ANOVA 

(C) Mice were treated as in (A). PND10 heart protein extracts were collected and immunoblotted for 
carnitine palmitoyltransferase 1 A (CPT1A) immunoreactivity. Blots were subjected to densitometric 
analysis relative to tubulin for 3-5 animals per group. Data are represented as mean ± S.E.M. *P < .05 
compared with control, determined by 1-way ANOVA 

(D) Mice were treated as in (A). PND10 heart protein extracts were collected and immunoblotted for the 
small isoform of Bnip3 (sNip) immunoreactivity. Blots were subjected to densitometric analysis relative to 
tubulin for 3-5 animals per group. Data are represented as mean ± S.E.M. *P < .05 compared with control, 
determined by 1-way ANOVA 
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VIII - Figure  4: Bnip3 ablation alters neonatal cardiac structure. 

(A) Bnip3-wildtype (WT) and Bnip3-knockout (KO) mice were exposed to 21% O2 from post-natal day 
(PND) 3-10. PND10 hearts were weighed in grams (g) and normalized to tibial length (TL) in 7-10 mice 
per condition. Data are represented as mean ± S.E.M., non-significance determined by unpaired t-test. 

(B) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess left ventricular (LV) diameter during diastole in millimeters (mm), this was done in in 5 mice per 
condition. Data are represented as mean ± S.E.M., non-significance determined by unpaired t-test. 

(C) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess LV mass in nanograms (ng), this was done in in 5 mice per condition. Data are represented as 
mean ± S.E.M. *P < .05 compared with WT control, determined by unpaired t-test. 

(D) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess LV anterior wall thickness in millimeters (mm), this was done in in 5 mice per condition. Data are 
represented as mean ± S.E.M. *P < .05 compared with WT control, determined by unpaired t-test. 

0.000

0.005

0.010

0.015

PND10 Heart Weight
H

W
(g

)/T
L 

(c
m

) (
M

ea
n 

± 
SE

M
)

WT KO
0

1

2

3

PND10 LV Internal Diameter

D
ia

m
et

er
 (m

m
) (

M
ea

n 
± 

SE
M

)

WT KO
0

10

20

30

40

PND10 LV Mass

M
as

s 
(m

g)
 (M

ea
n 

± 
SE

M
)

WT KO

*

0.0

0.2

0.4

0.6

PND10 LV Anterior Wall Thickness

 D
ep

th
 (m

m
) (

M
ea

n 
± 

SE
M

)

WT KO

*

0.0

0.2

0.4

0.6

0.8

P=0.09

PND10 LV Posterior Wall Thickness
 D

ep
th

 (m
m

) (
M

ea
n 

± 
SE

M
)

WT KO
0.0

0.2

0.4

0.6

PND10 IVS Thickness

 D
ep

th
 (m

m
) (

M
ea

n 
± 

SE
M

)

WT KO

BA C

D FE

G

15

20

25

30

PND10 End Diastolic Volume

Vo
lu

m
e 

(u
L)

 (M
ea

n 
± 

SE
M

) *

WT KO



 285 

(E) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess LV posterior wall thickness in millimeters (mm), this was done in in 5 mice per condition. Data 
are represented as mean ± S.E.M., significance determined by unpaired t-test. 

(F) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess intraventricular septum (IVS) thickness in millimeters (mm), this was done in in 5 mice per 
condition. Data are represented as mean ± S.E.M., non-significance determined by unpaired t-test. 

(G) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess LV end systolic volume in microliters (μL), which represents the volume of blood in the LV after 
contraction. This was done in in 7-9 mice per condition. Data are represented as mean ± S.E.M. *P < .05 
compared with WT control, determined by unpaired t-test. 
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VIII - Figure  5: Bnip3 ablation alters neonatal cardiac function. 

(A) Bnip3-wildtype (WT) and Bnip3-knockout (KO) mice were exposed to 21% O2 from post-natal day 
(PND) 3-10. Transthoracic echocardiography was then used to assess ejection fraction, which represents 
the percentage (%) of left ventricle (LV) end-diastolic volume released with each contraction. This was 
performed in 5 mice per condition. Data are represented as mean ± S.E.M., non-significance determined by 
unpaired t-test. 

(B) Bnip3-WT and Bnip3-KO mice were treated as in (A). Pulsed wave tissue doppler imaging was then 
used to assess mitral valve peak velocities during early (E’, LV contraction) and atrial (A’) filling, which 
are represented as a ratio of E’/A’. This was performed in 5 mice per condition. Data are represented as 
mean ± S.E.M., non-significance determined by unpaired t-test. 

(C) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess heart rate in beats per minute (BPM), this was performed in 5 mice per condition. Data are 
represented as mean ± S.E.M. *P < .05 compared with WT control, determined by unpaired t-test. 

(D) Bnip3-WT and Bnip3-KO mice were treated as in (A). Transthoracic echocardiography was then used 
to assess isovolumic relaxation time (IVRT), a measure of the length of time between aortic ejection and 
LV filling. This value was then corrected for heart rate (expressed as IVRTc). This was performed in 5 
mice per condition. Data are represented as mean ± S.E.M. *P < .05 compared with WT control, determined 
by unpaired t-test. 
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