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Abstract  
 

During gestation, the uterine smooth muscle, or myometrium, transforms from a 

quiescent tissue to a contractile muscle required for parturition. Immune system activation is a 

crucial precursor to labour during which the myometrium is infiltrated by immune cells. Immune 

and myocyte activation rely on signal transduction via oxidation-reduction reactions and 

generation of reactive oxygen species (ROS). Nicotinamide adenine dinucleotide phosphate 

oxidases (Nox) are proteins responsible for the transport of electrons across biological 

membranes. It was hypothesized that Nox proteins and their regulatory subunits would be readily 

expressed in the rat myometrium during pregnancy to help prepare the tissue for parturition. 

Using rat myometrial tissue collected from pregnant rats throughout gestation, an immortalized 

human myometrial cell line, as well as immunoblot and immunofluorescence analyses, the 

spatial and/or temporal expression pattern of Nox1, Nox4, as well as their regulatory subunits 

NoxO1, NoxA1 and p22phox were examined, including possible regulation by uterine distension 

and inflammation. Nox1 was prominently localized to myocyte cytoplasm, with some plasma 

membrane association, and significantly expressed during the contractile and labour phases. 

NoxO1 was similarly expressed during these periods and was observed to have a general 

cytoplasmic staining pattern in situ. Nox4 was prominently localized in peri-nuclear regions, 

again with some plasma membrane association, and significantly expressed during the 

proliferative and synthetic phases. p22phox was similarly expressed during both phases while 

NoxA1 expression was only elevated during the proliferative phase.  Stimulation of 

inflammation in hTERT-HM cells using the pro-inflammatory cytokine IL-1E only induced 

Nox1 expression in hTERT-HM cells while uterine distension did not significantly affect 

expression of any Nox enzyme or subunit examined. It is speculated that Nox1 could form 

signaling platforms during late pregnancy and labour at caveolae to help prime the uterine 

contractile apparatus prior to labour while Nox4 could participate in cellular signaling events that 

lead to myometrial proliferation during early pregnancy.  This study was the first to methodically 

characterize the expression of Nox1 and Nox4 enzymes as well as their regulatory subunits in the 

rat myometrium throughout gestation. The results highlight the potential importance of these 

proteins in the myometrium for pregnancy and parturition. 
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1. Introduction 

1.1. Preterm Birth 

The World Health Organization defines preterm birth (PTB) as delivery of an infant prior 

to 37 weeks of gestation. Preterm birth can be further divided into three sub-categories based on 

gestational age: extremely preterm (<28 weeks), very preterm (28-32 weeks) and moderate to 

late preterm (32-37 weeks) (WHO, 1977). In 2014, 8% of pregnancies in Canada resulted in 

PTB, with most babies being delivered between 32 and 36 weeks (PHAC, 2017). Most preterm 

infants are born being small for gestational age (SGA), meaning they weigh less than 90% of 

babies of the same gestational age and sex, leaving them at a higher risk for mortality and 

morbidity (Lim et al. 2009). Preterm and SGA babies require special postnatal care and 

monitoring, and on average, remain in hospital for longer than full-term infants. Additionally, 

preterm babies require the use of more hospital resources such as specialized equipment 

(monitors, respirators, dialysis pumps) and highly trained healthcare personnel resulting in 

increased healthcare costs (Cuevas et al. 2005). PTB alone was estimated to cost the Canadian 

health care system over $8 billion per year (Lim et al. 2009).  

PTB is a multifactorial syndrome which can be categorized into three broad groups: (1) 

Spontaneous: PTB following spontaneous preterm labour with intact membranes, (2) PPROM: 

PTB following preterm premature rupture of the membranes (PPROM), and (3) Indicated: 

provider-initiated PTB for maternal or fetal indications (Tucker et al. 1991). Approximately 40-

45% of PTB are spontaneous, 25-30% are due to PPROM and the remaining 30-35% are 

indicated (Goldenberg et al. 2008). These rates vary between countries and may be influenced by 

many factors including maternal demographic, ethnicity, pregnancy history and nutritional 

status. 

The onset of labour is a precisely controlled mechanism that is still poorly understood but 

requires the initiation of two separate but integrated pathways to induce activation, and thus 

contractility, of the myometrium. In approximately half of all spontaneous PTB cases, the exact 

cause of myometrial activation is unknown (Menon, 2008). There are many well established risk 

factors of PTB including individual and family history of PTB, maternal nutritional status, body-

mass index, age, reduced pregnancy intervals (>6 months), multiple pregnancy, uterine, cervical 

and placental abnormalities, and maternal infection (Tamura et al, 1992; Smith et al. 2003; 
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Hendler et al, 2005; Goldenberg et al. 2008). However, the role that each risk factor may play or 

how multiple factors may compound a woman’s risk for PTB remains unknown. As further 

research is conducted on PTB and PPROM, additional risk factors continue to be identified.  

The determination of risk factors and potential biochemical markers associated with PTB 

is important not only for the health of mother and baby but also for the medical community. The 

benefit of defining PTB risk factors and markers would be threefold, as discussed by Goldenberg 

et al. (2005). Firstly, defining risk factors or biochemical markers may highlight mechanisms 

involved in PTB. Secondly, properly identifying at-risk women may provide the opportunity to 

study PTB intervention techniques and lastly, identifying at-risk women early would allow 

physicians to implement a treatment plan unique to the risk of each patient. Despite the 

numerous risk factors already identified, the mechanisms underlying PTB remain largely 

unknown. A limitation in identifying PTB risk factors is the large overlap with risk factors 

associated with pregnancy itself and other common side effects such as hypertension, 

preeclampsia and gestational diabetes.  

 The search for a biochemical marker which may predict PTB has proven to be a 

challenge for researchers. Many biological samples have been tested such as cervical and vaginal 

fluids, amniotic fluid, plasma, saliva and urine (Goldenberg et al. 1996; Gray et al. 1992; 

McLean et al. 1999; Andrews et al. 2000; Ramsey and Andrews, 2003). Each sample has its own 

advantages and disadvantages with regards to collection and efficacy of PTB prediction with no 

one sample presiding over the others (Goldenberg et al. 2005). For example, saliva samples are 

easy to collect with minimal risk and discomfort to the patient, but levels of putative biochemical 

markers, such as estriol, may fluctuate over time and may interact with concurrent medications 

(McGregor et al, 1999). Additionally, there is limited clinical utility for a PTB prediction marker 

as there are no current treatments to prevent PTB.  

 

1.2. Challenges of Labour in Rural Settings  

Canada is the world’s second largest country, geographically, covering more than 9.9 million 

square kilometers (Statistics Canada, 2009b). Despite the large land mass that Canada boasts, the 

majority of Canadians reside within urban areas with only 18% of the population living in rural 

settings defined by Statistics Canada (2009a) as a population of less than 10,000 persons. Since 

urban areas host most of the population, the majority of professional services, such as medical 
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clinics and hospitals, are also located in these areas. Regionalization of essential medical services 

leaves rural areas with little to no access; thus, rural residents have to travel great distances to 

gain access to medical professionals. In most health regions across Canada, more than 20% of 

hospital births involve women living in rural areas with a greater percentage (>60%) of births by 

rural women occurring in central and northern Canada (Figure 1.1). In 2013, the four provinces 

with the highest percentage of births involving rural women were Nunavut (where there are no 

areas considered urban) Newfoundland and Labrador, Saskatchewan and Manitoba (CIHI, 2013).  

The ability of rural women to deliver in facilities close to home is largely dependent on 

the services and facilities available as well as the number of staff with obstetric training. In 

communities where medical services are available, most facilities can handle low-risk 

pregnancies, but if complications arise the patients must be transferred elsewhere. Most rural 

women (67%) deliver in urban hospitals and must travel great distances prior to delivery, with 

some women travelling more than 2 hours (17%) and 40.5% of women travelling more than one 

hour (CIHI, 2013). This travel time is vastly different from most urban women (90%) who 

travelled 30 minutes or less to their birthing destination (CIHI, 2013). Long distance travel to 

urban hospitals has both financial and emotional impacts on women and their families. Some 

travel costs may not be covered by provincial health care plans, pre- and postnatal complications 

may lengthen time spent away from family, and women must often travel alone to a foreign 

place during an already stressful period of time. Thus, a biochemical marker capable of 

predicting impending PTB and/or normal parturition within an accurate and more specific 

timeframe would be a significant advance for women’s health, particularly in rural settings 

where physiological, psychological, economical, and social burdens are often high. Such a 

marker would also give physician teams ample notice to prepare for the arrival of a term or 

preterm infant and would lessen the risk of neonatal health problems associated with delay of 

care.  
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Figure 1.1 A geographical map of Canada representing rural deliveries as a percentage of all 
deliveries. Data are presented by Health Region and selected provinces/territories. Data excludes 
Quebec and was collected between 2007-2008 and 2011-2012. Figure used with permission from 
CIHI, 2013, see Appendix A. 
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The exact integrated mechanisms underlying normal parturition and PTB remain poorly 

understood and pose many clinical, investigative and economic challenges for doctors, 

researchers and families around the world. This information highlights why it is important to 

understand the basic mechanisms of normal pregnancy and labour and to build the scientific 

knowledge foundation necessary for discovering a reliable predictor of labour and PTB and ways 

to therapeutically treat the latter syndrome.  

 

1.3. Uterine Anatomy 

Human females have a pear-shaped simplex uterus that is derived from the paramesonephric 

(Müllerian) ducts in utero (Gondos, 1985; Figure 1.2).  Uterine size can vary between 

individuals based on hormonal status, age, previous pregnancies and the presence of 

leiomyomata or uterine fibroids (Verguts et al. 2013). A single cervix protrudes into the vagina 

with prominent anterior and posterior fornices. The human myometrium consists of interwoven 

bundles of smooth muscle supported by dense connective tissue containing fibroblasts and 

interstitial telocytes (Cretoiu et al. 2013; Figure 1.3). The smooth muscle of the myometrium is 

spontaneously active and is able to produce synchronous contractions without nervous input 

(Wray and Arrowsmith, 2012). This syncytium is possible through the linking of myocytes via 

gap junctions which allow the passage of action potentials to adjacent cells (Young, 2007). 

Externally, the myometrium is surrounded by the perimetrium, a layer of serosa/adventitia. 

Internal to the myometrium lies the endometrium, consisting of three layers: stratum compactum, 

stratum spongiosum and stratum basalis. It is this layer, the endometrium, that undergoes a series 

of histological changes during the menstrual cycle to prepare for the potential implantation of an 

embryo (Dallenbach-Hellweg, 1981).  

Due to the limitations of human studies, animal models are often implemented to 

replicate human physiology.  Rats and mice have been widely accepted as models for 

reproductive science studies related to humans due to the similarities observed in placentation 

strategies (Soares et al. 2012). These rodent species are easy to maintain, offer short growth and 

gestational periods, and have genetics that are easily manipulated (e.g. knockout mice), making 

them an ideal animal model for studying pregnancy with relevance to human reproduction 

(Bezold et al. 2013).  While these animals do share many similarities to humans, there are a few 

key anatomical differences that must be considered when comparing rats to humans.  
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Figure 1.2. Schematic diagrams of the human and rat uterus. UB, uterine body; UH, uterine horn(s), O, ovary; Ovd, oviduct.  
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Figure 1.3. Schematic cross-sectional diagrams of human and rat uteri. S, serosa; M, myometrium; LM, longitudinal muscle; CM, 
circular muscle; E, endometrium; L, lumen.  
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Rats have a bicornuate uterus with two separate lateral horns which are partially fused 

caudally (Figure 1.2). Due to the partial fusion of the uterine horns, rats do not have a true 

uterine body. A single cervix protrudes into the uterus with two distinct canals for each uterine 

horn. The walls of the cervix and vagina are continuous both dorsally and ventrally but extend 

laterally to form deep fornices on either side. Rodent myometrium is composed of an inner 

circular layer and an outer longitudinal layer of smooth muscle separated by loose connective 

tissue of fibroblasts, telocytes and blood vessels called the stratum vasculosum (Bengtsson et al. 

1984; Figure 1.3). The morphology of the endometrium changes depending on the stage of the 

estrous cycle; however, not as drastically as observed in humans.  

 
1.4. Myometrial Programming  

During pregnancy, the uterus undergoes substantial physical and biochemical changes 

(Shynlova et al. 2009a). The myometrium must transform from a rather quiescent tissue to a 

responsive, contractile muscle required for labor and parturition. This transformation has been 

well defined in the pregnant rat model and occurs in five distinct phases: four throughout 

gestation and one post-partum (Figure 1.4).  

The first phase of myometrial differentiation is the proliferative phase, occurring from 

day (D) 1 (designated by observation of vaginal plug) to D14 in the rat. Implantation of the 

embryo(s) and maternal recognition of pregnancy are essential for continuation of the pregnancy 

and are the hallmark beginning of this phase. Insulin-like growth factor-I (IGF-I) plays a central 

role during this implantation window and alterations in IGF-I expression may contribute to early 

embryonic loss (Katagiri et al. 1996). The proliferative phase is characterized by hyperplastic 

growth of uterine myocytes. Such growth was detectable through Bromodeoxyuridine (BrdU) 

immunostaining of myometrial tissue with the highest rate of BrdU incorporation, indicative of 

cellular growth, occurring at D6 (Shynlova et al. 2006). The rate at which the circular and 

longitudinal muscular layers proliferate is not the same, and BrdU incorporation in myocyte 

nuclei within these layers determined that the longitudinal layer was more proliferative during 

this time (Shynlova et al. 2006). Quantitative polymerase chain reaction (qPCR) analysis of IGF 

ligands was conducted to determine the role these genes may play in myometrial proliferation 

and differentiation (Jones and Clemmons, 1995). Increased mRNA levels of IGF-I and its 

binding protein, IGF binding protein-1 (IGFBP-1), were found during this phase with levels  
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Figure 1.4 The preprogrammed pattern of myometrial phenotypic transformation seen 
throughout gestation. This cycle of transformation includes (1) a proliferative phase involving 
myocyte hyperplasia, (2) a synthetic phase involving myocyte hypertrophy, (3) a 
contractile/labour phase involving myometrial activation, and (4) a post-partum involution phase 
associated with apoptosis and wound repair. 
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peaking at D12 (Shynlova et al. 2007). In superovulated rats, levels of IGF-I were elevated and 

levels of IGFBP-1 were diminished from D0-3 of gestation resulting in a hostile uterine 

environment and increased early embryonic loss, suggesting these proteins influence the 

proliferation of uterine myocytes, but also may impact the uterine environment (Katagiri et al. 

1996). The uterine IGF system contributes to the overall proliferation of uterine myocytes during 

this phase along with increased expression of other anti-apoptotic factors. Immunoblot analysis 

of rat myometrial lysates showed increased expression of apoptosis-regulating protein B-cell 

lymphoma (Bcl-2) as well as cell replication marker proliferating cell nuclear antigen during the 

proliferative phase (Shynlova et al. 2006).  

During the transition from the proliferation phase to the following synthetic phase, a switch 

in myometrial phenotype occurs. After D15 of gestation, myometrial cells switch from 

hyperplastic growth to hypertrophic growth. Hypertrophy can be characterized by an increase in 

DNA:protein ratio, a commonly used biological marker (Winick and Noble, 1965). Enlargement 

of individual myocytes accounts for most of the growth seen, with some growth occurring in the 

nucleus and within organelles, such as mitochondria (Gabella, 1990). There is also evidence that 

a stress-induced, intrinsic apoptosis cascade is activated during the transition from proliferative 

to synthetic phases. Transient induction of the Caspase (CASP) 9 pathway and its downstream 

caspases, CASP3, CASP6 and CASP7, was confirmed by Western blot analysis of myometrial 

lysates from D12-15 of gestation; however, upregulation of Bcl2-like, a potent anti-apoptotic 

protein, also took place during this time and TUNEL assays confirmed no myometrial apoptosis 

was occurring (Shynlova et al. 2006). Shynlova and colleagues (2006) hypothesized that the 

stress-induced apoptotic pathway did not stimulate programmed cell death but rather halted 

myometrial proliferation and promoted differentiation required later for synchronized uterine 

contractions.  

In addition to hypertrophic growth of individual myocytes, there is also increased synthesis 

and deposition of extracellular matrix (ECM) components during the synthetic phase (Shynlova 

et al. 2009a). Increased expression of ECM proteins such as elastin, procollagen I, procollagen II 

and fibronectin aid in formation of the interstitial matrix (Shynlova et al. 2004). Growing 

myocytes remain connected to the ECM through structures called focal adhesions (FA). These 

clusters of integrin receptors lie within the cell membrane and facilitate muscle-ECM 

connections that promote myometrial growth and development of mechanotransduction 
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(MacPhee and Lye, 2000).  For muscle-ECM connections to remain viable during this period of 

growth, significant FA remodelling must take place. Remodelling of muscle-ECM connections is 

indicated by increased expression of focal adhesion kinase (FAK), an enzyme known for its role 

in FA turnover, from D15 of gestation until parturition (MacPhee and Lye, 2000). Altered 

expression of integrin subunits in the myometrium is also seen during gestation. A significant 

increase in mRNA expression of subunits D1 and E1 was seen throughout gestation, D6-23, and 

increased mRNA expression of subunits D3 and D5 was observed after D14 and D17, 

respectively (Williams et al. 2005; Williams et al. 2010).  

This adaptation of the uterus is influenced by two different mechanisms: firstly, by the 

hormonal profile of pregnancy and secondly by the mechanical distension from the growing 

fetuses. Progesterone is the major hormone involved in maintaining pregnancy through the 

suppression of inflammatory pathways which promotes uterine quiescence (Keelan, 2016). 

Additionally, progesterone promotes uterine growth and matrix synthesis (Shynlova et al, 

2009a). A decrease in progesterone during gestation, either endogenously (ie systemically) at 

term in rats or through the administration of progesterone receptor agonist, RU486, on D19 

resulted in decreased expression of ECM proteins (Shynlova et al, 2004). The mechanical 

distention caused by growing fetuses also plays a role in regulating uterine growth and ECM 

formation. Shynlova et al. (2004) compared uterine horns in unilaterally pregnant rats and 

observed no myocyte hypertrophy and significantly reduced expression of elastin, procollagen I 

and II, in non-gravid uterine horns compared to gravid horns, despite being under the same 

hormonal control.  

Following the synthetic phase is a relatively short contractile phase from D21-23. During this 

period, synthesis of interstitial matrix components slows and increased synthesis of basement 

membrane (BM) components begins (Shynlova et al. 2009a). This switch in matrix protein 

synthesis is attributed to falling circulating levels of progesterone in rats as labour nears term. 

Shynlova et al. (2004) found that the administration of RU486, a progesterone receptor 

antagonist, on D19 induced a premature switch from interstitial ECM to BM components and 

induced preterm labour within 24 hours. Preventing the fall in circulating progesterone levels, by 

exogenous hormone injection, also prevented the switch in matrix protein synthesis and 

subsequent labour on D23 (Shynlova et al. 2004). Uterine distension also regulates the 

expression of BM components with increased expression of laminin E2 and collagen IV, 
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confirmed via immunoblot analysis, only occurring in gravid uterine horns (Shynlova et al. 

2009b). Additionally, decreased expression of activated FAK late during this phase suggests that 

myocyte-ECM adhesions become stabilized in preparation for labour (MacPhee and Lye, 2000).  

During the final phase of gestation, the myometrium once again switches its phenotype; this 

secondary switch has been termed activation. Myometrial activation occurs as the result of 

increased expression of contractile-associated proteins (CAPs) and requires the triggering of a 

mechanical pathway and an endocrine cascade (Challis et al. 2002). Although separate, these two 

pathways integrate at FA sites (MacPhee and Lye, 2000). Focal adhesions serve as 

organizational hubs for regulatory and structural proteins, including integrins, FAK and paxillin, 

to orchestrate complex cellular functions and facilitate signal transduction required for 

coordinated contractions (Ushio-Fukai, 2009). Integrin subunits D1, D3, D5 and E1 localize to 

myocyte membranes and exhibit increased mRNA expression during this time, likely 

contributing to the development of a mechanical syncytium (Williams et al. 2005; Williams et al. 

2010).  

The activation of both the endocrine and mechanical pathways are thought to be triggered by 

the fetal genome (Gibb et al. 2006). The maturation of the fetal hypothalamic-pituitary-adrenal 

(HPA) axis near term results in increased fetal adrenal cortisol production which stimulates the 

endocrine cascade and the fully-grown fetus causes uterine tension which activates the 

mechanical pathway (Gibb et al. 2006). Increased fetal HPA function results in maternal 

endocrine alterations, such that previously high levels of circulating progesterone begin to fall 

and estrogen levels, especially 17ß-estradiol, being to rise (Lye at al. 1993). The fall in 

progesterone removes the quiescent block that was in place and the rise in 17ß-estradiol 

promotes the expression of CAPs, both contributing to myometrial activation (Neulen and 

Breckwoldt, 1994). These hormonal changes are seen in most mammalian species, with the 

exception of humans. Human studies have reported high levels of circulating progesterone 

during late gestation and into labour (Boroditsky et al. 1978). The initiation of parturition in 

humans occurs through a functional progesterone withdrawal as opposed to the systemic 

withdrawal characteristic of other animals, including rodents (Golightly et al. 2011; Menon et al. 

2016). As human gestation near term, there is a switch in the expression of progesterone receptor 

(PR) isoforms, specifically an increase in the expression of PR type A relative to PR type B 

(Mesiano et al. 2002). This alteration in PRs has a refractory effect on the myometrium and 
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suppresses the “pro-gestation” effects of progesterone (Mesiano et al. 2002; Mesiano et al. 

2011). 

Rising 17ß-estradiol levels promote synchronous uterine contractions through increased 

expression of CAPs, such as connexin (Cx)-43, oxytocin receptors, and prostaglandin receptors 

as well as prepares the uterus to respond to uterotonins such as prostaglandins and oxytocin (Lye 

et al. 1993; Ou et al. 1998; Al-Matubsi et al. 2001; Challis et al. 2002; Golightly et al. 2011). The 

formation of gap junctions is only observed just prior to, during and immediately after labour and 

connects individual myocytes both electrically and chemically, allowing the uterus to contract as 

a single unit for successful parturition (Garfield et al. 1978). Uterine stretch also influences the 

expression of CAPs, with significantly increased expression of Cx-43, Cx-26 and oxytocin 

receptors only seen in gravid horns of unilaterally pregnant rats (Ou et al. 1997; Ou et al. 1998). 

Once again, human gestation does not follow this hormonal pattern. Estrogen levels remain high 

throughout gestation with no significant differences prior to or during active labour (Boroditsky 

et al. 1978). The pro-labour effects of estrogens such as 17E may be initiated through a 

functional estrogen activation, similar to that seen with progesterone (Golightly et al. 2011). In 

labouring human myometrium, expression of estrogen receptor-D is elevated as compared to 

non-labouring myometrium samples (Mesiano et al. 2002).  

Post-partum involution is the fifth and final phase of myometrial differentiation. Upon 

shedding of the placenta, the uterus must once again transform to return to the non-pregnant state 

and complete the reproductive cycle. Involution is a process similar to wound healing that 

includes tissue reorganization, ECM degradation and apoptosis (Shynlova et al. 2009a). 

Immediately following parturition, expression levels of IGF-I and IGFBP-5 rise, as determined 

by real time-qPCR (Shynlova et al. 2007). These growth factors have been implicated in the 

involution of other tissues, including mammary glands, and are thought to promote mitogenesis 

(Hakuno and Takahashi, 2018). Tissue infiltration by immune cells is another marker of 

involution. Increased post-partum expression of monocyte chemoattractant protein-1 (MCP-1), a 

proinflammatory cytokine, aids in attracting immune cells such as monocytes, leukocytes and 

macrophages where they participate in decidual breakdown (Shynlova et al. 2008). Uterine 

immune cells are not only important for post-partum involution but also during menses where 

they facilitate breakdown and shedding of the endometrium (Salamonsen and Lathbury, 2000).   
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1.5. Immunological Transformation  

It has long been thought that pregnancy is a time of maternal immunological weakness, 

where a suppressed maternal immune system leaves the mother at high risk of infectious 

diseases; however, pregnancy is arguably the most important life stage for the survival of a 

species and it is crucial that both mother and baby are protected (Mor et al. 2011). Thus, 

pregnancy represents a unique immune condition where the maternal immune system is 

modulated, not suppressed, and continues to prevent damage and infection to both mother and 

fetus (Mor et al. 2011). During gestation, the maternal immune system is characterized by a 

reinforced network of communication and repair as well as by modified responses to the 

environment due to the developing fetal immune system (Cardenas et al. 2010).  

Similar to the transformation seen in the myometrium during pregnancy, the immune system 

also transforms throughout gestation. Shynlova and colleagues (2013a) found that the phases of 

immunological transformation occur in parallel to the changes seen in myometrial phenotype. 

Immunological transformation occurs in four distinct phases, three throughout gestation and one 

post-partum (Figure 1.5). The first phase of immunological transformation, termed initiation, 

begins during implantation and placentation/decidualization. Embryo implantation is the first 

critical process of pregnancy establishment and can only occur in a receptive uterus. In humans, 

the uterus becomes receptive during the mid-secretory phase (D12-24) of the menstrual cycle 

and in rodents the uterus becomes receptive four days after mating (Navot et al, 1991). For 

successful implantation, the blastocyst must break the epithelial lining of the uterus, invade the 

endometrial tissue and replace maternal endothelium with trophoblast cells (Dekel et al. 2010). 

Implantation resembles an ‘open wound’ and requires a strong proinflammatory response. 

Invading trophoblast cells are able to initiate an inflammatory response through a three-stage 

process: 1) attraction, 2) education and 3) response (Mor and Koga, 2008). During placentation, 

there is a high number of uterine natural killer (NK) cells present (Williams et al. 2009). These 

NK cells regulate trophoblast invasion and the induced inflammatory response through the 

secretion of select cytokines, such as interleukin (IL)-8 and interferon-inducible protein-10 

(Hanna et al. 2006). Secretion of these cytokines, as well as IL-6, tumor necrosis factor‐D (TNF-

D), and chemokines, growth‐related oncogene-D and MCP-1 from NK and trophoblast cells 

attract monocytes to the implantation site (Fest et al. 2007).  
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Figure 1.5. Phases of maternal immunological transformation throughout gestation. This 
transformation includes (1) an initiation phase involving implantation, placentation and a pro-
inflammatory response with increased expression of cytokines IL-6, IL-8, TNF-D and MCP-1, 
(2) a tolerance phase where mother, fetus and placenta are symbiotic, (3) an activation/labour 
phase involving immune cell influx and localized inflammation caused by dropping levels of 
progesterone and increased expression of IL-6, IL-8, TNF-D, MCP-1 and IL-1E, and (4) a pro-
inflammatory involution phase characterized by increased expression of IL-3, IL-4, IL-12, TNF-
D, MCP-1 and IL-1E. IL, interleukin; MCP-1, monocyte chemoattractant protein-1; TNF-D, 
tumor necrosis factor D. 
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Newly attracted monocytes promote further secretion of IL-6 and MCP-1, from 

trophoblasts and NK cells, and these regulatory cytokines modulate the evolution of monocytes 

into macrophages, or the so-called education stage (Fest et al. 2007). Finally, during the response 

stage, decidual-differentiated macrophages secrete IL-6 and TNF-D which promotes trophoblast 

growth and completes maternal immune response (Mor and Koga, 2008). Uterine NK cells 

secrete angiogenic factors, vascular endothelial growth factor and placental growth factor, that 

promote vascular growth in the decidua to support the growing trophoblast cells (Hanna et al. 

2006).  

The second phase of immunological transformation is the tolerance phase. This phase is 

characterized by rapid fetal growth and corresponds with the synthetic phase of myometrial 

differentiation. The pro-inflammatory response seen during the initiation phase fades and the 

uterus enters an anti-inflammatory state, allowing the mother, fetus and placenta to act as one 

symbiotic being. During this time, uterine quiescence is maintained through PR-B mediated anti-

inflammatory actions (Tan et al. 2012). Immune cells such as leukocytes and macrophages 

remove apoptotic and damaged cells as the myocytes undergo hypertrophy and significant 

uterine remodelling occurs to keep up with the rapidly expanding fetus (Shynlova et al. 2013b; 

Yang et al. 2019).  

During the final phase of gestation, the immune system switches back to an inflammatory 

response; this phase has been termed immunological activation. Typically, the fetus has 

developed to term and induction of labour ensues. The timing of labour onset and progression to 

delivery is the result of a complex process involving inflammatory and hormonal inputs from 

mother, fetal and placental tissues (Shynlova et al. 2013b). Progesterone is known to regulate 

uterine quiescence through repressing expression of CAP genes and promoting expression of 

relaxin (Mesiano et al. 2011). Pregnant rats treated with a progesterone antagonist exhibited 

preterm labour (Shynlova et al. 2008); thus, a drop in circulating progesterone levels may initiate 

the labour cascade in rats.  

Much like the pro-inflammatory response seen during implantation, the onset of labour is 

triggered by a localized inflammatory process. The drop in circulating progesterone levels that 

occurs during late gestation in rats and mice, allows for increased expression of cytokines such 

as TNF-D, IL-1E, IL-6, IL-12 and MCP-1 in the myometrium (Shynlova et al. 2008; Shynlova et 

al. 2013a). In humans, increased expression of cytokines IL-6, IL-8 and MCP-1 occurs in the 
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cervix at term and during spontaneous PTB, despite progesterone concentrations remaining high 

(Tornblom et al. 2005). Expression of these chemoattractant proteins as well as increased 

mechanical tension promotes the influx of immune cells, predominantly neutrophils and 

macrophages, into the myometrium (Romero et al. 2006). Maternal immune cells also infiltrate 

fetal membranes with increased levels of IL-1E, IL-6 and TNF-D found in the amniotic fluid in 

women at term labour (Halgunset et al. 1994).  

Parturition can be described as a highly orchestrated inflammatory event where both 

maternal and fetal tissues respond to and produce pro-inflammatory signals (Shynlova et al. 

2020). The immunological activation phase corresponds with myometrial activation to achieve 

successful delivery of the fetus and detachment of the placenta. Myometrial activation ensures 

myocytes are firmly anchored to the ECM and are able to generate powerful, synchronous 

uterine contractions (Shynlova et al. 2009b). Adverse labour outcomes, such as PTB are often 

the result of pre-term activation of either the inflammatory response or myometrial contractions. 

Increased systemic inflammation is caused by many of the risk factors for PTB and may be a 

potential explanation for the increased number of PTBs (Goldenberg and Culhane, 2005). 

Researchers are currently looking into targeting the inflammatory cascade as a novel approach to 

prevent PTB.  

 Post-partum restoration is the fourth and final phase of immunological transformation. 

This phase corresponds with the involution phase of myometrial differentiation and has very 

similar characteristics. High levels of cytokine and chemokine expression in the myometrium 

promotes immune cell invasion to produce a localized inflammatory response (Shynlova et al. 

2013b). The cytokine expression prolife of post-partum involution is similar to that seen during 

labour and includes increased expression of TNF-D, IL-1E, IL-12, IL-3, IL-4 and MCP-1 

(Shynlova et al. 2013a). It is clear that pregnancy is not a time of immune weakness but rather, a 

dynamic period where the immune system must swing between pro- and anti-inflammatory 

phases to ensure survival for both mother and baby. 

 

1.6. NAPDH Oxidases 

1.6.1. Form and Function 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox) are proteins 

which are responsible for the transport of electrons across biological membranes. Seven Nox 



 23 

proteins have been identified in mammals, Nox1 through Nox5 as well as dual oxidase (Duox)1 

and Duox2, with Nox5 absent in rats and mice (Holterman et al. 2014). These transmembrane 

proteins share a similar structure consisting of 1) an NADPH-binding site, 2) a flavin adenine 

dinucleotide (FAD)-binding region, 3) six transmembrane domains, and 4) four conserved heme-

binding histidine residues (Figure 1.6; Bedard and Krause, 2007). Nox5 as well as Duox 1 and 2 

have an additional calcium-binding domain located at their N-terminus (Bedard and Krause, 

2007). Although the Nox family of enzymes are similar in structure, they differ in their 

mechanisms of activation. Nox1 though 4 require co-localization with transmembrane protein 

p22 phagocyte NADPH oxidase (p22phox; CYBA), and various cytosolic subunits, discussed 

below, while Nox5 and Duox1/2 are activated by Ca2+ and do not appear to require cytosolic 

subunits (Table 1.1; Bedard and Krause, 2007).  

Nox proteins are considered one of the two main sources of reactive oxygen species 

(ROS) generation within the cell, with the other source being the mitochondrial electron 

transport chain (Roy et al. 2015). To produce ROS, Nox enzymes must first be activated. This 

activation is achieved through binding of the Nox enzyme to its respective cytosolic subunits and 

subsequent formation of an active oxidase complex (Petry et al. 2010). Once activated, FAD is 

reduced to FADH2 via the transfer of an electron from NADPH (Block and Gorin, 2012). An 

electron from FADH2 is then transferred to the inner heme domain of the Nox enzyme. The 

heme binding domains are only capable of binding one electron at a time; thus, the first electron 

must be transferred from the inner heme to the outer heme domain before the second electron can 

be accepted from FADH (Bedard and Krause, 2007). The donated electrons are used to reduce 

molecular oxygen, bound to the outer heme, creating a superoxide anion. Superoxide is the main 

ROS product of Nox1, Nox2, Nox3 and Nox5 (Brown and Griendling, 2009). However, this 

molecule is unstable in low pH environments and often undergoes dismutation where one 

superoxide molecule donates its electron to another superoxide molecule, mediated by 

superoxide dismutase, forming H2O2 and O2 (Day and Suzuki, 2005). Hydrogen peroxide is the 

ROS product of Nox4, Duox1 and Duox2 (Brown and Griendling, 2009). Block and Gorin 

(2012) hypothesize that these Nox enzymes are not actually producing H2O2 but rather acting as 

enhancers of the spontaneous dismutation of superoxide to form subsequent H2O2.  
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Figure 1.6. Generalized structure of the core region of NAPDH oxidase (Nox) enzymes. No 
crystal structures of Nox enzymes are currently available. I-VI, transmembrane domains; FAD, 
flavin adenine dinucleotide; Fe, iron, NADPH, nicotinamide adenine dinucleotide phosphate. 
Used with permission from Bedard and Krause, 2007, see Appendix B. 
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Table 1.1. General characteristics of Nox family proteins including select tissue expression. 
Phox, phagocytic NADPH oxidase; VSMC, vascular smooth muscle cells. ? indicates 
requirement unknown. 
 

 
Protein Size 

Activation 

Requirements 
Tissue Expression 

Nox1 
~ 70 kDa 

~ 50 kDa 

NoxA1, NoxO1, 

p22phox, Rac1 

VSMC, uterus (Suh et al. 1999), 

placenta (Cui et al.2006) 

Nox2 ~ 70-90 kDa 
p40, p47, p67, p22phox, 

Rac1 

Ovary, placenta, testis (Cheng et al. 

2001), skeletal muscle myocytes 

(Javesghani et al. 2002) 

Nox3 ~ 64 kDa 
NoxA1?, NoxO1, 

p22phox, Rac1? 

Inner ear (Banfi et al. 2004), fetal 

tissues (Cheng et al. 2001) 

Nox4 
~67 kDa 

~ 65 kDa 
p22phox 

VSMC (Ellmark et al. 2005), placenta, 

ovary, skeletal muscle (Cheng et al. 

2001) 

Nox5 ~ 85 kDa Ca2+ 
VSMC (Furmanik et al. 2020), uterus, 

placenta, ovary (Cheng et al. 2001) 

Duox1/2 160 kDa Ca2+ Thyroid (De Deken et al. 2000) 
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1.6.2. Nox1 

Nox1 was the second Nox homolog to be described and is believed to be the product of a 

recent gene duplication due to the similarity (~60%) to the first discovered Nox, Nox2 (Bedard 

and Krause, 2007). The Nox1 gene is located on the X chromosome in both humans (Xq22.1) 

and rats (Xq32; Table 1.2) and contains 14 and 13 exons, respectively. BLAST analysis revealed 

that human and rat Nox1 proteins share 83% amino acid identity (Appendix C). Western blot 

analysis of vascular smooth muscle cells (VSMC) identified Nox1 as having two distinct 

molecular weights, a primary species at 65 kDa and a second at 50 kDa (Hilenski et al. 2004). 

The secondary band may be due to alternative splicing and several variants have been described 

in the mouse (Arakawa et al. 2006). Most abundantly expressed in the colon, Nox1 has also been 

localized to VSMC, uterus, placenta and endothelial cells (Suh et al. 1999; Ago et al. 2005; Cui 

et al. 2006). Nox1 localizes on the cell surface and requires three subunits: Nox organizer 1 

(NoxO1), Nox activator 1 (NoxA1), and p22phox as well as the small GTPase Rac for activation 

and subsequent superoxide generation (Banfi et al. 2003; Hilenski et al. 2004). Cheng et al. 

(2006) discovered that Rac form Rac1-GTP (Rac1) significantly induced Nox1 ROS production 

and in Rac1 inhibited cells, ROS production was reduced by 50% confirming the role of Rac1 as 

a required activator of Nox1. Best studied in VSMC, Nox1 is growth promoting and expression 

is upregulated by growth factors such as angiotensin II (Ang II) and platelet-derived growth 

factor (Lassegue et al. 2001). In Nox1-deficient mice, Ang II-induced proliferation of vascular 

smooth muscle was conserved but with decreased accumulation of ECM proteins (Gavazzi et al. 

2005).  

 
1.6.3. Nox4 

Nox4 does not appear to be as highly conserved as its homologue Nox1 and shares only 

~39% similarity to Nox2 (Bedard and Krause, 2007). In humans, Nox4 is located on 

chromosome 11 (11q14.3) and contains 29 exons, while in rats Nox4 is located on chromosome 

1 (1q32) and contains 22 exons (Table 1.2). Despite the largely different gene locations, BLAST 

analysis confirmed that human and rat Nox4 proteins are 90% identical (Appendix D). Western 

blot analysis of VSMC identified Nox4 as a species at ~65 kDa (Hilenski et al. 2004). Nox4 

likely undergoes post-translational glycosylation as Nox4 contains four putative N-glycosylation 

sites (Bedard and Krause, 2007). Nox4 has been identified in tissue types throughout the body  
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Table 1.2. Alternative names and chromosomal locations for Nox enzymes in humans 
(Homo sapiens) and in rats (Rattus norvegicus). EC, enzyme commission; GP, 
glycoprotein; KOX, zinc finger protein; MOX, mitogenic oxidase subunit; NOH, 
NADPH oxidase homolog; RENox, recombinant human Nox. 

 

Gene Name Other Names 
Chromosome Location 

H. sapiens  R. norvegicus   

Nox1 NOH-1, MOX1 
GP91-2 Xq22.1 Xq32 

Nox4 RENox, KOX-1, 
EC1.6.3 11q14.3 1q32 

Nox5   15q23 - 
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including endothelial cells, VSMC, and neurons, with the highest levels of expression 

found in the kidney (Geiszt et al. 2000; Ellmark et al. 2005; Vallet et al. 2005; Van Buul et al. 

2005). Nox4 ROS production relies on the colocalization of Nox4 with its subunit, p22phox, and 

in the absence of this subunit ROS production ceases (Martyn et al. 2006). In VSMC, Nox4 and 

p22phox are known to co-localize with vinculin, a FA marker (Hilenski et al. 2004). In 

transfected cells, Nox4 had a reticular staining pattern that was similar to that of tyrosine 

phosphatase PTP1B, a protein that is known to localize to the exterior of endoplasmic reticulum 

(ER) membranes, suggesting localization on these intracellular membranes (Martyn et al. 2006). 

In smooth muscle cells, Nox4 expression is upregulated upon transforming growth factor (TGF)-

E1 and TNF-D stimulation (Sturrock et al. 2005; Moe et al. 2006). A study conducted by 

Schroder et al. (2012) suggested a potential protective action of Nox4 on vascular function where 

Nox4 deficient mice exhibited increased inflammation, hypertrophy and endothelial dysfunction 

following oxidative stress and had reduced endothelial nitric oxide synthase expression and nitric 

oxide production, resulting in increased apoptosis.  

 

1.6.4. Nox5 

Of the Nox proteins of interest, Nox5 is the furthest branched homolog in terms of 

phylogenetics (Figure 1.7) containing an intracellular NH2 terminus with a loop-helix-loop 

structure, called an EF-hand domain, that binds Ca2+ which is not present in either Nox1 or 4 

(Bedard and Krause, 2007). In humans the Nox5 gene is located on chromosome 15 (15q23) and 

contains 18 exons. The Nox5 gene is absent in the rat.  
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Figure 1.7. A phylogenetic tree comparing the lineage of Nox1, Nox4 and Nox5 between Homo sapiens (human), Pan troglodytes 
(chimpanzee), Mus musculus (house mouse), and Rattus norvegicus (rat). Protein sequences were obtained using HomoloGene and the 
phylogenetic tree was drawn by inserting the FASTA protein sequence into Phylo.io software.  
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1.6.5. Regulatory Subunits 

It is well known that Nox enzymes rely on additional cytosolic components for proper 

assembly and activation (Bedard and Krause, 2007). There are currently seven known regulatory 

components that interact with the Nox family of enzymes: organizer subunits NoxO1 and 

p47phox; activator subunits NoxA1 and p67phox, cytochrome b component p22phox, p40phox 

and the small GTPase Rac. The regulatory components for Nox1 and Nox4, in rodents, are 

NoxO1, NoxA1 and p22phox. In human systems, activation of Nox1 may utilize NoxO1 and 

NoxA1 or p47phox and p67phox or a combination of the two systems (Bedard and Krause, 

2007). Chromosomal location of NoxO1, NoxA1 and p22phox in humans (Homo sapiens) and 

rats (Rattus norvegicus) are summarized in Table 1.3. The Nox subunits of interest were also 

compared using HomoloGene analysis to determine phylogenetic lineage between select 

mammalian species (Figure 1.8).  
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Table 1.3. Alternative names and chromosomal locations of Nox subunits in humans 
(Homo sapiens) and in rats (Rattus norvegicus). CYBA, cytochrome B-245 alpha chain; 
phox, phagocytic NADPH oxidase; SNX, sorting nexin-28. 

 

Gene Name Other Names 
Chromosome Location 

H. sapiens  R. norvegicus   

NoxA1 p51Nox, 
 p67phox-like factor  9q34.3 3p13 

NoxO1 p41Nox, SNX28 16p13.3 10q12 

p22phox CYBA, phox 16q24.2 19q12 
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Figure 1.8. A phylogenetic tree comparing the lineage of NoxO1, NoxA1 and p22phox between Homo sapiens (human), Pan 
troglodytes (chimpanzee), Mus musculus (house mouse), and Rattus norvegicus (rat).  Protein sequences were obtained using 
HomoloGene and the phylogenetic tree was drawn by inserting the FASTA protein sequence into Phylo.io software. 
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1.6.5.1. NoxO1 

Organizer subunit, NoxO1, was discovered in humans as a novel homologue of p47phox, 

sharing ~25% sequence identity and having similar functional domains (Takeya et al. 2003). As 

such, NoxO1 and p47phox can interchangeably bind with Nox1 and Nox2; however, the degree 

of activation varies with subunit combinations (Takeya et al. 2003). This 40 kDa subunit is 

responsible for the translocation of required subunits to the plasma membrane (PM) and has 

previously been identified in the colon, small intestine and in the uterus (Banfi et al. 2004; Cheng 

and Lambeth, 2005). Homologue p47phox shares the same functionality, but its expression is 

reportedly restricted to other cell types and tissues including endothelial cells, testis and the inner 

ear (Jones et al. 1996; Cheng and Lambeth, 2005). In humans, the NoxO1 gene is located on 

chromosome 16 (16p13.3) and contains 9 exons while in the rat, the gene is located on 

chromosome 10 (10q12) and contains 8 exons. BLAST analysis revealed that the rat and human 

proteins share 71% amino acid identity (Appendix E). Four splice variants (D, E, G, J) of NoxO1 

have been described in humans (Cheng and Lambeth, 2005; Schroder et al. 2017). NoxO1 

contains three distinct domains that allow protein-protein interactions required for Nox1 

assembly: 1) a phox domain, 2) two Src homology 3 (SH3) domains, and 3) a proline rich region 

(PRR) located at the COOH terminal (Bedard and Krause, 2007). NoxO1 interacts with 

phosphoinositide groups of membrane lipids via the phox domain (Bedard and Krause, 2007). 

Interactions of NoxO1 and p22phox occur through the SH3 domains which bind to the COOH 

terminal PRR of p22phox (Cheng and Lambeth, 2004). And lastly, interactions of NoxO1 and 

NoxA1 occur via the PRR (Miyano et al. 2006). Unlike its homologue p47phox, NoxO1 lacks an 

autoinhibitory domain and constitutively interacts with NoxA1 and p22phox (Schroder et al. 

2017). In NoxO1 knockout mice, otoconia formation, a component of the inner ear formed in 

utero that allows vertebrates to perceive acceleration, is affected resulting in a severe balance 

deficit such that mice were unable to orient themselves with respect to gravitational forces and 

had a phenotypic head tilt (Kiss et al. 2006).  

 

 1.6.5.2. NoxA1 

Activator subunit, NoxA1, was discovered in humans as a novel homologue of p67phox, 

sharing ~28% sequence identity and a similar domain structure (Takeya et al. 2003). Aptly 

named, this subunit is responsible for Nox activation following assembly and translocation of all 
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required subunits to the PM and has been identified in the colon, small intestine, uterus and 

VSMC (Banfi et al. 2004; Nauseef, 2004; Ambasta et al. 2006). Functionality of p67phox 

remains the same, but expression differs with p67phox reportedly detectable in endothelial cells, 

phagocytes and in the kidney (Leto et al. 1990; Jones et al. 1996; Chabrashvili et al. 2002). In 

humans, the NoxA1 gene is located on chromosome 9 (9q34.3) and contains 15 exons. In rats, 

the NoxA1 gene is located on chromosome 3 (3p13) and contains 12 exons. BLAST analysis 

revealed the two homologues share 58% amino acid identity (Appendix F). NoxA1 has a 

molecular mass of 50 kDa and contains three distinct domains that allow binding to Nox1 as well 

as the other regulatory subunits. The tetratricopeptide repeats (TPR) domain lies at the NH2 

terminus and interacts with Rac (Miyano et al. 2006). The activation domain of NoxA1 allows 

direct interaction with Nox enzymes and interaction with NoxO1 occurs via the SH3 domain 

(Miyano et al. 2006). Mice lacking NoxA1 are viable, fertile and have no apparent phenotypic 

abnormalities; however, no further studies have been conducted examining Nox function and/or 

ROS generation in these animals (Flaherty et al. 2010).  

 
 1.6.5.3. p22phox 

The subunit p22phox is the alpha component of cytochrome b and has a molecular mass 

of 22 kDa (Bedard and Krause, 2007). In humans, the p22phox gene is located on chromosome 

16 (16q24.2) and contains 7 exons. In rats, the gene is located on chromosome 19 (19q12) and 

contains 6 exons. BLAST analysis revealed the two proteins share 89% amino acid identity 

(Appendix G). The interaction of p22phox with Nox1 (Takeya et al. 2003) and Nox4 has been 

confirmed using fluorescent resonance energy transfer and by immunoprecipitation (Ambasta et 

al. 2004). In general, p22phox has two functions: 1) to provide stability to the Nox complex and 

2) provide a binding site for NoxO1 (Bedard and Krause, 2007). A PRR on the COOH terminus 

of p22phox interacts with NoxO1 and mutations to this domain lead to a loss of Nox1 activation 

but have no effect on Nox4 activation (Leto et al. 1994; Kawahara et al. 2005). Additionally, 

downregulation of p22phox leads to a decrease in function of Nox1 and Nox4 (Kawahara et al. 

2005). Subcellular distribution of p22phox is dependent upon Nox function within a given cell 

type as p22phox is only stable when combined with a Nox enzyme to form a heterodimer 

(Bedard and Krause, 2007). Mice lacking p22phox have a severe balance deficit caused by 

altered development of the inner ear, similar to that seen in NoxO1 knockout animals (Nakano et 
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al. 2008). Additionally, p22phox deficiency leads to chronic granulomatous disease-like immune 

defects, similar to the immune disorder seen in humans with hereditary inactivation of p22phox 

(Nakano et al. 2008).  

 

1.7. Oxidation- Reduction Signaling 

Electron transfer by Nox homologs is the primary source of ROS in vascular tissues. 

ROS, including superoxide, hydrogen peroxide and hydroxyl radical, exert toxic effects on cells 

when present in excessive amounts, but function as key signaling molecules when present at 

physiological levels (Ushio-Fukai, 2009). Oxidation-reduction (redox) signaling within the cell is 

mediated through Nox-generated ROS. Because ROS are short-lived, with hydroxyl radicals 

having a half-life of 10-9s, production in specific subcellular locations is necessary for targeted 

activation of downstream pathways (Pryor, 1986; Ushio-Fukai, 2009). These signaling molecules 

participate in various cellular responses based on their localization within the cell, including FA 

formation and anchorage dependant growth, Ang II-induced hypertrophy and reorganization of 

the actin cytoskeleton to facilitate cell migration (Ikeda et al. 2005; Zuo et al. 2005; Taddei et al. 

2007).  

It is hypothesized that Nox homologues participate in redox reactions through forming 

redox signaling platforms with FA and caveolae (Ushio-Fukai, 2009). Caveolae are a subset of 

lipid-rafts that possess caveolin-1 as their major structural protein (Harder and Simons, 1997). 

Lipid-rafts are low-density plasma membrane domains that are rich in both cholesterol 

and sphingolipids and function as docking stations for signaling molecules. Signaling molecules 

that are known to concentrate in caveolae include G protein–coupled receptors (GPCRs), Src 

family kinases and Nox subunits (Li et al. 1996; Insel et al. 2005; Callera et al. 2007). In fact, the 

ability of Nox enzymes to assemble, and subsequently produce ROS, is dependent on caveolae as 

these PM sites are where subunits gp91phox, p47phox and Rac assemble prior to Nox activation 

(Callera et al. 2007).  

The renin-angiotensin system is known to stimulate hypertrophy in VSMC. These effects 

are dependent upon Ang II stimulation and subsequent binding to G-protein–coupled Ang II type 

1 receptor (AT1R) leading to tyrosine phosphorylation of the epidermal growth factor receptor 

(EGFR) (Ushio-Fukai et al. 2001). Downstream targets, such as tyrosine kinases and protein 

kinase B, are then activated by EGFR to elicit a hypertrophic response (Ushio-Fukai et al. 2001). 
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Immunofluorescence analysis of VSMC detected co-localization of Nox1 to caveolin-1 within 

caveolae under normal conditions (Hilenski et al. 2004). Stimulation of VSMC with Ang II 

stimulated upregulation of Nox1 expression and promoted trafficking of AT1R to caveolin-1 

containing caveolae and binding of AT1R to caveolin-1 (Lassegue et al. 2001; Zuo et al. 2005). 

Transactivation of EGFR is dependent on ROS production via Rac translocation to caveolae and 

subsequent Nox1 activation, also stimulated by Ang II (Zuo et al. 2004). Large signaling 

platforms are formed (Figure 1.9) by phosphorylated EGFR and caveolin-1 localizing to FA 

where they interact with Nox4 and paxillin, known FA-associated proteins (Ushio-Fukai, 2009).  

 
1.8. Cell-ECM Remodelling during Gestation  

The uterine mechanotransduction that is required for parturition is facilitated through the 

development of FAs. The major transmembrane components of FAs are integrins, a large family 

of glycoprotein DE heterodimer receptors with extracellular, transmembrane and cytoplasmic 

domains (Hynes, 1992). These structures lie at the terminal ends of actin stress fibers where they 

facilitate reversible adhesion of the cell to its ECM and transmit mechanical signals responsible 

for cellular processes such as migration and proliferation (Hanks and Polte, 1997). FAs also 

include scaffolding molecules, GTPases and signaling molecules. The exact number of proteins 

which participate in these structures is constantly growing, making FAs one of the most complex 

structures formed in the cell (Zamir and Geiger, 2001). Immunofluorescence analysis of D1, D3  

and E1 integrin subunits revealed localization to rat myometrial myocyte PM by late pregnancy 

and labour and immunocytochemistry of D5 integrin subunit exhibited the same PM localization 

pattern from D15-23 as well as 1-D post-partum (Williams et al. 2005; Williams et al. 2010). 

Expression of integrin proteins has also been confirmed in human myometrial lysates with 

increased protein expression of D5, D7, Dv and E3 subunits observed during gestation (Burkin et 

al. 2013). 

 Clustering of integrins at FA sites promotes the activation and recruitment of the FA 

adapter protein, FAK. FAK is a 125-kDa cytoplasmic tyrosine kinase, belonging to the protein-

tyrosine kinase family, known for its role in regulating FA reorganization (Schaller et al. 1992). 

Once at a FA site, FAK interacts with a host of additional FA proteins to integrate signals into 

downstream effects (Mitra et al. 2005). Of particular interest is the interaction between FAK and 

hydrogen peroxide inducible clone-5 (Hic-5) observed during late pregnancy and labour. Hic-5, a  
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Figure 1.9. Redox signaling complex formation with caveolae and focal adhesions. Angiotensin-
II stimulation promotes localization of AT1R into caveolae where binding with caveolin-1 
occurs. This binding promotes localized ROS production and ROS-dependent transactivation of 
EGFR. Activated EGFR and caveloin-1 then localize to FA, where a redox signaling complex 
can be formed. Used with permission from Ushio-Fukai, 2009, see Appendix H. AT1R, G 
protein-coupled angiotensin II type 1 receptor; EGFR, epidermal growth factor receptor; FA, 
focal adhesions; ROS, reactive oxygen species.  
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member of the Paxillin family of adapter proteins, is a FA scaffolding protein that mediates 

numerous protein-protein interactions including integrin-mediated signaling (Croke et al. 2007). 

Hic-5 is mediated through downstream effects of Nox4 and has been shown to co-localize with 

FAK at the cell membrane in the longitudinal muscle layer of rat myometrium (Croke et al. 

2007; Fernandez et al. 2015). It is postulated that these protein interactions occurring at FA sites 

act as an important signaling mechanism for the development of a mechanical syncytium, 

through their connection to cytoskeletal elements, for coordinated powerful labour contractions 

required for parturition.  

The formation and maintenance of FAs relies on Nox4 expression. Hilenski et al. (2004) 

found Nox4 and its subunit, p22phox to localize to FAs and stress fibers in VSMC. Within these 

sites, Nox4 localization is mediated via binding of polymerase (DNA-directed) delta interacting 

protein 2 (Poldip2) to p22phox, as in the absence of Poldip2 Nox4 and p22phox no longer 

localize to FAs (Lyle et al. 2009). Additionally, Poldip2 increases Nox4 ROS production leading 

to cytoskeletal remodelling and in the absence of either Poldip2 or Nox4, there is a reduction in 

the number of FAs (Lyle et al. 2009). ROS produced by Nox4 are crucial for expression and 

maintenance of the VSMC contractile phenotype (Clempus et al. 2007).  

 
1.9. Oxidative Stress during Pregnancy  

Oxidative stress is the result of imbalanced ROS production and antioxidant scavenging 

ability. Increased ROS production and/or decreased antioxidant capacity may lead to ROS-

induced cellular damage. Increased oxidative stress during pregnancy is especially damaging and 

may play a role in reproductive-related disorders such as recurrent pregnancy loss, preeclampsia, 

PPROM, PTB and fetal death (Gupta et al 2007; Moore et al. 2018). During early pregnancy, the 

placenta and fetus survive in a hypoxic environment (Jauniaux et al. 2000). After trophoblast 

invasion, a burst of oxidative stress is exhibited as maternal blood flow is established and the 

placenta and fetus are reperfused (Jauniaux et al. 2000). If maternal blood flow is established too 

early, the trophoblast cannot withstand the oxidative insult and the pregnancy is often lost 

(Jauniaux et al. 2003). Nox1 expression has been identified in placental homogenates from 

pregnant women and immunohistochemistry confirms localization to syncytiotrophoblasts (Cui 

et al. 2006). In patients with preeclampsia, a condition arising from increased oxidative stress, 
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western blot analysis revealed significantly increased Nox1 expression in the placenta as 

compared to control patients (Cui et al. 2006). 

As the pregnancy nears term, the maternal immune system is once again activated, and a 

localized inflammatory response begins the labour process. This inflammatory response induces 

a second period of oxidative stress with levels of urinary 8-hydroxydeoxyguanosine, a 

biochemical marker of oxidative stress, significantly higher in women at 35 weeks of gestation 

as compared to 10 and 20 weeks of gestation (Ferguson et al. 2015). In addition to the 

complications that may arise throughout gestation, the combination of inflammation and 

increased oxidative stress near term may also contribute to PPROM and PTB (Moore et al. 

2018). Samples from fetal membranes with PPROM had lower levels of antioxidant enzymes 

peroxiredoxin and superoxide dismutase-1 and higher levels of oxidative stress marker 3-

nitrotyrosine as compared to samples from PTB infants (Dutta et al. 2016). Expression of Nox2, 

3 and 4 has been detected in fetal membranes from term, PPROM and preterm deliveries with 

Nox2 expression highest in PTB and Nox3 expression highest in PPROM deliveries (Polettini et 

al. 2014). Thus, ROS produced by Nox enzymes, both in maternal and fetal tissues, may play a 

role in the oxidative stress induced pathophysiologic pathways of PTB and PPROM.  

 

1.10. Rationale for the Study 

Although Canada’s rate of PTB has remained relatively steady since 2005 at ~8% 

(PHAC, 2017), it is estimated to cost the Canadian health care system upwards of $8 billion per 

year (Lim et al. 2009). Preterm babies remain in hospital longer and require more hospital 

resources as compared to full term babies (Cuevas et al. 2005). Additionally, preterm infants 

have increased rates of mortality and morbidity, with cardiovascular, metabolic and neurologic 

disorders often following the infant into adulthood (Saigal and Doyle, 2008). Extended time in 

hospital and mother-child separation places additional strain on the physical, psychological and 

social connections between mother and child as well as increases the overall economic burden of 

childbearing. This is particularly true for rural women whom often have to travel for longer than 

one hour to reach the nearest medical facility (CIHI, 2013). Unfortunately, not enough 

information is yet known about how the myometrium becomes a powerful contractile tissue at 

term. Only through persistent basic research on myometrial programming and inflammation will 

the scientific foundation of knowledge be created to identify candidate molecules that could 
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eventually be used to successfully and effectively predict, prevent or therapeutically treat PTB. A 

biochemical marker capable of predicting impending PTB and/or normal parturition would be a 

significant advance for women’s health, particularly in rural settings where physiological, 

psychological, economical, and social burdens are often high. 

 Of the seven Nox family members, Nox1, Nox4 and Nox5 have previously been found in 

human leiomyoma derived myometrial tissue (Cui et al. 2010). Within the cell, ROS mediate 

various responses including cellular proliferation, differentiation and modification of the ECM 

and are a critical component of inflammation (Griendling et al. 2000). However, when and where 

these Nox enzymes are expressed in myometrium throughout pregnancy remains unknown. As 

such, Nox1, Nox4 and their regulatory subunits have been chosen as the proteins of interest for 

this study.  

 

1.10.1. Hypothesis and Objectives  

Nox1 and Nox4 are known to be growth promoting proteins that are upregulated by 

growth factors such as Ang II (Lassegue et al. 2001). Furthermore, inflammation is associated 

with oxidative stress and this process is integral to parturition.  Thus, it was hypothesized that 

Nox1 and Nox4 will be highly expressed in the myometrium during gestation as myometrial 

growth and inflammation occur. 

Objective 1: Determine where and when NADPH oxidases are found in rat myometrium 

during gestation.  

Objective 2: To examine where and when Nox subunits NoxO1, NoxA1 and p22phox are 

expressed in the myometrium as potential regulators of Nox1 and Nox4 function. 
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2. Materials and Methods 

2.1. Animals  

Sprague Dawley rats were used for all experiments and were acquired from the Mount 

Scio Vivarium (Memorial University of Newfoundland). All experimental protocols were 

approved by the Institutional Animal Care Committee under 08-02-DM to 11-02-DM. Animals 

were cared for in the Animal Care Unit at the Health Sciences Centre (Memorial University of 

Newfoundland, St. John’s, NL, CA) and maintained under standard environmental conditions 

(12:12-h light-dark cycle). Rats were individually housed, with ad libitum access to water, and 

fed LabDiet Prolab RMH 3000 (PMI Nutrition International, Brentwood, MO, US).  

 
2.2. Tissue Collection  

2.2.1. Gestational Timecourse Experiments  

For gestational timecourse experiments, previously prepared rat uterus and myometrium 

tissue banks were utilized from the MacPhee laboratory. Briefly, virgin female rats (220-250g) 

were mated with stud males. D1 of the gestation period was determined by observation of a 

vaginal plug the morning after mating. Following this time scheme, the gestation period was 

23D. Animals were euthanized by carbon dioxide induced asphyxiation prior to sample 

collection. For timecourse experiments, samples were collected from non-pregnant (NP) animals 

and from pregnant animals at eight time points: D6, D12, D15, D17, D19, D21, D22, D23 

(labour) as well as 1-D post-partum (PP).  

For immunofluorescence detection, a portion of the uterine horn was fixed in 4% 

paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) overnight. Tissues were processed 

and paraffin embedded by the Histology Unit of Memorial University of Newfoundland School 

of Medicine. When required, five micrometer thick tissue sections were prepared by the 

MacPhee lab using a Leica RM2135 microtome and sections were mounted on glass slides 

previously treated with silane (2% (3-aminopropyl) triethoxysilane in acetone, Cat#: A3648; 

Sigma-Aldrich, St. Louis, MO, US). Cross sections of the uterine horn utilized for experiments 

included both longitudinal and circular muscle layers of the myometrium.  

For immunoblot analysis, uterine horns were removed and opened longitudinally. Fetuses 

and placentae were discarded, and uterine tissue was placed in ice-cold PBS. To isolate the 

myometrium, a scalpel blade was used to gently scrape away the endometrial layer, as previous 
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described by White et al. (2005). All myometrial samples were flash-frozen in liquid nitrogen 

and stored at -80qC until utilized for experiments. 

 

2.2.2. Unilaterally Pregnant Rat Model 

For examination of the effect of uterine distension on spatiotemporal protein expression, 

a previously produced tissue bank in the MacPhee lab was utilized. Briefly, anesthetized virgin 

female rats were subjected to unilateral tubal ligations though bilateral flank incisions as 

described by White and MacPhee (2011). Animals were monitored and allowed to recover for 

~5D before matings were attempted. Samples of gravid and non-gravid horns were collected on 

D19 and D23 of gestation for use in immunofluorescence and immunoblot analyses as described 

above.  

 
2.3. Cell Culture 

All cell culture experiments used to generate cell lysates for analyses in this thesis were 

largely conducted by past trainees in the MacPhee laboratory (Ms. Georgia Bailey and Mr. 

Logan Hahn) and utilized an immortalized human myometrial cell line (hTERT-HM) that was 

obtained from Dr. Ruth Word at the University of Texas South Western Medical Center (Dallas, 

TX, US). Uterine samples from healthy women undergoing hysterectomies was used to establish 

a primary cell culture which was then used to acquire the cell line. Cells were then stably 

transfected with expression vectors containing human telomerase reverse transcriptase (hTERT) 

which immortalized the cells by maintaining telomere length (Condon et al. 2002).  

For propagation, hTERT-HM cells were cultured in DMEM/F12 media (Cat#: 11330032; 

ThermoFisher Scientific, Ottawa, ON, CA) containing 10% fetal bovine serum (FBS; Cat#: 

12483020; ThermoFisher Scientific) and 1% penicillin/streptomycin (P/S) (Cat#: 15140122; 

ThermoFisher Scientific). To limit the accumulation of metabolites and cellular debris, media 

was changed daily. Upon cell culture reaching 90% confluency, passaging was conducted using 

a trypsin-ethylenediaminetetraacetic acid (EDTA) solution (0.05% v/v trypsin in EDTA, Cat#: 

15400-054; ThermoFisher Scientific). Cell number and viability were routinely assessed using a 

Bio-Rad TC20- cell counter and trypan blue dye (Cat#: 1450013; Bio-Rad, Mississauga, ON, 

CA). 
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2.3.1. Stimulation of Pro-Inflammatory Conditions 

Two approaches were used by the MacPhee lab to generate pro-inflammatory conditions 

in the hTERT-HM cells: addition of lipopolysaccharide (LPS; Hahn, 2018) or IL-1E (Bailey, 

2020) to the culture media.  

 

2.3.1.1. LPS Experiments 

Briefly, preceding experiments, six-well tissue culture plates were seeded with hTERT-

HM cells (0.35 x 106 cells/well) and propagated under serum reduced conditions: DMEM/F12 

media containing 5% FBS and 1% P/S. On the day of the experiment, cells were briefly washed 

and subsequently cultured in DMEM/F12 media containing either 100ng/mL LPS (E.coli 

serotype 0111:B4; Cat#: 14011; Cell Signaling Technology, Danvers, MA, US) or PBS (0 ng/ml) 

(Cat#: 20012027; Thermo Fisher Scientific) vehicle control for 0.5h, 1h, 3h and 6h (n=3 per 

timepoint). Cell culture supernatants were collected at 3h and 6 h timepoints to subsequently 

verify inflammatory conditions (i.e. production of pro-inflammatory cytokines) using ELISA 

(Hahn, 2018). Cell lysates were collected at all timepoints by adding radio-immunoprecipitation 

assay (RIPA) lysis buffer (50mM Tris-HCl [pH 7.5], 150mM NaCl, 1% Triton X-100, 1% 

sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) containing protease and phosphatase 

inhibitors (Complete Mini, Cat#: 04693159001; PhosSTOP, Cat#: 04906845001; Roche 

Diagnostics, Laval, QC, CA) to cells and physically removing the cell monolayer using a cell 

scraper. Lysates were subsequently homogenized using 1.4mm ceramic beads and a MINILYS 

Bead Mill (Bertin Corporation, Rockville, MD, US). The homogenized mixture was centrifuged 

for 15 min at 12,000 x g at 4qC, lysates were collected and subsequently used for SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis as described below.  

 

2.3.1.2. IL-1E Experiments 

Briefly, preceding experiments, six-well tissue culture plates were seeded with hTERT-

HM cells (0.35 x 106 cells/well) and propagated under serum reduced conditions: DMEM/F12 

media containing 5% FBS and 1% P/S. On the day of the experiment, cells were briefly washed 

and subsequently cultured in DMEM/F12 media (5% FBS; 1% P/S) containing either 1 ng/mL 

IL-1E (Cat#: H6291; Sigma-Aldrich) or 0.1% human serum albumin (HSA) (Cat#: A9731; 

Sigma-Aldrich) vehicle control for 0.5h, 1h, 3h and 6h (n=3 per timepoint). Cell culture 



 48 

supernatants were collected, as described above, for subsequent verification of pro-inflammatory 

conditions (i.e. production of pro-inflammatory cytokines) using ELISA (Bailey, 2020). Cell 

lysates were also collected as described above and supernatants were used for SDS-PAGE 

analysis as described below.  

 
2.4. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

Myometrial tissue samples were pulverized with a mortar and pestle under liquid nitrogen 

and then homogenized in RIPA lysis buffer plus protease and phosphatase inhibitor tablets using 

1.4mm ceramic beads and a MINILYS Bead Mill. Lysates were then centrifuged at 12,000 x g 

for 15 mins, supernatants were collected in an Eppendorf tube and stored at -80qC.  

 Myometrial tissue and hTERT-HM cell protein concentrations were determined using the 

Bio-Rad Protein Assay Kit according to the manufacturer’s instructions (Cat#: 500-0002; Bio-

Rad). Briefly, protein sample concentrations were determined from a standard curve of 7 BSA 

standard protein concentrations (0 to 0.6 mg/ml) using an Eppendorf Biophotometer Plus. 

Protein samples for SDS-PAGE (10 or 20Pg/lane for myometrial tissue; 12Pg/lane for hTERT-

HM cell lysates) were then prepared by mixing with 2x loading dye (100 mM Tris-HCl, pH 6.8, 

10% β-mercaptoethanol, 4% SDS, 0.2% bromophenol blue, 20% glycerol). Samples were then 

stored at -80°C for subsequent analysis. Protein samples were electrophoretically separated under 

reducing conditions in 10% SDS-polyacrylamide gels. Following separation, samples were 

electroblotted onto 0.2Pm nitrocellulose membranes (Cat#: 162-0097; Bio-Rad).  

 To verify the protein transfer, membranes were stained for 30 s using a Memcode 

Reversible Protein Stain Kit (Cat#: 24580; ThermoFisher Scientific) followed by washes in 

Destain solution.  Membranes were then digitally scanned for future reference and the reversible 

stain removed by a wash in Stain Eraser solution.   

 

2.5. Immunoblot Analysis  

Immunoblot analysis was performed on four independent myometrial sample sets 

collected from normal rat gestation (n=4 per timepoint). Membranes were blocked in 5% non-fat 

dry milk (w/v) in Tris-buffered saline plus Tween 20 (TBST; 20mM Tris-HCl [pH 7.6], 150mM 

NaCl, 0.1% Tween 20) followed by incubation overnight at 4qC with the appropriate primary 

antisera (Table 2.1) diluted in blocking solution. Blots were subsequently washed three times in  
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Table 2.1. Antibodies utilized for immunoblot and immunofluorescence analysis. IB, 
immunoblot; IF, immunofluorescence; HRP, horseradish peroxidase; FITC, fluorescein 
isothiocyanate; RRX, rhodamine-Red-X. *Matched to concentration of primary antisera utilized. 
 

Antibody Supplier Catalog Number Procedure / 
Dilution 

Anti-NoxA1  
(Mouse Monoclonal) 

Santa Cruz Biotechnology, 
Dallas, TX, US Sc-398873 IB: 1:5,000 

IF: 1:50 
Anti-NoxO1  
(Rabbit Polyclonal) 

Abcam, Cambridge, MA, US 
Ab34761 IB: 1:10,000 

IF: 1:100 
Anti-Nox1  
(Rabbit Polyclonal) 

Sigma-Aldrich, St. Louis, MO, 
US SAB4200227 IB: 1:40,000 

IF: 1:500 
Anti-Nox4  
(Rabbit Monoclonal) 

Abcam Ab133303 IB: 1:20,000 

Anti-Nox4  
(Rabbit Polyclonal) 

Sigma-Aldrich HPA015475 IF: 1:50 

Anti-p22phox  
(Mouse Monoclonal) 

Santa Cruz Sc-130551 IB: 1:2,000 

GAPDH 
(Rabbit Polyclonal) 

Abcam Ab9485 IB: 1:30,000 

Anti-Rabbit HRP Promega, Madison, WI, US W4011 IB: 1:10,000 
Anti-Rabbit IgG FITC Sigma-Aldrich F7512 IF: 1:250 
ChromePure Rabbit IgG Jackson ImmunoResearch 

Laboratories, West Grove, PA, 
US 

011-000-003 IF: N/A*  

Anti-Mouse HRP Promega W4021 IB: 1:10,000 
Anti-Mouse IgG RRX Jackson ImmunoResearch  715-295-150 IF: 1:150 
ChromePure Mouse IgG Jackson ImmunoResearch 015-000-003 IF: N/A* 
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TBST followed by incubation at room temperature for 1h with the appropriate horseradish 

peroxidase (HRP)-conjugated secondary antibodies diluted in blocking solution (Table 2.1). 

Membranes were then washed an additional four times in TBST before development. Blots were 

developed using the SuperSignal West Pico Plus chemiluminescence substrate detection system 

(Cat#: 34580; Thermo Fisher Scientific) according to the manufacturer’s instructions. Multiple 

images were generated using a Bio-Rad ChemiDoc MP digital imaging system to ensure the 

linearity of the exposures. All blots were additionally probed for glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) expression, which served as a loading control, using a GAPDH-

specific antibody (Table 2.1) diluted in blocking solution.  

 

2.6. Immunofluorescence Analysis  

Immunofluorescence analysis was performed on three independent sets of rat uterine 

tissue samples from normal gestation (n=3 for each timepoint analyzed). Tissue sections were 

deparaffinized in xylene three times for 5 min each and rehydrated using a descending series of 

ethanol solutions for 3 min at each concentration (100%, 95%, 90%, 80%, 70%, and 50%). Heat-

induced epitope retrieval was performed by placing slides in boiling 10 mM sodium citrate 

buffer [pH 6.0] for 20 min. Slides were allowed to cool in the same buffer for an additional 20 

mins before being washed in ice-cold PBS. Tissue sections were circled using an ImmEdge Pen 

(Cat#: H-4000, Vector Laboratories, Burlingame, CA, US). Enzyme-induced epitope retrieval 

was subsequently performed using a 1 mg/mL trypsin solution (Cat#: T7168; Sigma-Aldrich) at 

room temperature for 10 mins followed by two washes in PBS.  Tissues were then blocked with 

5% normal goat serum/1% normal horse serum/1% FBS, washed with ice-cold PBS, and 

incubated overnight at 40C with appropriate primary antisera (Table 2.1) diluted in blocking 

solution. To serve as a negative control, separate tissue sections from the same timepoints were 

incubated with non-specific rabbit or mouse IgG (Table 2.1), used at the same concentration as 

the primary antisera. Following two washes in ice-cold PBS, all slides were incubated with the 

appropriate secondary antisera (Table 2.1) at room temperature for 1h. For double-

immunofluorescence analysis, slides were washed three times in ice cold PBS and blocked using 

5% normal goat serum/1% normal horse serum/1% FBS. A second antibody combination was 

utilized after the latter washes, following the same procedure as above.     
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Slides were washed three times in ice-cold PBS plus 0.1 % Tween 20 before coverslip 

mounting with ProLong Diamond Anti-Fade Reagent containing 4′,6-diamidino-2-phenylindole 

(DAPI) (Cat#: P36971, ThermoFisher Scientific). Once mounting media was cured for 24h, 

coverslips were sealed with nail polish. 

Slides were imaged using an Olympus IX83 microscope equipped for widefield 

epifluorescence with an Andor Zyla 4.2 sCMOS camera containing a 2048 x 2048 pixel array 

(Andor USA, Concord, MA) and CellSens software (Olympus, Richmond Hill, ON, CA). Select 

tissue sections of interest were further examined in some instances by collecting a z-series of 

optical images (7 images; each 0.25 Pm thick). Images were then processed post acquisition with 

the CellSens Differential Contrast Enhancement plugin (Olympus).  

 

2.7. Data Analysis 

Densitometric analysis was performed on all immunoblot data using Image Lab software 

(version 5.02; Bio-Rad). All analyses of target proteins were analyzed and normalized to 

densitometric measurements of GAPDH. Statistical analysis was performed using GraphPad 

Prism 8.0 for MacOS (GraphPad Software, San Diego, CA, USA, www.graphpad.com).  Data 

from normal gestational profiles were subjected to a One-way Analysis of Variance and Tukey 

multiple comparisons tests. Data from unilaterally pregnant rat models were subjected to a t-test. 

Data from pro-inflammatory experiments with hTERT-HM cells were subjected to a Two-way 

Analysis of Variance followed by Tukey multiple comparisons tests. Values with a P<0.05 were 

considered to be significantly different.  
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3. Results 

3.1. Expression of Nox1 and Nox4 protein in Pregnant Rat Myometrium 

Immunoblot analysis for expression of Nox1 in myometrium demonstrated that Nox1 

was detectable at ~70 kDa in NP tissue, at all timepoints throughout pregnancy and PP (Figure 

3.1). However, expression on D23 was significantly greater (P<0.05) compared to D6, D12, D17 

and D19 (*) and expression on D22 was significantly higher than expression on D6 (**). 

Immunoblot analysis also showed that Nox4 in myometrium was detectable at ~65 kDa and 

constitutively expressed in NP tissue as well as throughout gestation and 1-D post-partum 

(Figure 3.2). However, expression of Nox4 was significantly greater at NP, D6, D12, D15 and 

D22 compared to PP (*), while expression on D12 was significantly higher than expression on 

D21 (**). 

 

3.2. Spatial localization of Nox1 and Nox4 in Pregnant Rat Myometrium 

The spatial localization of Nox1 in rat myometrium was assessed throughout gestation by 

immunofluorescence analysis. Nox1 was detectable at all timepoints assessed (NP-PP) in both 

muscle layers. In the longitudinal muscle layer (Figures 3.3, 3.4), Nox1 immunostaining was 

detected throughout the entire myocyte, including the cytoplasm and associated with the plasma 

membrane, but was not present in myocyte nuclei throughout gestation. An increase in detection 

was observed at D23 and PP and immunostaining at PP was often observed to be concentrated in 

specific myocytes within the muscle bundles. In the circular muscle layer (Figures 3.5, 3.6), 

Nox1 was detected in the myocyte cytoplasm and associated with plasma membranes. Similar to 

the longitudinal muscle layer, there was no detection of Nox1 in the myocyte nuclei in the 

circular muscle layer. Relative to the smooth muscle bundles of both myometrium layers, where 

Nox1 was highly detectable, Nox1 was virtually undetectable in the surrounding interstitium 

(Figures 3.3-3.6). 

 

Immunofluorescence analysis of Nox4 in rat myometrium demonstrated that detection of 

this protein increased during gestation with maximal detection observed mid-late gestation (D12-

D19). In the longitudinal muscle layer (Figures 3.7, 3.8), Nox4 expression was progressively 

more pronounced, particularly in perinuclear regions, as gestation progressed. A similar 

detection pattern was observed in the circular muscle layer of the myometrium (Figures 3.9,  
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Figure 3.1. Immunoblot analysis of Nox1 expression in rat myometrium throughout gestation. 
Representative immunoblots are shown above the densitometric analysis. Expression levels were 
determined in non-pregnant rat tissue (NP) and tissue from day (D) 6, D12, D15, D17, D19, D21, 
D22, D23 (active labour) and 1-day post-partum (PP). *Expression on D23 was significantly 
higher than expression on D6, D12, D17 and D19. **Expression at D22 was significantly higher 
than at D6. Expression levels were considered significantly different when P<0.05. 
Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) protein expression was used as a 
normalization control for densitometric analysis. Densitometric data are from 4 independent 
experiments (n=4 per timepoint). 
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Figure 3.2. Immunoblot analysis of Nox4 expression in rat myometrium throughout gestation. 
Representative immunoblots are shown above the densitometric analysis. Expression levels were 
determined in non-pregnant rat tissue (NP) and in tissue from day (D) 6, D12, D15, D17, D19, 
D21, D22, D23 (active labour) and 1-day post-partum (PP). *Expression at NP, D6, D12, D15 
and D22 was significantly higher than at PP (P<0.05). ** Expression at D12 was significantly 
higher than at D21 (P<0.05). Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) protein 
expression was used as a normalization control for densitometric analysis. Densitometric data are 
from 4 independent experiments (n=4 per timepoint). 
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Figure 3.3. Immunofluorescence detection of Nox1 in longitudinal uterine smooth muscle layers 
from non-pregnant (NP) rats and pregnant rat uterine horns at day (D) 6, D12, D15, D17 and 
D19 of gestation. Representative images are shown for each timepoint. Expression was detected 
using a rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated 
antibody. Detection of Nox1 was observed in the myocyte cytoplasm and associated with plasma 
membrane and virtually undetectable in the interstitium relative to the smooth muscle.  Scale bar 
= 50μm. 
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Figure 3.4. Immunofluorescence detection of Nox1 in longitudinal uterine smooth muscle layers 
from pregnant rat uterine horns at day (D) 21, D22, and D23 of gestation and from uterine horns 
at 1-day post-partum (PP). Representative images are shown for each timepoint. Expression was 
detected using a rabbit polyclonal anti-Nox1 antibody followed by an anti- rabbit FITC 
conjugated antibody. An increase in cytoplasmic detection was observed at D23 and PP. 
Immunostaining at PP was observed to be concentrated within the muscle bundles in specific 
myocytes. Nox1 was virtually undetectable in the interstitium relative to the smooth muscle. IgG, 
non-specific rabbit immunoglobulin used in place of the primary antiserum. Scale bar = 50μm. 
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Figure 3.5. Immunofluorescence detection of Nox1 in circular uterine smooth muscle layers 
from non-pregnant (NP) rats and pregnant rat uterine horns at day (D) 6, D12, D15, D17 and 
D19 of gestation. Representative images are shown for each timepoint. Expression was detected 
using a rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated 
antibody. Detection of Nox1 was observed in myocyte cytoplasm and associated with plasma 
membranes. Nox1 was virtually undetectable in the interstitium relative to the smooth muscle. 
Scale bar = 50μm. 
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Figure 3.6. Immunofluorescence detection of Nox1 in circular uterine smooth muscle layers 
from pregnant rat uterine horns at day (D) 21, D22, and D23 of gestation and from uterine horns 
at 1-day post-partum (PP). Representative images are shown for each timepoint. Expression was 
detected using a rabbit polyclonal anti-Nox1 antibody followed by an anti- rabbit FITC 
conjugated antibody. An increase in cytoplasmic detection was observed at D23 and PP. 
Immunostaining at PP was observed to be concentrated within the muscle bundles in specific 
myocytes. IgG, non-specific rabbit immunoglobulin used in place of the primary antiserum. 
Scale bar = 50μm. 
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Figure 3.7. Immunofluorescence detection of Nox4 in longitudinal uterine smooth muscle layers 
from non-pregnant (NP) rats and pregnant rat uterine horns at day (D) 6, D12, D15, D17 and 
D19 of gestation. Representative images are shown for each timepoint. Expression was detected 
using a rabbit polyclonal anti-Nox4 antibody followed by an anti-rabbit FITC conjugated 
antibody. The detection of Nox4 progressively increased, with maximal detection observed 
during mid-gestation from D12 to D19, particularly in perinuclear regions of myocytes. Some 
Nox4 immunostaining was also observed in interstitial cells between muscle bundles (e.g. D17). 
Scale bar = 50μm. 
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Figure 3.8. Immunofluorescence detection of Nox4 in longitudinal uterine smooth muscle layers 
from pregnant rat uterine horns at day (D) 21, D22, and D23 of gestation and 1-day post-partum 
(PP). Representative images are shown for each timepoint. Expression was detected using a 
rabbit polyclonal anti-Nox4 antibody followed by an anti-rabbit FITC conjugated antibody. The 
detection of Nox4 in perinuclear sites progressively subsided from D21 to PP. IgG, non-specific 
rabbit immunoglobulin used in place of the primary antiserum. Scale bar = 50μm. 
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Figure 3.9. Immunofluorescence detection of Nox4 in circular uterine smooth muscle layers 
from non-pregnant (NP) rats and pregnant rat uterine horns at day (D) 6, D12, D15, D17 and 
D19 of gestation. Representative images are shown for each timepoint. Expression was detected 
using a rabbit polyclonal anti-Nox4 antibody followed by an anti-rabbit FITC conjugated 
antibody. The detection of Nox4 progressively increased, with maximal detection observed 
during mid-gestation from D12 to D19, particularly in perinuclear regions of myocytes. Some 
Nox4 immunostaining was also observed in interstitial cells between myocytes (e.g. D12). Scale 
bar = 50μm. 
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3.10). At times, Nox4 immunostaining was observed in some interstitial cells between muscle 

bundles from D12 to D21 of gestation in both muscle layers (Figures 3.7-3.10). 

 

To better assess the spatial localization of Nox4 in the circular and longitudinal muscle 

layers, differential contrast enhancement was performed on images captured with a 100x oil 

objective. In the longitudinal and circular muscle layers, it was confirmed that Nox4 prominently 

accumulated in perinuclear regions within myocytes and in some instances associated with 

myocyte membranes (Figure 3.11, 3.12).    

 
3.3. Expression of NoxO1, NoxA1 and p22phox Protein Subunits in Pregnant Rat 

Myometrium 

Immunoblot analysis of NoxO1 protein expression in myometrium revealed detection of 

the subunit at all timepoints examined, but with very low levels at D15 followed by a significant 

increase during late gestation and labour (Figure 3.13). NoxO1 expression on D21, D22, D23 

and PP was significantly greater than expression at NP, D6, D12 and D15 (*). Expression on 

D22 and D23 was significantly greater than on D17 (#) while NoxO1 levels on D21, D22 and 

D23 were significantly elevated compared to levels at D19 (@). Lastly, NoxO1 expression on 

D22 was significantly greater than expression on D21, D23 and PP (^) while expression on D17 

was significantly higher than at D15 (**). 

  

 NoxA1 protein expression in myometrium was also detectable at all timepoints 

examined, but with higher expression during early gestation (Figure 3.14). Expression of NoxA1 

was significantly higher on D12 compared to NP, D6, D21, D23 and PP (*). In contrast, 

immunoblot analysis of p22phox demonstrated robust detection in NP myometrium and early 

gestational timepoints with markedly decreasing levels of expression as gestation proceeded 

(Figure 3.15). Expression at NP was significantly higher compared to expression on D21 to D23 

(*). Expression on D6 was significantly greater compared to expression on D19 to PP (**) while 

expression on D12 was significantly higher compared to expression on D17 to PP (***). Lastly, 

expression on D15 was significantly higher compared to expression on D23 (#). 
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Figure 3.10. Immunofluorescence detection of Nox4 in circular uterine smooth muscle layers 
from pregnant rat uterine horns at day (D) 21, D22, and D23 of gestation and 1-day post-partum 
(PP). Representative images are shown for each timepoint. Expression was detected using a 
rabbit polyclonal anti-Nox4 antibody followed by an anti-rabbit FITC conjugated antibody. The 
detection of Nox4, particularly in perinuclear regions, progressively subsided from D21 to PP.  
IgG, non-specific rabbit immunoglobulin used in place of the primary antiserum. Scale bar = 
50μm.  
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Figure 3.11. Assessment of Nox4 immunostaining in longitudinal muscle of rat myometrium 
during pregnancy by differential contrast enhancement. Select tissue sections of interest were 
chosen and a z-series of optical images (7 images; each 0.25 Pm thick) collected with a 100X oil 
objective. Images were then processed post acquisition with the CellSens Differential Contrast 
Enhancement plugin. Images of Nox4 immunostaining in longitudinal uterine smooth muscle 
layers from pregnant rats at day (D) 6, D12, D15, D17, D19 and D21 of gestation were analyzed. 
Representative images are shown for each timepoint. Note the specific perinuclear localization. 
Scale bar = 25μm.   
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Figure 3.12. Assessment of Nox4 immunostaining in circular muscle of rat myometrium during 
pregnancy by differential contrast enhancement. Select tissue sections of interest were chosen 
and a z-series of optical images (7 images; each 0.25 Pm thick) collected with a 100X oil 
objective. Images were then processed post acquisition with the CellSens Differential Contrast 
Enhancement plugin. Images of Nox4 immunostaining in circular uterine smooth muscle layers 
from pregnant rats on day (D) 6, D12, D15, D17, D19 and D21 of gestation were analyzed. 
Representative images are shown for each timepoint. Note the specific perinuclear localization. 
Scale bar = 25μm. 
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Figure 3.13. Immunoblot analysis of NoxO1 expression in rat myometrium throughout 
gestation. Representative immunoblots are shown above the densitometric analysis. Expression 
levels were determined in non-pregnant rat tissue (NP) and in tissue from day (D) 6, D12, D15, 
D17, D19, D21, D22, D23 (active labour) of pregnancy as well as 1-day post-partum (PP). 
*Expression on D21, D22, D23 and PP was significantly greater than expression at NP, D6, D12 
and D15. **Expression on D17 was significantly higher than D15. #Expression on D22 and D23 
was significantly higher than D17. @Expression on D21, D22 and D23 were significantly higher 
than D19. ^Expression on D22 was significantly higher than D21, D23 and PP. Values were 
considered significantly different when P<0.05. Glyceraldehyde 3-Phosphate Dehydrogenase 
(GAPDH) protein expression was used as a normalization control for densitometric analysis. 
Densitometric data are from 4 independent experiments (n=4 per timepoint). 
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Figure 3.14. Immunoblot analysis of NoxA1 expression in rat myometrium throughout 
gestation. Representative immunoblots are shown above the densitometric analysis. Expression 
levels were determined in non-pregnant rat tissue (NP) and in tissue from day (D) 6, D12, D15, 
D17, D19, D21, D22, D23 (active labour) of pregnancy as well as 1-day post-partum (PP). 
*Expression on D12 was significantly higher than NP, D6, D21, D23 and PP (P<0.05). 
Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) protein expression was used as a 
normalization control for densitometric analysis. Densitometric data are from 4 independent 
experiments (n=4 per timepoint). 
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Figure 3.15. Immunoblot analysis of p22phox expression in rat myometrium throughout 
gestation. Representative immunoblots are shown above the densitometric analysis. Expression 
levels were determined in non-pregnant tissue (NP) and in tissue from day (D) 6, D12, D15, 
D17, D19, D21, D22, D23 (active labour) of pregnancy as well as 1-day post-partum (PP). 
*Expression at NP was significantly higher than D21, D22 and D23. **Expression on D6 was 
significantly higher than D19, D21, D22, D23 and PP. ***Expression at D12 was significantly 
higher than D17, D19, D21, D22, D23 and PP. #Expression on D15 was significantly higher than 
D23. Values were considered significantly different when P<0.05. Glyceraldehyde 3-Phosphate 
Dehydrogenase (GAPDH) protein expression was used as a normalization control for 
densitometric analysis. Densitometric data are from 4 independent experiments (n=4 per 
timepoint). 
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3.4. Spatial localization of NoxO1 in Pregnant Rat Myometrium 

The spatial localization of NoxO1 in rat myometrium was assessed throughout gestation 

by immunofluorescence analysis. There was little detection of NoxO1 in NP myometrium and at 

D6 of gestation in both muscle layers. In the longitudinal muscle layer, NoxO1 localization was 

particularly prominent from D15 to PP with detection in the myocyte cytoplasm and associated 

with plasma membranes (Figures 3.16, 3.17). In the circular muscle layer, NoxO1 expression 

was detectable in perinuclear and membrane-associated regions of myometrial cells from D15 to 

D23 of gestation (Figures 3.18, 3.19). 

 

3.5. Co-localization of Nox1 and NoxA1 in Pregnant Rat Myometrium 

With Nox1 and NoxA1 protein expression as well as spatial localization individually 

assessed, the availability of appropriate antisera facilitated examination of how Nox1 may 

interact with required NoxA1.  To assess any potential association of Nox1 with NoxA1 in situ, 

the spatial co-immunofluorescence localization of both proteins in rat myometrium was assessed. 

Nox1 localization was detected as described in Section 3.2.   

 

In NP and D6 samples of both muscle layers, there was very low detection of NoxA1 

immunostaining relative to later gestational timepoints, especially in the circular muscle layer 

(Figure 3.20, 3.25). Thereafter, NoxA1 immunostaining was more detectable in both muscle 

layers as pregnancy progressed (Figures 3.21-3.24 and 3.26-3.29). NoxA1 immunostaining was 

detectable throughout the entire myocyte including the cytoplasm and in association with 

membranes. In some timepoints, there appeared to be clear perinuclear accumulation of NoxA1 

(Figures 3.21, 3.27) but no detection within the nucleus itself. Relative to smooth muscle layers, 

NoxA1 in the surrounding interstitium was virtually undetectable. Non-specific background 

immunofluorescence was assessed using mouse or rabbit IgG in place of primary antisera (Fig 

3.30).  Overall, co-localization of Nox1 and NoxA1 was observed throughout gestation, but from 

D17 onwards Nox1 immunostaining was frequently more detectable as concentrated foci in 

cytoplasmic regions compared to NoxA1 (Figures 3.20-3.29).  
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Figure 3.16. Immunofluorescence detection of NoxO1 in longitudinal uterine smooth muscle 
layers from non-pregnant (NP) rats and pregnant rat uterine horns at day (D) 6, D12, D15, D17 
and D19 of gestation. Representative images are shown for each timepoint. Expression was 
detected using a rabbit polyclonal anti-NoxO1 antibody followed by an anti-rabbit FITC 
conjugated antibody. Cytoplasmic detection of NoxO1 progressively increased from NP to D19 
of gestation. Scale bar = 50μm. 
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Figure 3.17. Immunofluorescence detection of NoxO1 in longitudinal uterine smooth muscle 
layers from pregnant rat uterine horns at day (D) 21, D22, and D23 of gestation and 1-day post-
partum (PP). Representative images are shown for each timepoint. Expression was detected 
using a rabbit polyclonal anti-NoxO1 antibody followed by an anti-rabbit FITC conjugated 
antibody. NoxO1 immunostaining was observed in the myocyte cytoplasm and associated with 
plasma membranes. IgG, non-specific rabbit immunoglobulin used in place of the primary 
antiserum. Scale bar = 50μm. 
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Figure 3.18. Immunofluorescence detection of NoxO1 in circular uterine smooth muscle layers 
from non-pregnant (NP) rats and pregnant rat uterine horns at day (D) 6, D12, D15, D17 and 
D19 of gestation. Representative images are shown. Expression was detected using a rabbit 
polyclonal anti-NoxO1 antibody followed by an anti-rabbit FITC conjugated antibody. 
Cytoplasmic and membrane-associated detection of NoxO1 progressively increased from NP to 
D19 of gestation. Scale bar = 50μm. 
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Figure 3.19. Immunofluorescence detection of NoxO1 in circular uterine smooth muscle layers 
from pregnant rat uterine horns at day (D) 21, D22, and D23 of gestation and 1-day post-partum 
(PP). Representative images are shown for each timepoint. Expression was detected using a 
rabbit polyclonal anti-NoxO1 antibody followed by an anti-rabbit FITC conjugated antibody. 
NoxO1 immunostaining was observed surrounding the nucleus and in membrane-associated 
regions of myocytes. IgG, non-specific rabbit immunoglobulin used in place of the primary 
antiserum. Scale bar = 50μm. 
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Figure 3.20. Co-immunofluorescence detection of Nox1 and NoxA1 in longitudinal uterine smooth muscle layers of non-pregnant 
(NP) and pregnant rats at day (D) 6 of gestation. Representative images are shown for each timepoint. Expression was detected using a 
rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 
antibody followed by an anti-mouse RRX conjugated antibody. Nox1 immunostaining was observed in the myocyte cytoplasm. Low 
detection of NoxA1 was also observed in myocyte cytoplasm. Some co-localization of Nox1 and NoxA1 was apparent (yellow) at 
both timepoints. Scale bar = 50μm. 
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Figure 3.21. Co-immunofluorescence detection of Nox1 and NoxA1 in longitudinal uterine smooth muscle layers from pregnant rats 
at day (D) 12 and D15 of gestation. Representative images are shown for each timepoint. Expression was detected using a rabbit 
polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 antibody 
followed by an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout the entire myocyte, 
including the cytoplasm with some perinuclear accumulation. Co-localization of Nox1 and NoxA1 (yellow) in uterine myocytes was 
apparent at both timepoints. Scale bar = 50μm. 
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Figure 3.22. Co-immunofluorescence detection of Nox1 and NoxA1 in longitudinal uterine smooth muscle layers from pregnant rats 
at day (D) 17 and D19 of gestation. Representative images are shown for each timepoint. Expression was detected using a rabbit 
polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 antibody 
followed by an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout the entire myocyte, 
but Nox1 was also noted in concentrated cytoplasmic foci that were not observed for NoxA1 immunolocalization. Co-localization of 
Nox1 and NoxA1 in uterine myocytes (yellow) was apparent at both timepoints. Scale bar = 50μm. 
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Figure 3.23. Co-immunofluorescence detection of Nox1 and NoxA1 in longitudinal uterine smooth muscle layers from pregnant rats 
at day (D) 21 and D22 of gestation. Representative images are shown for each timepoint. Expression was detected using a rabbit 
polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 antibody 
followed by an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout the entire myocyte, 
but Nox1 immunostaining became highly detectable in some myocytes relative to others, unlike NoxA1. Co-localization of Nox1 and 
NoxA1 in uterine myocytes (yellow) was apparent at both timepoints. Scale bar = 50μm. 
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Figure 3.24. Co-immunofluorescence detection of Nox1 and NoxA1 in longitudinal uterine smooth muscle layers of pregnant rats at 
day (D) 23 of gestation and 1-day post-partum (PP). Representative images are shown for each timepoint. Expression was detected 
using a rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-
NoxA1 antibody followed by an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout 
the entire myocyte, but Nox1 became associated with membranes to a greater extent than NoxA1 at D23 and cytoplasmic foci of 
myocytes at PP relative to NoxA1. However, co-localization of Nox1 and NoxA1 (yellow) in uterine myocytes was apparent at both 
timepoints. Scale bar = 50μm. 
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Figure 3.25. Co-immunofluorescence detection of Nox1 and NoxA1 in circular uterine smooth muscle layers of non-pregnant (NP) 
and pregnant rats at day (D) 6 of gestation. Representative images are shown for each timepoint. Expression was detected using a 
rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 
antibody followed by an anti-mouse RRX conjugated antibody. NoxA1 was virtually undetectable in NP tissue, while Nox1 and 
NoxA1 immunostaining was observed throughout myocytes at D6. Co-localization of Nox1 and NoxA1 in uterine myocytes (yellow) 
was apparent at D6. Scale bar = 50μm. 
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Figure 3.26. Immunofluorescence detection of Nox1 and NoxA1 in circular uterine smooth muscle layers from pregnant rats at day 
(D) 12 and D15 of gestation. Representative images are shown for each timepoint. Expression was detected using a rabbit polyclonal 
anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 antibody followed by 
an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout the entire myocyte. Co-
localization of Nox1 and NoxA1 in uterine myocytes (yellow) was apparent at both timepoints. Scale bar = 50μm. 
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Figure 3.27. Immunofluorescence detection of Nox1 and NoxA1 in circular uterine smooth muscle layers from pregnant rats at day 
(D) 17 and D19 of gestation. Representative images are shown for each timepoint. Expression was detected using a rabbit polyclonal 
anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 antibody followed by 
an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout myocytes, with some 
perinuclear accumulation of both proteins and membrane-associated localization of Nox1. Some co-localization of Nox1 and NoxA1 
in uterine myocytes (yellow) was apparent at both timepoints. Scale bar = 50μm. 
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Figure 3.28. Immunofluorescence detection of Nox1 and NoxA1 in circular uterine smooth muscle layers from pregnant rats at day 
(D) 21 and D22 of gestation. Representative images are shown for each timepoint. Expression was detected using a rabbit polyclonal 
anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 antibody followed by 
an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout myocytes, but Nox1 
immunostaining was also uniquely associated with membranes compared to NoxA1. Co-localization of Nox1 and NoxA1 in uterine 
myocytes (yellow) was apparent at both timepoints. Scale bar = 50μm. 
  



Mikayla Waller
110



 111 

Figure 3.29. Immunofluorescence detection of Nox1 and NoxA1 in longitudinal uterine smooth muscle layers of pregnant rats at day 
(D) 23 of gestation and 1-day post-partum (PP). Representative images are shown for each timepoint. Expression was detected using a 
rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit FITC conjugated antibody and a mouse monoclonal anti-NoxA1 
antibody followed by an anti-mouse RRX conjugated antibody. Nox1 and NoxA1 immunostaining was observed throughout 
myocytes, but Nox1 was especially associated with myocyte membranes compared to NoxA1 at D23, and cytoplasmic foci within 
myocytes at PP compared to NoxA1. Co-localization of Nox1 and NoxA1 in uterine myocytes was apparent at both timepoints. Scale 
bar = 50μm. 
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Figure 3.30. Confirmation of antiserum specificity in situ with non-specific rabbit and mouse immunoglobulins used in place of 
primary antisera. Representative images of longitudinal (LM) and circular (CM) uterine smooth muscle layers from pregnant rats are 
shown. Scale bar = 50μm. 
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3.6. Spatiotemporal expression of Nox1 and NoxO1 in Unilaterally Pregnant Rats  

 Since Nox1 and NoxO1 expression increased prior to and during labour (D22 and D23), 

the potential regulatory effect of uterine distension on protein expression was assessed using a 

unilaterally pregnant rat model. Immunoblot analysis of Nox1 and NoxO1 expression revealed 

no statistically significant differences in protein expression in non-gravid (NG) compared to 

gravid (G) uterine horns of unilaterally pregnant rats at either D19 or D23 of gestation (Figure 

3.31, 3.32). The spatial localization of Nox1 in the myometrium was similar to the localization 

reported in Section 3.2 but there were no marked differences in immunofluorescence detection of 

Nox1 between G and NG uterine horns at D19 and D23 (Figure 3.33, 3.34).  

 

3.7. The Influence of Pro-Inflammatory Conditions on Nox Protein and Subunit Expression  

 Since oxidative stress and inflammation can be interdependent processes, the potential 

role of inflammation on regulation of Nox1, Nox4 and NoxO1 protein expression was 

determined in two models of myometrial cell inflammation. For LPS experiments, hTERT-HM 

cells were incubated with either 100ng/mL LPS or PBS vehicle control for 0.5h, 1h, 3h and 6h.  

For IL-1E experiments, hTERT-HM cells were incubated with either 1ng/mL IL-1E or HSA 

vehicle control for 0.5h, 1h, 3h and 6h. Immunoblot analyses of cell lysates collected during 

these time course experiments were then conducted. Treatment of cells with LPS or IL-1E and 

generation of pro-inflammatory conditions had no statistically significant effects on Nox1, Nox4 

or NoxO1 protein expression with one exception (Figures 3.35-3.37, 3.39, 3.40). Expression of 

Nox1 was significantly elevated after 0.5h (**) and 1h (*) incubation of hTERT-HM cells with 

IL-1E when compared to cells incubated with the vehicle control (Figure 3.38).  
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Figure 3.31. Immunoblot analysis of Nox1 expression in myometrium from non-gravid (NG) 
and gravid (G) uterine horns of unilaterally pregnant rats. Representative immunoblots are 
shown above the densitometric analysis at A) D19 and B) D23 of gestation. No significant 
differences in expression were observed (P>0.05). Glyceraldehyde 3-Phosphate Dehydrogenase 
(GAPDH) protein expression was used as a normalization control for densitometric analysis. 
Densitometric data are from 4 independent experiments. 
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Figure 3.32. Immunoblot analysis of NoxO1 expression in myometrium from non-gravid (NG) 
and gravid (G) uterine horns of unilaterally pregnant rats. Representative immunoblots are 
shown above the densitometric analysis at A) D19 and B) D23 of gestation. No significant 
differences in expression were observed (P>0.05). Glyceraldehyde 3-Phosphate Dehydrogenase 
(GAPDH) protein expression was used as a normalization control for densitometric analysis. 
Densitometric data are from 4 independent experiments. 
 
  



 119 

 
 



 120 

Figure 3.33. Immunofluorescence detection of Nox1 in smooth muscle layers from non-gravid 
(NG) and gravid (G) uterine horns of unilaterally pregnant rats at D19 of gestation. 
Representative images of longitudinal (LM) and circular (CM) uterine muscle are shown. 
Expression was detected using a rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit 
FITC conjugated antibody. The spatial detection of Nox1 did not appear to be influenced by 
gravidity in either muscle layer. IgG, non-specific rabbit immunoglobulin used in place of the 
primary antiserum. Scale bar = 50μm. 
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Figure 3.34. Immunofluorescence detection of Nox1 in smooth muscle layers from non-gravid 
(NG) and gravid (G) uterine horns of unilaterally pregnant rats at D23 of gestation. 
Representative images of longitudinal (LM) and circular (CM) uterine muscle are shown. 
Expression was detected using a rabbit polyclonal anti-Nox1 antibody followed by an anti-rabbit 
FITC conjugated antibody. The spatial detection of Nox1 did not appear to be influenced by 
gravidity in either muscle layer. IgG, non-specific rabbit immunoglobulin used in place of the 
primary antiserum. Scale bar = 50μm. 
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Figure 3.35. Assessment of the effect of pro-inflammatory conditions on Nox1 protein 
expression in hTERT-HM myometrial cells. hTERT-HM cells were incubated with either 0 
(vehicle) or 100ng/ml of lipopolysaccharide (LPS) for 0.5, 1, 3 or 6 h. Cell lysates were collected 
for subsequent SDS-PAGE and immunoblot analysis. Nox1 protein expression was not 
significantly altered by LPS treatment compared to vehicle incubated cells (P>0.05). 
Representative immunoblots are shown and the densitometric analysis represents data from three 
independent experiments. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) expression 
was used as a normalization control.  
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Figure 3.36. Assessment of the effect of pro-inflammatory conditions on Nox4 protein 
expression in hTERT-HM myometrial cells. hTERT-HM cells were incubated with either 0 
(vehicle) or 100ng/ml of lipopolysaccharide (LPS) for 0.5, 1, 3 or 6 h. Cell lysates were collected 
for subsequent SDS-PAGE and immunoblot analysis. Nox4 protein expression was not 
significantly altered by LPS treatment compared to vehicle incubated cells (P>0.05). 
Representative immunoblots are shown and the densitometric analysis represents data from three 
independent experiments. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) expression 
was used as a normalization control.  
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Figure 3.37. Assessment of the effect of pro-inflammatory conditions on NoxO1 protein 
expression in hTERT-HM myometrial cells. hTERT-HM cells were incubated with either 0 
(vehicle) or 100ng/ml of lipopolysaccharide (LPS) for 0.5, 1, 3 or 6 h. Cell lysates were collected 
for subsequent SDS-PAGE and immunoblot analysis. NoxO1 protein expression was not 
significantly altered by LPS treatment compared to vehicle incubated cells (P>0.05). 
Representative immunoblots are shown and the densitometric analysis represents data from three 
independent experiments. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) expression 
was used as a normalization control.  
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Figure 3.38. Assessment of the effect of IL-1E-induced pro-inflammatory conditions on Nox1 
protein expression in hTERT-HM myometrial cells. hTERT-HM cells were incubated with either 
0 (vehicle) or 1 ng/ml of interleukin-1E (IL-1E) for 0.5, 1, 3 or 6 h. Cell lysates were collected 
for subsequent SDS-PAGE and immunoblot analysis. Representative immunoblots are shown 
and the densitometric analysis represents data from three independent experiments. **Nox1 
expression after 0.5 h incubation with IL-1E was significantly increased compared to expression 
in cells incubated with vehicle. *Nox1 expression after 1 h incubation with cytokine was also 
significantly increased compared to expression in vehicle incubated cells (P<0.05). 
Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) expression was used as a normalization 
control.  
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Figure 3.39. Assessment of the effect of IL-1E-induced pro-inflammatory conditions on Nox4 
protein expression in hTERT-HM myometrial cells. hTERT-HM cells were incubated with either 
0 (vehicle) or 1 ng/ml of interleukin 1E (IL-1E) for 0.5, 1, 3 or 6 h. Cell lysates were collected 
for subsequent SDS-PAGE and immunoblot analysis. Nox4 protein expression was not 
significantly altered by IL-1E treatment compared to vehicle incubated cells (P>0.05). 
Representative immunoblots are shown and the densitometric analysis represents data from three 
independent experiments. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) expression 
was used as a normalization control. 
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Figure 3.40. Assessment of the effect of IL-1E-induced pro-inflammatory conditions on NoxO1 
protein expression in hTERT-HM myometrial cells. hTERT-HM cells were incubated with either 
0 (vehicle) or 1 ng/ml of interleukin 1E (IL-1E) for 0.5, 1, 3 or 6 h. Cell lysates were collected 
for subsequent SDS-PAGE and immunoblot analysis. NoxO1 protein expression was not 
significantly altered by IL-1E treatment compared to vehicle incubated cells (P>0.05). 
Representative immunoblots are shown and the densitometric analysis represents data from three 
independent experiments. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) expression 
was used as a normalization control.  
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4. Discussion 
Throughout gestation the uterus must transform from a quiescent tissue into a powerful 

contractile muscle capable of coordinated labour contractions. Similarly, the immune system 

must also transform to firstly, accept the implanting blastocyst and secondly, to allow mother and 

infant to become one symbiotic being. NADPH oxidases have been identified as important 

producers of ROS in a variety of cell types including the endothelium, epithelium, neurons, and 

tissues such as smooth muscle or regions of the reproductive tract (Bedard and Krause, 2007). 

These ROS act as important second messengers during times of oxidative stress as well as during 

inflammation, both of which are abundant during pregnancy. It is hypothesized that Nox 

enzymes play a role in myometrial adaptation, hypertrophy and reorganization and may be 

involved in the inflammatory responses leading up to labour. Thus, the expression patterns and 

spatiotemporal localization of Nox1, Nox4, and their functionally essential subunits NoxO1, 

NoxA1 and p22phox were examined in pregnant rat myometrium.  

 

4.1. Presence of Nox1 and Nox4 in Myometrium 

 In the current study, immunoblot analysis of Nox1 in rat myometrium revealed detection 

of the protein throughout gestation, but with increased expression during the contractile and 

labour phases of myometrial differentiation, coinciding with the activation/labour phase of 

immunological transformation. Immunostaining of Nox1 was detectable throughout gestation in 

both muscle layers, with an increase in detection observed at labour and PP. Detection of Nox1 

was restricted to smooth muscle with an extensive cytoplasmic staining pattern and some 

association with plasma membranes. Others have examined Nox1 localization in VSMC and also 

observed localization at the plasma membrane as well as in vesicle-like structures near the 

membrane (Hanna et al. 2004; Hilenski et al. 2004). The cytoplasmic staining pattern observed 

in this study is likely a result of protein translation and subsequent insertion into organelles, such 

as ER and Golgi, prior to delivery to the membrane; however, we cannot rule out functional 

significance of Nox1 within these organelles.  

This study is the first to characterize, in detail, the detection of Nox1 protein expression 

in pregnant rat myometrium throughout gestation. Cui et al (2010) reported diffuse expression of 

Nox1 protein in myometrial smooth muscle cells by immunohistochemical analysis of tissue 

biopsies obtained from term pregnant women; however, Fletcher et al. (2014) did not detect 
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Nox1 mRNA by real time qPCR in myometrial cells obtained from non-pregnant women 

undergoing hysterectomy and following immortalization with telomerase reverse transcriptase. 

In the latter report, no positive controls were used to ensure validity of the chosen qPCR primers 

which may explain the lack of Nox1 detection. To our current knowledge, Nox1 levels have 

never been examined by immunoblot analysis throughout gestation in human myometrium.  

 Recent reviews by Callera et al. (2007) and Ushio-Fukai (2009) have highlighted the 

importance of caveolae as redox signaling centers. These structures facilitate the concentration of 

multiple signaling molecules as a “preassembled signaling complex” at the plasma membrane 

allowing for rapid and efficient activation of downstream targets (Okamoto et al. 1998). Vilhardt 

and van Deurs (2004) found that the assembly and subsequent ROS production by Nox proteins 

is dependent upon interactions within caveolae. Markers for these structures, caveolin-1, -2 and -

3 are abundantly expressed in both non-pregnant as well as pregnant rodent uterine tissue, with 

levels increasing as gestation progresses (Turi et al. 2001; Riley at al. 2005). Co-localization of 

Nox1 with caveolin has been observed in human VSMC by immunofluorescence analysis 

(Hilenski et al. 2004). It is believed that these signaling complexes participate in smooth muscle 

hypertrophy via Ang II stimulation (Ushio-Fukai, 2009). Upon Ang II stimulation of VSMC, the 

small GTPase Rac is translocated to caveolae where activation and upregulation of Nox1 occur, 

resulting in upregulated ROS production and EGFR transactivation (Lassegue et al. 2001; Zuo et 

al. 2004). Phosphorylated EGFR then localize to FA where they interact with Nox4, p22phox 

and paxillin to form large signaling platforms at the membrane (Ushio-Fukai, 2009).  

 It is also believed that caveolae regulate priming of uterine tissue for term contractions by 

compartmentalizing contraction filament-associated proteins such as rho-associated kinase 

(ROK) D and E (Riley et al. 2005).  Similar to the expression pattern of Nox1, levels of ROKD 

and ROKE were elevated in mice during late gestation (D19) as compared to NP levels (Riley et 

al. 2005).  These kinases are important intermediates of the contractile pathway that becomes 

activated near term (Oh et al. 2003). This evidence, together with the results of this study, 

suggest Nox1 may mediate redox signaling through caveolae, specifically during late gestation 

as the myometrium prepares for contractile activation prior to labour.  

 Nox4 levels were constitutively detected throughout gestation but expressed to a greater 

extent during the proliferative and synthetic phases of myometrial transformation, coinciding 

with the initiation and tolerance phases of immunological transformation. Nox4 was highly 
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detectable in perinuclear regions and exhibited some association with myocyte plasma 

membranes. Nox4 has previously been identified to co-localize with ER marker PTP1B in 

transfected epithelial cells and with calreticulin in endothelial cells, likely accounting for the 

perinuclear staining seen in this study (Van Buul et al. 2005; Martyn et al. 2006). Nox4 has also 

been shown to co-localize with vinculin, a marker of FA at the plasma membrane, which could 

explain the plasma membrane staining that was observed in this thesis (Hilenski et al. 2004).  

Similar to examination of Nox1, this study is the first to characterize in detail the 

detection of Nox4 protein expression in the rat myometrium throughout gestation. Nox4 had only 

previously been identified by immunoblot analysis in human myometrial tissue and uterine 

leiomyoma or fibroid tissue collected from non-pregnant women undergoing hysterectomy 

(Fletcher et al. 2014). In contrast, the detection of Nox4 in situ by immunohistochemistry has 

previously been confirmed in leiomyoma tissue, but not in human myometrial tissue (Fletcher at 

al. 2014).  Interestingly, exposure of myometrial cell cultures, derived from non-pregnant 

myometrial tissue, to hypoxic conditions of 2% O2 for 24h significantly increased mRNA levels 

of Nox4, but protein levels were not examined with this treatment regimen (Fletcher et al. 2014). 

It is well known that hypoxia leads to increased ROS production; thus, it is not surprising that 

there would be a concurrent increase in ROS-producers such as Nox proteins. Shynlova et al. 

(2010) found that during the transition phase from a proliferative to a synthetic phenotype, the 

fetus(es) takes on an ellipsoid shape resulting in localized regions of hypoxia due to increased 

stretch. In my study, Nox4 expression in pregnant rat myometrium was elevated during this 

transition phase suggesting growing fetuses cause localized hypoxia resulting in increased Nox4 

expression and a subsequent increase in ROS production.  

Nox isoform expression has also been examined in the immortalized human leiomyoma 

cell line, ULTR. Uterine leiomyomas are benign tumors derived from smooth muscle cells of the 

myometrium that grow under the influence of sex hormones such as estrogen and progesterone 

(Sabry and Al-Hendy, 2012). Nox1, Nox4 and Nox5 mRNA were abundantly expressed in 

ULTR cells as determined by reverse transcriptase (RT) PCR (Cui et al. 2010). However, in a 

study conducted by Fletcher et al. (2014), only mRNA for Nox2 and Nox4 were detectable by 

real time qPCR in leiomyomas.  This discrepancy in Nox expression may be due to the use of 

non-validated qPCR primers and lack of positive controls to verify qPCR viability. Spatial 

localization of Nox1, Nox4 and Nox5 in ULTR cells was also examined by Cui et al. (2010) via 
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cell fractionation. Data revealed Nox1 localization to the membrane fraction, Nox4 to the 

cytosolic fraction and Nox5 in both the membrane and cytosolic fractions. Exposing ULTR cells 

to 100nM of Ang II stimulated Nox5 expression and redistribution but had no effect on Nox1 or 

Nox4 expression (Cui et al. 2010). Overall, expression of Nox isoforms may mediate Ang II-

induced cellular hypertrophy and ROS production in vivo, as seen by Higashi et al. (2003), but 

not in vitro. Fletcher et al. (2014) has hypothesized that alterations to Nox expression profiles 

may lead to dysregulated cellular hypertrophy and promote the growth of fibroids. Levels of 

Nox4 mRNA were elevated in leiomyoma tissue, as compared to normal myometrium, 

promoting a prooxidant state (Fletcher et al. 2014). Under hypoxic conditions, estrogen signaling 

pathways can become atypically activated (Zhou et al. 2011). This not only leads to continuous 

fibroid differentiation but also protects the fibroid cells from apoptosis (Zhou et al. 2011). 

Hypoxic conditions are also known to promote the generation of superoxide by Nox enzymes, 

further promoting a prooxidant state where fibroid cells can thrive (Griendling et al. 2000).  

 

4.2. Presence of Nox subunits in Myometrium 

The novel characterization of NoxO1, NoxA1 and p22phox subunit expression in the rat 

myometrium throughout gestation was also conducted in this study. Knowing that Nox1 requires 

all three of these subunits for activation and ROS production, it was hypothesized that they 

would follow a similar expression pattern to that of Nox1 (Banfi et al. 2003). Unexpectedly, the 

only subunit that had a similar protein expression pattern to Nox1 was NoxO1. This subunit had 

very low protein levels during early gestation with levels increasing towards the end of the 

synthetic phase and into the contractile phase, peaking on D22. NoxA1 expression peaked during 

the proliferative phase, on D12, before decreasing slightly for the remainder of gestation. Lastly, 

p22phox expression was highly detectable in both NP tissue and during early gestation before 

diminishing to very low levels for the remainder of pregnancy. Fletcher et al. (2014) was able to 

detect NoxO1, NoxA1 and p22phox mRNA expression in human myometrial cell cultures 

derived from myometrium of non-pregnant women using real-time qPCR. Interestingly, these 

results were not consistent with those reported by Cui et al. (2010) where mRNA for NoxO1 and 

NoxA1 were not detected in human uterine tissue. Instead, RT-PCR revealed abundant 

expression of only p22phox in human uterine tissue (Cui et al. 2010). These discrepancies in 

subunit expression may be attributed to the commercially sourced RNA that was used for RT-
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PCR in the latter study as the exact makeup of the uterine tissue samples used for RNA isolation 

was unknown and may have been from non-pregnant or pregnant women as well as from 

endometrium, myometrium or a combination of both tissues; thus, the true sample identity 

cannot be verified.  

 Experiments conducted by Takeya et al. (2003) found that Nox1 can interchangeably 

bind with NoxO1 or the homologue p47phox. Similarly, NoxA1 and the homologue p67phox 

have the same functionality but reportedly different tissue-specific expression profiles 

(Chabrashvili et al. 2002). Fletcher et al. (2014) was able to detect mRNA for NoxA1, NoxO1, 

p67phox and p47phox in myometrial tissue collected from non-pregnant women. Additionally, 

detectable levels of p47phox and p67phox mRNA were found in human uterine tissue but only 

mRNA for p67phox was detectable in ULTR cells (Cui et al. 2010). Future experiments should 

aim to characterize the expression of these two homologues throughout rat gestation to examine 

their potential role in Nox1 activation. Such information may hint at precise temporal Nox1-

subunit associations during pregnancy with functional-specific consequences.  

 The functionality of Nox4 depends upon the presence and availability of its subunit, 

p22phox (Kawahara et al. 2005; Martyn et al. 2006). In this thesis, the expression of p22phox in 

rat myometrium was high during early gestation, peaking at D12, and diminishing thereafter. 

Nox4 was constitutively expressed in non-pregnant tissue and during early gestation before 

decreasing following D15. Although this study only examined protein levels and not enzymatic 

activity, it is likely that Nox4 is only most enzymatically active in non-pregnant tissue and 

during early gestation when p22phox expression is high, as in the absence of its subunit Nox4 

functionality is diminished (Kawahara et al. 2005). Future experiments should examine 

enzymatic activity of Nox4 and Nox1 in myometrial tissue lysates. Additional studies examining 

any activating post-translational modifications of NoxO1, NoxA1 and p22phox may uncover 

functional significance of these subunits throughout gestation (Brandes et al. 2014). 

The lack of published findings on Nox protein expression and discrepancies reported in 

the literature regarding Nox isoform expression can perhaps be attributed to the limited 

availability of commercial antisera for these proteins (Diebold et al. 2019). The work presented 

in this thesis is a more detailed examination that builds on the previous work done by Cui et al. 

(2010) and Fletcher et al. (2014) and confirms the expression of these enzymes and their subunits 

in mammalian myometrium; however, their exact function within these tissues remains unclear. 



 141 

A future study utilizing Nox isoform specific or subunit-specific siRNA targeting within the 

immortalized human myometrial cell line hTERT-HM could reveal specific functions for these 

proteins.  

 

4.3. Influence of Inflammation and Uterine Distension on Nox Expression 

Utilizing hTERT-HM cells, protein levels of Nox1, Nox4 and NoxO1 were examined 

after stimulation of pro-inflammatory conditions using either 100ng/ml LPS or 1ng/ml IL-1E. In 

all immunoblot experiments conducted, there were no significant differences in Nox4 and 

NoxO1 protein expression after induction of inflammatory conditions with LPS or IL-1E. Nox1 

was the only protein that had significantly elevated levels after 0.5h and 1h incubation with IL-

1E but not LPS. However, the relative expression increases over vehicle controls at the two 

timepoints were small and thus may not be physiologically relevant. Nevertheless, the results 

could indicate that a pro-inflammatory response caused by IL-1E leads to an increase in Nox1 

expression as seen by Aguado et al. (2016) in IL-1E treated rat aortic smooth muscle cells. 

Importantly, the induction of inflammatory conditions in the hTERT-HM cells by LPS or IL-1E 

was verified by significantly increased production of granulocyte-macrophage colony-

stimulating factor, interferon- γ, IL-6, IL-8 and MCP-1 by the cells upon cytokine or LPS 

incubation (Hahn, 2018; Bailey, 2020).   

It is well established that pregnancy is not a time of maternal immune weakness but 

rather of maternal immune modulation (Mor et al. 2011). Much like the transformation seen 

throughout gestation in myometrial phenotype, the immune system also transforms. Of particular 

interest is the pro-inflammatory response that occurs during late gestation, prior to labour. This 

response is characterized by infiltration of the myometrium by macrophages and neutrophils, 

upon infiltration, these immune cells secrete cytokines (Thomson et al. 1999; Young et al. 2002; 

Osman et al. 2003). In most mammals, this response is triggered by a drop in circulating 

progesterone levels, also allowing increased expression of cytokines such as TNF-D, IL-1E, IL-6, 

IL-12 and MCP-1 by the myometrium (Shynlova et al. 2008; Shynlova et al. 2013a). In humans, 

increased expression of cytokines occurs despite progesterone levels remaining high (Tornblom 

et al. 2005). Thus, in this thesis, the observed increase in Nox1 expression in the rat myometrium 

during late pregnancy and labour could be the result of increased cytokine production within the 

tissue.  Exposure to cytokines TNF-D and IL-1E has been shown to directly stimulate ROS 
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generation, both by mitochondria and Nox enzymes, in other cell types such as human retinal 

pigment epithelial cells (Yang et al. 2007). Interestingly, the use of a Nox inhibitor prevented 

ROS induction by IL-1E but not by TNF-D in human retinal epithelial cells (Yang et al. 2007). 

Hadi et al. (2015) reported high amounts of ROS production in preterm labouring myometrial 

tissue as compared to non-labouring controls with 90% of ROS generation occurring in the 

invading macrophages. Recent work has revealed a complex relationship between TNF-D, ROS 

and their roles in inflammation as well as in inflammatory diseases (Blaser et al. 2016). In the 

early stages of inflammation, TNF-D stimulation leads to ROS production and downstream 

activation of nuclear factor-NB, a well-established marker of the immune response (Morgan and 

Liu 2011). On the other hand, chronic or prolonged ROS generation and accumulation often 

leads to pathophysiology (Blaser et al. 2016).  

With all of the available information linking ROS to inflammation and inflammatory 

diseases, the results of this set of experiments were puzzling. It was hypothesized that induction 

of inflammatory conditions using IL-1E or LPS would cause a significant increase in Nox1, 

Nox4 and NoxO1 protein levels, but that was not the case. Because only protein levels were 

examined, enzymatic activity remains unknown and the role of these proteins in contributing to 

myometrial inflammation cannot yet be ruled out. Future studies should focus on assessing the 

enzymatic activity of these Nox proteins during a stimulated pro-inflammatory response in 

hTERT-HM cells as well as assessing whether or not ROS are produced by hTERT-HM cells 

upon pro-inflammatory stimulation in vitro. Inflammatory conditions may also stimulate post-

translational modifications of Nox proteins rendering them undetectable with the antisera used in 

this study. Additionally, the incubation period utilized for IL-1E and LPS to generate pro-

inflammatory responses was a rather acute period of time (0.5h to 6h of incubation). Longer 

incubation periods may be necessary to allow increased Nox protein or subunit translation to be 

detected via immunoblot analysis. These types of cellular experiments may also not accurately 

replicate the inflammatory response that occurs in vivo unless pro-inflammatory conditions are 

extended at least 24h. While in vitro experiments provide valuable insight in many 

circumstances, it is key to remember that these cellular models are also lacking elements that are 

normally present in vivo. This point was recently illustrated by Wendremaire et al. (2020) who 

found that LPS-induced myometrial contractions could only be stimulated in human myometrial 

cells cultured on collagen-lattices that were co-cultured with peripheral blood mononuclear cell-
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derived macrophages. Thus, in vitro models may not accurately replicate the conditions seen in 

vivo and may explain, in part, why there was only a small response in Nox1 expression and no 

response observed in Nox4 and NoxO1 protein levels following pro-inflammatory stimulation in 

this thesis. Importantly, Wendremaire et al. (2020) demonstrated that Nox inhibition using 

apocynin in LPS/macrophage-induced myometrial co-cultures inhibited contractions and 

differentiation, highlighting a potential role for Nox proteins in myometrial events such as 

labour. 

Pregnancy is, without a doubt, a time of vast growth. The uterus must expand in concert 

with the developing fetus(es) with fetal growth inducing uterine growth through distension 

stresses. The unilaterally pregnant rat model is ideal for studying the effects of uterine stretch as 

the non-gravid control horn remains under the same hormonal control as the gravid-stretched 

horn (White and MacPhee, 2011). Nox1 and NoxO1 protein levels were examined on D19 and 

D23 of gestation in both non-gravid and gravid horns since this period was marked by increased 

expression of both proteins. There were no significant differences in protein expression of Nox1 

or NoxO1 in gravid compared to non-gravid uterine horns on either day examined.  

 Future experiments should examine the enzymatic activation of these enzymes under 

unilateral stretch which could offer more insight as to the exact function of these enzymes. This 

could be accomplished in vitro if hTERT-HM cells could be cultivated in modified culture dishes 

and cyclically stretched (e.g https://www.flexcellint.com) to then assess ROS production with 

cell permeable ROS sensitive dyes in the absence or presence of Nox inhibitors. Additionally, 

uterine stretch does not only occur during later gestation but throughout pregnancy. Perhaps 

examination of Nox protein expression during mid-gestation would reveal significant trends in 

protein levels.  

 
4.4. Potential Roles of Nox Signaling in Myometrial Transformation during Pregnancy 

Significant uterine growth occurs during the proliferative phase of myometrial 

transformation when levels of growth factors IGF-I, IGFBP-1 and anti-apoptotic factor Bcl-2 are 

high (Shynlova et al. 2006). Expression of Nox4 and p22phox followed a similar pattern of 

expression with higher expression early in gestation as compared to PP. Handayaningsih et al. 

(2011) reported an increase in ROS production by skeletal muscle myocytes after treatment with 

IGF-I and enhanced IGF-I-induced phosphorylation of the IGF-I receptor after treatment with 
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H2O2. In a Nox4 knockdown cell model, IGF-I-induced phosphorylation of IGF-I receptor was 

reduced, indicating the involvement of Nox4 in IGF-I signaling in vitro (Handayaningsih et al. 

2011). Future studies should further examine the role of Nox4 in IGF-I-induced hypertrophy in 

myometrial cells and examine this relationship in vivo. The proliferative phase coincides with the 

initiation phase of immunological transformation when expression of cytokines such as IL-6, IL-

8 and TNF-D are high (Fest et al. 2007). These cytokines not only attract immune cells to the 

implantation site but may also play a role in Nox4 expression. Moe et al. (2006) reported 

increased expression of Nox4 protein and increased superoxide production in aortic smooth 

muscle cells and embryonic kidney cells following TNF-D stimulation, suggesting that Nox4 

produced ROS may play a role in the redox signaling that occurs during proinflammatory 

responses. Future studies examining the potential role of Nox4 in uterine inflammation should 

consider using TNF-D stimulation as well as exploring the use of a chronic inflammation model 

as the acute model used in this study yielded minimal results.   

As the myometrium transitions from the proliferative to the synthetic phase, the myocytes 

switch from hyperplastic to hypertrophic growth. During this transition phase, the uterus is 

exposed to increased levels of oxidative stress as the growing fetuses create localized regions of 

hypoxia (Shynlova et al. 2010). Exposing Nox4 deficient mice to oxidative stress resulted in 

increased inflammation and endothelial dysfunction as compared to wildtype controls (Schroder 

et al. 2012). In the vascular system, H2O2 has been shown to elicit positive effects when present 

in low concentrations and it is believed that H2O2 released by Nox4 may mediate these effects 

via protein kinase-G ID and endothelial nitric oxide synthase activation (Cai, 2005; Burgoyne et 

al. 2007; Schroder et al. 2012). However, alterations in Nox4 expression can result in a 

prooxidant state that may promote the unregulated growth of fibroid tissue as seen in myometrial 

leiomyomas (Fletcher et al. 2014).   

Synthesis and deposition of ECM components elastin, procollagen I and II, and 

fibronectin by myocytes creates a scaffolding support system for the muscle as the uterus 

continues to expand (Shynlova et al. 2004; Shynlova et al. 2009a). Myocytes remain connected 

to the ECM through FAs, structures that undergo significant turnover from D15 of gestation 

onwards (MacPhee and Lye, 2000). Nox4 and p22phox are known to co-localize with vinculin, a 

commonly used marker of FAs (Hilenski et al. 2004). Work by Lyle et al. (2009) found that 

Nox4/p22phox localization to FAs and subsequent ROS production is mediated by Poldip2 and 
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in the absence of this protein FA numbers were reduced. These structures are also important in 

cell-cell communication and, under Ang II stimulation, form large signaling platforms with 

caveolae where redox signaling events promote cellular growth (Ushio-Fukai et al. 2001). 

Caveolae are important protein recruitment sites for Nox proteins as well as other signaling 

proteins and are known sites of signal transduction (Callera et al. 2007). Hilenski et al. (2004) 

identified co-localization of Nox1 with caveolin in VSMC and Vilhardt and van Deurs (2004) 

found that these interactions are essential for proper Nox assembly and enzymatic function. 

Interestingly, upon Ang II stimulation, Lassegue et al. (2001) reported upregulation of Nox1 

mRNA in rat VSMC but Cui et al. (2010) observed no change in Nox1 localization or protein 

expression in human ULTR cells. Future studies are needed to further examine the potential 

growth promoting role of Nox1, through caveolae, and Nox4, through FAs, specifically in 

smooth muscle cells as tumor derived cell lines may exhibit altered growth signaling pathways.  

 

4.5. Major Findings 

 Research produced by this thesis, based on two research objectives, has produced two 

major sets of conclusions. 

 

Objective 1: Determine where and when NADPH oxidases are found in rat myometrium during 

gestation.  

 

Major Findings: 

This study was the first to methodically characterize the detection of Nox1 and Nox4 

protein expression in the rat myometrium throughout gestation. Both immunoblot and 

immunofluorescence analysis demonstrated increased expression of Nox1 during the contractile 

and labour phases of myometrial differentiation, coinciding with the activation/labour phase of 

immunological transformation. Nox1 was detectable in situ particularly at labour and PP with an 

extensive cytoplasmic staining pattern and some association with plasma membranes. In 

contrast, increased expression of Nox4 during the proliferative and synthetic phases of 

myometrial differentiation was observed, coinciding with the initiation and tolerance phases of 

immunological transformation. Nox4 was highly detectable in situ within perinuclear regions and 

exhibited some association with myocyte plasma membranes. Only Nox1 appeared to be induced 
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by inflammation in hTERT-HM cells exposed to the pro-inflammatory stimuli LPS or IL-1  

while uterine distension did not affect expression of Nox1 or Nox4. 

 

Objective 2: To examine where and when Nox subunits NoxO1, NoxA1 and p22phox are 

expressed in the myometrium as potential regulators of Nox1 and Nox4 function. 

 

Major Findings: 

Similar to Objective 1, this study also demonstrated the novel expression of the Nox 

subunits in myometrium throughout pregnancy. Immunoblot analysis of NoxO1 demonstrated 

increased expression during the contractile, labour and involution phases of myometrial 

differentiation, coinciding with Nox1 expression, and the activation/labour as well as involution 

phases of immunological transformation. NoxO1 was detectable in situ from mid-gestation 

onwards with a general cytoplasmic staining pattern and some association with plasma 

membranes.  In contrast, the expression of NoxA1 and p22phox subunits were elevated during 

early gestation, coinciding with Nox4 expression and corresponding to the proliferative phase of 

myometrial differentiation as well as the initiation phase of immunological transformation. 

Detection of NoxA1 in situ increased as gestation progressed with the protein being detectable in 

the entire myocyte and having some peri-nuclear accumulation later in gestation. NoxA1 was 

observed to co-localize with Nox1, creating concentrated foci in the cytoplasm. However, 

induction of inflammation in hTERT-HM cells, by addition of the pro-inflammatory stimuli LPS 

or IL-1E as well as uterine distension did not significantly alter expression of NoxO1.  

Overall, the findings in this thesis suggest a possible role for Nox1, Nox4 and associated 

subunits in specific phases of myometrial programming and immunological adaptation (Figure 

4.1). During the proliferative phase of myometrial differentiation, it is hypothesized that 

Nox4/p22phox, and perhaps to a lesser extent Nox1/NoxA1/p22phox, could be actively 

participating in redox signaling events related to myometrial proliferation. This period coincides 

with the initiation phase of immunological transformation where pregnancy related oxidative 

stress initiates an inflammatory response, triggering an influx of immune cells to the site of 

implantation. During late gestation and labour, it is hypothesized that Nox1 localizes within 

caveolae to produce ROS as a result of Nox1/NoxO1 complexing and form large signaling 

platforms with FAs at the plasma membrane. Such platforms could also involve Nox4/p22phox 
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to a lesser extent. It is at these caveolae and FAs that additional signaling molecules could 

localize and act to prime the uterine contractile apparatus for labour.  
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Figure 4.1. Proposed phase specific functions of Nox1, Nox4 and associated subunits during the myometrial and immunological 
transformation that occurs over pregnancy. Increased expression of Nox4/p22phox during the proliferative phase of myometrial 
differentiation suggests this complex could be actively participating in redox signaling events related to cellular proliferation. 
Nox1/NoxA1/p22phox to a lesser extent could also be involved in proliferative signaling events since Nox1 was expressed at this time 
and NoxA1 expression was particularly induced during this period.  Coinciding with myometrial proliferation, an inflammatory 
response is initiated by the maternal immune system in response to pregnancy related oxidative stress. Nox produced ROS are thought 
to play a role in recruiting immune cells to the uterus. Later in gestation as the uterus prepares for labour, levels of Nox1/NoxO1 rise 
and Nox4/p22phox are also expressed but to a lesser extent. During this period Nox1 is thought to localize with caveolae, forming 
large signaling platforms with FAs at the plasma membrane. These platforms could promote localization of additional signaling 
molecules and act to prime the uterine contractile apparatus prior to labour. Nox, NADPH oxidase; ROS, reactive oxygen species.  
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Appendices 
 
Appendix A 
 
Permission to reproduce Figure. 1.1 as approved by Kevin Rodkin of the Canadian Institute for 
Health Information.  
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Appendix B 
 
Permission to reproduce Figure. 1.6 as approved by the Copyright Clearance Center of the 
American Physiological Society.  
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Appendix C 
 
BLAST protein alignment of Homo sapiens (human) and Rattus norvegicus (rat) Nox1 isoforms.  
 

 



 153 

Appendix D 
 
BLAST protein alignment of Homo sapiens (human) and Rattus norvegicus (rat) Nox4 isoforms.  
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Appendix E 
 
BLAST protein alignment of Homo sapiens (human) and Rattus norvegicus (rat) NoxO1 
isoforms.  
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Appendix F 
 
BLAST protein alignment of Homo sapiens (human) and Rattus norvegicus (rat) NoxA1 
isoforms.  
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Appendix G 
 
BLAST protein alignment of Homo sapiens (human) and Rattus norvegicus (rat) p22phox 
isoforms.  
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Appendix H 
 
Permission to reproduce Figure. 1.9 as approved by Karen Ballen of LiebertPub.  
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