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Abstract 

 Pre-eclampsia (PE), fetal growth restriction (FGR) and fetal death are common 

complications associated with human pregnancy. A hallmark of these adverse pregnancy 

outcomes is reduced utero-placental perfusion, which is believed to arise as a consequence of 

deficient trophoblast-mediated spiral artery remodelling. Other common features of PE, FGR and 

fetal demise include reduced nitric oxide (NO) bioavailability, alterations in maternal hemostasis 

and an abnormal maternal inflammatory response. Despite all that is known, the causative factors 

leading to the development of these adverse pregnancy outcomes remain unidentified. The results 

of this thesis identify aberrant maternal inflammation as key to the pathogenesis of PE, FGR and 

fetal loss using a rat model in which pregnant rats are injected with low-dose lipopolysaccharide 

(LPS). In particular, our in vivo animal studies revealed a causal role for tumour necrosis factor-

alpha (TNF) in the development of FGR, features of PE and the development of maternal 

coagulopathies associated with fetal death. Our work also revealed a pregnancy-specific effect 

whereby the deleterious effects of LPS administration to pregnant rats (i.e. cytokine release, 

glomerular pathology, elevated white blood cell counts) did not occur to the same magnitude 

when LPS was administered to non-pregnant animals. Gross examination of placentas from saline 

and LPS-treated animals revealed that inflammation altered placental morphometrics resulting in 

reduced placental weight and area. Importantly, we discovered that activation of NO signalling 

via the administration of the NO mimetic glyceryl trinitrate (GTN) attenuated features of LPS-

induced inflammation (i.e. elevated white blood cell counts) and prevented inflammation-induced 

FGR, features of PE, maternal coagulopathies and fetal loss. Our in vitro studies revealed that 

low-dose GTN exerts immunomodulatory functions given that GTN treatment prevented TNF 

release from LPS-stimulated THP-1 macrophage cells. Collectively, the data presented in this 

thesis reveal that abnormal maternal inflammation in pregnancy is casually linked to the 

development of FGR, features of PE and fetal loss in a rat model. Our data also provide a 
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rationale to study the role of novel immunomodulators, including GTN, in the treatment and 

prevention of inflammation-induced complications of pregnancy. 
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Chapter 1 

Introduction 

  



 

 

 

2 

1.1 Complications of Human Pregnancy 

Complications of human pregnancy negatively affect maternal and fetal health. While 

pregnant women can experience wide variety of complications ranging from infertility to pre-

term labour, three of the most common adverse pregnancy outcomes include pre-eclampsia (PE), 

fetal growth restriction (FGR) and fetal loss. Shared features of PE, FGR and fetal loss include 

inadequate placentation 1, 2, a robust abnormal maternal inflammatory response 3, alterations in 

maternal hemostasis 4 and dysregulation of nitric oxide (NO) signalling 5. This thesis will 

examine these factors as they relate to the pathogenesis of PE, FGR and fetal demise.  

 

1.1.1 Pre-eclampsia 

 Pre-eclampsia (PE) is a serious hypertensive complication of human pregnancy that 

affects 3 – 10% of women worldwide 6 . In the past, PE was clinically defined as new-onset 

hypertension (blood pressure >140 mmHg/90 mmHg) and proteinuria (≥ 300 mg/24-h) arising 

after the 20th week of gestation 7-9. Recently, the Society of Obstetricians and Gynaecologists of 

Canada revised the clinical practice guidelines such that proteinuria is no longer required for 

diagnosis of PE 10. These modified criteria now state that women affected by PE experience 

hypertension coupled with one or more adverse or severe complicationsa, which may or may not 

include proteinuria.  

 Approximately 75% of cases of PE arise towards the end (≥34 weeks) of gestation 11, 12. 

For these mild, late-onset cases of PE, the risk of maternal morbidity and mortality is lower than 

                                                      

a Adverse or severe complications involve the following organ systems: central nervous system, 

cardiorespiratory, hepatic, renal, hematological and feto-placental. A complete list of the complications can 

be found in Table 2 of the SOGC Clinical Practice Guidelines 10.  
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for women presenting with early-onset, severe PE 11. Nonetheless, PE is among the leading 

causes of maternal and perinatal morbidity and mortality, especially in the developing world 13, 14. 

When left undiagnosed or untreated, PE can progresses into fulminate eclampsia, a disease 

characterized by the onset of seizures 15, and known to account for 10% of maternal deaths 13. 

Moreover, approximately 10 – 20% of women with severe PE develop HELLP syndrome 16, 17; a 

condition characterized by Hemolysis, Elevated Liver enzymes and a Low Platelet count 18. In 

addition to the manifestation of the maternal syndrome, adverse fetal outcomes including pre-

term birth 12, FGR 19, 20 and intrauterine fetal demise 21, 22 are associated with PE. 

 It is widely accepted that PE is a disease of placental origin 23, 24. In fact, current 

treatment of PE is limited such that only delivery of the placenta leads to full resolution of the 

disease and its symptoms 10. In the two-stage model of PE first proposed by Redman in 1991 

(Figure 1.1) poor utero-placental perfusion (stage 1) results in the release of placental-derived 

factors leading to systemic inflammation, endothelial dysfunction, vascular impairment and the 

clinical manifestation of the disease symptoms (stage 2) 1.  

 Although the precise etiology of PE remains unknown, research has elucidated several 

risk factors linking maternal immune dysfunction and an abnormal inflammatory response to the 

pathogenesis of PE. For example, it is believed that primiparous women are at an increased risk 

of developing PE as a result of limited sperm exposure prior to conception 25, 26. Furthermore, 

maternal obesity 27, 28 and infections including periodontal disease 29, urinary tract infection 30, 31 

and malaria 32 are known risk factors for the development of PE.  
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Figure 1.1. The two-stage model of pregnancy complications 

The two-stage model of PE proposes that poor placentation (stage 1; green box) results in the 

release of pro-inflammatory and anti-angiogenic placental factors from an inadequately perfusion 

placenta. These factors systemically contribute to the manifestation of the maternal symptoms of 

PE (stage 2; purple box). Deficient utero-placental perfusion also contributes to the pathogenesis 

of fetal growth restriction (FGR) and fetal death as a result of insufficient nutrient delivery. 

Figure adapted and modified from Borzychowski et al., 3 and Redman et al. 33. 
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1.1.2 Fetal Growth Restriction 

 Fetal growth restriction (FGR) affects 3 – 7% of recognized pregnancies and is defined as 

failure of a fetus to reach its genetically pre-determined growth potential 34.  Clinically, a 

diagnosis of FGR identifies offspring with weights falling below the 10th percentile for 

gestational age 35, 36. Early-onset FGR (<34 weeks) is typically associated with PE but occurs less 

frequently than late-onset FGR, which is weakly associated with PE 37.   

 Maternal, fetal and placental factors collectively and dynamically contribute to in utero 

fetal growth 34, 35. Often, the causes of poor fetal growth are multifactorial and involve a 

combination of environmental and genetic influences 38. Fetal chromosomal abnormalities 

(including trisomies, deletions, and duplications) are strongly implicated in approximately 20% of 

cases of FGR 39.  Although the fetal genome substantially contributes to fetal growth during early 

pregnancy, nutritional, environmental and placental factors regulate fetal growth as pregnancy 

progresses to term 38. In particular, insufficient utero-placental and/or feto-placental perfusion 

resulting in inadequate nutrient and oxygen supply has been implicated in the pathogenesis of 

FGR 35, 40. 

 There is significant morbidity and mortality associated with FGR. Growth restricted 

offspring are at increased risk of developing adult-onset diseases including cardiovascular disease 

(CVD) 41, hypertension 42, 43 and type II diabetes 44 later in life. Moreover, reduced fetal growth 

increases the risk of in utero death with evidence from one study indicating that FGR precedes 

stillbirth in approximately 40% of cases 45, 46. Similar to PE, the only treatment for FGR is early 

delivery 47. There is evidence that the risk of perinatal morbidity and mortality increases when a 

growth restricted fetus is left until term delivery 48. Therefore, antenatal detection of FGR is 
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essential for timely intervention and reducing the risk of severe morbidity. When undiagnosed, 

FGR is the leading cause of stillbirth 49.  

 

1.1.3 Fetal Demise 

 Intrauterine fetal demise is estimated to affect 20 – 30% of all pregnant women 50 and 

approximately 12 – 15% of clinically recognized pregnancies 51. Most fetal losses occur early in 

pregnancy before women are aware of their pregnancy and often arise as a result of chromosomal 

aberrations or implantation failure 51. The loss of two or more pregnancies prior to the 20th week 

of gestation is defined as recurrent pregnancy loss (RPL) and affects 5% of women 52, 53.  

 It is estimated that up to two thirds of pregnancy losses are idiopathic 51, 54. Of non-

idiopathic cases of fetal loss, FGR is considered the largest contributing factor 49.  Placental bed 

pathology is also commonly implicated in cases of fetal demise 46, 55. For example, examination of 

the implantation site following RPL revealed the presence of abundant inflammatory cells and 

increased fibrin deposition 56. Taken together, immunopathological and hemostatic disruptions of 

the placenta have been implicated in the pathogenesis of fetal loss. 

 

1.2 The Placenta 

1.2.1 Anatomy of the Human Placenta 

 The placenta is a unique transient organ of pregnancy that provides an interface in which 

nutrient and oxygen exchange can occur between fetal and maternal circulations to ensure 

adequate in utero growth and development. Anatomically, the human placenta consists of fetal 
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and maternal components. During pregnancy, the maternal endometrium differentiates into the 

decidua and contributes to the maternal portion of the placenta. The fetal-derived chorion gives 

rise to the highly branched network of chorionic villi (containing fetal capillaries). These 

chorionic villi are bathed in a pool of maternal blood within the intervillous space (IVS). The 

human placenta is therefore characterized as hemochorial-type given that fetal-derived cells are in 

direct contact with maternal blood. Hemochorial placentation facilitates efficient exchange 

between maternal and fetal blood while maintaining an anatomical separation between the two 

circulatory systems 57. 

 

1.2.2 The Trophoblast Lineage 

Development of the placenta begins as the trophoblast lineage differentiates from the 

outer cell layer of the blastocyst following fertilization and cleavage 58. The cells of this 

trophectoderm layer then differentiate to become the innermost uninucleated cytotrophoblast cell 

layer, or, proliferate and fuse to form the outermost multinucleated syncytiotrophoblast lineage of 

the blastocyst. The invasive capability of the syncytiotrophoblast facilitates implantation into the 

uterine decidua and establishes a primitive exchange surface between maternal and fetal cells. 

Polarized proliferation of cytotrophoblasts creates finger-like projections that penetrate through 

the syncytiotrophoblast to reach and anchor to the uterine decidua. This process establishes the 

network of anchoring and floating chorionic villi, which upon further development and terminal 

branching, consist of an inner core of fetal capillaries surrounded by an inner layer of 

cytotrophoblast cells and an outer syncytiotrophoblast layer. This highly branched network of 

chorionic villi enhances fetal-maternal nutrient exchange. Cytotrophoblast cells at the tips of 
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anchoring villi are highly proliferative and form columns of extravillous trophoblast cells (EVTs) 

58.  

 

1.2.3 Extravillous Trophoblast Invasion and Spiral Artery Remodelling 

 During the first half of human pregnancy, EVTs at the distal tips of the cytotrophoblast 

cell columns undergo epithelial-to-mesenchymal transition 59. This functional and phenotypic 

switch renders EVTs invasive and precedes extravillous trophoblast invasion into the maternal 

decidua 59.  Successful EVT invasion requires degradation of the extracellular matrix and is 

achieved by the release of proteolytic enzymes by the invading cells.  

 There are two routes by which EVTs invade maternal tissue. One subset of EVTs, known 

as interstitial trophoblast cells, invades the uterine stroma and surrounds the uterine spiral arteries 

(SA). There is evidence that these cells have an indirect role in the structural transformation that 

spiral arteries undergo in order to sustain the increase in blood flow demanded by the developing 

fetus 2. During weeks 8 to 12 of gestation, a second subset of EVTs known as endovascular 

trophoblast cells invade and directly remodel uterine spiral arteries 58, 60. In this process, 

endovascular trophoblasts displace the normal vascular endothelium, smooth muscle and 

underlying elastic fibers 57, 58, 61. As a result, endovascular trophoblast cells end up lining the 

lumen of the vessels and become embedded in a layer of fibrinoid material. Consequently, the 

spiral vessels are transformed into wide-diameter, low capacitance tubes incapable of responding 

to vasoactive stimuli 62. This physiological process ensures adequate delivery of blood to the 

fetal-maternal interface and is essential to the maintenance of a healthy pregnancy (Figure 1.2A).  
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Figure 1.2. Schematic diagram of extravillous trophoblast invasion and spiral artery 

modification in normal and complicated human pregnancy. 

Interstitial extravillous trophoblast cells (iTBC) arising from the cytotrophoblast cell columns of 

anchoring villi invade into the maternal decidua and myometrium and surround maternal spiral 

arteries. Endovascular extravillous trophoblast cells (eTBC) invade spiral arteries and replace the 

endothelium and smooth muscle layers, resulting in the transformation of these vessels into wide-

diameter, low resistance vessels (A). Complications of pregnancy including PE, FGR and fetal 

death are associated with reduced trophoblast invasion and impaired spiral artery remodelling 

(B). Poor vessel modification results in impaired nutrient delivery to the fetal-maternal interface. 

CV, chorionic villous; IVS, intervillous space; cytoTBC, cytotrophoblast cell; synTBC, 

syncytiotrophoblast cell. Figure adapted from Kaufmann et al., 2 and Soares et al. 63. 
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1.2.4 Deficient Trophoblast Invasion and Spiral Artery Remodelling in Complications of 

Pregnancy 

 There is substantial evidence that shallow trophoblast invasion and deficient remodelling 

of the spiral arteries are involved in the pathogenesis of PE 64-66, FGR 65, 67, 68 and fetal demise 69, 

70. In these complicated pregnancies, remodelling of spiral arteries is typically limited to vessels 

located within the decidua and does not occur in the portion of the vessels that extends into the 

myometrium 65. Impaired SA remodelling associated with pregnancy complications is not an all-

or-none event 60, 66. Rather, poorly remodelled spiral arteries retain their smooth muscle wall and 

exhibit a reduced diameter compared with adequately remodelled vessels (Figure 1.2B). It was 

commonly thought that the pathological reduction in vessel diameter results in decreased blood 

volume reaching the fetal-maternal interface. However, recent work by Burton and colleagues 

(2009) revealed that blood volume is only moderately affected by reductions in vessel diameter. 

Instead, Burton et al. contend that the consequences of poor SA modification are a result of 

ischemia/reperfusion (I/R) injury and local tissue damage due to high-momentum blood entering 

the IVS 71. Overall, the current paradigm states that inadequate utero-placental perfusion (arising 

as a result of deficient SA remodelling) is associated with reduced nutrient delivery to the fetal-

maternal interface, I/R-induced generation of reactive oxygen species (ROS), and local oxidative 

and nitrosative stress 72. Whereas the fetal response to insufficient perfusion is impaired fetal 

growth leading to FGR and fetal death, it is postulated that the maternal symptoms of PE arise as 

a result of pro-inflammatory molecules and placental factors released following I/R-induced 

placental damage. 
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1.3 Inflammation and Pregnancy: Role of the Immune System 

1.3.1 The Immunological Paradox of Pregnancy  

 Pregnancy is a unique state in which the maternal immune system must adapt to the 

presence of a semi-allogeneic fetus 73. Despite the fact that there is a rich population of maternal 

immune cells at the site of implantation, during a healthy pregnancy the fetus is not rejected by 

the maternal immune system 74. The mechanisms responsible for this ‘fetal tolerance’ are not 

completely understood. It has become clear that there is substantial maternal-fetal crosstalk both 

systemically and locally at the fetal-maternal interface 75, 76. These complex interactions are 

necessary to modulate the maternal immune system in order to establish a tolerogenic rather than 

immunogenic phenotype 77, 78. Evidence in the literature reveals that pathological exposure of the 

maternal immune system to fetal antigens can lead to fetal demise 79. Therefore, adequate 

maternal immunomodulation is critical for maintaining a healthy pregnancy 74. 

 

1.3.2 Immune Cells at the Fetal-Maternal Interface 

 There is a robust population of maternal immune cells present at the fetal-maternal 

interface 80. In early pregnancy, approximately 30 – 40% of cells in the decidual stroma are 

leukocytes 81. In particular, uterine natural killer (uNK) cells comprise ~ 70% of the decidual 

leukocyte population 81-83, while only ~1 – 3% of decidual leukocytes are T cells 84, ~1.7% are 

dendritic cells 85 and B cells are almost absent 84, 86.  Macrophages are the second most abundant 

leukocyte and account for ~ 25 – 30% of decidual white blood cells 81, 84, 87. Recent work has 

revealed that macrophages are dynamic and exhibit plasticity as a result of polarization in 

response to external and internal cellular signals 88. Macrophages can polarize into classically 
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activated, M1-polarized ‘inflammatory’ macrophages or alternatively activated, M2-polarized 

‘anti-inflammatory’ macrophages; these are phenotypes that mirror the well-known Th1/Th2 

polarization of T cells 88, 89. Whereas M1-polarized macrophages are involved in the promotion of 

the Th1 response, M2-polarized macrophages are important in tissue remodelling and wound 

healing and are immunoregulatory by virtue of the anti-inflammatory profile of cytokines that are 

released from these cells 88. The local macrophage profile in decidual tissue from uncomplicated, 

normal pregnancy often exhibits a shift towards M2-polarization. This profile is indicative of a 

more tolerogenic, immunosuppressive environment 90. Interestingly, recent work has revealed that 

macrophage polarization is a dynamic process and can be initiated by external signals, including 

cytokines, chemokines and micro-RNAs 91-93. 

 

1.3.3 Mechanisms of Immune Tolerance 

 Both trophoblast cells and the maternal immune system have developed strategies to 

enable a harmonious coexistence during pregnancy. It is well established that the subsets of 

trophoblast cells that are in direct contact with maternal tissues are less immunogenic than other 

fetal cells because they lack the highly polymorphic classical MHC class I (HLA-A and -B) and 

class II antigens, but retain the less polymorphic classical HLA-C antigen 78, 94. Moreover, these 

cells express the non-classical HLA-G and HLA-E molecules which have been shown to induce a 

tolerogenic phenotype as a result of interactions with maternal uNK cells 77, 95, 96.  

 Healthy pregnancy is also characterized by an increase in the population of circulating 

maternal regulatory T cells (Tregs) 97. Tregs play an important role in suppressing the maternal 

immune response by inducing tolerance to fetal antigens. Evidence in support of this 

immunosuppressive role comes from a study in which the adoptive transfer of normal Treg cells 



 

 

 

13 

to immune-mediated abortion-prone CBA/J females mated with DBA/2J males was able to rescue 

fetal loss 98. It is known that Tregs cells can exert their immunomodulatory effects in the 

circulation or at the placenta 99, 100. Reduced populations of Tregs have been found in decidual 

tissue of women experiencing spontaneous abortion 101 while circulating Treg populations have 

been found in women with PE 102.  

 

1.3.4 Immunological Phases of Normal Pregnancy 

 Normal pregnancy induces a state of low-grade inflammation 103, 104 105. For example, 

pregnant women exhibit leukocytosis 103 and increased complement activation 106 compared with 

their non-pregnant counterparts. In the past, pregnancy was considered to be a state of immune 

tolerance such that successful pregnancy required a global Th-2 or anti-inflammatory cytokine 

shift 107-109. New evidence indicates that this paradigm is too simplistic and that pregnancy should 

not be regarded as a single entity but rather, as a dynamically modulated state 80, 110. In particular, 

three distinct immunological phases of normal pregnancy have been described (Figure 1.3) 110. 

The biological processes related to implantation 111, placentation 112 and parturition 113, 114 are 

similar to those involved in tissue repair and wound healing 110. As such, the events that 

characterize early and late pregnancy rely on mild, controlled sterile inflammatory processes and 

are hallmarks of the first and third immunological phases of pregnancy 3, 80, 104. Conversely, the 

rapid fetal growth occurring during mid-late pregnancy has been proposed to occur optimally 

under anti-inflammatory conditions and constitutes the second immunological phase of pregnancy 

110.  
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Figure 1.3. Simple schematic diagram of inflammation associated with the immunological 

phases of normal and complicated pregnancy  

 

Pregnant women (purple dashed line) exhibit a heightened state of inflammation compared with 

non-pregnant women (blue dashed line). This inflammation is non-pathological and is tightly 

modulated by cells of the maternal immune systems. Biological events including implantation, 

placental growth and development and parturition are inherently inflammatory processes and 

characterize the first and third immunological phases of pregnancy. Conversely, the second 

immunological phase of pregnancy is less inflammatory and is characterized by rapid fetal 

growth and development. We propose that women affected by complications of pregnancy 

exhibit a heightened state of inflammation (red dashed line) prior to pregnancy and throughout 

gestation when compared with the degree of inflammation experienced by normal pregnant and 

non-pregnant women. Figure adapted from data from Mor et al., 110 and Vassiliadis et al. 115. 
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1.3.5 Role of Abnormal Inflammation in Pregnancy Complications 

 As previously mentioned, low-grade sterile inflammation is physiological to normal 

pregnancy 116. However, uncontrolled exaggerated inflammation has been linked with poor 

perinatal and placental development 117.  Complications of human pregnancy including PE 105, 118, 

FGR 119, 120 and fetal demise 115, 117, 121 are associated with an exaggerated maternal inflammatory 

response both systemically, and locally at the placenta. Women affected by these complications 

have been found to exhibit heightened levels of cytokines and chemokines including TNF, 

interleukin (IL)-2, IL-4, IL-6, IL-8, IL-10, interferon gamma (IFN) and monocyte chemotactic 

protein (MCP-1) 105, 118, 122-126. 

 It is postulated that an ordinarily non-pathological inflammatory stimulus, when 

superimposed on the pro-inflammatory state of pregnancy, results in the manifestation of 

pregnancy complications 116. The degree of inflammation during pregnancy is suggested to 

correlate with the severity of the pregnancy complication. This implies that inflammation and 

pregnancy complications exist along a continuum such that the manifestation of PE, FGR or fetal 

death occurs only after the severity of inflammation surpasses the threshold of disease (Figure 

1.4). Indeed, non-pregnant women with a history of recurrent miscarriage have been found to 

exhibit a heightened state of inflammation compared with non-pregnant women who experience 

healthy pregnancies 127. Moreover, women with obesity prior to pregnancy are at an increased 

risk of developing PE during their pregnancy 27. It has therefore been suggested that pregnancy 

complications are not isolated conditions. Instead, these conditions arise as a result of the 

deterioration of intrinsic processes associated with normal pregnancy, and this therefore leads to 

exacerbation of the systemic inflammatory response 103, 128. Adding to this paradigm is the idea 

that the systemic maternal inflammation that characterizes PE, FGR or fetal demise exists at the  
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Figure 1.4. The proposed spectrum of inflammation related to normal pregnancy and 

pregnancy complications  

 

Pre-eclampsia, FGR and fetal death exist at the extreme, pathological end of a continuum of 

inflammatory processes associated with normal, uncomplicated pregnancy. Women with a pre-

pregnancy inflammation disposition may be at increased risk of developing complications of 

pregnancy (orange box) given that their elevated baseline inflammatory state (blue arrow), when 

superimposed on the pro-inflammatory state of pregnancy, results in the surpassing of the 

threshold (dashed line) of overt disease manifestation. Since the pre-pregnancy inflammatory 

state of normal women who become pregnant (black arrow) is at the lowest end of the 

inflammatory spectrum, complications of pregnancy are less likely to occur given that their levels 

of inflammation during pregnancy will not surpass the threshold of disease. Figure adapted from 

Borzychowski et al., 3 and Renaud et al. 129. 
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extreme end of the spectrum of inflammation associated with pregnancy 103. Indeed, pro-

inflammatory cytokine levels exhibit a graded response: non-pregnant women exhibit the lowest 

levels of pro-inflammatory cytokines while women with severe PE exhibit the highest levels 105. 

 Various animal models have provided substantial insight regarding the role of abnormal 

inflammation as it relates to the pathogenesis of pregnancy complications (Table 1-1). Faas and 

colleagues (1994) described the use of intravenous low-dose lipopolysaccharide infusion to 

pregnant rats on gestation day 14.5 to induce features of PE including glomerular pathology, 

elevated blood pressure, albuminuria and platelet coagulopathy 130. Moreover, studies using a 

mouse model of the auto-immune disorder, antiphospholipid (aPL) syndrome (APS), revealed a 

causal role for complement activation in FGR and fetal loss associated with this disease 131-133. 

Complement activation results in the systemic release of tumour necrosis factor-alpha (TNF), a 

potent pro-inflammatory cytokine important in the recruitment of leukocytes and propagation of 

the immune response 134. 

 TNF is a pro-inflammatory cytokine often described as the master regulator of 

inflammatory processes 135. TNF is primarily produced by activated macrophages 136; however, 

neutrophils 137, lymphocytes 138, monocytes 139, endothelial cells 140, and trophoblasts 141, 142 have 

also been shown to release TNF. Signalling in target cells is achieved through activation of 

TNFR-I (p55-p60) or TNFR-II (p75-p80). Whereas TNF-RI is expressed constitutively on most 

tissues, the expression of TNF-RII is generally localized to endothelial and immune cells 135, 143. 

Soluble forms of both receptors are known to exist and function to sequester (and therefore 

inhibit) circulating TNF 144. Binding of TNF to either of its receptors results in trimerization and 

subsequent activation of downstream signalling cascades. Following TNF-RI trimerization, 

TNFRI-associated death domain protein (TRADD) is recruited to the cytoplasmic 
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Table 1-1. Immune-mediated models of pregnancy complications  

 
TNF, tumour necrosis factor; IL-6, interleukin-6; RUPP, reduced uterine perfusion pressure; LPS, lipopolysaccharide; aPL, anti-phospholipid antibody; ATP, 

adenosine triphosphate; MAP, mean arterial pressure; sFlt-1, soluble fms-like tyrosine kinase-1; SA, spiral artery, VEGF, vascular endothelial growth factor

Model Observations 
Pregnancy 

Specific? 
Reference 

TNF infusion  

(rat) 
 MAP Y 145-147 

IL-6 infusion  

(rat) 
 MAP Y 148, 149 

 

RUPP-induced CD4+ T cell adoptive transfer 

(rat) 

 

 MAP,  TNF,  s-Flt-1 Y 150 

Low-dose (1μg/kg) LPS infusion  

(rat) 

 MAP,  TNF,  IL-8, glomerular inflammation, 

platelet coagulopathy, albuminuria 
– 130, 151, 152 

High-dose (100 μg/kg) LPS injection  

(rat) 

Fetal death, FGR,  TNF,  utero-placental perfusion, 

 coagulopathy, placental hypoxia, 
– 153-155 

aPL injection 

 (mouse) 
Fetal death, decidual fibrin deposition – 131, 156 

ATP infusion  

(rat) 

 Trophoblast invasion, SA remodelling, proteinuria, 

placental ischemia 
– 157, 158 

CBA/J × DBA/2J matings  

(mouse) 

Fetal death, FGR SA remodelling,  s-Flt-1, VEGF, 

albuminuria, glomeruloendotheliosis,
– 159-161 
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domain of the receptor. Here, TRADD serves as a platform for the assembly of further cellular 

signalling proteins, namely Fas-associated death domain (FADD) and TNF receptor-associated 

factor 2 (TRAF-2).  Recruitment of TRAF-2 results in 1) the activation of the mitogen activated 

protein kinases (MAPK)/activator protein-1 (AP-1) pathway and leads to the upregulation of 

inflammatory and cell proliferation genes; or 2) stimulation of the NFκB (nuclear factor kappa-

light-chain-enhancer of activated B cells) pathway which results in the transcription of genes 

regulating inflammation, cell survival and cell proliferation. Recruitment of FADD results in 

caspase 8 activation and apoptosis 162, 163. Signalling through TNF-RII is similar to TNF-RI. 

However, binding of TNF to TNF-RII does not result in the propagation of a caspase 8 death 

signal since there is no FADD recruitment 163.  

 

1.3.6 Tumour Necrosis Factor in Complications of Pregnancy 

 Many studies have described elevated TNF levels in the blood of women with 

pathological pregnancy 105, 118, 124, 164. There are conflicting reports on whether or not placentas 

from complicated pregnancies express elevated TNF with some groups confirming this finding 

165, 166 and others finding no difference in TNF expression between normal and pathological 

placentas 167, 168. Differences in specimen collection or the timing of specimen acquisition (i.e. 

early vs late pregnancy) are likely the root of the discordance in the data.   

 Whether or not increased TNF levels are a cause or a consequence of adverse pregnancy 

outcomes has yet to be conclusively determined. The current two-stage model of PE proposes that 

the systemic elevation in pro-inflammatory cytokines, including TNF, arises as a result of 

placental damage subsequent to inadequate trophoblast invasion, SA remodelling and deficient 

placental perfusion 116. However, there are data implicating a role for elevated TNF in the 
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pathogenesis of the poor placentation that characterizes these diseases. For example, it has been 

shown that TNF released from activated macrophages in vitro inhibits the migration and invasion 

of trophoblast cells 169, 170. In addition, one study described an inverse relationship between the 

degree of trophoblast-mediated spiral artery remodelling and the presence of macrophages around 

these vessels. In contrast to spiral arteries from normal placentas, which exhibited robust 

trophoblast-mediated remodelling and small numbers of macrophages, spiral arteries from 

pregnancies complicated by PE were cuffed by macrophages and exhibited evidence of poor 

vascular remodelling 171.  

There are several in vivo 145 and in vitro 142, 172 studies that implicate elevated TNF 

production as a consequence of poor utero-placental perfusion and I/R injury. Using the reduced 

uterine perfusion model (RUPP), LaMarca et al. (2005) showed that increased circulating TNF 

concentrations were linked with the elevated mean arterial pressure (MAP) observed in RUPP 

pregnant rats. Moreover, infusion of TNF to pregnant rats has been shown to increase arterial 

pressure through a mechanism involving endothelin-1 (ET-1) and/or reduced NO production 145-

147.    Finally, TNF is known to be a potent stimulator of the coagulation cascade 173 and has been 

linked to hemostatic changes associated with adverse pregnancy outcomes 153, 155.  

 

1.4 Hemostasis and Pregnancy Complications 

1.4.1 Hemostasis 

 Hemostasis is a complex, tightly regulated system under dynamic control by a number of 

peptides, proteins, cytokines and clotting factors. Achieving adequate hemostasis is not only key 
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to maintaining the delicate balance between blood loss and coagulation, but is now recognized as 

an important facet of wound repair and endothelial barrier protection 174.  

 Broadly classified, the hemostatic system includes platelet activation (primary 

hemostasis), coagulation (secondary hemostasis) and fibrinolysis (tertiary hemostasis) 175. The 

coagulation cascade consists of plasma-derived clotting factors that exist as pro-enzymes, and 

which are converted into their active form by upstream clotting factors. Following the formation 

of a primary platelet plug, stimulation of either the intrinsic (contact activation) or extrinsic 

(requires tissue factor (TF) activation) arm of the coagulation cascade results in activation of the 

common pathway. During the final common pathway of the coagulation cascade, thrombin is 

generated as a result of the proteolytic cleavage of prothrombin. Thrombin then converts 

fibrinogen into fibrin strands. These insoluble fibrin strands function to bind platelets, thereby 

creating fibrin-platelet aggregates and a stable blood clot. Subsequent initiation of the fibrinolysis 

system is necessary for plasmin-induced thrombus dissolution and is essential for the prevention 

of uncontrollable blood clot formation 175. Further modulation of coagulation is achieved through 

anti-coagulation pathways that involve plasma serine protease inhibitors, activated protein C 

(APC) and tissue factor pathway inhibitor (Figure 1.5). 

 

1.4.2 Hemostasis Disorders 

Maintaining hemostasis is a sensitive process. External or intrinsic perturbations that 

offset this delicate balance can lead to detrimental pathology. Aberrant activation of the clotting 

cascade, over-abundance of clotting proteins or defective fibrinolysis results in pathological 

thrombosis and hypercoagulability. Conversely, a deficiency in coagulation factors leading to the 

inability to form thrombi results in risk of hemorrhage.  
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Figure 1.5. Simplified molecular mechanisms of coagulation and fibrinolysis 

Formation of a cross-linked fibrin blood clot (black arrows) requires activation of either the 

extrinsic tissue factor-mediated (blue box) or intrinsic contact-mediated (green box) pathway to 

stimulate the common pathway (purple box) of coagulation. Hemostasis is regulated by natural 

anti-coagulation (red) and fibrinolytic (blue) factors. Roman numerals denote inactive clotting 

factors whereas activation of clotting factors is denoted by the letter ‘a’; TF, tissue factor; TFPI, 

tissue factor pathway inhibitor; t-PA, tissue-type plasminogen activator; APC, activated protein 

C; Figure adapted from Furie et al., 176 and Johari at al. 177. 
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 Hemostasis is best understood as a continuum whereby hypercoagulability and 

hypocoagulability are pathological manifestations of disequilibrium and exist at opposite ends of 

the coagulation spectrum. Excessive generation of thrombin results in the consumption of clotting 

factors, and if not properly modulated, can lead to hypocoagulability and/or disseminated 

intravascular coagulation (DIC) 178. This severe condition is characterized by widespread micro-

vascular fibrin deposition (stage I), followed by excessive fibrinolysis (stage II) and ultimately 

culminating as uncontrolled bleeding (stage III).  

Traditionally, many disorders of hemostasis have genetic etiologies 179, 180. However, external 

events (e.g trauma), or dramatic changes in physiology (e.g. induction of pregnancy), are well 

known modulators of the hemostasis system and can result in severe morbidity and mortality.  

 

1.4.3 Hemostatic Changes Associated with Normal Pregnancy 

Uncomplicated pregnancy is described as being a state of low-grade, well-compensated, 

intravascular coagulation compared with the non-pregnant state 181-184. Traditionally, the pro-

thrombotic shift of the hemostatic spectrum was postulated to afford protection to a pregnant 

woman against hemorrhage associated with birth or placental abruption 182. Contributing to 

pregnancy-induced hypercoagulability is an increase in the circulating levels of pro-coagulant 

clotting factors 183 and reduction of fibrinolysis 185. Additionally, thrombogenesis relies on the 

activation and presence of platelets, and advancing gestation is characterized by platelet 

aggregation 186, 187.  
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1.4.4 Hemostatic Alterations Associated with Complications of Pregnancy 

It is thought that the shift towards hypercoagulability observed in normal pregnancy is 

exaggerated during pathological pregnancy. While numerous studies describe a link between 

thrombophilia and an increased risk for adverse pregnancy outcomes including PE 188, FGR 189 

and fetal loss 54, 190, many studies do not reveal such associations 191-193. However, in the first 

systematic review comparing the association between pregnancy loss and all major 

thrombophilias, fifteen studies (n>4000) described a link between thrombophilias including 

Factor V Leiden, prothrombin, protein S deficiency and fetal loss 194. Moreover, Rai and 

colleagues provided evidence that maternal coagulopathies preceded fetal death in women with a 

history of recurrent fetal loss 195. Alterations in maternal hemostasis may result in inadequate 

utero-placental perfusion and/or poor placental development, thereby contributing to the 

pathogenesis of pregnancy complications 196, 197. Indeed, as reported by Silver (2007), 

thrombophilia is a common cause of fetal demise when utero-placental insufficiency is present 51. 

 

1.4.5 Inflammation, Hemostasis and Pregnancy 

Hemostasis and inflammation are intimately linked 198. Immune cells and various 

mediators of inflammation are capable of initiating coagulation, often as a result of TF activation 

on cell surfaces 199, 200. Indeed, research has revealed that blockade of TF activity prevents 

inflammation-induced coagulation 201. The hemostatic shift observed in normal pregnancy may 

therefore be related to the pro-inflammatory shift also characteristic of normal pregnancy, or vice 

versa. Similarly, the exaggerated pro-inflammatory and thrombogenic phenotypes associated with 

adverse pregnancies may arise as a result of bidirectional signalling between these two processes. 
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While some studies report elevated circulating levels of TF in women experiencing 

adverse pregnancies 202, 203, others do not 204. Agreed upon though, is the fact that 

syncytiotrophoblast microvesicles (STBMs) released from pre-eclamptic placentas exhibit 

increased TF activity 205. Since the placenta is a known source of TF 206, it is possible that 

increased local release of TF contributes to placental pathology associated with  adverse 

outcomes. Interestingly, work by Girardi and colleagues (reviewed in 207) revealed that fetal loss 

in a mouse model of APS was not a result of thrombosis despite the fact that inhibition of TF 

prevented fetal demise. Instead TF was found to be an important mediator resulting in the release 

of damaging ROS from inflammatory cells, thereby leading to the development of aPL antibody-

induced fetal death.  

In addition to the cross-talk between TF and cells of the immune system, the serine 

proteases of the coagulation cascade have been shown to exert immunomodulatory actions. For 

example, thrombin has been shown to regulate the release of monocyte chemoattractant protein 1 

(MCP-1) from vascular smooth muscle cells 208. Moreover, apart from playing an important role 

in anti-coagulation, APC had been found to attenuate endotoxin-induced release of cytokines 

from immune cells both in vivo 209 and in vitro 210. The fact that normal pregnancy is a natural 

state of APC resistance 211 likely contributes to the spectrum of increased inflammation and 

thrombogenic potential observed over normal gestation. Amplification of this relationship is 

observed in complications of pregnancy whereby there exists a strong link between inflammation, 

coagulation and adverse outcomes 212. Previously published work from our lab revealed that 

inflammation-induced coagulopathies were associated with altered utero-placental hemodynamics 

and fetal death 153, 155. Importantly, modulation of TNF successfully inhibited inflammation-

induced hemostatic alterations, normalized utero-placental perfusion and prevented fetal loss 155. 
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1.5 Nitric Oxide  

1.5.1 Nitric Oxide Signalling 

Nitric oxide is a diatomic free radical that exerts a variety of biological functions 

including vascular smooth muscle relaxation 213, inhibition of platelet aggregation 214, and 

immunomodulation 215-217. The varied and divergent biological effects of NO often result in NO 

signalling being described as a ‘double edged sword’. Synthesis of NO requires nitric oxide 

synthase (NOS; of which there are three isoforms, -1, -2, -3) to act as a catalyst in the conversion 

of L-arginine and molecular oxygen (O2) into NO and citrulline 218, 219.  

The biological effects of NO are typically produced through the classical signalling 

pathway in which NO reacts with soluble guanylyl cyclase (sGC), an enzyme that converts 

guanosine-5'-triphosphate (GTP) to 3’,5’-cyclic guanosine monophosphate (cGMP) (Figure 1.6)  

215. This sensitivity of NO for sGC is in the nanomolar (nM) range which therefore makes sGC a 

suitable intracellular second messenger for physiological NO signalling 220. Production and 

accumulation of cGMP results in the activation of downstream cellular targets: cGMP-dependent 

protein kinase G (PKG), cAMP-dependent protein kinases, cyclic nucleotide-gated channels and 

phosphodiesterases (PDEs) 217, 221.  

In the less-classical NO signalling pathway (also known as the mitochondrial signalling 

pathway), NO competes with O2 to inhibit complex IV, the terminal enzyme of the electron 

transport chain 215. In this regard, NO causes the local generation of reactive oxygen species 

(ROS) including superoxide.  Superoxide is a highly reactive oxygen radical that modifies NO 

signalling through 1) the formation of peroxynitrite (ONOO-) and subsequent tyrosine nitration 

222; and 2) through the formation of hydrogen peroxide 215. Protein nitration modifies protein  
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Figure 1.6. The classical NO signalling pathway 

Nitric oxide is produced as a by-product of the conversion of L-arginine to L-citrulline by NOS. 

There are three NOS isoforms: nNOS (NOS-1), iNOS (NOS-2) and eNOS (NOS-3). Activation 

of sGC by low concentrations of NO (<1 μM) results in the conversion of GTP to cGMP. There 

are three molecular targets of cGMP including activation of cyclic-nucleotide-gated ion channels, 

protein kinases and phosphodiesterases.  
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function 223, 224 while the formation of hydrogen peroxide activates redox-sensitive pathways 

resulting in deleterious effects 215. Activation of these protein modification pathways occurs under 

higher concentrations (micromolar (μM) to millimolar (mM)) of NO and the cellular effects are 

vastly different from those induced by low-concentrations (>μM) linked to activation of cGMP 

signalling pathways 217, 225.  

 

1.5.2 Nitric Oxide and Pregnancy  

Nitric oxide regulates trophoblast invasion 2, 226, angiogenesis 227  and placental vascular 

tone 228. Production of placental NO occurs through endothelial NOS (eNOS; NOS-3) and 

inducible NOS (iNOS; NOS-2) located in cytotrophoblast cells, syncytiotrophoblast cells, 

extravillous trophoblast cells, fetal and maternal endothelium and placental immune cells 226, 229-

232. Although the NOS enzymes display dynamic, temporal distribution, overall, NOS expression 

is elevated at term relative to the first trimester in normal pregnancy and peaks in the second 

trimester 229. Moreover, systemic NO levels measured in healthy pregnant women were found to 

increase with advancing gestation and return to non-pregnant levels within twelve weeks of 

delivery 233. In general, NO production is increased during pregnancy compared with the non-

pregnant state 233. 

 

1.5.3 Nitric Oxide in Complications of Pregnancy 

Deficiencies in NO production or bioavailability have been linked to the pathogenesis of 

PE 229, 233, 234, FGR 235, and fetal loss 236 in both humans and animals models. For example, 

infusion of the NOS inhibitor, N omega-nitro-L-arginine methyl ester (L-NAME), into pregnant 
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rats led to increased systolic blood pressure, increased renal vascular resistance, decreased uterine 

and placental perfusion, proteinuria, FGR and fetal demise 235-238. While these studies suggest a 

causal, primary role for deficient NO bioavailability in the pathogenesis of pregnancy 

complications, it is important to consider the fact that deficient NO signalling can also arise as a 

secondary consequence of reduced utero-placental perfusion.  Since oxygen is a requirement for 

NO synthesis, NO production is reduced under conditions of hypoxia and oxidative stress, as seen 

in PE, FGR and fetal death 219. Moreover, altered utero-placental hemodynamics and local 

oxidative stress likely contribute to the finding that women with PE have been found to exhibit 

increased nitrotyrosine levels in placental vessels 239. These data are suggestive of increased 

ONOO- formation resulting in the reduction of bioavailable NO and a lack of classical NO-

mediated cGMP signalling. 

 

1.6 The Placenta as a Proxy for Fetal Health  

1.6.1 Altered Placental Morphometrics Linked to Pre-eclampsia and Fetal Growth 

Restriction 

There is evidence that growth of the placenta parallels growth of the fetus such that the 

placenta serves as a proxy for fetal health 43, 240-242.  As such, gross anatomical examination of the 

placenta, including assessment of placental weight, shape and size, has been recently found to be 

beneficial to understanding the pathogenesis of PE, FGR and fetal death. For example, placental 

weight has been found to positively correlate with fetal weight, and it was suggested that poor 

placental growth contributes to the development of FGR 243. Indeed, FGR is associated with 
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decreased placental weight 240, 244 and reduced placental weight has been linked to placental 

insufficiency 245, 246.  

The placental-weight-to-fetal-weight ratio (PWR) is described as being a surrogate 

measure of placental efficiency 247. Both abnormally increased or decreased PWRs have been 

linked with adverse perinatal outcomes.  For example, discordant growth resulting in a 

disproportionality small placenta relative to birth weight has been linked to fetal death 248. 

Conversely, an increased PWR has been associated with FGR 240, 249.  

Moreover, alterations in the major and/or minor placental axis lengths have been linked 

to PE and FGR 244. For example, placentas collected from women with PE were found to have a 

significantly shorter minor axis compared with placentas from normotensive pregnancies 250. In 

addition, recent work has found that the length of the minor placental axis is associated with fetal 

growth velocity and is predictive of body size at birth 251, 252. 

 

1.6.2 Fetal Programming: Role of the Placenta 

It is now well established that the negative consequences of FGR extend beyond the risks 

of morbidity and mortality experienced during perinatal life. Growth restricted fetuses are at an 

increased risk of developing adult-onset diseases by way of a process known as fetal 

programming.  Fetal programming is used to describe the physiological adaptations of a fetus 

within an adverse in utero environment in order to thrive 253. David Barker was the first to 

describe a link between low birth weight and risk of hypertension 43, cardiovascular disease 242 

and type II diabetes 44 later in life. While Barker’s early work investigated the relationship 

between placental size and fetal programming 43, later work using the extensive Helsinki Birth 
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Cohorts were instrumental in understanding the associations between placental morphometric 

alterations and subsequent disease risk 44, 254. For example, reduced placental weight and surface 

area were found to be associated with adult-onset hypertension 255.  

 

1.7 The Rat as a Model to Study Complications of Pregnancy 

1.7.1 Anatomy of the Rat Placenta 

 While pregnancy in the rat is substantially different from that of humans, key similarities 

in placentation between both species make the rat a suitable model for the study of normal and 

pathological pregnancy 63. For example, the hemochorial organization of the rat placenta, and in 

particular the pattern of trophoblast invasion and SA remodelling resembles that of the human 

placenta 256, 257. The maternal contribution of the rat placenta consists of the mesometrial triangle 

(MT), a highly vascularized extension of the decidua containing uterine spiral arteries and the 

decidua 257. Uterine spiral arteries course through the MT and converge into a network of one to 

three central maternal channels (MCs) which function to deliver blood to the labyrinthian zone, 

the location of fetal-maternal exchange. Separating the decidua from the labyrinth is the 

junctional zone. Here, four lineages of trophoblast cells (including, i) trophoblast giant cells, ii) 

spongiotrophoblast cells, iii) glycogen cells, and iv) invasive trophoblast cells) are derived from 

fetal progenitor cells 63. The histological organization of the rat utero-placental unit can be seen in 

(Figure 1.7). 
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Figure 1.7. Histology of the rat utero-placental unit on gestational day 17.5 

Maternal blood destined for the fetal-maternal interface travels through the network of spiral 

arteries (SA) within the mesometrial triangle (MT) and converges in one to three central maternal 

channels (MC) before reaching the labyrinth zone of the rat placenta. Interstitial and endovascular 

trophoblast cells originating from the junctional zone invade through the decidua and enter the 

mesometrial triangle where they aid in spiral artery remodelling. All trophoblast cells in this 

micrograph are stained black using immunohistochemistry for cytokeratin. Scale bar = 1 mm. 
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1.7.2 Trophoblast Invasion and Spiral Artery Remodelling in the Rat  

Trophoblast invasion in the rat extends into the MT 256, 257 and is deeper than trophoblast 

invasion of the mouse placenta, which extends only to the decidua 258. Like human placentation, 

there are both endovascular and interstitial routes of trophoblast invasion 63. An initial wave of 

endovascular trophoblast cells enters the maternal vasculature around gestational day (GD) 11.5 

of a 22-day gestation. This is followed by the robust mesometrial invasion of both interstitial and 

endovascular trophoblast cell lineages beginning around GD 13.5, following which, robust spiral 

artery remodelling occurs 256. Importantly, the physiological processes involved in rat placental 

spiral artery remodelling, (i.e. endothelial and smooth muscle cell displacement by invading 

endovascular trophoblast cells followed by fibrinoid deposition), parallels the human 

modification processes 257. 

 

1.8 Rationale, Hypotheses and Objectives 

Women experiencing complications of pregnancy often exhibit a heightened state of 

maternal inflammation, reduced spiral artery remodelling, deficient utero-placental perfusion and 

altered NO bioavailability. The fetal response to inadequate nutritional support is restricted 

growth, which in severe cases, can lead to fetal demise. Conversely, the maternal symptoms of 

PE (hypertension and proteinuria) are believed to arise as a result of I/R-induced release of 

placental factors, subsequently leading to systemic endothelial dysfunction. While the exact cause 

of these complications remains obscure, the main hypothesis of this thesis is that abnormal 

maternal inflammation in pregnancy is causally linked to the pathogenesis of PE-like symptoms, 

FGR and fetal demise in a rat model. To explore this hypothesis, pregnant rats were administered 



 

 

 

34 

low-dose lipopolysaccharide (LPS) in order to induce systemic maternal inflammation, and 

pregnancy outcomes were assessed. Herein, this thesis is divided into 5 research chapters. The 

specific objectives for each chapter are detailed below. 

 

Chapter 2: Inflammation in rat pregnancy inhibits spiral artery remodelling leading to fetal 

growth restriction and features of pre-eclampsia 

Pre-eclampsia and FGR are often associated with abnormal maternal inflammation, 

deficient trophoblast-mediated spiral artery remodelling, impaired utero-placental perfusion and 

decreased NO bioavailability. Alterations in utero-placental perfusion can lead to FGR and may 

cause the release of placental factors that induce hypertension and proteinuria, the hallmark 

maternal symptoms PE. Our hypothesis was that abnormal inflammation is causally linked to 

deficient trophoblast invasion and spiral artery remodelling leading to inadequate utero-

placental perfusion, FGR and features of PE in a rat model. In particular, we hypothesized that 

administration of low-dose LPS to pregnant rats during mid-to-late gestation would lead to TNF-

induced FGR and features of PE. Additionally, we expected that restoration of NO bioavailability 

would prevent these complications.  

Main Objectives:  

1. To determine whether LPS administration to pregnant dams in the second half of 

pregnancy results in systemic maternal inflammation and FGR  

2. To determine whether LPS-induced FGR is linked to deficient interstitial trophoblast 

invasion and impaired spiral artery remodelling 

3. To determine whether LPS administration alters utero-placental perfusion and is 

associated with placental nitrosative stress 

4. To determine whether LPS administration results in the manifestation of features of PE 

including elevated MAP, glomerular alterations and proteinuria 
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5. To assess whether TNF is causally linked to the above features of inflammation-induced 

FGR and PE 

6. To assess whether administration of the NO-mimetic, glyceryl trinitrate (GTN) to 

pregnant dams prevents inflammation-induced FGR 

 

 

Chapter 3: Pregnancy amplifies features of LPS-induced inflammation 

 There is evidence that during pregnancy, the maternal immune system can respond to a 

stimulus that would otherwise be non-immunogenic if exposed to non-pregnant (NP) individuals 

145. The presence of a placenta is believed to be responsible for this amplification response given 

that it is a robust source of immune cells and is capable of responding to pathological stimuli.  We 

hypothesized that LPS-induced inflammation would be amplified during pregnancy compared 

with LPS-induced inflammation in the NP state. Using a multiplex cytokine array, we analyzed 

maternal plasma samples collected from pregnant and NP saline and LPS-treated rats, and 

assessed the levels of various cytokines, chemokines and colony stimulating factors.  

Main objectives: 

1. To characterize the release of inflammatory factors 2h following LPS (or saline) 

administration to NP rats 

2. To characterize the release of inflammatory factors 2h following LPS (or saline) 

administration to pregnant rats on GD 13.5 

3. To determine whether pregnancy amplifies the LPS-induced release of inflammatory 

factors by comparing the results obtained from NP and pregnant animals  

 

 

Chapter 4: Activation of NO signalling inhibits TNF release by LPS-simulated THP-1 

macrophages 

 The results of our studies outlined in Chapter 2 revealed that restoration of classical NO 

signalling prevented LPS-induced adverse pregnancy complications. Moreover, we observed that 
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GTN administration to pregnant rats prevented LPS-induced elevations in circulating white blood 

cell (WBC) counts, thereby revealing a novel potential immunomodulatory role of nitroglycerin.  

Therefore, we sought to determine whether activation of NO signalling directly modulates the 

release of TNF from activated THP-1 macrophages using in vitro techniques. We hypothesized 

that activation of NO signalling would decrease TNF release from LPS-stimulated THP-1 

macrophages via a mechanism involving cGMP signalling.  

Main objectives: 

1. To determine whether LPS-induced TNF release from THP-1 macrophages is prevented 

by low-dose GTN treatment 

2. To determine whether the mechanism through which GTN prevents LPS-induced TNF 

release from THP-1 macrophages is linked to cGMP signalling  

3. To characterize the mechanism through which activation of cGMP-mediated signalling 

prevents LPS-induced TNF release from THP-1 macrophages 

 

 

Chapter 5: Nitroglycerin prevents coagulopathies and fetal death associated with abnormal 

maternal inflammation in rats 

Pregnancy loss is associated with aberrant maternal inflammation and maternal 

coagulopathy. The latter may impede utero-placental blood flow, thereby restricting oxygen and 

nutrient delivery to the fetus and resulting in fetal demise. There is evidence that links altered 

hemostasis with pathological inflammation. Therefore, we sought to test the hypothesis that 

abnormal maternal inflammation leads to the development of systemic coagulopathies associated 

with fetal demise. Since NO is a potent inhibitor of platelet aggregation, and reduced NO 

bioavailability is a feature of deficient utero-placental perfusion, we also examined whether 

administration of GTN could prevent inflammation-associated maternal coagulopathies and fetal 

death. 
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Main objectives: 

1. To assess the extent of LPS-induced fetal death during mid-to-late-gestation in our rat 

model 

2. To characterize the role of abnormal maternal inflammation in the development of 

systemic maternal coagulopathies  

3. To determine whether TNF is causally linked to the development of maternal 

coagulopathies and fetal death 

4. To assess whether administration of GTN prevents inflammation-induced maternal 

coagulopathy and fetal death 

 

 

Chapter 6: Inflammation-induced fetal growth restriction in rats is associated with altered 

placental morphometrics 

Alterations in placental shape and size are linked to PE and FGR. Despite it being well 

established that maternal inflammation is commonly associated with complications of pregnancy, 

and that perturbations in placental growth can affect fetal development, little is known about how 

inflammation affects placental growth 253.  Moreover, there are no published studies that have 

examined the direct effects of maternal inflammation on placental morphometrics in the context 

of FGR. Therefore, this work examined the hypothesis that maternal inflammation leads to 

alterations in placental morphometrics and that these alterations are associated with FGR. We 

used our established LPS-induced animal model of pregnancy complications for this study.  

Main objectives:  

1. To characterize the effect of abnormal maternal inflammation on placental weight, area, 

thickness, placental-to-fetal weight ratio, major axis length and minor axis length. 

2. To determine whether placental characteristics associated with LPS-induced FGR are 

different from placental characteristics of non-FGR placentas in the LPS experimental 

group 

3. To determine whether placental characteristics of LPS-induced FGR offspring are 

different from placentas of saline-associated FGR offspring 

4. To determine whether the length of the major placental axis or the minor placental axis 

can predict fetal weight  
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Chapter 2 

 

Inflammation in rat pregnancy inhibits spiral artery remodelling 

leading to fetal growth restriction and features of preeclampsia 
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2.1 Abstract 

 Fetal growth restriction (FGR) and pre-eclampsia (PE) are often associated with 

abnormal maternal inflammation, deficient spiral artery remodelling and altered utero-placental 

perfusion. Here we provide evidence of a novel mechanistic link between abnormal maternal 

inflammation and the development of FGR with features of PE. Using a model in which pregnant 

rats are administered low-dose lipopolysaccharide (LPS) on gestational days 13.5 – 16.5, we 

show that abnormal inflammation resulted in FGR mediated by tumour necrosis factor-α (TNF). 

Inflammation was also associated with deficient trophoblast invasion and spiral artery 

remodelling, as well as with altered utero-placental hemodynamics and placental nitrosative 

stress. Moreover, inflammation increased maternal mean arterial pressure (MAP) and was 

associated with renal structural alterations and proteinuria characteristic of PE. Finally, 

transdermal administration of the nitric oxide (NO) mimetic glyceryl trinitrate prevented the 

altered utero-placental perfusion, the LPS-induced inflammation, placental nitrosative stress, the 

renal structural and functional alterations, the increase in MAP, and FGR. These findings 

demonstrate that maternal inflammation can lead to severe pregnancy complications via a 

mechanism that involves increased maternal levels of TNF. Our study provides a rationale for the 

use of anti-inflammatory agents or NO-mimetics in the treatment and/or prevention of 

inflammation-associated pregnancy complications. 
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2.2 Introduction 

 Pre-eclampsia (PE) is a serious condition that affects 3 – 10% of all pregnancies 6, and is 

characterised by the development of maternal hypertension (>140/90 mm Hg) and proteinuria 

(≥300 mg/24h) 8. PE usually develops after 20 weeks of gestation, and is difficult to treat except 

by early delivery, which can result in neonatal complications. In addition to increasing the 

maternal and fetal risk of morbidity and mortality, the pathological processes associated with PE 

can restrict fetal growth and impair development. Fetal growth restriction (FGR) occurs when the 

fetus fails to achieve its genetically pre-determined growth potential 34. It is the second leading 

cause of fetal death and is often associated with PE 259, 260. 

 While the precise mechanisms leading to the development of FGR/PE remain unknown, 

there is evidence that these complications are associated with an aberrant maternal inflammatory 

response. Women afflicted by FGR/PE exhibit a heightened inflammatory state; pro-

inflammatory cytokines and chemokines such as TNF, IL-6 and MCP-1, are elevated systemically 

and locally in the placenta 3, 118, 128, 261, 262. This abnormal inflammatory response leads to oxidative 

and nitrosative stress associated with decreased nitric oxide (NO) bioavailability 3, 239, 263. 

It is widely recognized that the placenta plays an important role in the pathophysiology of 

FGR/PE 23, 264. In the two-stage model of PE initially proposed by Redman, deficient placental 

perfusion (stage one) leads to the release of vasoactive factors that precipitate the onset of the 

maternal syndrome (stage two) 1, 265.  Placental perfusion is dependent on adequate remodelling of 

the uterine spiral arteries, a process whereby endovascular trophoblast cells invade and replace 

the endothelium and vascular smooth muscle of these vessels 57. Hence, a deficiency in this 

remodelling process is thought to account for the poor placental perfusion associated with 

FGR/PE.  
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 Despite the strong association between abnormal maternal inflammation and FGR/PE, it 

is not known whether inflammation is causally linked to the deficient spiral artery remodelling 

that characterizes these pregnancy complications. Reister and colleagues examined vessels from 

pre-eclamptic pregnancies and found that an increase in the distribution of macrophages around 

the spiral arteries was associated with impaired trophoblast invasion 171. Moreover, our in vitro 

studies revealed that activated macrophages inhibit trophoblast invasion in vitro by secreting TNF 

at sub-apoptotic levels 169. Other studies have additionally described an inhibitory role of TNF in 

the regulation of trophoblast motility and migration 266-268. Using a rat model, here we describe a 

novel mechanism by which abnormal maternal inflammation results in deficient spiral artery 

remodelling and altered utero-placental perfusion. Our study also reveals that this inflammation-

induced vascular adaptation is associated with FGR and features of PE. 
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2.3 Materials and Methods 

 

2.3.1 Animals 

Studies were conducted in accordance with the guidelines of the Canadian Council on 

Animal Care and protocols were approved by the Queen’s University Animal Care Committee. 

Virgin female Wistar rats (3 – 6 months old; Charles River Laboratories, Montreal, QC, Canada) 

were housed in a light- and humidity-controlled environment and fed ad libitum with free access 

to tap water. Vaginal smears were performed the morning after females were housed overnight 

with a fertile male at a 2:1 ratio. The presence of spermatozoa in the vaginal lavage confirmed 

pregnancy and was designated gestational day (GD) 0.5.  

 

2.3.2 Experimental Protocol 

Pregnant rats received intraperitoneal (i.p.) injections of saline or lipopolysaccharide 

(LPS; Escherichia coli serotype 0111:B4; Sigma-Aldrich, Oakville, ON, Canada) on GD 13.5, 

14.5, 15.5 and 16.5 of a 22-day gestation. To induce an inflammatory response, dams received a 

single low-dose (10 μg/kg) of LPS on GD 13.5 followed by higher doses (40 μg/kg) daily until 

GD 16.5 (n = 28). Control animals (n = 22) received saline (1 ml/kg) injections on the 

corresponding GDs. Rats received 5 ml of lactated ringers subcutaneously with each injection. 

Dams were sacrificed 24h after the last LPS/saline injection on GD 17.5. Dams used in the 

radiotelemetry experiments (see below) were sacrificed on postnatal day (PD) 7.5. Following 

euthanasia, fetal weights were measured and recorded in conjunction with the pup’s location 

along the length of the uterine horn. To evaluate the role of TNF on the development of FGR, 

dams additionally received i.p. injections of the TNF inhibitor etanercept (10 mg/kg; Enbrel®; 
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Amgen, Thousand Oaks, CA and Wyeth Pharmaceuticals, Collegeville, PA) on GD 13.5 and 

15.5, 6h prior to administration of LPS (n = 16). To determine whether the effects of LPS are 

pregnancy specific, non-pregnant rats were exposed to the same doses of LPS as pregnant 

animals over four days (10 μg/kg followed by 40 μg/kg) and sacrificed on the fifth day, 24 h after 

the last LPS injection. To examine the acute effects of LPS, additional experiments were 

performed on rats two hours following the initial LPS (10 μg/kg) injection. For these studies, 

maternal blood was collected at euthanasia from rats across all treatment groups on GD 13.5, two 

hours following LPS administration (n = 5 – 7). Corresponding experiments were performed on 

non-pregnant rats two hours following saline or LPS administration (n = 4).  

 

2.3.3 Administration of Glyceryl Trinitrate  

To assess a potential role of deficient NO signalling in the pathogenesis of inflammation-

induced FGR/PE, pregnant dams (n = 16) receiving LPS were additionally treated with the NO-

mimetic GTN. This was accomplished via daily application of Minitran transdermal patches 

(Graceway Pharmaceuticals, London, Ontario) starting on GD 12.5 until GD 16.5. Patches (cut to 

a surface area of 1.7 cm2, providing a GTN steady-state delivery rate of 25 µg/h) were placed on 

the nape of the neck and were covered with a thin layer of New Skin Liquid Bandage (Prestige 

Brands Inc., Tarrytown, NY). The last patch was removed at euthanasia on GD 17.5. 

 

2.3.4 Tissue Preparation  

Rats were sacrificed on GD 17.5 via an i.p. injection (40 – 50 mg/kg) of sodium 

pentobarbital (Ceva Santé Animale, Libourne, France). Following euthanasia, the wet weight of 

each fetus was measured and recorded in combination with its location along the length of the 
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respective uterine horn. Implantation sites (uterus + placenta) were placed in 4% 

paraformaldehyde (PFA) for at least 24h. Prior to tissue processing, implantation sites were 

carefully bisected (through the mesometrial triangle and placenta) to ensure that the mid-portion 

of each unit was used for further analysis. Tissues were subsequently transferred to 70% ethanol 

and were processed and embedded in paraffin blocks according to standard procedures. Serial 

sections (5 µm) were cut from each utero-placental unit for immunohistochemical analysis.  

 

2.3.5 Identification of Trophoblast Cells, Smooth Muscle Cells, and Macrophages 

Trophoblast cells were identified by immunohistochemistry for cytokeratin using mouse 

monoclonal anti-cytokeratin antibody (DAKO MNF116, Burlington, Ontario) and the method 

described by Vercruysse and colleagues 256. Negative controls consisted of sections in which the 

primary antibody was substituted with an equal concentration of mouse IgG (DAKO X0943). 

Immunohistochemistry for alpha actin was used to identify vascular smooth muscle cells. 

Briefly, tissues were rehydrated using a graded ethanol series and sections were subsequently 

blocked using 10% normal horse serum (NHS) + 0.1% Tween-80 (Fisher Scientific, Ottawa, 

Ontario) for 20 min followed by serum-free DAKO block for 7 min. Sections were then incubated 

for 30 min in the presence of antibody against smooth muscle -actin (Sigma A5228; 1:400 in 

2% NHS); this was followed by incubation with biotinylated anti-mouse IgG antibody (1:200 in 

1% NHS + 3% normal rat serum; 30 min; Vector Laboratories BA-2000, Burlington, Ontario). A 

Vectastain ABC Elite kit (Vector Laboratories) and diaminobenzidine (DAKO K3468) were used 

to detect antigenic sites. Tissues were counterstained with Gill’s hematoxylin (Fisher), 

dehydrated and mounted. Negative controls consisted of sections incubated with an equal 

concentration of mouse IgG (DAKO X0943) in place of the primary -actin antibody. 
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Tissue macrophages were identified using CD68 immunohistochemical localization. 

Following rehydration, proteinase K antigen retrieval in sections of implantation sites was 

performed and endogenous peroxidase was quenched using 3% H2O2 + 0.3% Triton X100 (Bio-

Rad, Hercules, California) in PBS. Non-specific sites in sections were subsequently blocked 

using 10% NHS for 20 min followed by serum-free DAKO block for 7 min (DAKO). Primary 

antibody (MCA341GA; 1:250 in 2% NHS) was added overnight at 4°C. Secondary antibody 

(1:200 in 1% NHS; Vector Laboratories BA-2000, Burlington, Ontario) was added for 30 min 

and detected using the Vectastain ABC Elite kit (Vector Laboratories). Sections were developed 

using diaminobenzidine (DAKO K3468), counterstained with Gill’s hematoxlyin (Fisher), 

dehydrated and mounted. Negative controls consisted of sections in which primary antibody was 

substituted with equal concentrations of mouse IgG (DAKO X0943).   

 

2.3.6 Image Analysis 

 Assessment of activated macrophage infiltration, interstitial trophoblast invasion and 

spiral artery remodelling was performed on slides scanned at 20X using an Aperio ImageScope 

system and software (Aperio, Vista, California). A positive pixel count was used to quantify 

labelled cells in the mesometrial triangle (MT) in order to assess the infiltration of activated 

macrophages. Interstitial trophoblast invasion was calculated as the total area occupied by 

cytokeratin-positive interstitial trophoblast cells within the MT. Only sections exhibiting the 

‘break through’ of interstitial trophoblast cells through the giant-cell layer were used to quantify 

interstitial invasion for consistency. The cross-sectional area of spiral arteries exhibiting 

endovascular trophoblast cells was measured by a blinded observer and confirmed by a second 

investigator. Specifically, the fibrinoid layer around spiral arteries and/or the basal surface of 
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cytokeratin-positive or endothelial cells were used as the boundary for which to manually 

delineate the luminal contour of each vessel. 

 

2.3.7 Doppler Ultrasonography 

Doppler ultrasonography was used to evaluate maternal and fetal hemodynamic 

alterations on GD 17.5 using a previously described method 269 adapted from Mu and Adamson 

270. Briefly, abdominal hair was removed from anaesthetized (~3% isoflurane in oxygen by nose 

cone) dams using a mechanical shaver followed by application of a chemical depilatory. Maternal 

heart rate and breathing was monitored constantly to ensure surgical plane for the duration of the 

measurements. The high frame rate 707B 30mHz scanhead was used in Doppler Mode to obtain 

pulse-wave recordings for offline analysis. Data acquisition was performed on 3 – 4 viable 

implantation sites per dam; measurements were recorded from an implantation site located 

adjacent to the bladder and a site in close proximity to the ovary within each horn. Doppler 

waveforms were recorded for 2 – 3 spiral arteries and the corresponding fetal umbilical artery for 

each implantation site. Following acquisition, a blinded observer performed analysis. Peak 

systolic flow velocity (PSV) and end diastolic flow velocity (EDV) of each spiral artery was 

measured to determine the mean spiral artery resistance index (RI) of the implantation site based 

on the following equation (RI = [PSV – EDV]/PSV). Umbilical PSV of the corresponding 

implantation site was also measured.  

 

2.3.8 Complete Blood Cell Counts  

Whole blood was collected by cardiac puncture into tubes containing 

ethylenediaminetetraacetic acid (EDTA) for CBC analysis. Blood samples (12 μL) were analyzed 
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using the ABC Vet Animal Blood Counter (Scil Animal Care Company, Barrie, Ontario) 

according to the manufacturer’s instructions.  

 

2.3.9 Analysis of Maternal Plasma TNF 

To confirm that LPS administration induced maternal inflammation, plasma levels of 

TNF were quantified by ELISA (R&D Systems, Minneapolis, Minnesota) according to the 

manufacturer’s instructions. Levels falling below the minimum detectable dose of the kit (5 

pg/ml) were considered undetectable. At euthanasia, maternal blood was collected via cardiac 

puncture into EDTA-containing syringes to prevent clotting. Blood samples were obtained from 

dams at the following time-points: two hours following saline or LPS ± etanercept/GTN 

administration at GD 13.5 (10 μg/kg); two hours following LPS administration at GD 15.5 (40 

μg/kg); two hours following LPS (10 μg/kg) administration to non-pregnant animals.   

 

2.3.10 Implantation of Radiotelemetry Transducers   

Continuous assessment of mean arterial pressure (MAP) was achieved through femoral 

implantation of PA-C40 radiotransmitters (Data Sciences International; DSI, St. Paul, MN). 

Briefly, virgin female rats were anaesthetized using ~3.0% isoflurane in oxygen by nose cone. 

The left thigh was shaved and a 2-cm incision was made to expose the femoral vessels and nerve. 

Using a dissection microscope, the femoral artery was carefully retracted and a permanent 

occlusion suture was placed around the vessel.  Proximal to the occlusion ligature, a 26-gauge 

needle was used to puncture the vessel to facilitate the insertion of the tip of the transmitter 

catheter. Cannulation forceps were used to advance the catheter tip into the abdominal aorta 

whereupon sutures were used to hold the device in place. Transmitters were secured 
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subcutaneously over the right flank and the incision was closed with staples. Post-operative care 

consisted of administration of meloxicam (1 mg/kg), dexamethasone (0.05 mg/kg) and tramadol 

(20 mg/kg) in 10 ml of subcutaneous lactated ringers administered daily for 4 – 7 days as needed. 

Dams were allowed to recover for at least 14 days prior to overnight mating. Pregnant animals 

were randomized into the four treatment groups (n = 5/group): saline; LPS; etanercept + LPS; 

GTN + LPS. Dams and pups were euthanized on PD 7.5.  

 

2.3.11 Radiotelemetry Data Acquisition and Representation 

Upon recovery, continuous 24-h data were collected for 30 seconds every 8 min using 

Dataquest A.R.T.™ Acquisition System (DSI, version 4.1) until the study endpoint at PD 7.5. All 

values from a 24-h period (midnight – midnight) were used to calculate a daily 24-h mean data 

point for each gestational day. While absolute MAP values exhibited a normal range of variability 

amongst groups before treatments started, importantly, MAP profiles did not differ significantly 

between animals prior to treatment initiation (GDs 0 – 11). To evaluate the effect of treatment on 

changes in blood pressure, MAP measured on GD 11 was set as baseline for each animal, and the 

delta value was calculated for subsequent gestational/postnatal days. To determine whether the 

effects of LPS on MAP are pregnancy-specific, we performed an additional set of experiments on 

non-pregnant animals. Animals in the non-pregnant study group (n = 4) were instrumented with 

radiotelemetry transducers as previously described. After recovery, all animals were subjected to 

the following procedures: two days of baseline recording; four saline injections (once/day); one 

day of rest; two days of baseline recording; four LPS injections (10 – 40 μg/kg/day as per the 

doses used in the pregnancy studies). For each experimental animal, MAP recorded over the two 

days preceding the onset of each treatment was set as baseline and the delta value was determined 
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for subsequent experimental days. Baseline MAP prior to the onset of saline treatment was not 

significantly different than baseline MAP prior to LPS administration.  

 

2.3.12 Urine Analysis 

Urine was collected from animals instrumented with radiotransmitters on GD’s 10.5 –

17.5; GD 19.5 and PD 7.5 using a modified metabolic cage technique. For all days of urine 

collection that corresponded with injection days, urine was collected in the morning, prior to 

animals receiving any treatment. Briefly, dams were placed in cages lined with 96-well plates for 

three to four hours on the morning of collection. Urine was collected from the plates and 

centrifuged (300 g x 5 min) prior to storing at -80°C for future analysis. Total protein 

concentration was determined using the Bio-Rad protein assay (Bio-Rad) and was normalized 

against total creatinine concentration (Cayman Chemical Company, Ann Arbor, MI) to assess 

proteinuria. Because each animal had different protein:creatinine ratios prior to the onset of any 

treatment, a baseline protein:creatinine measurement for each rat was determined by taking the 

mean protein:creatinine values from urine collected each day from GD 10.5 –12.5. This baseline 

protein:creatinine ratio was used to calculate the change in proteinuria from urine collected on 

subsequent days following initiation of treatments. To determine whether proteinuria correlates 

with changes in MAP, changes in protein:creatinine ratios were matched against corresponding 

changes in MAP for all animals in each treatment group.  

 

2.3.13 Assessment of Postnatal Pup Weight 

Pups from all treatment groups were weighed on PD 1.5 and PD 7.5. It has recently been 

suggested that the standardization of litter sizes is beneficial to account for litter-size induced 
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effects (i.e. physical space restraints, access to maternal milk supplies), which would otherwise 

dilute the ability to detect treatment-related outcomes on fetal growth and postnatal development. 

Given that pup weight assessment was performed several days after treatment was administered 

and may have affected litter sizes, we applied a correction factor to standardize pup weights based 

on litter size as described by Chahoud and Paumgartten 271.  

 

2.3.14 Histopatholological Analysis of Kidneys 

Kidneys harvested from dams on GD 17.5 were fixed, processed, sectioned (3 μm) and 

stained with hematoxylin and eosin and periodic acid-Schiff for histopathological assessment of 

renal alterations. The degree of glomerular pathology was assessed by a blinded observer based 

on criteria and scoring methods adapted from other studies 272, 273, and following consultation with 

an experienced renal pathologist at Kingston General Hospital. For each kidney, 20 glomeruli 

were individually scored and the severity of glomerular pathology was determined from the mean 

score for each kidney. Confirmatory scoring was performed on each section by an additional 

blinded observer to ensure mean scores for each section were consistent. Glomeruli from non-

pregnant animals exposed to the same doses of LPS (n = 4) were additionally assessed as 

described.  

 

2.3.15 Electron Microscopic Analysis of Renal Ultrastructure 

Glutaraldehyde-fixed 1-mm3 cortical samples from kidneys were processed, embedded in 

Epon and cut into ultra-thin (90 nm) sections. Images captured by a blinded observed were later 

used to evaluate ultrastructural alterations of the glomerular basement membrane (GBM). 

Quantitative assessment of GBM thickness (GBM area/GBM length) was performed using 
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Image-Pro® Plus version 6.0 software. 

 

2.3.16 Quantitative Analysis of Placental Nitrotyrosine 

Placental nitrotyrosine levels were quantified by ELISA using a commercially available 

kit (Millipore Corporation, Bedford, MA). As previously described by others 274, placentas 

randomly chosen from all treatment groups were homogenized in lysis buffer on ice using a 

Polytron tissue homogenizer. Homogenates were centrifuged (20,000g x 5 min) and the 

supernatant was transferred to separate tubes. A modified Lowry assay (DC Protein Assay, Bio-

Rad Laboratories) was used to measure and subsequently adjust protein concentrations between 

samples. Samples (saline n = 9 from seven mothers; LPS n = 21 from nine mothers; LPS + GTN 

n = 9 from seven mothers) were assayed in duplicate. 

 

2.3.17 Statistics  

Data were analyzed using GraphPad Prism 6.0 Software (GraphPad, San Diego, CA). 

Parametric data are presented as mean ± SEM and were analyzed using two-tailed Student’s t-test 

(two groups), one-way ANOVA (three or more groups) or two-way ANOVA (two-variables). 

Significant differences between individual treatment groups were determined using the 

Bonferroni post-hoc test when comparing fewer than five groups, or Tukey’s multiple 

comparison post-hoc test when comparing more than five groups. Kruskal-Wallis followed by 

Dunn’s multiple comparison post-hoc test was used to assess alterations in maternal plasma TNF 

levels, as these did not follow a normal distribution. Chi-square was used to analyze data obtained 

from nitrotyrosine determination experiments. For the radiotelemetry studies in pregnant animals, 
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changes in MAP relative to baseline (GD 11) were analyzed using repeated measures two-way 

ANOVA followed by Bonferroni post-hoc test to assess for statistical differences between 

groups. Within each treatment group, differences in raw MAP from baseline (GD 11) were 

determined by repeated measures two-way ANOVA followed by Dunnett’s multiple comparisons 

test. Expectation maximization imputation was performed for data points missing at random (a 

total of six data points) from the radiotelemetry experiments using SPSS Statistics software. This 

method has been previously used and validated for imputation of missing data in rat studies using 

small sample sizes 275. Changes in MAP relative to baseline in non-pregnant animals were 

analyzed using repeated measures two-way ANOVA followed by Bonferroni post-hoc test to 

assess for statistical differences between groups. To compare overall differences in proteinuria, 

the mean change of the protein:creatinine ratio was calculated for each day of urine collection and 

analysed using one-way ANOVA followed by Bonferroni post-hoc test. Non-linear, non-

parametric data were assessed by Spearman correlation, whereas linear parametric data were 

assessed by Pearson correlation. For all statistical tests, p<0.05 was considered significant while 

p<0.1 was considered a trend toward significance. 
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2.4 Results 

2.4.1 LPS administration induces a systemic and local inflammatory response and results in 

TNF-mediated FGR 

 To assess whether LPS administration affects in utero growth, we defined FGR in our 

rats as a fetal weight falling below the 10th percentile for gestational age. To determine the 

threshold of FGR, we evaluated the distribution of all fetal weights from the saline-treated control 

cohort (n = 22 dams; n = 305 fetuses; average fetal weight = 0.9244 g ± 0.007 g); fetuses with 

weights below 0.8071 g (lower 10th percentile) were designated as FGR (Figure 2.1A). Daily LPS 

administration on gestational day (GD) 13.5 – 16.5 significantly decreased fetal weight measured 

on GD 17.5  (n = 28 dams; n=258 fetuses; average fetal weight = 0.8421 g ± 0.006 g; Figure 2.1A 

and Table 2-1). None of the rats treated with LPS experienced pre-term birth. To determine 

whether LPS administration induced a maternal inflammatory response, we evaluated circulating 

plasma levels of TNF. As early as two hours following the initial LPS injection (10 μg/kg), TNF 

levels were detectable and elevated compared to levels in saline-treated controls (Figure 2.1B and 

Table 2-2). On GD 15.5, two hours following the third LPS injection, TNF levels were still 

detectable, though decreased, compared to GD 13.5 (Figure 2.1B). Importantly, white blood cell 

(WBC) counts performed on whole blood taken on GD 17.5 (24h after the final LPS injection) 

were significantly elevated compared to WBC counts from blood of saline-treated control rats 

(Figure 2.1C and Table 2-2). Differential cell counts revealed increased numbers of circulating 

granulocytes (Table 2-2), lymphocytes (Table 2-2) and monocytes (Figure 2.1D and Table 2-2) 

contributing to the elevated WBC count in dams exposed to LPS. Evidence of local utero-

placental macrophage infiltration in LPS-treated rats was revealed by immunohistochemistry 

against the lysosomal marker for activated macrophages CD68. On GD 17.5, CD68 
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immunostaining density was significantly higher in the mesometrial triangles associated with 

growth-restricted fetuses from LPS-treated dams compared with normal-growth fetuses from 

saline-treated control dams (Figure 2.1E). Interestingly, LPS administration to non-pregnant 

animals revealed a pregnancy-specific effect; WBC counts in blood from non-pregnant LPS-

treated animals were not significantly different from WBC counts in blood from saline-treated 

non-pregnant control animals (Table 2-2). Moreover, TNF levels measured two hours following 

LPS (10 μg/kg) administration to non-pregnant animals were substantially lower than TNF levels 

measured from pregnant animals (Table 2-2).  

 To determine whether increased TNF levels are involved in the development of FGR, we 

administered the TNF inhibitor etanercept (10 mg/kg; n = 16 dams, 174 fetuses) on GD 13.5 and 

15.5, six hours prior to injecting LPS. Compared with litters from LPS-treated animals, which 

exhibited on average ~40% FGR (Figure 2.1F), treatment with etanercept completely prevented 

LPS-induced FGR, indicating that TNF may be a key cytokine in the pathogenesis of 

inflammation-induced FGR. The average fetal weight from animals treated with etanercept alone 

(n = 6 dams; n = 88 fetuses; average fetal weight = 0.9192 g ± 0.008 g) did not significantly differ 

from the average fetal weight from saline-treated rats and did not result in significant FGR 

(Figure 2.1F; Table 2-1). 

 

2.4.2 LPS-induced FGR is linked to deficient interstitial trophoblast invasion and impaired 

endovascular spiral artery remodelling 

Establishment and maintenance of adequate utero-placental perfusion is necessary to 

support fetal growth and development. Since impaired trophoblast-mediated spiral artery 

remodelling is often linked to FGR/PE, we examined whether abnormal maternal inflammation is 
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associated with deficient vascular remodelling. Immunohistochemistry for cytokeratin (to identify 

trophoblasts) and alpha-actin (to identify smooth muscle) revealed evidence of trophoblast 

infiltration in the spiral arteries of all treatment groups (Figure 2.2A). However, the average 

cross-sectional area of spiral arteries from utero-placental units associated with LPS-induced 

FGR was significantly smaller than the cross-sectional area of vessels from utero-placental units 

associated with normal fetal growth in saline-treated control rats (Figure 2.2A-B). Etanercept 

treatment prevented the LPS-induced reduction in average spiral artery cross-sectional area 

(Figure 2.2A-B).  

 Assessment of interstitial trophoblast invasion was examined using image analysis 

software. Specifically, the total area occupied by cytokeratin-positive trophoblast cells invading 

into the mesometrial triangle (MT) was expressed as a percent of the total MT area (Figure 2.2C). 

LPS administration significantly decreased trophoblast invasion through a mechanism that may 

be dependent on TNF (Figure 2.2D). Moreover, the degree of interstitial trophoblast invasion was 

significantly and positively correlated with spiral artery cross-sectional area across all treatment 

groups (Figure 2.2E). 

 

2.4.3 LPS administration alters utero-placental perfusion associated with placental 

nitrosative stress, while glyceryl trinitrate prevents inflammation-induced FGR  

The utero-placental and feto-placental vasculatures were visualized by ultrasound 

biomicroscopy (Figure 2.3A). At each of 3 – 4 implantation sites per animal, Doppler waveforms 

were recorded and analyzed offline by a blinded observer. The average spiral artery resistance 

index (RI) from LPS-treated dams was significantly increased compared to control and etanercept 

+ LPS-treated animals (Figure 2.3B). This elevated spiral artery RI in the LPS-treated cohort was 
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negatively correlated with umbilical artery peak systolic flow velocity (PSV) (Figure 2.3C). 

Across all treatment groups, spiral artery RI was positively correlated with maternal channel RI 

(Figure 2.3D). These data, combined with evidence of nitrosative stress (measured by ELISA) in 

placentas from the LPS-treatment group (Figure 2.3E), indicate that insufficient spiral artery 

perfusion has measurable downstream effects.  

 Given that NO acts as a vasodilator, we evaluated whether administration of the NO-

mimetic glyceryl trinitrate (GTN) could prevent LPS-induced increases in spiral artery RI, 

thereby improving perfusion and preventing FGR. Transdermal GTN administration to LPS-

treated rats normalized spiral artery RI and decreased the detection of placental nitrotyrosine 

(Figure 2.3B and E). Since several of the placentas analyzed from all treatment groups had levels 

of nitrotyrosine that fell below the detection limit of the assay, we could not correlate fetal 

weights to nitrotyrosine levels. Interestingly, we found that GTN administration also prevented 

the increase in maternal plasma TNF levels measured two hours following the initial LPS 

injection on GD 13.5 (Table 2-2). These data support the concept that normalization of utero-

placental perfusion attenuates TNF release following LPS administration. Furthermore, compared 

with rats treated with LPS alone, rats additionally administered GTN exhibited significantly 

reduced WBC counts, including decreased circulating lymphocyte, monocyte, and granulocyte 

numbers by GD 17.5 (Table 2-2).  Importantly, treatment with GTN prevented LPS-induced FGR 

(15.73% FGR offspring/litter ± 5.28% for rats treated with LPS + GTN compared with 40.78% 

FGR offspring/litter ± 5.60% for rats treated with LPS alone; p<0.01). Treatment with GTN alone 

did not affect average fetal weight (0.8942 g ± 0.008 g; Table 2-1) and did not result in significant 

FGR (9.10% FGR offspring/litter ± 3.87%). Together, these results provide evidence that 

inflammation and FGR in LPS-treated rats are linked to inadequate placental perfusion. 
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2.4.4 LPS administration increases mean arterial pressure through a mechanism dependent 

on TNF 

Mean arterial pressure was assessed by radiotelemetry (n = 5 dams/group). To determine 

the effect of LPS on MAP, 24-h time point data were normalized to GD 11 (the GD before 

treatments were initiated). There was no difference in MAP profiles between any of the treatment 

groups from GD 0 to GD 11. Administration of LPS resulted in increased MAP compared to 

saline-treated controls (Figure 2.4A). Etanercept treatment completely prevented the elevation in 

MAP associated with LPS administration (Figure 2.4A). Moreover, treatment with GTN partially 

attenuated the LPS-induced alterations in MAP (Figure 2.4A). While rats treated with saline, Eta 

+ LPS or GTN + LPS treated dams exhibited a progressive and significant decrease in MAP 

relative to baseline (GD 11) throughout the duration of the study, MAP from LPS-treated animals 

was significantly elevated on GD 13 and GD 14 and remained at baseline levels (Figure 2.4B). 

Compared with rats in all the other treatment groups, overall, MAP of rats treated with LPS alone 

was significantly elevated (Figure 2.4C).  

 To determine whether LPS affected fetal weight beyond GD 17.5, the pups born to dams 

instrumented with radiotelemetery transducers were weighed on postnatal day (PD) 1.5 and PD 

7.5. While pups born to LPS-treated mothers were significantly smaller than those from all other 

treatment groups on PD 1.5 (Figure 2.4D), by PD 7.5 the weights of pups from LPS-treated 

animals were not significantly different from the weights of pups from saline-treated animals 

(Figure 2.4E). Etanercept and GTN administration normalized pup weight measured on PD 1.5; 

and by PD 7.5 pups born to etanercept-treated mothers were significantly larger than pups from 

both saline-treated and LPS-treated animals (Figure 2.4E).  

 Non-pregnant rats (n = 4) were instrumented with radiotelemetery transducers to 

determine whether the effects of LPS on MAP are pregnancy specific. All animals were 
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administered four saline injections followed by four low-dose LPS injections with a three-day rest 

period between treatments. Repeated measures two-way ANOVA revealed a significant elevation 

in MAP following the second LPS injection when compared against the second saline injection 

(Table 2-3). However, this LPS-induced increase in MAP in non-pregnant rats was of a lower 

magnitude (~3.7 mmHg) than the increase in blood pressure observed in pregnant rats after the 

second LPS injection (~8.7 mmHg). 

 

2.4.5 LPS administration induces renal alterations and proteinuria associated with 

alterations in MAP 

 Maternal kidneys harvested on GD 17.5 were analyzed and the degree of glomerular 

pathology was assessed by a blinded observer using a scoring system (0 – 4; 0 = no pathology; 4 

= severe pathology). Glomeruli from LPS-treated dams exhibited mesangial hypercellularity and 

occlusion of capillary loops and the urinary space (Figure 2.5A) resulting in a significantly higher 

histopathological score (Figure 2.5B). Ultrastructural analysis revealed a significant thickening of 

the glomerular basement membrane (GBM; Figure 2.5C). Treatment with etanercept prevented 

the LPS-induced renal alterations and trended (p = 0.0562) towards preventing the thickening of 

the GBM (Figure 2.5A-C). Treatment with GTN was most effective at preventing the LPS-

induced renal pathologies associated with inflammation-induced FGR (Figure 2.5A-C). 

Glomeruli from non-pregnant animals (n = 4) receiving the same schedule of LPS injections did 

not show signs of renal pathology and were not different from glomeruli of control animals (data 

not shown). These results indicate that the effects of LPS on renal alterations are pregnancy-

specific. 
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 To determine whether structural renal alterations were associated with functional and 

measurable changes, urine was collected from animals instrumented with radiotelemetery 

transducers to assess proteinuria (total protein:creatinine). In the LPS-treatment group, changes in 

the protein:creatinine ratios calculated from baseline (GD 10.5 – GD 12.5) trended to correlate 

positively with changes in MAP (p = 0.0536; Figure 2.5D). A correlation between the change in 

MAP and the change in urine protein:creatinine ratios was not observed with any other treatment 

group. Overall, LPS administration significantly elevated the protein:creatinine ratio and this 

effect was attenuated with GTN treatment (Figure 2.5E).   
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2.5 Discussion 

 

The main novel findings of this study are that abnormal maternal inflammation impairs spiral 

artery remodelling, alters utero-placental perfusion, and leads to FGR associated with some 

features of PE in a rat model. Our findings also reveal that the effects of maternal inflammation 

on the deficient vascular remodelling and altered utero-placental perfusion associated with 

FGR/PE are largely mediated by TNF. 

Circulating TNF levels are increased in a large proportion of women with FGR/PE 276-279. 

Interestingly, TNF levels were reported to be significantly higher in pre-eclamptic pregnancies 

complicated by FGR compared to those with normal fetal growth in the third trimester 105. 

Moreover, levels of TNF, and its stable soluble receptor p55, were increased early in pregnancies 

subsequently complicated by PE 280, 281. In our model, maternal TNF levels increased substantially 

within two hours of LPS administration on GD 13.5 and remained detectable after three 

subsequent injections of LPS by GD 15.5. The diminished TNF response to LPS on GD 15.5 is 

likely the result of tolerance. A similar phenomenon occurring after repeated LPS exposure has 

been previously described 282. Nevertheless, despite attenuated TNF levels following subsequent 

injections of LPS, immune maladaptation persisted at least up to GD 17.5, as indicated by results 

showing increased circulating numbers of lymphocytes, granulocytes and monocytes, as well as 

high numbers of CD68-positive activated macrophage cells in the mesometrial triangles of FGR 

utero-placental units at this gestational day. Monocytes and activated macrophages are primarily 

responsible for TNF release 169, 283 and have been localized in greater proportions around 

inadequately remodelled spiral arteries from pre-eclamptic pregnancies 284.  

  In addition to exerting systemic effects on cell survival, vascular permeability, neutrophil 

activation and various cytokine cascades, TNF has also been shown to interact with the TNF 
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receptor-1 present on invasive extravillous trophoblasts 285, 286. Previous work from our lab 

described the TNF-mediated release of monocyte chemoattractants from extravillous 

trophoblasts, which may further amplify the pro-inflammatory cascade 286. We and others have 

also shown that macrophage-derived TNF inhibits trophoblast invasion in vitro 169, 287, 288.  To our 

knowledge, our study provides the first evidence of an inhibitory role of TNF on interstitial 

trophoblast invasion in vivo. Few studies have quantitatively reported deficient interstitial 

trophoblast invasion in women with PE 289, 290. However, the migration and invasion of interstitial 

trophoblast cells is an event that Vercruysse and colleagues described as being intimately 

associated with the maternal vascular network 256. It has been proposed that interstitial trophoblast 

cells play a role in the destruction of the tunica media of spiral arteries as part of the conditioning 

process required to accommodate endovascular trophoblast invasion and remodelling 291, 292. 

Furthermore, intravasation of interstitial trophoblast cells into the spiral arteries is an important 

aspect of the vascular modification necessary for a healthy pregnancy 2. Interestingly, our study 

also revealed that the extent of interstitial trophoblast invasion was positively correlated with 

cross-sectional area of spiral arteries.  

In humans, early-onset PE, defined as arising prior to the 34th week of gestation, is often 

associated with the development of FGR 293. Studies describing early-onset FGR/PE cite 

defective placentation and deficient spiral artery remodelling as a leading cause of the inadequate 

utero-placental perfusion and oxidative stress that characterize this pathology 294. Here, we 

provide evidence that a deficiency in spiral artery remodelling mediated by inflammation is 

associated with abnormal utero-placental hemodynamics. Specifically, Doppler analysis revealed 

an increase in the resistance index of the spiral arteries from dams exposed to LPS compared with 

saline-treated controls. Moreover, we found that the effect of LPS on vascular resistance was 
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mediated by TNF, given that etanercept administration to LPS-treated animals normalized this 

parameter. Additionally, umbilical artery peak systolic flow velocity (PSV) was negatively 

correlated with spiral artery RI only in LPS-treated animals. The premature reduction in umbilical 

artery PSV in fetuses from LPS-treated dams may be linked to placental dysfunction associated 

with poor fetal growth 295. Furthermore, we observed a positive correlation between spiral artery 

RI and maternal channel RI across all treatment groups. This finding indicates that alterations in 

perfusion may propagate downstream through vessels directly leading to the fetal-maternal 

interface. Clinically, umbilical and uterine artery velocimetry is used in screening for FGR and 

PE 293, 296, 297. Fortunately, the unique vasculature of the rat utero-placental network affords an 

opportunity to visualize and quantify spiral artery flow in vivo using ultrasonography. This is an 

important feature lacking reliability and reproducibility in human cases 298.  

In our study, FGR was clearly evident at GD 17.5 (four days after the first LPS injection) 

and persisted at least until birth. However, by post-natal day 7.5 the weights of pups from LPS-

treated rats were not significantly different from the weights of pups from saline-treated rats. This 

finding is similar to what has been previously observed in humans, whereby children who are 

born growth restricted experience rapid catch-up growth during the first year of post-natal life 299. 

Interestingly, by post-natal day 7.5, pups from rats treated with etanercept + LPS were 

significantly larger than pups from rats treated with either saline or LPS alone. The mechanism 

underlying this effect of etanercept on post-natal growth requires further investigation. 

While impaired fetal growth and development are the main consequences of placental 

insufficiency, the maternal response to altered perfusion may eventually manifest as PE. The two-

stage hypothesis of PE proposes that placental oxidative/nitrosative stress causes the release of 

pro-inflammatory molecules central to the disease process 3, 265. Hypoxia/re-oxygenation of 
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chorionic villi explants increased TNF release and resulted in the activation maternal endothelial 

cells 300. Targeted inhibition of TNF in a model of myocardial ischemia reduced endothelial 

dysfunction and superoxide generation 301. Our study showed that abnormal placental perfusion 

mediated by excessive inflammation was associated with placental oxidative/nitrosative stress. 

This is a phenomenon also observed in human cases of early-onset PE associated with FGR 302. 

Interestingly, normalization of utero-placental perfusion with the NO mimetic GTN (as revealed 

by Doppler ultrasonography) attenuated the accumulation of nitrotyrosine in the placenta and 

prevented FGR. Moreover, this normalization of utero-placental perfusion in rats treated with 

GTN + LPS was closely associated with a dampened inflammatory response, as revealed by the 

much decreased circulating maternal TNF levels following LPS administration. Thus, we propose 

that the exaggerated inflammatory response that follows administration of low-dose LPS is a 

consequence of an inadequately perfused placenta. This concept is supported by the observation 

that LPS administration did not contribute to an exaggerated inflammatory response in non-

pregnant rats. 

Our data also indicate that the increases in MAP and the renal alterations observed in 

LPS-treated dams are a result of the exaggerated inflammatory response triggered by LPS. 

Radiotelemetry experiments revealed that in saline-treated rats, MAP progressively decreased 

throughout gestation and remained low relative to baseline up to seven days post partum. Others 

have reported a similar MAP gestational profile in the rat 303, 304. While the differences in MAP 

between LPS- and saline-treated rats were not very large, the magnitude observed was similar to 

that reported by others using instrumented pregnant Wistar rats injected with trophoblast cell 

debris 304.  
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In contrast to the blood pressure profile of women with PE, rats treated with LPS in our 

study did not exhibit a progressive increase in blood pressure towards the end of gestation 

following the initial acute rise in MAP. However, compared with the other treatment groups, 

MAP remained higher in LPS-treated rats until the post partum period. For the majority of 

women with PE, hypertension resolves soon following birth, however the timing of resolution is 

unclear and often debated. A recent study of over 200 pre-eclamptic women revealed that at the 

time they were discharged from hospital, 78% were still hypertensive. Moreover, hypertension 

was found in 54% of women at six weeks post-partum and in 39% of women by three months 

post-partum 305. 

The reduced utero-placental perfusion (RUPP) model of PE is characterized by elevated 

blood pressure, and studies using this model revealed a physiological role for TNF as a key 

molecule mediating the elevation in blood pressure 145. In our study, administration of LPS 

resulted in a significant elevation in MAP that was mediated by TNF. High levels of TNF are 

known to play an inhibitory role in endothelium-dependent and NO-mediated vasodilation 306. 

Moreover, there is evidence that TNF induces the release of the potent vasoconstrictor 

endothelin-1 (ET-1) from bovine aortic endothelial cells in a time- and concentration-dependent 

manner 307. Thus, we propose that etanercept prevents the increase in MAP observed in LPS-

treated pregnant rats, at least partly, by inhibiting TNF-mediated release of ET-1 by the maternal 

endothelium. Furthermore, our data revealed that transdermal administration of GTN attenuated 

the LPS-induced increase in MAP.  Studies indicate that the blood pressure lowering effects of 

NO donors are at least partly due to inhibition of ET-1-mediated vasoconstriction 308, 309. 

Moreover, it has been reported that endothelium-derived NO inhibits the release of ET-1 from the 

porcine aorta 310 and that exogenous administration of NO inhibits ET-1 gene transcription 311. 
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Therefore, it is likely that GTN prevents the increases in MAP observed in LPS-treated pregnant 

rats by interfering with a mechanism of vasoconstriction involving TNF-induced ET-1 activity. 

Through this mechanism GTN may also ensure adequate placental perfusion, thereby preventing 

the development of an exaggerated inflammatory response to LPS and the downstream sequelae. 

In addition to these indirect anti-inflammatory actions of GTN, it is also possible that GTN has 

direct anti-inflammatory properties. We have preliminary results indicating that GTN can inhibit 

in vitro TNF release by LPS-activated THP-1 cells, a monocytic cell line (Cotechini, T. and 

Graham, C.H., unpublished observations). Nevertheless, to our knowledge, the present study 

provides the first evidence that GTN can inhibit acute pro-inflammatory effects of LPS. 

The critical role of the kidneys in the regulation and maintenance of blood pressure 

suggests that the maternal renal abnormalities, characteristic of PE, are closely linked to blood 

pressure alterations. Our rat model revealed that treatment with LPS resulted in renal alterations 

similar to those present in women with severe PE. These alterations included mesangial 

hypercellularity, occlusion of the capillary loops and urinary space, and thickening of the 

glomerular basement membrane. These abnormalities were not observed in dams treated with 

etanercept + LPS or GTN + LPS. Our data agree with a recent study that mechanistically linked 

high levels of TNF and subsequent oxidative stress to hypertension and renal abnormalities in a 

mouse model of the chronic inflammatory autoimmune disorder, systemic lupus erythematosus 

267.  

Our conceptual model proposes that during pregnancy, an otherwise mild inflammatory 

stimulus causes severe restrictions in utero-placental perfusion leading to FGR and an 

exaggerated maternal inflammatory response characterized by increased circulating TNF levels, 

increased MAP, and renal structural alterations. Whereas administration of LPS to non-pregnant 
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rats led to a small increase in MAP, LPS administration to non-pregnant animals did not cause 

renal alterations and did not result in substantial increases in circulating WBCs and TNF levels. 

While we focused on investigating the role of abnormal inflammation in spiral artery 

remodelling, we cannot rule out the possibility that other inflammation-related factors contribute 

to the pathogenesis of pregnancy complications. For example, abnormal inflammation may be 

linked to FGR/PE via disruption of hemostasis 155, 312, 313, release of other pro-inflammatory 

molecules 3, local placental damage 71 and/or syncytiotrophoblast microparticles 314 that may 

induce systemic endothelial dysfunction.  

In addition to the non-pathological, low-grade inflammatory state of healthy pregnancy, 

normal pregnant women are more susceptible to infections compared with their non-pregnant 

counterparts 74. Indeed, our study and other studies found the effects of LPS to be pregnancy 

specific 130, 151. Our study indicates that TNF levels in non-pregnant rats, measured two hours 

following LPS administration, were not significantly different from TNF levels measured in 

saline-treated rats during pregnancy. The excessive inflammation characteristic of women 

afflicted by PE may therefore be an exacerbation of an underlying inflammatory pathology. 

Obesity, urinary tract infections, periodontal disease and viral infections are associated with the 

development of PE 315-317. Based on our conceptual model, we propose that a critical aspect of the 

pathophysiology of FGR and PE associated with abnormal inflammation involves deficient 

placental perfusion 

The use of LPS to trigger inflammation is well described and has been used to study the 

pathophysiology of various disease states including Parkinson’s disease 318, acute lung injury 319, 

and pathological pregnancies 130. Recently, Lin et al. reported that the endogenous anti-

inflammatory molecule Lipoxin A(4) could alleviate LPS-induced PE-like symptoms in pregnant 
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Sprague Dawley rats 152. The authors of that study did not report FGR, possibly because a single, 

lower dose of LPS was used. While LPS is often used to induce sepsis, the doses used in our 

model were much lower than those required to induce septic shock in rodents 320, 321. In other 

studies, LPS has been used to induce pre-term labour in mice 322, 323; however, with the low doses 

of LPS used in our study we did not observe pre-term labour. 

Modulation of inflammation may have therapeutic benefit in the prevention and 

management of FGR/PE. Despite low transplacental transfer, etanercept is currently classified as 

a category B drug by the United States Federal Drug Administration and is not routinely 

prescribed to pregnant women due to a lack of well-controlled prospective studies 324. Two recent 

retrospective studies examining the safety of etanercept use during pregnancy were conflicting. 

One study linked etanercept to the development of congenital malformations 325, while the most 

recent report did not find increased incidence of malformations when compared with acceptable 

rates in Western countries 326. The results of our study also highlight the potential use of NO-

mimetics as anti-inflammatory agents in the prevention of FGR/PE. The safety and use of GTN in 

obstetrics as a tocolytic agent are well characterized 327, 328.  

In summary, our study demonstrates a novel mechanism by which abnormal maternal 

inflammation decreases spiral artery remodelling associated with reduced utero-placental 

perfusion and the development of FGR/PE. Given the similarities of hemochorial placentation 

between humans and rats, in particular the pattern of deep intrauterine trophoblast invasion and 

spiral artery remodelling 63, we believe that our rat model of LPS-induced FGR/PE is useful for 

the study of inflammation-associated pregnancy complications. The results of our study indicate 

that judicious management of inflammation, either systemically or by blocking the release of 
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placental pro-inflammatory molecules, is a potential strategy for the prevention and/or treatment 

of FGR/PE.  
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Figure 2.1. LPS administration results in TNF-mediated FGR. 

Analysis of fetal weights on GD 17.5 following saline (n = 305 fetuses from 22 dams) or LPS  

(n = 258 fetuses from 28 dams) administration on GD 13.5 – 16.5 (A). Plasma TNF levels 

measured 2h following saline or LPS administration on GD 13.5, and 2h following LPS 

administration on GD 15.5 (B). White blood cell counts (C) and number of circulating monocytes 

assessed on GD 17.5 (D). Presence of activated macrophages (CD68-positive) in utero-placental 

units from LPS or saline-treated rats on GD 17.5 (E). Effect of etanercept (administered on GD 

13.5 and 15.5) on LPS-induced FGR measured on GD 17.5 (F). Eta + LPS n = 174 fetuses from 

18 dams; Eta + saline n = 88 fetuses from 6 dams). * p< 0.05; ** p< 0.01; **** p<0.0001; Eta, 

etanercept; GD, gestational day; WBC, white blood cells; bar graphs represent mean ± SEM; 

whiskers represent the 5th and 95th percentiles.  
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Figure 2.2. TNF is causally linked to deficient trophoblast invasion and spiral artery 

remodelling associated with FGR 

Spiral arteries from all treatment groups exhibited evidence of remodelling including the presence 

of cytokeratin-positive endovascular trophoblast cells (black cells) resting on a fibrinoid layer 

(arrows) and the absence of alpha actin-positive (brown stain) smooth muscle (A). Effect of LPS 

administration on spiral artery remodelling (A-B). Average spiral artery cross-sectional area in 

utero-placental units (B). Interstitial trophoblast invasion into the mesometrial triangle was 

quantified as the percent area of the mesometrial triangle infiltrated by cytokeratin-positive 

trophoblast cells (C-D).  Correlation of interstitial trophoblast invasion and average spiral artery 

cross-sectional area for all treatment groups (E). n = 1 – 2 implantation sites for 5 – 9 

animals/group;  SA, spiral artery; TBC, trophoblast cells; Eta, etanercept; scale in A = 50 μm;   

Φp = 0.0530; * p<0.05; whiskers represent the 5th and 95th percentiles; scale in (C) = 1 mm.  
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Figure 2.3. LPS-induced FGR is linked to utero-placental hemodynamic alterations 

associated with nitrosative stress 

Ultrasound biomicroscopy was used to visualize the vasculature within implantation sites 

including spiral arteries, maternal channels and the corresponding fetal umbilical artery (A). 

Average spiral artery (SA) resistance index (RI) measured from implantation sites (2 – 3 spiral 

arteries measured from 3 – 4 implantation sites per animal; n = 6 – 7 dams per group) (B). 

Correlation of average SA resistance index with the corresponding umbilical artery peak systolic 

flow velocity (PSV) from LPS-treated animals (C). Correlation of average SA resistance index 

with the corresponding maternal channel resistance index across all treatment groups (D). 

Detectable nitrotyrosine (shaded box) in placentas from rats treated with saline, LPS or LPS + 

GTN (E).  * p<0.05; ** p<0.01; SA, spiral artery; Eta, etanercept; PSV, peak systolic flow 

velocity; RI, resistance index; UmbA, umbilical artery; MC, maternal channel; whiskers in (B) 

represent the 5th and 95th percentiles.  
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Figure 2.4. Elevated MAP is causally linked to increased maternal TNF levels and is 

associated with fetal growth restriction at birth 

To observe the treatment-specific effects on MAP, all animals were normalized to GD 11. 

Change in MAP following saline (n = 5 dams) or LPS (n = 5 dams) administration on GD 13.5 – 

16.5 (dashed vertical lines) and etanercept (n = 5) or GTN administration (n = 5) to LPS-treated 

animals (A). Full gestational MAP profiles (GD 0 – PD 7) in rats from all treatment groups (n = 5 

for each group) (B). Average overall change in MAP spanning GD 11 – PD 7 in rats from all 

treatment groups (C). Weight of pups assessed on PD 1.5 (D) and 7.5 (E); saline, n = 45 pups; 

LPS, n = 35 pups; Eta + LPS, n = 56 pups; GTN + LPS, n = 53 pups. Φ p<0.1; * p<0.05;  

** p<0.01; *** p<0.001; **** p<0.0001. Symbols in (A) denote significant differences from 

LPS-treated animals; asterisks and asterisks within brackets in (B) denote significant differences 

at each day compared to baseline (GD 11); shaded regions in (A-B) represent the day of birth for 

all dams; points in (A-C) represent mean ± SEM; points in (B) represent 24-h mean MAP ± SEM; 

whiskers in (D-E) represent the 10th and 90th percentiles; Eta, etanercept; MAP, mean arterial 

pressure. 
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Figure 2.5. LPS-induced renal alterations and proteinuria are causally linked to TNF and are 

prevented by GTN. 

Glomerular pathology of maternal kidneys from LPS-treated animals including hypercellularity, occlusion 

of the urinary space (arrows) and thickening of the glomerular basement membrane (yellow asterisks) (A). 

Degree of glomerular pathology (mean of 20 glomeruli/animal; n = 5 – 6 animals/group) (B) and 

assessment of glomerular basement membrane thickening across all treatment groups (C). Correlation 

between the change in MAP and change in urinary protein:creatinine from LPS-treated dams (D). Average 

protein:creatinine ratio from urine collected on GD 10.5 – 16.5. 17.5, 19.5 and PD 7.5 across all treatment 

groups (E). The curves in (E) were generated using the mean ± SEM protein:creatinine ratios from urine 

collected from 3 – 5 rats/treatment group over the indicated gestational days. Because of missing values 

and variability in the baseline protein:creatinine ratios before initiation of treatments, statistical analysis in 

(E) was performed on the changes in protein:creatinine ratios rather than on the actual raw values using 

ANOVA followed by Bonferroni post-hoc test. Φ p = 0.0562; * p<0.05; ** p<0.01; Eta, etanercept; MAP, 

mean arterial pressure; PD, postnatal day; black scale bars = 50 μm; white scale bars = 500 nm. 
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Table 2-1. Fetal weights assessed on GD 17.5   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aData are represented as mean (lower 95% C.I. – upper 95% C.I.); Eta, Etanercept; GTN, glyceryl trinitrate; FW, fetal weight. 

 

*** p<0.001 vs LPS  

**** p< 0.0001 vs LPS  

 

  

 Saline LPS Eta + LPS GTN + LPS Eta + Saline GTN + Saline 

Average FWa   

(g) 

0.9244**** 

(0.910 – 0.935) 

0.8421 

(0.831 – 0.854) 

0.9284**** 

(0.917 – 0.940) 

0.8794*** 

(0.866 – 0.893) 

0.9192**** 

(0.904 – 0.935) 

0.8971**** 

(0.882 – 0.912) 

# dams 22 28 16 16 6 10 

# fetuses 305 258 174 187 88 134 
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Table 2-2. Assessment of parameters of inflammationa 

 
aWBC, white blood cells; Eta, Etanercept; GTN, glyceryl trinitrate; NP, non-pregnant. 
b Some data are represented in Figure 2.1 B, C and D. 
c Complete blood cell counts were performed on GD 17.5, 24 h following the last LPS injection; Data are expressed as mean (range). 
d Plasma was collected 2 h following saline/LPS administration to NP animals or 2 h following saline/LPS administration to pregnant animals on GD 13.5; Data 

are represented as median (range). 

 
^ p<0.1 vs LPS 

* p<0.05 vs LPS 

** p<0.01 vs LPS 

*** p<0.001 vs LPS 
**** p<0.0001 vs LPS 
# p<0.05 vs Saline  
† p<0.01 vs Saline  

  Salineb LPSb Eta + LPS GTN + LPS NP Saline NP LPS 

# WBCc 
3.52  

(1.4 – 4.6)*** 

6.29  

(3.4 – 8.5) 

4.03  

(1.3 – 5.8)* 

3.06  

(1.2 – 5.9)*** 

3.55  

(2.5 – 4.8)** 

2.23  

(1.1 – 3)*** 

# Monocytesc 
0.31  

(0.1 – 0.6)* 

0.57  

(0.2 – 1.0) 

0.31  

(0.1 – 0.5)* 

0.25  

(0.1 – 0.5)** 

0.42  

(0.2 – 0.6) 

0.2  

(0.1 – 0.3)* 

# Granulocytesc 
2.2  

(1.0 – 2.9)*** 

4.1  

(2.2 – 5.7) 

2.76  

(0.9 – 3.9)* 

2.06  

(0.8 – 3.1)*** 

1.55  

(1.4 – 1.8)**** 

1.2  

(0.4 – 1.8)**** 

# Lymphocytesc 
1.01  

(0.3 – 1.6)^ 

1.61  

(0.7 – 2.6) 

0.95  

(0.3 – 1.4)^ 

0.75  

(0.3 – 1.4)* 

1.58  

(0.9 – 2.7) 

0.83  

(0.4 – 0.9)^ 

# animals  

(CBC analysis) 
10 11 8 8 6 4 

 

Plasma TNF  

(pg/ml)d 
undetectable  (0) 

1285  

(0 – 33643)† 

2132  

(0 – 8377.2)# 

111.1  

(0 – 127.3) 
undetectable  (0) 

61.05 

 (0 – 240.8) 

# animals  

(TNF analysis) 
7 7 5 6 4 4 
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Table 2-3. MAP changes in non-pregnant rats following saline and LPS administrationa 

 

 

 

a Data were obtained from four non-pregnant animals receiving both saline and LPS injections; 

doses of saline and LPS were the same as the doses administered to pregnant rats 

 
b Data are represented as mean and (range) of MAP changes from baseline; baseline was 

calculated for each rat using the mean MAP recorded over the two days prior to the initiation of 

each treatment  

 

*p<0.01 compared with the corresponding day of saline treatment 

 Day 1: 10 μg/kg Day 2: 40 μg/kg Day 3: 40 μg/kg Day 4: 40 μg/kg 

Salineb -0.35 

(-0.75 – -0.18) 

0.60 

(-0.13 – 1.44) 

2.07 

(1.30 – 2.81) 

-0.75 

(-1.71 – 0.31) 

LPSb 1.32 

(-0.03 – 3.64) 

3.68* 

(0.74 – 6.81) 

0.21 

(-1.29 – 1.89) 

-1.04 

(-3.46 – 1.31) 
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Chapter 3 

 

Pregnancy amplifies features of LPS-induced inflammation 
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3.1 Abstract 

Objectives: Pregnancy is generally considered to be a state of heightened inflammation. 

Moreover, complications of pregnancy including pre-eclampsia (PE), fetal growth restriction 

(FGR) and fetal demise are often associated with abnormal maternal inflammation. Here we 

tested the hypothesis that pregnant rats are more susceptible to inflammatory stimuli when 

compared with non-pregnant (NP) animals. 

 

Methods: To compare the response to an exogenous inflammatory stimulus during pregnant and 

non-pregnant (NP) states, pregnant and NP Wistar rats were exposed to lipopolysaccharide (LPS). 

Animals in the pregnant group received an intraperitoneal injection of LPS (10 µg/kg) on 

gestational day (GD) 13.5 and maternal plasma was collected 2h later at the time of euthanasia. 

We have previously characterized the use of low-dose LPS administered on GD 13.5 – 16.5 as a 

suitable model to investigate inflammation-induced FGR/PE. Non-pregnant rats were injected 

with a similar dose of LPS and plasma was collected 2h later and stored until further use. Control 

pregnant and NP rats received saline injections. A 24-plex immunoassay kit was used to measure 

inflammatory cytokines and chemokines in plasma collected from all treatment groups. 

 

Results: LPS administration to pregnant and NP rats increased the release of various cytokines 

and chemokines within 2h of exposure. However, pregnancy affected the magnitude of the LPS-

induced inflammatory response as LPS administration significantly increased the levels of TNF, 

M-CSF, and MIP-3α measured in blood collected from pregnant rats but had no effect on the 

release of these cytokines in NP animals. Compared with plasma collected from LPS-treated NP 

rats, we detected a greater than two-fold increase in the levels of TNF, IL-6, IL-10 and MCP-1 
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two hours following LPS administration to pregnant dams on GD 13.5. Moreover, plasma levels 

of MCP-1 and VEGF were significantly increased in LPS-treated pregnant animals compared 

with LPS-treated NP rats. 

 

Conclusion: Our results indicate that pregnancy amplifies the response to certain exogenous 

inflammatory stimuli such as LPS. 
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3.2 Introduction 

Pregnancy is considered to be a state of low-grade, non-pathological inflammation; 

compared with NP women, pregnant women exhibit increased levels of pro-inflammatory 

cytokines and chemokines throughout gestation 103, 105. It is postulated that pregnancy 

complications, including pre-eclampsia (PE), fetal growth restriction (FGR) and fetal demise, 

exist at the extreme, pathological end of the pregnancy-associated inflammatory spectrum. That is 

to say that these complications are a manifestation of an exaggerated pregnancy-induced 

inflammatory response 103. Indeed, women experiencing an adverse pregnancy frequently exhibit 

increased levels of pro-inflammatory cytokines over and above the levels observed in women 

with uncomplicated pregnancies 103, 110, 212.  

Inadequate utero-placental perfusion, arising as a result of deficient trophoblast-mediated 

spiral artery remodelling, is a common feature of pregnancy complications 2. It is thought that 

poor placental oxygenation and/or periods of ischemia/reperfusion (I/R) contribute to placental 

damage and the release of pro-inflammatory molecules 329. This leads to the systemic maternal 

inflammatory response that characterizes pathological pregnancies 265. Therefore, it stands to 

reason that simply the presence of a vasoactive placenta would exacerbate the maternal immune 

response.  Moreover, there is evidence that pregnancy modifies leukocyte populations and 

activities. For example, circulating white blood cells in pregnant women have been found to 

express activation markers on their surface; these markers are absent on leukocytes from non-

pregnant (NP) women 330, 331. Collectively, these pregnancy-specific immune adaptations may 

contribute to the amplification of an inflammatory response to circulating immunogenic factors. 

We previously established a model of FGR/PE using low-dose lipopolysaccharide (LPS) 

administration to pregnant rats. In that work, we observed a ‘pregnancy-specific’ effect of LPS 
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whereby the TNF response to LPS administration in NP animals was not as robust as the response 

observed in pregnant dams 332.  Therefore, the aim of this study was to characterize the release of 

cytokines and chemokines following LPS administration to both pregnant and non-pregnant rats 

using a multiplex array. These data will help elucidate whether pregnancy exacerbates the 

maternal response to an inflammatory stimulus. 
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3.3 Materials and Methods 

3.3.1 Experimental Procedure 

All experiments were conducted with the approval of the Queen’s University Animal 

Care Ethics Committee. The animals used for this study were from the same population of 

animals used in our previous publication 332. Pregnant rats received an i.p. injection of LPS  (n = 

7; 10 μg/kg) or saline (n = 3; 0.1 ml/kg) on GD 13.5 and were sacrificed 2h later. To determine 

whether TNF is causally linked to LPS-induced cytokine release during pregnancy, dams were 

administered the competitive TNF inhibitor etanercept (Eta; n = 5; 10 mg/kg) 6h prior to 

receiving LPS. To assess the effects of LPS on NP animals, virgin rats were injected with the 

same doses of LPS (n = 4; 10 μg/kg) or saline (n = 3; 0.1 ml/kg) and sacrificed 2h later.  

 

3.3.2 Maternal Plasma Sample Collection 

At the time of euthanasia, maternal blood was obtained by cardiac puncture. Blood was 

collected into tubes pre-filled with EDTA and samples were centrifuged (2,000 x g for 20 min). 

Plasma was removed and stored at -80°C until multiplex analysis. 

 

3.3.3 Detection of Plasma Cytokines 

Rat plasma samples were analysed using the Bio-Plex Pro Rat Cytokine 24-plex Assay 

(#171-K1001M) according to the manufacturer’s instructions. The levels of all 24 factors were 

evaluated in this study but only those samples with cytokine concentrations falling within the 

detectable range were included for analysis. Therefore, we were unable to perform statistical 
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analyses for the following factors: IL-1Ra, IL-1β, IL-4, IL-7, IL-17A, IL-12p70 and GROα. Table 

3-1 depicts the detectable ranges for the cytokines that were assessed in this study.  

  

3.3.4 Statistics 

 Due to the wide variability observed within data sets, all data were log-transformed prior 

to analysis. To determine whether pregnancy amplifies LPS-induced inflammation, the 

transformed data from saline- and LPS-treated pregnant and NP animals were analyzed by two-

way ANOVA followed by Tukey’s post hoc multiple comparisons test for each cytokine. Since 

the levels of IL-6 measured in blood of NP saline-treated rats were below the detection limit, they 

were assigned a zero value for analysis. With the exception of IL-6 and MCP-1 analysis, no 

significant interactions were observed between treatment (row) and gestation (column) factors. 

Moreover, for all factors examined, the effect of treatment was found to be statistically 

significant. To determine whether LPS-induced inflammation during pregnancy is mediated by 

TNF, transformed values from saline, LPS and Eta + LPS pregnant rats were compared using 

one-way ANOVA followed by Tukey’s multiple comparisons post hoc test. Data (untransformed) 

are presented as median (minimum– maximum) and were considered statistically significant 

when p<0.05, and approaching significance when p<0.1.  
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3.4 Results 

Plasma levels of IL-6, MCP-1, M-CSF, G-CSF, GM-CSF, and VEGF were found to be 

significantly elevated in blood collected from NP LPS rats compared with the levels measured in 

blood collected from NP saline-treated rats. Levels of IL-5, IL-10 and IL-13 measured in plasma 

from NP LPS-treated animals trended (p<0.1) towards being significantly elevated than plasma 

levels measured from NP saline-treated rats (Table 3-2).  

The plasma levels of TNF, IL-5, IL-6, IL-10, MCP-1, M-CSF and GM-CSF were 

significantly elevated in samples collected from GD 13.5 LPS-treated rats compared with the 

levels in samples collected from GD 13.5 saline-treated rats. Plasma levels of IL-13 and MIP-3α 

from pregnant LPS-treated animals exhibited a trend (p<0.1) towards being significantly 

increased compared with levels measured in gestational age-matched saline-treated animals. 

Administration of LPS did not affect the levels of VEGF during pregnancy (Table 2).  Etanercept 

administration to LPS-treated rats significantly decreased the levels of MCP-1 measured in 

plasma collected on GD 13.5. Etanercept did not affect the release of any other measured 

cytokines or chemokines (Table 3-2). 

 Levels of IL-6 and VEGF in blood of pregnant saline-treated animals were significantly 

increased compared with the levels of these factors measured in blood from NP animals, 

revealing an effect of pregnancy. The LPS-induced release of TNF, M-CSF and MIP-3α were 

also pregnancy-specific given that a significant increase in the levels of these factors over those 

from control, saline-treated rats were only observed in the pregnant cohort. Levels of TNF, IL-6, 

IL-10, and MCP-1 measured in plasma from LPS-treated pregnant rats were substantially 

elevated (~7-fold, 15-fold, 2.6-fold, 4-fold, respectively) over the levels of these factors in plasma 

from LPS-treated NP animals. In particular, LPS-induced levels of MCP-1 and VEGF measured 
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in pregnant rats were significantly increased compared with the LPS-induced levels of these 

factors measured in NP animals (Table 3-2). No significant differences were observed for IL-2, 

IL-18, EPO, IFN, MIP-1α or RANTES (data not shown). 
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3.5 Discussion 

The work presented here characterizes the levels of circulating cytokines detected in 

plasma collected from pregnant and NP rats, 2h after low-dose (10 μg/kg) LPS administration. 

Our data revealed that pregnancy amplifies features of LPS-induced inflammation, thereby 

indicating that pregnancy can exacerbate the release of immune factors in response to an 

exogenous pro-inflammatory stimulus. 

Various classical immune cells such as uNK cells, macrophages, and T cells populate the 

placenta and decidua 80, 333. Moreover, the trophoblast has been recognized as a powerful immune 

regulator with an important role in maintaining healthy pregnancy 333, 334.  Together, placental-

derived leukocytes and trophoblast cells are a central source of cytokines and chemokines during 

gestation. There is evidence that placentas from complicated pregnancies release an abundance of 

pro-inflammatory cytokines compared with the pattern of cytokines released from normal 

placentas 334, 335. Common to complications (including PE, FGR and fetal demise) is a reduction 

in utero-placental perfusion and periods of I/R thought to arise as a result of deficient trophoblast-

mediated spiral artery remodelling 1, 116, 265. Local placental hypoxia and/or I/R injury have been 

suggested to contribute to the systemic inflammatory state that characterizes these adverse 

pregnancies 1, 103.  Indeed, studies using human placental explants incubated under hypoxic 

conditions revealed increased TNF release, thus illuminating a link between reduced oxygen and 

the release of pro-inflammatory cytokines 142. Our previous work using a rat model revealed that 

LPS-induced TNF release during pregnancy is causally linked to deficient spiral artery 

remodelling, altered utero-placental perfusion and local nitrosative stress. Interestingly, in our 

model, LPS-administration to NP animals did not result in the same magnitude of 

cytokine/chemokine release, thus supporting the concept that the presence of a placenta, and in 
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particular a utero-placental vascular network, accounts for the difference in response to LPS in 

pregnant vs. NP rats 332. While placental hypoxia resulting from impaired perfusion may play a 

role in the release of placental pro-inflammatory cytokines, it is likely that multiple factors (i.e. a 

combination of hypoxia, I/R, physical placental damage) collectively contribute to the placental 

response to an exogenous inflammatory stimulus. 

Following an inflammatory stimulus, chemokines act to mobilize immune cells to the site 

of inflammation 336. In our study, we observed a pregnancy specific effect of LPS-induced release 

of the chemokine MIP-3α such that only pregnant animals exposed to LPS exhibited a significant 

increase in levels of this cytokine. Our data also showed that LPS administration resulted in 

increased levels of the chemokine MCP-1, and during pregnancy, this was partly mediated by 

TNF. This is in agreement with previously published in vitro work from our laboratory, whereby 

TNF induced the release of MCP-1 by immortalised HTR-8/SVneo trophoblast cells 286. 

Similarly, trophoblast cells have been shown to increase MCP-1 release in vitro in response to 

LPS 337. Importantly, in our present study we found that MCP-1 release was significantly elevated 

in LPS-treated pregnant rats compared with LPS-treated NP rats. Thus, it is likely that the 

placenta is an important source responsible for increased MCP-1 levels in our LPS-treated 

pregnant rats. MCP-1 is important in the initiation and resolution of an inflammatory response 

and plays a role in both innate and adaptive immunity. For example, following an inflammatory 

stimulus, MCP-1 recruits monocytes to the site of inflammation 338, 339. In our previously 

characterized model of FGR/PE, we observed increased presence of activated macrophages in the 

mesometrial triangles of LPS-treated rats compared with saline-treated controls. This finding was 

also associated with an elevated number of circulating monocytes measured in the blood of LPS-

treated animals compared with saline-treated controls 332. It is likely that elevated levels of GM-
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CSF, G-CSF and M-CSF following LPS-administration during pregnancy, as observed in this 

study, contribute to the expanded population of leukocytes (including monocytes) that we 

previously reported. The placenta is a robust source of M-CSF 340 and therefore may partially 

explain the pregnancy-specific effect of LPS administration on the release of this factor as 

observed in this study. Moreover, elevated circulating and placental levels of M-CSF have been 

associated with PE 341.  

In this study, we found that LPS significantly increased the circulating levels of the Th2 

cytokines, IL-5, IL-13 and IL-10 in pregnant and NP rats. The somewhat paradoxical increase in 

the levels of these cytokines is likely attributable to a compensatory mechanism by the maternal 

immune system to modulate inflammation. Blood samples from women affected by PE 

demonstrated increased circulating IL-10 levels compared with normotensive women 118. It has 

been proposed that increased circulating IL-10 levels exert a compensatory role during PE given 

that increased levels of this Th2 cytokine are known to dampen inflammation 118, 342, 343. We 

observed a ~2.5-fold increase in IL-10 release in pregnant dams treated with LPS compared with 

NP LPS-treated rats. Since severe PE is often associated with aberrant maternal inflammation, 

and women experiencing adverse pregnancies exhibit increased circulating IL-10 levels, the data 

presented here support the concept that LPS-induced elevations of circulating IL-10 may indeed 

function in a compensatory immunomodulatory manner. Conversely, women affected by PE are 

deficient in placental production of IL-10 334, 344. Though difficult to assess, it is possible that 

reduced local levels of IL-10 are a result of excessive placental-derived IL-10 release, which 

thereby contributes to elevated circulating levels and consequently exhausts local stores. Previous 

research from our lab revealed that administration of IL-10 to LPS-activated macrophages 

attenuated the release of TNF and prevented LPS-induced inhibition of trophoblast invasion in 
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vitro 266. Moreover, we have shown that exogenous IL-10 prevents LPS-induced fetal death in 

rats 153. Therefore, local reductions in IL-10 levels may be implicated in reduced trophoblast 

invasion and spiral artery remodelling associated with adverse pregnancies.  

Similar to the pattern observed with IL-10 distribution, circulating IL-6 levels are 

reported to be increased in women with adverse pregnancy outcomes while placental IL-6 levels 

are decreased 345. Likely, the increased IL-6 levels contribute to the pathogenesis of pregnancy 

complications including PE as administration of IL-6 to pregnant rats was shown to increase 

blood pressure. Intriguingly, this work revealed a pregnancy-specific effect of IL-6-induced 

elevation in MAP such that NP rats exposed to the same stimulus did not exhibit elevated blood 

pressure 148, 149.  In our study, IL-6 levels in blood from LPS-treated pregnant animals were ~15-

fold higher than in blood from LPS-treated NP rats. This difference in cytokine levels in pregnant 

versus NP rats in response to LPS was the highest in our study. Monocytes, macrophages 345, 346 

and trophoblast cells 347 are known sources of IL-6 and the release of this cytokine is mediated by 

inflammatory stimuli including LPS and TNF 345, 346, 348. We did not observe an effect of 

etanercept on IL-6 release perhaps because we only examined a 2h time point and we were 

therefore not able to assess the temporal regulation of IL-6 release. These data provide evidence 

that LPS may directly affect IL-6 release (independently of TNF), possibly through activation of 

the NFκB signalling pathway 349, 350. 

In addition to regulating the expression of genes that encode a multitude of inflammatory 

factors, activation of NFκB signalling is also known to stimulate VEGF gene expression 351. 

Interestingly, inflammatory processes and angiogenesis exhibit substantial cross-talk 352. Though 

we did not observe a significant LPS-induced increase in VEGF levels in pregnant rats as we did 

with NP LPS-treated rats (when compared with their respective controls), the levels of LPS-
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induced VEGF were ~1.5-fold higher in pregnant dams and significantly elevated when 

compared with VEGF levels measured from LPS-treated NP rats. Our data also revealed that 

VEGF levels measured in blood from pregnant saline-treated rats were significantly increased 

compared with levels measured from NP saline-treated rats. These data indicate that pregnancy, 

independent of an external stimulus, increases VEGF levels. Similar findings have been 

previously described 353. These results are expected given that VEGF is expressed by cells of the 

placenta 354 and is crucial to placental angiogenesis and vasculogenesis necessary for pregnancy 

success 355. 

The extent to which the placenta is involved in the pregnancy-related exacerbation of 

LPS-induced cytokine release is difficult to determine. Therefore, it is also important to consider 

placental-independent mechanisms when discussing this phenomenon. Pregnancy induces 

changes in the activation status of the maternal immune system 104. For example, there is evidence 

that circulating immune cells of pregnant women are ‘primed’ towards a Th1 phenotype 356, 357. 

Moreover, evidence suggests that monocytes collected from women with PE spontaneously 

release pro-inflammatory cytokines and cannot be further stimulated to elicit an inflammatory 

response. This contrasts with the observation that monocytes collected from normal pregnant and 

non-pregnant women are able to respond to stimuli and are therefore not spontaneously activated 

358. Others have confirmed the finding that peripheral blood leukocytes collected from women 

experiencing complications of pregnancy exhibit a pro-inflammatory bias 359-361.  Therefore, it is 

possible that differences in leukocyte activation existing between the pregnant and NP state 

contribute to the differential manner in which pregnant and NP rats respond to LPS.  

Although in human studies pregnancy is considered a pro-inflammatory state, our results 

indicate that this may not be the case for rat pregnancy. With the exception of IL-6 levels, we did 
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not observe a pregnancy-associated substantial increase in pro-inflammatory cytokine levels 

compared with NP rats. This may be due to the timing of our study such that we investigated 

cytokine levels from blood collected mid-pregnancy on GD 13.5. However, TNF levels in blood 

collected from GD 19 rats did not differ from TNF levels in blood from virgin rats 147. To our 

knowledge, no studies have comprehensively compared the circulating cytokine profiles in 

pregnant vs. NP rats. Our study is limited by the relatively small number of rats used and the fact 

that we only tested one time-point during pregnancy. Therefore, whether the immune changes 

associated with normal human pregnancy are similar to rat pregnancy is unknown and should be 

further elucidated.  

The results of our study indicated that low-dose LPS administration to both pregnant and 

NP rats leads to the release of several pro-inflammatory and immunomodulatory factors. Our data 

revealed that pregnancy amplifies features of LPS-induced inflammation given that LPS 

administration significantly increased the levels of TNF, M-CSF, and MIP-3α in blood collected 

from pregnant rats but had no effect on the release of these cytokines in NP animals. Moreover, 

plasma levels of MCP-1 and VEGF were significantly increased in LPS-treated pregnant animals 

compared with LPS-treated NP rats. Our data also revealed that the LPS-induced levels of TNF, 

IL-6, IL-10 and MCP-1 are more than 2-fold higher in pregnant dams compared with NP animals. 

Interestingly, previous studies have revealed that the adverse effects associated with maternal 

exposure to IL-6 148, 149 and TNF 145-147 in pregnant rats are not observed in NP animals, thereby 

indicating a pregnancy-specific effect. It is our contention that insufficient utero-placental 

perfusion, as observed in complications of pregnancy, exacerbates the response to a pro-

inflammatory stimulus. The data presented here, in combination with the results of our previous 
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work 332 highlights the idea that an inflammatory insult encountered during pregnancy results in a 

more robust response than it would in the non-pregnant state. 
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Table 3-1. Multiplex assay performance characteristics for the cytokines and chemokines 

described in this study 

 

Target 
Lower Range 

(ρg/ml) 

Upper Range  

(ρg/ml) 

Assay Sensitivity 

(ρg/ml) 

TNF 16 8,207 3 

IL-5 6 2,007 6 

IL-6 13 30,766 10 

IL-10 4 34,385 5 

IL-13 2 15,751 0.9 

MCP-1 12 48,000 4 

M-CSF 2 23,264 0.4 

GM-CSF 6 31,519 0.6 

G-CSF 1 2,911 0.2 

MIP-3α 1 3,032 0.7 

VEGF 0 3,963 0.3 
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Table 3-2. Inflammatory mediators measured in LPS-treated and saline-treated pregnant and non-pregnant rats† 

 

† Statistics performed on log-transformed data; statistical comparisons between the saline and LPS treatment groups during pregnancy and the non-pregnant state were made using 2-way ANOVA 

followed by Tukey’s post hoc multiple comparison’s test; statistical comparisons between treatment groups during pregnancy were made using one-way ANOVA followed by Tukey’s post hoc multiple 

comparison’s test; letters and symbols denote significant differences from each other; nc = not calculable. 
a,b,m,n,o,q,r,u p<0.05 
v,w p<0.01 
e,h p<0.001 
d,f,k,l,m p<0.0001 
c,g,i,j,s,t p<0.1 
∞ p<0.0001 (one-way ANOVA)

 
Non-Pregnant (NP) 

 

Pregnant (P) 

 

Fold Changes (P:NP) 

Saline LPS Saline LPS Eta + LPS LPS Saline 

TNF 
52.0 

(45.23 – 85.26) 

342.1 

(270.1 – 963.2) 

51.09a 

(35.69 – 70.01) 

2507.26a 

(55.22 – 12168.52) 

478.9 

(86.93 –851.4) 
7.12 0.98 

IL-5 
161.9c 

(134.3– 161.9) 

522.9c 

(377.0 – 645.2) 

125.1b 

(101.2 – 226.5) 

560.4b 

(112.9 – 1650.74) 

559.0 

(303.5 – 747.5) 
1.07 0.77 

IL-6 
0d,f 

(0 – 0) 

426.7d 

(199.2 – 679.4) 

21.42e,f 

(0 – 338.4) 

6464.68e 

(786.4 – 20893.93) 

537.7 

(141.1 – 1168) 
15.15 nc 

IL-10 
351.1g 

(236.2 – 420.2) 

1207.38g 

(903.1 – 1877.48) 

270.2h 

(173.8 – 761.9) 

3137.19h 

(565.5– 6153.03) 

1177.46 

(855.6 – 2667.36) 
2.59 0.77 

IL-13 
28.79i 

(25.56 – 32.85) 

110.0i 

(83.62 – 164.7) 

25.56j 

(12.76 – 61.82) 

116.5j 

(13.29 – 208.2) 

117.2 

(79.80 – 304.8) 
1.06 0.89 

MCP-1 
539.7k 

(493.4 – 660.8) 

8119.26k,m 

(5882.87 – 9908.13) 

525.3l 

(438.8 – 803.5) 

32048.63l,m,∞ 

(27859.25 – 44000) 

10709.27∞ 

(1468 – 19557.02) 
3.95 0.97 

M-CSF 
845.7 

(837.3 – 921.6) 

1179.24 

(1168.55– 1359.65) 

783.9n 

(584.9 – 851.2) 

1295.28n 

(657.6 – 1679.68) 

936.4 

(615.3 – 1296.15) 
1.10 0.92 

GM-CSF 
21.75o 

(21.15 – 32.23) 

138.8o 

(107.0 – 249.7) 

16.62q 

(13.94 – 58.28) 

128.6q 

(17.82 – 232.1) 

146.3 

(73.24 – 338.7) 
0.93 0.76 

G-CSF 
5.630r 

(5.050– 5.760) 

23.46r 

(16.86 – 44.87) 

4.28s 

(3.190 – 19.52) 

22.58s 

(4.670 – 38.91) 

21.12 

(12.50 – 81.73) 
0.96 0.76 

MIP-3α 
40.06 

(24.63 – 171.8) 

82.09 

(64.03 – 86.44) 

53.58t 

(19.91 – 103.5) 

130.9t 

(74.93 – 721.4) 

118.5 

(57.16 – 180.6) 
1.59 1.14 

VEGF 
37.88u,v 

(37.39 – 40.19) 

66.53u,w 

(50.73 – 87.56) 

90.30v 

(71.13 – 92.38) 

101.7w 

(87.83 – 178.1) 

128.0 

(74.85 – 141.9) 
1.53 2.38 
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Chapter 4 

 

Activation of NO signalling inhibits TNF release by LPS-simulated 

THP-1 macrophages 
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4.1 Abstract 

Background: Complications of pregnancy including fetal growth restriction (FGR) and pre-

eclampsia (PE) are often linked to an aberrant maternal inflammatory environment and decreased 

nitric oxide (NO) signalling. Evidence links the presence of classically activated macrophages at 

the fetal-maternal interface with elevated levels of pro-inflammatory cytokines, including tumour 

necrosis factor-alpha (TNF). Our previous work revealed a causal role of TNF in the pathogenesis 

of FGR and features of PE using a rat model. Here we investigate whether activation of NO 

signalling inhibits the release of TNF from activated macrophages in vitro.  

  

Methods: Human monocytic leukemia THP-1 cells were differentiated into macrophages using 

50 ηg/ml phorbol 12-myristate 13-acetate (PMA) over 24 h. Following a 24-h washout period, 

differentiated cells were exposed for a further 24h to two concentrations (10 ηm and 1 μM) of the 

NO mimetics glyceryl trinitrate (GTN), 8-bromo-cGMP (8-Br-cGMP) and isosorbide dinitrate, 

(ISDN). Cells were then treated with 100 ηg/ml lipopolysaccharide (LPS) ± fresh NO-mimetic 

for 4h. Conditioned medium was collected and analyzed for TNF by ELISA.  

 

Results: Exposure of THP-1 macrophages to LPS significantly increased TNF release. Pre-

treatment of THP-1 macrophages with GTN (10 ηM and 1 μM) prevented LPS-induced TNF 

release while 8-Br-cGMP was only effective at preventing TNF release at 10 ηM and not at 1 μM. 

Pre-treatment with ISDN did not inhibit TNF release. No difference in cell viability was observed 

between treatment conditions within experiments. To determine whether the effects of GTN were 

mediated by protein kinase G (PKG), cells were additionally treated with the PKG-inhibitor 
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KT5823. The effect of LPS-induced TNF release from cells treated with GTN was not abolished 

by KT5823 exposure. In order to assess whether the mechanism by which GTN and 8-Br-cGMP 

modulated TNF release was through inhibition of NFκB signalling, extent of IκB phosphorylation 

(p-IκB) was determined using Western blot. While LPS stimulation of THP-1 macrophages 

increased the p-IκB:IκB ratio, GTN and 8-Br-cGMP treatments were unable to prevent the LPS-

induced phosphorylation of IκB. 

 

Conclusion: Our results indicate that activation of cGMP-dependent NO signalling may be a 

novel immunotherapeutic strategy for the management of inflammation. The mechanism by 

which GTN functions as an immunmodulator requires further investigation.  
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4.2 Introduction 

Heightened maternal inflammation is often linked with complications of pregnancy and 

contributes to the poor outcomes associated with pre-eclampsia (PE), fetal growth restriction 

(FGR) and fetal death. A common feature of these pregnancy complications is a reduction in 

utero-placental perfusion and the subsequent release of placental factors that cause widespread 

maternal inflammation and endothelial dysfunction 1, 265. Women experiencing complicated 

pregnancies exhibit increased levels of circulating tumour necrosis factor (TNF) 118, 122 and 

reduced nitric oxide (NO) bioavailability, as indirectly assessed through serum nitrite levels 234, 

263.  

We recently developed an inflammation-induced model of FGR whereby pregnant rats 

treated with low-dose lipopolysaccharide (LPS) also develop features of PE 332. In that work, we 

provided evidence that administration of the NO-mimetic GTN prevented TNF-mediated FGR 

and ameliorated inflammation-induced renal alterations, elevated MAP and placental nitrosative 

stress. We also found that GTN treatment significantly inhibited the inflammatory response in 

LPS-treated rats as determined by prevention of leukocytosis. While we attributed the anti-

inflammatory effects of GTN to maintenance of adequate utero-placental perfusion (and hence 

prevention of release of placental pro-inflammatory molecules) it is possible that GTN exerts 

immunomodulatory effects by directly inhibiting the cellular release of pro-inflammatory 

cytokines.  

Here, we investigated whether GTN exerts immunomodulatory functions through 

abrogating TNF release in vitro. In particular, we provide evidence that low concentrations of 

GTN can prevent LPS-induced release of TNF by THP-1-differentiated macrophages.  This study 

also examined whether administration of the cGMP-mimetic, 8-bromo-cGMP (8-Br-cGMP), or 
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the NO-donor, isosorbide dinitrate (ISDN), reduces TNF release following LPS-induced 

stimulation of THP-1 macrophages. 
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4.3 Materials and Methods 

4.3.1 Cells 

The human monocytic leukemia cell line, THP-1, was used for this study. These cells 

were a kind gift from Dr. Vikki Abrahams (Yale University, New Haven, CT). It is well 

recognized that THP-1 cells resemble normal monocytes in their function and surface expression 

of markers 362. Cells were maintained in suspension in RPMI 1640 supplemented with 10% fetal 

bovine serum (FBS) at 37°C, in 5% CO2 at a density of 1 – 7x105 cells/ml.   

 

4.3.2 PMA-induced differentiation of THP-1 monocytes 

It is well established THP-1 cells differentiate into macrophage-like cells upon exposure 

to phorbol-12-myristate-13-acetate (PMA) 363. Therefore, PMA-differentiated THP-1 cells are 

often used as model to study human macrophages 364. For these studies, THP-1 cells were 

differentiated into macrophages following exposure to 50 ηg/ml PMA over a 24-h period. This 

concentration has been successfully reported to induce macrophage differentiation 364-366.  

 

4.3.3 Experimental Procedure 

All experiments were performed in triplicate. Cells were seeded at a density of 5x105 

cells/ml into 12-well plates such that a total of 1x106 cells were suspended in 2 ml RPMI + 10% 

FBS + 50 ηg/ml PMA (Santa Cruz Biotechnology, Santa Cruz, CA). Cells were left to rest for 

24h, during which the cells adhered to the tissue culture plate. On day 2, adherent cells were 

washed using sterile PBS and replenished with fresh RPMI +10% FBS (2 ml/well). Following a 
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24-h incubation period, cells were again washed and pre-treated with either 10 ηM or 1 μM of 

three NO-mimetics  (GTN (Omega Laboratories, Montreal, QC); 8-Br-cGMP (Sigma); ISDN 

(AA Pharma, Toronto, ON); all prepared in 2 ml RPMI + 10% FBS). Since ISDN was dissolved 

in DMSO, controls for ISDN experiments consisted of cells treated with DMSO at the highest 

concentration used in the experiment. Cells were then left for 24h. On day 4, cells were once 

again washed and treated with 100 ηg/ml LPS (Sigma‐ Aldrich, Oakville, ON) ± fresh NO-

mimetic (prepared in 1 ml serum-free RPMI) for 4h. Controls consisted of cells treated with 

serum-free RPMI 1640 medium alone. At the end of the experiment, conditioned media were 

collected and centrifuged at 300 x g for 5 min to remove all contaminating cells. The supernatant 

from this first centrifugation cycle was removed and further centrifuged at 1000 x g for 10 min. 

The resulting supernatant was stored at -80°C until analysis. Plates were snap frozen in liquid 

nitrogen and stored at -80°C until further use. 

 

4.3.4 Determination of TNF release  

To determine whether pre-treatment with various NO-mimetics attenuates LPS-induced 

TNF release from THP-1 macrophages, conditioned media were assessed for TNF levels by 

ELISA (R&D Systems, Minneapolis, MN) according to the manufacture’s instructions.  

 

4.3.5 Cell Viability Assay 

To assess cell viability, a lactate dehydrogenase (LDH; Cayman Chemical, Ann Arbor, 

MI) assay was performed on conditioned media according to the manufacturer’s instructions.  
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4.3.6 Inhibition of PKG 

To assess whether the mechanism through which GTN functions is through protein 

kinase G (PKG), the pharmacological inhibitor of PKG, KT5823 (Tocris Bioscience, 

Minneapolis, MN) was used.  Briefly, KT5823 (1 μM dissolved in DMSO) was added to PMA-

differentiated THP-1 cells on day 3 (coinciding with GTN pre-treatment) and day 4 (coinciding 

with LPS and GTN treatment). Controls consisted of cells treated with DMSO at the highest 

concentration of DMSO used in the experiment.  

 

4.3.7 Assessment of cellular phosphorylated-IκB and total IκB by Western blot 

Cells from GTN and 8-Br-cGMP experiments were harvested in lysis buffer containing 

phosphorylase inhibitor (Roche, Indianapolis, IN), sonicated and centrifuged (10,000 g x 10 min). 

Triplicate wells for each experimental condition were pooled to make one sample. Total protein 

concentration was determined using the Lowry Assay (BioRad Laboratories). Protein cell lysates 

were diluted in 4X sodium dodecyl sulfate (SDS) sample buffer and boiled at 95°C for 5 min. 

Samples were loaded (25 μg/lane) and resolved using electrophoresis on a 12.5% gel (145 V x 1h 

45 min). Proteins were transferred (100 V x 1h) onto Immobilon‐ P membrane (Millipore Corp., 

Bedford, MA) and the membrane was blocked for 1h in blocking buffer (5% nonfat milk in TBS 

+ 0.1% Tween-20 (TBS-T)). The membrane was then washed (3 x 5 min) in TBS-T, and 

incubated overnight (4°C) in primary antibody (1:1000 dilution in 5% bovine serum albumin 

(BSA) in TBS-T; rabbit monoclonal phosphorylated IκB (p-IκB); Cell Signalling, Beverly, MA). 

The following day, the membrane was washed as previously described and incubated with 

secondary antibody (1:1000; HRP-linked anti-rabbit IgG (Cell Signalling) in 0.5% nonfat dry 
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milk in TBS-T) for 10 min using the SNAP i.d.® 2.0 system (Millipore). Bands were visualized 

using chemiluminescence (Millipore) according to the manufacturer’s instructions. Membranes 

were subsequently ‘stripped’ by incubation (5 min) in stripping solution (Restore PLUS; Thermo 

Scientific, Fremont, CA) and re-probed using mouse monoclonal antibody targeted to IκB 

(1:1000; Cell Signalling) and HRP-linked anti-mouse IgG (1:1000; Cell Signalling) to confirm 

equal sample loading. The protocol for re-probing was followed exactly as described above for 

the initial probing of the membrane. Densitometry was performed using ImageJ software and the 

ratio of p-IκB:IκB was calculated for each sample.  

 

4.3.8 Statistics 

 To account for variability and to allow for statistical comparisons between experiments, 

each experiment was normalized to an internal control (either positive or negative) group. All 

TNF data were normalized to values obtained from the LPS alone group. Densitometry ratios for 

each experimental condition were normalized to the medium alone group. Data from each 

experiment are represented as a normalized ratio to the respective control group. Graphs represent 

the mean + SEM. One-way ANOVA followed by Tukey’s post hoc multiple comparisons test 

was used to assess for differences between groups. Differences were considered significant when 

p<0.05, and exhibited a trend towards significance when p<0.1.  
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4.4 Results 

4.4.1 TNF release from LPS-stimulated THP-1 macrophages is prevented by GTN pre-

treatment 

Exposure of PMA-differentiated THP-1 cells (referred to herein as THP-1 macrophages) 

to LPS (100 ηg/ml) resulted in a ~3-fold increase in the levels of TNF released into the media 

compared to basal levels of TNF released from cells exposed to medium alone (n = 8 independent 

experiments). Pre-treatment of these LPS-stimulated THP-1 cells with GTN (10 ηM or 1 μM) 

prevented LPS-induced TNF release. This effect was not dose-dependent. The levels of TNF 

released from cells exposed to GTN (10 ηM or1 μM) were not significantly different from the 

levels of TNF released from cells treated with medium only (Figure 4.1).  

 

4.4.2 GTN pre-treatment does not decrease cell viability 

To determine whether GTN-mediated inhibition of TNF release from LPS-stimulated 

THP-1 macrophages is due to reduced cell viability, LDH assays were performed (n = 4 

independent experiments). There were no significant differences in cell viability observed across 

any of the experimental groups (Figure 4.2).  

 

4.4.3 TNF release from LPS-stimulated THP-1 macrophages is prevented by 8-Bromo-

cGMP pre-treatment 

To determine whether the mechanism by which GTN pre-treatment prevents LPS-

induced TNF release from THP-1 macrophages involves signalling through cGMP, additional 
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experiments were performed whereby cells were pre-treated with the cGMP mimetic, 8-br-cGMP 

(n = 6 independent experiments). Pre-treatment of cells with 10 ηM 8-Br-cGMP significantly 

reduced LPS-induced TNF release from THP-1 macrophages. Attenuation of LPS-induced TNF 

release was not observed using 1 μM 8-Br-cGMP pre-treatment. The levels of TNF released 

following exposure of cells to either 10 ηM or 1 μM 8-Br-cGMP alone did not significantly differ 

from the basal levels of TNF produced in control cells (Figure 4.3). 

 

4.4.4 TNF release from LPS-stimulated THP-1 macrophages is not prevented by ISDN 

 To determine whether the effects of GTN are a result of NO release, additional 

experiments were performed whereby THP-1 macrophages were pre-treated with the NO donor 

ISDN (n = 5 independent experiments). Pre-treatment of cells using 10 ηM ISDN or 1 μM ISDN 

did not prevent LPS-induced release of TNF from THP-1 cells. Exposure of cells to ISDN alone 

did not affect TNF release (Figure 4.4).   

 

4.4.5 Treatment with KT5823 did not prevent GTN-mediated inhibition of TNF release 

The pharmacological PKG inhibitor KT5823 was used to determine whether the GTN-

mediated inhibition of TNF release from LPS-stimulated THP-1 macrophages is mechanistically 

linked to PKG signalling (n = 4 independent experiments). Treatment with KT5823 did not 

prevent the GTN-mediated inhibition of LPS-induced TNF release by THP-1 cells. Addition of 

KT5823 alone had no effect on TNF release (Figure 4.5).   
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4.4.6 GTN and 8-Br-cGMP-mediated inhibition of TNF release from LPS-stimulated THP-1 

macrophages does not involve reduced phosphorylation of IκB 

 To assess whether the mechanism by which GTN or 8-Br-cGMP pre-treatment reduces 

TNF release from LPS-stimulated THP-1 macrophages involves inhibition of the NFκB 

signalling pathway, phosphorylation of IκB (p- IκB) was assessed by Western blot analysis and 

expressed as a ratio to total IκB within the cell lysates. Stimulation of THP-1 macrophages with 

LPS resulted in a significantly elevated p-IκB:IκB ratio. Pre-treatment with GTN (10 ηM or 1 

μM) did not decrease the LPS-induced increase in the p-IκB:IκB ratio (n = 8; Figure 4.6). Pre-

treatment with 8-Br-cGMP (10 ηM or 1 μM) was also not effective at reducing the LPS-induced 

increase in the p-IκB:IκB ratio (n = 4; Figure 4.7). 
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4.5 Discussion 

Here we provide evidence of a novel immunomodulatory role for nitroglycerin. 

Specifically, our data reveal that low-concentrations of GTN (<1μM) can prevent LPS-induced 

release of TNF from PMA-stimulated, THP-1 macrophages in vitro.  

While the vasodilatory actions of GTN have been widely studied, few investigators have 

examined the potential anti-inflammatory effects of this drug 367, 368. In the few studies that reveal 

an immunomodulatory role of GTN, most of the data are descriptive and do not examine a direct 

link between nitroglycerin and inhibition of pro-inflammatory mediators 369, 370. Our study was 

designed to determine whether GTN exhibits novel anti-inflammatory activity, and in particular, 

whether LPS-induced stimulation of TNF release from THP-1 macrophages could be attenuated 

by nitroglycerin. Moreover, we sought to elucidate a possible mechanism through which GTN 

exerts this biological effect (i.e. through the release of NO or stimulation of cGMP signalling). 

This was accomplished through the use of the cGMP analogue, 8-Br-cGMP, and the organic 

nitrate ester, ISDN, in order to assess whether the anti-inflammatory effects of GTN were similar 

to those observed with these compounds. 

Both GTN and ISDN require enzymatic biotransformation 371. While biotransformation 

of ISDN results in the liberation of NO, there is evidence that GTN releases NO only when 

supraphysiological concentrations of GTN are present 368, 372. This is reinforced by work by 

Kleschyov and colleagues (2004) revealing that GTN-induced stimulation of cGMP-mediated 

smooth muscle relaxation is independent of NO production 368. Whereas we observed a reduction 

in the levels of TNF released from LPS-stimulated macrophages with GTN pre-treatment, 

administration of ISDN did not inhibit the release of TNF into the media. These data indicate that 

the immunomodulatory effects of GTN are likely not a result of NO release, especially since 
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ISDN is known to release NO, while GTN (at the concentrations used in our study) is not. 

Instead, our data reveal that the anti-inflammatory effects of GTN at are likely mediated, in part, 

by activation of cGMP signalling given that administration of low-dose 8-Br-cGMP reduced 

LPS-induced TNF release to a similar magnitude as was observed with GTN pre-treatment. 

Importantly, our data revealed that the GTN-mediated reduction in TNF levels were not a 

consequence of reduced THP-1 cell viability.   

Transcriptional regulation of TNF production is mediated by NFκB signalling 162, 373. 

There is evidence that NO inhibits the activation of the NFκB transcription factor 374, 375. 

Therefore, we sought to determine whether, in our model system, the anti-inflammatory effects of 

GTN and 8-Br-cGMP were a result of altered NFκB signalling. In particular, we examined the 

phosphorylation status of the inhibitor of NFκB, IκB. Under inflammatory conditions, 

phosphorylation of IκB results in the nuclear translocation of NFκB and is followed by the 

production of pro-inflammatory cytokines. We hypothesized that the anti-inflammatory effects of 

GTN and 8-Br-cGMP would be facilitated through reduced phosphorylation of IκB. Instead, our 

data revealed that the LPS-induced elevation in the p-IκB:IκB ratio was not attenuated by 

treatment with GTN or 8-Br-cGMP. These data are in agreement with Peng and colleagues 

(1995) who described that NO-mediated inhibition of NFκB is independent of cGMP signalling 

375.  Interestingly, research by Otterbein and co-workers (2000) described a novel anti-

inflammatory role of carbon monoxide (CO), a small gaseous molecule that shares similar 

signalling pathways with NO 376, 377. In this work, CO reduced LPS-induced TNF release from 

macrophages through modulation of the MAPK signalling pathway 376. Given the similarities 

between the intracellular signalling pathways activated by NO and CO, it is possible that the 

immunomodulatory effects of GTN observed in our study may also be linked to the MAPK 
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pathway. Moreover, since our data indicate that PKG may not be linked to GTN-mediated 

inhibition of TNF release, it is possible that GTN-mediated activation of cGMP may alter other 

downstream targets including protein kinase A (PKA) 378. Overall, these are reasonable 

hypotheses given that there is substantial cross-talk between the MAPK and PKA signalling 

pathways 379. Further investigation is necessary to determine whether KT5823 effectively 

inhibited PKG in order to conclude that GTN-mediated inhibition of TNF release does not 

involve PKG signalling. 

At present, the scope of this study is limited given that we have not replicated our 

findings using primary human monocytes or a second macrophage cell line. Moreover, we did not 

examine whether GTN inhibits additional pro-inflammatory cytokines and chemokines. It would 

be beneficial to know whether the anti-inflammatory effects of GTN extend beyond modulation 

of cytokine release in macrophages. It is possible that nitroglycerin inhibits TNF release from 

other cell types including lymphocytes, granulocytes, platelets, cancer cells or trophoblast cells. 

It is our contention that an abnormal maternal inflammatory response is causally linked to 

the pathogenesis of pregnancy complications including PE, FGR and fetal death 153, 155, 312, 332. 

Therefore modulation of inflammation during pregnancy may be beneficial in the prevention or 

treatment of these complications. Indeed, a recent meta-analysis revealed that daily prophylaxis 

using low-dose aspirin reduces the risk of FGR by 20% and PE by 24% 380.  

The safety of nitroglycerin and its use in pregnancy has been documented as GTN has 

been used as a tocolytic in the regulation of uterine relaxation and prevention of pre-term labour 

381, 382. However, only few studies have examined the efficacy of GTN on improving the outcomes 

of pregnancies complicated by PE or FGR 383, 384. Moreover, to our knowledge, none of these 

studies examined whether GTN exerts immunomodulatory functions (reviewed by 385). 
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Our previous work revealed that GTN administration to pregnant rats was able to 

attenuate FGR and features of PE in a rat model 332. These data, together with our current study, 

provide evidence that GTN may have novel anti-inflammatory properties, and that GTN 

administration may be a beneficial therapeutic approach to modulating inflammation associated 

with adverse pregnancy outcomes.   
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Figure 4.1. TNF release from LPS-stimulated THP-1 macrophages is prevented by GTN 

 

LPS stimulation of THP-1 macrophages resulted in increased release of TNF into the media 

compared with the levels of TNF released from non-LPS stimulated control cells. Pre-treatment 

of cells with GTN at both 10 ηM and 1 μM prevented the LPS-induced release of TNF. Data are 

presented as mean + SEM; n = 8 independent experiments; ****p<0.0001. 
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Figure 4.2. GTN-mediated inhibition of TNF release from LPS-stimulated THP-1 

macrophages is not due to reduced cell viability 

 

LDH activity measured in cell culture media was not significantly different between treatment 

groups. Data are presented as mean + SEM; n = 4 independent experiments. 
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Figure 4.3. TNF release from LPS-stimulated THP-1 macrophages is inhibited by 10 ηM  

8-Br-cGMP  

 

Pre-treatment of THP-1 macrophages with 8-Br-cGMP (10 ηM) prevented the LPS-induced 

release of TNF. A reduction of TNF levels was not observed when cells were exposed to 1 μM  

8-Br-cGMP. Data are presented as mean + SEM; n = 6 independent experiments; 8-Br, 8-Br-

cGMP; ** p<0.01;  ****p<0.0001. 
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Figure 4.4. TNF release from LPS-stimulated THP-1 macrophages is not prevented by 

ISDN 

 

Pre-treatment of THP-1 macrophages with ISDN (10 ηM or 1 μM) did not prevent LPS-induced 

release of TNF. Data are presented as mean + SEM; n = 5 independent experiments; ** p<0.01;  

**** p<0.0001. 
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Figure 4.5. The GTN-mediated inhibition of LPS-induced TNF release from THP-1 

macrophages is not dependent upon signalling though PKG  

 

Treatment of LPS-stimulated THP-1 macrophages with the PKG inhibitor KT5823 did not 

prevent GTN-mediated inhibition of TNF release. Data are presented as mean + SEM; n = 4 

independent experiments; ** p<0.01;  **** p<0.0001. 
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Figure 4.6. The GTN-mediated inhibition of LPS-stimulated TNF release from THP-1 

macrophages is not dependent on phosphorylation of IκB 

 

LPS stimulation of THP-1 macrophages resulted in a significant elevation of the p-IκB:IκB ratio 

compared with controls. Pre-treatment of cells with GTN (10 ηM or 1 μM) did not decrease the 

LPS-induced increased p-IκB:IκB ratio. Data are presented as mean + SEM; n = 8 independent 

experiments; blots are representative of all experiments; * p<0.05. 
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Figure 4.7. The 8-Br-cGMP-mediated inhibition of LPS-stimulated TNF release from THP-

1 macrophages is not dependent on phosphorylation of IκB 

 

LPS stimulation of THP-1 macrophages resulted in a significant elevation of the p-IκB:IκB ratio 

compared with controls. Pre-treatment of cells with 8-Br-cGMP (10 ηM or 1 μM) did not reduce 

the LPS-induced increased p-IκB:IκB ratio. Data are presented as mean + SEM; n = 4 

independent experiments; blots are representative of all experiments; * p<0.05. 

 

 

  

(-)
LP

S  
(-)
 8-

Br
(+)

LP
S  

(-)
8-B

r

(-)
LP

S  
(+)

8-B
r (
10
nM

)

(+)
LP

S  
(+)

8-B
r (
10
nM

)

(-)
LP

S  
(+)

8-B
r (
1u

M)

(+)
LP

S  
(+)

8-B
r (
1u

M)

0

1

2

3

P
-I
k
B

/I
k

B

*

*

p-IκB

IκB

LPS

8-Br-cGMP (10 ηM)

8-Br-cGMP (1 μM)

+ + +

+ +

+ +

–

–

–

–

–

– –

– –

– –



 

 

 

124 

Chapter 5 

 

Nitroglycerin prevents coagulopathies and fetal death associated with 

abnormal maternal inflammation in rats 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication: Cotechini T, Othman M, Graham 

CH. Nitroglycerin prevents coagulopathies and fetal death associated with abnormal maternal 

inflammation in rats. Thrombosis and Haemostasis 2012, 107(5): 864-874. 
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5.1 Abstract 

Inflammation-associated fetal loss is often linked to maternal coagulopathies. Here, we 

characterised the role of maternal inflammation in the development of various systemic maternal 

coagulopathies and fetal death during mid-to-late gestation in rats. Since nitric oxide (NO) 

functions as an inhibitor of platelet aggregation and anti-oxidant, we also tested whether the NO 

mimetic nitroglycerin (glyceryl trinitrate, GTN) prevents inflammation-associated coagulopathies 

and fetal death. To induce chronic inflammation, pregnant Wistar rats were injected with low-

doses of lipopolysaccharide (LPS; 10-40 µg/kg) on gestational days (GD) 13.5-16.5. To 

determine whether the effects of inflammation are mediated by tumour necrosis factor- (TNF-

), the TNF inhibitor etanercept was injected on GD 13.5 and 15.5. Controls consisted of rats 

injected with saline. GTN was administered to LPS-treated rats via daily application of a 

transdermal patch on GD 12.5-16.5. Using thromboelastography (TEG), various coagulation 

parameters were assessed on GD 17.5; fetal viability was determined morphologically. Reference 

coagulation parameters were established based on TEG results obtained from control animals. 

LPS-treated rats exhibited distinct systemic coagulopathies: hypercoagulability, 

hypocoagulability, hyperfibrinolysis, and disseminated intravascular coagulation (DIC) stages I 

and III. A specific fetal death coagulation phenotype was observed, implicating TEG as a 

potential tool to identify inflammation-induced hemostatic alterations associated with pregnancy 

loss. Treatment with etanercept (n = 8) reduced the incidence of coagulopathy by 47%, while 

continuous delivery of GTN prevented fetal death and the inflammation-induced coagulopathies. 

These findings provide a rationale for investigating the use of GTN in the prevention of maternal 

coagulopathies and inflammation-mediated fetal death. 
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5.2 Introduction 

Approximately 10 – 20% of all clinically recognised pregnancies end in miscarriage or 

fetal loss 51, 386. Recurrent pregnancy loss (RPL) is a common and important obstetrical 

complication that affects up to 5% of pregnant women, and is defined by The American Society 

for Reproductive Medicine as two or more pregnancy failures at any time during gestation 52, 53. 

Interestingly, there is strong evidence that implicates immunological factors, including auto-

immune and cellular immune abnormalities, with fetal death in as many as 60 – 70% of cases of 

RPL 117, 387. 

Normal pregnancy is a state of hypercoagulability. This hemostatic shift leaves pregnant 

women increasingly vulnerable to developing coagulopathies ranging from thrombophilia to 

disseminated intravascular coagulation (DIC) 183, 184. Recurrent miscarriage has been linked to 

inherited and acquired maternal coagulopathies in 55-62% of cases 386, 388. Moreover, women with 

inherited thrombophilias (including Factor V Leiden and prothrombin gene mutations as well as 

protein S deficiency and anticardiolipin antibodies) are twice as likely to experience RPL than 

healthy women, especially during the second and third trimesters of pregnancy 194, 389, 390. While 

the association between early pregnancy loss and thrombophilia is well established, a recent 

review by Werner and Lockwood describes the lack of a consistent link between most inherited 

thrombophilias and late pregnancy loss 386, 391. Nonetheless, current research has shown an 

association between stillbirth and anti-phospholipid antibody syndrome (APS), an inflammatory 

condition characterised by arterial and venous thromboembolism 391.  

Abnormal activation of the coagulation cascade results in the production and deposition 

of fibrin which, when present in large amounts within utero-placental vessels, may lead to 

deficient perfusion 269, 392. In addition, ectopic fibrin deposition within placental tissue may lead to 
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fetal death due to placental damage 197. While subtle alterations in the coagulation cascade have 

been detected prior to the onset of fetal death in women with a history of miscarriage, a reliable 

screening tool that can predict poor fetal outcome has yet to be established 393. 

Hemostasis is a complex biological process that is susceptible to modulation by 

inflammatory mediators released from circulating immune cells 4, 199. The fact that CD40-ligand, 

a platelet stabilizer, and tumour necrosis factor alpha (TNF) are structurally similar supports the 

concept that these two molecules may have converging roles in inflammation and coagulation 394, 

395. TNF is a pro-inflammatory cytokine released by activated and infiltrating immune cells. 

Interestingly, this pleiotropic cytokine has been identified as a critical effector of fetal demise in 

rodents 134, 396. Furthermore, the levels of TNF were found to be increased in cases of human 

pregnancy associated with fetal loss 108, 397, 398. A consequence of systemic maternal inflammation 

is placental oxidative stress leading to fetal loss 51. 

Despite this relationship between inflammation and coagulation, very few studies have 

examined the role of coagulopathies in the pathophysiology of inflammation-associated fetal 

death 399. We previously described the role of TNF in the modulation of hemostasis and placental 

perfusion using an acute model of spontaneous fetal loss at mid-gestation (gestational day 14.5) 

in the rat 269, 400. Since pregnancy loss experienced during mid-to-late gestation is associated with 

coagulopathy in human pregnancy, we chose to model this condition by examining the effect of 

chronic maternal inflammation during the second half of pregnancy on the development of 

systemic maternal coagulopathies and fetal death in the rat. 

Recent studies emphasised the protective effect of anti-thrombotic therapeutic agents in 

attenuating fetal loss 133, 401. Nitric oxide is a known inhibitor of platelet aggregation 402, and 

deficiency in nitric oxide bioavailability has been linked to intravascular coagulation 403. 
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Furthermore, nitric oxide has known anti-oxidant properties 404 and could potentially ameliorate 

the harmful effects of placental ischemia associated with abnormal inflammation and pregnancy 

loss. Recent evidence supports the concept that endogenous nitric oxide bioavailability is 

decreased in cases of recurrent pregnancy loss 263, 405, 406. We therefore sought to determine 

whether administration of the nitric oxide mimetic nitroglycerin (GTN) inhibits the development 

of systemic maternal coagulopathies, and whether GTN prevents fetal death associated with 

abnormal maternal inflammation. 
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5.3 Materials and Methods 

5.3.1 Animals 

All studies were conducted in accordance with the guidelines of the Canadian Council on 

Animal Care and were approved by the Queen’s University Animal Care Committee. Young (3- 

to 4-month old) virgin female Wistar rats (Charles River Laboratories, Montreal, Quebec, 

Canada) weighing approximately 300 g were housed in a light- and humidity-controlled 

environment. Daily vaginal smears were performed to determine the stage of the oestrus cycle. 

Females in pro-oestrus were housed overnight with a fertile male in a 2:1 ratio. The presence of 

spermatozoa in the vaginal lavage the following morning confirmed pregnancy and was 

designated gestational day (GD) 0.5.  

 

5.3.2 Experimental protocol 

Because coagulopathy-associated fetal loss frequently occurs during mid-to-late 

pregnancy in humans, we designed our study to model the second half of gestation. Beginning on 

GD 13.5 (of a 21-22 day gestational period), pregnant rats received daily intra-peritoneal 

injections of saline (0.1 ml/100g) or LPS (Escherichia coli serotype 0111:B4; Sigma-Aldrich, 

Oakville, Ontario, Canada). To induce chronic inflammation, pregnant dams were injected with 

10 μg/kg of LPS (in saline) on GD 13.5, followed by 40 μg/kg of LPS (in saline) on GD 14.5, 

15.5, and 16.5.  Dams were sacrificed 24 hours after the final LPS injection (GD 17.5), 

whereupon fetal viability and hemostatic parameters were determined. To assess the effect of 

immunomodulation, rats in the experimental group were additionally injected with Etanercept 

(Eta; Amgen, Thousand Oaks, CA and Wyeth Pharmaceuticals, Collegeville, PA) on GD 13.5 

and 15.5, 6 h prior to administration of LPS.  To determine whether GTN therapy prevents 
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coagulopathies and fetal death, Minitran® transdermal patches (3M Pharmaceuticals, London, 

ON, Canada) cut to release 25 µg/h were placed on the back of the neck. Patches were applied 

and covered with a thin layer of New Skin Liquid Bandage® (Medtech, Jackson, WY, USA) 

beginning GD 12.5. Patches were changed once daily on GD 13.5, 14.5, 15.5 and 16.5.  

To assess whether hemostatic alterations precede fetal death, five dams received a single 

i.p. injection of LPS (10 μg/kg) on GD 13.5. Fetal viability was assessed 90 min following LPS 

administration by determining the presence of a heartbeat. This was accomplished by 

ultrasonography performed with a Vevo 770 ultrasound (Visualsonics, Toronto, Ontario, Canada) 

as previously described 269. Hemostatic parameters were assessed 30 min later at euthanasia.   

 

5.3.3 Blood collection and thromboelastography 

Animals were anaesthetised with 40 – 50 mg/kg sodium pentobarbital (CEVA Santé 

Animale, Rutherford, NJ, USA) to obtain blood suitable for TEG analysis. A 1 ml sample of 

blood was withdrawn via cardiac puncture using a 26⅝-gauge needle pre-flushed with 0.1 mL of 

trisodium citrate. Thromboelastography was performed as per manufacturer’s instructions using a 

TEG® 5000 Haemostasis System and TEG® Haemostasis Analyzer software Version 4.2 

(Haemoscope Corporation, Skokie, IL).  Briefly, 340 μl of citrated blood was re-calcified with 20 

μl of 0.2 M calcium chloride (Haemoscope Corporation) and loaded into the TEG disposable cup 

for analysis. Data were recorded for 75-90 min to ensure analysis of the blood sample was 

complete. The following parameters were recorded: time to clot initiation (R); speed of clot 

propagation (α); rate of clot formation (K); clot strength/stability (MA; maximum amplitude); 

clot index (CI), a measure taking the previous four parameters into consideration; and percent clot 
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dissolution in 30 min (LY30). Blood collection and TEG assays were performed by the same 

operator. Prior to each use, the TEG was calibrated for quality control.  

 

5.3.4 Statistical analysis 

Columns in bar graphs are representative of median ± interquartile range (IQR); whiskers 

in box-and-whisker plots represent the 5th and 95th percentiles; values in the text are expressed as 

median ± IQR; values in tables are expressed as median ± range. Given the small sample sizes 

used in this study, non-parametric statistics were used. Differences in fetal viability between 

treatment groups were determined using Kruskal-Wallis test followed by Dunn’s post hoc test. A 

Mann-Whitney U-test was used when comparing only two groups. Fisher’s exact test was used 

for pair-wise comparisons to examine the difference in proportions of rats exhibiting 

coagulopathies.  Spearman correlation analysis was used to determine interdependence between 

variables. All statistical tests performed were two-sided and considered significant when p<0.05.  
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5.4 Results 

5.4.1 Normal hemostatic profile: GD 17.5 

While TEG analysis has been validated for use in veterinary medicine on some animals 

407, 408, reference data are not available for the rat during late pregnancy. Therefore, TEG profiles 

obtained from the saline-treated cohort (n = 9) were used to create normal ranges (Figure 5.1A). 

The highest and lowest values obtained for each hemostatic parameter were used to define the 

limits of the reference range (Figure 5.1B). This method has been previously described and 

validated 409. 

 

5.4.2 LPS induces systemic coagulopathies 

TEG profiles from LPS-treated dams (n = 13) were evaluated (Table 5-1). LPS 

administration resulted in abnormal TEG tracings compared to saline-treated controls (Figure 

5.2). Dams exhibiting these hemostatic abnormalities were stratified into five distinct groups, 

each representing a different coagulopathy. Coagulopathy was determined after visually assessing 

the thromboelastography trace as well as by evaluating whether any of the coagulation parameters 

fell outside the previously described normal references ranges; parameters from LPS-treated 

dams falling outside the saline ranges were considered abnormal. Hypercoagulability was 

determined by shortened clotting time (R), reduced rate of clot formation (K), increased speed of 

clot formation (α), and increased clot strength (MA), and was observed in blood from four of the 

LPS-treated dams (Figure 5.2A). In contrast, blood from two dams was deemed hypocoagulable 

(Figure 5.2B) because it exhibited prolonged clotting time (R), increased rate of clot formation 

(K), reduced speed of clot formation (α), and decreased clot strength (MA). Hyperfibrinolysis 

(increased LY30) was observed in one dam (Figure 5.2C). Two stages of DIC-like conditions 
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were observed in four LPS-treated mothers. One of these dams exhibited hypercoagulability 

(shortened clotting time (R), reduced rate of clot formation (K), increased coagulation index (CI), 

and greater clot strength (MA)) with secondary hyperfibrinolysis (increased LY30), which is 

characteristic of DIC stage I (Figure 5.2D). Three LPS-treated rats exhibited DIC stage III (Figure 

5.2E) characterised by hypocoagulability (decreased coagulation index (CI) and clot strength 

(MA)) with secondary hyperfibrinolysis (increased LY30). Two rats receiving LPS 

administration did not exhibit coagulopathy.  

 

5.4.3 Maternal inflammation is causally linked to coagulopathies  

LPS-administration induced coagulopathy in 85% of rats (Figure 5.3A). We have 

previously shown that within two hours of LPS exposure, circulating maternal levels of TNF are 

significantly and substantially elevated 269. To characterise the role of TNF in the development of 

hemostatic alterations, we evaluated the TEG profiles of LPS-treated dams supplemented with 

etanercept (n = 8). Etanercept is a recombinant fusion protein (TNF receptor + IgG Fc fragment) 

that functions as a TNF inhibitor 410. Hypercoagulability, DIC I, and DIC III were observed in the 

dams treated with etanercept + LPS (Figure 5.3B). However, as shown in Figure 5.3A, 

immunomodulation with etanercept decreased the overall proportion of rats exhibiting 

coagulopathies by 47% (Fisher’s exact test p = 0.055). Post-hoc power calculations revealed that 

the study had a power of 59% to detect a significant difference. While the power is somewhat 

lower than optimal, the p-value suggests that the finding is just short of statistical significance 

indicating that a difference of the magnitude observed in this study (47%) is most likely real.  
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5.4.4 GTN attenuates LPS-induced coagulopathies 

GTN administration significantly decreased the incidence of maternal coagulopathy by 

51% (Figure 5.3A; p<0.05; Fisher’s exact test). Hypocoagulability and hyperfibrinolysis were 

present in only two of the six rats treated with LPS + GTN (Figure 5.3B).  

 

5.4.5 LPS induces a ‘fetal death coagulation phenotype’ 

To determine whether specific inflammation-induced coagulopathies are associated with 

fetal death, we first investigated potential correlations between TEG parameters and fetal 

viability. TEG parameters from saline-treated rats were not significantly correlated with fetal 

death (data not shown). However, in LPS-treated dams, all TEG parameters were significantly 

correlated with fetal death. Clot strength (MA; r = – 0.784; Figure 5.4A) clot index (CI; r = – 

0.7631; Figure 5.4B) and the speed of clot formation (α; r = – 0.5868) were negatively correlated 

with fetal death (p<0.05). Clotting time (R; r = 0.6543), rate of clot formation (K; r = 0.5868), and 

clot dissolution (LY30; r = 0.6277) exhibited a significant positive correlation with fetal loss 

(p<0.05). These correlations allowed us to examine the TEG profiles from rats exhibiting the 

highest fetal death rates. Based on the strong data, we expected that rats exhibiting decreased clot 

strength (MA) and clotting index (CI) would have the most pronounced fetal loss. The DIC III 

and hypocoagulability phenotypes shared these characteristics and indeed, all dams exhibiting 

these coagulopathies were associated with the highest percentage of fetal loss (85.7 ± 25.7). 

Furthermore, the rat with the DIC I phenotype characterised by secondary fibrinolysis exhibited 

the second highest incidence of fetal death (62.5%) as expected given the strong positive 

correlation existing between LY30 and fetal loss. We identified shared parameters of these 

phenotypes that together define a ‘fetal death coagulation phenotype’ associated with 
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inflammation during pregnancy. Six LPS-treated dams exhibited this phenotype (Figure 5.4C) 

and were characterised by having abnormal CI and MA in addition to exhibiting some degree of 

fibrinolysis (LY30>0). As shown in Figure 5.4D, fetal loss associated with this phenotype was 

significantly higher than in dams lacking this phenotype (p<0.05).  

 

5.4.6 GTN attenuated the ‘fetal death coagulation phenotype’ 

GTN treatment completely prevented the manifestation of the fetal death coagulation 

phenotype (Figure 5.5A). Fetal viability was normalised (p<0.05; Kruskal-Wallis followed by 

Dunn’s post-hoc test) in LPS-injected rats treated with GTN (Figure 5.5B). Furthermore, 

pregnancy loss did not significantly correlate with any TEG parameters of dams receiving GTN 

and LPS (data not shown). There was no correlation observed between fetal death and TEG 

parameters from dams treated with etanercept (data not shown). While immunomodulation 

appeared to reduce the number of rats exhibiting the fetal death phenotype (Figure 5.5A) and the 

rates of fetal loss (Figure 5.5B), this reduction was not significant (p = 0.399; Fisher’s exact test; 

p>0.05; Kruskal-Wallis followed by Dunn’s post-hoc test). The two dams exhibiting this fetal 

death coagulation phenotype had the highest percent fetal loss (77.14 ± 25.71) when compared to 

the remainder of the cohort (16.52 ± 14.53).  

 

5.4.7 LPS-induced hemostatic alterations precede fetal death 

To determine whether hemostatic alterations precede fetal demise, we performed TEG 

analysis two hours following the initial injection of low-dose LPS (10 µg/kg) on GD 13.5 (n = 5). 

Doppler biomicroscopy performed 30 min prior to TEG confirmed that all pups were viable as 
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revealed by the presence of a detectable heartbeat. Coagulopathy was determined by comparing 

parameters to the previously established normal reference ranges for mid-gestation pregnancy in 

the rat 400. Eighty percent (4/5) of dams exhibited coagulopathies (Table 5-2). Specifically, two 

dams were hypercoagulable, one animal exhibited hyperfibrinolysis and the fetal death 

coagulation phenotype was observed in one rat. Morphological assessment following euthanasia 

revealed a resorption frequency not significantly different from saline-treated control animals. 

Resorptions were not due to LPS treatment because the time from LPS exposure to euthanasia 

(2h) was insufficient to result in the presence necrotic tissue. 

  



 

 

 

137 

5.5 Discussion 

While women with coagulopathies are at an increased risk of pregnancy complications, 

there are a lack of specific diagnostic and prognostic hemostatic markers to identify those who 

may experience recurrent pregnancy loss. It has been proposed that the standard laboratory 

identification of coagulant markers do not provide an opportunity to evaluate the continuum of 

processes involved in coagulation and fibrinolysis which may be related to fetal demise 411. To 

assess the link between maternal coagulopathies and fetal death our study used TEG, a real-time 

assay that identifies coagulopathy by measuring the kinetics of coagulation beginning with the 

initial detection of fibrin strands and ending with clot dissolution. Importantly, TEG accounts for 

the contribution of thrombin generation and the role of platelets in hemostasis. Moreover, TEG 

enables evaluation of the strength and stability of a formed blood clot 269, 412. Using TEG, our 

study demonstrated a novel maternal coagulopathy phenotype linked to inflammation-induced 

fetal death.  

A certain degree of inflammation is associated with healthy pregnancy. Pro-inflammatory 

cytokines are important for physiological processes including implantation and parturition 387. A 

heightened pro-inflammatory state during pregnancy may render a woman susceptible to 

pathological inflammatory stimuli leading to complications such as fetal loss. Furthermore, 

untimely inflammation, for example during the non-inflammatory second trimester, may initiate 

pathology 117. It is also known that healthy pregnancy induces a hemostatic shift towards 

hypercoagulability resulting in well-compensated, low-grade, intravascular coagulation 183, 411. 

While this pro-coagulant state may protect against severe hemorrhage during parturition, 

abnormal disruption of hemostasis can become pathological leading to fulminant DIC 181.  

We chose to characterise the effect of low-grade, chronic inflammation on the 
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development of coagulopathies in the second-half of pregnancy. The dose of LPS used in our 

study was approximately 1/400 to 1/2000 of the LD50 (i.v.) for rats 413 and was intended to model 

the in vivo environment of human pathological inflammatory states. We observed five distinct 

coagulopathies in 85% of LPS-treated dams including hypercoagulability, hypocoagulability, 

hyperfibrinolysis, and DIC stages I and III. This heterogeneity is likely explained by individual 

variation, which may lead to diverse hemostatic alterations. For example, cancer patients often 

exhibit various types of coagulopathy including hypercoagulability and DIC 414. Moreover, 

aberrant inflammation associated with APS and sepsis during pregnancy are linked to diverse 

hemostatic pathologies 415, 416. The progression from normal coagulation to pathological DIC is a 

continuum that may be temporally regulated, thus accounting for the observed variability 417. 

Interestingly, etanercept treatment reduced the number of rats exhibiting coagulopathy by 47%, 

thereby implicating TNF in the modulation of hemostasis during mid to late pregnancy. These 

results are consistent with a study demonstrating that a blocking TNF antibody prevented DIC-

induced death in baboons that received a lethal dose of TNF 418. 

The hemostatic functions of TNF are diverse. Evidence links this pleiotropic cytokine to 

increased production of tissue factor (TF) by endothelial cells and macrophages 419. Tissue factor 

is a trigger of coagulation and, interestingly, is highly expressed in the placenta by the 

syncytiotrophoblast 420.  Our previous study demonstrated that systemic coagulopathies are 

causally associated with TNF 400 and are coupled to placental hemostatic and haemodynamic 

alterations 269. Therefore, pathological coagulation in the placenta arising from excess circulating 

TNF may impair utero-placental blood flow leading to fetal death.  

We identified a correlation between all TEG parameters and inflammation-induced fetal 

demise. Specifically, maximum amplitude correlated mostly with fetal death. Maximum 
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amplitude, a parameter of hemostasis not evaluated using standard assays, is a measure of clot 

strength and stability. Interestingly, a study by Rai and colleagues demonstrated a pre-pregnancy 

elevation of MA in women with a history of recurrent fetal death 195.  It is of interest that we did 

not observe any significant correlations between TEG parameters and fetal death in rats treated 

with saline, LPS + GTN, or LPS + etanercept.  While this indicates that fetal death may not be 

solely due to altered hemostasis, these findings highlight the potential value of TEG in 

monitoring women at risk of pregnancy loss. Moreover, our data support the concept that TNF 

and nitric oxide modulate processes leading to coagulation-associated fetal death.  

We chose to model late pregnancy loss due to its strong association with thrombophilia 

117. A meta-analysis confirming this association also revealed that the relationship between these 

events varies depending on the definition of fetal loss and type of thrombophilia 388. While our 

study identified a positive correlation between some hypercoagulable TEG parameters and fetal 

loss in rats, we found a stronger correlation between a hypocoagulable/DIC-like phenotype 

associated with fetal death. Disseminated intravascular coagulation in humans is a critical and 

life-threatening condition characterised by widespread thrombophilia followed by severe 

hemorrhage due to consumption of clotting factors 411. In our model, rats exhibiting the final stage 

of DIC (DIC III) had the highest incidence of fetal death. This stage of DIC is characterised by 

hypocoagulability, due to exhaustion of clotting factors, and hyperfibrinolysis. A study showing 

severe fetal loss due to placental hemorrhage in mice deficient in fibrinogen corroborates our link 

between fetal death and lack of clotting factors 421.  

Here we provide evidence of a specific DIC-like profile linked to fetal loss. Adverse 

obstetrical events including severe pre-eclampsia, HELLP syndrome, amniotic fluid embolism, 

and placental abruption often predispose women to DIC 416, 422, 423. Furthermore, DIC is 
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characteristic of retained dead foetus syndrome. While it is possible that the release of 

thromboplastins from retained fetal and placental tissues may stimulate abnormal hemostasis, 

DIC appears in women following retention of a dead foetus for 4-5 weeks 417. Because our model 

does not recapitulate this prolongation of retained tissue, it is likely that the development of DIC 

following LPS treatment is not due to the presence of resorbed tissues. Additionally, while saline-

treated rats exhibited approximately 10% fetal death, DIC was not observed in these animals. 

Here we provide evidence that coagulopathies linked to fetal death were detectable on GD 13.5 

prior to fetal demise. This is in accordance with our previous work in which we showed that the 

onset of coagulopathies, including various stages of DIC, precedes fetal death in an acute model 

of inflammation-induced pregnancy loss 269, 400. Furthermore, a retrospective study designed to 

identify predictors of fetal mortality following intrauterine trauma indicated that DIC is highly 

predictive of fetal demise 424. 

The inability of etanercept to prevent fetal loss can be explained by the persistence of the 

fetal death coagulation phenotype in a small number of dams treated with LPS in combination 

with etanercept. It is likely that other pro-inflammatory cytokines, in addition to TNF, participate 

in mediating fetal loss induced by inflammation. Interestingly, Winger and Reed showed that 

compared with anti-coagulant therapy alone, addition of intravenous immunoglobulin (IVIG) or 

Etanercept + IVIG to an anticoagulant regimen increased the rate of live births in women who 

suffered from recurrent spontaneous abortion 425.  

Like TNF, nitric oxide is an important molecule with widespread cardiovascular and 

hemostatic functions. It has been postulated that trophoblast-derived nitric oxide prevents the 

adhesion of platelets and leukocytes to the surface of the syncytiotrophoblast, thereby playing a 

key role in the maintenance of placental blood flow 426. Our study demonstrated that the nitric 
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oxide mimetic GTN prevented fetal death and attenuated coagulopathy. While GTN has been 

used clinically for the management of human pre-term labour 427, to our knowledge, this is the 

first pre-clinical report on the use of GTN for the prevention of coagulopathy associated with 

fetal demise. 

The mechanism by which nitric oxide exerts these protective effects requires further 

investigation. However, the results of our study draw attention to the importance of nitric oxide 

signalling and inhibition of inflammatory stimuli in the prevention of coagulopathy and fetal 

demise. An additional consequence of systemic inflammation is the increased production of 

thromboxane A2 (TXA2), a powerful stimulus of platelet aggregation 428. The adhesion inhibitory 

effects of nitric oxide have been linked to a cGMP-dependent inhibition of TXA2 receptors 214. 

Furthermore, LPS has been shown to induce thrombocytopenia 429. While thrombocytopenia is 

usually benign in normal pregnancy, it has been associated with increased fetal death in women 

with lupus, a condition associated with inflammation 430. Nitric oxide may also function to 

prevent thrombocytopenia. In fact, administration of a nitric oxide donor was found to prevent 

thrombocytopenia induced by LPS stimulation in pregnant rats 429, 431. In our study, GTN 

prevented the LPS-induced alterations in MA, the parameter reflective of platelet number and 

function.  Based on the results of our study and the fact that nitric oxide has potential anti-oxidant 

properties 404, it is also possible that the protective effect of GTN is due to inhibition of oxidative 

stress. In support of this concept, GTN has been shown to attenuate oxidative stress induced by 

ischaemia/reperfusion 432.  

The differences in the observed phenotypes in LPS-treated rats supplemented with 

etanercept versus GTN could be explained by the fact that these molecules may affect different 

steps of the pathway leading to coagulopathy. Because of its anti-oxidant properties, GTN likely 
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targets oxidative stress associated with inflammation leading to coagulopathy. Also, GTN may 

directly inhibit coagulation by preventing platelet aggregation. Indeed, none of the rats treated 

with GTN exhibited hypercoagulability. In contrast, etanercept specifically inhibits TNF without 

necessarily having a direct impact on oxidative stress. Thus, it is not surprising that these two 

molecules would have differing effects on inflammation-induced hemostatic alterations.  

The results of this study provide evidence that systemic inflammation during mid-to-late 

pregnancy is causally linked to the development of various coagulopathies. Here, we describe a 

specific fetal death coagulation phenotype associated with pronounced fetal demise. We believe 

that TEG is a powerful tool that may be used to accurately identify inflammation-induced 

hemostatic alterations highly correlated to pregnancy loss. Most significantly, this study 

demonstrates that GTN may be clinically important in the prevention coagulopathies associated 

with fetal death. 
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Figure 5.1. Establishment of reference TEG parameters from saline-treated Wistar rats at 

GD 17.5. 

Representative thromboelastography tracing of a saline-treated animal (A) used in conjunction 

with eight other animals to create the normal reference ranges for pregnant rats (B).  
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Figure 5.2. LPS induces various systemic maternal coagulopathies. 

Five coagulopathies were observed in rats treated with LPS (n=13) including hypercoagulability 

(A), hypocoagulability (B), hyperfibrinolysis (C), DIC I (D), and DIC III (E). The parameters 

used to define each coagulopathy are stated.   
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Figure 5.3. Etanercept and GTN attenuate inflammation-associated coagulopathies. 

Etanercept (n=8) administration decreased the incidence of coagulopathy by 47% (A). Rats 

receiving etanercept did not exhibit hypocoagulability or hyperfibrinolysis (B). Treatment with 

GTN (n = 6) significantly (p<0.05) reduced coagulopathy by 51% (A) and eliminated the 

hypercoagulability and the DIC phenotypes (B). Asterisk (*) denotes significance from LPS using 

Fisher’s Exact test. Eta = etanercept. 

 

  



 

 

 

148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4. LPS induces a fetal death coagulation phenotype associated with pronounced fetal 

demise. 

Clot strength (A) and clot index (B) was significantly correlated with fetal death. Representative 

thromboelastographs from LPS-treated animals exhibiting the fetal death coagulation phenotype 

characterised by abnormal MA and CI in addition to some degree of fibrinolysis (C).  Rats with 

this phenotype had the highest rates of fetal loss (D). Correlations in (A) and (B) were determined 

using Spearman’s correlation analysis. Significance (*) in (D) was determined using a two-sided 

Mann-Whitney U test. Whiskers in (D) denote the 5th and 95th percentiles. Eta = etanercept.  
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Figure 5.5. GTN inhibits the fetal death coagulation phenotype and prevents fetal loss. 

Immunomodulation with etanercept did not significantly attenuate the onset of the fetal death 

phenotype (A) nor did it prevent fetal death (B). Treatment with GTN prevented the 

manifestation of the death phenotype (A). This effect was consistent with the normalisation of 

fetal viability (B). Columns in (B) represent the median value with error bars representing the 

interquartile range. Significance (*) in (B) was determined using Kruskal-Wallis followed by 

Dunn’s post-hoc test. Eta = etanercept. 
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Table 5-1. Stratification of TEG parameters from all treatment groups at GD 17.5  

 
Values represent the median and (range); measurements falling outside the saline ranges were considered abnormal; the various coagulopathies induced by LPS- 

administration are stratified according to their classification. Shaded regions define the parameters used to define each coagulopathy; Eta = etanercept.  

 n R K α angle MA CI LY30 

Saline 9 
11.2 

(7.9 –18.2) 

3.7 

(1.8 – 5.9) 

51.8 

(33.2 – 56) 

59.9 

(56.7 – 71.5) 

0.8 

(-0.9 – 3.4) 

4.8 

(0 – 13.1) 

 

LPS: Hypercoagulable 4 
4.9 

(2.4 – 6) 

1.4 

(0.8 – 1.5) 

73.3 

(68.1 – 78.4) 

79.0 

(67.4 – 82.3) 

5.2 

(3.1 – 5.8) 

0 

(0 – 5) 

LPS: Hypocoagulable 2 
19.4 

(17.3 – 21.5) 

7.4 

(7.3 – 7.4) 

26.3 

(25.2 – 27.3) 

44.7 

(39.5 – 49.9) 

-2.9 

(-2.5 – -3.3) 

4.5 

(3.2 – 5.8) 

LPS: Hyperfibrinolysis 1 8.8 2.5 60.6 70.8 3.1 29.6 

LPS: DIC I 1 5 1 76.6 74.1 4.2 9.7 

LPS: DIC III 3 
13.4 

(12.9 –13.4) 

3.8 

(3.4 – 5.3) 

44.0 

(37.9 - 45.4) 

41.5 

(36.9 – 46.6) 

-2.3 

(-1.8  – -3.2) 

38.7 

(19.2 – 47.5) 

LPS: Normal 2 
9.2 

(8.9 – 9.4) 

2.7 

(2.2 – 3.2) 

55.1 

(49.0 – 61.1) 

69.2 

(66.9 – 71.4) 

2.9 

(2.7 – 3.0) 

1.0 

(0 – 2) 

 

Eta + LPS 8 
9.4 

(2.7 – 17.2) 

2.2 

(0.8 – 7.2) 

60.6 

(25 – 80.2) 

73.5 

(36.7 – 78.1) 

3.5 

(-3.6 – 4.9) 

0 

(0 – 33) 

Eta + Saline 6 
11.0 

(8.9 – 15.4) 

3.6 

(2 – 6.1) 

48.0 

(35.7 – 67.5) 

62.5 

(54.1 – 82.5) 

1.5 

(0 – 3.9) 

0.1 

(0 – 18.3) 

 

GTN + LPS 6 
13.2 

(7.5 – 16.2) 

3.5 

(2.3 – 12.7) 

50.9 

(17.1 – 61.2) 

61.4 

(42.7 – 71.4) 

1.3 

(-2.1 – 2.6) 

0.1 

(0 – 22) 

GTN + Saline 3 
9.8 

(9.6 – 0.3) 

3 

(2 – 4) 

53.2 

(48.3 – 64.5) 

68.5 

(51.4 – 78.3) 

2.7 

(0 – 3.9) 

0.1 

(0 – 0.2) 
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Table 5-2. TEG parameters at GD 13.5: hemostatic alterations precede fetal death 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TEG values from five LPS-treated dams sacrificed 2h following LPS administration; all pups were viable as determined by ultrasound. 

coagulopathy was determined by comparing parameters to previously established ranges during mid-gestation; Res = number of resorptions/total 

number of implantation sites 

 

 

  

Rat R K α angle MA CI LY30 Res Type of CO 

1 6.4 1.8 66.6 67.9 3.1 5.7 2/14 hypercoagulable 

2 14.0 6.8 26.8 46.6 -1.3 24.4 1/13 DIC III/ death phenotype 

3 6.3 1.9 62.8 60.0 1.9 0 3/15 hypercoagulable 

4 11.9 4.6 41.2 53.0 -0.1 0 0/14 normal 

5 9.0 2.6 56.0 57.0 0.9 10.2 1/15 hyperfibrinolysis 

Range 6.3 -14.0 1.8 - 6.8 26.6 - 66.6 46.6 - 67.9 -1.3 - 3.1 0 - 24.4  
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Chapter 6 

 

Inflammation-induced fetal growth restriction in rats is associated with 

altered placental morphometrics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication: Cotechini T, Hopman WM, 

Graham CH. Inflammation-induced fetal growth restriction in rats is associated with altered 

placental morphometrics. Placenta 2014, 35(8): 575-581. 
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6.1 Abstract 

 

Introduction: Evidence links alterations in placental shape and size to fetal growth restriction 

(FGR). Here we determined whether alterations in placental morphometrics are linked to FGR 

induced by abnormal maternal inflammation. 

 

Methods: We used an inflammation-induced model of FGR in which pregnant rats receive 

lipopolysaccharide (LPS) on gestational days (GD) 13.5 – 16.5. Fetal weights were matched to 

various parameters of placental morphometrics including weight, area, minor and major axes 

lengths and thickness.  

 

Results: Compared with saline administration, LPS administration was associated with altered 

placental morphometrics, including reduced placental weight, decreased placental area and a 

trend towards reduced placental thickness. When data were dichotomized as FGR or normal-sized 

fetuses within treatment groups, a significant increase in the placenta-to-fetal-weight ratio and 

placental thickness was observed only in the saline-associated FGR subgroup. Multivariable 

linear regression revealed that the lengths of the major and minor placental axes were predictors 

of fetal weight, regardless of treatment modality. Subgroup regression analysis by treatment 

revealed that the lengths of the major and minor placental axes were predictors of fetal weight in 

the saline-treatment group while only the minor placental axis was a predictor of fetal weight in 

the LPS cohort. Finally, placental area and the length of the minor placental axis were correlated 

with implantation site location only in the saline-treatment group. 
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Conclusion: These findings indicate that inflammation-induced FGR is associated with 

alterations in placental morphometrics.  Our data reveal that the mechanisms leading to 

inflammation-induced FGR may be different from the mechanisms leading to idiopathic FGR.  
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6.2 Introduction 

Fetal growth restriction (FGR) affects 5 – 10% of pregnancies and is associated with 

significant morbidity and mortality 433, 434. Non-idiopathic cases of FGR are believed to arise as a 

consequence of development within an adverse in utero environment and result in the failure of a 

fetus to reach its pre-determined growth potential. Pregnancies affected by pre-eclampsia (PE) are 

often associated with FGR 435. Recent evidence links poor fetal growth with an increased risk of 

developing adult-onset diseases including hypertension 42, 43, cardiovascular disease 41, 241 and type 

II diabetes 44. 

Barker and colleagues first published a link between discordant fetal and placental size 

and the increased risk of cardiovascular disease later in life 241. Subsequent research has aimed at 

understanding the role of the placenta in fetal growth and the developmental origins of health and 

disease 436, 437. The anatomical and functional properties of the placenta render it sensitive to 

perturbations and often the health of the placenta serves as a proxy for the health of the offspring. 

As such, alterations in placental growth detected pre- or post-natally may serve as an early 

indicator for identifying individuals at risk of developing chronic illness later in life.  

Various measures of placental morphometry, including the major and minor placental 

axis lengths, placental area (PA), placental weight (PW) 255, placental thickness (PT) 250, and the 

placental-weight-to-fetal weight-ratio (PWR) 438 have been linked to maternal and fetal health 

outcomes. In general, placentas from pregnancies complicated by PE have increased thickness but 

reduced surface area compared with placentas from normotensive pregnancies 250. Moreover, 

recent evidence links the length of the minor placental axis with body size at birth 251, and 

interestingly, a shorter minor placental axis has been associated with PE 250. 
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Poor placental growth, as is seen in cases of PE and FGR, is likely reflective of a 

dysfunctional maternal environment 439. While a clear understanding of the etiology of these 

complications remains elusive, it is likely that factors causally linked to the pathophysiology of 

PE and FGR also affect placental growth and function. However, since these causative factors of 

PE and FGR remain largely unknown, so too are the factors leading to alterations in placental 

shape and size.  

We previously described a causal link between abnormal maternal inflammation and the 

development of FGR associated with features of PE in a rat model 332. Here, we apply this model 

to determine whether an aberrant systemic maternal inflammatory response during pregnancy 

affects growth of the placenta and whether measurements of the placental axes can serve as 

predictors of poor fetal growth. 
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6.3 Materials and Methods 

6.3.1 Animals  

All animal studies were performed according to the guidelines of the Canadian Council 

on Animal Care and were approved by the Queen’s University Animal Care Committee. Virgin 

female Wistar rats (3 – 6 months of age) were housed in a light/humidity-controlled environment 

with free access to food and tap water. To establish pregnancy, females were housed overnight 

with a fertile male and pregnancy was designated as gestational day (GD) 0.5 if sperm was 

detectable in the vaginal lavage the following morning.  

 

6.3.2 LPS-induced model of fetal growth restriction  

We used a model of FGR previously characterized in our lab 332. Briefly, between GD 

13.5 – 16.5 of pregnancy, rats received either daily intraperitoneal (i.p.) injections of a) saline 

(0.1 mg/kg; n = 10 dams) or b) lipopolysaccharide (LPS; 10 μg/kg, 40 μg/kg, 40 μg/kg, 40 μg/kg; 

n = 13 dams) and animals were sacrificed on GD 17.5. The weights of dams were recorded daily 

between GD 13.5 – 17.5. Some of the fetal weight data used in this publication were published as 

part of the cohort of animals used in our previous publication 332.  

 

6.3.3 Placental Morphometrics 

Placental morphometrics were assessed on GD 17.5 at the time of euthanasia. The 

location and viability of each implantation site was recorded numerically with implantation site 

one corresponding to the location closest to the cervix and subsequent numbers indicating sites 

closer to the ovary. Total litter size was determined by counting the number of viable 
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implantation sites and the number of resorptions. At each viable implantation site, the placenta 

was dissected away from the maternal mesometrial triangle and the umbilical cord was severed to 

remove the fetus. Fetal wet weights (FW) and the corresponding placental wet weights were 

measured and recorded. The location of the umbilical cord insertion onto the fetal side of the 

placenta marked the center of the placenta. The major axis of the placenta was identified as the 

longest diameter spanning through the central umbilical cord insertion point. The minor axis was 

identified as the longest diameter that was orthogonal to the major axis. The lengths of the major 

and minor axes were measured using electronic digital calipers with a resolution of 0.01 mm 

(STM Vernier Calipers, Sowa, Kitchener, Ontario, Canada). The same individual performed all 

measurements in order to minimize variability in the acquisition of data.  Moreover, during data 

collection, sometimes the fetus was weighed prior to obtaining placental measurements and other 

times, placental measurements were obtained first. All data analysis was performed at the end of 

the study and therefore the observer was unbiased during data collection. Assuming an elliptical 

surface, placental area was calculated using the following calculation: PA = (major axis length x 

minor axis length) x (π/4) 255. Placental thickness was calculated using the following equation:  

PT = PW/PA 255. The PWR was calculated using the following equation: PWR = PW/FW. 

 

6.3.4 Statistics  

Data were analyzed using GraphPad Prism 6.0 Software (GraphPad, San Diego, CA) and 

linear regressions were performed using SPSS (Version 21.0 for Windows, IBM, Armonk, New 

York, USA). Parametric data from saline and LPS groups are presented as mean (upper – lower 

95% confidence intervals (C.I.)) in the text and in Table 6-1 and Figure 6.1. Unpaired Student’s 

two-tailed t-test was used to determine differences between saline and LPS groups where 
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appropriate. Sub-categorical analysis of FGR and normal-sized offspring within each treatment 

group was performed using one-way ANOVA followed by Bonferroni’s multiple comparison 

post-hoc test. Repeated measures two-way ANOVA followed by Bonferroni’s multiple 

comparison post-hoc test was used to analyze maternal weight data. Multivariable linear 

regression was performed to determine whether the lengths of the major and minor placental axes 

could predict fetal weight. Regression analysis was adjusted for maternal weight and the number 

of viable fetuses for a given litter as these factors could contribute to altered fetal growth. For all 

statistical tests, p<0.05 was considered significant while p<0.1 was considered trending toward 

significance. 
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6.4 Results 

6.4.1 LPS-administration is associated with altered placental morphometrics  

As we previously described, LPS administration in the second half of pregnancy resulted 

in significantly (p<0.0001) reduced fetal weight (FW of LPS offspring = 0.8523g (0.8360g – 

0.8686g)) compared with fetal weights measured from saline-treated dams (FW of saline 

offspring = 0.9131g (0.8959g – 0.9304g)) on GD 17.5 332. This LPS-induced reduction in fetal 

weight was associated with significantly decreased placental area (Figure 6.1A) and placental 

weight (Figure 6.1B), and trended towards a decrease in placental thickness (Figure 6.1C) when 

compared with corresponding parameters obtained from placentas of saline-treated control 

animals. We did not observe any significant difference in the PWR (data not shown) between 

treatment groups. 

To assess whether the mechanism resulting in FGR due to LPS treatment is different 

from the mechanism leading to FGR in saline treated control rats, placental morphometric data 

from both treatment groups were dichotomized as FGR (corresponding to fetuses with weights 

falling below the tenth percentile calculated from the fetal weights from the saline cohort; 

FW<0.8266 g) or non-FGR (corresponding to non-FGR offspring). Fetal weights were not 

significantly different between saline and LPS treatment groups when compared within the 

subcategories of non-FGR or FGR offspring (Table 6-1). Despite the fact that LPS administration 

did not significantly reduce FW compared with fetuses from saline-treated animals in the non-

FGR cohort, LPS administration did have measurable effects on placental morphometrics. In 

particular, placentas from non-FGR offspring in the LPS-treatment group exhibited significantly 

decreased length of the major axis while the length of the minor placental axis was significantly 
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increased when compared with placentas from saline-treated dams in the non-FGR subgroup 

(Table 6-1). 

6.4.2 Placentas from FGR offspring are different than placentas from non-FGR offspring 

within a treatment group 

Placental parameters associated with FGR and non-FGR placentas within a treatment 

group (saline or LPS) were assessed to determine whether the placentas from FGR offspring are 

different from non-FGR placentas. Within the saline treatment group, the PWR and placental 

thickness of FGR offspring was significantly increased compared with non-FGR offspring (Table 

6-1). These parameters associated with FGR were not observed in the LPS treatment group. None 

of the other placental parameters were significantly different between FGR and non-FGR 

placentas within the saline treatment group. Within the LPS treatment group, placentas from FGR 

offspring exhibited significantly reduced placental weight and a trend towards reduced minor 

placental axis length compared with the same parameters obtained from the placentas of normal-

sized offspring (Table 6-1).  

 

6.4.3 Placentas from LPS-induced FGR offspring are different than placentas from saline-

associated FGR offspring 

Placental parameters associated with FGR offspring from each treatment group were 

compared to determine whether the placental factors associated with reduced fetal growth 

differed between LPS and saline treatment. While there was no significant difference in fetal 

weights of FGR offspring between saline and LPS-treated animals, the placentas of LPS-induced 

FGR offspring exhibited significant differences when compared with placentas of saline-

associated FGR offspring (Table 6-1). LPS-induced FGR was associated with significantly 
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reduced PA, PW, PT and PWR and trended towards a reduction in the length of the major 

placental axis when compared with saline-associated FGR placental parameters (Table 6-1). 

 

6.4.4 Major and minor placental axis lengths are altered with LPS administration 

Major placental axis length and minor placental axis length were strongly correlated in 

both saline (r = 0.727; p<0.01) and LPS (r = 0.559; p<0.01) treatment groups (Figure 6.2). While 

both correlations were statistically significant, the correlation between the major placental axis 

length and minor placental axis length from the saline groups (Figure 6.2A) was considerably 

stronger than that observed in the LPS (Figure 6.2B) treatment group. Moreover, placentas of 

fetuses from LPS-treated animals were more circular as revealed by the significantly reduced 

major axis length to minor axis length ratio compared with placentas of fetuses from saline-

treated animals (Figure 6.2C).  

 

6.4.5 The length of the minor placental axis predicts fetal weight in offspring from LPS-

treated dams 

To determine whether the lengths of the major or minor placental axis could predict fetal 

weight, multivariate linear regression was performed. Since maternal weight and litter size are 

known to affect fetal growth, these parameters were independently examined and adjusted for in 

the linear regression model. Despite the fact that saline-treated and LPS-treated dams gained 

weight at the same rate as treatment and gestation progressed (Figure 6.3A), saline-treated dams 

were significantly heavier on GD 17.5 compared with LPS-treated animals (Figure 6.3B). This 

may in part be due to a significantly reduced number of viable fetuses present on GD 17.5 in 

LPS-treated animals compared with saline-treated controls (Figure 6.3C). Litter size (number of 
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resorptions + number of viable fetuses) was not significantly different between the treatment 

groups (Figure 6.3D).  

Linear regression analysis was therefore adjusted for maternal weight and the number of 

viable fetuses measured on GD 17.5. Overall regression revealed that fetal weight could be 

predicted from the lengths of the major (β = 0.012; p<0.05) and minor (β = -0.017; p<0.05) 

placental axes (Table 6-2) for all animals. However, subgroup analysis revealed that while the 

major placental axis length predicted fetal weight in the saline treatment group (β = 0.022; 

p<0.05), major placental axis length did not predict fetal weight in the LPS treatment group 

(Table 6-2). Moreover, the length of the minor placental axis exerted a negative influence on fetal 

weight in the saline cohort (β = -0.046; p<0.05) but positively influenced fetal weight in LPS-

treated animals (β = 0.021; p<0.05).  

 

6.4.6 The position of the implantation site in saline-treated animals is associated with the 

minor placental axis length and placental area  

Significant correlations between the location of the implantation site and some placental 

parameters were observed in only the saline treatment group. In particular, minor axis placental 

length (r = -0.203; p<0.05) and placental area (r = -0.187; p<0.05) were negatively correlated 

with the location of implantation (i.e. sites closer to the cervix had longer minor axis lengths and 

larger area). There was no association between fetal weight and position of the implantation site 

in either treatment group.   
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6.5 Discussion 

We previously described a causal link between abnormal maternal inflammation and the 

development of FGR associated with features of PE in a rat model 332. In the current study, we 

describe LPS-induced placental morphometric alterations associated with FGR. Of particular 

interest are our data showing that saline-associated FGR placentas are phenotypically different 

from LPS-induced FGR placentas.  

As we previously described, LPS administration to pregnant rats reduced fetal weight 

measured on GD 17.5 332. This reduction in fetal weight was associated with a trend towards 

diminished placental thickness, significantly decreased placental area and reduced placental 

weight. Studies have described a strong positive correlation between fetal weight and placental 

weight in healthy pregnancies 243. Moreover, placental weight was found to be the strongest 

predictor of fetal weight in a recent analysis of placental factors influencing birth weight 244. In 

pathological pregnancies, data indicate that small-for-gestational-age infants have reduced 

placental weights compared with normal-sized infants 240. A linear relationship between reduced 

utero-placental perfusion and decreased placental weight was shown in a model of heat stress-

induced FGR in ewes 246. Our previously published work revealed that our model of LPS-induced 

FGR is indeed associated with altered utero-placental perfusion and placental nitrosative stress 

332. Here we now describe an association between inflammation-induced FGR and reduced 

placental weight, the latter possibly resulting from a poorly perfused placenta. 

In pathological pregnancies, the PWR has traditionally been used as measure of placental 

efficiency with an elevated PWR associated with an inefficient placenta 440. While a discordance 

in placental weight and fetal weight leading to an increased PWR has been associated with cases 

of FGR 240, 441, the utility of the PWR as a marker of fetal growth has been questioned 442. We did 
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not observe a significant difference in the PWR of the saline cohort compared with the PWR of 

the LPS treatment group. However, when the PWRs from all saline and LPS treatment groups 

were subcategorized to allow for comparison between normal-sized and FGR animals within and 

between treatment groups, we observed an increased PWR associated with FGR compared with 

normal-sized fetuses in the saline treatment group. A similar pattern was also evident when 

placental thickness was analyzed, whereby FGR was only associated with increased placental 

thickness in the saline control group. It is possible that the elevated PWR and placental thickness 

phenotypes observed in the saline-associated FGR group compared with the saline-associated 

non-FGR placentas are linked. Increased placental thickness may arise as a result of increased 

depth of the labyrinth, an anatomical change that could impair placental perfusion. This alteration 

could limit nutrient and oxygen availability to the fetus and restrict fetal growth relative to 

placental growth, thereby increasing the PWR 438. 

Interestingly, our data revealed morphological differences in placentas from LPS-induced 

FGR offspring versus placentas from saline-associated FGR offspring. Specifically, placentas 

from LPS-induced FGR offspring exhibited significantly reduced placental weight, area, 

thickness and PWR, and trended towards having a reduced major axis length when compared 

with placentas of saline-associated FGR offspring. Taken together, our data reveal that the 

pathogenesis of FGR associated with normal pregnancy is likely different from the processes 

leading to inflammation-induced FGR and highlight some of the potential differences between 

idiopathic versus non-idiopathic FGR. 

We, and others describe a strong correlation between the lengths of the major and minor 

placental axes 251, 255. In our model, the correlation coefficient linking the placental axes was 

weaker for placentas from LPS-treated animals compared with the correlation coefficient linking 
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the placental axes for placentas of saline-treated dams. This may indicate that LPS administration 

is associated with dysregulated co-ordination of placental growth along the major and minor axes. 

Recent work has investigated whether the lengths of the placental axes are associated with 

maternal conditions including PE or under-nutrition, and detrimental fetal outcomes including 

FGR or poor post-natal growth potential. Despite the strong relationship between the length of the 

major and minor placental axes, a shorter placental minor axis has been associated with pre-

eclampsia 250, smaller body size at birth 251 and the development of hypertension in adult life 255. 

In our study, multivariable linear regression analysis revealed that the length of the minor axis 

was a predictor of fetal weight for animals of both treatment groups. Surprisingly, the direction in 

which the minor placental length predicted fetal weight was opposite between the groups. Longer 

minor axis lengths predicted reduced fetal weight in offspring from saline-treated animals 

whereas shorter minor axis length predicted decreased fetal weight in offspring from LPS-treated 

animals. This finding, specific to LPS administration, is in agreement with the aforementioned 

studies in which a shorter placental minor axis is associated with smaller neonatal body size and 

PE, both of which are features of our animal model 332. The major placental axis length was found 

to positively predict fetal weight in the saline cohort, but not in the LPS group. This discordance 

between treatment groups suggests that the potential mechanisms associated with FGR in 

pregnancies without inflammation may be different from the factors leading to inflammation-

induced FGR. 

It has been proposed that growth along the placental axes is polarized such that there may 

be diverse and unique factors that differentially influence development 250. In particular, the 

minor axis has been described as being more sensitive than the major axis to maternal nutritional 

perturbations 255. Indeed, a longer minor axis has been linked to increased neonatal body size at 
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birth indicating that perhaps the minor axis is nutritionally sensitive 251. Moreover, only the length 

of the minor placental axis has been associated with the occurrence of adult-onset diseases 

including hypertension 255, lung cancer 443, heart failure 436 and coronary heart disease 444. It is 

interesting to note that growth restricted offspring are at risk of developing these disorders later in 

life. Together with these findings, our data implicate that growth of the placenta along the minor 

axis may be sensitive to maternal inflammation such that a pro-inflammatory environment may 

reduce fetal growth and the length of the minor axis.  

Few studies have directly linked aberrant maternal inflammation with alterations in 

placental morphometrics. Recent work has revealed that the placentas of women affected by 

polycyctic ovarian syndrome, an inflammatory condition, exhibit reduced placental weight and 

placental thickness compared with placentas of healthy pregnant women 445. Moreover, there is 

evidence that elevated maternal serum glucocorticoids can impair fetal and placental development 

446, 447. While we did not measure maternal serum cortisol in our study, it is possible that the LPS-

induced placental alterations may be mechanistically linked to elevated glucocorticoids. Other 

factors that may contribute to the LPS-induced placental phenotype include mechanical damage 

to the placenta due to inadequate spiral artery modification, modulation of placental gene 

expression or deficient nutrient supply  (reviewed in 448). To better understand the links between 

abnormal maternal inflammation and alterations in placental growth, future studies should be 

performed to mechanistically link mediators of the inflammatory response with the observed 

phenotypes.  

We observed a location-specific effect of placental area and the length of the minor 

placental axis in the saline treatment cohort but not in the LPS treatment group. Previous work 

has described an association between fetal weight and the location of the implantation site 449, 450 
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in normal rat pregnancy. Our data provide further support of the concept that the mechanisms 

leading to placental morphometric alterations are different in the LPS versus saline treatment 

groups. It is possible that these observed relationships between placental parameters and 

implantation sites are a reflection of differences in perfusion due to anatomical location.  

While the results of our study share some commonalities with observations in humans, 

our study is limited because of sample size and the fact that we did not investigate potential sex-

specific effects on the measured outcomes. Indeed, there is evidence that the placentas from 

males and females respond differentially to maternal stressors and it is possible that there are 

divergent effects of maternal inflammation on fetal and placental growth 437, 451. 

Studies have described a variety of factors including maternal nutrition 452 and placental 

insufficiency 453 that can lead to FGR, placental alterations and subsequent adult-onset disease. 

Here, we now describe a novel link between inflammation-induced FGR and placental 

morphometric alterations. To our knowledge, this is the first study that implicates abnormal 

maternal inflammation as a potential factor contributing to discordant placental growth. These 

data provide a rationale for investigating a potential link between inflammation-induced FGR and 

subsequent perturbations in health during adult life.  

  



 

 

 

169 

6.6 Acknowledgements 

We would like to thank Shannyn Macdonald-Goodfellow for her assistance with care of 

the animals used in this study. This work was supported by a grant from the Canadian Institutes 

of Health Research (CIHR). T.C is the recipient of a CIHR Doctoral Research Award and an 

Ontario Graduate Scholarship. The authors declare no conflicting financial assistance. 

 

  



 

 

 

170 

 

 

 

Figures and Tables 

  



 

 

 

171 

 

Figure 6.1. Effect of LPS on placental area, weight and thickness  

Analysis of placental area (A), placental weight (B) and placental thickness (C) at the time of 

euthanasia on GD 17.5. Bar graphs represent mean; error bars represent upper 95% C.I.; n 

represents the number of placentas used for analysis; *p<0.05. 
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Figure 6.2. Effect of LPS on the major and minor placental axis lengths 

Placental major axis length and minor axis length are strongly correlated in placentas from saline 

(A) and LPS (B) treatment groups. Major to minor placental axis ratio (C). Whiskers in (C) 

represent 5th and 9th percentiles; ****p<0.0001. 
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Figure 6.3. Effect of LPS on maternal weight gain and fetal viability 

Change in maternal weight, normalized to GD 13.5 and measured daily on GD 14.5 – 17.5 (A). 

Raw maternal weights measured daily on GD 13.5 – 17.5 (B). Number of viable fetuses assessed 

at the time of euthanasia on GD 17.5 (C). Litter size (number of viable fetuses + number of 

resorptions) measured at the time of euthanasia of GD 17.5 (D). Data in (A – B) represent mean ± 

SEM; *p<0.05. 
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Table 6-1. Fetal and placental morphometric data measured from FGR or normal-weighted offspring from saline and LPS treatment groups† 

 
†Data are represented as mean (lower 95% CI – upper 95% CI). FGR fetuses are those with weights falling below the 10th percentile based on the saline cohort (<0.8266 g). The 

number of fetuses or placentas used for analysis is indicated with each parameter. Letters and symbols represent significant differences from each other.  

a,b,c,d = p<0.0001 

e,f,g,j = p<0.05 

h,i,k,l,m = p<0.01 

n,o,p = p<0.001 

^p = 0.0703 
#p = 0.0628 
$p = 0.0691 

 

 
Non-FGR (>10th percentile) FGR (<10th percentile) 

Saline LPS Saline LPS 

Fetal Weight 

(g) 

0.9338a,b 

(0.9199 – 0.9477) 

n = 126 

0.9162c,d 

(0.9016 – 0.9309) 

n = 69 

0.7270a,c 

(0.6615 – 0.7924) 

n = 14 

0.7735b,d 

(0.7588 – 0.7883) 

n = 56 

Placental Weight 

(g) 

0.3962e 

(0.3599 – 0.4325) 

n = 47 

0.3886f 

(0.3706 – 0.4065) 

n = 48 

0.4705g 

(0.2417 – 0.6993) 

n = 5 

0.3215e,f,g 

(0.2932 – 0.3498) 

n = 23 

Placental Area 

(mm2) 

120.1 

(116 – 124.2) 

n = 104 

116.8 

(110.3 – 123.2) 

n = 38 

130.9^ 

(104.9 – 156.8) 

n = 14 

112.1^ 

(103.3 –120.9) 

n = 44 

Major Axis Length 

(mm) 

13.32h,i 

(13.05 – 13.59) 

n = 104 

12.32h 

(11.88 – 12.76) 

n = 38 

13.58$ 

(12.21 – 14.94) 

n = 14 

12.38i, $ 

(11.81 – 12.95) 

n = 44 

Minor Axis Length 

(mm) 

11.42j 

(11.24 – 11.60) 

n = 104 

12.03j,# 

(11.62 – 12.44) 

n = 38 

11.99 

(10.87 – 13.10) 

n = 14 

11.37# 

(10.96 – 11.79) 

n = 44 

Placental Thickness 

(g/mm2) 

0.00337k 

(0.00322 – 0.00353) 

n = 47 

0.00332l 

(0.00319 – 0.00345) 

n = 30 

0.00414k,l,m 

(0.00278 – 0.0055) 

n = 5 

0.00317m 

(0.00306 – 0.00328) 

n = 17 

Placental-weight-to-fetal-

weight Ratio (PWR) 

0.4273n 

(0.3868 – 0.4678) 

n = 47 

0.4283p 

(0.4051 – 0.4515) 

n = 48 

0.6451n,o,p 

(0.2927 – 0.9975) 

n = 5 

0.4009o 

(0.3641 – 0.4377) 

n = 21 
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Table 6-2. Multivariate linear regression to identify predictors of fetal weight  

 

 
a n = 200 
b n = 118 
c n = 81 

 

 

 

 

 

 

 Overall Modela 

 Co-efficient (β) p-value 95% C.I. 

Constant 0.929 – 0.795 – 1.063 

Major Axis Length 0.010 0.044* 0.000 – 0.020 

Minor Axis Length -0.017 0.018* -0.030 – -0.003 

 Subgroup Analysis 

 Salineb LPSc 

 Co-efficient (β) p-value 95% C.I. Co-efficient (β) p-value 95% C.I. 

Constant 1.202 – 1.029 – 1.375 0.684 – 0.515 – 0.852 

Major Axis Length 0.018 0.024* 0.002 – 0.33 -0.008 0.216 -0.022 – 0.005 

Minor Axis Length -0.047 <0.001* - 0.069 – 0.026 0.021 0.010* 0.005 – 0.038 
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Chapter 7 

 

General Discussion 
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7.1 Overall Summary 

The main finding in this thesis is that abnormal maternal inflammation is causally linked 

to the pathogenesis of pregnancy complications (Figure 7.1). The work presented here implicates 

a causal role for TNF in the development of inflammation-induced features of PE and FGR and 

provides the first in vivo evidence of TNF-mediated inhibition of trophoblast invasion and spiral 

artery remodelling using a rat model. The fact that GTN prevented inflammation-induced FGR, 

features of PE and coagulopathies linked with fetal demise was also a novel and important 

finding. Though GTN likely functioned by restoring utero-placental hemodynamics, our data also 

indicate that a potential mechanism by which nitroglycerin imparts beneficial effects is through 

direct anti-inflammatory actions. In particular we revealed that activation of classical NO 

signalling decreased TNF release from THP-1 macrophages in vitro. We also provided evidence 

that pregnancy amplifies the pro-inflammatory response to an immunogenic stimulus, confirming 

our hypothesis that the placenta, and in particular impaired/abnormal utero-placental perfusion, is 

critical to the pathogenesis of inflammation-associated adverse pregnancy outcomes. Lastly, we 

provided evidence that inflammation-induced FGR is associated with alterations in placental 

morphometrics.  

 

7.1.1 Role of inflammatory cytokines in the pathogenesis of pregnancy complications 

Whereas the literature reveals a strong association between exaggerated maternal 

inflammation and adverse pregnancy outcomes 3, 387, prior to our studies, this association had not 

been proven to be causal. It is of interest to note that while we observed TNF-mediated FGR and 
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Figure 7.1. Overall schematic describing the pathophysiology of pregnancy complications 

and the steps where GTN administration can benefit pregnancy outcome  

 

We propose that abnormal maternal inflammation is key to the pathogenesis of pregnancy 

complications including PE, FGR and fetal loss. Deficient utero-placental perfusion is common to 

the manifestation of both fetal (purple box) and maternal (green box) detrimental outcomes. It is 

our contention that the release of placental inflammatory factors as a result of local oxidative 

stress, exacerbates systemic maternal inflammation and thereby intensifies disease severity (red 

dashed lines). Administration of GTN was found to prevent the development of poor maternal 

and fetal outcomes by interfering with many steps along the pathways leading to disease. Words 

in black represent ideas directly supported by data provided in this thesis while words in grey 

represent ideas proposed, but not directly supported by data in this thesis.  
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features of PE (Chapter 2), etanercept administration was unable to completely rescue 

inflammation-induced fetal death (Chapter 5). Therefore, the role of other pro-inflammatory 

molecules in the development of adverse pregnancy outcomes cannot be overlooked. 

The release of TNF has often been cited as a key step in the initiation of inflammation. 

The kinetics of cytokine release following low-dose LPS exposure has been studied in healthy 

human subjects. In these volunteers, TNF was the first detectable cytokine and reached peak 

concentrations 90 min following LPS administration.  Peak concentrations of IL-6 and IL-8 were 

observed 2h following LPS exposure, while IL-10 concentrations were highest 3h following LPS 

administration 454. These results are similar to our data in Chapter 3, whereby we report that LPS 

administration to both pregnant and NP animals resulted in increased levels of various cytokines 

(including TNF, IL-6 and IL-10), chemokines and colony stimulating factors within 2h of LPS 

treatment. The seemingly paradoxical rise in IL-10 is believed to be a compensatory effort by the 

immune system to modulate inflammation, including the release of TNF 455. Previous work from 

our lab revealed that administration of IL-10 to LPS treated pregnant rats reduced circulating 

maternal TNF levels and prevented LPS-induced fetal demise 153. These findings confirm those 

reported in a similar model of LPS-induced FGR and fetal death 154. Of particular interest is to us 

is the fact that pregnancy amplified the LPS-induced release of IL-10 such that levels of this 

cytokine measured in pregnant rats were ~2-fold greater than the levels measured in NP rats. This 

pregnancy-induced amplification of cytokine release was most pronounced for IL-6 whereby IL-6 

levels measured 2h following LPS exposure were ~15-fold higher in pregnant vs. NP rats. The 

exaggerated LPS-induced IL-6 response is likely a result of cross-talk with TNF as there is 

evidence that TNF induces IL-6 expression 456. Increased circulating levels of both TNF and IL-6 

are associated with complications of human pregnancy 105, 276 and are known to stimulate 
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coagulation 173, 457. It is possible that the spectrum of LPS-induced coagulopathies that we 

observed in our model (Chapter 5) were partially associated with elevated IL-6 levels, and that 

etanercept may have prevented these maternal coagulopathies, at least somewhat, by TNF-

mediated modulation of IL-6 production. Increased IL-6 levels were also found to be associated 

with the elevated MAP in the RUPP model through a mechanism involving activation of 

angiotensin II receptor type 1 (AT1) by agonistic antibodies to AT1 148, 149. The robust reduction 

in MAP that we observed in rats treated with etanercept and LPS (Chapter 2) may additionally be 

a consequence of TNF and IL-6 cross-talk, leading to modulation of the AT1 receptor. Though 

our data in Chapter 3 revealed that we did not observe a decrease in IL-6 levels with etanercept 

administration, it is possible that our 2-h time point was not ideal for modelling the kinetics of 

TNF-induced modulation of IL-6. 

Since, inhibition of TNF did not abolish LPS-induced fetal death (Chapter 5), it is 

possible that other factors are involved in the pathogenesis of fetal demise in this model. For 

example, LPS is known to activate the complement system 458, a byproduct of which is the release 

of TNF 134. Studies using animal models have revealed that complement activation is causally 

linked to fetal death 131, 132, 159. Moreover, it was reported that blood from women experiencing 

unexplained fetal loss had higher than normal levels of complement anaphylatoxin C5a, and that 

maternal levels of C5a were highest in women experiencing fetal death associated with PE 459. 

Since our animal model recapitulates features of PE including FGR (Chapter 2) and fetal death 

(Chapter 5), it is possible that complement activation may mediate fetal demise. The data 

presented in Chapter 5 indicate that GTN prevented LPS-induced coagulopathy and attenuated 

fetal death. Interestingly, in vivo evidence indicates that reduced NO bioavailability increases 
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complement-mediated platelet activation 460. Therefore, it is possible that GTN prevented fetal 

demise associated with coagulopathy by restoring NO bioavailability.  

In Chapter 2 we reported that etanercept prevented LPS-induced FGR, thereby 

implicating TNF in the pathogenesis of impaired fetal growth. It is important to consider the 

possibility that fetal growth is directly compromised as a result of reduced transplacental transfer 

of amino acids. Interestingly, infusion of TNF to pregnant dams resulted in decreased fetal amino 

acid uptake 461. Taurine is one such amino acid that plays an important role in fetal development 

and syncytiotrophoblast renewal 462. There is evidence that placental taurine transporter (TauT) 

activity is reduced in pregnancies complicated by PE and maternal obesity 463. Taurine deficiency 

affects trophoblast turnover and differentiation, and has also been shown to increase cellular 

susceptibility to pro-apoptotic TNF signals 463. Though it is unclear whether inflammation 

directly affects TauT, nitration of the transporter impairs its activity 464. Given that our work in 

Chapter 2 links aberrant maternal inflammation with placental nitrosative stress, it is possible that 

inflammation-mediated FGR is linked to alterations in amino acid transporter activity. Therefore, 

GTN may prevent inflammation-induced FGR by preventing local TauT nitration. Given that 

taurine is the most abundant amino acid present in the normal human placenta and is important to 

trophoblast cell renewal, it is likewise possible that the alterations in placental morphometrics 

reported in Chapter 6 are associated with deficient amino acid uptake 462. 

In work examining potential links between maternal nutrition, placental surface area and 

fetal programming, Barker and colleagues postulated that growth along the minor placental axis 

might be nutritionally sensitive 255. In particular, the authors found that offspring born from a 

placenta with a shorter minor axis length were at increased risk of developing hypertension later 

in life, possibly as a result of deficient maternal nutrition. Our results in Chapter 6 indicated that 
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the length of the minor placental axis predicted fetal weight, and in particular, that LPS-induced 

FGR was associated with a shorter minor placental axis length. Moreover, we observed a 

reduction in maternal weight gain when comparing LPS-treated animals to controls. We believe 

that a decline in the number of viable offspring associated with LPS treatment accounts for the 

discrepancy in maternal weights. However, it is possible that the reduction in maternal weight 

gain observed in LPS-treated dams was a result of maternal undernutrition. In our model, LPS-

induced malnutrition could therefore contribute to deficient placental growth along the minor 

placental axis.  Regardless, it is our contention that an exaggerated maternal inflammatory 

response contributes to the impaired placental growth observed in our model of pregnancy 

complications. A potential mechanism by which placental growth may have been affected is 

through reduced trophoblast viability; and indeed, there is evidence that TNF directly induces 

trophoblast apoptosis 284, 465. One study found that TNF-induced cytotrophoblast apoptosis was 

higher in placental samples collected from pregnancies complicated by reduced fetal growth than 

placentas associated with normal fetal growth 466.  

Though our work aimed to determine the role of aberrant maternal inflammation on both 

fetal and maternal outcomes, we largely focused our research on understanding how 

inflammation-induced alterations in maternal (rather than fetal) contributions to development (i.e. 

uterine spiral artery remodelling (Chapter 2), systemic maternal inflammation (Chapter 3), 

systemic maternal coagulopathies (Chapter 5)) affected pregnancy success. However, given the 

intimate fetal-maternal relationship, both anatomically and physiologically, it is important to 

consider that maternal inflammation may also affect fetal growth and development as a result of 

transplacental cytokine passage. Experiments using radiolabelled TNF injected into pregnant rats 

provided evidence that TNF does not cross the placenta 467. This finding was supported by data 
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from our lab showing that despite substantial increases in maternal TNF levels, amniotic fluid 

levels of TNF are not elevated 2h following maternal administration of LPS 153. On the other 

hand, research has revealed that the placenta is permeable to maternal IL-6 given that 

radiolabelled IL-6 administrated to pregnant rats during mid- and late-gestation was detectable in 

fetal tissue and amniotic fluid 468. Though LPS does not cross the placenta 396, it is possible that 

the fetal response to abnormal maternal inflammation (i.e. FGR (Chapter 2) or fetal death 

(Chapter 5)) are due to direct cytokine exposure. 

 

7.1.2 Suitability of the LPS-induced model of pregnancy complications 

Lipopolysaccharide is used extensively to initiate robust inflammatory responses 153, 318, 

469. Therefore, we used LPS to study the inflammatory pathways that we believe are involved in 

pathological pregnancies. Stimulation of LPS-induced signalling cascades results in activation of 

the NFκB and AP-1 pathways. This results in the synthesis and subsequent release of pro-

inflammatory factors including TNF, IL-8 and IL-6. These factors are often elevated in the blood 

of women afflicted by serious pregnancy complications 105, 118, 276, 470. 

While there are no reports demonstrating the presence of LPS in the blood of women 

afflicted by PE or other pregnancy complications, there is evidence that women with periodontal 

disease are at increased risk of adverse pregnancy outcomes 29, 471, 472. Periodontal disease is 

initiated by bacterial infection resulting in LPS-mediated inflammatory processes 473. 

Interestingly, injection of pregnant sheep with periodontopathic LPS resulted in fetal loss 474. 

Similar negative outcomes were observed in a rat study of periodontal LPS administration in 

which elevated maternal intra-aortic blood pressure, increased albuminuria and reductions in 

placental and fetal weights were also reported 475.  In our study, LPS administration led to similar 
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findings; in particular, we reported that LPS administration induced a robust maternal 

inflammatory response (Chapter 3) and resulted in the development of PE/FGR (Chapter 2) and 

coagulopathies associated with fetal demise (Chapter 5). 

Though it is possible that the effects observed in our animal model may be specific to 

LPS, there are several lines of evidence suggesting that this is not the case given the redundancy 

of inflammatory signalling pathways resulting in activation of the immune system. For example, 

both TLR4 and TLR2 are present on the villous trophoblast of term placentas 476. Although these 

receptors are stimulated by pathogen-associated molecular patterns (PAMPs; i.e. LPS), they are 

also able to respond to danger-associated molecular patterns (DAMPs) and induce infection-

independent inflammatory responses 473. Typically, DAMPs are considered to be endogenous 

constituents of cells that elicit a danger alarm when the cells are damaged (i.e. by pro-

inflammatory cytokines) and include heat-shock proteins, high-mobility group box-1 (HMGB1) 

477 and adenosine triphosphate (ATP) 478. Elevated HMGB1 479 and ATP 480 titres have been found 

in women with PE. Moreover, recent work using pregnant rats has elucidated a pathogenic role of 

ATP in the development of pregnancy complications. Similar to our data presented in Chapter 2, 

the authors of these studies describe reduced trophoblast invasion, spiral artery remodelling 157 

and increased proteinuria 158 associated with ATP exposure during pregnancy. Together, these 

data suggest that an overall inflammatory state is key in the pathogenesis of adverse pregnancy 

outcomes, and that the identity of the initial inflammatory stimulus does not matter as much as 

the downstream cellular pathways it activates.   
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7.1.3 Role of angiogenic imbalance in the development of pregnancy complications 

In recent years, a significant amount of research has focused on angiogenic imbalance as 

a cause for PE and FGR. In 2003, Maynard and colleagues first reported women with PE to have 

increased levels of soluble fms-like tyrosine kinase-1 (sFlt1) and reduced levels of vascular 

endothelial growth factor (VEGF) and placental growth factor (PGF) in their blood 481. By acting 

as an antagonist of VEGF and PGF, it is proposed that placental-derived sFlt-1 (released as a 

result of placental under-perfusion) contributes to the widespread endothelial dysfunction that 

characterizes PE. There is further evidence that elevated maternal levels of soluble endoglin 

(sEng), the soluble receptor for TGF-β, also contribute to endothelial dysfunction via a 

mechanism linked to impaired NOS activity 482. Indeed, animal models using adenovirus-

mediated overexpression of sFlt-1 481, 483 or sEng 482 have recapitulated many of the symptoms of 

PE and FGR. Furthermore, using a model in which both sFlt-1 and sEng were overexpressed in 

pregnant rats, it was found that sEng exacerbated the adverse effects of sFlt-1 leading to FGR and 

features of the HELLP syndrome 482. Although sEng and sFlt-1 are potential targets in the 

treatment of PE, a clear understanding of the mechanisms modulating placental release of these 

factors remains unknown.  

While we did not measure sFlt-1 or sEng levels in our studies, it is possible that our 

model could recapitulate the increased levels associated with adverse pregnancies. In Chapter 2, 

we provided evidence of LPS-induced alterations in utero-placental hemodynamics, placental 

nitrosative stress and elevated maternal MAP. Interestingly, investigators revealed a correlation 

between maternal sFlt-1 levels and MAP in the RUPP model 484. Etanercept administration to 

RUPP rats significantly reduced sFlt-1 levels thereby implicating TNF in the modulation of sFlt-1 

and MAP in this model of impaired utero-placental perfusion 485. Additionally, studies using 
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human placental explants have shown that placental release of sFlt-1 486 and TNF 142 increases 

under hypoxic conditions. A previous study from our lab revealed that LPS-induced fetal death 

was associated with elevated TNF levels and increased placental pimonidazole staining, a marker 

of local hypoxia 153. Moreover, our lab also revealed that administration of GTN to human term 

placental explants reduced the hypoxia-induced release of sFlt-1 and sEng via a hypoxia-

inducible factor-1α (HIF-1)-dependent mechanism 486. Therefore, if inflammation-induced 

placental release of sFlt-1 and sEng are linked with the pathogenesis of pregnancy complications 

in our model, we would hypothesize that GTN administration, via the restoration of utero-

placental hemodynamics, could interfere with the local release of these factors.  Moreover, our 

data presented in Chapter 4 revealed that GTN possesses novel anti-inflammatory properties and 

can modulate LPS-induced TNF release from THP-1 macrophages. Therefore, an additional 

mechanism by which GTN may acts to inhibit hypoxia-induced sFlt-1 and sEng release could 

through inhibition of TNF.  

 

7.1.4 Placental oxidative stress: more than just deficient spiral artery remodelling 

Until recently, it was commonly thought that hypoxia-induced responses and 

inflammation were mutually exclusive. However, it is now known that there is a strong link 

between inflammation and hypoxia response pathways 487, 488. Perhaps the strongest evidence of 

this relationship is the fact that the transcription factors NFκB and HIF-1 can regulate each other 

487, 489. In fact, HIF-1 accumulation was found to depend on basal activity of NFκB, suggesting 

that inflammation is crucial to the hypoxic response 487. It is well established that during 

complications of human pregnancy the placenta is exposed to pathological ischemia. Levels of 

HIF-1α, the oxygen sensitive subunit of HIF-1, were found to be increased in placentas from 
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pregnancies complicated by PE 490, 491. Given the intimate association between HIF-1 and NFκB, 

it is reasonable to link the exaggerated maternal inflammatory response that characterizes adverse 

pregnancies with HIF-1-mediated responses. Additionally, it is possible that the amplification of 

LPS-induced release of TNF, IL-6, IL-10 and MCP-1 that we observed during pregnancy 

(Chapter 3) may be associated with the reciprocity of these two transcription factors. Important to 

consider though, is the fact that a hypoxic placenta is not the same as an oxidatively stressed 

placenta; the former describes a placenta exposed to low oxygen (e.g. the placenta of women 

living at high altitudes) while the latter describes a placenta exposed to damaging ROS, which 

may or may not arise due to hypoxia.  That is to say that hypoxia is a form of oxidative stress, but 

oxidative stress is not synonymous with hypoxia. Therefore, an oxidatively stressed placenta is 

common to complications of pregnancy including PE and FGR. 

It is well accepted that pregnancy complications are associated with poor utero-placental 

perfusion. However, the literature somewhat mistakenly reports the role of impaired spiral artery 

remodelling and subsequent reduced delivery of blood to the maternal-fetal interface as being the 

exclusive mechanism contributing to placental ischemia and oxidative stress. The role of 

vasoconstriction as a contributor to placental oxidative stress is often overlooked.  Impaired spiral 

artery modification renders these maternal vessels sensitive to vasoactive molecules due to 

retention of the smooth muscle layer 2. Endothelin-1 is one of the most potent vasoconstrictors 

and has been associated with the pathogenesis of PE 147, 492. Using the RUPP rat model, LaMarca 

and colleagues (2005) revealed that ET-1 mediated TNF-induced hypertension 147. Whether or not 

spiral arteries respond to ET-1 and/or TNF via a similar mechanism is not known. However, work 

by Orshal and Khalil (2004) examined endothelial NO-cGMP-mediated vascular relaxation in IL-

6 infused pregnant rats and found IL-6 to be an important mediator of vascular resistance. 
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Moreover, the authors revealed a pregnancy-specific effect of IL-6 infusion such that pregnant 

rats exhibited increased vascular contraction and reduced endothelium-dependent vascular 

relaxation compared with their non-pregnant control rats 493.  Not only is our LPS-induced model 

of pregnancy complications associated with increased IL-6 levels (Chapter 3), but we also 

observed a pregnancy-specific effect of LPS-induced IL-6 release. Therefore, it is possible that 

the increased SA resistance index that we observed in placentas from LPS-treated animals 

(Chapter 2) is partially due to pro-inflammation cytokine-mediated vasoconstriction leading to 

I/R injury, oxidative and nitrosative stress. 

Interruptions in utero-placental blood flow may also arise as a consequence of altered 

maternal hemostasis. For example, the presence of a thrombus or excessive fibrin deposition 

within the utero-placental vasculature could impair delivery of blood to the fetal-maternal 

interface resulting in local oxidative stress. In Chapter 5, we used TEG to assess systemic 

maternal hemostasis and revealed a link between inflammation-induced coagulopathy and fetal 

demise. Our lab previously demonstrated that TNF-induced systemic maternal coagulopathies 

were associated with local placenta hemostatic alterations including fibrin deposition 155. 

Therefore, it is possible that the spectrum of LPS-induced systemic coagulopathies that we report 

in Chapter 5 may also reflect hemostatic changes at the placenta. Indeed, histological examination 

of placentas from adverse pregnancies has revealed thrombotic lesions associated with PE 494, 

FGR 495 and fetal death 496.  

Any factor (e.g. thrombosis (Chapter 5) or deficient SA remodelling (Chapter 2)) that 

leads to a deficiency or disruption in maternal blood supply may also result in the development of 

local placental infarcts.  Placental infarct, whereby impeded blood flow results in ischemic 

necrosis to an area of the placenta, has been associated with complications of pregnancy. 
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Development of placental infarct as a result of poor spiral artery remodelling (Chapter 2), 

vasoconstriction or local coagulopathy (Chapter 5), may contribute to the alterations in placental 

morphometrics we described in Chapter 6.  Fibrin accumulations at the interface between the 

decidua and placenta are specifically known as maternal floor infarcts and have been implicated 

in pre-term birth, fetal death and FGR 497. It is thought that turbulent blood flow within the IVS 

leads to the accumulation of fibrin as a result of disruption and damage to chorionic villi 498. This 

idea is supported by the novel postulate of Burton and colleagues (2009) who suggested that poor 

SA modification leads to high-velocity blood entering the IVS and thereby damages chorionic 

villi 71. Perhaps inflammation-induced deficient SA remodelling and increased SA resistance 

index (Chapter 2), damaged chorionic villi and contributed to the reduced placental area, 

placental weight and altered axis lengths (Chapter 6) that we observed in our model.   

An additional consequence arising as a result of damage to chorionic villi is the 

generation of STBMs. Investigators have recently begun investigating STBMs as a cause for 

endothelial dysfunction and maternal symptoms associated with PE 499. What makes the 

population of STBMs unique is the fact that each of these placental-derived vesicles represents 

the parent cell from which the vesicle was derived. As a result, the population of circulating 

STBMs is heterogeneous. Not only do women with PE have elevated numbers of circulating 

STBMs 314, 499, but the surface proteins found on PE-associated STBMs are indicative of 

pathological processes. For example, STBMs collected from pregnancies complicated by PE 

exhibit increased TF activity 205 and have been found to stimulate the release of pro-inflammatory 

cytokines including TNF 277, IL-6 and IL-8 production 500. These circulating STBMs may 

therefore contribute to pathological activation of the inflammatory and coagulation cascades 

associated with PE. 
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7.1.5 Activation of classical NO-signalling: a novel therapeutic target for pregnancy 

complications? 

As observed in normal human pregnancy 501, 502, rats exhibit elevated NO biosynthesis 

and cGMP levels throughout gestation 503, 504. This is likely due to the fact that NO is linked to 

many essential processes involved in supporting healthy pregnancy including modulation of 

cardiovascular adaptations 505, maintenance of vascular tone 213 and inhibition of platelet 

aggregation 214. Reduced serum nitrites (a proxy for decreased NO levels) have been found in 

women experiencing adverse pregnancy outcomes and have been linked to the spectrum of 

complications associated with these diseases 233, 234.  

In recent years, there has been an attempt to understand whether restoration of classical 

cGMP-mediated NO signalling improves pregnancy success in women affected by adverse 

complications. Sildenafil citrate is a pharmacological inhibitor of phosphodiesterase-5 (PDE-5) 

and therefore functions to protect against PDE-5-mediated cGMP degradation. Traditionally, the 

beneficial effects of sildenafil in the treatment of erectile dysfunction are attributed to its 

vasodilatory properties. Indeed, research in the pregnancy field has revealed that sildenafil 

improves utero-placental perfusion in animal models and may be beneficial in the treatment of 

complicated pregnancies 506-509. In Chapter 2, we found that inflammation-induced elevations in 

spiral artery resistance index were attenuated by GTN administration. Since GTN is a well-known 

vasodilator, it is likely that some of its beneficial effects were due to maintenance of adequate 

utero-placental perfusion. Therefore, sildenafil citrate and GTN may both function through a 

similar pathway involving cGMP-mediated vasodilation of maternal vasculature.  

The in vitro data presented in Chapter 4 reveals that GTN may exert novel, direct anti-

inflammatory effects. In particular, we provided evidence that GTN prevents LPS-induced TNF 
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release from PMA-stimulated THP-1 macrophages via a mechanism linked to cGMP-signalling. 

Interestingly, we also reported that WBC counts of LPS-treated rats (Chapter 2) were 

significantly reduced with GTN treatment. The immunomodulatory actions of GTN that we 

observed in our animal model may be a result of direct anti-inflammatory actions on immune 

cells. Conversely, GTN may simply be acting to restore utero-placental hemodynamics, thereby 

preventing I/R induced placental damage and widespread maternal systemic inflammation. In 

Chapter 5, we demonstrated that GTN prevented inflammation-induced fetal death, which was 

associated with a spectrum of maternal coagulopathies. Low concentrations (<1 μM) of NO are 

known to induce anti-aggregating effects on platelets via activation of cGMP signalling 510, and 

low concentrations of GTN (<10 nm) have been found to reverse platelet aggregation 511. 

Therefore, GTN, through the activation of cGMP signalling, may function to inhibit or reverse 

platelet aggregation, thereby preventing the progressive development of maternal coagulopathies 

and fetal death. Collectively, our data reveal that GTN administration may be beneficial in the 

treatment of inflammation-associated adverse pregnancy complications due to its vasodilatory, 

anti-inflammatory and/or platelet anti-aggregating effects.  

 

7.1.6 Summary of original contributions 

The data presented in this thesis provide evidence that abnormal maternal inflammation 

during pregnancy is linked to the pathogenesis of pregnancy complications including PE, FGR 

and fetal death. In particular, our inflammation-induced rat model of pregnancy complications 

reveals that: 

 TNF is causally linked to the development of inflammation-induced FGR, features 

of PE and maternal coagulopathies associated with fetal demise 
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 Pregnancy amplifies features of LPS-induced inflammation 

 GTN possesses novel, direct anti-inflammatory actions 

 GTN may be a novel therapeutic intervention for the treatment of inflammation-

induced adverse pregnancy complications 

 Inflammation-induced alterations in placental morphometrics are associated with 

FGR and provide a rationale to investigate whether inflammation-induced growth 

restricted offspring are programmed to be susceptible to the development of adult-

onset diseases 
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7.2 Future Directions 

 

Investigating whether etanercept can rescue inflammation-induced pregnancy 

complications following an inflammatory stimulus 

 In Chapter 2, we provided evidence of a causal role for TNF in the pathogenesis of FGR 

and features of PE in a rat model. Though others have previously described a link between 

aberrant maternal inflammation and adverse pregnancy outcomes 130, 151, our work was the first to 

reveal a causal link between increased maternal inflammation and deficient trophoblast invasion 

and spiral artery remodelling in vivo. Our data, coupled with the fact that complications of human 

pregnancy are associated with elevated circulating levels of pro-inflammatory cytokines provides 

a rationale to study whether immunomodulation, initiated after the onset of a pathological 

inflammatory stimulus, may be able to rescue adverse fetal and maternal outcomes.  

 

Investigating the mechanism by which GTN prevents LPS-induced TNF release from  

THP-1 macrophages 

 As shown in Chapter 4, GTN administration to THP-1 macrophages prevented LPS-

induced release of TNF via a mechanism independent of the NFκB signalling pathway. We 

therefore hypothesize that the anti-inflammatory effects of GTN may be linked to the MAP 

kinase kinase (MKK)-3/p38 pathway, given that inhibition of this pathway is associated with the 

immunomodulatory effects of CO 376.  Therefore, future in vitro studies should investigate 

whether GTN exposure alters the phosphorylated active form of MAPK signalling proteins.  
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Assessing whether inflammation-induced FGR offspring develop CVD, diabetes or 

hypertension  

 Growth restricted offspring are at increased risk of developing adult-onset diseases, 

including CVD 241, type II diabetes 44 and hypertension 43, later in life as a consequence of fetal 

programming. Moreover, Barker and colleagues described reduced placental weight, surface area 

and a short minor placental axis length to be associated with subsequent development of 

hypertension 255. Since our inflammation-induced model of FGR exhibited similar alterations in 

placental morphometrics, future studies should elucidate whether inflammation-induced growth 

restricted offspring are also at risk of developing adult-onset disease.  

 

Determine whether rats experiencing features of inflammation-induced PE are at risk of 

developing CVD  

 Women with a history of PE are known to be at increased risk of developing CVD later 

in life 512. Women who give birth to FGR offspring also share this increased circulatory disease 

susceptibility 513. The reason for this phenomenon is disputed; while some researchers contend 

that PE is a ‘stress-test’ that exposes underlying cardiovascular dysfunction 514, others argue that 

the pathogenic processes associated with PE permanently alter maternal vascular and organ 

systems, thus making these individuals more susceptible to later-onset disease 515. Consistent with 

the latter is evidence showing that MAP is dictated by kidney-specific modulation. In particular, 

pharmacotherapeutic renal-induced changes in arterial pressure observed in hypertensive rats 

treated with an angiotensin-converting enzyme inhibitor can be transferred to an untreated donor 

rat by kidney transplantation 516. It is our contention that exaggerated maternal inflammation 
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during pregnancy induces permanent renal alterations, and these may contribute to the 

manifestation of vascular disease later in life. Several researchers have shown that infusion of 

pro-inflammatory cytokines to pregnant rats increases blood pressure, leads to proteinuria and 

induces renal dysfunction during pregnancy 148, 151.  In Chapter 2, we provided evidence that 

elevated MAP and renal alterations are casually linked to TNF. Furthermore, our data also 

revealed that TNF-induced elevations in MAP did not return to control values up to seven days 

post-partum. Since there are no studies examining whether aberrant maternal inflammation 

during pregnancy precipitates the development of CVD, in vivo studies investigating the long-

term sequelae of inflammation-induced pregnancy complications should be performed. Results of 

these studies may help elucidate potential treatment or prevention strategies and identify women 

at risk of developing CVD. 
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