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Abstract 

Abnormal maternal inflammation during pregnancy is linked to complications such as 

preeclampsia and fetal growth restriction. There is growing evidence that insulin resistance is also 

associated with a heightened inflammatory state, and is linked to pregnancy complications such 

as gestational diabetes. This study tested the hypothesis that abnormal inflammation during 

pregnancy is causally linked to elevations in blood glucose and insulin resistance. To induce a 

state of abnormal systemic inflammation, bacterial lipopolysaccharide (LPS) was administered to 

pregnant rats on gestational days (GD) 13.5-16.5. Dams treated with LPS exhibited an abnormal 

immune response characterized by an elevation in white blood cells, which was linked to reduced 

fetal weight and increased glucose levels over pregnancy. Abnormal inflammation is 

characterized by increased levels of circulating pro-inflammatory cytokines such as tumour 

necrosis factor alpha (TNF) and interleukin-6, which contribute to insulin resistance by inhibiting 

the insulin signalling pathway. TNF in particular induces a serine phosphorylation (pSer307) of 

insulin receptor substrate 1 (IRS-1). In our model, insulin resistance was assessed by measuring 

the extent of pSer307 of IRS-1 and total IRS-1 expression in skeletal muscle, as well as changes in 

metabolic parameters and pancreas tissue morphology associated with insulin resistance. LPS-

treated dams exhibited a significant reduction in IRS-1 expression, elevation in fasting glucose 

levels, and reduction in insulin sensitivity indices. There were also biologically relevant increases 

in fasting plasma insulin levels and insulin resistance indices, but not pSer307 of IRS-1 and 

pancreatic islet size. To determine whether inflammation plays a role in reducing insulin 

signalling and the other changes associated with LPS administration, etanercept, a TNF 

antagonist, was administered on GDs 13.5 and 15.5 prior to LPS injections. With the exception of 

IRS-1 expression, in rats treated with etanercept all of the measured parameters remained at the 

levels observed in saline controls, indicating a link between abnormal inflammation and insulin 

resistance. The results of this study support the practice of monitoring the inflammatory 
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conditions of the mother prior to and during pregnancy, and support further investigation into the 

potential use of anti-inflammatory agents during pregnancy in women at risk of insulin resistance 

and gestational diabetes. 
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Chapter 1 

Introduction 

1.1 Premise of Investigation 

While normal pregnancy is characterized by a state of low-level inflammation, some 

pregnant women experience an exaggerated immune response that exceeds the threshold of 

inflammation observed in a normal pregnancy1. Abnormal maternal inflammation is recognized 

as one of the leading causes of fetal and maternal morbidity and mortality because of its 

connection to pregnancy complications such as pre-term labour2, spontaneous abortion3, 

intrauterine growth restriction (IUGR) 4,5, preeclampsia (PE)6,7, and more recently insulin 

resistance8-10 and gestational diabetes11. For instance, about 25% of cases in which a woman had 

an infection during pregnancy resulted in pre-term birth12. Furthermore, with the rise in obesity, a 

strong link has been established between obesity-associated inflammation and the pathogenesis of 

insulin resistance and gestational diabetes13 in obese pregnancies14.  

Aberrant maternal inflammation is characterized by increases in the levels of circulating 

pro-inflammatory cytokines such as tumour necrosis factor alpha (TNF), interleukin (IL)-6, and 

adipokines such as leptin15,16. In particular, TNF levels have a strong positive correlation with the 

level of insulin resistance during pregnancy. For instance, high TNF levels were significantly 

correlated to elevated fasting insulin levels and insulin resistance indices in a cohort study on 

pregnant women9. The link between inflammation and insulin resistance stems from the 

inhibitory effect that cytokines such as TNF have on the insulin signalling pathway13. TNF and 

other markers of inflammation such as IL-6 directly reduce insulin signalling and consequently 

inhibit the ability of insulin to reduce blood glucose levels. If high blood glucose levels persist 

and the pancreas is unable to compensate with increased insulin production, tissues can become 
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resistant to the effects of insulin and this can lead to impaired glucose tolerance17. Given the 

interaction between TNF and insulin signalling, TNF may at least partially account for the effects 

of inflammation on insulin resistance and elevated glucose levels in pregnancy.  

 To explore this relationship we modified an experimental model developed by our 

laboratory for studying PE and fetal growth restriction (FGR), in order to study the effect of 

abnormal maternal inflammation on blood glucose levels and morphological alterations in the 

pancreas. This involved administering bacterial lipopolysaccharide (LPS) to pregnant dams in 

order to induce a systemic maternal inflammatory response, which resulted in an increase in 

circulating maternal TNF levels two hours later18. The initial results from this research showed 

that abnormal maternal inflammation led to a greater change in non-fasting blood glucose level 

from gestational day (GD) 13.5-16.5, increased pancreatic islet expansion, increased β-cell 

proliferation, and no change in β-cell apoptosis on GD 17.5 (Xiaoxuan Zhao, unpublished data). 

Furthermore, no differences were observed in any of these factors between LPS- and saline-

treated non-pregnant rats, indicating that the observed differences were pregnancy-specific. 

Overall, these findings suggested that abnormal inflammation plays a role in glucose metabolism 

during pregnancy, and the changes observed in the pancreas were an indication that it was 

responding to the state of elevated blood glucose.  

 This research prompted us to examine whether disruptions in the insulin signalling 

pathway lead to an insulin resistance phenotype. To provide insight into a mechanistic link 

between inflammation, insulin resistance, and blood glucose, we studied the effect of the TNF 

inhibitor etanercept on these conditions. In studying the effect of etanercept on characteristics 

associated with insulin resistance, we provide evidence that supports the monitoring of 

inflammatory markers, such as TNF, in pregnant women at risk of developing insulin resistance 
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and gestational diabetes. Moreover, further research should be done to establish the effectiveness 

of anti-inflammatory therapeutics, such as etanercept, to treat these conditions. 

 

1.2 Maternal Inflammation and Pregnancy 

1.2.1 Normal vs. Abnormal Inflammation in Pregnancy 

 During normal pregnancy, the maternal immune system plays an important role in 

placentation, including the remodelling of the uterine spiral arteries as well as the early stages of 

placental development, both of which are important for fetal development and a successful 

pregnancy1.  In particular, circulating pro-inflammatory cytokines such as TNF, IL-6, IL-8 and 

IL-11 have been associated with the processes of implantation, early placental development and 

fetal growth19. Unlike pregnant women, non-pregnant women have much lower levels of these 

pro-inflammatory cytokines, indicating that there is a characteristic pro-inflammatory 

environment associated with pregnancy20. 

 In instances of abnormal immune activation during pregnancy, this low-level 

inflammation may predispose pregnant women to an exaggerated immune reaction in response to 

conditions unrelated to pregnancy such as stress, infection, or an underlying disease state such as 

an autoimmune condition or chronic disease. In response to abnormal inflammation, there is a 

recruitment of immune cells such as macrophages, granulocytes, lymphocytes, and monocytes, 

which results in the release of cytokines, chemokines and other immune molecules. These 

molecules can then interfere with signalling pathways such as the insulin signalling pathway, 

disrupting the metabolic homeostasis of the pregnant mother21.  
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1.2.2 Role of TNF in Insulin Resistance  

 TNF is one of the key players in the relationship between an abnormal maternal immune 

response and pregnancy complications. TNF is produced mainly by macrophages, but can also be 

produced by other immune cells, including mast cells and lymphoid cells, as well as tissues 

associated with blood vasculature (endothelial cells) and connective tissue (fibroblasts)22. 

Increased levels of TNF have also been linked to the recruitment of other immune molecules that 

exacerbate the immune response. The relationship between insulin resistance and TNF was first 

established by studying obesity because TNF is produced in large amounts by adipocytes and 

macrophages within adipose tissue, one of main tissues involved in glucose homeostasis15. 

Macrophages are also located within skeletal muscle and liver tissue (Kupffer cells), the other 

tissues associated with glucose metabolism. Consequently, local tissue production of TNF further 

exacerbates the pro-inflammatory environment within insulin-sensitive tissues. In addition to 

being a source of TNF, these tissues are susceptible to becoming insulin resistant because TNF 

can inhibit the insulin signalling pathway. Consequently, this impairs the action of insulin-

stimulated glucose uptake by skeletal muscle, suppression of hepatic glucose production by the 

liver, and suppression of lipolysis in adipose tissue15. The ability of TNF to inhibit insulin 

signalling is the main reason why TNF has been linked to insulin resistance in pregnancy. 

 

1.3 Insulin Signalling Pathway and the Role of Inflammation 

1.3.1 Insulin Synthesis 

 Insulin is a peptide hormone produced by the β-cells of the pancreas, one of three cell 

types that make up the endocrine portion of the pancreas known as the islets of Langerhans or 

islet cells. The β-cell distribution within the islet cells varies among species23; in humans, the β-

cells make up around 50% of an individual islet cell and are dispersed throughout the islet, 



 

 

5 

whereas in the rodent, β-cells make up 60-80% of an individual islet cell and are centrally located 

within the islet. Similarities do exist, however, between humans and rodents in the distribution of 

islet cells within the pancreas, with the majority of islet cells being found in the tail region of the 

rat pancreas, making the tail region ideal for studying abnormalities in the islet cells23,24. 

 There are several factors that stimulate insulin production by the β-cells, including 

hormones, vitamins, nutrients, neuronal stimulation, and paracrine effects from the other 

pancreatic hormones, somatostatin and glucagon25. Among these factors, elevated extracellular 

glucose is the main impetus for insulin secretion. An increase in extracellular glucose stimulates 

the transcription and mRNA translation of the insulin gene. Insulin is then packaged into granules 

and stored in the cytoplasm of β-cells, ready for release when necessary26. The β-cells are 

sensitive to changes in glucose levels and secrete the requisite amount of insulin to maintain 

glucose homeostasis27. Insulin secretion occurs via exocytosis whereby the insulin-containing 

granules fuse with the β-cell membrane, releasing insulin into the capillaries localized within the 

islet cells26. The pancreas is a highly vascular tissue, and the islet cell is the most vascular part of 

the pancreas, having ten times more blood vessels than the surrounding exocrine pancreas. This 

allows for rapid dispersal of insulin to the target tissues, where it binds to its receptor embedded 

within the plasma membrane of cells.   

1.3.2 Overview of the Insulin Signalling Pathway 

 The insulin receptor is a heterotetrameric glycoprotein comprised of an extracellular 

component made up of two alpha subunits and a transmembrane portion made up of two beta 

subunits (IR-β). The former is responsible for the binding of insulin and the latter is responsible 

for the intracellular signalling actions of the insulin signalling pathway28,29. Insulin receptors are 

located on the plasma membranes of cells in the three main insulin-sensitive tissues – skeletal 
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muscle, adipose tissue, and liver; however, there are also receptors present in the placenta, heart, 

kidney, pancreas, and tissues associated with the vasculature (endothelial cells and erythrocytes) 

and the immune system (monocytes and granulocytes)28.  

 The insulin signalling pathway is reliant on tyrosine kinase activity because IR-β, which 

is responsible for intracellular signalling has a tyrosine-specific protein kinase30.  Consequently, 

when insulin binds to the receptor, tyrosine autophosphorylation of IR-β must occur in order to 

activate the receptor, and its inherent tyrosine kinase activity promotes the phosphorylation of 

tyrosine residues on its associated substrate proteins, such as the insulin receptor substrate (IRS) 

1-4 proteins. These phosphorylated tyrosine residues are able to bind adaptor molecules that 

contain an Src-homology-2 domain, such as the p85 regulatory subunit of phosphatidylinositol 3-

kinase (PI3K), which is the main downstream pathway involved in glucose uptake in skeletal 

muscle31,32.  A schematic diagram of this pathway in instances of normal and abnormal 

inflammation is shown in Figure 1.1. 
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Figure 1.1. The insulin signalling pathway in instances of normal and abnormal inflammation.  
The top panel shows normal activation of the insulin signalling pathway. Activation of IRS-1 through a 
tyrosine phosphorylation promotes activation of PI3K and subsequent GLUT4 translocation to the 
plasma membrane. The bottom panel shows an example of the pathway affected by elevated TNF. TNF 
binding to its receptor activates serine kinases that promote a serine phosphorylation of IRS-1. This 
prevents PI3K activation and GLUT4 translocation. Adapted and modified from J.R. Zierath et al. 33, 
and Osborn and Olefsky21.  
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1.3.1 Mechanism of Insulin Action in Skeletal Muscle 

 As mentioned previously, insulin receptors are found in a variety of tissue types, and not 

solely in those responsible for glucose metabolism. Despite this, IRS-1 and IRS-2 are mainly 

found in tissues involved in growth and glucose metabolism. In skeletal muscle and adipose 

tissue, IRS-1 is the main substrate protein, whereas in the liver, both IRS-1 and IRS-2 work in 

concert to carry out insulin action34. Consequently, we used IRS-1 in this study to determine the 

effect of abnormal inflammation on insulin-mediated glucose uptake in skeletal muscle, the main 

tissue involved in this process. 

 Activated IRS-1 in skeletal muscle mediates the association between the p85 regulatory 

subunit and the p110 catalytic domain of PI3K, thereby activating p110 and thus PI3K as well. 

Activation of PI3K stimulates the production of phosphatidylinositol-3-phosphates (PI3P), which 

can directly promote the translocation of glucose transporters (GLUT) to the plasma membrane, 

namely GLUT4, or can act to regulate downstream targets such as protein kinase B (PKB/Akt) 

that also promotes translocation of GLUT433. As much as 75% of insulin-stimulated glucose 

uptake occurs in skeletal muscle32, thus any interruptions in the aforementioned pathway in 

muscle such as the blocking of IRS-1 activation, can have negative consequences for the 

metabolic homeostasis of an individual.   

1.3.2 Immune regulation of IRS-1 

 Inactivation of IRS-1 by inflammatory molecules such as TNF has been implicated in the 

pathogenesis of insulin resistance in skeletal muscle, meaning that more than the normal amount 

of insulin is required to regulate glucose homeostasis. The structure of IRS-1 is key to the 

inactivation of the insulin signalling pathway because, in addition to having tyrosine residues 

capable of being phosphorylated, there are also over thirty serine residues that are also potential 
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targets for phosphorylation30. Unlike with tyrosine phosphorylation, serine phosphorylation of 

IRS-1 has an inhibitory effect on insulin signalling.  

 Immune molecules such as activated macrophages that secrete the pro-inflammatory 

cytokine TNF have been mechanistically linked to serine phosphorylation of IRS-1 (Figure 1.1). 

TNF binding to its receptor results in a signal cascade that activates serine kinases such as S6 

kinase (S6K) and serine kinase pathways, including inhibitor of κB kinase-β (IKK) and Jun N-

terminal kinases (JNKs) that are capable of phosphorylating the serine 307 (Ser307) residue on 

IRS-121. Furthermore, it has been shown that phosphorylation of Ser307 is linked to insulin 

resistance in both human and animal studies because it reduces the ability of IRS-1 to undergo 

tyrosine phosphorylation31,35,36 and increases proteasomal degradation of IRS-137. Evidence has 

also shown that increased serine phosphorylation of IRS-1 leads to a reduction in the associated 

downstream PI3K activity 35,36 and translocation of GLUT438. 

 

1.4 Consequences of Diminished Insulin Signalling in Pregnancy 

1.4.1 Insulin sensitivity 

 Normal pregnancy is characterized by a state of altered metabolic homeostasis, in 

particular glucose homeostasis. Insulin sensitivity, a measure of the ability of tissues to respond to 

the action of insulin, is significantly decreased over the course of gestation in normal 

pregnancies39. This poses a greater risk to the mother of developing gestational hyperglycemia 

independent of the conditions typically associated with gestational hyperglycemia such as 

obesity, pre-existing diabetes, race, and ethnicity. Moreover, complications of pregnancy 

associated with aberrant maternal inflammation, leading to a disruption in the insulin signalling 
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pathway, further exacerbate the risk of developing insulin resistance and subsequent 

hyperglycemia.  

1.4.2 Pancreas Islet Cell Morphology in Normal Pregnancy  

 Over the course of a normal human or rodent pregnancy, in response to decreased insulin 

sensitivity, the pancreas produces more insulin and undergoes morphological changes40. This 

response by the pancreas is termed β-cell compensation, whereby the β-cells increase insulin 

secretion, proliferate, and increase in size to accommodate for the elevations in blood glucose 

associated with reduced insulin sensitvity23,25,41.  

 Sorenson and Brelje evaluated the changes in islet cell histomorphology in normal 

pregnancy in several studies, and determined that there was a mean 2.2-fold increase in islet cell 

area over the course of gestation, which was mainly due to the mean 60% increase in the number 

of β-cells per islet cell and β-cell hypertropy42. The reason established for the changes observed 

in the pancreas during pregnancy was the increase in gestational hormones such as prolactin and 

placental lactogen, which are β-cell mitogens and stimulate insulin secretion43. Despite the 

connection between hormones and insulin resistance, there is increasing evidence that 

inflammation is the main contributor to insulin resistance. In a study done by Kirwan et al., out of 

TNF, cortisol, leptin, human chorionic gonadotropin, estrogen, and progesterone, TNF was the 

only significant predictor of reduced insulin sensitivity from a pregravid state to late pregnancy10.  

1.4.3 β-cells and Inflammation in Pregnancy  

 As mentioned above, β-cell compensation is a process that occurs during normal 

pregnancy. However, in pregnancies characterized by abnormal insulin sensitivity the β-cells 

exhibit an exaggerated hyperplasia leading to a greater increase in islet size and insulin 

secretion44. Also, in pregnancies complicated by abnormal inflammation, the elevation in 
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inflammatory cytokines has a two-pronged effect on the β-cells and the subsequent contribution 

to the development of insulin resistance and gestational diabetes.  

 Firstly, inhibition of insulin signalling by inflammatory cytokines results in decreased 

insulin sensitivity, and consequently, more insulin than normal is required for insulin-stimulated 

glucose uptake. The β-cells respond by producing more insulin than normal to compensate for the 

lack of glucose uptake into tissues, placing a greater strain on the islet cells. This leads to a state 

of relative hyperinsulinemia, which acts to reduce glucose levels; however, if there is a disruption 

in the insulin signalling pathway, the action of insulin is reduced, further increasing blood glucose 

levels. This creates a vicious circle of insulin production and little change in glucose uptake. 

Consequently, the pancreatic islet cells and the β-cell population exhibit exaggerated 

morphological changes44 and, as in the case of patients with type two diabetes, β-cells show signs 

of increased apoptosis and dysfunction25.  

 Second, inflammatory molecules are capable of promoting β-cell destruction, which is a 

contributing factor to the progression of insulin resistance to hyperglycemia and eventual 

gestational diabetes. One of the mechanisms by which this process is mediated is through 

inducible nitric oxide synthase (iNOS), which is a downstream inducible gene of nuclear factor 

kappa-B (NF-κB). Activation of NF-κB by TNF in local macrophages leads to an increase in 

iNOS catalyzed generation of nitric oxide, which at high levels is cytotoxic to β-cells and initiates 

apoptosis26.  
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1.5 Clinical Diagnosis of Insulin Resistance and Gestational Diabetes 

1.5.1 Measurements of Insulin Resistance and Gestational Diabetes in Humans 

 Persistent hyperglycemia during pregnancy resulting from deficient insulin signalling that 

progresses to insulin resistance and β-cell dysfunction can result in a condition known as 

gestational diabetes16. To measure insulin resistance in humans, the homeostatic method of 

assessment calculator (HOMA2) is typically used and provides an estimate of insulin resistance 

and sensitivity, and β-cell function; however, further testing must be done before this method is 

validated for animal studies.  

 There are two diagnostic tests for gestational diabetes, a one-step two-hour 75g oral 

glucose tolerance test (OGTT) after an eight-hour fast, or a two-step OGTT45. The two-step 

method involves a non-fasting one-hour 50g OGTT to pre-screen for impaired glucose tolerance 

and, if this test is positive (plasma glucose ≥7.8mmol/L), a second three-hour 100g OGTT after 

an eight-hour fast is given. Both of these tests are performed at 24-28 weeks of pregnancy and 

used solely for women who have not been diagnosed with diabetes pre-pregnancy.  

1.5.2 Measurements of Hyperglycemia and Insulin Resistance in Animal Models 

 In rodent models of pregnancy it is more difficult to determine the extent to which insulin 

resistance has progressed to gestational diabetes because it is difficult to get accurate readings 

from intraperitoneal glucose tolerance tests (IPGTT), the least invasive of the glucose tolerance 

tests. The placenta is a sinkhole for glucose, and the glucose administered during the test is 

rapidly transferred across the placenta due to large numbers of GLUT1 and GLUT3 receptors 

present in this tissue46,47. We previously tried IPGTT in our animal model and found fetal 

macrosomia in both control and LPS-treated animals, which is atypical because our model has 

shown that LPS administration leads to FGR. Additionally, there is a shortage of research on 
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baseline blood glucose levels during pregnancy in non-obese rodents, so it is difficult to define 

hyperglycemia in our model without conducting a glucose tolerance test. 

 Despite these difficulties, a plasma glucose level after a 12-hour overnight fast provides 

an indication of whether there is an impairment in glucose uptake and, in concert with fasting 

plasma insulin levels taken at the same time point, it is used to measure of the level of insulin 

resistance and sensitivity using indices developed by a computer model. The homeostatic model 

of assessment of insulin resistance and insulin sensitivity (HOMA-IR and HOMA-IS) and the 

quantitative insulin sensitivity check index (QUICKI) have been validated in animal studies and 

are measurements of insulin resistance and sensitivity using fasting plasma glucose and insulin 

levels48.  

1.5.3 Risks Associated with Gestational Diabetes 

 Gestational diabetes is becoming an increasingly more common pregnancy complication, 

currently affecting up to 28% of pregnancies depending on the country and population subset 

being analyzed49. In developed countries such as Canada and the United States the incidence is 

lower, 4-6.5% and 2-10% respectively, whereas in developing nations such as Nepal it is 28%49.  

 Pregnancies complicated by insulin resistance and gestational diabetes increase the risk 

of complications such as still birth, fetal macrosomia and neonatal metabolic complications50 and 

also affect the future disease risk of the mother. Mothers that have gestational diabetes have as 

high as a 60% risk of developing type two diabetes within five years post-partum51 and an 

increased risk of post-partum cardiovascular disease52. As late as fifteen years following a 

pregnancy afflicted by gestational diabetes there was a 60% and 30% incidence of type two 

diabetes in obese and lean women, respectively53. Similarly, the child is also at a greater risk of 

developing type two diabetes and cardiovascular disease in the future.  
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 Thus, it is important that strategies be developed to help prevent an increased burden on 

the healthcare system and the affected families. Given that inflammation is a source of insulin 

resistance and gestational diabetes in pregnancy, anti-inflammatory treatments are a potential 

therapeutic option for women who are at an increased risk of developing insulin resistance and 

gestational diabetes.  

 

1.6 Etanercept  

1.6.1 Method of Action 

 A potential anti-inflammatory therapeutic is etanercept (Enbrel®), which is a 

recombinant human fusion protein that contains the ligand-binding domain of the 75-kilodalton 

(kDa) human TNF receptor and as a result is a competitive inhibitor for TNF54. Etanercept acts to 

prevent TNF from interacting with its receptor and does so with a greater affinity than the TNF 

receptor itself.  

1.6.2 Clinical Use of Etanercept 

 Etanercept has been an approved by the Food and Drug Administration (FDA) for 

clinical use in the United States since 1998 and has been successfully used to treat rheumatoid 

arthritis and polyarticular-course juvenile rheumatoid arthritis54,55. Substantial evidence from 

animal studies showed no negative side effects; nonetheless only limited studies have been 

performed on pregnant women and as such, the FDA has categorized it as a class B drug in 

pregnancy56. A recent prospective study evaluating the safety of anti-TNF drugs in pregnancy 

concluded that etanercept is not likely a teratogen; however, the research is limited and more 

studies are required to confirm these results57. Similarly, another study determined that there was 

a low transplacental transfer of the drug, and it rarely appeared in breast milk58.  
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 In addition to etanercept, there are other anti-inflammatory therapeutics that can 

ameliorate glucose tolerance in individuals with diabetes, including salsalate15,59 and 

thiazolidinediones such as pioglitazone and rosiglitazone15,60. These drugs improve glucose 

tolerance by inhibiting NF-κB, a stimulator of TNF, IL-6, resistin, and a recruiter of macrophages 

to adipose tissue, all of which are implicated in insulin resistance. Unfortunately, none of these 

treatment options are approved for use during pregnancy, due to the limited studies on human 

pregnancy and the potential for transplacental transfer and other negative side effects such as 

hypoglycemia61.  

 

1.7 Animal Model  

1.7.1 Adaptation of FGR and PE Model to Study Insulin Resistance 

 The animal in this study was the Wistar rat, which our laboratory used to develop a 

model of spontaneous fetal loss, FGR, and PE because of some key similarities between the 

process of placentation in both humans and rats. Although rats have a labyrinthine placentation 

instead of the villous placentation seen in humans, rats are commonly used in studies of 

pregnancy complications because both humans and rats have hemochorial placentation, in which 

endovascular trophoblasts are responsible for spiral artery remodelling62 and extravillous 

trophoblasts are responsible for deep interstitial invasion63. Trophoblast invasion and spiral artery 

remodelling in the pregnant rat occur between GD 13.5 and 17.562 of a 22-day gestational period. 

Consequently, an experimental injection protocol was developed to target the effect of abnormal 

inflammation on trophoblast invasion and spiral artery remodelling, and the development of 

pregnancy complications. Similar to trophoblast remodelling, reduced insulin sensitivity in 

pregnancy occurs late in gestation. Insulin sensitivity decreases over the course of pregnancy in 
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individuals with both normal and abnormal glucose tolerance and this decreased insulin 

sensitivity typically starts at the end of the first trimester13. In lean women, insulin-mediated 

glucose uptake decreases by around 50% by the third trimester13. It is thus appropriate to use the 

injection protocol described below to study the effect of abnormal maternal inflammation on 

insulin resistance. 

1.7.2 Injection Protocol 

In both the acute and chronic models, LPS administration was used to induce the 

maternal inflammatory response, which led to the greatest increase in TNF two hours post-

injection3,18. Acute administration of LPS (50µg/kg and 100µg/kg) led to approximately 25% and 

over 95% fetal loss, respectively, within 3-4 hours post-injection3. The chronic model of 

inflammation was thus developed using a lower dose of LPS, 10µg/kg on GD 13.5 and 

40µg/kg/day from GDs 14.5-16.5 to prevent fetal demise. Administration of LPS in this manner 

led to abnormal systemic maternal inflammation, which caused reduced uteroplacental perfusion 

leading to FGR and a PE-like pregnancy18. In both the acute and chronic LPS administration 

models it was determined that TNF-mediated inflammation was causally linked to fetal loss, FGR 

and PE because administration of etanercept six hours prior to LPS injections increased 

uteroplacental perfusion and prevented fetal loss, FGR and the development of PE-like symptoms 

such as proteinuria and hypertension18.  

1.8 Hypothesis 

 Based on the relationship between inflammation and the insulin signalling pathway, the 

aim of this research was to determine whether abnormal inflammation in our animal model of rat 

pregnancy is causally linked to insulin resistance (Figure 1.2). In particular, it was 

hypothesized that abnormal inflammation, such as an increase in TNF, causes a Ser307 
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phosphorylation of IRS-1 and reduction in IRS-1 expression in skeletal muscle, and thus 

inhibits the insulin signalling pathway. Consequently, we expected that reduced insulin 

signalling would produce a state of hyperinsulinemia, lead to a reduction in glucose uptake from 

the blood, alter insulin resistance and sensitivity indices, and cause morphological changes in the 

pancreas (Figure 1.2).  

1.9 Objectives 

1. To determine whether LPS-administration leads to a systemic maternal immune response 

and that the level of inflammation is related to impaired fetal growth, and maternal changes 

in non-fasting blood glucose over the course of pregnancy using a rat model. 

2. To determine whether abnormal inflammation leads to decreased insulin signalling due to 

increased Ser307 phosphorylation of IRS-1 and reduced IRS-1 expression. 

3. To determine whether reduced insulin signalling produces changes in fasting insulin and 

blood glucose levels late in pregnancy as well as changes in the associated indices of insulin 

resistance and sensitivity.  

4. To evaluate the effect of abnormal maternal inflammation on pancreatic islet cell 

morphology. 

5. To determine if there is a causal link between abnormal inflammation and the 

aforementioned conditions associated with insulin resistance, using the TNF-inhibitor 

etanercept.  
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Figure 1.2. The proposed mechanism for inflammation-mediated insulin resistance in 
pregnancy. 
This describes the overall hypothesis regarding the link between abnormal maternal inflammation 
and insulin resistance during pregnancy. We propose that abnormal maternal inflammation such 
as elevated TNF is linked to Ser307 phosphorylation of IRS-1. The consequent diminished insulin 
signalling in turn leads to increased insulin production, elevated blood glucose levels, 
morphological changes in the pancreatic islet cells, and subsequently insulin resistance and 
reduced insulin sensitivity.  
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Chapter 2 

Materials and Methods 

2.1 Animals 

 All animal work was conducted in accordance with the guidelines of the Canadian 

Council on Animal Care and approved by the Queen’s University Animal Care Committee. 

Virgin female Wistar rats aged 80-90 days and male Wistar rats (Charles River Laboratories, 

Montreal, Quebec, Canada) were used in this study. The rats were housed in a facility with 

controlled humidity, a 12-hour light-dark cycle, and access to food and tap water ad libitum, with 

the exception of an overnight fast on GD 16.5.  

 

2.2 Mating and Pregnancy Determination  

 Virgin rats were mated overnight with fertile males in a 2:1 ratio. The following morning 

a vaginal lavage was performed using 90µL of saline (0.9% Sodium chloride solution). A 30µL 

sample was transferred to a heated microscope slide and allowed to dry on the hot plate, before 

being cooled to room temperature and submerged in 1% toluidine blue in PBS for 45 seconds. 

The slides were washed and a cover slip was applied to study the smear under a microscope. If 

spermatozoa were present on the slide (Figure A1), this was denoted as GD 0.5 of pregnancy; 

otherwise, the stage of the estrous cycle was determined64 and animals were mated again when 

they were most likely to be in the proestrous stage of the cycle. Those animals that had 

spermatozoa in the smear were monitored for weight gain, and to confirm pregnancy, animals 

required at least a 10% weight gain by GD 10.5 and palpation of pups on GD 12.5 and GD 13.5 

prior to any injection.  
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2.3 Injection Protocol 

 Pregnant rats were divided in four groups: saline (n=10), LPS (n=15), saline+Eta (n=3), 

and LPS+Eta (n=8). In order to induce inflammation, some pregnant rats were given a 1µL/g 

body weight intraperitoneal (i.p.) injection of LPS according to the dose timeline in Figure 2.1. 

Control animals receiving saline were given a 1µL/g body i.p. injection of sterile saline on GDs 

13.5-16.5. Animals that received saline or LPS in combination with etanercept were given an i.p. 

injection of etanercept (10mg/kg; Enbrel®; Amgen, Thousand Oaks, CA and Wyeth 

Pharmaceuticals, Collegeville, PA) in the morning, six hours prior to the LPS or saline injection 

(Figure 2.1). All i.p. injections were administered using a 26 and 5/8G needle. Following i.p. 

injections, a 5mL injection of lactated ringers solution was given subcutaneously using a 23G 

needle. 
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Figure 2.1 The experimental protocol for the animal model of abnormal maternal inflammation in 
pregnancy. 
LPS was administered on GDs 13.5-16.5 via an i.p. injection with a fluid volume of 1µL LPS/g body 
weight. Saline was also administered in the same manner as LPS. The dose on GD 13.5 was 10µg/kg and 
the dose on GDs 14.5-16.5 was 40µg/kg. Etanercept was administered to the LPS+Eta and saline+Eta 
treatment groups 6 hours prior to the LPS or saline injection on GDs 13.5 and 15.5. The dose was 
10mg/kg and administered via i.p. injection. Rats were fasted overnight before euthanasia on GD 17.5 
when blood was collected and tissue was harvested. 

Figure 2.1. The experimental protocol for the animal model of abnormal maternal inflammation in 
pregnancy. 
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2.4 Blood Glucose Monitoring 

 Non-fasting plasma glucose levels were measured on GDs 13.5-16.5 prior to saline or 

LPS injections and a fasting plasma glucose (FPG) level was measured on GD 17.5 prior to 

euthanasia. The tail of the rat was sterilized and cleaned using an alcohol swab in order to expose 

the dorsal tail veins. A 23G needle was used to puncture one of the tail veins and the drop of 

blood collected was immediately placed on a testing strip of the One Touch Ultra 2 glucose 

monitoring system (Life Scan, Burnaby, BC, Canada). The value given by the glucometer was a 

plasma-adjusted blood glucose measurement.  

 

2.5 Euthanasia and Blood Collection  

 Pregnant rats were fasted overnight on GD 16.5 and sacrificed on GD 17.5 via an i.p. 

injection (40-50mg/kg) of sodium pentobarbital (Ceva Santé Animale, Libourne, France). Once 

the anesthesia had taken effect, a cardiac puncture was performed to obtain blood for a complete 

blood count (CBC), and for plasma and serum collection. For the CBC analysis and plasma, 

blood was collected using a 1mL syringe and 23G needle containing 100µL of 

ethylenediaminetetraacetic acid (EDTA). Blood was allowed to fill the syringe to the 1mL mark 

and transferred to a 1.5mL Eppendorf tube. Before centrifugation, 12µL of an 80µL plasma 

sample was used to run the CBC analysis using the ABC Vet Animal Blood Counter (Scil Animal 

Care Company) according to the manufacturer’s instructions. The remaining samples with EDTA 

were then centrifuged at 2000xg for 20 minutes and the plasma was transferred to 0.5mL 

Eppendorf tubes in 240µL aliquots to be stored at -80oC. For serum, blood was collected in the 

same manner as above but in syringes without EDTA. The whole blood was centrifuged 1.5 hours 

after blood collection at 2000×g for 20 minutes, the serum was removed, and aliquots were made 

and stored as described for plasma.  
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2.6 Tissue Collection 

 Following blood collection, the uterine horns were dissected out first and the number of 

pups per horn, the position of the pups relative to the ovary, and the wet weights were recorded. 

The pup closest to the ovary was designated as the first position. Second, the pancreas was 

dissected out (Figure A2). To properly identify each region, the pancreas was removed while still 

attached to the spleen. Once the spleen was identified, the pancreas was cut along the greater 

curvature of the stomach and then dissected out of the C-shaped curve of the upper duodenum. 

The pancreas was then sectioned into the head, body and tail regions (Figure A2) and the tail and 

spleen were separated. Finally, additional organs were collected for this study and for future 

research. These included liver, kidneys, placenta, lumbar adipose tissue, and muscle 

(gastrocnemius and soleus). Tissues were fixed in 4% paraformaldehyde (PFA) at 4oC for at least 

24 hours or snap-frozen in liquid nitrogen for long-term storage at -80oC.  

 

2.7 Immunoprecipitation of IRS-1 and Phospho-IRS-1 (Ser307) 

2.7.1 Tissue Preparation 

 Firstly, tissue lysates were prepared using homogenization and sonication. Fresh frozen 

tissue samples of skeletal muscle (100mg) were cut into fine pieces and transferred to a dounce 

homogenizer containing 1mL of 2x cell lysis buffer (7 mL Ultrapure Water; 1 mL 10mM NaF; 2 

mL10x Cell Lysis Buffer; product no. 9803; Cell Signaling) with a protease and phosphatase 

inhibitor cocktail (Complete Mini Cat # 11836153001, Roche Diagnostics Canada, Laval, QC, 

Canada). Once the tissue was almost completely homogenized, samples were sonicated at 40Hz 

for ten second bursts and cooled on ice for around one minute between bursts. This was repeated 
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a maximum of two more times. Samples were then centrifuged at 10,000xg for ten minutes and 

the supernatant was removed. Finally, protein concentration was determined by a detergent 

compatible protein assay (BioRad Laboratories, Mississauga, ON, Canada). The supernatant was 

diluted in 2x cell lysis buffer as necessary, creating a final working solution of 2mg/mL in 200µL 

aliquots.  

2.7.2 Sample Pre-clearing 

 Immunoprecipitation was performed using Protein A magnetic beads (product no. 6507-

1; Biovision). First, a pre-clearing step was performed to remove proteins and ligands that would 

bind non-specifically to the beads, increasing sample purity. To do so, the 50% Protein A 

magnetic bead slurry was vortexed to mix the beads, and 30µL per sample was aliquoted into 

1.5mL Eppendorf tubes. Each aliquot was then washed three times with sterile 1x PBS. In 

between each wash, the tube was inverted and a magnetic separation rack was used to remove the 

liquid. Then after the final PBS wash solution was discarded, 200µL of supernatant was added to 

the beads. The sample-bead mixture was incubated with rotation at 4oC for one hour before being 

separated using a magnetic rack. The sample was then transferred to a fresh tube for co-

immunoprecipitation with either the IRS-1 (product no. 3047, Cell Signaling) or phospho-IRS-1 

(Ser307) antibody (product no. 2381, Cell Signaling). 

2.7.3 Incubation of Sample with Primary Antibodies 

 The 200µL pre-cleared sample that was prepared in 2.7.2 was incubated with either IRS-

1 or phospho-IRS-1 (Ser307) antibody in a 1:50 dilution. This incubation was done overnight with 

rotation at 4oC to ensure antibody-antigen binding. Following this incubation, 100µL of Protein A 

beads that were pre-washed three times in 500µL of sterile 1x PBS were added to the sample and 

incubated with rotation for 30 minutes at 4oC. This allowed the magnetic beads to capture the 
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antibody-antigen complex. Next, the magnetic separation rack was used to pellet out the complex 

bound to the magnetic beads. The beads were then eluted five times in 500µL of 3x cell lysis 

buffer (same as 2x cell lysis buffer, but with 3mL of 10x cell lysis buffer and 6 mL of ultrapure 

water). Samples were kept on ice between washes and gently inverted to re-suspend the beads 

each time.  

2.7.4 Sample Preparation Without Immunoprecipitation 

 The initial sample preparation that was performed using immunoprecipitation, as 

described above, did not consistently produce usable immunoblots for both Ser307 phosphorylated 

IRS-1 and total IRS-1 in a given experiment. Therefore, the ratio of Ser307 phosphorylated IRS-1 

to total IRS-1 could not be calculated. Consequently, methods of tissue preparation were switched 

to include only homogenization performed using an Omni Bead Ruptor Homogenizer (Omni 

International, Kennesaw, GA, USA). This allowed for less antibody to be used and for better 

breakdown of the muscle tissue using the homogenizer machine. Muscle tissue (100mg) and 1mL 

of 2x cell lysis buffer were put into the 2mL tubes pre-filled with ceramic beads  (Part no. 19-628, 

Omni International), and processed in the homogenizer according to the manufacturers 

instructions. As described in 2.7.1, protein concentration was determined and dilutions were done 

as necessary. 

2.8 Immunoblot for IRS-1 and Phospho-IRS-1 (Ser307) 

 The immunoblot was the final step used to measure the expression of IRS-1 and phospho-

IRS-1 (Ser307) protein. Firstly, samples were diluted in 2x SDS sample buffer with 3% β-

mercaptoethanol, vortexed, and heated to 95-100oC for five minutes. The immunoblot was 

performed using paired 7.5% polyacrylamide gels, one for each antibody. On each gel, a protein 

ladder and 40µg of protein were loaded and the gel was run at 150 volts for about 1.5 hours. The 
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proteins in the gels were then transferred to Immobilon™-P PVDF membranes (Millipore 

Corporation, Bedford, MA, USA) for two hours at 70 volts. After the protein transfer, blots were 

washed three times in 0.1% TBS-Tween-20 (TBS-T) for fifteen minutes per wash. The blots were 

then blocked in 5% skim milk (w/v) in 0.1% TBS-T at room temperature for one hour with gentle 

agitation to prevent non-specific binding, and before primary antibody incubation were washed 

three times for fifteen minutes each in TBS-T. Blots were then cut at the 135kDa marker 

indicated by the ladder in order to maximize binding to either IRS-1 or phosphor-IRS-1 (Ser307), 

which are located at 180kDa. The top half of each blot was incubated with the corresponding 

primary antibodies (1:1000 dilution in 5% BSA (w/v) in 0.1% TBS-T) overnight with gentle 

rocking at 4oC. The other halves of each blot were incubated in primary antibody against β-actin 

(1:20000 dilution in 5% BSA in 0.1% TBS-T). All blots were washed in TBS-T five times for 

five minutes each and rinsed with TBS before a one-hour room temperature secondary antibody 

incubation in Clean-Blot Detection Reagent (1:1000 dilution in 5% skim milk; Fisher Scientific). 

Finally, the blots were washed in TBS-T and TBS, developed using enhanced chemiluminescence 

HRP substrate solutions (Western Lightning® Plus-ECL, PerkinElmer, Waltham, Massachusetts) 

and exposed to Kodak X-Omat Blue Film. Densitometric analysis was performed using ImageJ 

software.  

 

2.9 Plasma Insulin 

 Fasting plasma insulin (FPI) levels were measured in plasma obtained from whole blood 

collected on GD 17.5. This was done using an ultrasensitive (detection limit 0.02-1.0µg/L) rat 

insulin ELISA (Mercodia, Uppsala, Sweden). Plasma that was stored at -80oC was thawed on ice 

and used to perform the ELISA according to the manufacturer’s instructions.  
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2.10 Insulin Resistance and Sensitivity Indices 

 Fasting plasma glucose levels measured using a glucometer on GD 17.5, and fasting 

plasma insulin levels measured in 2.9 were then used to calculate indices of insulin resistance and 

sensitivity. To determine the level of insulin resistance, the HOMA-IR65 was used; and to 

measure the level of insulin sensitivity, QUICKI65 and HOMA-IS65 were used. These indices 

were calculated according to the equations below.  

 

HOMA-IR: 
FPG (mmol/L) x FPI (µIU/mL)

22.5
 

 

QUICKI: 
1

log (FPG mgdL )+ log (FPI µIUmL )
 

HOMA-IS: 
10000

FPG (mmol/L) x FPI (µIU/mL)
 

2.11 Immunohistochemistry for Pancreatic Islet Cells 

2.11.1 Tissue Preparation for Histology 

 Tissues that were fixed in PFA were put in histology cassettes and then in 70% ethanol 

for at least 24 hours before being processed in an automatic tissue processor overnight (Triangle 

Biomedical Science Inc., Durham, U.S.A). To dehydrate the tissue, the processor exposed the 

tissue to increasing grades of ethanol (70%, 80%, 90% and 100%) for pre-determined cycle 

times. Toluene solution was then used to remove the ethanol and the tissue was infiltrated with 

paraffin wax in preparation for embedding. After processing, the tissue was embedded in paraffin 

using an embedding machine (John’s Scientific Inc., Dartmouth, Nova Scotia). Paraffin-

embedded sections of the pancreas tail were then cut in serial 5µm sections using a Leica 

RM2125 RTS microtome (Wetzlar, Germany) and placed on superfrost slides. Slides were left 
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overnight on a warming plate to ensure that the tissue adhered to the slides. The pancreas tail was 

used for this study instead of the head or body, because research has shown that the pancreatic 

islet cells are at the greatest concentration within the tail region of both humans 66 and rats 24. 

2.11.2 Anti-insulin Immunohistochemistry 

 Changes in pancreatic islet cell morphology were studied using immunohistochemistry 

with an anti-insulin polyclonal antibody to stain for β-cells. To do so, slides were first heated in 

an oven for one hour at 60oC and incubated twice for five minutes each in citrosolve to remove 

paraffin. Next, tissues were rehydrated in a series of ethanol concentrations (100%, 95%, 70%) 

twice for two minutes each prior to antigen retrieval. Antigen retrieval was performed in a heated 

(85-90oC) bath of 7x citrate (pH6) target retrieval solution diluted from 10x stock solution 

(DakoCytomation) with distilled water. To block endogenous peroxidase activity, slides were 

incubated for 30 minutes in a 1% H2O2 solution in PBS before incubation in serum-free blocking 

buffer for ten minutes (DAKO). PBS washes were performed (3x3mins) in between the last three 

procedures, but not after blocking with serum-free blocking buffer. Following the block, slides 

were incubated in primary antibody against insulin (Abcam ab7842, Sigma Aldrich; 1:500µL 2% 

Normal Goat Serum (NGS)) for one hour; followed by incubation with a biotinylated goat anti-

guinea pig IgG secondary antibody (Abcam ab6907, Sigma-Aldrich; 1:250µL 1%NGS) for one 

hour. Antigenic labelling was done using a Vectastain ABC Elite Kit (Vector Laboratories) for 45 

minutes and developed in diaminobenzidine (DAB; DAKO) for 30 seconds, with PBS washes in 

between. Finally, mounting medium (Permount™ SP15-100; Fisher Scientific, Ottawa, ON, 

Canada) and coverslips were applied to the tissue sections.  
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2.12 Quantification of Pancreatic Islets of Langerhans 

 Quantification of the expansion of pancreatic islets cells was done by two methods: (1) 

morphometric analysis using the point-counting volumetry method and (2) percent area. These 

methods are described in the following sub-sections. To perform the analysis, slides prepared in 

2.11.1 were scanned at 20x magnification using the Aperio Scanscope machine and viewed using 

the Aperio Imagescope software (Aperio, Vista, California). 

2.12.1 Morphometric Analysis 

 Morphometric analysis of the pancreatic islet cells was done using a stereological method 

developed by French geographer Achilles Delesse and described by Dr. ER Weibel and 

colleagues in 1996 as a method for estimating various parameters of tissue structure67. This 

method provides an estimate of the volume fraction occupied by the islet cells using a 

stereological sampling grid modified by Dr. SC Pang and Dr. TM Scott, who performed 

volumetric analysis of various cell types in the tunica media of the aorta and of the renal 

arteries68. The sampling grid (Figure A3) was composed of a rectangle 14.5cmx19.0cm enclosing 

a 10x10 lattice, creating a point density of 0.36point/cm2 (100/275.5cm2). This grid was printed 

on a translucent sheet and superimposed on a computer screen that displayed the pancreas tissue 

sections in Aperio Imagescope. In order to provide an accurate estimate of the volume occupied 

by the islet cells, point-counting volumetry was performed on the entire tissue section. Starting 

from the top left margin of the section, the sampling grid was placed in a way to maximize the 

number of crosses touching the tissue. A box was drawn around the sampling grid rectangle using 

the annotation function in Aperio Imagescope to ensure that no part of the tissue section was 

sampled twice.  
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The equation below describes the point-counting volumetry method, which was used as an 

estimate for the volume fraction occupied by the islet cells.  

 

Vx
Vt
= Px
Pt

   where, Vx = volume fraction of the islets 

   Vt = total volume of the organ containing the islets 

   Px = the number of crosses covered by islets 

Pt = the total number of points covering the pancreas section containing 

islets 

Each time the grid was overlying a section of tissue, the number of points covering an islet cell 

was totalled to give a Px value for that section of tissue. All Px values were summed and divided 

by Pt. Pt was calculated by multiplying the number of sampling grids used by 100 because that is 

the number of potential crosses in each sampling grid.  

2.12.2 Percent Area 

 Area analysis was performed using the annotations function of the Aperio Imagescope 

software. The DAB-stained β-cells were used to identify and differentiate the islets from the 

surrounding exocrine cells of the pancreas. Each individual islet was circled within a given 

section and the area calculated by the software was then divided by the total tissue area of the 

section.  

 

2.13 Statistical Analysis 

 One-way ANOVAs with Tukey multiple comparisons tests were performed on the fetal 

weights, CBC analysis results, western blotting analysis, and fasting and non-fasting glucose 

levels. One-sample t-tests were performed on the insulin levels and associated indices, as well as 
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islet cell expansion to analyze the change in these values relative to saline; the latter being used as 

a baseline measurement for normal pregnancy. All statistical tests were done assuming a 95% 

confidence interval (C.I.), and as such, results were considered statistically significant with a p-

value of less than 0.05. Results were considered biologically relevant and trending towards 

statistical significance if the p-value was greater than 0.05 but less than 0.1.   
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Chapter 3 

Results 

 

3.1 The response of the maternal immune system to LPS administration and the 

impact on maternal and fetal health  

 

3.1.1 Abnormal Maternal Inflammation 

LPS administration induced a systemic maternal inflammatory response. This response 

was characterized by an elevation in circulating WBCs within the range of 3.4 – 8.5 × 103/mm3 

determined from the initial cohort of animals used to design the injection protocol18. The level of 

systemic inflammation was used as a predictor of fetal outcomes and the extent of change in 

insulin signalling, maternal metabolic parameters, and pancreas morphological changes exhibited 

by the pregnant rats. Consequently, five animals (33%) that fell below the WBC range were 

considered non-responders and excluded from future calculations.  

Overall, the number of circulating WBCs was significantly elevated in LPS-treated dams 

compared to saline control dams (Table 3-1, Figure 3.1A; p<0.01). The extent of maternal 

inflammation was also characterized by the proportional contribution of lymphocytes, monocytes, 

and granulocytes to the level of inflammation (Table 3-1). Further analysis of these specific 

WBCs showed a significant elevation in the number of granulocytes in LPS-treated dams 

compared to dams that received saline (Table 3-1, Figure 3.1B, p<0.001). No significant 

differences were observed with regards to the number of lymphocytes and monocytes. With the 

combined treatment of LPS and etanercept, we saw a reduction in the mean number of all cell 

counts, but this was not significant (Table 3-1, Figure 3.1A, Figure 3.1B). Finally, the combined 
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treatment of saline and etanercept was used as a second control and no differences were observed 

in any of the WBC count results when compared to saline alone or LPS+Eta (Table 3-1). There 

was also a significantly lower WBC count and granulocyte count in the combined saline and 

etanercept group compared to LPS-treated dams (Table 3-1, Figure 3.1A, Figure 3.1B; p<0.01, 

p<0.001). 
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Table 3-1. Blood parameters assessed for the extent of maternal inflammation 

	   Saline	  (n=10)	   Saline+Eta	  (n=3)	   LPS	  (n=10)	   LPS+Eta	  (n=8)	  
WBCsa 
(103/mm3) 2.91 (1.7 – 4.0) 2.2 (1.6 – 2.5) 4.17 (3.4 – 5.1)b,d 3.48 (1.7 – 4.4) 

Lymphocytesa 
(103/mm3) 0.75 (0.5 – 1.2) 0.67 (0.5 – 0.8) 0.97 (0.6 – 1.5) 0.84 (0.4 – 1.3) 

Monocytesa 
(103/mm3) 0.25 (0.1 – 0.5) 0.17 (0.1 – 0.2) 0.31 (0.2 – 0.4) 0.24 (0.1 – 0.4) 

Granulocytesa 
(103/mm3) 1.81 (1.0 – 2.1) 1.37 (1 .0 – 1.6) 2.89 (2.5 – 4.0)c,e 2.15 (1.2 – 3.5) 
aData expressed as mean (range) obtained from CBC analysis on GD 17.5. 
bp<0.01 versus Saline; One-way ANOVA; data represented in Figure 3.1A.  
cp<0.001 versus Saline; One-way ANOVA; data represented in Figure 3.1B. 
dp<0.01 versus Saline+Eta; One-way ANOVA; data represented in Figure 3.1A.  
ep<0.001 versus Saline+Eta; One-way ANOVA; data represented in Figure 3.1B.
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Figure 3.1. The level of inflammation measured by the number of WBCs and granulocytes. 
The number of WBCs (A) and granulocytes (B) were obtained from a CBC performed on GD 
17.5. There were a significantly greater number of WBCs (p<0.01) and granulocytes (p<0.001) in 
LPS-treated animals compared to both saline and saline+Eta control groups. There was no 
significant difference between LPS+Eta and saline groups. Data are expressed as mean ± SEM. 
** denotes p<0.01 and *** denotes p<0.001 (saline n=10, saline+Eta n=3, LPS n=10, LPS+Eta 
n=8). Note n=10 for LPS-treated dams because five non-responders were removed from 
calculations.
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3.1.2 Inflammation and Maternal Non-fasting Glucose Levels 

 A significant positive correlation was observed between the change in non-fasting plasma 

glucose from GD 13.5-16.5 and the WBC count on GD 17.5 (Figure 3.2A; p<0.01). Additionally, 

LPS-treated dams showed a significantly greater change in non-fasting glucose compared to 

saline controls (Figure 3.2B; p<0.05) and the combined LPS and etanercept-treated dams had a 

significantly lower change compared to LPS alone (Figure 3.2B; p<0.05). The LPS+Eta dams 

exhibited a change in non-fasting glucose that was not significantly different from saline-treated 

dams. 

3.1.3 Fetal Growth Restriction 

Fetal health was assessed by looking at differences in fetal weights and the extent of 

FGR. The average fetal weight was significantly lower in LPS-treated dams compared to both 

saline-treated and saline+Eta-treated dams (Table 3-2, Figure 3.3; p<0.0001, p<0.001). In the 

LPS+Eta-treated dams, the mean weight was increased to a level not significantly different from 

saline controls (Table 3-2, Figure 3.3). The level of FGR was defined as a fetal weight below the 

10th percentile (0.7825g) of the fetal weights from saline-treated dams. LPS treatment resulted in 

an increase in the percentage of growth-restricted pups compared to saline controls, but this was 

not significant. The treatment with etanercept reduced FGR to a level similar to that observed in 

saline control dams (Table 3-2, Figure 3.4). The combined treatment of saline and etanercept 

showed no differences compared to saline treatment alone in either mean fetal weight or level of 

FGR, indicating that etanercept did not negatively impact fetal growth. 
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Figure 3.2. The relationship between abnormal maternal inflammation and change in non-
fasting blood glucose. 
The Pearson correlation (A) shows a significant positive relationship between the change in non-
fasting glucose from GD 13.5-16.5 and the WBC count on GD 17.5. The mean change in non-
fasting glucose from GD 13.5-16.5 (B) was also significantly greater in the LPS-treated dams 
compared to saline controls. The LPS+Eta-treated dams exhibited a change significantly lower 
than LPS alone, and similar to the change observed in saline controls. * denotes p<0.05 and ns 
denotes not significant. Data are expressed in (B) as mean ± SEM (saline n=9, LPS n=10, 
LPS+Eta n=8). Note: n=9 for saline because missed GD 13.5 non-fasting glucose measurement 
for one saline-treated animal. 
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Table 3-2. Fetal health assessed on GD 17.5 by mean weight and percent growth restriction 

	   Saline	   Saline+Eta	   LPS	   LPS+Eta	  
Mean fetal 
weighta (g) 

0.8912 
(0.8758 – 0.9066) 

0.8794 
(0.8600 – 0.8988) 

0.8155c,d 
(0.7986 – 0.8324) 

0.8283  
(0.8148 – 0.8418) 

No. of fetuses 133 42 117 107 
No. of dams 10 3 10 8 
Mean percent 
growth 
restrictionb  

9.939 ± 4.055 6.961 ± 0.7226 24.81± 8.18 10.69 ± 5.585 

aData expressed as mean (lower 95% C.I. – upper 95% C.I.).  
bData expressed as mean ± SEM. 
cp<0.0001 versus Saline; One-way ANOVA.  
dp<0.001 versus Saline+Eta; One-way ANOVA.   
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Figure 3.3. The effect of abnormal maternal inflammation on fetal weight. 
This shows the mean fetal weights measured on GD 17.5 in the different treatment groups. LPS 
administration produced a significant reduction in fetal weight (p<0.0001) compared to fetuses of 
saline control dams. The LPS+Eta treatment group had a mean fetal weight not significantly 
higher than LPS alone. The saline+Eta treatment group had a fetal weight similar to that of saline 
control dams and significantly greater than LPS alone (p<0.001). The number of litters for each 
group were saline n=10, saline+Eta n=3, LPS n=10, and LPS+Eta n=8. 
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Figure 3.4. The effect of abnormal maternal inflammation on fetal growth restriction. 
The percentage of growth restriction observed in pups from LPS-treated dams was greater 
compared to pups of saline-treated dams, but this was not significant. The LPS+Eta dams had a 
lower percentage of growth restricted pups compared to LPS alone, and similar to that of saline 
controls. There was no significant difference in the percent FGR in saline-treated dams compared 
to those dams that received saline and etanercept, indicating etanercept did not have an effect on 
fetal weights in control animals. 



 

 

 

41 

3.2 The effect of abnormal maternal inflammation on insulin signalling in skeletal 

muscle 

3.2.1 Ratio of Phospho-IRS-1 (Ser307) to Total IRS-1  

 The level of inactivation of the insulin signalling pathway measured by the ratio of 

pSer307 of IRS-1 to total IRS-1 was increased by 131% in LPS-treated dams compared to saline 

controls (Figure 3.5A). Furthermore, with the addition of etanercept to LPS-treated dams, this 

ratio was reduced to a level similar to that observed in saline controls (Figure 3.5A).  

3.2.2 IRS-1 Expression 

Western blot analysis also showed a downregulation of IRS-1 expression in the skeletal 

muscle of LPS-treated dams compared to saline control animals. There was a significant 61.78% 

reduction in IRS-1 expression in the LPS-treated dams compared to saline controls (Figure 3.5B; 

p<0.05); however with the combined treatment of LPS and etanercept there was little change in 

IRS-1 expression. There were no significant differences observed in IRS-1 expression when 

comparing LPS alone with LPS + etanercept and when comparing saline alone with LPS + 

etanercept.   
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Figure 3.5. The effect of abnormal maternal inflammation on the insulin signalling 
pathway. 
Western blotting analysis of skeletal muscle taken from GD 17.5 pregnant rats. (A) The ratio of 
pSer307 IRS-1: Total IRS-1 (saline n=2, LPS n=3, LPS+Eta n=2) was elevated in LPS- compared 
to saline-treated dams, and returned to the level of saline controls with the added etanercept 
treatment. (B) Total IRS-1 expression (saline n=7, LPS n=8, LPS+Eta n=4) was significantly 
reduced in LPS- compared to saline-treated dams. No change was observed with etanercept 
treatment. (C) Representative blots used for quantification by densitometry analysis are shown. 
Data are expressed as mean ± SEM. * denotes p<0.05, ns denotes not significant.  
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3.3 Consequences of inflammation-mediated inhibition of insulin signalling 

3.3.1 The effect of abnormal maternal inflammation on fasting plasma insulin levels 

There was a 57.92% increase in fasting plasma insulin levels in LPS-treated dams 

compared with saline control dams (Table 3-3, Figure 3.6). A one-sample t-test showed that the 

percentage increase in circulating insulin levels in LPS-treated dams compared to saline-treated 

dams trended towards significance (p=0.0935). The combined treatment of LPS and etanercept 

resulted in circulating insulin levels similar to those observed in saline-treated dams (Table 3-3, 

Figure 3.6; p=0.3981).  

3.3.2 The effect of abnormal maternal inflammation on fasting plasma glucose levels 

Decreased insulin signalling was also associated with an elevation in fasting plasma 

glucose. LPS-treated dams had significantly elevated fasting glucose levels compared to saline 

controls (Table 3-3, Figure 3.7; p<0.05); and with the use of etanercept, a significant reduction in 

plasma fasting glucose levels was observed compared to those in rats treated with LPS alone 

(Table 3-3, Figure 3.7; p<0.05). In animals with the combined LPS+Eta treatment fasting glucose 

levels were not significantly different from saline controls.  

3.3.3 The effect of abnormal maternal inflammation on insulin resistance and sensitivity 

indices 

Lastly, animals with abnormal maternal inflammation had elevated insulin resistance and 

decreased insulin sensitivity. Compared with saline-treated controls, the HOMA-IR index 

increased by 59.80% in LPS-treated dams, which trended towards significance (Table 3-3, Figure 

3.8A; p=0.0725) The combined treatment of LPS + etanercept resulted in a reduction to a level 

similar to that observed in saline controls (Table 3-3, Figure 3.8A; p=0.8220). Concurrently, 

insulin sensitivity measured using the QUICKI model showed a significant decrease in dams 
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treated with LPS compared to saline-treated dams (Table 3-3, Figure 3.8B; p<0.05). The 

combined LPS+Eta treatment had a higher QUICKI value, which was similar to that of saline 

control dams (Table 3-3, Figure 3.8B; p=0.5447).  Also, in LPS-treated dams, HOMA-IS was 

significantly reduced by 34.01% compared to saline controls (Table 3-3, Figure 3.8C; p<0.05), 

and with the combined LPS+Eta treatment the level of insulin sensitivity was at the level 

observed in saline controls (Table 3-3, Figure 3.8C; p=0.4406).   
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Table 3-3. Maternal metabolic parameters used to assess insulin resistance and sensitivity 

 Saline	  (n=8) LPS	  (n=10) LPS+Eta	  (n=8) 
Fasting plasma insulina  

(µIU/mL) 14.71 ± 1.692  23.23 ± 4.544 16.56 ± 2.060 

Fasting plasma glucosea  
(mmol/L) 4.056 ± 0.1842 4.640 ± 0.1067b 4.057 ± 0.1950c 

HOMA-IRa 2.933 ± 0.3973 4.687 ± 0.8331 3.079 ± 0.3671 
QUICKIa 0.3311 ± 0.008363 0.3122 ± 0.007346d 0.3268 ± 0.006835 

HOMA-ISa 187.90 ± 38.6 124.00 ± 21.00d 165.60 ± 27.32 
aData expressed as mean ± SEM obtained from plasma on GD 17.5. Data are represented in 
Figures 3.6-3.8(A-C). 
bp<0.05 versus Saline; One-way ANOVA. 
cp<0.05 versus LPS; One-way ANOVA.  
dp<0.05 versus Saline; One sample t-test. 
*Note: Saline n=8, two outliers excluded. 
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Figure 3.6. The effect of abnormal maternal inflammation on fasting plasma insulin levels 
on GD 17.5. 
The fasting insulin levels measured from plasma collected on GD 17.5 were 57.92% elevated in 
LPS-treated dams compared to saline controls, and this was biologically relevant (p=0.0935). The 
combined treatment of LPS+Eta reduced insulin production to the level of saline controls 
(p=0.3981). Data are expressed as mean ± SEM (saline n=8, LPS n=10, LPS+Eta n=8). 
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Figure 3.7. The effect of abnormal maternal inflammation on fasting plasma glucose levels 
on GD 17.5. 
LPS administration to pregnant rats led to a significant increase in fasting plasma glucose levels 
on GD 17.5. With the combined treatment of LPS+Eta there was a significantly lower glucose 
level compared to LPS alone, and this level was not significantly different from saline control 
dams. Data are expressed as mean ± SEM. * denotes p<0.05 (saline n=9, LPS n=10, LPS+Eta 
n=7).
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Figure 3.8. The effect of abnormal maternal inflammation on insulin resistance and 
sensitivity indices. 
Abnormal inflammation led to an increase in the insulin resistance index (A) and a decrease in 
insulin sensitivity indices (B and C). LPS-treated dams showed a 59.80% increase in HOMA-IR 
compared to saline controls that was biologically relevant (p=0.0725). The combined treatment of 
LPS+Eta resulted in a reduction in insulin resistance to a level similar to that of saline controls 
(p=0.8220). QUICKI values were significantly reduced in LPS-treated dams compared to saline 
controls (p<0.05), and LPS+Eta showed QUICKI values similar to saline controls (p=0.5447). 
The same trend was observed in HOMA-IS (p<0.05, p=0.4406). Data are expressed as mean ± 
SEM. * denotes p<0.05 (saline n=8, LPS n=10, LPS+Eta n=8). 
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3.4 The effect of abnormal maternal inflammation on pancreas islet cell morphology 

3.4.1 Volumetric Fraction Occupied by Islet Cells 

The increase in the size of islets measured by the volume fraction occupied by the islet 

cells was greatest in LPS-treated dams and lowest in saline-treated dams. The volume fraction 

was 41.91% larger in LPS-treated dams compared to saline controls, however this increase was 

not statistically significant (Figure 3.9A; p=0.1588). The combined treatment of LPS+Eta was 

able to reduce the pancreatic islet expansion exhibited by LPS-treated dams to the volume 

fraction observed in saline-treated dams (Figure 3.9A; p=0.7498). Sections of pancreas tissue 

from the different treatment groups are shown in Figure 3.10.  

3.4.2 Percent Area of Pancreas Tissue Occupied by Islet Cells 

Another method for calculating the level of pancreatic islet expansion was to look at the 

percent area. The percent area of pancreas tissue occupied by islets was 46.68% greater in dams 

that received LPS compared to those that received saline (Figure 3.9B; p=0.1039). With 

etanercept treatment, islet cell percent area was decreased to the level of saline controls. The 

LPS+Eta-treated dams had percent areas not significantly different from animals treated with 

saline (Figure 3.9B; p=0.8794).  
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Figure 3.9. The effect of abnormal maternal inflammation on islet size. 
Abnormal maternal inflammation led to an increase – although not statistically significant or 
biologically relevant – in the (A) volume fraction (p=0.1588) and (B) percent tissue area 
occupied by islets (p=0.1039). This was indicated by the 41.91% increase in volume fraction 
and 46.68% increase in percent area, in LPS-treated dams compared to saline controls. With 
the addition of etanercept, the volume fraction and percent area measurements were at the 
level of saline controls. Data are expressed as mean ± SEM (saline n=10, LPS n=10, LPS+Eta 
n=7).  
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Figure 3.10. Immunohistochemical analysis of islet size. 
Sections of pancreas tail used to examine the pancreatic islet size are shown. The red-brown 
staining is DAB and is staining the β-cells of the pancreatic islet cell. This provides a reference 
point to measure the size of the islet. The three treatment groups shown are saline, LPS and the 
combined LPS and etanercept treatment (LPS+Eta). 
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Chapter 4 

Discussion 

 

4.1 General Discussion 

 The aim of this study was to investigate the relationship between abnormal maternal 

inflammation and insulin resistance during pregnancy. This was studied using an in vivo 

pregnancy model in which we induced an abnormal inflammatory response in pregnant rats using 

LPS, an effective stimulator of TNF release from cell types such as macrophages and monocytes. 

The main finding in this thesis was that abnormal inflammation in pregnancy is associated with 

reduced fetal weight, impaired insulin signalling measured by reduced IRS-1 protein expression, 

elevated fasting glucose levels, and reduced sensitivity indices. Furthermore, circulating insulin 

levels and the insulin resistance index HOMA-IR trended towards significance and were thus 

considered biologically relevant. The strength of this research is its potential clinical importance. 

Inflammation in pregnancy has been linked to numerous pregnancy complications and with this 

study and the research of others, there is a substantial body of evidence to suggest that the levels 

of inflammatory mediators should be assessed during pregnancy to determine the risk of an 

individual for adverse pregnancy outcomes such as insulin resistance.  

Administration of the TNF inhibitor etanercept hindered the acquisition of insulin 

resistance in LPS-treated rats, which points to TNF as one of the main mediating factors between 

abnormal maternal inflammation and insulin resistance during pregnancy. Compared with rats 

treated with LPS alone, etanercept treatment reduced the ratio of Ser307 phosphorylation of IRS-1 

to total IRS-1, fasting insulin and glucose levels, and insulin resistance, improved insulin 
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sensitivity, and reduced pancreatic islet size. Etanercept also acted to reduce the low-level 

inflammation associated with normal pregnancy, exhibited by the significantly lower WBC and 

granulocyte numbers, and higher mean fetal weight, in the saline+Eta treatment group compared 

to those that received LPS. Although some of these findings were not statistically significant, 

LPS had effects that were considered biologically relevant and those effects were attenuated by 

etanercept. Conversely, etanercept did not act to prevent the reduced IRS-1expression observed in 

LPS-treated rats. Furthermore, the response to LPS measured by the WBC count was not as 

robust as previously seen in our animal model18, which may explain why there were not as great 

differences observed between LPS- and saline-treated dams. Some of the animals used in this 

study either were tolerant prior to experimental procedures being performed, or became tolerant 

to LPS and thus did not exhibit signs of an exaggerated immune response. These animals were 

termed non-responders. This may represent a healthy subset of the population and should be 

further examined to determine why LPS did not elicit an immune response; and whether this 

could be used to further understand the pathogenesis of inflammation-mediated insulin resistance 

in pregnancy.  

 The majority of the research in the area of insulin resistance in pregnancy focuses on 

obesity not only because of the rising epidemic in Western culture but also because of its 

association with the metabolic syndrome and the development of type two diabetes. In a recent 

review by Johnson and Olefsky, the main conclusion was that obesity-induced insulin resistance 

was strongly related to increased levels of inflammation60. One of the main factors leading to 

insulin resistance in obese individuals is the production of pro-inflammatory cytokines such as 

TNF and IL-6 by activated macrophages present within adipose tissue. Through in vitro studies 

using adipocyte cell lines69,70, obese and diabetic rodent models71,72, and human tissue biopsies73 it 
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has been shown that TNF and other immune factors act as effector molecules that interfere with 

the insulin signalling pathway by causing a serine phosphorylation of IRS-1, leading to a 

reduction in insulin-stimulated glucose uptake. Notwithstanding the fact that a mechanistic link 

has been established between inflammation and serine phosphorylation of IRS-1, and 

consequently insulin resistance70,73-75, there have not been many studies linking disruptions in the 

insulin signalling pathway to the metabolic parameters used to assess insulin resistance. 

Moreover, few studies examine inflammation in pregnancy and insulin resistance, independent of 

obesity and, to date, no studies have examined etanercept in pregnancy as a potential anti-

inflammatory therapeutic to prevent insulin resistance.   

 LPS administration to induce an exaggerated maternal immune response served two 

purposes: to study the effect of abnormal maternal inflammation on fetal health and to study the 

effect of inflammation on maternal metabolic traits associated with insulin resistance. Insulin 

resistance during pregnancy and gestational diabetes not only impact maternal health, but also the 

short-term and long-term risks of the fetus. Typically, mothers that experience insulin resistance 

and gestational diabetes deliver babies that have a greater body fat percentage and are overweight 

for gestational age with broad shoulders, increasing the risk of shoulder dystocia at birth50,53.  

These fetal characteristics are a consequence of two factors: maternal hyperglycemia associated 

with insulin resistance and gestational diabetes, and the facility with which glucose is transported 

across the maternal-fetal interface via the placenta. Unlike the fetal macrosomia that is typically 

seen in diabetic pregnancies, in the present study, dams with abnormal maternal inflammation 

had fetuses with a lower mean weight and a greater percentage of pups that were growth 

restricted. This may be due to the conflicting effects of inflammation on uteroplacental blood 

flow and maternal hyperglycemia. The level of TNF and other inflammatory markers associated 
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with the exaggerated immune response interfere with trophoblast remodelling of the uterine spiral 

arteries leading to reduced blood flow to the fetus and growth restriction18. It is possible that in 

our model the effect of inflammation on uteroplacental perfusion superseded the effects of 

maternal hyperglycemia on fetal weight. Moreover, maternal hyperglycemia in our model was not 

as severe as in human gestational diabetes; however, this could change if in our model 

pregnancies are allowed to continue beyond GD 17.5, when β-cell compensation is further 

compromised. 

 In this study, the WBC counts were used as a determinant of abnormal chronic systemic 

inflammation. WBC levels are a commonly used parameter to assess systemic inflammation in an 

individual and subsequent risk of conditions such as cardiovascular disease76-78, hypertension79, 

ischemic diseases80,81, obesity82,83, and more relevant to this study, glucose intolerance84-86 and 

insulin resistance82,87,88. As such, WBCs and the differential leukocyte counts were used to assess 

the changes associated with non-fasting glucose levels over pregnancy. The number of WBCs and 

granulocytes on GD 17.5, as well as the change in non-fasting glucose from GD 13.5-16.5 were 

significantly elevated in animals that received LPS compared to those that received saline; 

furthermore, the effect of LPS on non-fasting glucose levels was prevented by etanercept 

administration. Similar to the results observed in the previously mentioned studies, our results 

showed a strong positive correlation between the change in non-fasting glucose and the WBC 

count, as well as granulocytes, the two blood counts that were significantly elevated in LPS-

treated dams. Despite this, it is important to consider the levels of other inflammatory markers 

such as C-reactive protein (CRP) and the pro-inflammatory cytokines TNF and IL-6, which are 

strongly associated with glucose intolerance and insulin resistance due to the ability of these 

molecules to activate inflammatory signalling pathways and subsequently impair insulin 
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signalling89. Future investigations should also look at the change in non-fasting glucose within 

two hours of LPS administration, which is when our animal model shows the greatest TNF 

response18.  

 Non-fasting glucose levels are not typically used in the clinic to determine whether or not 

a pregnant woman is hyperglycemic, but in some instances a pre-screening non-fasting oral 

glucose tolerance test is used. It would be an added stress to the pregnant rats and limit the 

growth of the developing fetus to take fasting glucose levels on days 13.5-16.5 of pregnancy, and 

thus non-fasting levels were measured instead. Results from a study by Aerts and Van Assche 

support the use of non-fasting levels, and showed that induction of mild diabetes in pregnant rats 

using streptozotocin, a destroyer of β-cells, led to an increase in non-fasting glucose90. Also, in 

diabetic women it has been shown that non-fasting glucose levels are a better predictor of 

cardiovascular disease than fasting glucose levels91. Measuring non-fasting levels in our animal 

model also supports the common practice of self-monitoring blood glucose levels by diabetics, 

which improves treatment outcomes92, and would be of use to women at risk of or diagnosed with 

insulin resistance and gestational diabetes.  

 After confirming an exaggerated immune response to LPS treatment, the effect of 

inflammation on the insulin signalling pathway and the implications of disruptions in this 

pathway for the metabolic parameters associated with insulin resistance were explored. Despite 

not measuring TNF levels in the animals used for this study, prior research in our laboratory 

showed that TNF levels were significantly elevated on GD 13.5 and 15.5 within two hours of an 

LPS injection3,18, and it is well known that LPS is a stimulator of TNF production15. Furthermore, 

similar results were observed between animals that received saline and those that received the 

combined LPS and etanercept treatment. Given that etanercept is a direct inhibitor of TNF, this 
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points to TNF as one of the main inflammatory mediators leading to the state of insulin resistance 

in our animal model. The circulating levels of other inflammatory molecules that have the 

potential to disrupt insulin signalling, such as IL-6, are also increased in instances of abnormal 

maternal inflammation during pregnancy; however only TNF has been shown to lead to Ser307 

phosphorylation of IRS-1. It is possible, however, that IL-6 and TNF work in concert to decrease 

insulin signalling. Incubation of human adipose 3T3-L1 cells with either IL-6 or TNF led to a 

serine phosphorylation of IRS-1 at Ser307 only in the cells cultured with TNF, but not IL-673. 

Instead IL-6 reduced insulin-stimulated glucose uptake by reducing the transcription of IRS-1 and 

GLUT4. Further emphasizing the relationship between TNF and insulin signalling, another study 

demonstrated that TNF-treated adipocytes exhibited a three-fold increase in serine 

phosphorylation of IRS-1 and negligible levels of tyrosine phosphorylation of IRS-1, leading to 

reduced insulin-stimulated glucose uptake70. In our study, we observed an increase in the ratio of 

pSer307 IRS-1 to total IRS-1 by 131% in LPS-treated dams compared to saline-treated dams, 

which was reduced to a level not significantly different from saline control dams with the 

combined LPS and etanercept treatment. This points to TNF-mediated inflammation playing a 

role in increased serine phosphorylation of IRS-1 in our model because a direct TNF inhibitor 

etanercept was able to reduce the effect of LPS-treatment. Although there was no significant 

difference with multiple comparisons among groups, it is likely due to the small number of 

animals for which western blots produced results.  

 In this study we did not measure downstream pathways activated by TNF and other 

immune cells, such as the serine kinase pathways JNK and IKK, which are linked to serine 

phosphorylation of IRS-193, and reduced autophosphorylation of the insulin receptor93, 

downstream PI3K activation36,94 and GLUT4 translocation95. Nevertheless, given what has been 
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observed in other studies, it is likely that one or more of these pathways are altered in our animal 

model. Henstridge et al. showed that exaggerated inflammation induced by constitutive activation 

of JNK in skeletal muscle, a downstream target of TNF, led to an increased Ser307 

phosphorylation of IRS-1, but low levels of JNK only led to a modest reduction in insulin-

stimulated glucose uptake96. Similarly, TNF-treated myeloblast cells overexpressing IRS-1 led to 

an increased activation of JNK and subsequent increase in Ser307 phosphorylation, which 

inhibited the activation of IRS-1 by tyrosine phosphorylation70. Most of the current research has 

focused on the action of JNK with regards to Ser307 phosphorylation of IRS-1; however, other 

studies have identified additional serine residues that JNK can activate such as the serine 302 

residue (Ser302)93. One study in particular showed that the combined phosphorylation of Ser302 and 

Ser307 was required for JNK-mediated disruption of the insulin signalling pathway97. Similar to 

JNK, the majority of studies on IKK focus on Ser307, but IKK-mediated serine phosphorylation 

can occur at six sites on IRS-1 in addition to Ser307 and Ser302, and these sites have been linked to 

inflammation-mediated insulin resistance98. This may also explain why we did not see a 

significant difference between the ratio of pSer307 IRS-1 to total IRS-1 in LPS- compared to 

saline-treated dams, if inflammatory pathways mediated by TNF are activating other serine 

residues in addition to Ser307.  

 Western blot analysis also led to the finding of decreased IRS-1 protein expression in 

pregnant rats treated with LPS, which exhibited a significant 62% reduction in IRS-1 expression 

compared to saline-treated dams. We were not able to prevent this reduction in IRS-1 protein 

levels with etanercept administration likely because there might have been a variety of ways in 

which inflammation led to decreased IRS-1 expression. Firstly, inflammation-mediated serine 

phosphorylation of IRS-1 can cause IRS-1 to dissociate from the insulin receptor leading to 
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degradation by proteasomes17. This was observed in vitro in liver cells that expressed IRS-1, 

which associated with a specific domain on the insulin receptor, but, in the presence of TNF, the 

Ser307 phosphorylation prevented this association and inhibited insulin signalling99. A second 

mechanism by which IRS-1 can be degraded is through inflammation-mediated recruitment of 

ubiquitin ligases, which initiate ubiquitin-mediated IRS-1 degradation. For instance, suppressor 

of cytokine signalling proteins (SOCS), which are up-regulated by TNF and IL-6 have been 

shown to activate ubiquitin ligases that promote IRS-1 degradation100. In particular, SOCS-1 and 

SOCS-3 increase ubiquitination of IRS-1 and IRS-2, thus marking these substrates for 

degradation by the 26S proteasome, thereby preventing the association of IRS-1 with the insulin 

receptor and eventually leading to decreased glucose tolerance101. Lastly, aberrant inflammation 

has been linked to decreased mRNA transcription of IRS genes. Stephens et al. showed that long-

term exposure of 3T3-L1 adipocytes to TNF led to greater than an 80% reduction in IRS-1 

expression and reduced GLUT4 expression, and consequently lower insulin-stimulated glucose 

uptake69. In addition to TNF, Rotter et al. showed that IL-6-treated human adipocytes had 

reduced mRNA expression and protein levels of IRS-1 and GLUT473. The importance of insulin 

signalling, in particular activation and expression of IRS-1 in the pathogenesis of insulin 

resistance has been further supported by knockout models of IRS-1102 and IRS-2103, which 

showed signs of insulin resistance and impaired glucose tolerance. In some instances, reduced 

IRS-1 expression does not lead to reduced glucose tolerance because IRS-2 compensates for IRS-

1; however, this does not occur in skeletal muscle because IRS-2 is not active in glucose 

metabolism, but instead is involved in lipid metabolism104. 

 There is conflicting evidence on the effectiveness of etanercept to significantly reduce 

markers of inflammation, other than TNF, that are elevated in pregnancy and linked to decreased 
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insulin signalling, such as IL-613,73,105,106 and CRP 13,106,107. A study on obese patients with type 

two diabetes revealed a significant reduction in IL-6 as well as CRP with treatment of 

etanercept108. In contrast, a study on a cohort of women with metabolic syndrome showed a 

significant reduction in CRP with etanercept treatment compared to placebo, but not a significant 

reduction in IL-6109. Unlike in our study, etanercept treatment did not improve insulin sensitivity 

in either of the aforementioned studies. Similar to the previous study, work in our laboratory by 

Dr. Tiziana Cotechini using our rat pregnancy model did not show significant reductions with 

etanercept treatment in the circulating levels of most of the LPS-induced pro-inflammatory 

cytokines and chemokines such as IL-6, macrophage colony-stimulating factor (M-CSF), and 

granulocyte-macrophage colony-stimulating factor (GM-CSF). There was only a significant 

reduction in monocyte chemotactic protein 1 (MCP-1; T. Cotechini and C.H. Graham, 

unpublished data). Despite this, it is well established that TNF promotes IL-6 production73. 

Therefore, it is possible that in our study etanercept did indeed reduce IL-6 levels but that such an 

effect was not observed because of the time interval between the LPS administration and blood 

collection. MCP-1, M-CSF, and GM-CSF have not been directly linked to inhibition of insulin 

signalling; however, these molecules play a role in the recruitment of monocytes and 

macrophages to tissues associated with insulin resistance110-112. This could further stimulate 

cytokine production and exacerbate immune-mediated insulin resistance.  

 To connect the results from the insulin signalling analysis to insulin resistance, we 

examined some metabolic characteristics of the dams, and observed that pregnant rats with 

abnormal inflammation had elevated fasting insulin and glucose levels, increased HOMA-IR, 

reduced QUICKI and HOMA-IS, and moderate β-cell expansion. Fasting blood glucose was 

significantly elevated and insulin sensitivity was significantly reduced in LPS-treated dams 
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measured by both the clinically relevant HOMA-IS, and the QUICKI model, which is the more 

frequently used index in animal studies. Despite the lack of statistical significance in other 

metabolic parameters, the changes observed are likely biologically relevant. In LPS-treated dams 

insulin levels increased by 58%, insulin resistance measured by HOMA-IR increased by 60%, 

and islet size expanded by 40-50%.  Furthermore, there was no significant difference between the 

saline and LPS+Eta treatment groups, which again point to TNF as one of the key players in 

inflammation-mediated insulin resistance during pregnancy. These results have been supported 

by most studies on insulin resistance in pregnancy; however the observed increase in fasting 

glucose in our animal model was not observed in all studies. Castro et al. studied low-level 

inflammation on GD 18 and 20 of a rat pregnancy, which similar to our study led to an increase in 

the ratio of pSer307 IRS-1 to total IRS-1 and a subsequent increase in fasting insulin levels, 

HOMA-IR, and reduction in QUICKI113. TNF levels were also significantly correlated to 

increased HOMA-IR and reduced QUICKI values. Unlike in our study, however, fasting glucose 

levels were significantly reduced late in pregnancy compared to virgin control rats. The 

difference in fasting glucose observed between this study and our study, is likely because Castro 

et al. looked at low-level inflammation associated with pregnancy compared to virgin rats rather 

than inducing exaggerated inflammation. Moreover, the study examined adipose tissue, which is 

not the main regulator of glucose uptake from the blood. Furthermore, Castro et al. attributed the 

reduction in fasting glucose to the level of hyperinsulinemia observed, which is a valid 

conclusion, but to the extent that insulin signalling is inhibited, insulin levels may not be adequate 

to control blood glucose. In support of our findings, and contrary to the observations of Castro et 

al., research on pregnant women with gestational diabetes indicates an increase in fasting glucose 
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levels leading to maternal hyperglycemia50 due to reduced insulin-stimulated glucose uptake in 

skeletal muscle33. 

 Another explanation for insulin resistance in pregnancy is the level of gestational 

hormones such as placental lactogen38, prolactin114, progesterone115, and human placental growth 

hormone116. There are few studies on the effect of gestational hormones on the insulin signalling 

pathway, but there is some evidence to suggest that elevated progesterone can reduce GLUT4 

mRNA expression in adipose tissue117, and human placental growth hormone can prevent the 

association between the p85-p110 heterodimer of PI3K and IRS-1, by increasing the levels of the 

p85 monomer that can competitively bind to IRS-1116. More commonly, these hormones are 

linked to peripheral insulin resistance because they increase insulin secretion from β-cells and 

promote β-cell proliferation 114,115,118,119. The influence of pregnancy hormones on increased 

insulin secretion to compensate for elevated glucose levels in both normal and abnormal 

pregnancies may explain why we do not see a significant increase in islet size in LPS-treated 

dams compared to saline controls. There was a 42% increase in volume fraction and 47% increase 

in percent area, but this was not significantly greater than the baseline islet expansion that occurs 

in a normal pregnancy. Additionally, pancreatic β-cells, which express insulin receptors and the 

associated IRS-1, are susceptible to the effects of serine phosphorylation of IRS-1 leading to β-

cell resistance and, consequently, reduced glucose uptake by β-cells25. Given the exaggerated 

level of inflammation in our animal model, macrophage infiltration in the pancreas leading to 

increased cytokine release would exacerbate β-cell resistance21. Also, IRS-1 knockout in β-cells 

has been shown to cause β-cell apoptosis120. β-cell apoptosis was not measured in this study, but 

if β-cell hyperplasia was exaggerated to the point of apoptosis, or if there was cytokine-mediated 

β-cell apoptosis, this would explain the lack of significant difference between the islet size in 
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LPS-treated compared to saline-treated dams. Depending on the level of inflammation exhibited 

by a pregnant rat, β-cells could be at different stages of the spectrum from β-cell hyperplasia to 

apoptosis.  

 

4.2 Future Directions 

 This study focused on insulin resistance in skeletal muscle because it is the main tissue 

involved in glucose metabolism and because TNF-mediated inflammation leads to a Ser307 

phosphorylation of IRS-1, the main IRS found in skeletal muscle. Nevertheless, insulin resistance 

also occurs in liver and fat, so it would be worthwhile to investigate the effect of inflammation on 

insulin signalling in these tissues. Preliminary data using this model showed that the ratio of 

pSer307 IRS-1 to total IRS-1 was elevated in liver from LPS-treated dams (unpublished 

observations).  

 Furthermore, to determine why inflammation-mediated Ser307 phosphorylation of IRS-1 

and reduced IRS-1 expression contribute to insulin resistance in our animal model, other aspects 

of the insulin signalling pathway should be investigated. For instance, there could be reduced 

signal transduction due to decreased binding of insulin to its receptor or decreased expression of 

the insulin receptor; or post-signal transduction effects due to reduced IRS-1 tyrosine 

phosphorylation, decreased PI3K activation, or impaired GLUT4 translocation. Not only does 

Ser307 phosphorylation of IRS-1 reduce the ability of IRS-1 to undergo activating tyrosine 

phosphorylation, but it can also reduce the tyrosine kinase activity of the insulin receptor, thereby 

reducing insulin-stimulated autophosphorylation of the insulin receptor70. Increased Ser307 

phosphorylation of IRS-1 in skeletal muscle of diabetic patients also showed reduced IRS 
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tyrosine phosphorylation and subsequent PI3K activity121, which is strongly correlated to the level 

of tyrosine phosphorylation of IRS-1122, and contributed to insulin resistance. 

 Inflammation affects various steps of the insulin signalling pathway, and TNF is not the 

only inflammatory mediator that affects insulin signalling. Thus, other inflammatory molecules 

such as IL-6 should be investigated. TNF is the main mediator of pSer307 of IRS-1; nevertheless, 

measuring the IL-6 levels, which are elevated in our model, would give a better understanding of 

the different mechanisms involved in insulin signalling. Further investigation should be done to 

look at the tissue-level expression of TNF and circulating TNF and IL-6 levels to determine 

whether there is a direct correlation between these levels and the extent to which the insulin 

signalling pathway is impaired, and the magnitude of the insulin resistance and sensitivity 

indices. 

 In addition to establishing a better understanding of the insulin signalling pathway in our 

model, it would also be important to further characterize the metabolic status of the mother during 

pregnancy and post-partum. There are other parameters associated with insulin resistance that 

could be measured in the plasma such as free fatty acids (FFAs), CRP, and adiponectin60. 

Elevated FFAs can inhibit insulin signalling in skeletal muscle35,123 as can increased CRP 

levels107, while reduced adiponectin is linked to reduced skeletal muscle glucose-uptake124 and an 

increased risk of gestational diabetes125. Insulin resistance in pregnancy can also predispose 

women to other adverse pregnancy complications such as gestational hypertension126,127 and 

PE127,128. Conditions associated with insulin resistance, such as hyperinsulinemia, inflammation, 

and deficient insulin signalling cause endothelial dysfunction and reduce nitric oxide signalling. 

These are risk factors for hypertension, which suggests a link between insulin resistance and the 

development of PE126.  Typically once the placenta is removed, the mother reverts to a pre-
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pregnancy level of glucose tolerance because the metabolic demands of the fetus are removed. 

There is, however, substantial evidence to suggest that mothers with insulin resistance and 

gestational diabetes have a 30% risk of developing type two diabetes129 and are also at risk of 

developing cardiovascular disease post-partum, especially when other co-morbidities such as 

obesity and hypertension are also present in pregnancy130. In a study on a cohort of women with 

gestational diabetes and TNF-mediated insulin resistance during pregnancy, reduced insulin 

signalling in skeletal muscle persisted for a year post-partum, contributing to the increased 

likelihood of developing of type two diabetes51. Similarly, a 2013 study on women with and 

without gestational diabetes showed that those with gestational diabetes had more adverse 

cardiovascular events within ten years post-partum compared to women with normal glucose 

tolerance in pregnancy52. Given what has been observed in these and other epidemiological 

studies, the risk of type two diabetes and cardiovascular disease should be investigated in our 

animal model. After allowing the dams to deliver, changes in mean arterial pressure and glucose 

tolerance could be assessed. Additional risk factors in the plasma should also be measured post-

partum such as FFAs, CRP, IL-6, and WBCs129. 

 According the theory posited by Dr. David Barker, an adverse in utero environment can 

affect the future health of the child. This is known as fetal programming, or the developmental 

origins of health and disease hypothesis131. With the rise in obesity, insulin resistance, and 

gestational diabetes, a number of studies are assessing the health of children born to mothers with 

these pregnancy complications. There is increasing evidence of epigenetic modifications such as 

DNA methylation of genes involved in metabolism, and gastrointestinal and endocrine disorders, 

increasing the risk of future cardiovascular disease, type two diabetes, obesity and some 

cancers132,133. In addition to epigenetic modifications, there are also tissue-level modifications that 
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can occur in children born to an insulin resistant and diabetic mother that contribute to reduced 

insulin sensitivity and obesity, such as reduced β-cell mass and function in the pancreas, hepatic 

insulin resistance, and increased body fat134. This warrants further investigation using our animal 

model, looking at the impact of inflammation-mediated insulin resistance in pregnancy on the 

future health of the pups. Glucose tolerance tests and measurements of mean arterial pressure 

would be performed at two, four and six months of age, and then again at twelve months when a 

rat is considered mature135. 

 

4.3 Summary and Concluding Remarks 

 The results of this investigation support the association between abnormal inflammation 

and insulin resistance in pregnancy. We have shown that LPS administration to pregnant rats 

leads to an exaggerated maternal immune response, which is linked to impaired fetal growth, 

elevated glucose levels, reduced IRS-1 expression, and decreased insulin sensitivity. There were 

also biologically relevant increases in circulating insulin levels and insulin resistance indices, as 

well as an increase in the ratio of pSer307 IRS-1 to total IRS-1 and pancreatic islet size that 

warrant further exploration. With etanercept treatment, the majority of the parameters measured 

were at the level of saline control dams, the main exception being IRS-expression. In summary, 

the results presented in this thesis and the future investigations mentioned above, emphasize the 

importance of measuring inflammatory markers before, during, and after pregnancy, and the need 

for clinical studies to further establish the effectiveness of anti-inflammatory therapeutics to treat 

or prevent pregnancy complications such as insulin resistance. 
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Appendix A 

Determination of pregnancy in a female rat mated overnight 

 

Figure A1. Vaginal smear containing spermatozoa 
prepared from the vaginal lavage of a recently mated rat 
determined to be GD 0.5. 
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Appendix B 

Dissection of the pancreas shown in situ and with the different regions 

marked 

  

 

 

Figure A2. Pancreas in situ from a pregnant rat on GD 17.5 is shown on the left circled in blue. The 
pancreas that was dissected out and attached to the spleen is shown on the right. An approximate 
delineation of the pancreas head, body and tail is shown. 
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Appendix C 

Stereological sampling grid used for morphometric analysis of 

pancreatic islet expansion 

 

 

 

Figure A3. The sampling grid composed of a rectangle 14.5 cm x 19.0 cm enclosing a 10 x 10 
lattice, creating a point density of 0.36point/cm2 (100/275.5cm2) provided by Dr. SC Pang.  


