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ABSTRACT 

 

Preeclampsia is a gestational condition characterized by new onset hypertension and 

proteinuria and often results in fetal growth restriction. This pregnancy-specific condition 

occurs in ~8 percent of live birth pregnancies and is the leading cause of maternal and 

neonatal mortality and morbidity.  Delivery is the primary therapeutic approach for 

preeclampsia; hence, the long-term goal of preeclampsia research is to determine what 

causes preeclampsia and to find treatments to alleviate maternal hypertension and extend 

pregnancy to improve fetal outcome.  Chronic placental ischemia via the reduced 

uteroplacental perfusion pressure (RUPP) model, utilized in this project to mimic the 

preeclamptic condition during the third trimester in the pregnant rat, results in 

hypertension, intrauterine growth restriction and fetal loss. Insulin-like Growth Factors 

(IGF-1 and IGF-2) have been reported to play an important role in fetal development, and 

low plasma levels of IGF-1 have been associated with reduced endothelial function and 

have been closely linked with elevated blood pressure in non-pregnant subjects. The 

hypotheses tested in this project are that 1) placental ischemia induced by RUPP 

decreases circulating and placental levels of IGF-1 and IGF-2; and 2) administering 

exogenous IGF-1 in RUPP rats attenuates maternal hypertension, endothelial 

dysfunction, intrauterine growth restriction and fetal loss. The data show that chronic 

placental ischemia decreases circulating IGF-2 levels, but does not affect circulating IGF-

1 or placental IGF-1, IGF-2 and IGF-1 receptor levels. Further, administering exogenous 

IGF-1 in RUPP rats during the third trimester attenuates blood pressure and decreases 

fetal loss, but does not improve endothelial function or fetal weight. Overall, these studies 

determined that the mechanisms that regulate IGF signaling are potential targets for 

improved therapies for treating maternal blood pressure in preeclampsia and gestational 

hypertension.  
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PREFACE 
 

 
 
Preeclampsia is a multisystemic disorder, which occurs in ~8 percent of live birth 

pregnancies in the United States and is the leading cause of maternal and neonatal 

mortality, morbidity, and preterm birth (1). This gestational condition is clinically 

characterized by new onset hypertension and proteinuria (increased urine protein 

concentration). The most common therapeutic approach is delivery of the baby, and 

preeclampsia accounts for more than 15 percent of preterm deliveries in the United States 

(1). Hence, the long-term goal of preeclampsia research is to determine what causes 

preeclampsia and to find treatments to alleviate maternal hypertension and improve fetal 

outcome.  

 

During pregnancy, the maternal uterine spiral arteries (arteries supplying blood to the 

fetoplacental unit) are remodeled by the invasion of fetal extravillous trophoblasts, which 

convert the spiral arteries into dilated, non-resistance vessels (2). In preeclampsia, the 

incomplete remodeling of the uterine spiral arteries due to inadequate trophoblast 

invasion results in reduced placental perfusion (reduced arterial blood supply to the 

placenta) (1). Thereafter, reduced placental perfusion causes placental ischemia, 

angiogenic imbalance and endothelial dysfunction leading to maternal hypertension and 

intrauterine growth restriction (3-9).  
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Insulin-like Growth Factors (IGF-1 and IGF-2) have strong anabolic properties and have 

been shown to play an important role in fetal and placental development (10; 11). 

Clinical studies have reported a deficit in circulating and cord blood IGF-1 levels in 

intrauterine growth restricted newborns and fetal rats and a correlation between IGF-1 

levels and birth weight (12-14). In addition, IGF-1 knock-out and IGF-2 knock-out mice 

result in reduced fetal size, which further implicate IGFs’ role in adequate fetal 

development (10; 15).  

 

IGF-1 is implicated as an important mediator of cardiovascular function. In the non-

pregnant state low plasma concentrations of IGF-1 are associated with reduced 

endothelial function and are closely linked with cardiovascular disease and high-blood 

pressure in clinical and animal studies (16-19). Studies show that Growth Hormone/IGF-

1 and liver IGF-1 knockout mice have increased blood pressure associated with 

endothelial dysfunction, which is attenuated with exogenous IGF-1 infusion (16; 19).  

 

In addition to the strong evidence of IGFs’ importance in fetal growth and IGF-1’s role in 

cardiovascular function, clinical studies suggest that circulating levels of IGF-1 and IGF-

2 may be altered in preeclampsia (20-24). However, these clinical studies report 

inconclusive findings regarding how IGF levels change in preeclampsia. While some 

studies report decreased levels of IGF-1 (22; 23) in preeclamptic women, others have 

shown that IGF-1 does not change (20; 21) and circulating IGF-2 levels increase in 

preeclampsia (20; 21). 
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The induction of placental ischemia in the pregnant rat through the chronic Reduced 

Uterine Perfusion Pressure (RUPP) model is utilized in this project to induce severe to 

moderate, early onset (preterm) preeclamptic symptoms (5). In the RUPP model, the 

placement of silver clips on the abdominal aorta and ovarian arteries in the beginning of 

the third trimester in the rat results in ~40 percent reduction in placental flow and renal 

hemodynamics, increased total peripheral resistance, endothelial dysfunction, 

hypertension, angiogenic imbalance and intrauterine growth restriction (4; 5; 8; 9; 25). 

These manifestations, which mimic many of the human preeclamptic symptoms, allow 

for the investigation of the mechanisms of hypertension during pregnancy and 

intrauterine growth restriction.  

 

The hypotheses tested in this project are that 1) placental ischemia induced by RUPP 

decreases circulating and placental levels of IGF-1 and IGF-2; and 2) administering 

exogenous IGF-1 in RUPP rats attenuates maternal hypertension, endothelial 

dysfunction, intrauterine growth restriction and fetal loss. This study is the first to 

examine the levels of maternal circulating and placental insulin-like growth factors and 

the effect of administering IGF-1 to alleviate placental ischemia-induced hypertension 

using a chronic model of placental ischemia. 

 

The experimental projects (Figures 1) tested as parts of this thesis are: 
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Project 1: Tested the hypothesis that placental ischemia during the third trimester in the 

rat decreases circulating and placental levels of IGF-1 and IGF-2. 

 

Reduced Uterine Perfusion Pressure (RUPP)

Placental Ischemia

Circulating and Placental 
IGF-1 and IGF-2

 

 

The results of this study show that circulating IGF-2 levels are decreased in RUPP 

compared to normal pregnant rats. However, circulating and placental IGF-1 and 

placental IGF-2 levels are not decreased by placental ischemia. These findings suggest 

that IGF-1 does not play a role in the pathophysiology of preeclampsia. Additional 

investigation is required to elucidate the role of circulating IGF-2 in placental ischemia. 
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Project 2: Tested the hypothesis that administering exogenous IGF-1 in RUPP rats during 

the third trimester will attenuate maternal blood pressure and improve endothelial 

function.  

 

Reduced Uterine Perfusion  Pressure 
(RUPP)

ATTENUATE

Maternal Hypertension

Endothelial Dysfunction

Exogenous IGF-1

+

 

 

The results show that IGF-1 administration attenuates maternal hypertension and suggest 

that IGF-1 does not have an effect on endothelial function in renal microvessels. 

Therefore, the mechanisms regulating the IGF system are potential targets for improved 

therapies in treating maternal hypertension associated with preeclampsia and gestational 

hypertension. Additional studies are necessary to elucidate the mechanism of IGF-1’s 

actions on attenuating hypertension associated with placental ischemia. 
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Project 3: Tested the hypothesis that administering exogenous IGF-1 in RUPP rats during 

the third trimester will increase fetal weight and decrease fetal loss. 

 

Reduced Uterine Perfusion Pressure
(RUPP)

ATTENUATE

Intrauterine Growth 
Restriction 

Fetal Loss

Exogenous IGF-1

+

 

 

The results of this study indicate that maternal IGF-1 treatment does not increase fetal 

weight, but does decrease the number of fetal resorptions in RUPP rats. Therefore, 

although fetal weight was not improved, fetal loss was reduced with IGF-1 treatment. 

Study by Lok et al. showed that although maternal IGF-1 infusion did not increase 

overall fetal weight in their study, it increased the weight of major organs such as the 

liver, lungs, heart, kidneys, spleen, pituitary and adrenal glands in fetal sheep (26). Thus, 

we speculate that the fetuses in RUPP+IGF rats could have more developed organs and 

are more viable, despite the lack of overall weight increase. However, additional 
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investigation is necessary to determine if IGF-1 infusion in the maternal circulation has 

any effect on the development of fetal organs. 

 

Overall, these studies suggest that the mechanisms that regulate maternal IGF signaling 

are potential targets for improved therapies in treating high maternal blood pressure 

associated with placental ischemia and gestational hypertension.  

 

The present thesis consists of four main sections. The Introduction  outlines and analyzes 

background information on preeclampsia and the Insulin-like Growth Factor (IGF) 

system as pertains to each project of the thesis. The Experimental methods section 

provides a detailed background on experimental approaches used in the three projects. 

The third section, Results, outlines the rationale and design for each experiment and 

presents the results. Finally, the Discussion examines the results, their application to 

previous knowledge of the pathophysiology of preeclampsia, concluding with the outline 

of avenues for future studies. 
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BACKGROUND AND SIGNIFICANCE 
 
 
 
Overview: Preeclampsia is a gestational condition characterized by new onset 

hypertension and proteinuria and often results in intrauterine growth restriction. This 

pregnancy-specific condition occurs in ~8 percent of live birth pregnancies and is the 

leading cause of maternal and neonatal mortality and morbidity (1). Delivery is the 

primary therapeutic approach to attenuate the maternal hypertension and to decrease the 

risk of developing multi-organ complications (27). Although there are no current clinical 

treatments or predictors of preeclampsia that can be used reliably in every clinical case, 

Doppler ultrasonography has been a useful method in assessing abnormal velocity of 

uterine blood flow in the second trimester (1). Preeclampsia is a multisystemic disorder, 

and multiple factors act in cohort to induce the preeclamptic condition; hence, 

contributing to the difficulty in understanding its etiology. Moreover, the etiology of 

preeclampsia is not fully understood due to the difficulties in performing mechanistic 

studies in pregnant women. Therefore, the development of an animal model to 

experimentally induce chronic uterine placental ischemia, the Reduced Uterine Perfusion 

Model (RUPP), has been useful in studying this pregnancy condition (28).  

 

Chronic placental ischemia during the third trimester in the rat via the RUPP model 

utilized in this project results in hypertension, endothelial dysfunction, intrauterine 

growth restriction and fetal loss. Insulin-like Growth Factors, IGF-1 and IGF-2, have 

been reported to play an important role in fetal development and low levels of IGF-1 
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have been associated with reduced endothelial function and elevated blood pressure in 

non-pregnant subjects (10; 12; 13; 16-19). Therefore, the hypotheses tested in this project 

are that 1) placental ischemia induced by RUPP decreases circulating and placental levels 

of IGF-1 and IGF-2; and 2) administering exogenous IGF-1 in RUPP rats attenuates 

maternal hypertension, endothelial dysfunction, intrauterine growth restriction and fetal 

loss. 

 

I. Establishment of the maternal-uteroplacental unit in human normal pregnancy 

 

Fertilization:  Fertilization occurs in the fallopian tubes, through which the embryo 

passes as it goes through the first developmental stages, from zygote (fertilized ovum) to 

morula (16-cell zygote). Two to three days post-fertilization, the morula enters the uterine 

cavity. During blastocyst stages, the blastocyst cavity is formed from the accumulation of 

fluid between the cells of the morula. The cells of the blastocyst start to differentiate; the 

outer layer of trophoblast cells gives rise to the placenta and the inner layer develops into 

the embryo. A week post-fertilization the blastocyst implants into the uterine wall and the 

trophoblast cells differentiate into an outer syncytiotrophoblasts and inner 

cytotrophoblasts layer (29; 30). 

 

Implantation of the blastocyst in the uterine wall: The implantation of the blastocyst 

in the uterine wall consists of three steps. During apposition the blastocyst makes first 

contact with the uterine wall. This is followed by adhesion to establish a more secure 
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connection with the epithelium of the uterine wall. Finally the invasion of the 

syncytiotrophoblasts and cytotrophoblasts into the maternal endometrium (mucosal lining 

of uterus) and parts of the myometrium (main layer of uterus) layers is accomplished by 

the growing blastocyst. Trophoblast cell invasion functions to remodel the uterine arteries 

in order to establish placental-maternal blood flow (29; 30).  

 

Trophoblast invasion into the maternal vasculature: After implantation of the 

embryo, the trophoblasts continue to differentiate, giving rise to the villous and 

extravillous trophoblasts. The villous trophoblasts further differentiate into chorionic 

villi, which serve as transporters of nutrients and oxygen between the maternal and fetal 

compartments. The extravillous trophoblasts, which differentiate into interstitial and 

endovascular trophoblasts, act to further invade the maternal endometrum and 

myometrum layers. This invasion is extensive during the first trimester (12-16 weeks post 

fertilization) but is very limited in late pregnancy. While the interstitial trophoblasts 

further invade the myometrium and surround the maternal uterine spiral arteries located 

in the endometrium and myometrium, the endovascular trophoblasts invade into the 

lumen of the uterine spiral arteries, where they destroy the vascular endothelium. 

Therefore, the uterine spiral arteries are remodeled by the invasion of fetal extravillous 

trophoblasts, which results in converting the spiral arteries into dilated, non-resistant, 

“vein-like” vessels. The remodeled uterine spiral arteries are unresponsive to maternal 

vasoconstrictors and allow the 40-45 percent increase in maternal blood volume (30).  
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Establishment of blood flow to the fetoplacental unit in early pregnancy: Blood to 

the uterus is mainly supplied by two uterine arteries and in part by the ovarian arteries. 

The uterine arteries arise from the iliac arteries and the ovarian arteries branch from the 

aorta, below the renal arteries. The uterine arteries become enlarged during gestation, 

because they supply increased amount of blood to the uterus during pregnancy. Blood 

flow between the maternal and fetal interface is established about a month post-

fertilization. Maternal blood from the uterine spiral arteries collects in the intervillous 

space, which is extravascular space serving as the compartment of blood transfer between 

the mother and fetus. The maternal blood in the intervillous space directly bathes the 

syncytiotrophobasts, providing nutrients and oxygen to the fetus, but never directly mixes 

with fetal blood. Deoxygenated blood leaves the uterus through the uterine veins, which 

feed into the iliac veins (30). 

 

Cardiovascular changes in the mother during pregnancy: Cardiovascular changes in 

the mother occur during pregnancy to provide adequate nutrition for fetal growth and 

adequate cardiovascular function for the mother. Very early in pregnancy (about the fifth 

week), vascular resistance is decreased. The heart is working harder and pumping more 

blood, and heart rate and cardiac output increase. About the tenth week of gestation, 

maternal blood volume starts to increase, resulting in a 40-45 percent increase by late 

gestation. This increase in blood volume is associated with an increase in both plasma 

and red-blood cells, although plasma volume expansion dominates over red-blood cell 

increase (30). Mean arterial pressure decreases during pregnancy due to the decrease in 
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the vascular resistance, but slowly starts to rise from the 26th week of gestation until 

returning to pre-pregnancy levels at term (30). 

 

Fetal growth during pregnancy: The mother supplies most of the needed nutrients to 

the growing fetus during early pregnancy. The mother stores nutrients in her liver, 

adipose tissue and uterus to release glucose from glycogen and free fatty acids from 

lipids, which are transferred to the fetus (30). The placenta regulates the transport of 

nutrients based on the maternal supply and fetal demands. Further, small molecules, such 

as oxygen and carbon dioxide, pass the placenta through simple diffusion (30; 31). 

Glucose is an important nutrient for fetal growth and is transported through the placenta 

by facilitated diffusion, carried by the glucose transport proteins GLUT1 and GLUT3 

(30). By mid-pregnancy the fetus is able to synthesize glucose independently from liver 

glycogen stores (30). During late pregnancy, the fetus starts to store fatty acids, as 

indicated by the increase in fetal adipose tissue (30). Amino acids and lactate are also 

important substrates for fetal growth and they are transferred to the fetus through 

transporters (32; 33). Most proteins larger than 500 Daltons, with the exception of 

immunoglobulin G, are not transferred through the placenta (30). Electrolytes are 

transported to the uteroplacental unit through ion transport channels (30). 

 

The strengths of the rat for studying pregnancy and preeclampsia: The rat is an 

adequate model organism for studying reproductive and pregnancy conditions. 

Trophoblast invasion to remodel the uterine spiral arteries into dilated vessels able to 
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accommodate the increased uteroplacental blood flow is observed in both the human and 

rat.  At midgestation in the rat, the endovascular trophoblasts start to invade the 

endometrium and myometrium and this invasion progresses through gestation (34). 

During the last week of the rat’s pregnancy the interstitial trophoblasts also invade the 

endometrium and myometrium layers (34). Invasion of these trophoblast cells to remodel 

the uterine spiral arteries and establish placental-maternal blood flow is also observed 

during the late first and early second trimester in human pregnancy (2). Most importantly, 

the human and rat both have a discoid hemochorial placenta, in which all maternal layers 

of the placenta are missing to establish close fetal connection to maternal blood. The 

conceptus in the human and the rat is carried in the uterus located in the pelvic cavity; 

however, the type of uterus differs in the two species. Under normal developmental 

conditions, the human has a simplex, fully fused uterus, which is connected anteriorly to 

the fallopian tubes and posteriorly to the cervix. In contrast, the rat has a duplex, 

bicornuate uterus, characterized by two uterine horns, which allow the rat to carry 

multiple fetuses. Uteroplacental circulation is similar in the rat and the human; blood to 

the uterus is supplied by two uterine arteries and in part by the ovarian arteries. The 

uterine arteries arise from the iliac arteries and the ovarian arteries branch from the aorta, 

below the renal arteries. In addition to the mentioned advantages, the laboratory rat’s 

genome has been recently sequenced, which provides the potential of great advances to 

be made in using genetic approaches to study pregnancy conditions using this laboratory 

animal. The rat is also a good model to induce RUPP because this animal allows for easy 

surgical manipulations and has a short gestation (gestation of 21 days). 
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II. Clinical preeclampsia and animal studies of placental ischemia-induced 

hypertension 

 

Clinical characteristics and significance of preeclampsia: Preeclampsia is a 

multisystemic disorder which occurs in ~8 percent of live birth pregnancies in the United 

States and is the leading cause of maternal and neonatal mortality and morbidity (1). This 

pregnancy-specific condition manifests around the 20th week of gestation and is 

characterized by new onset hypertension and proteinuria and often results in intrauterine 

growth restriction of the fetus (35). The traditional criteria of diagnosing preeclampsia 

are defined as 1) hypertension identified by 140 mmHg systolic and 90 mmHg diastolic 

arterial pressure in women who have been normotensive earlier in the pregnancy; and 2) 

proteinuria identified by 300 mg or more of protein in a 24-hour urine sample (36). 

Preeclampsia is considered severe if presented with severe hypertension (systolic 160 

mmHg, diastolic 110 mmHg) and severe proteinuria (more than 5 gram per day) or multi-

organ complications such as pulmonary edema, oliguria, thrombocytopenia, liver enzyme 

abnormalities and CNS symptoms, such as headaches or blindness (36). Delivery of the 

baby is the primary therapeutic approach and preeclampsia is the reason underlying more 

than 15 percent of preterm deliveries (1).   

 

Risk factors associated with the development of preeclampsia: The causes of 

preeclampsia remain unknown, but predisposing conditions have been associated with the 

development of preeclampsia (27). Conditions of lifelong endothelial dysfunction and 

inflammation, such as obesity and insulin resistance, contribute to the stress of pregnancy 
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and to the development of preeclampsia (35). The chance of developing preeclampsia is 

increased in women with a relative (mother, sister) who has had preeclampsia, as well as 

in pregnancies fathered by a son whose mother was preeclamptic (1; 36). These 

observations suggest a genetic predisposition to the development of preeclampsia. In 

addition, women who have had a previous preeclamptic pregnancy also have an increased 

chance of developing preeclampsia in consequent pregnancies with the same partner (36). 

Overall, understanding the mechanisms underlying the pathogenesis of this pregnancy 

condition has implications on multiple generations.  

 

Using the Reduced Uterine Perfusion Pressure (RUPP) model to study placental 

ischemia-induced hypertension and intrauterine growth restriction during the third 

trimester of the pregnant rat: The lack of strong clinical data and poor understanding 

of the mechanisms underlying the pathogenesis of preeclampsia has been in part due to 

the difficulties in performing mechanistic studies in pregnant women (37). Moreover, 

preeclampsia is a human condition that is not known to occur spontaneously in other 

animals, which adds to the difficulty in studying this gestational condition. However, 

certain characteristics of preeclampsia, such as glomerular endothelial swelling, have 

been seen in non-human primates during pregnancy, suggesting that preeclampsia may 

also occur spontaneously in other animals (38). Unfortunately, blood pressure is not 

recorded in animals during pregnancy under normal settings, which has made detecting 

preeclampsia in other animals challenging. Therefore, the development of an animal 

model to experimentally induce chronic uterine placental ischemia, the Reduced Uterine 
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Perfusion Pressure model (RUPP), has been helpful in understanding the mechanisms of 

placental ischemia-induced hypertension (37; 39).  

 

The RUPP model was initially developed by Ogden et al. (1940) to study placental 

ischemia-induced hypertension. The authors found that acutely clamping the abdominal 

aorta in pregnant dogs resulted in increased blood pressure (40). Since then many 

modifications have been performed to develop a chronic RUPP model, including the 

addition of Teflon bands on the uterine arteries prior to conception in dogs, a vascular 

occluder on the abdominal aorta of dogs, and the constriction of the abdominal aorta in 

rats, rabbits and monkeys (41-45).  

 

In this study, the chronically-induced Reduced Uterine Perfusion Pressure (RUPP) model 

in the pregnant rat is achieved by placing silver clips of a known diameter; one on the 

aorta (0.203 mm) above the iliac bifurcation and two smaller clips on both the right and 

left ovarian arteries (0.100 mm) that supply the uterus. The RUPP maneuver is performed 

on day 14 of a rat’s 21-day gestation; therefore, placental ischemia is induced for the 

duration of the third trimester (Figure 3) (46). Studies using this model of placental 

ischemia have shown that the induction of RUPP results in increased mean arterial 

pressure in pregnant rats, but not when the same maneuver was performed in virgin rats 

(46). In addition, the RUPP model in the rat leads to decreased uteroplacental blood flow, 

angiogenic imbalance, endothelial dysfunction, altered renal hemodynamics and 
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intrauterine growth restriction, which are also seen in clinical preeclampsia (4; 8; 9; 46; 

47). 

 

Kidney

Clips (0.100 mm)

Clip (0.203 mm)

Abdominal 
aorta

Fetus

Ovarian artery

Resorbed
fetus

Ovary

Uterine artery

 
 
Figure 2. Rat model of placental ischemia-induced hypertension, Reduced Uterine 
Perfusion Pressure Model (RUPP). Pregnant rats entering the RUPP group underwent 
the Reduced Uterine Perfusion Pressure procedure at day 14 of gestation (rat’s 
gestation=21 days). After a midline incision, the lower abdominal aorta is isolated and a 
silver clip (internal diameter: 0.203-mm) is placed around the aorta above the iliac 
bifurcation. Silver clips (internal diameter: 0.100-mm) are also placed on branches of 
both the right and left ovarian arteries, between the ovary and first fetus. Figure was 
drawn based on figure by Granger et. al. (2006) (28). 
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Preeclampsia is associated with placental ischemia: During pregnancy, the uterine 

spiral arteries (arteries supplying blood to the fetoplacental unit) are remodeled by the 

invasion of fetal extravillous trophoblasts, which results in converting the spiral arteries 

into dilated, non-resistance vessels (2). In preeclampsia, the incomplete remodeling of the 

uterine spiral arteries due to inadequate trophoblast invasion results in reduced placental 

perfusion (reduced arterial blood supply to the placenta) (1). The degree of endovascular 

trophoblast invasion and spiral artery remodeling is directly related to the severity of 

preeclampsia (48). Therefore, the limited invasion of the trophoblasts into the maternal 

vasculature results in inadequate blood flow to the intrauterine compartment and limits 

the maternal blood supply that provides nutrients and oxygen to the placenta and fetus. 

However, failure to remodel the uterine vessels and establish proper placentation is also a 

characteristic of intrauterine growth restriction and pre-term pregnancies in addition to 

preeclampsia. Therefore, it has been postulated that the development of preeclamptic 

symptoms are due to interaction of maternal factors and the reduced placental perfusion 

(36).  

 

Placental ischemia causes the release of anti-angiogenic factors leading to 

endothelial dysfunction: Reduced placental perfusion causes placental ischemia, 

angiogenic imbalance and endothelial dysfunction leading to maternal hypertension and 

intrauterine growth restriction (4-9; 49). Evidence from clinical (6; 7) and animal (8; 9; 

50; 51) studies support the hypothesis that preeclampsia is caused by the placental release 

of anti-angiogenic factors into the maternal circulation.  
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Soluble fms-like tyrosine kinase-1 (sFlt-1) is an anti-angiogenic factor, which is known 

to have increased levels in placental ischemia and in consequence causes a decrease in 

angiogenic factors such as vasculature endothelial growth factor (VEGF) and placental 

growth factor (PLGF). Studies to antagonize angiogenesis with chronic infusion of sFlt-1 

result in increased blood pressure, proteinuria, endothelial dysfunction and intrauterine 

growth restriction in pregnant rats (52). Further support for the role of sFlt-1 in 

preeclampsia is provided by studies to induce angiogenesis. Infusion of VEGF in RUPP 

rats has been shown to decrease blood pressure, attenuate endothelial and renal 

dysfunction, and cause a dose-dependent effect on increasing fetal weight (50).   

 

Soluble endoglin (s-Eng) is another anti-angiogenic factor implicated in the 

pathophysiology of preeclampsia. Elevation of circulating and placental s-Eng in rats has 

been reported to be a consequence of decreased placental perfusion caused by 

preeclampsia (8). Infusion of s-Eng has also been shown to cause an increase in blood 

pressure and proteinuria in pregnant rats (7).  

 

The role of nitric oxide in preeclampsia remains unclear: Nitric oxide is an important 

regulator of regional blood flow and hemodynamics during pregnancy and this 

vasodilator has been shown to increase during gestation (53). Production of nitric oxide 

by the placental syncytiotrophoblasts and the fetoplacental and umbilical vascular 

endothelium contribute to the decrease in vascular resistance during normal pregnancy 

(53). Administration of IGF-1 has been shown to attenuate high blood pressure and 
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endothelial dysfunction by increasing nitric oxide levels (16; 18; 19; 54; 55). However, it 

is unclear whether nitric oxide plays a role in the development of hypertension associated 

with placental ischemia. RUPP does not decrease urinary excretions of the catabolic 

byproducts of nitric oxide, nitrite and nitrate, but results in decreased renal expression of 

neuronal nitric oxide synthase (46). A vessel-reactivity study has shown that RUPP rats 

have decreased endothelial-dependent relaxation and lower nitrite/nitrate levels in 

isolated aortic strips compared to normal pregnant rats (4). Most importantly, nitric oxide 

production in endothelial cells through administration of L-arginine has been shown to 

decrease blood pressure in RUPP and normal pregnant rats (56). In addition, inhibition of 

nitric oxide production through L-NAME administration in pregnant rats has been shown 

to result in increased blood pressure, total vascular and renal resistance, decreased renal 

blood flow, but does not change uteroplacental flow. Based on these findings, nitric oxide 

is an important agent in maintaining blood flow and regulating blood pressure in 

pregnancy, but whether nitric oxide plays a role in preeclampsia still remains unknown.  
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Figure 3. Etiology of preeclampsia. Reduced uterine perfusion causes placental 
ischemia, angiogenic imbalance, intrauterine growth restriction and endothelial 
dysfunction leading to maternal hypertension and proteinuria.  Genetic, behavioral and 
other factors (i.e. oxidative stress) may act in cohort with placental dysfunction to induce 
placental ischemia. Figure was drawn based on figure by Parikh and Karumanchi (2008) 
(57). 
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The lack of adequate current treatments or clinical predictors of preeclampsia: 

There are no current clinically-used predictors of preeclampsia, but Doppler 

ultrasonography has been a useful method in assessing abnormal velocity of uterine blood 

flow in the second trimester. However, this method has been recognized to have limited 

abilities in detecting preeclampsia and is not routinely used for screening non-high risk 

pregnant women (27; 58). Study analysis by Powers and colleagues shows that increased 

levels of sFlt-1 and s-Eng, and decreased levels of PLGF in the serum of low and high-

risk pregnancies is a statistically significant predictor of preeclampsia. However, the 

authors caution that the confidence intervals associated with these values are high, 

indicating that these factors may not be useful predictors if they are evaluated 

individually (59). Predisposing conditions, such as previous preeclamptic pregnancy, 

diabetes or chronic hypertension, have also been recognized as risk factors of developing 

preeclampsia (60). Although many parameters have been proposed to predict 

preeclampsia, none are sensitive enough to be used as individual and as sole predictors 

(59; 60).   

 

Calcium treatments have not been beneficial in decreasing the rate or severity of 

preeclampsia (27; 61). However, the effect of calcium supplementation is not fully 

elucidated in populations with calcium deficiency. Treatment with anti-platelet drugs and 

low-dose aspirin have moderate effects in preventing preeclampsia and are considered 

safe (27; 62). Early induction of labor is recommended for women with mild symptoms 

of preeclampsia at the 38th week of gestation (27; 63).  
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Early induction of labor is also recommended for those with severe complications that are 

beyond the 34th week of gestation (27; 64). Controversies arise regarding the treatment of 

preeclampsia for women who present with symptoms before the 34th gestational week 

when the fetus is not mature enough for delivery. In cases of premature delivery, the use 

of corticosteroids has proven effective in reducing fetal respiratory distress in 

preeclampsia before the 34th week of gestation (27; 65).  

 

Antihypertensive treatments have not been fully supported as recommended treatment of 

preeclampsia (27; 66). Although blood pressure is lowered by antihypertensive drugs, 

there is evidence that fetal weight is also decreased, indicating that antihypertensive 

drugs may increase the risk of neonatal morbidity (27; 67). Hydralazine, labetol, 

nifedipine, methyldopa, nicardipine and sodium nitroprusside are the most common 

antihypertensive drugs administered in preeclamptic patients (68). Hydralazine is the first 

antihypertensive approach, but this drug has been shown to cause higher maternal side-

effects and worsen maternal and fetal outcomes (27; 69). Although these antihypertensive 

drugs lower blood pressure they do not have the positive fetal anabolic effects and the 

ability to direct nutrients from the maternal to fetal system like IGF-1 (reviewed later in 

thesis).  

 

Plasma volume expands in normal pregnancy and evidence suggests that preeclamptic 

women have restricted plasma volume. However, trials of plasma volume expansion in 

treating preeclampsia have not been beneficial and considered a high-risk approach (27; 
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70). Diuretic therapy is also used in treating preeclampsia, but improper use can lead to a 

further decrease in plasma volume (68).  

 

Magnesium sulfate has been the preferred anticonvulsant and has been found to 

significantly reduce the rate of seizures and maternal death in severe preeclampsia and 

eclampsia (27; 71). 

 

Preeclampsia may result in long-term complications to the mother and fetus: In 

addition to the immediate maternal and fetal complications, there is a relationship 

between the development of cardiovascular conditions, such as hypertension, and insulin-

resistance later in life in women who have had a preeclamptic pregnancy and their 

children (27; 72; 73). The link between preeclampsia and the development of 

cardiovascular disorders later in life is particularly true for women who had early onset 

preeclampsia and multiple preeclamptic pregnancies (27).  

 

III. Insulin-like Growth Factor system 

 

Insulin-like growth factors (IGF-1 and IGF-2): Insulin-like growth factors, IGF-1 and 

IGF-2, are small (7 kDa), homologous single chain peptides that share high similarity to 

insulin and have important roles as mitogenic and differentiating agents in most cell types 

(74; 75). Growth hormone stimulates the production of IGFs in the liver and the liver 

releases both IGF-1 and IGF-2 into the circulation to act as hormones (76). It has been 
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shown that IGF-2 gene expression is also increased by chronic hypoxia (77). IGF-1 is 

synthesized in almost all body cells and exerts its mitogenic actions through paracrine 

and autocrine mechanisms (78). IGF-2 is also synthesized in peripheral tissues, such as 

kidneys, brain, heart and skin, where it also acts by paracrine and autocrine mechanisms 

(79). These two insulin-like growth hormones are detected in early stages of 

development; IGF-1 is detected in the pre-implantation embryo and in the 

syncytiotrophoblasts and cytotrophoblasts throughout gestation and IGF-2 is expressed in 

the villous and extravillous trophoblasts in early pregnancy (80). The liver becomes the 

main source of IGFs postnatally.  

 

Insulin-like growth factor receptors: IGF-1 and IGF-2 exert actions through binding to 

the extracellular (α) domain of the transmembrane tyrosine kinase IGF-1 receptor (81). 

The IGF-1 receptor is a hetero-tetrameric protein made up of two extracellular α-subunits 

and two intracellular β-subunits, connected by disulfide bonds (Figure 4) (74). Almost all 

cells have IGF-1 receptors and the strength of the IGF signal is directly proportional to 

the number of receptors present on the cell surface (79). The IGF-2 receptor, which is 

identical to cation-independent mannose 6-phosphate receptor, binds IGF-2 with much 

higher affinity than IGF-1 and does not directly stimulate IGF signaling (74). This is 

supported by IGF-2 receptor late gestation knock-out embryos, which have high 

concentrations of IGF-2, indicating that the IGF-2 receptor is involved in degrading and 

regulating IGF-2 levels (82). 
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Insulin-like growth factor binding proteins: Circulating IGFs are bound to high-

affinity binding proteins most of the time and circulate as ~150 kDa complexes. There 

are six known, structurally similar, binding proteins that act to extend the half-life and 

regulate IGF actions by facilitating ligands’ transport to specific tissues, and stimulate or 

inhibit the ligands’ interaction with the receptors (Figure 4) (83).  

 

IGF-BP3 is the main chaperone of IGFs, circulating in tertiary complex with IGF and an 

acid-labile subunit (ALS). IGF-BP3 undergoes proteolysis in early pregnancy; a post-

translation modification, which has been proposed to serve as a way to increase the 

bioavailability of IGFs in early gestation (84).  

 

IGF-BP1 is another binding protein found to play an important role in pregnancy. BP1 is 

secreted by endometrial cells and regulates IGF activity in the fetoplacental unit (85). 

Post-translation modification also regulates the influence of BP1 on IGF availability. BP1 

is non-phosphorylated during the first trimester and this form of BP1 has been shown to 

enhance IGF activity. In late gestation, BP1 becomes predominately phosphorylated and 

attenuates IGF activity (85; 86). Elevated BP1 fetal cord serum levels have been 

correlated to small-for-gestational age human fetuses (87). Also, studies have shown that 

BP1 is increased in the serum of preeclamptic women (88; 89).  
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Figure 4. Insulin-like Growth Factor system. IGF-1 and IGF-2 exert their actions 
through binding to the extracellular (α) domain of the transmembrane tyrosine kinase 
IGF-1 receptor. The IGF-1 receptor is a hetero-tetrameric protein made up of two 
extracellular α-subunits and two intracellular β-subunits, connected by disulfide bonds. 
The IGF-2 receptor binds IGF-2 with much higher affinity than IGF-1 and does not 
directly stimulate IGF signaling. Circulating IGFs are also bound to high-affinity binding 
proteins, which act to extend the half-life and regulate IGF actions by facilitating ligands’ 
transport to specific tissues, and stimulate or inhibit the ligands’ interaction with the 
receptors. 
 
 
 
 

IV. Insulin-like Growth Factors and preeclampsia 

 

The role of IGFs in preeclampsia based on clinical studies data is inconclusive: 

Clinical studies have provided conflicting evidence regarding alterations of IGFs in 

preeclamptic pregnancies. Cooley et.al. report that IGF-1 levels are not changed and IGF-

2 concentrations are increased in women who subsequently develop preeclampsia (20).  

In addition, Hubenette and colleagues also report no change in IGF-1 levels on the 17th 

and 33rd week of gestation and increased IGF-2 levels in late preeclamptic pregnancy 
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(33rd week) (21). Vatten et.al. observed an increase in IGF-1 from the first to the second 

trimester associated with preeclampsia, which the authors concluded was the result of 

placental disease (24). Contradicting these findings, Ning and others report a decrease in 

free IGF-1 levels in early pregnancy associated with the risk of developing preeclampsia 

(23). Similarly, Ingec and colleagues observed lower IGF-1 levels in late pregnancy in 

women who developed moderate and severe preeclampsia and eclampsia (22). Due to the 

great variability in the way IGF-1 and IGF-2 levels have been reported to change in 

preeclampsia, it was important to elucidate these levels in an animal model with 

preeclamptic manifestations. The RUPP model utilized in this project, presents a way to 

measure IGF concentrations independent of environmental and behavioral influences, 

which may have had an impact on these clinical studies.  An objective of this project is to 

test the hypothesis that placental ischemia during the third trimester in the rat decreases 

circulating and placental levels of IGF-1 and IGF-2 (Project 1). 

 

IGF-1 is an important regulator of cardiovascular function: IGF-1 has been 

implicated as an important regulator of cardiovascular function in the non-pregnant state. 

Studies show that low IGF-1 levels are associated with endothelial dysfunction in 

hypertensive patients (17). Csiszar and colleagues report that Growth Hormone/IGF-

deficient Ames dwarf mice present with endothelial dysfunction, characterized by 

decreased endothelial nitric oxide production and endothelial-dependent relaxation to 

acetylcholine of aortic strips (16). Another study by Thum and colleagues shows that 

IGF-1, and not Growth Hormone, is directly involved in cardiovascular function, such as 
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blood pressure (90). The authors report that Growth Hormone treatment in middle-aged 

volunteers increases plasma IGF-1 levels, lowers blood pressure and increases markers of 

nitric oxide. However, these effects of Growth Hormone treatment were abolished after 

blocking the IGF-1 receptor, indicating that the IGF system is directly involved in the 

regulation of blood pressure and nitric oxide availability. Evidence has also indicated that 

liver-derived (main source of IGF synthesis) IGF-1 is involved in the regulation of blood 

pressure. Liver IGF-1 knock-out mice present with high blood pressure, caused by 

increased peripheral resistance and endothelial dysfunction. The endothelial dysfunction 

of liver IGF-1 knock-out mice is characterized by increased vascular expression of 

endothelin-1 and decreased relaxation of microvessels to acetylcholine (19). In addition, 

IGF-1 treatment in normal rats and liver IGF-1 knock-out mice reduces blood pressure 

and improves blood flow by dilating vascular beds by stimulating nitric oxide production 

(18; 19; 54; 55). Recent evidence also suggests that IGF-1 has a hemodynamic effect and 

its levels are correlated to increased renal blood flow and glomerular filtration rate (91).  

 

Maternal hypertension, endothelial dysfunction, decreased uteroplacental perfusion and 

altered renal hemodynamics are characteristics of preeclampsia. IGF-1 has been shown to 

have an effect on blood pressure, endothelial dysfunction and blood flow in the non-

pregnant state. However, the effect of IGF-1 on maternal blood pressure in preeclampsia 

or placental ischemia-induced hypertension has never been tested. Therefore, an objective 

of this study is to test the hypothesis that administering exogenous IGF-1 in RUPP rats 



 

 30 

during the third trimester will attenuate maternal blood pressure and improve 

endothelial function (Project 2). 

 

IGFs play an important role in fetal growth: Reduced placental perfusion pressure 

results in intrauterine growth restriction in offspring born of preeclamptic pregnancies 

and in RUPP rats (35; 72). Clinical studies have reported a deficit in circulating and cord 

blood IGF-1 levels in intrauterine growth restricted newborns and fetal rats and a 

correlation between IGF-1 levels and birth weight (12-14). In addition, IGF-1 knock-out 

and IGF-2 knock-out mice result in reduced fetal size, which further implicate IGFs in 

adequate fetal development (10; 92). However, IGF-1 and IGF-2 have been shown to 

influence placental and fetal growth in different ways. Studies report that high maternal 

levels of IGF-1 regulate fetal weight and diverts nutrients from mother to fetus, while 

maternal IGF-2 regulates placental development and maternal hemodynamic adaptation 

to pregnancy in rats by increasing the maternal plasma volume (10; 93-95).  

 

Study by Sferrizzi-Perri and colleagues show that infusing IGF-1 in pregnant guinea pigs 

increases fetal weight, reduces resorptions and decreases maternal adipose weights, 

suggesting that substrate availability to promote fetal growth is increased after maternal 

IGF-1 treatment (95). Glucose is an important nutrient for fetal growth, and is transported 

through the placenta by facilitated diffusion through glucose transport proteins, GLUT1 

and GLUT3 (30).  Maternal IGF-1 treatment during the second half of pregnancy in the 

rat has been shown to increase placental mRNA expression of GLUT1 and GLUT3, 
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indicating that IGF-1 may play a role in increasing the maternal-placental-fetal transfer of 

glucose (96). Sferruzzi-Perri and colleagues also report that that infusion of IGF-1 during 

early pregnancy in guinea pigs increases fetal weights and fetal and placental uptake of 

glucose near term (95; 97; 98). The authors suggest that maternal IGF-1 treatment 

indirectly increases the nutrient supply to the fetus by promoting uterine vascular 

remodeling (98). In vitro studies have shown that IGF-1 administration increases 

trophoblast invasion (99) and glucose transport activity (100; 101) in first-trimester 

trophoblast cells lines; hence suggesting that IGF-1 may promote uterine spiral artery 

remodeling to provide adequate perfusion and nutrient supply to the uteroplacental unit. 

 

Current treatments of hypertension in preeclampsia, such as hydralazine, lower blood 

pressure but do not have the positive fetal anabolic effects of IGF-1. Project 2 in this 

thesis tests whether IGF-1 administration will decrease maternal blood pressure, which 

may further reduce placental perfusion and have even a greater detrimental effect on fetal 

weight. However, based on the research evidence presented earlier, IGF-1 administration 

in the mother should also increase glucose uptake by the placenta and fetus; and because 

glucose is an important substrate for fetal growth, maternal IGF-1 administration should 

increase fetal weight and decrease fetal loss. Therefore, an objective of this study is to test 

the hypothesis that the administering exogenous IGF-1 in RUPP rats during the third 

trimester will increase fetal weight and decrease fetal loss (Project 3).  
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EXPERIMENTAL METHODS 

 

The hypotheses tested in this project are that 1) placental ischemia induced by RUPP 

decreases circulating and placental levels of IGF-1 and IGF-2; and 2) administering 

exogenous IGF-1 in RUPP rats attenuates maternal hypertension, endothelial 

dysfunction, intrauterine growth restriction and fetal loss. To test these hypotheses we 

examined circulating and placental IGF-1 and IGF-2 levels in normal pregnant and RUPP 

rats and determined the effect of IGF-1 administration during the third trimester in RUPP 

rats on maternal blood pressure, endothelial dysfunction, fetal weight and fetal loss. 

 

Animals: Timed-pregnant Sprague-Dawley rats were purchased from Charles River 

(Wilmington; Massachusetts). The approximate weight of the animals was 300g at the 

time of the RUPP surgery, on day 14 of gestation. The animals were housed in a 23°C 

(temperature-controlled) room with 12:12 light: dark cycle. All experimental procedures 

in this study were performed in accordance with National Institute of Health guidelines 

and approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Minnesota.  

 

Two cohorts were used in this project. Cohort-1 was used in Project 1 to measure 

circulating and placental levels of IGF-1 and IGF-2 and placental expression of the IGF-1 

receptor. Rats were randomly assigned to normal pregnant or sham-operated (NP or 

Sham, n=23) and Reduced Uterine Perfusion Pressure (RUPP, n=21) groups on day 14 of 



 

 33 

gestation. Cohort-2 was used in Projects 2 & 3 to examine the effects of exogenous IGF-

1 administration in RUPP rats on blood pressure, endothelial function, intrauterine 

growth restriction and fetal loss. Rats were randomly assigned to one of three groups on 

day 14 of gestation: 1) normal pregnant sham-operated rats with osmotic mini-pump 

containing sterile Phosphate Buffered Saline (NP; n=9); 2) Reduced Uterine Perfusion 

Pressure rats (RUPP, n=12); 3) RUPP rats with osmotic mini-pump containing 

recombinant human IGF-1 (RUPP+IGF, n=9; infusion dose: 47 µg/kg/day calculated 

based on 300g approximate body weight).  

 

Rat model of placental ischemia-induced hypertension: Reduced Uterine Perfusion 

Pressure model (RUPP) during the third trimester of rat’s gestation: Timed pregnant 

Sprague Dawley rats were anesthetized with isofluorane (Webster; Massachusetts) 

delivered by an anesthesia apparatus (Vaporizer for Forane Anesthetic, Ohio Medical 

Products; Wisconsin). Pregnant rats in the RUPP group underwent the Reduced Uterine 

Perfusion Pressure procedure at day 14 of gestation (gestation of 21 days; Figure 3) (28). 

After a midline incision, the lower abdominal aorta was isolated and a silver clip (internal 

diameter: 0.203-mm) was placed around the aorta above the iliac bifurcation. Silver clips 

(internal diameter: 0.100-mm) were also placed on branches of both the right and left 

ovarian arteries that supply the uterus. Sham procedure was performed as control.  

 

Exogenous human recombinant IGF-1 (rhIGF-1) was administered in RUPP rats 

for 5 days: Osmotic mini-pumps (Alzet 2001, Durect; California) were filled with 
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rhIGF-1 (R&D Systems; Minnesota) reconstituted in sterile Phosphate Buffered Saline 

(PBS)  and placed intraperitoneally in RUPP+IGF rats at the time of  RUPP surgery 

(gestational day 14; rat’s gestation=21). Osmotic mini-pumps were also filled with sterile 

PBS and placed intraperitoneally in NP rats on day 14 of gestation.  

 

Mean Arterial Pressure (MAP) was measured via intra-arterial catheter in 

chronically instrumented conscious rats: Mean arterial pressure (MAP) was measured 

on day 19 of gestation. On gestational day 17 (cohort-1) or 18 (cohort-2), animals were 

placed under isofluorane anesthesia and instrumented with carotid catheters of V-3 tubing 

(SCI Comm; Maryland). Catheters, filled with 0.1% heparin-saline, were tunneled and 

exteriorized to the back of the neck. Animals were placed in individual restraining cages 

and MAP was recorded continually until stable using Power Lab 6 (AD Instruments; 

Colorado). 

 

Tissues were collected on day 19 of gestation: On gestational day 19, after arterial 

pressure measurements, the animals were anesthetized with isofluorane. A midline 

abdominal incision was made for tissue collection. Blood was collected with a 

hypodermic needle from the abdominal aorta into Corvac serum separator tubes 

(Sherwood Davis; Missouri). The amniotic sac was punctured and amniotic fluid was 

aspirated with a 27 gauge needle. After the fetuses and placentas were excised and 

weighed, the placentas were collected for subsequent analysis. Collected samples were 

snap frozen in liquid nitrogen and stored at -80°C. 
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Conceptus morphometrics on day 19 of gestation: Fetuses and placentas were excised 

and weighed on day 19 of gestation. The number of live and resorbed fetuses was 

counted before they were excised and weighed. To determine the effect of placental 

ischemia and IGF-1 infusion on fetal loss in cohort-2, the number of resorbed and total 

fetuses was recorded on day 14 (during RUPP or Sham surgery) and again on day 19 

(tissue collection) of gestation. Rats with resorptions of all fetuses were excluded. Data 

was expressed as the average of the ratios of the resorbed or live fetuses over the total 

number of fetuses per dam. 

 

Non-fasting glucose levels were measured in maternal blood and amniotic fluid:  

Blood and amniotic fluid glucose was measured at the time of tissue collection with 

Accu-Check Advantage Glucose Meter (Roche Diagnostics; Indiana).  

 

The experimental timeline is outlined in Figure 5.  
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Figure 5. Experimental timeline. Timed-pregnant rats entering the RUPP and 
RUPP+IGF groups underwent the Reduced Uterine Perfusion Pressure (RUPP) procedure 
and NP rats underwent a sham operation at day 14 of gestation (GD 14). IGF-1 was 
administered via smotic mini-pumps placed intraperitoneally in RUPP+IGF rats at the 
time of  RUPP surgery. Osmotic mini-pumps were also filled with sterile PBS and placed 
intraperitoneally in NP rats on GD14. Mean arterial pressure (MAP), tissue collection and 
vessel reactivity studies were conducted on gestational day 19 (GD19). 
 

 

Endothelial function was assessed by renal vessel-reactivity measurements: The 

effect of IGF-1 administration in RUPP rats on endothelial function of renal vessels was 

assessed at day 19 of gestation. Kidneys from NP, RUPP, RUPP+IGF rats were collected 

and renal vessels were isolated and prepared for vessel-reactivity studies in myography 

chamber baths  (DMT A/S, Model 610M; Denmark) containing Krebs Buffer. To best 

knowledge, the myograph was calibrated only once, before the start of the set of 

experiments. Vessel reactivity was recorded using Power Lab 6 (AD Instruments; 

Colorado). The kidneys were kept in cold Krebs Buffer throughout the duration of each 
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experiment. Vessels were isolated from second-order branch renal arteries (Figure 6A), 

threaded on two 40 µm diameter stainless steel wires and mounted on the myography 

chambers (Figure 6B). Resting tension was adjusted stepwise to reach effective active 

pressure of 13.3 kPa (100 mmHg) and vessels’ internal circumference was calculated by 

the myography unit and Power Lab. Thereafter, the tension was set to 90 percent of 

effective active pressure to reach optimal active tension and the vessels were allowed to 

stabilize for approximately 20 minutes. Internal circumference calculated by the 

myograph represents the diameter at which the vessel gives a maximal response, set to its 

optimal active tension. Mounted vessels were depolarized with High-Potassium 

Physiological Saline Solution (1X 125 mM KPSS), washed three times with warm Krebs 

Buffer and pre-constricted with norephinephrine (NE, 1.43x10-6 M) or the thromboxane 

analogue U46619 (40 µg/ml). Concentration response curves to endothelial-dependent 

acetylcholine relaxation (Ach, 1.4x10-9 – 0.0003 M) and endothelial-independent sodium 

nitroprusside relaxation (SNP, 1.4x10-9 – 0.0003 M) were recorded. The chambers were 

washed with warm Krebs Buffer three times after each concentration-response curve. 

Viability of vessels after both relaxation curves were evaluated by maximum contractile 

curve with norephinephrine (1.4x10-9–3.0x10-5 M). Vessels were excluded if they failed 

to respond to pre-constriction or if they constricted to acetylcholine. The results were 

presented as the half maximal effective concentration (EC50) for percent relaxation to 

sodium nitroprusside relaxation (SNP), and maximal percent relaxation to sodium 

nitroprusside (SNP) and acetylcholine (Ach). 
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Figure 6. Renal vessel reactivity measurements in myography chambers. A) Kidneys 
from NP, RUPP, RUPP+IGF rats were collected and second-order branch renal vessels 
(arrow) were isolated. B) The isolated vessels (arrow, vessel length of 1-2 mm) were 
prepared for vessel-reactivity studies in myography chamber baths. 
 
 
 

Protein was extracted from placentas and quantified: Medium-sized placentas (one 

per animal) were collected on day 19 of gestation and snap frozen. The placentas were 

later thawed, cut in half, and homogenized in 1 ml radioimmuno precipitation assay 

(RIPA) lysis buffer containing phenyl methane sulphonylfluoride (PMSF) in dimethyl 

sulfoxide (DMSO), sodium orthovanadate and a protease inhibitor cocktail (1:10,000 

dilution; Santa Cruz Biotechnology; California). The supernatant from the homogenate 

was collected and centrifuged at 9000 x g in 4°C for 20 minutes, after which the soluble 

cellular protein (supernatant) was transferred in microcentrifuge tubes. Total soluble 

cellular protein concentrations were determined using a colometric assay, the 

bicinchoninic acid (BCA) method as described by the manufacturer (Pierce 

Biotechnology; Illinois). 
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IGF-1 and IGF-2 concentrations were measured in serum and in placental protein  

IGF-1 Concentration Measurements: Serum and extracted placental protein samples (50 

µg soluble protein) were tested for levels of IGF-1 using rat and human IGF-1 enzyme-

linked immunosorbent assays, as described by the manufacturer. Human IGF-1 ELISA 

was used to measure IGF-1 levels in RUPP rats infused with recombinant human IGF-1; 

RUPP+IGF rats (ELISA, R&D Systems; Minnesota). The IGF-1 ELISAs used to 

measure circulating rat and human levels in serum included a step for the removal of 

binding proteins and thus measured total IGF-1. Unbound IGF-1 was measured in 

placental samples, i.e. the binding proteins were not dissociated before measuring IGF-1 

concentration. 

 

IGF-2 Concentration Measurements: Serum and extracted placental protein (50 µg 

soluble protein) samples were tested for levels of IGF-2 using rat/mouse IGF-2 ELISA, 

as described by the manufacturer (R&D Systems; Minnesota). Unbound IGF-2 was 

measured in placental samples, i.e. the binding proteins were not dissociated before 

measuring IGF-2 concentration. IGF-2 was measured in rat serum after formic acid-

acetone extraction procedure for the removal of IGF-BPs as described by Bowsher et. al. 

(102). Briefly, 100 µl serum was aliquoted in 1.5 ml microcentrifuge tube and acidified 

by adding 50 µl 8 M formic acid-0.5 % Tween-20. The contents were vortexed and 350 

µl of acetone was added immediately after. The contents were vortexed again and 

centrifuged at 3500 x g at 4 °C for 15 minutes. The pellet was discarded and the 
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supernatant diluted  1:20, as recommended by Bowsher et al., and directly used in the 

rat/mouse IGF-2 ELISA (R&D Systems; Minnesota).  

 

IGF-1 receptor was measured in placental protein by a Western blot:  Western 

immunoblotting was performed in soluble protein extracted from placentas. Fifty µg of 

soluble placental protein from NP and RUPP rats were separated by electrophoresis on 

NUPAGE Novex 4-12% Bis-Tris gels under reducing conditions. The proteins were 

transferred to nitrocellulose membrane and the membrane was stained with Ponceau 

Stain solution for 10 minutes to evaluate the effectiveness of protein transfer. After 

staining with Ponceau the membrane was washed with 1% Tris Buffered Saline (TBS)-

0.1% Tween for 20 minutes. Thereafter, the membrane was blocked with 5% dry milk 

diluted in 1% TBS-0.1%Tween at 4°C for three hours. The membrane was incubated 

overnight at 4°C with 1:100 dilution of primary antibody IGF-1α receptor (N-20; Santa 

Cruz; California), washed for 10 minutes, incubated with 1:10,000 dilution of secondary 

antibody (anti-rabbit IgG) at room temperature  for 45 minutes, followed by a wash. The 

membrane was finally incubated in SuperSignal Femto Substrate (Thermo Scientific; 

USA) and the images were captured with a digital imaging system (FluorChem, Apha-

Innotech). The band at ~67 kDa from the Ponceau Stain was used as a loading control, 

because it corresponds to the size of albumin, a frequently used control in western blots. 

Although albumin is in the vascular space, the placentas were not perfused and therefore, 

blood was present when soluble placental protein was extracted. The maximal density 

(pixel units) of the western blot’s band at ~130 kDa corresponding to IGF-1 receptor and 
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the band ~67 kDa on the Ponceau stain corresponding to albumin were quantified with 

UN-SCAN-IT gel 6.1 (Silk Scientific; Utah). Data was expressed as the ratio of the 

maximal density (pixel units) of ~130 kDa band to maximal density of ~67 kDa band in 

Ponceau protein stain. 

 

Statistical analysis: The data in this study were presented as mean ± SEM. Student t-test 

was used to compare differences in cohort-1. Data with unequal variances in cohort-1 

(live/total and resorbed/total fetuses) were analyzed with t-test with Welch correction. 

Values below detection limit (outliers) in circulating IGF-2 ELISA were assigned the 

mid-value between zero and the first standard and multiplied by the dilution factor. All 

group comparisons (cohort-2) were reported with ANOVA and Tukey multiple 

comparison test. Data with unequal variances in cohort-2 (fetal weight, live/total and 

resorbed/total fetuses) were analyzed by multiple t-tests with Welch correction. Data for 

fetal loss were expressed as the average of the ratios of the resorbed or live fetuses over 

the total number of fetuses per dam. Vessel-reactivity data were presented as the half 

maximal effective concentration (EC50) for percent relaxation to sodium nitroprusside 

relaxation (SNP), and maximal percent relaxation to sodium nitroprusside (SNP) and 

acetylcholine (Ach). EC50 was not calculated for the vessel-reactivity study to 

acetylcholine (Ach), because the majority of the vessels did not relax to 50 percent.  For 

analysis of IGF-1 receptor concentrations, the ratio of the maximal density (pixel units) 

of ~130 kDa band to maximal density of ~67 kDa band in Ponceau protein stain was used 

to evaluate the difference in the receptor levels in the placentas of NP and RUPP rats. 
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Statistical calculations were made with GraphPad Prism version 5.0 (GraphPad Software; 

California). Statistical significance was accepted when P <0.05.  

 

Study limitations: Projects 2 and 3 in this study hypothesized that administration of 

exogenous IGF-1 in RUPP rats will attenuate maternal hypertension, endothelial 

dysfunction, intrauterine growth restriction and fetal loss. RUPP+IGF rats were 

administered with 47 µg/kg/day of rhIGF-1. However, this administration dose was 

calculated based on the approximate average weight of the rat cohort on gestational day 

14, which was 300 g. Therefore, the same dose of rhIGF-1 was administered to all rats, 

regardless of their individual weight. Normal pregnant rats were sham instrumented on 

day 14 of gestation and a mini-osmotic pump containing PBS was placed 

intraperitoneally; however, this study did not measure the effects of IGF-1 infusion in 

normal pregnancy. In addition, a control group, in which RUPP rats receive mini-osmotic 

pump containing PBS, was not included in this study. 

 

A limitation in evaluating the effect of placental ischemia (RUPP) and IGF-1 

administration was that this study could not control for the number of fetuses in each rat. 

However, to determine the effect of placental ischemia and IGF-1 infusion on fetal loss in 

cohort-2, the number of resorbed and total fetuses was recorded on day 14 (during RUPP 

surgery) and again on day 19 (tissue collection) of gestation. The number of resorptions 

presented in the results is the difference between the number of fetuses resorbed on day 

14 (GD14) on day 19 (GD19) of gestation. Therefore, fetuses resorbed before gestation 
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day 14 were excluded. The number of live and resorbed fetuses is presented as the 

average of the ratios of resorbed or live fetuses over the total number of fetuses per dam. 

In addition, individual fetal organs were not measured.  

 

An additional limitation of this study was that the food intake of every animal was not 

measured or controlled between or within the three groups. Difference in food intake 

could have influenced maternal blood glucose and circulating IGF levels. This study also 

did not measure the effects of RUPP or IGF-1 administration on the levels of other 

substrates important for fetal growth and that could be possible influenced by IGF-1, such 

as fetal amino acid levels or fetal lactate levels. 

 

Another limitation in this study was that the myograph unit used to measure renal vessel-

reactivity to SNP and Ach was calibrated only once, before the start of this set of 

experiments. The myograph should have been calibrated before every use.  

 

Experimental resources: The animals, supplies, reagents and technical help I have 

received for this project were provided by Dr. Jeffrey Gilbert and his lab personnel. The 

data for mean arterial pressure, placental and fetal weights, number of live, resorbed and 

total fetuses, as well as the serum and soluble placental protein used for subsequent 

analysis from cohort-1 animals were provided to me by Dr. Jeffrey Gilbert.  
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RESULTS 

 

The hypotheses tested in this project were that 1) placental ischemia induced by RUPP 

decreases circulating and placental levels of IGF-1 and IGF-2; and 2) administering 

exogenous IGF-1 in RUPP rats attenuates maternal hypertension, endothelial 

dysfunction, intrauterine growth restriction and fetal loss. To test these hypotheses we 

examined circulating and placental IGF-1 and IGF-2 levels in normal pregnant and RUPP 

rats and determined the effect of IGF-1 administration during the third trimester in RUPP 

rats on maternal blood pressure, endothelial dysfunction, fetal weight and fetal loss. Two 

rat cohorts were used; cohort-1 was used in Project 1 to measure circulating and placental 

levels of IGF-1 and IGF-2; and cohort-2 comprised Projects 2 & 3 to examine the effects 

of exogenous IGF-1 administration in RUPP rats on blood pressure, endothelial function, 

intrauterine growth restriction and fetal loss. 

 

Project 1. Placental ischemia induced by reduced uterine perfusion pressure 
(RUPP) during the third trimester in the rat decreases circulating IGF-2 levels, but 
has no affect on circulating IGF-1 and placental IGF-1 and IGF-2 levels.  
 

Rationale: Clinical studies report inconclusive findings regarding changes in IGF levels 

in preeclampsia. While some studies report decreased levels of IGF-1  in preeclampsia 

(22; 23), others have shown that IGF-1 does not change (20; 21) and circulating IGF-2 

levels is increased in preeclamptic pregnancy (20; 21). Therefore, determining IGF levels 

in a model such as the RUPP model in the pregnant rat, isolated from environmental and 

behavioral factors which may have played a role in the results of these clinical studies, is 
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important to elucidating whether IGF-1 and IGF-2 play a role in placental ischemia-

induced hypertension. Normally, the liver is the primary source of IGF synthesis, which 

releases IGFs in the circulation, but the placenta is a source of local IGF production 

during pregnancy; therefore, both circulating and placental IGF-1 and IGF-2 levels were 

measured. An objective of this project is to test the hypothesis that placental ischemia 

during the third trimester in the rat decreases circulating and placental levels of IGF-1 

and IGF-2 (Project 1). 

 

Results: Circulating IGF-1 levels were not different between RUPP and NP rats (Figure 

7). Circulating IGF-2 levels were decreased in RUPP vs. NP rats (Figure 8). Placental 

IGF-1 (Figure 9A), IGF-2 levels (Figure 9B) and IGF-1 receptor levels (Figure 10) were 

not different between the groups.  
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Figure 7. Placental ischemia does not decrease circulating IGF-1 levels. Circulating 
IGF-1 levels were not different between the groups (238.9±16, NP vs. 252.3±12.8 ng/ml, 
RUPP; P=0.52). Data are presented as Mean ± SEM of the indicated number of samples 
shown in parentheses. 
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Figure 8. Placental ischemia decreases circulating IGF-2 levels. Circulating IGF-2 
levels were decreased in RUPP vs. NP rats (0.96±0.18 vs. 2.05±0.15 ng/ml; P<0.001). 
Data are presented as Mean ± SEM of the indicated number of samples shown in 
parentheses. 
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Figures 9. Placental ischemia does not decrease IGF-1 and IGF-2 levels in placenta. 
A) Placental IGF-1(109±12.3, NP vs. 91.9±20.3 pg/50µg protein, RUPP; P=0.47) and B) 
IGF-2 (380.6±26.8, NP vs. 360.5±29.5 pg/50µg protein, RUPP; P=0.62) levels were not 
different between the groups. Data are presented as Mean ± SEM of the indicated number 
of samples shown in parentheses. 
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Figure 10. Placental ischemia does not affect IGF-1 receptor levels in placenta.  
Placental IGF-1 receptor levels were not decreased in RUPP compared to NP rats (2.14±1 
vs. 0.69±0.2 pixel density/67 kDa band; P=0.26). Data are presented as Mean ± SEM of 
the indicated number of samples shown in parentheses. 
 
  
 
Figures 11-13 verify that animals in cohort-1 had similar changes in mean arterial 

pressure, fetal and placental weights, and fetal loss as in previously published studies 

using the RUPP model (46; 50). Mean arterial pressure was increased in RUPP vs. NP 

(Figure 11), fetal weights were decreased in RUPP and placental weights were not 

different between the two groups (Figures 12A and 12B). RUPP resulted in fetal loss. 

The average of the ratios of resorbed/total fetuses per dam (Figure 13A) was increased in 

RUPP and the average of the ratios of live/total fetuses per dam (Figure 13B) was 
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decreased in RUPP compared to NP. These morphometrics are consistent with expected 

results in the RUPP model.  
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Figure 11. Placental ischemia increases maternal mean arterial pressure. Mean 
arterial pressure was increased in RUPP vs. NP rats (112±1.9 vs. 96±2.5 mm Hg; 
P<0.0001). Data are presented as Mean ± SEM of the indicated number of samples 
shown in parentheses. 
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Figures 12. Placental ischemia decreases fetal weight and has no affect on placental 
weight. A) Fetal  weights (2.5±0.04, NP vs. 2.3±0.04, RUPP; P<0.0001) were decreased 
in RUPP rats. B) Placental weights did not differ (0.47±0.01, NP vs. 0.44±0.01, RUPP; 
P=0.10) between the two groups. Data are presented as Mean ± SEM of the indicated 
number of samples shown in parentheses. 
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Figures 13. Placental ischemia decreases the number of live fetuses and increases 
fetal resorptions. A) The average of the ratios of resorbed/total fetuses per dam on 
gestational day 19 (GD19) was increased in RUPP (0.37±0.06 vs. 0.05±0.03; P<0.0001) 
compared to NP rats. B) The average of the ratios of live/total fetuses per dam on day 19 
of gestation (GD19) was decreased in RUPP vs. NP rats (0.62±0.06 vs. 0.95±0.03; 
P<0.0001). Data are presented as Mean ± SEM of the indicated number of samples 
shown in parentheses. 
 
 
 
Project 2. Administering exogenous IGF-1 in RUPP rats during the third trimester 
attenuates maternal blood pressure, but has no affect on endothelial function.  
 

Rationale: IGF-1 has been implicated as an important regulator of cardiovascular 

function in the non-pregnant state. Studies show that low levels of IGF-1 are associated 

with endothelial dysfunction in hypertensive patients (17). Growth Hormone/IGF-1 and 

liver IGF-1 knock-out mice have increased blood pressure associated with endothelial 

dysfunction, which is attenuated with exogenous IGF-1 infusion (16; 19). Moreover, 

IGF-1 treatment in rats reduces blood pressure and improves blood flow by dilating 

vascular beds through nitric oxide stimulation (18; 55). Therefore, an objective of this 

study was to test the hypothesis that administering exogenous IGF-1 in RUPP rats during 
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the third trimester will attenuate maternal blood pressure and improve endothelial 

function (Project 2). 

 

Rationale for IGF-1 treatment dose: To determine whether hypertension and endothelial 

dysfunction observed in the chronic RUPP model are rescued with exogenous IGF-1, 

recombinant human IGF-1 (rhIGF-1) was chronically administered in RUPP rats  at a 

dose of 47 µg/kg/day for 5 days (R&D systems; Minnesota). This administration dose 

was chosen based on a study of IGF-1 infusion in pregnant guinea pigs, where IGF-1 was 

infused during early to mid-pregnancy at 1 mg/kg/day (98). We chose to administer a 

lower dose to determine if an intermediate decrease in maternal blood pressure could be 

achieved. In a previous study of VEGF infusion in RUPP rats, the reduction of blood 

pressure to normal pregnant levels resulted in decreased fetal weights (50). Therefore, to 

achieve an intermediate decrease in blood pressure and to prevent the possibility of 

decrease in fetal weight below RUPP levels, a lower IGF-1 infusion dose was chosen. 

This dose was effective in a pilot study of two animals and therefore, the same dose of 47 

µg/kg/day was administered in all RUPP+IGF rats. 

 

Results: As expected, mean arterial pressure was increased in RUPP compared to NP 

animals. An obvious, significant attenuation of hypertension compared to RUPP rats was 

achieved in RUPP+IGF rats (Figure 14). Blood pressure was not different between 

RUPP+IGF and NP rats.  
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To determine if IGF-1 infusion affected endothelial and smooth muscle function, isolated 

and pre-constricted renal vessels were exposed to increasing concentrations of sodium 

nitroprusside (SNP) and acetylcholine (Ach). Maximal relaxation (Figure 15B) and the 

half maximal effective concentration, EC50 (Figure 15C) to SNP were not different 

between NP, RUPP and RUPP+IGF vessels, or between RUPP vs. RUPP+IGF vessels. 

Maximal relaxation to Ach was also not different between the groups (Figures 16A and 

16B). The average internal circumference of vessels used in the two vessel-reactivity 

curve studies was 514 µm (range of 200-1300 µm) and the average vessel length was 1.3 

mm. The average vessel internal circumference in the RUPP group was 615.9±127.8 µm; 

in NP, 654.8±246.5 µm; and in RUPP+IGF, 301.3±50.2 µm (P=0.17). The average 

vessel length in the RUPP was 1.35±0.11 mm; in NP, 1.2±0.12 mm; and in RUPP+IGF, 

1.3±0.11 mm (P=0.68). 
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Figure 14. Administration of IGF-1 in RUPP rats attenuates blood pressure. Mean 
arterial pressure was increased in RUPP compared to NP (113.2±2.2 vs. 92.1±2.9 mmHg; 
P<0.001) and RUPP+IGF (113.2±2.2 vs. 101±5.03 mmHg; P<0.05) rats. Blood pressure 
was not different between RUPP+IGF and NP rats. Data are presented as Mean ± SEM of 
the indicated number of samples shown in parentheses. 
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Figures 15. Relaxation response to sodium nitroprusside (SNP) is not different 
between the groups. A) Percent relaxation to sodium nitroprusside in concentration-
response curve.  B) Maximal relaxation to SNP was not altered due to RUPP or IGF-1 
infusion (51±3.2, NP vs. 48.8±8.1, RUPP vs. 59±14.3 %, RUPP+IGF; P=0. 78) was not 
different between the groups. C) EC50 did not differ between the groups (1.35 x10-6, NP 
vs. 1.14 x 10-6, RUPP vs. 6.42 x 10-8 RUPP+IGF; P=0.55). Data are presented as Mean ± 
SEM of the indicated number of samples shown in parentheses. 
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Figures 16. Relaxation response to acetylcholine (Ach) is not different between the 
groups. A) Percent relaxation to Acetylcholine in concentration-response curve. B) 
Maximal relaxation to Ach was not altered due to RUPP or IGF-1 infusion (90±6.7, NP 
vs. 71.2±12.9, RUPP vs. 104±14.5 %, RUPP+IGF; P=0.22). Data are presented as Mean 
± SEM of the indicated number of samples shown in parentheses. 
 
 
 
Project 3. Maternal IGF-1 treatment in RUPP rats during the third trimester 
decreases fetal loss, but does not increase fetal weight. 
 

Rationale: Reduced placental perfusion causes intrauterine growth restriction in offspring 

born of preeclamptic pregnancies and in RUPP rats (72). Clinical studies have reported a 

deficit in circulating and cord blood IGF-1 levels in intrauterine growth restricted 
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newborns and fetal rats and a correlation between IGF-1 levels and birth weight (12-14). 

Infusion of IGF-1 in pregnant guinea pigs increases fetal weight, reduces resorptions and 

decreases maternal adipose weights, suggesting that substrate availability to promote fetal 

growth is increased after maternal IGF-1 treatment  (95). Glucose is an important nutrient 

for fetal growth, and is transported through the placenta by facilitated diffusion through 

glucose transport proteins, GLUT1 and GLUT3 (30).  Maternal IGF-1 treatment during 

the second half of pregnancy in the rat has been shown to increase placental mRNA 

expression of GLUT1 and GLUT3, indicating that IGF-1 may increase the transfer of 

glucose to the fetus (96). Sferruzzi-Perri and colleagues also report that infusion of IGF-1 

during early pregnancy in guinea pigs increases fetal weights and fetal and placental 

uptake of glucose near term (97; 98). Infusion of IGF-1 in late gestation sheep was also 

shown to increase anabolic mechanisms in the fetus by increasing fetal glucose uptake 

(103). In addition, in vitro studies have shown that IGF-1 administration increases 

trophoblast invasion (99) and glucose transport activity (100; 101) in first-trimester 

trophoblast cells lines; hence suggesting that IGF-1 may promote uterine spiral artery 

remodeling to provide adequate perfusion and nutrient supply to the uteroplacental unit. 

 

Current treatments of hypertension in preeclampsia, such as hydralazine, lower blood 

pressure but do not have the positive fetal anabolic effects of IGF-1. Project 2 in this 

thesis tests whether IGF-1 administration will decrease maternal blood pressure, which 

may further reduce placental perfusion and have even greater detrimental effects on fetal 

weight. However, IGF-1 administration in the mother should also increase glucose uptake 
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by the fetus; and because glucose is an important substrate for fetal growth, maternal 

IGF-1 administration should increase fetal weight and decrease fetal loss. Therefore, an 

objective of this study was to test the hypothesis that the administering exogenous IGF-1 

in RUPP rats during the third trimester will increase fetal weight and decrease fetal loss 

(Project 3).  

 

Results: As expected, fetal weights were decreased in RUPP compared to NP animals 

(Figure 17A). However, contrary to predicted, fetal weights were also decreased in 

RUPP+IGF compared to NP rats (Figure 17A). Fetal weights were not significantly 

different between RUPP and RUPP+IGF rats. Placental weights were not altered due to 

RUPP and IGF-1 infusion compared to NP animals (Figure 17B).  

 

Although IGF-1 infusion had no effect on fetal weights, it did have an effect on fetal loss. 

To determine the effect of placental ischemia and IGF-1 infusion on fetal loss in cohort-

2, the number of resorbed and total fetuses were recorded on day 14 (during RUPP 

surgery) and again on day 19 (tissue collection). The number of resorptions presented is 

the difference between the number of fetuses resorbed on day 14 (GD14) and on day 19 

(GD19) of gestation. Therefore, fetuses resorbed before gestation day 14 were excluded. 

The data show that the average of the ratios of resorbed fetuses between GD14 and GD19 

over the total fetuses per rat (Figure 18A) was increased in the RUPP compared to NP 

rats, but this difference was no longer present after the IGF-1 treatment. 

 



 

 56 

NP (9) RUPP (12) RUPP+IGF (9)
2.0

2.2

2.4

2.6

F
et

al
 W

ei
g

h
t 

(g
)

NP (9) RUPP (12) RUPP+IGF (9)
0.2

0.4

0.6

P
la

ce
n

ta
l W

ei
g

h
t 

(g
)

P<0.05

A BP<0.01

 
Figures 17. Maternal IGF-1 treatment in RUPP rats does not increase fetal weight. 
A) Fetal weights were decreased in RUPP (2.2±0.08 vs. 2.44±0.06g; P<0.05) rats 
compared to NP. Fetal weights were also decreased in RUPP+IGF (2.23± 0.04 vs. 
2.44±0.06g; P<0.01) rats compared to NP, but were not different compared to RUPP 
(2.2±0.08 vs. 2.23± 0.04g; P=0.73). B) Placental weights were not altered due to RUPP 
and IGF-1 infusions (0.48±0.01, NP vs. 0.44±0.01, RUPP vs. 0.43±0.02 g, RUPP+IGF; 
P=0.44). Data are presented as Mean ± SEM of the indicated number of samples shown 
in parentheses. 
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Figures 18. Maternal IGF-1 treatment in RUPP rats decreases the number of 
resorbed fetuses. A) The average of the ratios of fetuses resorbed between GD14 
(induction of RUPP) and GD19 (tissue collection) over the total fetuses per dam was 
increased in the RUPP compared to NP (0.32±0.07 vs. 0.04±0.03; P<0.01) and that 
difference was no longer present after IGF-1 infusion (0.21±0.08 vs. 0.04±0.03; 
P=0.052). B) The average of the ratios of live fetuses on GD19 over total fetuses per dam 
was increased in the NP compared to RUPP (0.94±0.03 vs. 0.60±0.06; P<0.001) and 
RUPP+IGF (0.94±0.03 vs. 0.78±0.08; P<0.05) rats. There was no difference between live 
(P=0.21) or resorbed (P=0.28) fetuses between RUPP and RUPP+IGF rats. Data are 
presented as Mean ± SEM of the indicated number of samples shown in parentheses. 
 
 
 
Maternal exogenous human IGF-1 treatment in RUPP rats during the third 
trimester has no effect on rat IGF-1 levels and glucose levels of maternal blood and 
amniotic fluid. 
  
 
Results: Maternal circulating rat IGF-1 levels (Figure 19), maternal blood and amniotic 

fluid glucose levels (Figures 20A and 20B) were not altered by RUPP or IGF-1 infusion. 

Human IGF-1 levels in RUPP+IGF rats were not detected under the conditions of the 

assay proposed by the manufacturer. 
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Figure 19. Maternal IGF-1 treatment does not affect maternal circulating rat IGF-1 
levels. Circulating IGF-1 levels were not different between the groups (206.4±18.7, NP 
vs. 239.4±15.2, RUPP vs. 257.8±25.3 ng/ml, RUPP+IGF; P=0.22). Data are presented as 
Mean ± SEM of the indicated number of samples shown in parentheses. 
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Figures 20. Maternal IGF-1 treatment does not affect maternal blood and amniotic 
fluid glucose levels. A) Blood glucose levels (78.2±9.1, NP vs. 95.3±7.9, RUPP vs. 
96.9±6.4 mg/dL, RUPP+IGF; P=0.24) and B) Amniotic fluid glucose levels (119.1±10.8, 
NP vs. 107.6±12.9, RUPP vs. 135±11.4, RUPP+IGF mg/dL; P=0.29) were not altered by 
RUPP or IGF-1 infusion. Data are presented as Mean ± SEM of the indicated number of 
samples shown in parentheses. 
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DISCUSSION 

 

The present study reports several novel findings regarding the levels of Insulin-like 

Growth Factors (IGF-1 and IGF-2) in placental ischemia-induced hypertension. Our data 

show that placental ischemia in the third trimester of the pregnant rat results in decreased 

levels of IGF-2 in maternal circulation, without a change in IGF-1 levels. Most 

importantly, we show that maternal administering recombinant human IGF-1 during the 

third trimester’s duration of placental ischemia attenuates maternal hypertension and fetal 

loss in RUPP rats. This is the first study to evaluate the levels of IGFs in an animal model 

of chronic placental ischemia and our findings are a significant contribution to the current 

knowledge of the pathophysiology of pregnancy-induced hypertension. 

 

Previous research  indicates that IGFs play an important role in adequate fetal 

development (10; 104), blood pressure regulation and endothelial function (16; 18; 19), 

which are implicated in preeclampsia. This thesis tested the hypotheses that 1) placental 

ischemia induced by RUPP decreases circulating and placental levels of IGF-1 and IGF-

2; and 2) administering exogenous IGF-1 in RUPP rats attenuates maternal hypertension, 

endothelial dysfunction, intrauterine growth restriction and fetal loss. Placental ischemia 

was induced by the chronic Reduced Uterine Perfusion Pressure (RUPP) model, which 

results in maternal hypertension, endothelial dysfunction, intrauterine growth restriction  

and fetal loss in the pregnant rat (4; 46; 72; 105). If decreased IGFs are important in 

leading to placental ischemia-induced hypertension, we expected to see a decrease in 
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circulating and/or placental IGF levels. Moreover, the addition of IGF-1 was expected to 

reverse the maternal hypertension, endothelial dysfunction, intrauterine growth restriction 

and fetal loss observed in RUPP rats. However, a lack of decrease in circulating and 

placental IGF-1 levels suggests that IGF-1 is not critical for the development of maternal 

hypertension, endothelial dysfunction, intrauterine growth restriction and fetal loss 

observed in placental ischemia-induced hypertension. In contrast, the decrease of 

circulating IGF-2 levels implies that IGF-2 plays a role in the pathophysiology of this 

pregnancy-specific condition. 

 

Administering exogenous IGF-1 in RUPP rats during the third trimester attenuates 

maternal blood pressure: This is the first study to show that maternal IGF-1 treatment 

in late gestation attenuates placental ischemia-induced hypertension. Insulin-like Growth 

Factor-1 (IGF-1) has been implicated as an important regulator of cardiovascular function 

in the non-pregnant state and research evidence has shown that IGF-1 is involved in the 

regulation of blood pressure in mice (18; 19; 55). However, the effect of IGF-1 on 

maternal blood pressure in preeclampsia or placental ischemia-induced hypertension has 

never been tested until the present study. The data in our study suggest that clinically 

administering IGF-1 analogues may be a therapeutic approach in treating maternal 

hypertension associated with preeclampsia and gestational hypertension. 

 

Synthetic analogues of IGF-1 are available and have been successfully administered in 

patients to treat growth failure in children and early adolescents; however these IGF-1 
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analogues have not been approved for use in pregnancy. Mecasermin is an FDA-

approved treatment of recombinant human IGF-1 to children with growth deficiency 

(106). Hypoglycemia is the most common side-effect of this rhIGF-1 treatment (107). 

According to Tercica, the sole manufacturer of mecasermin approved for use in the 

United States and Europe, there were no observed complications to the fetus in an animal 

study of pregnant rats given mecasermin up to 16 mg/kg/day (20 times the recommended 

dose). The FDA has not approved this medication to be used during pregnancy because 

of the limited data supporting its safety; pregnant patients have been encouraged to 

weight the potential benefits against the risks of taking mecasermin (108). Long-term 

effects of rhIGF-1 treatment are still being determined, but it should be noted that IGF-1 

has potent mitogenic effects which could influence cancer growth (109). The 

overexpresion of this insulin-like growth factor has been linked to the development of 

lung, breast, prostate and colorectal cancer (110). The use of rhIGF-1 may not be feasible 

due to its unknown effects to the fetus, but manipulation of the mechanisms controlling 

the IGF system may still be a target for design of new therapeutic agents that have 

selected IGF actions.  

 

Placental ischemia induced by reduced uterine perfusion pressure (RUPP) during 

the third trimester in the rat decreases circulating IGF-2 levels: Studies have shown 

that maternal and fetal levels of IGF-2 play important role in fetal growth and we found 

that maternal circulating IGF-2 levels are decreased in RUPP compared to NP rats (10; 

111). These results are not consistent with clinical studies by Hubenette et al. and Cooley 
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et al., which reported increased IGF-2 levels in preeclamptic patients (20; 21). Placental 

IGF-2 levels were unchanged suggesting that placental ischemia may decrease hepatic 

IGF-2 production or decrease Growth Hormone levels, since Growth Hormone stimulates 

the production of IGFs in the liver. The lack of change in placental IGF-2 levels is also 

supported by other animal studies of intrauterine growth restriction, which report no 

change in placental expression of IGF-2 mRNA (112).  

 

Placental ischemia induced by the reduced uterine perfusion pressure (RUPP) 

during the third trimester in the rat does not affect circulating IGF-1 or placental 

IGF-1, IGF-2 and IGF-1 receptor levels: Our findings show that circulating IGF-1, 

placental IGF-1 and IGF-2 levels, and placental expression of IGF-1 receptor are not 

different between NP and RUPP rats and therefore, placental ischemia does not cause a 

decrease in these factors. Concentration of IGF-1 receptor should be inversely 

proportional to the ligands levels; placental levels of IGF-1 receptor were not different in 

RUPP compared to NP rats, further supporting the findings that placental IGF-1 and IGF-

2 levels do not change due to placental ischemia. Based on our findings, we concluded 

that IGF-1 does not play a role in the pathophysiology of preeclampsia; therefore, 

rejecting our initial hypothesis that placental ischemia leads to a decrease in IGF-1 

concentrations. The results in our study are consistent with the  findings from a clinical 

study by Hubenette and colleagues and Cooley and colleagues, who reported no change 

in IGF-1 levels in early and late gestation in preeclamptic women (21). There are genetic, 

environmental and behavioral risk factors to the development of preeclampsia and 
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changes in IGF-1 levels in preeclamptic women reported by other clinical studies done in 

different populations (Canada, Turkey and Norway) could be attributed to one of these 

factors (22-24).  

 

Administering exogenous IGF-1 in RUPP rats during the third trimester has no 

affect on endothelial function: Previous studies in the RUPP model have shown 

evidence that hypertension induced by placental ischemia is associated with endothelial 

dysfunction in aortic strips, but this project is the first to measure small vessel reactivity 

in RUPP rats (4). Small arteries with diameter below 500 µm have been implicated as 

important regulators of blood flow by acting as resistance vessels (113). Renal vessels 

were chosen because renal vascular resistance is increased in hypertension and studies 

have shown that RUPP results in decreased renal hemodynamics (114; 115). Thus, we 

expected that renal vessel-reactivity studies would show endothelial dysfunction in RUPP 

rats, indicated by a reduced reactivity in endothelial-dependent relaxation to 

acetylcholine. We also hypothesized that the endothelial dysfunction induced by 

placental ischemia will be attenuated by IGF-1 administration. Although studies show 

that IGF-1 levels are associated with endothelial dysfunction in hypertensive patients (17) 

and Growth Hormone/IGF-deficient mice (16), our finding indicate that IGF-1 

administration does not increase endothelial-dependent renal vessel reactivity to 

acetylcholine. The present study shows a trend of increased reactivity to endothelial-

independent relaxation to sodium nitroprusside, but there was no statistically significant 

difference between the relaxations of vessels from NP, RUPP and RUPP+IGF animals.  
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IGF-1 treatment in rats has been shown to reduce blood pressure and improve blood flow 

by dilating vascular beds through endothelial nitric oxide stimulation (18; 19; 54; 55). 

Although, the results in this study do not support this hypothesis, the mechanism of IGF-

1’s actions is not inconsistent with what others have shown. Oltman and colleagues have 

reported that although vasodilation in canine coronary arteries is endothelial and nitric 

oxide-dependent, relaxation of canine microvessels by IGF-1 (102±16 µm diameter) 

involved the hyperpolarization through activating potassium channels in smooth muscle 

(116). Also, Hasdai and others showed that IGF-1 vasodilation of porcine coronary 

arteries, with and without endothelium, is endothelial and nitric oxide-independent and 

acts through smooth muscle relaxation (117). Although not significant, we show a trend 

of increased reactivity to endothelial-independent relaxation to sodium nitroprusside in 

the renal microvessels of RUPP+IGF animals compared to NP and RUPP. These 

findings, limited by the small sample size, imply that IGF-1 may act to cause vasodilation 

and decrease in blood pressure by directly stimulating smooth muscle relaxation, but 

further study is needed to test this hypothesis. In addition, IGF-1 administration has been 

proposed to induce vasodilation by inhibiting the synthesis of vasoconstrictors in the 

placenta. Thromboxane B2 and prostaglandins F2α are synthesized in the placenta and it 

has been shown by others that IGF-1 administration inhibits both vasoconstrictors in 

human placental explants (118). 

 

The findings in this part of the study could have been influenced by various factors. The 

number of vessels tested in this project was small and the size of the vessels varied 
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greatly, both of which could cause limitations to the results. The myograph system used 

in this project is optimized for vessels with internal circumference of 60-400 µm, but the 

vessels used in the thesis had an average internal circumference of 514 µm with a range 

of 200-1300 µm. Studies have shown different findings regarding endothelial function in 

normal pregnant and RUPP rats based on the type of vessel bed and perhaps, the size of 

the vessel bed tested. Vessel reactivity study using aortic strips by Crews et. al. showed 

that endothelial-dependent relaxation was drastically decreased in RUPP rats compared to 

normal pregnant (4). However, Gilbert and colleagues used carotid vessels and showed a 

modest difference in endothelial-dependent relaxation between RUPP and normal 

pregnant rats (50). Because this project is the first to measure renal vessel reactivity in 

RUPP rats, our findings cannot be directly compared to others. In addition, the 

manipulation of the small arteries, such as the renal vessels used in this study is difficult 

and the endothelium could have been damaged in the process of threading the wires.  

Therefore, our findings can only be supported by refining our technique with smaller 

renal vessels (below 500 µm internal circumference) or repeating these measures in 

another similar vessel bed, such as mesenteric microvessels. 

 

Administering exogenous IGF-1 in RUPP rats during the third trimester decreases 

fetal loss, but does not increase fetal weight: Infusion of IGF-1 in pregnant guinea pigs 

has shown to increase fetal weight and uptake of glucose and decrease fetal loss (97; 98). 

Glucose is an important nutrient for fetal growth, and is transported through the placenta 

by glucose transport proteins, GLUT1 and GLUT3 (30).  Maternal IGF-1 treatment 
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during the second half of pregnancy in the rat has been shown to increase placental 

mRNA expression of GLUT1 and GLUT3, suggesting that IGF-1 may increase the 

transfer of glucose to the fetus (96).  

 

We hypothesized that IGF-1 administration in the mother should increase glucose uptake 

by the fetus; and because glucose is an important substrate for fetal growth, maternal 

IGF-1 administration should increase fetal weight and decrease fetal loss. The results 

show that maternal IGF-1 administration in late gestation RUPP rats decreases fetal loss, 

but does not increase fetal weight. Although overall fetal weight did not increase after 

IGF-1 administration in the mother, it is possible that the fetuses from IGF-1 treated rats 

had more developed organs and were more viable. In the present study the number of 

resorptions was decreased in IGF- 1 treated rats compared to RUPP rats, suggesting that 

maternal IGF-1 administration in RUPP rats may stimulate fetal development. Study by 

Lok et al. showed that although maternal  IGF-1 infusion did not increase overall fetal 

weight in their study, it increased the weight of major organs such as the liver, lungs, 

heart, kidneys, spleen, pituitary and adrenal glands in fetal sheep (119). However, we did 

not measure the weight of individual organs of the rat fetuses; therefore, additional 

studies are necessary to test this hypothesis.   

 

Administering exogenous IGF-1 in RUPP rats during the third trimester has no 

affect on glucose levels in maternal blood and amniotic fluid: Glucose is an important 

nutrient for fetal growth, and is transported through the placenta by facilitated diffusion, 
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carried by the glucose transport proteins, GLUT1 and GLUT3 (30).  Maternal IGF-1 

treatment during the second half of pregnancy in the rat has been shown to increase 

placental mRNA expression of GLUT1 and GLUT3, indicating that IGF-1 may play a 

role in increasing the maternal-placental-fetal transfer of glucose (96). We hypothesized 

that IGF-1 administration in the mother will increase glucose uptake by the fetus. Thus, 

we expected that IGF-1 infusion would decrease maternal blood glucose levels and 

increase the glucose levels in amniotic fluid. However, our data show that maternal blood 

and amniotic fluid glucose levels do not change due to RUPP or IGF-1 infusion. A study 

by Douglas and colleagues showed that infusion of rhIGF-1 in lambs decreased glucose 

levels and reduced protein loss, indicating that the infusion stimulated glucose uptake 

(120). The same study found that low levels of IGF-1 infusion do not lead to 

hypoglycemia (suggesting no increase in glucose uptake), but still promote decreased 

protein loss. We administered a low dose of IGF-1, which could explain why maternal 

glucose levels were not decreased. IGF-1 administration in the mother potentially could 

have had anabolic effects in the fetus, but further study is needed to test this hypothesis. 

 

The present study also shows that glucose levels were not altered in amniotic fluid. 

Amniotic fluid is extracellular fluid that diffuses through the fetal skin and represents the 

composition of fetal plasma during the first trimester. Diffusion through fetal skin is 

prevented by skin keratinization, which occurs during the middle of the second trimester 

and thereafter, amniotic fluid represents largely fetal urine (121). Therefore, amniotic 

fluid does not represent fetal circulation in the later third trimester, and hence, does not 
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represent the fetal glucose levels. Our data are limiting because only amniotic fluid, and 

not fetal blood glucose levels, were measured in this study. However, due to the lack of 

increase in glucose concentration in the amniotic fluid, it is unlikely that glucose uptake 

by the fetus was increased. 
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FUTURE DIRECTIONS 

 

The role of IGF-2 in preeclampsia: The findings in this thesis show that placental 

ischemia decreases maternal circulating IGF-2 levels. To understand the role of this 

growth factor in the pathophysiology of placental ischemia-induced hypertension, it is 

important to replace IGF-2 levels by administering IGF-2 in RUPP rats during the third 

trimester of pregnancy. We show that maternal IGF-1 treatment attenuates maternal 

blood pressure, indicating the therapeutic effects of IGF-1 in maternal hypertension 

associated with placental ischemia. In addition, because IGF-2 plays an important part in 

fetal growth, infusing IGF-2 during the third trimester in RUPP rats could stimulate fetal 

growth. Supporting the role of IGF-2 in reduced placental perfusion associated with 

preeclampsia, studies have shown that IGF-2 also improves maternal hemodynamics 

during pregnancy by increasing plasma volume expansion (93).  

 

The mechanism of maternal IGF-1 treatment in attenuating maternal hypertension: 

The mechanisms of IGF-1’s effects on lowering maternal blood pressure were not fully 

elucidated in the present study. Studies have shown that IGF-1 effects as a vasodilator 

result from an increase in endothelial nitric oxide production (18; 54; 55). To evaluate 

this mechanism, nitrite and nitrate concentrations, the catabolic byproducts of nitric 

oxide, could be measured in serum or urine and their levels compared between IGF-1 

infused and RUPP animals. In contrast, other studies have shown that IGF-1 effects as a 

vasodilator are endothelial and nitric oxide-independent and involve smooth muscle 
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relaxation (117; 122). Although not statistically significant, we saw a trend of increased 

reactivity to endothelial-independent relaxation to sodium nitroprusside in the renal 

microvessels of IGF-1 treated animals compared to normal pregnant and RUPP. Our 

findings potentially imply that IGF-1’s effect on decreasing blood pressure is 

endothelium-independent and through the vasodilation of the smooth muscle, but 

increasing the sample size is necessary to test this hypothesis. In addition, IGF-1 

administration has been proposed to induce vasodilation by inhibiting the synthesis of 

vasoconstrictors such as thromboxane B2 and prostaglandins F2α in the placenta (118). 

Evaluating the levels of these vasoconstrictors in rats treated with IGF-1 could also 

provide insight in IGF-1’ mechanism of attenuating blood pressure. 

 

The effect of maternal IGF-1 treatment on fetal development:  Although maternal 

treatment of IGF-1 in later pregnancy did not increase overall fetal weight, studies have 

shown that maternal IGF-1 infusion increases the weight of major fetal organs such as 

liver, lungs, heart, kidneys, spleen, pituitary and adrenal glands in fetal sheep (123). This 

project did not measure the weight of individual organs; however, the potential decrease 

of fetal loss shown in this thesis could support this conclusion. Although fetal weight was 

not improved, the number of resorptions was decreased in IGF-1 treated rats, which could 

imply that maternal IGF-1 administration stimulates fetal development.  Most 

importantly, the dose of IGF-1 administered to the mother was very low and increasing 

this dose could potentially lead to an increase in fetal weight.  
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Sferruzzi-Perri and colleagues report that infusion of 1 mg/kg.day of IGF-1 during early 

pregnancy in guinea pigs increases fetal weight and placental and fetal uptake of glucose 

near term (95; 97; 98). We treated RUPP rats with a low-dose of IGF-1 in late pregnancy 

and it is possible that the duration of maternal IGF-1 treatment, as well as the dose, were 

not enough to stimulate fetal weight increase. Perhaps, treating pregnant rats with an 

increased dose of IGF-1 in early pregnancy (before the induction of RUPP) would result 

in increased fetal weight in rats previously chosen to become RUPP.  
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CONCLUSIONS 

 

Although it appears that IGFs may play a role in the pathophysiology or as targets for 

treatment therapies in preeclampsia, further investigation is required to fully elucidate 

their involvement in this gestational condition. The data in this thesis provide novel 

findings regarding the levels of IGFs in preeclampsia by using a well-characterized 

model of placental ischemia during the third trimester in the pregnant rat. Our data show 

that placental ischemia decreases circulating IGF-2 levels, but does not affect circulating 

IGF-1 or placental IGF-1, IGF-2 and IGF-1 receptor levels. Moreover, this is the first 

study to show that administering exogenous IGF-1 during the third trimester in a chronic 

model of placental ischemia attenuates maternal blood pressure and decreases fetal loss, 

without improving fetal weight. This study suggests that the IGF system is a potential 

target for improved therapies for treating maternal blood pressure in preeclampsia and 

gestational hypertension. Additional investigation is required to elucidate the role of IGF-

2 in preeclampsia and to further examine the effects of maternal IGF-1 treatment on fetal 

development and maternal endothelial function. 
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