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Abstract: Preeclampsia is believed to be caused by an imbalance between 

placental perfusion and placental metabolic needs. The hypoxic placenta releases factors 

into the maternal circulation, causing dysfunctional maternal endothelium, and resulting 

in blood pressure increase and end organ damage. Pregnancies destined to develop 

preeclampsia have altered cardiovascular adaptations which results in endothelial 

dysfunction, and abnormal placental perfusion. Various angiogenic growth factors, such 

as the vascular endothelial growth factor (VEGF) and placental growth factor (PlGF), 

have been shown to play an important role in the vascular physiologic changes occurring 
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during pregnancy; therefore, inhibition of their function is believed to be one of the 

mechanisms leading to preeclampsia. One of the inhibitors of these angiogenic factors is 

the circulating form of the VEGF receptor 1, or soluble fms-like tyrosine kinase1 (sFlt-1). 

The soluble Flt-1 is generated by differential mRNA splicing of VEGF receptor 1. 

Soluble Flt-1 acts as a potent antagonist of VEGF and PlGF by preventing them from 

binding to their endothelial cell receptor, VEGFR-1 and VEGFR-2. Recently, we 

validated a mouse model of preeclampsia induced by overexpression of sFlt-1 through 

injection of the adenovirus. Given its key role in preeclampsia, sFlt-1 has turned into a 

new target for drugs therapies. Clinical and animals studies have shown that exogenous 

VEGF is useful in vascular conditions with endothelial dysfunction and altered 

angiogenesis. Our study examined the efficacy of VEGF-121, a freely diffusible protein, 

in improving maternal vascular dysfunction and altered fetal vascular programming in the 

preeclampsia-like pregnant mice overexpressing sFlt-1. The therapy had beneficial 

effects including inhibition of circulating sFlt-1, reduction of maternal blood pressure, 

amelioration of endothelial function, and diminishment of placental hypoxia. In addition, 

VEGF-121 enhanced intrauterine fetal growth and prevented hypertension and 

endothelial dysfunction in the adult male offspring. Our findings underscore the 

importance of angiogenic factors in mediating vascular adaptations in pregnancy and in 

regulating fetal vascular development. Targeting the VEGF signaling pathway may play a 

role in the treatment of preeclampsia and thereby this innovative therapy modality needs 

further to be tested in clinical studies. 
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CHAPTER 1: INTRODUCTION 

1.1 EPIDEMIOLOGY AND CLINICAL CHARACTERISTICS OF PREECLAMPSIA 

Hypertensive disorders of pregnancy are a leading cause of maternal and perinatal 

morbidity and mortality. Pregnancy associated hypertension occurred in 39.1 per 1,000 

live births in the United States (US) in 2007 (Martin, 2010). Its incidence has increased 

38% since 1990. In a recent large cohort study of 1,461,270 births in US (Clark, 2008), 

preeclampsia-related complications were the leading cause of maternal death (16%). 

Abruption of placenta, hepatic rupture, eclampsia, and cerebrovascular disease were the 

most common causes of maternal death linked to preeclampsia.  

Preeclampsia occurs in 2% to 7% of pregnancies (Sibai, 2003; Hauth, 2000). This 

multisystemic disorder is characterized by increased blood pressure and proteinuria. 

Elevated gestational blood pressure is defined as a blood pressure greater than 140 mm 

Hg systolic or greater than 90 mm Hg diastolic in a woman who was normotensive before 

20 weeks of gestation. Proteinuria is defined as urinary protein excretion equal or greater 

than 300 mg in a 24-hour specimen (National High Blood Pressure Education Program 

(NHBPEP), 2000). In the absence of proteinuria, the disease is highly suspected when 

hypertension is accompanied by any of the following symptoms: headache, blurry vision, 

abdominal pain, and abnormal lab results, particularly low platelet count and elevated 

liver enzymes (NHBPEP, 2000). 

At least two thirds of the cases of preeclampsia occur in first pregnancies that 

progress beyond the first trimester (Sibai, 2003). Other recognized risk factors are 

multifetal gestation, preeclampsia in a previous pregnancy, chronic hypertension, 

pregestational diabetes, vascular and connective tissue disorder, nephropathy, 

antiphospholipid antibody syndrome, obesity, age 35 years or older, and African 
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American race (Sibai, 2003). Obesity is an emerging risk factor of preeclampsia as the 

incidence of this condition is rapidly growing worldwide. It is estimated that the risk of 

preeclampsia is three-fold higher in obese women that normal weight women (Sibai, 

1995).  

Fetal and neonatal morbidity and mortality are also increased as preeclampsia is 

responsible of 15% of all preterm births and predisposes to intrauterine growth restriction 

(Roberts, 2003). A large cohort of 10,614,679 singleton pregnancies after 24 weeks in US 

from 1995 to 1997 showed that the relative risk for fetal death was 1.4 in infants born to 

mothers diagnosed with any of the gestational hypertensive disorders and 2.7 for those 

born to women with chronic hypertension compared with normotensive pregnancies 

(Basso, 2006). Causes of fetal death are attributed to abruption of placenta, placental 

insufficiency, and prematurity. The rate of mortality correlates linearity with the severity 

of the disease, being the highest in women with superimposed preeclampsia on 

underlying vascular disease. Intrauterine growth restriction is a common complication of 

preeclampsia and increases in relation with the severity of the disease and earlier 

diagnosis (Odegård, 2000). 

Epidemiological data suggest that preeclampsia is associated with risk of 

subsequent cardiovascular disease later in life. Common risk factors of cardiovascular 

disease such as hypertension, dyslipidemia, and glucose intolerance have been linked to 

hypertensive disorders in pregnancy such as preeclampsia (Harskamp, 2007; Magnussen, 

2009). Preeclampsia may act as a stress state that either provokes metabolic and systemic 

endothelial dysfunction or amplifies the effect of underlying cardiovascular risk factors 

(Harskamp, 2007). Women with a history of preeclampsia compared with those without it 

have two-three times higher risk for later diabetes. The effect persists after adjustment is 

made for potential confounders (Magnussen, 2009). A population-base study conducted 
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in Norway reported a modest 1.65 fold increased cardiovascular mortality among 

nulliparous women with preeclampsia at term and an eightfold increase risk when 

preeclampsia was severe enough to lead to preterm delivery (Irgens, 2001). Other reports 

support a link between preeclampsia and maternal ischemic heart disease that usually 

occurs twenty years after a preeclamptic pregnancy and coincides with the onset of 

menopause (Funai, 2005; Arnadottir, 2005). Recurrence of preeclampsia in consequent 

pregnancies has been associated with a stronger risk for later cardiovascular disease 

(Sibai, 1986). Women with preeclampsia in both the first a second pregnancy have 

substantially higher blood pressure several years after in life than nonpreeclamptic 

women and also higher than women with preeclampsia either in their first or second 

pregnancy (Magnussen, 2009). 

1.2 PATHOGENESIS OF PREECLAMPSIA  

Despite intense investigation and important progress in recent years, the etiology 

of preeclampsia remains to be elucidated. Recent data support the concept that placenta is 

centrally involved in the pathogenesis of this syndrome. The role of placenta in this 

syndrome is supported by the occurrence of preeclampsia in molar pregnancies where the 

fetus is absent and the usual regression of the disease shortly after delivery occurs.   

The placenta is essential for exchange of nutrients, oxygen, and waste between the 

mother and developing fetus. Coordinated vascularization of the placenta is essential for 

proper placental development and involves the processes of vasculogenesis, defined as 

new blood vessel formation, and angiogenesis in which blood vessels growth from 

preexisting vessels (Cross, 1994).   

Extensive research work has shown that placenta of women with preeclampsia is 

abnormally developed and relatively hypoxic. Preeclampsia appears to progress in two 

stages. The first stage arises from defective early trophoblast invasion and remodeling of 
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the spiral arteries which lead to insufficient blood supply to the placenta. In the second 

stage, progression of placental dysfunction results in clinical manifestations of the disease 

including hypertension, proteinuria as well as liver and clotting dysfunction (Redman, 

2005) (Figure 1). 

 

  

 

 

 

  

 
 
 
 
 

Figure 1:  Pathogenesis of preeclampsia (Figure modified from Redman, 2005) 

Failure of early trophoblastic invasion has been attributed to two overarching 

factors. One is characterized by a maternal-paternal immune maladaptation, whereas the 

other arises from a generalized systemic inflammatory response, of which endothelial 

dysfunction is a prominent component.  

It has been suggested that trophoblast signaling to decidual immune cells in 

preeclamptic pregnancies is weak and fails to stimulate a normal maternal immunologic 

response, which is essential for placentation (Hiby, 2004; Parham, 2005). Some experts 

consider that preeclampsia occurs as result of a maternal immune rejection of the 

genetically foreign fetus (Renaud,  2008; Saito, 2007).  Invasive cytotrophoblasts that 

infiltrate maternal territory during placentation express a unique combination of human 
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lymphocyte antigens (HLAs), namely HLA-C, -E, and –G (Moffett-King, 2002). Of 

these, HLA-C, polymorphic signaling paternal alloantigens, interacts with different 

maternal natural-killer (NK) cell receptors. There is great diversity of haplotypes of 

killer-cell immunoglobulin-like receptors (KIR) in humans, and because HLA-C is 

polymorphic, every pregnancy will have different combinations of paternally-derived 

fetal HLA-C and maternal KIRs. Some haplotypes inhibit NK cell function, whereas 

others are stimulatory.  Mothers lacking most of all activating KIRs (AA genotype) when 

the fetus has HLA-C (belonging to the HLA-C2 group) are at substantial risk of 

preeclampsia (Parham, 2005). 

The other theory supports the concept that a hypoxic placenta releases factors into 

the maternal circulation originating the clinical signs of preeclampsia. In healthy 

pregnancies, the appropriate interaction between endovascular trophoblast and decidual 

leukocytes, especially NK cells, results in substantial release of vascular endothelial 

growth factor (VEGF) and placenta growth factor (PlGF) (Dekker, 1998). Raised 

concentrations of free VEGF are important in maintaining the quiescent endothelial state 

under the existing increased shear and inflammatory stress typical of pregnancy 

(Maynard, 2003).Several factors have been proposed as inhibitors of VEGF and PlGF 

biological functions. The most prominent of those is the soluble receptor for vascular 

endothelial growth factor (VEGF-1), also known as sFlt-1 (soluble fms-like tyrosine 

kinase (sFlt-1). This placental-derived antiangiogenic factor binds to VEGF and PlGF 

and deprives the systemic endothelium from essential survival factors (Maynard, 2003). 

Human studies have shown that elevated levels of circulating sFlt-1 precedes the clinical 

manifestations of preeclampsia and the levels fall shortly after delivery (Levine, 2004). 

The magnitude of the sFlt-1 raise correlates with the severity of the disease 

(Chaiworapongsa, 2004; Levine, 2004).    
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1.1.2 Placental Vascular Formation and Function 

During early normal placental development, the human placenta develops in specialized 

trophoblast types that differ in function. The multinucleated syncytiotrophoblast layer 

encases the floating villi of the placenta and provides the barrier to maternal blood, 

regulating oxygen and protein transport. Extravillous trophoblasts of fetal origin migrate 

from the villous tips in columns anchoring the placenta to the maternal deciduas 

(Cartwright, 2010). These cells play an active role in the remodeling events that occur in 

the uterine spiral arteries. Remodeling leads to both loss of vascular cells and alterations 

of the extracellular matrix proteins resulting in dilated arteries that allow greater transport 

of maternal blood to the intervillous space (Brosens, 1967). Trophoblast invasion into the 

uterine spiral arteries transform them from small, high resistant vessels into large-caliber 

capacitance vessels capable of providing adequate placental perfusion to nourish the 

fetus. Cytotrophoblasts undergo pseudovasculogenesis, or vascular mimicry, to assume 

an endothelial phenotype. Pseudovasculogenesis occurs through down regulation of 

adhesion molecules and adoption of an endothelial cell-surface adhesion phenotype 

(Zhou, 1993).  

  In the decidua, extravillous trophoblasts interact with decidual stromal, epithelial, 

and immune cells, all of which are able to regulate their differentiation and invasion. 

Trophoblasts exit the cell cycle during decidual invasion. The expression of several 

transcription factors have been implicated in the cell cycle arrest including the activator 

protein (AP-1) (Bamberger, 2004), STAT3 and peroxime proliferator-activated receptor-γ 

(Knofler, 2010). Up-regulation of proteases is required for the degradation the 

extracellular matrix. Urokinase plasminogen activator promotes the activation of several 

matrix methaloproteinases involved in the degradation process (Liu, 2003). The 

microenvironment into which trophoblast invades influence the expression of factors and 
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oxygen is known to alter this process. The physiologic hypoxic conditions of the first 

trimester (~2-3% oxygen) are thought to promote an invasive trophoblast phenotype 

(James, 2006).  

Preeclampsia has long been suspected of being a placental disorder (Zuspan, 

1988; Redman, 1991). The paucity of placental lobes, abnormal maturation of the 

terminal villi, reduced mass of syncytiotrophoblasts, relative excess of cytotrophoblasts 

and multiple placental infarcts all support a role for the placenta in the etiology of 

preeclampsia (Hustin, 1983; Khong, 1986; Shanklin & Sibai, 1989; Redman, 1993; 

Pijnenborg, 1996). Preeclampsia has been associated with inadequate spiral artery 

remodeling (Brosens, 1972; Pijnenborg, 1996) (Figure 2). Compared with healthy 

pregnancies, the diameter of the spiral arteries in third trimester of preeclamptic placentas 

is decreased (Brosens, 1972) and defective remodeling can be detected in both decidual 

and myometrial portions of the vessels. Impairment of the events involved in normal 

spiral artery remodeling has the potential to affect the blood supply to the placenta by 

altering the flow rate of blood flow leading to reduced placenta perfusion and oxidative 

stress. 

Figure 2: Trophoblast invasion in normal and preeclamptic pregnancy 

 

 

 

 

 

 
Figure 2: Trophoblast invasion into the spiral arteries in the placental bed of normal 
pregnancy, left image, and in preeclampsia, right image (Figure modified from 
Cartwright et al, 2010). 

Preeclampsia 
Unremodeling spiral artery 

Normal pregnancy 
Remodeling spiral artery 
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1.3. ANGIOGENIC IMBALANCE AND PREECLAMPSIA 

Recent evidence suggests that changes in circulating angiogenic factors play an 

important role in the pathogenesis of preeclampsia. During normal pregnancy, the 

placenta undergoes high levels of vasculogenesis and angiogenesis. Angiogenesis is the 

process of neovascularization from preexisting blood vessels, whereas vasculogenesis is 

the process of blood vessel generation from de novo vessel formation. Placental perfusion 

is dependent on angiogenesis, a major mechanism responsible for the increase in 

placental blood flow throughout gestation. Numerous factors have been implicated in this 

process. Based on in vivo and in vitro studies, it has been shown that the VEGFs family 

is the main regulator of the angiogenesis process. The same factors are involved in 

normal and pathological processes including tumor growth and wound healing (Ferrara, 

1997, Fraser, 2000). VEGF/VEGFR mRNA and their protein are abundantly present in 

the placenta and are essential for normal placental vascular development (Maglione, 

1991, Cooper, 1995, Charnock-Jones, 1994; Bdolah, 2004). VEGF ligands and receptors 

are highly expressed by placental tissue in the first trimester. Proangiogenic factors are 

highly expressed in several organ systems during pregnancy. VEGF stabilizes endothelial 

cells and maintain endothelial function in the renal glomerulus, brain, and liver, organs 

severely affected in preeclampsia (Esser, 1998). VEGF is highly expressed by glomerular 

podocytes, and VEGF receptors are present on glomerular endothelial cells (Maharaj, 

2006). Production of angiogenic factors vary throughout gestation. Circulating sFlt-1 

levels are relatively low early in pregnancy and begin to rise in the third trimester. This 

rise in sFlt-1 is concurrent with decreases in VEGF and PlGF, changes that are thought to 

be a normal physiological mechanism design to rein in placental vascular growth.   

Increased expression of sFlt-1, associated with decreased PlGF and VEGF 

signaling are abnormalities that have been seen in women with preeclampsia (Maynard, 
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2003; Ahmad, 2004). sFlt-1 is secreted rather than bound to the cell surface, and it has 

biological activity as an antagonist to both VEGF and PlGF, binding them in the 

circulation and preventing interaction with their receptors on the cell surface (Wathen, 

2006). In vitro effects of sFlt-1 include vasoconstriction and endothelial dysfunction. 

Derangements in other angiogenic molecules have also been observed. Maternal serum 

levels of endostatin, an inhibitor of angiogenesis, are elevated in preeclampsia 

(Hirtenlehner, 2003). Soluble endoglin (sEng) is upregulated in preeclampsia in a similar 

pattern to that of sFlt-1. sEng is a truncated form of endoglin (CD105), a cell receptor for 

transforming growth factor-β (TGF-β), which binds and antagonizes TGF-β. sEng 

amplifies the vascular damage mediates by sFlt-1 in pregnant rats, inducing a severe 

preeclampsia-like syndrome with features of hemolysis, elevated liver enzymes, low 

platelets (HELLP) syndrome (Venkatesha, 2006).    

VEGF also plays an essential role in placental development and function in other 

species. Gene knockout studies provide convincing evidence for a key role of VEGF in 

fetal and placental angiogenesis. Mice embryonic stem cells lacking the VEGFR1 (Flt-1) 

show an increased endothelial cell mitotic index, indicating that aberrant endothelial cell 

division occurs in vivo due to lack of VEGFR1 (Flt-1) (Kearney, 2002). Homozygous 

knockout mice lacking the VEGFR2 gene have altered fetal and placental angiogenesis, 

characterized by the failure of blood-island formation, organization and patterning 

(Shalaby, 1995). Similarly, heterozygous gene knockouts for VEGF have an abnormal 

development of the embryo and placental vasculature (Carmeliet, 1996).  

1.3.1 Role of sFlt-1 in the Pathogenesis of Preeclampsia  

The soluble Flt-1 is generated by differential mRNA splicing of VEGF receptor 1 

(VEGFR-1). However, sFlt-1 lacks the cytosolic domain compared with VEGFR-1. sFlt1 

acts as a potent antagonist of VEGF and PlGF in two ways: firstly, by binding directly to 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Kearney+JB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Shalaby+F%22%5BAuthor%5D
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VEGF and PlGF thus decreasing their available free levels for their angiogenic action; 

secondly, sFlt-1 hetero-dimerizes with the extra-cellular ligand binding region of the 

membrane spanning VEGF receptors, thereby blocking the phosphorylation and 

activation of the downstream signal transduction pathways for endothelial cell 

proliferation (Kendall, 1993; Kendall, 1996). 

The first study suggesting that sFlt-1was associated with preeclampsia showed 

that sFlt-1 levels are increased in the amniotic fluid of women with preeclampsia 

(Vuorela, 2000).  High levels of circulating sFlt-1 detected in early pregnancy are 

associated with later onset of preeclampsia (Maynard, 2003; Thadhani, 2004; 

McKeeman, 2004). Moreover, a fall in sFlt-1 levels following delivery of the placenta 

correlates with improvement in clinical syndromes (Maynard, 2003). Increased sFlt-1 and 

decreased PlGF/VEGF levels have been proposed in several clinical studies as specific 

biomarkers for the diagnosis and prediction of preeclampsia (Salahuddin, 2007; Moore 

Simas, 2007). 

The trigger event of sFlt-1 rise in preeclampsia is still not known. Placenta seems 

to be the main source of excess sFlt-1 production; however it is also produced in 

endothelial cells and activated mononuclear cells (Rajakumar, 2005). In vitro studies 

demonstrated that sFlt-1 inhibits tube formation of endothelial cells from human 

umbilical vein and trophoblast migration and differentiation (Maynard, 2003; Ahmad, 

2004; Zhou, 2002). In primary cytotrophoblast cell culture, sFlt-1 production and mRNA 

expression is inversely related to oxygen saturation (Nagamatsu, 2004).  A two-fold 

elevation in the level of sFlt-1 was also observed when normal villous explants were 

exposed to a hypoxic state (1% O2) compared to the physiological 5% O2 exposure 

(Ahmad, 2004). Hence, sFlt-1 is up-regulated in response to hypoxia in vitro. An in vivo 

study (Makris, 2007) had shown that increased circulating level of sFlt-1 correlates with 
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the onset of clinical syndromes and the severity of disease in an artificial model of 

preeclampsia induced by decreasing the blood flow to the utero-placental units, this has 

also been confirmed by other investigators in clinical studies (Wathen, 2006; McKeeman, 

2004; Hertig, 2004).   

Accumulating evidence suggests that sFlt-1 may act as a mediator in inducing 

maternal endothelial dysfunction, hypertension and proteinuria in preeclampsia, and 

therefore operate as a key part of the mechanism linking the placenta with maternal 

endothelial dysfunction. Although the above studies indicate that excess sFlt-1 

production noted in preeclampsia may be secondary to placental hypoxia, it remains 

unclear whether impaired placental perfusion initiates preeclamptic symptoms such as 

hypertension, endothelial dysfunction, and increased sFlt-1 or whether inadequate 

placental development occurs initially and is followed by a pathological rise in sFlt-1 

expression and secretion. Genetic factors, metabolic derangements, and inflammatory 

factors could lead to increased sFlt-1 level and decreased free VEGF and PlGF levels 

which contribute to abnormal placentation, resulting in placental hypoxia (Figure 3). 

Pathogenic effects caused by sFlt-1 have been reproduced in rodent animal models. 

Exogenous sFlt-1 administrated to pregnant rats and mice produces a syndrome 

resembling preeclampsia, including hypertension and renal damage (Maynard, 2003; Lu, 

2007).  
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Figure 3: Interactions of imbalanced angiogenesis and maternal/placental factors  

 

 

 

 

 

 

 

 

Figure 3 Possible interactions between angiogenic imbalance and maternal and placental 
factors in the pathogenesis of preeclampsia (Figure modified from Shenoy et al, 2010) 

1.3.1 Animal Models of Preeclampsia  

Numerous animal models have been developed in an attempt to determine 

causative factors, pathogenesis of the disease, and development of therapeutic options. 

Several species have been used for this purpose including dogs, rats, rabbits, mice, sheep 

and non-human primates. The common theme of these animal models is the altered 

placental vascular function. The attempted methods include surgical, pharmacological, 

and genetic manipulations. Specifically, the broad group of mechanisms used in 

modeling preeclampsia fall into the following general categories: mechanical interference 

of uterine blood flow and reduced uterine perfusion pressure (RUPP) by surgical means 

such as ligation or banding of either the abdominal aorta below the renal arteries, the 

internal iliac arteries or the uterine arteries (Ogden, 1940; Lunell, 1984; Woods, 1989); 

alteration of vascular function via impairment in the nitric oxide system by knocking out 

the endothelial NOS (nitric oxide synthase) gene (Zatz, 1998; Hefler, 2001), chronic 

blockade of the endothelial derived relaxing factor (Baylis, 1992) or using a NOS 
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inhibitor such as N (G)-nitro-L- arginine methyl ester (L-NAME)(Greenberg, 1997), 

over-activity of the renin-angiotensin systems (Kanayama, 1996; Takimoto, 1996; 

Kananyama, 1997; Bohlender, 2000; Takiuti, 2002), or activation of systemic 

inflammatory responses (Faas, 1994; Hung, 2004). Although, these animal models share 

some features of preeclampsia such as hypertension, they have not reproduced an 

acceptable model of the human disease.  

The recognized role of imbalance in angiogenic factors in the pathogenesis of 

preeclampsia has promoted investigators to develop animal models of preeclampsia 

mimicking the overproduction of antiangiogenic factors. Maynard et al administrated 

either sFlt-1 to pregnant rats by use of adenovirus vector (Maynard, 2003). The pregnant 

rats developed hypertension, proteinuria, and glomerular endotheliosis. Chronic 

administration of sFlt-1 by infusion to rats also leads to intrauterine growth restriction 

(Bridges, 2009). Administration of sEng in adenovirus vector to pregnant rats also 

produced hypertension and mild proteinuria, whereas co-administration of both sFlt-1 

and sEngl led to a HELLP-like syndrome including decreased platelets counts, elevated 

liver enzymes and signs of hemolysis (Venkatesha, 2006). Recently, we validated a 

mouse model of preeclampsia induced by sFlt-1 overexpression. Pregnant mice injected 

in the tail vein tail with adenovirus vector carrying sFlt-1 at day 8 of gestation developed 

hypertension in the late gestation, endothelial dysfunction, and pups showed signs of 

intrauterine growth restriction (Lu, 2007).  

1.3.2 Gene Expression in Response to Hypoxia   

Shallow trophoblastic invasion along with insufficient spiral artery remodeling 

are pathologic changes in the placental development that are believed lead to 

preeclampsia. These changes result in decreased uteroplacental blood flow and placental 

hypoxia, recognized risk factors of diminished oxygen and energy supply to the fetus, 
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which predisposes ultimately to intrauterine growth restriction and other developmental 

fetal abnormalities (Mayhew, 2004). The hypoxic placenta releases several factors to the 

maternal circulation which are major contributors to endothelial dysfunction. The 

predominant factor is sFlt-1. In primary cytotrophoblast cell culture, sFlt-1 production 

and mRNA expression is inversely related to oxygen saturation (Nagamatsu, 2004).  A 

two-fold elevation in the level of sFlt-1 has been observed when normal villous explants 

were exposed to a hypoxic state (1% O2) compared to the physiological 5% O2 exposure 

(Ahmad, 2004).                                    

A variety of genes are activated in target organs as placenta and kidney in 

response to hypoxic conditions. The hypoxic-inducible factor-1 (HIF-1) is a crucial 

regulator of adaptive processes to hypoxia. It is composed of two subunits, the 

constitutively-expressed HIF-1β and the inducible HIF-1α. Under low oxygen conditions, 

HIF-1α dimerizes with HIF-1β to form the active HIF complex, which can bind the 

promoters of oxygen-responsive genes and activate their transcription. Therefore, it has 

been suggested that HIF-1α plays an important role in signaling hypoxia. HIF-1 is 

believed to be involved in the pathogenesis of several human diseases such as ischemic 

cardiovascular disorders, pulmonary hypertension and preeclampsia (Semenza, 2000).  

HIF-1α is rapidly ubiquitinated and degraded via the proteosomal pathway when 

normoxia is reestablished (Cockman, 2000). HIF-1α also regulates trophoblast 

differentiation by up-regulating the expression of transforming growth factor β3 

(TGFβ3). TGFβ3 is involved in oxygen-dependent differentiation processes during 

placental development as well as in various pregnancy disorders (Hernandez-Valencia, 

2001). Decrease in TGFβ3 expression occurs immediately prior to the peak of trophoblast 

invasion, suggesting a role for TGFβ3 as an inhibitor of early trophoblast differentiation 

(Caniggia, 2000a; Caniggia, 2000b; Caniggia, 1999). HIF-1α and TGFβ3 are over-

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Hernandez%2DValencia+M%22%5BAuthor%5D
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expressed in placental tissue from preeclamptic women (Caniggia 2000a). Therefore, 

expression of TGFβ3 and HIF-1α seems to be a good indicator of integrity of placental 

function.   

Glial Cells Missing (GCM) gene is the primary regulator of glial cell 

determination in the nervous system of Drosophilia (Chen, 2004). There are two isoforms 

of GCM genes, GCM1 and GCM2. GCM1 is selectively expressed in the placentas of 

human and mouse, and is a key transcription factor in placental development.  Genetic 

ablation of mouse GCM1 is embryological lethal due to failure of the formation of the 

labyrinth layer and the fusion of trophoblasts to syncytiotrophoblasts (Anson-Cartwright, 

2000). Decreased placental expression of GCM1 gene expression as well as its target 

genes, such as syncytin 1, has been observed in preeclampsia (Chen, 2008; Munaut, 

2008). This gene induces trophoblast placental growth supporting its role in trophoblast 

differentiation and placental vascular function (Chen, 2004; Chang, 2008). There is no 

evidence that HIF-1α poses any direct effect in GCM1 expression. In summary, hypoxic 

conditions activate HIF-1α expression and upregulates TGFβ3 expression. This 

mechanism, together with a decrease in GCM1 expression inhibits throphoblastic 

differentiation, which is one of the putative causes of preeclampsia (Figure 4). Maternal 

endothelial dysfunction generated secondary to sFlt-1 overproduction can cause 

glomerular endotheliosis in the kidney leading to renal injury. As response to this injury 

genes related to ischemia/hypoxia can be activated.   
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Figure 4: Gene activation in response to placental hypoxia 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 Activation of genes in response to placental hypoxia leading to impaired 
throphoblast function, a putative cause of preeclampsia 

1.3 REGULATION OF VASCULAR FUNCTION AND TONE 

1.3.1 Endothelial Function 

The endothelium lines the blood vessels of the vascular tree. In humans, it is a pervasive 

layer which extension is about four times greater than the earth circumference (Wolinsky, 

1980). Endothelial cell participates in several physiological processes including the 

control of the vasomotor tone, allowance of cells and nutrients passage, the maintenance 

of blood fluids, the regulation of permeability, and the formation of new blood vessels 

(Cines, 1998). The biology of the endothelial cell can be assumed as an adaptive input-

output device. The input is originated from the extracellular milieu and may include 

biochemical or biomechanical signals. The output constitutes the cellular phenotype in 

which structural and functional properties are expressed (Aird, 2005). Some of these 
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properties are expressed at the individual cell level or cell culture including protein, 

mRNA, proliferation, apoptosis, migration, and permeability. Other properties are 

expressed at higher levels of organization such as the blood vessel or organism (Aird, 

2005). Epigenetic and environmental factors influence the intrinsic properties in each 

endothelial cell. Epigenetic modification occurs during development and/or in the 

postnatal period.     

The endothelium expresses a number of vasodilators and vasoconstrictors that 

regulate vascular tone. An increase in free cytoplasmic Ca
2+

 levels, which is achieved by 

various mechanisms including influx of extracellular Ca
2+

, Na
+
-Ca

2+
 exchange and 

liberation of Ca
2+

 from intracellular stores (e.g. sarcoplasmic reticulum) (Singer, 1982; 

Winquist, 1985, Luckhoff and Busse, 1986), triggers the release of endothelial relaxing 

factors in the endothelial cells (Furchgott, 1983).  A number of factors such as nitric 

oxide (NO) (Palmer et al., 1987), prostacyclin (Moncada and Vane, 1979), and 

endothelium derived hyperpolarizing factor (EDHF) (Rubanyi and Vanhoutte, 1987) have 

been involved in the endothelium-dependent relaxation of the vasculature; while 

vasoconstrictors, namely endothelin-1, thromboxane A2 and angiotensin II, have been 

identifies as being involving in the endothelium-dependent vasoconstriction (Hurairah H, 

2004). 

Early understanding of the role of the endothelium in disease comes from studies 

of inflammation. Studies in ear chamber model demonstrated that leukocytes adhere to 

the damaged site of a blood vessel, suggesting that the blood vessel is primarily 

responsible for mediating adhesion (Allison, 1955).  The mechanisms underlying 

inflammation-induced leukocyte remained unknown for several decades. Pober et al 

identified the first inducible endothelial cell-specific leukocyte adhesion molecule 

(ELAM-1) (Pober, 1982). This group of investigators demonstrated in consequent years 
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that numerous inflammatory mediators, including endotoxin, TNF-α, and IL-1 induced 

the expression of antigens on the surface of human umbilical vein endothelial cell 

(HUVEC), an effect correlated with the expression of proadhesive, antigen-presenting, 

and procoagulant activities (Schleimer, 1986; Gamble, 1985).  Endothelial dysfunction 

was first introduced by Gimbrone in 1980 to describe hyper-adhesiveness of the 

endothelium to platelets (Gimbrone, 1980). A paradoxical vasoconstriction of coronary 

arteries to acetylcholine has been demonstrated in early and advanced human 

atherosclerosis suggesting that abnormal vascular response to acetylcholine may 

represent a defect in endothelial vasodilator function (Ludmer, 1986). The term of 

endothelial dysfunction may be applied to states in which the endothelial phenotype 

poses a net liability to the host. It can manifest either by decreased secretion of 

vasodilatory mediators, increased production of vasoconstrictors, increased sensitivity to 

vasoconstrictors and/or resistance of vascular smooth muscle to endothelial vasodilators 

(Vapaatalo, 2001). Endothelial cell dysfunction is not restricted anatomically to the heart; 

instead arteries, capillaries, and veins of every tissue are prone to dysfunction.     

Vascular adaptations during a normal pregnancy in both humans and animals 

include physiological changes such as increased blood volume, increased cardiac output, 

and decreased vascular resistance. The endothelium appears to govern some of these 

adaptations maintaining a low vascular tone by either an increased release of vasodilators 

or a decreased vasoconstrictor output (Poston, 1995). There is an increased production of 

the endogenous nitric oxide (NO) as a consequence of increased endothelial shear stress 

and hormones-related to pregnancy such as estrogen and gonadotropins (Wieczorek, 

1995; Hayashi, 1997).  There is a critical balance between endothelium-derived 

vasoconstrictors and vasodilators in normal pregnancies. In contrast, preeclampsia is 



 32 

characterized by an imbalance of these factors predisposing the vasculature to 

vasoconstriction (VanWijk, 2000).  

1.3.2 Nitric Oxide and Other Vasodilators in Pregnancy 

NO acts as a central signal transduction pathway in the endothelium (Ignarro, 

1999). NO regulates hemostasis of fibrinolysis, regulation of vascular tone, proliferation 

of vascular smooth muscle cells (VSMC), and blood pressure (BP) (Napoli, 2001; 

Rabelink, 2006).  Disturbances in the NO pathway can cause endothelial dysfunction 

leading to vascular diseases such as atherosclerosis, hypercholesterolemia, hypertension, 

diabetes mellitus, and cerebrovascular disease (Napoli, 2001).    

 NO is produced by a family of NO synthase (NOS) enzymes, of which three 

isoforms have been identified in humans and other species: neuronal NOS (nNOS or 

NOS1), inducible NOS (iNOS or NOS2) and endothelial NOS (eNOS or NOS3) 

(Forstermann, 1995; Wu, 1995). nNOS is the constitutive isoform mainly expressed in 

neural tissues, while iNOS becomes active in the presence of inflammation.  In the 

vasculature, eNOS is the main isoform responsible for the production of NO (Wu, 1995).  

Similar enzymatic mechanisms accompanied the three isoforms in the electron transfer 

for oxidation of the terminal guanidine nitrogen of L-arginine (Bredt, 1990). These 

enzymes require several cofactors for proper function, including the tetrahydrobiopterin, 

nicotinamide-adenine-dinucleotide (NADPH), flavin adenine dinucleotide, and flavin 

mononucleotide. Disruption in the levels of these cofactors predisposes to endothelial 

dysfunction. After synthesis, NO diffuses from its original production site to the target 

cells where it binds and interacts with specific molecules containing iron in either a heme 

or iron-sulfur complex (Sato, 1995).  NO increases cGMP levels by activating guanylate 

cyclase through heme moiety binding. In the vasculature, cGMP mediates NO-dependent 
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relaxation of VSMC, resulting in vasodilation via activating an intracellular molecular 

cascade which results in a reduction of intracellular Ca
2+

 concentration and an reduction 

of the sensitivity of the contractile system to the Ca
2+ 

(Holzmann, 1982; Carvajal, 2000). 

Many agents produce the effect of vascular smooth muscle relaxation via NO-cGMP 

pathway such as acetylcholine (Pussard, 1995; Iranami, 1996), estrogens (White, 1995; 

Rosenfeld, 1996) and insulin (Trovati 1995 and 1996). NO also plays an important role in 

vascular remodeling in response to injury (Rudic, 1998; Ledingham, 2001).  

The state of vasodilatation during pregnancy is partly mediated by nitric oxide 

which is important for the maintenance of adequate utero-placental perfusion (Langille, 

1986; Yallampalli, 1993). Findings in pregnant guinea pigs confirm that NO is 

responsible for the physiological dilation of the uteroplacental arteries (Nanaev, 1995). 

Blockade of NO synthesis in animal models induces a preeclampsia-like syndrome 

(Molnar, 1994; Yallampalli, 1993). Therefore, it is thought that a decrease in NO could 

contribute to the pathogenesis of hypertension in preeclampsia and intrauterine growth 

restriction (Diket, 1994; Molnar, 1994; Sankaralingam, 2006).   Increased oxygen free 

radicals can scavenge NO or increased plasma levels of S-nitrosoalbumin in preeclampsia 

can result in a decrease in the release of NO. The decreased release of NO also has been 

attributed to decreased vitamin C levels (Tyurin, 2001; Gandley, 2005). Other study has 

shown that elevation of the plasma dimethylarginine, an endogenous inhibitor of NO, in 

the second trimester leads to endothelial dysfunction, impaired uterine artery Doppler and 

the subsequent development of preeclampsia (Sawidou, 2003).    

Prostacyclin (PGI2) is an anti-platelet aggregator and a vasodilator produced from 

the metabolism of arachnoid acid by cyclooxygenases. Its biosynthesis is stimulated by 

numerous agonists that make free arachidonic acid available as a substrate for 

cyclooxygenase by increasing the activity of phospholipase enzymes. PGI2  is mainly 
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biosynthesized in the endothelium of large blood vessels (Moncada and Vane, 1979)  and 

in human glomeruli (Sraer, 1982), and may be increased locally in the uterine and renal 

circulations or in placenta during pregnancy possibly in response to increased circulating 

levels of angiotensin II ( Magness, 1995; Glance, 1985). PGI2 exerts its vasodilatory 

effects via the stimulation a G-protein-coupled, cell-surface receptor termed IP, which in 

turn activates the intracellular enzyme adenylyl cyclase, leading to an increase in 

intracellular cyclic AMP levels, cAMP then activates protein kinase A which decreases 

myosin light-chain kinase (MLCK) activity, hence inhibiting contraction and causing 

vasodilatation (Nakagawa, 1994; Hebert, 1998). In addition, a nuclear receptor, the 

peroxisomal proliferator-activated receptor α (PPARα) is also activated by PGI2, and 

together with IP receptor activation may mediate the anti-platelet and vasodilatation 

effects of PGI2 in the vasculatures (Marx, 2003; Vu-Dac, 1995). Cyclooxygenase is down-

regulated and endothelial production of PGI2 is altered in preeclampsia.  

1.3.2 Role of Vasoconstrictors in Preeclampsia 

Thromboxane A2 (TxA2) is a potent vasoconstrictor and platelet aggregator 

produced by platelets. It has a half-life of approximately 30 sec under physiological 

conditions. It increases three to five folds during pregnancy and remains elevated 

throughout (Fitzgerald, 1987a), which is consistent with evidence of the enhanced 

platelet activation associate with pregnancy (McKay, 1981). It diffuses into vascular 

smooth muscles where TxA2 can stimulate endoperoxide/thromboxane receptors to 

induce an increase in cytosolic Ca
++

 and hence vasoconstriction (Mayeux, 1989; 

Morinelli, 1989; Smith, 1994). 

  One probable cause of preeclampsia is thought to be caused by underproduction 

of PGI2 from the endothelium coupled with overproduction of TxA2. Reduced PGI2 

production in preeclampsia is possibly due to chronic damage to the maternal vascular 
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endothelium (Roberts, 1989; Roberts and Redman, 1993), which is reflected indirectly by 

increased concentrations of serum fibronectin and factor VIII antigen/coagulant ratio. 

Reduced PGI2 itself could contribute to over-production of TxA2 because of insufficient 

PGI2 anti-aggregatory activity (Fitzgerald, 1987b; Walsh, 1990).  Increased TxA2 

production is reflected in increased excretion of its major urinary metabolites; also, it has 

been shown that placenta from preeclampsia biosynthesize more TxA2 compared with 

healthy placenta (Fitzgerald, 1990; Walsh, 1985). 

Endothelin-1 (ET-1) is produced by endothelial cells and induces 

vasoconstriction. ET-1 production through activation of angiotensin receptor-1 (AT1R) 

appears to be increased in women with preeclampsia (Clark, 1992; Bernardi, 2008). ET-1 

secretion is 4 –to 8- fold higher in umbilical cord endothelial cells of preeclampsia 

compared to normal pregnancy (Kourembana, 1993). In addition, elevated serum levels 

of ET-1 in women with preeclampsia returns to baseline values within 48 hours of 

delivery (Taylor, 1990). ET-1 interacts with endothelial cells receptors leading to 

vasoconstriction (Weigand, 2006), but also can induce vasodilation by releasing NO, 

PGI2, and EDHF (Giardina, 2001).  Because ET-1 causes a dual effect on the vascular 

tone, the role of ET-1 in the vascular dysfunction seen in preeclampsia remains to be 

elucidated.     

Angiotensin II (AngII) mediates BP and electrolyte homeostasis. Activation of 

this protein results in vasoconstriction, vascular growth and inflammation (Wesselman, 

2002). Angiotensinase activity, the enzyme that degradates AngII, is elevated in healthy 

pregnancies. In contrast, its activity is lower in women with preeclampsia leading to 

increased sensitivity and enhanced vascular response to AngII (Mizutani, 1996). AT1R 

mediated the vasoconstrictor effects induced by AngII. Furthermore, AngII promotes 

vasoconstriction by increasing the production of ET-1 (Cingolani, 2006). Activation of 
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circulating IgG antibodies that prompts AT1R production has been linked to the 

pathogenesis of preeclampsia and its associated vascular complications (Sheppard, 2010).    

1.4 PREVENTION OF PREECLAMPSIA 

Numerous clinical trials have examined the role of various therapies for the 

prevention of preeclampsia. The observation that preeclampsia is associated with 

increased platelet turnover and increased TxA2 levels promoted investigators to design 

randomized controlled trials that examine the efficacy of low-dose aspirin in reducing the 

onset of preeclampsia in high-risk women for the disease (Benigni, 1989; Schiff, 1989; 

Wallenburg, 1986; Dekker, 1993). Low-dose aspirin as 60 to 150 mg diminishes platelet 

TxA2 synthesis while maintaining vascular wall prostacyclin synthesis (Dekker, 1993; 

Patrono, 1994).  This drug has been studied as primary and secondary preventive agent. 

Existing data indicate that low-dose aspirin as compared to placebo improves pregnancy 

outcomes and reduces in about 10% to 15% the risk for the disease in pregnant women at 

moderate to high risk for preeclampsia. 

 Calcium supplementation has been evaluated for prevention of hypertensive 

disorders associated with pregnancy.  In a systematic review of 13 randomized trials 

including over 15,000 women, calcium supplementation appeared to reduce the risk for 

preeclampsia by almost 50% and also reduces the rate of preterm birth and maternal 

major morbidity and mortality (Hofmeyr, 2010). The effect was more marked in high-risk 

women. In contrast, no beneficial effects of calcium supplementation were demonstrated 

in the largest randomized trial involving women with a low baseline calcium intake 

(Villar, 2006). In agreement, the Calcium for Preeclampsia Prevention study in the US 

did not show reduction of the incidence of preeclampsia neither diminished the rate of 

adverse fetal outcomes in nulliparous women assigned to calcium supplementation as 

compared with those who received placebo (Levine, 1997). Based in these data, it seems 
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that calcium supplementation has a modest effect in the reduction of preeclampsia and its 

associated adverse pregnancy outcomes in women who are at high-risk for the disease. 

Oxidative stress is one of the several mechanisms that have been proposed to 

cause the manifestations of the disease (Hubel, 1999). This concept is supported by 

studies showing oxidative modifications of proteins (Roggensak, 1999; Zusterzeel, 2001), 

lipids, (Hubel, 1996 and 1999; Zhang, 2008) and DNA (Wiktor, 2004) in the blood of 

women with preeclampsia and their infant. In addition, concentrations of antioxidants, 

such as ascorbate, seem to be reduced early in pregnancy in women destined to develop 

preeclampsia (Chappell, 2002).  A randomized study of women considered at high risk 

for preeclampsia, supplementation with vitamins C and E was effective in reducing the 

occurrence of preeclampsia by 60% (Chappell, 1999). However, the results of this study 

were not replicated in consequent larger multicenter randomized studies involving 

women at high risk and women at low risk for the disorder (Villar, 2009; Spinnato, 2007; 

Rumbold, 2006; Poston, 2006). In the most recent multicenter randomized study 

involving nulliparous women who were at low risk for preeclampsia, supplementation of 

vitamins C and E as compared with placebo did not reduce the rate of adverse maternal or 

perinatal outcomes related to pregnancy-associated hypertension (Roberts, 2010). 

Other investigators have proposed that fish oil supplements may have a variety of 

protective vascular effects, including reductions in systemic blood pressure and in the 

incidence of preeclampsia and pregnancy-induced hypertension (Secher, 1990; Sørensen, 

1993). A clinical trial involving over three hundred pregnant women with a history of 

pregnancy-induced hypertension in a previous pregnancy and assigned to either fish oil or 

placebo did not have a significant reduction of hypertensive disorders. Consequent 

studies confirmed that the use of fish oil does not prevent the incidence of preeclampsia 

and other hypertensive disorders in pregnancy (Olsen, 2000; Villar, 2004).    
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1.4.1 VEGF for Prevention and Treatment of Preeclampsia 

VEGF regulates important biological functions in the endothelial cell. This native 

protein promotes the formation of new vessels (angiogenesis) and maintains their 

integrity and function by activating endothelial cell survival or anti-apoptic signaling. 

VEGF also induces expression of the antiapoptic proteins (Bcl-2, A1) (Gerber, 1998), 

and mediates cell survival by activating tyrosine phosphorylation and focal adhesion 

kinase (FAK) (Abedi, 1998; Zachari, 1998). Furthermore, it stimulates VEGFR-2 

mediated DNA synthesis and proliferation in endothelial cells.  Another essential 

function is the induction of endothelial cell proliferation by activating signaling pathways 

including the extracellular signal-regulated kinases (ERKs) 1 and 2 and mitogen-

activated protein (MAP) kinase pathways leading to activation of c-Jun N-terminal 

protein kinase (JNK). It is already known that VEGF stimulates endothelial cell 

production of NO and PGI2, which are implicated in mediating diverse biological effects 

of VEGF including angiogenesis, increased vasopermeability, inhibition of neointimal 

vascular smooth cell hyperplasia, increased expression of thrombolytic pathways and 

vasorelaxation (Zachary, 2000).  

At least five truncated forms of human VEGF mRNA have been described 

including isoforms of 121, 145, 165, 189 and 206 amino acid residues (Neufeld, 1996). 

VEGF-121 and VEGF-165 are characterized by absence of exon 6, whereas exon 7 is 

absent only in VEGF-121. Indeed, VEGF-121 and VEGF-165 are the only two freely 

diffusible isoforms, being biologically active in endothelial cells in the human vascular 

system. Thus, these two truncated forms have been detected in the majority of cells and 

tissues expressing the VEGF gene. These proangiogenic actions support the view that 

VEGF poses therapeutic benefits promoting angiogenesis and endothelium repair in 

several vascular conditions. VEGF-121 is one of the commonest isoforms that has been 
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studied as a therapeutic agent in vascular diseases given its biological actions and wide 

tissue distribution. Administration of VEGF-121 in an adenovirus vector into an ischemic 

myocardium of porcine heart resulted in significant improvement of both myocardial 

perfusion and function (Mack, 1998). Similarly, VEGF-121 therapy resulted in 

improvement of endothelial function and increase in lower-extremity flow reserve in 

patients with peripheral arterial disease (Rajagopalan, 2001). In a randomized, double 

blinded, placebo-controlled trial, intracoronary administration of recombinant human 

VEGF-121 to patients with stable exertional angina showed significant improvement of 

angina (Henry, 2003). Animal studies have also shown beneficial effects with the 

administration of VEGF-121. Thus, administration of recombinant human VEGF-121 to 

pregnant rats overexpressing sFlt-1 reduced arterial blood pressure and improved renal 

injury (Li, 2007). Our preliminary studies showed that a short course of VEGF-121 SC 

administered to pregnant mice in mid-gestation decreases temporally maternal blood 

pressure and reduces plasma levels of sFlt-1. Coronary artery disease, peripheral vascular 

disease, and preeclampsia are conditions that have in common insufficient angiogenesis 

and impaired vascular function. Based on extensive evidence and our preliminary data, 

we elucidated the role of VEGF-121 in ameliorating vascular endothelial dysfunction and 

improving maternal and fetal outcomes in pregnancies complicated by high circulating 

levels of sFlt-1 using a validated mouse model of preeclampsia.   

1.5 FETAL VASCULAR PROGRAMMING 

Cardiovascular disease (CVD) is a leading cause of major morbidity and mortality 

in the US and several other countries around the world. The American Heart Association 

estimated that 81,100,000 people in the US had one or more forms of CVD in 2006, and 

in the same year 34% of all deaths were attributed to it. The etiology, prevention, and 

treatment of CVD are very complex and are under intense investigation. Hereditary 
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factors and lifestyle habits are important contributing elements, but alone don‘t account 

for all cases. It has been long known that intrauterine and postnatal environments can 

significantly influence subsequent health in adult life. In 1986, Barker proposed the ―fetal 

origins of adult diseases‖ based on the observed association between low birth weight 

and cardiovascular disease, hypertension and diabetes later in life (Barker, 1986). Fetal 

programming is then defined as a process in which the fetus adapts in order to survive 

stimuli or insults occurring during a critical period of fetal development. The resulting 

fetal adaptations may have permanent specific short and long term effects on the 

development of various organ systems that include the cardiovascular and metabolic 

systems (Barker, 1986; Barker, 1989).  Although genetic factors, including the maternal 

and paternal genes as well as the phenomenon of genomic imprinting that influence the 

fetal phenotype and contribute to the occurrence of fetal origin of adult disease via the 

intrauterine environment, these stimuli or insults are usually maternal factors which affect 

the fetus via the altered the intrauterine environment.  Maternal hypertension, either 

chronic or pregnancy-related, leads to inadequate vascular adaptations during pregnancy, 

alteration in the maternal circulation at the utero-placental interface with consequently 

poor perfusion of the placental-fetal unit (Rotmensch, 1994; Henriksen, 2002). These 

mal-adaptations lead to fetal hypoxemia and reduction in fetal perfusion, which can 

convey long lasting physiological and structural alterations that predispose the fetus to 

diseases in later life (Henriksen, 2002).  

In the past few years, significant research effort has been directed towards 

unraveling the underlying mechanisms of the fetal origin of adult disease. Experimental 

methods used to produce an unfavorable uterine environment and induce fetal growth 

restriction have included dietary, pharmacological, and surgical manipulations 

(Benediktsson, 1993; Block, 1989 and 1990; Murotsuki, 1997; Langley-Evans, 1999). 
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Protein restriction in rats during pregnancy, such as low protein diet supplemented with 

methionine, has been found to result in hypertension in the offspring later in life (Petrie, 

2002). Reduction of the uterine perfusion by placing a silver clip around the aorta below 

the renal arteries during mid-late gestation in pregnant rats caused low-birth weight 

offspring predisposed to development of hypertension (Alexander, 2003). Another 

example is the transgenic animal model used by Longo et al (Longo, 2005) in which 

female eNOS knockout mice (NOS3
-/-KO

) were bred with wild-type mice (NOS3
+/+WT

) to 

produce maternally-derived heterozygous (NOS3
+/-mat

) and paternally-derived 

heterozygous (NOS3
+/-pat

) litters that are genomically similar. Impaired vascular function 

has been seen in the NOS3
+/-mat

 offspring that developed in a NOS3 deficient 

maternal/uterine environment compared with the normal vascular function seen in 

NOS3
+/-pat

 offspring born to wild-type mothers. Embryo transfer experiments confirmed 

the predominance of the uterine environment over the genetic background in determining 

fetal programming (Longo, 2004). In our validated animal model of preeclampsia-like 

condition induced by over-expression of sFlt-1, birth weight was significantly lower in 

the pups born to mothers treated with sFlt-1 compared with the controls (Lu, 2007). The 

adult male offspring at 6 months of age from sFlt-1 treated mothers compared with 

controls had significantly higher arterial blood pressure (Lu, 2007). These studies provide 

direct evidence in support of the role of the uterine environment in determining the risk 

of CVD disease later in life. 

1.6 RESEARCH PROJECT OBJECTIVES 

Given the strong amount of evidence indicating the role of sFlt-1 in the 

pathogenesis of preeclampsia, the next step is to focus on reversing the angiogenic 

imbalance leading to preeclampsia. Antihypertensives are frequently used in preeclamptic 

patients; however, medications like clonidine, diazoxide, and hydralazine do not inhibit 
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sFlt-1 production in placental explant cultures (Xu, 2009). Furthermore, as today none of 

the known antihypertensive medications have been shown to prevent preeclampsia. Other 

therapies tested to prevent preeclampsia have provided disappointing results. New 

approaches for prevention are therefore needed.
 

VEGF-121 has proved to be 

therapeutically effective in vascular conditions characterized by angiogenesis deficiency, 

the landmark of preeclampsia. We hypothesized that administration of VEGF-121 would 

reverse the preeclampsia-like syndrome induced by overexpression of sFlt-1 in our 

validated mouse model. Improving maternal vascular function and placental perfusion 

will diminish the adverse intrauterine environment caused by sFlt-1 and thereby prevent 

altered fetal vascular programming and long lasting effects in the adult life. 

Our overall hypothesis is that VEGF-121 administration ameliorates 

abnormal utero-placental adaptation and endothelial dysfunction caused by 

imbalance of angiogenic factors which leads to preeclampsia and altered fetal 

vascular programming. As a step toward the overall goal, we propose to test the 

hypothesis that continuous infusion of VEGF-121, a soluble isoform of VEGF, inhibits 

circulating sFlt-1, repairs abnormal angiogenesis in the placenta, and improves fetal 

vascular programming in pregnant mice that exhibit manifestations of preeclampsia-like 

condition due to overexpression of sFlt-1. This general hypothesis was tested in a mouse 

model by examining the following specific hypotheses:  

Specific Hypothesis 1: VEGF-121 therapy normalizes maternal blood pressure 

and prevents from hypertension in pregnant mice that over-express sFlt-1.   

Specific Hypothesis 2: Inhibition of elevated levels of sFlt-1 during pregnancy 

by recombinant VEGF-121 improves maternal vascular endothelial dysfunction and 

decreases structural changes in target organs such as maternal kidney and placenta.  
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Specific Hypothesis 3: VEGF-121 decreases hypoxic changes and thereby 

regulates the expression of hypoxia-related genes in the placenta and kidney of 

pregnancies with elevated circulating levels of sFlt-1.   

Specific Hypothesis 4: VEGF-121 therapy reduces altered fetal vascular 

programming caused by excess circulating sFlt-1 and by that mechanism diminishes the 

risk for vascular disease in the offspring later in life.  

The following aims are proposed to test the corresponding hypotheses: 

Specific Aim 1: To determine the effect of VEGF-121 on maternal blood pressure 

in pregnancies transfected with adenovirus carrying sFlt-1.  

Specific Aim 2: To evaluate vascular function of the carotid artery by vascular 

reactivity studies and examine histology characteristics in the kidney and the placenta of 

pregnant mice transfected with adenovirus carrying sFlt-1 that were treated with VEGF-

121 or placebo. 

Specific Aim 3: To compare mRNA expression level of the hypoxic induced 

factors in pregnant mice over-expressing sFlt-1 and treated with VEGF-121 or placebo. 

Specific Aim 4: To evaluate fetal vascular programming by determining blood 

pressure and in vitro vascular function in the carotid artery of adult offspring born to 

pregnant mice over-expressing sFlt-1 that were treated with VEGF-121 or placebo.  
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1.7 SIGNIFICANCE 

The dramatic rise in the prevalence of risk factors for preeclampsia such as 

obesity, diabetes and chronic hypertension in women attempting pregnancies in the 

United States and worldwide has resulted in a progressive increase in the incidence of 

this disease. In turn, this phenomenon increases the occurrence of major maternal and 

perinatal morbidity and mortality associated with preeclampsia. Recent evidence suggests 

that preeclampsia also increases the risk for adverse events such as cardiovascular 

disease, diabetes, metabolic syndrome and cerebrovascular disease in both the mother 

and the fetus later in life. The clinical consequences summed to the elevated health costs 

generated for this disease are major public health concerns. As today there is not effective 

prevention or treatment for this maternal disease. Altered angiogenesis during placental 

formation is considered as one of the most plausible mechanisms that lead to 

preeclampsia. Data from both clinical and animal studies support this theory. Therefore, 

this study proposes a novel approach that aims to improve maternal vascular function, 

placental perfusion, and optimize intrauterine environment in a preeclampsia model 

induced by the anti-angiogenic sFlt-1 factor. The findings of this study will provide a 

new scientific avenue, and will enhance our understanding of this condition. 
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CHAPTER 2: MATERIAL AND METHODS 

ANIMAL CARE 

Pregnant CD-1 mice were purchased from Charles River Laboratories 

(Wilmington, MA). The animals were maintained in our animal care facility at the 

University of Texas Medical Branch. All performed procedures were approved by the 

Animal Care and Use Committee (IACUC) of our university. The animals were housed 

separately in temperature- and humidity-controlled quarters with constant light: dark 

cycles of 12 h: 12 h. They were provided with food and water ad libitum. Surgical 

procedures were performed following the IACUC guidelines. Anesthesia protocol 

consisted of ketamine (Ketalar; Parke-Davis, Morris Plains, NJ) and xylazine (Gemini; 

Rugby, Rockville Center, NY). The animals were sacrificed by CO2 inhalation according 

to the guidelines of the American Veterinary Medical Association. 

AMPLIFICATION OF VIRUS VECTORS 

Ad-Flt-1 (1-3) (first generation, E1 and E3 deleted) as the active vector, and Ad-

mFc as the adenovirus control were prepared and tittered by the Research Vector Core, 

Harvard Medical School. The 293 cell line was used to grow and transfect the virus. The 

cells were cultured in 150 mm plates and seeded for 3 days. Cells reaching 70%-80% of 

confluence were considered ready for transfection. Then, the transfection medium 

containing the virus (2×10
7
 PFU; transfection medium: 1% P/S and 2% FBS) was added 

to each plate. Approximately 20 hours later, almost 50% of the cells have started to 

detach from the plates showing the typical cytopathic effect. The cells were collected and 

spun at 2,000 rpm for 15 minutes at 4
o
C. The supernatant was removed and the cells were 

re-suspended in 10 ml cold PBS again and centrifuged at 2,000rpm/4
o
C/15min. The 

supernatant was removed and the cells were stored at -80
o
C for purification. For the 
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purification process, 2mL of sterile 10mM Tris (pH=8) was added to the cell pellet which 

was then placed in a water bath to thaw, then vortexed briefly, and finally placed on the 

dry slurry to be frozen. The cycle was repeated 6 times. The cells were lysed after 

spinning them at 2,000rpm/15min/4
o
C and the supernatant was collected. The supernatant 

containing virus was added into a CsCl step gradient (d=1.43 and d=1.34). This 

preparation was centrifuged at 30,000 rpm for 3 hours at 4
o
C in a SW40 rotor. The 

adenovirus band was apparent at this point and easily collected using an 18 gauge needle 

and 5mL syringe, and added to a tube containing 1.34g/ml CsCl. The sample was again 

centrifuged at 35,000 rpm for 16 hours at 4
o
C in a VTi90 rotor. The adenovirus band, 

which was now more evident, was collected in a clean dialysis tube containing the 

dialysis buffer to isolate the virus. The concentration of adenovirus particles was 

determined by spectrophotometric analysis of an appropriate dilution of the test sample 

(typically 1/10) in a solution of 10mM Tris/1mM EDTA/0.1% SDS. 

RECOMBINANT VEGF-121  

  VEGF-121 was produced in E. coli. It is a polypeptide of 121 amino acids with a 

molecular mass of 28423 Dalton.  The purity was > 98% using SDS-Page analysis. The 

lyophilized product was obtained from the biology vascular laboratory at Harvard 

Medical School Boston, Massachusetts, US. The solution concentration was 1.7 mg per 

ml and it was stored in working aliquots at -20 ºC.  

VEGF-121 DOSAGE 

 Previous studies have demonstrated that VEGF-121 has a short half life. A study 

in non-pregnant rats showed that peak plasma concentrations were achieved 100 minutes 

after 100 µg of VEGF-121 subcutaneous (SC)  (Suga, 2001). In non-pregnant rats, the 

time required to attain maximum VEGF-121 plasma concentrations is 2 hours after 400 
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µg/kg SC injection (Li, 2007). Angiogenesis can be achieved with VEGF-121 50 µg SC 

daily, while higher dosages are required (200-400 µg/kg daily) for reduction of BP (Suga, 

2001; Li, 2007). In our previous studies, we found that VEGF-121 100 µg/kg SC twice a 

day decreased significantly maternal BP. The effect, however, was transitory. Based on 

previous reports and our experience we selected VEGF-121 dosage of 400 µg/kg daily 

from day 8 to day 18 of gestation. We used an osmotic pump instead of scheduled 

injection for medication delivery as the former system rapidly achieves a steady-state 

delivery rate and maintains a constant rate throughout the duration of treatment 

(Theeuwes, 1976). Other advantages of this system are elimination of the need for 

nighttime or weekend dosing, reduction of handling and stress to animals, and it 

minimizes unwanted experimental variables and ensures reproducible and consistent 

results.  

INSERTION OF OSMOTIC MINIPUMP AND DOSING CALCULATION 

We used the osmotic pump model 2002, manufactured by ALZET ®, Cupertino, CA.  

This pump has a length of 3 cm, a diameter of 0.7 cm, and weighs 1.1 grams (Figure 5). It 

delivers the dispended medication at 0.5 µl/hr at a maximum duration of 2 weeks. The 

pump functions in basis of an osmotic pressure difference system. The high osmolality of 

the pump‘s sleeve causes water influx through a semipermeable membrane. This effect 

results in compression of the flexible reservoir, which displaces the dispended medication 

from the pump at a steady rate. The rate of delivery by the pump is controlled by the 

water permeability of the pump‘s outer membrane. To calculate the amount of dispended 

medication, we used the formula provided by the manufacturer (ALZET ®, Cupertino, 

CA).  
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Sterile phosphate buffered saline (PBS) was the selected solvent as it is 

compatible with both the pump and VEGF-121. The osmotic pump was implanted SC at 

day 8 of gestation. Mice were anesthetized using the aforementioned protocol. We used 

the same skin incision made for the insertion of the BP transducer to create a SC space in 

the lower dorsal aspect of the animal. The pump was placed in this space and the incision 

was closed using 2-0 silk (Figures 5 and 6). 

 
 
 
 
 

 

 
 Figure 5 Left: in-vivo photograph of the osmotic minipump model 2002 (ALZET ®, 
Cupertino, CA) used to deliver VEGF-121 or placebo. Figure 6 Right: in-vivo 
photograph of the minipump implanted in the SC tissue of the mice’s lower back at day 8 
of gestation.   

IN VIVO BLOOD PRESSURE MEASUREMENT 

A telemetric method was used for an in vivo BP recording. This system requires 

the insertion of a 0.4 mm catheter into the carotid artery and tunneled into aortic arch. In 

this system (PA-C20, Data Sciences International, St. Paul, MN), the catheter was 

connected to a combination pressure transducer, transmitter and battery, all encased in a 

miniature capsule. The capsule transmits to a pad under the cage which can be turned on 

Figure 5: In vivo photograph of 

osmotic pump 
Figure 6: Osmotic pump in the 

SC space 
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and off magnetically. The system allows arterial BP monitoring in unrestrained conscious 

mice.  

The protocol for BP measurement was as follows. Mice were anesthetized 

following the same protocol described for the insertion of the osmotic minipump. A 

vertical midline skin incision was made along the neck and the left common carotid 

artery was isolated. The catheter was inserted into the carotid artery through a small 

incision in the vessel wall and tunneled to the aortic arch (Figure 7). The transducer (PA-

C20 model, Data Sciences, St. Paul, MN) was secured in a subcutaneous pouch along the 

animal‘s
 
right flank through the same ventral neck incision. The incision was closed 

using
 
6–0 silk suture. Mice were kept warm on a heating pad and monitored closely for 

several hours until full recovery from anesthesia and proper mobilization were observed.  

BP data were transmitted to RLA 1020 telemetry receivers (Data Sciences), 

multiplexed by BCM consolidation matrix (Data Sciences), and sent to an adapter, where 

the signal was de-multiplexed, sampled at 1024 Hz, and converted to analog output (UA-

10 universal adapter, Data Sciences). This output was subsequently band-pass filtered 

and amplified and the information fed to a recording system (MacLab 16/s, AD 

Instruments, Castle Hill, Australia).  

POWER ANALYSIS 

 Our overall hypothesis was that continuous VEGF treatment would reduce BP in 

pregnant mice overexpressing sFlt-1. Along with this effect, we hypothesized that VEGF 

therapy improves maternal vascular function and altered fetal vascular programming. We 

expected that VEGF-sFlt-1 pregnant mice as compared with sFlt-1 animals will have a 

20% reduction in the mean BP with a standard deviation of 10 mm Hg.  Using an alpha 

level of 0.05 and a beta level of 80%, we calculated a simple size of 4 animals for each 

group.   All analyses were performed using SAS version 9.2 (Cary, NC). 
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Figure 7: In vivo photograph of insertion of blood pressure catheter 

 
 
 
 

 
 
 

 

 

 

 

Figure 7 Left: in-vivo photograph demonstrating the exposure of the left common carotid 
artery which has been ligated proximally and distally to the incision site. Right: ex-vivo 
aortic arch and main arteries showing the catheter insertion through the left carotid artery 
and placement of the catheter tip within the lumen of the aortic arch. (Pictures courtesy of 
Esther H. Tamayo, University of Texas Medical Branch, Galveston, Texas). 

Data Analysis 

Systolic, mean, and diastolic BP was evaluated in pregnant mice and their 

offspring when reached adult age (N = 4/6 per group). Dataquest A.R.T.3.1 was used for 

data acquisition and analysis. Mean BP in intervals of 12 hours was calculated in animal. 

Data were analyzed using repeated measures mixed models. BP mean differences among 

treatment groups. BP recorded each day across the treatment groups was analyzed using 

one-way ANOVA test. Results were adjusted with the post hoc Tukey test.  Multiple 

comparison data are presented by difference between means and 95% confidence 

intervals (95% CIs). Adjusted p values are reported as the significant level among the 

treatment groups. 
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ELISA ASSAY FOR MEASUREMENT OF PLASMA SFLT-1 AND VEGF LEVELS 

ELISA for sFlt-1 and free VEGF mouse plasma concentrations were performed 

according to the manufacturer‘s instructions (R&D systems, Minneapolis, MN). The 

samples were diluted 2-fold by Calibrator Diluent RD5-3 and incubated in a 96-well plate 

pre-coated with a capture antibody directed against sFlt-1 and VEGF for 2 hours at room 

temperature. The wells were washed and incubated with a secondary antibody against 

sFlt-1 and VEGF conjugated to horseradish peroxidase for 2 hours. Then, the plates were 

washed and the substrate solution was added to each well and incubated for additional 30 

minutes at room temperature. The plate was read at an optical density of 450nm. All 

assays were run in duplicate, and the protein levels were calculated using a standard 

curve derived from the known concentrations of the respective recombinant proteins.  

Data Analysis 

Data were calculated using a standard curve derived from known concentrations 

of the recombinant protein and showed as mean ± SEM. Data were analyzed by one-way 

ANOVA test and results were adjusted using Tukey test. Multiple comparison data are 

presented by difference between means and 95% confidence intervals (95% CIs). 

Adjusted p values are reported as appropriate.  

IN VITRO VASCULAR STUDIES  

Pregnant CD1 mice treated with adenovirus carrying sFlt-1-PBS, VEGF-sFlt-1 or 

VEGF- mFc were used for these studies (N=4/6 per group). The carotid artery was 

isolated preserving the endothelium layer. The artery was removed just proximal to their 

bifurcation into internal and external carotid artery. The vessel was immersed in 

physiological salt solution. Two-millimeter segments of the vessel were mounted 

between the two jaws of a wire myograph (Model 410A, J.P. Trading I/S, Aarhus, 
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Denmark) using 25 m tungsten wires. One jaw in these myographs is attached to a 

micromanipulator for adjustment of tension in the vessel while the other jaw is fixed to 

an isometric force transducer (Figure 8). The preparations were bathed in physiological 

salt solution maintained at a temperature of 37 C and a pH of 7.4. A mixture of 95% O2 

and 5% CO2 was bubbled continuously through the solution. The force was continuously 

recorded by an isometric force transducer and analyzed using computerized software: 

Power Lab system and Chart 5 data acquisition and playback software (AD Instruments, 

Castle Hill, Australia). 

Drugs and Solutions  

The drugs used in the in-vitro experiments were acetylcholine hydrochloride 

(Ach), phenylephrine hydrochloride (PE), and sodium nitroprusside (SNP) and L-NAME 

(Sigma, St. Louis, MO). TxA2 was purchased from another company (Cayman chemical, 

Ann Arbor, MI). Stock solutions of the drugs (10
-2 

mol/L) were prepared in deionized 

water and stored at -20 C (Table 1). The composition of physiological salt solution was: 

NaCl 115 mmol/L, KCl 5 mmol/L, NaH2PO4 1.2 mmol/L, NaHCO3 25 mmol/L, MgCl2 

1.2 mmol/L, CaCl2 2.5 mmol/L, ethylene diamine tetra acetic acid (EDTA) 0.026 

mmol/L, glucose 11 mmol/L.  

Vascular Reactivity Protocol  

The vessels were allowed to stabilize for one hour. After stabilization of the tone, 

and in order to enhance reproducibility of responses, the vessels were given two 

successive stimulations  of 10 min duration with 60 mM KCl separated by 30 min 

equilibration. The second response to KCl was used as the reference contraction in the 

final calculations. The presence or absence of endothelium in the preparations was 
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confirmed by contracting with α1-adrenergic agonist phenylephrine PE (10
-6 

M) and 

testing for relaxation with endothelium-dependent vasodilator ACh (10
-6 

M).  

After equilibration in physiological salt solution, contractile responses to PE (10
-

10
-10

-5
 mol/L) and TxA2 were assessed. In addition, vessels were pre-contracted with PE 

(10
-7

-10
-6

 M) to produce matching contractions in the different study groups and relaxant 

responses to cumulative concentrations of ACh and SNP were assessed.  

Figure 8 Diagrham of the myograph used for the experiments 
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Figure 8: Methods: in vitro contractility of carotid/uterine artery. Vascular segments of 
the arteries were mounted in a small vessel myograph in 5 ml chambers filled with PSS 
and bubbled with gas mixture (95% O2 and 5% CO2). The chambers were maintained at 

37 C by a thermostat. The preparations were mounted between two jaws of the myograph 
with 25 µm tungsten wires. One jaw was fixed with a micromanipulator which allowed 
change in the distance between the wires and hence the tension in the vessel while the 
other was connected to the force transducer. The signal was amplified and recorded with 
a data acquisition system. 
 

Data Analysis 

 Response to KCl was used as a reference to calculate the percent of 

contraction achieved by PE and TxA2. Responses to ACh and SNP were expressed as 
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percentage relaxation of the PE-induced precontraction. The area under the concentration 

response curves (AUC) and the maximal effect (Emax) were calculated. Data were 

analyzed by one-way ANOVA test and results were adjusted using Tukey test. Multiple 

comparison data are presented by difference between means and 95% confidence 

intervals (95% CIs). Adjusted p values are reported as appropriate.  
 

Table 1: Compounds used to investigate selected pathways involved in the regulation of 

vascular function 

 

Agents used in dose-response curves 

Compound Type Action Dose 

PE 1-adrenergic agonist smooth muscle contraction 10
-10

-10
-5

 M 

Ach Muscarinic-receptor 

agonist 

endothelium-dependent-

vasorelaxation 

10
-10

-10
-5

 M 

TxA2 anti-platelet aggregation smooth muscle contraction 10
-10

-10
-5

 M 

SNP smooth muscle relaxant Endothelium-independent 

vasorelaxation 

10
-10

-10
-5

 M 

L-NAME NO antagonist Nonselective NOS inhibitor 10
-4

 M 

HISTOLOGICAL EXAMINATION 

Kidney and liver tissues were fixed
 
in 10% phosphate-buffered formalin (pH 7.0) 

and embedded
 
in paraffin. Paraffin sections (4–6 µm) were obtained and mounted on 

super frost-plus slides (Allegience Health Care,
 
IL) and melted at 58°C in an oven for 1 h. 

The slides were then de-paraffinized with xylene and re-hydrated using a decreasing
 

ethanol series of baths. While the sections are in water, the surface was skimmed with a 

Kimwipe tip to remove oxidized particles and blot excess water from slide holder. The 
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staining was performed using hematoxilin & eosin which is ideal for evaluating tissue 

and vascular morphology and structure. 

GENE EXPRESSION STUDIES 

Gene expression in the placenta and kidney from the various groups was analyzed 

using real time RT-PCR analysis. Total RNA was isolated using RNAqueous- small scale 

phenol-free total RNA isolation kit (Ambion, Co). 10μg of RNA for target genes and 

endogenous control was used. RNA concentrations were measured by ultraviolet 

absorbance at 260 nm, using a spectrophotometer (DU-64, Beckman Instruments, Palo 

Alto, CA).  RT-PCR involves the use of specifically-designed primers (forward and 

reverse) and a probe that binds the gene of interest. During the reverse transcription (RT) 

step, the reverse primer synthesizes the cDNA. Then in the PCR cycles, the forward 

primer and the probe anneal to the cDNA. During primer extension, the Taq DNA 

polymerase, that has a fork-like structure-dependent 5‘ nuclease activity, cuts the 

TaqMan probe. The probe contains a reporter dye (FAM for the gene-specific probes, and 

VIC for the 18s rRNA probe) at its 5‘-end and a quencher dye (MGB) at its 3‘-end. When 

the two dyes are close to each other, the quencher dye quenches the signal of the reporter 

dye. However, the DNA polymerase action and the resulting strand cutting separate the 

reporter dye from the quencher dye resulting in the release of fluorescence from the 

reporter.  Additional reporter dye molecules are cleaved from their respective probes with 

each cycle, resulting in an increase in fluorescence intensity proportional to the amount of 

amplicon produced. This technique was used to evaluate mRNA expression level of 

HIF1α and TGFβ3 and GCM1. 
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Probes and Primes 

Specific primers and probes for the genes of interest (HIF-1α, TGFβ3 and GCM1) 

and for the 18s rRNA (internal control) were obtained from Applied Biosystems (Foster 

City, CA) (Table 2). The Assays-by-Design 20  assay mix contained the specific primers 

as well as the TaqMan MGB probes. The probes 5’-end FAM
TM

 dye-labeled for the 

target genes and 5’-end VIC
TM

 dye-labeled for the for18S rRNA and 3’-end MGB
TM

 dye-

labeled. These assays were designed to span exon-exon junctions so as not to detect 

genomic DNA.   

Table 2: Probe used for the Assays-on-DemandTM  

HIF1α NM_010431.1 Mm00468869_m1 

TGF 3 NM_009368.2 Mm00436960_m1 

GCM1 NM_008103.3 Mm00492310_m1 

Two-step Real-Time RT-PCR Reactions 

The reactions were conducted with 1μg RNA for both target genes and 

endogenous control (18s rRNA). The cycling parameters for reverse transcription 

(Perkin-Elmer, Applied Biosystems, CA, 94404), 25
 o

C for 10 min, extension at 37
 o

C for 

120 min and inhibition at 85
 o

C for 5 sec, keep at 4
 o

C after finish. The cycling parameters 

for real-time PCR were: stage 1 included one step for initial denaturation at 95
 o

C for 20 

sec; stage 2 included two steps, step one for denaturation at 95
 o

C for 3 sec and step two 

annealing/extension 60
 o

C for 30 sec (repeated 40 times) on 7500 Fast Real Time PCR ( 

Applied Biosystems) 

Duplicate of the threshold cycle or Ct values were used and analyzed in Microsoft 

Excel using the comparative CT ( CT) method as described by the manufacturer 

(Applied Biosystems). 
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Data Analysis 

The Ct was determined for each sample; The results were expressed as mean + 

SEM of HIF1α, TGFβ3 and GCM1 mRNA expression relative to a reference sample (one 

wild-type control sample) and normalized to 18s rRNA (internal control). The 

comparative Ct ( CT) was used for data analysis. Data were analyzed by one-way 

ANOVA test and results were adjusted using Tukey test. Multiple comparison data are 

presented by difference between means and 95% confidence intervals (95% CIs). 

Adjusted p values are reported as appropriate.  
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CHAPTER 3: RESULTS 

SPECIFIC HYPOTHESIS 1: 

 VEGF-121 therapy decreases maternal blood pressure and prevents 

hypertension development in pregnant mice that over-express sFlt-1.   

SPECIFIC AIM 1: 

 To determine the effect of VEGF-121 on maternal blood pressure and 

examine its ability to inhibit circulating sFlt-1 in pregnancies transfected with 

adenovirus carrying sFlt-1. 

INTRODUCTION  

Clinical studies support the role of sFlt-1 in the pathogenesis of preeclampsia. 

This factor is significantly elevated in maternal circulation weeks prior to the onset of the 

clinical disease (Levine, 2004). Indeed, the magnitude of the sFlt-1 rise is associated with 

the severity of preeclampsia and the presence of intrauterine growth restriction 

(Chaiworapongsa, 2004). Replicating what is seen in pregnancies complicated with 

preeclampsia, induction of sFlt-1 overexpression in pregnant rodents produces a 

preeclampsia-like syndrome (Maynard, 2003, Lu, 2007, Li, 2007). In our validated 

mouse model of preeclampsia, pregnant mice transfected with adenovirus carrying sFlt-1 

in the mid gestation leads to significant elevation of sFl-t1 plasma concentrations later in 

pregnancy (Lu, 2007). This effect is associated with maternal vascular dysfunction and 

hypertension in late pregnancy, as well as low weight of term pups, which suggests 

intrauterine growth restriction (Lu, 2007). Our model is unique as BP is recording 

longitudinally in unrestricted animals and that minimizes the effect of potential 

confounding factors related to animal handling and manipulation.    
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 Overwhelming evidence supports that imbalance of angiogenic factors is a 

prominent pathologic process in women destined to develop preeclampsia. Therefore, 

sFl-t1 turns into an attractive target to treat this disease. Inhibition of sFlt-1 would 

probably ameliorate maternal endothelial damage, increase placental perfusion and 

improve fetal outcomes. We propose a novel therapy that aims to antagonize the adverse 

effects caused by sFlt-1. Biologically, VEGF-121 has the capacity to bind sFlt-1 and 

enhances proangiogenic actions including angiogenesis, vascular permeability and 

vasodilation. VEGF-121 has shown to be an effective therapy of several human vascular 

diseases characterized by impaired angiogenesis and vascular dysfunction (Rajagopalan, 

2001; Henry, 2003). The use of this truncated form of native VEGF has not been 

associated with significant adverse effects. Our preliminary results showed that a short 

course of VEGF-121 in pregnant mice overexpressing sFlt-1 leads to reduction of BP.  

We hypothesize that continuous infusion of VEGF-121 inhibits circulating sFlt-1 and 

normalizes maternal BP of unrestrained pregnant mice.  

SPECIFIC AIM 1: STUDY DESIGN 

 Anesthetized pregnant CD-1 mice at day 8 of gestation underwent insertion of 

blood pressure catheters and subcutaneous implantation of osmotic mini pumps (N = 4/6 

per group). The pumps were randomly filled with either VEGF-121 to deliver 400 µg/kg 

per day or 200 µL of PBS) used as vehicle. On day 9 of gestation, animals treated with 

VEGF-121 were divided randomly into two groups and injected with either Adv-sFlt-1, 

10
9
 PFU in 100 µL or adenovirus carrying the murine immunoglobulin G2α Fc fragment, 

Adv-mFc, 10
9
 PFU in 100 µL used as a control for the virus. Animals allocated to PBS 

treatment were injected in the tail vein with Adv-sFlt-1, 10
9 

PFU in 100 µL also on day 9 

of gestation.  BP was measured continuously from day 8 to day 18 of gestation. SBP, 

MBP, and DBP were averaged over 12 hour intervals. Maternal blood (100 µL) was 
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collected on days 8, 14 and 18 of gestation for measurement of sFlt-1 and free-VEGF 

plasma concentrations using enzyme-linked immunosorbent immunoassay (ELISA). 

Animals were sacrificed at day 18 of gestation, and pups and placentas were counted and 

weighed.  

SPECIFIC AIM 1: RESULTS 

Plasma sFlt-1 and free-VEGF levels 

sFlt-1 plasma levels were low and similar in the mice at day 8 of gestation prior to 

be randomly allocated to PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc treatments. Significant 

increase in the sFlt-1 plasma levels was noted in the mice treated with PBS-sFlt-1 as 

compared to the levels in the animals assigned to VEGF-sFlt-1 and VEGF-mFc. 

Difference between means was -3.50 (95% CI, -6.26, -0.724) and -8.75 (95% CI; -

11.284, -6.216), respectively. sFlt-1 levels were also significantly higher in the VEGF-

sFlt-1 mice than in the VEGF-mFc mice at day 14 (difference between means: -5.25 

(95% CI; -7.78, -2.72)). A similar pattern remained across the groups at day 18 of 

gestation, except that sFlt-1 levels were not significantly higher in the VEGF-sFlt-1 than 

in the VEGF-mFc mice. Figure 9 illustrates the mean plasma sFlt-1 concentrations across 

the groups during three points in gestation.  

Equivalent to sFlt-1 levels, plasma levels of free VEGF at day 8 of gestation were 

low and similar across the groups. On day 14, free VEGF plasma levels were 

significantly higher in the VEGF-mFc group as compared with the PBS-sFlt-1 mice 

(difference between means: -6.67 (95% CI; -12.23, -1.10)). VEGF-sFlt-1 mice  VEGF 

concentrations did not vary significantly respecting to the PBS-sFlt-1 and the VEGF-mFc 

groups.  On day 18 of gestation, the free VEGF plasma levels dropped in all mice groups. 

The levels remained significantly higher in the VEGF-mFc than in the PBS-sFl-t1 mice, 
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but also at this gestational age free VEGF concentrations became to be considerably 

higher in the VEGF-sFl-t-1 than in the PBS-sFl-t1 animals (Figure 10).  

Figure 9: Plasma concentrations of sFlt-1  
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Figure 9 Plasma levels of sFlt-1 at different times in gestation. Data are shown as mean ± 
SEM. a denoted an adjusted probability level < 0.05 for PBS-sFlt-1 versus VEGF-sFlt-1 
and VEGF-mFc. b denoted an adjusted probability level < 0.05 between VEGF-sFlt-1 
and VEGF-mFc (N = 4-6 per group).  

Longitudinal BP Measurements  

Repeated measures mixed models for Systolic BP (SBP), mean BP (MBP), and 

diastolic BP (DBP) were created. These included the following independent variables: 

therapy (PBS-sFlt-1, VEGF-sFlt-1 and VEGF-mFc), days of treatment (day 8 to day 18 

of gestation), and BP intervals (averaged BP every 12 hours).  Therapy had a significant 

effect on DBP, MBP, and SBP (F-values 20.12, 24.79, and 33.10, respectively; p < 

0.0001 in all). Similarly, days of treatment had a significant effect on maternal diastolic, 

mean, and systolic BP (F-values 11.00, 13.23, and 20.30, respectively; p < 0.0001 in all). 

Significant interaction was, however, noticed between the aforementioned independent 

variables. In a further analysis, we compared BP across the groups in each of the 
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recording days. Significant level was adjusted through the use of Tukey test. SBP, MBP 

and DBP between day 8 and 9 of gestation were not significantly different between the 3 

groups. SBP and DBP were significantly higher in the PBS-sFlt-1 than in the VEGF-sFlt-

1 and VEGF-mFc mice from day 10 to day 18 of gestation (Figures 11 and 12). During 

the same period, MBP was also significantly lower in the VEGF-treated mice than in the 

PBS-sFlt-1 animals. Hypertension was observed in the PBS-sFlt-1 mice in late gestation, 

days 17 and 18. On these days, the range of SBP and DBP were 141.47-146.71 mmHg 

and 102.8-107.2 mmHg, respectively. The median drop of BP between the PBS-sFlt-1 

and VEGF-sFlt-1 mice was 16.2 mm Hg from days 8 to 13 of gestation and 22.7 mm Hg 

from days 14 to 18 of gestation (Figure 13).  

Figure 10: Free VEGF plasma concentrations  

 

 

 

 

 

 

 

 

 

Figure 10 Free VEGF plasma concentrations at different points in gestation.  Data are 
presented as mean ± SEM. a denoted an adjusted probability value < 0.05 between 
VEGF-mFc and PBS-sFlt-1 mice. b denoted an adjusted probability value < 0.05 between 
VEGF-sFlt-1 and PBS-sFlt-1 mice (N = 4-6 per group). 
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Figure 11: Systolic blood pressure in pregnant mice  
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Figure 11 Systolic BP averaged over 12-hour periods from day 8 to day 18 of gestation.  
Data are illustrated as mean ± SEM. a denoted an adjusted p value < 0.05 of PBS-sFlt-1 
mice compared with VEGF-sFlt-1 and VEGF-mFc mice. b denotes an adjusted p value < 
0.05 between VEGF-sFlt-1 and VEGF-mFc mice (N = 4/6 per group). 

Figure 12: Diastolic blood pressure in pregnant mice  

 

 

 

 

 

 

 

 
 
Figure 12 Diastolic BP averaged over 12-hour periods in pregnant mice from day 8 to 
day 18 of gestation. Data are presented as mean ± SEM. a denoted an adjusted p value < 
0.05 of PBS-sFlt-1 mice compared with VEGF-sFlt-1 and VEGF-mFc. b denotes an 
adjusted p value < 0.05 among VEGF-sFlt-1 and VEGF-mFc mice (N = 4/6 per group).    
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Figure 13: Reduction of mean BP in pregnant mice  

 

 

 

 

 

 

 

 

 

Figure 13 Reduction of mean BP of VEGF-sFlt-1 treated mice compared with PBS-sFl-t1 
mice during two equivalent gestational age periods. Box plots data represented median, 
upper and lower quartiles, as well as maximum and minimum BP value differences 
among these two groups at the described time periods.   

Litter Characteristics 

At day 18 of gestation, the average pup weight per litter was significantly lower in 

the animals treated with PBS-sFlt-1 (1.01 ± 0.03 g) than in the VEGF-sFlt-1 (1.30 ± 0.12 

g) and the VEGF-mFc mice (1.33 ± 0.07 g) (Figure 14). The difference between means 

for PBS-sFlt-1 compared with VEGF-sFlt-1 and VEGF-mFc were 7.0 (95% CI; 1.90, 

12.09) and 7.50 (95% CI; 1.81, 13.19).  Placental weight per litter trended towards lower 

in the PBS-sFlt-1 mice compared with the VEGF-sFlt-1 and VEF-mFc animals, but the 

difference did not reach statistical significance (Figure 15). Neither the number of pups 

nor the number of placentas differed significantly among the groups. There was one case 

of fetal resorption identified in a pregnancy treated with VEGF-sFlt-1. 
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Figure 14: Pup weights per litter  

 
 
Figure 14 Mean pup weights per litter at day 18 of gestation from pregnant mice treated 
with either PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc. Asterisk denoted an adjusted p 
value < 0.05 (N = 4/6 per group).  

Figure 15: Placenta weights per litter  

 
 
Figure 15 Mean placenta weights per litter at day 18 of gestation from pregnant mice 
treated with either PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc ( N= 4/6 per group).   
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SPECIFIC AIM 1: CONCLUSION 

The results showed that VEGF-121 therapy inhibits plasma sFlt-1 concentrations of 

pregnant mice transfected with adenovirus carrying sFlt-1 in mid-gestation. 

Simultaneously, exogenous administration of this proangiogenic factor contributed to 

increasing plasma concentrations of free-VEGF. Linked to these effects, VEGF- sFlt-1 

treated mice compared with PBS-sFlt-1 mice had significant reduction of BP and did not 

develop hypertension in late gestation. BP reduction was first noticed at 24-48 hours after 

therapy was initiated (day 10 of gestation) and the effect lasted through out pregnancy. 

Drop of BP in the PBS-sFlt-1 group as compared with the VEGF-sFlt1 group was most 

pronounced from day 14 to day 18. BP control in the VEGF-sFlt-1 mice likely resulted in 

improvement of utero-placental blood flow minimizing intrauterine growth restriction. 

The number of pups carrying in each pregnancy and the number of pregnancy resorptions 

were not modified by VEGF-121 therapy.   

SPECIFIC HYPOTHESIS 2: 

VEGF-121 ameliorates maternal vascular endothelial dysfunction and 

decreases structural abnormalities in target organs such as kidney and placenta.  

SPECIFIC AIM 2: 

 To examine vascular function in the carotid artery by invitro vascular 

reactivity studies and to define renal and placental histological characteristics of 

pregnant mice transfected with adenovirus carrying sFlt-1 and treated with VEGF-121 

or placebo.   
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INTRODUCTION  

A multitude of throphoblast-secreted factors are present in different quantities in 

the circulation of women with preeclampsia compared with healthy pregnancies. These 

factors may act directly or indirectly on the endothelium of vulnerable maternal organs, 

resulting in pathophysiologic changes including vasoconstriction, enhanced capillary leak 

with plasma volume reduction, and platelet activation (Brown, 1995). Elevated plasma 

sFl-t1 levels released by throphoblast cells contribute to endothelial dysfunction in 

preeclamptic pregnancies. This effect is primordially caused through antagonism of 

VEGF (Maynard, 2003; Levine 2004). 

 The kidney seems to be one of the most vulnerable organs in preeclampsia. The 

characteristic lesion in women with preeclampsia is ‗glomerular endotheliosis‘. This 

lesion is characterized by endothelial cell swelling, obliteration fenestrae, and occlusion 

of capillary lumen (Stillman, 2007). The presence of excess of sFl-t1, in addition to 

decreased VEGF production disrupts the normal function of the glomerular endothelium 

thus inducing proteinacious deposits in the glomeruli and proteinuria (Henao, 2010). 

Hepatic dysfunction, secondary to endothelium dysfunction and ischemia is one of the 

hallmarks of HELLP syndrome, a severe variant of preeclampsia. Hepatic sinusoids may 

be blocked by intravascular fibrin deposition leading to blood flow obstruction (Barton, 

2009). Inflammatory mediators and sFl-t1 seem to be involved in the development of 

hepatic dysfunction.       

Preliminary data from our lab showed that pregnant mice that over-express sFlt-1 

have signs of endothelial dysfunction and typical renal and hepatic pathological changes. 

Thus, these animals compared to controls had a significantly increased response to the 

endothelium dependent vasoconstrictor PE in invitro vascular reactivity studies of the 

carotid artery. Renal and hepatic histology examination from pregnant mice at day 18 of 
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gestation revealed that sFlt-1 overexpression leads to liver inflammatory changes, 

glomerular sclerosis, and peri-glomerular proteinacious deposition. We hypothesize that 

VEGF-121 therapy would contribute to repair the damaged endothelium and reverse 

partially or completely pathological changes in the vascular endothelium, kidney, and 

liver of pregnant mice with high circulating levels of sFlt-1.      

SPECIFIC AIM 2: STUDY DESIGN 

Pregnant CD-1 mice at day 8 of gestation were randomly assigned to insertion of 

osmotic minipumps (ALZET ® model 2002; Cupertino, CA) medicated with either 

VEGF-121 400µg/kg per day or PBS used as placebo. At day 9, VEGF-121 treated mice 

were injected in the tail vein with either Adv-sFlt-1 or mFc, as virus control (10
9
 PFU). 

PBS treated-mice were injected with Adv-sFlt-1 10
9
 PFU also in the tail vein. Pregnant 

mice (N=4 per group) were sacrificed at day 18 of gestation and carotid artery was 

isolated and 2 mm segments were mounted in wires for invitro vascular reactivity studies. 

Liver and kidney were isolated and fixed in 10% phosphate-buffered formalin (pH 7.0) 

and embedded in paraffin for histological examination. The tissues were stained with 

hematoxilin & eosin.  

SPECIFIC AIM 2: RESULTS 

In vitro vascular activity of the carotid artery 

The contractile responses to KCl were similar between the groups (Figure 16). 

The AUC and the Emax responses to PE were significantly lower in the VEGF-mFc 

compared with the VEGF-sFlt-1 and PBS-sFlt-1 mice (Figures 17a and 17b). The 

difference was abolished after incubation with L-NAME (Figure 18). The AUC and the 

Emax to TxA2 were significantly higher in the PBS-sFlt-1 compared with the VEGF-sFlt-1 
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and VEGF-mFc mice (Figures 19a and 19b). The Emax response to Ach did not show a 

significant difference between the three groups (Figure 20a). Vasorelaxation to SNP was 

significantly higher in the VEGF-sFlt-1 and VEGF-mFc compared with the PBS-sFlt-1 

mice (Figure 20b). 

Figure 16: Contractile Response to KCl in the Carotid Artery 

 

 

 

 

 

 

 

 
 
 
 
Figure 16 KCl contraction in the carotid artery at day 18 of gestation of pregnant mice 
treated with PBS-sFlt-1, VEGF-sFlt-1, and VEGF-mFc. 
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Figure 17a PE response curve                                                        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 Contractile responses to Phenylephrine (PE). Figure 17a PE concentration- 
response curve in the carotid artery at day 18 of gestation of pregnant mice treated with 
PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc in the mid-gestation. Figure 17b PE area under 
the concentration curve in the carotid artery at day 18 for the same treatment groups. 
Asterisk denoted an adjusted probability value < 0.05 of VEGF-mFc compared with 
VEGF-sFlt-1 and PBS-sFlt-1 mice (N = 6-8 vessels per group).  
 

 

 

 

 

 

 

 
 
 
 
 
Figure 18 Phenylephrine (PE) in presence of L-NAME concentration- response curve in 
the carotid artery at day 18 of gestation of pregnant mice treated with PBS-sFlt-1, VEGF-
sFlt-1, or VEGF- mFc in the mid-gestation (N = 6-7 vessels per group). 
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Figure 18: PE in presence of L-Name response curve 
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Figure 19a: TxA2 response curve 

 
 
 
 

 

 

 

 

 
 
Figure 19 Contractile responses to Thromboxane (TxA2). Figure 19a TxA2 concentration- 
response curve in the carotid artery at day 18 of gestation of pregnant mice treated with 
PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc in the mid-gestation. Figure 19b TxA2 area 
under the concentration curve for the same treatment groups. Asterisk denoted a 
probability value < 0.05 of PBS-sFlt-1 compared with VEGF-sFlt-1 and VEGF-mFc 
mice (N = 6-8 vessels per group).  
 

 

 

 

 

 

 

 

 

 
Figure 20 Vasorelaxation responses to Acetylcholine (Ach) and Sodium Nitroprusside 
(SNP).  Figure 20a Ach concentration- response curve in the carotid artery at day 18 of 
gestation of pregnant mice treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc in the 
mid-gestation. Figure 20b SNP concentration-response curve for the same treatment 
groups. Asterisk denoted an adjusted probability value < 0.05 of PBS-sFlt-1 compared 
with VEGF-sFlt-1 and VEGF-mFc mice (N = 7-11 vessels per group).  
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Renal and liver histopathological studies  

Microscopic examination of liver and kidney sections from the various studies 

groups revealed a few pathologic changes. The liver sections of the PBS-sFlt-1 group 

showed collections of neutrophils in the sinusoids. Several apoptotic bodies were 

observed, specially surrounding the terminal hepatic venules and in the periportal area. 

Mitotic figures were prominent and could be observed in almost every high-power field 

(Figure 21a).  Figure 21b shows representative photomicrographs from the liver tissue 

sections of the VEGF-sFlt1 pregnant mice. Tissue section appeared mostly unremarkable 

in this animal group. Occasional neutrophils and apoptotic bodies were identified. Most 

kidney sections were unremarkable. In the PBS-sFlt-1 group, rare intertubular cluster of 

polymorphonuclear cells and monocytes were observed (Figure 21c). The kidney sections 

of the VEGF-sFlt-1 mice did not revealed morphologic abnormalities (Figure 21d). Liver 

and kidney histology examination of the VEGF-mFc and VEGF-sFlt-1 mice were similar.   

Figure 21: Liver and kidney histology pictures 

 

 

 

 

Figure 21b Liver, VEGF-sFlt-1 Group Figure 21a Liver, PBS-sFlt-1 Group 
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SPECIFIC AIM 2: CONCLUSION 

Continuous infusion of VEGF-121 ameliorated vascular dysfunction in pregnant 

mice transfected with adenovirus vector carrying at day 8 of gestation. Improved vascular 

function was evidenced by decreased contractile response to TxA2 and increased 

vasorelaxant response to the NO donor SNP in the carotid artery of term pregnant mice 

treated with VEGF-sFl-t1 as compared with the PBS-sFlt-1 mice. These improvements in 

the carotid artery may have significance in relation to brain and other target organs blood 

flow in preeclampsia No significantly difference was seen in smooth muscle contractile 

responses to membrane depolarization by high-KCl solution, which indicates no 

structural changes in the carotid artery.  Although, the response to PE was lower in the 

VEGF-sFlt-1 than in the PBS-sFlt-1 mice the difference did not reach the significant 

level. It was surprising that vasorelaxation response to Ach did not vary considerably 

between the three treatment groups. We were also surprised for the lack of major 

histopathologic changes in the liver and kidney of sFlt-1 treated pregnant mice. This may 

be secondary to differences in the vulnerability of the endothelium and structure of 

Figure 21c Kidney, PBS-sFlt-1 Group Figure 21d Kidney, VEGF-sFlt-1 Group 

Inflammatory cell infiltrates 
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maternal organs to the biological actions of sFlt-1. The amount of sFlt-1 injected and the 

replication capacity of the adenovirus in the host liver are other plausible explanations of 

these findings. In contrast, VEGF treatment did not cause structural variation of the liver 

or kidney architecture. Histology exam of these organs in both of the VEGF treatment 

groups was unremarkable.   

SPECIFIC HYPOTHESIS 3: 

 VEGF-121 decreases hypoxic changes and thereby regulates the 

expression of hypoxia-related genes in the placenta and kidney of pregnancies with 

elevated circulating levels of sFlt-1.    

SPECIFIC AIM 3: 

 To compare mRNA expression level of the hypoxic induced factors in 

pregnant mice over-expressing sFlt-1 and treated with VEGF-121 or placebo. 

INTRODUCTION  

The results in the specific aims 1 and 2 have demonstrated the impaired maternal 

vascular function and signs of intrauterine growth restriction in the pups of sFlt-1 treated 

mice. We also evidenced decrease in endothelial dysfunction and acceleration of fetal 

growth in pregnancies with high levels of sFlt1 that were treated with VEGF-121. The 

development and function of the utero-placental unit depends primordially on a balanced 

production of angiogenic factors (Lunell, 1984).  

sFlt-1 is up-regulated in response to hypoxia. An in vivo study showed that rise in 

sFlt-1 levels induced artificially by decreasing the utero-placental blood flow correlates 

with the onset of preeclampsia and its severity (Makris, 2007). We have shown in our 

mouse model of preeclampsia indirect evidence of the relationship between high levels of 
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sFlt-1 and decreased placental blood flow (Lu, 2007). Therefore, placental hypoxia may 

be the main source of excess sFlt-1 production noted in preeclampsia. In turn, this factor 

can activate hypoxia signaling pathways in the placenta and other target organs such as 

the kidney.  

HIF is a key regulator of oxygen hemostasis. HIF-1α, one of the HIF isoforms, 

seems to be involved in the pathogenesis of several human ischemic diseases including 

preeclampsia (Semenza, 2000). This transcriptor factor regulates trophoblast 

differentiation by up-regulating the expression of TGFβ3. HIF-1α and TGFβ3 are over-

expressed in placental tissue from preeclamptic women (Caniggia 2000). The altered 

trophoblast differentiation could also be affected by GCM1, another gene which seems to 

be down-regulated in the preeclamptic placentas. We test the hypothesis that sFlt-1 

induces hypoxia changes in the placenta and the kidney by activating hypoxia-related 

genes and that can be reversed by the use of VEGF-121.  

SPECIFIC AIM 3: STUDY DESIGN 

CD1 mice at day 8 of gestation were randomly allocated to VEGF-121 400 

µg/kg/day or PBS in an osmotic minipump. At day 9, VEGF-treated mice were injected 

with adenovirus carrying sFlt-1 or mFc. PBS-treated mice were injected with adenovirus 

carrying sFlt-1. At day 18, placentas and kidneys were collected from these pregnant for 

detection of hypoxic genes expression levels.  

SPECIFIC AIM 3: RESULTS 

Gene expression of hypoxia-related genes in placenta and kidney 

The relative expression of HIF-1 alpha in the placenta was significantly higher in 

the sFlt-1 versus the VEGF-mFc treated animals. The difference between means of sFlt-1 
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mice respecting VEGF-sFlt-1 and VEGF-mFc mice were -8.5 (95% CI; -12.32,-4.67) and 

-7.67 (95% CI; -11.08,-4.25), respectively (Figure 22). In the kidney, HIF1-α expression 

was significantly lower in the VEGF-mFc mice compared to VEGF-sFlt-1 and PBS-sFlt-

1 animals (difference between means: 5.0 (95% CI; 2.55, 7.47) and 10.0 (95% CI; 7.8, 

12.19), respectively). Renal HIF-1α expression was also significantly lower in the VEGF-

sFlt-1 in reference to the PBS-sFlt-1 mice (Figure 23). Placental TGFβ3 expression level 

was significantly higher in the PBS-sFlt-1 versus the VEGF-mFc (difference between 

means: -8.5(95% CI; -11.89, -5.10) and the VEGF-sFlt-1 mice (difference between 

means: -7.25(95% CI; -11.04, -3.45); Figure 24). In the kidney, although TGFβ3 level 

was also higher in the PBS-sFlt-1 mice compared with the other groups, the difference 

was not significant (Figure 25). Placental GCM1 expression level was lower in the PBS-

sFlt-1 compared with the VEGF-treated groups. Difference between means compared 

with VEGF-sFlt-1 mice was 5.41(95% CI; 0.62, 10.21), whereas compared with VEGF-

mFc it was 8.83 (95% CI, 4.54-13.12; Figure 26). GCM1 expression was significantly 

higher in the VEGF-mFc mice compared with VEGF-sFlt-1 and PBS-sFlt-1 (difference 

between means: -6.58 (95% CI; -10.58, -2.58) and -8.5 (95% CI; -12.07, -4.92). Its 

expression did not vary significantly among the two latest groups (Figure 27). 
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Figure 22: Placental HIF-1α expression  

 
 
Fold expressions of HIF1α mRNA shown by Ct (RQ) values in the placenta at day 18 
of gestation in mice treated with sFl-t1, VEGF-sFlt-1, and VEGF-mFc. The asterisk 
denotes an adjusted p value of <0.05 for sFlt-1-treated pregnant mice versus VEGF-sFlt-1 
and VEGF-mFc mice. 

Figure 23: Renal HIF-1α expression  

 

 
Fold expressions of HIF1α mRNA shown by Ct (RQ) values in the kidney at day 18 
of gestation in mice treated with sFl-t1, VEGF-sFlt-1, and VEGF-mFc. a denotes an 
adjusted p value of <0.05 for VEGF-sFlt-1-treated pregnant mice versus PBS-sFlt-1 
mice. b denotes an adjusted p value of <0.05 for VEGF-mFc-treated pregnant mice 
versus the other two groups. 
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Figure 24: Placental TGFβ3 expression  

 
 
Fold expressions of TGFβ3 mRNA shown by Ct (RQ) values in the placenta at day 18 
of gestation in mice treated with sFl-t1, VEGF-sFlt-1, and VEGF-mFc. The asterisk 
denotes an adjusted p value of <0.05 for PBS-sFlt-1-treated pregnant mice versus the 
other groups. 
 

Figure 25: Renal TGFβ3 expression  

 

 
Fold expressions of TGFβ3 mRNA shown by Ct (RQ) values in the kidney at day 18 
of gestation in mice treated with sFl-t1, VEGF-sFlt-1, and VEGF-mFc.  
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Figure 26: Placental GCM1 expression  

 

 
Fold expressions of GCM1 mRNA shown by Ct (RQ) values in the placenta at day 18 
of gestation in mice treated with sFl-t1, VEGF-sFlt-1, and VEGF-mFc. The asterisk 
denotes an adjusted p value of <0.05 for PBS-sFlt-1-treated pregnant mice versus the 
other groups. 

Figure 27: Renal GCM1 expression  

 
 
Fold expressions of GCM1 mRNA shown by Ct (RQ) values in the kidney at day 18 
of gestation in mice treated with sFl-t1, VEGF-sFlt-1, and VEGF-mFc. The asterisk 
denotes an adjusted p value of <0.05 for VEGF-mFc-treated pregnant mice versus the 
other groups. 
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SPECIFIC AIM 3: CONCLUSION 

Results showing in aim 1 suggest that sFlt-1 over-expression diminishes utero-

placental blood flow as the placenta trends to be smaller and the pups weight are 

significantly lower in sFlt-1 treated mice that received PBS versus VEGF-121. These 

findings are correlated with indirect signs of placental hypoxia evidenced in aim 3. 

Placental relative expression of HIF-1α and TGFβ3 was significantly elevated, whereas 

GCM1 expression was lower in PBS-sFlt-1-treated mice compared to VEGF-sFlt-1 

animals. These findings suggest the presence of hypoxic placenta in this mouse model of 

preeclampsia, in which sFlt-1 is the main trigger factor. VEGF-121 therapy modulates the 

expression of these genes by reducing HIF-1α and TGFβ3 and increasing GCM1. 

Furthermore, the expression levels in the VEGF-sFlt-1 mice were equivalent to that seen 

in the VEGF-mFc mice. In conclusion, this therapy seems to facilitate an increase in 

placental blood flow and placental oxygenation leading to a rise in fetal blood supply and 

consequently an acceleration in intrauterine growth as was demonstrated in aim 1.  

sFlt-1 elicited a higher expression of HIF-1α, but did not pose a major effect in 

the TGFβ3 expression in the kidney. In addition, GCM1 expression in this organ was 

minimally modified by sFlt-1 overexpression. The endothelium that covers renal vessels 

seems to be vulnerable to sFlt-1 actions in a similar fashion to that in the placental 

vascular bed. We showed that sFlt-1 expression was higher in the PBS-sFlt-1 mice than 

in the VEGF-sFlt-1 mice.  However, we did not find major changes in the expression of 

TGFβ3 across the treatment groups suggesting that it is not activated under renal hypoxia 

or ischemia. The lack of activation of this gene makes us believe that different genes may 

be involved in response to excess circulating sFlt-1. TGFβ1, an isoform of the TGFβ 

gene, plays an important role in the formation of fenestrated glomerular endothelium 

(Liu, 1999; Ballermann, 2007). It is plausible that induction of renal ischemia by sFlt-1 
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results in altered expression of TGFβ1 instead of TGFβ3 and that deserves further 

investigation. The expression level of the third gene, GCM1, did not differ significantly 

as result of VEGF-121 therapy. Possible explanations of this finding are either GCM1 is 

not down-regulated in response to renal ischemia/hypoxia or the plasma levels of sFlt-1 

reached in our study are insufficient to alter its expression.  

SPECIFIC HYPOTHESIS 4: 

 VEGF-121 therapy prevents altered fetal vascular programming in 

pregnancies overexpressing sFlt-1 reducing the risk for vascular disease in the 

offspring later in life.  

SPECIFIC AIM 4: 

 To evaluate fetal vascular programming by determining blood pressure and in 

vitro vascular function in the carotid artery of adult offspring born to pregnant mice 

over-expressing sFlt-1 that were treated with VEGF-121 or placebo.  

INTRODUCTION  

In fetal life the tissues and organs go through critical periods of development, 

which may coincide with periods of rapid cell division (Widdowson, 1975). The 

―Barker‘s Hypothesis‖ states that the intrauterine environment where the fetus develops 

can be altered by insults or stimulus occurring during critical periods leading to lifelong 

effects, a process known as fetal programming (Barker, 1986; 1989). Persisting changes 

in the structure may have permanent specific disruptions in the development of various 

organ systems, including the cardiovascular and metabolic systems (Barker, 1986; 1989). 

Under nutrition in utero may be one of the influences that program the human body. 

Epidemiological studies have demonstrated that low birth weight predisposes 
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cardiovascular diseases later in life such as coronary artery disease, stroke and 

hypertension (Barker, 1989; Hoy, 1999). 

The environment in which the fetus develops is created by interactions between 

the fetal genome and the intrauterine environment, and that may be operational in 

pregnancy complicated by vascular diseases such as diabetes, hypertension and 

preeclampsia. However, the observed association between an unfavorable/hostile fetal 

environment and diseases in later life may be confounded by the presence of a genetic 

predisposition for a particular disease. This is more applicable to cardiovascular 

and/metabolic disorders since genetic predispositions for these disorders may affect the 

fetal environment, as well as the risk for adult diseases when they occur in both mother 

and offspring. In these cases, epidemiological studies may not be able to differentiate or 

quantify the risk of a specific disease in later life caused between a hostile intrauterine 

environment versus a hereditary predisposition (Dunger, 2006). Animal models can be 

very useful to discern the role of intrauterine environment and genetic predisposition for 

systemic disorders like preeclampsia.  

The elevated incidence of fetal growth restriction in pregnancies complicated by 

preeclampsia is associated with placental dysfunction resulting in decreased fetal 

nutritional supply and adverse intrauterine environment (Zusterzeel, 2001; Naicker, 

2003). In this regard, the utero-placental insufficiency that occurs in preeclampsia can 

potentially lead to altered fetal vascular programming and risk of cardiovascular disease 

later in life. Epidemiological data have found that SBP is higher in the offspring born to 

preeclamptic mothers compared to those who were normotensive and the BP difference 

started to be noticed as early as the adolescence age (Øglaend, 2009).  These findings 

have been confirmed in animal models of preeclampsia. Previous data from our lab 

showed that BP of male offspring born to mothers that were injected with adenovirus 
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carrying sFlt-1 was significantly higher that the similarly aged male offspring born from 

mFc-treated mothers (Lu, 2007b). These differences were not present in adult female 

offspring suggesting a gender-sensitive fetal programming in our animal model of 

preeclampsia. Based on the strong evidence from human and animal studies that supports 

fetal programming in response to adverse intrauterine environment, we hypothesize that 

adult offspring born to mothers treated with sFlt-1 develop vascular dysfunction and high 

BP as early as 3 months of age and those changes are prevented with VEGF-121 therapy 

during gestation.   

SPECIFIC AIM 4: STUDY DESIGN 

A subset of pregnant mice from each of the three experimental groups (N= 4-6 per 

group) were allowed to deliver. The offspring were weaned at day 21 and a subset of 

female and male offspring were randomly separated (N = 10-12 males and 10-12 females 

per group). Offspring were weighed weekly from week 4 to week 9 of age. At 3 months 

of age, a subset of male (N = 4-6 per group) and female (N = 4-6 per group) offspring 

were randomly assigned to insertion of BP catheters through the left carotid artery into 

the aortic arch and tunneled to a telemetric transmitter. BP was recorded continuously for 

1 week. SBP, MBP, and DBP were averaged over 12 hour intervals. Consequently, 

animals were sacrificed and 2 mm segments of carotid arteries were mounted in a small-

vessel myograph for vascular reactivity studies. Four to six female and male offspring for 

each group underwent same experimental procedures at 6 months of age.  
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SPECIFIC AIM 4: RESULTS 

Post weaning weight 

Female and male offspring from sFlt-1, VEGF-sFlt-1, and VEGF-mFc-treated 

pregnant mice were followed towards adulthood. Using repeated measure mixed models, 

we found that weight from weaning towards adulthood in the female offspring was 

significantly predicted by in-utero treatment exposure (PBS-sFlt-1,  VEGF-sFlt-1, or 

VEGF-mFc) and post-weaning age (weeks), being their F values were 29.58 and 63.23, 

respectively (p < .0001). There was no significant interaction between these two 

independent variables in the model (F = 1.64; p = 0.10). At four-weeks of age, the weight 

of PBS-sFlt-1 female offspring was significantly lower than that in the VEGF-sFlt-1 and 

VEGF-mFc female mice (Figure 28). By the fifth week of postnatal age, weight 

difference was still in favor of the VEGF-mFc mice compared with the sFlt-1 mice, but it 

was similar between the VEGF-sFlt-1 and sFlt-1 mice. The weight was not significantly 

distinct from week 6 onward across the groups (Figure 28).   

Similar to female offspring, in-utero treatment and postnatal age were significant 

predictors of the male offspring‘s weight from week 4 to week 9 of age (F = 49.49 and 

119.82, respectively; p < .0001). However, there was significant interaction between 

treatment and postnatal age among this offspring group (F = 2.35; p = 0.01). Weight of 

offspring born to VEGF-mFc mothers were consistently higher than the weight of those 

born to PBS-sFlt-1 pregnancies. Furthermore, VEGF-sFlt-1 male offspring‘s weight was 

significantly higher than that of PBS-sFlt-1 mice, except on week 6 and week 9 (Figure 

29). VEGF-sFlt-1 and VEGF-mFc offspring had a similar weight during the post weaning 

observation time. 
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Figure 28: Female post-weaning weights 

 

 
 

 

 

 

 

 

 
Figure 28 Post weaning mean weight of female offspring, born to pregnancies treated 
with PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc. Data are shown as mean ± SEM.   a 
denotes an adjusted probability value of < 0.05 for PBS-sFlt-1 versus VEGF-sFlt-1 and 
VEGF-mFc female offspring. b denotes an adjusted probability value of < 0.05 for PBS-
sFlt-1 versus VEGF-mFc female offspring.  
 

Figure 29: Male post-weaning weights  

 

 

 

 

 

 

 

 
Figure 29 Post weaning weight of male offspring born to pregnant mothers treated with 
PBS-sFlt-1, VEGF-sFlt-1, and VEGF-mFc. Data are shown as mean ± SEM. a denotes an 
adjusted probability value of <0.05 for PBS-sFlt-1 versus VEGF-sFlt-1 and VEGF-mFc 
male offspring. b denotes an adjusted probability value of <0.05 for PBS-sFlt-1 versus 
VEGF-sFlt-1mice. 
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Blood pressure in female offspring 

We created repeated measures mixed models to analyze BP in the offspring using 

the same variables used in the models for maternal BP. In the 3 month-old female 

offspring, treatment did not predict significantly MBP (F = 0.51; p = 0.60). In contrast, 

observation time (days) was a significant predictor of MBP (F = 10.30; p < .0001).  MBP 

averaged over 12 hour periods is illustrated in Figure 30. Overall, MBP was slightly 

lower in the female offspring born to pregnancies treated with VEGF-sFlt-1 and VEGF-

mFc compared with those treated with PBS–sFlt-1 (106.03 ± 1.20 mmHg and 108.34 ± 

0.91 mmHg versus 111.45 ± 0.88 mmHg,). A similar pattern was seen for SBP and DBP 

across the groups. At 6 months of age, time of BP recording (day-time versus night-time) 

predicted significantly MBP (F = 37.23; p < .0001), being night-time lower than day-time 

BP. For this group, type of treatment in utero did not have any significant effect in MBP 

(F = 0.51; p = 0.60). No significant interactions were evidenced among the independent 

variables. Figure 31 illustrated MBP in the 6-month of age female offspring.  

Figure 30: Blood pressure in 3 month-old female offspring  

 

 

 

 

 

 

 

 
Figure 30 MBP pressure, averaged over 12-hour periods in 3 month-old female offspring 
born to pregnant mothers treated with PBS-sFlt-1, VEGF-sFlt-1 and VEGF-mFc recorded 
from day 2 to day 7 after transducer insertion. Data are shown as mean ± SEM. 
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Figure 31: Blood pressure in 6 month-old female offspring  

 

 

     

 

 

 

 

 
Figure 31 MBP, averaged over 12-hour periods in 6 month-old female offspring born to 
pregnant mothers treated with PBS-sFlt-1, VEGF-sFlt-1 and VEGF-mFc recorded from 
day 2 to day 7 after transducer insertion. Data are shown as mean ± SEM. 

Blood pressure in male offspring 

 Type of treatment in-utero (PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc) and the 

recording period (days) had a significant effect on MBP in the 3 month-old male 

offspring (F = 5.03; p = .007 and F = 10.90; p < .0001, respectively). At this age, MBP 

was higher in the male offspring born to PBS-sFlt-1 mothers than the MBP in the 

offspring from VEGF-sFlt-1 and VEGF-mFc pregnancies (Figure 32). The BP did not 

differ significantly among the VEGF-sFlt-1 and VEG-mFc mice. In the six-months of age 

male offspring, all of the independent variables included in the model as they were 

treatment, recording period, and night vs day  BP recording were significant predictors of 

MBP (F = 7.62 (p = .0007), F = 20.97 (p < .0001), and F = 18.08 (p < .0001), 

respectively). Notable interactions were seen between these variables. Similar to the 3 

month-old male offspring, overall MBP was higher in the male offspring born to PBS-

sFlt-1 mothers as compared to the VEGF-sFlt-1 and VEGF-mFc offspring as shown in 

Figure 33.  VEGF-sFlt-1 and VEGF-mFc offspring had similar BP. 
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Figure 32 Blood pressure in 3 month-old male offspring 

  
 

 

 

 

 

 

 
Figure 32 MBP pressure, averaged over 12-hour periods in 3 month-old male offspring 
born to pregnant mothers treated with PBS-sFlt-1, VEGF-sFlt-1 and VEGF-mFc recorded 
from day 2 to day 7 after transducer insertion. a denotes an adjusted p value < 0.05 for 
PBS-sFlt-1 compared with VEGF-sFlt-1 mice. b denotes an adjusted a p value < 0.05 for 
PBS-sFlt-1 versus VEGF-sFlt-1 and VEGF-mFc mice.  Data are shown as mean ± SEM. 
 

Figure 33 Blood pressure in 6 month-old male offspring     

 

 

 

 

 

 

 

 
 
Figure 33 MBP averaged over 12-hour periods in 6 month-old male offspring born to 
pregnant mothers treated with PBS-sFlt-1, VEGF-sFlt-1 and VEGF-mFc recorded from 
day 2 to day 7 after transducer insertion. a denotes an adjusted p value < 0.05 for PBS-
sFlt-1 compared with VEGF-sFlt-1 mice. b denotes an adjusted a p value < 0.05 between 
PBS-sFlt-1 and VEGF-mFc mice.  Data are shown as mean ± SEM. 
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Carotid artery vascular activity in female offspring 

Vascular studies were performed in 3 and 6 month old female offspring born to 

pregnancies treated with PBS-sFlt-1, VEGF-sFlt-1, and VEGF-mFc. The contractile 

responses to KCl did not differ significantly between the 3 month-old female groups 

(2.97± 0.51 mN, 2.92 ± mN, and 3.45 ± 0.43 mN for PBS-sFlt-1, VEGF-sFlt-1, and 

VEG-mFc treatments, respectively). There was no significant difference in the contractile 

responses to PE and TxA2 between these female offspring groups (Figures 34 and 35). A 

similar pattern was seen with the vasorelaxant response to Ach and SNP across the 

groups (Figures 36 and 37).  

Figure 34 PE response in the 3-month old female offspring 

 

 

 

 

 

 

 

 
 
 
Figure 34 Phenylephrine (PE) concentration curve in the carotid artery of offspring from 
mothers treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 10-12 per group).  
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Figure 35 TxA2 response curve in the 3-month old female offspring 

 

 

 

 

 

 

 

 

 
Figure 35 Thromboxane (TxA2) concentration- response curve in the carotid artery of the 
offspring from mothers belonging to distinct treatment groups (N = 9-12 per group).  

Figure 36 Ach  response curve in the 3-month old female offspring 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 36 Ach concentration- response curve in the carotid artery of offspring born to 
pregnancies treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 9-11 per group).  
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Figure 37 SNP  response curve in the 3-month old female offspring 

 
 
 

 

 

 

 

 

 

 
 
Figure 37 Sodium Nitroprusside (SNP) concentration-response curve in the carotid artery 
of offspring from the distinct treatment group mothers (N = 9-12 per group). 

KCl response was no significantly different among the 6 month female offspring 

born to mothers treated with PBS-sFlt-1, VEGF-sFlt-1, and VEGF-mFc (3.28 ± 0.19 mN, 

3.72 ± 3.72 ± mN, respectively). The response to the highest concentrations of PE was 

significantly higher in the female offspring born to VEGF-sFlt-1 versus PBS-sFlt-1 

prenatal treatments (Figure 38). The Emax PE contractile response was higher in the 

VEGF-mFc than in the PBS-sFlt-1 female offspring. The presence of L-Name abolished 

the aforementioned PE contractile response differences. There was no significant 

difference on the PE responses among VEG-sFlt-1 and VEGF-mFc mice. Similarly, 

contractile response to TxA2 did not vary significantly across the groups (Figure 39). 

Vasorelaxation to Ach was achieved faster in the VEGF-mFc offspring than in the 

VEGF-sFlt-1 and PBS-sFlt-1 mice (Figure 40). However, the Emax response to Ach did 

not vary significantly across the groups. The response to the agent SNP was similar 

between the 6 month old female offspring (Figures 41).  
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Figure 38: PE response curve in the 6-month old female offspring 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38 Phenylephrine (PE) concentration curve in the carotid artery of offspring from 
mothers with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 8-10 per group). a denotes 
an adjusted p value < 0.05 for PBS-sFlt-1 versus VEGF-sFlt-1 group. b denotes an 
adjusted p value < 0.05 for PBS-sFlt-1 versus VEGF-mFc and VEGF-sFlt-1 group.  
 

Figure 39: TxA2 response curve in the 6-month old female offspring  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39 Thromboxane (TxA2) concentration- response curve in the carotid artery of the 
offspring born to mothers treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc (N = 8-
10 per group).  
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Figure 40: Ach Response curve in the 6-month old offspring 

 

 

 

 

 

 

 

 
 
 
Figure 40 Acethylcoline (Ach) concentration- response curve in the carotid artery of 
offspring born to pregnancies treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 
8-10 per group). a denotes an adjusted p value < 0.05 for VEGF-mFc mice versus VEGF-
sFlt-1 and PBS-sFlt-1 mice.  

Figure 41: SNP Response curve in the 6-month old female offspring 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41 Sodium Nitroprusside (SNP) concentration-response curve in the offspring 
born to mothers treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF-mFc (N = 7-10 per 
group). 
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Carotid artery vascular activity in male offspring 

 Male offspring underwent vascular reactivity studies in the carotid artery 

following the same protocol used for the female offspring. KCl responses did not differ 

significantly among the 3 month male offspring born to mothers treated with PBS-sFlt-1, 

VEGF-sFlt-1, or VEGF-mFc (3.82 ± 0.32 mN, 4.12 ± 0.19 mN, and 3.97 ± 0.20 mN, 

respectively). Contractile responses to PE and TxA2 were similar among the 3 month old 

male offspring (Figures 42 and 43). A similar pattern was seen with the relaxant 

responses to Ach and SNP across the groups (Figures 44 and 45).     

Figure 42: PE Response curve in the 3 month-old male offspring 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42 Phenylephrine (PE) concentration curve in the carotid artery of offspring from 
mothers with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 7-10 per group).  
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Figure 43: TxA2 response curve in the 3-month old male offspring 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 43 Thromboxane (TxA2) concentration- response curve in the carotid artery of the 
offspring born to mothers treated with PBS-sFlt-1, VEGF-sFlt-1 or VEGF-mFc (N = 7-10 
per group).  
 
Figure 44: Ach response curve in the 3-month old male offspring 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44 Acethylcoline (Ach) concentration- response curve in the carotid artery of 
offspring born to pregnancies treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 
8-10 per group).  
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Figure 45: SNP Response curve in the 3-month old male offspring 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45 Sodium Nitroprusside (SNP) concentration-response curve in the offspring 
born to mothers treated with PBS-sFlt-1, VEGF-sFlt-1, and VEGF-mFc (N = 8-10 per 
group).  

There was no significant difference on the KCl response between the 6 month old 

PBS-sFlt-1, VEGF-sFlt-1, and VEGF-mFc male offspring (3.93 ± 0.29 mN, 4.41 ± 0.26 

mN, and 3.76 mN ± 0.31 mN, respectively). The Emax response to the contractile agent 

PE was significantly higher in the 6 month PBS-sFlt-1 male offspring than in their 

counterpart VEGF-sFlt-1 and VEGF-mFc offspring (Figure 46). In a similar fashion, 

response to TxA2 in these PBS-sFlt-1 offspring was significantly higher than in the 

offspring born to mothers that received prenatal VEGF treatment (Figure 47).  The 

presence of L-Name abolished the PE contractile response differences among the 

offspring groups. The response to the endothelium dependent agent Ach was significantly 

higher in the 6 month old VEGF-mFc male offspring than in the 6 month old male 

offspring born to VEGF-sFlt-1 and PBS-sFlt-1 mothers (Figure 48). The response to the 

NO donor SNP was significantly higher in the offspring from VEGF-sFlt-1 and VEGF-

mFc than in those born to PBS-sFlt-1 pregnancies (Figure 49). 

      

SNP, log [M]

-10 -9 -8 -7 -6 -5

%
 R

el
a

x
a

ti
o

n
 o

f 
P

E
 C

o
n

tr
a

ct
io

n
-20

0

20

40

60

80

100

120

PBS-sFlt-1

VEGF-sFlt-1

VEGF-mFc



 97 

Figure 46: PE response curve in the 6-month old male offspring 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46 Phenylephrine (PE) concentration curve in the carotid artery of offspring from 
mothers with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 6-9 per group). The asterisk 
denotes an adjusted p value < 0.05 for PBS-sFlt-1 versus VEGF-sFlt-1 and VEGF-mFc 
offspring.  

Figure 47: TxA2 response in the 6-month old male offspring 

 
 

 

 

 

 

 

 
 
 
Figure 47 Thromboxane (TxA2) concentration- response curve in the carotid artery of the 
offspring from the mother-treatment groups (N = 6-9 per group). a denotes an adjusted p 
value < 0.05 for PBS-sflt-1 versus VEGF-sflt-1 mice. b denotes an adjusted p value < 
0.05 for PBS-sFlt-1 versus VEGF-sFlt-1 and VEGF-mFc mice.  
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Figure 48: Ach response curve in the 6-month old male offspring 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48 Acethylcoline (Ach) concentration- response curve in the carotid artery of 
offspring born to pregnancies treated with PBS-sFlt-1, VEGF-sFlt-1, or VEGF- mFc (N = 
8-11 per group). a denotes an adjusted p value for VEGF-sFlt-1 versus PBS-sFlt-1 mice. 
b denotes an adjusted p value < 0.05 for VEGF-mFc versus PBS-sFlt-1 mice.    

Figure 49: SNP response curve in the 6-month old male offspring 

 

 

 

 

 

 

 

 
 
Figure 49 Sodium Nitroprusside (SNP) concentration-response curve for the mother‘s 
treatment groups (N = 8-10 per group). a denotes an adjusted p value for PBS-sFlt-1 
versus VEGF-sFlt-1 and VEGF-mFc. b denotes an adjusted p value < 0.05 for VEGF-
mFc versus PBS-sFlt-1 mice.   

Ach, log [M]

-10 -9 -8 -7 -6 -5

%
 R

e
la

x
a

ti
o

n
 o

f 
P

E
 C

o
n

tr
a
c
ti

o
n

-20

0

20

40

60

80

100

120

PBS-sFlt-1

VEGF-sFlt-1

VEGF-mFc
ab

ab

ab
ab

ab
ab

b b b b

SNP, log [M]

-10 -9 -8 -7 -6 -5

%
 R

e
la

x
a

ti
o

n
 o

f 
P

E
 C

o
n

tr
a

c
ti

o
n

-20

0

20

40

60

80

100

120

140

PBS-sFlt-1

VEGF-sFlt-1

VEGF-mFc

b

b

a
a

a aa



 99 

SPECIFIC AIM 4: CONCLUSION 

Our results showed that the intrauterine growth abnormality associated with sFlt-1 

overexpression as was described in aim 1 persisted postnatally. By week 4 of life both 

male and female offspring born to mothers treated with sFlt-1 in the mid-gestation had a 

significantly lower weight than those born to VEGF-treated mothers. From there onward, 

the growth accelerated in both male and female offspring being more marked in the latest 

group. Thus, the males remained smaller for most of the postnatal development. Their 

weight was comparable to their counterpart males born to VEGF-treated mothers only by 

9 weeks of postnatal life. These growth abnormalities may be associated with the 

consequent findings of hypertension and vascular dysfunction seen in the adult male 

offspring born to sFlt-1 mothers. Hypertension was exclusively seen in the male sFlt-1 

offspring since 3 months of age. Importantly, prenatal VEGF treatment prevented 

hypertension in these mice. The protective effect was persistent as the BP in the VEGF-

sFlt-1 male offspring at 3 and 6 months of age was equivalent to the BP of those born to 

mothers treated with VEGF and mFc, the control of the virus. The high BP in the adult 

male offspring from sFlt-1 treated pregnancies was associated with vascular dysfunction, 

which was seen in invitro vascular studies of the carotid artery. However, these 

pathologic changes were only noted at 6 months of age suggesting that endothelial 

dysfunction has a slow progression during adulthood. Prenatal VEGF infusion also 

prevented endothelial dysfunction highlighting the role of this prenatal therapy in 

improving intrauterine environment and thereby in reducing the risk of vascular diseases 

later in life. Our results confirm a gender-sensitive developmental programming of BP 

and vascular function in this particular animal model of adverse uterine environment.   

Hypertension and vascular dysfunction in the 6 month old male offspring in association 

with altered post-weaning growth support the developmental origin of the hypertension.  
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CHAPTER 4: DISCUSSION 

Strong evidence from human and animal studies support the role of imbalance of 

angiogenic factors in the pathogenesis of preeclampsia. sFlt-1, or soluble VEGFR-1 

receptor of native VEGF inhibits the proangiogenic actions of VEGF and PlGF in the 

maternal endothelium and placental vascular bed leading to the clinical signs of 

preeclampsia. In recent years, we validated an animal model of preeclampsia by 

transfecting pregnant mice with adenovirus carrying sFlt-1 mice in mid-gestation. 

Remarkable pathological changes in this model include maternal hypertension, 

endothelial dysfunction, and signs of renal injury. We also demonstrated signs of 

placental hypoxia, intrauterine growth restriction and elevated BP in the adult male 

offspring born to sFlt-1-treated pregnancies. Considering that these findings resemble 

closely preeclampsia, the next step was to test the efficacy of a novel therapy that would 

reverse the effects of sFlt-1. We hypothesized, that the use of exogenous VEGF in 

pregnant mice overexpressing sFlt-1 inhibits the circulating levels of this antiangiogenic 

factor, promotes proangiogenic actions in the maternal endothelium and placenta and thus 

improves the aforementioned maternal and fetal abnormalities. 

EFFECTS OF VEGF-121 IN MATERNAL VASCULAR FUNCTION 

We showed that VEGF-121 therapy in an animal model of preeclampsia induced 

by overexpression of sFlt1 improves maternal vascular function. This therapy decreased 

systemic BP and thus prevented hypertension in pregnant mice that overexpressed sFlt-1.  

Reduction of BP was persistent throughout the duration of therapy, but was more 

pronounced in late gestation. It is important to note, that treatment period had a 

significant effect on the maternal BP and that interacted with the above-described effect 

exerted by VEGF. Infusion of VEGF-121 also was associated with improved vascular 
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endothelial cell function as the VEGF-sFlt-1 compared with the PBS-sFlt-1 pregnant 

mice had a lower contractile response to TxA2 and higher vasorelaxation to the NO donor 

SNP in invitro vascular reactivity studies using vascular rings of the carotid artery. 

Surprisingly, the response to PE and Ach did not vary significantly among the treatment 

groups. 

In Similarity to our findings, other investigators have observed beneficial effects 

of VEGF-121 in pregnancies overexppressing sFlt-1. An animal study observed that 

recombinant human VEGF-121 reduced BP and ameliorated renal damage in pregnant 

mice transfected with adenovirus carrying sFlt-1 (Li, 2007). Others showed that co-

administration of 3.5x10
9 

PFU of Adv-sFlt-1 and 1x10
8
 VEGF-encoding virus particles to 

Balb/c mice also resulted in significant reduction of BP and improvement of the 

glomeruli pathogenic changes (Bergmann, 2010). Our study, however, differed from 

these studies on the employed drug delivery method. Instead of scheduled injections, we 

used a continuous osmotic delivery system that releases the drug at a constant rate 

leading to a steady drug bioavailability in target organs. This method also poses the 

advantage of minimizing animal handling and pain attributed to scheduled injections, two 

recognized influences on arterial BP. The use of osmotic minipumps medicated with 

VEGF-121 also decreased BP in a rat model of preeclampsia induced by chronic RUPP 

(Gilbert, 2010). In this study, VEGF-121 also normalized glomerular filtration rate and 

endothelial function in the RUPP rats.  

We noticed a slight increase in BP in the VEGF-sFlt-1 mice in late gestation 

which contrasted with the physiologic drop in BP in the VEGF-mFc group. It is plausible 

that late in gestation, the constant release of sFlt-1 into systemic circulation by the 

transduced hepatocytes (Lu, 2007a) may have overcame the binding capacity of VEGF-

121 limiting its biological actions including vasodilatation. Alternatively, VEGF-121 



 102 

may partially reduce the heterodimerization of sFlt-1 with the extra-cellular ligand 

binding region of the membrane spanning VEGF receptors that blocks the 

phosphorylation and activation of the downstream signal transduction pathways for 

endothelial cell proliferation (Kendall, 1996).  The mechanisms involved in the reduction 

of BP and improvement of endothelial cell dysfunction are probably inhibition of 

circulating sFlt-1 allowing natural VEGF and PlGF to bind the endothelial surface 

receptors VEGFR-1 and VEGFR-2 as well as a direct vasodilatory effect of the 

exogenous VEGF (Ferrara, 2003). It is also plausible that VEGF-121 binds the 

endothelial cell membrane receptors VEGFR-1 and VEGFR-2 and thereby activates cell 

signaling pathways that induce endothelial cell proliferation, endothelial survival, 

angiogenesis, vasopermeability, and vasodilatation. Activation of the PGI2 signaling 

pathway through VEGFR-2 may play a major role in the vasodilatory effects seen by 

VEGF-121 therapy. 

VEGF signaling is inducible under physiological and pathological processes. 

Angiogenesis is a key process for the formation of the placental vascular bed and is 

fundamental in the development of the fetal vascular system. In contrast, abnormal 

angiogenesis occurs in pathological disorders like neoplasia. Thus, inhibition or 

activation of the VEGF signaling has turned into an effective therapy modality for certain 

conditions.   Inhibition of angiogenesis is now an effective approach to cancer therapy 

tested in multiple clinical trials. Several VEGF inhibitors have received FDA approval 

including bevacizumb (Avastin), sorafenib (Nexavar), sunitinib (Sutent), and pazopanib 

(Votrient). These medications are, however, associated with cardiovascular toxic effects 

such as hypertension and proteinuria, the predominant signs of preeclampsia. It has been 

suggested that these drugs raise BP by increasing the vascular tone because of reduction 

of NO production and by increasing vascular peripheral resistance because of endothelial 
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cell damage and dysfunction (Fernando, 2003; Posey, 2003). Inhibition of VEGF through 

the use of the above-mentioned therapeutic agents or induced by elevated circulating sFlt-

1 levels in pregnancy share similar vascular phenotypes. Therefore, targeting sFlt-1 may 

be a potentially efficacious therapy for pregnancies affected by overproduction of this 

antiangiogenic factor. We successfully achieved increased circulating levels of sFlt-1 

using an adenovirus to introduce the gene encoding sFlt-1 into the host DNA, likely in 

the hepatocytes. Administration of VEGF-121 decreased sFlt-1 levels by 61% and 56% 

on days 14 and 18 of gestation, respectively. This reduction is likely responsible for the 

improvement in maternal vascular function seen in our study.  

VEGF-121 THERAPY AND PLACENTAL FUNCTION 

 We have shown that VEGF-121 therapy reduces placental hypoxia in pregnancies 

overexpressing sFlt-1. Along with this effect, weight of term pups from VEGF-sFlt-1 

treated mothers was significantly higher than the pup‘s weight of sFlt-1 treated 

pregnancies. Placenta weight also trended to be higher in pregnancies treated with VEGF. 

All together, our results suggest that the use of VEGF-121 increases placental blood flow 

facilitating oxygen and micronutrient exchange at the maternal-fetal interface and thus 

prevents intrauterine growth restriction.    

Angiogenic factors play an essential role in the regulation of placental vascular 

development and function (Redman, 2005; Young, 2010; Maynard, 2003). Placental 

hypoxia seems to be the insult leading to an excessive placental production of sFlt-1 

(Maynard, 2003). This factor binds with high affinity the proangiogenic factors VEGF 

and PlGF in the maternal circulation, acting as a potent antagonist of their biological 

function. Our study provided the evidence that an increase in sFlt-1 levels during 

pregnancy was a primary event leading to the abnormal placentation and hypoxic 
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placenta. The etiology of increased sFlt-1 level in preeclampsia remains unknown; 

however there is evidence that lowered oxygen tension in cytothrophoblast culture and 

villous explants causes increased sFlt-1 expression suggesting that sFlt-1 expression may 

be stimulated by hypoxia (Ahmad, 2004). Furthermore, VEGF expression increases, but 

free VEGF and PlGF are low, which suggests that sFlt-1 exceeds VEGF production 

resulting in a net antiangiogenic effect.  

In our study, excess of circulating sFlt-1 elicited the activation placental signaling 

pathways involved in oxygen hemostasis at the transcriptional level. Simultaneously, free 

VEGF plasma concentrations were depleted. Placental mRNA levels of HIF-1α and 

TGFβ3 were elevated, while GCM1 levels were decreased in sFlt-1 pregnant mice as 

compared with controls. These results agree with data reported in clinical studies. HIF-1α 

and TGFβ3 are over-expressed (Caniggia 2000), whereas placental GCM1 gene 

expression is decreased in villous explants from preeclamptic pregnancies (Chen, 2004; 

Chang, 2008). Thus, upregulation of HIF-1α and TGFβ3 as well as low GCM1 

expression could be responsible of pathologic placental changes seen in preeclampsia 

including poor trophoblast differentiation and growth, and lack of remodelation of the 

spiral arteries. These factors also play an important role in placental development and 

function in mice.  For example, the placenta from GCM1-deficient mice has a complete 

block of vessel branching in the chorioallantoic interface and chorionic trophoblast cells 

which do not fuse to form the syncytiotrophoblast (Anson-Cartwright, 2000).   

VEGF-121 therapy not only reduced circulating sFlt-1 levels, but also replete 

plasma levels of free VEGF, enhancing proangiogenic actions of native VEGF in 

maternal endothelium and placental vascular bed.  Transcriptional level of the study 

genes in sFlt-1 mice that received VEGF-121 was equivalent to the levels seen in the 

control group suggesting that this therapy may induce placental reoxygenation and repair 



 105 

of damaged endothelium in placental blood vessels. This will be further study by 

examining the expression of these genes at the protein level using western blot and 

immunohistochemistry techniques. The aforementioned effects of VEGF-121 may have 

important clinical implications as it alleviates placental dysfunction and that can lead to 

improvement of oxygen and nutrient supply to the fetus reducing substantially perinatal 

and neonatal morbidity and mortality related to preeclampsia.  

KIDNEY AND LIVER HISTOLOGY AND VEGF-121 THERAPY  

High levels of circulating antiangiogenic substances like sFlt-1 seem to cause 

renal injury by depriving the glomerular endothelium of essential growth factors 

(Maynard, 2003). The classic renal lesion in preeclampsia is glomerular endotheliosis, 

which is demonstrated by the loss of glomerular endothelial cell fenestrae and glomerular 

endothelial swelling and proteinuria (Ballermann, 2007; Stillman, 2007). It has been 

known that VEGF plays an important role in the glomerular endothelial cell fenestrae 

formation and the reduced VEGF production by 50% in a mouse glomerulus could lead 

to glomerular endotheliosis and the loss of glomerular endothelial fenestrae (Eremina, 

2003). Therefore, inhibitions of VEGF by sFlt-1 or neutralizing VEGF antibodies could 

result in glomerular injury (Sugimoto, 2003; Karumanchi, 2006). In previous studies of 

our lab, we showed findings of glomerular injury through histology examination of 

pregnancies that over-express sFlt-1. However, this effect has not seen consistently in all 

pregnancies injected with Adv-sFlt-1. Thus, Adv-sFlt-1 dose seems to be critical for 

induction of kidney injury. When we developed our model the optimal dose of Adv-sFlt1 

was set at 10
9
 PFU as it induced more closely signs of preeclampsia. Higher doses 

resulted in pregnancies losses and were lethal for the mother in many circumstances.  

Others agree with our observations. In a rat model of preeclampsia, Adv-sFlt-1 ≤ 1x10
9
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PFU had no effect on the kidney histology, whereas injection of Adv-sFlt-1 between 2.5-

3.5x10
9
 PFU induced moderate histochemical changes in the glomeruli (Bergmann, 

2010). Doses between 5-7.5x10
9 

PFU resulted in severe histological changes including 

severe endotheliosis and occlusion of capillary lumens. VEGF-121 therapy seems to have 

protective effects in the renal endothelium as histology exams of sFlt-1 pregnancies 

treated with VEGF-121 were unremarkable and comparable to controls. The variability 

seen in  renal histology exams in our study may be related to the results obtained in the 

mRNA expression of the study genes in this organ.  Although HIF-1α expression was 

higher and GCM1 was lower in the sFlt-1 mice than in the controls and VEGF-treated 

mice, no differences were noted on the TGFβ3 expression across the groups.  

Abnormal liver function tests and hemolysis are common complications of 

preeclampsia. Thrombocytopenia, signs of hemolysis, and abnormal liver function tests 

characterize HELLP syndrome, a severe variant of preeclampsia, which was described 

for the first time in 1982 (Weinstein, 1982). Liver histological findings in women with 

HELLP syndrome include periportal hemorrhage and necrosis, fibrin microthrombi and 

fibrinogen deposits in the sinusoids deposition, and steatosis (Aarnoudse, 1986; Arias, 

1995). The severity of the histological findings is associated with the degree of lab 

abnormalities and severe signs of the disease. We observed mild inflammatory changes 

and apoptotic bodies in the liver of sFlt-1 mice. These findings were no longer observed 

after treatment VEGF-121 suggesting that this therapy normalizes endothelial function 

and reduces the activation of inflammatory pathways in the maternal liver. We were, 

however, unable to induce severe pathology in the liver. Factors already discussed such 

as Adv-sFlt-1 dose, virus replication in the host liver, and availability of Adv-sFlt-1 in the 

circulation after the intravenous injection may explain our findings. However, other 

factors no examined in this study may play a role in the degree of liver damage induced 
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by antiangiogenic factors. In pregnant rats, overexpression of sEng amplifies the vascular 

damage mediated by sFlt-1 inducing a HELLP-like syndrome with severe liver damage 

and abnormal liver function tests (Venkatesha, 2006). Although, the combination of these 

two antiangiogenic factors may cause more drastic effects in animal models, the 

influence of sEng in preeclampsia and HELLP syndrome remains to be elucidated.   

VEGF-121 AND FETAL VASCULAR PROGRAMMING 

In recent years, we validated a mouse model of preeclampsia induced by 

overexpression of sFlt-1. In addition to the maternal effects, we demonstrated intrauterine 

growth abnormality and hypertension in the adult offspring born to pregnancies that over-

express sFlt-1 (Lu, 2007b). Inhibition of VEGF and PlGF by sFlt-1 leads to inadequate 

vascular adaptations during pregnancy, alters the circulation at the utero-placental 

interface, and consequently causes poor perfusion of the placenta-fetal unit. These mal-

adaptations lead to fetal hypoxemia and reduction in fetal perfusion, which can convey 

long lasting physiological and structural alterations that predispose the fetus to diseases in 

later life. 

Our results provide new information on the role of sFlt-1 in inducing altered fetal 

vascular programming. We demonstrated that vascular programming is gender-selective 

affecting exclusively male offspring. Hypertension appeared early at 3 months of age and 

by 6 months male offspring had vascular dysfunction in addition to hypertension 

suggesting that vascular disease if a progressive process, in which clinical manifestations 

became to be evident early in the adulthood. In females, only mild signs of endothelial 

dysfunction were seen in the 6 months PBS-sFlt-1 offspring. Our findings are consistent 

with prior studies of altered uterine environment induced by manipulation of maternal 

diet. In these studies, fetal vascular programming and hypertension later in life were more 
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pronounced in male versus female offspring (Kwong, 2000; Ozaki, 2001). Thus, 

increased systolic blood pressure and abnormal organ/body mass ratios was noted in male 

rat offspring born to pregnant mothers on a low protein diet regimen during the pre-

implantation period of development (Kwong, 2000). These investigators speculated that 

male pre-implantation embryos have a greater susceptibility to respond to the maternal 

environment and lower possibility to adapt and may consequently exhibit increased 

sensitivity to specific fetal programming effects. Gender-related hypertension was also 

demonstrated in another rat model in which dietary intake was manipulated to induce 

maternal under-nutrition. In this model, increased systolic, diastolic and mean arterial 

blood pressures were more pronounced in male rat offspring, and these abnormalities 

increased with age (Ozaki, 2001). In addition, prenatal glucocorticoids can program 

adulthood cardiovascular and metabolic physiology in a gender-specific pattern 

(O'Regan, 2004; McMullen, 2005; Roghair, 2009). Interestingly, hepatic LDL-receptor-

mediated programming of altered lipid metabolism and aortic vascular dysfunction was 

found in the female offspring of mothers fed a high saturated fatty acid, while male 

offspring had only dyslipidemia (Chechi, 2009). Although, there are growing evidences 

to support gender sensitivity to fetal programming, the mechanisms are not completely 

understood. We speculate that this selective process may be related to protective effect by 

ovarian hormones, which are known to play a protective effect against cardiovascular 

diseases during the reproductive ages.  

This study demonstrated that inhibition of sFlt-1 by VEGF-121 therapy 

reestablishes maternal vascular function, reduces placental hypoxia, and thereby 

improves intrauterine fetal growth. All of these effects combined probably resulted in a 

more optimal intrauterine environment for fetal development. The acute beneficial effects 

of VEGF-121 therapy are magnified by the fact that postnatal growth as well as BP and 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Roghair%20RD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Chechi%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


 109 

vascular function during the adulthood remained normal and were comparable to 

parameters seen in the offspring born from non-preeclamptic pregnancies.   These 

findings underscore the influence that intrauterine environment has in the development of 

fetal organs including the cardiovascular system which can be affected permanently and 

lead to hypertension and other cardiovascular diseases later in life.   

In epidemiological studies low birth weight relates to with adult BP and the 

incidence of cardiovascular–related morbidity and mortality (Barker, 1986 and 1989). 

However, low birth may be the result of a series of pathologic events during fetal 

development that are manifested as altered organ structure and function or both later in 

life. Therefore, the mechanisms involved in fetal vascular programming may involved 

multiple pathways and affect critical organs that mediate vascular function and BP. The 

kidney is one of the most sensitive organs to the hostile intrauterine environment during 

critical periods of early fetal development (Bagby, 2007). In animal models of fetal 

programming as well as in humans, low birth weight is directly related with a reduction 

in nephron number (Hoy, 2005; Moritz, 2009). Nephron loss that occurs as a 

consequence of fetal insult is probably mediated by altered gene and protein function 

essential for a normal nephrogenesis (Abdel-Hakeem, 2008; Moritz, 2008). In the other 

hand, there is strong evidence from animal studies that inhibition of VEGF signaling 

pathway during pregnancy alter vascular structure development of several fetal organs 

including skin, pancreas, kidney, and lung (Wada, 2010). We believe that VEGF-121 

therapy contributed to enhance normal fetal development in both organ function and 

structure. 

 
Overall our findings highlight the role of VEGF therapy during pregnancy in 

ameliorating the adverse/hostile intrauterine environment that predispose to adult 

vascular disease using a mice model over-expressing sFlt-1 in the mother during 
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pregnancy. This therapy inhibits sFlt-1 and mediates proangiogenic actions in both 

maternal endothelium and placental vascular bed. Thereby, it may prevent altered fetal 

vascular programming as vascular disease and hypertension later in life were prevented in 

the male offspring born to VEGF-sFlt-1 mothers. This study also confirms the role played 

by the gender in the fetal programming of adult hypertension and vascular disease later in 

life. Importantly, signs of vascular dysfunction that became to be evident by 6 months of 

age in the female offspring born to preeclampsia-like pregnancies were also attenuated by 

prenatal VEGF-121 therapy.  
 

CONCLUSIONS 

In conclusion, our study demonstrated that exogenous VEGF reverses deleterious 

effects caused by sFlt-1, a key pathogenic factor in preeclampsia. This study provides 

new insights on the potential therapeutic effects of proangiogenic factors in preeclampsia. 

Therapeutic angiogenesis is a new and exciting development that promises relief from 

vascular diseases with impaired angiogenesis such as occlusive arterial disease. Interest 

in the area has been stimulated by recent encouraging results with antiangiogenic 

therapies in the treatment of cancers and advancing knowledge of the biology vascular 

growth. There is a growing body of evidence suggesting a potential clinical utility of 

VEGF therapy in prevention or treatment of preeeclampsia. The fact that VEGF therapy 

attenuated altered fetal vascular programming preventing vascular disease and 

hypertension during adulthood underscores the need for further studies to elucidate the 

signaling pathways that regulate endothelial function in pregnancy and fetal vascular 

development under physiological and pathological conditions. Further studies are also 

needed to elucidate the mechanisms that lead to selective fetal programming in our 

animal model of preeclampsia.   
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Appendix: List of Abbreviations 

 

US United States 

NHBPEP National high blood pressure education program 

HLAs Human lymphocyte antigens 

NK Natural killer 

KIR Killer-cell immunoglobulin-like 

VEGF Vascular endothelium growth factor 

PlGF Placental growth factor 

sFlt-1 Soluble fms-like tyrosine kinase 

AP-1 Activator protein-1 

sEng Soluble endoglin 

TGFβ Transforming growth factor-β 

HELLP Hemolysis, elevated liver enzymes, low platelets 

HIF1α Hypoxic-inducible factor 1alpha 

VEGF-R1 Vascular endothelial growth factor receptor-1 

RUPP Reduced uterine perfusion pressure 

NOS Nitric oxide synthase 

L-NAME N -nitro-L-arginine methyl ester 

HIF Hypoxia inducible factor 

TGFβ3 Transforming growth factor-beta 3 

GCM1 Glial cells missing1 

EDHF Endothelium derived hyperpolarizing factor 

ECM-1 Endothelial cell-specific leukocyte adhesion molecule 

HUVEC Human umbilical vein endothelial cell 
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VSMC Vascular muscle cells 

BP Blood pressure 

nNOS Neural nitric oxide synthase 

iNOS Inducible nitric oxide synthase 

eNOS Endothelial nitric oxide synthase 

NADPH Nicotinamide-adenine-dinucleotide- oxidase-synthase 

PGI2 Prostacyclin 

MLCK Myosin light-chain kinase 

TNFα Tumor necrosis factor alpha 

PPARα Peroxisomal proliferator-activated receptor α 

TxA2 Thromboxane 

ET-1 Endothelin-1 

AT1R Angiotensin receptor-1 

AngII Angiotensin II 

FAK Focal adhesion kinase 

ERKs Extracellular signal-regulated kinases 

MAP Mitogen activated protein 

JNK c-Jun-N-terminal protein kinase 

CVD Cardiovascular disease 

IACUC Animal care and use committee 

SC Subcutaneous 

PBS Phosphate buffered saline 

Ach Acetylcholine 

PE Phenylephrine 

SNP Sodium nitroprusside 
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EDTA Ethylene diamine tetra acetic acid 

AUC Area Under the concentration curve 

CI Confidence interval 

cAMP cyclic adenosine monophosphate 

SBP Systolic blood pressure 

MBP Mean blood pressure 

DBP Diastolic blood pressure 

cGMP cyclic guanosine monophosphate 

RT-PCR reverse transcription polymerase chain reaction 

Emax Maximal effect 
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