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 Intrauterine hypoxia increases the rate of fetal morbidity and mortality and 

compromises cardiovascular function by mechanisms incompletely understood.  NO is an 

important molecule in the regulation of cardiovascular function.  Increases in NO levels 

have been attributed to either cardiac injury or cardioprotection, depending on the 

condition of study.  NO is generated by NOS.  In this study, we have shown that by 

exposing the fetus to low oxygen, NO synthesis in fetal left ventricles is increased via 

upregulation of iNOS.  Other molecular pathways, such as the generation of ROS, are 

also activated by conditions of chronic hypoxia.  Excessive ROS levels have been shown 

to cause injury to the heart by mutating DNA, inactivating proteins, and inducing lipid 

peroxidation.  Oxidative and nitrosative stress in adult hearts have been shown to 

decrease myocardial function, which can be restored by antioxidants.  This is the first 

study to demonstrate increased oxidative and nitrosative stress in the fetal heart during 

intrauterine hypoxia.  Additionally, we looked at the effect of hypoxia on downstream 

proteins involved in cardiac remodeling of the extracellular matrix such as matrix 

metalloproteinases, collagen, and pro-apoptotic indices.  We reported that maternal 



 

hypoxia increased protein expression of MMP9 and collagen accumulation, but decreased 

caspase 3 protein/activity and DNA fragmentation. 

These results indicate that chronic hypoxia upregulates NO and ROS generation 

via iNOS.  This suggests that, under low oxygen conditions, the fetal heart may be 

susceptible to injury when reactive molecules such as ROS and NO are elevated.  The 

overall study provides the basis for the novel concept that upregulation of the iNOS 

pathway during chronic hypoxia is an important response of the fetus to hypoxic stress.  

This is likely to have both an immediate impact on fetal cardiac function, as well as, 

lasting effects on the offspring due to programming. 
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CHAPTER I 

INTRODUCTION 

 

 

A.  FETAL PHYSIOLOGY 

The fetus grows and develops in an intrauterine environment that is dependent on 

oxygen and nutrient transport from the maternal circulation (1-2).  As a result of being in 

a normal low oxygen environment, the fetus has developed physiological adaptations 

necessary for survival (3-12).  However, maternal and fetal conditions such as high 

altitude (13-24) uterine ischemia (22, 24-25), preeclampsia (21, 24, 26-29), or placental 

insufficiency (22, 24, 25, 30) can expose the fetus to further reductions in oxygen.  

Hypoxia is one of the most significant challenges that a fetus will undergo during 

development.  Despite understanding the physiologic response to acute (31-36) and 

chronic hypoxia (3, 13, 17-18, 37-43), the underlying cellular mechanisms and signaling 

factors mediating adaptive or maladaptive response have not been elucidated.  Thus the 
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purpose of this thesis is to understand the effect of chronic intrauterine hypoxia on the 

fetal heart. 

 

1.  Fetal cardiovascular adaptations to the in utero environment 

Fetal development occurs in a low oxygen intrauterine environment and depends 

on transport of nutrients directly from the maternal blood (1-2).  The placenta is the site 

of maternal and fetal gas and nutrient exchange (1-2).  Oxygen from the maternal blood 

in the intervillous space of the placenta diffuses into the capillaries of the chorionic villi 

where it is taken up by hemoglobin and transported to the fetal circulation (1-2).  

Oxygenated blood and nutrients are delivered to the fetus via the umbilical vein and 

deoxygenated blood and metabolic waste is returned to the placenta via the umbilical 

artery (1-2, 44-49). 

Due to relatively low oxygen, the fetus has developed adaptations to maintain 

sufficient oxygen delivery relative to the oxygen demand of fetal tissues (2-12).  

Noncardiovascular adaptations consist of reduced energy needs for movement (3), 

thermogenesis (4-5), and respiration (6).  The fetus is in a quiescent state and energy is 

mostly devoted to growth and development (7).  Since the fetus exists in a thermal pool 

of amniotic fluid and doesn’t rely on respired oxygen, very little energy is required for 

thermoregulation (4-5) or respiration (6), respectively.  Cardiovascular adaptations 

include an increased oxygen carrying capacity (2), increased hemodynamics (8), and 

altered myocardial metabolism (9-12).  The fetal blood contains fetal-specific 

hemoglobin with increased oxygen affinity and concentration compared to adult blood 

(2).  Additionally, the oxygen dissociation curve for fetal hemoglobin is shifted to the left 
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compared to adult hemoglobin (2).  This enhances oxygen saturation of fetal hemoglobin 

at normal low oxygen pressure in the fetus.  Fetal heart rate is 162 beats/min, ~2x higher 

than the adult at 80 beats/min (8).  This high heart rate increases cardiac output and 

oxygen and glucose delivery to fetal tissues.  The fetal heart depends on anaerobic 

glycolysis for energy production and utilizes carbohydrates such as glucose and lactate as 

an energy substrate (9-12).  At the time of birth, the fetal heart undergoes a metabolic 

switch that utilizes fatty acid oxidation as the prominent energy supply pathway (10-12). 

The fetus can become exposed to decreased oxygen tension if the mother lives at 

high altitude (13-24), smokes (50-53), or develops preeclampsia (21, 24, 26-29), uterine 

ischemia (22, 24-25), or placental dysfunction (22, 24, 25, 30).  In humans under normal 

conditions (considered normoxic), oxygen partial pressure (PaO2) of the fetus is between 

30-40 mmHg and adult PaO2 is around 100 mmHg (49).  In fetal sheep, hypoxic 

conditions such as high altitude reduce maternal PaO2 to 59 mmHg and fetal PaO2 to 19 

mmHg (16).  A sustained decrease in fetal oxygen content presents a considerable 

challenge to normal growth and development of the fetus (3, 54-59).  The fetus has a 

smaller margin of safety when oxygen is reduced compared to the adult because its 

normal level of oxygen is low (3).  The disadvantage for the fetus is that a small decrease 

in oxygen levels results in significant decrease in oxygen saturation of hemoglobin, 

which and limits the availability of oxygen to the tissue. 

Maternal hypoxia is the leading cause of fetal morbidity and mortality compared 

to other causes of fetal demise such as lethal congenital birth defects, infections, 

umbilical cord accidents, and placental abruption (60).  For this reason, it is important to 
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understand the mechanisms that can occur in the fetal organs as the fetus adapts to 

maternal hypoxia. 

2.  Fetal Heart Development 

Heart development is a dynamic process that involves structural and functional 

changes during the course of gestation (2, 61).  In the human, the first eight weeks of 

gestation are defined as the embryonic stage (2).  After 9 weeks, embryogenesis is 

complete and the remaining period of maturation is considered the fetal stage (2).  The 

human embryonic heart begins beating on day 18 of gestation and subsequently 

undergoes a complex process of looping into a four-chambered heart by day 30 of 

gestation (2).  The heart is composed of cardiomyocytes, endothelial cells, fibroblasts, 

and macrophages (62).  Based on fetal sheep studies, cardiomyocytes of the early fetal 

heart are mononucleated and heart growth is due to hyperplasia (cell proliferation) (11, 

61, 63-64).  In late gestation, fetal heart growth is due to both hyperplasia and 

hypertrophy (cell enlargement).  Postnatally, cardiomyocytes become terminally 

differentiated because hyperplasia ends and cardiomyocytes undergo binucleation (11, 

61, 63-64). 

Fetal heart growth is susceptible to adverse intrauterine conditions such as low 

oxygen and nutrient availability (4, 16, 54-55, 65-70).  Maternal hypoxia can compromise 

cardiac growth in the fetus by altering cardiac gene expression (67-70), increasing 

myocyte apoptosis (70), and inducing myocyte hypertrophy (67-69).  Capillary density, 

an index of vascularization, is decreased during hypoxia in the fetal sheep heart (16).  

Further, hypoxia stimulates an increase in both width and length of fetal sheep 

cardiomyocytes (67-69), as well as, an increase in fetal rat cardiomyocyte binucleation 
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(70).  Binucleation indicates a premature exit of the cell cycle that decreases cell 

proliferation.  In addition, hypoxia increases cell death indices such as caspase 3 

protein/activity and DNA fragmentation in the fetal rat heart (70).  Programmed cell 

death reduces cell number (70) but cell size is increased (69).  The effect of hypoxia on 

cardiomyocytes could potentially reduce the number of cardiomyocytes and alter the 

normal growth trajectory of the developing heart. 

These effects of hypoxia on the fetal heart are considered maladaptive and could 

affect heart function both in utero and postnatally.  Several studies have shown fetuses 

that were hypoxic in utero were more vulnerable to ischemia as adults (71-75).  Despite 

these findings, the cellular mechanisms mediating the lasting effects of hypoxia in the 

fetal heart are largely unexplored. 

3.  Fetal Circulation 

The fetal circulation (Figure 1) is different than the adult by having distinct shunts 

that include, ductus venosus (sphincter where umbilical vein and inferior vena cava 

connect), foramen ovale (opening between right and left atria), and ductus arteriosus 

(vessel between pulmonary artery and distal aorta) (44-49).  Outflows from both right and 

left ventricles of the fetal heart bypass the pulmonary circulation via the ductus arteriosus 

and aortic isthmus, respectively (44-49).  The flow distribution pattern has been described 

as two parallel circulations with cardiac output measured as the combined output of each 

ventricle (44-49).  In near term fetal sheep, right ventricle stroke volume is 60-70% of 

total cardiac output and left ventricle stroke volume is 30-40% (38).  The right ventricle 

receives blood from both the inferior and superior vena cava (44-49).  The majority of 

blood enters the right atrium from the inferior vena cava and is diverted to the left atrium 
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via the foramen ovale (44-49).  Blood from the superior vena cava enters the right atrium 

and is distributed toward the right ventricle (44-49).  As a result, the right ventricle 

receives the least oxygenated blood and outputs to the pulmonary artery, ductus 

arteriosus, descending aorta, and placental circulation (44-49).  The left ventricle receives 

the most oxygenated blood via the foramen ovale and outputs to coronary and cerebral 

circulation and a small portion to lower body via the aortic isthmus (44-49).  Under 

normal conditions in the fetal sheep, the distribution of cardiac output to the placenta is 

40%, the carcass is 35%, the brain, gastrointestinal tract, and heart are 5% each, and the 

kidney, liver, and spleen are 2% each (38).  The anatomical arrangement of the fetal 

circulation maximizes oxygen delivery to critical organs for survival.  However, under 

conditions of hypoxia, oxygen availability is limited.  The flow redistributes the available 

oxygen to the brain, heart, and adrenal glands, but shunts blood away from less critical 

organs such as the skin, skeletal muscle, and intestine (3, 17-18, 38-41). 
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Figure 1 Fetal Circulation (48) 

Blood flow through the fetus is as follows: 

1.  Placenta (not shown) - Umbilical vein - Ductus venosus - Inferior vena cava - Right 

atrium - Foramen ovale - Left atrium - Left ventricle - Ascending aorta - Brain, Heart, 

Upper body 

2.  Superior vena cava - Right atrium - Right ventricle - Pulmonary artery - Ductus 

arteriosus - Umbilical aorta – Placenta (not shown) 
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4.  Fetal Growth Restriction 

Fetal growth restriction (FGR) is a hallmark characteristic of fetal hypoxia (3, 54-

55).  Clinically, FGR is defined as fetal weight in the 10th centile at any gestational age 

(fetal weight is less than 90% of fetal weights at the same gestational age) (56).  FGR can 

be symmetric or asymmetric depending on the gestational age at which the fetus is 

exposed to hypoxia.  Fetal growth restriction during the first or second trimester is 

symmetric because cell proliferation is decreased in all organs (57).  However, during the 

third trimester, fetal growth restriction is asymmetric and body weight is decreased due to 

a disproportionate reduction of skeletal muscle, adipose tissue, and liver (58).  In 

addition, there is a brain sparing effect in response to increased cerebral blood flow at the 

expense of the skeletal muscle, resulting in a small body with a large head circumference 

(57, 59). 

FGR is prevalent in high altitude populations such as Colorado and Bolivia which 

show a reduction in birth weight by 100 g/1000 m altitude gain during the third trimester 

(19-21).  Animal models using rats and sheep have been used to study the effects of 

hypoxia-induced FGR using uterine or umbilical artery ligation (22, 25), utero-placental 

embolization (22, 25), carunclectomy (22, 25), high altitude (23), or hypoxic chambers 

(25).  These studies have established that maternal intrauterine hypoxia decreased birth 

weight (76-78) and caused asymmetric growth of the fetus in which relative placenta, 

brain, and heart weights (i.e. placenta weight/body weight) were increased (76-78).  In 

response to hypoxia, placenta surface area is increased to transport more oxygen to the 

fetus resulting in an increase in relative placenta weight (79-80).  Subsequently, relative 

brain and heart weights are increased because blood flow is redistributed to the brain and 

heart (3, 38).  In addition, blood flow and nutrient delivery is shunted away from skeletal 
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muscle and skin resulting in a decrease in muscle mass, which contributes to the reduced 

body weight (3, 38). 

 

 

B.  FETAL CARDIOVASCULAR RESPONSES TO INTRAUTERINE HYPOXIA 

The effect of hypoxia in the fetal heart is dependent on the severity and duration 

of hypoxic stress and gestational age.  Acute hypoxia occurs at the time of birth (i.e. 

intrapartum hypoxia) (81) and during acute periods of umbilical cord occlusions (82).  

Chronic hypoxia can occur if the mother lives at high altitude (13-24) or has a condition 

such as uterine ischemia (22, 24-25), placenta dysfunction (22, 24, 25, 30), or 

preeclampsia (21, 24, 26-29).  The physiological response of the fetal cardiovascular 

system to short term (acute = minutes to hours) (31-36) and long term (chronic = days to 

weeks) hypoxia has been well characterized (3, 13, 17-18, 37-43).  This section will 

describe the fetal cardiovascular responses to acute and chronic hypoxic stress. 

 

1.  Fetal Responses to Acute Hypoxia 

Over the past decade, numerous studies have identified the mechanisms 

underlying the cardiovascular response of the fetus to acute hypoxia (32-34).  During 

acute hypoxia, fetal heart rate is reduced via activation of a chemoreflex response that is 

mediated by the vagus nerve in the carotid arteries (32-34).  The lower heart rate reduces 

cardiac metabolism as a compensatory mechanism to reduced oxygen availability (36).  

Acute hypoxia also stimulates the release of catecholamines, epinephrine and 

norepinephrine from the adrenal glands which increase peripheral vascular resistance to 
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maintain blood pressure (32-34).  Enhanced sympathetic outflow to peripheral organs 

during acute hypoxia shunts blood flow away from the skeletal muscles, intestine, and 

skin assuring redistribution of cardiac output to favor the heart, brain, and adrenal glands 

(3, 38). 

Nitric oxide (NO) is an important regulator of cardiac function and is released 

under hypoxic conditions (83-85).  Using competitive nitric oxide synthase (NOS) 

inhibitors, NG-nitro-L-arginine methyl ester (L-NAME) or L-NG-Nitroarginine methyl 

ester (L-NNA) have been shown to prevent the increase in carotid artery blood flow 

during acute hypoxia by inhibiting the vasodilator contribution of nitric oxide synthesis 

(86-90).  NOS inhibition of hypoxia-induced cerebral blood flow suggests a role of NOS 

during the acute hypoxic response.  Interestingly, under normoxic conditions, L-NAME 

and L-NNA, increased mean arterial pressure and femoral vascular resistance (86-90).  

Thus, under basal conditions, NO mediates vascular tone similar to what occurs in the 

adult vasculature.  Therefore, NO is an important regulator of cardiovascular function 

under both normoxic and hypoxic conditions. 

2.  Fetal Responses to Chronic Hypoxia 

Chronic hypoxia presents further challenges to the fetus compared to acute 

hypoxic conditions.  The fetus must be able to adapt to a sustained decrease in oxygen 

levels that could greatly impact fetal survival.  With prolonged exposure to hypoxia, heart 

rate, catecholamine levels, and blood pressure return to control levels (15), while blood 

flow remains elevated to the brain, heart, and adrenal glands (3, 39, 41).  Cardiac output 

is decreased due to a reduction in cardiac contractility (17-18).  Additionally, studies 

have shown that chronic hypoxia increases the coronary flow reserve capacity (37, 39, 
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42-43, 91), which is an adaptive response to the reduced oxygenation resulting in an 

increase in vessel growth to maintain oxygen delivery to the heart.  These studies have 

identified a complex response associated with both cardiac and coronary responses to 

sustained hypoxia exposure.  However the cellular mechanisms underlying the effect of 

the fetal heart to hypoxia are poorly understood. 

Chronic hypoxia has been shown to increase the contribution of NO in fetal 

cardiovascular function (42, 93-95).  During hypoxia, increased blood flow in the 

coronary circulation can cause shear stress resulting in NO release into the cardiac 

circulation (92).  In addition, hypoxia induces an increase in hypoxia inducible factor-1 

protein, an oxygen sensitive transcription factor, which binds to the NOS gene promoter 

and upregulates the transcription of NOS isoforms (83).  Thompson et al. first reported 

that chronic intrauterine hypoxia can increase NO generation in both fetal guinea pig 

carotid and coronary arteries (93-95), which was associated with an increase in 

endothelial nitric oxide synthase (eNOS) mRNA and protein (95) and Ca2+-dependent 

NOS activity (95).  Further, chronic hypoxia increased the acetylcholine-induced NO 

mediated dilation in both fetal guinea pig carotid arteries (93) and in the intact coronary 

circulation (42).  The hypoxia-induced increase in vasodilation was inhibited by the NOS 

inhibitor, Nitro-L-arginine (L-NA), in both carotid and coronary arteries (42, 93).  This 

increase in NO mediated vasodilation is an adaptive response to increase blood flow 

under conditions of reduced oxygen availability. 

NO plays an important role in both structure (96-99) and function (100-103) of 

the cardiac ventricle.  Despite this, the effect of hypoxia on NO generation has had little 

attention in the fetal heart.  Initial studies in our laboratory identified that a paradoxical 
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decrease in eNOS mRNA and protein expression in hypoxic fetal guinea pig cardiac 

ventricles (104).  This contrasts with the hypoxia-induced increase in eNOS expression in 

fetal carotid and coronary arteries (95).  This provided the impetus to investigate the 

effect of hypoxia on NOS gene expression in the hypoxic fetal heart. 

 

 

C.  FACTORS THAT REGULATE THE CARDIOVASCULAR RESPONSES 

DURING HYPOXIA 

 Hypoxia is a potent stimulus of gene expression for several factors such as NO 

(82-85) and reactive oxygen species (ROS) (105-108).  Although our understanding of 

the roles of NO (42, 86-90, 93-95, 104) and ROS (82, 109-110) on the fetal 

cardiovascular system has expanded over the last decade, less is known about the long-

term effects of NO and ROS in the fetal heart.  Therefore, the basis for this thesis is 

identifying factors that could be upregulated and contribute to fetal cardiac injury during 

hypoxia. 

 

1.  Nitric Oxide 

a.  Nitric Oxide Synthesis 

Nitric oxide (NO) is a short-lived, endogenously produced gas that is an important 

signaling molecule in regulation of cardiac function and vascular tone (100-103, 111-

112).  NO is derived from the oxygen-sensitive nitric oxide synthase (NOS) isoforms, 

neuronal (nNOS or NOS 1), inducible (iNOS or NOS 2), and endothelial (eNOS or NOS 

3), each named according to the cell type in which they were first identified (100-103, 
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111-112).  Generally, nNOS is involved in neurotransmission, eNOS is involved in the 

regulation of blood pressure, and iNOS mediates the immune response of inflammation 

(113-114) although the functional roles are cell specific.  Within cardiomyocytes (101-

111, 115-116), nNOS is compartmentalized on the sarcoplasmic reticulum and modulates 

the phosphorylation of phospholamban, an intracellular protein in cardiac muscle.  eNOS 

is bound to the plasma membrane via a scaffolding protein, caveolin 3 (myocyte specific 

caveolae protein), by binding sites for post-translational myristoylation and 

palmitoylation (101-111, 115-116).  eNOS activation is regulated by heat shock proteins 

and phosphorylation by protein kinase B (Akt) (101-111, 115-116).  nNOS and eNOS are 

constitutively expressed and calcium-dependent, requiring Ca2+ to activate each of these 

NOS isoforms (100-116).  iNOS is a cytosolic enzyme (101) lacking the binding motif 

for membrane proteins.  It is considered calcium-independent because the 

Ca2+/calmodulin complex is tightly bound to iNOS and there is sufficient Ca2+ present to 

keep the enzyme in an activated state (100).  The transcriptional regulation of iNOS in 

heart failure (105, 117-119) is driven by inflammation and stress (111, 120).  Since iNOS 

has a 10 fold higher catalytic rate than both eNOS and nNOS, increased iNOS expression 

generates excessive NO levels (122-123). 

NOS functions as a homodimer with identical monomers oriented so that the C-

terminal oxidase domain is bound to the N-terminal reductase domain (124-125).  Its 

dimerization at the oxygenase domain is facilitated by heme (Fe), tetrahydrobiopterin 

(BH4), and L-arginine (Figure 2A) (124-125).  The reductase domain is the binding site 

for Ca2+/calmodulin and the cofactors, nicotinamide adenine dinucleotide phosphate 

(NADPH), flavin adenine dinucleotide (FAD), and flavin mononucleotide (FMN).  Nitric 
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oxide is generated in a two-step oxidation process of L-arginine upon Ca2+/calmodulin 

binding to the reductase domain, NADPH donates electrons to FAD and FMN to heme in 

the oxygenase domain (Figure 2B) (124-125).  L-arginine is oxidized to NG-Hydroxy-L-

Arginine, which is subsequently oxidized to L-citrulline plus NO in the presence of 

NADPH and O2 (Figure 2C) (124-125). 
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A 

 

B 

 

C 

 

Figure 2  Nitric Oxide Synthase (NOS) 

A.  NOS isoforms homodimerize at the oxygenase domain with identical monomers 
(124). 
B.  NOS consists of oxygenase and reductase domains.  Calcium-calmodulin binds to the 
reductase domain, and NADPH transfers electrons from FAD to FMN to the oxygenase 
domain.  BH4 and heme bound to the oxygenase domain and is the site of the conversion 
of L-arginine and O2 to NO and L-citrulline and NO (125). 
C.  The biochemical pathway of the two-step oxidation of L-arginine to L-citrulline and 
NO (124). 
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b.  Nitric Oxide Signaling 

NO is an important signaling molecule that is physiologic under normal levels 

(100-103, 111-116) or pathologic when generated in excess (105, 111, 117-120, 126).  

NO relaxes both vascular smooth muscle cells and cardiomyocytes (100-103, 111-116), 

as well as, prevents platelet aggregation and mediates immune responses (124-125).  

High levels of NO induce cell injury via oxidative and nitrosative stress (126). 

NO activates the synthesis of cyclic guanosine monophosphate (cGMP) by 

binding to the heme moiety of soluble guanylate cyclase (sGC) and catalyzes the 

conversion of guanosine triphosphate (GTP) to cGMP (120, 127-128).  cGMP 

preferentially binds to protein kinase (PK)G and phosphorylates several proteins.  cGMP 

levels are regulated by activation of phosphodiesterase (PDE) which degrades cGMP to 

guanosine monophosphate (GMP).  The activation of PKG induces phosphorylation of 

several cardiac proteins resulting in cardiomyocyte relaxation (103).  For example, 

phosphorylation of troponin I inhibits Ca2+ sensitivity of troponin C and the 

conformational changes necessary for myosin-actin binding (103).  Phosphorylation of L-

type Ca2+ channels inhibits channel opening thereby reducing extracellular Ca2+ influx 

and myocyte contraction (103).  Phosphorylation of phospholamban, a regulator of 

sarcoplasmic reticulum Ca2+-ATPase (SERCA) pump, activates Ca2+ uptake by SERCA 

reducing intracellular Ca2+ levels (129). 

The physiological role of NO on cardiac function depends on the source of NO 

and the compartment in which NOS is located within cardiomyocytes (103, 115, 130-

131).  nNOS interacts with L-type Ca2+ channels, the ryanodine receptor, and 

phospholamban (103, 115, 130).  NO-derived from nNOS mediates the inhibition of Ca2+ 
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entry from L-type Ca2+ channels and ryanodine receptor, as well as, phosphorylation of 

phospholamban (103, 115, 130).  Since eNOS is bound to caveolin 3, NO-derived eNOS 

inhibits Ca2+ binding to troponin via PKG phosphorylation (103, 115, 131).  iNOS is 

cytosolic and targets troponin I, ryanodine receptor, and L-type Ca2+ channels and elicits 

the same effects as previously described on cardiac proteins (106, 115).   

NO can cause post-translational modification of proteins via S-nitrosylation (132-

143) or nitration (105, 126, 144-152).  These effects are independent of cGMP and PKG 

phosphorylation and impact protein function (105, 126, 144-152).  S-nitrosylation occurs 

when NO proteins covalently attach a NO moiety to sulfhydryl groups, forming S-

nitrosothiol (SNO) (132-134).  This has been reported to regulate proteins that mediate 

cardiac function (132-133) and apoptosis (134-143).  S-Nitrosylation of the L-type Ca2+ 

channel inhibits contraction by decreasing the activity of the channel (132-133) and 

preventing Ca2+ entry.  In contrast, nitrosylation of the ryanodine receptor has been 

shown to increase the open state of the ryanodine channel (132-133) promoting 

intracellular Ca2+ release and contraction.  When caspase 3, a pro-apoptotic protein, is 

nitrosylated, the catalytic activity of the enzyme is inhibited (132-133).  Nitration occurs 

when NO interacts with superoxide radical (O2
-) and peroxynitrite (ONOO-) is formed 

(105, 126, 144-152).  Nitro (-NO2) groups from ONOO- are covalently attached to 

specific tyrosine residues (105, 126, 144-152) causing loss of protein function (105, 126, 

128, 149-152) in a cell- and tissue-specific manner (105, 126, 145-146).  Nitration of 

specific cardiac proteins such as α-actinin (149) and SERCA (151) has been shown to 

depress contractility of the heart and cause contractile dysfunction that could lead to heart 

failure (147-152). 
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Since NO can be either physiologic (100-103, 111-116) or pathologic (105, 111-

120, 126), the long-term effect of NO generation is difficult to assess.  The hypoxia-

induced upregulation of iNOS expression (82-85) will presumably cause a sustained 

increase in NO.  Increased availability of NO could readily interact with reactive oxygen 

species molecules such as superoxide and generate reactive nitrogen species that can 

oxidize lipids and alter protein function (105, 126, 144-152). 

2.  Reactive Oxygen Species 

Reactive oxygen species (ROS) are a byproduct of cellular respiration and are 

mostly generated by the mitochondria and enzymes such as xanthine oxidase (XO) and 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (105).  Examples of 

ROS molecules are superoxide radical (O2
-), hydrogen peroxide (H2O2), and hydroxyl 

radical (OH-) (105).  Under normal conditions, ROS molecules are balanced by 

antioxidants.  The enzyme superoxide dismutase (SOD) catalyzes the conversion of O2
- 

to H2O2, and catalase and glutathione peroxidase, catalyze the conversion of H2O2 to 

water (105).  Vitamins E, C, and β-carotene and glutathione are nonenzymatic 

antioxidants (105).  During hypoxia, the overproduction of ROS is generated by 

upregulation of gene expression of XO and NADPH oxidase (105, 107-108).  In addition, 

hypoxia decreases the level of oxygen as an electron acceptor at the end of the electron 

transport chain resulting in increased generation of O2
- (153-154).  Hypoxia-induced ROS 

generation has been reported to be a causative factor in heart failure (153-157) and 

cardiac remodeling (158-159). 

ROS have been shown to be increased in growth restricted organs of hypoxic 

fetuses (160-162).  For example, children (ages 8-13) that were growth restricted at birth 
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(160) or hypoxic in utero (161-162) had increased malondialdehyde (MDA) levels, a 

byproduct of lipid peroxidation and marker for oxidative stress, in blood, plasma, and 

urine.  In preeclampsia, the placenta becomes hypoxic and increases the formation of 

MDA in the placenta (27, 163).  In animal studies, maternal hypoxia induces oxidative 

stress in fetal organs such as the brain and heart (109, 164-167).  After being exposed to 

acute hypoxia, lipid peroxidation was increased in the brain of near-term fetal guinea pigs 

(164-165), lambs (166), and rabbits (167).  Although the anti-oxidant enzymes, 

superoxide dismutase, catalase, and glutathione peroxidase, are present in late gestation 

guinea pig brain, the hypoxic fetal brain still remains vulnerable to oxidative stress (165).  

Acute maternal hypoxia (30 minute ischemia) increases DNA hydroxylation, an index of 

oxidative stress, in near-term fetal rat hearts (109).  Short episodes of cord occlusion and 

maternal exposure to acute hypoxia in fetal sheep induced oxidative stress in the fetal 

heart (82, 110).  This was prevented with antioxidants, allopurinol or vitamin C, by 

increasing antioxidant protein and activity of superoxide dismutase and glutathione 

peroxidase (82, 110).  Thus, initial studies of acute hypoxia provide evidence that 

oxidative stress can be induced in fetal organs during late gestation (82, 109-110, 164-

167).  Yet, no studies at the time of this thesis investigated the role of oxidative stress in 

the fetal heart under conditions of chronic hypoxia. 

Hypoxia has the potential for generating oxidative stress under both acute and 

chronic conditions in the fetal heart.  Long-term generation of ROS may contribute to 

structural and functional adaptations that could affect cardiac function in both the fetal 

and postnatal hearts. 
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3.  Reactive Nitrogen Species 

The generation of reactive nitrogen species (RNS) is upregulated under conditions 

of oxidative (105) and nitrosative stress (152).  There has been extensive study of the 

effect of RNS in heart function and structure (105, 126, 144-152, 168-174), specifically 

contractile depression in adult hearts (147-152, 169-174).  RNS form when NO reacts 

with O2
- to produce peroxynitrite (ONOO-) (105, 126, 144-152).  Nitrosative stress 

occurs when an excess of NO and peroxynitrite are generated (105, 126, 144-152).  

Peroxynitrite is a cytotoxic oxidant that selectively modifies proteins by oxidation or 

nitration, reacts with lipids, and damages DNA (105) and has been linked to a range of 

diseases such as chronic heart failure, hypertension, arthritis, cancer, Alzheimer’s and 

Parkinson’s, diabetes, and preeclampsia (28, 126, 152, 175). 

Studies have shown that iNOS is the primary NOS isoform that generates NO as a 

contributor to peroxynitrite formation (173, 176-177).  When iNOS is overexpressed in 

adult myocardium, peroxynitrite and fibrosis is increased, resulting in sudden death due 

to bradycardia (173).  By nitrating proteins, peroxynitrite can inhibit or damage 

mitochondrial enzymes (i.e. aconitase and SOD) as well as the mitochondrial membrane 

thus leading to mitochondrial dysfunction and apoptosis (178-180). 

Nitrotyrosine residues on contractile and structural proteins have been associated 

with loss of function of SERCA (151), SOD (178), and α-actinin (149) resulting in 

cardiac dysfunction in the adult heart (147-152).  During acute hypoxia, an association 

between oxidative stress and an increase in nitrotyrosine residues in the fetal brain of 

rabbits (167) and guinea pigs (181, 182) has been reported.  Thus, the role of 
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nitrotyrosine residues may be important in the cellular function of other organs such as 

the heart under conditions of hypoxic stress. 

4.  Matrix Metalloproteinase 

Matrix metalloproteinases (MMPs) are the primary molecules responsible for 

degrading myocardial extracellular matrix (ECM) and contribute to cardiac remodeling 

after a hypoxic insult (183-185).  MMPs are proteolytic enzymes with 28 isoforms in 

families of collagenases, gelatinases, stromelysins, and membrane type with MMP2 and 

MMP9 being the predominant isoforms in the heart (184-185).  The heart ECM provides 

structural support and alignment of the cardiomyocytes and capillaries (186).  The ECM 

of the heart is composed of mostly collagen types I and III but also includes collagen 

types IV, V, and VI, elastin, fibronectin, and laminin (184, 186-188).  Several studies 

have shown that MMPs can degrade and remodel the extracellular matrix of the heart by 

acting on structural proteins such as collagen, elastin, fibronectin, and laminin (189). 

Adult studies have shown that MMPs are upregulated in the heart during hypoxia 

(190) and are associated with heart failure due to left ventricle hypertrophy or myocardial 

stiffness (189, 191-193).  MMPs can cause cardiac dysfunction (194-195) by their action 

on ECM due to misalignment of cardiomyocytes, fibrosis, and proteolytic degradation of 

cardiac filaments (i.e. troponin I, α-actinin, and myosin light chain) (189, 194, 196-198).  

Cardiac remodeling is initiated under conditions of inflammation and injury in which 

collagen is initially degraded by MMPs (185).  Prolonged activation of MMPs generates 

matrikines that feed back to stimulate collagen synthesis resulting in fibrosis (185).  

Fibrosis is associated with increased fibrillar collagen accumulation and occurs as a result 

of an imbalance between collagen degradation and synthesis in the ECM (185, 199). 
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MMP expression can be altered by oxidative (200-203) and nitrosative stress 

(203-204).  ROS generation can mediate the transcription of MMPs by upregulating 

transcription factors such as activator protein 1 (AP-1) and nuclear factor-kappa B (NF-

κB) (183-184, 205-206).  NO also contributes to the regulation of MMP activity through 

its formation of peroxynitrite (203-204) and has been associated with cardiac remodeling 

in response to a hypoxic insult (190). 

There has been limited study in the role of MMPs in the fetal heart despite its 

importance in cardiac remodeling in the adult heart (207-210) and normal fetal heart 

development (211-212).  Hypoxia has been shown to increase MMPs and collagen in the 

fetal lamb aorta (213) and only recently in neonatal rat heart (214).  The increase in 

MMPs may be important for cardiac changes in heart morphology under hypoxic 

conditions (190, 215).  Our lab has reported evidence of an increase in MMP9 expression 

and MMP2 activity during hypoxia in the fetal guinea pig heart (216).  Since hypoxia 

(190, 213-216) and oxidative stress (203-204) can upregulate MMPs, their role in chronic 

exposure to intrauterine hypoxia is expected to play a significant role in fetal heart 

remodeling.  The impact on the cardiac phenotype in the fetal heart may have prolonged 

structural and functional consequences.  The effect of NO and ROS generation in MMP 

regulation will be tested in hypoxic fetal hearts. 

5.  Apoptosis 

Hypoxia has been shown to be a potent inducer of apoptosis, programmed cell 

death, in the adult (85, 217) and fetal heart (70).  Apoptosis consists of extrinsic 

(mitochondria independent) and intrinsic (mitochondria dependent) pathways (Figure 3) 

(218-221).  The extrinsic pathway is activated by death ligands, Fas and tumor necrosis 
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factor α, which recruits the death inducing signaling complex consisting of a death 

domain protein and initiator caspase 8 (218-221).  The intrinsic pathway is activated by 

proinflammatory cytokines, reactive oxygen species, hypoxia, and ischemia/reperfusion 

injury (218-221).  These factors can directly or indirectly disrupt the mitochondrial 

membrane causing cytochrome c release from the mitochondria and formation of the 

apoptosome (218-221).  The apoptosome consists of cytochrome c, apaf-1, and an 

initiator caspase 9 (218-221).  Caspase 3 is an effector caspase that is activated 

downstream of both the extrinsic (caspase 8) and intrinsic (caspase 9) pathways (218-

221).  When caspase 3 is activated, the inhibition from Caspase Activated DNase (CAD) 

is removed and CAD enters the nucleus to cleave DNA (218-221).  DNA fragmentation 

is a hallmark of apoptosis (218-221).  Previous studies have reported that hypoxia 

increases both caspase 3 protein/activity and DNA fragmentation in adult cardiac 

myocytes (85, 217) and in fetal rat hearts (70). 

NO has also been shown to both induce (134, 178, 180, 222-224) and inhibit 

(134-143) myocardial apoptosis, depending on the conditions of study.  Some of the pro-

apoptotic mechanisms induced by NO involve disruption of the mitochondrial membrane 

via peroxynitrite and upregulation of pro-apoptotic proteins (134, 178, 180, 222-224).  

However, NO can also be anti-apoptotic by inhibiting caspase activity, scavenging ROS, 

and upregulating cytoprotective stress proteins (134-143).  Interestingly, caspase 3 can be 

inhibited by direct nitrosylation by NO or phosphorylated via cGMP/PKG activation 

(134-143).  The apoptotic pathways are additional signaling pathways that are affected by 

hypoxia due to generation of NO or ROS. 

  



 

 

 

Figure 3.  Schematic of apoptosis
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Schematic of apoptosis 
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D.  SPECIFIC AIMS AND HYPOTHESIS 

When the fetus is deprived of a sufficient supply of oxygen, the fetus must adapt 

to the hypoxic environment to survive (3-12).  Fetuses can become exposed to hypoxia in 

utero if the mother lives at high altitude (13-24), smokes (50-53), or has a pathological 

condition of pregnancy that subjects the fetus to intrauterine stress such as preeclampsia 

(21, 24, 26-29), uterine ischemia (22, 24-25), or placental dysfunction (22, 24-25, 30).  

Nitric oxide is an important molecule in the regulation of cardiovascular function and 

generated from nitric oxide synthase (NOS) (100-103, 111-112).  Three isoforms of NOS 

are neuronal (nNOS), endothelial (eNOS), and inducible (iNOS) (100-103, 111-112).  

Hypoxia, a condition of low oxygen levels, can affect the oxygen sensitive gene 

expression of NOS (82-85), thereby altering cardiovascular responses. 

Chronic hypoxia initiates a series of events (Figure 4) that include the 

upregulation of hypoxia inducible factor 1 alpha (HIF-1α), a transcription factor (83, 112, 

225-226).  HIF-1α binds to the hypoxia responsive element (HRE) on inducible nitric 

oxide synthase (iNOS) gene and initiates transcription of iNOS mRNA (227).  iNOS 

generates nitric oxide (NO) (100-103, 111-112) which activates soluble guanylate cyclase 

(sGC) and generates cyclic guanosine monophosphate (cGMP), a second messenger (120, 

127-128).  Upregulation of iNOS imposes a nitrosative stress on the heart due to 

generation of peroxynitrite, a cytotoxic oxidant (105, 126, 144-152). 

Hypoxia causes an abnormal increase in reactive oxygen species (ROS) resulting 

in oxidative stress on the heart (105, 107-108, 228).  During hypoxia, mitochondrial 

dysfunction and cytosolic enzymes contribute to an excess of highly reactive molecules 

that overwhelm antioxidant defense mechanisms (105, 107-108, 228).  Under these 
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conditions, ROS molecules may mutate DNA, damage cell membranes and organelles, as 

well as inactivate and denature proteins (105).  NO can react with superoxide radical and 

form peroxynitrite (105, 126, 144-152) which has been associated with cardiac 

remodeling in response to hypoxia (185) by mediating expression of MMP via 

transcription factors, activator protein 1 (AP-1) and nuclear factor-kappa B (NF-kB) 

(183-184, 205-206). 

The fetus responds to acute hypoxic stress by redistribution of cardiac output 

favoring the heart and brain over other peripheral organs (3, 17-18, 38-41).  These are 

adaptive physiological responses that contribute to organ protection in the presence of 

reduced oxygen levels.  Yet, chronic intrauterine hypoxia can cause irreversible damage 

to the fetal heart by a variety of mechanisms (54, 71-75, 229).  Present studies have 

reported that fetuses exposed to chronic hypoxia predisposed the adults to coronary heart 

disease and hypertension (55).  We hypothesize that chronic intrauterine hypoxia induces 

cardiac injury via upregulation of NO and ROS and subsequently MMP activation.  

These proposed studies will aid in our understanding of the underlying mechanisms 

associated with the role of NO or ROS in cardiac injury during intrauterine stress. 
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Overall Hypothesis:  Chronic intrauterine hypoxia induces cardiac injury via 

upregulation of NO and ROS and subsequently MMP activation. 

Specific Aim 1:  To quantify the effect of chronic intrauterine hypoxia on NOS mRNA 

and protein and NO generation in the fetal heart. 

Hypothesis:  Chronic intrauterine hypoxia induces local tissue hypoxia and 

upregulates the iNOS/NO/cGMP pathway in the fetal heart. 

Interpretation of Results and Significance:  It is expected that intrauterine 

hypoxia will upregulate HIF-1α protein expression and verify that the 

fetal heart is hypoxic.  The functional importance of the iNOS pathway 

during fetal hypoxia will be measured by an expected increase in total NO 

production and cGMP levels and both will be inhibited by L-N6-(1-

Iminoethyl)-Lysine, LNIL a selective iNOS inhibitor (230-235).  Since the 

catalytic rate of iNOS is greater than the other NOS isoforms (nNOS, 

eNOS) (122-123), this will identify a prominent role of iNOS-derived NO 

production in the hypoxic fetal heart.  Because the effects of chronic 

hypoxia on the fetal heart have yet to be characterized, these experiments 

will establish the effect of hypoxia on iNOS expression. 

Specific Aim 2:  To determine if chronic intrauterine hypoxia induces oxidative and 

nitrosative stress in the fetal heart. 

Hypothesis:  Chronic intrauterine hypoxia increases lipid peroxidation and 

peroxynitrite, indices of oxidative and nitrosative stress, respectively. 

Interpretation of Results and Significance:  It is expected that intrauterine 

hypoxia will increase malondialdehyde (MDA) and nitrotyrosine levels 
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indicating both oxidative and nitrosative stress in the fetal heart.  It is also 

expected that N-acetylcysteine, NAC an antioxidant, will inhibit MDA 

and nitrotyrosine.  The increase in nitrotyrosine will support an interaction 

between NO and superoxide radical, a further indication of peroxynitrite 

generation.  The inhibition of MDA and nitrotyrosine with L-N6-(1-

Iminoethyl)-Lysine, LNIL a selective iNOS inhibitor, verifies that NO 

contributes to lipid peroxidation and peroxynitrite generation via iNOS.  

These experiments will show that intrauterine hypoxia induces oxidative 

and nitrosative stress within the fetal heart. 

Specific Aim 3:  To determine if chronic hypoxia increases extracellular matrix proteins 

that are associated with cardiac remodeling. 

Hypothesis:  Chronic intrauterine hypoxia upregulates cardiac MMP and 

collagen via oxidative and nitrosative stress. 

Interpretation of Results and Significance:  Intrauterine hypoxia, in 

association with upregulation of MMP2 activity and MMP9 expression 

(216), increases collagen staining in fetal guinea pig cardiac ventricles.  

MMP expression is transcriptionally regulated by AP-1 for both MMP 

isoforms and NF-κB for MMP9, which binds to the MMP promoter (183-

184, 205-206).  Peroxynitrite has been shown to enhance nuclear 

translocation of transcription factors AP-1 and NF-κB (236).  Therefore 

we expect that hypoxia-induced peroxynitrite, nitrosative stress, will 

increase transcription of MMP2 and MMP9 via nuclear AP-1 and NF-κb.  

The inhibitory effect of LNIL and/or NAC on MMP isoforms and fibrosis 
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will indicate the contribution of NO and/or ROS in MMP expression.  

This will support the hypothesis that fetal hypoxia upregulates NO/ROS 

and injures cardiac ventricles via downstream activation of MMP. 

Specific Aim 4:  To quantify the effect of chronic hypoxia on the apoptotic pathway in 

fetal cardiac ventricles. 

Hypothesis:  Chronic intrauterine hypoxia increases caspase 3 and DNA 

fragmentation in the fetal heart. 

Interpretation of Results and Significance:  It is expected that intrauterine 

hypoxia will induce apoptosis in the fetal heart.  Apoptosis will be 

measured using caspase 3 protein/activity and DNA fragmentation.  The 

inhibitory effect of L-N6-(1-Iminoethyl)-Lysine, LNIL a selective iNOS 

inhibitor (230-235), on cell death will indicate the contribution of NO on 

caspase 3 and DNA fragmentation.  These experiments will elucidate a 

novel concept showing the role of hypoxia-induced NO on apoptosis in 

the fetal heart. 

  



 

 

 

Figure 4  Hypothesized hypoxia ind
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Hypothesized hypoxia induced signal transduction pathway in cardiomyocytes

 

 

uced signal transduction pathway in cardiomyocytes 
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CHAPTER II 

GENERAL METHODS 

 

 

A.  ANIMALS 

All animal studies were conducted in accordance with the Guide for the Care and 

Use of Laboratory Animals (National Research Council) and approved by the 

Institutional Animal Care and use Committee of the University Of Maryland School Of 

Medicine.  As has been previously published (42, 93-95, 104, 216), time-mated pregnant 

guinea pigs (Dunkin-Hartley) (Elm Hills, Chelmsford, MA) were exposed to room air 

(normoxia) or 10.5% O2 (hypoxia) for 14 days prior to term (term ~ 65 days).  L-N6-(1-

Iminoethyl)-Lysine (LNIL) (Cayman Chemical, Ann Arbor, MI), a 30-fold selective 

iNOS inhibitor (230) was administered to pregnant mothers via their drinking water at a 

dose of 1-2mg/kg/day.  LNIL has been reported to inhibit the activity of iNOS at this 

dose without affecting the activity of either eNOS or nNOS (237).  N-acetylcysteine 

(NAC) (Sigma, St Louis, MO), an antioxidant, was administered to pregnant mothers via 

their drinking water at a dose of 300-500mg/kg/day.  This dosage was based on an 

effective dose that has been shown to inhibit oxidative stress (238).  Control animals only 
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received water.  Food and water was given to pregnant sows ad labitum and 

measured/replenished three times per week.  At 60 days gestation, near term fetuses were 

removed via hysterotomy from anesthetized sows.  The hearts of the fetal pups were 

excised, weighed, and normalized based on their body weights.  Fetal hearts were either 

(a) flash frozen in liquid N2 and stored at -80oC, (b) prepared for cardiomyocyte isolation, 

or (c) fixed in 10% formalin (Sigma, St. Louis, MO) for immunohistochemistry.  Each 

study used a different set of animals. 

 

B.  WESTERN BLOT 

Left ventricles of fetal hearts were frozen in liquid N2, homogenized in ice-cold 

lysis buffer (Upstate, Billerica, MA) with Protease and Phosphatase inhibitors (Roche 

Molecular Biochemicals, Mannheim, Germany), placed on ice for 30 min, and spun at 

13,000 rpm at 4°C for 10min.  Protein concentrations of the supernatant were analyzed 

by the Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA).  Equal amounts of 

protein (60µg) of normoxic and hypoxic fetal cardiac ventricles were loaded onto 7.5% 

Tris/glycine polyacrylamide gels and separated by gel electrophoresis.  Dual color 

standard markers (Bio-Rad Laboratories) were used to verify molecular mass in each gel.  

Proteins were transferred to Immun-Blot poly(vinylidene fluoride)(PVDF) membranes 

(Bio-Rad Laboratories, Hercules, CA), blocked in 5% Non-Fat Dry Milk for 2 hours, and 

probed overnight at 4°C.  Membranes were incubated with a polyclonal antibody specific 

and then with the corresponding second antibody after extensive washing.  Protein bands 

were detected by ECL western blotting Analysis System (Amersham, Piscataway, NJ, 
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USA).  Each band was quantified by densitometry (GS-700 Imaging system, Bio-Rad 

Lab., Hercules, CA) and normalized to β-actin as a loading control. 

 

C.  NITRIC OXIDE ASSAY 

Nitrite/nitrate levels (NO2- and NO3
-) of fetal hearts of normoxic (n=4), hypoxic 

(n=5) and hypoxic+LNIL (n=4) treated animals were measured as an index of NO 

generation using a Fluorometric NO Assay kit (Cat. 482655. EMD Biosciences, San 

Diego, CA).  Left cardiac ventricles were excised, frozen in liquid nitrogen and stored at -

80oC.  Frozen tissue was homogenized, centrifuged at 16,000 x g for 20 min, and the 

supernatant filtered through a 10kDa cut-off filter at 14,000 x g for 1 hour. Enzyme co-

factors and nitrate reductase were added to each sample according to the manufacturer’s 

protocol.  The fluorescent reagent, DAN (2,3- diaminonaphthotriazole) was added to 

tissue samples loaded onto a microtiter plate and read at an excitation wavelength of 360-

365nm and emission of 430-450 nm using a Biolumin 960 UV/Fluorescence microtiter 

plate reader (Molecular Devices, Sunnyvale, CA). 

 

D.  CYCLIC GUANOSINE MONOPHOSPHATE (cGMP) ENZYME IMMUNO 

ASSAY (EIA) 

cGMP levels were measured in cardiac ventricles of normoxic and hypoxic fetal 

guinea pigs and compared to untreated animals.  Fetal hearts were excised from normoxic 

and hypoxic animals treated with and without LNIL and frozen tissues assayed for cGMP 

as pmoles/mg tissue using EIA (Assay Designs, EnzoLifeSciences, Plymouth Meeting, 

PA). 
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E.  THIOBARBATURIC REACTIVE SUBSTANCES (TBARS) ASSAY  

Plasma membrane phospholipids are targeted molecules of oxidative stress (240) 

and malondialdehyde is measured as an index of lipid peroxidation (240).  Frozen 

ventricles of fetal hearts from normoxic and hypoxic guinea pigs treated with and without 

LNIL or NAC were used.  Malondialdehyde was assayed using a thiobarbituric acid 

reactive substances assay (TBARS assay, Cayman Chemical, Ann Arbor, MI), measured 

in triplicate and normalized to mg protein of each sample.  Protein concentration was 

determined by Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA). 

 

F.  IMMUNOHISTOCHEMISTRY 

Fetal guinea pig hearts were excised and fixed in 10% formalin (Sigma, St Louis, 

MO) for immunohistochemistry. Hearts were dehydrated through ascending ethanol 

concentrations, paraffin embedded, and sectioned at 5µm.  Heart sections were 

deparaffinized, rehydrated through decreasing ethanol concentrations, and, in parallel, 

sections of each group were immunostained.  Each of the sections were boiled in sodium 

citrate buffer (pH 6),  treated with 0.3% H2O2, blocked with buffer containing normal 

goat serum (4%) and incubated separately with primary antibody overnight at 4°C.  

Sections were incubated with biotinylated secondary antibody.  Avidin-Biotin Complex 

reagent (Vector Laboratories, Burlingame, CA) was used in combination with the 

peroxide substrate solution composed of 10ml Tris buffer, 2mg DAB (3,3’-

diaminobenzidine tetrahydrochloride dehydrate), and 3% H2O2.  Negative controls were 

generated in the absence of primary antibody. 
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G.  PICOSIRIUS STAINING 

To visualize collagen fibers, fetal heart sections were stained with Sirius Red.  

Paraffin embedded fetal heart sections (5µm) were deparaffinized and rehydrated through 

decreasing ethanol concentrations.  Sections were stained in 0.1% Sirius Red in saturated 

picric acid for 1hr, rinsed 2 times with 0.5% acetic acid for 5min, and dehydrated in 3 

changes of 100% ethanol for 5min.  The sections were coverslipped and imaged using 

bright field microscopy. 

 

H.  CASPASE 3 ACTIVITY 

Caspase 3 activity was quantified using a Fluorometric assay specific for caspase 

3 (Sigma, St Louis, MI). Equal amounts of the sample were loaded onto a 96-well plate 

and read at an excitation wavelength of 360 nm and emission wavelength of 460 nm.  

Results were determined as pmol AMC/min/mg protein. 

 

I.  DNA FRAGMENTATION ELISA 

DNA fragmentation was quantified using a Cell Death ELISA (Roche Molecular 

Biochemicals, Mannheim, Germany) which measures cytosolic mononucleosomes and 

oligonucleosomes (180-bp or multiples).  Equal amounts of the sample were loaded onto 

a 96-well plate and read at 405 nm wavelength.  Results were calculated as OD value/mg 

protein. 
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J.  STATISTICAL ANALYSIS 

Results are expressed as Mean + SEM.  Student’s t-test was used to compare 

differences between normoxic and hypoxic groups.  Comparisons between groups were 

made using a two-way ANOVA with hypoxia and drug treatment as independent 

variables.  If mean values were found to be significantly different (P < 0.05), a Student-

Newman-Keuls post hoc test was applied to analyze differences between treatments.  

P<0.05 indicates statistical significance between groups (n values = number of fetuses).  

Positive staining was quantified using IPlab imaging software (Scanalytics, Inc. Fairfax, 

VA), a Nikon Eclipse E1000 microscope, and QImaging QICAM FAST 1394 camera.  

The optical density of the brown (DAB) or red (Sirius Red) stain was quantified and 

normalized per standard area of each section.  Six randomly chosen views of each section 

were selected, measured as optical density for a given area and averaged.  All statistical 

analysis was done using Sigma Stat Version 2.03 (Systat Software, San Jose, CA). 
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CHAPTER III 

CHRONIC INTRAUTERINE HYPOXIA UPREGULATES THE INOS 

PATHWAY IN THE FETAL HEART 

 

 

A.  INTRODUCTION 

The adaptive response of the fetal heart to intrauterine stress is critical for its 

survival.  Several studies using high altitude (3, 70), acute and chronic hypoxia (3, 15), 

and anemia (241) have provided insight into understanding how the fetal cardiovascular 

system responds to intrauterine hypoxia.  Depending on the severity and duration of the 

hypoxic conditions, as well as the gestational age of the fetus, cardiac adaptations have 

been associated with altered coronary blood flow (3, 43, 86), increased heart size (70) 

and decreased contractile performance (18).  The underlying mechanisms mediating these 

changes in fetal heart morphology and function are not fully understood. 

Hypoxia is a potent stimulus for gene activation of several genes (242), including 

nitric oxide synthase (NOS), the synthetic enzyme that generates nitric oxide (NO) from 

L-arginine oxidation (243).  NO is derived from 3 isoforms of NOS (endothelial NOS 

eNOS; neuronal NOS, nNOS; and inducible NOS, iNOS), all of which are expressed in 
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the heart (111, 244).  Specifically, eNOS is expressed constitutively in both endothelial 

cells and cardiomyocytes (111), nNOS in both cardiomyocytes and the conducting tissue 

of cardiac ventricles (100), and iNOS in cardiomyocytes (100) and mature hearts under 

conditions of hypoxia (83, 85, 100), heart failure (245), left ventricular hypertrophy (246) 

and cardiac cyanosis in children (248-249).  NOS gene expression has been reported to 

be oxygen-sensitive, with levels varying among cardiomyocytes (248-249), as well as, 

endothelial cells of differing vascular origin (250-252).  Hypoxia increases eNOS 

expression in porcine coronary artery endothelial cells (250), newborn (253-255) and 

adult rabbit heart ventricles (256), and adult guinea pig ventricles (95), and decreases 

expression in pulmonary artery endothelial cells (257) and fetal guinea pig hearts (95, 

104).  Thus, the effect of hypoxia on NOS gene expression likely depends on the tissue 

type and severity of the hypoxic stimulus. 

Cellular responses to changes in oxygen concentration are mediated by the 

transcriptional regulator, hypoxia-inducible factor (HIF) (258, 225).  Three isoforms of 

HIF (1α, 2α, and 3α) are characterized as basic helix-loop-helix (bHLH) PAS (PER-

ARNT-SIM) heterodimeric proteins made up of α and constitutive β (aryl hydrocarbon 

nuclear factor –ARNT) subunits and expressed in most cell types, including 

cardiomyocytes (225). Hypoxia has been shown to induce iNOS gene expression through 

the HIF-1α pathway (242, 259).  HIF-2α (EPAS), which dimerizes with HIF-2β, is also 

oxygen-regulated (260), and important in gene expression in vascular endothelium.  HIF-

3α is upregulated by hypoxia in a variety of tissues including the heart (261).  We 

hypothesize that chronic hypoxia induces iNOS expression in the fetal heart, identifying 

an important role of the iNOS pathway in response to hypoxic stress.  This is supported 
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in the present study by a hypoxia-induced increase in HIF-1α and 2α mRNA, iNOS 

mRNA and protein expression, and nitrite/nitrate levels in near-term fetal guinea pig 

hearts. 

 

 

B.  METHODS 

 

1.  Animal Model 

Female Duncan-Hartley guinea pigs (term = ~65 days) were purchased from a 

commercial breeder (Harlan Sprague Dawley, Indianapolis, IN, USA) and time-mated.  

Pregnant sows were placed in a hypoxic chamber (10.5%O2 for 14 days; HPX; n=17) as 

previously described (95).  Normoxic controls were housed in room air (21%O2, NMX; 

n=17).  To test the role of iNOS in NO generation, LNIL (L-N6-(1-Iminoethyl)-lysine) 

was administered to hypoxic animals (n=4) in their drinking water at a dose of 1-

2mg/kg/d for 10d.  LNIL selectively inhibits iNOS without affecting eNOS and nNOS 

activity at doses used in the present study (237).  At 60d gestation, pregnant mothers 

were anesthetized (ketamine 1mg/kg; xylazine 80mg/kg), fetuses were removed via 

hysterotomy and fetal body and organ weights of heart, brain, and placenta measured.  

The methods were approved by University of Maryland Animal Care Committee and 

conform to the Guide for the Care and Use of Laboratory Animals (NIH Publication 

No.85-23). 
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2.  Quantification of HIF isoforms (1αααα, 1ββββ, 2αααα, 3αααα), iNOS, and nNOS mRNA levels 

Animals were randomized into two groups [(NMX; n=6) and HPX; n=6)].  Gene 

expression of HIF-1α, -1β, -2α, -3α, iNOS and nNOS of normoxic and hypoxic fetal 

hearts were quantified by real time PCR, similar to that previously described (95).  Total 

RNA was isolated from normoxic and hypoxic fetal left cardiac ventricles by RNeasy 

Mini Kit and RNase-free DNase Set (Qiagen, Valencia, CA) and reverse-transcribed 

using Omniscript RT Kit (Qiagen).  mRNA was quantified by real-time PCR (Bio-Rad, 

iCycler iQ Real-Time PCR Detection System) and the SYBR Green I labeling method. 

18S primers were acquired from Applied Biosystems (Forster City, CA), and primer 

sequences of HIF-1α, 1β, 2α, 3α, iNOS and nNOS obtained from GenBank (Table 1).  

The amplification protocol of the resulting cDNA consisted of 95˚C for 2.5 min, followed 

by 45 cycles of amplification, each cycle consisting of 95˚C for 30s (denaturation), 60˚C 

for 25s (annealing), and 72°C for 7min (extension).  mRNA levels of target genes were 

measured as 2-∆∆CT values and normalized to 18S rRNA generated from the same sample.  

Data were obtained as CT values (cycle number at which PCR product crosses threshold) 

and normalized to 18S rRNA.  To compare differences between groups, mRNA levels 

were expressed as relative expression using 2-∆∆CT values derived from delta CT NOS 

hypoxic group – delta CT normoxic 18S (262). 

3.  Western blot analysis 

iNOS, nNOS (N=5 from each group) and HIF-1α (N=3 from each group) protein 

levels were quantified from normoxic and hypoxic animals using standard methods 

previously reported (95).  Briefly, the apical sections of fetal hearts were frozen in liquid 

N2, homogenized in ice-cold lysis buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1mM 
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EDTA, 1% Igepal-CA 630, 0.1% sodium dodecyl sulfate (SDS), 0.5% SDC, Protease 

inhibitor, Phosphatase inhibitor cocktail I, Phosphatase inhibitor cocktail II) (Sigma, St. 

Louis, MO),  placed on ice for 1 hour, and spun at 1,000 g at 4°C for 10 min.  Protein 

concentration of the supernatant was analyzed by the RC-DC Protein Assay (Bio-Rad 

Laboratories, Hercules, CA).  Equal amounts of protein of normoxic and hypoxic fetal 

ventricles (70µg for iNOS and nNOS; 40µg for HIF1α) were loaded onto 7.5% 

Tris/glycine polyacrylamide gels and separated by gel electrophoresis for protein 

quantification.  Kaleidoscope standard markers (Bio-Rad Laboratories) were run in each 

gel used to verify molecular mass.  Proteins were transferred to Immun-Blot 

poly(vinylidene fluoride)(PVDF) membranes (Bio-Rad Laboratories, Hercules, CA), 

blocked for 2 hours, and probed overnight at 4°C.  Membranes were incubated with a 

polyclonal antibody specific for either iNOS, nNOS, and HIF-1α (rabbit antibody for 

iNOS and nNOS, 1:200; Transduction Laboratories, San Diego, CA; goat antibody for 

HIF-1α, 1:250) and then with the second antibody (1:5000, horseradish peroxidase-

conjugated goat anti-rabbit and rabbit anti-goat IgG for iNOS/nNOS and HIF-1α, 

respectively) after extensive washing.  Protein bands were detected by ECL western 

blotting Analysis System (Amersham, Piscataway, NJ, USA).  The relative quantity of 

each band was determined by densitometry (GS-700 Imaging system, Bio-Rad Lab., 

Hercules, CA) and compared to normoxic controls loaded onto the same gel. 

4.  Total NO product measurement 

Nitrite/nitrate levels (NO2
-and NO3

-) of fetal hearts of normoxic (n=4), hypoxic 

(n=5) and hypoxic+LNIL (n=4) treated animals were measured as an index of NO 

generation using a Fluorometric NO Assay kit (Cat. 482655. EMD Biosciences, San 
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Diego, CA).  Left cardiac ventricles were excised, frozen in liquid nitrogen and stored at -

80oC.  Frozen tissue was homogenized, centrifuged at 16,000 x g for 20 min, and the 

supernatant filtered through a 10kDa cut-off filter at 14,000 x g for 1 hour. Enzyme co-

factors and nitrate reductase were added to each sample according to the manufacturer’s 

protocol.  The fluorescent reagent, DAN (2,3-diaminonaphthotriazole) was added to 

tissue samples loaded onto a microtiter plate and read at an excitation wavelength of 360-

365nm and emission of 430-450 nm using a Biolumin 960 UV/Fluorescence microtiter 

plate reader (Molecular Devices, Sunnyvale, CA). 

5.  Effect of LNIL on Fetal Cardiac cGMP Levels 

Fetal cardiac cyclic GMP (cGMP) was measured as a second messenger to NO 

synthesis in the presence/absence of LNIL to confirm its inhibitory effect on NO 

synthesis.  Fetal hearts were excised from normoxic and hypoxic animals treated with and 

without LNIL and frozen tissues assayed for cGMP as pmoles/mg tissue using an enzyme 

immunoassay (Assay Designs, EnzoLifeSciences, Plymouth Meeting, PA). 

6.  Statistics 

Responses are expressed as Mean ± SEM.  Student’s t-test was used to compare 

differences between normoxic and hypoxic groups.  P<0.05 was used to determine 

significant differences between groups. 
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C.  RESULTS 

 

1.  Maternal and Fetal Guinea Pig Characteristics 

 Chronic hypoxia induces fetal adaptations consistent with hypoxic stress.  For 

age-matched normoxic (62.5±0.4d) and hypoxic (61.5±0.7d) fetuses, hypoxia 

significantly reduced body weight (85.6±4.9g vs 66.8±4.8g,) and brain weight 

(2.55±0.07g vs 2.32±0.09g, NMX vs HPX, respectively) (P<0.05).  The placenta to body 

weight (0.059±0.0024 vs 0.076±0.005) and brain weight to body weight (0.031±0.002 vs 

0.037±0.002) ratios were increased in hypoxic compared to normoxic fetuses.  Chronic 

hypoxia increased maternal hematocrit but had no effect on fetal hematocrit.  The heart 

weight to body weight ratio was slightly increased with hypoxia although not 

significantly different from normoxic controls. 

2.  HIF mRNA Expression Induced by Chronic Hypoxia in Fetal Guinea Pig Hearts 

Chronic hypoxia alters the mRNA levels of some HIF subunits (1α and 2α) in 

fetal guinea pig hearts.  To determine the expression of RNA encoding HIF subunits, real 

time PCR was performed using total RNA of fetal ventricles of normoxic and hypoxic 

animals.  Figure 1 illustrates that hypoxia significantly increased HIF-1α by 4.8 fold 

(Figure 5A) but had no significant effect on HIF-1β (Figure 5B) in fetal hearts.  In the 

same heart samples, hypoxia significantly increased HIF-2α (Figure 5C) by 6.1 fold but 

had no effect on HIF-3α (Figure 5D) levels. 
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3.  Chronic Hypoxia Increases HIF-1αααα protein expression in Fetal Guinea Pig 

Hearts 

 HIF-1α protein levels of normoxic and hypoxic fetal cardiac ventricles were 

quantified by Western immunoblotting analysis (Figure 6) to confirm protein 

stabilization.  Chronic hypoxia significantly (P<0.05) increased HIF-1α protein compared 

to normoxic controls. 

4.  Chronic Hypoxia Increases iNOS mRNA and Protein Expression in Fetal Guinea 

Pig Hearts 

To quantify the effect of chronic hypoxia on iNOS expression, mRNA and protein 

levels were quantified using real time PCR and Western immunoblotting, respectively, 

(Figure 7).  Chronic hypoxia significantly increased both iNOS mRNA by 5.0 fold (A) 

and protein levels by 23% (B) compared to normoxic controls.  The immunoblot shows 

single bands of iNOS from normoxic and hypoxic fetal hearts. 

5.  Effect of Hypoxia on nNOS Expression in Fetal Guinea Pig Hearts 

To quantify the effect of hypoxia on nNOS expression, mRNA and protein levels 

were measured by real time PCR and Western analysis, respectively (Figure 8).  Figure 8 

illustrates no significant effect of hypoxia on either mRNA or protein levels of fetal 

cardiac ventricles.  The immunoblot illustrates single bands representing individual 

normoxic and hypoxic heart samples. 

6.  Effect of hypoxia on nitrite/nitrate levels. 

Nitrite/nitrate levels (pmoles/mg tissue, total NO product) of normoxic and 

hypoxic fetal cardiac ventricles were measured in animals with and without LNIL 

treatment.  Hypoxia significantly (P<0.05) increased NO product in cardiac ventricles 
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(78.7±13.3 pmoles/mg tissue) by 2.5X compared to the normoxic controls (31.8±9.8 

pmoles/mg tissue) (Figure 9).  LNIL significantly (P<0.05) decreased total NO levels in 

hypoxic animals by 67±14% from hypoxic control (78.7±13.3 vs 25.6±11.6 pmoles/mg 

tissue). 

7.  LNIL Inhibits cGMP Levels in Hypoxic Fetal Hearts 

Chronic hypoxia increased cGMP levels (pmoles/mg tissue) in fetal cardiac 

ventricles by 148% compared to normoxic controls (0.0033+0.0007 vs 0.0082+0.0008; 

NMX (n=5) vs HPX (n=5), P<0.05) (Figure 10).  LNIL administration reduced cGMP 

levels in hypoxic animals (0.0044+0.0013; HPX+LNIL (n=6), P<0.05) to levels of the 

untreated normoxic controls (Figure 10).  cGMP levels of normoxic and normoxic plus 

LNIL treatment were similar (0.0026+0.00055; NMX+LNIL, n=5) (Figure 10). 

  



 

 

 

Table 1.  Nucleotide sequences of PCR primers for amplification of HIF
HIF-2α, HIF-3α, iNOS and nNOS
 

46 

Nucleotide sequences of PCR primers for amplification of HIF
, iNOS and nNOS 

 

 

Nucleotide sequences of PCR primers for amplification of HIF-1α, HIF-1β, 



Figure 5.  Effect of chronic 
the fetal heart 
 Fetal guinea pigs (gestation = 65 days) were exposed to c
hypoxia for 14 days starting around day 50 of gestation
RNA was extracted from fetal hearts and
3α (D) mRNA.  mRNA levels of normoxic (NMX, n
hearts were measured by real time PCR and quantified as 
was used to compare differences between groups.  
HIF-1α and -2α mRNA levels 
3α.  There were no differences between normoxic and hypoxic HIF
expected.  HIF=hypoxia inducible factor. 
(Peformed by LCE and YD)
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Effect of chronic intrauterine hypoxia on HIF-1α, -1β, -2α, and 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic 
for 14 days starting around day 50 of gestation as previously described

RNA was extracted from fetal hearts and analyzed for HIF-1α (A), -1β (B)
mRNA levels of normoxic (NMX, n = 6) and hypoxic (HPX, n

hearts were measured by real time PCR and quantified as 2-∆∆CT values.
was used to compare differences between groups.  Chronic intrauterine hypoxia 

mRNA levels in fetal cardiac ventricles.  Hypoxia had no effect on HIF
There were no differences between normoxic and hypoxic HIF

HIF=hypoxia inducible factor.  Values are Mean ± SEM.  * = P<0.05 vs NMX
(Peformed by LCE and YD) 

 

 

, and -3α mRNA in 

hronic intrauterine 
as previously described.  Total 

(B), -2α (C), and 
6) and hypoxic (HPX, n = 6) fetal 

values.  Student’s t-test 
Chronic intrauterine hypoxia increases 

Hypoxia had no effect on HIF-
There were no differences between normoxic and hypoxic HIF-1β, which was 

* = P<0.05 vs NMX 



 
 

Figure 6.  Effect of chronic intrauterine 
pig heart 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Whole cell protein 
extracted from fetal hearts.  
Protein levels of HIF-1α
increased compared to 
represents a single fetal heart. 
(Performed by LCE) 
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chronic intrauterine hypoxia on HIF-1α protein in the fetal

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Whole cell protein 
extracted from fetal hearts.  HIF-1α normalized to β-actin was analyzed by Western blot

α in hypoxic hearts (HPX, n = 3) were significantly (P<0.05) 
increased compared to normoxic controls (n = 3).  Each lane of the immunoblot 
represents a single fetal heart.  Values are Mean ± SEM.  * = P<0.05 vs NMX

 

 

the fetal guinea 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Whole cell protein was 

was analyzed by Western blot.  
were significantly (P<0.05) 

.  Each lane of the immunoblot 
.  * = P<0.05 vs NMX 
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Figure 7.  Effect of chronic intrauterine hypoxia on mRNA and protein expression of 
inducible NOS (iNOS) in the fetal guinea pig heart 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Total RNA and whole cell 
protein were extracted from fetal hearts.  iNOS expression was analyzed by real time 
PCR and Western blot.  Both mRNA (A) and protein (B) levels were significantly 
(P<0.05) increased in hypoxic (HPX, n = 6) compared to normoxic (NMX, n = 6) hearts.  
In the immunoblot of iNOS protein, each lane represents an individual fetal heart. Values 
are Mean ± SE.  * = P<0.05 vs NMX 
(Performed by YD) 
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Figure 8.  Effect of chronic intrauterine hypoxia on mRNA and protein expression of 
neuronal NOS (nNOS) in the fetal guinea pig heart 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Total RNA and whole cell 
protein were extracted from fetal hearts.  nNOS expression was analyzed by real time 
PCR and Western blot.  Both mRNA (A) and protein (B) levels were similar between 
normoxic (NMX, n = 6) and hypoxic (HPX, n = 6) hearts.  In the immunoblot of nNOS 
protein, each lane represents an individual fetal heart. Values are Mean ± SE. 
(Perfromed by YD) 

 

  



 

 

 
Figure 9.  Effect of chronic 
the fetal guinea pig heart 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic 
hypoxia for 14 days starting around day 50 of gestation.
were analyzed in a fluorometric
index of total NO product 
in fetal cardiac ventricles of NMX (n
pigs.  Values are Mean ± 
(Performed by LCE) 
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Effect of chronic intrauterine hypoxia on total NO product (NO
 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic 
hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 

luorometric NO assay in which nitrate (NO3
-) / nitrite (NO

index of total NO product and measured as pmol / mg tissue.  Total NO 
in fetal cardiac ventricles of NMX (n = 4), HPX (n = 5) and HPX+LNIL

 SE. * = P<0.05 vs NMX; ** = P<0.05 vs HPX 
 

 

hypoxia on total NO product (NO2
- and NO3

-) in 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
Cardiac tissue homogenates 

) / nitrite (NO2
-) is an 

Total NO was measured in 
LNIL  (n = 4) guinea 

 



Figure 10.  Effect of chronic intrauterine hypoxia on cGMP in the f
Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 

hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 
were analyzed in a cyclic guanosine monophoshpate (cGMP) enzyme immuno assay 
(EIA) and measured as pmol / mg tissue.  
of NMX (n = 5), HPX (n =
pigs.  Values are Mean ± 
(Perfromed by HL) 
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Effect of chronic intrauterine hypoxia on cGMP in the fetal guinea pig heart
Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 

hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 
were analyzed in a cyclic guanosine monophoshpate (cGMP) enzyme immuno assay 

d as pmol / mg tissue.  cGMP was measured in fetal cardiac ventricles 
), HPX (n =5 ), NMX + LNIL (n = 5) and HPX + LNIL

 SE.  * = P<0.05 vs NMX; ** = P<0.05 vs HPX

 

etal guinea pig heart 
Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 

hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 
were analyzed in a cyclic guanosine monophoshpate (cGMP) enzyme immuno assay 

cardiac ventricles 
LNIL  (n =6 ) guinea 

.  * = P<0.05 vs NMX; ** = P<0.05 vs HPX 
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D.  MAJOR FINDINGS 

The major findings of the above experiments are: 

1. Chronic intrauterine hypoxia increased iNOS mRNA and protein but had no 

effect on nNOS expression 

2. Chronic intrauterine hypoxia increased HIF -1α and mRNA and protein 

3. Chronic intrauterine hypoxia increased HIF-2α mRNA 

4. Chronic intrauterine hypoxia increased NO and cGMP levels and both were 

inhibited by an iNOS inhibitor, LNIL. 

 

 

F.  DISCUSSION 

 

 Chronic hypoxia increased HIF-1α mRNA and protein levels, iNOS mRNA and 

protein levels, and total NO product (nitrite/nitrate levels) in fetal guinea pig hearts.  No 

significant changes were measured in nNOS expression (i.e. mRNA and protein) levels 

between groups.  Previously, we reported that hypoxia decreased both eNOS mRNA and 

protein levels in fetal guinea pig hearts under identical conditions of study (95).  

Together, these data suggest that maternal hypoxia alters fetal cardiac NOS expression in 

an isoform specific manner and that upregulation of iNOS may be an important pathway 

in hypoxic fetal hearts. 

Hypoxic Regulation of NOS expression 

This study supports the hypothesis that chronic hypoxia induces the iNOS 

pathway in the fetal cardiac ventricle.  We attribute the increased NO generation in the 
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present study to hypoxia-induced activation of the iNOS pathway since nNOS levels are 

unaltered and eNOS expression is reduced (95, 104).  Previous study has also shown that 

chronic hypoxia (10% O2 for up to 21d) increases iNOS expression and NOS activity in 

cardiomyocytes of adult rat hearts (84), identifying chronic hypoxia as an important 

physiological stimulus for inducing cardiac cell specific iNOS expression. 

Chronic hypoxia has been shown to alter NOS gene expression by a variety of 

mechanisms.  Gene expression in response to changes in oxygen is regulated by the 

hypoxia transcriptional complex, HIF, made up of α-subunits (i.e. 1α, 2α 3α), which 

heterodimerize with their corresponding β-subunit (242, 259).  The α-subunits are rapidly 

degraded by proteolysis in the presence of O2.  In the present study, all three of the HIF 

α-subunits are expressed in fetal guinea pig heart ventricles under baseline (i.e., 

normoxic) conditions as previously measured in fetal ovine (263) and adult rat hearts 

(261).  In addition, our study shows a significant increase in both HIF-1α and 2α, but not 

3α, mRNA levels in hypoxic fetal ventricles compared to normoxic controls, while the 

constitutively expressed β-subunit, HIF-1β, was unchanged, as expected.  The functional 

roles of each of the three α-subunits in the heart tissue are unknown, although 

transcriptional-upregulation has been associated with tissue hypoxia (261).  Further, the 

hypoxia-induced increase in fetal cardiac HIF-1α protein levels suggests a local hypoxic 

response in fetal hearts to maternal hypoxia.  The lack of robust increase in HIF-1α 

protein comparable to mRNA levels during hypoxia could be due to decreased protein 

synthesis under hypoxic conditions in the fetus (263a). 

The present study suggests a hypoxia-mediated iNOS induction in association 

with HIF-1α expression in fetal guinea pig hearts.  The HIF-1 binding site has been 
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reported to regulate iNOS gene expression (227, 242).  In cardiomyocytes, iNOS 

expression has been shown to be regulated by HIF-1 (83).  This association has been 

reported in other studies using isolated cardiac cells.  For example, following 3 weeks of 

hypoxia, cardiomyocytes of hypoxic rat heart ventricles exhibited increased iNOS mRNA 

levels as measured by in situ hybridization analysis (83).  In addition, isolated cardiac 

cells of neonatal rat hearts increased HIF-1 mRNA levels following 36 hrs of in vitro 

hypoxia exposure (83).  Further, hypoxia alone increased iNOS promoter activity of 

isolated cardiomyocytes following transient transfection of an iNOS promoter and 

demonstrated that the HIF-1 binding site is required for transcriptional regulation of 

iNOS gene expression (83).  In contrast, Kacimi et al., (264) reported that hypoxia alone 

did not increase iNOS mRNA, iNOS protein, or NO production in isolated rat neonatal 

cardiomyocytes.  Unresolved differences between these two studies may be related to 

differences in the interleukin-1β treatment used in the stimulation protocol of the latter 

study (264).  In addition, NO has been shown to regulate HIF-1α protein levels 

depending on the cell type and NO concentration.  NO inhibits HIF-1α activation in 

cancer cells (265) but increases HIF-1α levels via protein stabilization in vascular 

endothelial cells (266).  The present study indicates that HIF-1α protein levels are 

increased in hypoxic fetal hearts.  Further study is needed to identify the cellular 

mechanism by which NO regulates HIF-1α protein stability. 

The role of HIF-2α in the heart has been less extensively studied.  HIF-2α is an 

HIF-1α analogue, upregulated by low levels of oxygen, and has been previously reported 

to be expressed in the ovine fetal heart (263).  The present study is the first to measure 

HIF-1α, -2α, and -3α mRNA levels in fetal guinea pig hearts and demonstrate an 
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association of HIF-1α and -2α with increased iNOS expression in hypoxic fetal guinea 

pig hearts.  The role of HIF-2α in the regulation of iNOS expression in response to 

hypoxia remains poorly understood. 

nNOS mRNA and protein levels were detected in cardiomyocytes in the present 

study but were unaffected by hypoxia.  nNOS has been shown to be localized in 

specialized conducting tissue, sympathetic postganglionic neurons, as well as, 

nonadrenergic noncholinergic neurons in the heart (100) although the effect of hypoxia 

on nNOS expression in the heart has had limited study.  Variable effects of hypoxia have 

been quantified in brain nNOS (267) resulting in increased, decreased, or no change in 

expression.  The present study showed no significant effect of chronic hypoxia on either 

mRNA or protein levels of cardiac nNOS, suggesting a reduced sensitivity to hypoxia 

compared to iNOS. 

Functional role of increased iNOS expression 

The role of NO in cardiac function is complex.  This is likely dependent on the 

level of NO produced, the cell type in which it is synthesized and the NOS isoform from 

which it is derived.  In the present study, chronic hypoxia alters NOS expression in an 

isoform specific manner and the upregulation of iNOS expression is accompanied by 

increased NO production.  Further, the hypoxia-induced increase in NO levels was 

inhibited by LNIL, a selective iNOS inhibitor.  This supports the hypothesis that iNOS-

derived NO is upregulated by chronic hypoxia in the fetal heart.  While further study is 

needed to confirm the selectivity of LNIL in the guinea pig, previous study has identified 

the selected dose range to be effective over eNOS and nNOS inhibition (237).  More 

importantly, we have shown that neither eNOS (95, 104) nor nNOS likely contribute to 
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hypoxia-induced NO generation in cardiac ventricles since the expression of either 

isoform is not increased by hypoxia.  Thus, under conditions of hypoxia, iNOS-derived 

NO would be considered to contribute significantly to NO generation since iNOS 

expression is increased and its catalytic activity is 10 fold higher than either eNOS or 

nNOS isoforms, generating a high NO output (124).  In other studies, iNOS expression of 

adult hearts has been reported to increase in response to infiltrating inflammatory 

mediators, ischemia/reperfusion injury, and infection (243), identifying it as a major 

pathophysiologic mediator of cardiac injury.  While increased NO levels have been 

shown to mediate negative inotropy (268) and cell injury (269) in adult cardiac cells, 

other studies suggest a cardioprotective role of iNOS-derived NO in the late phase of 

ischemic preconditioning (270-271). 

NO is an important modulator of both fetal (42, 90) and adult coronary artery 

vasodilation (86, 253-255) and cardiac contraction (100, 248-249).  Yet, little is 

understood of the functional role of NO in the hypoxic fetal heart (55) because few 

studies have focused on the effects of intrauterine hypoxia on NOS gene expression.  

Fitzpatrick et al., (253) reported increased NOS activity in hearts of rabbits exposed to 

hypoxia from birth to 10d of age.  At 30d of age, hypoxic hearts exhibit increased 

recovery of left ventricular pressure to subsequent myocardial ischemia that was reversed 

by nitro-L-arginine, a nonselective NOS inhibitor, suggesting a NO-mediated 

cardioprotection (253).  Although Fitzpatrick et al. (253) did not identify an iNOS-

specific effect, this study suggests an adaptive response to chronic hypoxia in immature 

hearts that may be NO-dependent.   
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In summary, chronic hypoxia upregulates the iNOS pathway in fetal guinea pig 

hearts, which likely contributes to the increase in NO production.  Given that eNOS 

expression is decreased with hypoxia (95, 104) and that nNOS expression is unchanged, 

this study demonstrates that iNOS induction, in association with HIF-1α and -2α, may be 

an important cardiac response in the fetal guinea pig heart to hypoxic stress.  Further 

study is needed to confirm the functional consequences of the enhanced iNOS-derived 

NO levels in the hypoxic fetal heart. 
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CHAPTER IV 

CHRONIC INTRAUTERINE HYPOXIA GENERATES OXIDATIVE AND 

NITROSATIVE STRESS IN THE FETAL HEART 

 

 

A.  INTRODUCTION 

Chronic fetal hypoxia has been shown to alter heart-specific mechanisms 

associated with nitric oxide (NO) generation (104, 216, 272), as well as, protein kinase C 

expression (273), ventricular growth (69) and energy metabolism (274).  NO is generated 

by NO synthases (NOS) in mammalian tissue (275) by two constitutive forms 

(endothelial (eNOS), neuronal (nNOS)) and one inducible form (iNOS) (275).  In fetal 

guinea pigs, conditions of hypoxia upregulate iNOS (272) but downregulate eNOS 

mRNA/protein levels (104) in heart ventricles, identifying iNOS-derived NO synthesis as 

an important mechanism contributing to hypoxic stress.  In addition, fetal hypoxia 

increases the generation of reactive oxygen species (ROS) (109) and the interaction of 

both NO and ROS can lead to peroxynitrite formation (126), a potent cytotoxic molecule 

in cardiac tissue (126).  Chronic hypoxia can contribute to disruption of both cardiac 

structure and function (276).  In adult hearts, peroxynitrite plays a key role in cardiac 
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pathologies associated with ischemia/reperfusion injury (126), myocardial contractile 

dysfunction (172), and heart failure (277).  The role of peroxynitrite in hypoxic fetal 

hearts has not been investigated, yet is likely a key oxidant contributing to cardiac injury.  

Fetal cardiac pathology associated with peroxynitrite may have lasting consequences in 

the offspring and increase the risk of heart failure in the adult. 

 

 

B.  METHODS 

 

1.  Animal Model 

Pregnant Hartley guinea pigs were placed in either normoxia (NMX; 21%O2) 

throughout the pregnancy or hypoxia (HPX; 10.5%O2) for 14d prior to term (term=65d) 

(104, 216, 272).  At near-term (63d), pregnant sows were anesthetized (ketamine, 

80mg/kg, xylazine, 1mg/kg) and fetuses extracted via hysterotomy.  Fetal body and organ 

weights were measured.  Fetal hearts were excised and ventricles were either frozen in 

liquid N2 and stored at -80°C or fixed for immunohistochemistry.  These methods were 

approved by University of Maryland Animal Care Committee. 

2.  Drug Treatment 

To test whether chronic hypoxia generates peroxynitrite formation via an iNOS-

mediated pathway, both normoxic and hypoxic animals were treated with L-N6-(1-

Iminoethyl)-Lysine (LNIL), a selective inducible NOS inhibitor (272, 278, 230), 

administered in the drinking water (1-2mg/kg/d) for 10d, 4d after being placed in the 

hypoxic chamber (272).  In a separate group, pregnant sows were treated with N-
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acetylcysteine (NAC, 500mg/kg/d) administered in the drinking water using the same 

protocol as LNIL.  Both food (g/d) and water volume (ml/d) intake rates were measured 

throughout the duration of treatment. 

3.  Quantification of Fetal Cardiac Lipid Peroxidation 

Plasma membrane phospholipids are molecules targeted molecules by oxidative 

stress (240) and malondialdehyde is measured as an index of lipid peroxidation (240).  

Frozen ventricles of fetal hearts from normoxic and hypoxic guinea pigs treated 

with/without LNIL or NAC were used.  Malondialdehyde was assayed using a 

thiobarbituric acid reactive substances assay (TBARS assay, Cayman Chemical, Ann 

Arbor, MI), measured in triplicate and normalized to mg protein of each sample.  Protein 

concentration was determined by Bradford Protein Assay (Bio-Rad Laboratories, 

Hercules, CA). 

4.  Protein Quantification of 3-Nitrotyrosine of Isolated Cardiomyocytes 

Peroxynitrite is a cytotoxic molecule that nitrates tyrosine residues forming 3-NT 

(146).  Quantification of 3-NT protein was performed using Western analysis of isolated 

fetal cardiomyocytes from hearts of normoxic and hypoxic animals treated with and 

without LNIL. 

a. Fetal Cardiomyocyte Preparation 

Fetal hearts were excised and mounted via the aorta onto a Radnoti heart perfusion 

apparatus (37°C) and cardiomyocytes were isolated (239).  Briefly, hearts were perfused 

for 5 min each with a 37°C calcium-free Tyrodes buffer (95%O2/5%CO2)(140mM NaCl, 

5mM KCl, 10mM HEPES, 10mM glucose, 1mM MgCl2, pH 7.35) followed by a 

calcium-free Tyrodes buffer containing collagenase Type II (160U/ml), protease (Sigma 
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Type XIV, 0.78U/ml)] and bovine serum albumin (1mg/ml), and subsequently with 

Kraftbruhe solution (30mMKCl, 10mM HEPES, 10mM Glucose, 74mM K-glutamate, 

20mM Taurine, 1.5mM MgSO4, 0.5mM EGTA, 30mM KH2PO4, pH 7.37).  Cells 

released from the digested hearts were collected into Kraftbruhe buffer and passed 

through 150µm nylon mesh to remove cellular debris.  The suspension was centrifuged at 

200 x g (5 min), washed and resuspended in fresh buffer.  Aliquots were centrifuged 

(17,000 x g), supernatant discarded, and pellets frozen at -80°C. 

b.  Western Blot of 3-Nitrotyrosine 

Protein levels of 3-NT from isolated fetal cardiomyocytes of hearts from 

normoxic and hypoxic guinea pigs treated with and without LNIL were quantified using 

Western analysis (272).  Frozen isolated fetal cardiomyocyte preparations were 

homogenized in 1X lysis buffer (Upstate Cat#20-188), incubated on ice for 4h, and spun 

at 1000 x g (4°C/10min).  Protein concentrations were quantified by Bradford Protein 

Assay (Bio-Rad Laboratories, Hercules, CA).  Equal amounts of protein (20µg) were 

loaded onto 7.5% Tris/glycine polyacrylamide gels and separated by gel electrophoresis.  

Proteins were transferred to Immuno-Blot poly(vinylidene fluoride) (PVDF) membranes 

(Bio-Rad Laboratories), blocked for 2h, probed with rabbit polyclonal antibody specific 

for 3-NT (1:1000, Millipore, Billerica, MA) overnight in 4°C followed by a secondary 

IgG antibody (1:10,000).  Protein bands were detected by enhanced chemiluminescence 

(ECL) Western Blotting Analysis System (PerkinElmer, Waltham, MA).  Positive 

controls were used to identify selected proteins nitrated by peroxynitrite (e.g., 215, 66, 

32, 16kDa MW).  In guinea pig cardiomyocytes, protein bands of 66kDa were the only 

bands able to be detected by the antinitrotryosine antibody (Millipore, Cat#06-284).  
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Bands at 215kDa were not visible and those at 16kDa and 32kDa were too faint to 

quantify.  While this may indicate selective nitration of specific proteins in the fetal heart, 

their identity is impossible to confirm simply on the basis of MW.  Bands were quantified 

by densitometry and normalized to β-actin as a loading control for each sample. 

5.  Immunohistochemistry of 3-Nitrotyrosine 

Fetal hearts were excised and fixed in 10% formalin (Sigma, St Louis, MO) for 

immunohistochemistry of 3-NT.  Hearts were dehydrated through ascending ethanol 

concentrations, paraffin embedded, and sectioned at 5µm.  Heart sections were 

deparaffinized, rehydrated through decreasing ethanol concentrations, and sections of 

each group were immunostained.  Each of the sections were boiled in sodium citrate 

buffer (pH6), treated with 0.3%H2O2, blocked with buffer containing normal goat serum 

(4%) and incubated separately with anti-3-NT (1:1000, Millipore, Billerica, MA) 

overnight at 4°C.  Sections were incubated with biotinylated goat anti-rabbit antibody 

(1:10,000; Vector Laboratories, Burlingame, CA).  Avidin-Biotin Complex reagent 

(Vector Laboratories, Burlingame, CA) was used in combination with the peroxides 

substrate solution composed of 10ml Tris buffer, 2mg DAB (3,3’-diaminobenzidine 

tetrahydrochloride dehydrate), and 3% H2O2.  Negative controls were generated in the 

absence of primary antibody. 

6.  Statistics 

Results are expressed as Mean + SEM.  Comparisons between groups were made 

using a two-way ANOVA with hypoxia and drug treatment as independent variables.  If 

mean values were found to be significantly different (P < 0.05), a Student-Newman-

Keuls post hoc test was applied to analyze differences between treatments.  A single fetus 
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was obtained from each litter representing each of the four treatment groups.  P<0.05 

indicates statistical significance between groups (n values = number of fetuses).  For 

immunoblotting, Student’s T-test was performed for comparisons between groups with a 

P<0.05 for significance.   

 

 

C.  RESULTS 

 

1.  Effect of Hypoxia on Fetal Body and Organ Weights 

Chronic hypoxia decreased fetal guinea pig body weight by 19% (Table 2) 

associated with an increase in relative (normalized to fetal body weight) placental, heart 

and brain weights but not relative liver weight.  LNIL reduced fetal body weight of 

normoxic (by 19%) (P<0.05) but not of hypoxic animals.  NAC reduced body weight of 

both normoxic (20%) and hypoxic (14%) fetuses compared to their respective controls 

(P<0.05).  Maternal food intake was similar regardless of treatment.  Water intake was 

similar between normoxic, hypoxic and LNIL-treated groups.  However, NAC reduced 

water intake in normoxic (by 37%) (P<0.05) but not in hypoxic animals  

2.  Fetal Hypoxemia Increases Lipid Peroxidation in Fetal Hearts 

Chronic hypoxia increased fetal cardiac malondialdehyde (MDA) (nmol/mg 

protein) by 42% compared to normoxic controls (1.16+0.07 vs 1.72+0.17; NMX (n=5) vs 

HPX (n=4)) (Figure 11).  Maternal administration of LNIL abolished the hypoxia-

induced increase in malondialdehyde (1.21+0.12; HPX+LNIL n=4), P<0.05 vs HPX 
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alone).  Similarly, maternal NAC blocked the effect of chronic hypoxia on fetal cardiac 

malondialdehyde levels (1.03+0.04; HPX+NAC (n=3), P<0.05 vs HPX alone). 

3.  Fetal Hypoxia Increases 3-Nitrotyrosine (3-NT) 

Figure 12 illustrates Western analysis of 3-NT protein expression of isolated fetal 

cardiomyocytes obtained from hearts from each treatment group.  Fetal hypoxia (n=4) 

increased 3-NT expression by 82.9% compared to normoxic controls (n=4) (P<0.05).  

Maternal LNIL (HPX+LNIL, n=4) significantly inhibited the hypoxia-induced increase 

in 3-NT and had no significant effect in cardiomyocytes of normoxic hearts 

(NMX+LNIL, n=4)].  Due to differences in band density of β-actin in different blots, 

relative density values (3-NT/β-actin) were compared to their respective controls within 

each blot and shown in separate graphs.  3-NT was detected by immunohistochemistry of 

intact cardiac ventricles from hearts of normoxic and hypoxic animals treated with and 

without LNIL (Figure 13.).  Figure 13 illustrates positive brown immunostaining of 3-NT 

in cardiac sections of fetal hearts.  The upper figures illustrate representative images of 

cardiac ventricles from the four treatment groups.  Positive immunostain for 3-NT was 

greater in hypoxic fetal cardiac ventricles compared to normoxic controls.  LNIL during 

hypoxia reduced 3-NT staining to levels of normoxic and had no effect on 3-NT staining 

alone.    



 
 

 
 

Table 2.  Fetal body weights, organ weights, relative weights, and food/water 
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Fetal body weights, organ weights, relative weights, and food/water intake

 

 

intake 



 

 

 

Figure 11.  Effect of chronic intrauterine hypoxia on MDA in the fetal guinea pig heart
Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 

hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 
were analyzed in a thiobarbaturic reactive substances (TBARS) assay
nmol MDA / mg protein
hypoxic (HPX) fetal guinea pig cardiac ventricles treated with and without L
Iminoethyl)-lysine, LNIL, and N
SEM.  * = P<0.05 vs. NM
(Performed by LCE) 
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Effect of chronic intrauterine hypoxia on MDA in the fetal guinea pig heart
Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 

hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 
thiobarbaturic reactive substances (TBARS) assay 

protein.  Malondialdehyde (MDA) levels of normoxic (NMX) and 
hypoxic (HPX) fetal guinea pig cardiac ventricles treated with and without L

lysine, LNIL, and N-acetylcysteine, NAC.  Values are expressed as Mean
* = P<0.05 vs. NMX; ** = P<0.05 vs HPX. 

 

 

Effect of chronic intrauterine hypoxia on MDA in the fetal guinea pig heart 
Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 

hypoxia for 14 days starting around day 50 of gestation.  Cardiac tissue homogenates 
 and measured as 

Malondialdehyde (MDA) levels of normoxic (NMX) and 
hypoxic (HPX) fetal guinea pig cardiac ventricles treated with and without L-N6-(1-

acetylcysteine, NAC.  Values are expressed as Mean + 



 
 
 

 

 

Figure 12.  Effect of chronic intrauterine hypoxia on 
guinea pig cardiomyocytes

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Cardiomyocytes were 
homogenized and analyzed 
pig cardiomyocytes were
Density values of each band were normalized to 
as a ratio.  Values are expressed as Mean
HPX. 
(Perfromed by HL) 
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Effect of chronic intrauterine hypoxia on 3-nitrotyrosine (3
guinea pig cardiomyocytes 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Cardiomyocytes were 
homogenized and analyzed for 3-NT, an index of peroxynitrite, by Western blot.  G

ytes were treated with and without L-N6-(1-Iminoethyl)
Density values of each band were normalized to β-Actin as a loading control and reported 

Values are expressed as Mean + SEM.  * = P<0.05 vs. NMX; ** = P<0.05 vs 

 

 

3-NT) in the fetal 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation.  Cardiomyocytes were 

by Western blot.  Guinea 
Iminoethyl)-lysine, LNIL.  

Actin as a loading control and reported 
SEM.  * = P<0.05 vs. NMX; ** = P<0.05 vs 



 
 
 

 
Figure 13.  Effect of chronic intrauterine hypoxia on 
guinea pig hearts 
 Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gesta
ventricle sections were analyzed 
quantified (lower figures).  Guinea pig hearts were treated 
hypoxic (HPX) (B) fetal guinea pig heart vent
lysine, LNIL, (NMX+LNIL
illustrate 3-NT expression (brown stain) and nuclei of cardiomyocytes (blue stain). 
Values are Mean + SEM. * = P<0.05 vs NMX; ** = P<0.05 vs
(Performed by YD and LCE)
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Effect of chronic intrauterine hypoxia on 3-nitrotyrosine (3

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
ventricle sections were analyzed for 3-NT by immunohistochemistry (upper figures) and 
quantified (lower figures).  Guinea pig hearts were treated in normoxic (NMX)

(B) fetal guinea pig heart ventricles treated with L-N6
IL, (NMX+LNIL  (C), HPX+LNIL (D)).  Figures (magnification =

expression (brown stain) and nuclei of cardiomyocytes (blue stain). 
SEM. * = P<0.05 vs NMX; ** = P<0.05 vs HPX. 

(Performed by YD and LCE) 

 

nitrotyrosine (3-NT) in the fetal 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
tion as previously described.  Cardiac 

(upper figures) and 
in normoxic (NMX) (A) and 

N6-(1-Iminoethyl)-
Figures (magnification = 200X) 

expression (brown stain) and nuclei of cardiomyocytes (blue stain). 
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D.  MAJOR FINDINGS 

The major findings of the above experiments are: 

1. Chronic intrauterine hypoxia increases MDA, a byproduct of lipid peroxidation, 

and was reversed with an iNOS inhibitor, LNIL, and an antioxidant, NAC 

2. Chronic intrauterine hypoxia increases 3-nitrotyrosine, a marker of peroxynitrite, 

and was reversed with an iNOS inhibitor, LNIL 

 

 

E.  DISCUSSION 

 

This study indicates that chronic hypoxia increases peroxynitrite in fetal guinea 

pig hearts through an iNOS-derived NO mechanism.  Significant increases in 3-NT 

protein levels were measured in hypoxic fetal hearts and inhibited in the presence of 

LNIL.  The hypoxia-induced increase in MMP9 expression (216), as evidenced by 

increased immunostaining of fetal cardiac ventricles, was decreased by both LNIL and 

NAC, separately (308).  Fetal hypoxia also increased collagen accumulation in fetal 

hearts, reversed by both LNIL and NAC (308).  The pattern of inhibition of 3-NT, MMP9 

and collagen by LNIL and NAC provides evidence that peroxynitrite generation in 

chronically hypoxic fetal hearts plays an important role in modulating the ECM of the 

myocardium.  Upregulation of MMP expression leading to modulation of the ECM in the 

fetus suggests that intrauterine hypoxia could be a precursor to increased risk of heart 

failure or other cardiac pathologies in the offspring (71-73). 
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Maternal Hypoxia Induces Fetal Hypoxia 

Maternal hypoxia caused fetal growth restriction, a compensatory increase in 

placental growth, and pups that exhibited fetal heart and brain sparing effects (279-280), 

indicative of fetal hypoxia.  We have previously reported that, maternal hypoxia increases 

red blood cell content and reticulocyte number in fetal guinea pig blood (104) and 

induces local tissue hypoxia of fetal hearts as evidenced by increased hypoxia-inducible 

factor (HIF-1α) mRNA and protein levels in hypoxic fetal guinea pig cardiac ventricles 

(272).  Additionally, maternal hypoxia increases fetal cardiac iNOS mRNA/protein 

levels, tissue NO2
-/NO3

-
 content (272) and cGMP levels (308).  The effect of LNIL on 

both NO product and cGMP levels is consistent with inhibition of iNOS-derived NO 

synthesis (272), since hypoxia, under identical conditions of study, decreases fetal guinea 

pig cardiac eNOS mRNA/protein expression (216) and has no effect on nNOS expression 

(272) in fetal guinea pig hearts. 

 Both LNIL and NAC restricted fetal growth by mechanisms that remain unclear.  

Normal levels of NO (279a-279c) and ROS (279d-279e) are necessary during pregnancy 

particularly in the placenta.  NO regulates angiogenesis and growth in the placenta (279a-

279b).  During gestation, eNOS and iNOS protein are expressed in the sheep (279a-279b) 

(279a-279b) and rat (279c) placenta.  eNOS levels are decreased at the end of pregnancy 

but iNOS levels remain unchanged (279b).  By inhibiting iNOS with LNIL, this limits 

normal NO generation in the placenta which could have an adverse effect on oxygen and 

nutrient transport to the fetus thereby reducing fetal body weight.  In addition, oxidative 

stress is required for normal placental function (279d-279e).  ROS acts as a second 

messenger to induce signaling pathways that upregulate transcription factors (i.e. AP-1 
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and NF-κB) and activation of mitogen activated protein kinases (MAPK) involved in 

placental trophoblast proliferation and invasion (279d-279e).  A reduction in normal ROS 

levels with NAC treatment could limit trophoblast function.  This could cause shallow 

trophoblast invasion which could limit gas and nutrient exchange from the maternal to 

fetal circulation through the placenta also resulting in decreased fetal body weight. 

Fetal Hypoxia Increases Lipid Peroxidation 

Lipid peroxidation is a result of oxidation of plasma membrane phospholipids 

(240).  Hypoxia has been shown to generate oxidizing species in cardiac tissue via 

several mechanisms including upregulation of NADPH oxidase (281), and/or inhibition 

of mitochondrial function (281).  While each may generate superoxide anions (O2
-), it is 

unknown what mechanisms contribute to increased lipid peroxidation in hypoxic fetal 

hearts.  Although O2
-
 has not been measured in the current study, the evidence that both 

LNIL and NAC inhibit lipid peroxidation is consistent with oxidative stress, associated 

with generation of NO and O2
-, respectively.  We propose that the increase in lipid 

peroxidation in hypoxic fetal hearts is likely mediated via increased peroxynitrite 

generation (282-283). 

Fetal Hypoxia Generates Peroxynitrite 

Peroxynitrite is generated by the interaction of NO and O2
-
 (146, 282-283) and 

selectively nitrates tyrosine residues forming 3-NT (146).  Cardiac proteins identified to 

be selectively nitrated include those responsible for energy production and metabolism 

and structural integrity of the cells (284).  Fetal hypoxia increased 3-NT expression in 

both cardiomyocytes and the fetal myocardium.  The inhibitory effect of LNIL on protein 

expression, by both Western analysis and immunostaining, supports an important 
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biological role of iNOS-derived NO in generating peroxynitrite in the myocardium of 

fetal guinea pig hearts. 

Summary 

This study provides the first evidence that chronic intrauterine hypoxia generates 

conditions in fetal hearts that lead to peroxynitrite production in cardiomyocytes in vivo, 

which may induce MMP expression and contribute to cardiac remodeling via collagen 

accumulation.  Further, iNOS-derived NO and oxidative stress are important factors that 

initiate activation of MMPs such as MMP9.  The combination of both upregulation of 

MMP9 and collagen accumulation that persists after two weeks of hypoxia exposure 

suggests that modulation of collagen synthesis may contribute to cardiac restructuring in 

the hypoxic fetal heart.  Identification of the specific cellular factors contributing to the 

mechanism associated with cardiac remodeling in the fetus is important for developing 

therapeutic approaches that minimize the risk of cardiovascular disease associated with 

intrauterine growth restriction.  
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CHAPTER V 

CHRONIC INTRAUTERINE HYPOXIA CAUSES CARDIAC REMODELING BY 
UPREGULATING MMP-9 AND COLLAGEN VIA INOS 

IN THE FETAL HEART 

 

 

A.  INTRODUCTION 

Peroxynitrite has been shown to stimulate translocation of nuclear transcription 

factors (NF-κB and AP-1) to the matrix metalloproteinase (MMP) promoter site (184), 

thereby upregulating MMP expression.  The MMP gene family consists of several protein 

subtypes contributing to the modulation of the extracellular matrix (ECM) (184) with 

MMP2 and MMP9 playing key roles in cardiac tissue (184, 195).  Recent studies provide 

insight into the role of MMPs as modulators of the myocardial ECM in cardiac 

pathologies (e.g., heart failure (285), ischemia-reperfusion injury (285), and myocardial 

contractile dysfunction (195, 286)).  Upregulation of MMP expression and activation 

contributes to collagen degradation of the ECM in a time-dependent manner (195).  With 

prolonged activation, collagen subfragments degraded by selective MMPs such as 

MMP2, MMP9, and MMP13 promote collagen synthesis by disrupting the balance of 

synthesis and degradation, resulting in collagen accumulation and cardiac fibrosis (287, 
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210).  This study examined the role of iNOS-derived NO in mediating the formation of 

peroxynitrite in fetal guinea pig hearts of normoxic and hypoxic animals.  We measured 

lipid peroxidation, as an index of oxidative stress, and protein-associated 3-nitrotyrosine 

(3-NT) levels, as an index of peroxynitrite formation.  Additionally, fetal cardiac MMP9 

expression and collagen accumulation were measured as downstream actions of 

peroxynitrite formation.  A selective competitive inhibitor of iNOS activity, L-N-6-

iminoethyl-Lysine (LNIL), and N-acetylcysteine (NAC), an endogenous glutathione 

precursor and antioxidant, were administered to pregnant sows to determine the roles of 

iNOS-derived NO and oxidative stress, respectively, as modulating factors of the ECM in 

hypoxic fetal hearts. 

 

 

B.  METHODS 

 

1.  Animal Model 

Pregnant Hartley guinea pigs were placed in either normoxia (NMX; 21%O2) 

throughout the pregnancy or hypoxia (HPX; 10.5%O2) for 14d prior to term 

(term=65d)(1-3).  At near-term (63d), pregnant sows were anesthetized (ketamine, 

80mg/kg, xylazine, 1mg/kg) and fetuses extracted via hysterotomy.  Fetal body and organ 

weights were measured.  Fetal hearts were excised and ventricles were either frozen in 

liquid N2 and stored at -80°C or fixed for immunohistochemistry.  These methods were 

approved by University of Maryland Animal Care Committee. 
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2.  Drug Treatment 

To test whether chronic hypoxia generates peroxynitrite formation via an iNOS-

mediated pathway, both normoxic and hypoxic animals were treated with L-N6-(1-

Iminoethyl)-Lysine (LNIL), a selective inducible NOS inhibitor (272, 278, 230), 

administered in the drinking water (1-2mg/kg/d) for 10d, 4d after being placed in the 

hypoxic chamber (272).  In a separate group, pregnant sows were treated with N-

acetylcysteine (NAC, 500mg/kg/d) administered in the drinking water using the same 

protocol as LNIL.  Both food (g/d) and water volume (ml/d) intake rates were measured 

throughout the duration of treatment. 

3.  Immunohistochemistry of MMP9 

Fetal hearts were excised and fixed in 10% formalin (Sigma, St Louis, MO) for 

immunohistochemistry of MMP9.  Hearts were dehydrated through ascending ethanol 

concentrations, paraffin embedded, and sectioned at 5µm.  Heart sections were 

deparaffinized, rehydrated through decreasing ethanol concentrations, and sections of 

each group were immunostained.  Each of the sections were boiled in sodium citrate 

buffer (pH 6), treated with 0.3% H2O2, blocked with buffer containing normal goat serum 

(4%) and incubated with anti-MMP9 (1:50, Millipore, Billerica, MA) overnight at 4°C.  

Sections were incubated with biotinylated goat anti-rabbit antibody (1:10,000; Vector 

Laboratories, Burlingame, CA).  Avidin-Biotin Complex reagent (Vector Laboratories, 

Burlingame, CA) was used in combination with the peroxides substrate solution 

composed of 10ml Tris buffer, 2mg DAB (3,3’-diaminobenzidine tetrahydrochloride 

dehydrate), and 3% H2O2.  Negative controls were generated in the absence of primary 

antibody. 
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4.  Sirius Red Staining of Collagen 

Collagen fibers of fetal heart sections were visualized with Sirius Red stain.  

Paraffin embedded fetal heart sections (5µm) were deparaffinized, rehydrated, and 

stained in 0.1% Sirius Red in saturated picric acid for 1h.  Sections were rinsed 2 times 

with 0.5% acetic acid for 5min, dehydrated in 3 changes of 100% ethanol for 5min, and 

coverslipped for imaging using bright field microscopy. 

5.  Statistics 

Results are expressed as Mean + SEM.  Comparisons between groups were made 

using a two-way ANOVA with hypoxia and drug treatment as independent variables.  If 

mean values were found to be significantly different (P < 0.05), a Student-Newman-

Keuls post hoc test was applied to analyze differences between treatments.  Fetuses were 

obtained from each litter representing each of the four treatment groups.  P<0.05 

indicates statistical significance between groups (n values = number of fetuses).  Positive 

staining was quantified using IPlab imaging software (Scanalytics, Inc. Fairfax, VA), a 

Nikon Eclipse E1000 microscope, and QImaging QICAM FAST 1394 camera.  The 

optical density of the brown (DAB) or red (Sirius Red) stain was quantified and 

normalized per standard area of each section.  Six randomly chosen views of each section 

from animals were selected, measured as optical density for a given area and averaged. 
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C.  RESULTS 

 

1.  Fetal Hypoxia Increases MMP9 in Fetal Hearts 

Figure 14 illustrates MMP9 protein expression of fetal heart ventricles of 

normoxic and hypoxic animals treated with and without LNIL.  Each image shows a 

representative section of fetal heart ventricles from the 4 treatment groups 

immunostained against MMP9.  The lower graph illustrates the average stain density of 

hearts for each treatment group expressed as density per standardized viewing area.  Fetal 

hypoxia (n=5) significantly increased immunostaining of MMP9 in fetal cardiac 

ventricles compared to normoxic controls (n=5).  Further, maternal treatment with LNIL 

(HPX+LNIL, n=4) significantly inhibited the MMP9 expression in hypoxia-exposed fetal 

hearts.  LNIL (NMX+LNIL, n=4) had no effect on MMP9 expression in normoxic 

controls.  In a separate group of animals (Figure 15), maternal NAC (HPX+NAC, n=6) 

similarly inhibited the hypoxia-induced increase in MMP9 expression.  NAC 

(NMX+NAC, n=6) had no effect on MMP9 expression in normoxic controls. 

2.  Fetal Hypoxia Increases Collagen Levels in Fetal Hearts 

Collagen was identified in intact fetal cardiac ventricles and quantified using 

Sirius Red staining (Figure 16A-F).  Images are representative of NMX(A), HPX(B), 

NMX+LNIL(C), HPX+LNIL(D), NMX+NAC(E), and HPX+NAC(F).  Fetal hypoxia 

(n=5) significantly increased (P<0.05) stain density in fetal cardiac ventricles compared 

to normoxic controls (n=4).  Maternal administration of either LNIL [HPX+LNIL (n=5)] 

or NAC [HPX+NAC (n=5)] inhibited collagen staining in hypoxic fetal hearts to levels 

similar to normoxic controls (P<0.05).  Treatment with either LNIL [NMX+LNIL (n=4)] 
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(Figure 16C) or NAC [NMX+NAC (n=4)] (Figure 16F) alone had no effect in normoxic 

hearts. 

  



 
 
 
 

 
 
Figure 14.  Effect of NO on chronic intrauterine hypoxia
guinea pig heart 
 Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.
Immunohistochemistry (upper figures) and quantificatio
(MMP9) in normoxic (NMX)
ventricles treated with L-
(D)). Figures (magnification =200X) illustrate MMP9 expression (brown stain) and 
nuclei of cardiomyocytes (blue 
P<0.05 vs HPX. 
(Performed by LCE) 
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Effect of NO on chronic intrauterine hypoxia-induced MMP

guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.
Immunohistochemistry (upper figures) and quantification of matrix metalloproteinase 9 

ic (NMX) (A) and hypoxic (HPX) (B) fetal guinea pig heart 
-N6-(1-Iminoethyl)-lysine, LNIL, (NMX+LNIL 

(D)). Figures (magnification =200X) illustrate MMP9 expression (brown stain) and 
nuclei of cardiomyocytes (blue stain). Values are Mean+SEM. * = P<0.05 vs NMX; ** = 

 

 

MMP9 in the fetal 

guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  

n of matrix metalloproteinase 9 
(B) fetal guinea pig heart 

 (C), HPX+LNIL 
(D)). Figures (magnification =200X) illustrate MMP9 expression (brown stain) and 

SEM. * = P<0.05 vs NMX; ** = 



 
 
 

 
Figure 15.  Effect of ROS on chronic i
guinea pig heart 
 Fetal guinea pigs (gestation = 65 days) were exposed to 
hypoxia for 14 days starting around day 50 of gest
Immunohistochemistry (upper figures) and quantification of matrix metalloproteinase 9
(MMP9) in normoxic (NMX)
ventricles treated with 
Figures (magnification = 200X) illustrate
cardiomyocytes (blue stain). Values are 
vs HPX. 
(Performed by LCE) 
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Effect of ROS on chronic intrauterine hypoxia-induced MMP

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
Immunohistochemistry (upper figures) and quantification of matrix metalloproteinase 9
(MMP9) in normoxic (NMX) (A) and hypoxic (HPX) (B) fetal guinea pi
ventricles treated with N-acetylcysteine, NAC, (NMX+NAC (C), HPX+NAC
Figures (magnification = 200X) illustrate MMP9 expression (brown stain) and nuclei of 
cardiomyocytes (blue stain). Values are Mean+SEM. * = P<0.05 vs NMX; ** = P<0.05 

 

induced MMP9 in the fetal 

chronic intrauterine 
ation as previously described.  

Immunohistochemistry (upper figures) and quantification of matrix metalloproteinase 9 
(B) fetal guinea pig heart 

(C), HPX+NAC (D)).  
MMP9 expression (brown stain) and nuclei of 

* = P<0.05 vs NMX; ** = P<0.05 



 
 
 

 
 

Figure 16.  Effect of chronic intrauterine hypoxia, NO, and ROS on collagen in the fetal 
guinea pig heart 
 
 Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
Picosirius red staining (upper figures) and quantification
(NMX) (A) and hypoxic (HPX)
with L-N6- (1-Iminoethyl)
acetylcysteine, NAC, (NMX+NAC
illustrate collagen fibers (red
Mean+SEM. * = P<0.05 vs NMX; ** =P<0.05 vs HPX.
(Perfromed by LCE) 
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Effect of chronic intrauterine hypoxia, NO, and ROS on collagen in the fetal 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
Picosirius red staining (upper figures) and quantification of collagen fibers in normoxic 

A) and hypoxic (HPX) (B) fetal guinea pig heart ventricles from animals treated 
Iminoethyl)-lysine, LNIL, (NMX+LNIL (C), HPX+LNIL

(NMX+NAC (E), HPX+NAC (F)). Figures (magnification = 200X) 
bers (red stain) and cardiomyocytes (yellow background). Values are 

+SEM. * = P<0.05 vs NMX; ** =P<0.05 vs HPX. 

 

Effect of chronic intrauterine hypoxia, NO, and ROS on collagen in the fetal 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  

of collagen fibers in normoxic 
(B) fetal guinea pig heart ventricles from animals treated 

(C), HPX+LNIL (D)) or N-
(F)). Figures (magnification = 200X) 

stain) and cardiomyocytes (yellow background). Values are 
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D.  MAJOR FINDINGS 

The major findings of the above experiments are: 

1. Chronic intrauterine hypoxia increased MMP9 protein and was reversed with an 

iNOS inhibitor, LNIL, and an antioxidant, NAC 

2. Chronic intrauterine hypoxia increased collagen and was reversed with an iNOS 

inhibitor, LNIL, and an antioxidant, NAC 

 

 

E.  DISCUSSION 

 

Effect of Peroxynitrite on MMP9 expression 

Peroxynitrite has been reported to increase MMP9 expression in the adult 

myocardium (283).  Further, the increase in MMP9 and/or MMP2 has been shown to 

contribute to an increase in cardiac fibrosis in adult hearts (288-289).  The current study 

indicates that both iNOS-derived NO and reactive oxygen species are sufficient to induce 

MMP levels since each inhibitor (i.e. LNIL and NAC) was capable of inhibiting MMP9 

expression individually.  Peroxynitrite has been shown to be a highly reactive molecule 

having multiple downstream actions such as transcription of genes, oxidation and 

nitration of proteins, DNA damage, and lipid peroxidation (126).  Peroxynitrite has also 

been shown to increase MMP9 activity by autolytic cleavage of the cysteine thiol group 

and increases expression by transcriptional regulation through NF-κB and AP-1 (184).  

We are not aware of any evidence that NO can directly activate MMP9 and/or 
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transcriptionally regulate MMP9 expression.  Rather, we propose that NO’s biological 

action on MMP9 activation is mediated via peroxynitrite. 

Fetal Hypoxemia Increases Collagen Accumulation 

Matrix metalloproteinases are key regulatory proteins in the modulation of 

collagen in the ECM, with MMP9 having an important role in cardiac tissue (195).  Fetal 

hypoxia, under identical conditions of the current study, increases MMP9 protein levels 

but not MMP2 protein expression in fetal guinea pig hearts (216) and the current study 

suggests that peroxynitrite formation may contribute to this hypoxic response.  The 

increase in MMP9 levels parallel collagen accumulation.  Although MMP9 can degrade 

collagen via its gelatinolytic activity, we measured a paradoxical increase in collagen 

levels.  This may occur if chronic exposure to hypoxia disrupts the balance between 

collagen synthesis/degradation due to time-dependent generation of matrikines 

(subfragments of collagen degradation), which stimulates further collagen synthesis (288-

289).  We hypothesize that chronic hypoxia is sufficient to generate collagen 

accumulation in fetal hearts with increased MMP activation although the causal 

relationship remains unknown.  Regardless, both N-acetylcysteine and LNIL inhibited the 

increase in collagen levels generated by hypoxia and parallels the inhibitory effects of 

drug treatment on MMP9 levels in fetal hearts.  Thus, we propose that peroxynitrite is a 

precursor to increased MMP9 levels and, subsequently, collagen accumulation in hypoxic 

fetal guinea pig hearts. 
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CHAPTER VI 

CHRONIC INTRAUTRINE HYPOXIA HAS A DIFFERENTIAL EFFECT ON 

CASPASE 3 AND DNA FRAGMENTATION IN THE FETAL HEART AND 

FOREBRAIN 

 

 

A.  INTRODUCTION 

While nitric oxide (NO) has been shown to regulate cardiac apoptosis in the adult 

heart (290) the role of NO in the fetal heart has had limited study.  We have previously 

shown that chronic intrauterine hypoxia increases inducible nitric oxide synthase (iNOS) 

mRNA and protein levels, as well as, NO product (nitrate/nitrite levels) in fetal guinea 

pig heart ventricles (272).  The hypoxia-induced increase in NO is attributed to 

transcriptional regulation of iNOS since expression levels of endothelial nitric oxide 

synthase (eNOS) are decreased and neuronal nitric oxide synthase (nNOS) unchanged in 

fetal cardiac ventricles (104).  The functional role of iNOS-derived NO in the fetal heart 

remains unclear although it likely contributes to contractile function and metabolic 

processes in cardiomyocytes.  NO has also been shown to both induce and inhibit 

myocardial apoptosis, depending on the conditions of study (118, 134, 222-224).  Some 
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of the pro-apoptotic mechanisms induced by NO involve disruption of the mitochondrial 

membrane and upregulation of pro-apoptotic proteins (118).  However, NO can also be 

anti-apoptotic by inhibiting caspase activity, scavenging reactive oxygen species, and 

upregulating cytoprotective stress proteins (118). 

We hypothesize that chronic intrauterine hypoxia induces apoptosis in the fetal 

heart because of the hypoxia-induced increase in iNOS-derived NO levels in fetal guinea 

pig cardiac ventricles (272).  To test this, we will quantify the effect of intrauterine 

hypoxia on cardiac apoptosis, by measuring protein and activity levels of the apoptotic 

enzyme, caspase 3, and DNA fragmentation in the fetal heart.  This will be compared to 

the same apoptotic indices measured in fetal forebrains of the same animals.  The role of 

hypoxia-induced NO on apoptosis will be studied by administering LNIL (L-N6-(1-

Iminoethyl)-Lysine), a selective iNOS inhibitor, to the pregnant sows. 

 

 

B.  METHODS 

 

1.  Animal Model 

 Female Dunkin-Hartley guinea pigs (term = ~65 days) were purchased from a 

commercial breeder (Elm Hills, Chelmsford, MA, USA) and time-mated within our 

facility.  Pregnant sows were placed in room air (normoxia; NMX; N=14) or a hypoxic 

chamber (10.5% O2 for 14 days; HPX; n=12) as previously described (104, 272).  To 

inhibit iNOS-induced NO generation, LNIL (L-N6-(1-Iminoethyl)-Lysine) was 

administered to normoxic (N=6) and hypoxic (N=11) animals in their drinking water at a 



87 

dose of 1-2mg/kg/d for 10d, 4d after placement of sows in the hypoxic chamber.  LNIL 

has been reported to inhibit the activity of iNOS at this dose without affecting the activity 

of either eNOS or nNOS (237, 291).  In addition, this dose has previously been reported 

to reduce NO levels in fetal guinea pig cardiac ventricles under identical conditions as the 

present study (272).  Food and water was supplied ad libitum and intake rates measured 

during the course of the experiment.  At 60d gestation, pregnant sows were anesthetized 

(ketamine, 1mg/kg; xylazine, 80mg/kg), fetuses were removed via hysterotomy, and fetal 

body and organ weights of hearts, brains, and placentas measured.  Left cardiac ventricles 

(apex of hearts) and forebrains (sectioned at temporal lobes) were excised and 

immediately frozen in liquid nitrogen and stored at -80oC.  These methods were approved 

by University of Maryland Animal Care Committee and conforms to the Guide for the 

Care and Use of Laboratory Animals (NIH Publication No.85-23). 

2.  Western blot analysis of caspase 3 

Caspase 3 (32, 22, and 15 kDa) protein levels were quantified from normoxic and 

hypoxic animals.  Left ventricles of fetal hearts were frozen in liquid N2, homogenized in 

ice-cold lysis buffer (Upstate, Billerica, MA) with Protease and Phosphatase inhibitors 

(Roche Molecular Biochemicals, Mannheim, Germany), placed on ice for 30min, and 

spun at 13,000rpm at 4°C for 10min.  Protein concentrations of the supernatant were 

analyzed by the Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA).  Equal 

amounts of protein (60µg) of normoxic and hypoxic fetal cardiac ventricles were loaded 

onto 7.5% Tris/glycine polyacrylamide gels and separated by gel electrophoresis.  Dual 

color standard markers (Bio-Rad Laboratories) were used to verify molecular mass in 

each gel.  Proteins were transferred to Immun-Blot poly(vinylidene fluoride)(PVDF) 



88 

membranes (Bio-Rad Laboratories, Hercules, CA), blocked in 5% Non-Fat Dry Milk for 

2 hours, and probed overnight at 4°C.  Membranes were incubated with a polyclonal 

antibody specific for caspase 3 (1:2000, Abcam, Cambridge, MA) and then with the 

second antibody (1:10,000 horseradish peroxidase-conjugated rabbit anti-goat IgG) after 

extensive washing.  Protein bands were detected by ECL western blotting Analysis 

System (Amersham, Piscataway, NJ, USA).  Each band was quantified by densitometry 

(GS-700 Imaging system, Bio-Rad Lab., Hercules, CA) and normalized to α-actin as a 

loading control. 

3.  Immunohistochemistry of caspase 3 

Fetal guinea pig hearts were excised and fixed in 10% formalin (Sigma, St Louis, 

MO) for immunohistochemistry of caspase 3. Hearts were dehydrated through ascending 

ethanol concentrations, paraffin embedded, and sectioned at 5µm.  Heart sections were 

deparaffinized, rehydrated through decreasing ethanol concentrations, and, in parallel, 

sections of each group were immunostained.  Each of the sections were boiled in sodium 

citrate buffer (pH 6),  treated with 0.3%H2O2, blocked with buffer containing normal goat 

serum (4%) and incubated separately with anti-caspase 3 (1:50, Cell Signaling, Danvers, 

MA) overnight at 4°C.  Sections were incubated with biotinylated goat anti-rabbit 

antibody (1:10,000; Vector Laboratories, Burlingame, CA).  Avidin-Biotin Complex 

reagent (Vector Laboratories, Burlingame, CA) was used in combination with the 

peroxides substrate solution composed of 10ml Tris buffer, 2mg DAB (3,3’-

diaminobenzidine tetrahydrochloride dehydrate), and 3% H2O2.  Negative controls were 

generated in the absence of primary antibody. 
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4.  Caspase 3 activity assay 

Caspase 3 activity was measured in both fetal cardiac ventricles and forebrains 

using a Fluorometric assay (Sigma, St Louis, MI).  Frozen left cardiac ventricles and 

forebrains (~20µg) were homogenized in 100µl of 1X Lysis Buffer (provided with assay) 

and centrifuged at 14,000g for 15 minutes at 4oC.  Using the manufacturer’s instructions, 

5µl of sample + 200µl of reaction mixture were loaded onto a 96 well plate and read at an 

excitation wavelength of 360nm and emission wavelength of 460nm using a microplate 

reader (Synergy HT, Bio-Tek, Winooski, VT).  7-amino-4-methylcoumarin (AMC), a 

caspase 3 substrate, fluoresces when active caspase 3 cleaves acetyl-Asp-Glu-Val-Asp-7-

amido-4-methylcoumarin (Ac-DEVD-AMC).  Using a standard curve, caspase 3 activity 

of samples were determined as pmol AMC/min/mg protein. 

5.  DNA fragmentation assay 

DNA fragments are measured as an index of apoptosis using a Cell Death ELISA 

(Roche Molecular Biochemicals, Mannheim, Germany), which measures cytosolic 

mononucleosomes and oligonucleosomes (180-bp or multiples) (220).  Frozen tissue 

sections of fetal left cardiac ventricles and forebrains were homogenized in lysis buffer 

supplied in the Cell Death ELISA.  DNA fragmentation was quantified in a 96 well plate 

and was loaded according to the manufacturer’s instructions and read at 405nm 

wavelength using a microplate reader (VersaMax, Molecular Devices, Sunnyvale, CA).  

Results were calculated as OD value 405 nm / mg protein. 

6.  Statistics 

Results are expressed as Mean ± SEM.  Comparisons between means of protein 

levels for western blot analysis were made using Student’s t-test.  Two-way ANOVA was 
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applied for differences between means of the 4 groups with hypoxia and drug treatment 

as independent variables.  Student-Newman-Keuls post-hoc test was performed to 

analyze differences between treatments.  P<0.05 was used to determine statistical 

significance and n values indicated the number of fetuses in each group. 

 

 

C.  RESULTS 

 

1.  Fetal weights and food/water intake. 

Hypoxia significantly (P<0.05) decreased fetal body weight (88.6+6.1 vs 

65.5+5.4 g, NMX vs HPX) and increased (P<0.05) relative brain weight (0.0296+0.0011 

vs 0.0381+0.0020, NMX vs HPX) and relative heart weight (0.0051+0.0002 vs. 

0.0068+0.0003, NMX vs HPX).  LNIL decreased (P<0.05) fetal body weight (88.6+6.1 

vs 70.4+2.7, NMX vs NMX LNIL), but had no significant effect on relative (organ 

weight/body weight ratio) placenta, heart, or brain weight in either normoxic or hypoxic 

groups.  Food and water intake rates over the course of the treatment were similar 

between normoxic and hypoxic animals.  LNIL had no significant effect in either 

normoxic or hypoxic animals. 

2.  Intrauterine hypoxia decreases caspase 3 protein in the fetal heart. 

Caspase 3 is an effector caspase at which both the extrinsic and intrinsic apoptotic 

pathways converge. Caspase 3 protein consists of pro- (32kDa) and active caspase 3 (22 

and 15kDa).  Hypoxia significantly (P<0.05) decreased protein levels of both pro- and 

active caspase 3 (15kDa) compared to normoxic controls (Figure 17).  There were no 
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significant differences in protein levels of active caspase 3 (22kDa) between normoxia 

and hypoxia.  Figure 18 illustrates the effect of hypoxia using immunohistochemistry of 

caspase 3.  Caspase 3 expression was decreased in hypoxic compared to normoxic fetal 

hearts.  LNIL reversed the hypoxic-induced effect but had no effect in normoxic hearts 

compared to normoxia alone. 

3.  Caspase 3 activity of fetal hearts and forebrains. 

Since there was a decrease in the caspase 3 protein, we tested whether hypoxia 

affected the catalytic activity of caspase 3 in a parallel manner.  Caspase 3 activity was 

measured by a fluorometric enzyme activity assay in which degradation of the substrate, 

Ac-DEVD-AMC, is directly proportional to fluorescence.  Figure 3 illustrates caspase 3 

activity (pmole AMC/min/mg protein) of normoxic and hypoxic fetal left cardiac 

ventricles and fetal forebrains in guinea pigs with and without LNIL treatment.   

Hypoxia significantly (P<0.05) decreased caspase 3 activity in left cardiac 

ventricles (238.8+17.9 pmol AMC/min/mg protein) by 37% compared to normoxic 

controls (382.0+55.1 pmol AMC/min/mg protein).  In the presence of LNIL, caspase 3 

activity was significantly greater (P<0.05) than untreated hypoxic controls by 1.7 fold 

(410.1+49.2 pmol AMC/min/mg protein).  There were no significant differences between 

normoxia alone and normoxic + LNIL left ventricles. 

In fetal forebrains, hypoxia significantly (P<0.05) increased caspase 3 activity 

(172.2+2.8 pmol AMC/min/mg protein) by 30% compared to normoxic controls 

(132.3+9.9 pmol AMC/min/mg protein).  In hypoxic animals with LNIL treatment, 

caspase 3 activity was significantly (P<0.05) decreased (129.3+9.9 pmol AMC/min/mg 
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protein) by 25% compared to untreated hypoxic controls.  There were no significant 

differences between untreated and LNIL-treated normoxic forebrains. 

4.  DNA fragmentation of fetal hearts and forebrains. 

DNA fragmentation assay measures the amount of mononucleosomes and 

oligonucleosomes as a result of cleaved DNA.  Figure 4 illustrates DNA fragmentation 

(OD value 405 nm/mg protein) of normoxic and hypoxic fetal left cardiac ventricles and 

forebrains of animals with and without LNIL treatment.   

In fetal heart ventricles, hypoxia significantly (P<0.05) decreased DNA 

fragmentation (0.077+0.005 OD value 405 nm/mg protein) by 24% compared to normoxic 

controls (0.101+0.006 OD value 405 nm/mg protein).  There was no difference in cardiac 

DNA fragmentation levels between normoxia alone and normoxic + LNIL.  LNIL had no 

effect in altering DNA fragmentation levels of hypoxic cardiac ventricles compared to 

hypoxia alone. 

 Contrary to fetal cardiac ventricles, hypoxia significantly (P<0.05) increased 

DNA fragmentation (0.077+0.007 OD value 405 nm/mg protein) of fetal forebrains 

compared to normoxic controls (0.043+0.007 OD value 405 nm/mg protein).  LNIL 

significantly (P<0.05) decreased DNA fragmentation (0.021+0.002 OD value 405 nm/mg 

protein) by 75% compared to hypoxic untreated controls, although had no significant 

effect under conditions of normoxia. 

  



 

 

Figure 17.  Effect of chronic intrauterine hypoxia on caspase 3 protein in the fetal guinea 
pig heart 
 Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  Total 
protein was extracted from fetal hearts and analyzed for 
normoxic (NMX, n = 4
Western analysis and quantified
Student’s t-test was used to compare differences between groups.  Chronic intrauterin
hypoxia decreases caspase 3 protein.
P<0.05. 
(Performed by HL) 
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Effect of chronic intrauterine hypoxia on caspase 3 protein in the fetal guinea 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  Total 

was extracted from fetal hearts and analyzed for caspase 3.  Protein expression
4) and hypoxic (HPX, n = 4) fetal hearts were measured by 

and quantified as density values relative to its loading control (
test was used to compare differences between groups.  Chronic intrauterin

decreases caspase 3 protein.  Values are Mean ± SEM.  Asterisk indicates 

 

 

Effect of chronic intrauterine hypoxia on caspase 3 protein in the fetal guinea 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  Total 

Protein expression of 
) fetal hearts were measured by 

as density values relative to its loading control (β-actin).  
test was used to compare differences between groups.  Chronic intrauterine 

SEM.  Asterisk indicates 



 

Figure 18.  Effect of chronic intrauterine hypoxia and NO on caspase 3 
immunohistochemistry in the fetal guinea pig heart
 Fetal guinea pigs 
hypoxia for 14 days starting around day 50 of gestation as previously described.
Immunohistochemistry of caspase 3 in normoxic (NMX) and hypoxic (HPX) fetal heart 
ventricles untreated (Control) an
Representative figures (magnification 200X) illustrate caspase 3 expression (brown stain) 
and nuclei of cardiomyocytes (blue stain).
(Perfromed by HL) 
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Effect of chronic intrauterine hypoxia and NO on caspase 3 
immunohistochemistry in the fetal guinea pig heart 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.
Immunohistochemistry of caspase 3 in normoxic (NMX) and hypoxic (HPX) fetal heart 
ventricles untreated (Control) and in the presence of L-N6-(1-Iminoethyl)
Representative figures (magnification 200X) illustrate caspase 3 expression (brown stain) 
and nuclei of cardiomyocytes (blue stain). 

 

Effect of chronic intrauterine hypoxia and NO on caspase 3 

(gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
Immunohistochemistry of caspase 3 in normoxic (NMX) and hypoxic (HPX) fetal heart 

Iminoethyl)-Lysine (LNIL).  
Representative figures (magnification 200X) illustrate caspase 3 expression (brown stain) 



 

 

 
 
Figure 19.  Effect of chronic 
fetal guinea pig heart and forebrain.
 Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
levels were measured as pmol AMC/min/mg protein in normoxic (NMX, N=4), hypoxic 
(HPX, N=5), and in the presence/absence of 
(LNIL)(NMX+LNIL, N=4; HPX + LNIL, N=4).  Values are 
P<0.05 vs NMX.  ** indicates P<0.05 vs HPX.  Fetal hearts and forebrains were obtained 
from the same animals.  N indicates number of fetuses.
(Performed by LCE) 
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Effect of chronic intrauterine hypoxia and NO on caspase 3 activity in the 
fetal guinea pig heart and forebrain. 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
levels were measured as pmol AMC/min/mg protein in normoxic (NMX, N=4), hypoxic 
(HPX, N=5), and in the presence/absence of L-N6-(1-Iminoethyl)
(LNIL)(NMX+LNIL, N=4; HPX + LNIL, N=4).  Values are Mean ± 

icates P<0.05 vs HPX.  Fetal hearts and forebrains were obtained 
N indicates number of fetuses. 

 

 

intrauterine hypoxia and NO on caspase 3 activity in the 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  Activity 
levels were measured as pmol AMC/min/mg protein in normoxic (NMX, N=4), hypoxic 

Iminoethyl)-Lysine 
 SE.  * indicates 

icates P<0.05 vs HPX.  Fetal hearts and forebrains were obtained 

 



 

 

Figure 20.  Effect of chronic intrauterine hypoxia and NO on DNA
fetal guinea pig heart and forebrain.
 Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
fragmentation was quantified as 
hypoxic (HPX, N=6), and in the presence/absence of 
(LNIL)(NMX+LNIL, N=5; HPX + LNIL, N=8).  Values are 
P<0.05 vs NMX.  ** indicates P<0.05 vs HPX.  Feta
from the same animals.  N indicates number of fetuses.
(Performed by LCE) 
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Effect of chronic intrauterine hypoxia and NO on DNA fragmentation in the 
fetal guinea pig heart and forebrain. 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  
fragmentation was quantified as OD value 405 nm / mg protein in normoxic (NMX, N=8), 
hypoxic (HPX, N=6), and in the presence/absence of L-N6-(1-Iminoethyl)
(LNIL)(NMX+LNIL, N=5; HPX + LNIL, N=8).  Values are Mean ± 
P<0.05 vs NMX.  ** indicates P<0.05 vs HPX.  Fetal hearts and forebrains were obtained 

N indicates number of fetuses. 

 

fragmentation in the 

Fetal guinea pigs (gestation = 65 days) were exposed to chronic intrauterine 
hypoxia for 14 days starting around day 50 of gestation as previously described.  DNA 

/ mg protein in normoxic (NMX, N=8), 
Iminoethyl)-Lysine 

 SE.  * indicates 
l hearts and forebrains were obtained 
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D.  MAJOR FINDINGS 
The major findings of these experiments are: 

1. Chronic intrauterine hypoxia decreased caspase 3 protein in the fetal heart 

2. Chronic intrauterine hypoxia decreased caspase 3 activity in the fetal heart but 

increased caspase 3 activity in the fetal forebrain 

3. DNA fragmentation paralleled caspase 3 in the fetal heart and brain 

 

 

E.  DISCUSSION 

 

 This study shows that intrauterine hypoxia activates the apoptotic pathway in an 

organ specific manner.  Chronic hypoxia decreased caspase 3 protein and activity levels 

as well as DNA fragmentation in the fetal cardiac ventricle although increased caspase 3 

activity and DNA fragmentation in the fetal forebrain.  LNIL reversed the hypoxia-

induced effect on caspase 3 activity in both fetal hearts and forebrains.  LNIL inhibited 

DNA fragmentation in the brain but had no effect in the heart.  This suggests a difference 

between these organs on the role of NO as a regulating factor of apoptosis. 

Hypoxic regulation of caspase 3 and DNA fragmentation 

 The mechanism of hypoxia-activated apoptosis is associated with upregulation of 

pro-apoptotic proteins causing disruption of the mitochondrial membrane potential and 

stimulating cytochrome c release (220).  The interaction of these pro-apoptotic factors 

leads to the cleavage and activation of caspase 3 resulting in downstream DNA 

fragmentation (220).  The effect of hypoxia on apoptosis has been well characterized in 

the fetal brain (292-294) and associated with activation of the effector caspase, caspase 3 
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(292).  In the present study, hypoxia increased both caspase 3 activity and DNA 

fragmentation in the fetal forebrain, secondary responses to activation of apoptotic 

mechanisms.  The immature or fetal brain has been reported to have a higher apoptotic 

capacity compared to the adult (295) rendering it more susceptible to hypoxic stress (292-

294).  This is attributed to higher expression levels of factors in the apoptotic pathway 

such as caspase 3, proapototic factors (e.g. Bax), and AIF (apoptotic inducing factor) 

(295).  Further, NO synthesis, whether generated by nNOS or iNOS, has also been shown 

to contribute to brain injury by NO’s inhibitory action on mitochondrial function leading 

to activation of the intrinsic pathway (i.e. cytochrome c release).  Both NOS isoforms 

have been shown to be constitutively expressed at levels several fold higher in fetal 

relative to postnatal brains (296), rendering fetal brains susceptible to the multiple actions 

of increased NO levels.  In the present study, the inhibitory effect of LNIL suggests that 

iNOS-derived NO contributed to the hypoxia-induced increase in both apoptotic indices, 

caspase 3 activity and DNA fragmentation.  Previous studies have also reported that 

administration of aminoguanidine (297), an iNOS inhibitor, and 2-iminobiotin (296, 298), 

a combined iNOS/nNOS inhibitor, decreased caspase-3 activation under conditions of 

hypoxia/ischemia and protected against brain injury.  Further, the inhibitory effect of 

LNIL on DNA fragmentation in the fetal forebrain is consistent with several studies in 

which a non-selective NOS inhibitor blocked hypoxia-induced apoptosis in the neonatal 

brain (299-301).  In an identical animal model, LNIL has been shown to reduce hypoxia-

induced apoptosis and neuronal loss in the fetal brain by downregulating iNOS mRNA 

(278). 
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In contrast, chronic hypoxia decreased rather than increased both caspase 3 

activity and DNA fragmentation in the fetal heart, suggesting an important role of iNOS-

derived NO in apoptosis of hypoxic fetal hearts.  LNIL reversed the inhibitory effect of 

hypoxia on caspase 3 activity, but had no effect on DNA fragmentation.  This suggests a 

complex regulation of hypoxia-induced apoptosis in the fetal heart that differs from fetal 

brain. 

Previous studies have reported that hypoxia increases both caspase 3 

protein/activity and DNA fragmentation in adult cardiac myocytes (85, 217), and in fetal 

rat hearts (70).  In the latter study, fetuses from pregnant rats exposed to hypoxic 

conditions (10.5% O2 for 6d) exhibited increased levels of pro-apoptotic factors (Bax, 

Fas), caspase 3 expression, and DNA fragmentation (70), demonstrating hypoxia-

stimulated apoptosis in fetal hearts.  The differences between this and the current study 

are not clear.  The paradoxical decrease in hypoxia–induced cardiac apoptosis measured 

in fetal guinea pig hearts may have several explanations that require further study.  First, 

the present study examined a longer time course of 14d vs 6d in the rat.  As a result, there 

may be a temporal relationship to apoptosis that increases pro-apoptotic factors during 

the early time period of hypoxia but diminishes with prolonged exposure.  This may be a 

protective mechanism against prolonged hypoxia that helps preserve the existing 

cardiomyocyte number.  Second, the effect of hypoxia on inducing apoptosis in 

cardiomyocytes in fetal hearts may be related to differences in the age of maturation of 

the heart (302) since fetal guinea pigs are precocial compared to immature fetal rats at 

near term.  In addition, cardiomyocytes are reported to be resistant to apoptosis 

depending on the levels of pH, glucose, ATP, and NO which may vary between species, 
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as well as, maturational status of the heart (302).  Lastly, studies using fetal human 

cardiac myocytes found that the human fetal heart was resistant to hypoxia induced 

apoptosis (303-304).  They reported a decrease in apoptotic nuclei during hypoxia 

compared to rat cardiomyocytes (303) or no change in gene expression of apoptotic 

proteins, Bcl-2 (anti) and Bax (pro) (304).  The current study suggests that the fetal 

guinea pig response to hypoxic stress may be more similar to the human fetus than the 

adult human and fetal rat. 

Nitric oxide regulation of apoptosis 

We have previously reported that chronic hypoxia increases both NO product 

(nitrate/nitrite) and cGMP levels in fetal guinea pig heart ventricles and inhibited by 

maternal administration of LNIL, a selective iNOS inhibitor (272).  The effect of LNIL 

treatment in the present study suggests that hypoxia-induced NO may play an important 

role in regulating apoptosis in fetal cardiac ventricles.  NO can regulate caspase 3 activity 

in both a positive and negative manner (118, 134, 222-224).  Since LNIL reversed the 

hypoxia-induced downregulation of caspase 3, this suggests an inhibitory effect of NO on 

caspase 3 activity in the fetal heart.  Enzyme activity of caspase 3 has been reported to be 

negatively regulated by both nitrosylation and phosphorylation (135-138, 141, 305) both 

of which may occur under the conditions of our study (272).  Thus, NO may inhibit 

caspase 3 activity by directly nitrosylating the catalytic site and/or by phosphorylating 

caspase 3 via cGMP/protein kinase G activation. 

It is unclear why LNIL had no effect on DNA fragmentation in hypoxic fetal 

hearts while it prevented the decrease in caspase 3 activity.  This suggests a dissociation 

between these actions (306-307) and a difference in the role of NO in regulating these 
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processes.  Since the inhibitory effect of NO on caspase 3 activity is reversible with LNIL 

treatment, it is possible that changes in DNA fragmentation in the fetal heart are not 

temporally related to changes in caspase 3 activity.  Alternatively, the cell types within 

the heart ventricle that express changes in caspase 3 activity may differ from those that 

exhibit DNA fragmentation.  

Functional consequence of apoptosis in the fetal heart 

 The fetus responds to hypoxic stress by redistribution of cardiac output favoring 

the heart and brain over other peripheral organs.  These are adaptive responses that 

contribute to organ protection in the presence of reduced oxygen levels.  Yet, intrauterine 

hypoxia can cause irreversible damage to the fetal heart by a variety of mechanisms that 

may have long term consequences postnatally.  For example, offspring chronically 

exposed to hypoxia in utero have an increased risk of developing cardiovascular disease 

as an adult (55).  Further, hearts from offspring exposed to intrauterine hypoxia are more 

susceptible to cardiac injury in response to an ischemia/reperfusion challenge (71-72).  

Thus, in the present study, while it remains unknown whether the hypoxia-induced 

decrease in apoptosis in the fetal heart is cardioprotective or maladaptive, any changes in 

cardiomyocyte number, as a result of an increased or decreased apoptotic rate, could have 

sustained functional consequences in the offspring (64, 69). 

In summary, chronic intrauterine hypoxia both increases and decreases apoptosis 

in fetal guinea pig organs.  NO plays an important role in regulating apoptosis in both 

hypoxic fetal hearts and brains.  In the fetal guinea pig heart, the hypoxia-induced 

decrease in caspase 3 activity and DNA fragmentation may suggest conditions that 

prevent cardiomyocyte loss and be cardioprotective.  On the other hand, any change in 
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cell number (increase or decrease) may alter the normal heart growth pattern and 

contribute as a maladaptation, postnatally.  In the fetal guinea pig brain, hypoxia 

increases apoptosis, which is mediated by NO synthesis.  Further study is needed to 

identify the mechanisms by which NO acts as a positive or negative modulator of 

apoptosis in hypoxic fetal organs. 
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CHAPTER VII 

GENERAL SUMMARY AND CONCLUSIONS 

 

 

The overall purpose of this study was to understand the effect of chronic 

intrauterine hypoxia on oxygen sensitive signaling mechanisms in the fetal heart.  This is 

important for understanding how the fetal heart adapts to intrauterine conditions that 

could limit heart structure and function and contribute to fetal morbidity.  This study 

identifies the upregulation of NO and ROS, two important signaling factors that affect 

heart growth and function. 

This dissertation reports the following results in the hypoxic fetal heart.  

Intrauterine hypoxia increases both iNOS and HIF-1α mRNA and protein (272), 

decreases eNOS mRNA and protein (104), and has no effect on nNOS mRNA and 

protein (272) in fetal cardiac ventricles (Aim 1).  In addition, hypoxia increased NO (272) 

and cGMP (308) levels in fetal hearts and both were reversed with LNIL, an iNOS 

inhibitor (Aim 1).  With these data we have evidence that 14 days of maternal hypoxia 

induced hypoxia in the fetal heart, as measured by increased cardiac HIF-1α protein, and 
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caused a sustained increase in NO and cGMP levels.  The upregulation of iNOS protein 

(272) associated with a downregulation of eNOS protein (104), as well as, inhibition of 

NO (272) and cGMP (308) with an iNOS inhibitor, L-NIL, suggests that iNOS is the 

primary NOS isoform generating NO. 

Intrauterine hypoxia increases fetal cardiac malondialdehyde (MDA) and 3-

nitrotyrosine, markers for lipid peroxidation and peroxynitrite, respectively, both of 

which were reversed with LNIL or NAC, an antioxidant (308) (Aim 2).  These results 

suggest that both NO via iNOS and ROS are contributing to oxidative and nitrosative 

stress in the fetal heart during hypoxia. 

Intrauterine hypoxia increases MMP9 protein and collagen levels in the fetal 

heart, which were both reversed separately with LNIL and NAC (308) (Aim 3).  This 

suggests that hypoxia-induced upregulation of NO and ROS mediates the mechanisms 

upregulating MMPs and their downstream actions on collagen accumulation.  The 

reversal of hypoxia-induced collagen levels and MMP9 expression with an iNOS 

inhibitor suggests that collagen and MMP9 are both NO and peroxynitrite dependent. 

Unexpectantly, hypoxia decreased caspase 3 protein and activity levels, as well 

as, DNA fragmentation although only caspase 3 protein and activity were inhibited by 

LNIL under hypoxic conditions (309) (Aim 4).  This suggests that hypoxia-induced NO 

mediates caspase 3 protein and activity. 

These data support the hypothesis that upregulation of iNOS expression plays an 

integral role in generating oxidative and nitrosative stress in the hypoxic fetal heart via 

NO and ROS.  Prior to this study, little was understood about the upregulation of NO and 

ROS in the fetal heart although it had been reported that hypoxia increased NO and ROS 
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in the fetal vasculature (42, 82, 86-90, 93-95, 110), placenta (27-28, 163, 175), and brain 

(167, 181-182).  This study helped to elucidate the role of NO and ROS as key signaling 

factors on downstream pathways that contribute to cardiac remodeling in the fetal heart 

during chronic intrauterine hypoxia. 

Guinea pig as a model for chronic intrauterine hypoxia 

The guinea pig has been used as a model for pregnancy and placentation because 

of its similarities to human pregnancy (310-312).  Guinea pigs have a longer gestational 

period (term = 65 days) compared to other rodent models such as the mouse and rat (term 

= 21 days).  This allows for a longer period of maturation in utero in which the fetal 

guinea pig is well developed compared to the mouse and rat that are blind and immobile 

at birth (310).  Fetal guinea pigs have similar growth and maturity rates as the human 

fetus (311-312).  For example, the majority of brain growth and lung maturation takes 

place in utero and has been compared to fetal development during human gestation (312). 

Similar to the human, the guinea pig placenta secretes progesterone which remains 

elevated at term and decreases after parturition (313).  Guinea pigs and humans have the 

same hemomonochorial placenta with a single layer of trophoblast cells compared to rat 

and mouse hemotrichorial placenta with three layers of trophoblasts (314). 

To induce fetal hypoxia, pregnant sows were exposed to a hypoxic environment 

of 10.5% O2 for 14 days around day 50 of gestation.  Compared to other animal models 

of intrauterine hypoxia, such as uterine or umbilical artery ligation (22, 25) and sheep 

carunclectomy (22, 25), using a hypoxic chamber has the advantage of generating a 

noninvasive in utero hypoxic condition that mimics placental insufficiency and reduces 

fetal oxygenation in guinea pigs.  Fetal hypoxia is identified in this study by several 
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indirect indices because of the difficulty in measuring PaO2 directly.  The increase in 

HIF-1α mRNA and protein as a marker of tissue hypoxia (272) supports previous 

findings from our lab in which hypoxia increased both red blood cell and reticulocyte 

(new blood cells) count in the hypoxic fetus (94).  This evidence indicates that maternal 

hypoxia is sufficient to generate fetal hypoxemia. 

In addition, food intake was unaffected by hypoxia.  This contrasts with what has 

been measured in pregnant rats (35, 73, 75, 110, 276).  Hypoxia has been reported to 

reduce food intake by 40% requiring rats to be pair fed to distinguish the effect of 

hypoxia versus undernutrition (35, 73, 75, 110, 276). 

The effect of hypoxia on NO in the fetal heart 

NO plays an important role in cardiovascular function (100-103, 111-112).  The 

effect of NO in the cell depends on the NOS isoform, NO levels, and the cellular 

compartment in which NO is generated (103, 115, 130-131).  We have previously shown 

that fetal hypoxia upregulates eNOS expression in fetal guinea pig carotid and coronary 

arteries (95).  In addition, we have identified that hypoxia induces NO generation in 

isolated fetal carotid arteries (93-94) and in the intact coronary circulation of isolated 

perfused fetal hearts (42).  These studies identified enhanced vasodilator reactivity as an 

adaptive response of the fetal vasculature to chronic hypoxia.  Further, our studies (42) 

and others (40) confirmed that the hypoxic fetal heart exhibits an increased coronary 

reserve capacity to reduced oxygenation. 

Since hypoxia increased NO in the fetal vasculature (42, 93-94), we subsequently 

tested the effect of hypoxia on cardiac NO generation.  In the hypoxic fetal heart, iNOS 

mRNA and protein is increased (272), eNOS mRNA and protein is decreased (104), and 
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there is no effect on nNOS mRNA and protein (272).  This identified a differential effect 

of hypoxia on NOS protein expression in the fetal heart.  This contrasts to that measured 

in hypoxic adult hearts where NO synthesis was increased due to upregulation of both 

eNOS and iNOS mRNA and protein (82-85, 256, 270-271, 315-316).  This identifies 

differences in how the adult versus fetal hearts respond to hypoxia.  In adult heart studies, 

expression of eNOS and iNOS varies with hypoxia in which eNOS and iNOS can be 

cardioprotective (256, 315-316) by contributing to recovery under conditions of 

ischemia/reperfusion.  However, hypoxia-induced iNOS expression can also be injurious 

under conditions of myocardial infarct or chronic hypoxia via its intracellular effect (85, 

317-318). 

In addition to the upregulation of iNOS expression in hypoxic fetal hearts (272), 

we have also shown that chronic intrauterine hypoxia increased cardiac NO (272) and the 

second messenger, cGMP (308), levels.  Using a selective iNOS inhibitor, L-N6-(1-

Iminoethyl)-Lysine (LNIL), the hypoxia-induced increase in NO (272) and cGMP (308) 

levels were inhibited.  These results suggest that increased iNOS expression is 

contributing to hypoxia-induced NO and activation of the cGMP pathway. 

The NOS expression pattern in hypoxic fetal guinea pig hearts (104, 272) 

identified an important response to intrauterine hypoxia that differs from the hypoxic 

adult heart (256, 315-316).  The NOS isoform upregulated by hypoxia could be due to 

differences between acute and chronic exposure to a hypoxic stress.  Additionally, the 

temporal effect of hypoxia on NO levels could play a role in whether NO is 

cardioprotective or maladaptive.  Physiologic levels of NO are considered 

cardioprotective due to relaxation of blood vessels and cardiac ventricles (100-103, 111-
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116).  Pathologic levels of NO are maladaptive because NO contributes to peroxynitrite 

formation (105, 111, 117-120, 126) and mediates the nitration of specific cardiac proteins 

(149, 151) resulting in contractile depression (147-152).  Hypoxic fetal hearts show a 

pattern of increased iNOS (272) but decreased eNOS (104) expression.  Since iNOS has a 

higher catalytic rate than eNOS (122-123), these results suggests that hypoxic 

upregulation of iNOS could be generating high levels of NO in the fetal heart that could 

interact with superoxide.  Therefore it is important to understand the role of iNOS in the 

hypoxic fetal heart because it likely differs from the adult heart depending on conditions 

of hypoxia (i.e. age, term, severity). 

The effect hypoxia on oxidative and nitrosative stress in the fetal heart 

Under conditions of chronic intrauterine hypoxia, we hypothesized that sustained 

generation of NO could induce oxidative and nitrosative stress in the fetal heart.  

Oxidative stress can occur in a variety of conditions during pregnancy such as high fat 

diet, diabetes, and acute hypoxia (82, 109-110, 319-320).  A high fat diet administered to 

pregnant rats throughout pregnancy decreased superoxide (SOD) mRNA in the fetal heart 

and was reversed with the addition of fiber or NAC (319).  In Cohen diabetic pregnant 

rats, MDA levels were increased in the fetal heart and reversed with non-enzymatic 

antioxidants, such as vitamin C and E (320).  Acute exposures to hypoxia due to ischemia 

(109), umbilical cord occlusion (82), or maternal hypoxia (110) induced DNA 

hydroxylation (109) and inhibited SOD and glutathione peroxidase content (82) and 

activity (110) which was reversed with antioxidants, allopurinol (82) or vitamin C (110).  

In our study, maternal hypoxia increased MDA, as a marker for oxidative stress, in the 

fetal heart and was inhibited by LNIL (308).  There are few studies that report increased 
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nitrosative stress in other organs such as the brain (167, 181-182) and placenta (27-28, 

163, 175) during chronic intrauterine hypoxia.  The current study is the first to 

demonstrate an increase in generation of peroxynitrite, as an index of nitrosative stress, in 

the hypoxic fetal heart (308) and was also inhibited by LNIL.  The reversal of both MDA 

and peroxynitrite with LNIL suggests that hypoxia-induced NO causes an increase in 

oxidative and nitrosative stress via iNOS.  Therefore, the iNOS/NO pathway may be an 

important mediator of downstream proteins induced by oxidative and nitrosative stress. 

The effect of hypoxia on cardiac remodeling 

Cardiac remodeling is a broad term used to describe molecular, cellular, and 

interstitial changes in ventricular structure (321).  Several processes associated with 

remodeling include myocyte hypertrophy, apoptosis, and fibrosis (321).  MMPs are key 

factors in the initiation of cardiac remodeling and have been shown to be regulated by 

oxidative stress (183-184, 200-203, 205-206).  The cellular mechanisms mediating 

cardiac remodeling in the hypoxic fetal heart are poorly understood (54, 65-70). 

In the present study, chronic intrauterine hypoxia increases MMP9 expression and 

collagen accumulation in fetal guinea pig cardiac ventricles (308).  The data support a 

mechanism for iNOS-derived NO and ROS mediating increased MMP9 and collagen 

since both are inhibited by LNIL and NAC (308).  We propose that the effect of 

increased MMP9 and collagen levels contribute to structural changes in the hypoxic fetal 

heart.  This could occur by alteration of the fetal heart extracellular matrix (ECM) 

resulting in misalignment of the cardiomyocytes (189), fibrosis (194-195), or degradation 

of cardiac filaments (i.e. troponin I, α-actinin, and myosin light chain) (189, 194-198) 

resulting in cardiac dysfunction (194-195).  LNIL (322) and NAC (323) have also been 
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shown to inhibit MMPs (322) and fibrosis (323) in association with high cholesterol 

(322) and interstitial lung disease (323).  Using a MMP9 knockout mouse model, 

collagen accumulation was decreased 15 days after left coronary artery ligation (324).  

Further, HIF has been shown to mediate the fibrotic pathway under chronic but not acute 

hypoxic conditions in the kidney by transcriptionally upregulating MMP2 and collagen I 

expression levels (325-326). 

Our findings (216, 308) have been consistent with subsequent fetal aorta (213) 

and fetal and neonatal heart studies in response to hypoxia (214).  Our lab has shown an 

increase in MMP9 expression and MMP2 activity during hypoxia in the fetal heart (216).  

Additionally, hypoxia increased MMPs 2, 13, and MT1 in fetal lamb aorta (213) and fetal 

rat heart (214), as well as, collagen type I and III in fetal lamb aorta (213) and neonatal 

rat heart (214).  These results identify an important effect of hypoxia in upregulating 

MMPs and collagen as a factor in altering fetal and neonatal vascular and cardiac ECM. 

Apoptosis also contributes to cardiac remodeling by reducing cell number.  

Previous studies have shown that hypoxia increases apoptosis via increased caspase 3 

protein and activity (70, 85, 217).  Further, hypoxic offspring have been reported to have 

fewer cardiomyocytes in the rat (71) despite hypertrophied cardiomyocytes in the 

hypoxic fetal sheep (69) and rat offspring (71).  Unexpectedly, we showed that fetal 

hypoxia decreased fetal cardiac caspase 3 protein/activity and DNA fragmentation (309).  

Only caspase 3 expression and activity and not DNA fragmentation was inhibited by 

LNIL suggesting a regulatory role of iNOS in the apoptotic pathway of hypoxic fetal 

hearts (309).  NO has been shown to prevent apoptosis via cGMP dependent 
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phosphorylation or S-nitrosylation of caspase 3 thereby inhibiting caspase 3 activation 

(134-143). 

A decrease in apoptosis and hence cell growth, could change the normal growth 

trajectory of the fetal heart and potentially cause cardiac dysfunction.  In summary, these 

changes in cardiac ECM proteins could alter the normal composition of the fetal heart 

resulting in stiffening of the ventricle. 

Fetal Programming 

Cardiovascular disease (CVD) in adults is the leading cause of death in the United 

States (327-328).  Based on epidemiological studies, Barker established a link between 

birth weight and CVD by demonstrating an inverse relationship between birth weight and 

systolic blood pressure (59, 329-330).  This phenomenon was originally termed the 

Barker hypothesis (331), but has now expanded to the developmental origins of adult 

disease (332).  Low birth weight has been associated with increased risk of CVD due to 

fetal programming (55, 59, 329-330).  Programming can be caused by several intrauterine 

stressors such as diet (over and under nutrition or protein restriction), hormones 

(glucocorticoid or cortisol), and fetal hypoxemia (low oxygen partial pressure in fetal 

arterial blood) by mechanisms not clearly identified (23). 

Animal studies have been used to test the Barker hypothesis (23, 25, 332-333).  In 

particular, hypoxemic animal models using uterine and umbilical artery ligation (22, 25), 

placental insufficiency (22, 24-25, 30), and hypoxic chambers (71, 73-75, 334-335) have 

been used to show the effect of hypoxia in utero on the postnatal heart.  Studies by 

Davidge et al. (73, 75) have reported that the offspring (ages 4, 7, or 12 months) of 

pregnant rats (term = 21 days) exposed to 12% O2 for 6 days during late gestation (day 
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15-21 of gestation) lowers birth weight and increases relative left and right ventricle 

weights (left ventricle or right ventricle/body weight) (73, 75).  Prenatal hypoxia 

increases collagen I and II expression, beta and alpha myosin heavy chain (β/αMHC) 

ratio and decreases MMP2 activity in the postnatal hearts (73).  The hypoxic offspring 

shows increased left ventricular end diastolic pressure representative of left ventricular 

stiffening and impaired postischemic recovery due to cardiac remodeling and altered 

cardiac metabolism (73, 75, 335).  Additionally, there are sex-dependent differences in 12 

month old rat offspring in which males have lower body weights and exhibit left 

ventricular hypertrophy (75).  Zhang et al. reported that hearts in the offspring (6 months) 

of pregnant rats exposed to 10.5% O2 for 6 days (day 15-21 of gestation) function 

normally until stressed by ischemia (71).  The hearts of prenatal hypoxic animals have 

larger infarct areas and decreased post ischemic recovery of left ventricular function in 

response to ischemic stress (71).  Lastly, prenatal hypoxic hearts have a decreased 

number of cardiomyocytes although cardiomyocytes are larger in size (71).  The current 

study contributes evidence to the literature of some of the maladaptive changes that occur 

in the hypoxic fetal heart in utero.  The next step would be to confirm the effect of 

hypoxia in the postnatal animal.  Consistent confirmation of maladaptions of the fetal and 

postnatal heart during intrauterine stress could provide a therapeutic approach to decrease 

the risk of CVD associated with intrauterine stress. 

Conclusions 

 Intrauterine hypoxia increases the rate of fetal morbidity and mortality and 

compromises cardiovascular function by mechanisms incompletely understood.  NO is an 

important molecule in the regulation of cardiovascular function.  Increases in NO levels 
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have been attributed to either cardiac injury or cardioprotection, depending on the 

condition of study.  NO is generated by NOS.  In this study, we have shown that by 

exposing the fetus to low oxygen, NO synthesis in fetal left ventricles is increased via 

upregulation of iNOS.  Other molecular pathways, such as the generation of ROS, are 

also activated by conditions of chronic hypoxia.  Excessive ROS levels have been shown 

to cause injury to the heart by mutating DNA, inactivating proteins, and inducing lipid 

peroxidation.  Oxidative and nitrosative stress in adult hearts have been shown to 

decrease myocardial function, which can be restored by antioxidants.  This is the first 

study to demonstrate increased oxidative and nitrosative stress in the fetal heart during 

intrauterine hypoxia.  Additionally, we looked at the effect of hypoxia on downstream 

proteins involved in cardiac remodeling of the extracellular matrix, such as matrix 

metalloproteinases, collagen, and pro-apoptotic indices.  We reported that maternal 

hypoxia increased protein expression of MMP9 and collagen accumulation, but decreased 

caspase 3 protein/activity and DNA fragmentation. 

These results indicate that chronic hypoxia upregulates NO and ROS generation 

via iNOS.  This suggests that, under low oxygen conditions, the fetal heart may be 

susceptible to injury when reactive molecules such as ROS and NO are elevated.  The 

overall study provides the basis for the novel concept that upregulation of the iNOS 

pathway during chronic hypoxia is an important response of the fetus to hypoxic stress.  

This is likely to have both an immediate impact on fetal cardiac function, as well as 

lasting effects on the offspring due to programming. 
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Future Directions 

To continue the fetal programming studies, our lab has begun to also look at the 

effect of hypoxia in utero on the postnatal heart.  Preliminary studies have shown 

evidence of fetal programming in the offspring hearts.  We have measured a sustained 

increase in peroxynitrite and reduced mitochondrial function (i.e. cytochrome c oxidase 

activity) in cardiac ventricles of hypoxic offspring.  Additionally, hypoxic guinea pig 

offspring have showed decreased ejection fraction and intraventricular septum 

hypertrophy measured by echocardiography.  Future studies could further investigate the 

effect of hypoxia on expression of collagen isoforms.  Additionally, it would be 

interesting to understand how NO is mediating caspase 3 protein/activity and collagen 

isoform expression.  These findings would help in understanding a possible mechanism 

for contractile dysfunction that is seen in the stressed prenatal hypoxic offspring heart 

(71, 73-75).  Therefore the importance of this study is to understand the mechanisms that 

are upregulated by NO and ROS during chronic intrauterine hypoxia in the fetal heart that 

could program heart protein expression and function postnatally. 
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