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ABSTRACT OF THE DISSERTATION
Hypoxia and Fetal Programming of Cardiovascular-DysfunctiQn
by
Qin Xue
Doctor of Philosophy, Graduate Program in Pharmacology
Loma Linda University, June 2010
Dr. Zhang, Chairperson
Human epidemiological sfudies have shown a clear association of adverse
intrauterine environrhent and an increased risk of ischemic heart disease in later adult life.
Of all the stresses to which the fetus is subjected, perhaps the most important and
clinically relevant is that of hypoxia. The goal of this project is to test the hypothesis that
chronic hypoxia during gestaﬁon adversely affects fetal cardiovascular development and
impairs éardiac function in offspring. In the first part of project, we fested the hypothesis
that chronic hypoxia adversely regulates contractility of fetal pulmonary arteries and
veins in sheep residing at high altitude (3,801 m) for 110 days. Our studies demonstrate
~ the heterogeneity of fetal pulmonary arteries and veins in response to long-term high-
altitude hypoxia and suggest a likely common mechanism downstream of nitric oxide in
fetal pulmonary vascular response to chronic hypoxia in utero, which may be associated
with an increased risk of pulmqnary hypertension observed in newborns caused by fetal
hypoxia. The second part of project focused on the effect of fetal hypoxia on heart
development. This was accomplished by using a rat model. Time-dated pregnant rats
were divided between normoxic and hypoxia (10.5% O2 on days 15-21 of gestation). We
demonstrated that prenatal hypoxia caused an increase in heart susceptibility to ischemia

and reperfusion injury in male offspring in a sex-dependent manner. This was caused by

Xii



enhanced type 2 angiotensin II receptors (AT,R) and reduced PKCe expression in the
heart. Further studies revealed an important role of glucocorticoid in programming of
angioteﬁsin IT receptors, resulting in increased ischemic vulnerability in the heart of
offspring. Multiple glucocorticoid response elements (GREs) were identified at the AT>R
promoter, deletion of which increased the promoter activity. Consistently, we
demonstrated that dexamethasone decreased ATQR expression in the fetal heart, which
was blocked by RU 486. Prenatal hypoxia decreased glucocorticoid receptor (GR)
expression in adult hearts, resulting in decreased GR binding to the GREs at the AT,R
promoter. These findings provide a mechanistic understanding worth of investigation in
humans in fetal origins of cardiovascular disease caused by intrauterine adverse

environment.
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. CHAPTER ONE

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in the world. The
World Health Report indicates that CVD was responsible for 16.7 million deaths globally
in 2003 and pfedicts that by 2010, CVD will be the leading cause of death in the
developing countries. Many risk factors have been established for CVD, including
smoking, diabetes, dyslipidemia, and hybertension.

The ‘developmental origins of adult disease’ Iiypothesis, first put forward by
David Barker, states that adverse intrauterine influences early in development would
cause permaneht changes in physiology and metabolism, resulting in increased disease
risk in adulthood. The both animal and human studies support this conclusion; however,
the molecular mechanisms underlying the association between low birth weight and later
adult disease are not fully understood. Some studies have focused on the “Catch-up
growth,” which plays an importaﬁt role in amplifying the incidence of CVD (Eriksson et
al. 1999). Catch up growth is rapid growth in infants or young children who were born
small for their gestational age has an increased growth rate that catch up to normal size.
Low bi@ weight and postnatal catch-up growth are intimately linked and independent
risk factors for adult disease. Recent studies form rats and mouse show that accelerated

postnatal growth is a trigger for the development of CVD and adverse outcomes in adult



life (Osmond and Barker, 2000). Recent observations have shown that impaired growth
in infancy and accelerated postnatal weight gain exacerbate the effects of impaired
prenatal growth. The exact reason why catch-up growth is harmful is not fully
understood, but there are two possibilities. Catch-up growth reflects persisting changes in
hormonal secretions. In reéponse to fetal undérnutrition, growth restriction in utero
results in a decrease in the number of cells, these limited cells become overgrown as a
result of catch-up growth (Barker, 1999).

Besides fetal ;mdernutrition, a number of additional stimuli and stfess or insults,
namely, fe;él exposure to cocaine, smoking, corticorsteriod exposure and hypoxia have
been vstudied as being capable of inducing fetal i)rogramming in both human and animal
models (Godfrey and Barker 2000; Seckl 2004; Slotkiﬁ 1998; Wu et al. 2004; Zhang

2005 ).

Maternal Undernutrition and Cardiovascular Programming

Maternal nutrition during all the stages of gestatidn plays an important role in the
development of the fetus. It has been known that the fetus recéives the nutrients and
oxygén from its mother’s dietary intake. Insufficient maternal nutrition reduces the rate
of cell division, impairing fetal growth (Barker, 2000). During periods of maternal
undernutrition, the delivery of nutrients to the fetus becomes compromised and alters
fetal development. The undernourished fetus makes adaptations including epigenetic
modification, which causes the changes in organ structure and gene expesssion, resulting
in chronic diseases in the later life (McMillen and Robinson 2005. Gilbert et al., 2006;
Tappia and Gabriel 2006; Barker 2007; Poston 2007; Rinaudo and Lamb 2008; Yajnik

and Deshmukh 2008). A number of conditions can cause intrauterine growth restriction



(IUGR), including nutritional inadequacies, CVD in mother, preeclampsia, hypoxia, drug
abuse, high blood pressure and smoking (Harding, 2001). ITUGR is usually classified as
symmetric and asymmetric. Symmetric growth restriction implies a fetus whose entire
body is proportionally small. A fetus with asyrﬁmetric IUGR has a normal head
dimension but a small abdominal circumference (dué to decreased liver size), scrawny
limbs (because of decreased muscle mass) and thinned skifi (because of decreased fat).
Asymmetric growth restriction implies a fetus who is undernourished and keeps most of
its énergy maintaining growth of important organs, such as the brain and heart. If the
insult causing asymmetric growth res&iction is long or severe enough, the fetus may not
compensate and becomes symmetrically growth-restricted. In addition, Asymmetric
IUGR fetuses are more susceptible to developing the risk factors for CVD including
hypertension (Barker, 1997a and 1997b). |

Vascular endothelial dysfunction in children is associated with low body weight
(Leeson et al, 1997). Abnormalities in nitric oxide-cGMP pathway in male offspring has
been found in fetal protein restriction study, which may explain the lack of endothelium-
dependent and —independent relaxation and the occurrence of vascular dysfunction and
hypertension in the male éffspﬁng (Brawley et al., 2003 and 2004).

A variety of undér nutrition models exist, including total calorie restriction,
sodium restriction, and reduced protein intake. Both global maternal undernutrition and
specific protein restriction result in reduced birth weight, increased blood pressure and
impaired glucose tolerance in the offspring (Langley-Evans et al., 1995; Woodall et al.,
1996). It has been found that maternal body compostitioﬁ and diet during early or mid-

pregnancy has effect on cardiovascular function and nephron number in sheep



(Gopalakrishnan et al., 2005). In a rat model,'restricting maternal protein reduces the
cardiomyocyte numbers, which may be due to increased apoptosis or reduced cellular
proliferation (Corstiﬁs et al., 2005). In addition, matemél nutrient restriction results in the
hypertrophy of the left ventricle, whi(}h is considered an important component in the
development of later heart failuré and heart disease (Dhalla et al., 2006, 2007).
Furthermore, there is an increase in the amount of interstitial fibrosis in the left ventricle
in the adult offspring when the mother has a low protein diet during gestation, which
might cOntribute to reduce cardiac contractility and heart disease in adult offspring (Lim
et al., 2006). Maternal undernutrition leads to pathologic cardiac remodeling, diastolic
dysfunction, and increased sensitivity to ischemic injury during adult life (Xu et al., |
2006)

It has been shown that a maternai low protein diet can induce changes in the gene
and protein levels of myocardial Ca**-cycling proteins, which might contribute to the
depi’essed contractile function of the neonatal heart (Tappia et al., 2009). It is well known
that growth hormones and insulin like growth factors (IGFs) are involved in the
development and physiology of the cardiovascular system. Maternal undernutrition
decreases the expression of IGFs, which impairs cardiac gfowth and systolic function,
resulting in the development of CVD later in life (Dong et al., 2005). In addition,
Kawamura et al. (2007) also reported that fetal undernutrition activated the local rennin-
angiogenesis system (RAS), partly contributing to the occurrence of cardiac remodeling
in later life. Maternal nutrient restriction upregulated a number of genes related to
hypertrophy in the fetal heart (Han et al., 2004). Another impoﬁant aspect of maternal

undernutrition is the reduction of the density of B;-adrenergic receptors (Fernadez-Twinn



et al. 2006). It has been found that the pups ha\}é higher levels of circulating epinephrine
(Petry et al. 2000). Excessive activation of the B-adrenergic system is harmful to the
heart and plays an important role in the development of heart failure (Port and Bristow
2001). It is likely that the long term increased adrenergic stimulation will result in
compromised cardiac function and possibly heart failure.

Maternal protein restriction also alters the compostion of the plasma membrane
and the fatty acid content of the cardiomyocytes of the offspring (Tappia et al., 2005). It
has been observed that there are the incr;:ased levels of sphingomyelin and
lysophosphatidylcholine, which could induce increased myocardial apoptosis in response
to maternal protein restricti(v)n.i Additionally, levels of peroxisome proliferator-activated
receptor (PPAR-t), an important transcription factor involved in regulation of genes
encoding multiple enzymes for fatty acid oxidation and, was increased in response to

reduced maternal protein irItake (Tappia et al., 2005).

Maternal Corticosteroid Excess and Cardiovascular
Programming

Secretion of glucocorticoids from the adrenal cortex is controlled by
hypothalamic-pituitary-adrenal (HPA) axis through a negative-feedback loop.
Glucocorticoids exert their ef:t:ects by binding intracellular glucocorticoid receptors
(GRs), members of the nuclear hormone superfamily of ligand-activated transcription
factors. In addition, in some tissues, glucocorticoids bind to mineralocorticoid receptors
(MRs). GRs and MRs are activated by ligand binding, then the receptor—ligand complex

translocates to the nucleus, binding to glucocorticoid-response elements (GREs) in the

promoter of target genes to influence gene transcription (Yamamoto, 1985).



Glucocorticoids regulate impértant cardiovascular, metabolic, immunological and other
homoeostatic functions. Steroid hormones are increased in stress and involved in organ
development, maturation. Given that glucocorticoids play an important role in lung
development, glucocorticoids are given antepartum tb women at increased risk for
delivering prematurely in order to accelerate lung development and reduce the likelihood
of the infant suffering respiratory distress syndrome (RDS) or bronchopulmonary
dysplasia (BPD) (Ballard, 1987).

Although glucocorticoids are highly lipophilic molecules and can be cross
biological barriers, such as the placenta, fetal glucocorticoids are generally lower than the
maternal levels (Klemcke, 1995). This is due to higher level of 11B-Hydroxysteroid
dehydrogenase type 2 (11B-HSD2), which converts steroid horrhones into an inactive
form (Lopez-Bernal and Craft 1981; Lopez-Bernal et al., 1980). This allows only a low
level of maternal steroids to pass through the placenta. However, 113-HSD2 does not
deactivate all steroids. Administration of a steroid that 113-HSD2 does not have a high
affinity for, will lead to high fetal glucocorticoids. Additionally, a defect or inhibition of
11B-HSD2 or high levels of maternal steroids can overwhelm the protection of 11f-
HSD2 and enhance levels of steroids in fetus. Given that fetal exposure to excessive
amounts of glucocorticoids results in intrauterine growth restriction, it has been
hypothesized that this placental 11B-HSD barrier plays a key role to protect the fetus
from adverse effects of maternal glucocorticoids. Many studies have shown that 11B-
HSD2 activity is influenced by maternal environmental factors such as maternal
undernutrition, and TUGR (Shams et al.,‘ 1998). It has been demonstrated that

corticosterone are associated with programming of hypertension in the absence of



changes in birth weight, which suggested that levels of glucocorticoids associated with -
physiological stress may overcome the placental 113-HSD?2 barrier, leading to influence
the developing fetus.

The HPA axis is an important target in programming, and studies in various
animal models have shown that prenatal glucocorticoid excess affects activity of this axis
at several levels. For example, exposure to glucocorticoids in utero during the last third
of pregnancy reduces MR and GR levels in the hippocampus. It is thought that the
decrease in hippocampail GR expression reduces the sensitivity of feedback and, thus,
permanently alters the ‘set point” of the HPA axis (Plotsky and Meaney, 1993).

Glucocorticoid treatment during pregnancy reduces birth weight in both animals
and humans (Nyirenda et al., 1998; Ikegami et al., 1997; Newnham et al., 1999; French et
al., 1999; Bloom et al., 2001). Fetal excessive exposure to glucocorticoid is linked with a
variety of pathologies such as hypertension and insulin resisténce (Nyirenda et al., 1998).
Fetal glucocorticoid overexposure is associated with an irreversible decrease in nephron
number in rodents (Ortiz et al., 2001 and 2003) and sheep (Wintour et al., 2003).
Glucocorticoids exposure prenatally altered activity of the renin—angiotensin—aldosterone
system (RAAS) and Vas;c;ular function in a region-specific manner (O’Regg.n et al., 2004
and Hodoke et al., 2006) and have increased expression of the AT; and AT, (Wintour et
al., 2003). Excessive glucocorticoid exposure in utero can influence the heart both
directly and indirectly. There were alterations of cardiac noradrenergic innervation and
sympathetic activity of baroreceptor response in the offspring exposed to glucocorticoid
prenatally (Wintour et al., 2003). It has been reported the changes in expression of

several genes in the heart including cardiac glucose transporter 1 (GLUT1), Akt/PKB,



specific uncoupling proteins, peroxisome-proliferator-activated receptor y (PPAR- y) and
calreticulin (Langdown et al., 2001 and 2003). The entry of glucose into the cardiac
myocytes, the rate limiting step Qf glycolysis in thesé"cells, is controlled by GLUT.
Compared to the rats not exposed to dexamethasone in utero, the levels of the GLUT1 are
higher in the adult organism exposed to dexamethasone prenatally (Langdown et al.,
2001). However, this difference is not observed when the pups are less than 2 weeks old,
suggesting that this alteration may be secondary to other changes that trigger this
a]teration. An increase in the Akt/PKB pathway was also observed, which may be
responsible for the observed change in GLUT]1 expression. However, this correlation has
not been shown to be causative. Additionally, cardiac expression of protein kinase C
(PKC) isoforms was increased in the pups of the mothers given dexamethasone. Both
pro (B1, P2, and 8) and anti (a and €) apoptotic isoforms were upregulated (Langdown et
al., 2001). The effect of these changes on cardiac functionvand susceptibility to disease
has not been fully understood but clearly significant long term changes take place in

response to the glucocorticoids overexposure during development.

- Maternal Drug Use and Cardiac Programming

Cigarette smoking is the leading cause of disease and death in the United States. It
is estimated that approximately 25% of pregnant women smoke in the United States.
Maternal smoking during pregnancy is associated with several adverse developmental
outcomes in the offspring, including preterm delivery, spontaneous abortion, growth
restriction, increased risk of sudden infant death syndrome (SIDS), elevated blood
pressure, cardiovascular disease as well as long-term behavioral and psychiatric

disorders. However, the underlying physiological mechanisms for these effects are not



fully understood. Nicotine is oné of the major components in cigarette smoking, which is
likely to ‘éontribute to the occurrence of cardiovascular disorders. Because nicotine is an
agonist of nicotinic acetylcholine receptors, exposure to nicotine early in life may cause
permanent changes in nicotinic ’receptors and consequent cell function (Slotkin, 1998).
Nicotine decreases birth weight by increasing rate of early delivery and slowing fetal
growth so even full term infants expdsed to nicotine are small for gestational age
(Lambers and Clark, 1996). It has been shown that maternal cigarette smoking acutely
increases fetal heart rate, probably due to an increase in sympathetic activity. Fetal
nicotine exposure does not change the heart function in rat pups, but produces intolerance
to neonatal hypoxia, resulting in a sharp decrease in heart rate (Slotkin et al., 1997). It is
currently being investigated that this effect may play a important role in sudden infant
death syndrome, and it could also have effects in later life if the change is persistent. It
has been demonstrated that fetal and neonatal nicotine exposure alters vascular function
in adult offspring in a gender-dependent manner, possibly resutling in an ‘increased risk of
cardiovascular dysfunction in adult life (Xiao et al., 2007). ‘In addition, fetal nicotine
exposure increased heart susceptibility to ischemia-reperfusion injury and decreased
expression of myocardial PKCg expression in the adult both male and female offspring
(Lawrence et al. 2008). It has been shown that materal nicotine exposure can induce
increased risk fof behavioral and psychiatric disorders in later life (Wakschlag et al.
2002).

In the United States, more than 100,000 infants are exposed to cocaine in utero
each year. Cocaine can cross the placenta and accumulate in the fetus (Schenker et al.

1993). Cocaine can cause irreversible structural damage to the heart, greatly accelerate



cardiovascular disease, énd initiate sudden cardiac death. There is an established

- connection between cocéine use and myocardial infarction, arrhythmia, heart failure, and
sudden cardiac death (Mone et al., 2004). Numerous mechanisms have been postulated to
explain how cocaine contributes to these conditions. It has been shown that cocaine
blocks K* channels, increases L-type Ca?' channel current, and inhibit Na; influx during
depolarization, possibling causing for arrhythmia. Fetal cocaine exposure has a clear
effect on B-adrenergic signaling in animal models. Fetal cocaine exposure decreased K*
induced nbrepinephrine release and increased in ionomyocin induced norepinephrine
release in the cardiac adrenergic nerve ternimals (Snyder et al., 1995). Cocaine is directly
toxic to fetal myocardiocytes inducing apoptosis, which ié clearly deleterious to the ileart
(Bae and Zhang 2005b). Fetal cocaine exposure also increases the sensitivity to
ischemia/reperfusion injury in the adult offspring in a sex-specific manner. It has been
found that prenatal cocaine treatment decreased levels of PKCe in adult offspring (Zhang
et al. 2007). PKCg has been demonstrated to be cardioprotective (Chen et al. 2001) so
the downregulation of PKCe may explain the incfeased cardiac susceptibility to ischemic
injury in the offspring. It has been demonstrated that a direct effect of cocaine in
epigenetic modification of DNA methylation and programming of cardiac PKCe gene
repression linking cocaine exposure in utero and pathophysiologicai consequences in the

heart of adult offspring (Meyer et al., 2009).

Fetal Hypoxia and Cardiac Programming
Ischemic heart disease is a major cause of death among people in the western
world. In addition to other risk factors, recent epidemiological studies have shown a

clear association of adverse intrauterine environment and an increased risk of ischemic
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heaﬁ disease m édult offspring (Barker et al., 1989, 1993). Of all the stresses to which the
fetus is subjected, perhaps hypdxia is one of the ‘most limpoftant and clinically relevant
stresses that can adversely affect fetal development. The fetus fnay experience prolonged
hypoxi;: stress under many different conditions, including pregnancy at high altitude;
pregnancy with anemia; cigarette smoking and cocaine abuse during pregnancy;
preeclampsia; and heart, lung ‘and kidney disease. About 140 million people living in
over 2,500 m above the sea level are exposed to chronic hypoxic conditions (Moore et al.,
2004). Epidemiological studies have indicated that high altitude pregnancies increase the
risk of IUGR and low birth weight (Jensen, 1997; Moore et al., 2001; Moore, 2003).
Those factors are known to cause premature birth, infant mortality; and, an increased risk
of developing cardiovascular diseases.

Human studies at altitude suggest that hypoxia per se, independent of maternal
nutﬁtion, causes fetal growth restriction, resulting in low birth weight and altered body
shape at birth (Giussani et al., 2001; Moore, 2003). Fetal undergrowth appears to prompt
programming, the process whereby a stimulus or insult acting at a critical period of
develdpment in early life alters gene expression pattern for life (Sayer et al., 1997).
Additionally, chronic hypoxia suppresses fetal cardiac’function, alters cardiac gene
expression pattern, and increases heart to body weight ratio (Kamitomo et al., 1992; Xiao
et al., 2000; Rouwet et al., 2002; Zhang, 2005). Studies in a pregnant rgt model also
demonstrated that fetal hypoxia caused a premature exit from the cell cycle of
cardiomyocytes and myocyte hypertrophy (Bae et al., 2003). It is likely that the increase

'
in size of cardiomyocytes is compensatory for reduced myocyte number. The reduction in

cardiomyocyte number is likely influenced by either increased program cell death or
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breduced cellular proliferation. Fetal hypoxia induced apoptosis via increased caspase 3
activity and Fas, and depressed Bcl-2 and heat shock protein 70 (Hsp 70) expression in
fetal hearts (Bae et al., 2003). Hsp 70 plays an important role to protect from ischemia.
Our lab has demonstrated that fetal hypoxia decreased endothelial nitric oxide (NO)
synthase in thé heart (Li, et al.', 2003). Although whether NO protects the heart remains
controversial, a number of studies show exogenous and endogenous NO to be
cardioprotectiVe in ischemia/reperfusion (I/R) injury (Bolli, 2001). In addition, studies in
sheep show that long-term high altitude hypoxia decreases fetal cardiac output, and
causes a redistribution of blood flow in favor of the heart and brain (Kamitomo et al.,
1992). In a rat study, maternal hypoxia increases in hypoxia-inducible factor 1o (HIFa)
expression (Bae et al., 2003). HIF is a heterodimeric transcription factor that plays a
pivotal role in cellular sensing and respdnse to low oxygen tension. After birth,
cardiomyocytes are highly differentiated and rarely replicate, an inappropriate prenatal
loss of cardiomyocytes through apoptosis is likely to result in a permanent reduction of
the number of function units in myocardium and result in cardiac dysfunctions in infants
and adults. During the early developmental period, either excessive and/or persistent
cardiomyocyte loss through apoptosis has been suggested to lead to various cardiac
diseases (James et al., 1998).

The rat model of fetal hypoxia shows catch-up growth postnatally, and no
difference is found in body weight between control and hypoxic offspring, which is
consistent with human epidemiologic ﬁndings that coronary heart disease reflects fetal
undernutrition and consequent small body size at birth combined with improved postnatal

nutrition and “catch up” growth in childhood. I:Iigh altitude sheep study showed the
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altered cardiac function in response to fetal hypoxia as demonstrated by decreased
cardiac output and lower contracﬁlity (Kamitomo et al., 2002; Gilbert, 1998; Browne et
al., 1997). In rat model, it has been demonstrated that fetal hypoxia results in significantly
increases the susceptibility of the adult heart to /R injury by decreasing postischemic
recovery of left ventricular function. and increasing myocardial infarct size (Xiao et al.,
2000; Bae et al., 2003; Li et al., 2003, 2004; Xu et al., 2006). In addition, prenatal
hypoxia abolishes the protecﬁve affects afforded by heat stress against /R injury and
decreases HSP70 and PKCe in the left ventricles of adult offpring (Li et al., 2003).
Furthermore, fetal hypoxia increases oxidative stress and downregulates a list of genes
involved in cell signaling, communication, defense, proliferation, and survival in fetal
heart. It is not clear how many of those genes have lasting and effect on heart in the later
adult life. Oxidative stress is as an underlying factor for the adverse uterine environment
and the programming of the increased risk for developing chronic disease in adult life
(Franco Mdo et al., 2002; Luo et al., 2006). Oxidative stress also has been reported to
reduce lifespan by promoting apoptosis and organ damage in male offspring exposed to
protein-restricted diet before birth (Langley-Evans and Sculley, 2005). Thus, it is
reasonable to sﬁéculate that reduction of oxidative stress during pregnancy might prevent
CVD and other chronic diseases in later life. In addition to fetal hypoxia, fetal exposure
to glucocorticoids, nicotine (Lawrence et al., 2008) or cocaine (Bae et al., 2005; Bae and
Zhang, 2005a) caused an epigenetic programming in the heart and resulted in increased -

heart susceptibility to I/R injury in adult offspring.
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Hypoxié and Pulmonary Vessels and Nitric Oxide (NO)

Pulmonary vasoconstriction and high pulmonary vascular resistance are hallmarks
of the fetal circulatibn. Following birth, i)ulmonary vascular resistance falls and
pulmonary blood flow increases immediately as the lung expands with air and functions
in oxygen exchange. Oxygen plays an important fole in the transition of high pulmonary
resistance in the newborn (Cornfield et al., 1992, 1996; North et al., 1996; Black et al.,
1997). ‘Fetal hypoxia is one of the major factors associated with persistent pulmonary
hypertension in fhe newborn (Abman et al., 1990). It has been shown that newborns at
high altitude have increased pulmonary vascular resistance (Niermeyer 2007; Herrera et
al., 2007). Abnormal vasoconstriction and changes in vessel morphology are two
prominent pathological features in lungs subjected to chronic hypoxia (Jeffery and
Wanstall 2001; Runo and Loyd 2003). Vascular remodeling occurs not only in
pulmonary arteries (PA) but also in pulmonary veins (PV) in a number of species
including rat (Takahashi et al., 2001), sheep (Johnson et al., 1997), and human (Chazova
et al., 1995).

Endothelium-derived nitric oxide or nitric oxide-like substance modulates the
response of pulmonary vasculature. NO plays an important role in the regulation of the
pulmonary circulation in the fetus. Although there are many studies of NO and
pulmonary vascular reactivity in the newborn and adult, to our knowledge, studies of the
effect of chronic hypoxia in utero on contractility and endothelium-dependent relaxation
of fetal pulmonary vessels are limited. In the well-defined animal model of pregnant
sheep maintained at high altitude of 3,801 m for 110 days during gestation (maternal
Pa0,: 60 mmHg and fetal PaO,: 19 mmHg), a recent study deanstrated that chronic

hypoxia in utero attenuated PKG-mediated relaxation in PA in near-term fetal lambs,
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which was due in part to inhibited cGMP-dependent protein kinase activity and enhanced
" Rho kinase activity (Gao et al., 2007). Nonetheless, it is unknown to what extent chronic
hypoxia affects the up-stream mechanisms at eNOS levels and endothelium-dependent

relaxation in pulmonary vessels in the fetus.

Protein Kinase C (PKC)

PKC comprises a multigene family of related serine/threonine i(inases that sit at
the crossroads of many signal transduction pathways and are implicated in G protein-
coupled receptor and other growth factor-dependent cellular responses. PKC are highly
homologous kinases and several different isoforms can be present in a cell. They are
further classified into three subfamilies: the classical isozymes (o, BI, BII, v), the novel
isoforms (3, €, 1, 0), and the atypical isoforms (&, 1). The classical isoforms are
responsive to diacylglycerol (DAG) and Ca*". Novel isof(;rms are responsive only to
DAG. Atypical isoforms activation is independent of both DAG and Caz;L.

PK Ce belongs to novel isoforms that are involved in wide cellular function.
While the mechanisms whereby prenatal hypoxia causes an increase in vulnerability of
ischemic injury in the heart of adult offspring has not been fully elucidated, the down
regulation of PKCe gene expression in the heart appears to have an important role. PKC
plays a pivotal role in cardioprotection from cardiac I/R injury (Gray et al. 1997; Murriel
and Mochly-Rosen, 2003). Studies in a PKCe knock-out mouse model have demonstrated
that PKCe expression is not required for cardiac function under normal physiological
cdnditions, but PKCg activation is necessary and sufficient for acute cardioprotection

during cardiac I/R (Gray et al\., 2004). Expression of a PKCe-activating peptide or
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cardiac-speciﬁc overexpression of PKCe confers cardioprotection against I/R-mediated
cardiac damage (Dorn et al., 1999; Ping et al., 2002; Inagaki K, et al., 2003). The
activation of PKC isozymes is initiated by their translocation to the unique subcellular
sites and binding to isozyme-specific anchoring proteins, receptors for activated C-kinase
(RACKs, Figure 1). PKC isozyme-selective inhibitory peptides, containing isozyme-
specific RACK-binding sites, have been demonstrated to inhibit translocation and
phosphorylation of the corresponding PKC isozymes and consequently inhibit their
isozyme-unique function (Dorn and Mochly-Rosen, 2002). PKCe-TIP selectively blocks
binding of PKCe to its RACK at the intracellular concentration of 3 to 10 nM and has
Been widely used to study the role of PKCe in cardiac function (Zhou et al., 2002; Murriel
and Mochly-Rosen, 2003; Przyklenk et al., 2003).

PKCe is highly expressed in heart tissue and plays an important role in ischemic
preconditioning (IPC) (Gray et al., 1997). ). IPC is the observation that many tissues,
including the heart, suffer less damage from an ischemic insult if the tissue has been
preconditioned by a prior short ischemic period (Eisen et al. 2004). IPC protects the heart
from ischemia and reperfusion-induced damage by inducing myocardial adaptation to the
ensuing prolonged ischemic event. IPC appears to bé induced triggered by many factors
including adenosine, opioid receptors, bradykinin, nitric oxide, free radicals, and calcium
(Eisen et al. 2004). Despite a number of activators myocardial IPC appears to be induced
via two possible pathways. One pathway is activation of K-ATP channels (Grover et al.,
1992) and the other is activation of PKCe which has been shown is necessary for IPC
cardioprotection (Hassouna et al., 2004; Kawamura et al. 1998; Korge et al., 2002; Ping

et al. 1997). IPC and other activators of PKCe result in PKCe being translocated from the

16



cytosolic fraction to the particulate fraction. IPC is not only an important protective
mechanism in the presence of PKCe but also a physiologic activator of PKCe that can
modulate the activity of PKCs if it is still intact in a system.

Unlike PKCg, the role of PKC3 in I/R injury is less clear and somewhat
controversial. Selective activation of PKC6 caused incréased damage from ischemic
insults in neonatal cardiac myocytes, in adult isolated rat éafdiac myocytes and in isolated
hearts infused with activator prior to ischemia (Chen et al., 2601). Furthermore, inhibition
of PKCS during reperfusion has been shovs}n to décrease reperfusion—iﬁduced injury
(Murriel and Mdchly-Rosen, 2003). Using an ex vivo model of cardiac ischemia, it has
been found that the administration of the PKC$ inhibitor only at reperfusion resulted in
cardiac protection that was additive to that obtained by applying the PKCe activator
before ischemia (Inagaki et al., 2003). There is also evidence to suggest that reactive
oxygen specieé (ROS) formation duﬁng I/R mediated injury of the myocardium
(Semenza, 2000). Free radicals during /R may induce a proapoptotic sighal that indﬁces
further damage to the muscle. ROS are induced early after reperfusion of the heart
following ischemia, which may also be responsible for reperfusion injury (Bolli et al.,
1589; Flaherty Iet al., 1994; Jordan et al., 1999). This may acti\;ate a variety of signaling
pathways, including activation of PKC (Konishi et al.; 1997). Several studies showed that
H,0, and ROS generate oxidative stress, which also results in activation and
translocation of PKC6 (Majumder et al., 2001). Since reperfusion has also been shown to
generate free radicals contributing to myocardial injury, it is possible that reperfusion
activates PKC9 activation and translocation. A study in kﬁockout mice lacking PKCS

demonstrates a loss of ROS formation by the endothelium when subjected to cell stress
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agents such és UV and tumor necrosis factor o. (TNF-o) (Leitges et al., 2001). Therefore,
it is also possible that PKCS3 is upstream of free radical formation and causes
mitochondrial damage. However, other studies demonstrated the cardioprotective effects
of PKC38 (Kawamura et al., 1998; Zhao et al., 1998; Bouwman et al., 2006). It has been
demonstrated that estrogen deficiency decreases ischemic tolerance in the aged rat heart
through decreases in both PKC38 and PKCe levels (Hunter et al., 2007). Previous studies
demonstrated that prenatal nicotine exposure caused a significant decrease in PKC3
protein levels in the heart of female but not male offspriﬁg, which was associated with the
increased heart vulnerability to ischemic injury in the females as compare with the males

(Lawrence et al., 2008).

Angiotensin II (Ang II) Receptors

Many studies have demonstrated that Ang II plays important role in the
cardiovascular system under different physiological or pathological conditions, such as
hypertension, cardiac hypertrophy, heart failure and ischemic heart disease (Daemen‘et
al., 1991; Baker et al., 1993; Ruiz-Ortega et al., 2007; Billet et al., 2008; Rush and
Aultman, 2008). Ang II plays a fundamental role in the regulation of cardiovascular
homeostasis, and has been implicated in programming of cardiovascular disease induced
by adverse in utero environment during the fetal development (Daémen et al., 1991;
Chung et al., 1998; Diep et al., 1999; Chassagne et al., 2000). The renin-angiotensin
system (RAS) is hyperactivated during myocardial ischemia, infarction and I/R induced
injury (Dudley et al., 1990; Horiuchi et al., 1999). Ang II has two main specific G-

protein-coupled receptor subtypes: AT;R and AT,R. There are two different types of
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AT)R in rat and mouse. AT},R predominate in the cardiovascular system, lungs, ovaries
and hypothalamus. However, the ATﬁ,R subtype prevails in the anterior pituitary, several
periventricular brain areas, adrenal cortex and uterus. The subtypes are equally
distributed in the spleen, liver and kidneys. In the rat, the ATy, gene has been mapped to
chromosome 17, and the AT}y, gene to chromosome 2 (Inagami et al., 1995). In humans,
only one type of AT, has been described and mapped to chromosome 3. The AT,R is
widely distributed in fétal tissues, however its expression sharply declines in most organs
and practically vanishes from many tissues during ontogeny. Some studies have shown
that the function and signaling mechanisms of AT 1R and AT,R are different, and both
receptors seem to exert opposite effects in terms of cardiovéscular hemodynamics and /
cell growth and differentiation (Chung et al., 1998; Stoll and Unger, 2001). Recent
studies have demonstrated a link between fetal insults to differential epigenetic
modifications of in utero AT|R and AT2R genes expression in the adrenal, kidney and the
‘resultant alteration of 1_:heir expression pattern in adult life of offspring. This may lead to
the development of hypertension (McMullen and Langley-Evans, 2005; Bogdarina, et al.;
2007 ; Singh et al., 2007). The mechanism of fetal hypoxia induced ontogeny of AT;R
and AT,R in the offspring heart has not been explored yet. Both AT;R and AT,R exist in
cardiac myocytes and play significant pathophysiological roles in heart diseases (Sechi et
al., 1992; Matsubara, 1998; Horiuchi et al., 1999; Schneider and Lorell, 2001).

Previous studies have shown that the AT receptor genes are developmentally
regulated in a tissue-specific manner (Tufro-McReddie et al., 1993; Butkus et al., 1997;
Wintour et al., 1999; Cox et al., 2005). These findings suggest that the diverse actions of

Ang II during development may be mediated by tissue-specific temporal patterns of AT,
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and AT, mRNA expression. The ontogeny of cardiac AT; and AT, gene expression has
been studied in the last third trimester of gestation in fétél sheep and newborn lambs,
which demonstrated a rapid decrease in AT, but not AT;, mRNA after birth (Samyn et
al., 1998). Previous study also detenm'ned that AT, and AT, receptors gene expression is
higher in fetal and newborn hearts than adults (Everett et al., 1996).

Additionally, evidence showed that chronic hypoxia incréases the plasma levels
of renin (Gould and Goodman, 1970) and Ang II (Zakheim et al., 1976), which has
stimulated interest in the contribution of renin angiotensin system to hypoxia.
Experimental evidence suggests an important role of the Ang II and its receptors in
hypoxic/ischemic brain injury (Li et al., 2008). It has been found that ATiR and AT,R
expression was upregulated in PA in hypoxic rats (Chassagne et al., 2000), suggesting a
participation of these receptors in the remodeling process. However, whether exposure to

chronic hypoxia induces cardiac changes in AT R and AT,R expression is not clear.

The tissue specific and ontogeny-dependent expression of the AT,R gene suggest
possible developmental, neurological and reproductive of roles of Ang II via the AT,R
and that the biological roles of this receptor is closely related to its unique expression
pattern. Previous study showed that in maternal low protein diet rat models, expression of
the ATpR gene in the adrenal gland is upfegulated, which is due to significantly
undermethylated of promoter of AT,R gene (Bogdarina et al., 2007). A DNA segment
between -44bp and +5 8bp in promoter region of the rat AT, gene is iﬁlportant for the
basal promoter activ‘ity of the AT,R gene. In this DNA segment, there is a TATA box
consensus sequence, which contains CpG dinucleotides. It is possible prenatal hypoxia

can regulate the methylation of the TATA box. Whether and to what extent fetal hypoxia
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would induce a differential and sex-dependent pattern of DNA methylaition in the AT,
promoter remains an intriguing area for tne future investigation. In addition, the
expression of AT|R and AT,R are regulated by glucocorticoids (Matsubara, 1998). It has
been suggested in rats that glucocorticoids play an important role in fetal programming of
AT;R and AT,R expreseion pattern in offspring (McCullen and Langley-Evans, 2005a,
2005b). GREs in rat AT R and AT R gene promoters have been identified previously
(Guo et al., 1995; Bogdarina et al., 2009). AT,R promoter harbors positive GREs and

ATiR contains negative GREs.

Sex Dichotomy

A number of studies have reported sex differences in the incidence and
progression of cardiovascular diseases such as coronary artery disease, heart failure,
cardiac hypertrophy, and sudden cardiac death (Gilbert et al., 2006; Grigore et al., 2008;
Ojeda et ai., 2008). Many recent studies have provided evidence that indicates a sex
dichotomy also exists in the physiological responses to developmental challenges relating
to the prograrnming of subsequent cardiorenal function. Sex differences can be quite
early in embryonic development and are independent of sex hormones. Additionally, sex
steroids have a profound effect on the development and progression of programmed
disease states.

It has been reported that men eften have higher risk for cardiovascular disease
than premenopausal women of similar age (Reckelhoff, 2001; Wiinberg et al., 1995),
which may partly be associated to intrinsic sex differences in cardiovascular and renal

function (Miller et al., 1999; Schwertz et al., 1999). For example, sex chromosomes
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- facilitate the development of sexual dimorphism and X-linked genes have a key role in
coding for sexually dimorphic traits. Compareq to male embryos, several genes located
on the X chromosome are more eXpressed in boviﬁe and human female (Gutierrez-Adan
et al., 2000, Peippo et al., 2002). It has been demonstrated that a number of genes
expressed in placenta are significantly related with the sex of the fetus, which is that
genes are expressed at higher levels in female placentas, including those with roles in
immune regulation like J4K1, IL2RB, Clusterin, LTBP, CXCL1, and ILIRLI (Sood et al.,
20006).

In most cases, the male offspring exhibits a more séverely impacted phenotype
while the female offspring are either less affected or completely spared. Sex steroids also
play an important role in the difference. Androgens have been iinked with the progression
of feﬁal injury (Reckelhoff vet al., 1998; Sandberg and Ji, 2003), while estrogens seem to
be protective in renal function (Sakemi et al., 1995; Sandberg and Ji, 2003). Additioﬁally,
it seems that sex may éxert different effects during fetal and adult life. In animal models
of intrauterine malnutrition, the sex dimorphism in manifestation of the severity of
cardiovascular dysfunction in adult offspring has been observed although the results were
conflicting (do Carmo Pinho Franco et al., 2003; McMillen and Rdbinson, 2005).
Diffcfential sex effects on cardiac programming were also demonstrated in rats. Prenatal
cocaine treatment increased heart vulnerability to I/R injury only in male adult offspring
(Bae et al., 2005). In contrast, fetal nicotine exposure resulted in increased heart

\ susceptibility to ischemia injury in both male and female offspring (Lawrence et al.,
2008). These findings suggest a stimuli-specificity of fetal programming of sex-

dependent cardiac dysfunction in adult offspring.
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Epigenetic Mechanisms in Fetal Programming

Epigenetic mechanisms are essential for development and differentiation and
allow an organism to respond to the environment through changes in gene expression
(Reik et al., 2001, 2003; Jaenisch and Bird, 2003; Drake and Walker, 2004). Epigenetic
changes are defined as reversible changes that occur as a result of heritable modifications
without involving the alteration of primary DNA sequencé (HQ and Tang 2007). DNA
methylation is a chief mechanism in epigenetic modification of gene expression pattern
and occurs at cytosines of the dinucleotide sequence of CpG. CpG dinucleotides are
primarily clustered together m regions referred to as CG islands while being relatively
uncommon in other parts of the genome. CG islands are most commonly found in the
promoter region of genes and the methylation status of these islands plays an important
role to regulate the transcription of the associated gene. Indeed, in many animal models,
it has been known that environmental manipulations alter methylation at specific genes.
Changes in the methylation status of gene promoter region resulting in inappropriate
activation or suppression of gene expression have been linked to disease states. Notably,
a number of cancers are linked with global hypomethylation with diécrete regions of
hypeﬁnethylation in the promoter of tumor suppressor genes ( Jones and Baylin 2002;
Jones and Laird 1999). It has been demonstrated that altered materr\lal diet during
pfegnancy can increase methylation of the agouti gene and the mouse AxinFu gene,
which alters the phenotype of offspring (Waterland et al., 2006). Fetal undernutrition can
cause changes in DNA methylation, which affects gene transgription, notably the

expression of GRs in the liver (Maclennan et al., 2004 and Lillycrop et al., 2005). The

GR itself may play a direct role to mediate epigenetic changes, possibly underlying
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glucocorticoid programming. Thus, glucocorticoid treatment induces differential
demethylation of target géne promoters; and this demethylation persists after steroid
withdrawal in cultured fetal hepatocytes (Thomassin et al., 2001). |

The recent study also demonstrated an epigenetic mechanism of DNA methyiation
in programming of cardiac PKCe gene repression, linking fetal cocaine exposure and
pathophysiological consequences in the heart of adult male offspring in a gender-
dependent manner (Zhang et al., 2009). PKCs promoter was cloned and sequenced in our
lab. The promoter was found to be rich in CpG sites and contained 8 putative promoter
binding sites (Stral3 at 1723, PPARG at -1688, E2F at -1621, Egr-1 at -100.8, MTF1 at -
603, SP1 at -346, SP1 at -268, and MTF1 at -168) that contain at least one potential
methylation bsite (CpG). It has been demonstrated that prenatal cocaine exposure causes a
significant increase ih methylation status of CpG dinucleoﬁdes at the SP1 bindings sties
which resulted in decreased SP1 binding in the promoter (Zhang, et al., 2009). The
importance of SP1 in PKCe expression was confirmed using a luciferase reporter assay
(Zhang et al.., 2009). Fetal environment impacting methylation status of specific genes
has been also reported in other models. In a rat maternal protein deprivation model, there
was an increase in DNA methylation at specific sites Qf the PPARa promoter in the adult

offspring (Lillycrop et al. 2008).
Central Hypothesis

The central hypothesis of my project is that fetal hypoxia cause dysfunction of

pulmonary vascular contractility and fetal programming of PKCe, AT;R and AT,R genes
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in the heart, resulting in an increase in heart susceptibility to ischemia and reperfusion

injury in offspring in a sex-dependent manner.

Significance

Epidemioldgic evidence has indicated a cérrelation between adverse intrauterine
environment and increased risk of hypertension and ischemic heart disease in the adult.
Animal studies suggest that fetal exposure to chronic hypoxia can cause in utero
programming leading to an increased risk of adult disease. It has been known that gender
differences exist in susceptibility to and moi'tality from various cardiovascular diseases.
However, it is unknown whether and to what extent the sex dichotomy exists in
manifestation of the severity of heart ischemic vulnerability in adult offspring resulting
from prenatal hypoxic exposure. Additionally, the mechanisms whereby fetal hypoxia
causes an incfease in the vulnerability of ischemic injury in the heart of adult offspring
are not clear. Our purposed studies will give insight into how chronic hypoxic exposure
during pregnancy on programming of some ’speciﬁc genes, such as PKCe, AT receptor,
and GR. We also can gain a better understanding of the correlation of PKCe, AT
receptor, and GR. The possibility that fetal hypoxia may result in programming of son;e
specific genes in the offspriné with a consequence of increased cardiac vulnerability
provides a mechanistic understanding Worthy of investigation in h;Jman, given that
hypoxia is one of the most important and clinically relevant stresses to the fetus. Our

studies will delineate how prenatal hypoxia can adversely impact development of the

fetus and induce disease phenotype in the adult offspring.
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CHAPTER TWO
EFFECT OF LONG-TERM HIGH-ALTITUDE HYPOXIA ON FETAL PULMONARY

VASCULAR CONTRACTILITY
By

Qin Xue, Charles A. Ducsay, Lawrence D, Longo and Lubo Zhang

This paper has been published by J Appl Physiol 104:1786-1792, 2008.
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Abstract

Hypoxia in the fetus and/or newborn is associated with an increased risk of
pulmonary hypertension. The present study tested the hypothesis that long-term high-
altifude hypoxemia differentially regulates contractility of fetal pulmonary arteries (PA)
and veiné (PV) mediated by differences in endothelial NO synthase (eNOS). PA and PV
were isolated from near-term fetuses of pregnant ewes maintained at sea level (300 m) or
high altitude of 3,801 m for 110 days (arterial Po(2) of 60 Torr). Hypoxia had no effect
on the medial wall thickness of pulmonary vessels and did not alter KCl-induced
contractions. In PA, hypoxia significantly increased norepinephrine (N E)-induced
contractions, which were not affected by eNOS inhibitor N(G)-nitro-1-arginine (I-NNA).
In PV, hypoxia had no effect on NE-induced contractions in the absence of I-NNA. 1-
NNA significantly increased NE-induced contractions in both control and hypoxic PV. In
the presence of I-NNA, NE-induced contractions of PV were significantly decreased in

}hypoxic lambs comparéd with normoxic animals. Acetylcholiné caused relaxations of PV
but not PA, and hypoxia signiﬁcéntly decreased both pD(2) and the maximal response of
acetylcholine-inducéd relaxation in PV. Additionally, hypoxia significantly decreased the
maximal response of sodium nitréprusside-induced relaxations of both PA and PV. eNOS
was detected in the endothelium of both PA and PV, and eNOS protein levels were
significantly higher in PV than in P.A in normoxic lambs. Hypoxia had no significant
effect on eNOS levels in either PA or PV. The results demonstrate heterogeneity of fetal
pulmonary arteries and veins in response to long-term high-altitude hypoxia and suggest
a likely common mechanism downstream of NO in fetal pulmonary vessel response to

chronic hypoxia in utero.
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Introduction

Of all the stresses to which the fetus is subjected, perhaps the most important and
clinically relevant is that of hypoxia. The fetus may experience prolonged hypoxic stress
under many different conditions, including pregnancy at high altitude. Nearly 140 million
people residing at over 2,500 m above the sea 1ev¢1 are perménently exposed to chronic
hypoxic conditions (Moore et ai., 2004). Pulmonary vasoconstriction and high pulmonary
vascular resistance are hallmarks of the fetal circulation. Following birth, pulmonary
vasculaf resistance f:alls and pulmonary blood flow increases immediately as the lung
expands with gir and functions in oxygen exchange. Oxygen plays a vital role in the

‘ transition of high plilmonary resistance in the fetus to low pulmonary resistance in the
néwﬁdm (Black et al., 1997; Cornfield et al., 1992, 1996; Fineman et al., 1995; North et
al., 1996). Chronic hypoxia in utero is one of the major factors associated with persistent
pulmonary hypertension in the newborn (Abman, 1999; Niermeyer, 2007). Ithas been
shown that newborns at high altitude have elevated pulmonary lvascular resistance
(Herrera et al., 2007 ; Niennéyer 2003, 2007).

Among other mechanisms, oxygen-induced éhanges in endothelial NO production
play a key role and contribute significantly to pulmonary vasodilation after birth (Black et
al., 1997; Cornfield et al., 1992, Fineman et al., 1995;‘Shau1 et al., 1993). Although there
are many studies of NO and pulmonary vascular reactivity in the newborn and adult, to
our knowledge, studires Qf the effect of chronic hypoxia in utero on contractility and
endothelium-dependent relaxation of fetal pulmonary vesséls are limited. This deficit is
partly due to a limit of animal models of chronic in utero hypoxia, in which small fetal

- pulmonary vessels can be isolated and studied in an organ bath. In the well-defined
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aniﬁal model of pregnant sheep maintained at ahjgh altitude of 3,801 m for 110 days
during gestation [maternal arterial PO, (Pao,) of 60 Torr and fetal Pao, of 19 Torr], a
recent study demonstrated that chronic hypoxia in utero attgnuated PKG-mediated
relaxation in pulmonary arteries in near-term fetal lambs, which was due in part to
inhibited cGMP-dependent protein kinase activity and enhanced Rho kinase activity (Gao -
et al., 2007). Nonetheless, it is unknown to what extent chronic hypoxia affects the
upstream mechanisms at endothelial NO synthase (eNOS) levels and endothelium-
dependent relaxation in pulmonary vessels in the fetus.

The present study was designed to test the hypothesis that chronic hypoxia during
gestation differentially regulates pulmonary vascular contractility and relaxation in near-
term fetal lambs. We determined the effect of chronic hypoxia on KCI- and
norepinephrine-induced contractions, endothelium-dependent and -independent
relaxations, and eNOS protein levels in pulmonary vessels of fetal lambs. Because both
pulmonary arteries and veins contribute significantly to pulmonary vascular resistance in
the fetus and newborn (Gao and Raj, 2605), we studied the effect of hypoxia on both

pulmonary arteries and veins in fetal lambs.

Materials and Methods
Experimental Animals
Pregnant sheep of the same agé and breed were obtained from the Nebeker Ranch
in Lanéaster, CA. Normoxic controls were maintained at the Nebeker Ranch (altitude:
~300 m; Pagy: 102 £ 2 Torr). For hypoxic exposure, pregnant sheep were transported to

the Barcroft Laboratory, White Mountain Research Station, Bishop, CA (3,801-m
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, altitudé; Pag,: 60 £ 2 Torr) ét 30 days of gestation énd maintained at high altitude for
~110 days, as prei/iously described (Xiao et al., 2001, 2004). Near-term pregnant sheep .
(~140 days of geétation; term being 147 days) were transported to the Animal Care
Facility at Loma Linda University. Ewes were anesthetized with thiamylal (10 mg/kg)
administered via an external jugulbar vein,/ and anesthesia was maintained on 1.5—2.0%
halothane in oxjgen throughout surgery. Pulmonary arteries and veins were obtained
from near-term fetuses of both normoxic éontrol and chronically hypoxic pregnant sheep.
All procedures and protocols used in the present study were approved by the Institutional
Animal Care and Use Committee of Loma Linda University and follo§ved the guidelines

by the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Tissue Preparation .and Contraction Studies

Preparation of pulmonary vessels was conducted in ice-cold Krebs solution (pH
7.4) of the following composition (in mM): 115.21 NaCl, 4.7 KCl, 1.80 CaCl,, 1.16
MgSOs, 1.18 KH,PO4, 22.14 NaHCO3, 0.03 EDTA, and 7.88 dextrose. The Krebs
solution was oxygenated with a mixture of 95% O, and 5% CO,. Fourth-generation
pulmonary arteries and Veiﬁs were dissected and cut into rings of 4 mm in length
(diameter of 1.5-2.0 mm for artery and 0.8—1.3 mm for vein). Isometric tensions of vessel
rings were measured in Krebs solution in tissue baths at 37°C, as described previously
(Xiao et al., 2001, 2004). Aﬁef 60 min of equilibration in the tissue bath, each ring was
stretched to the optimal resting tension,.as determined by the tension developed in
response to 120 mM KCl added at each stretch level. Norepinephrine-induced
concentration-dependent éontraction curves were determined by cumulative addition of

the agonist in approximate one-half log increments in the absence or presence of eNOS
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inhibitor N°-nitro-L-arginine (L-NNA; 100 pM, pretreatment for 20 min). For relaxation
studies, tissues were precontracted with submaximal c;oncentration (B uM) of
norepinephﬁne, followed by acetylcholine and sodium nitroprusside added in a

~ cumulative manner, respectively. The relaxation responses to acetylcholine and sodium

nitroprusside were expressed as the percentage of norepinephrine precontractions.

Immunoblotting

Protein levels of eNOS were cietermined by Western blot analysis, as described
previously (Xiao et al., 2001). Briefly, pooled segments of fourth-generation pulmonary
arteries and veins, respectively, were homogenized in a lysis buffer containing 20 mM
HEPES, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, 2 pg/ml aprotinin, pH 7.4. Hdmogenates were then
centrifuged at 4°C for 10 min at 12,000 g, and the supernatants were collected. Protein
was quantified in the supernatant using a protein assay kit from Bio-Rad. Samples with
equal protein were loaded on 7.5% polyacrylamide gel with 0.1% sodium dodecyl sulfate
and separated by electrophdresis ‘at 100 V for 90 min. Proteins then were transferred onto
nitrocellulose membranes. Nonspecific binding sites on the membranes were blocked in a
Tris-buffered saline solution containing 5% dry milk for 1 h at room temperature. The
membranes were incubated with mouse eNOS monoclonal antibody (1:500) overnight at
4°C. The membranes then were incubated with secondary horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibody (1:2,000). Proteins were visualized with enhanced
chemiluminescence reagenfs, aﬁd the blots were exposed to Hyperfilm. For comparison

of eNOS between arteries and veins, the bands were measured as absolute density values.
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For comparison of eNOS between normoxia and hypoxia for a given vessel type, eNOS
bands were normalized to those of actin used as a loading control. Results were quantified
by the Kodak electrophoresis documentation and analysis system and Kodak ID image

analysis software.

His{ological Analysis and Immunohistochemistry

Pulmonary vessel rings were fixed in 10% neutral buffered formalin and
embedded in paraffin. Immunohistochemical detection of eNOS and Von Willebrand
Factor (vWF) was performed using Pharmingen Anti-Ig HRP Detection Kit, as described
previously (Xiao et al., 2007). Briefly, tissue slices (4 pm thick) of vessel rings were
incubated with primary antibodies against eNOS (1:100) or vWF (1:200) for 60 min at
room temperature. After rinsing the slices three times in pho’sphate-buffered saline for 15
min, the slices were incubated with biotinylated goat anti-mouse IgG or anti-rabbit Igs
(1:50) for 60 min at room temperature. The samples were then exposed to streptravidin-
HRP and reacted with diaminobenzidine substrate solution according to the manufacture's
recommendations and counterstained with hematoxylin. The negative control of eNOS
staining was perforrﬁed in the absence of eNOS antibody. For histological analysis of
medial wall thickness, tissue slides were stained with hematoxylin and eosin. The slices
were viewed with an Olympus BH-2 microscope, and images were captured withan

attached SPOT digital camera imaging system.
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Materials
Norepinephrine, L-NNA, vWF antibody, and sodium nitroprusside were obtained
From Sigma (St. Louis, MO). Mouse anti-eNOS monoc;lonal antibody was from
Transduction Laboratory (Lexington, KY). Anti-Ig HRP Detection Kits were from BD
Biosciences (San Diego, CA). Electrophoresis and Western blotting reagents were from

Bio-Rad (Hercules, CA).

Data Analysis-

Concentration-response curves were analyzed by computer-assisted nonlinear
regression to fit the data using GraphPad Prism (GraphPad Software, San Diego, CA) to
obtain the values of pD; (-log ECsp) and the maximum response. Results were expressed
as means + SE, and the differences were evaluated for statistical significance (P < 0.05)

by Student's s-test or two-way ANOVA followed by Bonferroni posttests.

Results
Effect pf Chronic Hypoxia on Medial Wall Thickness of
Pulmonary Vessels
Fig. 1 shows the effect of hypoxia on medial wall thickness of 4™ generation
pulmonary arteries and veins in near-term fetal lambs. The medial wall was significantly
thickef in pulmonary arteries than that in pulmonary veins. Chronic hypoxia showed no
significant effect on medibal wall thickness in either pulnionary arteries or veins in fetal

lambs (Fig. 1).
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Figure 1. Effect of chronic hypoxia on medial wall thickness of fetal pulmonary arteries
and veins. Bar graphs show medial wall thickness of pulmonary arteries and veins
obtained from near-term fetal lambs of normoxic control and hypoxic ewes. Data were
analyzed by two-way ANOVA with vessel type as one factor and hypoxia as the other.
The asterisk (*) indicates a significant difference (P-< 0.05) from artery (n = 4).

Effect of Chronic Hypoxia on KCI- and Norepinephrine-

o Induced Céntracﬁons
The effect of hypoxia on KCl-induced contractions is illustrated in Fig. 2. In both |
normoxic and hypoxic lambs, KCl-induced contractions were significantly greater in
pulmonary veins than arteries. Chronic hypoxia had no significant effect on KCl-induced

contractions in either pulmonary arteries or veins (Fig. 2).
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Figure 2. Effect of chronic hypoxia on KCl-induced contractions of fetal pulmonary
arteries and veins. Bar graphs show KCl-induced contractions of pulmonary arteries and
veins obtained from near-term fetal lambs of normoxic control and hypoxic ewes. Data
were analyzed by two-way ANOVA with vessel type as one factor and hypoxia as the
other. The asterisk (*) indicates a significant difference (P < 0.05) from vein (n = 5).

Fig. 3 shows the effect of hypoxia on norepinephrine-induced concentration-
dependent contractions of fetal pulmonary vessels in the absence or presence of the
eNOS inhibitor L-NNA. In pulmonary arteries, L-NNA had no significant effect on
norepinephrine-induced contractions in either control or hypoxic vessels (Fig. 3, fop).
Chronic hypoxia significantly increased the maximal response of norepinephrine-induced
contractions in pulmonary arteries regardless of L-NNA treatment (Fig. 3, bottom aﬂd
‘Tablev 1). In contrast to arteries, L-NNA significantly increased norepinephrine-induced
maximal contractions of pulmonary veins from both control and hypoxic fetal lambs, but
the effect of L-NNA was significantly reduced in hypoxic fetal lambs (Fig. 3, bottom and

Table 1).
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Figure 3. Effect of chronic hypoxia on norepinephrine-induced contractions of fetal
pulmonary arteries (upper panel) and veins (lower panel). Norepinephrine (NE)-induced
contractions were determined in the absence or presence of L-NNA (100 pM, 20 min) in
pulmonary arteries and veins obtained obtained from near-term fetal lambs of normoxic
control and hypoxic ewes. Data are expressed as percent of KCl (120 mM)-induced
contractions and are means + SEM of tissues from 5 to 6 animals. The pD, values and the
maximal responses are presented in Table 1.
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Table 1. Effect of chronic hypoxia on norepinephrine-induced contractions of pulmonary
arteries and veins from fetal lambs in the absence or presence of L-NNA.

Normoxia Hypoxia
PDz Emax PD2 Emax

Artery
-L-NNA 6.41 £ 0.07 104.6 £ 2.6 6.34 £ 0.08 136.4+4.0°
+L-NNA 6.45+0.17 953+5.7 6.23+0.14 1389+7.7°
Vein
-L-NNA 6.43 £ 0.09 106.6 + 3.6 6.53 £0.09 106.0 £3.5
+L-NNA 6.25+0.12 217.1 £10.1 6.35+0.19 149.7 +10.1*°

pDy: -log ECsg, Emax: maximum response. * P < 0.05, normoxia vs. hypoxia; b P <0.05,
+L-NNA vs. -L-NNA. N =15 to 6 in each group.

Effect of Chronic Hypoxia on Endothelium-Dependent and
Independent Relaxations
The endothelium-dependent relaxations induced by acetylcholine were
determined in pulmonary vessels pre-contracted with 3 pM norepinephﬁne.
Acetylcholine had no effect in pulmonary arterie\s, but produced concentration-dependent
relaxations of pulmonary veins in both control and hypoxic fetal lambs (Fig. 4). Hypoxia
signiﬁcantly decreased pD; (6.10 £ 0.08 vs. 6.43 + 0.10, P < 0.05) and the maximal
relaxation (41.6 2..{1% vs. 49.7 + 2.4%, P < 0.05) induced by acetylcholine in pulmonary
veins (Fig. 4). Unlike acetylcholine, sodium nitroprusside produced concentration-
dependent relaxations in both pulmonary arteries and veins. Hypoxia significantly
decreased sodium nitroprusside-induced relaxations in both pulmonary arteries and veins

(Fig. 5 and Table 2).
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Figure 4. Effect of chronic hypoxia on acetylcholine-induced relaxations in fetal
pulmonary arteries (upper panel) and veins (lower panel). Acetylcholine (Ach)-induced
relaxations were determined in pulmonary arteries and veins (pre-contracted with 3 uM
norepinephrine) obtained from near-term fetal lambs of normoxic control and hypoxic
ewes. Data are means + SEM of tissues from 5 to 6 animals. The pD, value and the
maximal response are presented in the text.
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Figure 5. Effect of chronic hypoxia on sodium nitroprusside-induced relaxations in fetal
pulmonary arteries (upper panel) and veins (lower panel). Sodium nitroprusside (SNP)-
induced relaxations were determined in pulmonary arteries and veins (pre-contracted with
3 uM norepinephrine) obtained from near-term fetal lambs of normoxic control and
hypoxic ewes. Data are means + SEM of tissues from 5 to 6 animals. The pD- value and
the maximal response are presented in Table 2. '
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Table 2. Effect of chronic hypoxia on' sodium nitroprusside-induced relaxations in
pulmonary arteries and veins from fetal lambs.

Normoxia , Hypoxia

PD2 Emax v PD2 Emax
Artery 7.5+0.1 929+2.5 7.3+0.1 74.5 + 2.4°
Vein 8.0+ 0.1 951+2.1 7.9+0.1 743 2.1

pD>: -10gECs0, Emax: maximum response. 2P <0.05, normoxia vs. hypoxia. N =5 to 6 in
each group.

Effect of Chronic Hypoxia on eNOS Expression

eNOS protein levels and distribution in fetal pulmonary vessels were determined
with immunohistochemistry and immunoblotting. As shown in Fig. 6, eNOS
immunoreactivity was primarily detected in the endothelium of the pulmonary arteries
and veins. Additionally, the endothelium was labeled with vWF (Fig. 6). Both
immunoblottjng and immunohistochemistry analyses showed significantly higher leyels ‘
of eNOS expression in'pvulmonary veins than that in arteries (Fig. 6). In either pulmonary
arteries or veins, eNOS protein levels were not significantly different between the control

and hypoxic fetal lambs (Fig. 7).
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Figure 6. Localization and density of eNOS in fetal pulmonary arteries and veins. eNOS
localization and density were determined in fetal pulmonary arteries and veins by
immunohistochemical staining (upper panel) and immunoblotting (lower panel),
respectively. eNOS expression was detected in the endothelium of fetal pulmonary
arteries and veins. Additionally, the endothelium was labeled with vWEF. Western blot
illustrates eNOS bands detected by the monoclonal antibody at the expected size of ~140
kDa. Data are means + SEM of tissues from 4 animals in each group The asterisk (*)
indicates a significant difference (P < 0.05) from artery.
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Figure 7. Effect of chronic hypoxia on eNOS protein levels in fetal pulmonary arteries
and veins. eNOS protein levels were determined by Western blot in pulmonary arteries
and veins obtained from near-term fetal lambs of normoxic control and hypoxic ewes.
Data are means + SEM of tissues from 4 animals in each group.
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Discussion

The major findings of the present study are that chronic hypoxia in utero
differentially regulates contractions and relaxations of small pulmonary arteries and veins
in near-term fetal lambs by /) increasing ﬁorepinephrine-induced contractions of
pulmonary arteries; 2) decreasing norepinephrine-induced contractions of pulmonary
veins iﬁ a NO-dependent manner; 3) reducing endothelium-dependent relaxations
selectively in pulmonary veins; 4) decreasing endothelium-independent relaxations of
both pulmonary arterieé and veins; and 5) having no sigrﬁﬁcant effect on eNOS protein
levels in either pulmonary arteries or veins. Additionally, chronic hypoxia has no
significant effect on KCl-induced contractions and medial wall thickness in either
pulmonary arteries or veins in fetal lambs.

In the present study, we found no significant difference in medial wall thickness
of small pulmonary vessels Between-normoxic and hypoxic fetal lambs. Although it is
unlikely that samples of hypoxic and normoxic vessels shrink differently during tissue
fixation and thus prevent the observation of treatment differences in medial wall
thickness, this possibility cannot be excluded. Nonetheless, the present finding is
consistent with previous studies in rats and guinea pigs, in which chronic in utero
hypoxemia did not change pulmonary arterial structure (Geggel et al., 1986; Murphy et
al., 1986). Additionally, hypoxia did not cause hyperplasia or hypertrophy of the media of
pulmonary arteries in near-term bovine fetuses (Bentitz et al., 1986). This is further
supported with the finding that KCl-induced contractions were not signiﬁcantly different
in pulmonary vessels obtained from control and hypoxic fetal lambs, suggesting the same

vascular smooth muscle mass in control and hypoxic pulmonary vessels. Additionally, the
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finding suggests that hypoxia had no significant effect on voltage-gated calcium channel
density in fetal pulmonary vessels. A recent study showed increased KCl-induced
contractions of fourth-generation pulmonary arteries from‘hi"ghland (3,600 m above sea
level) newbqrn (average 10 days of age) lambs.compared with lowland (580 m above sea
level) newborn lambs (Herrera et al., 2007). Although medial wall thickness was not
measured, the authors suggested a greater vascular smooth muscle mass in highland
newborn lambs. Taken together, these studies suggest that pulmonary vascular
remodeling in hypoxic infants may not occur during fetal life but rathér in the transition
from prenatal to postnatal lifeand during the early neonatal period, when changes in
pulmonary structure anq function are particularly sensitive to hypoxia (Niermeyer, 2003,
2007). Whether hypoxic fetuses ére more vulnerable to pulmonary vascular remodeling |
during the early neonatal period is not clear and remains an intriguing area for future
investigation.

Despite the thinner media, fetal pulmonary veins showed greater contractions to
KCl1 compared with arteries. This is consistent with previous findings in the pulmoﬁary
circulation that, during the perinatal period, veins exhibit greater contractions than arteries
in response to a variety of stimuli (Arrigoni et al., 1999; Gao and Raj, 2005). The present
study has demonsﬁated a complex relationship between the effects of chronic hypoxia on
fetal pulmonary arteries vs. veins and the role of NO in utero vs. in vitro. In the absence
of L-NNA, hypoxia significantly increased the maximal response of norepinephrine-
induced contractions in pulmonary arteries, but not veins, in fetal lambs. This suggests A
that in utero, when NO is present, the site of resistance under conditions of hypoxia in the

intact pulmonary circulation is greater in pulmonary arteries than in veins. It has been
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demonstrated that chronic hypoxia produces an increase in a;-adrenoreceptor gene
expression and increases pulmonary vascular smooth muscle contractile sensitivity,
which is thought to play an important role in the development of pulmonary hypertension
(Lal et al., 1999; Salvi 1999). Fetal pulmonary vascular beds are under a.1-adrenergic
control, and fetal pulmonary arteries contract to norepinephrine (Nuwayhid et al., 1975;
Thompson and Weiner, 1993; Irish et al., 1998). The finding that norepinephrine-induced
Qontracﬁons in the presence of L-NNA were significantly decreased in pulmonary veins
of hypoxic fetal lambs is intriguing and suggests a compensatory adaptation mechanism
in vascular contractility of pulmonary veins to chronic in utero hypoxia. Given that both
arteries and veins contribute almost equally to pulmonary vascular resistance during
perinatal develobment (Gao and Raj, 2005), the opposite changes in vascular contractility
of pulmonary arteries and veins, demonstrated in the present study, may result in minimal
chanéeé in pulmonary vascular resistance in near-term fetal lambs in response to chronic
in utero hypoxia.

The finding that L-NNA had no effect on norepinephrine-mediated contractions of
fetal pulmonéry arteries suggests a lack ofbasal inhibitory effect of eNOS in the
regulation of pulmonary arterial contractility in near-term fetal lambs. This is supported
by the findings of the minirrial eNOS levels and the lack of acetylcholine-induced
relaxations in i)ulm‘onary artéries. This is consistent with the previous study in fetal lambs
showing a lack of acetylcholine-induced relaxations in pulmonary arteries ((Steinhorn et
al., 1993; Gao et al., 1995). Additiénally, it was demonstrated that calcium ionophore
A23187 failed to relax pulmonary arteries in fetal lambs (Irish et al., 199). Taken

together, these studies have demonstrated that the endothelium is not functional in NO-
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mediated relaxation in pulmonary arteries in near-term fetal lambs resulting from minimaI
eNOS protein levels. Nevertheless, sodium nitrbprusside produced concentration-
dependent reiaxations in pulmonary arteries. Because sodium nitroprusside is an NO
donor and relaxes vascular smooth muscle via activation of guanylate cyclase and
increasing cGMP, the finding suggests that the downstream pathway of cGMP-dependent
protein kinase is fully functional in fetal pulmohary arteries, as demonstrated in the |
present as well as in previous studies (Irish et a1., 1998; Gao et al., 2003, 2007; Steinhorn
et al., 1993). The present study demonstrated that chronic hypoxia had no effect on eNOS
protein levels and endotheliurh-dependent relaxation in fetal pulmonary arteries, albeit it
decreased the downstregm pathway of cGMP-dependent relaxations. The similar finding
of decreased cGMPV-dependent relaxations in fetal pulmonary arteries was obtained in a
recent study (Gao et al., 2007). Because of the lack of NO-dependent relaxation and the
lack of effect of chronic hypoxia on eNOS, the decreased downstream cGMP-dependent
relaxations may minimally affect pulmonary arterial tone in the fetus but may be

detrimental in the transition of pulmonary arterial contractility and structure from prenatal
| to postnatal life, in which eNOS/NO becomes a key mechanism in the regulation of
pulmonary arterial reactivity.

In contrast to pulmonary arteries, pulmonary veins in near-term fetal lambs have
much higher levels of eNOS in the endothelium and relax significantly to acetylcholine.
Additionally, inhibition of eNOS by L-NNA significantly increased norepinephrine-
induced contractions, suggesting a significant component of basal eNOS activity in the
inhibition of pulmonary Vein‘ contractility. This is consistent with previous studies (Gao et

al., 1995; Steinhorn et al., 1993; Tzao et al., 2001). It has been demonstrated in intact
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fetal sheep that acetylcholine produces a decrease in pulmonary vascular resistance and
an increase in pulmonary blood flow, which afe blocked by eNOS inhibitors L-NNA and
L-NMMA (Abmari et al., 1990; Tiktinsky et al., 1992). Given the lack of eNOS-mediated
relaxation in pulmonary arteries, eNOS/NO-mediated regulation of fetal pulmonary
vascular resistance and pulmonary blood flow resides primarily in pulmonary veins. In
the present study, we have shown that cﬁronic in utero hypoxia results in a significant
decrease in NO-mediated relaxations in fetal pulmonary veins. This is supported by the
finding that acetylcholine-induced relaxation of pulmonary vein was significantly
decreased in hypoxic fetal lambs. Additionally, the effect of eNOS inhibitor L-NNA in
increasing norepinephrine-induced contractions was s\igniﬁcantly decreased in pulmonary
vein of hypoxic compared with normoxic fetal iarﬁbé. Tﬁc ﬁhdings that hypoxia had no
significant effect on eNOS protein levels in pulmonary veins suggests that the inhibition
may occur at downstream pathways. Consistent with this notion, the present study
demonstrated that sodium nitroprusside-induced relaxations were significantly decreased
by chronic hypoxia in both pulmonary Veihs and arteries. In the same animal model, a
recent study demonstrated that 8-Br-cGMP (stimulator of PKG) caused a similar
relaxation of pulmonary veins obtained from control and hypoxic fetal lambs (Longo LD,
personél‘communication). Taken to gether, these findings suggest a likely mechanism of
decreased soluble gilanylate cyclase (sGC) and reduced cGMP production in fetal
pulmonary vessels in response to in utero chronic hypoxia. Indeed, long-term high-

altitude hypoxemia significantly decreased sGC abundance and catalytic activity in

carotid arteries of fetal lambs (Williams et al., 2006). Additionally, chronic hypoxia
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decreased expression of sGC in rat pulmonary artery smooth muscle cells (Hassoun et al.,
2004).

In conclusion, we have demonstrated heterogeneity in responses of pulmonary
arteries and veins in near-term fetal lambs to long-term high-altitude hypoxemia.
Although chronic hypoxia in utero has no significant effect on the medial wall thickness
of pulmonary véssels in fetal lambs, it significantly increases vasoconstriction of
pulmonary arteries and decreases vasorelaxation of pulmonary veins. Furthermore, our
studies demonstrate that chronic hypoxia has no significant effect on eNOS protein levels
in either pulmonary arteries or veins in near-term fetal lambs and point to a likely
common mechanism of decreased sGC in fetal pulmonary arteries and veins in response
to chronic hypoxiain utero. This is consistent with the growing literature demonstrating
the importance of sGC in addition to eNOS in the regulation of perinatal as well as adult
pulmonary circulation (Tzao et al., 2001, Dumitrascu et al., 2006; Vermeersch et al.,
2007). Future studies are needed to determine the effect of chronic hypoxia on sGC

protein levels and catalytic activity in fetal pulmonary vessels.
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Abstract

The present study tested the hypothesis that PKCe plays a key role in the sex
dichotomy of heart susceptibility to ischemia and reperfusion injury in adult offspring.
resulted from prenatal hypoxic exposure. Time-dated pregnant rats were divided between
normoxic and hypoxic (10.5% O, from day 15 t§ 21 of gestation) groups. Hearts of 3-
month-old progeny were subjected to ischemia and reperfusion (I/R) injury ina
Langendorff preparaﬁoﬁ. Pre-ischemic values of left ventricle (LV) fungtion were the
same between control and hypoxic animals. Prenatal hypoxia signiﬁcantly decreased
post-ischemic recovery of LV function and increased cardiac enzyme release and infarct
size in adult male, but not female, rats. This was associated with significant decreases in
PKCe and phospho-PKCe levels in the LV of the male, but not female, rats. The PKCe
translocation inhibitor peptid¢ (PKCe-TIP) significantly decreased phospho-PKCe in
control male rats to the levels found in the hypoxic animals and abolished the difference
in I/R injury observed between the control and hypoxic rats. In females, PKCe-TIP
inhibited PKCe phosphorylation and decreased post-ischemic recovery of LV function
equally well in both control and hypoxic animals. PKCe-TIP had no effect on PKC5
activation in either male or female hearts. The results demonstrated that prenatal hypoxia
caused an increase in heart susceptibility to ischemia and repérfusion injury in offspring
ina sex-dépendent manner, which was due to fetal programmihg of PKCe gene
repression resulting in a down-regulation of PKCe function in the heart of adult male

offspring.
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Introduction

Human epidemiological studies have shown a clear association of adverse
intrauterine environment and an increased risk of ischemic heart disease in later adult life
(Barker et al., 1989, 1993). Of all the stresses to which the fetus is subjected, perhaps the
most important and clinically relevant is that of hypoxia. The fetus may experience
prolonged hypoxic stress under many different conditions, including pregnancy at high
altitude, pregnancy with anemia, placental insufficiency, cord compression,
preeClampgia, heart, lung anq kidney disease, or with hemoglobiﬁopathy. There is clear
evidence of a link between hypoxia and fetal intrauterine growth restriction (Unger et al.,
1988; Moore, 2003). Human studies at altitude suggest that hypoxia per se, independent
of maternal nutrition, causes fetal growth restriction, resulting in low birth weight and
altered body shape at birth (Giussani et al., 2001; Moore, 2003). Additionally, chronic
hypoxia suppresses fetal cardiac function, alters cardiac gene expression pattern, and
increases heart to bbdy weight ratio (Kamitomo et al., 1992; Murotsuki et al., 1997; |
Martin et al., 1998; Xiao et al., 2000; Rouwet et al., 2002; Zhang, 2005).

Animal studies have suggested a possible link between prenatal hypoxia and
increased risk of cardiovascular disease in offspring (Heydeck et al., 1994; Roigas et al.,
1996; Butler et al., 2002; Peyronnet et al., 2002; Davis et al., 2003; Li et al., 2003; Jones

“et al., 2004; Mone et al., 2004; Zhang, 2005). Studies in a pregnant rat model
demonstrated that maternal hypoxia caused an increase in HIF-1a expression and
apoptosis in the fetal heart and resulted in a premature exit from the cell cycle of
cardiomyocytes and myocyte hypertrophy (Bae et al., 2003). Additionally, prenatal

hypoxia resulted in an increase in heart susceptibility to ischemia and reperfusion injury
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in adult male offspring (Li et al., 2003). In animal models of intrauterine malnutrition, the
sex dimorphism in manifestation of the severity of cardiovascular dysfunction in adult
offspring has been observed although the results were conflicting (do Carmo Pinho
Franco et al., 2003; McMillen and Robinson, 2005). Differential sex effects on cardiac
programming were also demonstrated in rats. Prenatal cocaine treatment increased heart
vulnerability to ischemia and reperfusion injury only in male adult offspring (Bae et al.,
2005). In contrast, fetal nicotine exposure resulted in increased heart susceptibility to
ischemia injury in both male and female offspring (Lawrence et al., 2008). These findings
suggest a stimuli-specificity of fetal programming of sex-dependent cardiac dysfunction
in adult offspring. It is unknown whether and to what extent the sex dichotomy exists in
fnanifestation of the severity of heart ischemic vulnerability in adult offspring resulting
from prenatal hypoxic exposure. |

Additionally, the mechanisms whereby fetal hypoxia causes an increase in the
vulnerability of ischemic injury in the heart of adult offspring are not clear. Among other
mechanisms, protein kinase Ce (PKCe) plays a pivotal role of cardioprotection during
cardiac ischemia and reperfusion injury (Chen et al., 2001; Ping et al., 2001; Murriel and
Mochly, 2003). Studies in a PKCe knock-out mouse model have demonstrated that PKCe
expression is not required for cardiac function under normal physiological conditions, but
PKCeg activation is necessary and sﬁfﬁcient for acute cardioprotection during cardiac
ischemia and reperfusion (Gray et al., 2004). Herein, we present evidence that prenatal
hypoxia exposure causes an increase in heart susceptibility to ischemia and reperfusion

injury in a sex-dependent manner, which is due to fetal programming of PKCe gene
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repression resulting in a down-regulation of PKCe function in the heart of adult male

offspring.

Materials and Methods
Experimental Animals and Hypoxic Exposure
Time-dated pregnant Sprague-Dawley rats were purchased from Charles River
Laboratories (Portage, MI) and were randomly divided into the normoxic control group
and continuous hypoxic exposure group (10.5% oxygen) from day 15 to day 21 of
gestation. Hypoxia was induced by a mixture of nitrogen gas and air as described
previously (Li et al., 2003). Previous studies showed that an ambient oxygen level of
10.5% lowered maternal arterial oxygen tension to ~50 mmHg (Rhee et al., 1997). The
normoxic control group was housed identically with room air flowing through chambers.
Water and food were provided as desired. All procedures and protocols used in the
present study were approved by the Institutional Animal Care and Use committee of
Loma Linda University and followed the guidelines in the National Institutes of Health

Guide for the Care and Use of Laboratory Animals.

Hearts Subjected to Ischemia and Reperfusion
At 3 months of age, the male and female progeny, raised in normoxic conditions
after birth, were anesthetized by intramuscular injection of ketamine (75 mg/kg) and
xylazine (5 mg/kg). Hearts were excised rapidly and retrogradely perfused via the aorta in
a modified Langendorff apparatus under constant pressure (76 mmHg) with gassed (95%

0,-5% CO,) Krebs-Heinseleit buffer at 37°C, as described previously (Li et al., 2003;
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Bae and Zhang, 2005). A pressure transducer connected to a saline-filled balloon inserted
into the left ventricle (LV) was used to assess veﬁtriculér function by measuring the
ventricular pressure (mmHg) and its ﬁrsf derivative (dP/dt). LV end diastolic pressure
(LVEDP) was set at about 5 mmHg. Control hearts were perfpsed continuously,
subjected to 20 min of global ischemia by stopping the perfusion, and then followed by
30min reperfusion. Some hearts were perfused with 5 pM PKCe translocation inhibitor
‘peptide (EAVSLKPT; PKCe-TIP; Calbiochem) or 5 uM scrambled PKCS translocation
inhibitor peptide (LSETKPAV; Scrambled PKCe-TIP; Calbiochem) for 20 min prior
ischemia and reperfusion with no wash-out period respectively. Both in vivo study
(Przyklenk et ai., 2003) and isolated buffer-perfused rat heart study (Bae and Zhang,
2005; Pierre et al., 2007) confirmed that PKCe-TIP, an octapeptide confirmed to
selectively inhibit translocation of the PKCe. LV functional parameters, LV developed
pressure (LVDP), heart rate (HR), dP/dtmax, dP/dtmin, and LVEDP were continuously
recorded with an on-line computer. Pulmonary artery effluent was collected as an index

of coronary flow.

Myocardial Infarct Size
Myocardial infarct size was measured as previously described (Bae and Zhang,
2005). Briefly, at the end of reperfusion, left ventricles were collected, cut into four
slices, in(;ubated with 1% triphenyltetrazolium chloride (TTC) solution for 15 min at
37°C, and immersed in formalin for 30 min. Each slice was then photographed (Kodak

digital camera) separately, and the areas of myocardial infarction (MI) in each slice were
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analyzed by computerized planimetry (Image-Pro Plus), corrected for the tissue weight,

summed for each heart, and expressed as a percentage of the total left ventricle weight.

Lactate Dehydrogenase (LDH) Activity Measurement
LDH activity was measured as previously described (Pierre et al., 2007). Briefly,
coronarjf effluent was collected for 30 s just before the onset of ischemia, and at 0, 1, 2,
3,4,5,10, 15, 20, and 30 min of reperfusion. LDH activity was measured using a
standard assay (TOX 7 kit, Sigma, Saint Louis, MO), following the manufacture’s

directions.

Western Blot Analysis
At the end of rcperfusion, left ventricles were isolated, and protein levels of
PKCg, phospho-PKCeg, PKC5, and phospho-PKCd were determined by Western blot
analysis. In brief, tissues were homogenized in a 1ysis buffer containing 150 mM NaCl,
50 mM Tris HCI, 10 mM EDTA, 0.1% Tween-20, 0.1% B-mercaptoethanol, 0.1 mM
phenylmethylsulfonyl fluoride, 5 pg/ml leupeptin, and Spg/ml aprotinin, pH 7.4. “

: Homogenates were then centrifuged at 4°C for 10 min at 10,000g, and supernatants were
collected. Proteins were measured using a protein assay kit from Bio-Rad (Hercules,
CA). Samples with equal proteins were loaded on to 7.5% polyacrylamide gel with 0.1%
sodium dodecyl sulfate and were separated by electrophoresis at 100 V for 2 h. Proteins
were then transferred to nitroceilulose membrane and incubated with primary antibodies
for PKCe, PKC5 (Santa Cruz Biotechnology, Santa Cruz, CA), phospho-PKCe, and

phospho-PKCé (Upstate Biotechnolgy; Lake Placid, NY), respectiveiy. After washing,
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membranes were incubated with horseradish peroxidase-conjugated secondary antibodies
(Amersham, Arlington Heights, IL). Proteins were visualized with enhanced
chemiluminescence reagents, and blots were exposed to Hyperfilm. Results were
quantified with the Kodak electrophoresis documentation and analysis system and Kodak
ID image analysis software. To minimize any confounding influence of variability among
gels, internal control were loaded in each gel and band intensitieé were normalized to

actin and internal control.

Statistical Analysis
Data were expressed as means = SEM. Experimental number (n) represents
offspring from different dams. Statistical significance (P < 0.05) was determined by two-

way ANOVA followed by Neuman-Keuls post hoc testing.

Re§ults _
Body Weight and Baseline Cardiac Function
As shown in table 1, neither male nor female 3-month-old offspring showed
significant difference in body mass and heart weight between control and prenatally
hypoxic groﬁps. LVDP, HR, dP/dtyax, dP/dtmin, and coronary flow rate at baseline were |

not significantly different among all groups in either male or female offspring (Table 1).
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Table 3. Pre-ischemic left ventricle functional parameters

- BW HW HR LVEDP LVDP dP/dtm. dP/dtmin CF
g bpm mmHg mmHg/s ml/min

Male
C 492+11 1.3+£0.1 25346.9 5.2+0.2 100.5+£2.8 3789+126 2158+78 12.3+0.4

C+S-TIP 495+13 1.3+0.1 265+8.2 5.1+0.2 103.6+2.4 3850+58 214341 12.6+0.2
C+TIP 507+14 1.3+£0.1 259+£5.4 5.5+0.3 95.8+£1.6 3766+98 2078+57 12.8+0.7

H 515+9 1.3+0.0 249+5.2 5.3+0.4 104.1+4.7 3768+142 2058+21 12.4+0.2
H+TIP 518+6 1.3+0.0 260+5.6 5.7+0.2 99.6+2.5 3617+155 1967+66 13.2+0.4
Female ,

C 29748 0.94+0.0 250+£6.2 5.5+0.3 97.6+4.4 2867+71 177671 8.9+0.5
C+TIP 298+7 0.8+0.0 247+2.4 5.4+0.2 90.8+2.7 2846+156 1624+68 8.8+0.3
H 305+2 0.9+£0.0 259+10.4 5.6+0.4 93.5+£3.0 2945+139 1775109 9.3+0.9

H+TIP 2963 0.8+0.0 249+42 5.5+02 97.2+5.9 3081+92 1863+135 8.9+0.3

BW, body weight; C, control; H, hypoxia; S-TIP, scrambled PKC-TIP; TIP, PKC-TIP;
HW, heart weight; CF, coronary flow. n = 5-11

Post-Ischemic Recovery of LV Function in Male Hearts
Global ischemia for 20 min caused a persistent impairment in LV function in all
| five groups. As shqwn in Fig. 8, compared with the control group, there were significant
decreases in post-ischemic recovery of LVDP, dP/dtmax and dP/dty;, in the hypoxic
group. Recovery of HR and coronary flow was not significantly differént between the
control vand hypoXic groups (data not shown). Recovery of LV function was not
significantly different between the controi and Scrambled PKCe-TIP group (Fig. 8).
Inhjbition of PKCe with PKCe-TIP, but not Scrambled PKCe-TIP, resulted in significant
decreases in postischemic recovery of LVDP, dP/dt;max and dP/dtmi, in the heart of control
animals (Fig. 8). In contrast, it had no effect on post-ischemic recovery of LV function in

the heart of hypoxic animals (Fig. 8). In the presence of PKCe-TIP, there was no
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difference in post-ischemic recovery of LV function between the control and hypoxic
animals, which was the same as that in the heart of hypoxic animals in the absence of
PKCe-TIP (Fig. 8). Post-ischemic recovery of LV function in female hearts. In contrast to
the finding in the male offspring, prenatal hypoxia showed né effect on post-ischemic
recovery of LVDP, dP/dty.x and dP/dtmi, in the female offspring (Fig. 9). PKCe-TIP
significantly decreased post-ischemic recovery of LV function in the hearts of both
control and hypoxic groups (Fig. 9). There was no difference in post-ischemic recovery
of LV function between the control and hypoxic animals either in the absence or presence

- of PKCe-TIP.
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Figure 8. Effect of prenatal hypoxia on post-ischemia recovery of left ventricle function
in male offspring. Hearts were isolated from 3-month-old male offspring that exposed to
normoxia (control) or hypoxia before birth, and were pretreated in the absence or
presence of 5 uM PKCe-TIP for 20 min before subjecting to 20 min of ischemia and 30
min of reperfusion in a Langendorff preparation. Post-ischemic recovery of left ventricle
function during reperfusion was measured relative to the pre-ischemic values. LVDP, left
ventricular developed pressure; dP/dty,x, maximal rate of contraction; dP/dtm;,, maximal
rate of relaxation. Data are means £ SEM. ~ P < 0.05, vs. control, n = 5-11

59



—e— Control

—6— Control+PKCe-TIP
—=— Hypoxia

—&— Hypoxia+PKCe-TIP

1.0+
> 0.8 =
o e
§ 0.6+ <
o © i"—‘—:"g
= *
o - £
= 0.4 & * *
= 3 *
0.2 -
0.0 T T L T 1
10 15 20 25 30
Reperfusion (min)
‘LO—
0.8 ’
=3 c
§ 1S
8 0.6 g3 :i:::::!
% ©
_E 0.4+ g . *
k=] = *
T ] »*
b=} 0.2+ - *
0.0 T T T T 1
10 15 20 25 30
Reperfusion (min)
1.0+
g 0.8 c
3 1S
g 0.6 S W
£ <
= 044 £ *
= 2 * *
S o2 | 3 *
0.0 T L T 1

T
10 15 20 25 30

Reperfusion (min)

Figure 9. Effect of prenatal hypoxia on post-ischemia recovery of left ventricle function
in female offspring. Hearts were isolated from 3-month-old female offspring that exposed
to normoxia (control) or hypoxia before birth, and were pretreated in the absence or
presence of 5 pM PKCe-TIP for 20 min before subjecting to 20 min of ischemia and 30
min of reperfusion in a Langendorff preparation. Post-ischemic recovery of left ventricle
function during reperfusion was measured relative to the pre-ischemic values. LVDP, left
ventricular developed pressure; dP/dty,x, maximal rate of contraction; dP/dt.,;,, maximal
rate of relaxation. Data are means + SEM. ~ P < 0.05, +PKCe-TIP vs. -PKCe-TIP, n = 5-6
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Myocardial Infarction and Lactate Dehydrogenase (LDH) Release

In male animals, ischemia and reperfusion-induced increasé in LVEDP was
significantly higher in the hearts of hypoxic group as compared with that in the control
group (Fig. 10A). This was consistent with the significant increases in myocardial infarct
.size and LDH ‘release in the hearts of hypoxic aﬁimals (Fig. 10B and 10C). There were no
differences in LVEDP, myocardial infarct size, and LDH release between control and
Scrambled PKCe-TIP groups (Fig. 10). PKCe-TIP, but not Scrambled PKCe-TIP,
significantly increased LVEDP (Fig. 10A), myocardial infarct size (Fig. 10B), and LDH
release (Fig. 10C) in the corﬁrol group. In contrast, it had no effects on LVEDP,
myocardial infarct size, and LDH release in the hypoxic group (Fig. 10). In the presence
of PKCe-TIP, there were no differences in LVEDP, myocardial infarct size, and LDH
releasc\: between the control and hypoxic groups, which were the same as those found in
the heart of hypoxic group in the absence of PKC/e-TIP (Fig. 10). In contrast, in females
there were no significant differences in ischemia and reperfusion-induced increase in
LVEDP, myocardial infarct size, and LDH release between the control and hypoxic
groﬁps (Fig. 11). PKCe-TIP increased LVEDP (Fig. 11A), myocardial infarct size (Fig.
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