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ABSTRACT

An adverse environmental experience of the growing fetus may lead to
permanent changes in the structure and function of organs that may predispose the
mdividual to chronic diseases in later life, however nothing is known about the
occurrence and the mechanisms of heart failure. A rat model was employed in
which pregnant dams were fed diets containing either 180 (normal) or 90 g (low)
caesin/kg diet for 2 wks before mating and throughout pregnancy. The ejection
fraction (EF) of the pups exposed to the low protein (LP) diet was severely
depressed in the first 2 weeks of life, with the peak trough at 7 days, followed by a
recovery and normalization of the EF of the offspring up to 40 weeks of age. The
left ventricular (LV) internal diameters were increased between 24 hrs and 12
weeks of age in the LP exposed group. Although, between 3 days and 2 weeks of
age the L'V wall of the hearts of the LP group were thinner, a progressive increase
in the LV wall thickness was seen. It is believed that loss of cardiac contractile
performance may be due to the reduction in the development of functional
myocytes or due to apoptosis in low protein exposed group. Depressed expression
of myocyte enhaq_cer factors (MEF2) —C and -D in early life and increased
expression in later life in LP exposed group, showed that these changes could be
related to early impaired cardiac development and function and later compensatory

recovery. Early increases in the atrial natriuretic factor and phospholipase C



1sozymes mRNA levels occurred in the LP group. At 40 weeks of age although the
EF was normal, a 2-fold elevation in the L'V end diastolic pressure, a reduced
mean arterial pressure and cardiac output as well as decreased maximum rate of
pressure development (+dP/dz,,) and maximum rate of pressure decay (-dP/d?yayx)
were observed. The results of this study show that exposure of the developing

fetus to maternal low protein induces cardiac dysfunction in offspring in later life.



I. INTRODUCTION

The environmental experience of the growing fetus influences the
development of specific organs. The effect of an adverse environmental exposure
leads to irreversible adaptations in the structure and function of organs that may
predispose the individual to the later onset of chronic disease (21, 22, 101). This
has been characterized as “programming” and has been termed as the “Barker

hypothesis™ or “the fetal origins of adult disease hypothesis”.

Maternal undernutrition is known to play a role in intrauterine growth
retardation (21) and while earlier epidemiological studies demonstrated a link
among low birth weight and poor early growth and risk of cardiovascular disease
(101), current evidence also suggests that the size of the mother determines her
ability to support protein synthesis and is associated with fetal growth and
development (3). In addition, it has been suggested that intrauterine undernutrition
may permanently affect adult health without affecting the size of the baby at birth
(209). It is not clear the extent to which the effect of an adverse environment in
utero can be reversed by improved conditions postnatally, but evidence suggests
that “catch-up” growth imposes its own metabolic stress and may itself exert a

harmful effect (3,16).



It is also known that the cardiac phosphoinositide-specific phospholipase C
(PLC) isozymes play an important role in activating intracellular signal
transduction pathways for the regulation of various cell functions (198), including
cardiomyocyte hypertrophy via downstream signaling mechanisms (111, 197). In
fact, the hypertrophic marker, atrial natriuretic factor (ANF) is known to activate

PLC (292, 15).

Although, growth-retarded fetuses have been reported to exhibit
hypertrophy of both ventricles (259,8) as well as hemodynamic dysfunction
(201,226). Thus left ventricular (L'V) enlargement may be a long-term result of
hemodynamic changes in utero (260), virtually nothing is known about the
occurrence and the mechanisms of heart failure in later life. Apoptosis may play a
role in the transition to heart failure with chronic pressure overload (30). Cardiac
hypertrophy is initiated by a wave of apoptosis of cardiac myocytes (247). MEF-2
types C and D, which are involved in the regulation of the expression of variety of

cardiac proteins that influence cardiac growth and contractile function (31).

Therefore, by employing a well-established rat model of intrauterine
growth retardation (140), the present study was undertaken to examine if a
maternal low protein diet during pregnancy induces changes in the structure and
function of the heart of the developing fetus, predisposing the offspring to the

occurrence of heart failure in later life.



II. REVIEW OF THE LITERATURE

A. Fetal Origins of Aduit Disease

It is well known that the etiology of cardiovascular disease includes a
genetic component and a lifestyle or environmental component. However, several
epidemiological studies, conducted in Europe, North America and the developing
countries, have indicated the involvement of another component, that of the
environmental conditions during fetal development in contributing to an
individual’s overall cardiovascular risk (21, 20,101,3,16). During intra-uterine life,
the tissues of the body undergo periods of rapid cell division, the “critical” periods

(20).

The effect of an adverse environmental exposure, such as that which may
occur during a lack of nutrient supply, leads to a decrease in the rate of cell
division, particularly in those tissues in the “critical” period and irreversible
adaptations in the structure and function of organs that may predispose the
mdividual to the later onset of chronic disease (101,3). This has been characterized
as “programming” and has been termed as the “Barker hypothesis” or “the fetal

origins of adult disease hypothesis.”



B. Intrauterine Growth Retardation or Restriction (IUGR)

Intrauterine growth retardation or restriction (IUGR) is an important
health issue that not only affects infant mortality and morbidity, but may also
predispose individuals to coronary heart diseases, diabetes, hypertension and
stroke as adults. TUGR, refers to when the fetus has grown slowly and is
smaller than he/she should be for the number of weeks of pregnancy. IUGR is
a problem that affects approximately three percent of all pregnancies in the
United States (40). The higher percent of IUGR is likely due to protein

malnutrition, and poor to no prenatal care in undeveloped countries. (54).

Those born with TUGR have been reported to show increased risk of
cardiovascular diseases and type 2 diabetes mellitus, which may be the result
of abnormalities of endocrine development (17). Insulin resistance has been
reported both in childhood and adulthood in humans born after IUGR (40).
TUGR has various causes including problems in placenta, birth defects, genetic
disorders, maternal infection, high blood pressure, smoking, or drinking too
much alcohol by mother. Sixty five percent of I[UGR pregnancies are not
identified until after delivery (159). Uteroplacental insufficiency leads to
altered hepatic fatty acid metabolism that may contribute to the adult
dyslipidemia associated with low birth weight. Uteroplacental insufficiency

alters hepatic fatty acid-metabolizing enzymes in juvenile and adult rats (202).



1. IUGR, Low Birth Weight, and Blood Pressure

Associations between low birth weight and raised blood pressure in
childhood and adult life have been extensively demonstrated around the world.
The first evidence showed strong relations between low birth weight and heart
disease, the risk factors for heart disease, diabetes and hypertension, and the
intermediary markers for heart disease, blood cholesterol and fibrinogen (24).
In some studies the blood pressures of the mothers during and after pregnancy
was correlated with the offspring’s blood pressure (167). On the other hand, it
has recently been suggested that maternal undernutrition during gestation may
permanently affect adult health without affecting the size of the baby at birth
(209), implying that adaptations that enable the fetus to grow may nevertheless

have adverse consequences for health in later life.

The Hertfordshire studies showed for the first time, that men who had low
weight and BMI at the age of one year were at increased risk of developing
coronary heart disease (CHD) than those having low birth weight (69). Men
and women who had birthweights above 4 kg and BMI was in lowest fourth
had half the risk of type 2 diabetes and hypertension as compared to those who

had birth weights below 3 kg and BMI was in the highest fourth (16).



2. IUGR, Low Birth Weight, and Heart Failure

It has also been demonstrated that the brain-to-body weight ratio in
TUGR rabbits is higher than in controls (94). In humans, it was observed that
IUGR infants had larger hearts (259). The weight of the left cardiac ventricle in
IUGR adult female rats is similar to that of controls. The increased ratio of the
left cardiac ventricle to total body weight in TUGR females suggests a left
ventricular hypertrophy in these animals (164). Measuring of heart or ventricle
relative to body weight has been reported to be a reliable method to evaluate
hypertrophy of the heart (25). The hypertensive rat pups had larger hearts and
kidneys, which may associate with the cardiovascular effects. Iron deficiency
anaemia in the rats reduces birth weight and mean arterial pressure, when post-

natal “catch-up” growth occurs; their heart size increase (49).

Widdowson and McCance were the first to show that undernutrtion may
permanently reduce the numbers of cells in particular organs (276). In late
gestation the rate of cell division and growth slows and after the birth the
development and enlargement of existing cells occur rather than the addition of
new ones (276). Low rate of infant weight gain is considered as highly

predictive of coronary artery disease (184).



Persisting changes in vascular structure, i.e. loss of elasticity in vessel
walls, and effect of glucocorticoid hormones can be the possible mechanisms
to increase blood pressure in [UGR (167). Alteration in the hormonal secretion
may lead to pathology (18). High concentration of circulatory hormones may
cause cardiac hypertrophy and atheroma in blood vessels, which is considered
as similar process as occurs in cancerous cells due to production of excessive

growth hormones (18).

Cardiomyocyte rate of maturation is influenced by the load on the heart
thus early pressure loading leads to fewer, but larger myocytes (182).
Echocardiography has shown that growth-retarded fetuses have hypertrophy of
both ventricles with attendant hemodynamic dysfunction (259). While other
studies have shown that although increased left ventricular (LV) mass is not
related to birth weight, but it is associated with low body weight at 1 year. It
was suggested that the LV might be a long-term result of hemodynamic
changes, in utero, or of persisting changes in growth factor concentration

(260).

Taken together, as LV enlargement is a strong predictor of morbidity
and death from coronary heart disease independently of an increase in systolic
blood pressure, however intrauterine programming of primary heart failure

cannot be excluded. Programming is a term describing the phenomenon where



events occurring in early fetal development result in altered physiology (81).
Programming has been used to explain how humans born after IUGR may

suffer the adult disease states.

3. Postnatal Catch-up Growth

The postnatal catch-up growth plays an important role in amplifying
changes established in utero, and this catch-up growth can be reconciled the
hypertension, accelerated by childhood growth. It should be noted that it is not
clear the extent to which the effect of an adverse environment in utero can be
reversed by improved conditions postnatally, but evidence suggests that
“catch-up” growth imposes its own metabolic stress and may itself exert a

harmful effect (3,16).

In fact, recently study conducted in mice, fed 20% normal protein and 8
% low protein diet and at birth pups were cross fostered and weaned at 21 days
of age on to standard laboratory chow and cafeteria diet. It was reported that
the lifespan is considerably shortened if the period of growth is accelerated to
make up for reduced growth in utero (187). While most children with ITUGR
experience catch up growth within the first two years of life, 20-30% fail to

grow normally.

10



The pathophysiologic reasons determining the failure of the ITUGR child to
exhibit catch-up growth are unknown. Studies showed that induced catch up
growth results in shortened life span. Although it is indicated that only partial
"catch-up growth" could be expected in growth-restricted term infants, the
degree of catch-up growth observed in these infants can be expected to lead to
normal growth curves and slightly reduced size as adults (14). In an 8-year
follow up of children, 75% of low birth weight infants achieved a height and
weight above the 10th percentile (128). In the same study, 50 percent of
children with small head circumference still had head circumferences below
the 10th percentile at the 8-year follow-up study in spite of their growth in
height and weight. Similarly, in one-study infants with TUGR showed catch-up
growth to normal by 2 years of age (264). In another study, the catch-up
growth to normal by 1 year of age (155). A lag was detected in the mental
development in the growth-restricted babies as compared to control group

(155).

Feeding rats with a protein deficient diet results in the fetal growth
restriction over many generations, whereas, when refed with a normal diets, it
took three generations to normalize growth and development (237). Kumar et
al. (137) noted that in infants whose birth weights were less than 1,250 g, at 1
year 46 % of the growth-restricted infants remained less than the 3rd percentile

for weight and 38 % remained less than the 3rd percentile for height.

11



Robertson et al. (204) demonstrated a tendency toward hyperactivity in
preterm growth-restricted children compared with control groups. Catch-up
growth was induced by maternal undernutrition, in the animal rat model (280),
but in humans with TUGR a lack of catch-up growth was observed (261). The
reports on catch-up growth in childhood is complicated by the variety of
definitions, and it is possible that catch-up in height or lean tissue is beneficial,
whereas gains in fat mass are not (262). Fetal programming towards a more
efficacious GH-IGF-1 pathway may explain the faster postnatal catch-up
growth of premature TUGR infants born to mothers with HELLP (hemolysis,

elevated liver enzymes and low platelet count) syndrome (35).

C. Nutrition and Fetal Cardiac Development

1. Maternal Influences on Fetal Development

There are several causes of IUGR for example smoking, maternal anaemia,
iron deficiency, maternal age, maternal size etc., but exposure to these factors do
not necessarily always represent diminished fetal nutrition. Crude infant mortality
rates due to TUGR in Canada dropped substantially to 5.6 per 1,000 live births in
1996 and 5.5 per 1,000 live births in 1997. This decrease is believed due to

increase in prenatal diagnosis and termination of affected pregnancies (273).

12



Multiple births have become an issue of increasing concern in Canada in recent
years, which increases 25 per 1,000 total births according to 1997 data (273).
However multiple births are associated with higher rates of fetal infants mortality,
the second concern related to multiple births is the increasing rate of preterm birth
among multiple births. In 1997, the rate of preterm birth among multiple live
births in Canada was 53.5% (208). Rates of preterm birth have increased in
Canada in recent years; whereas rates of post term birth have declined, which is
70.1% 1n 1997. Post term births have decreased markedly in recent years from
4.3% of total births in 1988 to 1.8% of total births in 1997. Infant mortality rates
among the lowest income groups in urban Canada were two fold higher than infant
mortality rates among the higher income groups in 1971 (277). This difference
appears to have been slightly decreased but not eliminated completely even two
decades later. Low-income groups experienced a 1.6 times greater risk of infant

death compared with higher income groups in 1991 (278).

Infant mortality rates among registered Indians, and the Inuit’s were
estimated to be approximately 14 to 20 per 1,000 live births over 1990 to 1997
(74). TUGR 1s association with increased perinetal morbidity, and mortality. In
recent years, the neural tube defects birth prevalence has been decreasing, possibly
reflecting decreased incidence due to improved nutrition supplementations. LBW
is associated with about 75% of early neonatal mortality in both Canada and

United States (183). About 6% of infants born in Canada are of LBW. In

13



developed countries cigarette smoking in the most important established factor

with a direct causal impact on the TUGR.

Specific nutritional supplementation programs have had varying degrees of
success in increasing birth weight at term and have led to the reduction in the
incidence of LBW. The clinical significance of this difference is unclear (183).
Study conducted on Inuit women showed country food was the major source of
protein. Low intakes of folacin, calcium and vitamin A, especially among pregnant

and lactating women place the women of childbearing age at risk (149).

In rural Zaire, there is a marked seasonal variation in birth weight, which
decreases in the rainy season and an increase during the dry season (274). There
was not any significant seasonal variation in birth weight was found in Ontario
(79). Study conducted in Nepal showed increased women’s workload during the
monsoon season, which does not appear to adversely affect small children through
poor child care (188). Greater consumption of starchy staple food is possible
during the wet season (Apr to July) and women’s workloads may also be higher at
this time. Increased activity and increased carbohydrates leads to reduced birth
weight in offspring (235). Infants born during late spring and summer are lighter
than those born in winter, which might be result of exposure to low winter
temperatures during mid gestation. It is suggested from this study that pregnant

women should keep themselves warm during mid-pregnancy (138).

14




The correlation between mean sunshine hours (during each month of
gestation) and length at birth was positive during first three prenatal months and it
was negative during the last six prenatal months. The other significant predictors
of childhood height were duration of breast-feeding (119). Antihypertensive drugs
like atenolol taken at the time of conception and during the first trimester of
pregnancy was associated with LBW. Use of atenolol in the second trimester of
pregnancy did not produce the same effect, while the other antihypertensive drugs
were not found to be associated with LBW (26). Increases in maternal
anthropometery, reduced cigarette smoking and changes in sociodemographic
factors have led to an increase in the weight of infants born at or after term (135).
Growth of children under 3 years old age followed an age independent seasonal
pattern. The poor correlation between children’s weight and height increments
suggests that seasonality affected weight gain and linear growth through different
mechanisms (160). A combination of genetic and intrauterine environmental
influences on prenatal skeletal development and suggest that environmental
modulation, even at this early stage of life, may reduce the risk of osteoporosis in
adulthood (127). High levels of prenatal stress, particularly early in the pregnancy,

may negatively affect the development of fetal brain (146).

Melatonin and vitamin D have a negative correlation with BMI. LBW

followed by longer maternal sunlight exposure (higher production of vitamin D),

15



could have an indirect seasonal impact on birth weight (147). High carbohydrate
intake early in pregnancy is associated with smaller neonatal birth weight, and this
effect is augmented by low maternal protein intake in late pregnancy (83).
Maternal undernutrition is known to play a role in [IUGR and it has been reported
that variations in maternal dietary protein (low intake in late gestation) and
carbohydrate (high intake in early gestation) are associated with low birth weight

(83).

The effect of protein restriction upon the blood pressure of the offspring is
entirely independent of maternal blood pressure changes in pregnancy.
Furthermore, even brief exposure to low protein diets during pregnancy will
induce increased blood pressure in the offspring. Feeding of 9 % protein produces
increases in systolic blood pressure of between 9-20 mmHg, with the greatest
effects observed in late gestation. The evidence linking impaired growth in fetal
life with raised adult blood pressure is particularly strong (148) and the possible

mechanisms are only just now becoming known.

Current evidence also suggests that the size of the mother determines her
ability to support protein synthesis and that the maternal protein synthesis,
especially visceral protein synthesis, is also associated with fetal growth and
development (110). One clinical study conducted with 33 randomly added

communities from urban and rural population showed systolic blood pressure

16



significantly inversely related to the mother’s percent of dietary energy from

protein (3).

From previous studies it has been suggested that the size attained in utero
depends on the service, which the mother is able to supply. These are mainly food
and accommodation (169). Maternal protein deprivation, which leads to
hypertension in the offspring, is associated with diminished NO-dependent
relaxation of major organ (cerebral) microvasculature, the study provides an
additional explanation for abnormal vasorelaxation in nutrient-deprived subjects in

utero (55).

If the dam is prehabituated to a low protein diet before conception, then
fetal growth from day 14 to day 20 of gestation is more rapid. From day 20 to day
22, when the rat fetus normally doubles in size, this accelerated growth cannot be
sustained and the pups, which were larger than controls at day 20, are of lower
weight at birth (145). If the dam is fed a low protein diet from conception
onwards, her pups are born small (143), having grown at a faster rate between
days 0 and 14 and thereafter at a slower rate (being small at day 20). As early as
weaning (3-4 weeks of age), low protein-exposed pups have significantly elevated
systolic blood pressures (15-30 mmHg above control pressures) and interestingly

slower heart rates (141).

17



In population studies, higher blood pressure has been associated with
lower intake of protein (27). There are no satisfactory controlled trials that
compare the effects of both the quantity and the type of protein on blood pressure
(27). In one study, the researchers used a supplement of soy protein rather than of
animal protein to minimize changes in other nutrients, but soy proteins contain
isoflavones (which may themselves have cardiovascular effects and reduced
systolic blood pressure (SBP) by 7.5 mmHg in men and postmenopausal women)

(246).

Maternal undernutrition during the last trimester adversely affects the
development of the rapidly growing fetus as compared to slowly growing fetus
(93). Babies who are proportionately small are at increased risk of hypertension in
adulthood but it was not necessary to have coronary heart disease (23, 82), but
who are disproportionate small, have increased risk of coronary heart disease (18).
Low maternal weight in pregnancy was associated with increased risk of coronary
heart disease in the offspring in later life (236). One another study, which was the
first to examine the independent and combined effects on 24-hour blood pressure
of dietary protein and soluble fiber. In this study, relative to a low-protein, low-
fiber diet, SBP fell by ~6 mm Hg with soy protein (253). Among patients with
moderate renal insufficiency, the slower decline in renal function that started four
months after the introduction of a low-protein diet suggests a small benefit of this

dietary intervention. Among patients with more severe renal insufficiency, a very-
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low-protein diet, as compared with a low-protein diet, did not significantly slow

the progression of renal disease (129).

It has been reported that a low protein, high glucose diet during pregnancy
does not produce hypertension in offspring, while a low protein, high starch diet
does (141,142). There is some evidence that changing the proportion of dietary
constituents in early development does result in later hypertension. For example,
substituting coconut oil for corn oil in a protein replete diet results in hypertension
(141). Clinical research has generally been directed towards specific deficiencies
in undernourished populations. A balanced protein-energy supplementation gives

an improvement in birth weight (262).

Reduction in protein consumption during pregnancy can cause an
alteration in the maturation of the renin angiotensin system at a critical period,
which subsequently is associated with impaired kidney development and

hypertension in adulthood (284).

Although several mechanisms have been suggested (Scheme 1) (21), it
appears that the renin-angiotensin system (RAS) and its involvement in renal
development may be a key component in the trajectory that leads to hypertension
(283,284). Maternal dietary protein restriction causes suppression of the intra renal

RAS in the developing offspring, as well as a reduced number of nephrons and
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hypertension in adulthood. Maternal protein restriction suppresses the newborn

RAS and programs adult hypertension in rats (154,68).

MATERNAL UNDERNUTRITION

/ / LowlProtein \ \

T Sympathetic Glomerular 1 Fetal steroid exposure Resetting of fetal
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pituitary-adrenal axis

—~———

1 SYSTOLIC BLOOD PRESSURE
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}

T LEFT VENTRICULAR HYPERTROPHY

y

CARDIAC
DYSFUNCTION

{ Elastin
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Scheme 1: Proposed mechanisms of programmed hypertension and the
possible sequence of events for occurrence of cardiac dysfunction (Tappia
PS, 2004, Personal Communication).

2. Placenta and Fetal Development

Both low and high placental ratios are important in the maternal placental
size is strongly associated with fetal size at birth, but it gives only indirect measure
of its capacity to transfer nutrients to the fetus. In Western Community studies, a
suppreséive effect of high dietary intakes in early pregnancy was found on

placental growth (83). Another study showed a U-shaped relationship between the
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placental ration and later coronary heart disease (167). A disproportionately large
placenta may give rise to the fetal catabolism and wasting the supply of amino

acids to the placenta (206,82).

Some studies have shown that placental enlargement is also followed by
impaired glucose tolerance, disordered blood coagulation, and death from
coronary heart diseases (22). In animals, placental ratio may be stimulated by
undernutrition in wutero (205). Maternal diet with low ratio of protein to
carbohydrate and fat alter fetal and placental growth and result in life long
hypertension in the offspring (140). Low ratio of protein to carbohydrate during

pregnancy may result in the alterations in fetal and placental development (83).

D. Rat Model of Intrauterine Growth Restriction

A number of nutritional, surgical and pharmacological approaches have
been taken in the experimental investigation of the programming of cardiovascular
disease (192,49,280). The first such study, by Persson and Janson (192),
demonstrated an association between growth retardation and blood pressure in
guinea pigs subjected to nutritional deficit by ligation of a uterine artery. An
elevation in blood pressure was demonstrated in young adult rats whose mothers
consumed an iron-deficient diet (49). An elevation in blood pressure has also been

seen as a result of a 70% food restriction in rat pregnancy (280).
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A rat model in which pregnant rat dams are fed a diet providing 9 %
protein (control diet is 18 %) was employed in these studies (229). This well-
established model of TUGR has demonstrated that pups of low birth weight have
significantly slower heart rates and at weaning age (3-4 weeks) have an elevated
systolic blood pressure (15-30 mmHg above control pressures) (214,135,132), as
well as a shortened life span in the low protein exposed pups (6). However, no
studies have been conducted to investigate primary cardiac dysfunction induced by

a maternal low protein diet and the mechanisms responsible for its development.

E. Phospholipase C Family

1. PLC Isoforms

PLC is an enzyme involved in numerous transmembranal signals (198).
Under physiological conditions the most common physiological substrate of PLC
is PIP, which is converted into two messenger molecules, IP; and DAG, which
participate in various physiological signaling processes (198). PLC enzymes have
been characterized into four immumologically distinct PLC superfamilies,
designated B, 8, vy and ¢ that are expressed in adult ventricular cardiomyocytes

(245). The B, v and & families have been well characterized but there is some

controversy over ¢ families. PLCs of the B, y, and & classes are different in
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structure and function (107). Each isozyme has a defined function in processing
the physiological response to different cell types to a variety of external stimuli

(198).

PLC B family has four types (-B;, -B2, Bs and B4) with PLC B, being the
major isoform expressed in the heart. PLC B, just like the other PLC isozymes
hydrolyzes the membrane lipid PIP, and generates two biologically active
intracellular second messengers, DAG and IP;. DAG activates the PKC, while IP;
stimulates the release of calcium. PLC f is activated by receptors coupled to G
proteins of the Gq family (70) Also, it has been shown that Gqa-coupled PLC B,
has the distinct feature of being a GTPase activating protein for Gqo and it
regulates the rate of termination of its signal (198,245). Recently, by using the
adenovirus infection, the o;-adrenoceptor mediated IP; generation in rat neonatal
cardiomyocytes has been shown to be mediated by PLC B;. ANG II, o;-adrenergic
agonists and ET-1 are relevant stimulators of PLC 3 isoenzymes via the o subunits

of the heterotrimeric Gq subfamily (198).

PLC y-is cytosolic and is activated by growth factor receptor tyrosine
kinases. Binding of polypeptide growth factors, to their receptors activates PLC y
and PLC B isoenzymes (198), as well as G protein coupled receptor activation of

PLC y isoenzymes has also been reported (224). PA was found to stimulate SL
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PLC vy, as well as PIP; however; PIP; cannot stimulate PLC ; and 3, isoenzymes
(99, 198). Defects in the domains of PLC y, may impair the enzymes association
with, and phosphorylation by activated growth factor receptors and its subsequent
localization. This plays irreplaceable role of PLC y; in mammalian growth and
development. It is pointed out that PLC &, is the predominant SL PLC isozyme

(245), which binds with high affinity to the PIP, (241).

2. Role of Phospholipase C in Cardiac Hypertrophy

Cardiac hypertrophy or increased ventricular mass occurs by the increased
stress to ventricles. This include chronically increased volume load (preload) or
increased pressure load (after load), but in the longer term is associated with
increased cardiovascular risk (182). Chronic hypertension also causes ventricular
hypertrophy. It is a physiologic response that enables the heart to adapt to
increased stress; however, the response can become pathological, and lead to heart
failure. If the stress is due to volume overload, this results in ventricular dilation.
The wall thickness normally increases in proportion to the increase in chamber
radius. This type of hypertrophy is termed as eccentric hypertrophy. In case of
chronic pressure overload, the chamber radius may not change, and the wall
thickness greatly increases. This is termed as concentric hypertrophy. This

increased wall thickness maintains normal wall stress, which can lead to impaired
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filling leading to diastolic dysfunction. Figure 1, shows the two developing phases
of hypertrophy. Eccentric hypertrophy shows the increased diameter and reduced
wall thickness, whereas, concentric hypertrophy shows the reverse i.e. the

increased wall thickness and reduced diameter.

Concentric Eccentric
Hypertrophy Hypertrophy

Normal

Figure 1. Developing Phases of Cardiac Hypertrophy (D=Diameter (blue),
WT=Wall thickness (red))
The remodeling of the myocardium during hypertrophy ultimately leads to
an increased risk of developing cardiac failure (254). Prolonged hypertrophy is a
leading cause of heart failure and sudden death (239). The transition to heart
failure is triggered by marked ventricular dilation occurring once the myocardial

hypertrophic response is exhausted (34).

The hypertrophied ventricle is able to compensate for an increased
workload, however in the later stages the diastolic and eventually the systolic
function of the LV become impaired and this leads to heart failure (59). Both

norepinephrine and angiotensin II are powerful mediators of cardiac myocyte cell
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hypertrophy (225) In addition, activation of both the adrenergic and renin-
angiotensin systems causes vasoconstriction, Endothelin-1 (ET-1), which has
growth promoting effects on cardiomyocytes, leads to development of left
ventricular hypertrophy (195,109). The renin angiotensin system enhances cardiac

hypertrophy (87,77).

The role of PLC in the development of some types of cardiac hypertrophy
and cardiomyopathies is well documented. In this regard, in the stroke-prone
spontaneously hypertensive rat, development of cardiac hypertrophy has been
suggested to involve an increase in the PLC signalling pathway (230,125). Studies
with the cardiomyopathic hamster (BIO 14.6) have shown that cardiac
hypertrophy is due to an increase in PLC activity as a consequence of an enhanced
responsiveness to angiotensin II (217). It is interesting to note that angiotensin II
receptor; type 1 overexpression has been reported to induce cardiac hypertrophy

(189).

Studies conducted on humans showed that gender has an important
influence on the left ventricle adaptation pattern to pressure overload due to aortic
stenosis. Women has been reported to develop a greater degree of left ventricular
hypertrophy, even though cardiac performance was better than that of men
(133,164), which is suggested that smaller heart sizel of females allows a greater

degree of hypertrophy which compensates for systolic overload (62,164). On the
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other hand, in rats, hypertrophic response to hypertension is less marked in males
as compared to females (161,164), and males develop cardiac insufficiency

symptoms earlier than females (194, 164).

Males and females both developed high systolic blood pressure, but left
ventricular hypertrophy was developed in females with decreased sodium
excretion (164). In TUGR males, increased plasma renin activity was observed
without change in aldosterone levels, but in IUGR females, plasma renin activity
was increased with decrease in aldosterone levels. It was also observed that

corticosterone secretion was higher in TUGR fetuses than the controls.

The phenotypic characteristics associated with the development of
hypertrophy that have been reported to occur in cultured rat neonatal
cardiomyocytes in response to endothelin-1 were suggested to be due to the
activation of PLC B isozymes (139). In addition, recent studies in neonatal rat
cardiomyocytes stimulated with different hypertrophic stimuli, have shown an
increased mRNA expression of PLC § isozymes (221). Among potential mediators
of hypertrophy, one upstream signaling protein of importance is Gqa, a
heterotrimeric G protein to which are coupled to receptors for multiple growth
factors including angiotensin II and norepinephrine (NE) (60). Stimulation of
signaling pathways via Gqo provokes cardiac hypertrophy in cultured

cardiomyocytes and transgenic mouse models (50). In this regard, an essential
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downstream effector for Gqa is PLC B (198). The first transgenic murine cardiac
hypertrophy model to support a Gqo mechanism of hypertrophy was
overexpression of the constitutively activated Gq coupled to o; adrenergic receptor

(175).

Thus PLC B is regarded as a cardiac SL PLC along with PLC 8. Increased
activites of SLL PLC f3; protein content, mRNA, PLC v;, IP;, and DAG levels
showed the hypertrophy in the cardiomyocytes. The increased PLC B; and v,
activities during cardiac hypertrophy, and decreased PLC y; and 8, activites during
heart failure suggests the important role of PLC isozymes in cardiac hypertrophy
and heart failure by volume overload (172). The activation of PLC may be one of
the signal tranduction mechanisms that may be involved in the NE-induced protein
synthesis and cardiac hypertrophy (251). The inhibition of PLC can be seen to
decrease the formation of DAG, which would reduce the activation of PKC and

subsequently depress protein synthesis (251)

Many different pathways are activated in response to different hypertrophic
stimuli and a growing number of cross-links are being characterized between these
pathways (96). Although the receptors of most growth factors are transmembrane
tyrosine kinases and transduce their signals via PLC y (198), it has been previously

reported that cross-links exist between growth factor receptors and Gqo (245).
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Taken together, these lines of evidence place the activation of PLC isozymes as
mediators of cardiac hypertrophy. It has also been demonstrated that in the
neonatal cardiomyocytes mechanical deformation activates the Gqo-PLC
signaling pathway and reexpression a number of genes including ANF (131). The
signaling via Gqo/PLC 3 when sustained results in apoptosis of cardiomyocytes,
this change may be associated with decreased ventricular function in the failing
heart (4). It is believed that PLC signaling transduction processes in cardiac
hypertrophy and heart failure due to [UGR may be involved in the development of

cardiac hypertrophy and subsequently cardiac dysfunction.

F. ANF and Hypertrophy

Atrial natriuretic factor (ANF) is an endogenous peptide hormone that
participates in the regulation of body fluid homeostasis by enhancing sodium
excretion, and inhibiting the renin-angiotensin-aldosterone system (RAAS). In
vitro cardiac myocyte hypertrophy is characterized by increased cell size and the
induction of several genes including ANF. ANF is a polypeptide synthesized in
mammalian atrial cardiomyocytes (53), which is involved in cardiovascular
homeostasis. It plays an important role in the regulation of blood pressure, by
inhibiting the renin secretion (267). It also has been reported that ANF activates
phospholipase C-mediated hydrolysis of phosphatidylinositol-bisphophate (PIP,)

to give diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP;) (100).
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Increased concentration of ANF induces the PLC activity, which get dominated
and lead to increased production of diacylglycerol (DAG) (100) (Scheme 2). In the
ventricle the potent vasodilator ANF is reexpressed in the compensatory phase of
hypertrophy, which may be beneficial during hemodynamic overload (256). The
plasma level of ANF is correlated with the degree of chronic hypertrophy,

suggesting that ANG i1s a good marker of cardiac volume overload (11).

. .. Activate Activate .
Atrial Natriuretic Factor P Phospholipase C (PLC) ~—— G Protein

(ANF) / \ (Gqo)

Diaclyglycerol Inositol 1, 4,5-

Phosphotidlyinositol .
bisphosphate (PIP;) (DAG) trisphophate (IP;)
Acti Release
Regulate Blood Pressure by ctivate
inhibiting Renin secretion
Protein Kinase C Ca**

(PKC)

Scheme 2: ANF and G protein coupled activation of PL.C signaling pathway

A chronic activation of PLC resulted in hypertrophy (although resembling
pressure overload hypertrophy) and an increase in the hypertrophic marker gene

atrial natriuretic factor (ANF) (175). ANF is mediated by increases in intracellular
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cGMP after ANF binding to its guanylate cyclase-linked cell surface receptors
(91). Transcript levels of ANF are higher in the human fetal and failing hearts
(results in the human heart confirm increased ANF expression in the fetal and
failing heart (190). Atrial Natriuretic Factor (ANF) was shown to increase the
apoptosis in isolated neonatal cardiomyocytes (285). ANP (Atrial Natriuretic
Peptide) get activated during cardiac hypertrophy (44). Atrial natriuretic peptide
(ANP) inhibits hypertrophy of neonatal cardiomyocytes through a cyclic GMP-
dependent process (103). Because ANF levels are elevated in heart failure,
sensitivity of cardiomyocytes to ANF may be of pathophysiological importance.
Reexpression of the ANF gene in hypertrophied ventricular cardiomyocytes may
promote transition from myocardial hypertrophy to heart failure by inducing
apoptotic cell loss. It is assumed that ANF is produced at high levels in the atrial
and fetal ventricular myocytes, but there is no evidence of apoptosis has been

reported in these cells in vivo (164).

The activation of RAS and ANF occurs simultaneously during the
development of cardiac hypertrophy and CHF (47). Left cardiac ventricular ANP
mRNA levels in females are increased in a pathological model of cardiac
hypertrophy, but not in the physiological model (36). It is found that ANP mRNA
is overexpressed in the IUGR females as compared to control, but not in males

(164). ANP was also overexpressed in the hypertrophied transgenic mice model
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(189). Ventricular ANP expression is increased in a model of hypertrophy induced
by deletion of GLUT4 (1). The increased ANP expression also leads to decreased

plasma aldosterone levels in female rats (164).

Levels of ANP are higher in the fetal circulation than in adults, and fetal
ventricles express higher levels of ANP than adult ventricles. The reappearance of
ventricular ANP expression in adults is recognized as a marker of the induction of
the embryonic gene program in ventricular hypertrophy (36). In rodents during
development, ANP mRNA expression is in higher level in ventricles than atria
(38,271). In both human and fetal ventricles, ANP mRNA is higher than in adult
ventricles and decreased with gestational age (118). Cardiac gene expression of
ANP is increased in animal models of myocardial infarction (37), heart failure
(147), and hypertrophy (126), and also in human heart disease (104). During
development, levels of ANP in fetal plasma are significantly higher than the levels

in maternal plasma in rats (271) and sheep (43).

G. MEF2 (Myocyte Enhancer Factor-2) and Hypertrophy

The myocyte enhancer factor-2 family, which is a family of transcription

factors, has been shown to play a pivotal role in morphogenesis and myogenesis of
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skeletal, cardiac, and smooth muscle cells (181). In vertebrates, there are four
MEF2 genes, referred to as MEF2A, -B, -C, and -D, which form homo- and
heterodimers that bind the consensus DNA sequence, that are located on different

chromosomes (177).

MEF-2 types C and D, which are involved in the regulation of the
expression of variety of cardiac proteins that influence cardiac growth and
contractile function (32). MEF2A, contains an acidic exon which is specific to
muscle and neural cells, whereas, MEF2D contains a similar acidic exon, which is
present only in transcripts from skeletal muscle, heart and brain, and MEF2C is
present in transcripts from skeletal muscles only (170). In the mouse and chick

MEF2C is the first to be expressed in the heart (65).

The activation of MEF2 monitored in the mouse during the biomechanical
stress of pressure overload (207). MEF-2 is one of the critical downstream targets
in the CaM kinase pathway, which plays a pivotal role in both skeletal and cardiac
myogenesis (32). In mice, inactivation of the MEF2C gene, which is the first
MEF2 isoform expressed during embryonic development, leads to cardiac
morphogenetic defects, vascular abnormalities and lethality (151,30). MEF2
protein in the normal adult heart is largely inactive, but can be switched to an
active form in response to CaMK signaling. CaMK-dependent activation of MEF2

occurred without a measurable change in MEF2 DNA binding activity (203). It is
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demonstrated that CaMK signaling unmasks the transcriptional potential of
preexisting MEF2 protein through a posttranslational mechanism in vivo and CaM
kinase signaling induces cardiac hypertrophy and activates the MEF2 transcription

factor in vivo (203).

H. Apoptosis

Apoptosis or programmed cell death is a highly regulated pathway that is
important in normal developmental processes as well as many diseases. There are
two ways in which cells die: either they are killed by injurious agents or they are
mduced to commit suicide. The cells that are damaged by injury are might be due
to mechanical damage or exposure to toxic chemicals. Cells that are induced to
commit suicide, shrink, develop bubble-like blebs on their surface, have the
chromatin (DNA and protein) in their nucleus degraded, and have their

mitochondria break down with the release of cytochrome c.

The phospholipid phosphatidylserine (PS), which is normally hidden
within the plasma membrane, is exposed on the surface, and activation of caspase
proteases. This makes apoptosis distinct from another form of cell death called
necrosis in which uncontrolled cell death leads to cell death and which is
characterized by swelling of cells, breakdown of membrane barrier, and random

degradation of nuclear DNAs. Thus, necrosis is considered a nonphysiological
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form of cell death. The biochemistry of apoptosis signaling is clearly very

complex.

1.  Apoptosis in Cardiomyocytes

A critical role of apoptosis has been suggested in several cardiovascular
diseases during cardiac development. Apoptosis is considered to be important.
Peng et al have shown that there is a significant increase in the apoptosis in
spontaneously hypertensive rat cardiac tissue with increasing age (191). Therefore
suggesting that apoptosis may be involved in the pathogenesis of genetic
hypertension, and play important role in the transition from hypertrophy to heart
failure (108). The loss of contractile cardiac myocytes due to apoptosis results in a
further decrease of cardiac function Apoptosis has been verified histologically in
heart failure, acute myocardial infarction, and atherosclerosis. Apoptosis of
cardiac myocytes was recognized as a contributing cause of cardiac myocyte loss
in patients with ischemia/reperfusion injury (86), myocardial infarction (46),
pressure overload (247) and end-stage heart-failure (180,178). Apoptosis may play
a role in the transition to heart failure with chronic pressure overload (31). Cardiac

hypertrophy is initiated by a wave of apoptosis of cardiac myocytes (247).

Apoptosis is a physiologically relevant aspect of reperfusion injury and is truly

unique from necrosis (166). Necrosis normally results from a severe cellular
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msult. Both internal organelle and plasma membrane integrity are lost, resulting in
spilling of cytosol. Apoptosis can be detected by utilization of various methods,
such as the DNA ladder assay, cell death ELISA and in situ terminal
deoxyribonucleotidyl (dUTP) transferase nick end labeling (TUNEL). Cytochrome
c can be detected by ELISA in cell culture medium. Apoptotic lymphocytes were
shown to express phosphatidylserine (PS) externally. During apoptosis, oxidation
of phosphatidylserine by the aminophospholipid translocase may alter its ability to
act as a substrate for transportation back to the inner leaflet (120,78). Thus,
phosphatidylserine transport from the outer to the inner leaflet is significantly
decreased. Staining of apoptotic cells with fluorescently labeled annexin V, which
recognizes phosphatidylserine, often reveals aggregation of this lipid on the cell
surface (39). Annexin V, a protein originally isolated from human placenta, but
since found in other tissue, binds phosphatidylserine, a phosphoaminolipid that is
externalized onto the outer surface of the plasma membrane during apoptosis or
programmed cell death (255). The mechanism of exposure of PS in apoptotic cells
has not yet been fully characterized. In normal cells, phosphatidylcholine and
sphingomyelin containing saturated fatty acids dominate the outer leaflet of the
plasma membrane, permitting tight packing of phospholipids, whereas the inner
leaflet has looser packing because of the presence of unsaturated fatty acids in

phosphatidylserine (PS) (257).
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Excessive apoptosis of the cardiac conduction system was suggested to be a
possible mechanism in the pathogenesis of heart block (113,114). On the other
hand, incomplete apoptotic cell deletion has been postulated to cause the
persistence of accessory atrioventricular conduction pathways, such as in Wolff-
Parkinson-White syndrome (113). Heart failure due to chronic ischemia injury,
loss of cardiomyocytes due to apoptosis was detected by TUNEL staining in
canine models of pacing-induced heart failure whereas in control myocardium
only rare cardiomyocytes stained positive (153,228). Apoptosis was detected by
TUNEL staining in myocardial specimens from patients undergoing cardiac
transplantation. TUNEL staining was consistently observed in idiopathic dilated

cardiomyopathy, but not in ischemic cardiomyopathy (178).

Myocytes loss due to apoptotic cell death has been shown in patients with
arrthythmogenic right ventricular dysplasia (a myocardial disease characterized by
fibrofatty replacement of right ventricular cardiomyocytes) (162). The increased
percentage of apoptotic cells in angiotensin II-treated cells as compared to control
cells was observed in isolated adult cardiomyocytes (121). Cardiomyocyte loss
was observed during acute stage of myocardial infarction, which involved both
apoptosis and necrosis, but relative importance of both apoptosis and necrosis in
myocardial infarction is unknown (219). The pathophysiological significance of

apoptosis was observed in rat model of myocardial infarction (289). Apoptosis
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was also observed in reperfusion injury in cardiomyocytes of rat and rabbit animal
models (75). Oxidative stress induces apoptosis in isolated neonatal rat ventricular
cardiomyocytes may provide an important mechanistic link between reperfusion
and tissue injury (7). Thrombin generation in vitro can be promoted by exposure of
phosphatidylserine on the surface of apoptotic cells (76). Angiotensin II not only
induces hypertrophy of neonatal cardiac myocytes (92,214), but also induces
apoptosis of neonatal and adult cardiac myocytes (121). Norepinephrine at high
concentrations stimulated apoptosis in rat neonatal cardiac myocytes in vitro

(134).

2. Apoptosis and IUGR

Increased apoptosis and other developmental disabilities were observed in
placenta of pregnant women with IUGR babies (232, 130, 13,57,233,67). In
experimental animals, apoptosis is induced in the placenta by administration of
glucocorticoid (266) or lipopolysaccharide (123,66) and increased placental
apoptosis induced by these insults may cause placental dysfunction, resulting in

fetal developmental disability.

38



5-Azacytidine, a DNA hypomethylating agent, induces apoptotic cell death
in the fetal central nervous system (156). It also induces a significant decrease in
placental weight when it is administered to pregnant rats, but it does not induce
apoptosis in the placenta (263). This suggests that an agent that induces apoptosis
in fetal tissues does not always induce apoptosis in the placenta. Nephrogenesis
depends heavily on apoptosis (48,132). Moreover, maternal protein restriction
reduces glomeruli number in association with increased metonephric apoptosis on
day 13 of gestation (272) IUGR induces fetal renal apoptosis and a resultant
permanent loss in glomeruli numbers by ~25% Similarly, uteroplacental
insufficiency and asymmetrical [UGR in rabbits induced a 25-30% decrease in
nephron number, Merlet-Benichou et al. (174) used partial unilateral artery
ligation of the pregnant rat to induce IUGR, which reduced nephron number by

37% and glomerular filtration rate by 50%, respectively.

In contrast, both Welham et al. (272) and Vehaskari et al. (258) used low-
protein diets to induce TUGR and subsequently demonstrated increased renal
apoptosis. The former study the increased metanephric apoptosis and decreased
glomeruli in the IUGR rat. The latter Vehaskari study found a 28-29% reduction in
glomeruli number in association with increased TUNEL staining in [IUGR kidneys.
Both of these studies established the initial link between renal apoptosis and

IUGR. Uteroplacental insufficiency induced by the ligation of both uterine arteries
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during 19" day of gestation of pregnant rats reduces nephron number and
increases renal apoptosis in the IUGR newborn rat pups (248). Another study
conducted on female rats (143), fed 18% protein (casein) control diet and 9% low-
protein (casein) diet through out the pregnancy. They found that low protein diet
was linked to increase apoptosis in the metanephros, which is the embryonic

precursor of the mammalian kidney.

There are many studies which showed a link between apoptosis in kidneys
in the low protein exposed groups or intrauterine growth restriction groups, but
nothing is known about the relation between low protein diet and apoptosis in

cardiomyocytes.

l. Role of PLC in Heart Failure

Although the mechanisms for the transition of cardiac hypertrophy to heart
failure are poorly understood, ventricular remodeling, under certain situations, due
to marked changes in extracellular matrix has been closely associated with the
development of heart failure (193,270,212). On the other hand, several

investigators have demonstrated that impairment of cardiomyocyte contractility
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(9,95) due to abnormal intracellular Ca®* handling is the principle cause of

diminished cardiac performance of the failing heart (28,102,152,293).

As already indicated PLC generates two messenger molecules, IP; and DAG.
While IP; may serve to enhance the sarcoplasmic reticulum (SR) Ca®* release
(80,105), DAG functions as a potent activator of protein kinase C isozymes which
in turn phosphorylate several cardiac proteins (197) and influence Ca**-
movements into the cardiomyocyte (124,197). Given the role of PLC products in
modulating Ca*'- movements in the myocardium, it is conceivable that depressed

PLC activities may contribute to the impaired cardiac contractile function.

A depressed total SL PLC activity has been reported in moderate and chronic
stages of CHF due to MI. There is a hyperactivity of the SL PLCB, isozymes, this
finding is in direct contrast to reduction in PLC y; and 9, activity and protein mass
(243). Studies on the guinea pig myocardial PtdIns(4,5)P,-PLC showed that 3-5%
of the total activity is present in the SL, and over 80% is localized in cytosol (64).
In contrast, in rat ventricle, 63% of PtdIns4P- and PtdIns (4,5) P,-PLC activities
have been found to be membrane bound and 33% located in the cytosol. It shows
that the distribution of PLC activities is specific dependent. Phospholipase C
(PLC) isozymes play a central role in activating intracellular signal transduction

pathways, during early key events in the regulation of various cell functions (198).
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The most severe form of abnormal diastolic filling consists of a decrease in
the pulmonary venous systolic-to-diastolic ratio, shortening of isovolumic
relaxation time, and an increase in left atrial size. Restrictive transmitral flow
pattern is the single best predictor of cardiac death in patients with congestive heart
failure (85). Stretch of myocytes due to the altered load of heart failure results in
activation of protein kinase C, and promotes growth (214). Angiotensin II can
induce protein synthesis (2) and produce cardiac myocytic hypertrophy in cultured
cells (214). Heart failure is characterized by an inadequate CO, which is unable to
provide the supply of oxygen and substrate to the periphery. In the early stages of
heart failure, several compensatory mechanisms are activated, such as increase in
blood pressure (187). The compensatory mechanisms involve an activation of

RAS (63).
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Ml STATEMENT OF THE PROBLEM

In view of the critical role played by maternal undernutrition in hypertension,
the objective of this research was to test the hypothesis that maternal low protein
results in cardiac dysfunction in the offspring in later life. The specific objectives

arc:

1. To establish the relationship between maternal low protein diet and the cardiac

hypertrophic response and later occurrence of heart failure in the offspring.

2. To examine if the early changes in heart function of the offspring are due to

loss of cardiac cells as a consequence of enhanced apoptosis or necrosis.

3. To determine the relationship between transcriptional control of cardiac muscle

development and impaired cardiomyocyte function.
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IV. MATERIALS AND METHODS

A. MATERIALS

RT-PCR amplification of c¢cDNAs primers was purchased from life
technology, ON, Canada. Components of the diet were purchased from Harlan
Teklad (Indianopolis, IA, USA). Collagenase enzymes were purchased from
Worthington (Lakewood, NJ, USA) and DNAse and trypsin enzymes were
purchased from Life Technologies (Grand Island, NY, USA). A micromanometer-
tipped cathetar (2-O)(model SPR-249) and AcqKnowledge Software for the
assessment of hemodynamic function were purchased from MP System “Quick
Start”, Miller Instruments and Biopac System, Inc. RT-PCR kits and Trizol
reagent were purchased from Promega Corp. (Madison, WI, USA). ELISAP™ kit
was purchased from Roche Applied Science (Penzberg, Germany). Annexin V-
FITC apoptosis detection kit and TUNEL staining by using APO-DIRECT ™ kit

were purchased from BD PharmMingen (Toronto, ON, Canada).

All the solvents used were purchased from Fischer Biotech, (Fair Lawn, NJ,
USA) and all the chemicals were purchased from SIGMA-ALDRICH Co. (St.
Louis, MO, USA). All the reagents were of analytical grade or of the highest grade

available.
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B. METHODS

. Experimental Animals

All experimental protocols for animal studies were approved by the
Animal Care Committee of the University of Manitoba, following the guidelines
established by the Canadian Council on Animal Care. Twenty-four virgin female
Sprague-Dawley rats (200-250g) were housed individually in wire mesh cages and
were maintained at 24°C on a 12 h light cycle. The rats were fed ad libitum
synthetic diets (isocaloric, low protein) containing 180 g (normal) or 90 g (low)
casein/kg (139) diet for 2 weeks before mating and throughout pregnancy and had
free access to water. Within 12 h of giving birth the mothers were fed standard
laboratory chow and remained on this diet throughout the suckling period.
Although, the number of pups per litter was 8-14, to prevent artifact from the
possibility of milk msufficiency due to differences in birth number between diets
or milk quantity/quality in previously malnourished dams, the litter size was culled
to 9 across the groups. The pups were weaned at 4 weeks of age on to the chow
diet and were housed in pairs. Although the body weights of all offspring were
recorded at birth, 3 male offspring from each dam were randomly selected and

their body weights and cardiac function were assessed up to 40 weeks of age.
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ll. Table 1: Composition of Diet

g/100g DIET

COMPONENTS 18% CASEIN 9% CASEIN
Casein 18.0 9.0
Sucrose 213 24.3
Cellulose fiber 5.0 5.0
Cornstarch 42.5 48.5
Vitamin mix 0.5 0.5
Mineral mix 2.0 2.0
Maize oil 10.0 10.0
Choline chloride 0.2 0.2
Methionine 0.5 0.5

The diets were dried for 24h at 60°C and stored in the dark at —20°C (224). Diets
were provided to the animals as biscuits (60-80 g dry weight). Maize oil and
methionine were added to avoid essential fatty acid deficiency and essential amino
acid deficiency respectively.
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lll. Assessment of the Heart by Echocardiography

The contractile function of the hearts of offspring was assessed by
echocardiograph; an ultrasound imaging system (Agilent SONOS 5500) was used
for the measurement of CO, heart rate, systolic and diastolic pressures, LV wall
size and internal diameters during systole and diastole as well as the EF of hearts

of animals exposed to a maternal LP diet (58).

IV. In Vivo Measurement of Left Ventricular Function by

Catheterization

Left ventricular function in vivo was measured in anesthetized offsprings
after an injection of Ketamine / Xylazine (1.0ml/kg SQ). A micromanometer-
tipped cathetar (2-0)(model SPR-249, Miller Instruments) is inserted into the right
carotid artery and advanced into the LV. Measurements for LVSP, LVEDP,
maximum rate of contraction (+ dP/dt), maximum rate of relaxation (- dP/dt),
MAP as well as CO was recorded as previously described (41). Hemodynamic
data was computed and displayed using AcqKnowledge Software (MP System

“Quick Start”, Biopac System, Inc.).
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V. RNA Isolation and Semi-Quantitative PCR

Total RNA was isolated from left ventricular tissue with Trizol using RNA
isolation Kit (Life Technologies, ON, Canada) according to the manufacturer's
procedures as described previously (223). Reverse transcription (RT)-PCR
amplification of cDNAs was performed using specific primers and the Superscript
Preamplification System (Life Technology, ON, Canada) as previously described

(223). Primers used for amplification were synthesized as follows: PLC B;: 5'-

AATAAGGAGACGGAGCTGTTAG-3' (forward) and 5'-
ATGGAAGACAAGCCTCTAGCG-3'(reverse), PLC Y1 5'-
CCTCTATGGAATGGAATTCCG-3' (forward) and 5'-

CTAGGGAGGACTCGCTGGAGAACT-3' (reverse) and PLC &;: 5'-
AGGATCGATGCTTCTCCATTGT-3' (forward), 5'-
TTATCAGCCTTTCGCAAGCA -3' (reverse). Temperatures used for PCR were
as follows: denaturation at 94°C for 30 s, annealing at 62°C for 60s, and extension
at 68°C for 120s, with a final extension for 7 min; 25 amplification cycles for each
individual primer sets was carried out. For the purpose of normalization of the
data, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers, 5'-
TGAAGGTCGGTGTCAACGGATTTGGC-3' (forward) and 5'-
GCATGTCAGATCCACAACGGATAC-3" (reverse) were used to amplify

GAPDH gene as a multiplex with the target genes. The PCR products were
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analyzed by electrophoresis in 2% agarose gels. The intensity of the bands was
photographed by Polaroid 667 black and white instant film and quantified using a
Molecular Dynamics STORM scanning system (Amersham Biosciences Corp.,

PQ, Canada) as a ratio of a target gene over GAPDH.

VI. Isolation of Cardiomyocytes

Neonatal Cardiomyocytes

The neonates/pups were sterilize with 75% ethanol and hearts were taken
out in to one dish with 1 x PBS + glucose, and hearts were chopped. After two or
three washings with 1 x PBS + glucose, 8.5 ml of 1 x PBS + glucose was added to
the chopped hearts in the spinner flask, with 500 ul of each enzyme for 10 min X6.
For the isolation of neonatal cardiac myocytes, three enzymes known as
Collagenase for 740 U/digestion add 21.7 mg, Trypsin for 370 U/digestion add
13.3 mg and Dnase for 2880 U/digestion add 487 mg, to 3.5 ml of 1 x PBS +
glucose. All the three enzymes in solution were syringe filtered. After each
digestion, the solution was collected in a small bottle containing 10 ml FBS (fetal
bovine serum). After the third digestion hearts bits were pipetted few times. After
completing all the six digestions the solution was syringe filtered with special

(nytex) membrane and spun at 1500xg for 5 min. To the pellet 8 ml of 1 x ADS
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was added, and the pellet was resuspended. Again this was filtered with nytex
membrane. Percol stock was prepared by adding 27 ml percol and 3 ml of 1 x
ADS. From the percol stock Top percol and bottom percol were prepared. For top
percol 9 ml of percol stock and 11 ml of 1 x ADS and for bottom percol 13 ml of
percol stock and 7 ml of 1 x ADS was added. In the four tubes 4 ml of top percol
was added first and then 3 ml of bottom percol was added slowly down to the top
layer. 2 ml of cells were added to the upper layers. Then 4 tubes were spinned at
3500 rpm for 30 min. After aspirate off upper band of cells (fibroblasts) until red
layer comes the content was spinned for 5 min at 2000xg (238). The pellets were

used for various apoptosis tests.

Adult Cardiomyocytes

Ventricular myocytes were isolated as described previously (245) and all
protocols are approved by the University of Manitoba Animal Care Committee in
accordance with standards of the Canadian Council for Animal Care. In brief,
Sprague-Dawley rats of either sex (30-250 g) of both low protein and control
groups were injected intraperitoneally with heparin (1000 U/100 g body wt) and
anaesthetized with a mixture of ketamine (60 mg/kg) and xylazine (10 mg/kg).
The heart was rapidly excised, mounted on a Langendorff apparatus and perfused

initially with Ca>* free buffer (pH 7.4) containing (in mM): NaCl, 90; KCl, 10;
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KH,PO4, 1.2; MgSOy, 5; NaHCO;, 15; taurine, 30; glucose 20; gassed with 95%
0, and 5% CO, for 10 min at 37 C. In all the groups’ 1mg/ml collagenase, 0.1%
bovine serum albumin (BSA) and 50 uM CaCl, were used for perfusion except in
animals of 2-week age, 0.5mg/ml collagenas and 0.05% bovine serum albumin
(BSA) were used. At the end of a 30 min (age >2 weeks) and 15 min recirculation
(2 week age) period, the heart was removed from the cannula and the atria were
excised. The ventricles were cut into small pieces and subjected to another 30 min
of digestion in a fresh collagenase solution in the presence of 1% BSA gassed with
a mixture of 95% O, and 5% CO, in a shaking water bath at 37 C. The ventricular
fragments were triturated gently (twice per min) with a plastic pipette. The cells
from 3-4 harvests were combined. The myocytes were resuspended for 10 min in
buffers in which the Ca®* concentration was increased gradually to 250 M, 500
uM, 750 pM and 1000 pM. Cell viability studies have revealed that these
procedures yield rod shaped quiescent myocytes comprising more than 85% of the

final cell population.
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VII. Determination of Apoptosis and Necrosis

Analysis of DNA Fragmentation by ELISA

Cytoplasmic histone-associated DNA fragmentation was quantitatively
determined by using the Cell Death Detection ELISA ™ kit (Roche Applied
Science, Penzberg, Germany) according to the manufacture’s instructions. Briefly,
1 ml of cardiomyocyte suspension (1x10* cells) was centrifuged at 300xg for 5
min. Supernatant were removed and stored at 2-8°C for detection of necrosis. Cell
pellet were incubated in 200 pl lysis buffer for 30 min at room temperature and
were again centrifuged at 300xg for 5 min. 20 pl of the resultant supernatant
containing cytoplasmic histone-associated DNA fragments, which were
characterize apoptosis and the previously collected lysate, which may contain
necrotic DNA leaked through the membrane was added to straptavidin-coated
microtitre plate (218). Subsequently, 80 pl of the immunoreagent containing anti-
histone biotin against histone and anti DNA-peroxidase against DNA was added to
each well. The plate was gently shaken (300xg) for 2 h at 15-25°C. The unbound
antibodies were removed by washing the plate 3xg with 250 pl of incubation
buffer. 100 pl of ABTS {2,2’-azino-di (3-ethylbenzthiazolin-sulfonate)} reagent
was added as a substrate and the fluorescence was measured by using microtitre

plate reader  at emission wavelength 450 nm with 490 nm as reference
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wavelength. Data in both control and experimental groups were presented as

difference of absorbance (A4osum-As90nm) Wavelength.

Annexin-V Staining

Cells undergoing early apoptosis and necrosis were detected by using
annexin V-FITC Apoptosis Detection Kit (BDPharmMingen, ON, Canada) in
accordance with the manufacture’s instructions. In brief, 1 ml of cell suspension
(1x10° cells) was placed in 12x75 mm centrifuge tubes. The cell suspension was
washed twice with cold PBS by centrifugation at 300xg for 5 min. The cells were
suspended in annexin V 1x binding buffer. 5 pul of annexin V-FITC and 2 pl of
propiodium iodide was added to 100 ul of cell suspension. The cells were mixed
gently and incubated for 15 min at room temperature in the dark. Apoptotic index
was determined by using fluorescent microscope. Cells undergoing early apoptosis
were stained with annexin V, which binds to the externalized phospohatidylserine
in the early stages of apoptosis. On the other hand, cells in the late stages of

apoptosis or necrosis were stained with propiodium iodide (222).
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TUNEL Staining

DNA fragmentation was further determined by wusing terminal
deoxynucleotidyl transferase dUTP nick endlabeling (TUNEL) staining (220) by
using APO-DIRECT™ kit (BDPharmMingen, ON, Canada). Briefly, 5 ml of 1%
(w/v) paraformaldehyde was added to 1 ml of cell suspension (1x10° cells) and
placed on ice for 15 min. The cell suspension was centrifuged for 5 min at 300xg
and the supernatant was discarded. Cells were again suspended in 0.5 ml PBS and
5 ml of ice-cold 70% (v/v) ethanol was added. After 30 min stabilization on ice,
the cells were centrifuged at 300xg for 5 min and alcohol was removed carefully
without disturbing the pellet. Cells were washed twice with wash buffer for
complete removal of ethanol and resuspended in 50 pl of staining solution
containing reaction buffer, Tdt enzyme, FITC-dUTP and distilled water. After
overnight incubation with staining solution, 1 ml of rinse buffer was added and
again centrifuged at 300xg for 5 min. The supernatant were removed by
aspiration. The nuclei of the cells were stained by Hoechst dye and the apoptotic

index was determined by using florescent microscope.
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VIIl. Statistical Analysis

All values were expressed as mean + S.E. The differences between two groups
were evaluated by Student’s r-test. The data from more than two groups were
evaluated by one-way analysis of variance (ANOVA) followed by Duncan’s
multiple comparison tests. A probability of 95% or more (P<0.05) was considered

significant.
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II. RESULTS

General Characteristics of Experimental Animals

The energy and food intake of the 18 and 9 % casein fed pregnant rats did
not differ significantly, although a 56 % reduction in the protein intake of the 9 %
casein fed group relative to the 18 % casein fed control was calculated. Although
pups born to the dams fed the LP diet were significantly lighter (Table 2), the rate
of growth, as determined by the body weight gain during 2 to 8 weeks was greater
in the LP exposed animals (25.0 g/day LP group vs. 17.4 g/day control group).
However, from 12 weeks of age a decrease in the rate of weight gain (1.4 g/day LP
group vs. 2.4 g/day control group) was observed (Figure 2). This represented a

weight loss of approximately 42 % in the LP group as compared to the control.

Cardiac Function

Echocardiograph assessment of the ejection fraction of hearts of offspring
from 24hrs to 40 weeks of age revealed that when rat dams consumed LP diet
during pregnancy, there is a severe depression in the ejection fraction of the pups
in the first 2 weeks of life with the peak trough at 7 days. This was followed by a
recovery and no apparent differences in the ejection fraction of the offspring up to

40 weeks of age (Figure 3).
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TABLE 2. Maternal body weight, energy and food intake and birth
weight of offspring exposed to low protein diet in utero

Control (18 % protein) Low Protein (9 % protein)

Protein intake (% of control) 100 56 +3
Maternal body weight

1. pre-pregnancy 247+ 12 253+ 14

ii.  mating 264 + 11 259 + 17

ii.  final 388 + 19 367 +21
Maternal energy intake (kJ/day) 564 +22 546 + 21
Maternal food intake (g/day) 28.5+3.5 25.0+4.0
Offspring birth weight (g) 5.44 £0.07 4.241 £ 0.07*
Number of pups born 8-14 8-14

Data are means + S.E. of 22-57 observations. * P< (.05 vs. control.
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Figure 2. Body weights of animals exposed to a low

protein diet in utero
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Values are means + S.E. of 15 animals in each group (3 pups/dam; 5 dams/ group).
* P<0.05 vs. control.
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Figure 3. Age-related changes in the ejection fraction
of hearts of animals exposed to a low protein diet in
utero
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Values are means + S.E. of 15 animals in each group (3 pups/dam; 5 dams/group).
* P<0.05 vs. control.
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Morphological Changes of the Heart

The LV internal diameters during systole and diastole were increased
between 24 hrs and 84 days (12 weeks) of age in the LP exposed group, however
no differences between the control and low protein groups were seen after this age
(Figure 4A and 4B). In order to understand the nature of these changes the LV
wall thickness as a function of age was also determined in these experimental
groups. Figure SA and 5B show that between 3 days and 2 weeks of age the LV
wall of the hearts of the LP group were thinner (as indicated by the shorter wall
thickness in systole and diastole) compared to controls; after which time there was
a progressive increase in the LV wall thickness in this group. Figure 6 shows
representative echocardiographs of offspring at 14 days and 40 weeks of age. The
markings indicate the measurement that was taken for the left ventricular wall
thickness during systole and diastole and as well as that taken for the LV internal

diameter during systole and diastole.
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Figure 4. Age-related changes in the Left Ventricular Internal
Diameters during Diastole and Systole of hearts of animals
exposed to a low protein diet in utero
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Figure 5. Age-related changes in the Left Ventricular Wall
Thickness during Diastole and Systole of hearts of animals
exposed to a low protein diet in utero
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Figure 6. Representative echocardiographs of offspring
exposed to a maternal low protein diet.
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Representative echocardiographs of offspring at 14 days and 40 weeks of age.
The markings indicate the measurement of the left ventricular wall thickness

during systole and diastole (red) and measurement of the left ventricular internal
diameter during systole and diastole (yellow).
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Changes in ANF and PLC Isozyme mRNA Expression Levels

PLC B isozymes are considered to be involved in cardiac hypertrophy
(201,226,260). Since ANF is a marker for hypertrophy and is known to activate
PLC (226,260), the mRNA levels of ANF as well as PLC B; and B; were measured
in the hearts of offspring exposed to a LP diet in utero. Figure 7 shows that the
increase in ANF expression in the hearts of the LP group occurred in 3 phases.
The first peak of the increase in ANF mRNA levels was seen at 3 days of age,
followed by a second peak at 2 weeks of age and a third peak at 12 weeks of age.
Examination of PLC isozyme mRNA levels revealed an early (3 days) increase in
PLC B; gene expression and delayed (5 days) increases in PLC B; in the LP group.
Interestingly the increases in PLC isozyme mRNA levels were associated with the

first phase of the increased ANF gene expression.

64



Figure 7. Atrial natriuretic factor and phospholipase C
isozyme mRNA expression in hearts of animals
exposed to a low protein diet in utero
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Apoptosis and Necrosis in Cardiomyocytes

Figure 8 shows the occurrence of an increase in the myocardial contents of
the apoptotic phospholipids, phosphatidylserine and phoshatidylcholine, in the LP
group, in early life. Direct evidence for cardiomyocyte apoptosis and necrosis was
obtained by using a cell death ELISA kit. It can be seen from Figure 9 that there
was enhanced degree of apoptosis and necrosis in the cardiomyocytes in the LP
exposed group as compared to control group. Further evidence of cardiomyocyte
apoptosis was obtained by annexinV and TUNEL staining of cardiomyocytes.
Figure 10 shows that an increase in fluorescence with both these techniques
occurred in cardiomyocytes isolated form the LP exposed group at 24 hrs, 3,5 and

7 days of age.

Expression of Myocyte Enhancer Factor2-C and -D

Figure 11 shows that the mRNA expression of the transcription factors,
myocyte enhancer binding protein-2 type-C and —D are significantly depressed in

the first few days of life in the LP group.
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Figure 8. Age dependent changes in the myocardial amount of
Phosphatidylserine and  phophatidylcholine of
animals exposed to a low protein diet.
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Figure 9. Age-related changes in the DNA fragmentation in cell
fraction (Apoptosis) and in the cell supernatant (Necrosis) of
hearts of animals exposed to a low protein diet in utero
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Figure 10a: Annexin V and TUNEL staining in cardiomyocytes
isolated from 1-day control and LP pups for the
detection of apoptosis

A B C
Control (1-day)
A B &

9% Low-protein (1-day)

Representative confocal fluorescent images of annexin-V (A) and TUNEL (C)
staining for cardiomyocyte apoptosis. Panel B shows nuclear staining with

Hoescht 42 (40x).
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Figure 10b: Annexin V and TUNEL staining in cardiomyocytes
isolated from 3-day control and LP pups for the
detection of apoptosis
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Representative confocal fluorescent images of annexin-V (A) and TUNEL (C)
staining for cardiomyocyte apoptosis. Panel B shows nuclear staining with

Hoescht 42 (40x).
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Figure 10c: Annexin V and TUNEL staining in cardiomyocytes
isolated from 5-day control and LP pups for the
detection of apoptosis
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Representative confocal fluorescent images of annexin-V (A) and TUNEL (C)
staining for cardiomyocyte apoptosis. Panel B shows nuclear staining with

Hoescht 42 (40x).
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Figure 10d: Annexin V and TUNEL staining in cardiomyocytes
isolated from 7-day control and LP pups for the
detection of apoptosis
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Representative confocal fluorescent images of annexin-V (A) and TUNEL (C)
staining for cardiomyocyte apoptosis. Panel B shows nuclear staining with

Hoescht 42 (40x).
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Figure 11: Myocytes Enhancer Factor-2-C and 2-D to GAPDH
ratios in hearts of animals exposed to a low protein
diet in utero

A Control Low Protein

GAPDH —W™
24hrs. 0.29+0.02 0.13+0.01*
MEF-2¢/ 3 days 0.23+0.02 0.19+0.01*
GAPDH Ratio S days 0.25+0.01 0.23+0.01
1 week 0.23+0.01 0.23+0.02
2 week 0.31+0.02 0.34+0.02
A Control Low Protein

B

24hrs. 0.84+0.07 0.81+0.05
MEF-2D/ 3 days 1.13+0.09  0.91 + 0.06*
GAPDH Ratio 5 days 0.91+0.02 0.84+ 0.03*

1 week 0.89 +0.03  0.82 = 0.06

2 week 0.81+021 0.78+0.15

Representative blots (A) for MEF 2C and 2D mRNA expression levels. B.
Quantified MEF/GAPDH ratios. Values are means + S.E. of 3 animals in each
group (3 pups/dam; 5 dams/group). * P<0.05 vs. control.
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Hemodynamic Assessment of Animals at 40 Weeks of Age

In vivo catheterization assessment of hemodynamic function at 40 weeks of
age showed the occurrence of LV hypertrophy (20 %), a 2-fold elevation of the
LV end diastolic pressure, a 54 % reduction in CO and a loss of LV function
(+dP/dt ., and -dP/dt,.) in the LP exposed group. The systolic pressure was not
significantly different between the experimental groups; however, an approximate
50 % fall in the diastolic pressure as well as a decrease in the MAP was seen in the
LP group. In addition, the pulse pressure was significantly increased in the LP

exposed group (Table 3).
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Table 3. General Characteristics and LV function of
animals exposed to a low maternal protein diet

Parameter Control (18 % protein)  Low Protein (9% protein)
Body wt, g 779 £ 17 671 +20*
LV wt, mg 1114 £ 30 1190 + 15%
LV/Body wt ratio, mg/g. 1.5+0.04 1.8 £0.05%
LVEDP, mmHg 6.67 = 0.35 12.5 £ 0.32%
LVSP, mmHg 109 £ 11 101 +8
+dP/dt,.x, mmHg/s 3,821 + 564 2,615 +391*
-dP/dt.y, mmHg/s 3,035 £ 431 2,331 + 164*
SP, mmHg 117+9 95+ 6
DP, mmHg 73+£9 38 £ 3%
MAP, mmHg 88 +8 57 +£ 3%
PP, mmHg 44 +5 57 £ 3%
CO, L/min 0.059 + 0.003 0.027 £ 0.004*
Heart rate (beats/min) 345 +26 340 + 30

Data are mean + S.E. of 7 different animals for each group. The left ventricular
weight (LV wt) of the experimental animals refers to the weight of the LV plus
septum. LVEDP, left ventricular end diastolic pressure; LVSP, left ventricular
systolic pressure; +dP/df,.c, maximum rate of contraction; -dP/dfy.,, maximum
rate of relaxation; SP, systolic pressure; DP, diastolic pressure; MAP, mean

arterial pressure; PP, pulse pressure; CO, cardiac output.

value.
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VI. DISCUSSION

1. Maternal Low Protein diet and Birth Weight of Offspring

A number of studies investigating the role of postnatal nutrition and
cardiovascular disease have been conducted, however, virtually nothing is known
about the effects of prenatal nutrition and risk of primary heart disease in adult
life. Although, the fetal origins hypothesis has recently received some robust
criticism (98,136,106,117,158) both human and animals studies have shown that
maternal diet composition during pregnancy programs adolescent blood pressure
(3,140). However, no studies have been conducted to examine the mechanisms
that could predispose offspring to heart failure in later life in response to maternal
undernutrition during pregnancy. The present study was therefore conducted to
test the hypothesis that a maternal LP diet leads to irreversible adaptations in the
structure and function of the heart of the developing fetus and predisposes the
offspring to the later onset of cardiac dysfunction. In an established rat model of
TUGR (140). The current study has demonstrated that a maternal LP diet results
in the occurrence of cardiac dysfunction in the offspring in adulthood and that it
is related to maternal LP induced low birth weight. It is interesting that although
these animals were of low birth weight, postnatal catch-up growth was observed

from 2 to 12 weeks of age after which time a decreased rate of weight gain was
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observed. Thus it would appear that the effect of an adverse environment in utero
might not be improved by conditions postnatally. In addition, evidence suggests
that catch-up growth imposes its own metabolic stress and may itself exert a

harmful effect (45,71).

2. Echocardiographic Assessment of Cardiac Morphology and

Contractile Function

A severe depression in the ejection fraction of the pups in the first 2 weeks
of life, with the peak trough at 7 days was followed by a recovery and no
differences in the ejection fraction of the offspring up to 40 weeks of age. The
recovery of the contractile response might be due to cardiomyocyte hypertrophy.
Although the LV internal diameters during systole and diastole were increased
between 24 hrs and 84 days of age in the LP exposed group, assessment of the LV
wall thickness revealed an early thinning of the wall followed by a progressive
thickening of the wall. These observations provided evidence that cardiomyocytes
of the hearts of animals of the LP group underwent initial compensatory eccentric
hypertrophy and later concentric hypertrophy. It is pointed out that in animal
studies.Other investigators have demonstrated that\ a 50% nutrient restricted
maternal diet from early to mid gestation leads to both left and right ventricular

hypertrophy (265).
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3. Determination of PLC and ANF mRNA Expression Levels

To understand the mechanisms responsible for cardiac hypertrophy, the
expression of PLC isozymes as well as ANF were determined. Our data revealed
that the early and delayed increases in all the PLC isozymes examined, occurred
during the eccentric hypertrophy phase and were associated with an initial
increase in the expression of ANF, implicating a role for PLC in this hypertrophic
response. In this regard, ANF has been shown to mediate some of its effects via
activation of PLC (292,15), and PLC has been suggested to be involved in the
stretch signals and the hypertrophic response in cardiomyocytes via activation of
PKC isozymes (210). A reciprocal increase in PLC isozyme mRNA levels was
not seen with peaks of ANF mRNA expression that was seen at 2 weeks of age.
As we consider that this is concentric hypertrophy, it can be suggested that the

PLC B isozymes may not be involved in concentric hypertrophic response.

A trigger for such hypertrophic responses may include the perinatal stress
of a LP diet leading to excess catecholamine release in the mother as well as in
the fetus (140). In fact, it has been suggested that an elevated sympathetic
nervous system activity may be established in utero (195). It is interesting to note
that in human studies, children who had low birth weight exhibited raised plasma

IGF-1 concentrations (275,72). It was thus proposed that elevated IGF-1 might
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be linked to catch-up growth. With respect to PLC, IGF-1 has been reported to
upregulate PLC B; mRNA expression in neonatal cardiomyocyte hypertrophy
(221). It is thus conceivable that IGF-1 concentration may be increased in the LP
exposed group, particularly since in these animals catch-up growth was observed
which may represent a mechanism for the increased mRNA expression of PLC 33
and cardiomyocyte eccentric hypertrophy. This possibility warrants further
investigation. It is pointed out that activation of PLC would also cause the
increased release of Ca®* from the sarcoplasmic reticulum and may induce
depolarizations that could trigger arrthythmias (234). In fact, an increase in the
incidence of non-fatal arrhythmias was seen in some of the animals in the LP

group (data not shown).

4. Determination of Cardiomyocyte Apoptosis and Necrosis

The early loss of cardiac contractile performance (24 hrs to 14 days of
age) could be due to presence of fewer cardiomyocytes as a result of loss due to
apoptosis and necrosis. Indeed three lines of evidence have been presented in this
thesis, which strongly indicate apoptosis. Apoptosis can be detected by utilization
of various methods, such as DNA ladder assay, cell death ELISA and in situ

terminal deoxyribonucleotidyl (dUTP) transferase nick end labeling (TUNEL).
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Staining of apoptotic cells with fluorescently labeled annexin V, which
recognizes phosphatidylserine, often reveals aggregation of this lipid on the cell
surface (39). In this way, phophatidylserine, which is easily, picked up with
annexinV, is considered as one of the important indication of apoptosis. This
phospholipid is normally confined to inner leaflet of cell membrane bilayer, and it
gets exteriorized in the apoptotic cells. In the present study, there was increased
concentration of this phospholipid in the early life of low protein exposed group,
which shows the enhanced degree of apoptotic cardiomyocytes cell death

occurring in this group as compared to control group.

For the direct evidence ELISA and TUNEL are also considered as important
methods of the determination of apoptosis. In addition, ELISA is also used for the
determination of necrosis. Both apoptosis and necrosis were increased in the low
protein group as compared to control group. Apoptosis may be involved in the
pathogenesis of genetic hypertension, and play important role in the transition
from hypertrophy to heart failure (108). The loss of contractile cardiac myocytes

due to apoptosis results in a further decrease of cardiac function

5. Expression of Transcription Factors

MEF-2 types C and D, are involved in the regulation of the expression of

variety of cardiac proteins that influence cardiac growth and contractile function
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(32). A mechanism that could contribute to the early depressed cardiac function
and the recovery could be due to a developmental delay. Therefore, was decided to
assess the expression levels of MEF-2 transcription factors. In this study MEF2-C
and -D mRNA levels were significantly depressed in early life in the low protein

exposed group.

6. Hemodynamic Assessment of Heart Function

Although echocardiography revealed that the EF was normal in the LP
group, in vivo assessment of hemodynamic function of the experimental animals at
40 weeks of age revealed a 2-fold elevation of the LV end diastolic pressure, and a
reduction in diastolic function (decrease in -dP/d#,,,) of the LP group. However,
the catheterization technique also revealed systolic dysfunction in the LP group. In
this regard, in patients with a normal or nearly normal EF, assumed that since
there is a “preserved systolic function”, that the primary disorder is diastolic.
Although the EF assesses global function, it is a relatively crude measure of LV
systolic function and that measurement of the ventricular long axis velocities and
amplitude using tissue Doppler and M mode imaging of the mitral annulus is
thought to provide a more sensitive index of systolic function than EF (97). In fact,
such measurements have been conducted in patients with diastolic heart failure
with evidence of LV hypertrophy and normal EF and have been found to exhibit

systolic LV impairment (291), which is in accordance with these thesis findings. A
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13 mmHg increase in the pulse pressure was also seen in the LP group indicating
increased arterial stiffness, which may be taken as an independent predictor of
heart failure. While others have reported an elevation in systolic blood pressure in
offspring in this model (260), at least up to 21 weeks of age; It believes that this
leads to a sequence of events resulting in diastolic heart failure that precedes
systolic dysfunction, which, at 40 weeks of age, may represent the early stages of

the syndrome of congestive heart failure.

Temporal measurements of cardiac function were made using
echocardiography, a limitation of this study is that cardiac function measurements
in catheterized rats was only made at 40 weeks of age and thus the onset of the
deterioration of cardiac function remains to be established. Furthermore, whether
the severity of cardiac dysfunction progressively worsens is also a matter to be
explored. On this note, it is known that the aging process is a major factor that
contributes to changes seen in the cardiovascular system in older people (185).
Catch-up growth due to accelerated shortening of chromosomal telomeres as a
result of increased cell division could lead to cell senescence in critical organs
(116) including possibly the heart. On the basis of our findings, it is conceivable
that cardiac dysfunction in the LP exposed group may be due to an early aging
effect in the heart. Given the multifactorial nature of heart disease it is reasonable
to assume that a number of other mechanisms should be involved. Future studies

will determine whether elevations in angiotensin II signaling, alterations in NO
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signaling and/or enhanced P-adrenergic signaling and changes in the collagen
matrix and the contractile protein profile or changes in the excitation contraction
are involved in the pathophysiological events leading to cardiomyocyte
dysfunction in animals exposed to a low protein diet in utero. Although the LP
synthetic diets had the same energy content as control diet, a contribution to
cardiac dysfunction induced by an increase in the intake of the alternative sources
of calories cannot be excluded, nonetheless our data has provided evidence that
exposure of the developing fetus to a maternal LP diet during pregnancy results in
structural and functional adaptations that predispose the offspring to the

occurrence of cardiac dysfunction in later life.
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VIl. CONCLUSIONS

1. Feeding pregnant dams a low protein diet resulted in the generation of pups of

low birth weight.

2. Although pups born to the dams fed the LP diet were significantly lighter, the
rate of growth, as determined by the body weight gain during 2 to 8 weeks was
greater in the LP exposed animals from 2 to 8 weeks of age. However, from 12
weeks of age a decrease in the rate of weight gain was observed. This
represented a reduction of approximately 42 % in the LP group as compared to

the control.

3. There was a severe depression in the cardiac EF of low protein exposed pups
in the first 2 weeks of life, which was followed by a recovery and no apparent

differences in EF up to 40 weeks of age.

4. Increases in the myocardial content of the apoptotic phospholipids,
phosphatidylserine and phosphatidylcoline in the LP group were observed.
This was associated with an enhanced degree of cardiomyocyte apoptosis and
necrosis in the LP group and may contribute to the early loss of cardiac

function.
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Analysis of MEF2-C and 2D expression levels, revealed reduced mRNA
levels in the hearts of animals of the LP group. These changes may contribute
to a developmental delay and could explain in part, the early depressed

cardiac function in the LP group.

LV internal diameters during diastole and systole were increased between
24hrs and 12 wks of age in the LP group; however, no differences were seen
from 12 to 40 wks of age between the 2 groups. Similarly LV wall during
diastole and systole was thinner between 3 days to 2wks of age in LP group
(eccentric hypertrophy), which was followed by a progressive increase in the

LV wall thickness (concentric hypertrophy).

The phase of eccentric hypertrophy was associated with increases in the

mRNA expression levels of ANF and PLC B, and B3 isozymes.

Although EF was normal at 40 wks of age, there was significant elevation of
LVEDP, LV hypertrophy (20%) and a reduced + dP/dtyex and —dP/dty.; in

the LP group.

The findings of this study demonstrate that a maternal LP diet induces cardiac

dysfunction in the offspring in later life.
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