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ABSTRACT 

The effects of premature weaning at two days of age on cholesterol and 

lipoprotein metabolism were studied in adult guinea pigs. Both normally (control) 

and prematurely weaned guinea pigs were fed a non-purified diet (basal diet). At 

8 weeks of age control and prematurely weaned animals were divided into three 

groups, and were fed either the basal diet, or basal diet containing either 0.25% 

cholesterol or 1.1 % cholestyramine for 4 weeks. 

Prematurely weaned guinea pigs fed the basal diet as adults exhibited a 

significant increase of 1.7-fold in hepatic 3-hydroxy-3-methylglutaryl CoA (HMG

CoA) reductase activity and a l.4-fold increase in plasma cholesterol levels, mainly 

in the low-density lipoprotein (LDL) fraction (P < 0.05). In addition, the number 

of LDL receptors of hepatic membranes was significantly reduced by 56% in 

prematurely weaned guinea pigs compared to controls. Mass ratios of core 

(triglyceride and cholesteryl ester) to surface (free cholesterol, protein, and 

phospholipid) components of LDL were significantly higher in the prematurely 

weaned animals relative to normally weaned animals (P < 0.05). However, there 

was no change in particle size with variation in treatment. In vitro incubation of 

LDL with high density lipoprotein and cholesterol ester transfer protein 

demonstrated a 2-fold increase in cholesteryl esters transferred to LDL in the 

prematurely weaned animals compared to controls. 
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Addition of dietary cholesterol increased plasma and hepatic cholesterol 

levels, and decreased hepatic HMG-CoA reductase activity and receptor-mediated 

LDL binding in the control animals. In contrast, prematurely weaned animals did 

not show a significant increase in plasma cholesterol levels. Cholestyramine intake 

decreased plasma cholesterol in the normally weaned but not in prematurely weaned 

guinea pigs. Premature weaning resulted in a significant reduction in hepatic 

cholesterol levels in animals fed cholestyramine. Receptor-mediated tDL binding 

increased in animals fed cholestyramine compared to animals fed the basal diet and 

premature weaning did not alter this response. 

These data indicate that premature weaning alters in vivo cholesterol 

metabolism of adult guinea pigs resulting in increased plasma cholesterol levels, 

hepatic HMG-CoA reductase activity and CETP activity, and decreased levels of 

hepatic LDL receptors. Premature weaning also alters the regulatory responses to 

feedback suppression and metabolic induction of plasma lipoprotein cholesterol 

metabolism. 
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CHAPTER I 

INTRODUCTION 

Existing evidence suggests that the development of atherosclerosis in 

humans begins early in life with the appearance of aortic fatty streaks (Strong and 

McGill, 1969). This process usually evolves during the second and third decades of 

life before there are significant clinical signs (Holman et aI., 1958; Enos et aI., 1955). 

Stamler et al. (1986) showed that hypercholesterolemia is a major risk factor for 

developing atherosclerosis. Since hypercholesterolemia is also considered a major 

risk factor for cardiovascular disease (Kannel et al., 1971), it is therefore important 

to understand and define the environmental factors that control cholesterol and 

lipoprotein metabolism in early life. It is equ'aUy important to establish how these 

factors help determine adult lipoprotein cholesterol levels and maintain sterol and 

lipoprotein homeostasis. Researchers have tested the effects of manipulations of 

various factors contributing to lipid metabolism during neonatal development in 

order to determine possible long-term effects (Innis, 1985; Little and Hahn, 1990). 

Their results demonstrated that development of hyperlipidemia may be delayed and 

reduced by interventions started at an early age. In fact, diets fed to neonates of 

many species (rats, guinea pigs, and baboons) have been shown to modulate and 

affect cholesterol homeostasis in adult animals (Coates et aI., 1983; Li et aI., 1980; 

Mott et aI., 1990). Furthermore, these effects can be initiated as early as the prenatal 
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period, when the dam's diet can affect lipid metabolism of adult offspring (Davis et 

al., 1972; Ashwell et al., 1987). However, the extent and degree of these interactions 

are poorly understood. 

Changes in the development of cholesterol homeostatic mechanisms can 

be detected as early as the 20th day of gestation in fetuses of rat dams fed a high-fat, 

high-cholesterol diet (control diet), or a control diet plus cholestyramine 4 days prior 

to and throughout gestation (Innis, 1983a). In this study maternal cholestyramine 

treatment produced significant elevations of fetal hepatic HMG-CoA reductase and 

cholesterol 7a-hydroxylase activities. Also, when challenged with the high fat, high 

cholesterol diet, male offspring from cholestyramine treated dams had significantly 

higher plasma cholesterol levels. However, HMG-CoA reductase and 7~-hydroxylase 

activities were similar to controls (Innis, 1983a). Other studies demonstrated that 

guinea pigs born to dams fed cholesterol had decreased plasma cholesterol and total 

bile acid pool during the first 12 hours after birth (Hassan et a1., 1981). Thus, it is 

concluded that maternal cholesterol status dunng gestation and early lactation can 

influence cholesterol metabolism in adult offspring. 

In addition to pharmacological agents (cholestyramine), other factors such 

as premature weaning can alter cholesterol metabolic parameters in adult animals. 

For example, blood cholesterol levels were elevated in adult rats weaned prematurely 

to a high carbohydrate diet or to a laboratory stock diet (Hahn and Kirby, 1973). 

Recently, Subbiah et a1. (1985) reported that premature weaning of guinea pigs can 
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induce changes in cholesterol metabolism, resulting in a relative inability to 

compensate for a dietary cholesterol challenge in adult life. Further, premature 

weaning results in a significant decrease in the activity of the hepatic cholesterol 7a

hydroxylase of adult guinea pigs (Subbiah, et al, 1985). 

Thus, it is of interest to study the effects of premature weaning on the 

regulatory responses of cholesterol and lipoprotein metabolism. The present studies 

examine the effects of premature weaning of guinea pigs on plasma cholesterol levels 

and lipoprotein metabolism in adult animals. Guinea pigs were chosen for these 

studies because they possess several physiological similarities to humans. First, the 

plasma lipoprotein profile of guinea pigs is similar to that of humans. As in humans, 

guinea pig LDL is the predominant lipoprotein and has metabolic parameters 

comparable to human LDL. Cholesteryl ester in the LDL of guinea pigs, like that 

of humans, is derived from plasma lecithin:cholesterol acyltransferase (LCAT), and 

in both humans and guinea pigs, interlipoprotein transfer of triglyceride and 

cholesteryl ester is facilitated by a single plasma protein, designated cholesteryl ester 

transfer protein (CETP). Secondly, guinea pigs have a gall bladder which may better 

represent bile acid and biliary cholesterol flow pattern responses to dietary 

intervention.. And, like humans, guinea pigs are relatively well developed at birth 

and, therefore, can be prematurely weaned. Finally, guinea pigs have rates of 

cholesterol synthesis similar to humans. Therefore, using guinea pigs as the 

experimental animal, the following hypotheses were tested: 
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1. Premature weaning of guinea pigs results in alterations in regulatory 

mechanisms controlling adult cholesterol and LDL metabolism. 

2. Addition of cholesterol to the basal diet of prematurely weaned guinea 

pigs increases plasma cholesterol levels in adult animals. 

3. Addition of cholestyramine to the basal diet of prematurely weaned 

guinea pigs decreases plasma cholesterol levels in adult animals. 

To test the first hypothesis, postnatal guinea pigs were weaned at either 

2 days of age (prematurely weaned group) or normally weaned at 14 days of age 

(control). Both groups were then fed a basal diet for 3 months. At the end of the 

three month period ( adult age), the following parameters were determined and 

compared between control and prematurely ~eaned animals: 

• Body and liver weights 

• Plasma lipid and lipoprotein levels 

• Plasma LDL profile and lipoprotein compositions 

• LDL density and molecular weight 

• LDL receptor-mediated binding to hepatic membranes 

• Hepatic membrane LDL receptor binding affinity (~) and capacity 

(BmaJ 

• Hepatic HMG-CoA reductase activity 

• Plasma CETP activity 
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Plasma cholesterol levels in prematurely weaned guinea pigs were 

significantly higher than the control group (P < 0.05). This increase is attributed 

solely to a significant increase in the LDL-cholesterol (LDL-C) level with no change 

in VLDL and HDL cholesterol levels. There was a significant reduction in LDL 

receptor-mediated binding to isolated hepatic membranes from prematurely weaned 

guinea pigs compared to controls (P < 0.05). This reduction is the result of a 

significant decrease in Bmax only. The decrease of cholesterol delivery to the liver as 

a result of a reduction of LDL-receptor number is associated with a significant 

increase in hepatic HMG-CoA reductase activity in prematurely weaned guinea pigs 

compared to controls (P < 0.05). 

To investigate the physiological characteristics of LDL present in 

prematurely weaned guinea pigs, the lipid composition of LDL was measured. 

Cholesteryl ester was increased and free cholesterol was decreased significantly (P < 

0.05), while other components were unaffectt?d. 

The increase in LDL cholesteryl ester could be due to an increase in the 

transfer of cholesteryl ester from the HDL to LDL particle, a process catalyzed by 

CETP. To determine CETP activity, HDL-Iabeled [3H]-cholesteryl ester was 

incubated with LDL in the presence of lipoprotein depleted serum (LPDS) as a 

source of CETP. A 2-fold increase in the amount of eH]-cholesteryl ester transferred 

to LDL was found for LPDS from prematurely weaned animals. This indicates an 

increase in CETP activity, which in theory results in an increase in the cholesteryl 
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ester percentage of the LDL particle, eventually causing a change in composition as 

well as the ratio of core to surface components of LDL. 

The change in LDL composition and core to surface ratio contributed to 

a change in density and molecular weight of LDL particles. The average density and 

molecular weight of the LDL particles of prematurely weaned and control guinea pigs 

were determined. LDL density in prematurely weaned guinea pigs (1.066 glml) was 

decreased compared to that of control animals (1.077 glml). LDL molecular weight 

tended to be higher in prematurely weaned c'ompared to control animals, but this 

difference was not significant. 

Following findings that premature weaning affects plasma cholesterol level 

and lipoprotein metabolism of 3 month old guinea pigs, additional studies were 

carried out to determine if these metabolic effects can be detected earlier than 3 

months and persist beyond 3 months. To test this, animals were prematurely weaned 

at 2 days of age and tested at 1.5 months of age and at six months of age. Data 

indicated that total plasma cholesterol levels were significantly higher in prematurely 

weaned compared to control guinea pigs at both 3 and 6 months of age (P < 0.05). 

However, no change in total plasma cholester~llevels was observed at 1.5 months of 

age. LDL binding to hepatic membranes was significantly decreased .in the 

prematurely weaned guinea pigs compared to control groups at 3 and 6 months of 

age; however, at 1.S months of age LDL binding was decreased, but not significantly. 
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Furthermore, premature weaning of guinea pigs caused a significant increase in 

HMG-CoA reductase activity at all three points studied. 

To test the second and third hypotheses mentioned above, either 0.25% 

cholesterol or 1.1% cholestyramine was added to the basal diet of both control and 

prematurely weaned animals. This dietary intervention was initiated when the 

animals were two months old and continued to the end of the experiment (3 months). 

The following parameters were then monitored at the end of the 3 month period: 

1. Body and liver weights 

2. Plasma lipid levels . 

3. Hepatic HMG-CoA reductase activity 

4. Hepatic LDL receptor-mediated binding. 

When fed the basal diet plus 0.25% cholesterol, prematurely weaned and 

control groups showed no difference in receptor-mediated binding of LDL to hepatic 

membranes or in hepatic HMG-CoA reductase activity. However, reductase activity 

and LDL receptor binding were significantly decreased in control and prematurely 

weaned animals fed basal diet plus cholesterol compared to animals fed the basal diet 

only. While there was a significant increase in plasma cholesterol levels in the control 

group fed the basal diet plus 0.25% cholesterol, only a slight increase was observed 

in the prematurely weaned group. This indicates that premature weaning of guinea 

pigs results in abnormal metabolic responses ~o dietary cholesterol later in life. 
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Receptor-mediated LDL binding values were increased significantly in 

both the control and prematurely weaned guinea pigs fed cholestyramine, compared 

to values for animals fed the basal diet. Addition of cholestyramine resulted in a 

significant decrease in plasma cholesterol levels and a significant increase in HMG

CoA activity of normally weaned animals compared to control animals on the basal 

diet. Prematurely weaned animals fed a basal diet plus cholestyramine did not 

demonstrate the same reduction of plasma cholesterol level nor the increase of 

HMG-CoA reductase activity that was observed in the control group fed the same 

diet. These changes are evidence that the response to cholestyramine was different 

in the prematurely weaned animals compared to controls. Furthermore, these 

different responses indicate that premature weaning alters the metabolic response to 

cholestyramine intake. 

Taken together, results of these studies indicate that premature weaning 

of guinea pigs at 2 days of age affects plasma' cholesterol levels in adult animals in 

part due to changes in LDL metabolism. The data also demonstrate that premature 

weaning alters the normal pattern of regulatory responses to feedback suppression 

and induction of plasma cholesterol metabolism. 
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CHAPTER II 

LITERATURE REVIEW 

Coronary Heart Disease 

Coronary heart disease (CHD) en~ompasses several cardiac disorders 

resulting from inadequate circulation of blood to local areas of the heart muscle. 

This decrease of blood circulation is a product of atherosclerosis, a disease causing 

focal narrowing of coronary arteries. Atherosclerosis is a progressive disease, often 

beginning in childhood (Strong and McGill, 1969). Arterial atherosclerotic lesions 

frequently arise between 10-15 years of age, appearing first as fatty streaks. Some 

of these streaks later tum into fatty or fibrous plaques which eventually transform 

into large, complex lesions (Berenson, 1986). Progressive narrowing of blood vessels 

may result in angina pectoris (severe chest pain), myocardial infarction (heart 

attack), or sudden death. Differing consequences of CHD between individuals is 

often attributed to disparities in myocardial oxygen supply and demand. 

Cholesterol is a major component of atherosclerotic lesions. Three main 

types of lipids accumulate in atherosclerotic lesions: free sterols (almost exclusively 

cholesterol), cholesterol esters (mainly cholesterollinoleate, oleate, and palmitate) 

and phospholipids (mainly phosphatidylcholine and sphingomyelines) (Small, 1988). 

The extent of atherosclerotic plaques in the aorta also correlates directly with LDL 

cholesterol levels in the serum (Newman et aI., 1986). 
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Coronary heart disease is identified as the leading cause of premature 

death in industrialized countries (Campbell, 1963). Recent decreases in CHD 

mortality rates have been noted in some economically advantaged countries 

(Uemmura, 1988), while lesser-developed nations continue to experience a rise in 

the incidence of CHD (Sindhvananda, 1985). Despite the recent decline in the 

incidence of CHD, more than 1.25 million CHD induced heart attacks occur each 

year (two-thirds of them in men) in the United States, resulting in the death of 

more than 500,000 people (Oliver, 1986). Moreover, CHD alone accounted for 48 

percent of all deaths in the United States in 1985. This loss of life costs the United 

States an estimated $94 billion annually in direct health care expenditures and lost 

productivity. 

Epidemiological studies indicate that CHD is multifactorial and arises 

from many etiologies (Hopkins and Williams, 1981). Therefore, a precise cause of 

atherosclerosis has not been pinpointed. However, a number of risk factors 

important in the prediction of specific occurrences of CHD have been identified. It 

is generally acknowledged that high blood cholesterol and high blood pressure are 

risk factors for CHD and can be the result of alterable or unalterable factors. An 

alterable factor or a factor that can be influenced by the individual would be mode 

of lifestyle. Such lifestyle characteristics as low physical activity, cigarette smoking, 

and a diet too rich in calories, saturated fat, and cholesterol have all been linked to 

the development of CHD. Unalterable factors such as heredity, gender, and aging 
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can also play significant roles in CHD risk. These major CHD risk factors can be 

categorized as: (1) atherogenic personal attrib:utes such as elevated blood lipids and 

lipoproteins, high blood pressure, and clinical diabetes; and (2) living habits or less 

discretionary environmental factors that promote these factors (Kaplan and Stamler, 

1983). Each of these factors has repeatedly been shown to be independently related 

to the rate of development of clinical CHD. 

Atherogenic Risk Factors 

Blood Lipids and Lipoprotein 

The direct relationship between serum total cholesterol levels and CHD 

is extensive and definite (Stamler, 1978; Keys, 1980). Populations with a good life 

expectancy and a low CHD incidence have average cholesterol values in the 160 to 

180 mg/dl range. Epidemological studies, including the Multiple Risk Factor 

Intervention Trial, the Seven County Study, and the Framingham study, give strong 

evidence that serum total cholesterol level is a risk factor in CHD development. 

The higher the serum cholesterol, the greater the risk of fatal coronary artery 

disease. Whether atherosclerosis will be fatal or non-fatal is determined, in great 

part, by increases in LDL-C. Moreover, lowering total blood and LDL-C levels 

reduces the frequency of atherosclerosis. In one study, fractionation of total 

cholesterol samples yielded confirmation that CHD mortality was directly related 

to LDL-C (Gordon et aI., 1977). 
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During the 1970's, several investigators documented the inverse 

relationship of CHD and HDL cholesterol (HDL-C) (Miller and Miller, 1975). 

CHD risk was increased in individuals with HDL-C of less than 45 mg/dL (Castelli 

et a!., 1977). In an Israeli study, the HDL-CHD relationship became even more 

pronounced in subjects above the age of 50 (Goldbourt and Medalie, 1979). 

Gordon et a!. (1989) estimated that a 1 mg/dl increment in HDL-C is associated 

with a CAD risk decrement of 2% in men and 3% in women. For these reasons, 

the National Cholesterol Education Program Expert Panel recommends that low 

HDL-C levels be raised by hygienic means such as smoking cessation, weight loss, 

and aerobic exercise. 

Blood Pressure 

Increased blood pressure intensifies the risk of developing the clinical 

complications of atherosclerosis (Kannel and Sorlie, 1975). It also appears to affect 

the atherosclerotic process itself, since the extent of both fibrous and fatty plaques 

is greater in hypertensive individuals than in normotensive ones (Robertson and 

Strong, 1968). As an individual factor, elevated blood pressure, whether systolic or 

diastolic, is as accurate a predictor of CHD as blood cholesterol level or the amount 

of cigarette smoking (Kannel et a!., 1980). The impact of blood pressure is 

influenced by the other risk factors; however, the mechanisms by which hypertension 

causes arterial injury remain poorly understood. Studies on the pathogenesis of 

atherosclerosis suggest that several factors may be involved when there is an 
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increase in blood pressure. These include: endothelial cell dysfunctions; enhanced 

arterial permeability to lipoproteins and other plasma constituents and stimulation 

of smooth muscle cell migration and proliferation. 

Morbidity and mortality increase progressively with the degree of blood 

pressure elevation. Hypertension increases the wall thickness of arteries. This 

thickening is mainly because of the accumulation of collagen, elastin, and 

glycosaminoglycans, all of which are synthesized by smooth muscle cells (Brecher 

et aI., 1978). However, even though blood pressure generally rises with age in most 

cultures, there is no indication that elevated pressure is any less of a risk factor in 

the elderly than in the young. 

Lifestyle Factors 

Cigarette Smoking 

Evidence exists to support the relationship between cigarette smoking and 

CHD incidence. The Honolulu Heart Study of men of Japanese ancestry 

demonstrated that people who continued to smoke during the 12 years of follow-up 

had twice the risk of ischemic stroke as those who had never smoked. Those who 

quit smoking were found to have only half the risk of CHD of those who continued 

to smoke (Gordon et aI., 1974). 

Nicotine has been shown to increase heart rate and blood pressure, and 

to lower the fibrillation threshold. Smoking-induced carbon monoxide build-up has 

been shown to diminish oxygen transport and utilization. Smoking also adversely 
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affects platelet adhesiveness, injures the arterial endothelium, and depresses HDL-C 

(Aronow, 1976). Although cigarette smoking contributes independently to the 

development of coronary heart attacks, its influence on CHD risk is increased in 

those predisposed by other risk factors (Abbott et aI., 1986). 

Obesity 

Despite the fact that obesity is associated with many CHD risk factors 

such as hypertension, low levels of HDL, elevated plasma glucose levels, high blood 

cholesterol, and hypertriglyceridemia, data from various epidemiological studies 

identify obesity as an independent risk factor involved in the development of CHD 

(Gotto et aI., 1990). Other studies concluded that obesity results from an increased 

rate of endogenous cholesterol synthesis of 20 mglday for every kg of excess body 

weight, and increased VLDL apolipoprotein-B and triacylglycerol production rates 

(McNamara, 1987). Since obesity and total calories are significant risk factors in the 

development of CHD, reducing body weight stands to correct several lipid 

metabolism abnormalities and lowers plasma lipid concentrations. 
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Dietary Fiber 

Increased intake of dietary fiber, coupled with a reduction in saturated fat 

and an increase in complex carbohydrates, has been shown to lower plasma 

cholesterol levels in humans (Kritchevsky, 1978). Dietary fiber has been reported 

to reduce plasma cholesterol levels by binding with bile acids and increasing bile 

acid fecal excretion (Kritchevsky, 1978). 

The type and amount of dietary fiber, and presence of other nutrients in 

the diet influence the biochemical properties of fiber ultimately affecting cholesterol 

metabolism. Dietary fibers are nondigestible remnants of plant cells that are 

resistant to alimentary enzymes. The fiber can be categorized by water solubility. 

Most foods of plant origin contain both insoluble and soluble fibers, but are usually 

rich in one or the other. Water-insoluble fibers such as wheat bran have no 

appreciable lipid-altering effects (Gold and Davidson, 1988). In contrast, the water 

soluble fiber, which forms a natural gel (such as those abundant in oat bran, beans, 

fruit pectin, and guar gum), can be used to selectively lower LDL-C without 

changing the HDL-C levels. Oat bran has been found to lower LDL-C in a dose

response manner. In a double-blind study of low-dose consumption, Gold and 

Davidson (1988) investigated the effects of 34 g of oat bran daily on healthy medical 

students. Total cholesterol dropped from 178 to 169 mgldl and LDL-C was reduced 

from 108 to 79 mgldl, but there were no significant changes in serum triglycerides 
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or HDL-C, indicating that soluble fiber reduces plasma cholesterol levels thereby 

decreasing the CHD risk. 

Physical Activity 

Epidemiological evidence strongly suggests that endurance exercise 

protects against the onset of CHD (Wyndham, 1979). Overall mortality, 

cardiovascular mortality, and CHD mortality, in particular, have all been found to 

be inversely related to the level of physical activity in the Framingham cohort 

(Kannel et aI., 1971). The precise amount of exercise required to achieve the 

benefits of physical activity has not been quantified. Based on general population 

samples, epidemiological data indicates that moderate amounts of exercise will 

suffice to protect against CHD. Furthermore, Kramsch et al. (1981) fed monkeys 

an atherogenic diet (high saturated fats and calories), and then allowed the animals 

to exercise for over three years. The control group of monkeys ate a normal diet 

(low in saturated fatty acids and calories) and did not exercise. The exercise group 

had substantially reduced overall atherosclerotic development, lesion size, and 

collagen accumulation compared to the control group, indicating that increased 

physical activity and lower saturated fats and calories can result in weight reduction 

and weight maintenance, and may be capable'ofretarding atherosclerotic coronary 

heart disease in primates (Kramsch et aI., 1981). 

The positive effects of physical activity on the indicators of CHD risk 

include improvement of lipid and lipoprotein profiles, enhanced blood-pressure 
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control, and facilitation of weight reduction. It has been shown that HDL levels 

are directly related to physical activity. An examination of endurance athletes 

revealed higher HDL levels than that of sedentary individuals (Thompson et aI., 

1988). However, in the absence of weight change or dietary modification, exercise 

effects on LDL-C have generally been small (Haskell, 1984).· 

Dietary Cholesterol and Fat 

The role of dietary cholesterol in CHD development is still debatable. 

This controversy is due to the wide range in the amount of cholesterol added to the 

test diet, to the variation of conditions under which the experiments were carried 

out, and finally to differences in species under study. 

Dietary cholesterol manipulations can alter blood cholesterol levels 

(Jokinen et at, 1985). In monkeys, elevation in plasma cholesterol levels were 

obtained when diets were enriched with cholesterol (Eggen, 1976). On the other 

hand, cholesterol feeding studies conducted on rats exerted no effect on plasma 

cholesterol levels (Meijer et aI., 1987). 

Interestingly, in most humans the evidence indicates that dietary 

cholesterol has a minimal effect on plasma cholesterol levels. Decreasing dietary 

cholesterol from 385 to 300 mg/day would only result in a 1 % average plasma 

cholesterol decline in the population (McNamara, 1990). This is because the 

response of two-thirds of the population to increased dietary cholesterol intake is 

reduced endogenous cholesterol synthesis (dietary cholesterol compensators). And 
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most individuals have the appropriate feedback mechanisms to regulate endogenous 

cholesterol synthesis. However, individuals lacking this particular feedback response 

experience a significant increase in plasma cholesterol concentrations when dietary 

cholesterol is increased (noncompensators) (McNamara, 1990). 

These findings suggest that cholesterol causes modest suppression of 

hepatic receptor-dependent LDL transport and increases plasma LDL-C 

concentration. However, this effect has been shown to be markedly influenced by 

the amount and type of triglyceride present in the diet. Clinical and epidemiological 

studies over several decades have consistently shown that the percentage of calories 

obtained from saturated versus polyunsaturated fatty acids in the diet affects blood 

cholesterol levels. Saturated fatty acids are known to raise plasma cholesterol levels 

while polyunsaturated fatty acids are known to lower them (McNamara, 1987; Spady 

and Dietschy, 1988). However, the degree of response to saturated fatty acids 

depends upon the content of the particular fatty acid being ingested. Investigations 

have demonstrated that not all saturated fats raise blood cholesterol levels. In fact, 

saturated fatty acids with 18 or more or fewer than 10 carbon atoms appear to have 

little or no effect upon plasma cholesterol levels. Clinical evidence indicates that 

only three saturated fatty acids (lauric, myristic, and palmitic) increase blood 

cholesterol level. Furthermore, myristic acid (C 14:0) and lauric acid (C:12) have 

a more powerful effect than palmitic acid (C:16) (Keys, 1974). 
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Studies in humans (McNamara, 1987) and animals (Ibrahim and 

McNamara, 1988) have demonstrated that diets rich in polyunsaturated, relative to 

saturated fatty acids, lower LDL-C in spite of the fact that the mechanism(s) of this 

alteration remain uncertain. A number of mechanism( s), including changes in fecal 

sterol excretion, distribution of cholesterol between plasma and extrahepatic pools, 

rates of de novo cholesterol synthesis, intestinal cholesterol absorption, and rates of 

synthesis and catabolism of plasma lipoproteins have been postulated. 

Researchers have recommended that the amount of saturated fatty acids 

consumed should be reduced to increase the polyunsaturated-to-saturated fatty acid 

ratio (P:S ratio). This decrease in saturated fatty acids has been shown to reduce 

the plasma cholesterol level. However, the P:S effect on hypocholesterolemia does 

not result from changes in the synthesis or utilization of cholesterol, but rather from 

changes in the synthesis and catabolism of plasma lipoproteins (McNamara, 1987). 

Two main mechanisms are responsible for reducing plasma cholesterol 

when the P:S ratio increases. First, when the production rates of VLDL, LDL, and 

apolipoprotein B (the apolipoprotein associated with LDL) are decreased, a 

corresponding reduction in plasma cholesterol levels is achieved. The second 

mechanism is by increased uptake of LDL by receptors, resulting in a higher LDL-C 

fractional catabolic rate and reduced plasma LDL-C concentrations (Spady and 

Dietschy, 1988). 
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In contrast, monounsaturated fatty acids are considered to have either a 

neutral or a lowering effect on plasma cholesterol levels in the examination of fatty 

acid sources. Even though· some studies have not found any effect of 

monounsaturated fatty acids on plasma cholesterol levels (Keys et aI., 1974), others 

have shown that monounsaturated fats, compared with polyunsaturated, cause a 

reduction of plasma total and LDL-C levels in humans (Mensink and Katan, 1989) 

and a reduction of hepatic cholesterol synthesis in guinea pigs (Fernandez et al., 

1990). In another clinical study, Grundy et al. (1988) found that a monounsaturated 

diet has the same effect in reducing plasma total and LDL-C levels as a low-fat, 

low-cholesterol diet. 

Addition of olive oil (monounsaturated fat) to either cholesterol-free or 

high-cholesterol diets resulted in a significant increase in rat plasma and liver 

cholesterol levels compared with coconut oil (saturated fatty acids) or corn oil 

(polyunsaturated fatty acids) (Beynen, 1987). These findings are in agreement with 

the study of Kris-Etherton et al. (1986) who reported an increased plasma 

cholesterol level in rats fed olive oil compared to rats fed diets containing corn oil, 

safflower oil, or palm oil. Fernandez and McNamara (1989) reported that an olive 

oil diet does not lower the plasma cholesterol levels in guinea pigs compared to 

animals fed a corn-oil diet. In contrast, Spady and Dietschy (1988) reported that 

monounsaturated fat-enriched diets reduced plasma cholesterol levels in hamsters 

without any effect on receptor-mediated hepatic uptake of LDL. Because of these 
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contradictory findings, researchers are still uncertain about the specific effects of 

monounsaturated fatty acids on cholesterol and lipoprotein metabolism in humans 

and animals. 

As indicated previously, there is an association between blood cholesterol 

levels and CHD that is well-established through a number of important studies 

(Keys, 1970 and Castelli, 1983). And because of this relationship of plasma 

cholesterol to CHD, substantial interest exists in the detailed study of cholesterol 

metabolism. 

Cholesterol Metabolism 

Cholesterol is required by all mammalian cells for growth, replication and 

maintenance. It is also the precursor for the biosynthesis of bile acids, steroid 

hormones and vitamin D. 

There are two principle sources of cholesterol in the body: 1) endogenous 

sources, regulated by HMG-CoA reductase, the rate limiting enzyme in the 

biosynthesis of cholesterol, and 2) exogenous sources of cholesterol, acquired from 

the diet. In vivo cholesterol synthesis is determined either by sterol balance 

measurement, under steady state (lbrahram & McNamara, 1989) or by whole body 

sterol synthesis (Yount et a1., 1991; Spady and Dietschy, 1985). The latter measures 

the" absolute amount of cholesterol over a short period of time by the incorporation 

rate of [3H] water into sterols. 
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Cholesterol Synthesis 

3.Hydroxy.3.Methylglutaryl.Coenzyme A (HMG.CoA) Reductase 

HMG·CoA reductase is an integral glycoprotein of the endoplasmic 

reticulum (ER) membrane, which catalyzes the rate-limiting reaction of tissue 

cholesterogenesis and is regulated by factors such as the time of the day (diurnal 

rhythm), diet, hormones, and drugs (Rodwell et aI., 1976). The orientation of the 

enzyme in relation to the endoplasmic reticulum as proposed by Liscum et aI. 

(1983) is as follows: 

1. There are seven membrane-spanning regions; each has 23-30 amino 

acids in an a-helical configuration. 

2. The N-terminus projects into the endoplasmic reticulum lumen for 9 

amino acids, and the C-terminal end extends into the cytoplasm for 

548 amino acids. 

3. The loop between the sixth and seventh membrane-spanning region 

is located in the endoplasmic reticulum lumen and is the potential site 

for N-linked glycosylation, which is the only oligosaccharide in the 

enzyme protein. 

4. The C-terminal cytoplasmic domain contains two cysteine-rich 

extended f3-structures flanked by amphipathic helices. 
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The reductase gene has been char~cterized in detail by Reynolds et aI., 

1984. This enzyme, isolated from hamster cells by an immunoprecipitation 

technique, has a molecular weight of 90 - 94 KDa. 

Regulation of HMG-CoA Reductase 

Regulation of HMG-CoA reductase has been investigated in great detail 

due to its importance in cholesterol synthesis. The enzyme is subject to multivalent 

regulatory mechanisms. The activity of the enzyme is increased when high levels of 

cellular sterols are depleted and is decreased when sterols accumulate. HMG-CoA 

reductase activity exhibits a diurnal rhythm in animals (McNamara et aI., 1972). 

Activity levels are highest at mid-night and lowest at mid-day (Clinkenbeard et aI., 

1975), which causes a fluctuation in reductase activity during the course of the day. 

This phenomenon is even present in fasted animals (Slakey et aI., 1972). 

Reductase activity correlates with cholesterol synthesis under a wide 

variety of conditions. HMG-CoA reductase is present in all mammalian tissues that 

can synthesize cholesterol (Brown et al., 1974). As has been shown, changes in the 

physiological state, such as fasting (Scallen and Sunghri, 1983), often cause a change 

in HMG-CoA reductase activity and cholesterol synthesis. 

The concentration of HMG-CoA reductase associated with the 

endoplasmic reticular membrane depends on the rate of enzyme synthesis and 

degradation (long-term regulation) (Higgins and Rudney, 1973). Enzyme synthesis 

is controlled at both the transcription and the translation levels by cholesterol. An 
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increase in the concentration of free cholesterol via endogenous synthesis or 

receptor-mediated catabolism of LDL will change the "regulatory pool" of 

membrane cholesterol, which, in turn, controls the signals to sites that regulate 

HMG-CoA reductase activity (Mitropoulos et aI., 1981). Long-term regulation of 

HMG-CoA reductase has been investigated under a variety of conditions. Edwards 

et al. (1977) reported an induction in reductase synthesis when rats were fed either 

mevinoIin, a competitive inhibitor of HMG-~oA reductase, or cholestyramine. 

HMG-CoA reductase has also been reported to be controIled by short

term regulation. This regulation is caused by isosteric and aIlosteric effects and by 

covalent modification of the enzyme (phosphorylation/dephosphorlation) (Beg et aI., 

1979). HMG-CoA reductase is inactivated when phosphorylated by the action of 

ATP-dependent protein kinase and is reactivated by a fluoride sensitive 

phosphatase. A bicyclic system was demonstrated by restoring reductase kinase 

activity with ATP and Mg2+ and a second protein kinase (reductase kinase kinase). 

The major phosphorylation site on the enzyme is the linker region outside the 

membrane-spanning region (Parker et aI., 1989). 

Cholesterol Absorption 

The second major source of cholesterol in the body pool is absorbed 

dietary cholesterol. Dietary cholesterol, along with unesterified cholesterol reaching 

the intestinal lumen from the bile, are solubilized in the complex structure of the 
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mixed micelle (Hofmann and Smal1, 1967). This mixed micelle is carried to the 

brush border where the sterol diffuses into the cytosolic compartment of the 

intestinal absorptive cell and is mixed with a pool of newly synthesized cholesterol. 

A large proportion of this intracellular cholesterol pool is esterified with long chain 

fatty acids and incorporated into the nascent chylomicrons, a specific class of 

lipoproteins (Johnston, 1978). The metabolism of lipoproteins will be dis~ussed later 

in this chapter. 

Most data indicate that cholesterol movement into the intestinal epithelial 

cell is a passive process and is independent of the expenditure of metabolic energy 

or the intervention of membrane receptors .. However, cholesterol absorption is 

highly dependent on the bile acid concentration as well as the diffusion rate of 

cholesterol molecules up to the brush border. 

Cholesterol Balance 

The general features of cholesterol balance in humans and in various 

experimental animals are shown in Figure 1. The figure depicts two sources of 

input contributing to the generally stable body pool and the three pathways exiting 

the pool. Of known inputs, one is dietary intake while the second is via synthesis 

of the cholesterol molecule de !lQYQ from acetyl CoA in different tissues. Similarly, 

the three known pathways for the utilization of cholesterol in the body are: (1) 
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Figure 1. General scheme for the balance of cholesterol in the body (Turley an~ 
Dietschy, 1982). 
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conversion of the cholesterol molecule to another product such as bile acids, 

adrenocorticosteroids or testosterone, which are then excreted through urine or the 

gastrointestinal tract; (2) utilization of cholesterol for membrane synthesis in new 

body tissue; or (3) direct excretion from the body pool during secretions from skin 

or gastrointestinal tract. 

Plasma Cholesterol Transport 

The movement of cholesterol inside the body is controlled and regulated by 

the liver. This movement of cholesterol through plasma and the uptake of 

cholesterol by specific tissues is largely controlled by special classes of lipoproteins 

which require specific cell-surface receptors for the uptake process (Havel, 1987). 

According to Turley and Dietschy (1982), the liver maintains cholesterol balance 

when it performs these four activities: 

1. It compensates for changes in cholesterol input due to dietary intake. 

2. It synthesizes various lipoprotein particles, which deliver sterol to certain 

peripheral tissues. 

3. It takes up other lipoprotein particles carrying cholesterol from the 

extrahepatic tissue back to the liver. 

4. It secretes cholesterol and bile acids from the body. 

The process of transporting cholesterol through the body begins with either 

external input of cholesterol from the diet or synthesis within the body. While most 

exogenous or dietary cholesterol enters the body carried in chylomicrons, a high 



44 

proportion of the cholesterol present in the body tissues is of endogenous origin. 

Supporting this assumption is the fact that the amount of biliary cholesterol entering 

the bowel or synthesized within the intestinal wall is large compared to the amount 

of cholesterol contributed by the diet. Yet, regardless of the source of cholesterol, 

whether from dietary or endogenous sources, cholesterol is taken up by absorptive 

cells in the small intestine. Inside intestinal cells, cholesterol is incorporated into 

nascent chylomicron particles, which then transport the cholesterol to the liver via 

the lymphatic system. In the liver, the cholesterol is metabolized into different 

products (for example, bile acids). 

The nascent chylomicron particles primarily contain apoprotein A-I (apoA-I) 

and apoB-48, and on entering the lymph, the chylomicrons acquire apoE and apoC 

through interaction with BDL. It has been proposed that the family of C 

apoproteins serves two important functions in transport operations: 

1. The presence of large amounts of apoC relative to apoE appears to 

prevent the uptake of the particle by the liver. 

2. One component of this family, apoC-II, activates lipoprotein lipase (LPL). 

This enzyme rapidly hydrolyzes much of the triglyceride present in the 

core of the chylomicrons. As this triglyceride is removed, the particle 

becomes smaller and loses some of its surface components, including 

unesterified cholesterol, phospholipid, and apoproteins A-I and C 



45 

(Fielding, 1978). This action produces chylomicron remnants that are 

rapidly cleared by the liver via apoB/E receptors (Havel, 1987). 

Just as the chylomicron particles transport triglyceride and cholesterol from 

the intestine, VLDL serves a similar function in transporting triglyceride and 

cholesterol from the liver. The triglyceride carried in VLDL is hydrolyzed by LPL 

and either the remnant particle formed is taken up by the liver, or is metabolized 

to LDL, which, in turn, becomes the transporting vehicle of cholesterol, containing 

essentiallyapoB-100. The LDL transformation depends upon the particular species 

under study. For example, in humans 50% of the VLDL is converted to LDL and 

the remainder is taken up by apoB/E receptors of the liver. A variable proportion 

of cholesterol derived from hepatic sterol pool and carried by VLDL ends up 

circulating in plasma LDL fraction. Due to this complex transformation of LDL 

from VLDL, the concentration of LDL in plasma can be changed either by altering 

the rate of VLDL synthesis by the liver or by varying the fraction of VLDL that is 

converted into LDL. Tissues of the body that contain LDL receptor sites, including 

the liver, bind and internalize LDL particles and utilize the cholesterol according 

to their metabolic needs. Also, LDL is taken up from plasma by receptor

independent mechanisms. Evidence indicates that approximately 60 to 80 percent 

of LDL cleared from plasma each day may be taken up by the liver (Spady et al., 

1985). 
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HDL also plays an integral role in transporting cholesterol. In addition to 

intestinal synthesis, the liver is known to be the site of synthesis of nascent HDL 

(discoidal particles containing predominantly ~nesterified cholesterol, phospholipid, 

and apoA-I and apoE) (Tall and Small, 1978). ApoA-I acts as a cofactor for a 

plasma enzyme, lecithin:cholesterol acyltransfrase (LeAT), which catalizes the 

formation of cholesteryl ester of the HDL particles (Fielding and Fielding, 1985). 

HDL particles play a significant role in the net movement of cholesterol from 

peripheral tissues back to the liver. This is accomplished through the net movement 

of unesterified cholesterol from the cellular membranes of peripheral tissues to 

HDL particles where it is esterified and moves to the core of HDL as cholesteryl 

ester, a process known as cholesterol reverse transport. 

The removal of HDL cholesteryl ester from plasma can be achieved by three 

different ways: a) by removing the entire HDLparticle from the plasma, via apoB/E 

receptor, in those species where the HDL contains significant amounts of apoE that 

stabilize the particles to bind to LDL receptors in the liver or other tissues, b) via 

the HDL-receptor (Dietschy et aI., 1981), and c) by far the most important way for 

removing HDL cholesterol appears to be through transfer to apo-B containing 

lipoprotein fractions (Nestle et aI., 1979). These cholesterol-containing fractions are 

then delivered to the liver as VLDL and LDL and are cleared from plasma. . 



47 

Cholesterol Balance Across the Liver 

Turley and Dietschy (1982) describe the major pathways for cholesterol 

movement in and out of the liver in terms of net input and net loss. Net input of 

sterol into the hepatic cholesterol pool is derived from the following three sources: 

1. Dietary cholesterol or cholesterol synthesized in the intestine that reaches 

the liver in chylomicrons. 

2. Cholesterol synthesized in extrahepatic tissues that reaches the liver 

carried in HDL, LDL, or remnants of VLDL. 

3. Synthesis of cholesterol within the liver itself. 

Similarly, sterol is removed from the liver by these means: 

1. Synthesis and secretion of lipoproteins. 

2. Secretion of cholesterol into bile. 

3. Synthesis of bile acids from cholesterol and subsequent secretion into bile. 

Research has been conducted to determine if a specific cholesterol input has 

any direct correlation to the disposition of sterol from the liver. However, there is 

little evidence to support the hypothesis that cholesterol originating from one source 

will migrate toward and exit from one particular pathway. A more reasonable 

assumption is that the hepatocyte contains a metabolically active cholesterol pool 

formed by the three cholesterol sources with the inputs to and outputs from the 

pool being independent of each other. 



48 

The vital function of the liver in maintaining sterol balance cannot be 

underestimated. Moreover, there is increasing evidence that imbalances in hepatic 

cholesterol metabolism can occur under certain physiologic conditions or in 

association with specific disease states. For example, such imbalances can lead to 

excessive cholesterol secretion in the bile and set the stage for cholesterol gallstone 

formation. 

Once again, the rate that mammalian species add cholesterol to the sterol 

body pool via dietary absorption and de novo synthesis varies between species. 

Small animals have high rates of cholesterol synthesis and high capacities to absorb 

dietary cholesterol. Large animals, including humans, have lower body synthesis 

rates and lower capacities to absorb dietary cholesterol. In man, cholesterol is 

primarily derived through synthesis in the major organs. Almost every body tissue 

can synthesize cholesterol. However, the liver and gastrointestinal tract are 

responsible for most cholesterol synthesis. Important in all species is the role the 

liver plays in regulating the body's cholesterol balance, particularly as a biliary 

cholesterol source. 

Plasma Lipoproteins 

Plasma lipoproteins are water-soluble macromolecules that contain 

complexes of lipids (triglycerides, cholesterol, and phospholipids) and one or more 

specific proteins, called apolipoproteins, which play an important role in directing 

different lipids to appropriate cellular destinations. Lipoproteins are stabilized by 
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non-covalent forces, which allow exchange and transfer of their constituent lipids 

and apoproteins during intravascular metabolism (Owen and McIntyre, 1982). 

Lipoprotein Classes 

Plasma lipoproteins may be classified by electrophoretic mobility or hydrated 

density and are commonly divided into four major classes (Mahley et al., 1984) 

(refer to Table 1). Chylomicrons are the largest lipoproteins (more than 100 nm 

in diameter) and have the lowest density of all lipoproteins. Also, of all 

lipoproteins, chylomicrons contain the least protein, with a hydrophobic core 

consisting primarily of triglyceride. Chylomicrons transport dietary triglyceride and 

cholesterol from the mucosa to target cells that metabolize them (Tytgat et aI., 

1971). 

The triglycerides and phospholipids' of the chylomicron particle are 

hydrolyzed at their destinations by the acton of LPL which is attached to the 

endothelial surface of the extra hepatic cells. Hydrolysis of chylomicrons is very 

rapid and the fatty acids that are liberated are used as an energy source by various 

cells or are taken up by adipocytes and stored as triglycerides (Olivecrona, 1979). 

The action of LPL on chylomicrons generates chylomicron remnants that are 

smaller in size, enriched in cholesterol, and are rapidly cleared by the liver. 

VLDL, the second largest class of lipoproteins, is 30 to 90 nm in diameter 

and performs a function parallel to chylomicrons. VLDL is secreted into circulation 

by the liver when it carries lipids to extrahepatic tissues. VLDL triglycerides and 
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Table 1. Plasma lipoproteins. 

Classification Composition 

Electro- Protein Lipid Major 
Lipoprotein phoresis (%) (%) Lipid Origin Function 

Chylomi- Origin 0.5-2.0 98-99.5 Tri- Intestine To transport 
crons glyceride exogenous 

triglycerides 

VLDL Pre-f3 12 88 Tri- Liver and To transport 
glyceride intestine endogenous 

triglycerides 

LDL 25 75 Choles- Meta- To transport 
terol bolic end cholesterol 

product and phospho-
ofVLDL lipids to 

peripheral 
cells 

HDL (It 50 50 Choles- Liver and Possible to 
terol= Intestine transport 
phospho- cholesterol 
lipid from 

peripheral 
cells to liver 

ModIfied from Kostner (1983) 
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cholesterol are synthesized in the liver or derived from free fatty acids or cholesterol 

transported to the liver from adipose tissues or from chylomicron remnants. 

VLDL triglycerides are hydrolyzed into free fatty acids by the action of LPL. 

This hydrolysis occurs at a slower rate than for chylomicrons because fewer enzyme 

molecules are associated with the smaller VLDL particle (Havel, 1987). This action 

generates a series of smaller, cholesterol-enriched lipoproteins, including 

intermediate density lipoprotein (IDL). Most of the IDL formed in humans 

contains apoB-100, apoC and apoE and is rapidly cleared from circulation via the 

apoB/E receptors. A portion of IDL loses rhost of its apoE and apoC to HDL, 

giving rise to LDL (Brewer et aI., 1988). LDL represents the end product of VLDL 

catabolism and is the major cholesterol transporting lipoprotein in plasma. LDL 

will be discussed in detail later in this section. 

HDL, the smallest (8-12 nm in diameter) lipoprotein, is involved in a process 

referred to as reverse cholesterol transport. HDL particles secreted by the liver and 

intestine, referred to as nascent HDLs, are discoidal and have no core lipids. HDL 

acquires cholesterol from peripheral tissues and transports cholesterol directly or 

indirectly to the liver for excretion (Hui et al., 1981; Fainaru et aI., 1982). HDL 

acquires its apoproteins and phospholipids from the hydrolysis of chylomicrons 

and/or VLDL. In addition, HDL provides a reservoir of C apolipoproteins, which 

are required for the metabolism of chylomicrons and VLDL, and act as scavengers 
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of surplus unesterified cholesterol from these lipoproteins (Miller and Miller, 

1985a). 

Plasma HDL consists of two major subclasses, HDLz and HD~. HDLz the 

probable end-product of HDL metabolism during cholesterol transport, is derived 

from HD~ and is present in human plasma only in low concentrations (Miller, 

1987). Several types of epidemiologic studies have called attention to HDL and its 

role in cholesterol metabolism, mainly due to the inverse relationship between the 

concentration of HDL cholesterol and CHD (Gordon et aI., 1977). 

Apolipoproteins and Their Role 
in Lipoprotein Metabolism 

Lipoprotein particles require apolipoproteins for normal function and 

secretion. On their surface, plasma lipoproteins contain one or more apoproteins. 

These apoproteins have polar and nonpolar amino acid residues which cause amphi-

pathic helical regions and form an association with lipids. The nonpolar residues 

penetrate into the lipid surface whereas the polar residues remain in contact with 

the surrounding aqueous phase. Several functions have been attributed to specific 

apoproteins (Table 2). First, aproproteins are involved in transporting and 

redistributing lipids among various tissues (Brown and Goldstein, 1975). In other 

words, delivery of lipids to specific cells involves the recognition of specific apolipo-

proteins by cell surface lipoprotein receptors. Second, apolipoproteins function as 

cofactors for enzymes in lipid metabolism (Fielding et aI., 1972). LPL, which the 



Table 2. The apolipoproteins and their functions. 

Apolipoprotein 

Apo A-1 

Apo A-II 

Apo A-IV 

Apo B-IOO 

Apo B-48 

Apo C-I 

Apo C-II 

Apo C-ill 

ApoD 

ApoE 

ApoF 

ApoG 

ApoH 

Lipoprotein 
Density Class 

HDL 

HDL 

Chylomicrons 

VLDL,LDL 

Chylomicrons, VLDL 

Chylomicrons, VLDL, 
LDL,HDL 

Chylomicrons, VLDL, 
LDL,HDL 

VLDL, LDL, HDL 

HD~ 

VLDL, LDL, HDL 

HDL 

VLDL 

Chylomicrons, VLDL 
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Function 

Cofactor for LCAT; 
recognizes cellular receptor 

Cofactor for hepatic lipase 
in vitro, recog- nizes 
cellular receptor 

Unknown 

Recognizes cellular 
receptor 

Unknown 

Cofactor for lipoprotein 
lipase 

Possibly blocks hepatic 
lipoprotein uptake 

Possibly cholesteryl ester 
exchange protein 

Recognizes cellular 
receptor; inhibits 
lipoprotein lipase 

Unknown 

Unknown 

Cofactor for lipoprotein 
lipase in vitro . 

Modified from Gotto, A.M., Jr. In: Cholesterol and Coronaty Disease, Science & 
Medicine, New York, 1986, 3:p. 14. 
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catalyzes the hydrolysis of chylomicrons and VLDL triglycerides, requires the 

presence of apoC-II. LCAT, which catalyzes the cholesteryl ester cation reaction, 

is activated by apoA-I. Finally, various apolipoproteins (e.g., apoB, A-I, and E) 

appear to stabilize the micellar structure of lipoproteins, thus maintaining the 

structure and integrity of these liproproteins. 

Liver synthesizes at least nine of the thirteen major human apolipoproteins. 

Apolipoprotein B-lOO is an important apolipoprotein, functioning in the secretion 

of VLDL from the liver and in the recognition of apoB-containing lipoproteins 

(Sparks and Sparks, 1985). Epidemiologic studies conducted in a variety of healthy, 

normal subjects and in CHD subjects indicate that plasma concentrations of apoB 

may be better indicator of CHD risk than levels of lipoprotein lipid (Sedlis et al., 

1986). In most mammals, including humans, the liver is the sole site of apoB-100-

synthesis (Havel, 1984). Furthermore, the liver is also the major site of the removal 

of lipoproteins that contain apoB-100 (Havel, 1984, 1985). The livers of several 

mammals have been shown to account for one-half or more of total plasma LDL 

catabolism (Havel, 1984). Because the relationship between LDL cholesterol 

elevation and CHD has been firmly established, the next section discusses LDL 

metabolism in detail. 

Low Density Lipoprotein Metabolism 

Evidence indicates that elevated plasma LDL levels are associated with the 

development of atherosclerosis. The early work of Gofman et al. (1966) clearly 
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demonstrated that plasma LDL concentrations are positively correlated with the 

onset of atherosclerotic heart disease. Subsequent epidemiological studies have 

supported this correlation (Castelli et aI., 1977; Wilson et aI., 1980). For example, 

it has been documented that individuals with genetic disorders such as familial 

hypercholesterolemia have elevated levels ofLDL (type IIa hyperlipoproteinemia). 

This biochemical abnormality presents itself in childhood and the individuals 

frequently die in their second decade from complications of coronary artery athero

sclerosis (Fredrickson et aI., 1972). This would indicate that the concentration of 

LDL cholesterol in plasma is highly correlated with the incidence of CHD. This 

apparent relationship between LDL and CHD has spurred much research interest 

in LDL metabolism. 

The interplay between LDL, intravascular metabolism of cholesteryl esters 

and triglycerides, and catabolism of apo-B-containing particles, produces a wide 

variety of LDL compositions and concentrations. LDL is, by definition, 

heterogeneous in size (Krauss and Burke, 1982), composition (Shen et aI., 1981), 

and metabolism (Fisher et aI., 1980). This heterogeneity has been observed among 

both normal and dyslipoproteinemic human subjects (Hammond et aI., 1979; Krauss 

and Burke, 1982), among various species and also within individual human and 

primate groups (Fisher et al., 1980; Pless et aI., 1982). 

LDL Formation 

It is now evident that, in humans, approximately 50% of plasma VLDL is 

converted to LDL; the remainder is taken up and catabolized primarily by the liver 
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in the form of VLDL remnants (Havel, 1984). The specific characteristics of VLDL 

that determine whether the particle will be removed from circulation or undergo 

conversion to LDL are just beginning to be recognized. For instance, it is now 

apparent that VLDL metabolism can be influenced by many factors. One such 

factor is the apoE content of VLDL, which eriables VLDL to bind to specific, high 

affinity receptors on the liver (Mahley et al., 1981). The ratio of apoC to apoE is 

also an important determinant of the fate of the VLDL particle. Particles containing 

high amounts of apoC relative to apoE are more likely to become LDL since they 

would escape uptake and catabolism in the liver (Windler et aI., 1980). Relative 

size is another important determinant in the transformation of VLDL into LDL 

(Packard et aI., 1984). Both LPL and neutral lipid transfer proteins present in the 

plasma are involved in the conversion of different sizes of VLDL into LDL 

(Hamosh and Hamosh, 1983; Nichols and Smith, 1965). 

LDL Catabolism 

It is now widely recognized that catabolic mechanisms playa major role in 

regulating plasma LDL concentrations. Therefore, a functional receptor pathway is 

essential for the proper regulation of intraceIIular cholesterol homeostasis and for 

the maintenance of an extracellular LDL concentration. There are at least two 

possible routes for LDL catabolism in mammalian cells (Goldstein and Brown, 

1977). The first route involves binding of LDL to LDL receptors. The second route 
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is via non-receptor endocytosis, referred to as receptor-independent uptake. Studies 

involving several species, including humans, have established that approximately 60 

to 80 percent of LDL removal from plasma takes place by means of a receptor

dependent process, whereas the remaining 20 to 40 percent of LDL clearance is 

mediated by receptor-independent transport (Spady et at, 1985). Thus, in any given 

physiologic situation, the circ~lating level of plasma LDL-cholesterol represents a 

balance between the rate of LDL production and the rate of LDL degradation in 

various body tissues. LDL cellular receptors have been shown to be suppressed by 

the availability of free cholesterol. On the other hand, when animals are fed 

cholestyramine (which induces the excretion of cholesterol), the LDL receptor level 

increases (Kovanen et aI., 1981). 

LDL Receptor 

All cells requiring cholesterol for plasma membrane formation possess 

relatively large numbers of LDL receptors (nearly 70,000 receptors per cell). These 

receptors control the binding of LDL circulating in blood. The LDL receptor is a 

transmembrane glycoprotein with a single polypeptide chain. In humans, the 

sequence of the receptor has been determined from analysis of the receptor cDNA 

(Yamamoto et aI., 1984). The carbohydrate composition of the LDL receptor is 

consistent with the presence of two complex N-linked oligosaccharide chains and up 

to nineteen O-linked chains (Cummings et aI., 1983). The receptor protein is 

synthesized in the rough endoplasmic reticulum, where N-linked units are added 
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(Tolleshay et aI., 1982). After this process is completed, the receptor moves to the 

smooth endoplasmic reticulum, where O-linked units containing galactose residues 

are added. The fully mature receptor is transferred to plasma membranes in coated 

vesicles where it clusters in coated pits to begin its endocytic cyclic pathway (Pathak 

et al., 1988). 

LDL receptors on the surface of an intact cell are oriented with the N

terminus on the outside of the plasma membrane. The C-terminus, which has 50 

residues, forms a single membrane-spanning region, projecting into the cytoplasma 

(Russell et aI., 1984). Examination of the amino acid sequence of the receptor 

reveals that the receptor is divided into five structural domains, all of which are 

designed to perform specific functions. These unique functions of the domains 

constitute the overall functional activity of the receptor (Yamamoto et aI., 1984). 

The first domain of the LDL receptor is the ligand binding domain, which 

is 292 amino acids long. These amino acids are divided into seven imperfect repeat 

sequences of about 40 each, six of which are cysteines. Under optimal conditions, 

repeats are aligned so that the cysteine residues occur at the same position. All 

cysteines in this domain playa role in forming disulfide bonds, which must exist for 

a tightly folded state. Extensive cross-linking stabilizes the receptor, enabling it to 

withstand the endocytic vesicle acidic environment without losing its ability to bind 

to LDL when it returns to the plasma membrane. 
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The second domain is the EGF precursor homology domain, which has 400 

amino acids. Repeat A of domain 2 is necessary for binding of LDL to the 

receptor, but it does not interact with the ligand itself. Repeat C may also be 

required to complete the binding process. Sequences within this domain are 

required for releasing the bound ligand from the receptor at acid pH and for the 

recycling of receptors internalized with the bound ligand. 

The third domain, O-linked sugars, is located just outside the membrane

spanning region. The extension consists of 58 amino acids (residues 693-750) and 

includes 18 Ser or Thr residues to which most of the O-linked oligosaccharide units 

are attached. These units or chains appear to act as struts to keep the ligand

binding domain at a distance from the cell surface. 

The fourth domain of the LDL receptor is a membrane-spanning sequence 

of 22 hydrophobi amino acids. These amino acids anchor the newly synthesized 

receptor to the endoplasmic reticulum membrane. The attachment is specifically 

oriented to either the C-terminal or N-terminal on the opposite face. This 

orientation must be maintained during membrane-to-membrane transport of the 

receptor throughout repeated cycles to and from the plasma membrane. 

The fifth domain is the C-terminal tail. This section is comprised of 50 

amino acids (residues 790-839) which protrude into the cytoplasm. Studies have 

failed to reveal the exact nature of this domain. 
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LDL receptors migrate in the plasma membrane until they reach coated pits, 

which contain 50 to 80 percent of the LDL receptors on the surface of human 

fibroblasts (Pearse and Bretscher, 1981). Any LDL that is bound to the receptor 

is trapped in the coated vesicle and carried into the cell. The vesicle rapidly loses 

its coat and appears to undergo a series of fusions with other vesicles beneath the 

plasma membrane. The LDL protein component is rapidly degraded into amino 

acids, and cholesteryl esters are hydrolyzed by an acid lipase. The liberated 

cholesterol leaves the lysosome and is used by the cell for membrane synthesis and 

other purposes (Goldstein and Brown, 1977). 

Cholesterol derived from the catabolism of LDL regulates three events in 

intracellular cholesterol metabolism. First, free cholesterol suppresses HMG-CoA 

reductase, the rate controlling enzyme in cholesterol biosynthesis (Brown et aI., 

1974), thus ensuring a minimum production of cholesterol by the cells. Second, free 

cholesterol activates ACAT, which reesterifies excess cholesterol allowing it to be 

stored in the cytoplasm as cholesteryl ester droplets (Goldstein et aI., 1974). Finally, 

LDL-derived cholesterol suppresses synthesis of new LDL receptors, thus preventing 

an over-accumulation of cholesterol within the cell (Brown and Goldstein, 1975). 

Cells maintain a relatively constant level of free cholesterol throughout specific 

regulating mechanisms by striking a balance between cholesterol synthesis, uptake 

from the external medium, and utilization. 
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In recent years, knowledge regarding lipids and lipoproteins and their 

relationship to atherosclerosis has been rapidly growing. The levels of various 

lipoproteins and their apolipoproteins have been found to be altered in patients 

with CHD. Furthermore, several studies have shown that an increased level of LDL 

cholesterol and a decreased level of HDL cholesterol is associated with increased 

risk of CHD (Kannel, 1987). 

Several theories attempt to explain how HDL could help reduce coronary 

artery disease. One theory postulates that HDL reduces the uptake of LDL by cells 

(Steinberg, 1978). This theory maintains that the presence of apoE in the HDL 

subfraction may cause the HDL to bind to the LDL receptor (Mahley et aI., 1978). 

Another theory asserts that HDL function as scavengers to remove cholesterol from 

extra hepatic tissue, including the arterial wall, where it is taken up by the liver 

(Stein et aI., 1976). In this way, it is believed cholesterol is excreted in bile either as 

bile acid or as free cholesterol. 

Available data suggests that several properties of LDL are important 

contributors to the development of atherosclerosis. These properties include the 

surface-to-core ratio changes of LDL, physical state of LDL core cholesteryl esters, 

conformation of apoB, and LDL density and molecular weight (Camejo et al., 1976; 

Tall et aI., 1987). Such factors may function in atherosclerosis by altering the binding 

of LDL to cell receptors and to proteoglycans. Compositional heterogeneity of LDL 
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may affect binding of LDL to proteoglycans that make up the structural matrix of 

the arterial wall (Camejo, 1982). Camejo et al. (1976) suggest that LDLs that are 

less dense, enriched in cholesteryl esters, and have liquid crystalline cores, 

preferentially bind to arterial proteoglycans. . 

The mechanism by which the physical state of the LDL cholesteryl ester core 

moderates the ability of LDL particles to interact with cells or components of the 

arterial matrix is of great interest. Marcel et al. (1984) postulated that the nature 

of the core affects LDL particle surface properties and possibly the conformation 

of apoB on the surface. Moreover, Teng et al. (1985) pointed to the possibility that 

the. nature of the LDL core affects LDL particle size and consequently apoB 

conformation. One factor that contributes to LDL core to surface ratio is the 

amount of cholesteryl ester in the LDL core which can be controlled by the 

cholesteryl ester transfer protein. 

Cholesteryl Ester Transfer Protein 

The transfer of cholesterol from HDL to apoB containing lipoproteins 

requires the presence of lipid transfer proteins. One of these lipid transfer proteins 

is CETP, which is a plasma glycoprotein and extremely hydrophobic, a quality used 

in its functions involving the transfer of neutral lipids among lipoprotein particles 

(DeParscau and Fielding, 1984). As demonstrated by SDS gel electrophoresis or by 

gel filtration chromatography, CETP has a molecular weight of approximately 

60,000 to 70,000 kds (Morton and Zilversmit, 1983). CETP can be synthesized in the 
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liver (DeParscau and Fielding, 1984) and also by cultured monocyte-derived 

macrophages (Tollefson et al., 1985). 

At present, little is known about the regulation of plasma CETP activity or 

mass levels. However, increased cholesteryl ester transfer activity has been found 

in hypercholesterolemic plasma obtained from cholesterol-fed rabbits (Tall et al., 

1987; Quig and Zilversmit, 1988). Changes in cholesteryl ester transfer activity have 

been documented in a variety of nutritional states during pregnancy (Quig and 

Zilversmit, 1986) and during drug therapy (Quig and Zilversmit, 1988). The plasma 

levels of CETP activity vary greatly among species due to differing lipoprotein 

profiles (Tall et al., 1986). Plasma transfer activity appears to be controlled by 

CETP mass and by circulating inhibitors (Morton and Zilversmit, 1983). An 

inhibitor of cholesteryl-ester and triglyceride transfer with an apparent MW of 

32,000 was recently purified. Research indicated that this inhibitor decreases 

lipoprotein binding of CETP (Morton, 1985). These inhibitors seem to compete for 

or modify CETP binding sites in the lipoprotein surface. However, it is still unknown 

whether they are active in vivo or can account for differences in facilitated lipid 

transfer both in various species or in different metabolic states. 

CETP may be quite central to atherogenesis since species lacking CETP 

activity, such as the rat and pig (Ha and Barter, 1982), are relatively resistant to 

atherosclerosis. Thus, by altering the composition of plasma lipoproteins, CETP 

plays an important role in the development of atherosclerosis. Recent studies have 
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identified some factors that may influence the activities of plasma lipid transfer 

protein. LPL has been reported to enhance the CETP mediated transfer of 

cholesteryl ester from HDL to VLDL (Tall et at, 1984). Stimulatory effects of 

CETP have also resulted from modifications of the lipid composition of VLDL and 

HDL. Changes in lipid composition are associated with a marked increase in the 

binding of CETP to lipoproteins. These changes are partially responsible for the 

acceleration of cholesteryl ester transfer. In addition, alimentary lipemia plasma has 

a significant effect on the mass of CETP, as well as on increases in CETP activity 

in lipoprotein-free plasma (Tall et at, 1986). 

The transfer rate of esterified cholesterol between human HDL and LDL is 

of importance in relation to the rate of lipoprotein catabolism. The rate of in vitro 

bidirectional transfers or exchanges of esterified cholesterol between human LDL 

and HDL ranges from 100-300 nmol per hr-ml of plasma, representing an hourly 

exchange of 8 to 12 percent of the LDL and 7 to 31 percent of the HDL pools of 

esterified cholesterol (Barter and Jones, 1979). In contrast, the in vivo rates of LDL 

and HDL catabolism (measured as the catabolism of lipoproteins isotopically 

labelled in the protein moiety) are 1 to 2 percent and less than 1 percent, 

respectively (Langer et at, 1972; Blum et at, 1977). 

Cholesteryl ester synthesized by LCAT are redistributed to triglyceride-rich 

lipoproteins, especially LDL by the action of CETP. This redistribution provides a 

mechanism for transfer of LCAT-derived cholesteryl esters from plasma to the liver 
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via the uptake of LDL by hepatic receptors. Therefore, CETP represents a key 

step in the centripetal transport of cholesterol from peripheral tissues to the liver. 

However, CETP has the potential to cause the accumulation of cholesteryl ester in 

LDL, thus contributing to atherogenesis by modeling LDLs into bigger particles 

(Deckelbaum et al., 1982). In plasma, CETP activity results in an increase of HDL 

triglycerides at the expense of core cholesteryl esters. These particles are modified 

into small particles by the action of lipolysis, which occurs through the action of 

LPL. 

Kinetic studies suggest that CETP enhances the exchange of lipids during the 

presence of a complex collision involving donor and acceptor lipoprotein and the 

CETP "ping-pong" hypothesis (Ihm et a1., 1982). The ping-pong hypothesis maintains 

that the exchange of lipids is favored by increased binding of CETP to lipoprotein 

(Sammett and Tall, 1985). 

The Role of Lipid Transfer Proteins 
in Lipoprotein Metabolism 

Phospholipids are transferred from chylomicrons and VLDL into HDL 

during lipolysis (Tall, 1980). The spontaneous transfer of phospholipids from 

vesicles into HDL proceeds slowly and continuously during a 24-hour incubation 

(Tall and Green, 1981). The net transfer of phospholipids into HDL is followed by 

movement of cholesterol into HDL from other lipoproteins and cells, which provide 

substrates required by LCAT (phospholipids and cholesterol) (Tall et al., 1979). 
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CETP redistributes LCAT-derived cholesteryl esters from their synthesis sites in 

subclasses of HDL to the less dense triglyceride-rich lipoprotein (Glomset and 

Norum,1973). LCAT increases the net transfer of cholesteryl esters from HDL to 

VLDL and LDL (Glomset et a!., 1970) by controlling the production of cholesteryl 

ester. At the same time, initial rates of cholesteryl ester transfer are not influenced 

by the chemical inhibition of LCAT. Thus, LCAT influences cholesteryl ester 

transfer, not by a direct effect on CETP, but rather as a result of alterations in 

lipoprotein composition. 

LCAT and CETP activities can be identified in normal human plasma as part 

of a well-regulated sequence of reactions by which free cholesterol of cellular origin 

is converted to an ester form and transported to lipoprotein particles (Fielding et 

aI., 1983). These particles are mainly LDL and VLDL from which cholesterol can 

be cleared by the liver (Sherrill et aI., 1980). 

Effect of Earlv Dietary Inventions 
on Adult Cholesterol Homeostasis 

Epidemiological and pathological studies of atherosclerosis have indicated 

that atherosclerosis begins early in life and develops over a period of several years 

(Strong and McGill, 1969). Results from family-genetic studies (Schrott et al., 

1979), epidemiologic studies (Laskarzewski et aI., 1979), and autopsy studies (Enos 

et aI., 1955) have demonstrated that even though clinical symptoms and occurrence 

of CHD are rare in children, the atherosclerotic process starts early in life affecting 
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risk of CHD in adulthood. Interest has been focused on determining whether 

intexventions started early in life can prevent the progression of this disease leading 

to complicated atherosclerotic lesions. 

Environmental factors that affect cholesterol and LDL metabolism in both 

human and animal models including diet (cholesterol and fat type and amount) 

(McNamara, 1987), and pharmacological influences (cholestyramine and lovastatin) 

(Subbiah et a!., 1987), may have greater and more permanent effects when 

encountered early in life than when encountered as an adult (Little & Hahn, 1990). 

Yet, a complicated physiological explanation is necessary to demonstrate that early 

changes in nutrition may lead to permanent changes in metabolic patterns. There 

now seems to be enough evidence in animals to consider this possibility. 

Unfortunately, it is not easy to demonstrate this in humans since this would require 

constant monitoring from birth to old age. 

Role of Early Cholesterol Exposure 
on Adult Cholesterol Homeostasis 

Serum cholesterol and triglyceride levels exhibit a rapid rise during the first 

few days after birth in children (Storig et aI., 1982). Plasma cholesterol 

concentrations in children increase from an average of 75 mg/dl at birth to 120 

mg/dl by 4 to 5 days of life (Paterson and Gantz, 1966). One of the factors that 

cause this neonatal hypercholesterolemia is believed to be the initial intake of milk 

cholesterol during the suckling period, when the cholesterol catabolism system (bile 
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acid synthesis) has not been fully developed (Reiser and Sidelman, 1972). Reiser et 

al. (1979) extended this hypothesis to include the effect of early cholesterol exposure 

on the development and regulation of bile" acid biosynthetic pathways. They 

reported that animals suckled on low-cholesterol milk exhibited an increase in 

serum cholesterol levels, mainly due to the increase in hepatic HMG-CoA reductase 

activity and decrease in rates of bile acid synthesis. Additional studies have shown 

that milk cholesterol has a nonlinear effect on some variables of cholesterol 

metabolism. It is probable that this does not mediate the long-term effect of breast 

feeding vs. formula feeding (Mott, 1990; Li, 1980; Reiser, 1979). 

The effect of early cholesterol exposure on plasma cholesterol levels later in 

life has received some attention. Naseem et al. (1980) have investigated the effect 

of dietary cholesterol in later life by feeding dams and their offsprings a cholesterol

enriched diet during gestation and lactation. Pups were weaned at 21 days of age 

and had free access to water and mothers' diet (2.5% cholesterol until 7 weeks of 

age, then diminished to 0.5% for 57 weeks). No correlation was found between 

levels of cholesterol intake during the first weeks of life and later response to a diet 

rich in cholesterol (Innis 1985; Subbiah et al., 1987; Naseem et al., 1980). Again, 

in humans, no significant relationship between cholesterol intake and serum 

cholesterol levels during the first 6 months (Glueck et al., 1972), or 3-4 years of age 

(Anderson et at, 1979) has been demonstrated. Thus, on the basis of the evidence 

available from both animal and human studies, it is concluded that the level of 
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cholesterol in the diet of neonates has only a temporary effect on serum cholesterol 

levels. 

Role of Early Cholestyramine Feeding 
on Adult Cholesterol Homeostasis 

Many investigators have attempted to reduce the factors causing 

hypercholestrolemia in adults by controlling cholesterol levels during development 

through stimulating catabolism of cholesterol using cholestyramine in post-weaning 

animals. Hassan et a1. (1982) used cholestyramine in post-weaned guinea pigs for 

a 4-week period. At 14 weeks of age, the animals were switched to a control diet. 

These animals had low cholesterol levels, even when challenged with a 0.25% 

cholesterol-containing diet. Their study concluded that stimulation of cholesterol 

catabolism in normally weaned guinea pigs improved cholesterol handling in the 

adults later challenged with a cholesterol diet. 

Similarly, Subbiah et a1. (1983) conducted a study on Carne au pigeons, which 

develop atherosclerosis at an early age. Pigeons exhibited a decrease in plasma 

cholesterol levels and a reduction in atherosclerotic aortic lesions when fed 

cholestyramine at an early age and, then, as adults were challenged with dietary 

cholesterol (Subbiah et aI., 1983). 

Both Hassan's and Subbiah's studies demonstrate that treatment with 

cholestyramine in early life improves handling of cholesterol in adult animals, which 

subsequently exhibit significantly lower plasma cholesterol. It is not yet clear what 
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causes the reduction in plasma cholesterol levels of adult animals treated with 

cholestyramine early in life. It may be due to persistence of high hepatic cholesterol 

7-a-hydroxylase activity, resulting in greater bile acid synthesis, or it may be due to 

the secondary effects of (1) increased hepatic clearance of plasma lipoprotein 

cholesterol, (2) altered intestinal efficiency of dietary or biliary cholesterol 

absorption, or (3) decreased ileal reabsorption and return of bile acids to the liver. 

In summary, long-term regulation of plasma cholesterol is dependent in part 

on how the pathways of cholesterol metabolism are manipulated. This regulation 

is caused by permanent induction in the capacity of pathways involved in cholesterol 

metabolism, such as bile acid synthesis and excretion. 

Effect of Maternal Diet on Adult 
Cholesterol Homeostasis 

Effects of manipulation of maternal diet on adult cholesterol homeostasis is 

still controversial. The variation in results obtained are due to a) composition of 

diets administered, b) differences in species examined and c) the time of gestation 

at which dietary intervention was introduced. 

Feeding pregnant rats a diet high in fat and cholesterol exhibited no effect 

on fetal HMG-CoA reductase or cholesterol 7~-hydroxylase activities (Innis, 1983). 

These results are in agreement with a study conducted by Yount and McNamara 

(1991). In their study, pregnant guinea pig dams were fed a diet containing either 

0.25% cholesterol, 1.1% cholestyramine, or a control diet. They found that during 
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pregnancy, maternal cholesterogenic systems responded to dietary regulation in 

order to maintain the system. Maternal hepatic cholesterol synthesis was reduced 

87% by dietary cholesterol and was increased 3.5-fold with cholestyramine feeding, 

whereas cholesterol homeostasis of fetuses during gestation was relatively unaffected 

by dietary cholesterol. The exception to this response occurred during the late 

gestation period, when cholestyramine was administered. This exception was due to 

the fact that cholesterol synthesis in the fetus was relatively insensitive to dietary 

manipulations; however, maternal cholestyramine treatment did result in a lA-fold 

increase in fetal carcass cholesterol synthesis at 60 days gestation. 

In contrast, other animal studies have indicated that manipulation of 

maternal diets may cause significant long-term effects on controlling cholesterol 

homeostasis. Feeding a high-cholesterol, high-fat diet to pregnant rats causes a 34% 

inhibition of HMG-CoA reductase in newborn pups and increases the activity of 

hepatic cholesterol 7-a-hydroxylase compared to the control group which 

experienced no change (Naseem et al., 1980; Dietschy and Siperstein, 1967). 

In another study, fetuses were removed on the 20th day of gestation from rat 

dams fed either a high-fat, high-cholesterol diet or a control diet with or without 

cholestyramine. The high-fat, high-cholesterol diet caused a significantly increased 

plasma cholesterol level compared to both control diets. Thus, fetal plasma 

cholesterol levels were sensitive to maternal diet changes (Innis, 1985). 
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Furthermore, rat pups born to dams fed a liquid, high-fat cholesterol diet and 

suckled by dams fed a control diet, exhibited a reduced hepatic HMG-Co-A 

reductase activity, and an induced cholesterol 7-a-hydroxylase activity and plasma 

level at 21-days of age. These data demonstrate that the effect of maternal diet 

during gestation persists into the suckling phase. Moreover, in guinea pigs, 0.25% 

cholesterol diets given to dams during gestation caused increased plasma cholesterol 

levels and decreased bile acid pool size in the newborn litters (Hassan et al., 1981). 

This suggests that elevated levels of maternal cholesterol influence fetal sterol 

metabolism. 

Effect of Premature Weaning on Cholesterol Homeostasis 

Lately, the effects of premature weaning on adult cholesterol homeostasis has 

received much attention. However, the research has yielded a tremendous variation 

in findings. The following paragraphs will attempt to present a summary of these 

diverse findings on the effects of premature weaning on adult cholesterol 

homeostasis. 

The varied effects of premature weaning on cholesterol metabolism have 

been detected in humans, thus indicating that neonatal imprinting occurs in man. 

Human infants fed a high-fiber diet during the first six months of life exhibited a 

greater dietary cholesterol tolerance when tested later in life (Stein et al., 1984). 

Furthermore, Forman et al. (1984) reported that eight-year-old males who were 
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formula-fed during infancy exhibited higher plasma cholesterol values than those 

who were breast-fed during infancy. 

In work with research animals, premature weaning of guinea pigs resulted 

in alterations in metabolic responses to a dietary cholesterol challenge (Subbiah et 

aI., 1983). Cholesterol 7-a-hydroxylase activity remained persistently lower in 

prematurely weaned guinea pigs, even at 6 weeks of age, showing that premature 

weaning can induce changes in cholesterol metabolism that can persist in the 

animal. The authors suggested that the prematurely weaned animals show a 

decreased ability to metabolize high levels of dietary cholesterol (Subbiah et aI., 

1983). 

In contrast to the results obtained by Subbiah et aI. (1983), another study 

found that early weaning of guinea pigs challenged with a high cholesterol diet 

exhibited no changes in fecal excretion of steroids or cholesterol 7-a-hydroxylase 

activity later in life. However, the prematurely weaned animals did exhibit a slight 

decrease in hepatic HMG-CoA reductase activity (Li et aI., 1980). This study also 

s:uggested that hepatic HMG-CoA reductase activity might be a strong indicator of 

the effect of premature weaning due to its early sensitivity to dietary intervention. 

This sensitivity is expressed even before the changes in serum cholesterol. These 

results are in agreement with Naseem et aI. (1980), who stated that changes of 

HMG-CoA reductase activity are vital for the investigation and detection of early 

changes in cholesterol metabolism. 
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In a later study, Subbiah et al. (1985) supported their previous findings that 

premature weaning of guinea pigs at 2 days of age causes a reduction of hepatic 

cholesterol 7 a-hydroxylase activity and remains lower even up to 6 weeks of age. 

However, no differences in plasma cholesterol levels between prematurely weaned 

and normally weaned guinea pigs were demonstrated at 45 days of age. 

Furthermore, the authors indicated that both the time of premature weaning (2 

days) and the animal's age (i.e., later in life) were very important in determining the 

effect of premature ,weaning on neonatal imprinting of metabolic memory. 

Evidence indicates that prematurely weaning guinea pigs at 2 days of age causes the 

optimal effect on neonatal imprinting. However, less is known about the influence 

of premature weaning on adult cholesterol and lipoprotein metabolism (Subbiah et 

al., 1985; Li et aI., 1980). 

Mott et al. (1990) have shown that breast feeding compared to formula 

feeding in infancy alters the responses of HDL concentrations to the type of dietary 

fat in adult baboons and influences the effects of dietary cholesterol on cholesterol 

and bile acid metabolism. In their study, infant baboons were either breast-fed or 

fed one of three formulas containing approximately 2, 30, or 60 mg/dl cholesterol 

(baboon milk contains 20-30 mg/dl cholesterol). After weaning at 14 weeks of age, 

the animals were fed one of four diets high or low in cholesterol (0.01 ml/kcal or 

1.0 mg.kcal) with saturated (PIS = 0.37) or unsaturated PIS = 2.1) fats. These 

studies have shown that animals breast-fed as infants absorb a higher percentage of 
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cholesterol, have a lower flux of cholesterol and have lower cholesterol production 

rates as juveniles (3.5 years old) and as adults (6-8 years old) than the formula-fed 

animals. Although cholesterol absorption is greater, cholesterol synthesis is lower 

in young baboons that are breast-fed as infants compared to the formula-fed group. 

Breast-fed baboons had greater lesion development than those fed formula. These 

differences were not statistically significant. 

Mott et a!. (1990) suggest that the long-term effects of breast-feeding on 

cholesterol metabolism are not likely to be due to the differences in neonatal 

cholesterol intake between formula-fed and breast-fed newborns, nor to the 

difference in composition between breast milk and most commercial formulas. It 

is noted that the polyunsaturated to saturated ratio of breast milk and formula do 

not show any effect on lipoprotein concentrations later in life. 

Although the mechanisms by which breast and formula feeding influence 

cholesterol metabolism are not known, a variety of hormones and growth factors 

that are present in breast milk could contribute to more efficient cholesterol 

metabolism (Koldovsky and Thornburg, 1987). 

Summary 

Increased blood cholesterol levels, or more specifically increased levels of 

LOIre, are related to an increased risk of atherosclerosis. Development of 

atherosclerosis may be the result of environmental factors impacting an individual 

early in life, thus altering the development of regulatory mechanisms controlling 
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plasma LDL in that individual (Hahn, 1989; Hassan and Subbiah, 1989). One 

intervention occurring early in life which may affect plasma cholesterol and 

lipoprotein level is premature weaning. The previously discussed research summary 

was presented in order to show the importance of a number of factors on the effect 

of neonatal imprinting including premature weaning. These factors, including the 

timing of premature weaning, length of experiment, and the species of research 

animal, are all pertinent to the present study. 

This study examined the effect of 'premature weaning on cholesterol 

homeostasis and the responses to dietary cholesterol and cholestyramine 

administration. To examine these effects, guinea pigs were either prematurely or 

normally weaned, and fed either a basal diet or a basal diet with either cholesterol 

or cholestyramine. 

Guinea pigs were chosen due to their metabolic similarity to humans. The 

animals were prematurely weaned at 2 days of age in order to produce an optimal 

effect as shown by Subbiah (1985). The experiments were carried out over a period 

of 3 months, the equivalent of adulthood, to determine the effects of premature 

weaning on metabolic parameters of the animals when they have advanced to the 

age generally associated with adulthood and metabolic stability. Experiments 

terminated at 1.5 months and 6 months were also carried out to determine the exact 

period of optimum influence of premature weaning on plasma cholesterol and 

lipoprotein levels and on various metabolic parameters. 
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Data of this research demonstrate that premature weaning has significant 

effects on plasma lipoprotein levels and on hepatic cholesterol metabolism in the 

adult animal. Preweaning after 2 days of age exerts a significant induction in 

plasma cholesterol levels, mainly by increasing LDL-cholesterol levels. Hepatic 

LDL-receptor number is significantly decreased resulting in a lower influx of 

cholesterol into the liver thus significantly inducing HMG-CoA activity. Moreover, 

premature weaning of guinea pigs results in unexpected abnormal responses when 

dietary cholesterol or cholestyramine is added to the basal diet. 
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CHAPTER III 

MATERIALS AND METHODS 

Materials 

Supplies were obtained from the following sources: cholesterol and 

triacylglycerol enzymatic assay kits, cholesterol oxidase, cholesterol esterase, and 

horseradish peroxidase (Boehringer Mannheim, Indianapolis, IN); D~hydroxy-[3-

14C] methylglutaryl coenzyme A (51.9 mCi/JuilOl), D~[5-3H] mevalonic acid (48.6 

mCi/JLmol), scintillation fluids, aquasol, and [3H] cholesterol oleate (50 JLci/ml)(106 

dpm/ml) (New England Nuclear, Boston, MA); D~3-hydroxy-3-methylglutaryl coen

zyme A, bovine serum albumin (BSA), mevalonolactone, phosphate buffer saline, 

glucose-6-phosphate, glucose-6-phosphate dehydrogenase, O-dianisidine, NADP, 

dithiothreitol, Triton X-lOO, hydrazine hydrate, sodium cholate, and Fiske-Subbarow 

reducer (Sigma, St. Louis, MO); 125INa (Amersham, Arlington Heights, IL); 

newborn bovine serum (Flow Lab, Inc., McLean, VA); silica gel thin-layer chroma

tography plates (Alltech Associates, Deerfield, IL); halothane (Halocarbon labora

tories, Hackensack, NJ); cholestyramine (Bristol-Myers Company, Evansville, IN); 

sodium dodecyl sulfate, electrophoresis reagents, and coomassie blue (Bio-Rad 

Laboratories, Richmond, CA); Quick Seal ultra-centrifuge tubes from Beckman 

Instruments (Palo Alto, CA); sodium azide from Eastman Kodak Co. (Rochester, 

NY); Aprotinin (Sigma Chemical Co., St. Louis, MO); EDTA (Fisher Scientific, 
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Fairlawn, NJ); and dextrane sulfate (molecular weight 15 Kd) (Sachibo, Villa-

coublay, France), prepacked Sephedex G-25 columns (Isolab Inc., Drawer, OH). 

Guinea pigs were fed Wayne Guinea Pig Diet, with a reported composi

tion of 17.9% (weight percent) protein (mainly soybean meal), 1.9% vegetable fat, 

49.3% carbohydrate, and 14% fiber (mainly alfalfa). Minerals and vitamins, 

including vitamin C, were added according to guinea pig requirements and were 

increased during pregnancy. This non-purified diet (basal diet) was fed to pregnant 

animals and was used as the weaning diet. In the majority of studies, at 8 weeks of 

age the animals were fed either the basal diet, or the basal diet modified by adding 

0.25% recrysta]]ized cholesterol (w/w) or 1.1 % cholestyramine (w/w) to ground diet 

which was then repelleted (Research Diets, Inc., New Brunswick, NJ) and fed for 

4 weeks. In one set of studies, control and prematurely weaned animals fed the 

basal diet were tested at 1.5 and 6 months of age to determine the time course of 

premature weaning effects. 

Animals 

Female Hartley guinea pigs (Harland Sprague-Dawley, Inc., Indianapolis, 

IN), weighing approximately 800 g, were used for breeding. The females were 

impregnated by housing two of them with one male for a week then checking the 

females' weights daily. The animals were fed a non-purified diet ad libitum and had 

free access to drinking water. Pregnant guinea pigs were housed two per cage under 
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a controlled light cycle, with equal periods of dark and light, with darkness from 

7:00 p.m. to 7:00 a.m. All animals were allowed to complete their preg- nancies. 

Newborn guinea pigs were either nursed by the dam for 14 days (control group) or 

weaned to the non-purified diet at 2 days of a~e (prematurely weaned group). Both 

groups of neonates were then fed the basal diet until 8 weeks of age, at which time 

normal and prematurely weaned animals were divided into three groups: 

1. Normal and prematurely weaned groups were fed the basal diet, 

2. Cholesterol groups were fed basal diet plus 0.25% cholesterol, and 

3. Cholestyramine groups were fed basal diet plus 1.1 % cholestyramine. 

After 30 days on the diets, animals were anesthetized with halothane 

vapor and blood was obtained by cardiac puncture. All animals were killed between 

7:00 a.m. and 9:00 a.m., near the nadir of the diurnal rhythm for HMG-CoA 

reductase (Slakey et al., 1972). Plasma was separated from blood for analysis of 

plasma lipids and lipoproteins; the livers were removed for preparation of hepatic 

membranes for LDL binding studies; microsomes were isolated for analysis of 

HMG-CoA reductase activity, and tissue for determination of hepatic free and 

Total Cholesterol Determinations 

Plasma total cholesterol levels were determined according to the method 

of Allain et at (1974) using a commercial enzymatic kit. In brief, the enzymatic 

analysis involves conversion of cholesterol esters to free cholesterol by cholesterol 

esterase, and free cholesterol is oxidized to cholest-4-en-3-one and equivalent 
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amounts of hydrogen peroxide by cholesterol oxidase. In the presence of catalase, 

the hydrogen peroxide converts methanol to formaldehyde, which reacts with 

ammonium ions and acetylacetone in the Hantzsch reaction to form a yellow 

complex,3,5-diacetyl-1,4-dihydroulutidine. The optical density is determined at 505 

nm against a blank in a Beckman model DU-30 spectrophotometer. A standard 

curve was constructed from certified standards of cholesterol (50, 100, 150,200,300, 

and 400 mgldl). 

Triglyceride Determinations 

Plasma and lipoprotein triglyceride concentrations were measured by 

calorimetery following the method of Bucolo and David (1973) using a commercial 

enzymatic kit and a certified standard. The basis of the assay is as follows: in the 

presence of lipase/esterase, plasma triglycerides are hydrolyzed to form free fatty 

acids and glycerol. Glycerol then is phosphorylated by adenosine-5-triphosphate 

(ATP) to form glycerol-1-phosphate (G-1-P) and adenosine-5-diphosphate (ADP) 

in a reaction catalyzed by glycerol kinase (GK). The G-1-P is oxidized to 

dihydroxyacetone phosphate (DAP), which is coupled to a reduction of NAD to 

NADH. The NADH is oxidized with the simultaneous reduction of 2-(P

iOdophenyl)-3-P-nitrophenyl-5-phenyltetrazolium chloride (INT) to INTH (forma

zan) in the presence of diaphorase. The resulting forma zan is determined at an 

optical density of 500 nm against a blank using a Beckman DU-30 

spectrophotometer. 
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Phospholipid Determinations 

Plasma and lipoprotein phospholipids were assayed as described by 

Bartlett (1959). Approximately 0.5 mI samples were preheated at IS0aC for 20 

minutes and were hydrolyzed at IS0aC for 3 hours after the addition of 0.5 ml of 10 

N H2S04, Sixty /.£1 of 30% H20 2 was added and the samples were heated at IS0aC 

for another 1.5 hours. Then 4.6 mI of 0.22% ammonium molybdate solution and 

0.2 ml of Fiske-Subbarow reducer were added. Samples were placed in a boiling 

water bath for 7 minutes, and absorbance was measured at 830 nm against a blank 

in a Beckman spectrophotometer (model DU-30). Phosphate concentrations were 

determined by comparison to a standard curve of 0 to 200 nmoles/ml N a3PO 4' 

Protein Determination 

Protein concentrations of VLDL, LDL and HDL fractions, and of 

hepatic microsomes and membranes were determined according to the method of 

Lowery as modified by Markwell et aI. (1986). Protein in samples reacted with 

copper in alkaline medium and the products formed were used to quantitatively 

reduce a phosphomolybdic-phosphotungstic reagent. The blue color complex was 

read at 660 nm against a blank in a Beckman DU-30 spectrophotometer. A 

standard curve was constructed using crystallized and lyophilized bovine serum 

albumin, at concentrations between zero to 100 J.£g/ml. 
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Lipoprotein Isolations 

Plasma samples were obtained from pooled blood samples of control and 

prematurely weaned guinea pigs by centrifugation at 2,000 rpm at 4 0 C for 30 min. 

Plasma lipoproteins were isolated by sequentIal gradient ultracentrifugation in an 

LB-M ultracentrifuge (Beckman Instruments, Palo Alto, CA) at 104,000 x g at 15°C 

for 19-h in a Ti 50 rotor (Ibrahim and McNamara, 1988). Separation was based 

on density fractions: d<1.019 g/ml for VLDL; d = 1.019-1.090 g/ml for LDL; and 

d = 1.090-1.21 g/ml for HDL. Each lipoprotein fraction and LPDS (d>1.21 g/ml) 

were isolated and dialyzed for 24 hours in a 0.9% NaCI -0.01% ethylenediamine

teteraacetic acid (EDTA) solution at pH 7.4. Each liproprotein fraction was used 

to determine total and free cholesterol, triglyceride, protein, and phospholipid 

concentrations. The remainder was stored at 4°C prior to sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-P AGE) assays. To confirm the purity of 

LDL in pooled fractions, SDS-PAGE mini-gels (15%) were run for 45 minutes at 

18-20 rnA at room temperature and stained with coomassie blue (Laemmli, 1974). 

LDL Isolation and Characterization 

Plasma lipoproteins were isolated by adjusting the plasma density to 1.25 

g/ml with solid KBr and by centrifuging for 36 h at 125,000 x g at 15°C in a 

Beckman Ti-50 rotor. The isolated lipoprotein fraction was adjusted to a density 

of 1.3 g/ml with KBr, and a 10-ml'volume was overlayered with 30 ml of 0.9% NaCI 

solution in a Quick Seal centrifugation tube (Beckman Instruments, Palo Alto, CA). 
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Centrifugation was performed in a VC-53 vertical rotor (Beckman Instruments) for 

3 hours at 100,000 x g at 10°C to generate a density gradient fractionation of the 

lipoproteins (Poumay and Ronveaux-Duval, 1985). Lipoprotein fractions were 

collected using a fraction collector. The lipoprotein profile was determined by 

measuring cholesterol in the isolated fractions, and density values were determined 

by measurement of the refractive index (Lindgren, 1975). 

The composition of LDL involved determination of protein, phospho-

lipid, triglyceride, and free and esterified cholesterol concentrations as described 

above, then were used to determine the core-surface ratio by dividing mass of core 

component (triglycerides and cholesterol ester) by the mass of surface component 

(free cholesterol, phospholipids, and protein). The number of molecules of each 

component per LDL particle was estimated by assuming that there is one mole of 

apoB protein per mole of LDL (apoB). Component molecular weights were 

assumed to be as follows: protein, 412,000; phospholipid, 734; triglycerides, 885.4; 

cholesterol, 386.6; and cholesterol esters, 646 (Champan and Mills, 1977). 

Total. "Free. and Esterified Cholesterol 
Determination of Lipoproteins 

VLDL, LDL, and HDL fractions were assayed for total, free, and 

esterified cholesterol according to the method of Sale et al. (1984). One ml of 

reagent A (100 nM Tris-HCI, 3 nM sodium cholate, 0.5% Triton X-I00, 0.2 Vlml 

horseradish peroxidase, 12.5 p.1/ml cholesterol oxidase, and 0.1 mg/ml O-dianisidine) 

was added to 0.2 ml samples and incubated for 5 minutes at 37°C. Free cholesterol 
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was read at 505 nm against a blank using half of the samples. To obtain total 

cholesterol, 10 #-,1 of cholesterol esterase was added to the other half of the samples 

and incubated for 30 minutes at 37°C. Total cholesterol was read at 505 nm against 

a blank. The cholesteryl ester concentration was calculated as the difference 

between total and free cholesterol. To correct for the molecular weight of the 

cholesteryl ester, a factor of 1.67 was used in the calculations by multiplying the 

concentration of cholesterol ester value times 1.67. 

Concentration of total, free, and esterified cholesterol in the liver were 

determined according to the method of De Hoff et al. (1978). Approximately 1.0 

g of liver from each animal was homogenized in a Potter-Elvehjem homogenizer 

with an equal volume of phosphate-buffered saline. The homogenate was extracted 

with 10 ml of chloroform/methanol (2/1:v/v) (Folch et aI., 1957). Tissue precipitates 

were removed by filtration using number 1 grade filter paper, which was then 

washed with approximately 10 ml of additional solvent. Tissue eXtracts were placed 

in test tubes and allowed to dry overnight. Total and free cholesterol were 

determined by the procedure described by Sale et al. (1984), with slight 

modification. Ethanol (0.2 ml) was added to the dry samples, followed by 0.8 ml 

of a buffered solution containing horseradish peroxidase (0.2 D/ml) , cholesterol 

oxidase (0.125 D/ml), and O-dianisidine (0.1 mg/ml). Samples were incubated for 

10 min at 37°C. Half of the sample was used to determine free cholesterol, 10 J,.£l 

of cholesterol esterase was added in the other paired tube, and incubation was 

continued for another 35 minutes at 37°C in order to measure total cholesterol. 
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Absorbance at 505 nm was determined in a spectrophotometer 

(Beckman D4-30 series), and mg cholesterol per g liver was calculated relative to 

a standard curve. Hepatic cholesterol est,er values were determined as the 

difference between the values for free and total cholesterol. 

Hepatic Membrane Isolation 

Livers were homogenized with two 10-second pulses of a Politron 

(Brinkmann Instruments, Westbury, NY) at a setting of 10 in 10 ml buffer A (150 

mmollL NaCI, 1 mmollL CaCI:z, and 10 mmollL Tris-HCI at pH 7.5). Hepatic 

membranes were isolated by ultracentrifugation of an 8,000-g supernatant at 100,000 

x g at 4°C for 1 hr. The isolated membranes were resuspended in buffer A, flushed 

10 times through a 22-gauge needle, and washed by centrifugation for 1 hour at 

100,000 x g and stored in liquid nitrogen ~or use in the LDL binding assays 

(Fernandez and McNamara, 1989). 

LDL Binding Assays 

LDL was radioiodinated by the idodine mono chloride method, as 

described by Fernandez and McNamara (1989), to give a specific activity between 

200 and 800 cpm/ng. Approximately 2 mg of LDL and 1 mCi 12SINa in 0.1 ml of 

glycine buffer (2M, pH 10) were used in the iodination. The reaction mixture was 

passed through a prepacked Sephadex G-25 column, 12SI-LDL was eluted with 

dialyzed buffer (0.9) NaCI and 0.01 % EDTA, pH 7.2, whereas free 12S1 was retarted 
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in the G-25 column. Collected 12SI-LDL were dialyzed against dialyzing buffer for 

24 hours at 4o C. 

The frozen hepatic membrane pellets were thawed and resuspended in 

buffer B (100 mM NaCl, 50 mM Tris~HCl, 0.5 mM CaC4 20 mg/ml bovine serum 

albumin (BSA), pH 7.75) by flushing through a 22 gauge needle. Approximately 0.2 

mg protein was used, and all assays were pex:t'0rmed in 250 ILl polyethylene tubes 

in a final volume of 0.2 ml. Hepatic membranes (200 ILg protein) from control and 

prematurely weaned guinea pigs on the three different diets were incubated with 10 

ILg/ml 12SI-LDL protein for 2 hr at 37°C in the presence (non-receptor-mediated 

binding) or absence (total binding) of a 40-fold excess of unlabeled guinea pig LDL. 

Mer incubation, membranes were isolated by ultracentrifugation by overlayering 

75 ILl of the incubation mixture with 100 ILl newborn bovine serum in' Beckman 

cellulose propionate tubes and were centrifuged at 38,000 rpm for 45 minutes at 

10°C in a Ti-42.2 rotor (Beckman Instruments, Palo Alto, CA). After the 

supernatant was aspirated, membranes were washed with 150 ILl serum and 

recentrifuged at the same speed for 25 minutes. The supernatant was removed, 

tubes sliced, and pellets counted in a gamma counter (LKB-Wallace Clini-Gama, 

Gaithersburg, P A). Receptor-mediated binding was determined as the difference 

between total and non-receptor-mediated bindings. 

To determine hepatic membrane receptor affinity for LDL (~) and 

receptor number (BmaJ, LDL was isolated from control, basal diet-fed guinea pigs, 

iodinated, and incubated with hepatic membranes from normal and prematurely 
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weaned animals. The 12SI_LDL was incubated over a range of 5 to 60 J,Lg of LDL 

protein/ml. Woolf plots were developed by plotting free LDL versus freelbound 

LDL and the binding parameters determined (Keightley et al., 1983). 

Determination of HMG-CoA Reductase 
Activity in Hepatic Microsomes 

Liver microsomes were prepared as described by Shapiro and Rodwell 

(1971). Freshly isolated liver was blotted dry and all connective tissues removed. 

Livers were weighed and placed in 50 ml of ice-cold homogenization buffer (50 mM 

KH2P04, 100 mM sucrose, 50 mM KCI, 30 mM EDTA, 2 mM dithiothreitol, pH 

7.2). Liver aliquots were cut into pieces, passed through a tissue press into a 

homogenization buffer (2.5 ml/g), and homogenized with 5 strokes of a tight-fitting 

Teflon pestle Potter-Elvehjem homogenizer. Homogenates were centrifuged at 700 

x g for 5 minutes in a JA-20 rotor, followed immediately by centrifugation at 12,000 

x g for 20 minutes. The resulting supernatant was centrifuged at 12,000 x g for 20 

minutes. The mitochondria-free supernatant was centrifuged at 104,000 x g for 1 

hour at 4°C, and the microsomal pellet was resuspended in the homogenization 

buffer (0.5 ml/g liver) by gentle homogenization using a Potter-Elvehjem 

homogenizer. Resuspended pellets were frozen in liquid N2• 

Determination of the total actiVity of HMG-CoA reductase was 

performed according to the method of Shapiro et al. (1974). Microsomal protein 

concentration was determined according to a modified Lowry procedure (Markwell 

et al., 1986). Approximately 200 - 400 J,Lg protein was used per assay. Samples 
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were preincubated at 37°C for 5 minutes and 50 #Ll of cofactor-substrate solution: 

4.5 #Lmole glucose-6-phosphate, 3.6 #Lmole EDTA, 0.45 #Lmole NADP+, 0.3 IU 

glucose-6-phosphate dehydrogenase, 50 nmole ofDL-hydroxymethyl [3_14C] glutaryl 

CoA (specific activity 7.5 dpm/pmole). After 15 minutes at 37°C, incubations were 

terminated by adding 25 #L1 of 10 N HCI and [5-3H] mevalonic acid (20,000 dpm) 

were added as an internal recovery standard. To permit mevalonic acid to 

lactonize, samples were incubated at 37°C for 45 minutes then were centrifuged for 

1 minute in a Beckman Microfuge B to sediment denatured protein. Approximately 

100 #Ll of the protein-free supernatant was applied to activated (heated at lOO°C for 

1 hour) thin-layer chromatography aluminum sheets (silica gel No. 60,0.20 mm 20 

x 20 cm), and plates were developed in benzene:acetone (1:1, v/v) and air dried. 

The region R f 0.6-0.9 was scraped and added to 5 ml of aquasol and counted for 

both 3H and 14C. Enzyme activity was calculated as picomoles mevalonate 

synthesized per min per mg protein (pmoles/min per mg). Average percent 

recoveries were between 40-80%. 

Preparation of Radiolabeled 
Cholesterol Ester 

Isolated HDL and LPDS were mixed in 0.15 M NaCI containing Na N3 

(0.01 M), EDTA (0.5%), and Aprotinin (3000 KIU/dL) (Kallikrein Inhibitor Unit) 

at final volume of 4 ml (Antonius et aI., 1989). Radiolabeled [3H] cholesteryl oleate 

(106 dpm/ml) (50 #Ll) dissolved in 50 1-£1 absolute ethanol, incubated for 5 min at 

37°C, vortexed intermittently, then added dropwise to HDL and LPDS. The 
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mixture was incubated for 24 hours at 37°C, and the radiolabeled HDL was isolated 

by density gradient ultracentrifugation using d < 1.24 glml at 42,000 rpm for 22 

hours. The fractions corresponding to HDL were then dialyzed for 24 hours against 

a 0.9% NaCl, 0.01% EDTA solution at pH 7.4 (Ibrahim and McNamara, 1988). 

Cholesterol Ester Transfer Protein Assay 

Assay of plasma cholesterol ester transfer protein activity was carried out 

by measuring the transfer of [3H] cholesteryl oleate from HDL to LDL in the 

presence of LPDS isolated from control and prematurely weaned guinea pigs 

(Tollefson and Albers, 1986). A typical assay was performed by mixing a trace 

amount of radiolabeled [3H]-CE HDL 5-9 x 1~ dpm, unlabeled LDL (120 J1.g 

cholesterol ester), and the d > 1.21 glml fraction of plasma (200-400 J1.g protein), 

LPDS. The volume was brought to 0.4 ml with 0.15 M NaCl and incubated at 37°C 

at a different time. The tubes were chilled, and LDL was precipitated by adding 

40 J1.1 of a dextran sulfate - Mg2+ solution (dextran sulfate, of 10 gIL and MgC~ 500 

mmollL), which forms an insoluble complex with LDL. The insoluble complex was 

sedimented by low-speed centrifugation (30 min in a refrigerated centrifuge 14°C 

at 2000 rpm) (Warrick et aL, 1982). 

Transfer activity was defined as the fraction of labeled cholesteryl ester 

transferred from HDL to LDL mediated by the CETP present in the d > 1.21 glml 

fraction of plasma. Calculations accounted for the amount of tracer transferred by 

the effect of CETP by subtracting the transfer activity in assay blanks incubated in 
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the presence of buffer only from each experimental value, and the unit of transfer 

activity represented as ",g CE/mg protein-hr of the d > 1.21 glml LPDS fraction, 

which contains CETP. 

Statistical Analysis 

A one-way analysis of variance was used to assess differences at 3 

months of age of prematurely weaned and normally weaned animals in hepatic 

HMG-CoA activity, in plasma CETP activity, in body and liver weight, in LDL 

binding studies, in the equilibrium parameters of I<.J and Bmm in cholesterol content 

of livers and in plasma total, VLDL, LDL, and HDL cholesterol levels and in LDL 

density and molecular weight. Two-way analysis of variance was used to determine 

differences in plasma cholesterol levels, hepatic HMG-CoA activity and LDL 

binding studies at the three different ages selected (1.5, 3 and 6 months). Data are 

presented as means ± SD for the number of animals shown. 
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CHAPTER IV 

RESULTS 

To determine the effects of premature weaning on adult guinea pig 

cholesterol and lipoprotein metabolism, 19 guinea pigs were weaned at 2 days of 

age and fed a basal diet. After 3 months, the following parameters were determined 

compared to control animals weaned at 14 days of age and fed the same diet: 

1. Body and liver weights 

2. Plasma lipid and lipoprotein levels 

3. Plasma lipoprotein compositions 

4. LDL density and molecular weight. 

5. Hepatic LDL receptor-mediated binding 

6. LDL binding affinity and hepatic membrane binding capacity 

7. Hepatic HMG-CoA reductase activity 

8. Hepatic free and esterified cholesterol levels 

9. Plasma CETP activity 

Effects of Premature Weaning on Body 
and Liver Weights 

Effects of premature weaning on body and liver weights of male and 

female guinea pigs fed the basal diet are presented in Table 3. Initial body weights 

(2 months of age) were slightly lower in prematurely weaned animals compared to 
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Table 3. Body weights, weight gain and relative liver weights of control and 
prematurely weaned guinea pigs fed the basal diet.l 

Control Preweaned 

Male Female Male Female 
(7) (8) (6) (7) 

Initial Wt.2 (g) 487+46 451+40 497+63 384+81 

Final Wt. (g) 668+25 568+46 677+47 543+90 

Wt. Gain (g/day) 4.2+0.3 4.0+1.7 5.8+0.9 4.9+0.5 

Relative Liver Wt3 3.4+0.6 4.3+0.6 3.6+0.7 3.8+0.7 
(g/100g) 

lData presented as mean + SD for the number of animals shown in parentheses. 

2Animals at 2 months old. 

3Relative liver weight (g/IOO g of body weight). 
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control animals; however, body weights at the end of the 30 day dietary intervention 

period were similar in both groups due to a 'somewhat higher weight gain in the 

prematurely weaned animals. Relative liver weights were virtually identical between 

the two groups and independent of gender. 

Effects of Premature Weaning on Plasma Lipids. Hepatic 
Cholesterol Levels and HMG-CoA Reductase Activity 

Effects of premature weaning on plasma and hepatic lipid levels and 

HMG-CoA reductase activity are presented in Table 4. Guinea pigs prematurely 

weaned at 2 days of age fed the basal diet had a 44% higher plasma total 

cholesterol level as adult animals compared to controls (P < 0.01) (Table 4). 

However, there were no significant differences in plasma triglyceride and in hepatic 

total, free and esterified cholesterol between the two groups. 

Analysis of guinea pig hepatic microsomal HMG-CoA reductase activity 

indicated a significant 1.5-fold increase in total HMG-CoA reductase activity of 

adult prematurely weaned animals fed the basal diet compared to control guinea 

pigs (P < 0.05) (Table 4). 

Effects of Premature Weaning on Hepatic 
LDL Binding and Equilibrium Parameters 

Receptor-mediated binding of 12SI_LDL (10 }.£glml) to hepatic membranes 

exhibited a significant 30% reduction in prematurely weaned guinea pigs compared 

to control animals (P < 0.05) (Table 5). 
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Table 4. Plasma lipids, hepatic cholesterol content and HMG-CA reductase 
specific activity of control and prematurely weaned guinea pigs fed the 
basal diet.1 

Control Preweaned 

Plasma Cholesterol (mg/dl) 34 + 9 (20) 49 + 13- (19) 

Plasma Triglyceride (mg/dl) 66 + 32 (20) 75 + 18 (19) 

Hepatic Cholesterol (mg/g) 
Total 1.5 + 0.3 (15) 1.3 + 0.2 (13) 
Free 1.3 + 0.4 (15) 1.1 + 0.3 (13) 
Ester 0.2 + 0.1 (15) 0.2 + 0.1 (13) 

HMG-CoA Reductase 
(Pmol/mg-min) 22+ 5 (15) 39 + 13" (13) 

lData presented as mean + SD, with number of animals in parenthesis. 

Significantly different from control at P < 0.01 (*) or P < 0.05 (**). 
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Table 5. Hepatic LDL receptor mediated LDL binding of membranes from 
control and prematurely weaned guinea pigs fed the basal diet. 

Control (n = to) 

Preweaned (n = 9) 

Receptor Mediated LDL Binding 
(ng/mg) 

296 + 85 

206 + 78· 

IData presented as mean ± SD, for the number of animals shown in parentheses . 

• p < 0.05 versus control. 
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Saturation curves for receptor mediated binding of LDL to hepatic membranes 

from control and prematurely weaned animals are presented in Figure 2. Binding 

studies exhibited typical saturation curves with the saturation point at 20 J.Lg LDL 

protein/ml. Woolf plot analysis of LDL binding demonstrated that LDL-receptor 

number (BmaJ was significantly decreased (50%) in prematurely weaned guinea pigs 

(405±220 ng/mg) compared to controls (920±148 ng/mg) (P < 0.01). Affinity 

constants of the apoB/E receptor for LDL were not significantly different for the 

two types of membrane preparations (18+2J.£g/ml; n = 5 vs. 15+8J.Lglml; n = 5) 

(Table 6). 

Alteration of lipid metabolism in prematurely weaned animals was 

independent of gender (Table 7). Plasma cholesterol levels and the incorporation 

rate of 14C-HMG-CoA into mevalonate were signifcantly higher in prematurely 

weaned animals (males and females) compared to their control counter parts (P < 

0.05). Similarly, there was no sex-related differences in hepatic cholesterol levels 

between the two groups. Based on these results, it is justifiable to combine the data 

for male and female controls and prematurely weaned guinea pigs. 

Effect of Age on Plasma Cholesterol Level. 
HMG-CoA Reductase and LDL Binding 

Studies were carried out to determine whether the effects of premature 

weaning are detectable earlier than 3 months of age and persist beyond this time. 

Control and prematurely weaned animals fed the basal diet were studied at 1.5 and 
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Figure 2. Saturation curves for hepatic membrane receptor-mediated LDL binding of 
control and prematurely weaned guinea pigs at 37°C. A Woolf plot of the 
specific binding is shown in the inset. 
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Table 6. LDL receptor binding properties of hepatic membranes from control 
and prematurely weaned guinea pigs fed the basal diet. 1 

K.t 
Intervention (n) (~g/ml) 

Control (5) 18 + 2 

Prematurely weaned (5) 15 + 8 

Bmu 
(ng/mg) 

920 + 148 

405 + 220· 

1, Data presented as mean + SD, with the number of animals in parentheses. 

• Significantly different for control at P < 0.01. 
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Table 7. Plasma cholesterol, HMG-CoA reductase, LDL binding, and hepatic 
cholesterol in adult control and prematurely weaned males and females. 

MALES FEMALES 

Control Preweaned Control Preweaned 

Plasma Cholesterol 31+7 45+9- 38+10 54+15-
(mg/dl) (11) (11) (9) (8) 

Hepatic Cholesterol 1.4+0.4 1.4+0.2 1.5+0.3 1.2+0.2 
(mg/g) (7) (6) (8) (7) 

LDL Binding 299+65 170+45- 293+87 223+86 
(ng/mg) (7) (4) (7) (5) 

HMG-CoA Reductase 19+3 38+15- 25+4 40+11* 
(Pmol/min-mg) (7) (6) (8) (7) 

1 Data presented as mean + SD, for the number of animals shown in parentheses. 

- Significantly different compared to control at P < 0.05. 
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6 months of age. Control animals weighed more than prematurely weaned at 1.5 

months, but this was not the case at 6 months (data not shown). Total plasma 

cholesterol levels were significantly higher in prematurely weaned vs. control guinea 

pigs at both 3 and 6 months (P < 0.05); however, no difference was seen at 1.5 

months of age (Table 8). Within each of the two groups (control and prematurely 

weaned) age had no effect on plasma cholesterol levels. For both 3 and 6 month 

old animals, LDL binding was significantly decreased in prematurely weaned guinea 

pigs compared to controls (P < 0.05); however, at 1.5 months old, LDL-binding was 

not significantly different. 

HMG-CoA reductase activity was significantly higher in prematurely 

weaned animals at all ages examined compared to controls (P < 0.05). However, 

maximum activity of HMG-CoA reductase was obtained at 3 months of age in both 

control and prematurely weaned animals. It seems more likely that at 1.5-months 

of age, the animals, regardless of premature weaning, derive their cholesterol from 

exogenous sources via LDL-receptor mediated degradation. However, when the 

animals are fully mature (3 months of age), HMG-CoA reductase activity increases 

and LDL receptor-mediated degradation decreases. 

Effect of Premature Weaning on Plasma Lipoprotein 
Cholesterol and Composition 

To determine the effect of premature weaning on plasma and lipoprotein 

lipid concentrations, animals (control and prematurely weaned) were fed a basal 
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Table 8. Metabolic characteristics of control and prematurely weaned guinea pigs 
fed the basal diet at 1.5, 3 and 6 months of age.l 

Plasma HMG-CoA 
Cholesterol Reductase LDL Binding 

Age mg/dl) (Pmol/min-mg) (ng/ml) 

(mo) Control Preweaned Control Preweaned Control Preweaned 

1.5 33+7 36+7 15+5 22+8* 368+96 243+54 
(10) (11) (10) (11) (10) (11) 

3.0 34+9 49+13* 22+5 39+14* 296+74 200+76* 
(20) (19) (15) (13) (10) (9) 

6.0 29+4 46+4* 14+4 20+4* 306+73 193+80* 
(6) (6) (4) (6) (6) (6) 

lData presented as mean + SD for the number of animals in parentheses. 

* Significantly different compared to control at P < 0.05. 
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diet for three months (Table 9). Data indicated that the significant increase in 

plasma cholesterol levels in prematurely weaned animals was due to a significant 

increase in LDL cholesterol (19±6 mgldl) compared to controls (23 + 6 mg/dl) (P 

< 0.05). Plasma VLDL and HDL cholesterol levels were not significantly different 

between the two groups. 

Figure 3 presents the plasma lipoprotein density profiles for control and 

prematurely weaned guinea pigs. The plasma LDLs exhibited different peak 

densities, 1.076 and 1.066 glml for control and prematurely weaned animals, 

respectively, indicating that premature weaning resulted in an increase peak density 

of the LDL particle. 

Effect of premature weaning on plasma lipoprotein composition was also 

investigated (Table 10). Lipid and protein compositions of VLDL and HDL were 

virtually identical in the two guinea pig groups except for VLDL-cholesteryl ester 

which was significantly higher in prematurely weaned as related to control animals 

(P < 0.05). LDL esterified cholesterol content was significantly higher (23%) and, 

LDL-free cholesterol was significantly lower (36%) in prematurely weaned 

compared to control animals (P < 0.05). These data indicate that premature 

weaning exerts a significant change in LDL composition, explaining the shift in 

observed mean density of LDL. 
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Table 9. . Plasma lipids and lipoproteins of control or prematurely weaned guinea 
pigs.l 

Weaned 

Plasma Lipids Control (12) Preweaned (10) 

mg/100 ml 

Total Cholesterol 34 + 5 48 + 5-

Total Triglycerides 85 + 30 83 + 35 

Lipoprotein Cholesterol 
VLDL 4 + 1 5+ 2 
LDL 19 + 6 32 + 6-
HDL 10 + 3 10 + 2 

lDate are presented as means + SD for the number of animals in parenthese. 

- Significantly different compared to control at P < 0.05. 
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Figure 3. Density gradient fractionation of plasma lipoproteins of control and 
prematurely weaned guinea pigs. 
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Table 10. Percent composition of plasma lipoproteins of control and prematurely 
weaned guinea pigs.l 

Treatment 

Control (10) Preweaned (9) 

% 

VLDL 
Cholesteryl Ester 3 + 1 7 + 2-
Free Cholesterol 9+2 11 + 1 
Triacylglycerol 71 + 4 65 + 4 
Protein 12 + 2 12 + 3 
Phospholipid 6+3 5 + 1 

LDL 
Cholesteryl Ester 30 + 3 37 + 6-
Free Cholesterol 11 + 4 7 + 5-
Triacylglycerol 10 + 3 10 + 3 
Protein 30 + 2 28 + 8 
Phospholipid 19 + 3 19 + 5 

HDL 
Cholesteryl Ester 14 + 4 12 + 1 
Free Cholesterol 5 + 1 4 + 1 
Triacylglycerol 15 + 2 12 + 1 
Protein 41 + 3 47 + 3 
Phospholipid 25 + 6 24 + 5 

lData given as mean + SD for the number of animals in parentheses. 

·Significantly different at P < 0.05 from contJ,"ol. 



107 

Changes in LDL composition induced by premature weaning were 

reflected in the molecular weight and core (cholesteryl ester and triglyceride) to 

surface (free-cholesterol protein and phospholipid) ratio of the LDL molecule 

(Table 11). Although the LDL of control animals tended to be smaller than that 

of prematurely weaned animals, no significant differences in LDL molecular weights 

were detected (Table 11). Decreased LDL density in prematurely weaned animals 

was accompanied by an increase in percent of cholesteryl ester, however, did not 

contribute to a significant change in the MW. Moreover, premature weaning, 

besides inducing higher LDL density, induced a significant increase in LDL core to 

surface ratio (P < 0.05) 

Cholesterol Ester Transfer Protein Activity Studies 

The significant increase in LDL cholesteryl ester levels in prematurely 

weaned animals could be attributed to an increase in the transfer of cholesteryl 

ester from HDL to LDL particles. This hypothesis is supported by the fact the 

LDL-receptor number in prematurely weaned animals is about 50% that of control. 

Thus, in prematurely weaned animals less LDL is taken up by the liver causing an 

increase in LDL circulation time, and/or the increase in LDL cholesteryl ester in 

prematurely weaned animals could be the result of an increase in plasma CETP 

activity. 

Cholesteryl esters are located almost exclusively in the core of native 

lipoproteins and do not readily exchange between lipoproteins in the absence of 



Table 11. LDL compositional and size parameters. 

LDL Source (n) 

Normal (10) 

Prematurely 
weaned (9) 

Peak Density 
(g/mlr 

1.076 

1.066 

Core/Surface 
Ratio 

'0.66 + 0.12 

0.96 + 0.32 

P < 0.05 

Values are presented as mean + SD for (n) determinations. 

• Plasma used were pooled from 4 animals in each group. 

Calculated 
M.W. x 106 

108 

1.5Oxl06 + .033 

1.53x106 + .012 

NS 
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CETP (Barter and Lally, 1978). Labeled 3H cholesteryl ester was used to determine 

the relative rate of cholesteryl ester transfer to LDL. LPDS from 4 or 5 animals 

was pooled, concentrated, and used as a source of concentrated CETP. Before 

determining the CETP activity in both groups, the conditions for this experiment 

were established by testing the optimal time for incubation as shown in Figure 4. 

Also, the optimal amounts of LDL and LPDS for CETP transfer were determined. 

CETP activity was determined in d > 1.21 glml fractions of plasma from humans, 

prematurely weaned and control guinea pigs (Table 12). Plasma CETP activity in 

control guinea pigs exhibited one-third the activity as compared to human plasma 

CETP. However, when animals were prematurely weaned, a 2-fold increase in 

CETP activity was seen when compared to control animals (P < 0.05». 

Effect of Premature Weaning 
on Metabolic Regulation 

Findings in these studies indicate that premature weaning of guinea pigs 

causes dramatic changes in plasma cholesterol and lipoprotein metabolism. 

Previous research reports have demonstrated that adding cholestyramine or 

cholesterol to the diet results in changes in plasma cholesterol levels in humans as 

well as in animals. However, the specific effects of premature weaning on plasma 

cholesterol levels, with the addition of cholesterol or cholestyramine to the basal 

diet, have not been investigated. To investigate the effect of premature weaning on 

plasma cholesterol levels when dietary intervention begins at an adult age (animals 
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Table 12. Rates of cholesteryl ester transfer mediated by plasma CETP from 
humans and from control and prematurely weaned guinea pigs. 

Source 

Human (3 pools) 

Control (3 pools)& 

Preweaned (3 pools)& 

Cholesteryl ester transferred 
(",glmg protein of LPDS) 

2.5 + 0.6· 

1.2 + 0.2 

2.3 + 0.2· 

a Pool from 4 animals. Data presented as mean + SD. 

• Significantly different compared to control at P < 0.05 
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were 2 ~onths old) were carried out. Six groups were included in the research 

design, based on different diets and type of weaning. They were: (1) prematurely 

weaned or normally weaned (control) animals fed a basal diet; (2) prematurely 

weaned or control animals fed the basal diet plus 0.25% cholesterol; and (3) 

prematurely weaned or control animals fed the basal diet plus 1.1% cholestyramine. 

This study investigates the differences in the homeostatic responses of cholesterol 

metabolism of control and prematurely weaned guinea pigs fed these diets. Control 

guinea pigs were weaned at 14 days versus 2 days for the prematurely weaned 

animals. 

Effects of Cholesterol Addition to Basal Diet 
on Cholesterol Metabolism 

Cholesterol feeding of control and prematurely weaned guinea pigs exerted 

no significant changes in average body weights or relative liver weights (Table 13). 

However, the ratios of liver to body weight were slightly higher in both control and 

prematurely weaned animals fed cholesterol-enriched basal diets compared to a 

basal diet, although this difference was not significant. 

Also, several findings became evident when comparisons were made 

between control and prematurely weaned guinea pigs fed a basal diet versus those 

fed 0.25% cholesterol added to the basal diet. First, adding 0.25% cholesterol to 

the basal diet resulted in significant increases in plasma cholesterol levels in controls 

(P < 0.05); however, this was not the case in animals which had been prematurely 
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Table 13. Body weights, weight gain and relative liver weights of control and 
prematurely weaned guinea pigs fed the basal diet plus 0.25% 
cholesterol.1 

Control Preweaned 

Male Female Male Female 
(7) (6) (5) (7) 

Initial Wt. (g) 509 + 60 456 + 52 414 + 71 436 + 82 

Final Wt. (g) 602 + 87 517 + 52 550 + 63 542 + 87 

Wt. Gain (g/day) 3.2 ± 1.2 2.7 + 0.6 3.9 + 1.3 3.9 + 1.0 

Relative Liver Wt.2 3.9 + 0.5 4.0 + 0.7 4.2 + 0.3 4.4 + 0.3 
(g/100g) 

IData presented as mean + SD, for the number of animals shown in parentheses. 

~elative liver weight g/lOOg of body weight. 
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Table 14. Plasma lipids, hepatic cholesterol content, HMG-CoA reductase specific 
activity, and LDL binding of control and prematurely weaned guinea pigs 
fed the basal diet or basal diet plus 0.25% cholesterol.l 

Control Preweaned 

Basal diet Basal diet + Basal diet Basal diet + 
alone cholesterol cholesterol 

Plasma Cholesterol 34+9(20) 69+25-(13) 49±13(19) 54±15(12) 
(mg/dl) 

Plasma Triglyceride 66+32(20) 40+ 15(13) 75+ 180(19) 67+ 12(12) 
(mgldl) 

Hepatic Cholesterol (n=15) (n=13) (n=13) (n=12) 
(mglg) 

4.2+ 1.5: Total 1.5+0.3 1.3±0.2 3.3+ 1.1-
Free 1.3+ 0.4 3.3± 1.0_ 1.1+ 0.3 2.6+ 0.8-
Ester 0.2+ 0.1 0.9+ 0.5 0.2+ 0.1 0.7+ 0.4-

HMG-CoA 22+ 5(15) 2.9+ 0.6-(13) 39+ 14(15) 2.0+ 0.9-(12) 
Reductase 
(Pmollmg-min) 

Hepatic LDL 296+ 85(10) 71+ 53-(9) 206+ 78(9) 66+ 58-(9) 
Receptor (nglmg) 

lData presented as mean + SD, for the number of animals shown in parentheses. 

-P < 0.05 compared to basal diet alone. 
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weaned (Table 14). Secondly, hepatic total, free, and esterified cholesterol levels 

increased 2.5- and 2.4-fold, respectively, for both control and prematurely weaned 

animals when compared to those fed the basal diet alone (P < 0.05) (Table 14). 
, 

The addition of cholesterol to the basal diet significantly lowered both 

hepatic HMG-CoA reductase activity and receptor-mediated binding of LDL to 

hepatic membranes (Table 14). In prematurely weaned guinea pigs, hepatic 

cholesterol levels, hepatic HMG-CoA reductase activity, and hepatic LDL receptor 

responses to the 0.25% cholesterol diet differed, but not significantly, from those 

observed in guinea pigs fed the basal diet. However, differences in plasma 

cholesterol level were clearly shown between the basal and basal plus 0.25% 

cholesterol diets in the control group (51% increase); the prematurely weaned 

animals showed only a 9% increase (Fig. 5). These results demonstrate that pre-

mature weaning alters metabolic responses to dietary cholesterol at this intake level. 

Effects of Adding Cholestyramine to the Basal 
Diet on Cholesterol Metabolism 

The addition of cholestyramine to the diet did not result in any changes in 

average body weights or relative liver weights in either control or prematurely 

weaned animals when compared to animals fed the basal diet (Table 15). 

Cholestyramine intake was found to cause a significant reduction in plasma 

cholesterol levels compared to the basal diet (P < 0.05). The plasma cholesterol 

level was significantly reduced in the control group fed cholestyramine compared 

to that of prematurely weaned animals. Hepatic concentrations of free and esterified 
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Table 15. Body weights, weight gain and relative liver weights of control and 
prematurely weaned guinea pigs fed the basal diet plus 1.1% 
cholestyramine.1 

Control Preweaned 

Male Female Male Female 
(7) (6) (5) (7) 

Initial Wt. (g) 478 + 58 446 + 53 463 + 52 440 + 51 

Final Wt. (g) 614 + 26 567 + 55 638 + 56 605 + 51 

Wt. Gain (g/day) 5.7 + 0.9 4.7 + 0.8 5.7 + 0.4 5.7 ± 0.5 

Relative Liver Wt.2 3.3 + 0.2 3.6 + 0.2 3.4 + 0.4 3.4 + 0.2 
(g/100g) 

IData presented as mean + SD, for the number of animals shown in parentheses. 

2&elative liver weight (g/lOOg of body weight. 
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cholesterol did not differ in the normally weaned compared to the values of 

prematurely weaned animals fed the basal diet plus cholestyramine (Table 16). 

Both hepatic HMG-CoA reductase activity and receptor-mediated LDL binding 

were increased significantly in control and prematurely weaned guinea pigs fed 

cholestyramine relative to values for animals on the basal diet alone (P < 0.05). 

Prematurely weaned guinea pigs tended to show hepatic receptor LDL binding and 

total hepatic cholesterol levels similar to that of controls; nevertheless, plasma 

cholesterol levels were significantly higher in prematurely weaned guinea pigs 

compared to control animals (P < 0.05). Control guinea pigs fed cholestyramine 

showed a 38% reduction in plasma cholesterol and a 75% increase in HMG-CoA 

reductase activity compared to the control guinea pigs fed the basal diet. On the 

other hand, prematurely weaned animals fed a cholestyramine diet had a 12% 

reduction in plasma cholesterol levels and only a 31% increase in HMG-CoA 

reductase activity compared to prematurely weaned animals fed the basal diet. As 

noted in the dietary cholesterol challenge studies, the response to 1.1% 

cholestyramine was different for control and prematurely weaned animals, indicating 

that premature weaning alters the metabolic response to cholestyramine intake. 
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Table 16. Plasma lipids, hepatic cholesterol content, HMG-CoA reductase specific 
activity, and LDL binding of control and prematurely weaned guinea pigs 
fed the basal diet or basal diet plus 1.1% cholestyramine! 

Control Preweaned 

Basal diet Basal diet + Basal diet Basal diet + 
alone cholestyramine cholestyramine 

Plasma cholesterol 34+9(20) 21±U-(13) 49+13(19) 43+6(14) 
(mg/dl) 

Plasma Triglyceride 66+32(20) 69+18(13) 75± 180(19) 74+25(14) 
(mg/dl) 

Hepatic Cholesterol (n=15) (n=13) (n=13) (n=12) 
(mg/g) 

Total 1.5+0.3 1.7+ 0.2 1.3±0.2 1.3±0.2 
Free 1.3+ 0.4 1.4+ 0;3 1.1± 0.3 1.2+ 0.2 
Ester 0.2+ 0.1 0.3+ 0.1 0.2+ 0.1 0.1+ 0.1 

HMG-CoA 22+ 5(15) 88+13-(13) 39+ 14(15) 57±13 (12) 
Reductase 
(mol/mg-min) 

Hepatic LDL 296+ 85(10) 852+ 97-(10) 206+ 78(9) 780+ 74-(9) 
Receptor (ng/mg) 

Data presented as mean + SD, with number of animals in parenthesis. 

-P < 0.05 compared to basal diet alone. 
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CHAPTER V 

DISCUSSION 

Numerous epidemiologic studies have established the existence of a 

relationship between LDL cholesterol elevations and atherosclerosis (Castelli et al., 

1977; Wilson et aI., 1980). Over the years, many interventions have attempted to 

reduce LDL cholesterol levels and, therefore, haIt the processes leading to 

atherosclerosis. These interventions have included drug therapies such as 

cholestyramine and mevinolin, as well as dietary and life-style changes such as 

reduced intake of cholesterol and fat and increased exercise. However, all 

interventions have certain limitations. For instance, the drugs may result in 

undesired side effects, the low-fat foods may not be as appealing to the eater, and 

the exercise required to make significant cholesterol-reducing inroads is time

consuming and requires commitment and will power. Certainly, not all individuals 

are prepared to make serious attempts at reducing their cholesterol levels - even 

when faced with the prospect of atherosclerosis. 

With all these limitations of later intervention to be considered, and in 

view of the evidence which suggests that atherosclerotic process begins in youth, it 

is of interest to determine whether interventions initiated early in life can prevent 

the development of atherosclerotic lesions. Along these lines, recent studies, carried 

out in animal neonates, have focused on the effects of early nutrition on the 
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development of cholesterol and lipoprotein metabolism and effects on adult levels 

of plasma lipoproteins. 

The theoretical basis for the concept of neonatal imprinting of metabolic 

memory is that interventions altering the normal establishment of metabolic patterns 

during the neonatal period result in the imprinting of a modified pattern that 

persists into adulthood. Numerous studies have provided evidence that the adult 

pattern of cholesterol and lipoprotein metabolism, and the homeostatic responses 

to perturbations of cholesterol and lipoprotein metabolism, are modified by pre

and postnatal interventions (Coates, 1983; Li, 1980, Mott, 1990; Han and Brown et 

aI., 1990). While there exists evidence that neonatal imprinting of metabolic 

memory modifies adult cholesterol and lipoprotein metabolism, the mechanisms 

involved have not yet been defined. 

The available data demonstrate that the critical time periods of 

intervention are during the prenatal and early postnatal stages of development 

(Innis, 1985; Coates et aI., 1983). One variable affecting the pattern of adult 

cholesterol homeostasis is the diet of the dam during gestation and lactation, both 

of which influence the extent and degree of neonatal imprinting. The available 

evidence indicates that dietary cholesterol intake in the neonate does not play a 

significant role in the imprinting process (Kris-Etherton et aI., 1979), whereas the 

composition of maternal milk prior to weaning and premature weaning does affect 

the pattern and regulation of adult cholesterol metabolism (Innis and Hahn, 1982). 



122 

Weaning is an important period in the life of all mammals, including 

humans. During this time, the external and internal environments exhibit substantial 

changes that are in concert under normal conditions. Premature weaning interferes 

with the development of various functions such as changes in enzyme activity 

(Subbiah, 1985) and levels of hormones (Koldovesky, 1985). 

The present study was carried out to determine the effects of premature 

weaning of guinea pigs at 2 days of age on the regulation of cholesterol and LDL 

metabolisms in adulthood (3 months of age). The guinea pig was chosen as the 

animal model because of a number of cholesterol and lipoprotein metabolic 

similarities to humans. The guinea pig carries the majority of its plasma cholesterol 

in the form of LDL, unique from other rodents which are predominantly HDL 

animals. Previous studies have shown that sterol metabolism in adult guinea pigs 

can be modulated by neonatal imprinting (Subbiah, 1985; Lie et al., 1980). 

Moreover, various parameters of guinea pig cholesterol and lipoprotein metabolism 

including hepatic LDL and HDL receptors have been characterized (Fernandez et 

al., 1990; Fernandez and McNamara, 1989). Finally, the guinea pig, like humans, 

has an active plasma CETP which catalyze the cholesteryl ester transfer between 

lipoproteins (Ha and Barter, 1982). 
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Effect of Premature Weaning on Adult Cholesterol Metabolism 

The results of the present study demonstrate that premature weaning 

significantly influences a number of parameters of cholesterol and lipoprotein 

metabolism in the adult guinea pig. Prematurely weaned guinea pigs fed a non

purified basal diet had higher plasma cholesterol levels (44%), higher hepatic 

HMG-CoA reductase activities (77%), lower expression of the hepatic apoB/E 

receptor (-56%), and a higher CETP activity (112%) than control animals weaned 

at 14 days of age (Fig. 6). These data are inconsistent with previous findings in 

baboons demonstrating that premature weaning (formula feeding) significantly affect 

adult sterol and lipoprotein metabolism (Mott, 1990). Similarly, Hahn and Kirby 

(1973) demonstrated that prematurely weaned rats exhibited elevated serum 

cholesterol concentrations as adults. 

In this study, the significant increase (44%) in plasma cholesterol levels 

of prematurely weaned animals could be the result of one or a combination of more 

than one factor. The increase in plasma cholesterol levels could be due to (a) a 

significant reduction of receptor-mediated catabolism of plasma LDL resulting from 

the 56% reduction in apoB/E receptor expression, a major determinate of plasma 

LDL cholesterol levels (Goldstein et al., 1988). This reduction in hepatic LDL 

receptor number would result in an increase in HMG-CoA reductase activity in 

prematurely weaned animals, presumably due to a reduction in the influx of LDL 

cholesterol into the liver. Another explanation of the observed increase in plasma 
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cholesterol levels in prematurely weaned guinea pigs could be due to (b) 

preweaning mediated decrease in hepatic cholesterol 7a-hydroxylase, the rate 

limiting enzyme in cholesterol catabolism. A reduction in cholesterol 7a-hydroxylase 

would result in a decreased conversion of hepatic cholesterol to bile acids, thus 

contributing to a higher plasma cholesterol level. Although cholesterol 7a

hydroxylase activity was not determined, Subbiah et al. (1985) demonstrated that 

prematurely weaned guinea pigs exhibited a suppression in cholesterol 7a

hydroxylase activity. Finally, the increase in plasma cholesterol levels of prematurely 

weaned animals could be due to (c) a 1.6-fold increase in HMG-CoA reductase 

activity leading to a higher cholesterol synthesis, which contributes to a higher LDL 

production rate as observed in formula fed baboons (Mott et aI., 1990). 

To determine whether the effect. of premature weaning on plasma 

cholesterol levels start early in life and persist later in adulthood, plasma cholesterol 

levels, LDL binding, and HMG-CoA reductase were determined at 1.5 and 6 

months of age. At six months of age, prematurely weaned animals exhibited 

significantly higher plasma cholesterol levels, HMG-CoA reductase and significant 

lower LDL binding capacity, when compared to normally weaned animals. At 1.5 

months of age plasma cholesterol levels tended to be higher in the prematurely 

weaned animals, this increase was not significant. However, HMG-CoA reductase 

activity was significantly increased (47%) in the premature weaned animals; this 

finding indicates that the effect of premature weaning on HMG-CoA reductase 
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activity can start as early as 1.5 months of age and persist later in life. However, 

premature weaning mediated induction of plasma cholesterol starts after 1.5 months 

of age. In support of this observation, Subbiah et a!., (1985) reported similar 

plasma cholesterol levels at 1.5 months of age in both normally and prematurely 

weaned guinea pigs; however, their study was not carried out beyond 1.5 months. 

At time points tested, 3 and 6 months, premature weaning significantly 

decreased LDL binding to hepatic membranes (P<O.05). Although there were no 

significant age effects within groups, the young animals (1.5 months) had higher 

levels of LDL binding compared to older animals, (3 or 6 months) indicating a 

higher number of apoB/E receptors. This hypothesis is supported by the 

observation that young dogs exhibited higher numbers of LDL receptors compared 

to adult dogs (Mahley et a!., 1981). 

At the present time, the effect of premature weaning on LDL production 

rates has not been determined. Moreover, it is unclear why plasma cholesterol 

levels are not increased in prematurely weaned guinea pigs at 1.5 months of age 

even though hepatic HMG-CoA reductase activity is increased. 

Effect of Premature Weaning on LDL Binding 

LDL is taken up either via regulated specific high-affinity cell membrane 

receptors or by unregulated receptor-independent processes. The observed 

significant decrease in LDL binding by hepatic membranes from preweaned animals 

could be due either to a) a decrease in the number (BmaJ of apoB/E receptors, or 
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b) a decrease in receptor affinity (l<.J) for the LDL particle. Kinetic analysis of 

LDL binding to hepatic membranes demonstrated that there were no significant 

differences in l<.J values for the two types of membrane preparations, whereas Bmax 

was 50% lower for membranes from prematurely weaned guinea pigs, indicating 

that the number of hepatic membrane apoB/E receptors was significantly decreased. 

The significant reduction of LDL receptor number in the prematurely weaned 

animals could be due to a reduction in LDL receptor synthesis due to a decrease 

in the amount of receptor mRNA in response to an increased availability of 

cholesterol (Russell et aI., 1987). On the other hand, the reduction in LDL receptor 

number could be the result of an increased receptor degradation. At the present 

time, the site at which premature weaning affects LDL receptor number is 

unknown. 

Effect of Premature Weaning on Lipoprotein Composition 

In human plasma, the net transport of cholesterol from cells, cholesterol 

esterification by the LCAT reaction, and the ability to transfer preformed 

cholesteryl esters to acceptor lipoproteins have been reported to influence the 

composition of plasma lipoproteins (Fielding et aI., 1983). Compositional 

heterogeneity of LDL could also affect the size of LDL, a predicator of the extent 

of coronary artery atherosclerosis (Camejo et aI., 1990). LDL that are less dense, 

enriched in cholesteryl ester, and have liquid crystalline cores bind to arterial 

proteoglycans with higher affinity than normal LDL (Camejo et at, 1976). This 
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difference created the need to study the effect of premature weaning on lipoprotein 

composition and size. 

Prematurely weaned animals had an increased percentage of cholesteryl 

ester in LDL (23%) resulting in a less dense particle compared to controls. LDL 

density has been shown to be affected by many factors, such as a high cholesterol 

diet (Ostwald and Fitch, 1983), habitual exercise (Lermon-Fava, 1989), and adding 

pectin to the diet (Fernandez et aI., 1990). Animals fed diets containing 

polyunsaturated fatty acids have an increased LDL mean peak density when 

compared to animals fed diets containing saturated fat (Fernandez and McNamara, 

1989). 

In the current report, the increase in cholesteryI ester content in LDL 

isolated from prematurely weaned animals could be due to either a direct or an 

indirect effect of premature weaning on LCAT activity, the enzyme responsible for 

the esterification of free cholesterol, or an increased CETP activity. The fact that 

LDL receptor numbers in prematurely weaned animals were significantly lower than 

controls suggests that LDL particles circulate for a longer time in plasma before 

being taken up by the liver. Thus, LDL isolated from prematurely weaned animals 

are more available to the CETP to facilitate the transfer of cholesteryl ester to 

LDL. 

Premature weaning also affected VLDL and HDL compositions. 

Cholesteryl ester in VLDL was increased (2.3-fold) compared to that in the 
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normally weaned at the same time the cholesteryl esters in HDL were reduced in 

the prematurely weaned animals (-14%). The significant increase of cholesteryl 

ester in LDL and VLDL particles and the reduction of cholesteryl ester in HDL 

could be related to an increase of CETP activity, which has been shown to catalyze 

the transfer of cholesteryl ester from HDL to apoB containing lipoproteins. 

Effect of Premature Weaning on CETP Activity 

CETP is a plasma protein synthesized in the liver which catalyzes the 

transfer of cholesteryl ester from HDL to apoB containing lipoproteins (DeParscan 

and Fielding, 1984). CETP activity is controlled by CETP mass (Morton and 

Zilversmit, 1983), plasma cholesterol levels (TaU et aI., 1979), and by LCAT activity 

(Glomset et aI., 1970). Increased CETP activity has been shown to be positively 

correlated to high plasma cholesterol levels (TaU et aI., 1979). Transfer activities 

have been reported to be increased in hypercholesterolemia, whether induced by 

a cholesterol diet, a cholesterol-free atherogenic diet, or a genetic defect such as in 

Watanabe heritable hyperlipidemic rabbits (Son and Zilversmit, 1986). From these 

observations one can conclude that the elevated plasma cholesterol levels found in 

prematurely weaned guinea pigs could be associated with an increased CETP 

activity. 

The exact effects of premature weaning on CETP are not clear. However, 

in the current study, prematurely weaned animals exhibited a 2-fold increase in 

CETP activity as measured by the amount of [3H] cholesteryl ester transferred from 
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HDL to LDL. The increased CETP activity in prematurely weaned animals could 

be attributed to either an increased plasma CETP mass, as obseIVed in rabbits 

(Quinet et aI., 1990), or to an increased CETP activity secondary to high plasma 

cholesterol levels. 

The activity of CETP in the current study does not measure the in vivo 

rate of cholesteryl ester transferred from HDL to LDL for two reasons. The first 

is due to the bidirectional exchange of cholesteryl ester between LDL and HDL 

which was not investigated in this report. This bidirectional exchange is a common 

phenomenal whereby CETP carries cholesteryl ester from HDL to LDL as well as 

from LDL back to HDL. The second reason is the use of [3H] labeled HDL from 

control animals which does not necessarily represent the composition of HDL 

isolated from prematurely weaned animals. On the other hand, LDL from both 

normally and prematurely weaned guinea pigs which differ in composition were used 

as cholesteryl ester acceptors; thus, introducing another variable. These limitations 

associated with the determination of the rate of exchange of cholesteryl ester from 

HDL to LDL should be controlled in future studies. 

In summary, premature weaning exerts many effects on plasma cholesterol 

levels. In this study, more than one hypothesis could explain the effect of 

premature weaning on cholesterol and lipoprotein metabolism. The first hypothesis 

would be a reduction in the number of hepatic apoB/E receptors leading to: (a) a 

decrease of cholesterol influx into the liver, which causes an increase in hepatic 
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HMG-CoA reductase activity, (b) an increase in the level of plasma LDL-

cholesterol levels which is associated with an increase in the CETP activity, and ( c) 

a reduction of LDL-receptor number results in a decreased LDL-receptor-mediated 

uptake. Therefore, LDL circulates for a longer time in plasma and is more 

available for CETP to catalyze the cholesteryl ester transfer from HDL to LDL, 

thus, increasing LDL cholesteryl ester content. 

The second hypothesis of the effect of premature weaning on cholesterol 

and lipoproteins would be a direct effect on increasing circulating plasma LDL 

cholesterol levels leading to: a) a decrease of LDL receptor numbers and thus influx 

of cholesterol into the liver and an induction in hepatic HMG-CoA reductase 

activity, and b) an induction in CETP activity .and/or mass. It is also reasonable to 

consider that premature weaning suppresses cholesterol 7a-hydroxylase actiVity, 

leading to a decreased conversion of cholesterol into bile acids and increased 

plasma cholesterol levels as has been reported in guinea pigs (Subbiah et a1., 1985). 

Effects of Cholesterol Addition on 
Cholesterol Metabolism 

As expected, addition of 0.25% cholesterol to the basal diet resulted in a 

significant increase in plasma cholesterol levels (2-fold) in adult control animals at 

3 months of age. However, in prematurely weaned animals, addition of dietary 

cholesterol (0.25%) did not cause the same extent of increase in plasma cholesterol 

levels as obtained for controls on the same diet. These findings are inconsistent 
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with the report of Li et al. (1980) which indicated that early weaning of guinea pigs 

did not decrease the animals' plasma cholesterol levels when challenged with 

cholesterol diets as adults. Both LDL-receptor-mediated binding to hepatic 

membranes and HMG-CoA reductase activity were significantly reduced in 

prematurely and normally weaned guinea pigs in response to diets containing 

cholesterol. The same results were obtained in dogs when challenged with dietary 

cholesterol (Kovanen et aI., 1981). Additional of cholesterol to the diet will increase 

the production of f3-VLDL causing a saturation and suppression of the hepatic 

receptor. This suggests that this coinbination of receptor saturation and suppression 

provides a mechanistic explanation for the increase of the plasma cholesterol levels 

when animals are fed a diet with cholesterol (Kushwaha and Hazzard, 1978). 

Prematurely weaned animals responded differently to dietary cholesterol. 

The increase in plasma cholesterol was not as high as in controls, probably due to 

the effect of premature weaning on cholesterol metabolism. This difference in 

plasma cholesterol levels in the face of similarly reduced receptor numbers may be 

due to a distribution of cholesterol to various organs; indicating a need for further 

investigation. 

Effects of Cholestyramine Addition 
on Cholesterol Metabolism 

Cholestyramine is a widely used hypocholesterolemic agent which functions 

by binding bile acids in the gut and interrupting their enterohepatic circulation 
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(Hashim and Van Itallie, 1965). This action has been shown to produce an increase 

in the activity of cholesterol 7a-hydroxylase leading to a depletion in the hepatic 

cholesterol pool (Subbiah et aI., 1987). Moreover, administration of cholestyramine 

has been shown to cause an enhanced LDL-receptor expression (Slater et aI., 1980). 

In the current study, administration of cholestyramine to normally weaned 

animals resulted in a significant increase in LDL-receptor-mediated binding of LDL 

to hepatic membranes (2.8-fold), significant reduction in plasma cholesterol levels 

(1.6-fold), and a significant increase in HMG-CoA reductase activity (4-fold). 

However, the hypocholesterolemic actions of cholestyramine were not observed in 

prematurely weaned animals even though there was a significant increase in hepatic 

LDL-receptor mediated binding and an increase in HMG-CoA reductase activity. 

These findings indicate that premature weaning alters the regulatory steps 

responsible for cholesterol metabolism when cholestyramine was added to the diet. 

The mechanisms through which premature weaning causes these changes in 

cholesterol metabolism are yet to be determined. 

Possible Mediators 

Differences in composition between breast milk and most commercial 

furmulas or solid food offer several possibilities in mediating long-term effects on 

cholesterol metabolism. Reiser et al. (1972) hypothesized that cholesterol in dam 

milk contributed to the control of cholesterol homeostasis in the adult rats. 



134 

However, many recent reports have indicated that milk cholesterol has no long-term 

effect on variables influencing cholesterol metabolism (Innis, 1985; Mott et aI., 

1990). A second hypothesis is that the type of dietary fat in milk could have an 

effect on plasma lipoprotein levels and metabolism. This hypothesis is supported 

by the study of Carlson et al. (1982) which demonstrated that the type of dietary fat 

ingested during the preweaning period affects lipoprotein concentrations after 

weaning. A third possibility is that hormones and growth factors present in milk 

and not in solid and commercial formulas could alter the pattern of regulation of 

cholesterol and lipoprotein metabolism in adulthood (Koldovesky and Thornburg, 

1987). The current study demonstrates that premature weaning versus normal 

weaning of guinea pigs results in differences in serum lipid concentrations and in 

several measures of cholesterol metabolism in adults that are regulated mainly by 

the liver. 

Data obtained in this study demonstrate that premature weaning results 

in an elevated plasma cholesterol concentration, elevated HMG-CoA reductase 

activity and reduced hepatic LDL receptor levels, even though hepatic free and 

esterified cholesterol levels are unchanged. The increased plasma cholesterol levels 

in preweaned guinea pigs results in part from a reduced hepatic uptake of LDL due 

to decreased LDL receptor expression, a major determinant of plasma LDL 

cholesterol levels (Goldstein et aI., 1983). Th~ decreased influx of LDL-cholesterol 

as a result of a decrease in LDL-receptor number would lead to an increased 
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hepatic HMG-CoA reductase activity. The compensatory mechanisms appear to be 

sufficient to maintain hepatic cholesterol concentrations, since hepatic free and 

esterified cholesterol levels remain unchanged. It is presently unknown whether 

premature weaning alters LDL production rates and/or apoB synthesis. 
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CHAPTER VI 

SUMMARY 

This project investigated the effects of premature weaning at 2 days of age 

on cholesterol and lipoprotein metabolism in adult guinea pigs. The following 

parameters were determined: hepatic free and esterified cholesterol; plasma lipids 

and VLDL, LDL, and HDL compositions; apoB/E receptor-mediated LDL binding 

to hepatic membranes; total hepatic HMG-CoA reductase activity and plasma 

CETP activity. Moreover, the effect of premature weaning on cholesterol and 

lipoprotein metabolism were determined at 1.5, 3 and 6 months of age. The effects 

of premature weaning on the regulatory responses of cholesterol and lipoprotein 

metabolism were tested after addition of either cholesterol or cholestyramine to the 

basal diet. 

Compared to normal weaning, premature weaning resulted in a 44% 

increase in total plasma cholesterol levels, which was mainly LDL-cholesterol, a 

77% increase in hepatic HMG-CoA reductase activity, a 56% reduction of the 

hepatic LDL receptor number, and an increase of 112% in plasma CETP activity 

in prematurely weaned animals fed the basal diet compared to control guinea pigs. 

Premature weaning also caused an increase in the percentage of cholesteryl ester 

in LDL and a decrease in LDL-free cholesterol content. The ratio of core to 

surface components in LDL was higher in prematurely weaned guinea pigs 
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compared to normally weaned animals. These findings indicate that premature 

weaning is not beneficial due to its effects on plasma cholesterol and lipoprotein 

levels later in life. 

Addition of 0.25 % cholesterol to the basal diet resulted in a significant 

increase in plasma cholesterol levels (38%) in normally weaned animals compared 

to animals on the basal diet. However, addition of 0.25% cholesterol resulted in only 

a 12% increase in plasma cholesterol levels in prematurely weaned animals. This 

increase was not significant. Moreover, addition of cholestyramine to the basal diet 

of prematurely weaned animals did not decrease plasma cholesterol levels nor 

increase HMG-CoA reductase activity, compared to normally weaned animals on 

the same diet. These findings indicate that premature weaning alters the regulatory 

responses of cholesterol metabolism when animals are challenged with dietary 

cholesterol or cholestyramine later in life. 

In conclusion, regulatory responses of cholesterol and lipoprotein 

metabolism were negatively affected by premature weaning. First, a reduction in 

the number of LDL receptors contributed to the increase in plasma cholesterol 

levels, a decrease in cholesterol influx into the liver, and elevated HMG-CoA 

reductase activity. Relative to these mechanisms, Subbiah (1985) reported 

suppression of hepatic cholesterol 7-a-hydroxylase activity in 2 day old weaned 

guinea pigs. Furthermore, the decreased number of hepatic LDL as indicated by 

binding studies, resulted in a longer circulating time for LDL, allowing more 
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cholesteryl ester to be transferred to LDL via the action of high CETP activity 

leading to a less dense particle. Second, the addition of 0.25% cholesterol to the 

basal diet of adult guinea pigs resulted in a 34% rise in plasma cholesterol levels in 

the normally weaned compared to only a 12% increase in the prematurely weaned 

animals. Adding 1.1 % cholestyramine to adult diets did not decrease plasma 

cholesterol level nor increase HMG-CoA reductase activity to the same extent in 

the prematurely weaned as in the normally weaned animals. In light of this study, 

findings in the control animals support the hypothesis that cholestyramine stimul~tes 

hepatic LDL receptor activity and thereby causes a reduction in the plasma LDL 

level. However, the case was not the same when animals were prematurely weaned, 

indicating that premature weaning lessens the overall effectiveness of cholestyramine 

to reduce excessive plasma cholesterol levels. 

Results from these studies indicate that premature weaning contributes to 

changes in cholesterol and lipoprotein metabolism later in life. Future studies 

should further investigate the mechanisms involved in these metabolic changes. 

Some of the parameters that need to be investigated are the in vivo rates of LDL 

production and fraction catabolism rates. This will help to understand the 

mechanisms involved in the increase of plasma cholesterol levels that had been seen 

in prematurely weaned guinea pigs. Since hepatic LDL-receptor number was lower 

in prematurely weaned animals at 3 months of age, further studies should examine 

whether the effects of premature weaning on LDL-binding capacity would persist 
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beyond 6 months of age. Since premature weaning has been shown to alter 

cholesterol and lipoprotein metabolism in adult guinea pigs challenged with dietary 

cholesterol and cholestyramine, it would be of interest to determine whether these 

alterations are persisting when prematurely weaned guinea pigs are challenged with 

dietary fat (quality and quantity) alone and/or in combination with dietary 

cholesterol. Future studies should also be carried out to determine the effect of 

premature weaning on LDL-receptors, CETP, and HMG-CoA reductase at the 

molecular levels which may point to some of the changes involved in metabolic 

imprinting. 
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