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ABSTRACT 

Cholesterol and lipoprotein metabolic regulation by 

dietary fat and cholesterol was studied in guinea pigs fed 

15% fat (w/w) diets differing in fat saturation (saturated 

lard, monounsaturated olive oil, or polyunsaturated corn oil) 

and cholesterol amount [Basal (0.01%), Low (0.08%), Medium 

(0.17%), or High (0.33%)]. Absorbed cholesterol intakes 

provided 6, 50, 100, and 200% respectively the mass of 

endogenous cholesterol synthesis. 

Dietary fat and cholesterol interactions affected plasma 

lipoprotein cholesterol concentrations, hepatic LDL binding, 

LDL composition, and hepatic free and esterified cholesterol 

levels. Hepatic 3-hydroxy-3-methylglutaryl coenzyme A 

reductase activity was independently suppressed by olive-oil 

based diets and cholesterol intakes above Basal levels, 

reflecting the regulation of cholesterol biosynthesis by 

hepatic cholesterol levels. Cholesterol-mediated down-

regulation of hepatic LDL receptors correlated with plasma 

LDL levels, consistent with the primary role of the receptor 

in LDL uptake. In general, regulatory effects of fat type 

was more prominent with moderate cholesterol intakes, and 

diets containing lard or olive oil were hypercholesterolemia 

as compared to corn oil. Homeostatic regulatory mechanisms 

maintained plasma total and LDL cholesterol concentrations 
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within modest ranges with moderate cholesterol intakes; 

however, High cholesterol intake resulted in large increments 

in plasma total and LDL cholesterol levels. Plasma HDL 

cholesterol concentrations were interactively increased by 

dietary cholesterol and fat type, although the changes were 

modest. HDL apo A-I fractional catabolic rates were not 

altered by dietary treatment and specific hepatic HDL binding 

did not constitute a significant catabolic route. Dietary 

cholesterol affected apo A-I mRNA levels in a tissue-specific 

manner such that intestinal apo A-I mRNA levels did not 

change but hepatic levels were increased; however, apo A-I 

mRNA abundance did not correlate with plasma HDL cholesterol 

concentrations, suggesting that post-transcriptional events 

may be more important determinants of apo A-I production than 

transcript abundance. 

Significant interactions between dietary fat saturation 

and cholesterol amount were demonstrated to alter regulatory 

mechanisms which maintain plasma cholesterol homeostasis. 

Where independent dietary fat and cholesterol effects 

occurred, cholesterol amount was generally a more significant 

dietary regulator than fat type. 
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CHAPTER I 

LITERATURE REVIEW 
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CORONARY HEART DISEASE 

Coronary heart disease (CHD) is the number one cause of 

death in the United States, killing over half a million 

people and costing over $50 billion annually. The disease 

consists of a complex but defined series of progressions: 

first, an injury to the endothelial lining of the artery 

allows aggregation of macrophages (which accumulate lipid) 

and T-lymphocytes within the arterial wall to form a "fatty 

streak"; second, layers of macrophages and smooth muscle 

cells comprising intermediate fibrofatty lesions develop; and 

third, fibrous plaques consisting of a growing mass of 

connective tissue, smooth muscle cells, lipid and necrotic 

debris protrude into the lumen of the artery (Ross 1993). 

Most of the sudden cardiac ischemic deaths occur when these 

fibrous caps rupture, hemorrhage, and lead to thrombosis and 

arterial occlusion (Davies and Thomas 1984). In other cases, 

thrombosis and occlusion may occur through continued growth 

of the plaque and subsequent narrowing of the artery (Van 

Hinsbergh 1992). 

It is apparent that genetic disposition to 

cardiovascular disease is largely responsible for its 

prevalence, as fatty streaks representing the early stage of 

atherosclerosis have been detected in 50% of coronary 

arteries of children aged 10-14 (Stary 1989). However, the 
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fatty streak is also a stage at which regression is possible 

through removal of the injurious factors or protection 

against the inflammatory and fibroproliferative responses 

(Ross 1993). 

Apart from the predisposed factors to developing 

cardiovascular disease, epidemiological studies have 

identified many lifestyle factors which contribute to the 

risk of mortality from cardiovascular disease. These factors 

include, among others, smoking, hypertension, diabetes and 

high blood cholesterol levels, all of which can be modified 

(Van Hinsbergh 1992). Of the total blood cholesterol levels, 

certain cholesterol-containing fractions are atherogenic 

whereas others may actually be protective. 

GENERAL LIPOPROTEIN METABOLISM 

Cholesterol is carried in the blood in lipoproteins; 

water-soluble, spherical particles consisting of a nonpolar 

core of lipids (cholesteryl esters and triacylglycerol) and a 

polar coat of unesterified ("free") cholesterol, 

phospholipids, and apolipoproteins (apo)(reviewed by Goldberg 

and Schonfeld 1985, Hoeg and Brewer 1986, Mahley et al. 1984, 

Scanu 1991). One of the methods by which the major 

lipoprotein fractions have been traditionally classified is 

on the basis of buoyant density, which is dependent on 

composition. Through this method, six major lipoprotein 
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classes can be identified, with each class containing 

subpopulations of particles heterogeneous in size and 

composition. 

Chylomicrons 

Chylomicrons (d < 0.95 g/mL) are the largest of the 

lipoproteins and are enriched in exogenous triacylglycerol 

since it is produced by the intestine to transport dietary 

lipids. When delivered into the plasma from the lymph, 

triacylglycerols in chylomicrons are rapidly catabolized in 

the circulation to free fatty acids for energy needs through 

the action of lipoprotein lipase (LPL) located on capillary 

endothelial walls (activated by apo C-II). The chylomicron 

particle also exchanges some of its apoproteins in the 

remodeling process to become a chylomicron remnant. The 

chylomicron remnant is taken up by the unregulated 

chylomicron remnant receptor (also known as the apo E 

receptor or LDL receptor-related protein/a2-macroglobulin 

receptor) on the surface of hepatocytes (Schneider and Nimpf 

1993). 

Very Low Density Lipoproteins (VLDL), Low Density 

Lipoproteins (LDL), and Intermediate Density 

Lipoproteins (IDL) 

The chylomicron remnant's constituents are hydrolyzed 

and metabolized or repackaged into very low density 
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lipoproteins (VLDL; 0.95 < d < 1.006 g/mL) for secretion by 

the liver into the plasma for redistribution of 

triacylglycerols and cholesterol to the peripheral tissues. 

Hydrolysis of VLDL triacylglycerols by LPL produces the 

intermediate density lipoprotein (IDL; 1.006 < d < 1.019 

g/mL), and further hydrolysis of this particle produces low 

density lipoproteins (LDL; 1.019 < d < 1.063 g/mL). Much of 

the VLDL and IDL are cleared by hepatic receptors before 

conversion to LDL (Babiak and Rudel 1987). With each 

subsequent hydrolysis of VLDL, apoproteins and 

triacylglycerols are lost, so that the resultant LDL particle 

is enriched in cholesterol (-60%) and contains only apo B100. 

The purpose of these apo B-containing lipoproteins is 

primarily as a means of lipid delivery to peripheral tissue. 

Most cells have the LDL receptor (also known as the apo B/E 

receptor) which recognizes apo B100 and apo E for uptake of 

the majority of IDL and LDL (Brown and Goldstein 1986). It 

is estimated that 72-78% of whole-animal LDL degradation is 

by receptor-dependent processes, and that the liver is the 

main organ of LDL clearance (Dietschy et al. 1993b). Unlike 

the chylomicron remnant receptor, the LDL receptor is subject 

to down-regulation by cellular cholesterol levels and its 

function is crucial for regulation of plasma cholesterol 

homeostasis. Brown and Goldstein (1986) proposed the now 

well-known scheme of the LDL receptor pathway whereby LDL 

binds to its receptor, becomes endocytosed and degraded, and 
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its cholesterol content affects the cell's cholesterol 

metabolism. The three main effects of excess cellular 

cholesterol, whether LDL- or chylomicron-derived, are: (a) to 

suppress endogenous cholesterol synthesis by decreasing the 

activity of the rate-limiting enzyme of cholesterol 

biosynthesis, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase; (b) to increase cellular cholesterol storage as 

cholesteryl esters by increasing the cholesterol esterifying 

enzyme, acyl CoA:cholesterol acyltransferase (ACAT); (c) and 

to suppress synthesis of new LDL receptors (Brown and 

Goldstein 1986). The importance of the LDL receptor for 

clearance of LDL is exemplified by the genetic disease, 

familial hypercholesterolemia, in which homozygotes with 

nonfunctioning LDL receptors have 6- to 10-times normal 

plasma LDL cholesterol levels from birth and heart attacks in 

childhood (Brown and Goldstein 1986). Patients heterozygous 

for the defective gene have about two-times normal plasma 

cholesterol levels and premature incidence of heart disease. 

The commonality of heterozygotes (1:500 people) is likely due 

to the many possible inheritable mutations which lead to 

receptor dysfunction. 

High Density Lipoproteins (HDL) 

The last lipoprotein classes are the high density 

lipoproteins, HDL2 (1.125 < d < 1.125 g/mL) and HDL3 (1.125 < 

d < 1.21 g/mL). Another HDL class, HDLi, can be induced by 
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cholesterol feeding and contains apo E. Due to greater 

cholesterol acquisition, sizes increase and densities 

decrease as HDL particles are converted from HDL3 to HDL2 to 

HDLi (Eisenberg 1984). The reverse conversion from HDL2 to 

HDL3 may also take place through hydrolytic mechanisms. 

Because of the complexity of the many HDL subspecies, another 

subclassification of HDL has been developed through 

differential electroimmunoassay of apo A-I and A-II, the 

major apolipoproteins associated with HDL. Through this 

method, HDL can be divided into two major populations, those 

containing only apo A-I (LpA-I) and those containing both apo 

A-I and A-II (LpA-I:A-II). The majority of LpA-I is in HDL2 

whereas LpA-I:A-II particles are mostly in HDL3 (Fruchart and 

Ailhaud 1992). HDL are produced by the intestine and liver 

and appear initially as either small spherical or discoidal 

particles (reviewed by Shepherd and Packard 1993). Lecithin: 

cholesterol acyltransferase (LCAT), present on HDL and 

activated by the major HDL apoprotein, apo A-I, transfers a 

fatty acid from lecithin to free cholesterol, thus producing 

cholesteryl ester which subsequently moves into the 

lipoprotein core. The enlargement of the HDL core results in 

a spherical particle. Cholesteryl esters of HDL may exchange 

with triacylglycerols of apo B-containing lipoproteins 

through the action of plasma cholesteryl ester transfer 

protein (CETP), thus remodeling both lipoproteins involved 

(Tall 1990). Hydrolysis of triacylglycerol-rich, apo B-
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containing lipoproteins frees excess lipoprotein constituents 

(especially phospholipids and proteins) into the plasma, 

where HDL may act as a sink and incorporate freed components 

or spontaneously form HDL particles. Pre-pHDL, a minor 

subfraction of HDL unique in its |3-migration on agarose gel 

electrophoresis, is composed of only apo A-I, phospholipids 

and free cholesterol, but has increased ability to accept 

unesterified cholesterol from cell membranes for LCAT-

mediated cholesterol esterification (Castro and Fielding 

1988, Fielding 1993). HDL may also act as a reservoir of 

apoproteins, frequently exchanging these apoproteins among 

HDL subclasses as well as with chylomicrons and VLDL. 

PLASMA LDL AND HDL: ROLES IN ATHEROSCLEROSIS 

Epidemiological studies have found plasma LDL 

cholesterol concentrations to be positively associated with 

the incidence of CHD, whereas HDL cholesterol concentrations 

are negatively correlated (Gordon et al. 1977, Lipid Research 

Clinics Program 1984, Miller 1987). 

The Role of LDL in Atherosclerosis 

The atherogenicity of LDL has been postulated to be 

largely due to its relatively high cholesterol content, its 

susceptibility to oxidation, and the resultant properties of 

oxidized LDL, such as chemotactic activity for circulating 
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monocytes, entrapment of tissue monocytes, and inhibition of 

vasodilation (Steinberg and Witztum 1990). Oxidized LDL can 

be avidly taken up by unregulated scavenger receptors present 

on macrophage cells (Kita et al. 1990). When macrophage 

accumulate oxidized LDL, they become engorged with 

cholesterol and eventually become "foam cells", contributing 

to plaque formation when entrapped within the intima. The 

presence of oxidized LDL identified immunogenically have been 

demonstrated in arterial lesions (Yia-Herttuala et al. 1989). 

The Role of HDL in Atherosclerosis 

The virtue of the protective effect of HDL has been 

mainly ascribed to a process referred to as reverse 

cholesterol transport, whereby HDL picks up excess 

unesterified cholesterol from peripheral cellular membranes 

and eventually delivers this cholesterol to the liver, the 

only organ capable of metabolizing and excreting cholesterol 

(as bile acids). The mechanism of desorption of cholesterol 

from cell membranes to HDL has been thought to be due to 

passive diffusion and/or through interaction of HDL 

apoproteins (primarily apo A-l-mediated) with membrane 

surface HDL binding proteins (reviewed by Karathanasis 1992, 

Schneider and Beisiegel 1989). Recently, the binding of HDL 

to the HDL binding protein [so-called because the structure 

predicted from its amino acid sequence does not conform to 

any typical protein receptor structure (McKnight et al. 
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1992)] was reported to involve subsequent activation of 

protein kinase C, suggesting action through secondary 

messengers (Karathanasis 1992). Furthermore, studies with 

protease-treated HDL, which prevented binding protein-

specific HDL binding found that while both native and 

protease-modified HDL could promote sterol efflux from plasma 

membranes, only apoprotein-mediated binding by native HDL 

could promote translocation of excess intracellular sterol to 

the membrane surface for efflux (Oram et al. 1991). In 

addition, the HDL binding protein has been demonstrated to be 

upregulated by cellular cholesterol content in a number of 

peripheral cell types, consistent with the role of HDL 

interaction with peripheral cells for cholesterol removal in 

reverse cholesterol transport (Oram et al. 1983, Graham and 

Oram 1987). From studies of relative amounts of the HDL 

subfractions in patients with CHD, the more anti-atherogenic 

fraction of HDL is thought to be HDL2 or LpA-I (Fruchart and 

Ailhaud 1992, Miller 1987). The lack of cellular cholesterol 

efflux ability of LpA-I:A-II confirms the different metabolic 

roles of the HDL particles (Barbaras et al. 1987). 

DIETARY FAT AND CHOLESTEROL EFFECTS ON PLASMA 

CHOLESTEROL CONCENTRATIONS AND HEART DISEASE 

Recent assessment of the prevalence of high blood 

cholesterol concentrations in the U.S. adult population since 
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the inception of the National Cholesterol Education Program 

(NCEP) in 1985 has shown that the percentage of adults with 

high blood cholesterol concentrations [2 240 mg/dL (6.21 

mmol/L)] has decreased from 26 to 20%, while the percentage 

of the population with desirable blood cholesterol levels [< 

200 mg/dL (5.17 mmol/L)] has increased from 44 to 49% (Sempos 

et al. 1993). The report also predicts that 29% of all 

adults would require dietary intervention to lower their high 

blood cholesterol. Prudent adherence to dietary guidelines 

suggested by the NCEP panel (Intake of: < 10% total calories 

from saturated fatty acids; average 30% total calories from 

fat; total calories needed to reach or maintain a desirable 

body weight; and < 300 mg cholesterol/d) is predicted to 

reduce plasma LDL cholesterol levels by 10% (National 

Cholesterol Education Program 1990, Ramsey et al. 1991). 

While lowering LDL cholesterol levels is the main target 

of the program, the importance of diet in affecting cardio

protective HDL levels must also be considered. Often, 

dietary components, such as high intake of polyunsaturated 

fat, which lower LDL cholesterol concentrations may also 

lower HDL (reviewed by Pietinen and Huttunen 1987) such that 

LDL:HDL ratios remain similar and thus retain similar 

predicted risks for heart disease despite lower overall total 

cholesterol concentrations (Gordon et al. 1989). Mailander 

and colleagues (1993) have pointed out that while NCEP 

recognizes low HDL cholesterol levels as a risk factor for 



3 1 

coronary artery disease, NCEP guidelines have failed to 

include recommendations for treatment of patients with low 

HDL cholesterol concentrations. The authors' concerns were 

substantiated by their finding that 53% of patients with 

established severe coronary artery disease nevertheless have 

total cholesterol levels classified as "desirable" according 

to NCEP, and that a majority of patients (56%) have low HDL 

cholesterol levels [£ 35 mg/dL (0.09 mmol/L)] (Mailander et 

al. 1993). 

Aside from specialized guidelines which should be 

implemented, the NCEP dietary guidelines listed above have 

been suggested for the general public in an effort to lower 

plasma cholesterol levels and thus heart disease risk. For 

purposes of relevancy, this literature review will discuss 

only NCEP recommendations regarding dietary fat saturation 

and cholesterol. 

Saturated Fat Versus Polyunsaturated Fat: Effects on 

Plasma Cholesterol Levels 

The recommendation to reduce saturated fat intake has 

been based on numerous epidemiological studies demonstrating 

significant associations of saturated fat calorie intakes 

with CHD mortality and with plasma total cholesterol levels 

(reviewed by McNamara and Howell 1992). Experimental studies 

comparing intakes of differing fat saturation support the 

hypercholesterolemia effect of saturated fat intake. In 
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general, plasma total cholesterol concentrations are 

increased with saturated fat diets relative to 

polyunsaturated fat diets; this increase is reflected 

primarily as LDL cholesterol whereas HDL cholesterol has been 

shown to not change or increase. Jackson and colleagues 

(1984) have demonstrated dose-dependent responses to 400 mg 

cholesterol/d, 40% fat diets differing in 

polyunsaturated:saturated fatty acid (P:S) ratios of 0.4, 1.0 

or 2.0. As dietary P:S ratios increased, total cholesterol 

levels decreased 6% and 12% on the P:S = 1.0 and 2.0 diets 

respectively compared to the P:S = 0.4 diet. Plasma LDL 

cholesterol levels fell to similar extents (7-8%) on the high 

P:S diets, whereas HDL cholesterol fell by 10 and 16% for P:S 

=1.0 and 2.0 respectively. Similarly, Kraemer et al. (1982) 

found that increasing P:S ratios from 0.2 to 2.0 in 40% fat, 

500 mg cholesterol/d liquid-formula diets resulted in a 10% 

decrease in plasma total cholesterol. 

A surprising lack of consistent epidemiological evidence 

for polyunsaturated fat intake as a protective factor against 

heart disease may be due to the narrow range of intakes from 

polyunsaturated fat calories and/or the apparent 

hypocholesterolemic effect of polyunsaturated fat in contrast 

to or in replacement of the actual hypercholesterolemia 

effect of saturated fat. The latter hypothesis has prompted 

investigations for proper fat substitution of saturated fat 

calories. 
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Monounsaturated Fat Intake and Plasma Cholesterol 

Levels 

Diets high in monounsaturated fats as compared to 

saturated fats have resulted in similar plasma total and LDL 

cholesterol-lowering abilities as a high polyunsaturated fat 

diet; however, Mattson and Grundy (1985) have found that 

monounsaturated fat intake did not lower HDL cholesterol as 

polyunsaturated fat did compared to saturated fat in men fed 

liquid-formula diets. The effects of a diet enriched in 

monounsaturated fat in creating a less atherogenic lipid 

profile as compared to saturated or polyunsaturated fat diets 

were confirmed by Mata et al. (1992) using solid-food diets 

in women. In addition, epidemiological evidence has 

supported monounsaturated fat intake as a protective factor 

against CHD mortality (Keys et al. 1986). 

Dietary Cholesterol and Plasma Cholesterol Levels 

The other major dietary component to alter according to 

NCEP is cholesterol, even though epidemiological data for the 

relationships between cholesterol intake and heart disease 

incidence or blood cholesterol levels are weak or 

nonsignificant (Gordon et al. 1982, Hegsted and Ausman 1988). 

The lack of strong epidemiological evidence may be alleviated 

by somewhat more consistent experimental evidence, although 

the large heterogeneity in interindividual plasma cholesterol 
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responses have resulted in inconsistent data (McNamara et al. 

1987). From a composite analysis of 68 studies, an increase 

in dietary cholesterol of 100 mg/d averaged a corresponding 

increment in blood cholesterol levels of 2.3 mg/dL (0.006 

mmol/L) (McNamara 1990b). Considering current average 

Western intakes of 450 mg cholesterol/d and the NCEP 

recommendation of 300 mg/d, the benefits of a 150 mg 

reduction in dietary cholesterol are less than the normal 

day-to-day intraindividual variability in plasma cholesterol 

concentrations. Nevertheless, results of studies feeding 

large extremes of cholesterol have attracted enough attention 

to warrant national recommendations. As examples of the 

cholesterol controversy, Brown et al. (1991) have shown that 

total cholesterol, and HDL- and LDL-cholesterol all increase 

significantly (12, 6, and 18% respectively) in men consuming 

an additional 1100 mg cholesterol/d as 6 eggs (300 vs. 1400 

mg cholesterol diets). In contrast, in a similar study, 

Flaim et al. (1981) found no significant differences in 

plasma total or lipoprotein cholesterol levels in subjects 

consuming an additional 1000 mg/d as 4 eggs (400 vs. 1400 mg 

cholesterol diets). 

Dietary Fat and Cholesterol Interactions on Plasma 

Cholesterol Levels 

NCEP recommendations furthermore do not address possible 

interactive effects between dietary fat saturation and 
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cholesterol amount. This issue has not been adequately 

addressed in clinical studies, where many study designs do 

not allow for comparisons of separate and combined dietary 

factors with adequate controls. In a review averaging the 

changes in plasma cholesterol levels per 100 mg dietary 

cholesterol with diets of P:S ratios < 1.0 versus > 1.0 from 

68 studies, the average incremental increase was 2.6 ± 0.4 

mg/dL per 100 mg dietary cholesterol for studies with a mean 

dietary P:S = 0.4, and 2.1 ± 0.3 mg/dL per 100 mg dietary 

cholesterol for diets with a mean P:S = 1.7, suggesting that 

dietary fat saturation did not interact with cholesterol 

(McNamara 1990b). However, some human studies using more 

extreme P:S comparisons have suggested that dietary fat and 

cholesterol interactions do exist. Schonfeld et al. (1982) 

found greater increases in plasma total and LDL cholesterol 

concentrations with the addition of dietary cholesterol (as 6 

eggs) to a saturated fat diet (P:S = 0.8) as compared to a 

polyunsaturated fat diet (P:S = 2.5). Conversely, Becker et 

al. (1983) reported greater decreases in plasma total 

cholesterol and LDL cholesterol in response to changing from 

habitual cholesterol-containing diets to cholesterol-free 

diets enriched in polyunsaturated fat (P:S = 2.4) as compared 

to similar cholesterol-free diets enriched in saturated (P:S 

= 0.2) or monounsaturated fats. 
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Animal Studies of Dietary Fat Saturation and Plasma 

Cholesterol Levels 

Animal studies are more consistent in relation to plasma 

cholesterol responses to dietary challenges, in part due to 

inbreeding resulting in less genetic variation. Studies 

conducted in several species, including nonhuman primates, to 

test the effects of differing fat saturation have generally 

supported the hypercholesterolemia saturated 

fat/hypocholesterolemic polyunsaturated fat thesis (Fernandez 

and McNamara 1991a, Khosla and Hayes 1992, Nicolosi et al. 

1990, Rudel et al. 1990, Spady and Dietschy 1988). Curiously 

however, monounsaturated olive oil has unique effects in 

rodent models (rats, hamsters, rabbits, guinea pigs) in that 

olive oil intake is hypercholesterolemia relative to 

polyunsaturated fat, particularly if diets include 

cholesterol; this is in contrast to general findings of a 

cholesterol-lowering effect in humans (Beynen 1988, Fernandez 

and McNamara 1991a, Jones et al. 1990). 

Animal Studies of Dietary Cholesterol and Plasma 

Cholesterol Levels 

As expected, cholesterol feeding studies in various 

.animal species have resulted in increases in plasma total 

cholesterol levels (Kovanen et al. 1981, Myers et al. 1990, 

Nicolosi et al. 1990, Ohtani et al. 1990, Sardet et al. 

1972). Despite generally similar fat and cholesterol 
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responses to humans, limitations in the interpretation and 

extrapolation of animal studies lie within the dietary design 

(eg., exaggerated amounts of the dietary component tested), 

species-specific metabolic responses (eg., high levels of 

abnormal fJ-VLDL in cholesterol-fed rabbits), or species-

specific lipoprotein metabolism. This last limitation of the 

animals commonly used for studies of lipoprotein and 

cholesterol metabolism is especially important in that most 

of the animal species have predominantly HDL cholesterol and 

relatively lower levels of LDL cholesterol; this is in 

contrast to humans, which carry over 60% of total plasma 

cholesterol in LDL. Nevertheless, animal studies have 

provided most of the insight into the regulation of 

mechanisms behind diet-induced changes in plasma lipoprotein 

cholesterol levels. 

REGULATION OF HEPATIC CHOLESTEROL HOMEOSTASIS BY 

DIETARY FAT AND CHOLESTEROL 

In the steady state, the absolute rate of hepatic 

cholesterol synthesis has to balance the rate of sterol 

excretion, and changes in the flux of cholesterol across the 

liver result in compensatory adjustments in the synthetic or 

catabolic rates. For example, therapeutic bile acid resins 

which increase net fecal loss of sterol and create negative 

hepatic cholesterol balance result in an upregulation of 



38 

cholesterol biosynthesis. Although the contribution of the 

liver to whole-body cholesterol synthesis is relatively minor 

and ranges from 20 to 50% depending on the species (Dietschy 

et al. 1993a), hepatic cholesterol homeostasis is important 

in terms of regulation of plasma lipoprotein concentrations, 

and thus atherosclerotic risk. 

Regulation of Hepatic Free Cholesterol 

Cellular free cholesterol is thought to be in 

equilibrium with a putative sterol regulatory pool, and thus 

changes in the unesterified cholesterol pool result in 

coordinate regulation of mechanisms affected by the 

regulatory sterol, such as the LDL receptor and HMG-CoA 

reductase (Daumerie et al. 1992). ACAT and cholesterol ester 

hydrolase (CEH) activities contribute to the maintenance of 

the size of the free cholesterol pool by controlling the size 

of the metabolically inert cholesteryl ester pool, which is 

in equilibrium with the free cholesterol pool. 

Dietary fat and cholesterol entering the liver from 

chylomicron remnants not only become components of 

lipoprotein synthesis by the hepatocytes, but also become 

regulatory molecules, affecting mechanisms of hepatic 

cholesterol homeostasis. Dietary cholesterol feeding results 

in increases in hepatic ACAT activity due to increases in 

substrate availability (Mitropoulos et al. 1980, Jackson et 

al. 1990, Suckling and Stange 1985). In contrast, dietary 
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fat type has been demonstrated to affect regulatory enzyme 

activities through substrate preference or by altering the 

enzyme microenvironment. For example, Spector et al. (1980) 

found hepatic microsomes prepared from rats fed a 

polyunsaturated fat-enriched diet had 70-90% higher ACAT 

activity as compared to microsomes from rats fed a saturated 

fat diet, and this difference was maintained at different 

temperatures, suggesting that the fat saturation effect was 

not due to changes in membrane fluidity. Although they found 

no differences in hepatic or plasma cholesterol ester content 

(Spector et al. 1980), the lack of cholesterol in the diet 

may have limited detection of fat type differences, as others 

have reported significantly higher hepatic cholesterol ester 

concentrations in animals fed polyunsaturated fat versus 

saturated fat (Ibrahim and McNamara 1988, Ohtani et al. 

1990). The important consequences of altering ACAT activity 

have been demonstrated by Carr and coworkers (1992) who found 

significant correlations between hepatic ACAT activity and 

LDL cholesteryl ester content, and between coronary artery 

intimal area and LDL cholesteryl ester content and hepatic 

ACAT activity in African green monkeys fed various fat diets. 

These authors also confirmed the substrate preference of ACAT 

for oleic acid and found LDL cholesteryl oleate content to be 

significantly related to LDL size (Carr et al. 1992). 
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Regulation of Cholesterol Biosynthesis 

In contrast to ACAT, HMG-CoA reductase activity is 

oppositely affected by dietary fat type and cholesterol. 

Dietary cholesterol feeding results in down-regulation of 

HMG-CoA reductase activity due to decreased enzyme amount 

(decreased synthesis primarily at the level of gene 

transcription and increased protein degradation)(Goldstein 

and Brown 1984). In contrast, the effects of dietary fat 

saturation on HMG-CoA reductase activity have not been as 

straightforward. Depending on different studies, intakes of 

polyunsaturated fat or monounsaturated fat have been reported 

to decrease or increase HMG-CoA reductase activity relative 

to saturated fat (reviewed by Rudney and Sexton 1986, 

Fernandez et al. 1990b). The discrepancies between 

polyunsaturated and saturated fat effects on HMG-CoA 

reductase have been suggested to be attributed to differences 

in relative amounts of cholesterol (inhibitory) and 

triacylglycerols (stimulatory) in chylomicron remnants 

entering the liver (Van Zuiden et al. 1983). However, a 

number of studies have suggested that changes in HMG-CoA 

reductase activity are secondary to differential fatty acid-

induced stimulation of triacylglycerol synthesis for VLDL 

secretion, such that cholesterol synthesis is altered for the 

obligatory VLDL cholesterol content (Goh and Heimberg 1977 

and 1979). 
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Studies in cultured fibroblast cells found that 

cholesterol specifically derived from LDL can down-regulate 

HMG-CoA reductase activity (Brown et al. 1973), leading to 

the hypothesis that LDL cholesterol regulates cellular 

cholesterol metabolism. However, a more recent hypothesis 

points out that in the intact animal, changes in cholesterol 

flux across the liver leading to changes in cellular 

cholesterol metabolism are resultant of net changes into or 

out of the liver and body (i.e., dietary input and sterol 

excretion) (Dietschy et al. 1993a). Therefore, LDL-derived 

cholesterol entering the liver does not constitute a net 

change in liver sterol balance because the majority of LDL 

cholesterol was produced by the liver to begin with, and 

therefore is not regulatory (Dietschy et al. 1993a). The 

regulatory contribution of peripherally-derived cholesterol 

taken up and esterified by HDL and transferred to LDL have 

not been discussed in the model. However, studies using 

radiolabeled cholesterol have found that LDL free cholesterol 

can be taken up by normal a-migrating HDL, esterified by HDL-

associated LCAT, and partly transferred back to LDL, whereas 

cell-derived cholesterol is found esterified in pre-p HDL and 

is largely retained, suggesting that net cholesterol influx 

into the liver from LDL is minor (Fielding 1993). 
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REGULATION OF PLASMA LDL METABOLISM BY DIETARY 

FAT AND CHOLESTEROL 

Effects of Dietary Fat Saturation on LDL Metabolism 

Studies of the effects of dietary fat saturation on LDL 

apo B kinetics to explain changes in LDL cholesterol 

concentrations have been variable. Polyunsaturated fat 

feeding has been demonstrated to decrease LDL production 

rates in human and animal studies as compared to saturated 

fat (Cortese et al. 1983, Fernandez et al. 1992a, Hunt et al. 

1992, Turner et al. 1981). This relative decrease in LDL 

production may result from decreased conversion of VLDL to 

LDL through decreases in lipolytic enzyme efficiencies, 

decreased production of VLDL apo B, or increased direct 

uptake of VLDL or IDL leading to decreased LDL precursor 

mass. Based on limited data for monounsaturated fat, 

decreases in plasma LDL with monounsaturated fat in humans 

are also postulated to be due to changes in LDL apo B 

production rates (McNamara 1992). 

In contrast, other investigators have ascribed the 

differences between polyunsaturated and saturated fat intake 

on plasma LDL levels to increased fractional catabolic rates 

(FCR) of LDL apo B with polyunsaturated fat feeding with no 

change in production rates (Nicolosi et al. 1990, Sorci-

Thomas et al. 1989a). Changes in the rates of uptake of LDL 
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or its precursors are associated with alterations in LDL 

receptor activity, whether through dietary fatty acid 

enrichment modifying membrane fluidity, and thus changing 

receptor efficiency, changes in LDL fatty acid composition 

altering apo B ligand conformation, changes in production of 

absolute receptor number, or combinations of the above 

(Jackson et al. 1978, McNamara 1992). 

Recent studies in hamsters show that dietary fatty acids 

can regulate LDL receptor number at the genetic level, since 

dietary fat-mediated changes in hepatic LDL receptor activity 

were paralleled by changes in LDL receptor protein and mRNA 

levels (Horton et al. 1993). Relative LDL receptor mRNA 

abundance was lower in baboons fed coconut oil as compared to 

peanut or olive oils; however, LDL receptor mRNA levels were 

not correlated with measured (3-lipoprotein (VLDL, IDL, LDL) 

cholesterol concentrations, perhaps due to the high HDL 

levels in this species (Fox et al. 1987). In contrast, 

Sorci-Thomas and colleagues (1989b) observed no dietary fat 

saturation effect on LDL receptor mRNA levels in African 

green monkeys. 

Changes in both rates of synthesis and catabolism of LDL 

apo B with dietary fat saturation have also been reported in 

human and animal studies (McNamara 1992, Woollett et al. 

1992). 
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Effects of Dietary Cholesterol on LDL Metabolism 

The effects of dietary cholesterol on mechanisms 

regulating plasma LDL are more predictable, since cholesterol 

decreases LDL receptor expression (Applebaum-Bowden et al. 

1984, Brown and Goldstein 1975, Le Cras et al. 1991). 

Packard et al. (1983) reported increased plasma LDL 

cholesterol concentrations in subjects fed additional 

cholesterol as 6 eggs to be due to decreased catabolism as 

well as increased LDL synthesis, not surprising considering 

that decreased LDL receptor expression would also reduce the 

uptake of LDL precursor lipoproteins, leading to increased 

conversion to LDL. 

Dietary Fat and Cholesterol Interactions on LDL 

Metabolism 

Studies in the hamster suggest that dietary 

polyunsaturated fat attenuates the dietary cholesterol-

mediated down-regulation of hepatic LDL receptors as compared 

to saturated fat (Horton et al. 1993, Spady and Dietschy 

1988). Dietary fat and cholesterol interactions on LDL 

metabolism have not been clearly defined in other species. 

In cebus monkeys, dietary fat and cholesterol did not 

significantly interact to affect LDL catabolism; however, 

dietary cholesterol suppressed LDL receptor-mediated 

catabolism in animals fed coconut oil by 58%, with no 
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significant effect for animals fed corn oil (Nicolosi et al. 

1990). 

REGULATION OF PLASMA HDL METABOLISM BY DIETARY 

FAT AND CHOLESTEROL 

As for LDL, the metabolism of HDL is thought to be 

affected at least in part by the composition of the particle. 

Unlike LDL, however, the heterogeneity of apolipoprotein 

composition in HDL particles, and the exchange of these 

apolipoproteins among HDL, result in metabolically distinct 

HDL subpopulations. The apolipoproteins important for HDL 

catabolism are apo A-I, apo A-II, and apo E. Although the 

HDL binding protein can recognize apo A-I and A-II, it does 

not bind apo B or apo E, suggesting that the binding protein 

may prefer amphipathic helical regions indigenous to the apo 

A's (Oram et al. 1993). When HDL particles acquire apo E, 

such as with high cholesterol feeding, HDL can also be taken 

up by receptors recognizing apo E, such as the chylomicron 

remnant and LDL receptors. Catabolism of HDL apolipoproteins 

is thought to occur as a unit with the whole HDL particle, 

consistent with decreased catabolic rates of apo A-I when it 

is in LpA-l:A-ll particles (owing to the slower rate of apo 

A-II catabolism) as compared to LpA-I (Rader et al. 1991). 

Although tracing the metabolism of HDL is complex, the 

majority of studies have relied on wholly-radiolabeled HDL or 
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radiolabeled apo A-I as markers of total HDL catabolism. The 

dissociated catabolism of HDL cholesteryl esters independent 

of apo A-I ("selective uptake") has further complicated 

analyses of HDL metabolism (Glass et al. 1983). However, 

since selective HDL cholesteryl ester uptake does not 

constitute a final catabolic fate of the HDL particle 

[rather, the particle may be endocytosed and resecreted 

(Rahim et al. 1991)], HDL catabolism in this review will 

refer to the catabolism of the whole HDL particle. 

Effects of Dietary Fat Saturation on Apo A-I 

Metabolism 

Compared to saturated fat, polyunsaturated fat intake 

has been demonstrated to decrease plasma apo A-I levels by 

increasing the rates of apo A-I catabolism without any change 

in production rates in nonhuman primates (Chong et al. 1987, 

Parks and Rudel 1982). In contrast, Stucchi and coworkers 

(1991) reported dietary fat-mediated changes in both apo A-I 

production and catabolic rates to explain the changes in 

plasma HDL-cholesterol and apo A-I levels observed in cebus 

monkeys. Decreased secretion of apo A-I in vitro with 

perfused livers from African green monkeys fed 

polyunsaturated fat versus saturated fat diets support the 

alternative mechanism of changes in production rates (Johnson 

et al. 1986). 



47 

The conflicting reports of apo A-I metabolism in animal 

studies are not well resolved by comparison to human studies, 

since investigations of dietary fat saturation effects on apo 

A-I metabolism in humans have been limited to one study by 

Shepherd and colleagues (1978). When comparing plasma HDL 

metabolism in 4 subjects fed 40% fat of P:S = 4 versus 0.25, 

the high polyunsaturated fat intake decreased all plasma 

lipoprotein cholesterol concentrations including HDL 

cholesterol, particularly the more diet-sensitive HDL2 

fraction, and apo A-I levels. No significant increase in apo 

A-I FCR was found, although production rates decreased by 26% 

on the polyunsaturated fat diet (Shepherd et al. 1978). 

Effects of Dietary Cholesterol on Apo A-I Metabolism 

Investigations of dietary cholesterol effects on the 

mechanisms regulating HDL or apo A-I metabolism are even 

fewer than for studying dietary fat. High (1%) cholesterol 

feeding has been demonstrated to increase guinea pig plasma 

apo A-I concentrations and apo A-I secretion from perfused 

liver (Guo et al. 1982). The addition of dietary cholesterol 

(0.1%) to corn oil or coconut oil-based diets of cebus 

monkeys increased plasma HDL cholesterol concentrations 

significantly, although increases in plasma apo A-I levels 

did not reach significance (P = 0.059) (Stucchi et al. 1991). 

Dietary cholesterol contributed to increased apo A-I 
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production rates, although there was a trend for a decrease 

in apo A-I FCR (P = 0.052) as well (Stucchi et al. 1991). 

Dietary Fat and Cholesterol Interactions on HDL 

Metabolism 

Comparisons of dietary fat and cholesterol effects on 

HDL metabolism in cebus monkeys did not detect any 

significant interactions between the two dietary factors in 

affecting plasma HDL cholesterol, apo A-I concentrations or 

apo A-I metabolic parameters; however, dietary interactions 

were evident in determining HDL composition (Stucchi et al. 

1991). Significant correlations between HDL 

cholesterol:protein ratios and apo A-I FCR, changes in the 

relative percentages of HDL constituents, as well as 

enrichment of dietary fatty acids in the fatty acid 

composition of HDL support a mechanism by which diet may 

alter HDL catabolism (Stucchi et al. 1991). 

Mechanisms of Dietary Fat and Cholesterol Regulation 

of Apo A-I Production: Gene Expression 

Investigations of mechanisms of apo A-I production have 

been studied further at the level of the gene. Apo A-I is 

synthesized almost exclusively by the liver and small 

intestine in humans and most mammals. The contributions of 

intestinal relative to hepatic apo A-I synthesis varies 

widely among different species. Reported fold differences of 
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apo A-I mRNA levels in intestine versus liver range from 150-

500-fold higher intestinal levels in rabbits (Chao et al. 

1984, Rea et al. 1993), 5-fold in rats (Srivastava et al. 

1992), 2-fold in African green monkeys (Sorci-Thomas et al. 

1989a), 1.5-fold in mice (Srivastava et al. 1991b), and equal 

levels in cynomolgus monkeys (Sorci-Thomas et al. 1988). 

Reports of human tissue apo A-I mRNA expression have been 

limited: apo A-I mRNA levels were found to be 50% lower in 

intestine than liver in the human fetus (Zannis et al. 1985); 

however, as apo A-I expression is subject to developmental 

regulation (Calandra and Tarugi 1993), the relative apo A-I 

abundance may not be equivalent in adults. 

Dietary regulation of apo A-I gene expression has been 

demonstrated to vary with the tissue site of synthesis and 

the animal species. For example, as compared to dietary 

saturated fat, polyunsaturated fat intake has no effect on 

apo A-I mRNA levels in cynomolgus monkeys, but decreases 

hepatic (but not intestinal) apo A-I mRNA levels in African 

green monkeys fed cholesterol-containing diets (Sorci-Thomas 

et al. 1988, Sorci-Thomas et al. 1989a). 

Apo A-I mRNA levels have been reported to correlate with 

plasma apo A-I protein and HDL cholesterol levels (Hennessy 

et al. 1992, Kushwaha et al. 1991, Sorci-Thomas et al. 1989a, 

Srivastava et al. 1992, Stucchi et al. 1991). However, when 

significant, dietary fat and cholesterol effects on apo A-I 

mRNA abundance have been variable and often interactions 
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occur without consistent independent effects of either fat 

type or cholesterol. Studies in baboons fed lard- or corn 

oil-based diets with 0.01 or 1 mg dietary cholesterol/kcal 

are consistent with this observation (Kushwaha et al. 1991). 

Hepatic apo A-I mRNA levels were affected interactively by 

dietary fat type and cholesterol such that apo A-I mRNA 

levels were increased in animals fed corn oil + high 

cholesterol diets relative to corn oil + low cholesterol, but 

decreased in lard-fed animals fed high cholesterol relative 

to low cholesterol (Kushwaha et al. 1991). 

Dietary fat and cholesterol have been postulated to 

affect apo A-I gene expression at different levels of 

control. In cebus monkeys fed diets varying in fat 

saturation and cholesterol amount, dietary fat and 

cholesterol effects on apo A-I production rates were 

accounted for in part by corresponding fat effects on hepatic 

apo A-I mRNA levels (Stucchi et al. 1991). However, the lack 

of significant dietary cholesterol effects on hepatic apo A-I 

mRNA levels led the authors to conclude that the cholesterol 

effect on apo A-I production rates was manifest at another 

level of regulation such as increased mRNA translatability. 

Studies in mice (Srivastava et al. 1992) and rats (Ribeiro et 

al. 1991) which failed to correlate dietary differences in 

apo A-I protein synthesis with changes in apo A-I mRNA levels 

suggest dietary regulation of apo A-I occurs at the post-

transcriptional level. 
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Mechanisms of Dietary Fat and Cholesterol Regulation 

of Apo A-I Catabolism: Possible Role of HDL Binding 

Proteins 

The difficulty in understanding regulation of HDL 

metabolism is attributed to our limited knowledge to date of 

how HDL is catabolized. While the existence of HDL binding 

proteins has been recently recognized, their role in HDL 

metabolism is still circumstantial. 

Investigations of the effects of isocaloric substitution 

of different dietary fats on hepatic HDL binding have been 

limited to a study by Fernandez and McNamara (1991b) in which 

guinea pigs were fed diets containing 19% of total calories 

as polyunsaturated corn oil, monounsaturated olive oil or 

saturated lard. Hepatic HDL specific binding capacity 

decreased with increasing dietary fat saturation, although no 

detectable changes in plasma HDL cholesterol concentrations 

were observed (Fernandez and McNamara 1991b). 

Cellular cholesterol loading has been demonstrated to 

increase specific HDL binding in peripheral cells such as 

arterial smooth muscle and vascular endothelial cells 

(Catapano 1987, Schneider and Beisiegel 1989). McKnight and 

colleagues (1992) have recently cloned the HDL binding 

protein and confirmed its upregulation by cholesterol loading 

in peripheral cells by demonstrating increases in both mRNA 

and membrane-associated protein levels. These investigators 

also reported, through analyses of mammalian cell 
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transfectant studies, that although overexpression of HDL 

binding protein is associated with increased HDL binding to 

cell protein preparations, not all of the antigenically 

positive protein products had HDL binding activity, 

suggesting that the degree of processing to active binding 

protein varies among different cell types (McKnight et al. 

1992). 

While cholesterol upregulation of the HDL binding 

protein in peripheral cells is consistent with assistance of 

cholesterol efflux in the reverse cholesterol transport 

process, the role of specific HDL binding to the liver has 

not been determined and studies of dietary regulation of HDL 

binding in the liver are surprisingly few. Considering that 

the liver is the target of cholesterol disposal, the role of 

hepatic HDL binding may be to facilitate catabolism of the 

whole HDL particle, or to assist selective cholesterol ester 

uptake. Data on the effects of cholesterol loading on HDL 

binding to HepG2 human hepatoblastoma cells have been 

conflicting (no change or increase) (Graham and Oram 1987, 

Hoeg et al. 1985). Cholesterol feeding studies have also 

yielded mixed results of HDL binding to isolated hepatic 

membranes: Studies in rats (Maggi and Catapano 1986) and 

rabbits (Kovanen et al. 1981) fed 2% cholesterol diets 

reported no change with cholesterol intake, while 0.25% 

cholesterol increased hepatic HDL binding in guinea pigs 

(Fernandez and McNamara 1991b). 
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PRESENT STUDY OBJECTIVES 

NCEP dietary recommendations have been proposed on the 

basis of generalized experimental findings and 

epidemiological data, such that while certain dietary 

components may raise or lower plasma cholesterol levels, 

mechanisms of how these components work are left for debate. 

Although most human diets contain fats of varying 

saturation and various amounts of cholesterol, investigations 

of the independent and interactive effects of dietary fat 

type and cholesterol amount on mechanisms regulating plasma 

cholesterol homeostasis have been limited. Since human 

studies of dietary fat and cholesterol interactions are few 

and confined in determining the regulatory mechanisms 

involved, animal studies have provided most of the knowledge 

concerning the roles dietary factors play. However, a major 

limitation in extrapolating the animal data to mechanisms 

operating in humans concerns the large species differences in 

plasma lipoprotein cholesterol distribution in most animal 

models. 

The present studies have been conducted in guinea pigs, 

which have plasma lipoprotein cholesterol distributions more 

similar to humans than any other animal model commonly used 

for studies of lipoprotein metabolism, including nonhuman 

primates. The overall aim of the present study was to 



provide additional data towards expanding our understanding 

of how dietary fat and cholesterol alter plasma cholesterol 

homeostasis by investigating dietary effects of 

polyunsaturated, monounsaturated and saturated fats in 

combination with physiological to pharmacological intakes of 

cholesterol. Specific main objectives, divided into 

chapters, were designed to determine dietary fat and 

cholesterol effects on regulatory mechanisms underlying any 

observed perturbations in plasma LDL and HDL cholesterol 

concentrations. First, hepatic cholesterol homeostasis was 

investigated because the liver is primarily responsible for 

maintaining plasma lipoprotein levels, and any changes in 

liver cholesterol balance would affect plasma homeostasis. 

Second, regulation of plasma LDL levels were focused on 

dietary influences on LDL catabolism, since LDL metabolism 

has been best characterized by the LDL receptor. Third, 

regulation of plasma HDL levels through alterations in apo A 

I catabolism was examined, and a role of the hepatic HDL 

binding protein in HDL catabolism was tested. Lastly, 

possible dietary fat and cholesterol effects on apo A-I gene 

expression in the low-HDL guinea pig were determined. 
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CHAPTER II 

DIETARY FAT TYPE AND CHOLESTEROL QUANTITY 

INTERACT TO AFFECT CHOLESTEROL 

METABOLISM IN GUINEA PIGS 
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INTRODUCTION 

Numerous studies suggest that dietary fat type and 

cholesterol amount independently affect plasma and hepatic 

cholesterol levels and metabolism. Studies consistently 

demonstrate that dietary saturated fat increases plasma 

cholesterol levels, while intake of polyunsaturated fat has a 

plasma cholesterol lowering effect (Grundy and Denke 1990, 

McNamara 1987). The effects of dietary monounsaturated fats 

on plasma cholesterol levels are less well established. 

Human studies suggest that monounsaturated fats are as 

effective as polyunsaturated fats in lowering plasma 

cholesterol levels when substituted for saturated fats 

(Grundy 1989); however, animal studies feeding cholesterol-

free diets have demonstrated a hypercholesterolemia effect 

(Beynen 1988, Fernandez and McNamara 1989). 

Dietary cholesterol also exerts specific effects on 

plasma cholesterol levels (Grundy and Denke 1990, McNamara 

1987), although the extent of the effects are highly variable 

due to individual metabolic heterogeneity, different degrees 

of response among various animal species, and whether 

physiological or pharmacological amounts of cholesterol are 

used as the dietary challenge (McNamara 1987, 1990b). 

Few studies have investigated possible interactions 

between dietary fat type and the amount of dietary 



57 

cholesterol in regulating plasma cholesterol levels and 

endogenous cholesterol metabolism. Beynen (1987) studied the 

effects of feeding rats cholesterol-free or high-cholesterol 

diets with varying fat types (polyunsaturated, saturated, or 

monounsaturated) and amounts. He reported no effect of fat 

type with cholesterol-free diets; however, when cholesterol 

was added to the diets, increases in plasma and hepatic 

cholesterol levels were mediated by the type of dietary fat. 

Likewise, when African green monkeys were fed diets 

containing saturated or polyunsaturated fat, larger 

differences in plasma cholesterol levels due to fat type were 

observed with a high cholesterol diet as compared to values 

with a low cholesterol diet (Sorci-Thomas et al. 1989b). 

Although both dietary fat type and cholesterol amount 

contributed to differences in plasma total cholesterol 

levels, no statistically significant interactions of the two 

variables were observed in these nonhuman primates (Sorci-

Thomas et al. 1989b). In contrast, Ershow et al. (1981) 

demonstrated an interactive effect of saturated fat and 

cholesterol on plasma total and LDL cholesterol levels in 

rhesus monkeys. 

Unfortunately, to elicit significant plasma cholesterol 

responses in many animal species, pharmacological levels 

(i.e., amounts of absorbed cholesterol exceeding endogenous 

synthesis and metabolism) of dietary cholesterol are 

routinely used. Furthermore, most studies have compared only 
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extreme levels (e.g., 0% w/w vs 1% w/w) of dietary 

cholesterol with each fat type. The present study employed 

four different levels of added dietary cholesterol ranging 

from 0.01 to 0.33% (w/w), as well as three types of dietary 

fat to determine: a) the extent to which regulatory responses 

compensate for a range of cholesterol intakes, b) 

interactions between dietary cholesterol levels and fat type, 

and c) whether dietary fat type or cholesterol is the more 

influential factor. It was hypothesized that differences due 

to fat type would be manifest with moderate levels of dietary 

cholesterol, and that pharmacological doses of cholesterol 

would dominate these differences in such a way as to 

overwhelm homeostatic capabilities. 

The guinea pig has been shown to be an appropriate 

animal model relative to humans for studies of cholesterol 

and lipoprotein metabolism because of numerous similarities 

including the plasma lipoprotein profile and various 

parameters of cholesterol and lipoprotein metabolism (Ibrahim 

and McNamara 1988). The primary benefits of this animal 

model are that guinea pigs have a higher concentration of 

plasma LDL than HDL, and have been shown to respond to 

changes in dietary fat and cholesterol in a manner similar to 

humans (Fernandez and McNamara 1989 and 1991a, Fernandez et 

al. 1990b and 1992a, Ibrahim and McNamara 1988). 
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METHODS 

Materials 

Cholesterol enzymatic assay kits, cholesterol oxidase, 

cholesterol esterase, and horse radish peroxidase were 

obtained from Boehringer Mannheim, Indianapolis, IN; DL-

hydroxy-[3-14C] methylglutaryl coenzyme A (E.C. 1.1.1.88) 

(1.92 Bq/mol) and DL-[5-3H] mevalonic acid (1.80 Bq/mol) were 

obtained from DuPont NEN, Boston, MA; glucose-6-phosphate, 

glucose-6-phosphate dehydrogenase, NADP, and aprotinin from 

Sigma, St. Louis, MO; Quick Seal ultracentrifuge tubes were 

obtained from Beckman Instruments, Palo Alto, CA; and 

halothane from Halocarbon Lab Inc., Hackensack, NJ. 

Diets 

Isocaloric (15.9 kJ/g), semi-synthetic diets were 

formulated and pelleted by Research Diets Inc. (New 

Brunswick, NJ). All diets contained identical ingredients 

except for the fat source and cholesterol content (Table 1), 

and were formulated to meet NRC-specified nutritional 

requirements of the guinea pig. Plant sterol (sitosterol) 

content of all diets and cholesterol content of the Basal 

cholesterol diets were adjusted to the same levels (0.9 g/kg 

and 0.1 g/kg, respectively) as previously reported (Fernandez 

and McNamara 1989). 



TABLE 1. Composition of test diets 
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Component Weight Energy 

Protein (soy bean) 

Fat(lard, olive oil, or corn oil) 

Carbohydrate (sucrose/starch)1 

Fiber (cellulose/guar gum)2 

Mineral Mix3 

Vitamin Mix3 

Added Cholesterol 

g/ioog 
22 .3 

1 5 . 1 

39 .6 

13 .6 

8 .2 

1 .1 

0 . 0 1 ; 0 . 0 8 ; 

0 . 1 7 ; o r 

0.33 

% 

23.2 

3 5 . 1 

41 .9 
-

-

-

-

J-Ratio of sucrose:starch = 1.43. 

2Ratio of cellulose:guar gum = 4.00. 

3Mineral and vitamin mixes were formulated to meet NRC-

specified requirements for the guinea pig as previously 

described (Fernandez and McNamara 1991a). 
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Diets contained 15% (w/w) fat, either saturated fat 

(lard, P:S = 0.29), monounsaturated fat (olive oil, 72% 

18:1), or polyunsaturated fat (corn oil, P:S = 3.11). The 

fatty acid compositions of these diets have been previously 

reported (Fernandez and McNamara 1991a, Fernandez et al. 

1992a). Recrystallized cholesterol was added to the diets at 

four levels: 0.01 (Basal), 0.08 (Low), 0.17 (Medium), or 

0.33% (High) (w/w). These levels were selected to obtain 

amounts of absorbed dietary cholesterol equal to 6%, 50%, 

100% or 200% the mass of daily endogenous cholesterol 

synthesis in the guinea pig (Fernandez et al. 1990b, Ibrahim 

and McNamara 1988). These twelve combinations of fat type 

and cholesterol level are referred to throughout this report 

by fat type and cholesterol amount (i.e. Lard-Low is the 

lard-based diet with 0.08% cholesterol). Data from the 

Basal-cholesterol diet-fed guinea pigs have been previously 

reported and are presented here for comparative purposes 

(Fernandez and McNamara 1991a). 

Animals 

Male Hartley guinea pigs (Harlan Sprague-Dawley, Inc., 

Indianapolis, IN) weighing between 250-350 g were randomly 

assigned to one of the twelve dietary groups. Animals were 

housed in groups in a light-controlled (light 07:00 to 19:00) 

room with constant temperature and humidity. Water and diet 

were provided ad libitum. After at least 23 d of dietary 
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treatment, nonfasting guinea pigs were anesthetized with 

halothane vapors, exsanguinated by cardiac puncture and the 

blood collected in syringes containing EDTA (1 g/L). Plasma 

was separated from blood cells, and livers were excised for 

analyses. The study protocol was carried out in accordance 

with Public Health Service/U.S. Department of Agriculture 

guidelines and was approved by the University of Arizona 

institutional Animal Care and Use Committee. 

Plasma Total and Lipoprotein Cholesterol Analyses 

A preservation mixture consisting of sodium azide (1 

mol/L; 1 mL/L plasma), aprotinin (10,000 kallikrein units/mL; 

5 mL/L plasma), and phenylmethyl sulfonyl fluoride (PMSF) (10 

mmol/L in dioxane; 1 mL/L plasma) was added to each plasma 

sample as described by Gianturco and Bradley (1986). Plasma 

total cholesterol concentrations were measured enzymatically 

using a commercial kit (Boehringer Mannheim). 

Due to the overlap in density of apoprotein (apo) E-

containing HDL with LDL, (apo E-free) HDL cholesterol was 

measured enzymatically after precipitation of plasma apo B-

and E-containing lipoproteins with MgCl2-dextran sulfate 

(Warnick et al. 1982). Lipoproteins of d < 1.019 g/mL 

[chylomicrons, VLDL and intermediate density lipoproteins 

(IDL)] were obtained by ultracentrifugation, and LDL (and any 

apo E-containing HDL) cholesterol was calculated as the 
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difference between total cholesterol and d < 1.019 g/mL + HDL 

cholesterol. 

Hepatic Cholesterol 

Hepatic free and total cholesterol concentrations were 

measured by the method of Sale et al.(1984). Cholesteryl 

ester levels were calculated as the difference between free 

and total cholesterol values. 

Hepatic HMG-CoA Reductase Activity 

Guinea pigs were killed at the nadir of the diurnal 

rhythm, livers were excised and a portion was used for 

microsome isolation. Tissue was pressed through a tissue 

grinder into 1:3 (wt:vol) homogenization buffer (50 mmol/L 

KH2PO4, 0.1 mol/L sucrose, 50 mmol/L KC1, 30 mmol/L EDTA, 50 

mmol/L NaCl and 2 mmol/L dithiothreitol, pH 7.2), and 

homogenized using a Potter-Elvejhem homogenizer. Microsomal 

fractions were obtained after two 15 min centrifugations (Ti-

50 rotor, Beckman Instruments) at 10,000 x g and an 1 h 

centrifugation at 100,000 x g at 4°C (Fernandez et al. 1990a). 

The microsomal pellets were resuspended in homogenization 

buffer, washed (1 h, 100,000 x g), and stored in a small 

volume of homogenization buffer at -70°C. Microsomal HMG-CoA 

reductase activity was assayed using the radioisotopic method 

of Shapiro et al. (1974). 
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Statistical Analyses 

One-way ANOVA was used to assess differences among 

dietary cholesterol levels within the same fat type, as well 

as differences among fat types within the same dietary 

cholesterol level. Significant differences caused by fat 

type or cholesterol quantity inclusive of all dietary groups 

were analyzed by two-way ANOVA. Significance of interactions 

between fat type and cholesterol level was also determined by 

two-way ANOVA. Log regression analyses were determined by 

use of GB-STAT (Dynamic Microsystems, Inc., Silver Spring, 

MD). Data are presented as mean ± SD unless otherwise 

stated, and differences were considered significant at P < 

0.05. 
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Weight gain (g/d) averaged less in animals fed the High-

cholesterol (0.33%) diets, such that final body weights 

ranged from 480 ± 39 g (High, mean ± SD, n = 22) to 528 ± 59 

g (Basal, mean ± SD, n = 27). Significant differences in 

final body weights were noted only between High vs Basal or 

Low groups (P = 0.005). Because guinea pigs absorb similar 

proportions of cholesterol regardless of the cholesterol 

concentration (0-1%) of the diet (Traber and Ostwald 1978) 

and the fact that fat type did not influence weight gain, the 

relatively lower weight gain in the High-cholesterol groups 

was likely a result of decreased palatability and therefore 

intake (although food consumption was not recorded). Analysis 

of covariance using final body weight as the covariate 

indicated that weight did not significantly affect the 

measured variables. 

Plasma Total Cholesterol Concentrations 

Plasma total cholesterol levels increased in each 

dietary fat group with increasing dietary cholesterol (Table 

2). Increases in plasma cholesterol were not significant 

when comparing Basal versus Low cholesterol diets. However, 

both lard and corn oil groups exhibited significant increases 

in plasma cholesterol in response to further increments in 



TABLE 2: Total plasma cholesterol concentrations of guinea pigs fed lard, olive 

oil, or corn oil-based diets with various levels of dietary cholesterol1'2 

Cholesterol 

Plasma Cholesterol (mmol/L) 

Level (%) Lard Olive Oil Corn Oil 

Basal (0.01) 1.73 ± 0.28(9)ax 2.46 ± 0.52(9)ay 1.32 ± 0.31(9)az 

LOW (0.08) 2.02 ± 0.62ax 3.34 ± 0.62*7 2.15 ± 0.44abx 

Medium (0.17) 3.96 ± 1.63b 3.75 ± 0.85a 3.16 ± 0.80b 

High (0.33) 7.97 ± 1.99(6)c 7.63 ± 3.52b 5.02 ± 1.86c 

Statistics3 

Cholesterol P < 0.001 

Fat Type P = 0.001 

Interaction MS 

Values are means ± SD for 8 guinea pigs unless otherwise indicated in parentheses, 
2Different superscripts indicate significant differences due to fat type (XY2) 

(rows) or cholesterol amount (a£>c) (columns) as determined by one-way ANOVA. 

differences due to dietary cholesterol amount, fat type or interaction as 

determined by two-way ANOVA; NS = not significant (P > 0.05). 
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dietary cholesterol. Olive oil-fed animals did not increase 

their plasma cholesterol levels significantly until the 

pharmacological (0.33%) level of dietary cholesterol. For 

the first two increments of dietary cholesterol (Basal to Low 

and Low to Medium), the increases in plasma total cholesterol 

were modest irrespective of fat type (0.67 ± 0.18 mmol/L and 

1.11 ± 0.44 mmol/L, mean ± SEM, respectively) (Fig. 1). A 

distinctly different response was seen when the High 

pharmacological level of dietary cholesterol was fed. Plasma 

total cholesterol concentrations were increased an average of 

3.26 ± 0.70 mmol/L (mean ± SEM) when dietary cholesterol was 

increased from levels equal to endogenous synthesis (0.17%) 

to 2 times endogenous synthesis (0.33%). Analyses of 

absolute plasma cholesterol concentrations (Table 2) 

demonstrated that fat type influenced plasma cholesterol 

concentrations only at minimal levels of dietary cholesterol 

(0.01 and 0.08%), with olive oil-based diets giving the 

highest plasma cholesterol levels. At higher dietary 

cholesterol intakes (0.17 and 0.33%), dietary cholesterol 

dominated the effects of fat type such that differences due 

to fat type were no longer significant. Overall, the 

quantity of cholesterol in the diet (P < 0.001) had a greater 

impact on plasma cholesterol levels than fat type (P = 

0.001), and there was limited evidence for an interaction 
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- TOTAL 

- LDL 

MEDIUM TO HIGH 

0 2 3 4 

CHANGE IN PLASMA CHOLESTEROL (mmol/L) 

Fig. 1: Increases in Plasma Total and LDL Cholesterol 
Concentrations in Guinea Pigs Fed Diets Containing 0.01 
(Basal), 0.08 (Low), 0.17 (Medium) or 0.33% (High) 
Cholesterol. Guinea pigs were fed 15% (wt) fat diets (lard, 
olive oil or corn oil) with varying levels of dietary 
cholesterol and plasma total and LDL cholesterol levels 
determined. The figure presents the increase in plasma total 
and LDL cholesterol (mean± SEM of the three dietary fat 
groups) for each incremental change in dietary cholesterol 
intake. 
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between fat and cholesterol (P = 0.062) in determining plasma 

cholesterol concentrations. 

Plasma Lipoprotein Cholesterol Distribution 

Plasma levels of chylomicron, VLDL, and IDL cholesterol 

(d < 1.019 g/mL) were not affected by dietary cholesterol 

until the High pharmacological level of cholesterol was fed, 

where concentrations were approximately 3-fold higher, 

regardless of fat type (Table 3A). Intake of olive oil-

based diets consistently resulted in relatively higher levels 

of cholesterol in the d < 1.019 g/mL fraction. Plasma 

triacylglycerol levels measured in the nonfasting guinea pigs 

(data not shown) revealed significantly higher 

triacylglycerol concentrations in guinea pigs fed the Olive-

High diet, as expected due to the increased triacylglycerol-

rich lipoprotein cholesterol levels (Table 3A). 

Plasma LDL cholesterol concentrations correlated 

significantly (r = 0.99) with total cholesterol levels for 

each fat group, demonstrating that the major carrier of the 

increased plasma cholesterol in these animals is LDL. 

Differences in LDL cholesterol due to fat type were found 

only with the Basal and Low levels of dietary cholesterol 

and, as observed for total plasma cholesterol, olive oil-fed 

animals exhibited the highest plasma LDL cholesterol 

concentrations. LDL cholesterol concentrations significantly 
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TABLE 3A: Plasma lipoprotein cholesterol distribution of 

guinea pigs fed lard, olive oil, or corn oil-based diets with 

various levels of dietary cholesterol1'2 

Cholesterol 

Level (%) 

d < 1.019 g/mL Cholesterol 

(mmol / L) 

Basal (0.01) 

Low (0.08) 

Medium (0.17) 

High (0.33) 

LARD OLIVE OIL CORN OIL 

0.28 ± 0.08a 0.39 ± 0.10a 

0.21 ± 0.13axy 0.28 ± 0.08ax 

0.28 ± 0.08a 0.41 ± 0.18a 

0.83 ± 0.34b 1.29 ± 0.80b 

0.28 + 0.10a 

0.16 ± 0.05ay 

0.36 ± 0.10a 

0.75 ± 0.39b 

Statistics3 

Cholesterol 

Fat Type 

Interaction 

P < 0.001 

P = 0.003 

NS 

1Values are means ± SD for n = 8 guinea pigs; except all 

Basal groups, Lard-Medium, Corn-Medium and Corn-High: n = 7, 

and Lard-High: n = 5. 
2Different superscripts indicate significant differences (p < 

0.05). abcd indicate differences due to dietary cholesterol 

within a fat group (columns), xvz indicate differences due to 

fat type within a dietary cholesterol level (rows). 

differences due to dietary cholesterol amount, fat type, or 

interaction as determined by two-way ANOVA; NS = not 

significant (p > 0.05). 
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TABLE 3B: Plasma lipoprotein cholesterol distribution of 

guinea pigs fed lard, olive oil, or corn oil-based diets with 

various levels of dietary cholesterol1'2 

Cholesterol 

Level (%) 

LDL Cholesterol 

(mmol / L) 

LARD OLIVE OIL CORN OIL 

Basal (0.01) 

Low (0.08) 

Medium (0.17) 

High (0.33) 

1.06 ± 0.26ax 

1.40 ± 0.54ax 

3.21 ± 1.68b 

6.54 ± 1.86c 

1.89 ± 0.49ay 

2.74 ± 0.57ay 

2.90 ± 0.91a 

5.97 ± 2.69b 

0.62 ± 0.18az 

1.71 ± 0.41bx 

2.64 ± 0.70c 

4.11 ± 1.45d 

Statistics3 

Cholesterol 

Fat Type 

Interaction 

P < 0.001 

P = 0.003 

NS 

Values are means ± SD for n = 8 guinea pigs; except all 

Basal groups, Lard-Medium, Corn-Medium and Corn-High: n = 7, 

and Lard-High: n = 5. 
2Different superscripts indicate significant differences (p < 

0.05). abcd indicate differences due to dietary cholesterol 

within a fat group (columns), xyz indicate differences due to 

fat type within a dietary cholesterol level (rows). 

differences due to dietary cholesterol amount, fat type, or 

interaction as determined by two-way ANOVA; NS = not 

significant (p > 0.05). 
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TABLE 3C: Plasma lipoprotein cholesterol distribution of 

guinea pigs fed lard, olive oil, or corn oil-based diets with 

various levels of dietary cholesterol1'2 

Cholesterol 

Level 

HDL Cholesterol 

(mmol / L) 

Basal (0.01) 

Low (0.08) 

Medium (0.17) 

High (0.33) 

LARD OLIVE OIL CORN OIL 

0.36 + 0.05a 0.31 ± 0.08 

0.44 + 0.08abx 0.31 ± 0.08Y 

0.52 ± 0.03bx 0.44 ± 0.21x 

0.62 + 0.13c 0.47 ± 0.13 

0.31 ± 0.05a 

0.28 ± 0.13ay 

0.21 ± 0.08ay 

0.47 ± 0.18b 

Statistics3 

Cholesterol 

Fat Type 

Interaction 

P < 0.001 

P < 0.001 

P = 0.016 

1Values are means ± SD for n = 8 guinea pigs; except all 

Basal groups, Lard-Medium, Corn-Medium and Corn-High: n = 7, 

and Lard-High: n = 5. 
2Different superscripts indicate significant differences (p < 

0.05). abcd indicate differences due to dietary cholesterol 

within a fat group (columns), xyz indicate differences due to 

fat type within a dietary cholesterol level (rows), 

differences due to dietary cholesterol amount, fat type, or 

interaction as determined by two-way ANOVA; NS = not 

significant (p > 0.05). 
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increased at each dietary cholesterol level in the corn oil 

and lard groups, beginning at the Low and Medium levels, 

respectively (Table 3B). In contrast, animals fed olive oil 

had significant increases in LDL cholesterol only with the 

High level of dietary cholesterol. As with total 

cholesterol, the most pronounced increment of plasma LDL 

cholesterol levels, regardless of fat type, occurred between 

the Medium and High dietary cholesterol levels (Fig. 1). 

There was no interactive effect between dietary fat and 

cholesterol in determining LDL cholesterol levels. 

In contrast to the results found for lipoproteins of d < 

1.019 g/mL and LDL, HDL cholesterol concentrations were 

affected by both fat type and cholesterol amount in an 

interactive manner. Overall, intake of the saturated fat, 

lard-based diets resulted in the highest plasma HDL 

cholesterol levels (Table 3C). In contrast, intake of the 

polyunsaturated fat, corn oil-based diets minimized the 

dietary cholesterol-mediated increases in HDL cholesterol 

concentrations. For these two fat types, dietary cholesterol 

intake at the High pharmacological level resulted in 1.5-1.7 

fold increases (P < 0.001) in HDL cholesterol over that found 

for Basal-cholesterol diets, whereas the increases at the Low 

and Medium levels were generally not significant. Plasma HDL 

cholesterol levels of animals fed olive oil-based diets did 

not change significantly with increments of dietary 

cholesterol. 
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Hepatic Cholesterol 

Cholesterol feeding resulted in significantly increased 

hepatic concentrations of both free and esterified 

cholesterol (Table 4). In all fat groups, concentrations of 

hepatic free cholesterol increased significantly (P < 0.001) 

with each level of dietary cholesterol. Intake of the Low 

level of dietary cholesterol resulted in a 2-fold increase in 

hepatic free cholesterol concentrations regardless of fat 

type. Intake of the olive oil-based diets resulted in the 

highest hepatic free cholesterol concentrations up to the 

Medium-cholesterol level. At the High-cholesterol level, 

animals fed the corn oil-based diet had the highest hepatic 

free cholesterol concentration (25.9 ± 3.6 jjmol/g tissue), 

which was 144% of the free cholesterol level of animals 

consuming the Olive-High diet. Hepatic free cholesterol 

levels increased the most for animals on the Corn-High diet 

(6-fold) as compared with guinea pigs fed the Lard-High or 

Olive-High diets (3-fold) relative to the Basal cholesterol 

diets. 

Hepatic cholesteryl esters increased more strikingly (an 

average of 4-fold) than hepatic free cholesterol for guinea 

pigs fed the Low-cholesterol diets, as compared to the Basal-

cholesterol groups (Table 4). As seen for hepatic free 

cholesterol, the fold increase in hepatic cholesteryl ester 



TABLE 4: Hepatic f.ree and esterified cholesterol of guinea pigs fed lard, olive oil, 

or corn oil-based diets with 0.01% (Basal), 0.08% (Low), 0.17% (Medium) or 0.33% (High) 

dietary cholesterolL 

Cholesterol FREE CHOLESTEROL ESTERIFIED CHOLESTEROL 

Level Lard Olive Oil Corn Oil Lard Olive Oil Corn Oil 

\xmol/g tissue 
Basal 3.9 ± 0.8ax 5.7 ± 1.8aV 4.4 ± 0.3axy 0.3 ± 0.3ax 1.8 ± 1.3aV 0.8 ± 0. 5 a x 

LOW 7.5 ± 0.8bx 10.9 ± 0.5by 7.5 ± 0.8bx 1.3 ± 0.5bx 7.5 ± 4.4bY 2.8 ± 0.5abx 

Medium 9 .1 ± 0 . 8 C X 14 . 2 ± 1. 0CV 12 .7 ± 3 . 4cy 1. 6 ± 0 . 5 b x 19 . 9 ± 4 . 1CV 7 . 0 ± 3 . l b x 

High 12.2 ± 1.8dx 17.8 ± 3.9dV 25.9 ± 3.6dz 4.9 ± 0.8cx 19.7 ± 1.6cy 15.5 f 7.0CV 

Statistics3 

Cholesterol P < 0.001 P < 0.001 

Fat Type P < 0.001 P < 0.001 

Interaction P < 0.001 P < 0.001 

^Values are means ± SD for n = 4 guinea pigs except for Basal groups have n = 9. 
2Different superscripts indicate significant differences due to fat type (XYZ) (rows) 

or cholesterol amount (a^oc) (columns) as determined by one-way ANOVA. 

differences due to dietary cholesterol amount, fat type, or interaction as determined 

by two-way ANOVA. 
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at the Low cholesterol level was similar across fat types. 

Higher intakes of dietary cholesterol resulted in hepatic 

cholesteryl ester concentrations related to fat type. The 

olive oil-based diets promoted the highest cholesteryl ester 

levels at almost all levels of dietary cholesterol, while 

intake of the lard-based diets minimized cholesteryl ester 

accumulation in the presence of dietary cholesterol intakes 

above 0.08%. Hepatic cholesteryl ester concentrations of 

animals fed Olive-Medium were higher than or equivalent to 

those of Lard-High and Corn-High, respectively, suggesting 

that maximal levels of hepatic cholesteryl esters were 

achieved with lower levels of dietary cholesterol when an 

olive oil-based diet was consumed. Despite the absolute 

values, intake of Corn-High and Lard-High diets resulted in 

19- and 20-fold increases, respectively, in hepatic 

cholesteryl ester levels over that found for the Basal-

cholesterol diets. In contrast, intake of the Olive-High 

diet resulted in only an 11-fold increase. 

Overall, the lowest hepatic free and esterified 

cholesterol concentrations were found in guinea pigs fed 

lard-based diets. Both fat saturation and cholesterol 

amount, as well as their interactions, were highly 

significant (P < 0.001) in determining hepatic levels of free 

and esterified cholesterol. 
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Hepatic HMG-CoA Reductase Activity 

As an assessment of dietary effects on the regulation of 

endogenous cholesterol synthesis, hepatic microsomal HMG-CoA 

reductase activities were measured (Table 5). HMG-CoA 

reductase activities were lowest (although not significantly) 

for animals fed the Olive-Basal diet (17 ± 9 pmol/min-mg 

protein, n = 6), as compared to values for Lard-Basal (41 ± 

28 pmol/min-mg, n = 6) and Corn-Basal (39 ± 19 pmol/min-mg, n 

= 7). The regulatory response to dietary cholesterol, as 

well as to fat type, of HMG-CoA reductase was evident from 

the 75% decrease in animals fed the Corn-Low diet, while both 

Lard-Low and Olive-Low-fed animals had less dramatic 

decreases of 50% when compared to the Basal cholesterol 

groups. Notably, absorption of dietary cholesterol above 

levels equal to half the daily endogenous synthesis rate 

(0.08%) resulted in maximal suppression of HMG-CoA reductase 

activity in all groups. The amount of dietary cholesterol 

and the type of dietary fat exhibited no interactive effects 

in determining hepatic HMG-CoA reductase activity. 

Analysis of the relationship between changes in hepatic 

free and esterified cholesterol and hepatic HMG-CoA reductase 

activity demonstrated significant negative correlations 

between reductase specific activity and the log of hepatic 

free cholesterol (r = -0.823, P < 0.001, n = 12) and 

cholesteryl ester (r = -0.850, P < 0.0005, n = 12) 

concentrations (Fig. 2A,B). 
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TABLE 5: Hepatic HMG-CoA reductase activity of guinea pigs 

fed lard, olive oil, or corn oil-based diets with various 

levels of dietary cholesterol1'2 

Cholesterol 

Level (%) Lard 

HMG-CoA REDUCTASE ACTIVITY 

Olive Oil Corn Oil 

{pmol / min-mg micromsomal protein) 

Basal (0.01) 

Low (0.08) 

Medium (0.17) 

High (0.33) 

41 ± 2 8 ( 6 ) a 

21 ± 9 a b 

11 ± 3 b x 

9 ± l b 

17 ± 9 ( 6 ) a 

8 ± 3 b 

7 ± i b y 

8 ± 2 b 

39 ± 19 ( 7 ) a 

10 ± 8 b 

4 ± i fay 

7 ± l b 

Statistics3 

Fat Type 
Cholesterol 
I n t e r a c t i o n 

P = 0.025 

P < 0.001 

NS 

xValues are means ± SD for 4 guinea pigs unless otherwise (n) 

indicated. 
2Different superscripts indicate significant differences due 

to fat type (XY) (rows) or cholesterol amount {^°) (columns) 

as determined by one-way ANOVA. 

differences due to dietary cholesterol amount, fat type or 

interaction as determined by two-way ANOVA; NS = not 

significant (P > 0.05). 
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Fig. 2. Relationships Between Hepatic HMG-CoA Reductase 
Activity and Hepatic Free (A, Left Panel) and Esterified (B, 
Right Panel) Cholesterol Concentrations. Guinea pigs were 
fed 15% (wt) fat diets [lard (o), olive oil (V), or corn oil 
(•)] with varying levels of dietary cholesterol (0.01, Basal; 
0.08, Low; 0.17, Medium; or 0.33%, High), and analyzed for 
hepatic free and esterified cholesterol concentrations and 
microsomal HMG-CoA reductase activities. Each point 
represents the mean value for each of the 12 dietary 
treatments. Hepatic HMG-CoA reductase activity (pmol/min-mg) 
was negatively correlated with hepatic free cholesterol (r = 
-0.823, P < 0.001) and hepatic cholesteryl ester (r = -0.850, 
P < 0.0005) concentrations. 
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DISCUSSION 

Previous studies have demonstrated that guinea pigs fed 

7.5 or 15% (w/w) fat diets exhibit a number of metabolic 

responses to changes in dietary fat saturation. Intake of 

polyunsaturated corn oil results in lower plasma total and 

LDL cholesterol levels (Fernandez and McNamara 1989 and 

1991a, Fernandez et al. 1992a, Ibrahim and McNamara 1988), 

increased expression of hepatic receptors for LDL (Fernandez 

and McNamara 1989 and 1991a, Fernandez et al. 1992a) and HDL 

(Fernandez and McNamara 1991b), increased LDL apo B 

fractional catabolic rates (Fernandez et al. 1992a), and 

reduced LDL apo B production rates (Fernandez et al. 1992a) 

compared to saturated lard or monounsaturated olive oil. 

Hepatic HMG-CoA reductase activity and the incorporation of 

3H20 into hepatic sterols are significantly decreased in 

guinea pigs fed an olive oil-containing diet, compared to 

animals fed a corn oil- or lard-based diet, which did not 

differ from each other (Fernandez and McNamara 1991a, 

Fernandez et al. 1990b). These previous studies demonstrated 

that dietary fat saturation has specific effects on in vivo 

cholesterol and lipoprotein metabolism in the guinea pig 

during intake of basal levels of dietary cholesterol (<0.1 

mg/g). The present study was carried out to extend these 

studies by investigating the interactions between three types 
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of dietary fat and four levels of dietary cholesterol, of 

which three are within a physiological range and one at a 

pharmacological level, on plasma lipid and lipoprotein levels 

and on hepatic cholesterol levels and HMG-CoA reductase 

activity. The physiological ranges of dietary cholesterol 

were chosen such that metabolic interactions with dietary fat 

would be induced without overwhelming the feedback regulatory 

mechanisms which maintain cholesterol homeostasis (McNamara 

1987, 1990a, 1990b, McNamara et al. 1987). Likewise, the 

pharmacological level of dietary cholesterol was fed to 

examine the extent of dietary fat effects when challenged 

with a cholesterol input exceeding endogenous synthesis and 

regulatory capacity. 

Dietary Fat Saturation and Cholesterol Effects on 

Lipoprotein Cholesterol Concentrations 

Analysis of the effect of fat type and cholesterol 

quantity on plasma total cholesterol levels demonstrated that 

the incremental increases in plasma cholesterol 

concentrations were the result of increasing dietary 

cholesterol, independent of dietary fat type. Plasma 

cholesterol concentrations rose in relatively modest 

increments with dietary cholesterol up to the Medium-

cholesterol intake. At this intake of dietary cholesterol, 

an amount of absorbed cholesterol equal to the daily 

endogenous cholesterol synthesis rate, homeostatic regulatory 
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mechanisms were apparently able to compensate for the 

increased cholesterol input such that increments in plasma 

total cholesterol concentrations were relatively small 

(McNamara 1990a). However, at the High cholesterol level, 

compensatory mechanisms become overloaded, resulting in a 

pronounced increase in plasma total cholesterol 

concentrations. The dose-dependent increase of plasma 

cholesterol concentrations with dietary cholesterol has been 

observed by Spady and Dietschy (1988) in hamsters fed diets 

with cholesterol levels of 0.0, 0.1, 0.25, and 1.0% which 

resulted in increasing levels of plasma LDL-cholesterol 

associated with decreasing hepatic LDL clearance. 

Dietary polyunsaturated fat tended to be 

hypocholesterolemic and generally resulted in lower plasma 

cholesterol levels at all levels of dietary cholesterol. 

In contrast, the relatively hypercholesterolemia effect of 

saturated fat was only observed when feeding the Medium and 

High levels of dietary cholesterol (0.17 and 0.33%). 

However, the differences among fat types at these cholesterol 

levels were not significant, presumably due to an 

overwhelming cholesterol effect, in fact, significant 

differences in plasma cholesterol due to fat type were no 

longer evident once intake exceeded 0.08% dietary 

cholesterol, suggesting that input of cholesterol above 

amounts equal to half the endogenous synthesis rate dominates 

over any effects due to fat type. 
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With minimal intakes of dietary cholesterol (Low and 

Medium), olive oil-based diets resulted in significantly 

higher plasma cholesterol concentrations as compared to 

animals fed lard or corn oil-based diets. In contrast, 

studies in rats (Beynen 1987) and hamsters (Spady and 

Dietschy 1988) indicate that cholesterol-free olive oil diets 

are similar to polyunsaturated fat in terms of plasma 

cholesterol levels. However, when cholesterol was added to 

the various fat diets, plasma cholesterol levels of rats fed 

olive oil increased significantly above those of animals fed 

corn oil- or coconut oil-containing diets (Beynen 1987). 

Chang and Huang (1990) reported that when human subjects 

consumed a diet enriched in olive oil 

[(polyunsaturated+monounsaturated):saturated fat ratio, 

(P+M):S = 4.5], the men had significantly higher LDL 

cholesterol levels than when fed a diet of (P+M):S = 1.5, 

even though both diets had fixed P:S ratios of 1.0. Contrary 

to most clinical reports of monounsaturated fat having 

similar plasma cholesterol-lowering effects as 

polyunsaturated fats when substituted for saturated fats 

(Grundy 1989, Nicolosi et al. 1990), their report 

demonstrates that monounsaturated fat can significantly 

increase plasma LDL cholesterol levels independent of the P:S 

ratio. 

As has been noted in the literature, intake of 

polyunsaturated fatty acids tends to decrease plasma HDL 
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levels (Grundy 1989, Nicolosi et al. 1990, Shepherd et al. 

1978) relative to saturated fat. This is in agreement with 

the present results using corn oil-based diets (significant 

at the Low and Medium cholesterol levels). Consistent with 

the role of HDL in reverse cholesterol transport, plasma HDL 

cholesterol of guinea pigs fed lard- and corn oil-based diets 

increased with dietary cholesterol, especially with the High 

cholesterol level. Similarly, interactions between fat 

saturation and dietary cholesterol on HDL cholesterol levels 

have been observed in Cebus monkeys (Nicolosi et al. 1990). 

Comparing intake of coconut oil to corn oil, with or without 

0.1% added cholesterol, saturated fat promoted higher HDL 

cholesterol levels than polyunsaturated fat. However, 

whereas dietary cholesterol increased HDL cholesterol 

concentrations in guinea pigs fed saturated lard, the effect 

was not seen in monkeys fed coconut oil, possibly due to 

species differences and/or the fatty acid differences between 

lard and coconut oil. Surprisingly, dietary cholesterol did 

not significantly increase HDL cholesterol levels in guinea 

pigs fed olive oil- based diets, although there was a trend 

in that direction. 

Dietary Fat Saturation and Cholesterol Effects on 

Hepatic Cholesterol Levels 

Addition of dietary cholesterol at even the lowest level 

(0.08%) resulted in a 2-fold increase in hepatic free 
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cholesterol, and a 4- to 5-fold increase in hepatic 

cholesteryl ester concentrations. Higher intakes of dietary 

cholesterol were found to interact with dietary fat 

saturation in determining hepatic free and esterified 

cholesterol levels. 

In studies feeding cholesterol-free diets to hamsters 

(Spady and Dietschy 1988), rats (Beynen 1987), and mice 

(Beynen 1986), hepatic cholesterol accumulation has been 

demonstrated to be independent of fat type. In contrast, in 

the present study, significantly higher hepatic cholesterol 

levels were observed in Olive-Basal-fed guinea pigs. When 

dietary cholesterol was included in these reported studies 

(Beynen 1986 and 1987, Spady and Dietschy 1988), intake of 

polyunsaturated fat caused significantly greater accumulation 

of hepatic cholesterol than did saturated fat. The present 

results are in agreement with these findings in that corn oil 

had a significant interactive effect with dietary cholesterol 

quantity in determining hepatic cholesterol levels. The 

concentrations of free and esterified hepatic cholesterol of 

animals fed corn oil were similar to values of animals fed 

lard when the dietary cholesterol levels were 0.01 or 0.08%; 

however, with dietary cholesterol levels above 0.08%, the 

corn oil-fed guinea pigs accumulated hepatic cholesterol in 

amounts similar to those obtained with olive oil feeding. 

The high hepatic concentrations of both free and 

esterified cholesterol in animals fed diets with 
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polyunsaturated or monounsaturated fats as compared to 

saturated fat suggests differences in hepatic cholesterol 

metabolism. An increase in LDL receptor-mediated binding of 

LDL to hepatic membranes of guinea pigs fed Corn-Basal 

compared to Olive-Basal or Lard-Basal has been demonstrated 

and shown to be associated with receptor-mediated LDL 

catabolism (Fernandez et al. 1992a). Studies have shown that 

addition of dietary cholesterol to a polyunsaturated fat 

diet, compared to the fat alone, resulted in no changes in 

LDL clearance rates in Cebus monkeys (Nicolosi et al. 1990) 

and hamsters (Spady and Dietschy 1988). The ability of 

polyunsaturated fatty acids to modify the suppressive effects 

of dietary cholesterol on LDL receptor expression has also 

been demonstrated in hamsters whereby animals fed a 5% 

linoleic acid-0.1% cholesterol diet had increased LDL binding 

to isolated hepatocytes compared to animals fed a diet with 

5% palmitic acid-0.1% cholesterol (Ohtani et al. 1990). 

These data suggest that differences in hepatic cholesterol 

concentrations may be accounted for in part by an increase in 

cholesterol flux due to the polyunsaturated fat-mediated 

derepression of LDL receptors. In addition, the derepressive 

effect of polyunsaturated fat on hepatic LDL receptor 

expression may be a significant source of cholesterol input 

in animals fed cholesterol-containing diets due to increased 

binding and uptake of apo E-containing chylomicron remnants 

and HDL. 
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The accumulation of hepatic cholesterol in guinea pigs 

fed the olive oil-based diets has been observed in rabbits 

(Beynen 1988), rats (Beynen 1988), and hamsters (Jones et al. 

1990). Beynen (1989) reported a dose-dependent effect of 

olive oil in increasing hepatic cholesterol concentrations, 

in rats, addition of cholesterol to an olive oil-based diet 

promotes the hepatocholesterolemic effects (Beynen 1987). 

The mechanism by which monounsaturated fatty acids increase 

hepatic cholesterol is unknown. Differences in LDL 

production and receptor-mediated catabolism between guinea 

pigs fed corn oil and olive oil suggest different mechanisms 

resulting in hepatic cholesterol accumulation. Fernandez and 

coworkers (1990b) using animals fed 7.5% fat diets found that 

guinea pigs consuming an olive oil diet excreted 

significantly less fecal acidic sterols than animals fed corn 

oil- or lard-based diets. Studies in rats (Mitropoulos et 

al. 1980) have demonstrated increased hepatic microsomal ACAT 

(E.C. 2.3.1.26) activity, representative of increased 

cholesterol esterification, when rats are fed polyunsaturated 

fat diets as compared to animals fed saturated fat. in 

addition, dietary cholesterol increases ACAT activity 

(Mitropoulos et al. 1980). Together, these observations 

suggest that guinea pigs fed olive oil-based diets have a 

decreased ability to catabolize and excrete cholesterol as 

bile acids, and that cholesterol added to the diets 

accentuates the response, resulting in a significant 
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accumulation of hepatic cholesterol. Oleic acid may also 

promote ACAT activity, as it is a preferred ACAT substrate 

(Suckling and Stange 1988). Differences in hepatic 

cholesterol concentrations of guinea pigs fed polyunsaturated 

fat versus saturated fat diets are apparent at appreciable 

(Medium, High) dietary cholesterol concentrations. Guinea 

pigs fed corn oil and cholesterol would be predicted to have 

higher hepatic cholesterol levels than those fed lard and 

cholesterol due, presumably, to higher ACAT activities, 

decreased LDL production, and increased cholesterol input. 

Dietary Fat Saturation and Cholesterol Effects on HMG-

CoA Reductase Activity 

HMG-CoA reductase, the rate-limiting enzyme of 

endogenous cholesterol synthesis, is controlled in part by 

the cellular free cholesterol pool (Rudney and Sexton 1986). 

At Basal cholesterol intake, guinea pigs fed olive oil had 

reduced HMG-CoA reductase activity, less than half that of 

animals fed Corn-Basal or Lard-Basal. This is consistent 

with the finding that guinea pigs fed Olive-Basal had 

significantly higher hepatic free cholesterol levels. 

Although hepatic free cholesterol increased 2-fold at 

the Low cholesterol intake, regardless of fat type, the 

decreases in HMG-CoA reductase activities were not parallel. 

Both Olive-Low and Lard-Low diets resulted in 50% decreases 

in HMG-CoA reductase activity relative to the Basal 
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cholesterol diets; however, HMG-CoA reductase activity of 

animals on the Corn-Low diet decreased 75%. These data are 

consistent with the concept that HMG-CoA reductase is highly 

responsive to dietary cholesterol, and suggest that fat type 

has some effect on this regulatory response. The greater 

dietary cholesterol-mediated suppression of reductase 

activity with intake of the polyunsaturated fat diet may 

reflect some modification of the regulatory pools of 

cholesterol that are also involved in regulating LDL receptor 

expression. 

Hepatic HMG-CoA reductase activity was not significantly 

inhibited further by increasing dietary cholesterol above the 

Low level in any fat group, suggesting maximal suppression. 

The significant inverse relationship between HMG-CoA 

reductase activity and hepatic free and esterified 

cholesterol is consistent with a major role of hepatic 

cholesterol in regulating hepatic reductase activity and 

endogenous cholesterol synthesis. 

The present study has investigated the interactions 

involved in the regulation of plasma lipoprotein levels and 

hepatic sterol metabolism by dietary fat type and cholesterol 

quantity in the guinea pig. The only interactions found for 

these two dietary variables were for plasma HDL cholesterol 

levels and hepatic free and esterified cholesterol 

concentrations, in this regard, dietary fat type is a major 

factor in altering regulatory pools of hepatic cholesterol. 
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Of the various parameters studied, the response to dietary 

cholesterol varied in a dose-dependent manner. Hepatic 

cholesterol synthesis, as measured by HMG-CoA reductase 

activity, was significantly suppressed with a minimal dietary 

cholesterol intake. In contrast, plasma cholesterol 

concentrations did not significantly increase until dietary 

cholesterol intake exceeded the level of endogenous 

cholesterol synthesis. Therefore, efficient regulatory 

mechanisms for maintaining plasma cholesterol homeostasis 

exist in the guinea pig when intakes of dietary cholesterol 

are within a physiological range. The hypercholesterolemia 

response to dietary cholesterol appears to occur only at 

pharmacological levels of intake which overwhelm the 

compensatory mechanisms. The present study suggests that 

physiological ranges of dietary cholesterol play a key role 

in acute regulation of plasma cholesterol levels (feedback on 

endogenous cholesterol synthesis), whereas fat saturation may 

have a more chronic effect (pools of regulatory cholesterol, 

LDL receptor expression). Interactions of fat type and 

cholesterol quantity appear to have a limited role in the 

regulation of plasma cholesterol homeostasis, whereas there 

are significant independent effects of fat type and 

cholesterol amount in this regulation. 
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CHAPTER III 

REGULATION OF HEPATIC LDL METABOLISM 

IN THE GUINEA PIG 

BY DIETARY FAT AND CHOLESTEROL 
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INTRODUCTION 

Elevated levels of plasma LDL cholesterol constitute a 

major risk factor for cardiovascular disease, and extensive 

clinical data document dietary lipids as a major determinant 

of plasma LDL levels. Metabolic studies have shown that 

dietary lipids affect the regulation of LDL synthesis, 

intravascular processing and apo B/E receptor-mediated 

catabolism (McNamara 1990b and 1992). Clinical studies 

indicate that the plasma LDL response to changes in the type 

and amount of dietary fat and in dietary cholesterol exhibit 

a high degree of inter-individual heterogeneity (Grundy and 

Vega 1988, Katan and Beynen 1987). While most human studies 

indicate independent effects of dietary fat and cholesterol 

on plasma cholesterol levels, there are both clinical and 

animal studies suggesting that these dietary factors interact 

to determine plasma cholesterol concentrations (reviewed by 

McNamara 1990b). 

Studies in the hamster by Dietschy and colleagues (Spady 

and Dietschy 1988, Woollett et al. 1992) indicated that the 

down-regulation of hepatic apo B/E receptors by dietary 

cholesterol is significantly affected by the type of dietary 

fat, with unsaturated fatty acids attenuating cholesterol-

induced receptor suppression relative to saturated fatty 

acids. In vivo LDL turnover studies in cebus monkeys support 
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this thesis in that apo B/E receptor expression is higher in 

animals fed diets containing polyunsaturated corn oil with 

0.1% cholesterol as compared to animals fed saturated coconut 

oil with cholesterol (Nicolosi et al. 1990). In contrast, 

LDL kinetic studies in cynomolgus monkeys demonstrated that 

apo B/E receptor-mediated catabolism of LDL was not 

consistently related to fat type and cholesterol amount (Hunt 

et al. 1992). 

In the previous study of guinea pigs fed varying levels 

of dietary cholesterol combined with fats of varying 

saturation, no significant dietary fat and cholesterol 

interactions were detected for plasma LDL cholesterol levels 

or hepatic HMG-CoA reductase activity (Chapter II, Lin et al. 

1992). To better understand the role of dietary fat 

saturation and cholesterol in determining plasma LDL 

cholesterol levels and hepatic apo B/E receptor expression, 

the present studies were undertaken to determine the effects 

of three dietary fats (saturated lard, monounsaturated olive 

oil, and polyunsaturated corn oil) fed with a range of 

dietary cholesterol levels. These fats have previously been 

shown to significantly affect hepatic apo B/E receptor 

expression and in vivo LDL kinetics (Fernandez and McNamara 

1991a, Fernandez et al. 1992a). Four levels of dietary 

cholesterol (basal, 0.08, 0.17, 0.33%) were chosen to provide 

absorbed cholesterol masses equivalent to 6, 50, 100 and 200% 

of the endogenous cholesterol synthesis rate (Fernandez et 
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al. 1990b). The varying cholesterol levels, from 

physiological to pharmacological, provide a wide range of 

responses in plasma cholesterol levels and hepatic 

cholesterol metabolism (Chapter II, Lin et al. 1992). The 

primary objective was to test the hypothesis that the extent 

of dietary cholesterol-mediated down-regulation of hepatic 

apo B/E receptor expression, as measured by hepatic apo B/E 

receptor number (Bmax)r is modified by the degree of dietary 

fat saturation. In addition, studies were conducted to 

determine the relationships and interactions between dietary 

fat and cholesterol on the physicochemical properties of LDL, 

which have been shown to significantly affect plasma LDL 

metabolism (Fernandez et al. 1992a and 1992b); and effects on 

hepatic free and esterified cholesterol levels, which are 

considered to be important determinants of the regulatory 

pool of cholesterol in the liver (Daumerie et al. 1992). 

The present studies were carried out in the guinea pig 

because in this animal model: a) LDL is the major plasma 

lipoprotein; b) both dietary fat and cholesterol modulate 

plasma LDL levels; c) LDL:HDL ratios are greater than 2; d) 

there is an active plasma cholesteryl ester transfer protein 

(CETP) (Ha and Barter 1982); e) dietary fat saturation 

regulates plasma LDL metabolism in the absence of dietary 

cholesterol (Fernandez and McNamara 1989 and 1991a, Fernandez 

et al. 1992a and 1992b); f) hepatic free:esterified 

cholesterol ratios are greater than 1 (Angelin et al. 1992); 
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and g) dietary saturated fatty acids plus cholesterol do not 

cause hypertriglyceridemia (Chapter II, Lin et al. 1992). 

These similarities to human lipid and lipoprotein metabolism 

make the guinea pig an especially interesting animal model 

for studies of dietary fat and cholesterol effects on LDL 

metabolism and apo B/E receptor expression. 
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METHODS 

Materials 

125lNa was purchased from Amersham (Arlington Heights, 

IL); enzymatic cholesterol assay kits, cholesterol esterase 

and cholesterol oxidase were from Boehringer Mannheim 

(Indianapolis, IN); aprotinin (Trasylol) and enzymatic 

triacylglycerol assay kits were from Sigma (St. Louis, MO); 

halothane was acquired from Halocarbon Lab Inc. (Hackensack, 

NJ); and rotors and QuickSeal ultracentrifugation tubes were 

from Beckman Instruments (Palo Alto, CA). 

Diets 

Semipurified test diets were prepared and pelleted by 

Research Diets, Inc. (New Brunswick, NJ). The isocaloric 

(3.8 kcal/g) diet compositions are reported previously 

(Chapter II, Lin et al. 1992) and contained identical 

ingredients except for the 15 g/100 g fat (lard, olive oil, 

or corn oil) and amounts of recrystallized cholesterol added 

(Basal: 0.00, Low: 0.08, Medium: 0.17, and High: 0.33% by 

weight). Basal diets were all adjusted to 0.01% cholesterol 

to account for the cholesterol content of the Lard diet. 

Cholesterol levels were calculated to result in absorbed 

amounts equivalent to 6, 50, 100, and 200% the mass of guinea 

pig daily endogenous cholesterol synthesis (51 mg/kg-
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day)(Fernandez et al. 1990b). Cholesterol intakes for the 

four levels were 0.03, 0.21, 0.45, and 0.87 mg/kcal 

respectively. Test diets were adjusted to the same plant 

sterol content (0.9 mg sitosterol/g diet) and were formulated 

to meet NRC-specified nutritional requirements of the guinea 

pig. Dietary groups are referred to by fat type and 

cholesterol level; e.g., lard-based diet with 0.33% 

cholesterol is abbreviated as Lard-High. Commercial 

nonpurified guinea pig diet was obtained from Teklad 

(Madison, WI). Composition of the commercial diet (2.9 

kcal/g) was reported to be, by weight, 17.9% protein (mainly 

soybean meal), 1.9% vegetable fat, 49.3% carbohydrate, and 

14% fiber (mainly alfalfa). 

Animals 

Male Hartley guinea pigs (250-350 g) were obtained from 

Harlan Sprague-Dawley, Inc.(Indianapolis, IN) or Sasco, 

Inc.(Omaha, NE) and randomly assigned to one of 12 dietary 

groups. Animals were maintained in a light-cycled room 

(light 07:00 to 19:00) and provided with diet and water ad 

libitum. After at least 23 d of dietary treatment, 

nonfasting guinea pigs were exsanguinated under halothane 

anesthesia, and the blood collected into syringes containing 

1 mg/mL EDTA. Plasma was separated and a preservation 

cocktail (Gianturco and Bradley 1986) consisting of sodium 

azide (1 /imol/mL), aprotinin (50 kallikrein units/mL), and 
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phenyl methyl sulfonyl fluoride (0.01 ^mol/mL) was added. 

Livers were excised for membrane isolation and cholesterol 

determinations. 

Lipoprotein Isolation and Characterization 

Plasma cholesterol concentrations were determined using 

a commercial enzymatic kit. Plasma HDL cholesterol was 

determined following MgCl2-dextran sulfate precipitation of 

apo E- and B- lipoproteins (Warnick et al. 1982). Plasma was 

adjusted to 1.019 g/mL with KBr/NaCl to obtain the d < 1.019 

g/mL lipoprotein fraction (chylomicrons, VLDL and IDL). LDL 

cholesterol was calculated as the difference between the 

total cholesterol and the d < 1.019 g/mL + HDL cholesterol 

concentrations. 

For determination of LDL peak density, plasma was 

adjusted to 1.24 g/mL with KBr and centrifuged for 36 h at 

125,000 x g at 15°C in a Ti50 rotor to isolate lipoproteins. 

The lipoprotein fraction was adjusted to 1.3 g/mL in a final 

10 mL volume and overlayered with 30 mL of 1.006 g/mL 

solution in a Quick Seal ultracentrifugation tube. 

Lipoprotein fractionation was achieved by centrifugation in a 

VC-53 vertical rotor for 3 h at 100,000 x g, 10°C, and 

collecting fractions for determining lipoprotein cholesterol 

distribution and density as previous described (Fernandez and 

McNamara 1991a). 
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Guinea pig plasma LDL composition was determined in the 

density fractions corresponding to LDL (1.019 < d < 1.09 

g/mL) by measuring protein, phospholipids, total and free 

cholesterol, and triacylglycerols as previously described 

(Fernandez et al. 1992a). The diameters of LDL were 

calculated from the composition data (Fernandez et al. 

1992a). Molecules of phospholipids, free cholesterol, 

cholesteryl esters and triacylglycerols per molecule of LDL 

apo B were calculated using molecular weights of 734, 386.6, 

646, and 885.4 respectively, relative to guinea pig LDL apo B 

molecular weight of 412,000 (Chapman et al. 1975). 

Hepatic Membrane LDL Binding Assay 

Guinea pig LDL for binding studies was isolated from 

animals fed a nonpurified commercial diet and labeled with 

125I to specific activities between 220 and 575 cpm/ng 

(Goldstein et al. 1983). Human LDL (1.019 < d < 1.063 g/mL), 

which has previously been shown to be an effective competitor 

for apo B/E receptor binding of guinea pig LDL at 37°C 

(Fernandez et al. 1990a and 1992a), was added to the 

incubations at a protein concentration of 1 mg/mL to 

determine nonspecific 125I-LDL binding. Incubations without 

excess human LDL represented total binding, and apo B/E 

receptor-mediated binding was calculated as the difference 

between total and nonspecific bindings. LDL from both guinea 

pigs and humans were free of contaminating proteins as judged 
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by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

analysis. Procedures for hepatic membrane isolation and in 

vitro LDL binding have been described elsewhere (Fernandez 

and McNamara 1991a, Fernandez et al. 1992a). 

The LDL binding assay used in this study includes minor 

modifications: 200 ul incubation mixtures containing 200 jig 

membrane protein, incubation buffer (100 mM NaCl, 0.5 mM 

CaCl2, 50 mM tris-HCl, 20 mg/mL bovine serum albumin), 5-60 

/jg/mL 125I-LDL, with or without 1 mg/mL unlabeled human LDL, 

were prepared on ice and initiated by incubating at 37°C in a 

water bath. The mixtures were incubated for 2 h and 

transferred to an ice bath. Cellulose propionate 

ultracentrifuge tubes were preincubated with incubation 

buffer overnight at 37"C to minimize nonspecific binding to 

the tubes (Nanjee and Miller 1989). Aliquots (75 ul) of the 

incubation mixture were overlayered onto 100 ul cold 

incubation buffer containing 30 mg/mL albumin. The tubes 

were centrifuged for 1 h at 38,000 rpm, 15°C in a Ti42.2 

rotor. Supernatants were aspirated and the membrane pellets 

washed by adding 100 ul cold incubation buffer containing 30 

mg/mL albumin and centrifuging for an additional 30 min. The 

supernatant was discarded, and the tube bottoms were clipped 

for counting radioactivity (LKB Wallac, Clinigamma) in the 

membrane pellet. Apo B/E receptor number (Bmax) and affinity 

(Kd) were calculated using Woolf plots (Keightley et al. 

1983). 
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Hepatic Free and Esterified Cholesterol Measurements 

Hepatic total and free cholesterol concentrations were 

determined by enzymatic analysis following lipid extraction 

as described by Sale et al. (1984). Esterified cholesterol 

concentrations were calculated as the difference between 

total and free cholesterol values. 

Statistical Analyses 

Two-way ANOVA was used to determine interactions between 

dietary fat type and cholesterol amount, as well as their 

independent effects, inclusive of all dietary groups. When 

significant differences were found, one-way ANOVA was used to 

determine differences within a fat group or cholesterol 

level. Differences between mean values were evaluated by the 

least significant difference test (Steel and Torrie 1960). 

Regression analyses were determined with best fit equations 

computed using GBSTAT (Dynamic Microsystems, Inc., Silver 

Springs, MD). Data are presented as mean ± SD, and 

differences were considered significant at P < 0.05. 
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RESULTS 

Final body weights of guinea pigs fed the various diets 

were decreased (P < 0.001) by dietary cholesterol (Basal: 561 

± 54 g, n = 14; Low: 516 ± 39, n = 12; Medium: 495 ± 39, n = 

13; High: 478 ± 33, n = 11). However, analysis of covariance 

using body weight as the covariate indicated that body weight 

had no significant influence on the observed differences in 

the measured variables. Dietary fat type had no significant 

effect on body weight gain. 

Dietary Effects on Plasma Cholesterol Concentrations 

Plasma total and LDL cholesterol concentrations of 

guinea pigs fed the 3 test fats with 4 levels of cholesterol 

are presented in Fig. 3. Inclusive of all dietary groups, 

plasma total cholesterol was progressively increased (P < 

0.001) by increasing amounts of dietary cholesterol; however, 

total cholesterol levels did not increase significantly 

compared to Basal intakes until absorbed cholesterol equaled 

the mass of endogenous cholesterol synthesis (Medium 0.17% 

level). The increments in plasma total cholesterol levels 

are relatively modest up to the pharmacological High dosage 

of cholesterol intake. 

When normalized for every mg increase in dietary 

cholesterol over Basal levels per 100 g diet, plasma total 
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Fig. 3: Plasma total and LDL cholesterol of guinea pigs fed 
LARD-, OLIVE oil or CORN oil-based diets containing 0.01 
(BASAL), 0.08 (LOW), 0.17 (MEDIUM) or 0.33% (HIGH) 
cholesterol. Total and LDL cholesterol changes to dietary 
treatment were parallel and concentrations were correlated (r 
= 0.991, n = 53, P < 0.001). Total and LDL cholesterol 
concentrations were significantly increased by dietary 
cholesterol at the Medium cholesterol level as compared to 
Basal cholesterol intake; High cholesterol feeding further 
increased plasma cholesterol concentrations significantly (P 
< 0.001). Fat type independently mediated cholesterol levels 
such that Lard> Corn oil, with Olive oil intermediate and 
not different from Lard or Corn oil (P < 0.05). 
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cholesterol concentrations increased on average by 0.44 and 

0.36 mg/dL with the Low and Medium cholesterol intakes, 

respectively; however, total cholesterol increased by an 

average of 0.77 mg/dL with the High cholesterol intake, 

ranging from an increase of 0.43 mg/dL for the Corn-High 

group to 1.01 mg/dL for Lard-High. This larger normalized 

increment in plasma total cholesterol of animals fed Lard-

High suggests that saturated fat and high dietary cholesterol 

interact synergistically to further raise plasma total 

cholesterol concentrations; however, statistics inclusive of 

all 12 dietary groups failed to reach significance for 

dietary interactions (P = 0.10). Inclusive of all groups, 

plasma LDL cholesterol was significantly increased (P < 

0.001) with increasing dietary cholesterol parallel to 

changes in total cholesterol levels. 

Plasma LDL cholesterol levels were correlated with total 

cholesterol levels (r = 0.991, n = 53, P < 0.001), consistent 

with LDL being the lipoprotein primarily affected by diet. 

However, when analyzed by one-way ANOVA, plasma LDL 

cholesterol concentrations were significantly increased at 

only the High cholesterol intake in the Lard and Olive oil 

groups (P < 0.003) whereas the increments in LDL cholesterol 

concentrations of Corn oil-fed guinea pigs were more gradual 

with cholesterol intake, such that significant elevations in 

LDL cholesterol over Basal intake were seen with the Medium 

cholesterol level (P < 0.002). Dietary fat type 
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independently influenced total and LDL cholesterol 

concentrations significantly such that Lard > Corn oil, with 

Olive oil being intermediate and not significantly different 

from either Lard or Corn oil. No interactions between fat 

and cholesterol were detected relative to effects on plasma 

total and LDL cholesterol levels. 

Dietary Effects on LDL Characteristics 

Table 6 presents the physicochemical characteristics of 

plasma LDL isolated from guinea pigs fed the 12 test diets. 

Components of LDL (free cholesterol, cholesteryl esters, 

phospholipids and triacylglycerols) are presented as 

molecules per molecule of LDL based on one apo B per LDL. 

Compositions and characteristics of LDL from the Basal 

cholesterol groups have been reported previously (Fernandez 

and McNamara 1991) and are presented here for purposes of 

comparison. The number of free cholesterol molecules in LDL 

were significantly affected by fat type, cholesterol amount, 

and there was evidence of an interaction between fat and 

cholesterol (Table 6). Cholesterol intake increased LDL 

free cholesterol content in a dose response manner (Basal > 

Low > Medium > High) and there was more free cholesterol in 

LDL from guinea pigs fed Lard or Olive oil than from animals 

fed Corn oil. Interactions of fat type and cholesterol 



TABLE 6. Physicochemical characteristics of plasma low density lipoprotein 

from guinea pigs fed lard-, olive oil- or corn oil-based diets with 0.01% 

(Basal), 0.08% (Low), 0.17% (Medium) or 0.33% (High) dietary cholesterol1 

FAT T 

CHOLE 

YPE/ 

STEROL 

AMOUNT 

LARD 

OLIVE 

CORN 

Basal 

Low 

Medium 

High 

Basal 

Low 

Medium 

High 

Basal 

Low 

Medium 

High 

Statistics3 

Cholesterol 

Fat Type 

Interaction 

LDL 

Free 

Cholesterol 

453 

533 

749 

1490 

483 

760 

890 

886 

340 

494 

599 

851 

P < 

P < 

P < 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

0. 

0. 

0. 

239 

110 

92 

133 

502 

109 

281 

208 

77 

165 

92 

145 

001 

,001 

001 

LIPID CONTENT 

Cholesteryl 

Ester 

147 8 

1281 

1393 

1418 

1204 

1611 

1712 

1533 

1287 

1275 

1522 

1760 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

NS 

NS 

NS 

445 

79 

72 

81 

583 

474 

156 

408 

159 

442 

239 

632 

(molecules •,/particle) 

Phospholipid 

571 

1167 

514 

464 

515 

515 

622 

617 

975 

417 

403 

518 

P < 

P < 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

0. 

NS 

0. 

233 

250 

150 

53 

244 

137 

130 

155 

188 

152 

120 

132 

001 

001 

Triglyceride 

264 

9 07 

410 

121 

210 

276 

27 0 

260 

264 

565 

382 

453 

P < 

P < 

P < 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

0. 

0. 

0. 

153 

171 

104 

84 

112 

56 

82 

59 

54 

239 

93 

36 

001 

002 

001 



TABLE 6 (continued) 

FAT TYPE/ 

CHOLESTEROL 

AMOUNT 

LARD 

OLIVE 

CORN 

Basal 

Low 

Medium 

High 

Basal 

Low 

Medium 

High 

Basal 

Low 

Medium 

High 

Statistics3 

Cholesterol 

Fat Type 

Interaction 

Core: Surface 

Ratio2 

1.19 

1.11 

1.17 

1.00 

1.15 

1.18 

1.12 

1.02 

0.85 

1.42 

1.41 

1.36 

P < 

P < 

P < 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

0. 

0. 

0. 

0.18 

0.16 

0.06 

0.04 

0.21 

0.16 

0.12 

0.17 

0.11 

0.26 

0.18 

0.19 

.025 

.030 

.002 

Diameter 

228 

215 

228 

200 

224 

228 

217 

201 

174 

273 

269 

255 

P < 

P < 

P < 

A 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

0. 

0. 

0. 

29 

27 

11 

7 

33 

24 

20 

28 

17 

38 

29 

27 

015 

015 

001 

Peak 

< 

1.048 

1.050 

1.047 

1.047 

1.045 

1.047 

1.045 

1.045 

1.055 

1.050 

1.047 

1.044 

P < 

P < 

P < 

density 

q/mL 

± 
± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

0, 

0. 

0. 

0.002 

0.003 

0.004 

0.002 

0.002 

0.002 

0.001 

0.002 

0.003 

0.004 

0.002 

0.001 

.002 

.002 

.005 

Values are mean ± SD for n = 4 animals, except n = 

3 for LARD LOW ratios and diameter and for OLIVE 

HIGH peak density. Data for Basal cholesterol 

diets were previously reported and are presented 

for comparison (Fernandez and McNamara 1991). 
2Core:Surface ratio = (cholesteryl ester + 

triglyceride)/(free cholesterol + phospholipid + protein) 

differences due to dietary fat type, dietary 

cholesterol amount, or interaction as determined by two-

way ANOVA; NS = not significant. 
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amount were evident: for example, the number of free 

cholesterol molecules in LDL from animals fed Olive oil-based 

diets increased 2.4-fold at the Low cholesterol intake over 

Basal values, and higher cholesterol intakes resulted in 

little further change (Table 6). In contrast, increases in 

free cholesterol content of LDL from animals fed Lard or Corn 

oil with increasing dietary cholesterol were more gradual, 

although Lard appeared to interact with High cholesterol to 

augment free cholesterol content further than Corn-High. 

Unlike free cholesterol, LDL cholesteryl ester content was 

not affected by dietary fat or cholesterol (Table 6). 

Molecules of LDL phospholipid were decreased by dietary 

cholesterol at the Medium and High intakes overall. The 

significant dietary interaction observed for effects on the 

phospholipid content may be due to the 57% decrease in LDL 

phospholipid from Corn-Low-fed animals contrasted with the 

increase seen with animals fed Lard-Low diet. LDL 

triacylglycerols were also significantly affected by dietary 

fat saturation and cholesterol amount in an interactive 

manner (Table 6). Why LDL triacylglycerols in Lard and Corn 

oil-fed animals consuming Low cholesterol increased is 

unclear considering the return to Basal values with higher 

cholesterol intake. Animals consuming Olive oil exhibited no 

change in the number of LDL triacylglycerol molecules with 

cholesterol intake, although values were generally lower 

relative to Lard and Corn oil groups. 
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The ratios of LDL core (cholesteryl esters + 

triacylglycerols) to surface (free cholesterol + phospholipid 

+ protein) components were also affected by fat type and 

cholesterol quantity interactively. Collectively, LDL from 

animals fed Corn oil-based diets had higher core:surface 

ratios than those fed Lard or Olive oil; however, this fat 

effect was dependent on the dietary cholesterol level, since 

at the Basal cholesterol intake, LDL from guinea pigs fed 

Corn oil had the lowest core:surface value (Table 6). 

Calculated LDL diameters were also affected by fat type and 

cholesterol amount interactively. Overall, LDL from Corn 

oil-fed guinea pigs were larger than LDL from animals fed 

Lard or Olive oil. As with the core:surface ratios, dietary 

cholesterol was found to only affect the diameters of LDL 

from animals fed Corn oil. Peak densities of plasma LDL 

followed a more consistent trend in that cholesterol feeding 

significantly decreased LDL peak densities from an average of 

1.049 g/mL in both Basal and Low cholesterol groups to 1.046 

g/mL (Medium) and 1.045 g/mL (High), indicative of a shift to 

more buoyant particles. Fat type affected LDL peak densities 

with LDL from Lard- and Corn oil-fed animals being more dense 

than LDL from Olive oil-fed guinea pigs. Dietary fat type 

and cholesterol interacted to affect LDL peak density in that 

while dietary cholesterol altered values of LDL densities 

from animals fed Lard and Corn oil, values were not affected 

by dietary cholesterol when the fat was Olive oil. 
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LDL cholesteryl ester content was found to be 

significantly related to mean LDL peak densities (r = 0.709, 

n = 12, P < 0.001). In contrast, none of the LDL composition 

components correlated with LDL core:surface ratios or 

diameters, nor did measured peak density relate to calculated 

values of core:surface ratios or diameters. 

Dietary Effects on Hepatic LDL Receptors 

The kinetic parameters of guinea pig 125I-LDL binding to 

isolated hepatic membranes were determined for all dietary 

groups (Table 7). Dietary cholesterol significantly reduced 

hepatic membrane LDL receptor number in a dose-dependent 

manner. Overall, cholesterol intake decreased Bmax values in 

the order Basal > Low = Medium > High. Although fat type had 

no independent effect on estimated Bmax values, one way ANOVA 

indicated significantly higher apo B/E receptor number for 

Corn oil-fed animals relative to those fed Olive oil or Lard 

when the diets contained only Basal cholesterol (P < 0.002). 

Dietary cholesterol interacted with fat type to varying 

extents in suppressing receptor expression. For example, LDL 

binding to hepatic membranes from Corn oil-fed animals 

exhibited an immediate and large (42%) decrease in receptor 

Bmax values with the Low level of dietary cholesterol, and 

higher intakes resulted in no significant further 

suppression. In contrast, membranes from Lard- and Olive 



TABLE 7. Kinetics of LDL binding to hepatic membranes from guinea pigs fed lard, olive 

oil or corn oil-based diets with 0.01% (Basal), 0.08% (Low), 0.17% (Medium) or 0.33% 

(High) Cholesterol1 

Cholesterol 

Amount 

Bmax (ug/mg) Kd (ug/mL) 

LARD OLIVE CORN LARD OLIVE CORN 

Basal 

LOW 

Medium 

High 

2.04 ± 0.11(5)a 2.07 ± 0.30(4)a 2.59 ± 0.08(5)a 46 ± 14 

1.92 ± 0.18(4)a 1.58 ± 0.22(4)bc 1.51 ± 0.36(4)b 34 ± 14 

1.47 ± 0.24(4)b 1.80 ± 0.35(5)ab 1.22 ± 0.30(4)b 30 ± 14 

1.32 ± 0.07 (3)b 1.16 ± 251(4)c 1.14 ± 0.25(4)b 35 ± 14 

60 ± 9 60 ± 14a 

46 ±28 39 ± llb 

40 ±24 30 ± 9b 

39 ±15 34 ± llb 

Statistics2 

Cholesterol 

Fat Type 

Interaction 

P < 0.001 

NS 

P < 0.001 

P < 0.010 

NS 

NS 

Values are means ± SD for the indicated (n) number of guinea pigs. Different 

superscripts indicate significant differences (P < 0.05) within the same fat group, 

differences due to the type of dietary fat, amount of dietary cholesterol, or 

interaction as determined by two-way ANOVA; NS = not significant (P > 0.05) . 
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oil-fed animals exhibited a gradual reduction in LDL binding 

capacity with increasing dietary cholesterol (Table 7). 

The apparent affinity of the apo B/E receptor for LDL 

(Kd) was also found to be significantly affected by dietary 

cholesterol (Table 7). The observed effects were not due to 

changes in the composition of ligand LDL, which was kept 

constant by isolating LDL from commercial diet-fed guinea 

pigs. Kd values were decreased at the Low level of dietary 

cholesterol suggesting an increased affinity of the hepatic 

membrane apo B/E receptor for LDL when dietary cholesterol is 

modestly increased. Higher intakes of dietary cholesterol 

did not have any additional effect on ligand affinity (Table 

7). Although there was no significant dietary interactions 

in determining Kd values, one-way ANOVA indicated that the 

major influence of dietary cholesterol on Kd values was 

associated with changes in hepatic membranes from Corn oil-

fed animals. 

Dietary Effects on Hepatic Cholesterol Concentrations 

Both free and esterified hepatic cholesterol levels were 

significantly increased with intake of cholesterol in the 

order Basal = Low < Medium < High and hepatic cholesterol 

accumulation was dependent upon fat type (Table 8). Lard 

intake protected against hepatic cholesterol accumulation 

which did not increase significantly until the High dietary 

level. Lard-fed animals also had the lowest free and 
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esterified cholesterol concentrations overall relative to 

Olive oil and Corn oil groups. In contrast, Olive oil intake 

promoted hepatocholesterolemia, as hepatic free cholesterol 

was increased significantly at even the Low level of dietary 

cholesterol. Overall, Olive oil and Corn oil feeding 

produced similarly elevated levels of hepatic free 

cholesterol as compared with Lard. However, hepatic 

cholesteryl esters were highest with Olive oil intake, 

intermediate with Corn oil, and lowest with Lard. Dietary 

interactions were evident in determining hepatic cholesteryl 

ester levels, such that animals fed Olive oil accumulated 24-

times more cholesteryl ester with High dietary cholesterol 

compared to Basal cholesterol in contrast to 11-fold 

increases in hepatic cholesteryl ester levels in Lard- and 

Corn oil-fed guinea pigs. 

Correlations 

Hepatic apo B/E receptor Bmax values were significantly 

related to plasma LDL cholesterol concentrations (r = -0.632, 

n = 50, P < 0.001) in a logarithmic relationship (Fig. 4). 

Levels of hepatic free cholesterol (r = -0.512, n = 46, P < 

0.001) (Fig. 5, left panel) and cholesteryl esters (r = 

-0.527, n = 46, P < 0.001) (Fig. 5, right panel) were 

negatively correlated with Bmax values. Hepatic free and 
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esterified cholesterol concentrations were best related to 

Bmax values using exponential and logarithmic equations, 

respectively. 



TABLE 8. Hepatic free and esterified cholesterol of guinea pigs fed lard, olive oil, 

or corn oil-based diets with 0.01% (Basal), 0.08% (Low), 0.17% (Medium) or 0.33% (High) 

dietary cholesterol1'2 

Free Cholesterol Cholesteryl Ester 

Cholesterol 

Amount 

Basal 

Low 

Medium 

High 

LARD OLIVE CORN LARD OLIVE CORN 

umol/g tissue 
5.9 ± 1.3ax 9.1 ± 0.5aV 0.8 ± 0.5ax 1.0 ± 0.3axV 1.8 ± 0.5aV 

11.6 ± 1.8bV 7.5 ± 0.8ax 1.8 ± 0.3ax 6.7 ± 2 . laV 2 .8 ± 0. 5ax 

16.8 ± 4.4bcV 14.5 ± 3.6by 2.3 ± 1.3ax 18.1 ± 4. 9bV 6.2 ± 1.3ax 

20.4 ± 5.4C 25.1 ± 3.9C 8.3 ± 5.7bx 24.8 ± 5.4cy 20.7 ± 8. 3bV 

6.5 ± 1.0ax 

8.8 ± 1.3ax 

8.8 ± 0.8ax 

15.3 ± 5.7b 

Statistics3 

Cholesterol 

Fat Type 

Interaction 

P < 0.001 

P < 0.001 

P < 0.030 

P < 0.001 

P < 0.001 

P < 0.002 

J-Values are means ± SD for 3-5 guinea pigs. 
2Different superscripts indicate significant differences due to fat type (XY) (rows) or 

cholesterol amount (a£>c) (columns) as determined by one-way ANOVA. 

differences due to the type of dietary fat, amount of dietary cholesterol, or 

interaction as determined by two-way ANOVA; NS = not significant (P > 0.05) . ^ 
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Fig. 4: Plasma LDL cholesterol levels as related to hepatic 
LDL (apo B/E receptor) number (Bmax) in guinea pigs fed the 
twelve test diets. A significant logarithmic relationship 
was found (r = -0.632, n = 50, P < 0.001), indicative of the 
role of hepatic LDL receptors in determining plasma LDL 
cholesterol concentrations. 



11 7 

• LARD 
Cl 
E 3 • OLIVE OIL 3 c; 
-:: 0 CORN OIL 

(§) 
>< 
4( 

:E 
al 2 2 
a: 
0 • I-
Q. 
w 
(.) • 1 w 0 0 0 a: 
.J r--0.512 r - -0.527 
C P < 0.001 P < 0.001 .J 

0 0 

0 3 6 9 12 15 0 3 6 9 12 15 

FREE CHOLESTEROL (mg/g) ESTERIFIED CHOLESTEROL (mg/g) 

Fig. 5: Left panel: Hepatic free cholesterol 
concentrations as related to hepatic LDL (apo B/E receptor) 
number (Bmax) in guinea pigs fed the twelve test diets. An 
exponential equation was found to best fit the data (r = 
-0.512, n = 46, P < 0.001). Hepatic free cholesterol 
appeared to regulate hepatic LDL receptor expression across 
the entire range of hepatic free cholesterol concentrations. 
Right panel: Hepatic cholesteryl ester concentrations as 
related to hepatic apo B/E receptor number (Bmax) in guinea 
pigs fed the twelve test diets. The data were best fit using 
a logarithmic curve (r = -0.527, n = 46, P < 0.001). Hepatic 
cholesteryl ester levels did not appear to influence hepatic 
LDL receptor expression when concentrations exceeded 
approximately 4 mg/g, indicative of the more inert role of 
esterified cholesterol in receptor regulation. 
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DISCUSSION 

Dietary Fat and Cholesterol Effects on Plasma LDL 

Cholesterol Levels 

Data from cholesterol feeding studies in humans indicate 

that the plasma cholesterol response to a dietary cholesterol 

challenge is independent of dietary fat saturation (McNamara 

1990b). The present study in guinea pigs is consistent with 

this finding in that, with both physiological and 

pharmacological intakes of cholesterol, elevations in plasma 

LDL cholesterol were independent of dietary fat saturation. 

Generally, saturated Lard was hypercholesterolemia, 

polyunsaturated Corn oil was hypocholesterolemic, and 

monounsaturated Olive oil was intermediate. For all 

parameters measured, dietary cholesterol was a more dominant 

factor than fat type and plasma cholesterol homeostasis was 

maintained when dietary cholesterol intakes were within 

physiological levels. Although plasma cholesterol levels 

were significantly increased when absorbed cholesterol 

equaled endogenous synthesis, the increments were modest 

until the pharmacological input of twice endogenous 

synthesis. By extrapolation, assuming appropriate 

homeostatic regulatory capacity (i.e. excluding 

noncompensators), a 70 kg man with an endogenous cholesterol 

synthesis of 13 mg/kg-d, 60% cholesterol absorption and 2500 
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kcal intake would have to consume 1500 mg of cholesterol/day 

(0.61 mg/kcal) to have an absorbed dietary cholesterol input 

equal to the mass of endogenous cholesterol synthesis 

(McNamara 1990b); an intake 3 times greater than the 

cholesterol intake on an average Western diet. The present 

findings emphasize the importance of considering cholesterol 

intake relative to endogenous cholesterol synthesis: input 

below the mass of endogenous synthesis is within regulatory 

capacity and results in small changes in plasma cholesterol 

levels whereas input above synthetic capacity overwhelms 

regulatory mechanisms and results in a substantial increase 

in plasma LDL cholesterol. Based on these considerations, it 

would seem reasonable to relate dietary cholesterol intakes 

to a physiological equivalent incorporating absorption rates 

and endogenous synthesis when comparing studies in different 

species with the objective of relating the data to the 

physiological state of humans. The present findings 

demonstrate that there is no dietary fat-cholesterol 

interaction in determining guinea pig plasma LDL cholesterol 

concentrations; however, possible interactions operating at 

levels of metabolic regulation have been suggested by other 

studies (Dietschy et al. 1993b, Ohtani et al. 1990, Surette 

et al. 1992). 



120 

Dietary Interactions on LDL Characteristics 

All components of LDL, except cholesteryl ester, were 

altered by dietary treatments. Not surprisingly, LDL free 

cholesterol, rather than cholesteryl ester, was progressively 

increased with dietary cholesterol intake, as has been 

reported in guinea pigs fed 1% cholesterol (Drevon 1978). 

The 52% increase in total cholesterol molecules per LDL 

particle between the Basal and High cholesterol intakes 

indicates that the increase in plasma LDL cholesterol with 

High cholesterol intake is due to both an increase in LDL 

particles and an increase in the amount of cholesterol per 

particle. Guinea pig LDL cholesterol content is similar to 

that reported for cebus monkeys fed corn oil or coconut oil 

with or without 0.1% cholesterol (Nicolosi et al. 1990). 

Dietary treatment also did not alter monkey LDL cholesteryl 

ester:protein ratios, and free cholesterol:protein values 

were higher in LDL from animals fed saturated fat. Fernandez 

and coworkers (1992a) have previously demonstrated that 

guinea pigs fed the Corn-Basal diet produce smaller, more 

rapidly catabolized LDL particles and have more rapid rates 

of in vivo LDL catabolism by receptor-specific processes 

compared to animals fed either Lard-Basal or Olive-Basal 

diets. These additive effects of diet-increased receptor 

expression and increased particle catabolism demonstrate a 

significant relationship between LDL composition and size and 

in vivo LDL turnover (Fernandez et al. 1992a), leading to the 
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speculation that the physicochemical changes in LDL observed 

in the present study would also influence in vivo LDL 

turnover rates. 

Dietary Effects on Apo B/E Receptor Expression 

Apo B/E receptor Bmax was inversely associated with 

increases in plasma LDL cholesterol levels, consistent with 

receptor-mediated catabolism being a major regulator of LDL 

concentrations (Brown and Goldstein 1986). Inclusive of all 

12 dietary groups, hepatic apo B/E receptor number was not 

independently affected by dietary fat type; however, previous 

studies using hepatic membranes from guinea pigs fed Corn-

Basal, Olive-Basal or Lard-Basal diets, and tested with 

homologous LDL ligands, found significantly higher apo B/E 

receptor Bmax values for animals fed Corn-Basal (Fernandez et 

al. 1992a). One-way ANOVA also indicated significantly 

higher apo B/E receptor numbers for animals fed Corn-Basal 

relative to Olive-Basal or Lard-Basal. These data suggest 

that dietary fat saturation influences hepatic LDL receptor 

expression only when dietary cholesterol is minimal (0.01%) 

and that higher intakes of cholesterol result in a dominant 

effect of cholesterol in suppressing apo B/E receptor 

expression. The pattern of guinea pig hepatic apo B/E 

receptor down-regulation was similar to that found in 

cynomolgus monkeys (Hunt et al. 1992). When monkeys were fed 

diets with minimal cholesterol (0.01 mg/kJ), hepatic apo B/E 
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receptor activity, as measured by 125I-tyramine-cellobiose LDL 

uptake, was 64% higher in animals fed a more unsaturated fat 

diet (P:S = 0.9 vs. 0.5); however, with higher cholesterol 

intakes (0.06 mg/kJ), LDL receptor activity decreased 61% 

with the unsaturated fat diet in contrast to only an 11% 

decrease with the saturated fat diet. The end result was a 

higher absolute hepatic LDL protein transport with intake of 

the saturated fat/high cholesterol diet. These authors (Hunt 

et al. 1992) reported a significant interaction between 

dietary cholesterol and P:S ratio on hepatic LDL transport, 

consistent with the present findings of interactive 

regulation of apo B/E receptor number. 

The data observed in the present study are in agreement 

with the theory of Dietschy and coworkers (1991) that plasma 

LDL increases markedly only after 50% of hepatic apo B/E 

receptor expression is lost. High cholesterol feeding in the 

guinea pig depressed hepatic apo B/E receptor Bn,ax in the Lard 

and Olive oil groups to 59% and 52% of Basal apo B/E receptor 

expression (average Basal Bmax = 2.24 ug/mg) (Fig. 6). 

Accordingly, plasma LDL cholesterol levels in these two 

groups did not increase significantly until the High 

cholesterol intake. In contrast, apo B/E receptor Bn,ax of 

animals fed Corn-Medium were depressed to 54% of average 

Basal Bn,ax, and plasma LDL cholesterol was significantly 

elevated at the Medium cholesterol intake. 
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Fig. 6: LDL (apo B/E) receptor Bmax as related to dietary 
cholesterol intake. LDL receptor Bmax values were averaged 
from all Basal groups to represent 100% activity. Receptor 
activity was most sensitive to cholesterol regulation in the 
Corn oil groups, where even 0.17% (Medium) cholesterol intake 
resulted in near 50% receptor suppression. Bmax values from 
guinea pigs fed Lard with 0.25% cholesterol (Fernandez et al. 
1992c) were included to demonstrate the dose-dependent 
suppression of Bmax by increasing cholesterol intake. 
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It should be noted that while hepatic apo B/E receptor 

expression was similar at the High cholesterol intakes, 

plasma LDL cholesterol levels varied almost two-fold with 

differing fat saturation. This is not unexpected considering 

that dietary fat saturation affects rates of apo LDL 

production which also determine plasma LDL cholesterol 

concentrations (Fernandez et al. 1992a and 1992b, McNamara 

1992). Fernandez et al. (1992a and 1992c) have previously 

reported that guinea pigs fed the Lard-based diet with 0.25% 

cholesterol have increased LDL flux rates, as well as 

decreased receptor-mediated uptake relative to animals fed 

Lard-Basal. Hepatic apo B/E receptor Bmax °f animals fed the 

Lard-based diet with 0.25% cholesterol (Fernandez et al. 

1992c) is included in Fig. 6 to show the dose-dependent 

down-regulation of LDL receptor activity by cholesterol. 

These data suggest that rates of LDL production, either due 

to increased secretion of VLDL or more rapid conversion of 

VLDL to LDL, are also affected by dietary fat and 

cholesterol. 

Mechanisms of the Cholesterol-Lowering Effect of 

Polyunsaturated Fatty Acids: Species Differences 

There is a major difference between the present data and 

studies which suggest polyunsaturated fat decreases LDL 
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cholesterol by attenuating cholesterol-mediated down-

regulation of apo B/E receptor expression (Kuo et al. 1989, 

Nicolosi et al. 1990, Ohtani et al. 1990, Spady and Dietschy 

1988, Woollett et al. 1992). Apparent differences in 

metabolic characteristics of the animal models studied could 

account for these discrepancies. For example, cebus monkeys 

fed corn oil with or without 0.1% cholesterol had higher 

receptor-mediated apo B fractional catabolic rates than 

animals fed coconut oil (Nicolosi et al. 1990). 

Interestingly, however, the usually constant nonreceptor-

mediated catabolism was also affected by dietary fat type and 

dietary fat saturation had no effect on LDL production rates 

(Nicolosi et al. 1990). In the hamster, dietary safflower 

oil results in higher specific uptake of LDL relative to 

hydrogenated coconut oil despite increases in dietary 

cholesterol from 0.06 to 0.24% (Spady and Dietschy 1988). 

However, saturated fat and cholesterol produce severe 

hypertriglyceridemia in the hamster (Hayes et al. 1992, 

Trautwein et al. 1993, Woollett et al. 1992) and intake of 

0.12% cholesterol plus hydrogenated coconut oil produces 5-

fold higher VLDL-cholesterol concentrations than feeding 

polyunsaturated safflower oil with cholesterol (Woollett et 

al. 1992). The increased levels of plasma VLDL apparently 

result from increased VLDL production with cholesterol 

feeding (Fungwe et al. 1993), which is altered by dietary fat 
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type in the hamster (Ohtani et al. 1990) and exacerbated by 

the relatively low expression of hepatic LDL receptors in 

this model (Surette et al. 1992). It is possible that the 

observed effects of dietary fat saturation and cholesterol on 

in vivo rates of 125I-LDL clearance in hamsters are due to 

both a decrease in hepatic apo B/E receptor expression as 

well as competition between plasma VLDL remnants and IDL with 

the 125I-LDL tracer for receptor-mediated catabolism. This 

would not occur in hamsters fed polyunsaturated fats with 

cholesterol since the plasma levels of the competing 

lipoproteins are minimal. To what extent increased plasma 

levels of apo E-rich IDL particles confound the in vivo 

measurement of receptor-mediated LDL catabolism in hamsters 

fed saturated fatty acids plus cholesterol has not been 

determined; however, studies have recently demonstrated 

significant relationships between receptor-mediated LDL 

uptake and hepatic apo B/E receptor protein and mRNA levels 

in hamsters fed fat and cholesterol (Horton et al. 1993). 

In the guinea pig, addition of up to 0.17% cholesterol 

to 15% Corn oil, Olive oil, or Lard-based diet did not alter 

plasma VLDL or triacylglycerol levels above Basal levels; 

0.33% cholesterol intake resulted in an approximately 3-fold 

increase in VLDL-cholesterol levels and a less than 2-fold 

increase in plasma triacylglycerol concentrations (Chapter 

II, Lin et al. 1992, E.C.K. Lin unpublished observations). 
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There were no differences in VLDL-cholesterol or plasma 

triacylglycerol concentrations due to feeding polyunsaturated 

Corn oil versus saturated Lard at any level of dietary 

cholesterol (Chapter II, Lin et al. 1992, E.C.K. Lin 

unpublished observations). Fernandez et al. (1992a) have 

demonstrated a significant correlation between hepatic apo 

B/E receptor Bmax determined in vitro and receptor-mediated 

LDL catabolism determined in vivo, as would be predicted in 

the absence of lipoprotein particles competing with tracer 

LDL for receptor-mediated catabolism. 

Increased LDL degradation in isolated monocytes or 

hepatocytes from animals fed polyunsaturated fat and 

cholesterol versus saturated fat plus cholesterol have been 

demonstrated (Kuo et al. 1989, Ohtani et al. 1990), 

consistent with the thesis that dietary polyunsaturated fat 

increases apo B/E receptor activity. Hepatic apo B/E 

receptor mRNA levels have been measured in the baboon (Fox et 

al. 1987, Kushwaha et al. 1991), cebus monkey (Hennessy et 

al. 1992), African green monkey (Sorci-Thomas et al. 1989b), 

hamsters (Horton et al. 1993, Lindsey et al. 1990), and mice 

(Srivastava et al. 1991a and 1991b) under various dietary 

conditions. Unfortunately, species differences probably 

account for the conflicting results regarding significant fat 

type effects on apo B/E receptor mRNA levels, interestingly, 

in the baboon (Kushwaha et al. 1991) and cebus monkey 
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(Hennessy et al. 1992), the trend is for cholesterol intake 

to result in a greater decrease in apo B/E receptor mRNA 

levels when animals are fed polyunsaturated fat than when 

they were fed saturated fat, similar to the pattern observed 

with BmaX in the present study. Just the opposite pattern is 

found in the hamster in that apo B/E receptor mRNA levels 

decrease to a greater degree with saturated fat feeding 

(Horton et al. 1993). 

Dietary Interactions on Hepatic Cholesterol 

Accumulation 

Both hepatic free and esterified cholesterol 

concentrations were increased by dietary cholesterol; 

however, the extent of increase was dependent on dietary fat 

type. Saturated fat intake resulted in the least hepatic 

free and esterified cholesterol accumulation, whereas intake 

of monounsaturated olive oil increased accumulation of 

cholesteryl esters as previously reported in studies of rats, 

hamsters and rabbits (Beynen 1988, Jones et al. 1990). 

Polyunsaturated fat was generally more hepatocholesterolemic 

than saturated fat even though plasma cholesterol levels were 

lower. Abdel-Fattah et al. (1993) have recently observed 

lower VLDL triacylglycerol secretion rates in Corn-Basal-fed 

guinea pigs relative to animals fed a Lard-Basal diet, 

suggesting that decreased hepatic VLDL production in part 

explains the elevated hepatic cholesterol and lower plasma 
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LDL cholesterol in animals fed polyunsaturated fat. 

Decreased LDL production rates in Corn-Basal-fed guinea pigs 

relative to animals fed Lard-Basal or Olive-Basal are 

consistent with lower VLDL production (Fernandez et al. 

1992a). 

Hepatic free cholesterol levels in the guinea pig 

correlated with hepatic apo B/E receptor Bmax in contrast to 

other animal species such as hamsters (Woollett et al. 1992) 

and cebus monkeys (Nicolosi et al. 1990). The diet-mediated 

differences in hepatic free and esterified cholesterol 

distribution could partially explain why the guinea pig is 

sensitive to hepatic cholesterol-mediated regulation of LDL 

receptors. The relationship of guinea pig hepatic apo B/E 

receptor number with hepatic free cholesterol along the 

entire range of free cholesterol concentrations is consistent 

with the concept that the free cholesterol pool serves as the 

regulator of LDL receptor expression. In contrast, 

cholesteryl ester concentrations were logarithmically related 

to hepatic LDL receptor Bmax, such that cholesteryl ester 

levels above approximately 4 mg/g resulted in no further 

decrease in receptor expression. The linear relationship of 

cholesteryl ester concentration and LDL receptor Bmax only at 

low cholesteryl ester concentrations are suggestive of a 

carry-over effect by free cholesterol due to the correlation 

of free with esterified cholesterol. The elevated hepatic 
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cholesterol levels in animals fed polyunsaturated fat appear 

in contradiction to the greater apo B/E receptor expression 

at the Basal cholesterol intake; however, identical results 

have been observed in hamsters fed saturated and 

polyunsaturated fats with varying amounts of cholesterol 

(Horton et al. 1993). The possibility of specific fatty 

acids affecting a regulatory pool of cholesterol separate 

from the assayable free and esterified cholesterol pools 

remains to be established. 

The results of the present study indicate that dietary 

fat and cholesterol interactions act at levels of metabolic 

regulation (LDL physicochemical characteristics, hepatic 

cholesterol and apo B/E receptor Bmax) which contribute to 

plasma LDL cholesterol levels. The responses of plasma LDL 

cholesterol, hepatic free and esterified cholesterol and apo 

B/E receptor expression to dietary fat saturation and 

cholesterol intake are highly variable among different 

species, and mechanistic responses to dietary fat and 

cholesterol in humans are largely undefined. The guinea pig 

exhibits independent effects of dietary fat and cholesterol 

on plasma LDL cholesterol concentrations and has alterable 

pools hepatic free and esterified cholesterol pools related 

to hepatic apo B/E receptor expression which contribute to 

plasma LDL levels. Lower plasma LDL cholesterol 

concentrations in this model with polyunsaturated fat intake 



were not due to attenuation of cholesterol-mediated down 

regulation of the apo B/E receptor, suggesting that other 

hypocholesterolemic mechanisms attributable to 

polyunsaturated fat intake exist. Whether these mechanisms 

parallel human responses are as yet unknown. 
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CHAPTER IV 

DIETARY FAT AND CHOLESTEROL REGULATION 

OF HDL METABOLISM: HEPATIC HDL BINDING 

AND IN VIVO APOLIPOPROTEIN A-I 

CATABOLISM IN GUINEA PIGS 
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INTRODUCTION 

Epidemiological studies have demonstrated that plasma 

HDL cholesterol concentrations are inversely correlated with 

CHD incidence (Gordon et al. 1977, Miller et al. 1977). This 

protective effect of plasma HDL is thought to be due to its 

role in reverse cholesterol transport, involving uptake of 

peripheral tissue cholesterol for delivery to the liver for 

metabolism and/or excretion. The mechanisms involved in 

reverse cholesterol transport are complex, involving CETP-

mediated transfer of LCAT-derived cholesteryl esters from HDL 

to more rapidly metabolized lipoproteins (i.e. VLDL and LDL); 

selective hepatic uptake of HDL cholesteryl esters at rates 

exceeding catabolism of the major HDL apoprotein, apo A-I; 

and uptake and catabolism of intact HDL particles (Reichl and 

Miller 1989). 

Hepatic binding of HDL is a complicated process due to 

the multiple sites of receptor-mediated uptake dependent upon 

the apoprotein composition of HDL (Schneider and Beisegel 

1989). High affinity, apo A-I specific membrane binding 

sites have been demonstrated for liver, intestinal mucosa and 

endocrine cells as well as other cell types, with site-

variable binding characteristics (Catapano 1987, Schneider 

and Beisegel 1989). While most studies suggest that specific 

HDL binding (Fong et al. 1988) as well as the HDL binding 
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protein (Graham and Oram 1987, McKnight et al. 1992) are 

upregulated by cholesterol loading in peripheral cells, data 

for hepatic HDL binding are controversial. For example, Hoeg 

and coworkers (1985) have shown that HDL binding to HepG2 

cells, a human hepatoblastoma cell line, is increased with 

cholesterol loading; however, ligand blotting techniques 

failed to show an increase in the 110 kDa binding protein in 

the same cells (Graham and Oram 1987). The question of 

whether hepatic binding of HDL is upregulated by dietary 

cholesterol (as well as other dietary factors) is critical to 

understanding the mechanisms whereby HDL functions to take up 

and deliver excess peripheral cholesterol to the liver for 

eventual excretion. 

Almost as controversial are the effects of dietary fat 

type on plasma HDL cholesterol concentrations. Intake of 

high polyunsaturated fat diets result in unchanged or 

decreased HDL cholesterol concentrations relative to values 

during intake of saturated fat (McNamara 1992). The 

mechanism by which dietary polyunsaturated fat may lower 

plasma HDL cholesterol concentrations is unclear; studies 

suggest decreased apo A-I production rates (Shepherd et al. 

1978), increased fractional catabolic rates (FCR)(Chong et 

al. 1987), or both (Hayek et al. 1993, Parks and Rudel 1982, 

Stucchi et al. 1991). 

Dietary cholesterol intake also affects plasma HDL 

cholesterol concentrations such that levels are generally 
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increased with high cholesterol intakes and accompanied by 

the appearance of apo E-containing HDL (HDLC) in both humans 

and animals (Mahley et al. 1978b). Furthermore, dietary fat 

and cholesterol may interact, as cholesterol added to a diet 

with a low polyunsaturated:saturated fat (P:S) ratio (0.25) 

was found by Schonfeld and coworkers (1982) to increase 

plasma HDL2 levels, whereas cholesterol added to a diet with 

a high P:S ratio (2.5) resulted in no change. 

Studies on the interactive effects of dietary fat type 

and cholesterol amount on HDL metabolism are limited. In 

some cases, study results have been inconclusive due to 

comparisons which failed to clearly distinguish whether the 

causal factor was fat type or cholesterol amount. 

Significant interactive effects between dietary fat type 

and cholesterol amount on plasma HDL cholesterol 

concentrations were previously observed (Chapter II, Lin et 

al. 1992). The present study was conducted to determine 

whether the dietary variables acted on regulatory mechanisms 

determining HDL catabolism in the guinea pig. To test for 

independent and interactive effects of dietary fat type and 

cholesterol amount, diets containing saturated lard or 

polyunsaturated corn oil with four levels of cholesterol, 

varying from physiological to pharmacological were used. 

Specific objectives were to determine whether: a) in vivo apo 

A-I catabolism is altered by dietary treatment; 
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b) qualitative changes in HDL occur with diet; and c) 

specific hepatic binding of HDL is a significant regulatory 

mechanism. 

The guinea pig was chosen as the model for these studies 

due to its unique plasma lipoprotein profile, with the 

majority of plasma cholesterol carried as LDL, and a LDL:HDL 

cholesterol ratio greater than 2 (Chapter II, Lin et al. 1992 

and 1994). This ratio of the major lipoproteins provides a 

state in which the minor lipoprotein, HDL, can be studied 

without exaggerated effects, thus mimicking the human 

situation. Other advantages of this model include moderate 

plasma CETP activity (Ha and Barter 1982), LCAT activity 

(Ostwald et al. 1979), and responsiveness to dietary fat 

saturation in the absence of dietary cholesterol (Fernandez 

and McNamara 1991a). These features of the guinea pig are 

important considerations when studying dietary effects on 

mechanisms regulating plasma HDL concentrations, since the 

high plasma LDL:HDL cholesterol ratio, LCAT-catalyzed 

formation of cholesteryl esters, and CETP-facilitated 

cholesteryl ester exchange all constitute significant 

components of HDL metabolism and the reverse cholesterol 

transport process. 
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METHODS 

Materials 

Ultracentrifuge tubes and rotors were obtained from 

Beckman Instruments (Palo Alto, CA). Silver stain kit, 

phenyl methyl sulfonyl fluoride (PMSF), aprotinin and 

guanidine hydrochloride were purchased from Sigma (St. Louis, 

MO); 125I and 131I were from Amersham (Arlington Heights, IL) 

and DuPont NEN (Boston, MA), respectively. Enzymatic 

cholesterol kits were obtained from Boehringer Mannheim 

(Indianapolis, IN). Halothane was from Halocarbon Lab, Inc. 

Heparin agarose columns were from Isolab Inc. (Akron, OH). 

Diets 

Isocaloric diets were prepared and pelleted by Research 

Diets, inc. (New Brunswick, NJ) and were formulated to meet 

NRC-specified nutritional requirements of the guinea pig. 

Specific dietary components have been reported previously 

(Chapter II, Lin et al. 1992). Diets were identical in 

composition except for the fat source (15% by weight lard or 

corn oil) and amount of cholesterol added [Basal (0.01%), Low 

(0.08%), Medium (0.17%), or High (0.33%)]. The Corn-Basal 

diet was adjusted to the same cholesterol content as the 

Lard-Basal diet, and all diets were adjusted to equal amounts 

of sitosterol (0.9 mg/g diet). The P:S ratio for lard and 
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corn oil were 0.29 and 4.21, respectively. The quantity of 

recrystallized cholesterol added to the diets was calculated 

such that absorbed dietary cholesterol would average 6, 50, 

100, or 200% of the mass of daily endogenous cholesterol 

synthesis (51 mg/kg-day) in the guinea pig (Fernandez et al. 

1990b). Dietary groups are referred to by the fat type and 

cholesterol level; i.e. Lard-High refers to the lard diet 

with 0.33% cholesterol. 

Animals 

Male Hartley guinea pigs (300-350 g for in vitro assays 

and 450-500 g for in vivo experiments) were purchased from 

Harlan Sprague-Dawley, Inc. (Indianapolis, IN) and Sasco Inc. 

(Omaha, NE). Animals were randomly assigned to one of the 8 

dietary groups and maintained in a light-cycled room (light 

07:00 to 19:00) with diet and water provided ad libitum for 4 

weeks. 

Lipoprotein Isolation and Radiolabeling 

Blood from healthy human volunteers were collected into 

EDTA-containing syringes (1 mg/mL). A plasma preservation 

cocktail (Gianturco and Bradley 1986) was added to the plasma 

to give final concentrations of sodium azide (1 umol/mL), 

aprotinin (50 kallikrein units/mL), and PMSF (0.01 /jmol/mL). 

Human HDL (1.063 < d < 1.21 g/mL) was collected by sequential 

preparative ultracentrifugation of plasma, and washed at the 
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density of 1.21 g/mL. Isolated HDL was dialyzed overnight in 

buffer 1 (150 mM NaCl, 0.01% EDTA, pH 7.4), fractionated by 

heparin agarose column to obtain apolipoprotein E-free HDL 

(E0HDL), and redialysed. The EQHDL was determined to be free 

of apo E and albumin by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) analysis. Human E0HDL was 

radiolabeled with 125I (Goldstein et al. 1983) to specific 

activities of 150-700 cpm/ng for use in hepatic membrane HDL 

binding studies. 

Guinea pigs used for isolation of HDL apo A-I were 

anesthetized with halothane and sacrificed by exsanguination. 

Blood was drawn into syringes containing EDTA (1 mg/mL) and 

the preservation cocktail was added to the plasma fraction. 

Guinea pig HDL was isolated in the density range 1.09-1.21 

g/mL. Plasma cholesterol concentrations of guinea pigs fed 

the various diets were determined by enzymatic analysis. HDL 

cholesterol was assayed after precipitation of apo B-

containing lipoproteins with MgCl2-dextran sulfate (Warnick 

et al. 1982). It is noted that this method also precipitates 

apo E-containing lipoproteins including apo E-containing HDL; 

however, this method facilitates comparisons to the majority 

of other studies which have used selective precipitation. 

Reported plasma HDL cholesterol concentrations are assumed to 

represent E0HDL and are referred to as such. 

To qualitatively analyze the apolipoprotein content of 

HDL from guinea pigs fed cholesterol-containing test diets 
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(Low, Medium, High), plasma lipoproteins were isolated at d = 

1.24 g/mL and fractionated by density gradient 

ultracentrifugation in a VC-53 vertical rotor as previously 

described (Fernandez and McNamara 1991a). Collected 

fractions were pooled into density increments of 

approximately 0.025 g/mL, and pooled fractions encompassing 

the higher guinea pig LDL density range (1.04-1.17 g/mL) were 

analyzed by silver-stained SDS-PAGE. 

In Vitro Membrane Binding 

Hepatic membranes were isolated from guinea pigs fed the 

test diets, and binding of 125I-E0HDL to membrane preparations 

was performed as described previously (Fernandez and McNamara 

1991b) with minor modifications. Briefly, human 125I-E0HDL 

(final protein concentrations: 5-40 ug/mL) was added to 

membrane preparations (200 ug protein) resuspended in 

incubation buffer (100 mM NaCl, 0.5 mM CaCl2, 50 mM Tris-HCl 

and 20 mg/mL bovine serum albumin, pH 7.5) in a total volume 

of 200 ul. Assays for nonspecific binding included 1 mg/mL 

unlabeled human E0HDL. The mixtures were incubated at 37°C 

for 2 h and transferred to an ice bath. Duplicate aliquots 

(75 ul) of the chilled incubation mixtures were overlayered 

onto 100 pil of cold incubation buffer containing 3% albumin 

in cellulose propionate tubes which were preincubated 

overnight with incubation buffer at 37°C to minimize 

nonspecific binding to the tubes (Nanjee and Miller 1989). 
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Membranes were pelleted by ultracentrifugation in a Ti42.2 

rotor for 1 h at 38,000 rpm, 15°C. Following aspiration of 

the supernatant, the pellets were washed by adding 100 ul 

incubation buffer containing 3% albumin and recentrifuging 

for 30 min at 38,000 rpm, 15°C. After removing the 

supernatant, tube bottoms were clipped and counted (LKB-

Wallac CliniGamma, Finland). High affinity binding was 

calculated as the difference between total (no competitor) 

and nonspecific (with competitor) binding. Binding protein 

number (Bmax) and affinity (Kd) were determined from Woolf 

plots (Keightley et al. 1983). 

Apolipoprotein (Apo) A-I Kinetics 

Guinea pig and human E0HDL were used as the sources of 

apo A-I using the isolation procedure of Vega et al. (1991). 

Briefly, guanidine hydrochloride was added to EQHDL (s 9 mg 

protein) in buffer 2 (150 mM NaCl, 10 mM Tris-HCl, 0.01% 

EDTA, pH 8.0) in a sterile vial to make 3 mL of a 4M 

guanidine hydrochloride solution and incubated for 3 h at 

37°C. After incubation, the solution was dialyzed extensively 

against buffer 2. The mixture was adjusted to a density of 

1.21 g/mL with solid KBr, overlayered with the same density 

solution in a Quick Seal tube, and centrifuged in a Ti50.3 

rotor for 24 h at 50,000 rpm, 15°C. The bottom 1.5 mL 

fraction, containing mostly apo A-I, was dialyzed in buffer 1 

and analyzed by SDS-PAGE. Guinea pig and human apo A-I 
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preparations were iodinated with 125I and 1 3 1I, respectively, 

for the in vivo kinetic studies. Specific activities ranged 

from 385-1120 cpm/ng. Bovine serum albumin was added to 3% 

(w/v) to the iodinated apo A-I preparations to stabilize the 

apoproteins. The injection solution was analyzed for 

distribution of radioactivity by isolation of the major bands 

resolved by SDS-PAGE. The majority of radioactivity was 

found with guinea pig (>60%) and human (84%) apo A-I. The 

remainder of the radioiodine was distributed among apo C's, 

with minor radioactivity associated with albumin and other 

high molecular weight proteins. 

125I-guinea pig apo A-I and 131I-human apo A-I (25-80 ug 

protein each) were given as a bolus injection through an 

indwelling catheter fitted into the carotid arteries of 

guinea pigs fed the test diets (Fernandez et al. 1992a). 

Blood samples (-300 ul>) were taken via the catheter at 10 min 

(time 0), 0.5, 1, 2, 3.5, 5, 10, 20, 24, 29, and 34 h 

following injection. Initial studies were carried out to 48 

h; however, as the calculated FCR values differed less than 

3% from that using 34 h kinetic measurements, all subsequent 

studies were terminated at 34 h. 

At each time point, aliquots of plasma were counted 

directly for radioactivity. FCR values were calculated 

according to the two-pool model of Matthews (1957) using a 

curve-peeling program (JANA, SCI Software, Lexington, KY). 
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Plasma radioactivity disappearance curves were best fit using 

a biexponential model which assumes HDL exchanges between the 

plasma and extravascular compartments. HDL studies in 

primates (Chong et al. 1987, Stucchi et al. 1991), rats 

(Glass et al. 1983), mice (Hayek et al. 1991 and 1993) and 

humans (Vega et al. 1991) are consistent with the use of the 

2-pool model for calculating apo A-I FCR values. Despite the 

differences in label distribution, human and guinea pig apo 

A-I FCR values were significantly correlated (r = 0.78, P < 

0.002, n = 13), validating the use of the more enriched human 

apo A-I for the majority of kinetics studies. 

Following the last time point, guinea pigs were 

anesthetized with halothane vapors and exsanguinated by 

cardiac puncture. The plasma was collected, adjusted to a 

density of either 1.019 or 1.24 g/mL, and centrifuged in a 

Ti50.3 rotor for 24 h at 50,000 rpm, 15°C. The lipoprotein 

fractions, as well as the infranatants, were separated and 

counted for radioactivity. Association of apo A-I with VLDL 

[as well as any association with chylomicrons and 

intermediate density lipoproteins (IDL)] was determined from 

the cpm in the d < 1.019 g/mL fraction and expressed as % 

total cpm. The percentage of apo A-I association with all 

lipoprotein fractions was calculated using the cpm in the d < 

1.24 g/mL fraction. Plasma was also taken at the 10 min time 

point and the distribution of radioactivity in the various 
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fractions was found not to be significantly different from 

plasma taken at the end of the study. 

For a small subset of animals, plasma obtained at the 

end of the in vivo studies was used for density gradient 

fractionation to determine the density distribution of the 

tracer apo A-Is. Briefly, 200 ul of plasma was combined with 

1 mL of 1.006 g/mL NaCl/KBr density solution, and the mixture 

was adjusted to 1.3 g/mL with solid KBr. The sample was 

underlayered into a Quick Seal ultracentrifugation tube 

containing 4 mL of d = 1.006 g/mL density solution and 

centrifuged in a VTi65.2 rotor at 65,000 rpm, 15°C for 45 

min. Fractions were collected and analyzed for radioactivity 

and density distributions of the tracer. 

Statistical Analyses 

Differences due to fat type, cholesterol amount, and 

interactions among all dietary treatments were analyzed by 

two-way ANOVA. One-way ANOVA was used to determine 

differences within the same fat type or dietary cholesterol 

level when significant effects were observed by two-way 

ANOVA. The least significant difference test (Steel and 

Torrie 1960) was used to evaluate differences between mean 

values. Regression analyses were determined using Statview 

512+ (Brainpower, Inc., Calabasas, CA). Data are presented 

as mean ± SD and were considered significant at P < 0.05. 
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RESULTS 

Guinea pigs used for in vivo kinetic studies weighed an 

average of 100 g more than those used for in vitro studies 

due to differences in starting weights (larger animals were 

intentionally ordered for in vivo studies to facilitate 

catheterization). Because total and HDL cholesterol 

concentrations did not differ in guinea pigs used for in 

vitro or in vivo studies within the same dietary group, the 

values were pooled for the respective diets. Average final 

body weights of animals used for the in vitro studies were 

significantly higher (P < 0.001) for guinea pigs fed Basal 

cholesterol diets (553 ± 46 g, n = 13) than for the other 

groups (Low: 506 ± 48 g, n = 10; Medium: 489 ± 31 g, n = 10; 

High: 479 ± 35 g, n = 9), as previously observed (Chapter II 

and III, Lin et al. 1992 and 1994). However, analysis of 

covariance using body weight as the covariate indicated no 

significant effect of body weight on any of the measured 

variables. 

Plasma Cholesterol Concentrations 

Plasma total and apo E-free HDL (E0HDL) cholesterol 

concentrations of guinea pigs fed the test diets are 

presented in Fig. 7. Significant increases in total plasma 
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Fig. 7. Plasma total and apo E-free HDL (E 0 HDL) cholesterol 
concentrations in guinea pigs fed LARD- or CORN oil-based 
diets containing 0.01 (BASAL), 0.08 (LOW), 0.17 (MEDIUM) or 
0.33% (HIGH) cholesterol. The figure represents means± SD 
for the indicated (n) number of animals per dietary group. 
Two-way ANOVA analysis indicated plasma total cholesterol was 
significantly increased with LARD feeding (P < 0.005), 
although no effects of dietary fat type was observed with 
EoHDL cholesterol. Dietary cholesterol significantly 
increased plasma total (P < 0.001) and EoHDL (P < 0.001) 
cholesterol levels. Interactions between dietary fat type 
and cholesterol amount were significant for total cholesterol 
(P < 0.001). 
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cholesterol concentrations (Fig. 7, left) were observed when 

dietary cholesterol input exceeded half the amount of 

endogenous cholesterol synthesis (Basal = Low < Medium < 

High; P < 0.001). There was a significant interaction 

between fat type and cholesterol amount on plasma total 

cholesterol concentrations (P < 0.001) which was clearly 

evident at the High cholesterol intakes where the 

pharmacological level of cholesterol interacted with Lard to 

give significantly higher (1.8-fold) plasma total cholesterol 

concentrations compared to values for Corn-High. 

Increases in plasma EQHDL cholesterol concentrations 

(Fig. 7, right) did not parallel total cholesterol 

increases. Overall, E0HDL cholesterol concentrations did not 

exhibit significant increases with increasing dietary 

cholesterol until the High level of intake, when plasma EQHDL 

cholesterol concentrations were increased an average of 1.6 

times that of animals fed the Basal level (P < 0.001). There 

was no significant effect of fat type (P = 0.16) nor an 

interaction (P = 0.22) of the two dietary variables on E0HDL 

cholesterol levels. 

The apolipoprotein content of lipoprotein fractions 

between the density range of 1.04 to 1.17 g/mL was analyzed 

by SDS-PAGE (data not shown). The densities at which apo A-I 

were first detectable were 1.09, 1.07, and 1.05 g/mL for 

Corn-Low, Corn-Medium, and Corn-High, respectively. The 

progressively lower densities with increasing cholesterol 
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intakes suggest a cholesterol-induced shift to more buoyant, 

larger HDL particles. Apo A-I was observed at similar 

densities for lipoproteins of animals fed Lard-based diets, 

indicating no fat saturation effect. Apo E was also detected 

at these densities irrespective of fat type. 

In Vitro Binding of HDL to Hepatic Membranes 

Human E0HDL has been shown to be an effective competitor 

for guinea pig EQHDL binding to hepatic membranes at 37°C 

(Fernandez and McNamara 1990). In order to relate the 

results of in vitro studies with data obtained from in vivo 

measurements, human HDL was used as the source of EQHDL for 

both the labeled ligand and unlabeled competitor in the 

hepatic membrane HDL binding assays. A typical binding curve 

is represented in Fig. 8 and illustrates the saturable 

kinetics of the high affinity HDL binding to hepatic 

membranes. The Woolf plot shown in the inset indicates a 

single binding site for HDL. Hepatic HDL binding protein 

number (Bmax) was significantly decreased with dietary 

cholesterol (Table 9). The down-regulating effect of 

dietary cholesterol on EQHDL Bmax appeared to plateau at the 

Medium cholesterol intake, when HDL binding protein 

expression was 83% of Basal levels and the further decrease 

(74% of Basal) due to the High dietary cholesterol intake was 

not significant. Data presented in Fig. 9 indicate a 
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Fig. 8. A typical binding curve for human apo E-free HDL 
(E0 HDL) binding to guinea pig hepatic membranes. Total(•) 
binding and nonspecific binding (e), determined by including 
1 mg/mL unlabeled human E0 HDL in the incubation, were 
measured at the indicated concentrations of 125r-E0 HDL 
protein. Specific binding (0) was calculated by subtracting 
nonspecific from total bindings. ·The Woolf plot of the 
specific binding [free E0 HDL (µg/mL) versus free/bound 
(µg/mL)/(ng/mg)] is shown in the inset. 



TABLE 9. In vitro EoHDL binding to hepatic membranes of guinea pigs fed diets 

containing lard or corn oil with varying amounts of dietary cholesterol1 

Cholesterol Level 

Basal (0.01 %) 

Low (0.08 %) 

Medium (0.17 %) 

High (0.33%) 

Statistics2 

Cholesterol 

Fat Type 

Interaction 

Bmax (ug/mg) 

LARD CORN 

Kd (ug/mL) 

LARD CORN 

1 . 5 8 ± 0 . 4 1 

1 . 3 6 ± 0 . 2 7 

1 . 4 2 ± 0 . 3 7 

1 . 2 2 ± 0 . 7 0 

P = 

1 . 8 0 ± 0 . 4 0 a 

1 . 6 0 ± 0 . 1 0 a b 

1 . 3 8 ± 0 . 2 4 b 

1 . 2 7 ± 0 . 2 6 b 

0 . 0 1 2 

NS 

NS 

33 ± 8 

3 1 ± 7 

29 ± 9 

32 ± 9 

NS 

NS 

NS 

4 1 ± 6 

42 ± 2 

30 ± 6 

32 ± 1 1 

J-Data represent mean ± SD for n = 5 guinea pigs per dietary group, except Lard-Basal (n 
= 7) and Corn-Basal (n = 6). 
differences due to type of dietary fat, amount of dietary cholesterol, or interaction 
as determined by two-way ANOVA; NS = not significant (P > 0.05). Different 
superscripts (a,b,c) indicate significant differences (P < 0.05) due to dietary 
cholesterol within a fat group as determined by one-way ANOVA. 
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Fig. 9. Apo E-free HDL (E 0 HDL) maximal binding capacity 
(Bmax) versus dietary cholesterol level. Isolated hepatic 
membranes of animals fed lard and corn oil-based diets 
exhibited dose-dependent decreases in binding of E0 HDL with 
increasing cholesterol intake. 
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linear, dose-dependent decrease in binding sites with 

cholesterol intake. There was no independent effect of 

dietary fat type nor any interactive effect between fat type 

and cholesterol amount on Bmax values (Table 9). The 

dissociation constant (Kd) of the binding protein was not 

altered by dietary treatment (Table 9). 

In Vivo Kinetics of Apo A-I 

To maximize any potential dietary effects on apo A-I 

catabolism, guinea pigs were fed the most extreme diets of 

Lard-Basal, Lard-High, Corn-Basal, and Corn-High. Apo A-I 

isolated from guinea pig and human HDL were similar in size, 

and guanidine hydrochloride-treated preparations were 

enriched in apo A-I as judged by SDS-PAGE analysis (Fig. 

10). Following in vivo kinetic measurements, a subset of 

animals was used for analysis of radiolabeled apo A-I-

associated plasma lipoprotein profiles (Fig. 11). Guinea 

pig and human apo A-I behaved similarly as demonstrated by 

the finding that they associated with the same lipoprotein 

fractions, with identical peak radioactivity densities. 

Differences in peak radioactivity densities were evident in 

guinea pigs fed diets with Basal versus High cholesterol 

levels such that the peaks shifted to lighter densities with 

High cholesterol feeding, indicating a less dense particle 

distribution. Fat type did not significantly alter HDL apo 
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Fig. 10. Reducing polyacrylamide gel analysis of human and 
guinea pig apolipoprotein A-I protein. Visualization of 
coomassie-blue stained gel indicates similarities in sizes 
between human and guinea pig apo A-I. 
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Fig. 11. Representative density gradient fractionation of 
apolipoprotein (apo) A-I-associated plasma of guinea pigs fed 
lard-based diets with 0.01% (LB) or 0.33% (LH) cholesterol. 
Radiolabeled human(•,•> or guinea pig (0,0) apo A-I were 
injected intravenously into guinea pigs fed LB or LH. Plasma 
obtained 34 h following injection was fractionated by 
vertical gradient and analyzed for density and radioactivity. 
Peak radioactivity densities for the guinea pigs represented 
were 1.12 and 1.096 g/mL for guinea pigs fed LB and LH, 
respectively. 
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A-I peak densities (data not shown). The density at which 

radioactive apo A-I was detected for Basal cholesterol-fed 

guinea pig plasma was identical to the density fraction at 

which apo A-I was first detectable on SDS-PAGE (1.09 g/mL). 

For guinea pigs fed High cholesterol, the density of 

radioactive apo A-I appearance was also similar to that 

detected by SDS-PAGE analysis (1.06 and 1.05 g/mL, 

respectively). These data document similar distribution 

characteristics of injected radiolabeled apo A-I regardless 

of whether the source was human or guinea pig HDL. 

To determine the percentage of radiolabeled apo A-I 

associated with specific plasma lipoprotein fractions, plasma 

was obtained at the termination of the study and adjusted to 

the appropriate densities. Approximately 88% of the total 

radioactivity was associated with the d < 1.24 g/mL fraction 

which includes all guinea pig lipoproteins (Table 10). Of 

that fraction, 2% was associated with the d < 1.019 g/mL 

fraction, which includes chylomicrons, VLDL, and IDL. 

Radiolabeled apo A-I was injected into guinea pigs fed 

the various diets and FCR values were determined from 

analysis of the plasma radioactivity disappearance curves 

(Fig. 12). As stated in Methods, the disappearance of human 

apo A-I and guinea pig apo A-I were significantly correlated 

and, as such, only the data for human apo A-I turnover are 

presented in Table 10. Guinea pig apo A-I FCR values were 

consistently higher than values for human apo A-I, with the 



TABLE 10. In vivo kinetic parameters of apolipoprotein (apo), A-I in guinea pigs fed 

diets containing lard or corn oil with Basal (0.01%) or high (0.33%) cholesterol1 

LARD CORN 

Basal High Basal High 

FCR(pools/h) 

% Apo A-I 
distribution 

d<l.019 g/mL 

d<l.24 g/mL 

0.074 ± 0.015(6) 0.067 ± 0.031(6) 0.062 ± 0.020(4) 0.067 ± 0.018(5) 

2 ± 1 (6) 

87 ± 3 (5) 

2 ± 1 (6) 

89 ± 4 (6) 

2 ± 1 (3) 2 ± 1 (3) 

88 ± 1 (4) 89 ± 1 (5) 

iHuman 131I-apo A-I was injected into guinea pigs and plasma sampled over 34 h to 

determine fractional catabolic rates (FCR). Data represent mean ± SD for (n) animals. 

No significant differences (P > 0.05) among dietary treatments were observed. Plasma 

obtained at the end of the study was adjusted to 1.019 or 1.24 g/mL for centrifugation 

to determine the percentage of 131I-apo A-I association with the lipoprotein densities. 
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Fig. 12. A typical plasma disappearance curve for human (D) 
and guinea pig (•) apolipoprotein (apo) A-I shown for a 
guinea pig fed a corn oil-based diet with 0.01% cholesterol. 
Guinea pigs fed experimental diets were injected 
intravenously with radiolabeled apo A-I, and plasma samples 
were counted for radioactivity over 34 h. Radioactivity was 
calculated as percentage of initial dose. Plasma 
disappearance of guinea pig apo A-I was faster than human apo 
A-I. 
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relationship [guinea pig apo A-I FCR (pools/h) = (0.945 x 

human apo A-I FCR (pools/h)) + 0.032], Irrespective of the 

species differences in disappearance rates, apo A-I FCR 

values were not significantly affected by either dietary fat 

type or cholesterol level independently or interactively. 

Correlations 

Regression analyses were performed to test for 

significant relationships between measured variables. 

Inclusive of all groups, human apo A-I FCR values were 

inversely correlated with guinea pig plasma EQHDL cholesterol 

concentrations (r = -0.622, P < 0.008, n = 17) (Fig. 13). 

Guinea pig apo A-I FCR values exhibited a similar 

relationship with plasma EQHDL cholesterol levels (r = 

-0.621, P = 0.074, n = 9); however, the correlation was not 

significant in part due to the small sample size. The 

relationship between human and guinea pig apo A-I FCR values 

with guinea pig plasma EQHDL cholesterol concentrations is 

reflected in the virtually identical correlation 

coefficients. Mean values of human apo A-I FCR were not 

correlated with maximal binding of human EQHDL to hepatic 

membranes (r = -0.208, P = 0.79, n = 4), nor were hepatic HDL 

binding protein Bmax values related to plasma EQHDL 

cholesterol concentrations of the various dietary groups (r = 

-0.259, P = 0.13, n = 35). 



159 

0.15 

r"'\ •• • I 
D 

~ " ,... 
0.10 " C D " " 

~ " '-
D '• • " '- D 

~ " 
~ 

'-
" '-

~ 
0.05 D 

• 
D 

D Human D 

• Guinea pig 

0.00 
0.00 0.25 0.50 0.75 1.00 

HDL-cholesterol (mmol/L) 

Fig. 13. Correlation of human (0) and guinea pig (e) 
apolipoprotein (apo) A-I fractional catabolic rates (FCR) 
with guinea pig plasma apo E-free HDL cholesterol 
concentrations. Human apo A-I was significantly correlated 
with E0 HDL cholesterol levels (r = -0.622, P < 0.008, n = 
17). Guinea pig apo A-I had a similar relationship (r = 
-0.621, P = 0.074, n = 9). Human and guinea pig apo A-I FCRs 
were significantly correlated with each other (r = 0.78, P < 
0.002, n = 13). 
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DISCUSSION 

Diets high in saturated fat increase plasma total 

cholesterol concentrations relative to diets high in 

polyunsaturated fat in both animal models (Chong et al. 1987, 

Fernandez and McNamara 1991a, Fernandez and McNamara 1991b, 

Ohtani et al. 1990, Parks and Rudel 1982, Stucchi et al. 

1991) and humans (McNamara 1992). Clinical and animal 

studies of dietary fat effects on plasma HDL concentrations 

have not been as consistent, with polyunsaturated fat diets 

shown to decrease HDL cholesterol concentrations in some 

studies (Shepherd et al. 1978, Parks and Rudel 1982, Stucchi 

et al. 1991) while other studies have reported no change in 

HDL levels (Brussard et al. 1980, Fernandez and McNamara 

1991a and 1991b, Hayek et al. 1991, Ohtani et al. 1990, 

Schwandt et al. 1982) relative to saturated fat intake. 

Similarly, reported effects of dietary cholesterol on 

plasma HDL levels are variable. One factor which might add 

to the inconsistencies among studies is the method by which 

HDL cholesterol is measured. Since cholesterol feeding 

results in the appearance of apo E-containing HDL (Mahley et 

al. 1978a and 1978b), methods employing precipitation of apo 

E- and B-containing lipoproteins to measure HDL cholesterol 

levels underestimate plasma HDL concentrations. Likewise, 

preparative ultracentrifugal methods may also lack 
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quantitative collection of total HDL, as the densities of 

larger, less dense HDL may overlap with the dense LDL 

subpopulations, resulting in overestimates of HDL cholesterol 

levels (Lin, unpublished observations). 

Dietary Effects on Plasma Total and HDL Cholesterol 

Concentrations 

The present study was designed to characterize changes 

in plasma HDL catabolism in response to changes in dietary 

fat type and to graded levels of dietary cholesterol. No 

effect of fat type on plasma EQHDL cholesterol concentrations 

of guinea pigs fed diets containing 7.5 or 15% fat with 

minimal dietary cholesterol has been observed (Fernandez and 

McNamara 1991a and 1991b); however, EQHDL cholesterol 

concentrations were affected by fat type with higher levels 

of dietary cholesterol (Chapter II, Lin et al. 1992). 

Previously observed interactions between fat type and 

cholesterol level on EQHDL cholesterol concentrations 

(Chapter II, Lin et al. 1992) were not evident in the present 

study, possibly due to the smaller sample size tested here. 

To define the effect of fat type on HDL cholesterol 

levels in guinea pigs fed 15% fat diets, statistical analyses 

of the combined data (n = 7-13 per dietary group) from 

previous (Chapter II, Lin et al. 1992) and present studies 

were conducted. Inclusive of all corn oil-and lard-based 

diets, and all levels of dietary cholesterol, there was a 
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significant effect (P < 0.001) of fat type on plasma EQHDL 

cholesterol such that animals fed lard (0.44 + 0.13 mmol/L, n 

= 39) had 29% higher HDL than animals fed corn oil (0.34 + 

0.16 mmol/L, n = 37). Fat saturation primarily influenced 

plasma HDL cholesterol levels of animals fed moderate levels 

(Low and Medium) of dietary cholesterol, since statistics 

excluding these levels resulted in loss of fat type and 

interactive effects. The significance of fat type affecting 

plasma HDL cholesterol at these moderate levels of 

cholesterol intake remains to be determined; however, it 

suggests that regulation by fat saturation may be significant 

only at physiological levels of dietary cholesterol. Fat 

type was also found to interact with cholesterol amount (P < 

0.002). 

Dietary cholesterol consistently increased both plasma 

total and EQHDL cholesterol levels. While total plasma 

cholesterol levels increased in a graded fashion with dietary 

cholesterol, EQHDL cholesterol concentrations were stable 

with moderate levels of dietary cholesterol and did not 

increase significantly until a pharmacological (High) level 

of dietary cholesterol was fed. The differences in plasma 

cholesterol responses of total (primarily LDL) and HDL 

cholesterol suggest different regulatory mechanisms. HDL 

cholesterol metabolism maintains homeostasis until dietary 

cholesterol exceeds the endogenous cholesterol synthetic 

capacity and overwhelms the mechanisms regulating HDL levels. 
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A more qualitative evaluation of the effect of diet on 

the metabolism of HDL requires measurement of additional 

characteristics besides cholesterol. The qualitative effects 

of dietary fat and cholesterol intake have been demonstrated 

in subjects fed varying fat P:S ratios with or without added 

dietary cholesterol as 3 or 6 eggs (Schonfeld et al. 1982). 

Although plasma HDL cholesterol concentrations did not change 

with diet, the density distributions of HDL apoproteins were 

altered when the diets were supplemented with cholesterol, 

especially when the P:S ratio was low (Schonfeld et al. 

1982). Of interest, the apo A-I:apo A-II ratios increased in 

subjects consuming diets with added cholesterol and P:S 

ratios of 0.25 or 0.80, reflecting an increase of HDL2 

relative to HDL3. In addition to changes in HDL2 and HDL3 

subfractions, relative amounts of HDL classified by 

apoprotein composition [HDL with apo A-I (LpA-I) or with apo 

A-I and A-II (LpA-I:A-II)] can also be altered by increasing 

the P:S ratio of dietary fats. Fumeron and coworkers (1991) 

found decreases in both HDL2 and LpA-I in men fed diets 

containing sunflower margarine (P:S = 1.1) versus diets with 

butter (P:S = 0.2), suggesting that polyunsaturated fat diets 

lower the CHD-protective subfraction of HDL. No change in 

HDL cholesterol, HDL3 or LpA-I:A-II were observed. 

Discriminate changes in HDL subpopulations also occur 

with cholesterol feeding. Mahley et al. (1978a) demonstrated 

no consistent increase in HDL cholesterol levels in subjects 
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consuming diets with or without 4-6 eggs; however, they found 

that subjects fed high cholesterol diets had a HDL 

subfraction (precipitable by heparin/manganese) which 

exhibited a significant increase in LDL-displaceable binding 

to cultured fibroblasts relative to pretreatment diet HDL. 

The authors reasoned that the increased binding activity 

could be accounted for by the increased affinity of the LDL 

receptor for apo E, which is present on HDLC. These data 

suggest that diet may or may not result in quantitative 

changes in HDL cholesterol levels; however, qualitative 

differences reflecting altered metabolism can occur even in 

the absence of quantitative effects. The present study also 

demonstrated qualitative effects of dietary cholesterol on 

HDL that were not detected with routine plasma cholesterol 

precipitation assays, involving a shift of apo A-I associated 

lipoproteins to lighter densities. 

Dietary Effects on E0HDL Binding to Hepatic Membranes 

To determine whether specific hepatic HDL binding was 

involved in apo A-I catabolism, EQHDL binding kinetics were 

determined. A significant decrease in HDL binding was 

associated with increases in dietary cholesterol, primarily 

in corn oil-fed animals. Bmax values gradually decreased with 

dietary cholesterol, plateauing at the Medium level, while 

EQHDL cholesterol levels did not increase until the High 

cholesterol level, suggesting that binding of EQHDL to 
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hepatic membranes is not a primary determinant of plasma 

E0HDL cholesterol concentrations, unlike the relationship 

between LDL and its receptor (Brown and Goldstein 1986). 

It has been hypothesized that cholesterol feeding 

increases reverse cholesterol transport by increasing 

membrane HDL binding sites of peripheral tissues (Schneider 

and Beisiegel 1989) to facilitate translocation of excess 

intracellular sterols (Oram et al. 1991). In contrast to HDL 

binding to peripheral tissues, which appear to function in 

promoting cholesterol efflux, the liver is the primary site 

for HDL catabolism (Schneider and Beisiegel 1989). Studies 

in rats have demonstrated that the liver is a major site of 

uptake of both HDL cholesteryl ether and apo A-I and that 

uptake of these components can be dissociated (Glass et al. 

1983). 

Intake of diets containing 2% cholesterol has resulted 

in no significant changes in E0HDL binding to hepatic 

membranes of rats (Maggi and Catapano 1986) or rabbits 

(Kovanen et al. 1981). In contrast, Fernandez and McNamara 

(1991b) have previously observed an increase in EQHDL binding 

to hepatic membranes of guinea pigs fed a commercial diet 

supplemented with 0.25% cholesterol compared to controls. 

The decrease in EQHDL binding with increasing dietary 

cholesterol in the present study may result from a 

combination of effects involving the high fat content of the 

diets (35% of calories) plus dietary cholesterol. Most 
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studies of the effect of dietary cholesterol on HDL binding 

have used low-fat diets. If the liver is the primary site of 

HDL catabolism, then the binding data obtained in this study 

suggests that less binding protein-mediated metabolism occurs 

with increased dietary cholesterol. One could hypothesize 

that with increased dietary cholesterol, peripheral tissue 

binding of HDL is upregulated, thus facilitating cholesterol 

efflux to HDL. At the same time, hepatic binding sites 

decrease to maintain hepatic cholesterol homeostasis and to 

allow HDL to function longer in the plasma as a cholesterol 

transport vehicle and to transfer cholesterol to other 

lipoproteins for cholesterol removal. While this theory may 

explain the binding data found in the present study, 

differences observed using diets of low fat content, as well 

as in vivo data (see below), suggest a more complicated 

regulatory sequence. 

Dietary Effects on Plasma Apo A-I Catabolism 

Infusion of radiolabeled apo A-I to study apo A-I 

catabolism is comparable to using intact radiolabeled HDL 

(Vega et al. 1991), and since apo A-I is the major HDL 

apoprotein, catabolism of apo A-I estimates HDL catabolism. 

Eighty-eight percent of the radiolabeled apo A-I injected was 

associated with guinea pig plasma lipoprotein fractions, with 

only 2% in the d < 1.019 g/mL fraction, consistent with 

reported values of 80-90% of immunoassayable apo A-I present 
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in HDL (Eisenberg 1984). Apo A-I was found associated with 

HDL using both plasma density fraction analysis of 

radiolabeled apo A-I and analysis of silver-stained SDS-PAGE. 

Finally, the apo A-I FCR values measured are similar to that 

reported for radiolabeled human HDL in guinea pigs fed a 

commercial diet (FCR = 0.090 ± 0.007 hr-1) (Witztum et al. 

1982). 

Because of discrepancies in the relative enrichment of 

the apo A-I preparations between guinea pig and human 

apoproteins, it cannot be ruled out that the consistently 

faster FCR values for guinea pig apo A-I may have been due in 

part to contaminating apoproteins. However, it is more 

probable that the differences in FCR values between guinea 

pig and human apo A-I were due to a species effect, as 

species-related variances have been demonstrated by other 

investigators (Hayek et al. 1991, Koeltz et al. 1982). 

There was no influence of dietary fat saturation on apo 

A-I FCR values in guinea pigs. Consistent with these 

results, Shepherd et al. (1978) found no differences in apo 

A-I FCR of subjects fed diets containing 400 mg cholesterol 

and 40% of calories as fat, with P:S ratios of either 0.25 or 

4.0. The decreases in plasma HDL cholesterol and apo A-I in 

subjects fed the high P:S fat diet were attributable to 

decreased apo A-I production rates. Similarly, in African 

green monkeys fed 40% of calories as either butterfat or 

safflower oil, perfused livers from safflower-fed animals 
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produced significantly less HDL (Johnson et al. 1986). In 

contrast, no differences in production rates were found in 

African green monkeys fed virtually identical diets (Parks 

and Rudel 1982). In that study (Parks and Rudel 1982), the 

differential effects of fat type on apo A-I FCR were evident 

as slightly higher rates in the safflower oil-fed animals (P 

= 0.05). Similarly, studies in rhesus monkeys fed 30% 

calories as coconut oil or corn oil noted no change in apo A-

I production rates but higher FCR values in corn oil-fed 

animals (Chong et al. 1987). 

No differences were found in apo A-I FCR due to dietary 

cholesterol feeding, nor an interaction between fat type and 

cholesterol. Studies in 0.1% cholesterol-fed rats also 

demonstrate a lack of dietary cholesterol effect on plasma 

HDL clearance (Koeltz et al. 1982). In Cebus monkeys fed 

diets containing 31% of calories as coconut oil or corn oil, 

with or without 0.1% cholesterol, apo A-I FCR was 

independently decreased with corn oil feeding and not 

affected by dietary cholesterol (although cholesterol intake 

negated the fat effect) (Stucchi et al. 1991). On the other 

hand, apo A-I production rate was decreased by 

polyunsaturated corn oil intake and independently increased 

by dietary cholesterol (Stucchi et al. 1991). 
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Relationships 

Plasma EQHDL cholesterol concentrations were not related 

to hepatic EQHDL binding capacity but were negatively 

correlated with apo A-I FCR values. Hepatic E0HDL Bmax was 

not related to apo A-I FCR, although the sample number, based 

on mean values for each dietary group, was small (n = 4). 

These data suggest that specific binding of EQHDL to hepatic 

membranes is not necessarily related to HDL catabolism, a 

finding consistent with other studies demonstrating low 

degradation of HDL despite increased cell association 

(Schouten et al. 1990), and selective uptake of HDL 

cholesteryl ester without catabolism of apo A-I (Glass et al. 

1983). As suggested earlier, decreased hepatic EQHDL binding 

could reflect decreased hepatic catabolism; however, the lack 

of correlation with FCR values suggest that the decreased 

binding may simply reflect decreased liver association of HDL 

independent of catabolism. With this mechanism, less liver 

association would indicate more dependency of guinea pig HDL 

on other mechanisms of reverse cholesterol transport such as 

transfer of cholesteryl esters to triacylglycerol-rich 

lipoproteins for liver uptake. 

Although apo A-I FCR would reflect catabolism of the 

entire HDL population (HDL with and without apo E), the 

inverse correlation between apo A-I FCR values and plasma 

EQHDL cholesterol concentrations is indicative of the major 

association of apo A-I with HDL particles and consistent with 
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the fact that apo A-I is dynamic and interchanges easily 

among different HDL particles (Eisenberg 1984). Apo A-I FCR 

values clearly regulate plasma HDL cholesterol levels even 

though diet did not alter FCR. 

The present findings suggest that changes in apo A-I FCR 

are not responsible for diet-mediated differences in plasma 

EQHDL cholesterol levels, and that high affinity hepatic 

binding of EQHDL, while decreased by dietary cholesterol, 

does not determine plasma E0HDL cholesterol concentrations to 

a significant extent. Furthermore, specific hepatic HDL 

binding does not appear to be a mechanism by which apo A-I is 

catabolized. It is speculated that apo A-I production rates 

may be the major determinant of plasma EQHDL concentrations 

in guinea pigs fed diets varying in fat saturation and 

cholesterol. Further studies determining apo A-I synthesis 

rates and intravascular cholesterol transfer between 

lipoproteins are needed to define the mechanisms involved. 
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CHAPTER V 

CHARACTERIZATION OF GUINEA PIG 

APOLIPOPROTEIN A-I mRNA: STUDIES OF 

DIETARY FAT AND CHOLESTEROL REGULATION 
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INTRODUCTION 

Plasma high density lipoprotein (HDL) cholesterol levels 

have been demonstrated in numerous epidemiological studies to 

be inversely correlated with the incidence of CHD (Miller 

1987; Gordon et al. 1977). In animal studies, high levels of 

HDL have also been shown to have a protective effect against 

the development of atherosclerosis. For example, the African 

Green monkey is a species relatively resistant to 

atherosclerosis, whereas the cynomolgus monkey is 

susceptible. Interestingly, plasma HDL cholesterol levels, 

as well as the major associated protein, apolipoprotein (apo) 

A-I and its mRNA levels, have been shown to be approximately 

two-times higher in the African Green species as compared to 

cynomolgus (Sorci-Thomas et al. 1988). HDL appears to not 

only be beneficial against the occurrence of cardiovascular 

disease, but may also alleviate preexisting atherosclerosis: 

infusion of HDL into hypercholesterolemia rabbits with 

lesions results in significantly lower aortic fatty streaks 

and cholesterol deposition than non-treated animals (Badimon 

et al. 1990). 

Cholesterol is produced endogenously in practically 

every cell, although only hepatocytes have the ability to 

catabolize and eliminate cholesterol as bile acids. The 

anti-atherogenic effect of HDL lies in its ability to accept 
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free cholesterol from the peripheral tissues, esterify the 

cholesterol through the activity of LCAT, and deliver this 

cholesterol either indirectly (transfer to triacylglycerol-

rich lipoproteins mediated by CETP) or directly (selective 

cholesteryl ester uptake, HDL binding) to the liver for 

eventual catabolism (Franceschini et al. 1991). 

Dietary fat saturation has been shown to affect plasma 

HDL cholesterol concentrations in both human and animal 

studies (Shepherd et al. 1978, Parks & Rudel 1982, Jackson et 

al. 1984, Chapter II, Lin et al. 1992), generally with 

polyunsaturated fat lowering HDL cholesterol levels relative 

to saturated fat. Dietary cholesterol, on the other hand, 

appears to increase HDL cholesterol concentrations (Chapter 

II, Lin et al. 1992, Packard et al. 1983). Studies of 

dietary fat and cholesterol interactions on HDL cholesterol 

have been few and some conclusions have been limited by study 

design. Furthermore, some studies which have reported no 

.dietary fat and/or cholesterol effect may have missed 

qualitative changes in HDL subfractions, such as cholesterol-

induced increases in apo E-containing HDL (Mahley et al. 

1978a) or polyunsaturated fat-mediated decreases in the HDL 

subpopulations, LpA-I and HDL2, which are associated with a 

protective effect against cardiovascular heart disease 

(Fumeron et al. 1991). 

Because apo A-I is the major protein constituent of HDL, 

plasma levels of apo A-I are also negatively correlated with 
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the incidence of heart disease (Maciejko et al. 1983). The 

use of apo A-I as a marker for HDL is substantiated by 

positive associations between plasma HDL cholesterol 

concentrations and levels of apo A-I protein and hepatic mRNA 

levels (Hennessy et al. 1992, Kushwaha et al. 1991). 

Dietary changes in plasma HDL concentrations have been 

attributed to alterations in the production rates and/or 

fractional catabolic rates of apo A-I (Shepherd et al. 1978, 

Chong et al. 1987, Parks and Rudel 1982, Stucchi et al. 

1991). Because plasma apo A-I levels are dictated by the 

rates of input into and output from the plasma compartment, 

previous studies (Chapter IV) of apo A-I catabolism in guinea 

pigs fed saturated or polyunsaturated fat with varying levels 

of dietary cholesterol were conducted in an attempt to 

explain the dietary interactions observed on plasma HDL 

cholesterol concentrations (Chapter II, Lin et al. 1992). No 

dietary changes in the rates of apo A-I catabolism were 

observed (Chapter IV), suggesting that changes in apo A-I 

production were responsible. 

The present study was conducted to investigate whether 

dietary alterations in intestinal and hepatic apo A-I mRNA 

abundance were responsible for the changes in plasma HDL 

cholesterol levels. Changes in apo A-I mRNA levels have been 

demonstrated to correlate with dietary fat and/or cholesterol 

effects on plasma apo A-I and/or HDL cholesterol 

concentrations in other species, demonstrating that changes 
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in apo A-I mRNA abundance can predict changes in the amount 

of apo A-I protein produced (Hennessy et al. 1992, Kushwaha 

et al. 1991, Sorci-Thomas et al. 1989a, Stucchi et al. 1991). 

Studies of the apo A-I gene have not been conducted in 

the guinea pig, a relatively unique laboratory animal model 

in that it has a lipoprotein cholesterol profile similar to 

humans in terms of low HDL cholesterol levels relative to low 

density lipoprotein (LDL). The guinea pig also has plasma 

LCAT (Ostwald et al. 1979) and CETP activities (Ha & Barter 

1992), both of which are important for regulation of HDL 

metabolism. The objectives for this study were: a) to 

identify and characterize guinea pig apo A-I cDNA; b) to 

determine dietary fat and cholesterol effects on apo A-I mRNA 

levels in the liver and intestine (primary sites of 

synthesis); and c) to assess if dietary changes in plasma HDL 

cholesterol concentrations were associated with alterations 

in apo A-I mRNA abundance. 
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METHODS 

Materials 

Phenyl methyl sulfonyl fluoride (PMSF), aprotinin and 

ribonuclease (RNase)-free mineral oil were from Sigma (St. 

Louis, MO). Halothane was purchased from Halocarbon Lab 

(Hackensack, NJ). 35S-CTP, 35S-dATP and Hybond N membrane 

were obtained from Amersham (Arlington Heights, IL). 

Enzymatic cholesterol kits and bovine pancreas RNase A were 

from Boehringer Mannheim (Indianapolis, IN); Aspergillus 

oryzae RNase Tl was from Calbiochem-Novabiochem Corp. (San 

Diego, CA); SP6 RNA polymerase, TRIzol RNA isolation reagent, 

sequencing kits and RNA ladder were from Gibco BRL 

(Gathersburg, MD); T3/T7 transcription kit and Chroma Spin 

columns were from Clontech Laboratories, Inc. (Palo Alto, 

CA); TA cloning kit and Fast Track poly A+ mRNA isolation kit 

were from Invitrogen Corp. (San Diego, CA); and GeneAmp PCR 

kit was purchased from Perkin Elmer Cetus (Norwalk, CT). 

Oligonucleotides were synthesized by the University of 

Arizona's Division of Biotechnology Macromolecular Structures 

Facility. Film for autoradiographs were obtained from Kodak 

(Rochester, NY). DNA for use as templates were purified from 

agarose gels using the GeneClean II kit purchased from Bio 

101 Inc. (La Jolla, CA). 
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Diets 

Isocaloric diets formulated to meet NRC-specified 

nutritional requirements of the guinea pig were prepared by 

Research Diets, inc. (New Brunswick, NJ). Composition of the 

diets (Chapter II, Lin et al. 1992) were equivalent except 

for the source of fat (lard or corn oil at 35% of total 

calories) and the level of cholesterol. Polyunsaturated: 

saturated fat (P:S) ratios were 0.29 for lard and 4.21 for 

corn oil. Recrystallized cholesterol was added to the diets 

at either Basal (0.01%) or High (0.33%) levels. These levels 

provided absorbed dietary cholesterol inputs of 6 and 200% 

respectively of the mass of daily endogenous cholesterol 

synthesis (51 mg/kg-day) in the guinea pig (Fernandez et al. 

1990b). Basal diet cholesterol content was to adjust for the 

cholesterol content present in lard. Diets were also 

adjusted to the same sitosterol content (0.9 mg/g diet). 

Dietary groups are referenced by the type of dietary fat and 

the level of cholesterol; i.e. Corn-Basal refers to the corn 

oil-based diet with 0.01% cholesterol. 

Animals 

Male Hartley guinea pigs (300-350 g) were purchased from 

Sasco Inc. (Omaha, NE) and randomly assigned to one of the 8 

dietary groups. Animals were kept in a light-cycled room 

with constant temperature and humidity. Water and diet were 

provided ad libitum for approximately 4 weeks, after which 
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animals were anesthetized with halothane vapors and 

exsanguinated by cardiac puncture into syringes containing 1 

mg/mL EDTA. Tissues for RNA analysis were excised, quickly 

frozen and crushed in liquid nitrogen, and stored at -80°C 

until assayed. The study was conducted according to Public 

Health Service/USDA guidelines and approved by the University 

of Arizona Institutional Animal Care and Use Committee. 

Plasma Cholesterol Assay 

A plasma preservation cocktail (Gianturco & Bradley 

1986) was added to the plasma to give final concentrations of 

sodium azide (1 umol/mL), aprotinin (50 kallikrein units/mL), 

and PMSF (0.01 umol/mL.). Plasma cholesterol concentrations 

were measured enzymatically, with HDL cholesterol assayed 

following MgCl2-dextran sulfate precipitation of apo B-

containing lipoproteins (Warnick et al. 1982). While it is 

noted that apo E-containing HDL may also precipitate with 

this method and thus underestimate total HDL cholesterol 

concentrations, the use of this assay permits comparison to 

the majority of other studies which have also used selective 

precipitation. Furthermore, an overlap of less dense HDL 

(containing apo E) with the high LDL density range have been 

observed such that HDL also cannot be isolated completely by 

density ultracentrifugation (E.C.K. Lin, unpublished 

observations). The plasma HDL cholesterol levels reported 

are thus assumed to represent apo E-free HDL. 
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Tissue RNA Isolation 

Approximately four inches of upper small intestine and 

liver tissues were used for total RNA isolation. Kidney and 

heart tissues were also collected from a few animals. RNA 

was isolated from 0.1-0.15 g of tissue using TRIzol reagent. 

Liver tissue from several guinea pigs fed Lard-Basal or Corn-

Basal diets were used for poly A+ mRNA isolation according to 

the kit protocol (Invitrogen). All RNA were resuspended in 

diethyl pyrocarbonate (DEPC)-treated water, quantified by 

absorbance and frozen in aliquots at -80°C. 

Isolation of Guinea Pig Apo A-I DNA 

Degenerate primers consensus to apo A-I cDNA sequences 

from 6 mammalian species (baboon, human, rabbit, mouse, rat, 

bovine) were designed using the Genetics Computer Group, Inc. 

(GCG) Sequence Analysis Software Package (Madison, WI) on 

VAX. Primer 1 (5'-GGCATTTCTGGCAGCRAGATGA-3') and Primer 2 

(5'-GGGCTCCACNTTCTGGCGGTAG-3') (where R = A or T, and N = A, 

G, C or T) were used to amplify an apo A-I DNA fragment from 

guinea pig genomic DNA prepared by the method of Murray and 

Thompson (1980). Optimal amplification reactions using the 

polymerase chain reaction (PCR)(Mullis and Faloona 1987) 

contained 600 ng genomic DNA, 1 mM MgCl2, 0.6 uM each primer, 

200 uM. each dNTP, and 2.5 U Taq polymerase. Reactions were: 

4 min at 94°C melt; 35 cycles of 1 min at 94°C, 1 min at 

60°C, 1 min at 72°C; 8 min at 72°C extension; and 4°C soak. 
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The resulting PCR product (approximately 800 bp) was then 

cloned into the TA cloning vector (Invitrogen) and labeled 

pCRAI. Approximately 340 nt were sequenced with PCR cycle 

sequencing (Murray 1989) and double-stranded sequencing 

methods (Kraft et al. 1988). 

Transcription of cRNA Riboprobes 

pCRAI was linearized by Dde I and produced 6 DNA 

fragments. A fragment of approximately 0.9 Kb was isolated 

following agarose gel electrophoresis and used for SP6 RNA 

polymerase-directed transcription to yield a 310 nt 35S-cRNA 

riboprobe, of which 229 nt are complementary to guinea pig 

apo A-I mRNA. For normalization of sample total RNA amount, 

a 324 nt 35S-cRNA riboprobe for 8-actin, containing 245 nt of 

mouse p-actin gene sequence, was transcribed using the T3 RNA 

polymerase promoter of the commercial DNA template 

(Clontech). 

Northern Blot Analysis 

Hepatic poly A+ mRNA from a Lard-Basal-fed guinea pig 

was run on a 1.25% agarose/morpholino propane sulfonic acid 

(MOPS)/formaldehyde gel (Barkin et al. 1986), blotted onto 

Hybond N membrane, and UV-crosslinked (Stratagene, La Jolla, 

CA). One lane of RNA ladder was cut off to stain the size 

markers with methylene blue (Herrin and Schmidt 1988). The 

membrane was prehybridized in Prehybridization Buffer [50% 
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formamide, 50 mM NaP04 pH 6.5, IX Denhardt's solution (0.02% 

ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum 

albumin), lOmM EDTA, 0.5% SDS and 50 ug/mL poly (A)] for 4 h 

at 45°C. The membrane was then hybridized with approximately 

1,500,000 cpm of riboprobe at 54°C in 1 mL of Hybridization 

buffer [40% formamide, 400 mM NaCl, 40 mM PIPES pH 6.7, 1 mM 

EDTA] (Srivastava et al. 1991b) containing 50 ug/mL poly (A), 

by placing in a 75°C preheated water bath and turning down to 

54°C for hybridization overnight (18 h). The membrane was 

washed in 2X SSC (0.3 M NaCl, 0.03 M sodium citrate, pH 

7.0)/0.5% SDS for 15 min at 65°C, replaced with fresh buffer 

and washed for another 15 min at room temperature. The 

membrane was then further washed in 0.1X SSC/0.5% SDS for 20 

and 45 min at 65°C. The blot was exposed to autoradiographic 

film for 9 d at -80°C with an intensifying screen. 

Ribonuclease (RNase) Protection Assay and Analysis 

The RNase protection assay was performed according to 

Srivastava et al. (1991b) with minor modifications. Tissue 

total RNA (15 ug intestinal RNA, 30-40 ug liver RNA) was 

combined with approximately 60,000 cpm of apo A-I cRNA 

riboprobe, dried in a Speed Vac, resuspended in 30 uh of RNA 

hybridization buffer (40% formamide, 400 mM NaCl, 40 mM PIPES 

pH 6.7, 1 mM EDTA), and overlayered with a drop of mineral 

oil. For p-actin cRNA probe, 30 jug of sample total RNA was 

used. Samples were placed in a 75°C preheated water bath and 
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then turned down to 60°C for hybridization overnight (18h). 

Following hybridization, 300 ul RNase buffer (300 mM NaCl, 

10mM Tris-HCl pH 7.5, 5 mM EDTA, 40 jig/mL RNase A, 2 ug/iciL 

RNase Tl) was added and samples were incubated at room 

temperature for 2 h. Twenty ug of carrier poly (A) and 1 mL 

of cold 10% TCA was then added and the samples were placed on 

ice for 15 min. Samples were then filtered through GF/C 

filters and washed with 5% TCA followed by 95% ethanol. 

Filters were dried under a heat lamp, scintillation cocktail 

added, and counted in a scintillation counter (Beckman 

Instruments, Fullerton, CA). 

For analysis of protected fragments following the RNase 

digestion, an equal volume of GIT buffer [4 M guanidine 

isothiocynate, 0.5% sodium laurylsarcosine, 25 mM sodium 

citrate, pH 7.0, 100 mM p-mercaptoethanol] was added to 

inhibit RNases (R.A.K. Srivastava, personal communication). 

Twenty ug of carrier poly (A) was then added, followed by an 

equal final volume of isopropanol. RNA was allowed to 

precipitate for 5 min at -80°C before centrifugation. The 

pellet was resuspended in 10 jil loading buffer (80% 

formamide, 0.1% xylene cyanol, 0.1% bromphenol blue, 2 mM 

EDTA), heated at 90°C for 3 min, cooled on ice and loaded 

onto a 5% acrylamide/8 M urea/TBE (89 mM Tris base, 89 mM 

boric acid, 2 mM EDTA) gel. The gel was run for 1 h at 400 

volts, dried, and exposed to film for 3 days at -80°C with an 

intensifying screen. 
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Statistical Analyses 

Two-way ANOVA was used to determine independent and 

interactive effects of dietary fat type and cholesterol 

amount. Where significant, one-way ANOVA was used to 

determine differences within the fat or cholesterol group. 

Regression analyses were performed to test for significant 

relationships by using STATVIEW 512+ (Brainpower, Inc., 

Calabasas, CA). Data are presented as mean ± SD, with 

differences considered significant at P < 0.05. 
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RESULTS 

Plasma Cholesterol Concentrations 

Plasma total and HDL cholesterol concentrations are 

presented in Fig. 14. Plasma total cholesterol 

concentrations were affected interactively by dietary fat 

type and cholesterol amount (P < 0.010): High cholesterol 

feeding caused a larger increase in plasma cholesterol of 

animals fed lard-based diets (3.3-fold over Basal) than those 

consuming corn oil (2.4-fold over Basal). In contrast, no 

dietary interaction was detected for plasma HDL cholesterol 

levels. High dietary cholesterol increased plasma total 

cholesterol (P < 0.001) and HDL cholesterol (P < 0.015) 

concentrations over Basal levels almost 3-fold and 1.3 fold, 

respectively. Fat type affected total cholesterol 

concentrations overall such that animals fed saturated fat-

based diets had 1.6-times higher total cholesterol than 

animals fed diets enriched in polyunsaturated fat (P < 

0.005). Although there appeared to be a trend for 

polyunsaturated corn oil intake to result in lower plasma HDL 

cholesterol levels, dietary fat type had no statistically 

significant influence (P = 0.15). 
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Fig. 14. Plasma total and HDL cholesterol concentrations of 
guinea pigs fed lard or corn oil-based diets with 0.01% 
(Basal) or 0.33% (High) cholesterol. Values are mean± SD 
for n = 6 animals per Basal group and n = 9 animals per High 
cholesterol group, except Lard-High total cholesterol, n = 7. 
Significant fat and cholesterol interactions (P < 0.010) were 
evident in affecting total cholesterol levels. Animals fed 
lard-based diets had higher total cholesterol levels than 
animals fed corn oil (P < 0.005). High cholesterol intake 
increased total cholesterol concentrations (P < 0.001) as 
well as HDL cholesterol (P < 0.015). Fat saturation had no 
effect on plasma HDL cholesterol levels. 
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Sequence Comparison and Northern Analysis 

The guinea pig apo A-I DNA fragment obtained by PCR 

amplification was cloned into a TA cloning vector in the 

reverse direction relative to the vector direction (Fig. 

15), since comparison of the partial sequence (299 nt) of the 

insert in pCRAI obtained using the Ml3 forward primer with 

GenBank databanks revealed high homology to apo A-I sequences 

from various species, with highest identity of the minus 

strand to the rabbit apo A-I gene (195/254, 76%). 

Comparisons of the guinea pig apo A-I sequence to known apo 

A-I cDNA sequences from several species are presented in 

Table 11. Of that sequence, 188/243 (77%) was homologous to 

the rabbit cDNA sequence. Other high-scoring cDNA sequences 

were baboon (185/242, 76%), human (183/242, 75%) and bovine 

(176/242, 72%). 

Linearization of pCRAI with Dde I and transcription from 

the SP6 RNA polymerase promoter yielded a 310 nt product with 

229 nt antisense to apo A-I mRNA (Fig. 15). Northern blot 

analysis of guinea pig poly A+ mRNA with apo A-I riboprobe 

generated from pCRAI revealed a single hybridizing band with 

an estimated size of 0.9 Kb (Fig. 16). Known mRNA lengths 

from various other species (Table 12) vary from 0.88 to 0.96 

Kb. 
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Fig. 15. pCRAI clone with Dde I restriction sites and SP6 
transcription products. A partial genomic DNA fragment of 
approximately 0.8 Kb amplified using the polymerase chain 
reaction was subcloned in the reverse direction into a TA 
cloning vector to yield pCRAI. Restriction digests with Dde 
I should yield 6 fragments, of which an approximate 0.9 Kb 
fragment contains the SP6 RNA polymerase promoter. The 
transcription product is 310 nt in size, with 229 nt 
complementary to guinea pig apo A-I mRNA. 
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TABLE 11. Partial sequence comparison of guinea pig apo 

A-I cDNA fragment to known sequences from other species1 

Rat GTGAAGGATT TCGCCACTGT GTATGTGGAT GCAGTCAAGG ACAGCGGCAG 
Mouse GTGAAGGATT TCGCTAATGT GTATGTGGAT GCGGTCAAAG ACAGCGGCAG 
Human GTGAAGGACC TGGCCACTGT GTACGTGGAT GTGCTCAAAG ACAGCGGCAG 
Cyno GTGAAGGACC TGGTCACTGT GTACGTGGAA GCACTCAAAG ACAGCGGCAA 
Rabbit ATAAAGGATT TCGCCACCGT GTATGTGGAC ACAGTCAAGG ACAGCGGCAG 
Guinea GCAG TCCAAGGTGC 

Rat AGACTATGTG TCCCAGTTTG AATCCTCCAC TTTGGGCAAA CAGCTGAACC 
Mouse AGACTATGTG TCCCAGTTTG AATCCTCCTC CTTGGGCCAA CAGCTGAACC 
Human AGACTATGTG TCCCAGTTTG AAGGCTCCGC CTTGGGAAAA CAGCTAAACC 
Cyno AGACTATGTG TCCCAGTTTG AAGGCTCCGC CTTGGGAAAA CAGCTAAACC 
Rabbit AGAATATGTG GCCCAGTTTG AAGCCTCCGC CTTTGGAAAG CAACTCAACC 
Guinea CTGGGAGGCC GCCTGCCCCT CAGCCGGCTG CCTTCTCTCC CACCGCAGCC 

Rat TGAATCTCCT GGACAACTGG GACACTCTGG GTTCAACTGT TGGTCGCCTA 
Mouse TGAATCTCCT GGAAAACTGG GACACTCTGG GTTCAACCGT TAGTCAGCTG 
Human TAAAGCTCCT TGACAACTGG GACAGCGTGA CCTCCACCTT CAGCAAGCTG 
Cyno TAAAGCTCCT GGACAACTGG GACAGCGTGA CCTCCACCGT CAGCAAGCTG 
Rabbit TGAAGCTCCT GGACAACTGG GACAGCCTGA GCAGCACCGT CAGCAAGCTG 
Guinea TGAGGCTTTC GGATAACTGG GATACCTTGA GCACCATCCT CACGAAGCTG 

Rat CAGGAACAGC TAGGCCCAGT GACTCAGGAG TTCTGGGCTA ACCTGGAGAA 
Mouse CAGGAACGGC TGGGCCCATT GACTCGGGAC TTCTGGGATA ACCTGGAGAA 
Human CGCGAACAGC TCGGCCCTGT GACCCAGGAG TTCTGGGATA ACCTGGAAAA 
Cyno CGAGAACAGC TCGGCCCGGT GACCCAGGAG TTCTGGGATA ACCTGGAAAA 
Rabbit CAGGAACAGC TCGGCCCCGT GACCCAGGAG TTCTGGGATA ACCTGGAAAA 
Guinea CAGGCAGATT TTGGGCTGGC GACCCAGGAG TTCTGGGACA CCTTGGAAAA 

Rat AGAAACAGAT TGGCTGAGAA ACGAGATGAA CAAGGACCTG GAGAATGTGA 
Mouse AGAAACAGAT TGGGTGAGAC AGGAGATGAA CAAGGACCTA GAGGAAGTGA 
Human GGAGACAGAG GGCCTGAGGC AGGAGATGAG CAAGGATCTG GAGGAGGTGA 
Cyno GGAGACAGAG GGCCTGAGGC AGGAGATGAG CAAGGATCTG GAGGAGGTGA 
Rabbit GGAGACAGAG GGGCTGAGGG AGGAGATGAA CAAGGATCTG CAGGAGGTGA 
Guinea AGAAACAGAG TGGCTGAAGC AGATAGTGAG CGAGGACCTG CAGGACGTAA 

Rat AACAGAAGAT GCAGCCCCAC CTGGATGAAT TCCAGGAGAA GTGGAACGAG 
Mouse AACAGAAGGT GCAGCCCTAC CTGGACGAAT TCCAGAAGAA ATGGAAAGAG 
Human AGGCCAAGGT GCAGCCCTAC CTGGACGACT TCCAGAAGAA GTGGCAGGAG 
Cyno AGGCCAAGGT GCAGCCCTAC CTGGACGACT TCCAGAAGAA GTGGCAGGAG 
Rabbit GGCAGAAAGT GCAGCCCTAC CTGGACGAAT TCCAGAAGAA GTGGCAGGAG 
Guinea ACGACAAGGT GCAGCCCTAC CTGGAGAACT TCCAGAAGAA GGTGCAGGAA 
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Rat GAGGTCGAGG 
Mouse GATGTGGAGC 
Human GAGATGGAGC 
Cyno GAGATGGAGC 
Rabbit GAGGTGGAGC 
Guinea GAGGTGGAGC 

CCTACCGCCA 
TCTACCGCCA 
TCTACCGCCA 
TCTACCGCCA 
GGTACCGCCA 
CGTACCGCCA 

GAAGCTGGAG 
GAAGGTGGCG 
GAAGGTGGAG 
GAAGGTGGAG 
GAAAGTGGAG 
GAACGTGGAG 

CCTCTGGGCA 
CCTCTGGGCG 
CCGCTGCGCG 
CCGCTGCGCG 
CCCCTGGGCG 
CCC 

CCGAGCTTCA 
CCGAGCTGCA 
CAGAGCTCCA 
CGGAGCTCCA 
CGGAGCTGCG 

Sequences aligned using GCG Pileup Program. First nucleotide 

shown of each known sequence is located at the 142, 148, 132, 

141, and 133 nt position for rat, mouse, human, cynomolgus 

monkey, and rabbit cDNA, respectively. 
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Fig. 16. Northern blot of guinea pig poly A+ mRNA. Hepatic 
poly A+ mRNA isolated from a guinea pig fed lard-based diet 
with Basal cholesterol was run on a 1.25% agarose/MOPS/ 
formaldehyde gel and blotted onto Hybond N membrane. The 
membrane was hybridized with 35s-labeled riboprobe 
complementary to guinea pig apo A-I. A single transcript 
with an estimated size of 0.9 Kb was observed. 
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TABLE 12. Comparison of estimated guinea pig apo A-I mRNA 

size with known sizes of apolipoprotein (apo) A-I mRNA from 

other species1 

SPECIES APO A-I mRNA LENGTH (Kb) 

Baboon 0.86 

Human 0.88 

Rat 0.88 

Cynomolgus monkey 0.90 

Guinea pig 0.90 

Mouse 0.92 

bovine 0.93 

Rabbit 0.93 

Chicken 0.96 

xData obtained from GenBank database search for apo A-I mRNA 
sequences. 
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RNase Protection Analysis of Tissue Apo A-I mRNA 

Levels 

An autoradiograph of a gel demonstrating the band shifts 

(with and without RNase treatment) of sample RNA-protected 

apo A-I and (5-actin riboprobes is shown in Fig. 17. Shifts 

of 81 and 79 nt are expected for the apo A-I and p-actin 

riboprobes, respectively, with final sizes of 229 and 245 nt, 

respectively. 

Relative apo A-I mRNA levels for hepatic and intestinal 

samples of guinea pigs fed the various test diets are 

presented in Table 13, where Lard-Basal liver apo A-I mRNA 

levels were set at 1.0. All RNA samples were normalized to 

(5-actin mRNA content using a mouse p-actin riboprobe. 

Overall, apo A-I mRNA levels were 13-fold higher (ranging 5 

to 20-fold higher depending on the diet) in the intestine as 

compared to the liver. There was no significant fat nor 

cholesterol effect on intestinal apo A-I mRNA levels. In 

contrast, hepatic apo A-I mRNA abundance was increased by 

dietary cholesterol (P < 0.03) without any significant 

influence of dietary fat saturation. The increase in hepatic 

apo A-I mRNA levels with dietary cholesterol was primarily 

associated with animals fed corn oil-based diets, as these 

animals had 3.1-fold higher apo A-I mRNA levels with High 

cholesterol intake, as compared to a 1.4-fold increase 
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Fig. 17. Denaturing polyacrylamide gel of RNase protection 
products. Thirty µg of intestinal and hepatic total RNA 
samples from guinea pigs fed Lard-Basal (LB) and Lard-High 
(LH) diets were analyzed for apo A-I (guinea pig) and ~-actin 
(mouse) RNA hybrid protection in RNase protection assays. 
Lanes 1,3, Apo A-I riboprobe with 10 µg yeast tRNA control; 
Lanes 2,4, ~-actin riboprobe with 10 µg yeast tRNA control; 
Lane 5, LB intestinal RNA with both riboprobes; Lane 6, LH 
intestinal RNA with both riboprobes; Lane 7, LB liver RNA 
with both riboprobes; Lane 8, LH liver RNA with both 
riboprobes; Lane 9, LB intestinal RNA with apo A-I riboprobe; 
Lane 10, LB intestinal RNA with ~-actin riboprobe; Lane 11, 
10 µg mouse total RNA with ~-actin riboprobe. Reactions in 
all lanes except 3 and 4 were digested with RNases. 
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TABLE 13. Relative hepatic and intestinal apo A-I mRNA 

abundance in guinea pigs fed lard or corn oil-based diets 

with Basal (0.01%) or High (0.33%) dietary cholesterol1 

Diet Liver Intestine 

Lard-Basal 1.0 (6) 15.8 ± 7.0 (4) 

Corn-Basal 0.9 ± 0.6 (6) 18.4 ± 3.1 (5) 

Lard-High 1.4 ± 1.2 (9) 14.0 ± 2.2 (5) 

Corn-High 2.9 ± 1.8 (9) 15.1 ± 4.5 (5) 

Statistics2 

Cholesterol P < 0.03 NS 

Fat Type NS NS 

Interaction NS NS 

J-Apo A-I mRNA mean ± SD values are calculated for (n) animals 

relative to Lard-Basal hepatic apo A-I mRNA levels, which are 

set at 1.0. 

differences due to dietary cholesterol amount, fat type, or 

interaction as determined by two-way ANOVA; NS = not 

significant (p > 0.05) . 
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observed in animals fed lard-based diets. Neither hepatic (r 

= 0.004, n = 30, P = 0.98) nor intestinal (r = 0.107, n = 19, 

P = 0.66) apo A-I levels were correlated with plasma HDL 

cholesterol concentrations. 

Relative apo A-I mRNA abundance in the heart and kidney 

were measured in a few animals (n = 3-4) fed Lard-High or 

Corn-High diets. Surprisingly, the tissue apo A-I mRNA 

levels were appreciably high: kidney apo A-I mRNA levels were 

nearly as high as in the liver, and heart apo A-I mRNA levels 

exceeded that measured in the liver by as much as 6.4 fold. 
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DISCUSSION 

While there are numerous studies investigating the 

effects of dietary fat saturation or cholesterol intake on 

plasma HDL cholesterol levels, determinations of possible 

interactive effects between dietary fat and cholesterol have 

been limited. Several studies suggest only independent 

effects of these dietary components (Kushwaha et al. 1991, 

Sorci-Thomas et al. 1989a, Stucchi et al. 1991) while others 

have reported significant interactions, especially between 

saturated fat and cholesterol (Schonfeld et al. 1982, Chapter 

II, Lin et al. 1992). 

Investigations of the mechanisms behind dietary 

interactions on HDL cholesterol concentrations are few. 

Interactions between dietary fat saturation and cholesterol 

amount on plasma HDL cholesterol concentrations in guinea 

pigs fed lard, olive oil, or corn oil-based diets with 0.01, 

0.08, 0.17 or 0.33% dietary cholesterol have been previously 

observed (Chapter II, Lin et al. 1992). Because these 

dietary effects were not associated with changes in apo A-I 

fractional catabolic rates (Chapter IV) and guinea pig 

hepatic apo A-I secretion has been reported to increase two

fold with 1% cholesterol intake (Guo et al. 1982), the aim of 

the present study was to determine whether changes in apo A-I 

production at the transcriptional level were responsible for 
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the observed diet-induced changes in plasma HDL cholesterol, 

and if so, whether dietary fat and cholesterol interactions 

existed at this level of regulation. 

Dietary Fat and Cholesterol Effects on Plasma 

Cholesterol Levels 

There was a significant interaction between dietary fat 

type and cholesterol in determining plasma total cholesterol 

concentrations, which is 60-90% LDL cholesterol. In 

contrast, HDL cholesterol concentrations were only 

independently increased by cholesterol intake and not 

affected by fat saturation. The previous observation of 

dietary fat and cholesterol interactions on plasma HDL 

levels, which was not detected in the present study, may be 

accounted for by the addition of intermediate (0.08%, 0.17%) 

dietary cholesterol intakes in the previous study (Chapter 

II, Lin et al. 1992). Statistics excluding the intermediate 

cholesterol levels result in nondetectable interactions. 

Guinea Pig Apo A-I Partial DNA Sequence and mRNA 

Characterization 

Sequence homology to many known sequences of apo A-I in 

other species confirmed that the DNA amplified in the present 

study using degenerate species-consensus primers was that of 

guinea pig apo A-I. The highest homology (77%) with known 

apo A-I cDNA sequences was to a 243 nt stretch of rabbit apo 
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A-I CDNA. Whether continued homology to the rabbit for the 

other -75% of cDNA sequence remains to be determined. The 

degree of homology (75%) to human apo A-I cDNA suggests that 

this partial sequence is fairly conserved. Interestingly, 

however, no antigenic homology between antibodies for human 

apo A-I with guinea pig apo A-I have been found (E.C.K. Lin, 

unpublished observations). Northern analysis revealed a 

single transcript of approximately 0.9 Kb, consistent with 

the range of known apo A-I mRNA sizes from other species. 

Expression of apo A-I mRNA in the guinea pig is 

approximately 12-fold higher in the small intestine relative 

to the liver. Wide species differences in apo A-I expression 

have been reported between these primary sites of synthesis. 

Generally, levels of apo A-I mRNA are greater in the 

intestine than in the liver for a number of species (rat, 5-

fold higher; rabbit, 165 to 500-fold higher; African Green 

monkey, almost 2-fold higher)(Chao et al. 1984, Rea et al. 

1993, Srivastava et al. 1992, Sorci-Thomas et al. 1989a), 

although some species such as cynomolgus monkeys and mice 

have nearly equal expression (Sorci-Thomas et al. 1988, 

Srivastava et al. 1992). Examples of generally minor sites 

of apo A-I synthesis are the kidney and heart which, in the 

rat, have approximately 4% of the apo A-I mRNA abundance as 

that found in the liver (Srivastava et al. 1992). However, a 

recent analysis of rabbit apo A-I mRNA abundance in various 

tissues have shown that kidney and heart contains 36 and 66% 
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respectively of the values in liver (Rea et al. 1993). The 

findings of appreciable apo A-I mRNA levels in kidney and 

heart of the guinea pig were surprising in view of measured 

levels equal to or exceeding apo A-I mRNA levels in the 

liver. However, considering the high variability among the 

few animals used for these measurements, data for kidney and 

heart apo A-I gene expression are at present inconclusive. 

Dietary Fat and Cholesterol Regulation of Hepatic and 

Intestinal Apo A-I mRNA Levels 

Consistent with the present study, the lack of dietary 

fat effect on hepatic apo A-I mRNA levels has been 

demonstrated in several animal studies (Radosavljevic et al. 

1992, Ribeiro et al. 1991, Sorci-Thomas et al. 1988). In 

contrast, Stucchi and colleagues (1991) have studied cebus 

monkeys fed corn oil or coconut oil with and without 0.1% 

cholesterol and reported that hepatic apo A-I mRNA levels 

were affected by independent fat effects. Still other 

investigators have found dietary fat and cholesterol 

interactions on hepatic apo A-I mRNA levels without 

independent dietary effects (Kushwaha et al. 1991, Sorci-

Thomas et al. 1989a, Hennessy et al. 1992). Interestingly, 

an interactive fat and cholesterol effect reported in African 

Green monkeys fed diets with P:S ratios of 2.2 or 0.3 and 0.3 

or 0.8 mg cholesterol/kcal was true only for hepatic apo A-I 

mRNA levels, since intestinal apo A-I mRNA levels were not 
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altered by dietary treatment, indicative of tissue-specific 

dietary regulation (Sorci-Thomas et al. 1989a). 

High dietary cholesterol intake (0.5%) has been 

demonstrated to increase hepatic apo A-I mRNA levels 5-fold 

in rabbits and 7-fold in rats with no change in intestinal 

apo A-I mRNA levels (Chao et al. 1984). Similarly, guinea 

pig hepatic apo A-I mRNA levels were increased with dietary 

cholesterol intake without a corresponding effect in the 

intestine. It is notable that the increase in apo A-I mRNA 

abundance was achieved in guinea pigs fed 0.33% dietary 

cholesterol, a relatively pharmacological dose resulting in 

an absorbed cholesterol input equal to two-times the 

endogenous cholesterol synthetic mass. 

Previous observations of dietary fat and cholesterol-

induced changes in plasma HDL cholesterol concentrations and 

lack of dietary effect on apo A-I catabolism strongly suggest 

that dietary regulation occurs with apo A-I production 

(Chapter II, Lin et al. 1992, Chapter IV). The data reported 

in the present study provides evidence that a species with 

low plasma HDL cholesterol levels has tissue-specific, 

dietary regulation of apo A-I gene expression. Although 

hepatic apo A-I mRNA levels were increased by dietary 

cholesterol as were plasma HDL cholesterol concentrations, 

the lack of correlation between apo A-I mRNA and plasma HDL 

cholesterol levels suggests that dietary effects on other 

levels of apo A-I processing may be more important for 
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determining apo A-I protein production. Stucchi and 

coworkers (1991) have reported that apo A-I production rates 

in cebus monkeys were affected by independent effects of 

dietary fat type and cholesterol; however, hepatic apo A-I 

mRNA levels were significantly affected by dietary fat only, 

leading the authors to conclude that the fat effect on apo A-

I production rates was due to changes in apo A-I mRNA levels, 

but that the cholesterol effect on production rates was due 

to another factor such as increased translatability. Dietary 

effects on apo A-I at the post-transcriptional level have 

also been suggested by Ribeiro et al. (1991), who found no 

change in hepatocyte apo A-I mRNA levels despite decreased 

incorporation of 35S-met into cellular or secreted apo A-I in 

rats fed fish oil versus corn oil. Thus, dietary fat and 

cholesterol regulation of apo A-I production at post-

transcriptional levels may be stronger determinants than apo 

A-I mRNA abundance for changes in plasma HDL cholesterol 

levels with dietary treatment in the guinea pig. 
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CHAPTER VI 

COMPOSITE DIETARY FAT AND CHOLESTEROL 

EFFECTS ON LIPOPROTEIN AND 

HEPATIC CHOLESTEROL CONCENTRATIONS 
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RESULTS 

Because each study comprising Chapters II to V has 

contained unique guinea pigs for that study as well as shared 

guinea pigs from other studies, a composite analysis of the 

common outcome parameters was undertaken. These included 

measurements of plasma total cholesterol, LDL cholesterol, 

and HDL cholesterol concentrations, and hepatic free and 

esterified cholesterol levels. Two-way and one-way ANOVA 

were used for determinations of significant differences. 

Plasma Total, LDL and HDL Cholesterol Concentrations 

Plasma total, LDL and HDL cholesterol concentrations are 

presented in Fig. 18. Two-way ANOVA statistics to determine 

independent cholesterol and fat effects as well as 

interactions are listed in Table 14. Increments in total 

and LDL cholesterol levels were generally parallel and 

increased with increasing dietary cholesterol levels. The 

largest increment in total and LDL cholesterol occurred with 

the High cholesterol intake. While this pharmacological 

intake of cholesterol resulted in 4-5 fold increases in total 

and LDL cholesterol over Basal levels, plasma HDL cholesterol 

concentrations were at the most increased by 50%. 

Effects of fat type on total and LDL cholesterol versus 

HDL cholesterol were also unique. Both lard and olive oil-
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TABLE 14. Two-way ANOVA analyses of composite data 
from guinea pigs fed lard-, olive oil- or corn oil-based 
diets with 0.01% (Basal), 0.08% (Low), 0.17% (Medium) or 
0.33% (High) dietary cholesterol1. 

Total Cholesterol 

(mmol/L) 

LDL Cholesterol 

(mmol/L) 

HDL Cholesterol 

(mmol/L) 

Hepatic Free 

Cholesterol 

(umol/g) 

Hepatic Esterified 

Cholesterol 

(umol/g) 

|Cholesterol 

}Effect 

|Basal 69-

j Low 97b 

;Med 140° 

jHigh 245d 

! P < 0.001 

1 Basal 48-

jLow 75-

JMed 113b 

1 High 225° 
i 

1 P < Q-0Q1 

jBasal 12-

!LOW 13-b 

|Med 15b 

jHigh 18° 

\ Fat Type 

!Effect 

|Lard 163-

|Olive 169-

1 Corn 110b 

! P < 0.001 

JLard 119-
|Olive 133-

; Corn 87b 

\P.J<_0^002 

JLard 17-

1 Olive 15b 

|Corn 13b 

! P < 0.001 \p < 0.001 

|Basal 5.7-

1 Low 9.2b 

JMed 13.0° 

JHigh 19.4d 

! P < 0.001 

\ Basal 0.7-

|Low 3.9b 

j Med 8.6° 

JHigh 16.ld 

i 
! p < o.ooi 

JLard 8.2-

|Olive 13.3b 

jCorn 12.7b 

t 
t 

\P < 0.001 

JLard 2.4-

1 Olive 11.9° 

I Corn 6.8b 

1 
j 

j 

\p < 0.001 

Interaction 

P < 0.001 

P < 0.030 

P < 0.004 

P < 0.002 

P < 0.001 

different superscripts indicate significant differences 



206 

based diets were equally hypercholesterolemia as compared to 

corn oil for increasing total and LDL cholesterol 

concentrations; however, HDL cholesterol was highest in lard-

fed animals overall, and HDL of animals fed olive oil was not 

significantly different than those fed corn oil-based diets. 

Significant cholesterol and fat interactions were found for 

the composite total, LDL and HDL cholesterol levels. 

Hepatic Free and Esterified Cholesterol Levels 

Cholesterol feeding increased both hepatic free and 

esterified cholesterol concentrations in a dose-dependent 

manner; however overall, high cholesterol intake increased 

free cholesterol levels 3.4-fold while cholesteryl esters 

increased 23-fold over Basal levels (Fig. 19). Fat 

saturation had distinct effects on hepatic free and 

esterified cholesterol levels. Saturated lard diets provided 

a protective effect against hepatic free and esterified 

cholesterol accumulation as compared to olive oil or corn 

oil. Monounsaturated olive oil intake promoted high levels 

of hepatic cholesteryl ester. Animals fed polyunsaturated 

corn oil-based diets had intermediate cholesteryl ester 

levels but similar free cholesterol concentrations to animals 

fed olive oil. Dietary fat and cholesterol interactions were 

evident in influencing hepatic free and esterified 

cholesterol levels (Table 14). 
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FIGURE 19. Composite hepatic free and esterified 
cholesterol concentrations of guinea pigs fed lard, 
olive oil or corn oil-based diets with 0.01 (Basal), 
0.08 (Low), 0.17 (Medium) or 0.33% (High) cholesterol. 
Values are means± SD for (n) animals. 
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DISCUSSION 

Analyses of the composite data for plasma total, LDL and 

HDL cholesterol concentrations, and hepatic free and 

esterified cholesterol levels provided stronger evidence of 

fat and/or cholesterol effects with greater power of analysis 

because of the increased sample sizes. Interactions were 

detected for the composite total and LDL cholesterol 

concentrations whereas this effect was not significant in the 

sub-studies. In addition, significant fat and cholesterol 

effects were found for plasma HDL cholesterol levels. 

The composite data for total and LDL cholesterol (Fig. 

18) demonstrate the large increment in plasma cholesterol 

levels when absorbed dietary cholesterol exceeds the mass of 

endogenous cholesterol synthesis, indicative of a saturable 

metabolic process. In contrast, increases in plasma HDL 

cholesterol concentrations with dietary cholesterol intake 

were modest. It is important to note, however, that larger 

increases in apo E-containing HDL may have occurred which 

could not be detected with the analytical methods used (LDL 

overlap into lighter HDL densities, and precipitation of apo 

E-containing HDL with VLDL and LDL using MgCl2-dextran 

sulfate). Apo E-HDL has been shown to increase significantly 

with cholesterol feeding in a number of species (Mahley et 

al. 1978b). 
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Overall, lard and olive oil were equally 

hypercholesterolemia as compared to corn oil. The total and 

LDL cholesterol-raising effects of olive oil, as well as its 

lowering of HDL cholesterol concentrations compared to 

animals fed saturated fat diets indicate that metabolic 

effects of dietary olive oil in the guinea pig are unique. 

These effects observed in the guinea pig are not comparable 

to human studies, in which high intake of olive oil results 

in similar HDL cholesterol levels relative to saturated fat 

intake and lowers plasma total and LDL cholesterol 

concentrations to levels achieved with intake of 

polyunsaturated fat. 

While the effects of olive oil intake may not be similar 

among species, the effects of dietary lard and corn oil on 

plasma lipoproteins were comparable to the majority of other 

animal studies, and thus similar mechanisms of regulation are 

probably involved. Intake of polyunsaturated corn oil lowers 

plasma cholesterol levels, but results in hepatic cholesterol 

accumulation; the opposite effect is seen with saturated 

lard, suggesting that fats of differing saturation may 

determine the extent of cholesterol accumulation in the liver 

and consequently plasma cholesterol levels. 

Hepatic free and esterified cholesterol concentrations 

were consistently increased by dietary cholesterol, 

demonstrating the sensitivity of the liver to cholesterol 

flux and its efficiency in esterifying the cholesterol to a 
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metabolically inert form. Fat type was interactive with 

dietary cholesterol amount in determining the levels of 

hepatic cholesterol. The mechanisms by which different fat 

types influence hepatic cholesterol levels are not known. 

While it seems that the oleic acid content in olive oil may 

contribute to the high hepatic cholesterol esterifying 

activity, lard has approximately 2-times the oleic acid 

content as corn oil but consistently results in lower hepatic 

cholesterol levels, suggesting that although oleic acid is 

the preferred ACAT substrate, it per se is not what drives 

ACAT activity. Separate studies conducted using hepatic 

microsomes isolated from guinea pigs fed the twelve test 

diets have found that the microsomal free 

cholesterol:phospholipid ratio, an important substrate-based 

determinant of ACAT activity, was highest in animals fed 

olive oil-based diets, suggesting that more cholesterol 

substrate may be available in microsomal membranes of animals 

fed olive oil (D.M. Sun, M.L. Fernandez, E.C.K. Lin and D.J. 

McNamara, unpublished data). 
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CONCLUSIONS 
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These studies were carried out to investigate the 

independent and interactive effects of dietary fat saturation 

and dietary cholesterol amount in altering various parameters 

of cholesterol and lipoprotein metabolism in the guinea pig. 

Studies in this animal model have been relatively sparse 

considering its metabolic similarities in responses to 

dietary fat and cholesterol as compared to humans. 

Fig. 20 and Fig. 21 illustrate overall lipoprotein 

metabolism theorized to occur with Basal and High dietary 

cholesterol intakes, respectively, using data from the 

present study as well as data extrapolated from other 

studies. With Basal cholesterol intake (Fig. 20), there is 

very little exogenous cholesterol influx, so the animal deals 

only with endogenous cholesterol synthesis. Thus, hepatic 

expression of LDL receptors and HDL binding protein is high, 

as is hepatic HMG-CoA reductase activity. In contrast, a 

High dietary cholesterol intake (Fig. 21) introduces a 

change in cholesterol flux across the liver that must be 

compensated for. In the guinea pig, intake of moderate 

levels of dietary cholesterol immediately depresses 

endogenous cholesterol synthesis by decreasing hepatic HMG-

CoA reductase activity. The hepatic free cholesterol pool 

increases in a dose-dependent response to dietary 

cholesterol, and a proportion is directed towards cholesteryl 

ester storage. Dietary fat type and cholesterol 
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Fig. 20. Theorized scheme of lipoprotein and cholesterol 
metabolism with Basal cholesterol intake in the guinea pig. 
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interactively influence the extent of hepatic cholesterol 

accumulation, with fat type possibly altering the 

distribution of cholesterol between the metabolically inert 

cholesteryl ester pool and the metabolically active 

regulatory cholesterol pool. 

Apparently in an attempt to limit the amount of 

cholesterol entering the liver, both HDL and LDL receptors 

are down-regulated with High cholesterol intake, as evidenced 

by the decreased binding capacities (20% and 46% 

respectively). As a result, LDL cholesterol concentrations 

in the plasma are increased. By extrapolation, plasma HDL 

cholesterol levels may also be affected by the decreased 

hepatic binding, but the HDL receptor-mediated contribution 

to plasma HDL cholesterol homeostasis is likely insignificant 

since specific HDL binding does not correlate with plasma HDL 

cholesterol levels. Analyses of statistical correlations 

suggest that high-affinity HDL binding to the liver is not a 

significant catabolic pathway as is LDL binding to the apo 

B/E receptor. Apo A-I fractional catabolic rates were not 

altered by dietary fat or cholesterol, consistent with 

different metabolic regulation of plasma HDL and LDL 

cholesterol concentrations. Although the physiological 

significance of the down-regulation of hepatic HDL binding 

protein with increased dietary cholesterol is unclear, HDL 

binding to peripheral tissues has been shown to be increased 

with cholesterol feeding in other species, an effect 



216 

hypothesized to aid in reverse cholesterol transport (Fong et 

al. 1988, Graham et al. 1987, McKnight et al. 1992). Roles 

for specific hepatic HDL binding are at present theoretical, 

and whether increased peripheral HDL binding occurs in the 

guinea pig has not been determined. 

Unlike the HDL binding protein, cholesterol mediates 

down-regulation of the LDL receptor in the liver as well as 

in extrahepatic tissues (Applebaum-Bowden et al. 1984, Brown 

and Goldstein 1975). Regulation of the hepatic LDL receptor 

in the guinea pig follows classical LDL receptor regulation 

by cholesterol. The large increments in plasma LDL 

cholesterol concentrations with cholesterol intakes above the 

Medium level suggest that regulatory mechanisms are 

overwhelmed when cholesterol intake exceeds the capacity of 

normal endogenous cholesterol synthesis. Unlike the high 

Basal-level LDL receptor expression, intake of High dietary 

cholesterol results in LDL receptor Bmax at or near maximal 

down-regulation. Increases in LDL production with dietary 

cholesterol may further contribute to the large increments in 

plasma LDL levels observed with High cholesterol feeding. 

Fernandez et al. (1992a) have shown that at least with Lard-

based diets, LDL production rates in guinea pigs are 

increased and LDL fractional catabolic rates are decreased 

with 0.25% (w/w) dietary cholesterol as compared to Basal 

levels. Furthermore, the alterations in LDL composition with 

dietary fat and cholesterol feeding suggest that VLDL 
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particles with different compositions are produced and/or 

that the changes in LDL composition could reflect altered 

intravascular processing. Particle size and composition of 

LDL isolated from guinea pigs fed test diets have been shown 

to affect LDL catabolism in recipient guinea pigs, with 

smaller particles catabolized at faster rates (Fernandez et 

al. 1992a). 

Fat type appears to have the greatest influence on the 

expression of LDL receptor and HDL binding protein at minimal 

cholesterol intakes, since high cholesterol intake down 

regulates both receptors and overshadows differences due to 

fat saturation. In both cases, intake of corn oil-based 

diets resulted in the highest basal expression of receptors 

as compared to diets containing lard or olive oil, suggesting 

that one mechanism for the hypocholesterolemic effect of 

polyunsaturated fat may be to decrease the regulatory pool of 

cholesterol which represses receptor gene expression 

(Daumerie et al. 1992). This putative regulatory cholesterol 

pool may constitute only a portion of the free cholesterol 

pool, as guinea pigs fed Corn-Basal paradoxically had the 

highest hepatic free cholesterol concentrations relative to 

animals fed Lard-Basal or Olive-Basal diets. Another 

mechanism may involve dietary effects on membrane fluidity, 

which in turn affects receptor function and expression. 

Fernandez et al. (1992b) have found that feeding diets 

differing in saturated fats result in altered fatty acid 
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profiles in guinea pig hepatic membranes; however, the 

calculated saturation index revealed no significant 

differences in membrane fluidity despite changes in hepatic 

LDL receptor expression. In contrast, studies comparing 

dietary saturated versus polyunsaturated fats have found 

correlations between receptor activities and membrane fatty 

acid enrichment: hepatic lipids were found to be correlated 

with changes in catabolism of LDL in cebus monkeys (Nicolosi 

et al. 1990), and rat adipocyte plasma membrane fatty acids 

were correlated with changes in HDL2 binding (Zsigmond et al. 

1990). 

While the effects of dietary fat and cholesterol on LDL 

and HDL receptor gene expression have not been investigated 

in the present studies, guinea pig apo A-I mRNA levels have 

been demonstrated to increase with dietary cholesterol 

intake. The guinea pig produces an apo A-I transcript of 0.9 

Kb which is more abundant in intestine than liver. A high 

cholesterol intake does not alter intestinal apo A-I mRNA 

levels but increases apo A-I mRNA levels in the liver. The 

lack of correlation between the changes in apo A-I mRNA 

levels and plasma HDL cholesterol concentrations suggests 

that post-transcriptional mechanisms, such as translation, 

may be more important for the diet-mediated changes in apo A-

I production thought to occur. 

These studies have demonstrated that dietary fat 

saturation and cholesterol amount can significantly affect 
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cholesterol and lipoprotein metabolism in the guinea pig. 

Most of the parameters measured were affected by dietary fat 

and cholesterol interactions, with the exceptions of hepatic 

HMG-CoA reductase activities and HDL regulatory mechanisms. 

The dietary interactions that affected regulatory 

mechanisms in the guinea pig, an animal with many 

similarities in lipoprotein metabolism to humans, solicit 

questions as to whether similar dietary fat and cholesterol 

interactions would also be found in large clinical studies. 

In light of limited clinical invasiveness and dietary 

adherence, the use of this "LDL-animal" model would provide 

an additional, and perhaps more relevant, perspective among 

traditional "HDL-animal" models for use in extrapolating to 

humans. 

Future areas of research in the guinea pig as related to 

dietary fat and cholesterol are abundant: 1) Genetic 

Manipulation and Transgenics. The guinea pig would be an 

excellent model for studying overexpression or knock-out of 

genes important for lipoprotein metabolism. Currently, 

studies conducted in HDL-dominant animals such as the mouse 

have provided only limited or unexpected results (Li et al. 

1993). In light of the advance of transgenic animals such as 

rats, mice and pigs, expression of human lipoprotein genes in 

the guinea pig would take advantage of a model which already 

has lipoprotein metabolic characteristics similar to humans 

and would therefore be useful for studies of the effects of 
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specific gene therapy. For example, would overexpression of 

the human apo A-I gene result in elevations of normally low 

guinea pig plasma HDL concentrations? 2) Drug discovery. 

Because of its LDL:HDL cholesterol profile, the inhibition of 

plasma CETP in the guinea pig would provide a unique 

opportunity to study a CETP-inhibiting drug in an effort to 

increase HDL cholesterol. Such a drug used in an HDL-

dominant animal would give only limited data upon 

extrapolation to humans. 3) Atherosclerosis. Limited 

research has been conducted to study atherosclerotic plaque 

formation in guinea pigs. Studies of the effect of the 

Western diet in terms of fat and cholesterol on 

atherosclerosis would be useful in this animal model which 

has primarily LDL cholesterol and requires the antioxidant 

vitamin C like humans. The establishment of an 

atherosclerosis-susceptive colony through breeding studies 

would provide a strain extremely useful for dietary studies 

such as effects on plaque regression/generation, as well as 

for mapping atherosclerosis-related genes (such as with the 

mouse ath-1 gene)(LeBoeuf et al. 1990). 4) Mechanistic 

studies. Research on the mechanisms of reverse cholesterol 

transport in the guinea pig have not been done. Rates of 

selective uptake, CETP-mediated cholesterol transfer, and 

LpA-I:LpA-Il distributions as related to dietary fat and 

cholesterol treatment would provide insightful data. 5) 

Lp(a) studies. The atherosclerosis-related lipoprotein, 
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Lp(a) has been identified in humans and a few animal models 

including the guinea pig (Rath and Pauling 1990). Genetic 

and dietary studies on the levels of Lp(a) as related to 

atherosclerosis would provide a valuable model. 

Although these future study prospects are not unique, 

they have been conducted previously in other animal models 

not well suited for extrapolation to human lipoprotein 

metabolism. The use of the guinea pig in these prospective 

studies provides an opportunity to examine genetics, 

interventions, and mechanisms of cardiovascular disease in an 

animal model with a human-like lipoprotein profile. 
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The following appendixes are data tables of all primary 

data obtained for studies comprising Chapters II to VI. 

Guinea pig identification numbers are listed according to 

E.C.K. Lin's designations (diet abbreviation and animal 

number) as well as corresponding D.J. McNamara's laboratory 

designations. 



lab label Initial wt Final wt wt ohange Daye on diet wt gain g/d Plasma TO Plasma TC 

Lard Zero 
1 f GA03 
2 f GA02 

3 f GA04 
GA71 

1,, MLF 
2,, MLF 

5 MLF 

6 MLF 

7 MLF 
9 MLF 

l''' MLF - AS 

2''' MLF-A6 

3''' MLF-A7 

GA52 

GA53 
EL76 

EL77 
EL78 

EL79 

EL80 
EL81 

Lard Low 1 ELl 336 
2 EL2 334 
3 EL3 298 
4 EL4 316 
5 ELS 346 

6 EL6 332 
7 EL7 338 

Lard Med 1 EL9 324 
2 ELlO 312 
3 ELll 296 
4 EL12 352 
5 EL13 344 
6 EL14 338 
7 EL15 334 

554 

526 

528 

572 
516 
562 

515 

535 
630 
619 
633 

606 
680 

629 

466 
522 

463 
456 

504 

448 

499 
463 

:,:
----:-:-:-:. 

:-:-:-c ---- >----

512 

500 
454 

542 

466 
481 
491 

130 23 
188 23 

165 23 
140 23 

158 21 

116 21 
161 21 

125 21 

188 24 

188 24 
158 24 

190 24 

122 21 
143 21 
157 25 

54 

31 

60 
76 

57 
63 
66 

51 

83 
74 
73 

110 

90 

74 
70 
79 

64 
44 
69 

63 
82 

6 71 51 
8 71 66 
7 106 99 
6 101 57 
8 70 

6 78 
8 124 

6 81 

8 74 143 
8 150 111 

7 106 53 
8 99 138 
6 219 
7 215 
6 231 

308 440 132 25 5 112 

u::r <:J:ttJJJi::Jf !fJj!f It:JJj::::::::: J?:JJ:ttJJ::iI:J//}>\0::~ :::::):::::ts:: 
Lard Highl EL17 312 489 177 24 7 79 244 

2 EL18 346 520 174 24 7 86 271 
3 EL19 296 430 134 24 6 94 389 
4 EL20 336 520 184 24 8 98 414 
5 EL21 340 87 
6 EL22 352 167 
7 EL23 37 0 494 124 25 5 229 
8 EL24 328 442 114 25 5 301 

10 EL73 679 350 
11 EL74 726 475 
12 EL75 548 388 

EL82 337 
EL83 287 
EL84 220 
EL85 229 
EL86 301 

EL87 256 
13 EL120 366 682 316 27 12 284 
14 EL121 358 670 312 27 12 292 
15 EL122 354 684 330 27 12 308 
16 EL123 336 670 334 27 12 205 
17 EL124 352 470 

l~u?] II] :: it:::::: :t JI: f / u:::::::::::tttit "" :- :- < ,-:, 

224 
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lab label VLDL-o LDL-o Ppt HDL-o %VLDL-o %LDL-o %HDL- o Liver TC Liver FC Liver CE 

Lard Zero 

l' GA03 32 2.9 2.8 0.10 

2' GA02 14 2.5 2.1 0.40 

3' GA04 37 3.1 2.7 0.40 

GA71 13 

l'' MLF 38 

2 1
' MLF 45 
5 MLF 40 13 1.4 1.4 0.02 

6 MLF 30 11 1. 6 1. 5 0.13 

7 MLF 56 13 1.9 1. 6 0.29 

9 MLF 1. 8 1. 7 0.10 

l''' MLF-AS 53 14 2.8 2.6 0.13 

2''' MLF-A6 83 14 2.3 2.2 0.08 

3'' ' MLF-A7 71 14 2.8 2.6 0.08 

GA52 12 1. 6 1.5 0.10 

GA53 14 1.9 1. 7 0.20 
EL76 14 

EL77 11 

EL78 12 

EL79 8 

ELSO 11 
EL81 

.:,;.;,:,:.; 

Lard Low 1 ELl 3 36 12 6 90 4 3.3 2.8 0.50 
2 EL2 5 48 13 8 84 7 3.2 2.8 0 .40 

3 EL3 7 78 14 7 89 4 

4 EL4 6 32 19 10 87 3 3.5 3.3 0.20 

5 ELS 17 34 19 24 71 5 4.2 3.7 0.50 

6 EL6 3 57 18 4 92 4 3.4 2.7 0. 70 
7 EL7 15 89 20 12 83 5 4.1 3.3 0.80 

8 ELS 6 58 17 7 89 4 

I 
Lard Med 1 EL9 4.5 3.6 0.90 

2 ELlO 9 82 20 8 89 4 3.9 3.3 0.60 

3 ELll 7 26 20 13 81 6 3.6 3.2 0.40 

4 EL12 12 107 19 9 84 7 4.2 3.8 0.40 

5 EL13 9 189 21 4 92 4 

6 EL14 13 182 20 6 90 4 5.4 3.9 1.50 

7 EL15 16 195 20 7 89 3 4.9 3.5 1.40 

17 8 89 3 4.2 3.3 0.90 

Lard Highl EL17 29 189 26 12 79 9 5.7 4.1 1. 60 

2 EL18 30 218 23 11 74 16 6.1 4.2 1.90 

3 EL19 47 310 32 12 83 6 14.0 8.3 5. 70 

4 EL20 41 349 24 10 88 2 7.5 5.2 2.30 

5 EL21 16 

6 EL22 17 

7 EL23 14 198 17 6 92 2 7.2 5.4 1. 80 

8 EL24 23 7.5 3.8 3. 70 

10 EL73 290 
11 EL74 430 
12 EL75 268 

EL82 24 

EL83 14 

EL84 13 

EL85 17 
EL86 23 
EL87 17 

13 EL120 20 

14 EL121 23 
15 EL122 22 

16 EL123 17 
EL124 14 

··~·c.·-" ·' :,:, .·.· 
;,:,:.:: :,:: ;.,c 
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lab label LDL Bmax LDL Jed BDL Bmax BDL Jed BMG- R 'Is LDL ll'C 'Is LDL C:&: 'Is LDL TG 'Is LDL PL 'Is LDL Pr 

Lard Zero 
l' GA03 2027 43.1 1930 41. 8 
2' GA02 2032 49.2 1319 34.2 

3' GA04 1891 65.7 1148 32.0 
GA71 

l'' MLF 2191 27 . 7 
2'' MLF 2034 44.8 

5 MLF 2157 42.8 
6 MLF 1780 34.2 

7 MLF 1663 17.7 
9 MLF 1091 31. 3 

l''' MLF-AS 

2''' MLF-A6 

3''' MLF-A7 

GA52 
GA53 
EL76 
EL77 
EL78 
EL79 
EL80 
EL81 

'C,C ',' , ',',',', .. '- ::,::: 8 m -·,·, 
,',' 

:::::: ;,, :::::::::::;:, 

Lard Low 1 ELl 1444 38.5 11. 0 7 34 10 24 25 
2 EL2 29.8 10 33 9 24 23 
3 EL3 1963 19.9 1024 19.l 29.0 8 39 7 25 21 
4 EL4 1231 35.5 12.3 9 36 9 22 24 
5 ELS 2143 33.7 1765 30.5 7 25 25 31 12 
6 EL6 1875 53.5 
7 EL7 1714 27.8 8 28 23 26 15 
8 EL8 1348 32.2 5 27 29 25 13 

BIi .. • ·.·. - ···• Lard Med 1 EL9 1891 42.5 11. 0 
2 ELlO 1725 19.5 8.4 12 38 8 21 22 

3 ELll 1164 45.4 1293 19.5 15.4 9 36 11 21 23 
4 EL12 1243 26.4 10.0 12 36 6 21 24 
5 EL13 1686 33.6 10 34 19 21 16 
6 EL14 1416 37.9 14 41 14 14 18 
7 EL15 14 41 12 15 18 
8 EL16 1569 17.7 970 22.9 12 39 17 14 19 

IH0Ii:)l]:!]J :::::: ,', ' • :-:.:,:.:-:,:,:,:. .... _._,_ ,·. 

)@ .... _.,._._. ',',',',',',',',',',',',' ',',',',',',',' ::::::::: ,', -:-:-:,:-:-:::-:,:::c::::::::s 
,',' ,','. ,•.-:-:-:,·, .. ,',',',',','• - · • ·-

Lard Highl EL17 1257 23.2 127 8 45.9 10.3 12 37 4 24 24 
2 EL18 9.0 12 43 3 21 21 
3 EL19 1391 30.6 1293 33.5 9.1 13 39 3 22 24 
4 EL20 1312 50.4 1180 33.1 8.5 14 45 3 22 16 
5 EL21 1125 25.3 
6 EL22 
7 EL23 1204 24.0 15 42 10 14 20 
8 EL24 

10 EL73 13 46 3 17 21 
11 EL74 12 48 2 18 20 
12 EL75 13 44 6 18 20 

EL82 
EL83 
EL84 
EL85 
EL86 
EL87 

13 EL120 
14 EL121 
15 EL122 
16 EL123 
17 EL124 

BE\?::: ::-:-:-:-:-:-J)I!Mi~1 - ffl :::::::::::::? ¥# 
,:,•,•, --:-:-:-:-: 

::::::::::::::::,::::::::r:.::6:::::::: 
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lab label Peak LDL d Hu-AI FCR OP-AI FCR Liv. A·I m.RNA(opm./µg) Int. A·I m.RNA(opm/µg) 

Lard Zero 
l' GA03 
2' GA02 

3' GA04 
GA71 421 

l'' MLF 
2'' MLF 

5 MLF 
6 MLF 
7 MLF 
9 MLF 

l''' MLF-AS 36 2264 

2 ''' MLF - A6 87 922 

3''' MLF-A7 86 2731 

GA52 45 

GA53 20 1427 

EL76 o. 073 0.082 

EL77 0.085 0.121 
EL78 0. 072 0.117 
EL79 0.097 
ELBO 0.066 
ELBl 0.053 o. 070 

,',',',',',',',',',',', ',•,',',',',' :;::::::::,', 

>:>){(\/)) 
,',',',',',' 

,;.;-;•:•.·>·· ······- ·.·. 
.·.· . 

tfut)):)\? >>>>>>>: )(:'·'','' ',',', 

::::::::::::::-:.:::::::::::::,:::::::;:,::::;::::::·,'. ·,·, ~:::~::1 
•:-:-::•:-: 

Lard Low l ELl 
2 EL2 
3 EL3 
4 EL4 1. 0444 
5 ELS l. 0486 
6 EL6 l. 0470 
7 EL7 l. 0518 
8 ELS 1.0524 

MiiJiili:i: < <<:< itit::t::t::::J:r::::: :n:~1r:e })\{J}JJJ\ )Ii\:JtJ!!:JJi!J/!!}IJJi\(tiJ!J:JJ}!i!iit\i:)ii!i :!Jii?I\?/iJi?:t:]:J!f Ji!I /JI\ :;,:;:;;;; ;:;:;:;:;:;:;:\,:::::::::::::: 

Lard Med l EL9 
2 ELlO 
3 ELll 
4 EL12 l. 0427 
5 EL13 1.0444 
6 EL14 l. 0444 
7 EL15 l. 0476 
8 EL16 l. 0522 ... ;,,;,:,:.:..;:;:;:;:;:;:;.;.;:;:;::,: ·'.'.:;., .. ·.·,",',',' ;:::,:: £: : : ;:>> >'> <t?)I!J!{/)J: ::]:]})J\!}/)J\!i)]) :::: ·+::11}:Ji]/]:i !J)!/Jtt r.:::c~,::::::::::::::::: .',',',',' 

,·, ~ :.V,:;:;::::: 

Lard Highl EL17 
2 EL18 
3 EL19 
4 EL20 l. 0449 
5 EL21 l. 0460 33 

6 EL22 1.0460 108 

7 EL23 l. 0492 106 

8 EL24 1. 0449 7 

10 EL73 
11 EL74 
12 EL75 

EL82 o. 073 
EL83 0. 072 
EL84 0.113 
EL85 0.082 
EL86 0. 028 0.044 
EL87 0.036 0.068 

13 EL120 268 1840 
14 EL121 248 1635 
15 EL122 177 1904 
16 EL123 70 1286 
17 EL124 452 1454 

···- ,:-:::,',' :-:-:-:·:-:·::::,:-:-:-:;., .. 
}:)} ""' : / 8/i: :<,:::}\)/])JJJ:]\:::r, rnr ,;, :;:;:;:;:;:;:::: .~.--·-··· 

~B IY>IIiI :>><<><> -::::-:-:-:-,::::-:-:-:-:,:-:,:-:,:-:-:• ><<>< .:,:-·:.;. ,::-:-: < ::r,>rnrn ,',';, ....... ·~ · 
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Lab Label Initial wt Pinal wt wt change Days on d i et wt gain g / d Plasma TG Pl asma TC 

Olive Zero 
l' ELllO 665 90 
2' ELlll 476 61 
3' EL112 590 82 

EL88 61 
EL89 91 
EL90 69 
EL91 60 

5 MLF 587 76 
7 MLF 581 138 
8 MLF 514 86 

.......... i ! ~ '. ! i I [ i) '. ! i ~ii :;:::::/:/: 
::::::::: ):)( ::::::: J: l:J:[\it:t ({{(({()(:( yy:u:c:c:::u+curnc:::::u+rnxu tt?/Y//H ...... ·.·. :.:.· 

:)\t\}:})}) ·:-:-:-:-: '.'.-'.'.·'.·'.'.-'. 

Olive Low l EL25 372 577 205 24 9 69 110 
2 EL26 320 470 150 24 6 84 126 
3 EL27 320 500 180 24 8 103 118 
4 EL28 332 460 128 24 5 73 162 
5 EL29 390 557 167 21 8 96 
6 EL30 376 507 131 21 6 156 
7 EL31 418 529 111 21 5 151 
8 EL32 388 516 128 21 6 113 

• I:i:}:::!!1::)lJ i:::i:l:l!:I:l:ti!:J::1::tii!JII:I:I:i - :c:>:r:r\rn~m1 •· :::::::::::::::::::::::":-:, .,:::::::::::::: 
:-:::::::,:\,:::::/3:6: ::::::: 

Olive Med l EL33 322 477 155 24 6 71 113 
2 EL34 360 535 175 24 7 114 169 
3 EL35 366 572 206 24 9 138 111 
4 EL36 360 466 106 24 4 65 123 
5 EL37 390 570 180 21 9 189 
6 EL38 372 538 166 21 8 185 
7 EL39 422 481 59 24 2 153 
8 EL40 378 550 172 24 7 116 

:~:;;::.::::.:::::;;::::::::.::::::::: 
.·.•.·. 

.... 

. ::J:l]/});llll · . . , ... /'.-'.'.'.-'.'.· •-- }:\}:{{}:):) :::: '.·'.-'.-'.'. :-:;::,.- ·.·, ({:\:{::{:f:7:'t: ·'.-'.·'. 
·.·. 

•:•:.: ::::::::::::::' •••• --- # . )'.i'.i'.~i\i(~i;~~;\;))i\i!'.~i\i\i;!i~:i;i!'.\i\i\!i~!: {))()'.)} :-:-: ~·· .·.· :::::::::::::::::::::: ·.·.· :,::::::::•::~ :,?.: 

Olive High 1 EL41 324 476 152 23 7 237 256 
2 EL42 330 473 143 23 6 154 222 
3 EL43 324 481 157 23 7 284 462 
4 EL44 344 477 133 23 6 286 195 
5 EL45 376 467 91 24 4 548 
6 EL46 390 517 127 24 5 268 
7 EL47 386 415 29 24 l 253 
8 EL48 420 576 156 24 7 158 

EL92 
EL93 233 
EL94 112 
EL95 122 
EL96 308 
EL97 200 

::::::::::::::::::: •'.:'.-'.-'.:'.<:'.:'.: 

··'\::::::::~:i:JJl!I)I(:::1\I:::1\II):::I iIJJl::!J::!:!J::!1/::!~: 
;.;;:.··.·.·.·.·.·.·. ·.·.-·- ·- --

•· ::::::::: .... ·'.·'.: ::::::•:- •'.-'.'.:-: ............ :::: ., 
:'.:'.:;:;:':;:;:,:::;:::,:::::::::,:;:::;:;:::::::: ............ ·.· .. ·.·. ·.· .. ,. ,., 
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Lab Label VLDL-c LDL-c Ppt HDL-c %VLDL-c %LDL-c %HDL-c Liver TC Liver FC Liver CB 

Olive Zero 

l' ELllO 64 15 2.8 2.4 0.4 
2' ELlll 38 13 3.0 2.7 0.3 
3' EL112 57 11 3.0 2.6 0.4 

EL88 11 

EL89 10 
EL90 9 
EL91 

5 MLF 52 10 1.8 1.4 0.4 
7 MLF 102 9 3.4 2.8 0.2 
8 MLF 2.0 1.5 0.5 

:::::::::: ;,:::: 

:; .. :.::uJtYJ /III/I/::;::: iJ:It::::::::J):J0:: : :::::::::::::::::::::::::Jt::J:i:J/ti ::::: :Ii\:J/JI:i:x: :::,::: ... : :::tnx:::mt: ~&)i)))t() '' ,',' <<<>:>+ 
Olive Low J EL25 11 88 11 10 85 5 5.0 4.0 l. 0 

2 EL26 8 100 18 6 86 7 9.0 4.3 4.7 
3 EL27 14 91 13 12 83 5 8.1 4.4 3.7 
4 EL28 13 133 16 8 86 6 6.1 4.1 2.0 
5 EL29 9 75 12 9 87 3 6.5 3.8 2.7 
6 EL30 14 132 10 9 87 3 
7 EL31 15 127 9 10 88 2 7.3 5.5 1.8 
8 EL32 6 98 9 5 92 3 6.7 4.4 2.3 

:maa:n:::::;:::;:;:;:;:;:;:;:;::···· n:uu:+: \/JYtt! +IJm.,. ):(:}:~g ::•/://} - ···<: : ::::: e1: ::::///::4 ',' tttt ...... :::::•::::::: :\::~ :~::9:•I 

:ijij}f >><>>>: :.;,;.;.;,;.;.;.;.;.;.;,:, ,:,: :.;.;.;.;.;.;,;.;.;.;,;.;, 
',',',',', ;,:,;,;,;,:,::;:;::::::::::::: .;.;,: .;,:,;.1 

Olive Med J EL33 11 86 16 10 83 8 14.9 5.2 9.7 
2 EL34 25 118 26 15 77 8 12.8 5.9 6.9 
3 EL35 26 59 26 23 68 9 11.7 5.8 5.9 

4 EL36 7 90 26 6 89 6 13.2 5.1 8.1 
5 EL37 15 164 10 8 88 4 
6 EL38 22 153 10 12 86 2 13.0 7.0 5.0 
7 EL39 9 127 17 
8 EL40 11 97 8 10 87 4 15.5 9.3 6.2 

lt!=t~Jt}tJI I/ {:{}tt{{t) :} :::::: C. .;;:.;;:;;,:;;.:,;,:t:.-: -:,; ;.;.;.;.:,: ··· ?()f\?f.Wt)))/ ij! :::>::::::::;:::j; /}/ ·~· ;c,: . •::•<<<<t (t :;:;:;:;:;:;:;:;:;:;:: .... ;,:.;n; 

',':})4'$: <:<>< ,',', •\;:::::::::: < :/:;;;: 

Olive High EL41 49 195 12 19 78 3 15.2 7.6 7.6 
2 EL42 42 165 15 19 75 6 13.2 5.1 8.1 
3 EL43 88 349 25 19 79 2 16.5 8.6 7.9 
4 EL44 35 146 14 18 76 6 13.l 6.4 6.7 
5 EL45 106 424 18 19 78 2 20.8 8.7 12.l 
6 EL46 39 214 15 14 82 4 20.7 10.2 10.5 
7 EL47 30 196 27 12 81 7 
8 EL48 14 129 15 

EL92 10 
EL93 25 

EL94 14 
EL95 10 
EL96 19 
EL97 16 

Jtt~{ :::i::::::::::::Ji)ji :::::i::::::::i:i:i:::: jii]ij ::::: :::: 
:;:;:;:;:/: .;,:.;.,;,,;.:- :.;.;.;.;.;.;.: 

.,.::.;:::: .. "'" ::::::::::::::::::::r i 

.;,:.;.;,: •. :.:-;.:,·.·.:, .• - ,:.;,.; :;::::::::::::::::::;:;::j \ j:~ 
::::::::::::::: t::: ::::::::::::::::;;::::;;::~; :::::::::-:::/:::::::::;:: ,', ::::::::;:::::;:::;:::::::::,:;;: :;:;:;:;:;:;:;:;:;:;:;:;:;: ;: ::;: 

.•,•:•:- >>>>::.~ -- -~ ;:.;;:;:.;;:.;;:;:; ;:;.;::::::,: -,.: :,:-:::::,.· ,;,; ·.-· ·.·,:>:::::::: 
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Lab Label LDL Bmax LDL Kd HDL Bmax HDL Kd HMG - R 

Olive Zero 
l' ELllO 1826 52.3 1498 31. 5 
2' ELlll 1811 53.2 1494 43.9 
3' EL112 2393 72.0 1386 43.9 

EL88 
EL89 
EL90 
EL91 

5 MLF 1308 25. 2 
7 MLF 978 40.4 
8 MLF 2266 63.0 1528 53.9 

.. /(:<<< ·"" · '::: ::::: :::: ;.:::::::•: {{\ ... 
::::::: .:.•.'"' ::::::::,::::::,:::':::::'.:::::::: 

21"7:W<<>><·· ·.· .:<::::::::: ·- ·· - · '.··:::::::::::::::: 

Olive Low l EL25 11. 2 
2 EL26 1585 49.9 10.4 
3 EL27 1770 64.9 1339 35.7 6.1 
4 EL28 975 19.4 5.9 
5 EL29 1456 29.0 933 33.4 
6 EL30 
7 EL31 1755 74.9 1057 33.3 
8 EL32 1317 16 . 2 

::J!:Jj!::::;]:( - .·.·.·.·.·-·.·. ,-.-.·::::::':-:•::) 
::'.::::''.::::}~t /, 
?:?::::: JH& 

Olive Med l EL33 2136 21. 5 1171 43.8 7 . 8 
2 EL34 1596 42.7 7 . 5 
3 EL35 2057 14.5 1223 23.7 7.9 

4 EL36 1703 53.4 1780 32.2 6.4 
5 EL37 1305 36 . 2 
6 EL38 1265 40.9 
7 EL39 
8 EL40 1832 72.6 

mll:::.,: j/)(:. '.·>.;.;.: IEB .-.·.· ::tJ\Jkf! 
::::-::::::;. ::::,::::: 

Olive High J EL41 931 34.9 898 32.l 10.9 
2 EL42 1018 20.0 1676 43 . 4 6.7 
3 EL43 1079 29.2 5 . 9 
4 EL44 913 33.l 7.0 
5 EL45 1501 51.4 769 29 . 0 
6 EL46 117 5 50 . 5 
7 EL47 
8 EL48 

EL92 
EL93 
EL94 
EL95 
EL96 
EL97 

~ :~ }:} 
·.·.·.· 

:::::::::::::::I]::s:~ 
:,: ,:.:,: ·.·.·. •:-: -: .,; -: •:-:,;.: 

:::::::::;::::::::: ·. ·.· ,.·. :::::::::::: ·.·.·. 
·~~- ·.·.·.· ·. /'.::/': ·.·. :,:::':::,:: -~ ·- :::::;::::::'.;'.;'.;'.; .:i'.:O: .ol; 
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Lab Label % LDL PC % LDL CB % LDL TG % LDL PL % LDL Pr Peak LDL d Hu - AI PCR 

Olive Zero 
l' ELllO 
2' ELlll 
3 I EL112 

EL88 0.054 

EL89 0.052 
EL90 0.05 

EL91 0 .057 
5 MLF 
7 MLF 
8 MLF 

·.·.·,:.· .·.· 
::::::;:::::::::::::::::::::: ::::::::: •::::: .. }}'}})/{ :::::~:::~::;::: :::::::;:;:;:;: .·.•. ><>><<<<: ;:;:::;:::;:;:;:;:;:: 

:;:,,.~ :::::::::,::::::::::::: 

Olive Low l EL25 10 42 7 22 20 
2 EL26 10 42 6 21 21 

3 EL27 9 44 6 21 2 0 
4 EL28 11 43 7 20 20 1.0454 

5 EL29 15 3 6 14 17 19 1.0470 

6 EL30 11 49 9 17 14 1.0454 

7 EL31 12 46 8 16 17 1.0454 

8 EL32 12 42 11 13 21 l. 0486 

.·.·.·.·.· 

\]::]} ~ ~ :,:::::::::::::::::::: 

Olive Med l EL33 10 42 7 20 21 

2 EL34 10 46 6 21 17 
3 EL35 12 40 8 21 19 

4 EL36 11 42 6 19 22 1.0443 
5 EL37 12 47 8 15 18 1.0460 

6 EL38 11 48 7 17 17 1 . 0449 

7 EL39 17 41 10 18 14 1 . 0444 

8 EL40 13 38 12 21 16 1.0449 

1:1?J:rn }){· :tttff: .. ;:;:;: IIJ)JIJist @ 
.·.·.· 

·.·.·.· :-:-:•'.-'.· ;.;,;,;. •:•:•:-: :,:, >~>'.<· .;.;:;.:: 

:::>>> .;-: ;.;;;.; 

Olive High l EL41 9 44 4 23 20 

2 EL42 10 43 4 23 19 

3 EL43 12 40 4 21 22 
4 EL44 9 44 5 23 19 1.0449 

5 EL45 13 45 7 21 14 1.0444 

6 EL46 10 47 8 17 18 1.0470 
7 EL47 18 35 10 19 18 
8 EL48 16 35 14 17 19 1.0438 

EL92 0.08 
EL93 0 . 063 

EL94 0.072 
EL95 0.05 
EL96 0.085 
EL97 0.088 

I 
.·.':-:,•,·.·.:.·.:.·.:.·.·.:.· .·.·.·.·.·.· , ....... · ....... ·.·.· .... 

. ):\;:;:::::::;:::::::::::: ;:,:;:::;:;:;:;:;:;:::: ...... ....... 
...·:·:· . 

. ,.;:::};:;:: :,)\)})?>>> .... 
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l.ab l :i,~l ! ni t . ,i,t Pin:l ,i,t ,i,t ch~-.g= D:.ye en diet wt ---·· ,;; / d. Pl:.e~ TG TC 

Corn Zero 
l' EL113 595 97 
2' EL114 624 105 
3. EL115 494 86 

l'' MLF 612 55 
2'' MLF 595 48 

GA67 57 

l''' A-1 605 52 

2'' ' A-2 623 77 
3''' A-3 596 54 

EL99 58 
EL99 56 

ELlOO 37 
ELlOl 44 
GA51 648 54 

5 MLF 610 46 
7 MLF 517 61 
9 MLF 510 63 

Ill t<t<? 
·.·.:.:.·.·.·.·.·.:. ))(:(t<t<<?) ::::::::::;:::::::::::::::::::::::::::::::::;:::: IIRJ ,:,:,:;:::::,:::::::::::;:::l):l: - ill .·.·. 

·.·.·.·.·.·.·.·. 
·.·.·.·, 

Corn Low l EL49 352 598 246 23 11 128 111 
2 EL50 304 527 223 23 10 69 83 
3 EL51 330 526 196 23 9 73 72 
4 EL52 340 530 190 23 9 79 77 
5 EL53 336 490 154 23 7 73 
6 EL54 342 564 222 23 10 82 
7 EL55 340 510 170 23 7 62 
8 EL56 342 541 199 23 9 107 

..... ·. ·.·.·.· .. II ·.·.·.·, 

• ••••• 
:;:::::;:}:;:;:;:::::::;:;:;:; ;:;:;:;:;:;:;:;:;:;: 

I 
:;:::;:;:97; .. 

:~;;;;;\}/:): /:/ .·.·.·.· ......... 

Corn Med l EL57 366 570 204 23 9 79 103 
2 EL58 340 456 116 23 5 100 113 
3 EL59 314 500 186 23 8 71 111 
4 EL60 352 503 151 23 7 49 96 
5 EL61 328 509 191 26 7 195 
6 EL62 334 492 158 26 6 105 
7 EL63 318 474 156 26 6 113 
9 EL64 324 502 179 26 7 153 

[~: t!I::::1:::::::1:til:lI!:liilI!Ilj} :;: : 
·'.·'.··.:.· -• <?>twr, ;:;; ·.·. •· 

.·.•. 
·.·.·.·,'· 

Corn Highl EL65 348 505 157 23 7 85 124 
2 EL66 336 434 98 23 4 102 199 
3 EL67 356 420 64 23 3 196 296 
4 EL68 336 480 144 23 6 141 274 
5 EL69 340 467 127 23 6 119 
6 EL70 320 448 128 23 6 132 
7 EL71 346 524 178 26 7 255 
8 EL72 320 501 181 26 7 154 

10 EL125 362 540 178 27 7 74 
11 EL126 320 455 135 27 5 138 
12 EL127 368 499 131 27 5 77 
13 EL129 336 425 99 27 3 159 
14 EL129 328 461 133 21 5 95 

EL102 142 
EL103 232 
EL104 240 
EL105 82 
EL106 107 ........ >:· I 1111 j)):)}t.j~~ .:,: ··'.· '. · 

•.·.········ 
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lab label VLDL-c LDL-c Ppt HOL-c %VLDL-c %LDL-c %HOL-c Liver TC Liver PC Liver CB 

Corn Zero 
l' EL113 42 10 4.0 3.4 0.6 
2' EL114 67 18 4.2 3.3 0.9 
3' EL115 54 14 4.2 3.7 0.5 

l'' MLF 33 
2'' MLF 31 

GA67 13 
l''' A-1 38 10 2.6 2.5 0.1 
2''' A-2 60 10 2.1 2.0 0.1 
3''' A-3 37 10 2.6 2.4 0.1 

EL98 
EL99 

ELlOO 

ELlOl 
GASl 15 1.7 1.3 0.4 

5 MLF 25 14 1.8 1.5 0.3 
7 MLF 37 13 
8 MLF 11 2.0 1.5 0.5 

mA·»n·:-:-:·: ::::::::::::::::::::: :-:•:-:-:• :/::::::::::::/• !JJY:m:i ·.·. ·.·.·.·.·. >>:+::;:; ·.·. <>>} ::::::::::::::::::::: .·.·.·.·.·.· /:/:':'.:/:,:{ ':{{ 
........ ·.·· ...... ....... ·.·.·.· . ;.;. :::::::::::::::::: :·:·:V :.•:.:t. 

Corn Low l EL49 10 94 7 9 87 4 4.0 2.7 1.3 
2 EL50 5 70 8 6 90 5 4.1 2.8 1.3 
3 EL51 4 62 6 6 89 5 3.8 2.9 0.9 
4 EL52 4 62 11 5 90 5 4.2 3.3 0.9 
5 EL53 9 59 5 12 81 7 
6 EL54 7 59 16 9 86 5 
7 EL55 6 42 14 10 81 9 
8 EL56 6 81 20 6 90 4 

·.·. .. - - •. 
\/\\\)/! JUJ:JJH! - \%\?/:f{~ :'/':'/}:}:)~:.:~: :::::::: l:J;t >>>><:<>, :::-::::::. .... :::: ·.·. 

Corn Med l EL57 12 85 6 12 85 3 10.3 6.0 4.3 
2 EL58 12 89 12 11 84 5 8.6 6.1 2.5 
3 EL59 9 96 6 8 90 3 5.7 4.0 1.7 
4 EL60 9 80 7 9 86 5 5.6 3.5 2.1 
5 EL61 20 154 11 11 83 7 8.2 6.4 1.8 
6 EL62 15 86 4 14 81 5 9.5 6.5 3.0 
7 EL63 14 80 6 
8 EL64 18 127 8 12 84 4 

,,,ext:<<>: ....... ·•·. •:-:-:-:, -:;,: 

>?::::::::{M • ••••• :::::: .•.· ...:.: 
:::::::::::::', '.:'.".'::: 

:~P,::;:;:::::::: .·.·.·. ·.·. ·- ·.·.·. 

Corn Highl EL65 12 104 8 10 86 4 14.l 8.3 5.8 
2 EL66 20 167 12 10 86 4 13.8 10.l 3.7 
3 EL67 44 231 21 15 79 6 14.5 10.0 4.5 
4 EL68 52 204 18 19 75 6 21.4 11. 6 9.8 
5 EL69 11 80 10 
6 EL70 22 81 29 17 68 16 20.4 9.3 11. l 
7 EL71 36 197 22 14 84 2 15.4 7.9 7.5 
8 EL72 14 127 13 

10 EL125 9 
11 EL126 18 
12 EL127 11 
13 EL128 11 
14 EL129 7 

EL102 20 
EL103 18 
EL104 28 
EL105 14 
EL106 14 

- JIJ]I:1:I1l:1:I!I::1fl~ ~ 2 
:::::::::::::···· - -

,:,:,:.:,:,:. . ........ 
.·.· .;. .·.· @tt:ttID :,)J:::C:8 :::;:::;:::::;::::: ·- .................. 
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lab label LDL Bmax LDL Kd HDL Bmax HDL ICd HMG -R % LDL FC % LDL CB % LDL TG % LDL PL % LDL Pr 

Corn Zero 
l' EL113 2625 41. 9 2255 50.0 
2' EL114 2592 51. l 1679 44.5 

3' EL115 2570 66.9 1364 42.2 
l'' MLF 2464 62.8 
2'' MLF 2694 78. 5 

GA67 
l''' A-1 

2''' A-2 

3''' A-3 

EL98 
EL99 

ELlOO 

ELlOl 
GASl 

5 MLF 2191 38.l 
7 MLF 1354 31.7 
8 MLF 1950 38.2 

·>'- ·· ·.·.·.·:::;:;: ::::::::::::::::::::::::::,:::::::::::::::::: ·.·. . :}::::{){ <<:<t<< ;'.: JYJ!:JY :::: ::::::::: jjj)! tt),)f)fi 
::::::::::::::::::::::,:::::::::::: 

:;:;:;:;:;:;:; :.;.;.;.;. ·.·.·.·.· ;:;:;:;:;:;:;:::;: ::::::;::::;:;:;:;:: ·a. .•.• :;;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;: :;:;::;::;:;: 
:1:;1µ :;:;:;:;:; 

Corn Low l EL49 1486 32.7 1690 41. 5 4.0 

2 EL50 1071 27.l 9.2 6 40 6 19 29 
3 EL51 1944 51.2 22.3 5 42 7 19 28 
4 EL52 1524 44.l 5.7 7 40 6 20 28 
5 EL53 1600 39.7 8 34 23 16 19 

6 EL54 1572 40.5 8 38 21 12 21 

7 EL55 1440 41.7 9 39 25 14 13 
8 EL56 1690 45.7 9 35 18 12 25 

:ii,;;;:;;;.:;;;:;:;:;:;:;:;:;:;:;:;:;:;:;:; 

+:<<>?> > ll]ll:1:::::~::: 
;:;:;;:;:;:;:;:;; ;.:.;.;.; . .;.;.;.,.: ;.;.;.;.;.;.;.;.;.;.;.;. .·.· •:::::::::·.:•;;-: }}:}/it:6 ::::::::::::::: :: ::Jz:j 

::::::::;::: / XT\: ·.·.·.·.·.·.•.•.·.·. ;:;:;:;:;::,.·:;:;.;:;:;.;,;:::, :; .·.···· ·.·.·,•,·.·.·. 
:;:;:;:; :l;:!:P::;:;:;:;:;:;:;:;:;:;:;:;::::,:;::: ::::::::::;:;:;:;::: -:•:-:· ·.•,·.·.· .·.·.·. •.· 

Corn Med l EL57 2.7 9 46 3 19 22 
2 EL58 1431 39.l 4.1 8 47 4 18 23 

3 EL59 5.3 8 47 4 18 22 
4 EL60 829 24.2 1691 35.5 3.4 8 40 4 20 27 

5 EL61 1138 37.4 1414 35.l 11 44 12 17 17 
6 EL62 1465 20.6 1362 25.l 10 45 17 12 16 

7 EL63 1014 31.7 10 41 18 10 20 

8 EL64 1411 21. l 10 44 13 13 21 

.... .;.;.;.; 

,., . ;.: ~ i:i:lli l:11ililili:lll:Jii0:J :ill: Ii ::il!:i:l!:s: : :i:::J:l!!ili:li:l!l!l::0:~ 
-::::::.:-: :-:.: ... .... . _ ... .... 

rr···· }:\,::,:::;:;:;:;::::c::: , .... :::,::::::::::::: ·::•:::• ;:;;:;:;:;:.;:;;:: t.: ..... ·.·,• ·.·. ;.;.;.;.;.·.· ;:;::: ::'!:: .·.·.· ;.;. )'.ll 

Corn Highl EL65 1129 37.7 5.7 10 41 5 20 24 

2 EL66 1151 48.7 7.2 11 46 4 17 21 

3 EL67 8.8 12 45 4 18 21 
4 EL68 782 25.9 6.0 10 50 3 17 20 
5 EL69 1042 23.5 12 40 17 15 16 
6 EL70 1312 36.4 1486 47.2 14 35 18 14 19 
7 EL71 1312 24.2 1623 34.4 12 50 12 15 12 
8 EL72 1080 18.5 12 43 15 13 17 

10 EL125 
11 EL126 
12 EL127 

13 EL128 
14 EL129 

EL102 
EL103 
EL104 

EL105 
EL106 

·.·. <<t>>I>H]:~ :::::::-:·. 
......... · 

)!l:1/\tl:llli:l l::ll j ] :/:1/!l ::l:l ::::::::~~!} l}/:lll ::::: :! :s:< < :u:J ::::: <> :+! :::::::::;:::::::::::::: :;:;:;:;:;::) 

iJBJY<tI>' ·., .. 
:;:;:;::-:·:-: 
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lab label Peak LDL d Hu - AI PCR GP - AI PCR Liv. A-r mRNA (cpm/µg) rnt . A - r mRNA (apm/µg ) 

Corn Zero 
l' EL113 
2' EL114 

3' EL115 75 
l'' MLF 
2'' MLF 

GA67 202 1609 
l''' A-1 97 2235 
2''' A-2 18 2078 
3''' A-3 66 2598 

EL98 0.055 0 . 085 
EL99 0 . 092 0.102 

ELlOO 0.048 0.1 

ELlOl 0 . 054 0.076 
GA51 188 2132 

5 MLF 
7 MLF 
8 MLF 

f ~t~:I:::::::):}:::::::: 
(() ::::>'.> :.· . ,' , ' 

.... 

r::::] 1:::::::::::::::1:J:::::::::J:::::::::::J::::::::tJts:
1
: : 

Y>H>< ,'.' 

·.:. ,'.' 

:::::::::::-:::::-:::: :::::,:;::::::::::::: .. , .. ',' , 

·.·,· ..... ·- .-. ,;,;,, ,,;,;,;•, .·.·:· 

Corn Low l EL49 

2 EL50 
3 EL51 
4 EL52 1 . 0527 
5 EL53 1.0486 
6 EL54 1.0454 

7 EL55 1 . 0561 
8 EL56 1.0502 

- 1000 :,:,;,: -- a 1]1I ill -, ' ,' , ',' 

Corn Med l EL57 
2 EL58 
3 EL59 
4 EL60 1.0454 
5 EL61 1.0454 
6 EL62 1 . 0449 
7 EL63 1 . 0497 
8 EL64 1.0465 ... - .. M~a'n//: 2 /'('('/ 

,', --
Corn Highl EL65 

2 EL66 

3 EL67 342 
4 EL68 l. 0444 
5 EL69 1.0433 
6 EL70 l. 0433 234 
7 EL71 1.0460 98 
8 EL72 1.0438 323 

10 EL125 97 1684 
11 EL126 738 1838 
12 EL127 240 2614 
13 EL128 508 1370 
14 EL129 443 1280 

EL102 0.047 0.08 
EL103 0 .0 66 0 . 115 
EL104 0 . 051 0 . 078 

EL105 0 .086 
EL106 0.083 

·.·. 
•.·.·,:, 

,•;,;, :::::::::::::::::::::::::::::::::::::::: 
:::::::::/:: ',' 

:,::::::::::::::::::: 
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