INFORMATION TO USERS
This manuscript ,has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedtbrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely. event that the author did not send UMI a complete
mannscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
COntim1ing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this cop"j for an additional charge. Contact UMI directly
to order.

UMI
A Bell & Howell Information Company
300 North Zeeb Road. Ann Arbor. MI48106·1346 USA
3131761-4700 800:521·0600

INTERACTIONS OF DIETARY FAT TYPE AND VITAMIN C LEVEL ON
HEPATIC CHOLESTEROL AND PLASMA LIPOPROTEIN METABOLISM

by
Carlos E. Montano

A Dissertation Submitted to the Faculty of the
COMMITTEE ON NUTRITIONAL SCIENCES
In Partial Fulfillment of the Requirements

For the Degree of
DOCTOR OF PffiLOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

1995

UMI Number: 9620405

UMI Microfonn 9620405
Copyright 1996, by UMI Company. All rights reserved.
This microfonn edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

2
THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Final Examination Committee, we certify that we have
read the dissertation prepared
entitled

bY~C~A~R~I~,Q~S~E~~t~1Q~N~r~rAuN~Q~___________________

Interactions of Dietary Fat Type and Vjtamjn C Level on
Hepatic Cholesterol and Plasma Idpoprotejn Metabolism
in the Glli neD Pi 0

and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of

_D~o~c~to~r~o~f_p~h.j.l~o~s~o~pub~y_____________________

Date 7

I

} 0 - 0- </ - "7 )Date

/rJ

-;2

r-~s

D'ate

10/2 yfr,--

Date I

I

J

Date

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.

¢t-~
Date

Donald McNamara, Ph.D.

Iffr

3

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library to
be made available to borrowers under rules of the library.
Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgement of source is made. Requests for permission for
extended quotation from or reproduction of this manuscript in whole or in part may be
granted by the head of the major department or the Dean of the Graduate College when in his
or her judgement the proposed use of the material is in the interests of scholarships. In all
other instances, however, permission must be obtained from the author.

Signed:

=(~f6f

4

ACKNOWLEDGMENTS
I would like to express my sincere appreciation to my major adviser Dr. Donald J.
McNamara for his expert guidance and encouragement which he provided throughout my
graduate program. He helped me to develop my critical and analytical skills and my interest
in the lipoprotein field.
Further acknowledgements for the members of my graduate committee for their advise
during the preparation of this dissertation .Special thanks to Dr. Maria Luz Fernandez for her
suggestions and insights toward the completion of this investigation.
Also my appreciation to the members of the Lipid Metabolism Laboratory for their
technical assistance and fiiendship. Special thanks to Miss Amy Robbins for helping me with
some of the assays involved in this study.
Grateful acknowledgement is extended to my family, specially my wife and my
mother, without whose support and encouragement this goal could have not been achieved.

5

DEDICATION
This dissertation is dedicated to my wife Gail and to my children Jeanie and Monty
for their constant love, patience and support.

6

TABLE OF CONTENTS
Page
LIST OF TABLES .................................................... 9
LIST OF FIGURES ................................................... 10
ABBREVIATIONS ................................................... 12
ABSTRACT ........................................................ 13
CHAPTER I. INTRODUCTION ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15
CHAPTER II. LITERATURE REVIEW .................................. 21
1. Atherosclerosis and Cardiovascular Disease ........................
2. Cholesterol and Lipoprotein Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1 Cholesterol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Lipoproteins .........................................

21
21
21
24
Chylornicrons ...................................... 24
VLDL ............................................ 25
LDL ............................................. 26

lIDL ............................................. 27
2.3 Intravascular Remodeling of Lipoproteins .................... 28
LPL ............................................. 28

LCAT ............................................
CETP ............................................
2.4 Cholesterol, Plasma Lipoproteins and CVD ..................
3. Effects of Dietary Factors on Lipoprotein Metabolism .................
3.1 Dietary Cholesterol ....................................
3.2 Dietary Fat ..........................................
Saturated Fatty Acids (SFA ...........................
Monounsaturated Fatty Acids (MUFA ...................
Polyunsaturated Fatty Acids (pUF A .....................
Trans-fatty Acids. . ..................................
3.3 Effect of Dietary Factors on Intravascular Remodeling
of Plasma Lipoproteins ...............................
LPL .............................................
LCAT ............................................
CETP ............................................
4. Oxidized LDL and Atherogenesis ................................
5. Metabolic Functions of Vitamin .................................

29
30
33
35
35
37
38

40
41

44
45
45
45

46
47
49

7
TABLE OF CONTENTS - Continued
5.1 Vitamin C Daily Requirements ............................
6. Vitamin C and CVD Risk ......................................
6.1 Human Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Animal Studies .......................................
7. Vitamin C Deficiency and Cholesterol Metabolism ...................
8. Vitamin C Deficiency and TAG Metabolism ........................
9. Vitamin C and Susceptibility ofLDL to Oxidative Modification .........
10. Vitamin C and Experimental Atherosclerosis in Guinea Pigs ............
11. Present Study Objectives ......................................

50
50
50
53
55
60
61
64
65

CHAPTER III. MATERIALS AND METHODS ............................ 67
1.
2.
3.
4.
5.

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Equipment .................................................
Animals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Diets ......................................................
Analytical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.1 Hepatic Vitamin C Concentrations .........................
5.2 Hepatic Lipid Assays ...................................
5.3 Plasma Lipoprotein Isolation and Characterization .............
5.4 Hepatic HMG-CoA Reductase Activity .....................
5.5 Hepatic ACAT Activity ................................
5.6 In Vitro LDL Binding Assays .............................
5.7 Detennination of Apo B Concentrations ....................
5.8 Lipoprotein Lipase (LPL) Assay ...........................
5.9 Plasma LCAT and CETP Measurements ....................
5.10 In vitro Detennination of LDL Oxidation Susceptibility ........
5.11 Measurement of Red Blood Cell Glutathione Levels ...........
6. Statistical Analysis ...........................................

67
67
68
68
71
71
71
72
73
74
75
76
77
77
79
79
80

CHAPTER IV. RESULTS ............................................. 81
1. Growth Rates and Hepatic Vitamin C Levels . . . . . . . . . . . . . . . . . . . . . . . .
2. Hepatic Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3. Hepatic Enzymes ........ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. Hepatic LDL Receptors .......................................
5. Plasma Lipids ...............................................
6. LDL Composition and Size Characteristics . . . . . . . . . . . . . . . . . . . . . . . . .
7. Plasma and Tissue Enzymes ....................................
8. LDL Oxidation and Red Blood Cell Glutathione Levels. . . . . . . . . . . . . . . .

81
81
84
84
87
94
97
97

8

TABLE OF CONTENTS - Continued
CHAPTER V. DISCUSSION .......................................... 104
1. Effects of Dietary Fat Type and Vitamin C Level on
Hepatic TAG andCholesterol Concentrations ...................
2. Effects of Dietary Fat Type and Vitamin C Level on
Hepatic HMG-CoA Reductase and ACAT Activities .............
3. Effects of Dietary Fat Type and Vitamin C Level
on Hepatic Apo BIB Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..
4. Effects of Dietary Fat Type and Vitamin C Level on
Plasma TAG and Cholesterol Concentrations ...................
5. Effects of Dietary Fat Type and Vitamin C Level on
LDL Composition and Size ............................... "
6. Effects of Dietary Fat Type and Vitamin C Level on CETP Activity .....
7. Effects of Dietary Fat Type and Vitamin C Level on
LDL Oxidation and Red Blood Cell Glutathione Levels ...........

105
106
109
111
113
114
117

CHAPTER VI. CONCLUSIONS and IMPLICATIONS ...................... 123
APPENDIX ...................................................... " 129
REFERENCES ..................................................... 138

9

LIST OF TABLES
Page
TABLE 1

Composition of test diets ................................... 69

TABLE 2

Body weight gains and liver ascorbate concentrations in guinea pigs fed diets
rich in 12:0 or 18:2 fatty acids with either adequate (+AA) or suboptimal (AA) vitamin ct. .......................................... 82

TABLE 3

Hepatic triacylglycerol (TAG) and free (FC) and esterified (CE) cholesterol
concentrations in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with
either adequate (+AA) or suboptimal (-AA) vitamin C 1• • • • • • • • • • • • • 83

TABLE 4

Hepatic enzymes activities in guinea pigs fed diets rich in 12:0 or 18:2 fatty
acids with either adequate (+AA) or suboptimal (-AA) vitamin C1 •••• 85

TABLE 5

Kinetics ofLDL binding to hepatic membranes from guinea pigs fed diets rich
in 12:0 or 18:2 fatty acids with either adecuate (+AA) or suboptimal (-AA)
vitamin C 1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 88

TABLE 6

Plasma apo Band triacylglycerol (TAG) concentrations in guinea pigs fed
diets rich in 12:0 or 18:2 fatty acids with adequate (+AA) or suboptimal (AA) vitamin C1• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 90

TABLE 7

Plasma cholesterol concentrations in guinea pigs fed diets rich in 12:0 or 18:2
fatty acids with adequate (+AA) or suboptimal (-AA) vitamin C1 ••••• 93

TABLE 8

Composition and size characteristics of plasma low density lipoprotein in
guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with either adequate
(+AA) or suboptimal (-AA) vitamin C1• • • • • • • • • • • • • • • • • . • • • . • • • 96

TABLE 9

Adipose tissue LPL and plasma LCAT and CETP activities in guinea pigs fed
diets rich in 12:0 or 18:2 fatty acids with either adequate (+AA) or suboptimal
(-AA) vitamin C1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 98

TABLE 10

LDL oxidation and red blood cell glutathione concentrations in guinea pigs
fed diets rich in 12:0 or 18:2 fatty acids with either adequate (+AA) or
suboptimal (-AA) vitamin C1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 101

10
LIST OF FIGURES
Page
FIGURE 1

Fatty Acid Composition of Semipurified Diets ................... 70

FIGURE 2

Relationship between hepatic ACAT activities and cholesteryl ester (CE)
concentrations in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with
either adequate (AA+) or suboptimal (AA-) vitamin C.............. 86

FIGURE 3

Relation between LDL receptor Bmax values (J.lglmg) and liver AA vitamin C
concentrations (mgll00g)in guinea pigs fed diets rich in 12:0 or 18:2 fatty
acids with either adequate (AA+) or suboptimal (-AA) vitamin C ..... 89

FIGURE 4

Relationship between plasma apo B and total cholesterol concentrations in
guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with either ad~quate
(+AA) or suboptimal (-AA) vitamin C ......................... 91

FIGURE 5

Correlation between plasma TAG (mgldl) and liver AA vitamin C (mg/g)
concentrations in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with
either adequate (++AA) or suboptimal (-AA) vitamin C............. 92

FIGURE 6

Correlation between LDL receptors Bmax values (J.lg/mg) and plasma VLDL
ILDL (mgldl) concentrations in guin~ pigs fed diets rich in 12:0 or 18:2 fatty
acids with either adequate (++AA) or suboptimal (-AA) vitamin C .... 95

FIGURE 7

Correlation between plasma CETP activity and number ofLDL cholesteryl
ester (CE) molecules in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids
with either adequate (+AA) or suboptimal (-AA) vitamin C.......... 99

FIGURE 8

Kinetics of oxidation ofLDL from guinea pigs fed diets rich in 12:0 or 18:2
fatty acids with adequate (+AA) or suboptimal (-AA) levels of
vitamin C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 100

FIGURE 9

Correlation between TBARS (nmoVmg) and red blood cell (RBC) glutathione
concentrations (mgldl) in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids
with either adequate (+AA) or suboptimal (-AA) vitamin C ........ 102

FIGURE 10

Theorized scheme ofCETP effects on plasma lipoprotein
metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 116

FIGURE 11

Theoretical scheme of hepatic cholesterol and plasma lipoprotein metabolism
in guinea pigs fed sUboptimal levels of vitamin C................. 124

11
LIST OF FIGURES - Continued
FIGURE 12

Relationship between vitamin C deficiency and cardiovascular disease
(CVD) ................................................ 127

12
ABBREVIATIONS
ACAT, acyl CoA:cholesterol acyltransferase; apo B, apolipoprotein B; CE, cholesteryl ester;
CETP, cholesteryl ester transfer protein; CVD, cardiovascular disease; FA, fatty acids;
FCR, fractional catabolic rate; GSH, glutathione; BDL, high density lipoprotein; HMGCoA reductase, 3-hydroxy-3- methylglutaryl coenzyme A reductase; IDL, intermediate
density lipoprotein;

LCAT, lecithin-cholesterol-acyl-transferase; LDL, low density

lipoprotein; Lp(a), lipoprotein a; LPL, lipoprotein lipase; MUFA, monounsaturated fatty
acids; ox-LDL, oxidized low density lipoprotein; NCEP, National Cholesterol Education
Program; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; VLDL, very low
density lipoprotein.

Diet abbreviations: +AA, diets with adequate vitamin C; -AA, diet with suboptimal vitamin
C; 12:0, diet rich in12:0 fatty acids; 18:2, diet rich in 18:2 fatty acids.

13

ABSTRACT
Effects of suboptimal and adequate vitamin C, with varying dietary fat saturation, on
(i) regulation of hepatic cholesterol homeostasis, (ii) regulation of plasma lipoprotein
concentrations and metabolism, and (iii) oxidative susceptibility of plasma low density
lipoprotein (LDL) were studied in guinea pigs fed 15% (w/w) fat-0.04% cholesterol diets. Fat
mixtures were either 50% saturated (25% lauric acid SFA):25% monounsaturated
(MUFA):25% polyunsaturated (PUFA) or 25% SFA:25% MUFA:50% PUFA linoleic acid
with vitamin C at 50 (suboptimal) or 500 (adequate) mglkg diet. Intake of suboptimal vitamin
C resulted in normal growth with no symptoms of scurvy. In general, independent of dietary
fat saturation, significant differences were observed between suboptimal and adequate vitamin
C intake on hepatic cholesterol and lipoprotein metabolism. Guinea pigs fed suboptimal
vitamin C had lower hepatic vitamin C concentrations, decreased active 3-hydroxy-3methylglutaryl coenzyme A (HMG-CoA) reductase activity and LDL (apo BIB) receptor
number, increased acyl-CoA:cholesterol acyltransferase (ACAT) activity, and higher hepatic
triacylglycerol (TAG) and cholesteryl ester (CE) concentrations in comparison to animals fed
adequate vitamin C. Intake of suboptimal vitamin C lowered plasma high density lipoprotein
(HDL) cholesterol and increased plasma TAG, total and VLDLILDL cholesterol and apo B
concentrations. The hyperlipidemic effects of suboptimal vitamin C were synergistic with
intake of the SFA diet. LDL size, CE content, and cholesteryl ester transfer protein (CETP)
activity were higher in animals fed suboptimal vitamin C.
Guinea pigs fed suboptimal vitamin Chad LDL particles which were less resistant to
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in vitro oxidation, and lower red blood cell glutathione concentrations in comparison to
animals fed adequate vitamin C. The extent ofLDL oxidation and the lowering of glutathione
levels were more pronounced when suboptimal vitamin C was fed in combination with the
diet high in PUFA.
These results indicate that low vitamin C intake may increase risk of cardiovascular
disease through changes in cholesterol and lipoprotein metabolism and the susceptibility of
LDL to oxidation.
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CHAPTER!

INTRODUCTION

Human studies, mostly epidemiological, have shown a significant negative correlation
between vitamin C intake and cardiovascular disease (CVD), as well as all cause mortality
(Simon 1992). Vitamin C is related to CVD through distinct, yet interactive mechanisms:
vitamin C has a role in cholesterol and lipoprotein metabolism, as a plasma antioxidant
protecting LDL against oxidative modification, in the maintenance of vascular integrity, and
in the synthesis of vasoactive prostacyclins (Sauberlich 1994). While acute vitamin C
deficiency (scurvy) is not common in modem western societies, studies have documented that
some subgroups of the population present marginal-chronic states of vitamin C deficiency:
institutionalized elderly patients, smokers, and patients with diabetes mellitus have lower
plasma ascorbate levels and increased risk for CVD (Simon 1992).
One of the most appropriate animal model to evaluate vitamin C effects on plasma
lipids and atherosclerosis is the guinea pig which, like humans, lacks the ability to synthesize
vitamin C. Ginter (1978) described a model for chronic-marginal vitamin C deficiency in the
guinea pig. In this model ascorbate is added to the diet at either 50 (suboptimal) or 500 mg/kg
diet (adequate). Intake of the suboptimal level of vitamin C results in normal growth rates
with no symptoms of scurvy; however, this level of dietary ascorbate results in significant
changes in lipid metabolism and development of atherosclerosis (Ginter, 1978). Chronic
vitamin C deficiency in the guinea pig has been associated with increased cholesterol and
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TAG in plasma and other tissues, higher plasma LDL and VLDL, and lower HDL cholesterol
levels, and alterations in hepatic enzymes regulating cholesterol homeostasis (Hemila 1992).
In addition, low vitamin C intake in the guinea pig has been correlated with increased plasma

Lp(a)concentrations, a lipoprotein linked with CVD and thrombosis (Rath & Pauling 1990).
These observations are consistent with epidemiological findings in humans of an inverse
relationship between vitamin C intake and plasma lipoprotein cholesterol levels.
Studies have shown that the elevated plasma cholesterol levels in guinea pigs fed the
suboptimal level of vitamin Care associated.With decreased transformation of cholesterol to
bile acids due to a decrease in hepatic cholesterol 7a-hydroxylase, the rate limiting enzyme
of bile acid synthesis (Harris et al. 1979). Decreased catabolism of cholesterol to bile acids
results in accumulation of hepatic cholesterol (Ginter 1978)which would be predicted to affect
expression of hepatic LDL (apo BIE) receptors. Ginter & Jurkovicova (1987) demonstrated
that guinea pigs fed low vitamin Chad LDL particles with lower fractional catabolic rates
(FCR) and higher plasma residence times than LDL from control animals. These authors
proposed that the accumulation of cholesterol in the liver of vitamin C deficient guinea pigs
induced suppression of hepatic LDL receptors. Decreased receptor mediated catabolism of
LDL would be a major factor contributing to the elevated plasma total and LDL cholesterol
concentrations observed with low vitamin C intake.
The high hepatic cholesterol levels observed in vitamin C deficient guinea pigs is not
related to increases in the rate of cholesterol synthesis (Ginter 1978). Studies have shown that
rates of hepatic cholesterol synthesis are reduced due to a decrease in the level of active
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HMG-COA reductase, the rate limiting enzyme of hepatic cholesterol synthesis (Weight et
al. 1982). Data indicate that vitamin C deficiency alters the regulation of HMG-CoA
reductase by the phosphorylation-dephosphorylation cascade. Guinea pigs fed diets low in
vitamin C for 2 weeks showed suppressed diurnal peak activity ofHMG-CoA reductase due
to a decrease in active (unphosphorylated) enzyme; no effects were observed in total
reductase expression (Holloway et at. 1981, Greene et at. 1985)
The hepatic enzyme regulating CE synthesis and storage, ACAT, is also regulated by
phosphorylation-dephosphorylation mechanism (Edwards 1991) and alterations in its
regulation could account for the increase in CE in the liver of vitamin C deficient guinea pigs.
Studies have shown increased accumulation of hepatic TAG with low vitamin C intake in the
guinea pig (Ginter 1978). Vitamin C affects TAG metabolism by participating in the synthesis
ofcarnitine (Hulse et aI. 1978), which has an essential role in the transport of long-chain fatty
acids into mitochondria where 13-oxidation takes place (Hulse et at. 1978). In vitamin C
deficient guinea pigs, the carnitine levels of various tissues decrease (Ha et at. 1990),
consequently the transport offatty acids into mitochondria is blocked and their metabolism
shunted toward TAG synthesis resulting in accumulation offat in the liver and other tissues
(Ha et al. 1990).
Studies have also indicated that the high plasma TAG concentrations in vitamin C
deficient guinea pigs could be due to inhibition of lipoprotein lipase (LPL) which is the major
enzyme that degrades plasma TAG. Bobek & Ginter (1978) showed that adipose tissue LPL
activity was lower and plasma TAG levels were higher in guinea pigs with marginal vitamin
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C deficiency than in control animals. Similar findings have been reported in baboons. Kotze
& Spies (1976) showed that in vitamin C deficient baboons less LPL was released into the

circulation after heparin injection than in control animals.
Data also indicate a positive correlation between post-heparin LPL activity and plasma
HDL cholesterol levels (Tall 1990). Therefore, it is possible that lower LPL activity may
explain in part the decrease in HDL cholesterol levels associated with low vitamin C intake.
The effects of vitamin C deficiency on other metabolic activities regulating HDL cholesterol
levels, such as plasma LCAT and CETP, have not been investigated.
Not only does vitamin C deficiency raise plasma cholesterol and TAG levels, it
theoretically predispose LDL to increased oxidative modification promoting atherogenesis
(Hemila 1992). Therefore, the relationship between vitamin C status and CVD risk could be
related to the effects of vitamin C on lipid metabolism and to increased oxidative modification
ofLDL.
In recent years the oxidation of lipoproteins has been implicated as an early step in the

pathogenesis of atherosclerosis (Holvoet & Collen 1994). As a result there has been great
interest in the potential role of antioxidants in protecting against this disease. Studies suggest
that dietary antioxidants, such as vitamin E, 13-carotene, and vitamin C, are protective against
oxidation ofLDL (Esterbauer & Jurgens 1993). Vitamin C is a water soluble, chain breaking
antioxidant that reacts with superoxide, hydroxyl radicals, and singlet oxygen (Sauberlich
1994). Data indicate that subjects with low tissue vitamin C levels have higher amounts of
plasma lipid peroxides than do subjects with high vitamin C levels (Wartanowicz et at. 1984).
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In vitro studies have demonstrated that vitamin C is effective in preventing the oxidative
modification of LDL, either induced by copper or mediated by cultured arterial wall
cells(JiaIaI et aI. 1990, JialaI & Grundy 1993).
The oxidative susceptibility ofLDL is dependent not only on the levels of endogenous
antioxidants but also on its fatty acid composition. Reaven et at. (1991) showed that LDL
incubated with oleic acid resulted in a dose-dependent inhibition of lipoprotein oxidation. In
humans, consumption of diets rich in MUF A compared with PUFA-rich diets resulted in a
decreased susceptibility to oxidation of LDL particles, most likely attributable to the
decreased total number of double bonds in the fatty acid molecule (Reaven et at. 1991).
Clearly vitamin C status has major effects on hepatic TAG and cholesterol
homeostasis and plasma lipoprotein levels. What have not been defined or investigated are
effects of vitamin C deficiency on the metabolism of plasma lipoproteins (synthesis,
intravascular processing, catabolism) and interactions of vitamin C intake with dietary fat
saturation, a major determinant of plasma total and LDL cholesterol levels. The objectives
of this study were to define effects of suboptimal and adequate vitamin C intakes, in
combination with diets containing either SFA or PUFA on: (a) hepatic cholesterol and TAG
levels relative to changes in liver H1v1G-CoA reductase and ACAT activities and LDL (apo
B/E) receptor expression; (b)plasma lipid and lipoprotein concentrations and the
physichochemical characteristics of LDL particles relative to changes in adipose LPL and
plasma LCAT and CETP activities; and (c) the in vitro susceptibility ofLDL to oxidative
modification relative to red blood cell glutathione concentrations.
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In addition to having a requirement for vitamin C in the diet, the guinea pig was
chosen as the model for this study based on its plasma lipoprotein profile (high LDLIHDL
ratio); tissue distribution of cholesterol synthesis similar to humans, with the liver contributing
less than 20%; a hepatic cholesterol pool with most of the cholesterol present as free rather
than esterified cholesterol; a comparable hepatic ACAT activity; activities of tissue LPL,
plasma LCAT and CETP; and documented responses to changes in the type and amount of
dietary fat which are similar to humans (Fernandez et at. 1992).
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CHAPTERll
LITERA TURE REVIEW

1. Atherosclerosis and Cardiovascular Disease

Atherosclerosis is characterized by a thickening of the internal layer of the wall of
major blood vessels, principally arteries, resulting in a constriction of the vessel lumen and a
restriction of blood flow and vessel elasticity. This promotes the formation of occlusive blood
clots and can result in injury to heart, brain and lung tissues which may be fatal (Grundy
1990). Cardiovascular disease (CVD), including myocardial infarction and stroke, is the major
cause of death in Western societies, accounting for more than 50% of all deaths in the United
States, with 60% of deaths in individuals 65 years and older (American Heart Association
1994).
Epidemiologic studies comparing populations of countries around the world, or
subgroups within a single country, have identified many factors of lifestyle and diet associated
with an increased risk of CVD (Thorn et at. 1992). Smoking, high blood pressure, and
elevated levels of plasma total and LDL cholesterol have been identified as the major CVD
risk factors. Obesity, stress, lack of exercise, diabetes, and elevated plasma triglycerides are
considered secondary risk factors (The expert Panel 1988).

2. Cholesterol and Lipoprotein Metabolism

2.1 Cholesterol
Cholesterol has several important functions in the body. It is a common component
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of biological membranes of animals and is the precursor of the steroid hormones
(glucocorticoids, aldosterone, and sexual hormones) and vitamin D. In addition, cholesterol
is the substrate for the formation of bile acids made by the liver (Edwards 1991). Bile acids
are required for cholesterol absorption from the intestinal lumen and essential for the
absorption offatty acids and fat soluble vitamins (Friedman & Nylund 1980). Cholesterol has
a polar head group, due to the hydroxyl group, and a nonpolar tail consisting of a four fused
ring system and a flexible hydrophobic tail. Like other lipids, cholesterol is insoluble in water
and quite soluble in nonpolar solvents such as chloroform. In cell membranes cholesterol is
oriented with its hydrophilic polar head exposed to water and its hydrophobic fused ring
system and attached hydrocarbon groups buried in the hydrocarbon interior of the bilayer.
Cholesterol helps to regulate the fluidity of animal membranes (Edwards 1991).
Cholesterol in the intestinal lumen originates from two sources, the diet and bile.
Approximately 50% of the cholesterol entering the lumen of the intestine is absorbed, and the
remainder is excreted in the feces. Because of the insoluble nature of cholesterol, it is first
solubilized into micelles that contain bile acids. Absorbed cholesterol is incorporated into
chylomicrons for secretion into the bloodstream and delivered to the liver. Although
cholesterol is produced in the liver and extra-hepatic tissues, the only site for catabolism of
significant amounts of cholesterol is through conversion in the liver into bile acids. Bile
micelles containing bile acids and cholesterol are then secreted into the intestine (Friedman
& Nylund, 1980).

The liver is the major site of cholesterol synthesis in many animal species such as the
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rat, hamsters and rabbits. In other species such as guinea pigs and humans, the liver
contributes less than 20% of total body synthesis. The synthesis of cholesterol is initiated from
the conversion of the 2-carbon molecule, acetate to 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA). The conversion of HMG-CoA to mevalonate is mediated by the enzyme
HMG-CoA reductase and is the rate-limiting step in cholesterol biosynthesis (Edwards 1991).
This enzyme reduces HMG-CoA to mevalonic acid with NADPH and is one of the most
highly regulated enzymes in nature (Nakanishi et at. 1988). HMG-CoA reductase is
coordinately regulated with another enzyme involved in cholesterol biosynthesis, HMG-CoA
synthase, and with the LDL receptor. In the absence of cholesterol, animal cells maintain high
activities ofthe two enzymes, thereby synthesizing mevalonate for production of cholesterol
and nonsterol products (Nakanishi et at. 1988). When cholesterol is available to the cell,
HMG-CoA synthase and reductase activities decline by more than 90%, and the cell produces
only small amounts of mevalonate needed for non sterol products. At the same time, LDLreceptor expression is repressed, further averting cholesterol over accumulation in the cell.
The expression ofHMG-CoA synthase, HMG-CoA reductase, and the LDL receptor
are all controlled at the level of transcription of the genes. HMG-CoA reductase expression
is also controlled at the level of translation, at the level of both mRNA and protein stability,
and activity is modulated by phosphorylation-dephosphorylation, making it one of the most
highly regulated enzymes (Goldstein & Brown 1990). Phosphorylation of the enzyme results
in inactivation. The protein kinase that phosphorylates HMG-CoA reductase is an AMPactivated protein kinase that also phosphorylates and inactivates acetyl-CoA carboxylase, a
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regulatory enzyme offatty acid biosynthesis (Goldstein & Brown 1990). Phosphatases reverse
these processes. The physiological importance of phosphorylation ofHMG-CoA reductase
in controlling enzyme activity in vivo has yet to be clearly determined (Edwards 1991).
2.2 Lipoproteins
Lipids such as triacylglycerol (TAG) and cholesterol are water insoluble molecules
that must be packaged in lipoproteins to be transported in plasma. Plasma lipoproteins are
macromolecular aggregates of specific lipids and proteins that transport water insoluble
nutrients through the bloodstream from their site of absorption or synthesis to peripheral
tissues. The circulating lipid classes that experience the greatest net transport in association
with the plasma lipoproteins are cholesterol, as either free cholesterol (FC) or cholesteryl
ester (CE), phospholipid (PL), and TAG (Davis, 1991). Differences in density, composition,
and electrophoretic mobility have been used to divide lipoproteins into five major classes. The
densities of individual lipoproteins are determined by their relative contents of protein and
lipids. The particles associated with each particular density band are: Chylomicrons (d<1.00
glmI), very low density lipoprotein (VLDL) (d<I.006 glml), intermediate density lipoprotein

(IDL) (d=1.006-1.02 glml), low density lipoprotein (LDL) (d=1.02-1.063 glml) and high
density lipoprotein (HDL) (d=1.063-1.21 glml). Chylomicrons and VLDL are specialized for
transport of TAG while the other lipoproteins carry FC and CE as their predominant neutral
lipids (Davis 1991).
Chylomicrons This large (35-250 nm) TAG-rich particle originates in the intestine
in response to dietary fat. Because these lipoprotein particles are 99% lipid, they have a
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buoyant density less than that of whole plasma. Chylomicrons contain several apoproteins,
the essential one for chylomicron secretion being apo B-48. Once chylomicrons are secreted
from the intestine into the circulation, they are acted on by the enzyme lipoprotein lipase
(LPL), which results in the hydrolysis of TAG and the formation of chylomicron remnants.
As the core of the chylomicron is depleted of TAG, surface components such as apo A-I, apo
A-II, apo C, and phospholipids are released to form mature HDL. During the process ofHOL
metabolism, some of its surface components, such as apo E, are transferred to chylomicron
remnants. The TAG-poor chylomicron remnants enriched in apo E, are then taken up by the
LDL receptor-related protein (LRP) in the liver (Nicolosi & Schaefer 1992).
VLDL

VLDL is the major lipoprotein particle produced by the liver and is

responsible for delivering newly synthesized TAG from the liver to extrahepatic tissues. The
synthesis and secretion ofVLDL are increased in obese individuals and are also responsive
to dietary variables such as high carbohydrate intake and increase in dietary fatty acids
(Fernandez et aI. 1995). The diameter of newly secreted VLDL varies in size from 30 to 110
nm. The liver responds to changes in the lipogenic state by varying VLDL lipid secretion in
two ways: 1) changing the number ofVLDL particles secreted, and 2) altering the size of the
particles (Abdel-Fattah et al. 1995).
The catabolism of VLDL is similar to chylomicron degradation involving LPL and
hepatic triglyceride lipase. During the formation of VLDL remnants (IDL) from the
catabolism of VLDL, certain constituents such as apo E and apo C are also transferred to
HOL, while apo B-IOO remains with the IDL particle. The major product ofVLDL and IDL
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catabolism is LDL, although some VLDL may be removed from plasma before its
transformation to LDL (Ginsberg 1990).

LDL.. Plasma LDL particles contain a single molecule of apo B-1 00 as their exclusive
apolipoprotein and cholesteryl esters as their major core lipid. In humans, LDL is the major
transporter of free cholesterol and cholesteryl esters, while in other animal species, such as
ruminants and most rodents, the plasma cholesterol is transported primarilly in HDL. Plasma
LDL concentrations correlate with susceptibility to atherosclerosis, a finding that has
rroduced great interest in examining the structure, origin and metabolism of LDL (Davis
1991). LDL is primarily derived from lipolysis of VLDL by LPL. IDL particles are at an
important branch point in lipoprotein metabolism because they may be cleared from the
circulation by the liver or they may be further processed to become LDL (Ginsberg 1990).
LDL can be catabolized by both hepatic and extrahepatic tissues with approximately
75% ofLDL being catabolized by the liver and the remaining 25% by extrahepatic tissue. The
clearance of LDL by these tissues involves both receptor-mediated and non-receptormediated pathways. The predominant pathway of clearance is receptor mediated via the apo
BIE (LDL) receptor. During receptor mediated catabolism, LDL particles bind to the receptor
and are internalized as a receptor-ligand complex by endocytosis. Once internalized, the
receptors are dissociated from LDL and return to the cell surface to be used again (Soutar &
Knight 1990). The cholesteryl esters and apo B ofLDL are hydrolyzed by enzymes within
lysosomes to free cholesterol and amino acids respectively. The free cholesterol can be used
for cell membrane components, be reesterified to cholesteryl ester for storage, or leave the
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cell (Davis 1991).

:llllL.. Plasma HDL particles are small, dense, spherical lipid-protein complexes.
They consist of 45-55% lipid and 45-55% protein. The major lipids are phospholipids, free
cholesterol, cholesteryl ester, and TAG. Major proteins found in HDL are apo A-I and apo
A-II. A variety of minor but metabolically important apoproteins are also present in HDL
such as apo E and apo Cs (Cl,

crr and Cm). HDL particles are heterogenous and can be

classified into larger, less dense HDL2, or smaller, denser HDl:r (Tall 1990). The major
apolipoproteins ofHDL are synthesized in both the liver and small intestine. These proteins
may be secreted with lipid as nascent HDL, and probably also as free apolipoproteins. The
mature HDL particle is spherical in shape, while the precursor or nascent HDL particles are
usually viewed as disks consisting of phospholipid bilayers enriched with apo A-I and apo E
molecules.
An inverse relationship between HDL levels and incidence of coronary atherosclerosis

has been documented in many studies (Ginsberg 1990). It has been proposed that HDL be
inversely associated with CVD through its involment in reverse cholesterol transport. Since
cholesterol can be catabolized to bile acids and excreted only by the liver, any removal of
excess cholesterol from peripheral tissues must involve the transport of cholesterol back to
the liver. In this scenario, free cholesterol, a normal constituent of cell membranes, but also
found in atherosclerotic plaques, is transferred to HDL, and through the action of the enzyme
lecithin:cholesterol acyl transferase CLCAT), becomes esterified cholesterol. Some HDL
cholesteryl esters are transferred to VLDLILDL by the plasma cholesterol ester transfer
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protein (CETP). The cholesteryl ester in VLDL and LDL particles can be returned to the liver
by direct uptake ofVLDL remnants (IDL) through the LDL or LRP receptors(TallI990).

2.3 Intravascular Remodeling of Lipoproteins

The plasma lipoproteins are continuously remodeled during their transit through the
plasma compartment owing to the action of lipid metabolizing enzymes and lipid transport
processes. These activities affect the composition, size, and concentration of the lipoproteins
(Tall 1993). Following is a description of some factors involved in this process.

LfL... LPL, a hydrolytic enzyme produced by many tissues, is rate- limiting for the
removal of lipoprotein TAG from the circulation. It also has distinct roles in many normal
tissues, and an important role in certain metabolic diseases, including obesity (Fielding &
Fielding 1991).
LPL is a glycoprotein with a molecular weight of 55,000 Da. It hydrolyzes the 1(3)position acyl groups of TAG and the I-acyl groups of phospholipids. The reaction is activated
by apo C-II. LPL resides on the capillary walls of most tissues, where it is activated to
hydrolyze TAG in chylomicrons and VLDL to monoglycerides, free fatty acids, and IDL
(Garfinkel & Schotz 1987). Circulating LDL particles are the product of the action ofLPL.
Lipolysis mediated by LPL promotes the exchange of lipids between lipoproteins. For
example, the evidence strongly suggests that when lipoproteins are hydrolyzed by LPL, some
spherical HDl:J molecules acquire lipid and protein to become HDL2 molecules. In addition,
the cholesteryl esters in HDL3 can be replaced with TAG from VLDL or LDL. This process
depends on lipid transfer proteins and is inversely related to the activity ofLPL (Fielding &
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Fielding 1991}.
Deficiency ofLPL results in defective catabolism of TAG-rich lipoproteins which can
lead to severe hypertriglyceridemia both in experimental animals and humans. Deficiency of
LPL is also associated with low levels ofHDL cholesterol. This suggests that the reduced
HDL cholesterol levels associated with CVD may be in part due to a mild LPL deficiency.
LPL activity increases with exercise, the consumption of fibric acid derivatives, or insulin
treatment in diabetes mellitus, and leads to reduction in plasma TAG and an increase in HDL
cholesterol (Fielding & Fielding 1991).
LeAT An important factor in the production of plasma cholesteryl esters is the
enzyme LCAT. The enzyme is a glycoprotein with a molecular weight of 47000 Da. LCAT
catalyzes the hydrolysis of the sn-2 fatty acyl groups of phospholipids and the fatty acyl group
transesterification to the 3-f3 hydroxyl group of cholesterol to generate cholesteryl ester and
lysophospholipid. The predominant lipoprotein substrate for the enzyme in vivo is HDL, and
apo A-I is a cofactor for LeAT esterification offree cholesterol (Fielding & Fielding 1991).
A variety of studies have shown that LCAT plays an important role in reverse
cholesterol transport. Peripheral cell membrane cholesterol is initially transferred to the
surface of discoidal HDL particles, followed by esterification by LCAT. This process allows
the newly formed cholesteryl ester to form a core in the HDL particles, producing HDL3 and
later, as more cholesteryl ester accumulates in the core, larger HDL2 particles. Formation of
cholesteryl ester by LCAT increases the capacity ofHDL to accept more free cholesterol
from cell membranes because the core of the spherical particles can accumulate many more
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molecules of cholesteryl ester than could be fit on the surface. The fate of cholesteryl ester
generated by LCAT in HDL particles can be divided into two major categories: 1) transfer
of the cholesteryl ester to other lipoproteins, and 2) direct catabolism ofHDL particles by the
liver (Fielding & Fielding 1995).

CEIf.. Plasma CETP is a hydrophobic glycoprotein of approximately 74,000 Da
weight. It is a single polypeptide species, with an unusual high concentration of hydrophobic
amino acids. CETP is responsible for the transfer and exchange of cholesteryl ester and TAG
between the plasma lipoprotein classes. Physiologically, the main effect of CETP is to
promote the transfer ofLCAT-derived cholesteryl ester out ofHDL into VLDL or LDL, in
exchange for TAG. The removal of VLDL and LDL from the circulation is nonnally tightly
regulated by the apo BIB receptor. This may allow a fine tuning of reverse cholesterol
transport beyond that possible via HDL alone (Rye & Barter 1992).
Two general models have been proposed for the mechanism by which CETP promotes
the redistribution of lipids between lipoprotein fractions: a shuttle model and a ternary
collision complex model. According to the shuttle model, CETP acquires molecules of
cholesteryl ester and TAG from lipoproteins and circulates as a CETP-lipid complex. The
transient binding of this complex results in an exchange of lipids between CETP and the
lipoprotein present in plasma. The CETP-lipid complex then is dissociated from the
lipoprotein particle and circulates in plasma until it again binds to a lipoprotein particle and
again exchange lipids (Tall 1993).
The ternary collision complex model proposes that CETP acts by forming a ternary
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collision complex with HDL and LDL (or VLDL) which facilitates the redistribution oflipid
constituents between lipoprotein particles. Recent evidence has suggested that both processes
may be active in plasma and that the preferred mechanism is related to the presence or
absence of nonesterified fatty acids (Tall 1993).
Only part of the cholesteryl ester produced by LCAT is transferred to VLDL and
LDL. In studies that measured both LCAT and CETP activity simultaneously in plasma, 3040% of cholesteryl ester synthesized were recovered in LDL. The remainder was retained in
HDL particles (Fielding & Fielding 1991). While the activity of CETP in plasma is obviously
influenced by its concentration in plasma, differences in activity of CETP may be influenced
markedly by both the relative and absolute concentrations of the various lipoprotein fractions.
For example, the rate and the magnitude of the net mass transfer ofcholesteryl ester from
HDL to VLDL during in vitro incubation of human plasma was shown to depend on the
concentration ofVLDL and LDL (Rye & Barter 1992).
The role of CETP in regulating plasma lipoprotein concentrations has been
demonstrated in studies with transgenic mice expressing CETP in their plasma (Melchior &
Marotti 1995). Mice normally have very low CETP activity, carry most of their plasma
cholesterol in HDL particles, and have very low levels ofLDL cholesterol in their circulation.
In transgenic mice expressing human CETP, induction of the transgene resulted in CETP
concentrations achieving levels of CETP similar to humans, and a decrease (15-20%) in
plasma HDL cholesterol levels(Agellon et al. 1991). Lines of transgenic mice expressing
cynomolgus monkey CETP have also been produced. Induction of the transgene in these mice
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resulted in a 50010 reduction in plasma HDL cholesterol levels; decreased HDL phospholipid
and apo A-I; and a 60-80% increase in the VLDL + LDL cholesterol concentrations (Marotti
et aI. 1992). More recently, mice expressing both human apo B and human CETP have been
developed (Grass et aI. 1995). When compared with non transgenic mice, serum HDL
cholesterol levels were decreased significantly in the apo B/CETP transgenic animals. The
percentages of the total cholesterol within the BDL, LDL, and VLDL fractions of the apo
B/CETP animals was aproximately 30%, 65%, and 5%, respectively, similar to distribution
of cholesterol in the plasma of normocholesterolemic humans (Grass et at. 1995). These
findings are consistent with the thesis that plasma CETP activity has an important regulatory
role in determining plasma lipoprotein concentrations.
CETP participates in reverse cholesterol transport, which is the movement of
cholesterol from peripheral tissues to the liver via the plasma compartment (Rye & Barter
1992). Evidence suggests that CETP regulates the rate of return of cholesteryl ester from
plasma to the liver (TaU 1993). However, it remains uncertain whether CETP can influence
the rate of efflux of cholesterol from tissues in vivo.
The relationship between CETP and atherosclerosis has not been clarified. The
following evidence suggests an anti-atherogenic effect of CETP deficiency states: 1) animal
species that lack CETP activity in plasma (e.g.the rat) have low susceptibility to diet induced
atherosclerosis (Van Tol et al. 1995); 2) studies in cynomolgous monkeys showed a positive
correlation between plasma CETP concentrations and the extent of coronary atherosclerosis
(Quinet et at. 1991); and 3) in many human dyslipidemias associated with accelerated

33
atherosclerosis, there is an increase in plasma CETP activity (Tall 1993). In contrast, the
following observations suggest that CETP might have an anti-atherogenic effect in some
settings: 1)data suggest that local synthesis of CETP within macrophages or smooth muscle
cells of the arterial wall help to deplete cholesterol from arterial wall foam cells (Faust et al.
1990); and 2) a decrease in plasma CETP activity was found in elderly subjects with angina
pectoris, compared with a healthy control group (Tall 1993). Therefore, the data show that
the relationship ofCETP and atherosclerosis is complex. In the future it is likely that further
information on the relationship of CETP and atherosclerosis will be obtained from studies of
transgenic animals, from the effects of drugs that are CETP inhibitors, and from populationbased surveys of plasma CETP levels in relation to coronary atherosclerosis.
2.4 Cholesterol, Plasma Lipoproteins and CVD
Plasma cholesterol is a major factor in the development of atherosclerosis. The two
major lipoprotein classes associated with increased risk of CVD are LDL and VLDL
remnants(B-VLDL). B-VLDL can be derived either from chylomicrons or from VLDL by the
action ofLPL in the plasma compartment. High plasma concentrations ofVLDL and LDL
may result in enhanced uptake of these particles by the arterial wall. Once these lipoproteins
move into the subintimal space, their residence time may be extended by their interaction with
proteoglycans, substances that make up the connective tissue matrix of the blood vessel wall
and that bind avidly to apo B-containing lipoproteins. The increase in the residence time of
these lipoproteins in the arterial wall provides an increased opportunity for oxidative
modification ofLDL. This leads to the uptake of modified LDL by macrophages to produce
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foam cells, and the accumulation of foam cells in the intima results in the fonnation of fatty
streaks (Shaefer et aI. 1995).
The role of the apo-B containing lipoproteins in the pathogenesis of atherosclerosis
and CVD is supported by epidemiological studies indicating a positive correlation between
plasma levels of B-VLDULDL and CVD risk. In addition to concentration of lipoproteins in
plasma, recent studies have shown that LDL composition and size are risk factors for CVD.
Campos et al. (1992) have reported that men with premature coronary heart disease have
smaller and denser LDL particles than the control group.
In contrast, HDL particles are anti-atherogenic. Epidemiological studies have shown

that high plasma levels ofHDL are associated with protection against atherosclerosis, and that
low plasma levels of HDL predispose to premature atherosclerosis and CVD. The HDL
protection against CVD is probably related to the function of HDL in reverse cholesterol
transport, which removes cholesterol from peripheral tissues avoiding accumulation of
cholesterol in the arterial wall.
The National Cholesterol Education Program (The Expert Panel 1988) defines the risk
for CVD as low if plasma total- and LDL-cholesterollevels are less than 200 and 130 mg/dl,
respectively; as borderline-high risk ifbetween 200-239 and 130-159 mg/dl, respectively; and
as high risk if greater than 240 mg and 160 mg/dl respectively. HDL-cholesterollevels less
than 35 mg/dl have been defined as a risk factor for CVD.
Since the different plasma lipoprotein fractions are independently related to CVD risk,
one way to simplify risk assessment is to compute ratios of lipid or lipoproteins. A frequently
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used ratio is the plasma LDLIHDL. Individuals with a low ratio ofLDL to HDL have a low
risk for CVD (Grundy 1990).
3. Effects of Dietary Factors on Lipoprotein Metabolism

3.1 Dietary Cholesterol
Most of the data have shown that high intakes of dietary cholesterol produce
hypercholesterolemia and atherosclerosis in most animal species. However, the degree of
hypercholesterolemia induced is variable among species. For example, rabbits develop marked
hypercholesterolemia in response to dietary cholesterol, whereas dogs and rats show less
severe response (Grundy 1990). Nonhuman primates are sensitive to dietary cholesterol and
develop hypercholesterolemia with a moderately high intake of cholesterol. In man, analysis
of the data from dietary cholesterol-feeding studies indicates that dietary cholesterol has a
minimal effect on plasma cholesterol levels for most individuals. The average change in
plasma cholesterol levels is 2 mg/dl for every 100 mg/day changes in cholesterol intake
(McNamara & Howell 1992). Data show that there exists a significant heterogeneity of
responses to dietary cholesterol. In part, the observed heterogeneity results from differences
in the absorption of dietary cholesterol and from variations in the body weight of the study
subjects that determine the rate of cholesterol synthesis (McNamara 1990). Even in studies
where the mass of absorbed cholesterol is determined and normalized for differences in body
weights, the data indicate that significant patient-to-patient variability in responses to a dietary
cholesterol challenge exists (McNamara 1987). The response of most individuals to an
increase in a dietary cholesterol intake is to reduce endogenous cholesterol synthesis, which
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under physiological conditions, can maintain constant plasma cholesterol levels; however,
some individuals lack this feedback response and, when challenged with a high-cholesterol
diet, experience a significant increase in plasma cholesterol levels (McNamara & Howell
1992).
Other factors that may affect the response to dietary cholesterol include the form of
dietary cholesterol, e.g., egg yolk or crystalline; the type of diet, e.g., natural foods or
formula; the amount of supplemental cholesterol, e.g., within the range of common intake or
above; and the fat content of the background diet (Shaefer et al. 1995).
Animal studies of the effect of a large cholesterol intake provide insights into the
mechanisms of action of dietary cholesterol on lipoprotein cholesterol metabolism. Dietschy
et al. (1993) have shown that the rate of apo BIE receptor-mediated LDL catabolism is
significantly reduced in hamsters fed a high cholesterol diet. The data demonstrate that the
most significant response to dietary cholesterol is suppression of hepatic cholesterol synthesis,
even at the lowest level of intake, whereas receptor-mediated c1earence exhibit less sensitivity
to the dietary cholesterol challenge (McNamara 1990). The response to dietary cholesterol
has been studied in guinea pigs fed diets containing 15% (w/w) fat diets with cholesterol
levels equivalent to absorbed intakes of 6(basal), 50(0.08% cholesterol), 100(0.17%
cholesterol), or 200(0.33% cholesterol) percent the rate of endogenous cholesterol synthesis
(51 mg/day per kg body weight)(Lin et at. 1994). Data showed that guinea pigs maintain
stable plasma cholesterol levels until cholesterol intake equals or exceeds endogenous
synthesis.
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The National Cholesterol Education Program (NCEP) has recommended restricting
intakes of dietary cholesterol to 300 mg/day for the general population and <200 mg/day in
subjects remaining hypercholesterolemic on the less stringent recommendation (The Expert
Panel 1988).
3.2 Dietary Fat
Dietary fat quality and quantity are probably more important in determining plasma
lipoprotein levels than dietary cholesterol (McNamara 1992). Under metabolic study
conditions dietary fat intake alters plasma lipid concentrations in most individuals. Variations
in age, sex, genetics, absorption, magnitude of the dietary perturbation, length of study
period, habituation to nutrient intakes before the study period, and possibly initial plasma lipid
concentrations of the study subjects contribute to the magnitude of the effects of individual
fatty acid components of the diet on cholesterol and lipoprotein metabolism (Shaefer et al.
1995).
Nevertheless, equations for predicting effects of dietary fat and cholesterol on total
serum cholesterol were developed by Keys et al. (1965) (equation #1) and Hegsted et
al.(1965)(equation # 2).
1)

~Cholesterol(mgldl)=

1.35

2)

~Cholesterol(mg/dl)=

2.16 ~S - 1.65

Where ~S and
polyunsaturated(P)fat.

~P

(2~S

- ~P) + 1.5
~P

~Z

+ 0.097 ~C

are the changes in percentage of calories from saturated (S) and

~Z

is the difference between the square root of the initial and

subsequent intake of cholesterol(mg/IOOO kcal) and

~C

is the difference in cholesterol
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intake(mgllOOO kcal).
In both equations SFA and PUFA, and to a lesser extent dietary cholesterol, were
considered as major dietary factors affecting plasma cholesterol levels. Dietary
monounsaturated fatty acids (MUFA) and carbohydrates were considered to have a neutral
effect on plasma cholesterol levels. More recent studies have shown that dietary MUF A has
a hypocholesterolemic rather than a neutral effect on plasma cholesterol levels, and that not
all SF A have the same hypercholesterolemic effect (Yu et aI. 1995). In addition, both the
Keys and Hegsted equations developed predictive regression equations for plasma cholesterol
that defined a linear relationship for either SFA or PUFA consumption, however, recent data
suggest that the resulting plasma cholesterol response to PUFA intakes is not linear (Hayes
et al. 1995)
Saturated Fatty Acids (SFA). SFA vary in chain length from four to 18 carbons and
the major SFA in the diet are lauric (12:0), myristic (14:0), palmitic (16:0) and stearic (18:0)
acids. Several lines of evidence indicate that SFA as a group raise the levels of plasma
cholesterol (McNamara & Howell 1992). Epidemiological studies show that populations
consuming large amounts of SFA have relatively high levels of plasma cholesterol (McNamara
1992b). Studies have indicated that this increase in plasma cholesterol is attributed to
increases in both LDL- and HDL-cholesterol concentrations. The increase in LDL-cholesterol
appears to be related to increased production ofVLDL and LDL (Cortese et al. 1983) and
to an impaired rate of removal of LDL particles from the circulation (Grundy & Denke 1990,
Nicolosi et al. 1990).
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Not all SFA affect lipoprotein concentrations to the same degree. Intake of shortchain fatty acids (6-12 carbons) and stearic acid (18:0) results in little or no change in plasma
cholesterol concentrations. SFA with chain lengths of 14 to 16 carbons have been reported
to be most potent in increasing plasma cholesterol levels. Kris-Etherton et al. (1993) showed
in normocholesterolemic young men that diets rich in stearic acid elicited a neutral
cholesterolemic response, whereas a diet rich in myristic acid (14:0) was
hypercholesterolemic. More recently, in a meta-analysis using data from 18 published studies,
Yu et a1.(1995) demonstrated that 12:0, 14:0, and 16:0 fatty acids significantly increase
plasma total, LDL, and HDL cholesterol concentrations. Stearic acid, in contrast, did not
increase plasma cholesterol levels.
These observations are supported by recent animal studies. A retrospective analysis
of data accumulated from feeding 16 different fat blend to cebus monkeys indicated that 14:0
intake explained almost all the hypercholesterolemic effects associated with SFA consumption
(Khosla et al. 1992). More recently, Pronczuk et al. (1994) demonstrated in gerbils that 14:0
is the only SFA increasing plasma total cholesterol when consuming low cholesterol diets,
whereas 16:0 also appears modestly hypercholesterolemic in the presence of dietary
cholesterol. Studies in humans, monkeys and gerbils have demonstrated that intake of 14:0rich diets raise plasma cholesterol concentrations in a linear relationship (Kris-Etherton et at.
1993, Hayes et at. 1995).
The current NCEP recommendations limit saturated fat intake initially to <10% of
energy, and, ifsubjects still have elevated LDL-cholesterol concentrations, to <7% of energy.
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Current US saturated fat intake is around 12-16% of energy (The Expert Panel 1988).
Monounsaturated Fatty Acids (MUFA).

The primary MUFA in the diet are

paImitoleic (16:1, n-9) and oleic (18:1, n-9) acids. Oleic acid is the most abundant dietary
MUFA and is found in olive oil, rapeseed oil, cocoa butter, and beef (McNamara 1992). Early
work suggested that consumption ofMUFA had a neutral effect on plasma cholesterol (Keys
et aI. 1965). More recently, several investigators have demonstrated that replacement of
saturated fat with MUF A in the diet results in a hypocholesterolemic effect. Mattson &
Grundy (1985) reported that intake of oleic acid (18:1) was as effective as linoleic acid (18:2)
in lowering plasma LDL concentrations in normolipidemic patients. Subsequent work
suggested that consumption of diets relatively high in MUF A compared with PUPA had the
advantage of selectively decreasing LDL-cholesterol while minimizing the decrease in HDLcholesterol (Mensink & Katan 1989, Lichtenstein et al. 1993). More recently, Wu et aI.
(1995), using data from 18 articles, found that dietary MUF A significantly decreases plasma
total and LDL cholesterol, and increases HDL levels. The hypocholesterolemic effects of
dietary MUFA are not supported by animal studies. For example, the hypocholesterolemic
effect ofMUFA is not evident in the guinea pig. Fernandez and McNamara (1989) fed guinea
pigs diets with 7.5 g fat/l00g diet containing either com oil, olive oil (79% C18: 1) or lard.
Animals fed the com oil diet had significantly lower plasma cholesterol levels compared to
the other diets, while animals fed olive oil or lard diets did not differ in plasma cholesterol
levels. Similar findings are reported in other rodent species such as rats, hamsters and rabbits
(Beynen 1988, Jones et al. 1990). It is possible that canol a oil may be preferable to olive oil
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as an oil rich in oleic acid because of its lower saturated fat content. Current NCEP
recommendations are that MUFA intake be <15% of the total energy intake of the diet (The
Expert Panel 1988).
Polyunsaturated Fatty Acids (PUEA)

There are two major classes ofPUFA: n-3

fatty acids, such as eicosapentaenoic acid (C20:5, n-3) and docosahesaenoic (C22:3, n-3)
acids, found in fish oils and as minor constituents of some vegetable oils; and n-6 fatty acids,
including linoleic acid (CI8:2, n-6) (McNamara 1992). Linoleic and linolenic fatty acids are
the major essential fatty acids and serve as precursors for arachidonic acid. Their primary
source are vegetables and vegetable oils (Grundy 1990).
Consumption ofPUFA has been shown to consistently have a hypocholesterolemic
effect relative to either carbohydrate or SFA. Results from epidemiological studies suggest
that as the percentage of calories from PUFA increase, CVD mortality decreases, but this
relationship is not statistically significant (McNamara & Howell

1992). The

hypocholesterolemic effect ofPUFA has been observed in numerous interventional studies.
Kris-Etherton et al. (1993) conducted studies in normocholesterolemic young men to evaluate
the effects on plasma lipids of whole-food diets high in either myristic, stearic, oleic, or
linoleic acid. Compared with baseline, the linoleic acid-rich diet was hypocholesterolemic, and
it was also shown that linoleic acid has a more potent hypocholesterolemic effect than oleic
acid and does not affect HDL cholesterol levels or HDL composition. On the basis of findings
from metabolic ward studies it has been estimated that for every 1% increase in PUFA fat
calories, plasma cholesterol levels are lowered an average of 1.5 mg/dl (McNamara & Howell
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1992b).
Studies conducted in several animal species to test the effects of differing fat
saturation have generally supported the human findings of hypocholesterolemic effects with
high PUFA intake (Fernandez & McNamara 1991, Khosla & Hayes 1992, Rudel et at. 1990).
More recently, Pronczuk et al. (1994) presented experimental evidence in gerbils that the
plasma cholesterol response to 18:2 intake is nonlinear, 18:2 decreased the plasma cholesterol
concentration up to a threshold of5-6% dietary energy, whereupon further increases in 18:2
intake were not effective in lowering plasma cholesterol. Similar findings have been reported
in monkeys and human subjects (Khosla & Hayes 1992, Kris-Etherton et al. 1993).
In addition, animal studies have provided insight regarding mechanisms by which
PUPA lower plasma cholesterol concentrations. The majority of data from animal studies
indicate that shifting dietary fat quality from SFA to PUFA increases the fractional catabolic
rate of plasma LDL and decreases LDL apo B production rates. Studies indicate that the
reduction in LDL induced by dietary PUFA in hamsters is associated with increased hepatic
apo BIE receptor-mediated LDL clearance (Spady & Dietchy 1988). Studies in guinea pigs
have shown that intake ofPUFA from com oil, compared to SFA from lard, decreases plasma
LDL cholesterol levels, increases hepatic apo BIE receptor number, and decrease LDL
production rates with no change in HDL cholesterol levels (Fernandez & McNamara 1989,
Fernandez et al. 1992). These studies are consistent with studies in humans showing that
exchange ofPUFA for SFA in the diet results in a significant increase in the LDL fractional
catabolic rate (Shepherd et al. 1983, Turner et al. 1981, Cortese et al. 1983).
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PUF A feeding has been shown to decrease LDL production rates in human and
animals as compared to SFA (Cortese et al. 1983, Fernandez et aI. 1992, Hunt et aI. 1992).
This relative decrease in LDL production may result from decreased conversion of VLDL to
LDL through decreases in lipolytic enzyme efficiencies, decreased production ofVLDL apo
B, or increased direct uptake of VLDL or IDL leading to decreased precursor mass.
Recently, Abdel-Fattah et al. (1995) showed that VLDL-TAG and VLDL-apo B secretion
rates were significantly lower in guinea pigs fed PUFA-rich com oil in comparison to animals
fed SFA-rich lard and palm kernel oil, demonstrating that dietary fat type have specific effects
on VLDL secretion rates affecting both particle number and composition. In humans there
is evidence suggesting that intake ofPUFA decreases VLDL apo B production rates (Cortese
et al. 1983), unfortunately, the data are from only four subjects.
Dietary fat-mediated changes in the size and composition of LDL is an additional
factor involved in the plasma LDL-Iowering response to PUFA intake. Both human and
animal studies indicate that intake ofPUFA results in smaller, cholesteryl ester-poor LDL
particles that exhibit different metabolic characteristics as compared to intake of SFA
(Nicolosi et al. 1990, McNamara 1992). In vivo LDL kinetic studies in guinea pigs fed com
oil, olive oil, or lard demonstrated that LDL from guinea pigs fed the com oil-based diet,
which had a reduced cholesteryl ester content and a higher density, exhibited a significantly
grater fractional turnover rate when injected in chow-fed guinea pigs than LDL isolated from
animals fed lard or olive oil-based diets (Fernandez et al. 1992).
Current NCEP recommendations are that PUFA intake be <10% of energy because
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of concerns of excess oxidability of lipoproteins and potential increase in cancer risk (The
Expert Panel 1988).
Recent investigation has centered on the n-3 PUFAs found in fish oils which lower
plasma TAG by inhibiting the synthesis of TAG in the liver (Phillipson et aI. 1985).
Apparently n-3 PUFA do not reduce the number of VLDL particles being secreted by the
lever but rather decrease the TAG content of these particles (Nestel et al. 1984). Although
the substitution ofn-3 PUFA for SFA in the diet results in lowering ofLDL-cholesterol, this
response appears to be attributable mainly to the removal of saturated fat and not the addition
ofn-3 PUFA to the diet (Grundy 1990). Other factors that can have a positive effect on the
cardiovascular system that are attributable to n-3 PUFA independent of plasma cholesterol
concentrations include decreased platelet aggregation, decreased blood pressure, increased
bleeding time, and decreased immune response (Lichteinstein & Chobanian 1990, Harris et

aI. 1988). These metabolic effects ofn-3 PUFA may have beneficial effects on atherogenesis.
Trans-fatty Acids Trans-fatty acids are formed when vegetable oils are hydrogenated
to convert them from a liquid to a semisolid state that more closely resembles animal fat
(Laine et aI. 1982). Elaidic acid, a fatty acid containing 18 carbons and one trans double bond
at the number nine carbon, and its isomers contribute the majority of the trans-fatty acids
currently consumed in the diet. In contrast to oleic acid, elaidic acid has the hydrogens on the
opposite side of the carbon chain at the double bond site (Laine et al. 1982).
Recent studies have reported a negative effect on plasma lipoproteins of consuming
products enriched in elaidic acid compared with oleic acid (Mensik & Katan 1990, Zock &
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Katan 1992). Not only do trans-fatty acids raise plasma LDL cholesterol, they also lower
HDL cholesterol, and in some studies have been reported to increase Lp(a) (Zock & Katan
1992). Recent epidemiological data also indicate a positive association between trans-fatty
acid intake and plasma cholesterol concentrations and incidence ofCVD (Willet et at. 1993).
3.3 Effect of Dietary Factors on Intravascular Remodeling
of Plasma Lipoproteins.

LEL.. Studies in rabbits fed cholesterol-free diets with either coconut oil, olive oil,
or corn oil found no differences in post-heparin LPL activity. In contrast, when 0.5%
cholesterol was added to the diets, LPL activity was significantly higher in rabbits fed the
coconut oil diet compared to the olive oil-containing diet (Van Reek & Zilvesmit 1990).
These data are similar to those reported by Wang et at. (1887) from studies in cynomolgus
monkeys which found no effect offat quality on LPL activity. Baltzell et at. (1991) reported
that feeding rats a PUFA corn oil diet, as compared to a SFA lard diet, significantly increased
soleus muscle LPL activity, whereas adipose tissue LPL was not significantly increased. In
guinea pigs fed a diet rich in corn oil, Cryer et at. (1978) reported significantly higher levels
of adipose LPL and similar levels of cardiac and skeletal muscle LPL compared to guinea pigs
fed beef tallow. Whether these contrasting results of dietary fat effects on LPL are due to
species differences or to experimental design differences is not clear (McNamara 1992).
LCAT

Data from human studies indicate that plasma LCAT activity decreases as

the dietary P:S ratio increases (Wallentein 1978). Studies in rats (Larking & Sutherland 1977)
and pigs (Forsythe et al. 1980) are consistent with the findings in humans showing that intake
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of diets high in PUFA results in lower LCAT activities. More recently, Thornburg et at. 1995
found in cynomolgous monkeys that the rate for LCAT-catalyzed cholesteryl ester production
was lower in plasma from animals fed diets rich in n-6 or n-3 PUFA than the activity found
in plasma from animals fed diets high in SFA and MUF A.
CETP

The effects of dietary fat type on CETP activity in humans has been

investigated by Groener et at. (1991) who reported that shifting patients from a SFA-rich diet
to a PUFA diet did not affect plasma CETP activity, even though plasma cholesterol levels
were reduced. In contrast, intake of a diet rich in MUF A resulted in a significantly lower
plasma CETP activity. Trans-fatty acids have been reported to increased plasma CETP
activity. Van Tol et at. (1995) found that subjects consuming a high trans-fatty acid diet had
higher plasma CETP activity than subjects consuming diets high in linoleic or stearic acid.
Studies with hamsters have shown that plasma CETP activity is increased almost two
fold by intake of SFA in comparison to PUFA rich diets (Stein et at. 1990). Addition of2%
cholesterol to either test diet resulted in an additional increase in plasma CETP activity.
Similarly, studies in marmosets have shown that plasma CETP activity is increased two fold
when animals consumed SFA in comparison to PUFA rich diets (Abbey et at. 1990).
The evidence indicates that the effects of dietary fatty acids on CETP activity relate
to changes in plasma VLDL and LDL cholesterol levels and under most conditions
interventions that lower plasma levels of the apo B-containing lipoproteins lower plasma
CETP activity (McNamara 1992).
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4. Oxidized LDL and Atherogenesis
The oxidation of LDL is believed to be an initiating event in the atherogenic
process(Parthasarathyet al. 1992). Oxidized LDL (Ox-LDL) may enhanced the progression
of atherosclerosis by 1) enhancing monocyte adhesion and macrophage foam cell generation;
2) inducing smooth cell migration, proliferation, and foam cell generation; 3) stimulating
platelet adhesion and aggregation, which may promote macrophage foam cell generation and
smooth muscle cell proliferation; 4) triggering thrombosis; and 5) impairing vasodilation,
which results in increased shear stress (Holvoet & Collen 1994). The oxidation of LDL
probably takes place in the arterial wall, where LDL particles are sequestered from circulating
antioxidants (Witztum & Steimberg 1991).
The oxidation ofLDL occurs in three phases: an initial lag phase when endogenous
LDL antioxidants (e.g. vitamin E) are consumed; a propagation phase with rapid oxidation
of PUFA to lipid hydroperoxides; and a decomposition phase, when hydroperoxides are
converted to reactive aldehydes (Esterbauer & Jurgens 1993). Interaction of these aldehydes
with positively charged amino groups of lysine residues in the apolipoprotein B-1 00 moiety
renders the LDL more negatively charged, which results in decreased affinity for the LDL
receptor and increased affinity for scavenger receptors (Holvoet & Collen 1994).
The susceptibility ofLDL to oxidation shows marked differences between individuals.
These differences may be due to differences in LDL structure and composition, and content
of antioxidants (Esterbauer & Jurgens 1993). For example, several laboratories have shown
that smaller, more dense LDL displays enhanced susceptibility to copper-induced oxidation
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when compared with larger, buoyant lipoprotein particles (Tribble et aI. 1992). In addition,
Tribble et al.(1992) have shown that enhanced susceptibility to oxidation is significantly
correlated with a progressive decline in unesterified cholesterol content (r=0.46). These
investigators have proposed that unesterified cholesterol, through its ability to alter surface
lipid packing and fluidity, may modulate accessibility of oxidants to susceptible regions of
LDL-bome lipids.
In addition to the well established effects of different dietary fats on plasma lipid and

lipoprotein concentrations, recent interest has also centered on the effects of dietary fat type
on LDL susceptibility to oxidation. Consumption of diets rich in PUFA compared with
MUFA results in higher susceptibility to oxidation ofLDL particles, most likely attributable
to the higher total number of double bonds in the fatty acid molecules (Holvoet & Collen
1994). Berry et al.(1991) showed that LDL isolated from human volunteers fed a diet rich in
linoleic acid was more susceptible to oxidative modification than LDL particles isolated from
subjects fed a diet high in oleic acid. Similar findings have been reported in animals studies
(Holvoet & Collen 1994). LDL isolated from rabbits fed diets high in linoleic acid for 10
weeks was less resistant to oxidation than LDL from animals fed diets rich in oleic acid
(Witztum & Steinberg 1991). More recently, Thomas et al. (1994) demonstrated that in LDL
isolated from cynomolgus monkeys the rates of oxidation were linearly dependent upon the
LDL concentration ofPUFA.
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5. Metabolic Functions of Vitamin C.

Vitamin C functions as a general source of reducing equivalents throughout the body.

At the molecular level, ascorbic acid is a powerful reducing agent, and as such, has an
importance as an antioxidant, affecting the body's redox potential (Gershoff 1993). But only
a few enzyme reactions are thought to specifically require the vitamin. The reactions
specifically involving ascorbate are hydroxylations using molecular oxygen, and have Fe2+ or
Cu2+ as a cofactor. Here, ascorbate is thOUght to play either of two roles: 1) as a direct source
of electrons for reduction of 02' or 2) as a protective agent for maintaining the Fe (or Cu) in
a reduced state (Niki 1987). Most notable among these hydroxylations are the formation of
hydroxyproline and hydroxylisine during synthesis of pro collagen of connective tissue;
synthesis of camitine from lysine; the hydroxylation of dopamine in the formation of
catecholamines; and probably the hydroxylation of steroid hormones, aromatic drugs, or
carcinogens through the microsomal monooxigenase systems of the hepatic endoplasmic
reticulum (Linder 1991). Ascorbic acid may have another function in connective tissue
metabolism as a carrier for sulfate groups needed in the formation of glycosaminoglycans of
the gel matrix of the ground substance between cells in all organs (chondroitin sulfate,
dermatan sulfate, etc) (Anderson 1977).
Ascorbic acid is probably the most effective antioxidant identified in mammalian
systems (Frei et al. 1989). It is a water soluble, chain-breaking antioxidant that reacts directly
with superoxide, hydroxyl radicals, and singlet oxygen (Sauberlich 1994). Consequently,
ascorbic acid may be important in protecting against oxidative stress-related diseases,
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including CVD, cancer, and cataracts (Sauberlich 1994).
5.1 Vitamin C Daily Requirements
Human beings and guinea pigs are among the few animal species unable to synthesize
vitamin C. Since collagen formation requires synthesis of hydroxyproline and hydroxylisine,
both dependent on the presence of ascorbic acid, the diet of humans and guinea pigs must
provide each day at least the minimum of ascorbic acid necessary to prevent scurvy, a
condition characterized by formation of defective collagen resulting in damaged connective
tissue. In the United states, the National Academy of Sciences has set a Recommended
Dietary Allowance (RDA) of 60 mg per day. Additional allowances have been recommended
for smokers and pregnant and lactating women (National Research Council 1989). The
estimated average daily intake of vitamin C in the United States is in the 80-100mg range
based on surveys conducted by the USDA (National Research Council 1989). However, many
nutritionist (Gershoff 1993) have proposed that the RDA for vitamin C should be many times
higher than the amount needed to guard against scurvy due to recent observations that
suggest that vitamin C plays a role in the immune response, cataract prevention, cholesterol
metabolism, and protection from cancer and CVD.

6. Vitamin C and CVD Risk

6.1 Human Studies
Human studies, mostly epidemiological, have used nutritional intake data, which are
dependent on dietary recalls at the time of the study, and tissue levels of ascorbate to correlate
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with plasma lipid levels. Greco and LaRocca (1982) found significant negative associations
between vitamin C status and plasma total cholesterol, this correlation was true only in men
(r-0.326, p<0.05). On the other hand, for Cerna and Ginter (1978) the inverse association
between vitamin C status and plasma cholesterol was significant for both sexes. Various
studies have also examined the relationship between vitamin C intake and HDL cholesterol
and a positive correlation has been consistently found. Jacques et aI. (1987), in a study of761
elderly individuals, found no association between plasma total cholesterol and vitamin C, but
were able to show that for each 1 mg/dl increase in the plasma vitamin C level, there was an
associated HDL-C increase of 4.7 mg/dl in women and 3.6 mg/dl increase in men. Two
prospective studies totaling 63.5 person-years of observation also revealed significant positive
correlations between vitamin C status or intake and HDL-C levels. Bates and colleagues
(1977) found this to be significant for men only while Church and colleagues (1984) found
HDL-C correlated positively with vitamin C intake in women, but not in men. Hallfiish et al.
(1994) reported a strong positive association between plasma ascorbate levels and HDL2
cholesterol. Weak correlations were found with total plasma cholesterol and LDL-C. The
relationship was stronger in older people and in men. This study indicated that even in a well
nourished population with perfectly adequate concentrations of plasma vitamin C and intakes
above the RDA, there still persists an association between plasma ascorbic acid and HDL
cholesterol.
Some epidemiological studies have also analyzed the connection of vitamin C levels
to mortality and morbidity from CVD. In different regions of Great Britain, Norway and
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Israel, the mortality from CVD was found to be negatively correlated with the average intake
of vitamin C and the amount of fruits and green vegetables eaten, which are good sources of
vitamin C (Hemilla 1992). In a correlational study of nine regions in England, Amstrong and
colleagues (1975) showed statistically significant negative correlations between fresh green
vegetable consumption and CVD mortality in both men and women (r=-0.083, P<0.05). A
comparison of 16 populations of European countries found that low plasma levels of vitamin
C were more common in regions with high mortality rate from CVD (Riemersma et al. 1991).
The Basel prospective study obtained blood samples from 2974 men (Gey et at. 1993).The
samples were analyzed for B-carotene, vitamins C and E. During 12 years of follow-up, 132
men died from ischemic heart disease. Men with low plasma carotene and ascorbate
concentrations had a significantly higher risk of death from ischemic heart disease. No
significant association with CVD was observed for vitamin E. These correlations are
consistent with the findings of lowered CVD risk in vegetarians whose diets are characterized
by low fat, high vitamin C contents (phillips et at. 1978). CVD incidence has been observed
to have seasonality, peaking in winter and spring months when the highest plasma cholesterol
levels are seen and the lowest dietary intake of vitamin C occurs (Riemersma et at. 1991).
The effect of supplemental vitamin C on plasma total and HDL cholesterol has been
analyzed in a number of intervention studies. The results are quite conflicting for the most
part, the cholesterol lowering effect seen with vitamin C administration was most pronounced
in those individuals with baseline high serum cholesterol levels, and in those individuals with
baseline low vitamin C levels (Simon 1992). For example, Buzzard and colleagues (1982)

53
found that those individuals with the lowest baseline vitamin C levels showed increases in
HDL-C levels, up to 15 % above baseline, after receiving 2 g of vitamin C daily for 6 weeks.
In another study, administration of500 mg/d of vitamin C for 18 months to hyperlipidemic
subjects led to a significant decrease in the levels of total and LDL cholesterol, and a
significant increase in HDL cholesterol (Cerna et al. 1992). In contrast to the above cited
evidence, other studies were unable to reveal positive effects. In a study by Johnson and
Obershain (1981) of nine young men receiving 19/day of vitamin C for 12 weeks, there was
no observed effect on total cholesterol, HDL, LDL or TAG. Peterson and colleagues (1975)
treated nine hypercholesterolemic subjects for two months with 4g/day of vitamin C and
observed no beneficial effects on lipid profiles. However, many of the studies which have been
unable to confirm an association between vitamin C and lipid levels have been small in size,
of short duration and done in subjects with low baseline lipid levels (Hemila 1992).
6.2 Animal Studies
The most common animal model used to evaluate the effects of vitamin C on plasma
lipids and atherosclerosis is the guinea pig which, like humans, primates, and the fruit-eating
bat, lacks the ability to synthesize vitamin C as a result of the absence of a single enzyme, Lgulonolactone oxidase (Chatterjee et al. 1975). The absence of this enzyme prevents the
synthesis of L-ascorbate from hepatic hexoses. Complete lack of dietary vitamin C causes

scurvy, a complicated pathological state characterized by anorexia, weight loss, hemorrhages,
and finally death in both humans and guinea pigs (Anderson 1977). However, Ginter and
colleagues (Ginter 1978)developed a guinea pig model for chronic-marginal hypovitaminosis
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C. In this model, vitamin C is added to the diet of guinea pigs at either 50 (suboptimal) or 500
mglkg diet (adequate). Intake of the suboptimal level of vitamin C results in normal growth
rates with no symptoms of scurvy; however, this level of dietary ascorbate results in
significant changes in the metabolism of body lipids (Ginter 1978). In this way, guinea pigs
can be kept in a state of marginal vitamin C deficiency for a very long time, e.g., 1 year
(Ginter 1978). Marginal vitamin C deficiency is a more relevant model when studying the
effects oflow vitamin C intakes, since it is a stable physiological state and may allow more
reasonable extrapolation in regard to humans with marginal low levels of vitamin C intake.
In this animal model, chronic vitamin C deficiency has been associated with increases

in total cholesterol and TAG levels in plasma and other tissces, and higher plasma LDL and
VLDL cholesterol concentrations. At the same time, reductions in HDL cholesterol have been
observed (Hemilla 1992, Simon 1992). For example, Sharma et aI. (1990) reported that in
guinea pigs restricted to 0.5 mg of vitamin C daily (a deficient amount) there were 30% and
50% increases in plasma cholesterol and TAG respectively. These changes were fully
countered by administration of 100 mg vitamin C per day. In another study (Sapra et al.
1988) vitamin C-deficient guinea pigs also showed marked increases in serum cholesterol,
LDL and VLDL cholesterol, and triglycerides, whereas HDL cholesterol was decreased. In
cholesterol-fed, vitamin C supplemented guinea pigs, serum TG levels have been reported to
be 45% lower than in cholesterol-fed, vitamin C deficient animals (Nambisan 1975). Vitamin
C administration to cholesterol-fed guinea pigs lowered serum cholesterol levels from 353
mg/dl to 91 mg/dl in one experiment (Sharma et al. 1988), while in another study vitamin C-
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supplemented guinea pigs exhibited 40-65% lower plasma cholesterol levels compared to
normally fed controls (Hank & Weiser 1977).
In addition, low vitamin C intake has been correlated to increase plasma levels of
Lp(a), a lipoprotein linked with coronary heart disease and other forms of atherosclerosis and
thrombosis in humans. Rath and Pauling (1990) found by western blotting the presence of
Lp(a) in the plasma of guinea pigs fed 2 mg (deficient) of ascorbate per kg body weight per
day for S weeks. In contrast, no indication ofLp(a) was observed in the plasma of guinea pigs
fed 40 mg ascorbate/kg weight.
The effect of vitamin C on lipid metabolism has also been studied in rabbits, rats, and
pigs that synthesize the vitamin themselves. Administration of cholesterol in the diet to these
species increases tissue cholesterol levels, but the elevation is significantly smaller when
vitamin C is supplemented (Ginter 1978). Since these species synthesize ascorbate, any effect
of exogenous vitamin C may depend on several experimental variables, and inconsistencies
in the results is not surprising.
The role of vitamin C has been studied in mutant rats that are unable to synthesize
ascorbate. When the rats were fed cholesterol, vitamin C deficiency resulted in the
accumulation of cholesterol in plasma and liver, and a lower activity of hepatic cholesterol 7a.hydroxylase, when compared with mutant rats fed normal amounts of the vitamin (Uchida et
al. 1990).

7. Vitamin C Deficiency and Cholesterol Metabolism

Different mechanisms have been proposed to explain the effects of vitamin C on
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cholesterol metabolism. Several studies have demonstrated that vitamin C deficiency is
associated with decreased transformation of cholesterol to bile acids (Ginter 1978). Attention
was then focused on the rate-limiting step in this process, the conversion of cholesterol to bile
acids by the enzyme cholesterol 7a-hydroxylase. Harris et al. (1979) reported 25% lower
hepatic ascorbate levels and 46% decrease in 7a-hydroxylase activity in guinea pigs after 14
days of low vitamin C intake compared to control animals. The rate of excretion of bile acids
and the size of the bile acid pool were also found to be reduced by about 50%. Holloway et
at. (1981) studied the effects of chronic and excessive intake of vitamin C on cholesterol
metabolism in the guinea pig. Both extremes of vitamin C intake produced increased plasma
and liver cholesterol concentrations and lower 7a-hydroxylase activity relative to controls.
In contrast, the activity of the enzyme HMG-CoA reductase was not different between the
two vitamin C treatments. These authors concluded that depression of the enzyme cholesterol
7a-hydroxylase appears to be the specific metabolic defect accounting for disturbances in
sterol and lipoprotein metabolism. While the exact mechanism of this effect has not been
proven, investigations by Bjorkhem and Kallner (1976) have demonstrated that vitamin C
deficiency in the guinea pig is associated with a reduction in hepatic microsomal cytochrome
P-4S0 concentrations leading to a three- to sixfold reduction in 7a-hydroxylase activity.
Cholesterol-7 a-hydroxylase is localized in the microsomal fraction of the liver cell and
requires NADPH and oxygen for maximum activity. The cholesterol 7a-hydroxylating system
consists of cytochrome P-450 and NADPH cytochrome P-450 reductase (Sauberlich 1994).
The cytochrome P-450 concentration in guinea pig hepatic michrosomes falls within 24 hours
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after discontinuing the supply of vitamin C (Ginter 1978). It seems possible that the
stimulatory effect of vitamin C on the 7a-hydroxylation of cholesterol is mediated through
its action on the cytochrome P-450 level in the liver microsomes. Ginter (1978) proposed that
vitamin C played a role in biosyntheses of the heme component of the cytochrome P-450 since
partially purified cytochrome P-450 from hepatic micro somes of vitamin C deficient guinea
pigs in the presence of excess NADPH-cytochrome P-450 reductase had a much lower
capacity to 7a-hydroxylate cholesterol than a corresponding system containing cytochrome
P-450 from liver of normal guinea pigs. It is also possible that vitamin C is involved in the
transport of electrons from NADPH to oxidized cytochrome P-450 (Ginter 1978). Regardless
ofthe exact mechanism, the common conclusion of this work is that vitamin C has important
effects relating to the catabolism of cholesterol to bile acids in the guinea pig (Simon 1992).
In addition to decreased transformation of cholesterol to bile acids with suboptimal
vitamin C intake, data have shown that vitamin C deficiency reduces the rate of plasma LDL
clearance by the liver, which would contribute to further increases on plasma total and LDL
cholesterol levels. In vivo studies reported by Ginter & lurcovicova (1987) demonstrated that
guinea pigs fed diets deficient in vitamin Chad LDL particles with lower fractional catabolic
rates and increased residence time than LDL from control animals. The authors of this study
proposed the following model to explain their observations: 1) suboptimal intake of vitamin
C causes less conversion of cholesterol to bile acids, 2) resulting in increased accumulation
of cholesterol in the liver, 3) which induce suppression of hepatic LDL receptors, 4) resulting
in higher plasma LDL-cholesterollevels. However, evidence for a direct effect of vitamin C
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on LDL receptor activity came from studies of Auslinskas et at. (1983) on cultured aortic
smooth muscle cells. When the culture media of their cells was supplemented with
physiological concentrations of ascorbate for 24 11, receptor mediated catabolism ofLDL was
increased 2-3 fold. The enhanced degradation of LDL was associated with a significant
increase in the number of LDL receptors (Bma..J, but had no effect on the affinity of the
receptor for its ligand

(KcJ. The transient increase in LDL binding was inhibited by

cycloheximide, suggesting that receptor synthesis was involved. The mechanism whereby
vitamin C increases receptor number is unclear. It appears that the regulation of receptor
synthesis mediated by vitamin C involves activation either at the level of transcription or
translation (Auslinskas et al. 1983). Sulkin & Sulkin (1975) have observed a stimulation of
collagen synthesis under the influence of vitamin C that is not related to an effect on
hydroxylation. They have hypothesized that the vitamin exerts a direct effect on collagen
synthesis by acting at the level of gene expression or by altering the activity of the protein
synthetic machinery (Sulkin & Sulkin 1975). Similarly, it is possible that vitamin C could
regulate expression of the LDL receptor gene.
Vitamin C may also influence the rate at which newly synthesized receptors are
transported to the cell surface or the rate at which these molecules recycle during the process
of endocytosis. Auslinskas et al. (1981) have shown that microtubules participate in the
transport of newly synthesized and recycled receptors through the cytoplasm to the plasma
membrane and that vitamin C enhances microtubule-related functions in polymorphonuclear
leukocytes and has a direct effect on tubulin polymerization.
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Studies have shown that increases in plasma total and LDL-cholesterollevels observed
with suboptimal vitamin C intake are not associated with an increase of hepatic rates of
cholesterol synthesis. Data have demonstrated that cholesterol synthesis is not affected or may
be decreased by vitamin C deficiency (Ginter et at. 1965, Weight et at. 1982). In addition,
there is evidence that the activity of the enzyme HMG-CoA reductase, the rate limiting
enzyme of hepatic cholesterol synthesis, is decreased with low intake of vitamin C. HoUoway
and coworkers (1981) observed an inhibition of enzyme activity in guinea pigs fed diets low
(50 mglkg diet) in vitamin C for 2 weeks. In their study the primary effect of a deficiency of
dietary ascorbate was to decrease the proportion of active (unphosphorylated) reductase to
total enzyme. Similar findings were reported by Greene et at. (1985) where guinea pigs fed
diets very low (10 mglkg diet) in ascorbate for 2 weeks showed suppressed diurnal peak
activity ofHMG-CoA reductase due to a decrease in active (unphosphorylated) enzyme. No
effect was observed on total reductase expression. The changes in active (unphosphorylated)
reductase may be due to increased reductase kinase activity, decrease reductase phosphatase
activity, or both (Greene et at. 1985). Vitamin C may influence reductase activity, not only
by modulating the phosphorylating state of the enzyme, but also by directly inhibiting enzyme
activity (Greene et at. 1985). Vitamin C does nor appear to alter the total number of
reductase molecules. The temporary nature of the inhibitory effect of vitamin C in vitro
suggests that inhibition may be due to formation of a transient product of microsomal
catabolism of the vitamin (Stacpoole et at. 1983). Many of the biological effects of vitamin
C are thOUght to be mediated through free radical intermediates generated during vitamin C

60
metabolism and then converted to nonradical products (Ginter 1978).
8. Vitamin C Deficiency and TAG Metabolism

The elevated plasma TAG levels observed in guinea pigs when fed diets low in vitamin
C are related to decreased carnitine synthesis in the liver (Ha et at. 1990). Carnitine plays a
crucial role in the transport of long-chain fatty acids into mitochondria where B-oxidation
takes place, and ascorbate is an essential cofactor in its synthesis (Hulse 1978). Carnitine
deficiency has been suspected to playa role in some forms of hypertriglyceridemia as a result
of increased synthesis offatty acids. In vitamin C deficient guinea pigs, the carnitine levels of
various tissues decreased (Ha et aI, 1990), consequently, the transport of fatty acids into
mitochondria is blocked and their metabolism may be shunted toward TAG synthesis resulting
in accumulation offat in the liver and other tissues (Ha et at. 1990).
The hypertriglyceridemia observed in vitamin C deficient guinea pigs is also probably
associated with a decrease in the activity ofLPL, which is the major enzyme that catabolyzes
plasma TAG. Kotze and Spies (1976) found that in vitamin C deficient baboons, less LPL was
released into the circulation after specific doses of heparin than in control animals. Studies
with guinea pigs indicated that adipose tissue LPL was lower in animals with marginal vitamin
C deficiency than in guinea pigs fed optimal vitamin C(Bobek & Ginter 1978). Other studies
in baboons and guinea pigs (Nambisan & Kurup 1975) have shown that vitamin C affects
heart and adipose tissue LPL differently: higher serum ascorbate levels (0.35mg%) appear to
inhibit the heart muscle enzyme and to stimulate the adipose tissue enzyme. It is therefore
likely that vitamin C deficiency interferes, by still unidentified mechanisms, with the lipolytic
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activity ofLPL and in this way influences the serum TAG levels.
Studies have demonstrated a positive correlation between LPL activity and plasma
HDL-C measurements (Tall 1990). Therefore it is possible that lower LPL activity may
explain in part the decrease in plasma HDL-C levels associated with low vitamin C intake.
The effects of vitamin C deficiency on other metabolic activities that regulate plasma HDL
levels, such as CETP, and LCAT, have not been investigated.
9. Vitamin C and Susceptibility of LDL to Oxidative Modification

In addition to effects on cholesterol metabolism, vitamin C deficiency may be
associated with higher risk ofCVD through increasing the potential for LDL to be oxidatively
modified to particles that promote atherosclerotic plaque development. Studies have
suggested that dietary antioxidants such as I3-carotene, vitamin C and vitamin E or nonnutritive antioxidants such as probucol or BHT might be protective against oxidation ofLDL
(Oliver 1995). Ascorbate is a water-soluble chain-breaking antioxidant. It appears to be the
most effective antioxidant in plasma incubated with a water-soluble radical initiator
(Sauberlich 1994).
It has been reported that people with low tissue ascorbate levels have higher amounts

of lipid peroxides in plasma than do people with high ascorbate concentrations (Wartanowicz
et aI. 1984). In vitro studies have demonstrated that vitamin C is effective in preventing the
oxidative modification ofLDL, either induced by Cu+2 or mediated by cultured arterial wall
cells. Jialal and coworkers (1990) observed that in the presence of physiological
concentrations of ascorbate the extent ofCu+ induced oxidation ofLDL, and the uptake and
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degradation by macrophages, was lower than samples incubated in the absence of vitamin C.
In another study, dietary vitamin C inhibited the susceptibility to oxidation ofLDL caused
by acute smoking (Harats et al. 1990).
More recently, Jialal & Grundy (1993) investigated in a placebo-controlled study the
effect of combined supplementation with vitamin E, plus vitamin C and 13-carotene on coppercatalyzed LDL oxidation. Compared with placebo, combined antioxidant therapy resulted in
a twofold prolongation of the lag phase and a 40% decrease in the oxidation rate ofLDL.
Retsky et al. (1993), observed that dehydro-L-ascorbic acid (DHA) formed during the
incubation of ascorbate with Cu+, protected LDL more effectively against Cu+ induced lipid
peroxidation. They proposed that vitamin C protects LDL against atherogenic modification
by two different mechanisms that may act in concert: (1) free radical scavenging by ascorbate
prevents aqueous oxidation from attacking and oxidizing LDL, and 2) stable modification of
LDL by DHA which imparts increased resistance ofLDL to metal ion-dependent oxidation.
Vitamin C may contribute to increased resistance ofLDL to oxidation by regenerating
vitamin E, the major lipid soluble antioxidant (Meydani 1995). Many in vitro studies support
the idea that ascorbate can reduce the tocopheroxyl radical (Rifici & Khachadurian 1993) and
in guinea pigs administration of a high dose of ascorbic acid increased plasma and tissue
levels of a-tocopherol.
Another mechanism by which vitamin C may influence the susceptibility ofLDL to
undergo oxidative modification is through the interrelationship that exists between vitamin
C and glutathione (GSH). GSH is an important antioxidant defense mechanism in living cells.
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As the substrate for glutathione peroxidase, reduced GSH protects cellular constituents from
the damaging effects of hydroperoxides formed during normal metabolism (Beutler 1989).
Its many functional roles include the detoxification of a variety of endogenous and exogenous
compounds such as xenobiotics, free radicals, and lipid peroxides; maintenance of protein
structure and function; regulation of protein synthesis and degradation; and maintenance of
immune function (Beutler 1989). Vitamin C and GSH have many actions in common and can
spare each other under appropriate experimental conditions (Meister 1994). In the case of
ascorbate, oxidation by free radicals leads to dehydroascorbate, which if not reduced, is
irreversible degraded. Mammalian tissues contain an enzymic pathway that reduces the
ascorbate radical (semidehydroascorbate) to ascorbate, and this semidehydroascorbate
reductase activity is NADH dependent(Diliberto et al. 1982). Data have indicated that GSH
is involved in this reaction (Meister 1994).
In addition to GSH role in enzymatic mechanisms of free-radical removal, studies have

shown that GSH promotes the antioxidant properties of ascorbate and a-tocopherol by
maintaining these nutrients in the reduced state (Rose 1989) indicating that significant
interactions occurs among water- and lipid-soluble molecules at the membrane-cytosol
interface.
The interrelationship between vitamin C and GSH has been documented in human
subjects. Henning and et al.(1991) found in men fed diets low in vitamin C for 60 days that
the blood GSH concentrations and the reduced:oxidized GSH ratio were lower in comparison
to GSH levels found in control subjects. More recently, data indicated that human subjects
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supplemented with vitamin C (500 mg/day) had higher GSH concentrations in blood and
showed overall antioxidant protection capacity in their blood (Johnston 1993). In guinea pigs
receiving a scorbutic diet, administration of GSH ester resulted in higher tissue ascorbate
levels than those of saline-treated controls (Martensson et aI. 1993). On the other hand,
administration of ascorbic acid to drug induced GSH deficient guinea pigs lessened the
severity of signs ofGSH deficiency and decreased mortality by sparing the GSH requirement
for the reduction of dehydroascorbic acid and by providing an alternative reducing agent
(Meister 1994). Therefore, data suggest that suboptimal intakes of vitamin C may enhance
the potential ofLDL oxidation by simultaneously decreasing important antioxidant defenses
such as vitamin E, GSH and vitamin C.

10. Vitamin C and Experimental Atherosclerosis in Guinea Pigs

Several studies have examined in the guinea pig the potential role of chronic vitamin
C deficiency in the pathogenesis of atherosclerosis. In guinea pigs kept in a state of marginal
vitamin C deficiency for over 6 months, Ginter (1975) found edema of the vessel wall,
vacuolization of the endothelial cells and parietal adhesion of blood plasma occurred in their
aorta, even when they were fed a diet with no cholesterol added. After 8 weeks of latent
vitamin C deficiency, Fujinami et al. (1975) found white patchy plaques in the arch and
proximal part of the aorta of two-thirds of the guinea pigs. The lesions observed consisted of
fibrous thickening of the intima, with lipid accumulation and degenerative changes in the
media accompanied by calcium deposits. More recently, Satinder and coworkers (1987),
investigated the effect of chronic vitamin C deficiency per se and with added cholesterol to
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the diets. Three months of chronic vitamin C deficiency in the guinea pigs resulted in
significant increases of serum and tissue cholesterol and TAG levels; and in the extent and
severity of aortic atherosclerosis. An additive effect was observed between vitamin C
deficiency and cholesterol feeding in both lipid metabolism and atherogenesis. Another study
(Sharma et al. 1988) found that vitamin C administration to cholesterol fed guinea pigs for
4 months markedly reduced the experimental induced hyperlipidemia and the accumulation
of lipids in the aorta.
11. Present Study Objectives

Studies in humans have shown an inverse correlation between vitamin C intake and
risk of CVD. Data also indicate that low vitamin C intake is associated with higher plasma
cholesterol and TAG levels. In the guinea pig, an animal model which, like humans, has a
dietary requirement of vitamin C, data show significant effects of vitamin C deficiency on
cholesterol metabolism and atherosclerosis. These studies indicate that suboptimal intake of
vitamin C results in elevated plasma and tissue cholesterol and TAG levels; alters whole body
cholesterol metabolism and the enzymes involved in maintaining cholesterol homeostasis; and
increases atherogenesis. Recent evidence suggests that the increase atherogenesis seen in
vitamin C deficient guinea pigs probably relates to both an increase in plasma cholesterol and
to increased LDL oxidation susceptibility. What has not been investigated are effects of
suboptimal vitamin C intake on

cholesterol and lipoprotein metabolism (synthesis,

intravascular processing, and catabolism) and interactions with dietary fat saturation, in
determining plasma lipoprotein levels and LDL oxidation.
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The present studies were designed to test in the guinea pig the interactive effects of
vitamin C level and saturation of dietary fat on hepatic cholesterol and plasma lipoprotein
levels relative to changes in enzymes, receptors and transfer factors involved in the regulation
of cholesterol and lipoprotein metabolism. The specific aims were to: (a) define effects of
suboptimal and adequate intakes of vitamin C, in combination with diets containing either
saturated or polyunsaturated fatty acids, on (i) regulation of plasma lipoprotein concentrations
by analysis of lipoprotein synthesis, intravascular processing and catabolism; and (ii)
regulation of hepatic cholesterol homeostasis including uptake, synthesis and storage; and (b)
define the interactions between vitamin C intake and dietary fat on the oxidative susceptibility
of plasma LDL.
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CHAPTERID
MATERIALS AND METHODS

1. Materials

Reagents were obtained from the following sources: cholesterol and TAG enzymatic
assay kits from Boehringen-Manheim (Indianapolis, In), free cholesterol and phosholipid
enzymatic kits from Wako Pure Chemical Industries, Ltd. (Osaka Japan); ascorbic acid from
Sigma (St. Louis, MO); halothane from Halocarbon lab. Inc. (Hackensack, NJ); 12SINa from
Amersham (Arlington Heights, IL); DL-hydroxy-[3-14C]methylglutaryl coenzyme A (1.92
Bq/mol) and DL-[S-3H]mevalonic acid (91.80 Bq/mol) were obtained from Dupont NEN,
(Boston,MA); glucose-6-phosphate, glucose-6-phosphatase dehydrogenase, NADP from
Sigma (St. Louis, MO); E. £Q)j alkaline phosphatase suspended in 2.6 M ammonium sulphate
from Worthington Biochemicals Inc. (Freehold, NJ); and [14 C]Oleoyl-CoA from Amersham
(Arlington Heights, IL). Quick Seal ultracentrifuge tubes were obtained from Beckman
Instruments (palo Alto, CA); and halothane from Halocarbon LAB. Inc. (Hackensack, NJ).

2. Equipment

Microtiter reader from Flow Laboratories (Irvine, CA); low speed TJ-6 and JI-21
centrifuges from Beckman Instruments (palo Alto, CA); 1272 Clini Gamma gamma counter,
from Pharmacia LKB (piscataway, NJ); liquid scintillation counter (model 4430) from United
Technologies Packard (Downers Grove, IL); L8-M ultracentrifuge, and Tj-SO, Ti-42.2 and
JA-20 rotors from Beckman Instruments (Palo Alto, CA).
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3. Animals

Male Hartley guinea pigs (Sasco Sprague Dawley, Omaha, NE) weighing between
600-700 g were randomly assigned (at least 8/group) to one of four experimental diets for 6
weeks to achieve a metabolic steady state prior to analysis. Animals were housed in groups
in a light-controlled room with constant temperature and humidity. Animals were fed ad
libitum and adapted to the experimental diets over a period of 6 days. At the end of the 6
week experimental period, nonfasting guinea pigs were anesthetized with halothane vapors,
exsanguinated by cardiac puncture, and livers were excised for analysis. The study protocol
was carried out in accordance with Public Health service and U.S. Department of Agriculture
guidelines and experimental protocols were approved by the University of Arizona
Institutional Animal Care and Use Committee.
4. Diets

Diets were prepared and pellet by Research Diets, Inc. (New Brunswick, NJ). All diets
contained identical ingredients except for the fat source and level of vitamin C (Table 1), and
were formulated to meet NRC-specific nutritional requirements of the guinea pig. Diets
consisted of 15% (w/w) fat (35% calories) and cholesterol added at 0.04% (w/w) which
provides the physiological equivalent of a human intake of 300 mg/day. Protein was 60%
casein:40% soy protein to mimic the average American diet. Fat mixtures were either 50%
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TABLE 1

I

Composition of test diets.

Component

Weight
(g/100g)

Protein (casein:soy)l

22.4

23.0

Fat (12:0 or 18:2)

15.1

35.0

Carbohidrate
(Sucrose/starch)

39.6

42.0

Fiber
(celJulose/guar gum)3
Mineral mix4

13.6

Vitamin mix4

1.1

Added cholesterol

0.04

Energy
(% kcal)

8.2

Ratio of casein:soy = 1.5/1

2Ratio of sucrose:starch = 1.43/1
3Ratio of cellulose:guar gum = 4.00/1

"Mineral and vitamin mixes were fonnulated to meet NRC-specified requirements for the guinea pig as
previously described (Fernandez & McNamara, 1991 ).Mineral composition (% by wt) was as follows:
CaC03. 16; CaP04 , 23.5; MgO, 4.5; potassium citrate, 42;:l( sP, 2; NaCl, 6.7; CrK($O), 0.01;
CuC03• 0.014; KI0 3, 0.002; iron citrate, 0.4; MnC03 , 0.14; N~Se03.5H20, 0.0003; ZnC03, 0.075;
and sucrose, 4.7. Vitamin composition (%) was as follows: retynil palmitate, 0.4; cholecalciferol, 0.025;
RRR-a-tocopheryl acetate, 1; menadione sodium bisulfite, 0.0008; biotin, 0.3; vitamin B-12, O.l; folic
acid, 0.06; niacin, 0.3; calcium pantothenate, 0.3; pyridoxine, 0.06; riboflavin, 0.06; thiamin, 0.06;
sucrose, 92.3. Vitamin mixes were identical in all diets except that +AA and -AA diets have 500 and 50
mg vitamin C per 920.5 g respectively.
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SFA (25% 12:0114:0}:25% MUFA:25% PUFA or 25% SFA:25% MUFA:50% PUFA (1S:2).
The fat mixtures were analyzed by gas chromatography to verify the fatty acid profile of the
diets (Fig. I). Vitamin C was added to the diets at either 500 mglkg diet (adequate) or 50
mglkg diet (suboptimal). Intake of vitamin C at the level of 50 mg/kg diet resulted in normal
growth rates in guinea pigs with no symptoms of scurvy. The two levels of vitamin C used
in this study are referred to throughout this report as +AA (adequate) and -AA (suboptimal).
5. Analytical Methods

5.1 Hepatic Vitamin C Concentrations
Liver vitamin C concentrations were determined by the a,a'dipyrydyl method of
Zonnoni et al. (1974). Liver samples (0.5g) were homogenized in a Potter-Elvehjem
homogenizer with 20 volumes of iced-cold 5% trichloroacetic acid (TCA). Homogenates
were centrifuged at 4°C (15,000g X 15 min)and 150,d of the supernatant were used for
analysis. The analysis also included SOIlI ofa,a'dipyrydyl (1%), IOlll ofortho-phosphoric acid
(S5%) and IOlll of aqueous ferric chloride (3%). Liver vitamin C concentrations were
determined from a standard curve using chemically pure ascorbic acid in 5% TCA in the
range of 0.5 to 5.0 Ilg/ml. The interassay variability of this method was less than 5%.
5.2 Hepatic Lipid Assays
Liver samples (0.6g) were extracted overnight with 10 ml chloroform:methanol (1: I)
(Folch et al. 1957) and extracts were filtered and mixed with acidified water (water+ 0.5%
H2S04), The lipid phase was separated using a separatory funnel and the volume was adjusted
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to 10 ml with Folch. An aliquot of200 J.lI was taken and evaporated under nitrogen overnight.
Samples were resuspended with 200 J.lI ethanol and used to determine total cholesterol, free
cholesterol, and TAG by enzymatic procedures using microtiter plates and a plate reader
(Shireman & Durieux 1993). Standard solutions of cholesterol (0.5-16 J.lg/I00J.lI)and TAG
(12.5-100 J.lglI00J.ll) were prepared. The enzymatic assays were performed using 100,50,
and 20 J.lI aliquots of samples and standards for total cholesterol, free cholesterol and TAG
respectively in 96-weU microtiter plates. Color was developed on the plates by adding 110 J.lI
of total cholesterol reagent, 150 J.lI offree cholesterol reagent and 200 J.lI of TAG reagent.
The plates were incubated at 37°C for 15 min and read in a microtiter plate reader at 492 run.
The inter-assay variability in all assays was less than 5%. Esterified cholesterol levels were
calculated as the difference between free and total cholesterol values.
5.3 Plasma Lipoprotein Isolation and Characterization
Plasma samples were obtained from guinea pigs under halothane vapor by cardiac
puncture with EDTA (1.5 mg/ml) as anticoagulant with a mixture of aprotonin (0.5 mg/ml),
PMSF (0.1 mglml) and sodium azide (0.1 mglml) to minimize changes in lipoprotein
composition during isolation. Plasma cholesterol and TAG concentrations were determined
using commercial kits from Boeringen-Manheim (Indianapolis, IN). Plasma HDL cholesterol
was determined following MgCl2 -dextran sulfate precipitation of apo E- and B-lipoproteins
(Warnick et al. 1982), and VLDLILDL cholesterol was calculated as the difference between
total and HDL cholesterol. LDL from guinea pig plasma was isolated by sequential
centrifugation between densities 1.019 to 1.075 and washed at 1.063 glml (Fernandez &

73
McNamara 1991). LDL composition was detennined by measuring total and free cholesterol,
TAG, phospholipids (Fernandez et aI. 1992) and protein by a modification of the Lowry
procedure (Markwell et aI. 1978). Number of molecules of cholesteryl ester, free cholesterol,
TAG, and phospholipid per particle ofLDL were calculated relative to guinea pig LDL apo
B molecular weight of412,000 (Chapman et aI. 1975). LDL diameters were calculated from
composition data according to Van Heek & Zilversmit (1991).

5.4 Hepatic HMG-CoA Reductase Activity
Guinea pigs were killed and livers were excised and a portion was used for
microsomal isolation. Tissue(4g) was pressed through a tissue grinder into 1:3 (wt:vol)
homogenization buffer (50 mmolll KH2P04, 0.1 molll sucrose, 50 mmolll KCI, 30 mmolll
EDTA, 50 mmolll NaF and 2 mmolll dithiothreitol, PH 7.2), and homogenized using a PotterElvejhem homogenizer. Microsomal fractions were obtained after two 15 min centrifugations
(Ti-50 rotor, Beckman Instruments) at 10,000 x g and an 1 hr centrifugation at 100,000 x
g at 4 DC (Fernandez et al. 1990). The microsomal pellets were resuspended in 1 ml
homogenization buffer and washed (1 hr, 100,000 x g). Microsomal HMG-CoA reductase
activity was measured by incubation of 200

~g

microsomal protein with 7.5 nmol (0.33

GBq/nmol) [3)4C] HMG-CoA, 4.5 ~mol glucose 6-phosphate, 3.6 ~mol EDTA, 0.45 ~mol
NADP and 0.3 IV glucose 6-phosphate dehydrogenase to a final volume of 0.20 m1 for 15
min at 37°C and using [3H]mevalonic acid as an internal standard (0.024 GBq/assay). HCI
was added to stop the reaction and samples were further incubated for 30 min. After
incubation microsomal protein was precipitated by microfuging for 1 min. An aliquot of the
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supernatant was applied on thin-layer chromatography (TLC) silica gel plates (Alltech,
Deerfield, IL) and developed in acetone:benzene (1:1, by vol). The area containing the
mevalonate was removed and mixed with 5 ml aquasol and counted for radioactivity in a
scintillation counter. Recoveries of the internal standard were between 55% and 75%. Active
reductase values were determined by collecting micro somes in the presence of 50 mM NaF
to inhibit endogenous phosphatases and preserve the ratio of phosphorylated (inactive) to
dephosphorylated (active) reductase values (Nordstrom et at. 1977). Total microsomal
reductase activity was determined in the presence ofE.. W alkaline phosphatase (34 units/mg
protein) as described by Brown et al. (1979).
5.5 Hepatic ACAT Activity
Hepatic ACAT activity was determined by the method of Smith et al. (1986). The
assay was conducted by preincubating isolated hepatic microsomes (0.7-10 mg protein/assay)
with 84 gil albumin and ACAT buffer (50 mmol KH2PO/I, 1 mol sucrose/l, 50 mmol KCl/l,
30 mmol EDTAIl, and 50 nunol NAF/l) in a final volume of 0.18 ml. After 5 min at 37°C, 20
J.lI (500 J.lmol/l) 0Ieoyl-[1-14C]-coenzyme A (0.15 GBq/pmol) was added and the reaction
proceeded for 15 min at 37°C. The reaction was stopped by adding 2.5 ml
chloroform:methanol (2:1). The recovery standard

eH] cholesteryl oleate (0.045 GBq/assay)

was added with an additional 2.5 ml chloroform and 1 ml water. Tubes were vortexed and left
to stand overnight. The aqueous phase was removed and after evaporation of the organic
phase to dryness, samples were resuspended in 150 J.lI chloroform containing 30 J.lg unlabeled
cholesteryl oleate. Samples were applied to 20 X 20 cm glass silica gel TLC plates (Alltech),
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which were developed in hexene:diethyl ether (9: 1, by vol). Cholesteryl esters were visualized
with iodine vapors, scraped from the TLC plates, and counted in a scintillation counter after
the addition of 5 m1liquifluor. Recoveries of the internal standard were between 65% and
85%.
5.6 In Vitro LDL Binding Assays
Hepatic membranes were isolated from the liver of animals fed the various diets.
Livers (2 g) were homogenized with two 10-s pulses of a Polytron (Brinkmann Instruments,
Westbury, NY) at a setting oflO in 12 ml of buffer A (150 mmoVl NaCL, 1 mmolll CaCl2 and
10 mmol/l Tris-HCI, PH 7.5). Hepatic membranes were isolated by ultracentrifugation of an
8000 X g supernatant (JA-20 rotor in a J1-21 centrifuge; Beckman Instruments) at 100,000
X g at 4°C for 1 hr. The isolated membranes were resuspended in buffer A, flushed 10 times
through a 22-gauge needle, and washed by centrifugation for 1 hr at 100,000 X g and stored
in liquid nitrogen for use in the binding assays.
Pooled samples ofLDL from each of the four dietary groups were radiodinated by
the iodine monochloride method of Goldstein et al. (1983) to give a specific activity between
250 and 400 cpm/ng LDL protein. Isolated hepatic membranes (200 Ilg protein) were
incubated with the radiolabeled LDL over a concentration range of 10-80 Ilg/ml in the
presence of absence of 1 mg/ml of unlabeled human LDL, for 2h at 4°C. After incubation, the
membranes were pelleted by ultracentrifugation by overlayaring 75 III incubation mixture (I 00
mmolll NaCI, 0.5 mmoVl CaCI2, 50 mmolll Tris-HCI, and 20 mg/ml BSA at PH 7.5) in
Beckman cellulose propionate tubes and centrifuge at 38,000 rpm for 1 hr in a Ti-42.2 rotor.
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After aspirating the supernatant, the membranes were washed with 150 JlI incubation mixture.
The supernatant was removed, the tubes sliced at the bottom, and the pellets counted in a
gamma counter. Incubation without excess human LDL represented total binding, and
receptor-mediated binding was calculated as the difference between total and nonspecific
binding. To determine the affinity of hepatic membrane apo BIE receptors for LDL(KJ and
maximal receptor binding (BD~were calculated from Woolf plots (Keightley et al. 1983) by
plotting bound (x axis) vs freelbound (y axis) radiolabeled LDL. The slope = 1IBmax and
intercept = Kd•
5.7 Determination of Apo B Concentrations
Polyclonal antibodies against apo B-I00 were prepared by injecting purified guinea
pig LDL (checked by SDS-PAGE) into a sheep in one dose (300Jlg/ml)followed by two
booster doses
(200 Jlg/ml) every 10 days. Antibodies were purified by use of antigen affinity column, and
apo B antibodies were eluted by modification of pH (Stoffel & Demant 1981). Apo B
concentrations in plasma were measured by radioimmunodiffusion (RID) in which 15 JlI of
antigen in duplicate were allowed to diffuse radially from wells punched (2-4 mm) into gel
media containing 250 JlI of the antibody (Ishida & Paigen 1992). RID plates were incubated
at 37°C for 72 hr. Nonspecific proteins were removed by applying pressure for 1 hr and the
gels were dyed with Coomasie blue. Diameters of the immunoprecipitate were read using a
RID reader. Standards were prepared from guinea pig LDL isolated by ultracentrifugation
with a narrow density cut (d = 1.025-1.075) and further purified by agarose affinity
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chromatography column (LDL direct). Protein concentration was measured by the modified
Lowry technique. Linear regression equations were generated with 10 standards in the range
of 60-650 Jlglml for the standard calibrator curve to calculate sample concentrations. X
represents the concentration of the standard (J.lglml), Y represents the diameter square of the
precipitation rings (mm2). The linear regression correlation between X and Y is used to
calculate sample apoB concentrations.
5.8 Lipoprotein Lipase (LPL) Assay
LPL activity was measured by the method of Bengtsson-Olivecrona & Olivecrona
(1991). Briefly, epididymal adipose tissue was isolated from guinea pigs and LPL activities
assayed in the supernatant following homogenization of 1 g tissue in buffer (0.025 mol
ammonia, 5 mmol EDTA, 8 mg Triton AX-I00/mI, 0.4 mg SDS/mI, 5 IU heparin/mI, 10 Jlg
leupeptinlml,l Jlg pepstatinlml, 25 IU trasylollml) and centrifuging at 10,000 g for 20 min at
4°C. The homogenate was incubated with [3H]triolein (50x106 dpm) for 30 min at 25°C in
a water bath and the reaction stopped by addition of3.25 mI methanol: chloroform: heptane
(1.41 :1.24:1). Blank incubations (without lipase) were included for each assay. The methanolwater upper phase was removed and free fatty acid radioactivity determined in a scintillation
counter. Results are expressed as nmol offatty acid released per min per gram tissue at 25°C.
5.9 Plasma LCAT and CETP Measurements
CETP activity was determined by analysis of the change in HDL cholesteryl ester mass
when cholesteryl ester synthesis by LCAT was inhibited with 1.5 mM dithiodinitrobenzoic
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acid (DTNB) (Ogawa & Fielding 1985). Analysis involved collection of freshly isolated
plasma samples (500 J.lI) in triplicate. Samples were incubated at 37°C for 0 and 6 hrs in a
water bath. After incubation 50 J.l1 ofMgCI/dextran sulphate(Mw 50,000) working solution
were added and samples were centrifuged (2600 rpm X 20 min) to precipitate VLDL and
LDL. HDL total and free cholesterol of samples were determined by enzymatic analysis. HDL
cholesteryl esters were calculated as the difference between total and free cholesterol. CETP
activity was determined as the change in cholesteryl esters in HDL samples incubated at 0
and 6 h. Plasma LCAT activity was determined in fresh plasma (100 J.lI) by analysis of the
change in total plasma free cholesterol in samples incubated at 37°C for 0 and 6 hrs. The
changes in HDL cholesteryl ester and plasma free cholesterol were linear from 0 to 6 hr.
These methods measure the physiological plasma CETP and LCAT activities that are related
to CETP and LCAT levels and concentration of acceptor-donor lipoproteins(Ogawa &
Fielding 1985).

79
5.10 In vitro Determination ofLDL Oxidation Susceptibility
LDL from individual guinea pigs isolated by ultracentrifugation were dialyzed in
EDTA free phosphate buffered saline (pBS: 10 mM NaP04, pH 7.4 containing 0.15M NaCI).
Copper mediated oxidation ofLDL was performed by adding 0.5 mM CuCI2'2H20 solution
to 0.1-0.2 mg proteinlml LDL. To determine the kinetics of oxidation, samples were
incubated for 0, 1, 2, 3, 4, and 5 hr in a 37°C water bath. The effect of dietary treatments on
the extent of oxidation was determined by incubating samples for 3 hr at 37°C. The lipid
peroxide content of oxidized LDL was determined by analyzing thiobarbituric acid-reactive
substances (TBARS) expressed as malondialdehyde (MDA) equivalents (puhl et at. 1994).
The TBARS assay was conducted by adding 2 mI ofTBARS reagent (26 mM TBA, 0.92 M
trichloroacetic acid in 0.25 N HCI) to 550 JlI incubation mixture and heating it in a boiling
water bath at 100°C for 15 min. After removing the tubes from the water bath, 2.5 mI of nbutanol was added. After shaking briefly, the phases were separated by centrifugation at 1500
X g for 15 min. The pink organic layer was read in a spectrophotometer at 532 nm. TBARS
were determined from a standard curve generated with malonaldehyde (MDA) standards
prepared at concentrations of 0, 0.5, 1, 2, 4, 8, and 16 nmol/ml. Based on repetitive
measurements ofTBARS from the same samples the interassay variability in these analyses
was determined in the range of 5% to 7%.

5.11 Measurement of Red Blood Cell Glutathione Levels
Reduced RBC glutathione concentrations were determined according to the method
of Beutler et at. (1963). Briefly, red blood cells were lysed by adding excess water (900 Jll)
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to fresh guinea pig blood (100 Ill), and the lysate was immediately mixed with 1.5 ml ofa
precipitating acid solution (1.67 g glacial metaphosphoric acid, 0.2 g EDTA, and 30 g NaCI
per 100 ml H20) to minimize glutathione oxidation. The solutions were transferred to
micro centrifuge filters (polysulfone, ~ 300,000) and centrifuged at 5000 g X 10 min. One

ml of the filtrate was combined with the phosphate reagent (0.3 M N~HP04) and 500 III of
DTNB solution (40 mg DTNB per 100 ml of 1% sodium citrate). Samples were read in a
spectrophotometer at 412 nm. Blanks were prepared with 4 ml of the phosphate solution, 1
ml of the precipitating solution, and 0.5 ml of the DTNB reagent. RBC glutathione
concentrations were calculated from a standard curve generated with 5, 10, 20 and 40 mg/dl
of chemically pure glutathione (SIGMA). The interassay variability in these experiments was
less than 5%.

6. Statistical Analysis

Significant differences caused by fat type or vitamin C level were analyzed by two-way
ANOV A. Significance of interactions between fat type and vitamin C level was also
determined by two-way ANOVA. Student-Newman-Keuls post-hoc tests corrected for
harmonic mean to account for different group sizes were then used to identify significant
differences among means. Data are presented as means ± SD unless otherwise stated, and
differences were considered significant at P<0.05.
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CHAPTER IV

RESULTS
1. Growth Rates and Hepatic Vitamin C Levels

There were no significant differences in body weight gains of animals from the four
dietary groups in this study (Table 2). Suboptimal vitamin C resulted in a 4-5 fold reduction
of hepatic ascorbate concentrations in comparison with adequate vitamin C intake (Table 2),
demonstrating the efficacy of the dietary treatment to produce differences in hepatic vitamin
C levels. There was no fat effect on hepatic vitamin C concentrations as indicated by two-way
ANDVA (Table 2).
2. Hepatic Lipids

Hepatic TAG concentrations were affected by both fat type and level of vitamin C
(Table 3). Intake of 12:0/-AA and 18:2/-AA diets resulted in 26% and 30% higher
concentrations of TAG in the liver than intake of 12:0/+AA and 18:2/+AA diets. Hepatic free
cholesterol was affected by fat type only, guinea pigs fed 18:2 fat had higher hepatic
concentrations offree cholesterol than animals fed the 12:0 diet (Table 3). In contrast, hepatic
cholesteryl ester concentrations were affected only by vitamin C, intake of 12:0/-AA and
18:2/-AA resulted in 50 and 100% higher concentrations ofcholesteryl ester than 12:0/+AA
and 18:2/+AA diets respectively (Table 3).
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TABLE 2
Body weight gains and liver ascorbate concentrations in guinea pigs fed diets
rich in 12:0 or 18:2 fatty acids with either adequate (+AA) or suboptimal (-AA) vitamin Cl.
Weight gain
Diet (n)

(gld)

Liver ascorbate
(mg/100g)

12:01+AA(16)

6±3

26±61

12:0/-AA(16)

6±2

5±2b

18:2/+AA(6)

7±4

24±61

18:2/-AA(6)

6±2

6±2b

Fat type

NS

NS

AA level

NS

P<O.OOl

Interactions

NS

NS

Statistics2

Values are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate differences (P<O.05) among the dietary groups.
1

2 Differences due to dietary fat type, vitamin C level and interaction as determined by twoway ANDVA; NS = not significant (p>O.05). Student-Newman-Keuls post-hoc test was used
to identifY significant differences among means.
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TABLE 3
Hepatic triacylglycerol (TAG) and free (FC) and esterified (CE) cholesterol
concentrations in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with either adequate
(+AA) or suboptimal (-AA) vitamin C1•
Hepatic Lipids (mg/g)
Diet (n)

TAG

FC

CE

12:01+AA(6)

7.S±1.01

0.7±0.2ab

0.2±0.11

12:01-AA(6)

9.S±1.6b

0.6±0.1 1

0.3±0.lab

18:2/+AA(6)

S.3±1.2C

1.1±0.3 C

0.2±0.11

18:2/-AA(6)

6.9±1.11

0.9±0.2bc

0.4±0.1 b

Statistics2
Fat type

P<O.OOI

P<O.OOI

NS

AA level

P<O.OOS

NS

P<O.OOS

NS

NS

NS

Interactions

lYalues are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate significant differences (P<O.OS) among dietary groups.
2Differences due to dietary fat, vitamin C level and interaction as determined by two-way
ANDYA; NS = not significant (P>O.OS). Student-Newman-Keuls post-hoc test was used to
identify significant differences among means.
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3. Hepatic Enzymes

Hepatic total HMG-CoA reductase activity was not affected by fat type or vitamin C
level (Table 4). In contrast, active reductase activity was affected by level of vitamin C, with
lower activities (17%) in the groups fed suboptimal vitamin C (Table 4). Guinea pigs fed the
18:2/-AA diet had the highest ACAT activity, and the lowest activity was found in the
12:0/+AA group (Table 4). Hepatic ACAT activity and cholesteryl ester concentrations in

the liver were positively correlated (r=0.652, P<O.Ol) (Fig. 2), consistent with the role of
ACAT in regulating the concentration of cholesteryl ester in the. liver.

4. Hepatic LDL Receptors

Hepatic apo BIB LDL receptor number (Bmax) was decreased with intake of 12:0 fat
and suboptimal vitamin C (Table 5). Intake of 12:01-AA and 18:2/-AA resulted in 48% and
30% decreases in LDL receptor Bmax compared to animals fed the 12:01+AA and 18:2/+AA
diets. Intake of 18:2 fat increased receptor number and low vitamin C down-regulated hepatic
apo BIB receptors to values found in animals fed 12:0 fat. LDL receptor ligand affinity (KcJ
was not modified by fat type or vitamin C in the diet (Table 5). In addition, a positive
correlation (r=0.82, P<O.OI) was found between liver ascorbate concentrations and LDL
receptor B,nax values (Fig. 3).
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TABLE 4
Hepatic enzymes activities in guinea pigs fed diets rich in 12:0 or 18:2 fatty
acids with either adequate (+AA) or suboptimal (-AA) vitamin C1•
Hepatic Enzymes (pmollmg-min)
HM:G-CoA Reductase
Diet

Total

ACAT

Active

12:0/+AA

18.6±3.1 (3)

5.3±0.4 (3)

21.4±3.0 (4)a

12:0/-AA

21.9±5.8 (4)

4.8±0.9 (4)

24.7±2.1 (4)a

18:2/+AA

20.3±4.1 (3)

5.3±O.6 (3)

25.4±3.l (4)a

18:2/-AA

18.1±3.4 (3)

4.3±O.5 (3)

32.3±2.1 (4)b

Statistics2
Fat Type

NS

NS

P<O.OOI

AALevel

NS

P<0.05

P<O.Ol

Interactions

NS

NS

NS

IValues are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate significant differences (p<O.05) among dietary groups.
2Differences due to dietary fat, vitamin C level and interaction as determined by two-way
ANOVA; NS = not significant (P>O.05). Student-Newman- Keuls post-hoc test was used to
identify significant differences among means.

86

1.00

--

Ci 0.80
C>

E

•

12:0/+AA

o

12:0/-AA

•

1B:2/+AA

r=O.65
P<O.01

o 1B:2/-AA

w 0.60

o

()

()

I-

«
a..

.0 0

0.40

o

w
:::c 0.20
0.00

10

16

22

28

34

40

ACAT (pmol/mg-min)
FIGURE 2
Relationship between hepatic ACAT activities and cholesteryl ester (CE)
concentrations in guinea pigs fed diets rich in 12:0 or 18:2 fatty acids with either adequate
(AA+) or suboptimal (AA-) vitamin C. Each point represents the mean value for a guinea pig
fed one of the four dietary treatments. The correlation equation is y=0.02x - 0.19 and r=0.65
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s.

Plasma Lipids

Feeding 12:0 and suboptimal vitamin C resulted in higher plasma apo B levels than
feeding 18:2 and adequate vitamin C, indicating that these animals had increased number of
lipoprotein particles in plasma (Table 6). Intake of suboptimal vitamin C resulted in 11 % and
18% higher plasma apo B concentrations than adequate vitamin C intake in the 12:0 and 18:2
diets respectively (Table 6). A positive correlation (r=O.67, P<O.OI) was found between
plasma apo B levels and plasma total cholesterol concentrations (Fig. 4).
Plasma TAG concentrations were increased 2 fold in the vitamin C deficient animals
in comparison to guinea pigs receiving adequate vitamin C (Table 6). In addition, plasma
TAG levels were significantly correlated with the hepatic ascorbate concentrations and the
best fit was obtained with an exponential curve (r= -0.73, P<O.OI) (Fig. 5). Fat type had no
significant effects on plasma TAG concentrations, although a trend of higher plasma TAG
levels with 12:0 was observed (P = 0.1).
Plasma total cholesterol and VLDLILDL concentrations were increased by feeding
12:0 and suboptimal vitamin C (Table 7). The increments in plasma cholesterol due to low
vitamin C intake were more pronounced in the 18:2 diet with increases of 39 and 54% for
total and VLDLILDL cholesterol respectively. In the 12:0 diet low vitamin C intake resulted
in 29 and 38% higher total and VLDLILDL cholesterol in comparison to animals fed adequate
vitamin C. Total and VLDLILDL cholesterol were lower in guinea pigs fed 18:2 fat and low
vitamin C intake increased plasma VLDLILDL concentrations to values similar to those found
in animals fed 12:0 fat. LDL receptor Bnwc values and plasma
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TABLE 5
Kinetics ofLDL binding to hepatic membranes from guinea pigs fed diets rich
in 12:0 or 18:2 fatty acids with either adecuate (+AA) or suboptimal (-AA) vitamin C'.
Binding Parameters
Diet

Bmu (Ilglmg)

12:0/+AA

'4.9±1.3 (4)ab

51±22 (4)

12:0/-AA

3.3±0.8 (5y

55±18 (5)

18:2/+AA

6.0±0.3 (5t

60±19 (5)

18:2/-AA

4.6±0.5 (3)b

65±18 (3)

Statistics2
Fat type

P<0.005

NS

AA level

P<0.005

NS

NS

NS

Interactions

'Values are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate significant differences (P<0.05) among dietary groups.
2Differences due to dietary fat, vitamin C level and interaction as determined by two-way
ANOVA; NS = not significant (P>0.05). Student-Newman-Keuls post-hoc test was used to
identify significant differences among means.
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TABLE 6
Plasma apo Band triacylglycerol (TAG) concentrations in guinea pigs fed diets
rich in 12:0 or 18:2 fatty acids with adequate (+AA) or suboptimal (-AA) vitamin C1•
Plasma Levels (mg/dl)
Diet

ApoB

TAG

12:0/+AA

39±4 (6)-

106±43 (14)-

12:0/-AA

44±4 (6)-

217±75 (16t

18:2/+AA

28±4 (4)b

83±2S (6)-

18:2/-AA

33±7 (4)b

178±76 (6)b

Fat type

P<O.OOI

NS

AAlevel

P<0.05

P<0.005

NS

NS

Statistics2

Interactions

lValues are means ±SD for the indicated (n) number of guinea pigs. Different superscripts in
the same column indicate significant differences (P<0.05) among dietary groups.
2Differences due to dietary fat, vitamin C level and interaction as determined by two-way
ANOVA; NS = not significant (P>0.05). Student-Newman-Keuls post-hoc test was used to
identify significant differences among means.
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TABLE 7
Plasma cholesterol concentrations in guinea pigs fed diets rich in 12:0 or 18:2
fatty acids with adequate (+AA) or suboptimal (-AA) vitamin C1•
Cholesterol (mgldl)
Diet

Total

VLDLILDL

HDL

12:0/+AA

86±20 (14)'

7S±20 (13)'

11±6
(13)'

12:0/-AA

112±37 (16)b

10S±37 (16)b

7±3
(16)b

18:2/+AA

SO±12 (6y

41±13

(sy

9±2

(S)ab

70±16 (6)1

64±16 (6)'

6±2 (6)b

Fat type

P<O.OOS

P<O.OOI

NS

AA level

P<O.Ol

P<O.Ol

P<O.OS

NS

NS

NS

18:2/-AA

Statistics2

Interactions

1 Values are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate significant differences (P<O.OS) among dietary groups.

Differences due to dietary fat type, vitamin C level and interaction as determined by twoway ANDVA; NS = not significant (P>0.05). Student-Newman-Keuls post-hoc test was used
to identify significant differences among means.
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VLDULDL cholesterol concentrations exhibited a negative correlation (r=-0.83, P<0.002)
(Fig. 6), indicating a role ofLDL receptors in regulating the plasma concentrations of apo-B
containing lipoproteins. Plasma HDL cholesterol concentrations were affected by vitamin C
level only, as indicated by the two-way ANDVA analysis (Table 7). The reductions in HDL
cholesterol levels observed with low vitamin C intake were more pronounced with intake of
the 12:0 fat, feeding 12:0/-AA diet resulted in significant reduction (65%) of plasma HDL
concentrations in comparison to 12:0/+AA (Table 7).
6. LDL Composition and Size Characteristics
The number ofcholesteryl ester molecules in LDL was increased by feeding 12:0 fat
and suboptimal vitamin C (Table 8). In comparison with adequate vitamin C, low vitamin C
intake resulted in 10% and 36% higher numbers of cholesteryl ester molecules per plasma
LDL in the 12:0 and 18:2 diets respectively (Table 8). No changes were observed in the
number of free cholesterol molecules while TAG and phospholipids were higher in LDL
isolated from animals fed 18:2 fat (Table 8). The ratio ofLDL core components (cholesteryl
ester + TAG) to surface components (free cholesterol + phospholipid) was also increased by
intake of the 12:0 fat and suboptimal vitamin C diet (Table 8). The elevated LDL cholesteryl
ester content and the increased core:surface ratio ofLDL isolated from animals fed the 12:0/AA diet resulted in the largest LDL particles as judged from the calculated particle diameters,
clearly documenting that dietary fat and vitamin C affect LDL size and composition (Table
8).
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TABLE 8
Composition and size characteristics of plasma low density lipoprotein in guinea pigs fed diets rich in 12:0 or 18:2
fatty acids with either adequate (+AA) or suboptimal (-AA) vitamin ct.
Lipid content (molecules/particle)2
Diet (n)

CE

FC

TAG

PL

Core:Surface
ratio3

Diameter

A

12:0/+AA(6)

767±6Sa

23S±30

146±23

166±14a

O.99±O.osa

213±14a

12:0/-AA(6)

S4S±39b

244±26

lS4±14

170±13a

l.07±o.osa

22S±9a

lS:2/+AA(6)

SSS±54

232±29

16S±2S

313±Sl b

O.7S±O.l6b

171±2Sb

lS:2/-AA(6)

SOl±S2ab

267±56

lS0±27

32S±67b

O.91±O.OSC

206±52C

Fat type

P<O.OOl

NS

P<O.OS

P<O.OOI

P<O.OOI

P<O.OI

AA level

P<O.OOI

NS

NS

NS

P<O.OOI

P<O.05

NS

NS

NS

NS

NS

NS

C

Statistics4

Interactions

IValues are means ± SD for the indicated (n) number of guinea pigs. Different superscripts in the same column indicate significant
differences (p<O.OS) among dietary groups.
2CE=cholesteryl ester, FC=free cholesterol, TAG=triacylglycerol, PL=phospholipid.
3Core:surface ratio= (CE + TAG)I (protein +FC + PL).
1)ifferences due to dietary fat type, Vitamin C level and interaction as determined by two-way ANOVA; NS=not significant (p>O.OS).
Student-Newman-Keuls post-hoc test was used to identify differences among means .
\0
0\
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7. Plasma and Tissue Enzymes
No significant differences were found in adipose tissue LPL or plasma LCAT activities
(Table 9). In contrast, both fat type and vitamin C affected plasma CETP activity (Table 9).
Feeding 12:0/-AA and 18:2/-AA increased CETP activity by 22 and 43% in comparison to
12:0/+AA and 18:21+AA, respectively. Plasma CETP activity and number of cholesteryl ester
molecules per LDL particle exhibited a positive correlation (r=0.71, P<0.005) (Fig. 7),
suggesting that the cholesteryl ester content ofLDL is regulated in part by plasma CETP
activity.

8. LDL Oxidation and Red Blood Cell Glutathione Levels
Fig. 8 shows the kinetics of copper induced oxidation ofLDL isolated from guinea
pigs fed the 18:2 diet with adequate or suboptimal vitamin C. The lag time was longer (2 hr)
for LDL from the guinea pig fed adequate vitamin C in comparison to the lag time (1 hr) of
LDL from the guinea pig fed suboptimal vitamin C. After 2 hr incubation (propagation
phase), TBARS rapidly increased with significantly higher LDL oxidation in the guinea pig
fed suboptimal vitamin C. After 3 hr incubation (decomposition phase), there was no further
increase in TBARS formation and no significant differences were found between adequate and
suboptimal vitamin C.
The extent of oxidation (3 hr incubation) in LDL is shown in Table 10. TBARS
formation was increased by feeding 18:2 fat and low vitamin C. The highest oxidation was
found in LDL isolated from guinea pigs fed the 18:2/-AA diet and the lowest in LDL from
animals fed the 12:0/+AA diet as evidenced by the TBARS assay (Table 10).
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TABLE 9
Adipose tissue LPL and plasma LCAT and CETP activities in guinea pigs fed
diets rich in 12:0 or 18:2 fatty acids with either adequate (+AA) or suboptimal (-AA) vitamin
C1•
LPL

LCAT

CETP

Diet

(nmollg-min)

(nmollml-hr)

(nmollml-hr)

12:0/+AA

258±85 (5)

18±5 (14)

3.5±1.5 (12)-

12:0/-AA

382±211 (5)

16±6 (16)

4.1±1.6 (15)1

18:2/+AA

337±138 (6)

13±3 (6)

1.6±0.2 (6)b

18:2/-AA

287±182 (4)

20±8 (6)

2.8±0.6 (6y

Statistics2
Fat type

NS

NS

P<0.05

AA level

NS

NS

P<0.05

Interactions

NS

NS

NS

1 Values are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate significant differences (P<0.05) among dietary groups.

Differences due to dietary fat, vitamin C level and interaction as determined by two-way
ANDVA; NS = not significant (P>0.05). Student-Newman-Keuls post-hoc test was used to
identify differences among means
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TABLE 10 LDL oxidation and red blood cell glutathione concentrations in guinea pigs fed
diets rich in 12:0 or 18:2 fatty acids with either adequate (+AA) or suboptimal (-AA) vitamin
Cl.

LDL oxidation
(nmol IBARS/mg protein)

Glutathione
(mgldl)

12:0/+AA

24±12 (6)'

54±2 (6)'

12:0/-AA

34±5 (6)ab

51±2 (6)ab

18:2/+AA

46±17 (6)b

48±2 (6)b

18:2/-AA

69±29(4Y

44±5 (6)C

Fat type

P<O.OI

P<O.OOI

AAlevel

P<0.05

P<0.05

NS

NS

Statistics2

Interactions

lValues are means ± SD for the indicated (n) number of guinea pigs. Different superscripts
in the same column indicate significant differences (P<0.05) among dietary groups.
2Differences due to dietary fat, Vitamin C level and interaction as determined by two-way
ANOVA; NS = not significant (P>0.05). Student-Newman-Keuls post-hoc test was
used to
identifY differences among means.
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RBC glutathione concentrations were decreased by 18:2 fat and suboptimal vitamin C (Table
10). The lowering effect of suboptimal vitamin C on glutathione levels was more pronounced
in the 18:2 diet(II%)than in the 12:0 diet(6%)(Table 10). As illustrated in Fig 9, an inverse

correlation(r=-0.62, P<0.03) was found between RBC glutathione concentrations and LDL
oxidation.
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CHAPTER V

DISCUSSION

Hepatic cholesterol and TAG homeostasis is maintained by a net balance between
cholesterol and TAG delivered to the liver from dietary and endogenous sources as well as
lipoprotein uptake by hepatic receptors and rates of biliary cholesterol secretion, catabolism
of cholesterol to bile acids, cholesterol efflux in lipoproteins, and catabolism and synthesis of
TAG. In addition, the liver regulates plasma LDL cholesterol via its function as the site of
VLDL synthesis and LDL catabolism through the apo BIE receptor (Spady 1992). The high
hepatic concentrations of TAG and cholesteryl esters found in vitamin C deficient guinea pigs
suggest major effects on hepatic TAG and cholesterol metabolism. Previous studies have
shown that the accumulation of hepatic cholesterol observed with low vitamin C intake results
from reduced catabolism of cholesterol to bile acids, due to decreased activity of the hepatic
enzyme cholesterol 7a-hydroxylase (Ginter 1978; Harris et al. 1979); and that the higher
concentrations of hepatic TAG in vitamin C deficient guinea pigs result from alterations in
TAG metabolism due to lower carnitine levels in the liver, which results in accumulation of
TAG due to decreased p-oxidation (Ha et al. 1990). What has not been defined is the
contribution of other metabolic parameters in determining hepatic lipid levels and plasma
lipoprotein profiles associated with low vitamin C intakes. In addition, no information is
available regarding possible interactions between vitamin C with dietary fat on hepatic
cholesterol homeostasis. The purpose of the present investigation was to study the effects of
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adequate and suboptimal intakes of vitamin C, in combination with diets rich in SFA or
PUFA, on regulation of hepatic cholesterol homeostasis and plasma lipoprotein levels in the
guinea pig.
1. Effects of Dietary Fat Type and Vitamin C Level on
Hepatic TAG and Cholesterol Concentrations

Data indicate that intake of suboptimal vitamin C and saturated 12:0 diet results in the
highest hepatic TAG concentrations. It is possible that both saturated fat and low vitamin C
contribute to increase hepatic TAG levels by lowering hepatic fatty acids catabolism. Intake
of 12:0 probably causes higher accumulation of hepatic TAG since saturated fatty acids are
used predominantly to synthesize TAG, while PUFA preferentially enter the hepatic pathway
ofB-oxidation (Leyton et at. 1987). Vitamin C deficiency probably further increases hepatic
TAG concentrations by decreasing catabolism of fatty acids due to reduction of carnitine
synthesis necessary for transport offatty acids into mitochondria for B-oxidation (Ha et al.
1990). It is hypothesized that accumulation of TAG stimulates the liver to increase secretion
of VLDL particles into the plasma compartment. Previous studies in the guinea pig have
shown that intake of 12:0 fat, in comparison to 16:0 or 18:2 rich diets, increases the number
of VLDL particles secreted by the liver into the circulation (Abdel-Fattah et al. 1995),
observations consistent with studies in humans (Cortese et al. 1983). Similarly, it is possible
that the accumulation of hepatic TAG with low vitamin C intake stimulates increased rates
of secretion of VLDL by the liver, which would contribute to the hypertriglyceridemia
associated with vitamin C deficiency (Ginter 1978). The present study supports this

106

hypothesis since animals fed suboptimal vitamin C had increased accumulation of hepatic and
plasma TAG, and higher plasma apo B concentrations, which suggests that an increased
number ofapo B containing lipoprotein particles are secreted into the circulation of vitamin
C deficient guinea pigs. Low vitamin C intake may also alter the cholesteryl ester and TAG
content of nascent VLDL, which would affect the metabolic fate of VLDL particles in the
circulation. In vivo studies ofVLDL kinetics are needed to determined effects of vitamin C
intake on rates of VLDL secretion, rates of conversion of VLDL to LDL, and receptormediated and nonspecific catabolism ofVLDL and LDL.
Higher cholesteryl ester concentrations with no corresponding differences in the free
cholesterol pool were observed in the livers of vitamin C deficient guinea pigs. It is possible
that reduced catabolism of cholesterol to bile acids results in an increased hepatic cholesterol
level (Ginter 1978) and that the homeostatic response of the liver is to maintain the free
cholesterol pool by suppressing cholesterol synthesis and increasing hepatic cholesterol stores
as suggested by the reductions in active hepatic HMG-CoA reductase and higher ACAT
activities observed in the present investigation.
2. Effects of Dietary Fat Type and Vitamin C Level on
Hepatic HMG-CoA Reductase and ACAT Activities

The results of the present investigation are consistent with previous reports showing
that low vitamin C intake decreased the active (unphosphorylated) HMG-CoA reductase
enzyme with no effect on total enzyme activity (Holloway et al 1981; Greene et al. 1985). The
absence of effects of vitamin C on total reductase activity suggests that the hepatic vitamin
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C status do not alter the total number of reductase molecules. The mechanism by which
vitamin C affects the phosphorylated state of the enzyme is not clear, this regulation may be
directly on the reductase molecule, or may be indirect by increasing reductase kinase or
reductase kinase kinase activity, by decreasing reductase phosphatase activity, or a
combination of these mechanisms.
Fat type did not affect either total or active reductase. Previous studies in the guinea
pig have shown no differences in total and active reductase activities with intake of saturated
lard or PUFA com oil rich diets with similar levels of dietary cholesterol as used in this study
(Ibrahim & McNamara 1988, Fernandez et al. 1990, Lin et al. 1994). Contrasting results were
reported in rats fed 10010 fat diets, hepatic HMG-CoA reductase activity was regulated by the
degree of unsaturation of the fat; the greater the unsaturation, the lower the reductase activity
(Ide et aI. 1977). Interpretations of the differences obtained in these studies are complicated
due to the use of various animal species fed diets with varying ratios ofPUFA to SFA and
due to the variability of the time periods used to establish a steady state (McNamara 1990).
In contrast, ACAT activity was upregulated by both the 18:2 diet and suboptimal
vitamin C intake, probably as a result of increased cholesterol availability for esterification.
In theory PUFA intake increases cholesterol available for the ACAT reaction by increasing
the influx of cholesterol into the liver due to a higher receptor mediated uptake of LDL
cholesterol (Fernandez & McNamara 1991). The hepatic cholesterol available for ACAT
would be further expanded in vitamin C deficient guinea pigs because of decreased
conversion of cholesterol to bile acids. In addition, it is possible that vitamin C also exerts a
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direct regulatory effect on the enzyme since ACAT is regulated by phosphorylationdephosphorylation cascade, with the phosphorylated enzyme being active (Hemila 1992). A
significant positive correlation was found between ACAT activity and hepatic cholesteryl
ester concentrations consistent with the regulatory role of ACAT in determining hepatic
cholesteryl ester levels. In spite of the increased ACAT activity in animals fed the 18:2 diet,
no significant differences were observed in hepatic cholesteryl ester concentrations mediated
by fat type. Lin et a1. (1994) reported that in guinea pigs fed 15% lard, in comparison to 15%
corn oil, hepatic cholesteryl ester levels were different only when the diets had 0.33%
cholesterol content. Therefore, it is possible that the low level of cholesterol in the diets tested
in the present study was insufficient to exert any effects of fat saturation on hepatic
cholesteryl ester concentrations. The combined reduction in active HMG-CoA reductase and
increased ACAT activities in the liver of vitamin C deficient animals may explain why there
were no significant increases in hepatic free cholesterol concentrations with suboptimal
vitamin C in comparison to animals fed adequate vitamin C.
The finding that hepatic ACAT activity was increased with suboptimal vitamin C
intake is of interest since studies have documented that hepatic ACAT is associated with
changes in LDL composition and atherogenicity. Carr et al. (1992) reported a significant
correlation between hepatic ACAT activity and LDL cholesteryl ester content as well as
coronary atherosclerosis in African green monkeys fed various diets.
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3. Effects of Dietary Fat Type and Vitamin C Level
on Hepatic Apo DIE Receptors

The present study indicates that intake of the 12:0 diet and suboptimal vitamin Chad
an additive effect in downregulating hepatic apo BIE receptor number. Wolff plot analyses
showed that there were no differences in the binding affinities (KJ of the receptor for the
LDL particle, whereas the number of receptors (BmaJ was reduced 2-fold in guinea pigs fed
the 12:0-low vitamin C diet in comparison to animals fed the 18:2-adequate vitamin C diet.
The low expression ofLDL receptors observed in the 12:0/-AA group accounts in part for
the higher concentrations of plasma total and LDL cholesterol found in these animals. The
increased hepatic free cholesterol concentrations observed in animals fed the 18:2 diet
probably resulted from increased influx of cholesterol into the liver due to increased receptormediated uptake ofLDL cholesterol in this group. Investigations with different experimental
animals have demonstrated that intake ofPUFA results in increased expression of hepatic apo
BIE receptors (McNamara 1992). Data show that guinea pigs fed diets containing 15% PUFA
corn oil or saturated lard had apo BIE receptors with similar ligand affinities

(KJ while

receptor number (B/l1.'l.j was increased I.S-fold with com oil intake (Fernandez & McNamara
1991, Lin et al. 1992). Similar findings have been reported for hamsters (Spady & Dietschy
1988). Humans studies have reported (Shepherd et al. 1980, Turner et al. 1981) that intake
ofPUFA versus SFA increases the LDL fractional catabolic rate, consistent with the thesis
that intake ofPUFA increases apo BIE receptor expression.
LDL binding studies have not previously been conducted in vitamin C deficient guinea
pigs. However, these findings are supported by in vivo studies showing that guinea pigs fed
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low vitamin C have lower LDL fractional catabolic rates and an increased plasma residence
time compared to control animals, consistent with the finding that low vitamin C intake
reduces hepatic apo BIE receptor number and LDL receptor-mediated catabolism (Ginter &
Jurcovicova 1987).
The additive effect of saturated fat and low vitamin C in downregulating the hepatic
LDL receptor number suggests that fat type and vitamin C affect LDL receptor expression
by different mechanisms. Dietary fat has been proposed to affect LDL receptor-mediated
catabolism through dietary fatty acid mediated changes in membrane fluidity, and changing
receptor efficiency (Loscalzo et aI. 1987); changes in production of absolute receptor number
by regulation of gene expression (Fox et aI. 1987); and changes in LDL fatty acid composition
altering apo B ligand conformation (Kuo et al. 1990), while low vitamin C intake may lower
LDL receptor activity indirectly as a feedback response to the increase in hepatic cholesterol
concentrations due to reduced catabolism of cholesterol to bile acids (Ginter 1978). However,
Auslinskas et aI. (1983) presented evidence for a direct effect of vitamin C on LDL receptor
activity using cultured bovine aortic smooth muscle cells. When the culture media of the cells
was supplemented with physiological concentrations of vitamin C for 24 hr, receptor
mediated catabolism ofLDL was increased 2-3 fold. The enhanced degradation ofLDL was
associated with a significant increase in the number of apo BIE receptors (BmaJ, with no
effect on receptor affinity for its ligand (K~. In addition, the increase in LDL binding was
inhibited by the protein synthesis inhibitor cycloheximide, suggesting that receptor synthesis
was involved. The authors of the study hypothesized that the regulation of receptor synthesis
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by vitamin C may involve activation at either the level of transcription or translation
(Auslinskas et a1. 1983). It is unclear whether the same effects of vitamin C observed in
smooth muscle cells in vitro occur in vivo to modulate hepatic apo BIB receptor number.
Therefore, further studies are needed to determine if the reduced LDL binding observed in
vitamin C deficient guinea pigs results from a downregulating effect due to the higher hepatic
concentrations of cholesterol found in these animals, or from direct effects of vitamin C on
the synthesis of the apo BIB receptor, or possibly a combination of both.
4. Effects of Dietary Fat Type and Vitamin C Level on
Plasma TAG and Cholesterol Concentrations

Guinea pigs fed suboptimal vitamin C had higher plasma TAG, total and VLDLILDL
cholesterol and lower HDL concentrations in comparison with animals fed adequate vitamin
C. These results are consistent with previous studies in the guinea pig showing an association
between vitamin C deficiency and hypercholesterolemia (Ginter 1978, Hemila 1992). In
humans, the effect of dietary restriction of vitamin C on lipoprotein metabolism has been
examined in just one study (Hemila 1992), with no consistent effects being observed in plasma
cholesterol levels. However, the study lasted for only one week and tissue vitamin C levels
were not significantly reduced during the test period. Interestently, vitamin C depletion caused
elevation in plasma cholesterol levels in subjects who had the lowest initial vitamin C levels.
Due to similarities in cholesterol and lipoprotein metabolism between guinea pigs and humans
(Fernandez & McNamara 1991, Lin et a1. 1994) results of this study are considered relevant
to the human situation.
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The hypertriglyceridemia found in vitamin C deficient guinea pigs might be due to
increased secretion of TAG from the liver into the circulation, or to decreased removal of
TAG from plasma due to changes in lipolytic enzymes. Previous investigations have
demonstrated that the increased plasma TAG levels in vitamin C deficient guinea pigs and
baboons are associated with lower tissue LPL activities (Bobek & Ginter 1978, Kotze &
Spies 1976). In contrast, in the present study no effects of fat type or vitamin C level on
adipose tissue LPL activity were found. It is possible that the inconsistencies between these
findings and those of other studies relate to different levels of vitamin C fed to experimental
animals, or differences between the various methods and tissue sites used to measure LPL
activity. For example, alterations in vitamin C status may affect the activities of cardiac and
muscle LPL only and, the epididymal adipose tissue used in the present study to measure LPL
activity may not be appropriate to detect changes in LPL activity induced by low vitamin C
intake.
This study demonstrated that the extent to which plasma cholesterol levels are
increased by low vitamin C intake is influenced by the type offat present in the diet. Feeding
low vitamin C in combination with saturated fat resulted in the highest plasma cholesterol
levels. Moreover, the lowering effect of low vitamin C on HDL cholesterol was more
pronounced in the presence of high PUFA in the diet. Extrapolating these observations to
humans, these observations would suggest that individuals with marginal vitamin C deficiency
and high intake of saturated fats would be at higher risk for CVD. Previous studies have
reported synergistic effects between low vitamin C and dietary cholesterol in determining
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plasma lipoprotein levels and atherosclerosis (Ginter 1978, Shanna et aI. 1988).
Unfortunately, the diets used in most of studies with vitamin C deficient animals have not
been described in such detail that the role of dietary fat type and amount or the level of dietary
cholesterol could be evaluated.
5. Effects of Dietary Fat Type and Vitamin C Level on
LDL Composition and Size

Intake of suboptimal vitamin C significantly altered the physicochemical properties of
LDL by increasing the particle size, cholesteryl ester content, and the core-to-surface ratio
of plasma LDL particles. These physicochemical changes could influence the metabolism of
LDL and its atherogenic potential. Fernandez et al. (1992) have previously demonstrated in
guinea pigs that large, cholesteryl ester-enriched LDL particles have decreased catabolism by
receptor-mediated process. Studies investigating LDL uptake in vivo need to be carried out
in guinea pigs to investigate if the LDL compositional changes observed with suboptimal
vitamin C affect in vivo LDL remodeling and catabolism. The LDL physicochemical
characteristics observed in vitamin C deficient guinea pigs may also affect its atherogenic
potential, as suggested by investigations in other animal species. Studies by Rudel et al.
(1985) have correlated cholesteryl ester content and LDL size with coronary artery
atherosclerosis in Afiican green monkeys and found that larger cholesteryl ester enriched LDL
particles derived from animals fed saturated fat are more atherogenic than smaller LDL
derived from monkeys fed polyunsaturated fats. In contrast, studies in humans have indicated
that smaller, dense LDL particles are associated with higher risk for CVD (Tribble et al.
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1992). In the guinea pig, the relationship between LDL characteristics and atherosclerosis
development has not been investigated.
6. Effects of Dietary Fat Type and Vitamin C Level on CETP Activity

The elevated levels of plasma LDL cholesterol in vitamin C deficient guinea pigs are
probably related to changes in the synthesis and secretion of precursor lipoproteins (Ginter
1978), and to a decreased receptor mediated clearance of LDL by the liver (Ginter &
Jurcovicova 1987). In addition, alterations in the intravascular remodeling of lipoproteins may
contribute to changes in LDL concentrations and composition associated with low vitamin
C intake. Plasma CETP is involved in plasma lipoprotein remodeling in the intravascular
compartment and plays essential roles in reverse cholesterol transport (Rye & Barter 1992,
Ta111993).
Dietary treatments significantly affected plasma CETP activity. These findings were
consistent with previous studies showing that as the saturated fat content of the diet increases,
CETP activity is increased (Groener et a1. 1991). This study showed that plasma CETP
activity is increased with suboptimal vitamin C. It is possible that high plasma CETP activity
contributes to the elevated plasma LDL and reduces HDL cholesterol in vitamin C deficient
guinea pigs. The role of CETP in regulating plasma lipoprotein concentrations has been
demonstrated in studies with transgenic mice expressing human CETP (Melchior & Marotti
1995). Mice normally have very low CETP activities, carry most of their plasma cholesterol
in HDL particles, and have very low LDL cholesterol in the circulation. In mice expressing
the transgene, CETP concentrations were significantly increased, achieving levels of CETP

115

similar to humans (Agellon et al. 1991). The induction ofCETP in these animals resulted in
lowering (20-30%) ofHDL cholesterol and marked increases in LDL plus VLDL cholesterol,
consistent with the concept that plasma CETP activity has an important regulatory role in
determining plasma lipoprotein concentrations. Fig. 10 illustrates the metabolism of
lipoproteins in plasma theorized to occur with adequate and suboptimal vitamin C intake: in
guinea pigs fed suboptimal vitamin C, higher plasma CETP activity results in increased
transfer of cholesteryl esters from HDL to VLDL and LDL that, in part, would account for
the elevated levels of VLDL and LDL and lower concentrations of HDL cholesterol in
comparison to values in animals fed adequate vitamin C intake.
The mechanisms by which vitamin C deficiency affects CETP activity are not clear. It is
possible that the elevated CETP activity observed in vitamin C deficient guinea pigs is caused
by higher concentrations of CETP in plasma. CETP activity may also be influenced by the
chemical and physical characteristics of the substrate lipoproteins (Tall 1993). Alterations in
composition ofHDL particles, changes in the concentration of apo B containing lipoproteins,
or both may facilitate the exchange of lipids between the various lipoprotein fractions, rather
than changes in CETP concentration. From these data

116

t

AA

LIVER

PERIPHERY

lAA
LIVER

PERIPHERY

FIGURE 10 Theorized scheme of CETP effects on plasma lipoprotein metabolism. The
upper portion of the figure shows the plasma lipoprotein metabolism in a guinea pig fed
adequate vitamin C, the lower portion ofthe figure shows the plasma lipoprotein metabolism
in a guinea pig fed suboptimal vitamin C. The abbreviations used in this figure are: AA
liver=hepatic vitamin C concentrations; VLDL=very low density lipoprotein, LDL=low
density lipoprotein; HDL=high density lipoprotein; CETP=cholesteryl ester transfer protein;
LCAT=lecithin-cholesterol-acyl-transferase; and periphyer=extrahepatic tissues.
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clarifying this point is not possible since the method used in this study to measure CETP
activity does not determine differences in acceptor-donor lipoprotein capacities, or CETP
levels, it measures the bidirectional flux of plasma lipoprotein cholesteryl esters (Ogawa &
Fielding 1985). Studies using exogenous lipoprotein substrates or analytical methods that
specifically determine CETP concentrations need to be conducted to determine if the
observed effects ofvitarnin C deficiency on CETP activity are more related to changes in the
levels and composition of the donor-acceptor lipoproteins or to variations in plasma CETP
concentrations.
7. Effects of Dietary Fat Type and Vitamin C Level on
LDL Oxidation and Red Blood CeJl Glutathione Levels

Data indicate that LDL isolated from guinea pigs fed the 18:2-suboptimal vitamin C
diet had the highest oxidative susceptibility as indicated by a decrease in the lag time and
increased in the extent of oxidation. These results are consistent with previous studies in
animal models and humans demonstrating that intake of PUPA rich diets results in LDL
particles with higher in vitro oxidative susceptibility than intake ofMUFA and SFA (Witztum
& Steimberg 1991, Thomas et al. 1994, Berry et al. 1991).

Oxidation is a complex process that involves a chain reaction of radical species giving
hydroperoxides as a major product (Esterbauer & Jurgens 1993). Although all the lipid
compounds carried by LDL will undergo oxidation, the PUFA are more susceptible to free
radical chain oxidation than SFA due to the presence of double bonds in their molecules.
Therefore, PUFA hydroperoxides are the major products at the earliest stages of autoxidation
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(Esterbauer & Jurgens 1993).
The antioxidant content ofLDL also plays an important role in protecting LDL from
oxidation. Studies have shown that antioxidants such as vitamin E, B-carotene, and ubiquinol
protect LDL from oxidation and prevent atherosclerosis in hyperlipidemic arumal models
(Holvoet & Collen 1994). In addition, numerous hydrophilic antioxidants are present in
plasma, including vitamin C, that have a role in protecting LDL from oxidation (Jialal et aI.
1990, Jialal & Grundy 1993). The findings of the present investigation are consistent with
those observations since LDL isolated from guinea pigs fed adequate vitamin C were more
resistant to oxidation than LDL from animals fed suboptimal vitamin C, irrespective of the
type of dietary fat.
Vitamin C may protect LDL against oxidative modification by free radical scavenging
that prevents aqueous oxidants from attacking and oxidizing LDL (Retsky et al. 1993). In
addition, vitamin C is thought to protect LDL by promoting chemical reduction of oxidized
(ineffective) vitamin E (Meydani 1995). Maguire et al. (1989) showed that reduction of
oxidized vitamin E by vitamin C can occur in rat hepatic cell and mitochondrial membranes.
Evidence indicating that low dietary vitamin C reduces plasma and tissue vitamin E levels has
been reported in guinea pigs (Kanasawa et al. 1981, Bendich et al. 1984) and in a mutant
strain of Wi star rats defective in vitamin C synthesis (Igarashy et al. 1991). Therefore, it is
possible that in guinea pigs fed low vitamin C there is decreased concentration of available
vitamin E to protect LDL, resulting in higher oxidation susceptibility of the LDL from this
group of animals. The observation that the lag phase of oxidation was reduced in LDL from
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the vitamin C deficient guinea pig is suggestive that levels of vitamin E were decreased with
low vitamin C intake since the duration of the lag phase is dependent on the vitamin E content
ofLDL (Esterbauer & Jurgens 1993).
A variety of other factors such as the size of the LDL particle, cholesteryl ester and
phospholipid content, and properties of the apo B, could theoretically influence the
susceptibility ofLDL to oxidative modification (Witztum & Steimberg 1991). As shown
above, low vitamin C intake in the guinea pig results in large LDL particles with a higher
cholesteryl ester content. It is possible that large, cholesteryl ester enriched LDL may
generate more total oxidized lipid, with increased atherogenic potential, than small lipiddepleted LDL particles.
Data also show that intake of 18:2 fat and suboptimal vitamin C results in lower RBC
glutathione levels in comparison to animals fed 12:0 fat and adequate vitamin C. GSH is one
of the most important antioxidant systems in cells (Beutler 1989). When GSH deficiency is
induced in guinea pigs, animals develop multi organ failure and die within a few days (Meister
1994). Cellular damage involves mitochondria and other structures, and affects both the
water-soluble and the lipid phases of cells (Beutler 1989). It is possible that high PUFA intake
increases the requirement for antioxidants such as GSH and vitamin E, since they are more
susceptible to be oxidized and generates more lipid peroxides that need to be neutralized. This
would be consistent with the finding that guinea pigs fed the 18:2 diets had lower GSH levels
than animals fed the 12:0 fat diets.
Similar to the role of vitamin C in regenerating reduced vitamin E, studies have
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demonstrated that GSH is involved in the reduction of oxidized vitamin C
(dehydroascorbate). Investigations with animal tissue preparations have shown the presence
of a catalyzed GSH-dependent reduction of dehydroascorbate (Meister 1994). Although
several proteins have been found that catalyze GSH-dependent reduction of
dehydroascorbate, a specific dehydroascorbate reductase has not yet been obtained from
animal tissues. Studies with guinea pigs and new born rats suggested that when adequate
amounts of dietary vitamin C are given, just a small fraction of vitamin C is recycled, but
when deficient levels are fed, recycling may become more important (Meister 1994). Data
have also indicated that vitamin C and GSH have several actions in common, such as reacting
with hydrogen peroxide and oxygen free radicals, and that they can spare each other under
appropriate experimental conditions (Meister 1994). Therefore, it is hypothesized that the low
levels ofGSH observed in vitamin C deficient guinea pigs, result from higher number ofGSH
molecules consumed to regenerate the low tissue stores of vitamin C. In addition, extra GSH
molecules are probably consumed to compensate for the decreased reducing power resulting
from reduced tissue levels of vitamin C.
In the present investigation a significant inverse correlation between RBC GSH and

LDL oxidation was found. It is likely that in vitamin C deficient guinea pigs the decrease in
GSH and vitamin C levels results in overall oxidative stress in plasma and other tissues, which
would contribute to the enhanced potential ofLDL to be oxidized. This finding is supported
by recent evidence that the GSH status of macro phages influences the rates ofLDL oxidation
and foam cell fonnation in the arterial wall (Meister 1994). Therefore, therapy designed to
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increase tissue GSH could be used to decrease oxidation ofLDL and atherogenesis.
Studies have documented that chronic vitamin C deficiency in the guinea pig results
in development of atherosclerotic lesions (Ginter 1978, Sharma et al. 1988). It is possible that
the increased atherogenesis observed in vitamin C deficient guinea pigs relates to both an
increase in plasma LDL cholesterol and to the loss of physiological antioxidants which are
important for protection against LDL oxidation and degenerative process caused by oxidative
stress (Hemila 1992).
The present study has demonstrated that suboptimal intake of vitamin C results in
significant changes in various regulatory parameters of hepatic cholesterol homeostasis and
intravascular lipoprotein metabolism associated with alterations in concentration and
composition of plasma lipoproteins, and their potential atherogenicity. In addition, these data
show that interactions of fat type and vitamin C level appear to have a limited role in the
regulation of plasma lipoprotein levels and physicochemical characteristics, whereas data
indicate that there are significant independent effects of fat type and vitamin C amount in this
regulation.
The cholesterol and lipoprotein changes observed in vitamin C deficient guinea pigs
raises the question whether similar metabolic changes would be found in vitamin C deficient
humans. Since the guinea pig, in addition to requiring vitamin C in the diet, has
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many similarities to humans in cholesterol and lipoprotein metabolism, this animal provides
a relevant model to understand the mechanisms by which vitamin C deficiency alters risk of
CVD.
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CHAPTER VI
CONCLUSIONS and IMPLICATIONS
This study used the guinea pig model of chronic marginal vitamin C deficiency, which
resembles seasonal latent vitamin C deficiency in man, to investigate the effects of suboptimal
and adequate intakes ofvitarnin C, in combination with diets containing either SFA or PUPA,
on (i) the regulation of hepatic cholesterol homeostasis, (ii) regulation of plasma lipoprotein
concentrations and metabolism, and (iii) the in vitro oxidation susceptibility of LDL. The
results of this study have shown that intake of suboptimal vitamin C not only significantly
affects cholesterol and lipoprotein metabolism but also alters the atherogenic potential of
LDL.
Using data from the present study, as well as data taken from other reports, the overall
pattern of cholesterol and lipoprotein metabolism theorized to occur in guinea pigs fed
suboptimal vitamin C intake is illustrated in Fig. 11. With suboptimal vitamin C intake there
is decreased transformation of hepatic cholesterol to bile acids due to reduced activity of
cholesterol 7a-hydroxylase. A high portion of the cholesterol accumulated in the liver is
directed towards cholesteryl ester storage by upregulation of hepatic ACAT activity. While,
endogenous cholesterol synthesis is depressed by decreasing the ratio of active
(unphosphorylated) to total HMG-CoA reductase activity in the liver. At the same time, the
amount of cholesterol entering the liver is reduced by downregulation of hepatic LDL
receptors.

124

FIGURE 11 Theoretical scheme ofhepatic cholesterol and plasma lipoprotein metabolism
in guinea pigs fed suboptimal levels of vitamin C.
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Low vitamin C intake also decreases hepatic camitine levels which results in reduced
catabolism of fatty acids and increased accumulation of TAG in the liver. High hepatic
concentration of TAG stimulates the liver to increase the number ofVLDL particles secreted
into the circulation. As a result, plasma TAG concentrations are elevated. Decreased
intravascular catabolism ofVLDL may also contribute to the hypertriglyceridemia observed
in vitamin C deficient guinea pigs.

Intake of suboptimal vitamin C results in elevated plasma total and LDL cholesterol, and
lower HDL concentrations. In addition, guinea pigs fed low vitamin C have large LDL
particles with high cholesteryl ester content. Increased plasma LDL levels results from
downregulation of hepatic apo BIE receptors. The decreased in apo BIE receptors will also
result in decreased clearance ofVLDL from the circulation, allowing more VLDL particles
to be converted into LDL. Therefore, increased LDL production from VLDL may further
contribute to the increments in plasma LDL concentrations observed with low vitamin C
feeding.
The alterations in the levels and composition of plasma lipoproteins in vitamin C
deficient guinea pigs are also related to changes in the intravascular remodeling of
lipoproteins. Elevated plasma CETP activity results in increased transfer of cholesteryl esters
from HDL to VLDL and LDL, which accounts for the lower levels of plasma HDL and
increased LDL cholesteryl ester content with suboptimal vitamin C intake.
The atherogenic potential of LDL is also affected with low vitamin C intake since
LDL particles have increased oxidation susceptibility. It is possible that LDL particles with
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higher susceptibility for oxidation increases the potential for LDL infiltration into the arterial
wall, foam cell fonnation and atherosclerosis development in vitamin C deficient guinea pigs.
In many of the parameters measured in this study, dietary fat type and vitamin Chad

additive effects: intake of saturated fat further increased the atherogenic lipoprotein profile
observed in animals fed suboptimal vitamin C, and the high oxidation susceptibility ofLDL
from animals fed low vitamin C was further increased with PUPA intake.
Vitamin C deficiency is related to increased CVD risk through distinct, yet interactive
mechanisms. Low vitamin C intake results in changes in the metabolism of hepatic cholesterol
and TAG and plasma lipoproteins which result in hypercholesterolemia and
hypertriglyceridimia (Fig. 12). In addition, low vitamin C intake results in damage to blood
vessels, due to decreased synthesis of vasoactive compounds, and increased LDL oxidation
(Fig. 12). The combination of hyperlipidemia with alterations in the structure and function of
blood vessels results in increased atherogenesis and CVD.
The metabolic significance of marginal vitamin C deficiency on plasma cholesterol
levels and atherosclerosis raises the question whether the current recommended dietary
allowance (RDA) of60 mg of vitamin C per day is sufficient to promote optimal health in the
general population. The results of the present investigation are consistent with studies in
humans showing that low vitamin C intake is associated with elevated plasma cholesterol
levels and intake of suboptimal vitamin C and diets rich in polyunsaturated fatty acids increase
the susceptibility ofLDL to oxidation. Interestingly, the level of
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Relationship between vitamin C deficiency and cardiovascular disease (CVD).
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vitamin C defined as suboptimal in guinea pigs in this study is physiologically comparable to
the current RDA for humans. As the dietary pattern of the population shifts towards intake
of more polyunsaturated fatty acids and the requirement for antioxidants increases, it is
important to determine whether the recommended intake of vitamin C is sufficient to minimize
LDL oxidation and reduce atherosclerosis or is it the minimal level to prevent scurvy rather
than the optimal level for overall health.
Before recommending to substantially increase the RDA for vitamin C, health scientist
and policy makers need solid evidence of the benefits of higher intakes of vitamin C in
preventing CVD and other chronic diseases. There is abundant literature concerning the
relationship between vitamin C deficiency and CVD in humans, but in most instances the data
are incomplete and seriously faulted. Large intervention trials are needed to test the efficacy
of vitamin C to reduce CVD risk. The results of the present investigation provide additional
justification for the need to carry out clinical trials to test the relationship between higher
vitamin C intakes ands decreased incidence ofCVD.
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APPENDIX
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81.0

63.7

84.4

93.0

54.4

46.9

60.8

63.8

45.9

57.1

65.0
--

--

-

t .J

N

- - - _. . _--

------

ANIMALID#

AA22

AA23

AA24

AA25

AA26

AA27

AA28

AA29

AAJO

AA31

AA32

AA33

AA34

IIDL-C

7.5

14.8

6.4

5.6

5.1

6.1

4.2

83

5.8

6.8

4.7

5.9

73

CE

820

791

860

678

911

751

658

558

FC

152

220

213

133

267

267

241

267

TAG

133

208

186

189

199

166

195

189

PL

401

329

359

298

260

441

308

333

LDL Diatmcter (A)

182

199

189

192

310

165

177

157

LDL COMPOSITION (molecules/particle)
I

I

i

I

PLAS~ffiSUEENZYMES

!

Adipose: LPL (nmollg-min)

447

442

151

109

209

125

9.6

12.0

27.3

20.8

17.7

20.0

203

16.9

13.8

19.0

3.9

3.0

23

23

3.4

2.8

3.6

2.3

1.9

1.9

nmol MDNmg prot (1)

62

38

93

35

114

74

SO

69

RBC Glutathione (mgldl)

39

51

49

48

34

38

47

49

LCAT(nmollml-hr)

15.1

CETP (nmollml-hr)

21.6
11.4

62

LDL OXIDATION (nmol TBARS/mg)

.

.....
I.H
I.H

AA35

AA36

AA37

AA38

AA39

AA40

AA41

AA41

AA43

AA44

AA45

AA46

AA47

Fat Type

18:2

18:2

18:2

18:2

12:0

12:0

12:0

12:0

12:0

12:0

12:0

12:0

12:0

Treatment M Level

+M

+M

+M

+AA

-M

-M

-M

-M

-M

-M

+AA

+M

+M

WEIGHT

850

906

802

567

829

1067

940

1191

1002

1244

1113

963

1033

LIVER AA (mgll00g)

30.0

28.8

23.8

26.4

5.9

62

4.5

42

4.9

3.8

25.6

29.6

21.8

TAG (mgll00)

3.8

5.1

112

7.9

8.5

10.4

82

8.4

7.1

Free Cholesterol (mgll00)

24.1

22.7

24.9

0.7

0.7

0.6

0.8

0.6

0.4

0.9

0.7

0.5

Esterified Cholesterol (mgll00)

0.1

0.1

02

0.4

03

02

0.4

03

0.4

0.1

0.1

0.4

ANIMALID#
DIET

HEPATIC ENZVMESILIPIDS

02

Total HMG-CoA Reductase
(pmol/mg-min)

17.3

24.5

27.1

23.7

21.7

14.8

20.7

Activie HMG-CoA Reductase
(pmol/mg-min)

4.8

5.9

52

4.9

4.4

42

4.4

24.1

22.7

24.9

26.9

25.6

22.1

24.3

Bmax (uglmg)

6.1

62

6.5

4.3

3.5

Kd(J.lglml)

59.8

66.0

62.5

37.9

ApoB

27.6

32.8

TAG

513

76.8

90.0

Total Cholesterol

42.8

46.0

342

32.5

36.4

22.8

ACAT (pmol/mg-min)

193

18.5

22.8

LDLBINDING

PLASMA LIPDS (rngfdl)

'~L+LDL-C

45.6

42.0

44.8

41.6

45.6

45.6

37.6

40.8

35.8

59.4

198.6

95.4

106.0

209.4

1413

671.1

80.0

59.9

52.7

622

101.4

98.9

128.9

882

117.1

202.7

642

84.5

88.8

94.8

94.0

120.3

81.7

112.1

195.8

57.1

75.1

76.5

IN
~

--

ANIMALID#

AA35

AA36

AA37

HDL-C

10.3

9.6

11.4

AA38

------

AA39

AA40

AA41

AA42

AA43

AA44

AA45

AA46

AA47

6.6

4.9

8.6

6.5

5.0

6.9

7.1

9.4

123

LDL COMPOSITION (molecules/particle)
CE

576

562

515

638

843

885

778

843

834

885

787

731

656

FC

241

188

206

249

241

275

267

241

200

241

284

188

237

TAG

135

151

150

186

150

135

175

165

146

150

171

151

117

PL

326

248

326

337

181

163

193

163

158

163

187

149

171

LDL Diatmctcr(A)

157

203

149

169

223

227

213

232

234

236

212

220

186

Adipose LPL (nmoVg-min)

475

415

433

365

233

409

671

128

473

228

381

166

LCAT(nmoVml-hr)

13.0

8.6

143

12.5

20.0

16.1

17.7

12.5

16.9

28.6

16.6

16.4

8.9

CETP (nmoVml-hr)

1.6

1.6

13

0.6

4.7

4.2

5.9

62

3.9

4.7

3.6

2.8

2.8

32.0

26

35

35

31

40

38

23

45

33

51

48

52

50

51

53

55

56

55

51

PLASMAfI'ISSUE ENZYMES

LDL OXIDATION (nmol TBARSImg)
nmol MDAlmg prot (1)
RBC Glutathione (mwdl)

50

49

45

I

......
IN
VI

136
AA48

AA49

AA50

Fat Type

12:0

12:0

12:0

Treatment M Level

+M

+M

+M

WEIGHT

1168

1045

773

LIVER AA (mg/IOOg)

20.1

18.3

17.6

ANIMALID#
DIET

HEPATIC ENZYMES/LIPIDS

TAG (mg/IOO)

6.8

Free Cholesterol (mg/IOO)

0.5

1.0

Esterified Cholesterol'(mg/IOO)

0.3

0.2

Total HMG-CoA Reductase
(pmol/mg-min)

16.5

18.6

Aclivic HMG-CoA Reductase
(pmoVmg-min)

6.1

5.3

ACAT (pmoVmg-min)

24.9

LOLBINDING

Bmax(j.lg/mg)

3.1

4.7

Kd(j.lglml)

48.7

81.2

PLASMA LIP OS (mgldl)

ApoB

37.6

45.6

39.2

TAG

60.5

114.5

107.3

Total Cholesterol

89.2

92.9

79.6

VLDL+LDL·C

78.4

87.1

74.0

HDL-C

10.8

5.8

5.6

LOL COMPOSITION (molecules/particle)

CE

837

817

778

Fe

233

237

233

TAG

117

161

160

PL

158

158

175

LDL Dialmeler (A)

221

224

217

PLASMAITISSUE ENZYMES
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ANIMALID#

AA48

Adipose LPL (nmoVg-min)

AA49

AA50

306

210

LCAT(nmoVml-hr)

14.8

20.0

17.7

CETP (nmoVml-hr)

3.4

2.7

3.0

LDL OXIDATION (nmol TEARS/mg)
nmol MDAlmg prot (7)

14

12

20

RBC Glutathione (mgldl)

SS

S2

SS

138
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