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BACKGROUND

Arteriosclerosis and its cardiovascular complications remain the
number one cause of death in the United States and the Western
World. There are many risk factors known to cause or accelerate the
pathobiology of the atheromatous plaque. The evidence is rapidly ac-
cumulating to support the hypothesis that the quantity of lipid parti-
cles accumulating in the arterial wall and their rate of oxidation initi-
ate and sustain the progression of the disease. Hemorrhage into the
plaque may also contribute to plaque progression.
The four known atherogenic lipid particles are: (a) fVLDL, (b) IDL,

(c) LDL and (d) Lp (a). Chylomicron and VLDL fragments produced by
lipase action on chylomicrons and VLDL are probably atherogenic in
increased quantities and appear in the ,BVLDL fraction. The four
atherogenic lipid particles traverse the endothelial cell to accumulate
in the subendothelial space. The mechanism whereby the lipid particle
traverses the endothelial cell is unknown.
Evidence has accumulated to strongly support a role for lipid perox-

idation in arteriosclerosis. The observation by Brown and Goldstein in
1979 that acetylation of LDL enhances macrophage uptake to form
foam cells initiated intense investigation in this field (1). It has been
found that copper-catalyzed oxidates of LDLc particles produce epi-
topes ofLDL that react with the macrophage scavenger receptor(s) re-
sulting in unregulated uptake to form foam cells (2, 3, 4). Oxidation of
LDL particles also occurs in tissue culture to form similar LDL epi-
topes (2, 3, 4). In tissue culture 15 lipoxygenase enzyme is thought to
be responsible for most (> 70%) of LDL peroxidation (2, 3, 4). Other
sources of free radicals are probable.
Zanthine oxidase inhibition has been shown to decrease free radical

injury. Cyclooxyginase is another possible producer of free radicals.
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Sulfhydryl compounds (homocysteine and others) and endothelial-
dependent relaxing factor (NO) and other nitrogen compounds are
other probable sources of free radicals (5). Iron and copper catalyze
these oxidative reactions in excess quantities and are known to in-
crease risk for coronary artery disease. Catalase, superoxide dismu-
tase and glutathione peroxidase protect against free radical injury and
lipid peroxidation in the interstitium. Lipid-soluble antioxidants ac to-
copherol, ubiquinone and various forms of carotene within the lipid
particle protect the particles from oxidation. These antioxidants are
consumed prior to oxidation of the lipids. This account for the lag time
between initiating oxidation and production of oxidative by-products
in vitro.
The binding of the lipid particles to macrophages varies and is de-

pendent on apolipoproteins and their epitopes. ,VILDL and IDL con-
tain both apolipoprotein E and apolipoprotein B100. LDL and Lp(a)
contain only apolipoprotein B100. Macrophages bind apolipoprotein E
with internalization of lipid particles and foam cell formation.
Apolipoprotein B100 will not bind to macrophages and be internalized
in an unregulated manner to form foam cells (2). Acetylation of B100
enhances macrophage binding and uptake to form foam cells. Lipid
peroxidation, mainly polyunsaturated fats, linoleic and arachondonic
acid, result in 3-9 carbon fragments and fragmentation of apolipopro-
tein B100 located in the lipid particles. The 3-9 carbon fragments bind
to lysine residues of the fragmented ApoB100 molecule to form epi-
topes that can then bind to the scavenger receptor(s) of macrophages
which is then internalized in an unregulated manner to form foam
cells (6).
The apolipoprotein E in VLDL binds to the ApoE receptor of

macrophages in vitro resulting in internalization and foam cell forma-
tion. Oxidation ofVLDL results in 100% increase in foam cell produc-
tion (7). This suggests that atherogenic lipid particles with ApoE can
result in foam cell production in vivo but this is enhanced by oxidation
of apolipoprotein B100. LDL and Lp(a) are not readily bound and in-
ternalized by macrophages. Oxidation of LDLc and Lp(a) markedly
enhances macrophage uptake of these oxidized lipid particles in an un-
regulated manner to form foam cells (2, 3, 4). This probably plays a
large role in determining the atherogenicity ofLDL and perhaps Lp(a).
The initial oxidation of LDL particles produces no detected morpho-

logical change; however, a phospholipid, perhaps lysophatidylcholine,
is released which stimulates production and release of cytokines from
endothelial cells. Monocyte chemoattractant protein (MCP-1) and
monocyte colony stimulating factor (MCSF) are produced and released
by endothelial cells (8). The intracellular messenger is cyclic AMP.
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Lysophytidylcholine, thyroxin and other simulators of C-AMP stimu-
late production of these cytokines in vitro. Endothelial cell leuko-
adhering molecules are also activated by this phospholipid but the in-
tracellular signal is yet unknown (9). As oxidation progresses and
antioxidants in the lipid particles are consumed, polyunsaturated fats
and cholesterol become oxidized. The results of oxidizing polyunsatu-
rated fats are described above. Monounsaturated fats are resistant to
oxidation and are considered antiatherogenic. Several cholesterol-
oxidative products have been identified. 7 , hydroperoxycholesterol,
probably the most important, appears to account for 95% of the cellu-
lar injury produced by lipid peroxidation in tissue culture (10). It is
reasonable to infer that endothelial injury from B hydroperoxycholes-
terol results in platelet agglutination, adhesion, and release of growth
and differentiating factors. This results in migration of smooth muscle
cells to the subendothelial space and differentiation into small foam
cells and collagen-secretary cells. Collagen is produced to form the fi-
brous cap which may eventually become calcified.
The in vivo data supporting the lipid peroxidation hypothesis is be-

coming strong. Probucol and its non-lipid-lowering analog reduce the de-
velopment of arteriosclerosis up to 75% in heritable atherosclerotic
Watanabe rabbits and cholesterol-fed New Zealand white rabbits (11).
Vitamin E reduces arteriosclerosis in rabbits but not as well as Probucol
(12). There is a scarcity of studies in man. Epidemiological studies by Dr.
Hennekins on beta carotene and Dr. Rimi's studies in vitamin E strongly
suggest that antioxidants reduce cardiovascular risk in man (13, 14).
The clinical trials in progress on Probucol and vitamin E, if positive, will
provide additional support for the lipid peroxidation hypothesis.
There is a great need for methods to monitor lipid peroxidation in

the arterial wall. Currently the method used most is the measurement
of thiobarbuteric acid-reacting substances. This appears to measure
oxidative byproducts; however, this method is non-specific and what is
being measured is not known. This paper reports our efforts to develop
more specific methods for measuring lipid peroxidation byproducts, 4
hydroxy 2 nonenal and 7 ,B hydroperoxycholesterol in plasma and
whole blood ofman and rabbits.

METHODS

4-Hydroxy-2-Nonenal Analysis

Reagents and standards: Hydroxylamine hydrochloride (oxime) and
all reagents used in the derivatization and synthesis of 4 hydroxy-2-
nonenal (4HNE) and 3-Hydroxynonenal (HNA) are purchased from
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Aldrich. The octadecylsilyl solid phase extraction columns are pur-
chased from JT Baker Company. The N-methyl-N-T-butyldimethylsi-
lyl trifluroacetamide (MTBSTFA) is purchased from Pierce Chemical
Company. 4 HNE is synthesized according to the method of Esterbaur
(15). HNA is synthesized by the reaction of mercuric acetate with 4-hy-
droxy-2-nonenal (16).
Sample preparation: Blood is drawn into a 5 ml tube containing

EDTA (to bind catalytic heavy metals) and immediately centrifuged
and plasma-harvested or whole blood-used directly. 0.5 ml aliquots
of whole blood or plasma are placed in 15 ml plastic centrifuge tubes
with snap caps. 1.0 ml of 1 mM diethylenediamine pentaacetic acid
in water, 50 uL of 50 mM butylated hydroxytoluene in methanol are
added and 50 uL of iodoacetamide in methanol are added and the
samples vortex-mixed. 4 mL of 0.3 M hydroxylamine hydrochloride in
0.1 M acetate buffer, pH 5 plus an appropriate amount ofHNA inter-
nal standard are added. The samples are thoroughly mixed and re-
acted for 1 hour at 70'C. The aldehyde oximes are recovered by octade-
cylsilyl solid phase extraction eluting the analytes with 5 ml of
methanol. The eluate is transferred to a 5 ml reaction vial and evapo-
rated to dryness. The residue is reconstituted in 200 ul of dimethylfor-
mamide, 50 ul ofMTBSTFA added and the samples reacted at 70°C for
1 hour. 250 ul of saturated NaCl is added and the mixture extracted
with two 600 ul aliquots of hexane. The extracts are combined in a
1 ml reaction vial, evaporated to dryness and reconstituted in 50 ul of
isooctane for analysis by gas chromatography/mass spectroscopy.
Quantitation is determined by integrating the appropriate chroma-
tographic peak areas for 4 HNE and HNA. The area ratio of 4 HNE/
HNA is converted to p moles of 4 HNE and measured in the same
experiment.

7 P-hydroperoxycholesterol (HPC) quantitation

For HPC quantitation, 7 ketocholestenol is added as an internal
standard along with BHT and DETAPCA as antioxidants to inhibit ar-
tifactual oxidation during sample preparation. The cholesterol esters
are hydrolyzed at room temperature overnight in ethanolic KOH and
the cholesterols extracted into hexane. The hexane extract is treated
with 1 m NaBH4 which reduces both the hydroperoxide and keto-
residues to hydroxyl residues, converting the analyte HPC to 7 ,-
hydroxycholesterol and the internal standard 7 ketocholestenol to 7-
hydroxycholestenol. Quantitation is achieved by determining the area
ratio of analyte to internal standard.
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4HNE in Watanabe heritable hyperlipidemic rabbits (WHHL) and
New Zealand White Rabbit (NZW) Controls

Plasma and whole blood 4 HNE was compared in WHHL and NZW
controls (Fig 1). WHHL rabbits are a model for LDL receptor defi-
ciency in humans. These animals have been found to consistently de-
velop spontaneous aortic arteriosclerosis in 5 months with severe arte-
riosclerosis in 16 months (17) while eating normal rabbit chow. The
lesions are characterized by marked fibrosis and foam cell accumula-
tion over the entire aortic surface. New Zealand white rabbit does not
develop arteriosclerosis while eating normal rabbit chow.
The WHHL and NZW rabbits were in a facility fully accredited by

the American Association to the Accreditation of Laboratory Animal
Care. They were housed in individual cages at 20 + 2 C, 50 + 10% hu-
midity with a 12 hour light/dark cycle. The animals were fed a stan-
dard pelleted rabbit chow (Agway, Inc., Waverly, NY) and water was
available ad libitum. The WHHL animals were 18-20 months old and
the NZW animals were 6 months old at the time of these experiments.
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FIG. 1. Plasma and whole blood 4 HNE concentrations for the New Zealand White

(NZW) and Watanabe heritable hyperlipidemic (WHHL) rabbits. The bars represent the
average concentrations + one standard deviation. Statistically significant increases (p <
0.05), noted by the i, were seen for both the plasma and whole blood concentrations of 4
HNE of WHHL animals relative to the NZW animals.



LIPID PEROXIDATION BY-PRODUCTS 125

Blood was drawn by standard venipuncture technique from the cen-
tral ear artery into 5 ml vacutainer tubes. One tube contained EDTA
and the other heparin. The plasma cholesterol concentrations in the
WHHL rabbits and NZW rabbits in this study was 11.8 ± 1.5 (± 1SD)
mmol/L and 1.3 ± 0.2 mmol/L respectively. 4HNE was measured in
plasma and whole blood ofWHHL and NZW as described above.
The plasma 4 HNE concentrations were 74 ± 10 (N = 6) and 47 ± 6

(N = 6) nmol/L for WHHL and NZW rabbits respectively. The 1.6 fold
higher concentration for WHHL rabbit is statistically significant (p <
.05). The whole blood 4 HNE concentrations were 364 ± 55 (n = 6)
and 188 ± 64 (N = 6) nmol/L for the WHHL and NZW rabbits respec-
tively. The 1.9 fold higher concentration for WHHL rabbits is statisti-
cally significant (p < .05). The whole blood concentrations are approx-
imately 5 times greater than the plasma concentrations, suggesting
enhanced diagnostic utility for whole blood red cell 4 HNE measure-
ment.

4 HNE in Plasma and Whole Blood of Man

Blood was drawn by venipuncture from 50 fasting medical students
into 1 tube containing EDTA and 1 tube with heparin. 4HNE was
measured in plasma and whole blood as described above. The 4HNE
concentrations in plasma and whole blood and the frequency are
shown in Figure 2. The mean plasma 4 HNE was 49 ± 17 (1 SD)
nmol/L and the whole blood was 198 ± 63 (1 SD) nmol/L. The 5 fold
difference between blood and plasma is similar to that shown in the
rabbit studies.

4 HNE Concentration in Aging Red Cells

The 4 HNE concentration in young, progressing to old, red blood
cells is shown in Figure 3. The concentration of 4 HNE increases as
the red cell ages, suggesting that the red cell accumulates 4 HNE
with time. From what is published in the literature, the most likely
dominant source of 4 HNE is the aortic wall. From what is known it
is unlikely that a significant quantity is produced from circulating
lipid peroxidation; however, lipid peroxidation in the red cell has not
been excluded. The gradient of ageing of the red blood cells was con-
firmed by measuring the G-6-P dehydrogenase in the red blood cell
fractions. The young cells had the most enzyme, the oldest the least,
confirming that the red cells layered according to age in the percoll
gradient.
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FIG. 2. Plasma and whole blood 4 HNE concentrations for 50 young healthy volun-
teers. The plasma mean concentration was 49 ± 17 (1 SD) nmol/l, the whole blood was
198 ± 63 (1 SD) nmol/L.

DISCUSSION AND SUMMARY

Scientific evidence to date supports the concept that the total quan-
tity of atherogenic lipid particles and the rate of their peroxidation
plays a dominant role in age of onset and rate of progression of arte-
riosclerosis. This disease occurs in the wall of the aorta. Currently we
have inadequate methods to detect and follow arteriosclerosis and to
evaluate the effect of interventions on the disease process. There is
promising image technology being developed, both with magnetic reso-
nance imaging and ultrasound, which will be able to help evaluate the
arterial wall structure of atherosclerotic patients. The measurement of
lipid peroxidation by-products, 4HNE and 7 ,B hydroperoyscholesterol,
may be helpful in evaluating the rate of lipid peroxidation over the life
span of the circulating red cell. Experiments are ongoing to evaluate 4
HNE in patients with increased plasma atherogenic lipid particles and
patients with other risk factors as well as heavy metals that may ac-
celerate lipid peroxidation.
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FIG. 3. Increase in 4 HNE concentration with aging of the red cell. The red cells were

fractionated according to age using a percoll density gradient. The graph in the top half
shows a decrease in glucose 6-phosphate dehydrogenase validating that the red cells
fractionated according to age and the graph in the lower half shows increasing concen-
tration of 4 HNE red cell concentration as the red cells age.
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DISCUSSION

Dr. Wood, Philadelphia: Should the more senior members ofthe ACCA emphasize vi-
tamin E in our diets before all the answers are available? When you can't get their lipids
controlled and you are desperate to give them perhaps some added protection, I would
then use lots of vitamin E. I think that when you are talking about individuals, it's a
whole lot different than talking about populations, which NIH guidelines are about. So I
think that there is enough animal data and enough in vitro studies to support the use of
vitamin E, since the vitamin has no harm that we know of. I think that there is enough
to support this in high risk people.

Dr. Wolf, Boston: Just a word about vitamin E. A lot of my patients are using it and
one of the things that I have discovered, actually from use at home, is that vitamin E in
high doses causes sleep disorder in some. It makes people very sleepy. I have now seen
several patients who have been complaining about sleepiness over many years and hav-
ing realized that it can come with vitamin E, I have asked them now about their taking
it. Several of them, when I have withdrawn the vitamin E, don't get sleepy in the after-
noon. I don't think it is a completely harmless substance.

Dr. Ayers: Thank you. I think antioxidant that we will be using mostly is not vitamin
E but probably probucol or the derivative of probucol. Probucol is a lot more effective be-
cause it is an intracellular antioxidant and from animal studies, it looks to be a better
antioxidant in protecting against arteriosclerosis than vitamin E. People are afraid of
probucol because it lowers HDL fraction about 30%. I don't think this is harmful with
probucol, but there is a derivative that has no effect on lipids that is just as powerful an
antioxidant, which may be developed for this purpose. I have not seen or experienced
any problems with probucol as far as side effects. This may be the antioxidant we would
use.

Dr. James, Galveston: In regard to harmless substances, I hardly need to remind
this audience that for a long time we thought L-tryptophan was harmless, too.


