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ABSTRACT 

Malondialdehyde (MDA), a product of lipid peroxidation 

and arachidonic acid metabolism, can react with free amino 

groups to form crosslinks which may form neoantigens and 

resul t in autoantibody production. Under hyperlipidemic 

conditions, excess MDA produced endogenously could conjugate 

with proteins to generate new antigenic si~es, new antigenic 

si tes could stimulate autoantibody production resulting in 

immune complex formation leading to complement activation and 

tissue damage. 

This study was designed to develop immunological assays 

to determine whether the MDA-modified proteins occur in plasma 

and to study a time-course relationship for plasma anti-MDA 

IgG, MDA-modified protein conjugates and circulating immune 

complexes containing MDA in both normal and hyperlipidemic 

rabbits. This study also attempts to determine whether these 

factors relate to the extent of atheromatous lesion 

development and whether immune complexes alone can accelerate 

the progression of atherosclerosis. 

An MDA-modified plasma protein (> 200 KDa) was 

demonstrated for the first time in rabbits by the western blot 

techniques. This MDA-modified plasma protein was present in 

both control and cholesterol-fed rabbit plasma and its amount 

increased during 8 weeks qf cholesterol feeding. 
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Anti -MDA IgG antibody acti vi ty decreased over time in the 

control group but there was no significant decline in 

cholesterol-fed rabbits. circulating immune complexes 

containing IgG and MDA increased in control and cholesterol

fed groups. Following injections of MDA-modified proteins, 

circulating immune complexes containing IgG and MDA increased 

significantly in rabbits fed with a normal diet but not in all 

cholesterol-fed rabbits. Immune complexes did not accelerate 

the progression of atherosclerosis. These results suggest 

that anti-MDA IgG may provide an immune mechanism for the 

normal clearance of lipid peroxidation products via 

circulating immune complexes and that this mechanism may be 

altered by a high cholesterol intake. 

Immunohistochemical evidence demonstrates that MDA

modified epitopes, complement C3 component and IgG are present 

in the atherosclerotic lesions. These results provide 

evidence that circulating immune reactants which involve MDA, 

specific autoantibodies, antigen and immune complexes may play 

a role in the development or progression of atherosclerosis. 
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CHAPTER 1 

INTRODUCTION 

Malondialdehyde (MDA) is a three carbon dialdehyde (OHC

CHz-CHO) formed as a product of lipid peroxidation (Dahle et 

al., 1962; Kwon and Olcott, 1966; Pryor and stanley, 1975; 

Pryor et al., 1976; Stossel et al., 1974) and as a byproduct 

of arachidonic acid metabolism (Hamberg et al., 1974; Wang, 

1989). MDA is a reactive metabolite in vivo, which binds to 

free amino groups of macromolecules, and exists in a bound 

form. Studies have demonstrated that enhanced lipid 

peroxidation by ozone, carbon tetrachloride, hydrocarbon 

carcinogens and ethanol can increase MDA production in vivo 

(comporti et al., 1973; Shamberger, 1972). A diet high in the 

antioxidant, vitamin E, fed to genetically obese mice, was 

found to decrease detectable MDA in liver and adipose tissues 

(Trostler et al., 1979). 

Studies examining deleterious effects of MDA indicate 

that MDA is genotoxic in a cultured murine L5178Y lymphoma 

cell line (Yau, 1979) and rat skin fibroblasts (Bird and 

Draper, 1980), is carcinogenic in Swiss mice (Shamberger et 

al., 1974), and is mutagenic in bacteria such as Salmonella 

typhimurium (Basu and Marnett, 1983; Mukai and Goldstein, 

1976; Shamberger et al., 1979). MDA may also be involved in 
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age-related processes (Munkres, 1976) such as accumulation of 

age pigments or lipofuscin (Tsuchida et al., 1987). 

Because MDA is genotoxic, mutagenic and carcinogenic, 

studies were performed to investigate MDA metabolism. In in 

vitro studies, when 14C radiolabeled MDA was introduced to rat 

liver homogenates, MDA was rapidly oxidized by liver 

mitochondrial aldehyde dehydrogenase and, in sequence, 

decarboxylated to produce acetate and CO2 (Siu and Draper, 

1982) • About 75% of 14C radioactivity was recovered from 

expired CO2 from rats intubated with [1,3 14C] MDA (Draper et 

al., 1986). 

If normal metabolic pathways cannot efficiently degrade 

all the MDA produced by the body under physiological 

conditions, unmetabolized free MDA may react with free amino 

groups in cytoplasmic proteins, nucleic acids or cell membrane 

proteins (Koster et al., 1982; Frankel et al., 1987). MDA, 

through its two reacti ve aldehyde .functional groups, can 

nonenzymatically react with free amino groups by forming 

Schiff bases with macromolecules (Kergonou et al., 1987). 

Several reports have demonstrated the reaction between MDA and 

macromolecules such as enzymes (Chio and Tappel, 1969), 

proteins (Koster et al., 1982; Shin et al., 1972), 

phospholipids (Tappel, 1980), nucleic acids (Frankel et al., 

1987) and amino acids (Esterbauer et al., 1986). 

MDA can form crosslinks between molecules and wi thin 
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molecules and these crosslinks can then prevent or inhibit 

normal functions of these molecules (Bird and Draper, 1980; 

Shin et al., 1972). Such crosslinks can also modify the 

macromolecular conformation of a protein which may then alter 

its physiological function. Crosslinks between MDA and 

macromolecules which occur under physiological conditions may 

be of great importance. 

It is possible that MDA-modified molecules can stimulate 

the immune system to respond by producing autoantibodies or by 

activating macrophages to eliminate these modified "foreign 

substances". An immune response directed against self 

components can alter immunoregulatory mechanisms which in turn 

might playa pathogenic role in certain diseases. 

Lipid peroxidation has been proposed as a contributing 

factor to the pathogenesis of atherosclerosis (Steinberg et 

al., 1989). Evidence has accumulated that oxidation of low 

density lipoprotein (LDL) can generate aldehydes such as MDA 

and 4-hydroxynonenal which can subsequently attach to 

apoprotein B and mask ~-amino groups of lysine (Esterbauer et 

al., 1987; Fogelman et al., 1980; Steinbrecher et al., 1987; 

Steinbrecher, 1987). Peroxidation of polyunsaturated fatty 

acid in LDL by cultured endothelial or smooth muscle cells can 

result in atherogenic oxidized LDL (Morel et al., 1984; 

steinbrecher et al., 1984). MDA-modified epitopes have been 

demonstrated in atherosclerotic lesions of Watanabe heritable 
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hyperlipidemic (WHHL) rabbits and humans (Haberland et al., 

1988; Mao et al., 1990; YUi-Herttuala et al., 1989). The 

existence of MDA epitopes has also been shown in LDL eluted 

from atherosclerotic lesions of WHHL rabbits by antibodies 

specific to MDA-modified LDL (Palinski et al., 1989). 

Autoantibodies against MDA-modified LDL have been identified 

in rabbits and humans (Palinski et al., 1989). 

Although MDA-modified epitopes have been demonstrated and 

conf irmed in atheromatous lesions, the existence of 

circulating MDA-modified proteins is still an open question. 

By using specific monoclonal antibodies against MDA-LDL, 

Haberland et al. could not demonstrate any MDA-modified 

epitopes in circulating LDL (Haberland et al., 1988). 

However, LDL may not be the only circulating target capable of 

reacting with MDA. We have recently reported circulating 

immune complexes containing MDA epitopes in the plasma of WHHL 

rabbits (Lung et al., 1991). Since anti-MDA autoantibodies 

and circulating immune complexes containing MDA epitopes may 

be present, it is possible that plasma MDA-modified proteins 

also exist. Investigation of the existence of plasma MDA-

modified proteins and their potential role in the elicitation 

of immune complexes and anti-MDA autoantibodies could prove 

useful in helping to understand the progression of 

atherosclerosis. 
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1.1 Hypothesis: 

Excess MDA molecules produced in cholesterol-fed rabbits 

beyond their normal metabolic capacity might conjugate with 

proteins in Vivo. These MDA conjugated proteins could possess 

new antigenic sites which could stimulate the production of 

autoantibodies and the resultant immune complexes could 

deposit in tissues, activate complement and produce tissue 

damage related to hyperlipidemia. If these assumptions can be 

shown to be correct, hyperlipidemia may not only be considered 

as a disease of lipid metabolism but autoimmune features may 

also be involved in its development. 

To attempt to demonstrate the existence of autoantibodies 

against MDA and to prove that circulating immune complexes 

containing MDA, quantitative enzyme-linked immunosorbent 

assays (ELISA) for anti-MDA IgG and immune complexes 

containing MDA were developed. A radioimmunoassay for 

measuring the levels of plasma anti-MDA IgG autoantibodies has 

been used (Palinski et al., 1989) but this assay is tedious 

and has a potential radioactive hazard. These disadvantages 

can be overcome using an indirect ELISA method. To date, no 

immunologic assay for measuring circulating immune complexes 

containing MDA has been reported. Therefore, a capture ELISA 

was developed to detect circulating immune complexes 

containing IgG and MDA. 

In order to overcome the disadvantages of the commonly 
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used TBA assay for MDA (Hackett et al., 1988), which is 

nonspecific and also reacts with pyrimidines (Shepherd, 1948), 

ketoses, aromatic aldehydes, sialic acids, quinic acid and its 

caffeic esters (Pesez and Bartos, 1974), a specific 

immunoblotting method for identification of MDA-conjugated 

proteins in plasma was also established. 

In order to develop an immunological assay to measure 

MDA-modified proteins and their autoantibodies, it was 

necessary to determine how proteins are modified after MDA 

binding. Since serum albumin, the most abundant protein in 

the circulation, 

drugs (sjoholm, 

is an important carrier molecule for many 

1977), fatty acids and other biological 

substances such as bilirubin (Peterse, 1985) it was used as a 

model protein for MDA conjugation and characterization. 

Correlation among the aortic surface lesion of hyperlipidemia, 

anti -MDA IgG antibodies and circulating immune complexes 

containing IgG and MDA were examined. 

Numerous difficulties are encountered when studying human 

subjects including the problems of defining or identifying 

proper control groups, standardizing experimental conditions 

and obtaining samples from humans under standard conditions. 

Therefore, an animal model is more suitable for research 

purposes. A widely used rabbit model was chosen as a model 

for atherosclerosis, because rabbits are very sensitive to the 

addi tion of cholesterol to the diet and it requires short 
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induction times for cholesterol-fed rabbits to develop 

atherosclerosis (Armstrong and Heistad, 1990). 

This study was undertaken to develop immunological 

methods to determine whether the MOA-modified proteins occur 

in plasma, to determine the relationship between plasma anti

MOA IgG, circulating immune complexes containing MOA and the 

extent of atheromatous lesions in both normal and 

hyperlipidemic rabbits and to study whether immune complexes 

per §g will accelerate the progression of atherosclerosis. 

Three main questions were addressed by these studies: 

(1) Are MOA-modified plasma proteins present either in a 

normal animals as well as in hyperlipidemic animals? 

(2) Is there any relationship between the presence of IgG 

autoantibody to MOA, immune complexes containing IgG and 

MOA, and the development of atheromatous lesions in the 

cholesterol-fed rabbit? 

(3) Can exogenously administered MOA-modified proteins be 

shown to influence the atherosclerotic process in the 

aorta or in the kidney? 

1.2 Specific aims: 

The specific aims listed below address the above 

questions. 

(1) to characterize MOA-modified proteins and to prepare 

specific anti-MOA antibodies for developing 
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immunological tests. 

(2) to feed cholesterol to rabbits and to demonstrate the 

development of atherosclerosis according to established 

protocols. 

(3) to test for the presence of MDA conjugates, anti-MDA 

antibody and immune complexes containing MDA in the 

circulation and in the aorta and kidney of control and 

cholesterol-fed rabbits. 

(4) to test whether intravenous (IV) injection of MDA-modified 

proteins can lead to or enhance immune complex formation 

in the circulation or deposition in tissues such as aorta 

and kidney which might potentially augment the 

atherosclerotic process. 

(5) to test whether there is any correlation among the levels 

of percent surface lesion, circulating anti-MDA IgG, and 

circulating immune complexes containing MDA from rabbit 

specimens. 

i 
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23 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Coronary heart disease (CHO) and cholesterol 

It is now generally accepted that the dietary pattern of 

a population has a major influence on the prevalence and 

incidence of vascular diseases. Abundant evidence from 

experimental, epidemiologic, autopsy and clinical studies 

firmly establish that an elevated blood cholesterol level 

increases the risk of development of CHO. 

Early evidence linking high lipid levels with risk of CHO 

was derived from various studies in animals including nonhuman 

primates (Erchow et al., 1981; Lee and Morris, 1976; McGill et 

al., 1986; Rudel et al., 1979), rabbits (Camejo et al., 1974; 

stange et al., 1975; Watanabe, 1980; Tanzawa et al., 1980), 

dogs (Mahley et al., 1974), birds (Wagner et al., 1973) and 

swine (Fritz et al., 1980). These studies showed that diets 

high in saturated fats and cholesterol can result in 

hypercholesterolemia and atherosclerotic plaque formation in 

the coronary arteries and aorta eventually leading to blockage 

of these arteries and development of CHO. 

Epidemiologic studies such as the Framingham Heart Study, 

the Multiple Risk Factor Intervention Trial (MRFIT), and the 

Seven Countries Studies as well as the Emigration Studies 
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provided more convincing evidence supporting the correlation 

between increased plasma cholesterol levels and the increased 

risk of CHD. In the Framingham Heart study, 4,374 men and 

women aged 31 to 65 years free of cardiovascular diseases and 

cancer were screened. During the thirty-year follow-up, an 

increase of 5% in the total mortality and 9% in cardiovascular 

mortality was demonstrated for each 10 mg/dl increase in serum 

cholesterol. However, no positive relationship was observed 

between total mortality and serum cholesterol for either sex 

over 50 years of age (Anderson et al., 1987). In the MRFIT 

study, the largest data set linking serum cholesterol to 

mortali ty, researchers found that a 1% increase in serum 

cholesterol was associated with an almost 2% increase in the 

risk for CHD risk among 356,222 male recruits aged 35 to 57 

years (stamler et al., 1986). 

In the Seven countries Studies, 12,763 men in sixteen 

cohorts from united States, Yugoslavia, Japan, Finland, Italy, 

Netherlands and Greece were examined. A positive correlation 

(r=0.8) between median serum cholesterol level and the 

incidence of CHD was reported (Keys, 1980). Furthermore, from 

the Emigration Studies of Japanese men who moved to Hawaii or 

California, the incidence of CHD was found to double in Hawaii 

compared to Japan and 1.5 times higher in California than 

Hawaii which was attributed to different amounts of 

cholesterol ingested in their diets (Robertson et al., 1977). 
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In summary, elevated blood cholesterol is though to be a major 

risk factor of CHD with major morbidity and mortality. 

Although the CHD mortality rate has declined in some 

countries over the last two decades, CHD is still the leading 

cause of death and disability in many industrialized and 

developing countries (Marmot, 1988). According to the 

statistical data published by the World Health Organization 

(WHO) more people die from CHD than from cancer (WHO, 1985). 

Cardiovascular disease remains the number 1 cause of death in 

the united states. Each year 5 million people are diagnosed 

as having CHD and approximately 500,000 deaths are attributed 

to CHD. The direct and indirect costs reported by the 

National Institutes of Health are estimated at more than $60 

billion a year (Consensus Conference, 1985). 

Hypercholesterolemia, hypertension, and smoking are 

demonstrated as primary atherogenic risk factors for 

development of atherosclerosis (McGill, 1990). Two lines of 

evidence suggest that some degree of hypercholesterolemia may 

be necessary before the other risk factors evokes arterial 

lesions and clinically significant CHD: (1) even though two of 

the most relevant risk factors of CHD identified in 

epidemiolog ic studies, hypertension and cigarette smoking, are 

prevalent in Japan, the Japanese have a very low incidence of 

CHD (Robertson et al., 1977). Therefore, hypercholesterolemia 

may even be more important than hypertension and cigarette 
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smoking in increasing the risk of developing CHD. (2) 

watanabe rabbits do not smoke. However, they, deficient in 

LDL receptors, have high plasma cholesterol levels and develop 

severe atheromatous lesions in the aorta (Tanzawa et al., 

1980). 

The development of a progressive arterial disease, 

atherosclerosis, has been shown to be related to CHD. The 

pathogenetic mechanisms behind atherosclerosis remain to be 

elucidated. 

2.2 What is atherosclerosis? 

Atherosclerosis is a disease characterized by patchy 

thickening and stiffening of the inner layer of the medium and 

large size arteries such as aorta, coronary and cerebral 

arteries; and by soft fatty deposits and layers of collagen-

like fibers, atheroma or atheromatous plaques (Buja 

Maximilian, 1987). The plaques may eventually lead to 

occlusion of the lumen of the affected vessels or initiate 

potentially fatal intravascular thrombosis where there is 

rupture of a plaque. 

Atheromatous lesions vary from fatty streaks containing 

lipid-laden foam cells lying under endothelial cells through 

a fibrous plaque stage composed of patches of proliferated 

smooth muscle cells, collagen, and extracellular lipids to 

complicated lesions with hemorrhage, ulceration, thrombosis 

-I 
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and calcification (Cornwell et al., 1975). 

The development of atherosclerosis may start in childhood 

as fatty streaks which can be seen in the aortic valve ring in 

more than 40% of postmortem infants less than 12 months of age 

(Schwartz et al., 1967). No clinical manifestations can be 

detected during this phase of atherosclerosis. With the 

presence of advanced atheromata, a second, symptomatic phase 

of atherosclerosis develops characterized by the occurrence of 

myocardial infarction, angina, transient cardiac ischemia or 

cerebral stroke. Transition from asymptomatic to the 

symptomatic phase may be sudden and unexpected. 

2.3 Theories of the pathogenesis of atherosclerosis 

Several theories have been postulated by researchers to 

attempt to elucidate the pathogenetic mechanisms of 

atherosclerosis. The lipid infiltration theory is based on 

evidence of lipid accumulation in atheromatous lesions (Hirsch 

and Weinhouse, 1943). A second theory, the endothelial injury 

or response-to-injury, was first postulated by Virchow and 

extended by Duguid (Duguid, 1949). While these two hypotheses 

appear to be conflicting and mutually exclusive, evidence 

obtained from numerous experiments showed many points of 

potential interaction between the lipid infiltration 

hypothesis and the endothelial injury hypothesis. These two 

theories have been combined into a new hypothesis, the unified 
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Janus hypothesis (steinberg, 1983). Another theory proposed 

by Joris et ale suggests that sensitized mononuclear cells 

(90% monocytes and 10% lymphocytes) comprise the first step 

toward plaque formation rather than injury of endothelial 

cells (Joris et al., 1983). These sensitized mononuclear 

cells adhere to the endothelial cells and penetrate into the 

intima. In the intima, these subendothelial mononuclear cells 

deposit lipid and become foam cells, presenting with fatty 

streaks and ultimately form atherosclerotic plaques. 

2.3.1 Lipid infiltration theory 

The lipid infiltration theory proposes that infiltration 

of circulating lipids from the blood into the vessel wall 

initiates atherosclerosis, advances lesions and produces 

subsequent events. This hypothesis implies that 

hyperlipidemia is a dominant cause but does not propose 

hyperlipidemia as the sole cause. Observations supporting 

this hypothesis derived from several experimental, 

epidemiological and intervention studies are outlined as 

follows: (1) in both experimental and human atheromatous 

lesions, cholesterol, cholesterol esters and other lipids 

accumulate (2) by dietary interventions with high cholesterol 

and saturated fat, atherosclerosis can predictably be induced 

and regression of atherosclerosis can follow the elimination 

of high cholesterol and saturated fat from diets (Malinow, 
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1983; st. Clair, 1983; Wissler and Vellelinovitch, 1976) (3) 

subjects with high plasma concentrations of cholesterol are 

more likely to develop CHD and are more likely to die from it 

(Steinberg, D., 1987). It is well known that Japanese 

immigrants in Hawaii and in San Francisco have higher plasma 

cholesterol levels than in Japan and the incidence of CHD in 

these two areas approaches Western levels (Robertson et al., 

1977). (4) Humans and rabbits with deficient LDL receptors 

have extensive arterial lesions (Tanzawa et al., 1980). 

In summary, hypercholesterolemia may be sUfficient to 

cause atherosclerosis, but other factors such as environmental 

and genetic factors may be involved. 

2.3.2 Endothelial injury theory 

Another approach to the problem, the endothelial injury 

theory (Ross and Glomset, 1976; Ross and Harker, 1976; Ross, 

1981) postulates that injury and denudation of endothelial 

cells in the arterial wall can induce circulating lipids to 

penetrate the intimal space where the accumulation of LDL 

occurs along with the formation of foam cells. This injury 

can be caused by chemicals, toxins, viral infections, 

immunologic mechanisms or by mechanical damage. Platelets 

then colonize the denuded intimal regions and secrete 

platelet-derived growth factors (PDGF) to stimulate 

multiplication of arterial smooth muscle cells and increase 



the secretion of collagen, elastic fiber 

proteoglycans (McCullagh and Balian, 1975). 
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proteins and 

Finally, the 

fibrous fatty plaques with foam cells, collagen fibers, smooth 

muscle cells, and connective tissue cells grow and eventually 

occlude the arteries. Animal studies provide evidence that 

platelet-dependent proliferative lesions in arteries can be 

induced by mechanically denuding endothelial cells. It is 

clear from recent studies that not only platelets but also 

endothelial cells, smooth muscle cells and macrophages can 

release growth factors to stimulate cellular proliferative 

events in atheromatous lesions (Ross, 1986). The process of 

denudation must be repeated or prolonged sufficiently to 

prevent the migration or regeneration of endothelial cells 

(Reidy and Schwartz, 1981). The major finding that 

contradicts this theory is that atherosclerosis may still 

occur without detectable endothelial cell denudation (McGill, 

1984). 

2.3.3 Unified Janus theory 

with the identification of the origin of foam cells 

(Gerrity, 1981; Fowler et al., 1979; Schaffner et al., 1980), 

LDL receptors (Brown and Goldstein, 1974; Brown and Goldstein, 

1976; Goldstein and Brown, 1977), scavenger receptors, and the 

relationship among modified lipoproteins, LDL receptors and 

scavenger receptors (Goldstein et al., 1979; Fogelman et al., 
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1980), Steinberg proposed a new theory, the unified Janus 

theory, which combined the lipid infiltration theory and the 

endothelial injury theory as the two elements of a new theory 

named after the two faces of Janus (steinberg, 1983). 

Based on the observation that many antioxidants exist in 

plasma, the primary site for oxidative modification of LDL was 

assumed to be the intima of aorta (Wi tztum and Steinberg; 

1991). Elevated plasma LDL levels may increase the rate of 

LDL infiltration and may damage endothelial cells, increase 

permeability, favor platelet aggregation and the release of 

PDGF. The more injury to endothelial cells, the more LDL 

could infiltrate. The infiltrated LDL can stimulate the 

growth of smooth muscle cells with secretion of matrix 

materials which can trap LDL and oxidized LDL which then 

attracts macrophages and enhances LDL uptake. As a result of 

the growth factors secreted by platelets and macrophages, 

smooth muscle cells multiply. All of these events comprise 

the endothelial injury theory. 

2.4 Immunological events in atherosclerosis 

With the application of monoclonal antibody technology in 

histological studies, T cells and macrophages derived from 

blood have been identified residing in human atherosclerotic 

lesions (Jonasson et al.,1986; Munro et al., 1987; stemme et 

al., 1991; van der Wal et al., 1989). Macrophages are the 
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major source for generating mediators of inflammation from 

arachidonic acid (Davies, 1984; Pawlowski et al., 1983), 

elimination of cholesterol from lesions, and production of 

growth factors for mesenchymal cells and for T cells which 

could be important for the further progression of the lesions 

(Faggiotto and Ross, 1984; Martin et al., 1981). Data from 75 

postmortem cases revealed that CD 8 positive and CD 4 positive 

T cells were present in the entire circumference of aortic and 

coronary lesions (Emeson and Robertson, 1988). The relative 

T cell subset ratios (T cytotoxic or suppressor T helper or 

inducer) varied from 1:1 to 4:1 in the region of plaques and 

a significant number of these T cells and macrophages 

expressed HLA-DR and IL-2 receptors which suggested that 

activated cells were present in atherosclerotic lesions (van 

der Wal et al., 1989). Furthermore, HLA-DR antigen expression 

was demonstrated in vascular smooth muscle cells which usually 

did not express these antigens (Hansson et al., 1986). In 

vitro expression of class II MHC antigens was inducible in 

cultured endothelial cells by gamma interferon (Pober and 

Gimbrone, 1982). 

Evidence of deposition of IgG immunoglobulins, C3 

complement component, and the complement membrane attack 

complex C5b-C9 (MAC) has been found in animal and human 

atherosclerotic plaques which were not present in nonlesion 

areas (Fowler et al., 1979; Hansson et al., 1984; Pang et al., 
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1979; Vlaicu et al., 1985). High concentrations of 

cholesterol in liposomes have been observed to activate 

complement with human serum factor and this complement 

activity was abolished by adsorbing serum with high 

cholesterol liposomes or by adding either EGTA or MgzEOTA 

(Alving et al., 1977). Seifert et ale demonstrated the 

intimal deposition of MAC which preceded monocyte infiltration 

in 0.3% cholesterol diet fed rabbits (Seifert et al., 1989). 

Furthermore, zymosan decomplementation was found to decrease 

the extent of atherosclerotic lesions suggesting the 

participation of complement in damaging vessels (Geertinger 

and S~rensen, 1970). 

IgG and IgA autoantibodies against lipoproteins have 

been observed in patients with myeloma (Beaumont and Beaumont, 

1977; Kodama, et al., 1972; Lewis and Page, 1954; Lewis et aI, 

1975). The autoantibodies from patients with hyperlipidemia 

reacted with lipid components of lipoproteins, particularly 

phospholipids of LOL and high density lipoproteins (HOL), and 

in cases of hypolipidemia, the autoantibodies interact with 

lipoprotein protein components (Riesen and Noseda, 1975). 

Recently, existence of IgG autoantibodies to lipid 

peroxidation modified LOL, MOA-LOL, has been demonstrated in 

human and animals (Palinski et al., 1989). 

Administration of the immunosuppressor, cyclophosphamide, 

to rabbits 2 weeks before starting a cholesterol diet, 
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inhibited the development of aortic lesions without affecting 

plasma cholesterol and B-lipoprotein levels (Zubzhitsky and 

Nagornev, 1972). Decreased lipid deposition and cellular 

proliferation in atheromatous lesions was demonstrated by the 

administration of colchicine (0.03 mg/day) or cortisone (3.75 

mg/day) together with a 2% cholesterol diet (Hollander et al., 

1974). These lines of evidence suggests the participation of 

the immune system in the pathogenesis of atherosclerosis. 

2.5 Lipoproteins 

Since the association between blood lipoproteins and 

subsequent atherosclerosis has been firmly demonstrated, 

efforts to elucidate the genesis of atherosclerosis require a 

close look at plasma lipids and lipoproteins. 

Lipoproteins are important circulating plasma 

macromolecules which serve as lipid transport vehicles, 

especially for triglycerides and cholesterol. They are 

divided into triglyceride-rich lipoproteins (chylomicrons and 

very low density lipoproteins (VLDL», intermediate density 

lipoproteins (IDL) , and cholesterol-rich lipoproteins (LDL and 

HDL) based on their buoyant densities when ultracentrifuged in 

high-salt media (Hatch and Lees, 1968; Havel et al., 1955; 

Schumaker and Adams, 1969). 

The basic consti tuents of all lipoproteins are 

apolipoproteins (apoproteins or apo) and lipids. The 
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hydrophobic lipids, cholesteryl esters and triglycerides, form 

the core of lipoproteins.and are enveloped by a 20 A monolayer 

of amphophilic phospholipids, cholesterol and apolipoproteins 

(Atkinson et al., 1977; Shen et al., 1977; Verdery and 

Nicholas, 1975). Apoproteins make up the protein moiety of 

the plasma lipoproteins, bind and solubilize lipids, and have 

specific functions such as removal of cholesterol from cells 

and activation of various enzymes involved in lipoprotein 

metabolism (Mayes, 1988). The major lipids transported in 

human plasma are the nonesterified fatty acids (16:0, 16:1, 

18:0, 18:1, 18:2, 20:4, 22:6), triglycerides, cholesteryl 

esters, free cholesterol and phospholipids such as 

phosphat idyl ethanolamine, lecithin, sphingomyelin, and 

lysolecithin (Nelson, 1962). 

2.6 Lipoprotein metabolism 

In the exogenous pathway after lipid absorption from the 

intestine, absorbed cholesterol is reesterified by acyl 

Coenzyme A: cholesterol acyltransferase and clustered together 

with triglycerides into chylomicrons. Chylomicrons containing 

apo B-48 and apo A (Glickman and Green, 1977) are synthesized 

inside absorptive cells of the duodenum and jejunum and 

transported in the blood stream to all tissues in the body. 

When the chylomicrons enter the circulation they acquire apo 

C and apo E from HOL. Under normal condition, chylomicrons 
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are hydrolyzed into cholesterol-rich remnant particles 

(Redgrave, 1970) and triglycerides by endothelium-bound 

lipoprotein lipase of the capillaries in adipose tissue and 

muscle with relocation of apo A and apo C to HDL. 

Triglycerides released from chylomicrons are degraded into 

glycerol and free fatty acids which are rapidly taken up by 

muscle and adipose cells or returned to the liver by binding 

to albumin. The chylomicron remnants are further catabolized 

by the liver through apo E receptors that recognize apo E on 

the remnant particles (Mahley et al., 1981). 

The endogenous pathway starts from triglycerides 

synthesized in the liver which combine with apo B-100, apo C 

and apo E to form VLDL which allows for transport of lipids to 

muscle and adipose tissues. In the circulation, more apo C 

from HDL is added to VLDL which will be converted into IDL by 

lipoprotein lipase which also acts on chylomicrons. During 

lipolysis, apo C is transferred to HDL and can be transferred 

back to VLDL when newly secreted VLDL enter the circulation. 

Most of the IDL returns to the liver by binding to the apo E 

receptor and is further digested by hepatic lipase to LDL. 

Approximately 50% of LDL is degraded in extrahepatic tissues 

and the rest is degraded in the liver. 

Another lipid transport system existing simultaneously 

with VLDL and LDL is the HDL. HDL originates from direct 

secretion from hepatic or intestinal cells and from 

I 
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translocation of lipoproteins generated during lipolysis of 

chylomicrons and VLDL (Tall and Small, 1978). HDL collects 

free cholesterol from the outer surfaces of the lipoproteins 

and from cells. This free cholesterol is esterified in HDL by 

lecithin cholesterol acyltransferase (LCAT). The discoidal 

HDL precursors become spherical lipoproteins when they acquire 

cholesteryl esters. Cholesteryl esters are then transferred 

to VLDL, IDL and by cholesterol transfer protein, or 

apoprotein D. HDL mediates cholesterol removal from 

peripheral sites to degradable sites by passing through the 

bile duct and into the intestine for excretion (Mayes, 1988; 

Natio, 1989). 

2.7 Lipid disorders 

Elevated concentrations of lipids in the blood are 

considered hyperlipidemia. Total cholesterol (free 

cholesterol + ester cholesterol) and triglycerides are the 

major plasma lipids that greatly impact the development of 

atherosclerosis. Hyperlipoproteinemia is an elevation of 

serum lipoprotein concentration as quantified by preparative 

ultracentrifugation or lipoprotein electrophoresis. Over 95% 

of persons with hyperlipidemia have hyperlipoproteinemia. 

Hyperlipoproteinemia can be classified into five types 

(Fredrickson et al., 1967) based upon the identification of an 

elevated concentration of lipid and abnormal lipoproteins in 

I 
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fasting plasma. Type I hyperlipoproteinemia is characterized 

by an excess of chylomicrons. Type IIa hyperlipoproteinemia 

(familial hypercholesterolemia) is characterized by an excess 

of plasma LDL with normal VLDL. Type lIb hyperlipoproteinemia 

is a combination of an excess of LDL (type IIa) and VLDL (type 

IV; see below). Type III hyperlipoproteinemia results from 

the lack of the appropriate isoform of apoprotein E which is 

required for the clearance of IDL from blood. Type IV 

hyperlipoproteinemia is caused by an excess of VLDL. Type V 

hyperlipoproteinemia is a combination of an excess of 

chylomicrons (type I) and VLDL (type IV). In patients with 

hyperlipoproteinemia, the incidence for developing CHD is as 

follows: type IIa = type lIb = type III > type IV > type V 

(Buja Maximilian, 1987). 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Experimental Design 

This study was designed to detect and evaluate the 

presence of endogenous MDA-modified proteins in the 

circulation and their potential effects upon related 

immunologic components such as anti-MDA autoantibodies and 

circulating immune complexes containing MDA epitopes. The 

examination of these immunologic phenomena over time was 

undertaken to relate these findings to the progression of 

premature atherosclerosis and possible detection of tissue MDA 

epitopes in aorta and kidney at the end of treatment. 

I. Animal studies 

Thirty male New Zealand White (NZW) rabbits (2.5 months 

old, Shamrock Rabbit Ranch, Boulevard, CA) were housed 

individually in the University of Arizona Health Science 

Center animal care facility. Experiments were conducted 

following an approved protocol by the Animal Care and Use 

Committee of the University of Arizona. Animals were adapted 

to the animal care environment for 2 weeks before treatment 

was begun. 

This study was engaged in determining the effect of 

--I 
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cholesterol diet and immunological reactions involving MDA 

autoantibodies, MDA-modified proteins in plasma and 

circulating immune complexes containing MDA to the progression 

of premature atherosclerosis. The animals were randomly 

divided into 5 groups with 6 rabbits per group and fed rabbit 

chow according to an approved protocol. The feeding regimen 

was continued for 8 weeks and body weights were determined 

biweekly. Animals were housed in a secured and 

environmentally-controlled room with 12 hours of light and 12 

hours of dark. 

Group A served as a control and was given a normal diet 

(100 g normal rabbit chow; Teklad rabbit diet 008, Harlan 

sprague Dawley Inc., Madison, WI). 

Group B was given 1% (w/w) cholesterol in the normal diet 

(USP grade cholesterol; Sigma Chemical co., st. Louis, MO) for 

the purpose of generating atherosclerosis in rabbits (camejo 

et al., 1974). 

Group C was given a 1% cholesterol diet and IV injection 

of 2 mg of pyrogen-free MDA-modified rabbit low density 

lipoproteins (MDA-RLDL) at week 0, 2 and 4 after each 

bleeding. The purpose of this treatment was to induce the 

formation of immune complexes and to investigate whether the 

progression of atherosclerosis could be augmented under high 

cholesterol treatment through the generation of immune 

complexes containing MDA by exogenously administering MDA-
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modified LDL intravenously. 

Group 0 was fed a normal diet and injected IV with 2 mg 

of pyrogen-free MDA-RLDL at week 0, 2 and 4 after each 

bleeding. This treatment schedule was designed to observe 

whether atherosclerosis was induced under normal dietary 

conditions through the generation of immune complexes 

containing MDA by exogenously administering MDA-modified LDL. 

Group E was received a normal diet and IV injection of 2 

mg of pyrogen-free MDA-RSA at week 0, 2 and 4 after each 

bleeding. This protocol was adopted to observe whether 

atherosclerosis was induced under normal dietary conditions 

through the generation of immune complexes containing MDA by 

exogenously administering MDA-modified RSA. 

Rabbits were fasted for 16 hours before bleeding from an 

ear artery and control plasma served as the baseline for 

subsequent studies. Further bleedings were performed biweekly 

at the same time of day (9 to 11 am) after a 16 hour fasting 

period. Blood collected from the rabbits by ear artery 

puncture into Na4EDTA tubes and plasma was used for measuring 

plasma total cholesterol, anti-MDA IgG, circulating immune 

complexes and MDA-modified conjugates in the circulation. 

Plasma was harvested from Na4EDTA (1 mg/mli Fisher Scientific 

Co., Pittsburgh, PA) treated blood by centrifugation at 2,000 

rpm (Sorvall RC-3 centrifuge; Ivan Sorvall Inc., Newtown, CT) 

for 15 min at 4°C, aliquoted and stored at -70°C until assay. 
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Baseline and final plasma total cholesterol was measured by 

enzymatic analysis using a Sigma cholesterol kit (Sigma 

Chemical Co.). At the end of the treatment, rabbits were 

sacrificed to obtain organs, kidneys and aorta, for measuring 

aortic lesions and detecting the presence of tissue MDA

modified epitopes. 

II. ELISA for plasma anti-MDA IgG 

Plasma anti-MDA IgG autoantibodies were measured by an 

indirect ELISA. MDA-modified RSA (prepared with 20 mM MDA and 

5 mg/ml rabbit serum albumin) was coated on microtiter plates 

(flat-bottom Immulon 2 plates; Dynatech Laboratories Inc., 

Alexandria , VA) and used as an immobilized antigen to bind 

plasma anti-MDA autoantibodies. The bound plasma anti-MDA 

autoantibodies were detected by an alkaline phosphatase 

labeled goat anti-rabbit IgG conjugate (Tago immunologicals 

Inc., Burlingame, CA). The colorimetric reaction was measured 

by in automatic microtiter plate reader (Flow Laboratories 

Inc., Mclean, VA) after developing with enzyme substrates. 

III. Sandwich ELISA for circulating immune complexes 

containing MDA and 19G 

Circulating immune complexes containing MDA and IgG were 

detected by a sandwich ELISA. Rabbit anti-MDA Fab fragments 

prepared as described in methods were used as a specific 
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immobilized probe to capture circulating MDA-modified 

conjugates in diluted plasma. IgG in immune complexes 

containing MDA was detected by alkaline phosphatase labeled 

Recomb protein A (Pierce Chemical Co., Rockford, 11). The 

colorimetric reaction was measured by an automatic microtiter 

plate reader (Flow Laboratories Inc., Mclean, VA) after 

developing with enzyme substrates. 

IV. Detection of MDA-modified proteins 

MDA-modified plasma proteins were detected by western 

blot using alkaline phosphatase labeled rabbit anti-MDA IgG 

prepared as described in materials and methods. Plasma 

proteins were electrotransferred from 12% nonreducing sodium 

dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

to nitrocellulose filters (0.45 /-Lm; Bio-Rad Laboratories Inc., 

Richmond, CAl under 75 rnA in a Trans-Blot chamber (Bio-Rad 

Laboratories Inc.) overnight at 4°C. 

Nitrocellulose filters were blocked with blocking 

solution {1% nonfat milk/0.02% NaN3 in 50 roM Tris base and 150 

roM NaCl (TBS, pH 7.5» for 2 hour. Filters were washed three 

times in TBS for 5 minutes each time and incubated with 

alkaline phosphatase labeled rabbit anti-MDA IgG (1:160 

dilution) in blocking solution overnight. Then the 

nitrocellulose paper was washed three times with TBS and 

developed with 5-bromo-4-chloro-3'-indolylphosphate p-
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toluidine (BCIP) and nitroblue tetrazolium chloride (NBT) 

substrate kit (Pierce Chemical Co.) for 40 min. The 

developing process was stopped by rinsing nitrocellulose 

papers wi th several changes of H20. All procedures were 

performed at room temperature with constant gentle agitation. 

v. Tissue Preparations 

Rabbits were given ketamine (50 mg/kg; Aveco Co., Inc., 

Fort Dodge, IA) and xylazine (5 mg/kg; Loyd Laboratories, 

Shenandoah, IA) intramuscularly for deep anesthesia and 

sacrificed by cardiac puncture at end of 8 weeks of treatment. 

Left kidneys were removed from abdominal cavity, stripped of 

attached fatty tissues, and rinsed with ice-cold phosphate

buffered saline (PBS) containing 0.01% Na4EDTA. Aortas were 

dissected from the ascending arch to the iliac bifurcation and 

small segments of aortic arch were cut for immunohistological 

studies. After all adventitial adipose tissues were trimmed, 

aortas were opened longitudinally and rinsed several times 

with ice-cold phosphate-buffered saline (PBS) containing 0.01% 

Na4EDTA (Fisher Scientific Co.). Dissected aortic and left 

kidney specimens were embedded in O.C.T. (Miles Laboratories 

Inc., Naperville, IL), snap-frozen in histo bath (Neslab 

Instruments, Inc., Portsmounth, NH) and stored at -70°C for 

further studies. 
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VI. Determination of atheromatous lesions 

The opened aortas were stained in Herxheimer's solution 

containing 1% Sudan III, rinsed with 80% alcohol, washed in 

H20 and photographed. The overall perimeter of the opened 

aortas and the sudanophilic lesions were first traced from a 

projected image of negatives and then digitized by a 

computerized image scanner (performed by Dr. S.J.T. Mao at 

Merrell Dow Research Institute, Cincinnati, OH). Percent 

surface lesions was calculated by dividing total sudanophilic 

area by overall area multiplied by 100%. 

VII. Immunohistological studies on aorta and kidney 

Nearby 5 ~m thick sections were cut from the O.C.T. 

embedded specimens. sections were fixed in acetone, 

rehydrated, and immunostained using alkaline phosphatase 

labeled rabbit anti-MDA IgG for the presence of MDA epitopes. 

sections were washed with TBS, and blocked with 3% BSA 

for 30 min at room temperature. After rinsing with TBS, 

sections were incubated with alkaline phosphatase labeled 

rabbit anti-MDA IgG (1:100 dilution) and alkaline phosphatase 

labeled pre immune rabbit IgG (1:100 dilution) for 30 min in a 

humidity chamber at room temperature. Then, sections were 

washed with TBS and developed with BCIP /NBT substrate kit 

(Pierce Chemical Co.) for 30 min at room temperature. 

Rabbi t IgG and C3 complement in atheromatous lesions were 
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determined by directly staining sections with fluorescein 

labeled goat anti-rabbit C3 (1:20 dilution; Cappel 

Laboratories, Inc., Cochranville, PA) and rhodamine labeled 

goat anti-rabbit IgG (1:100 dilution; cappel Laboratories, 

Inc.) separately for 30 min in a humidity chamber after 

sections had been blocked with 3% BSA as described. 

Control studies were performed with alkaline phosphatase 

labeled rabbit pre immune IgG and 'rBS. All sections were 

mounted in PBS containing 1% gelvatol and micrographs were 

taken under microscopes (fluorescent micrographs were obtained 

by Ms. Virginia Clark in Dr. Nagle's Laboratory). 

VII. statistical analyses 

Difference among the 5 groups of rabbits in the levels of 

anti-MDA IgG, circulating immune complexes containing MDA and 

IgG, plasma total cholesterol and percent surface lesion were 

explored with one-way analysis of variance (Miller and Freund, 

1985). Paired t-test was performed to compared the ELISA 00 

readings of anti-MDA IgG and immune complexes containing MDA 

and IgG between baseline and final bleedings. 

Percent surface lesion data were correlated with total 

plasma cholesterol, the 00 readings from ELISA of anti-MDA IgG 

and immune complexes containing MDA and IgG by linear 

regression. Multiple regression analyses were performed to 

study possible relationships among anti-MDA IgG, circulating 
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immune complexes, total plasma cholesterol and percent surface 

lesion with percent surface lesion as dependent variable and 

with cholesterol diet, MDA-modified and MDA-modified RSA 

injection as independent variables. Path analysis was used to 

study the direct and indirect relation among variables 

(Pedhazur, 1982). All data were expressed as mean±SD and p

values were considered significant at p < 0.05. 

3.2 Materials and Methods 

Z. preparation of MDA conjugates 

A. Preparation of RLDL 

Fasted rabbit plasma was harvested from Na4EDTA (1 mg/ml, 

Fisher Scientific Co.) treated blood collected by cardiac 

puncture from 4 male NZW rabbits (3 month old, Shamrock Rabbit 

Ranch) fed with a 1% cholesterol diet for 2 weeks. RLDL (d = 

1.019 - 1.057 mg/ml) was isolated from plasma by a sequential 

ultracentrifuge technique (Havel et al., 1955) with a Ti-50 

rotor in a Beckman L8-M ultracentrifuge (Beckman Instruments 

Inc, San Ramon, CAl under 45,000 rpm at 15°C for 19 hours 

using KBr for density adjustment. RLDL was washed by its 

equilibrium density and then dialyzed extensively against 10 

roM phosphate/ 0.9% NaCI/ 0.01% Na4EDTA buffer, pH 7.2, at 4°C 
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for 24 hours. 

B. preparation of MDA-modified proteins 

1. Generation of MDA 

MDA was generated by acid hydrolysis of malonaldehyde 

bis(dimethyl acetal) (Aldrich Chemical Co., Milwaukee, MI) and 

the pH of the solution was adjusted to 6.4 by dropwise 

addition of 10 N NaOH (Haberland et al., 1982; Lung et al., 

1990). 

MDA conjugated rabbit serum albumin (RSA), human serum 

albumin (HSA), rabbit hemoglobin (RHB), human hemoglobin (HHB) 

and RLDL were prepared as described below. 

2. Conjugation 

a. MDA-albumin preparations 

MDA-albumin preparations were generated by mixing equal 

volumes of albumin (10 mg/ml; Sigma Chemical Co.) in 10 roM 

phosphate/ 0.9% NaCl/ 0.01% Na4EDTA, pH 7.2, with freshly 

prepared MDA (5 - 200 roM) and the mixtures were incubated at 

37°C. The reaction was stopped by extensive dialysis against 

10 roM phosphate/ 0.9% NaCl/ 0.01% Na4EDTA buffer, pH 7.2, 

twice at 4°C for 48 hours to remove the unreacted MDA. 

b. MDA-hemoglobin preparations 

conjugation between MDA and hemoglobin was performed by 
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mixing equal volumes of 10 mg/ml hemoglobin (sigma Chemical 

Co.) in 7% NaHC03 (pH 7.8) and MDA (5 - 200 mM) and incubating 

at 37°C. The reaction was stopped by dialysis against 100 mM 

NaHC03 at 4°C for 48 hours with three changes, then one change 

of deionized distilled H20. 

c. MDA-RLDL preparations 

MDA-RLDL was prepared by mixing RLDL (10 mg/ml) with an 

equal volume of freshly prepared 40 mM MDA and incubated at 

20°C. The reaction was stopped by extensive dialysis against 

10 mM phosphate/ 0.9% NaCl/ 0.01% Na4EDTA buffer, pH 7.2, at 

20°C for 24 hours to remove unreacted MDA. 

d. Pyrogen free MDA conjugates for IV injection 

Endotoxin was removed from MDA conjugates by using 

detoxi-gel column chromatography. MDA-RSA and MDA-RLDL were 

passed through detoxi-gel columns (Pierce Chemical Co.) 

preequilibrated with pyrogen-free saline by gravity to remove 

endotoxin content. Then, MDA conjugates were sterilized by 

passing through pyrogen-free 0.2 tLm filters (Nalgene Co., 

Rochester, NY). 

Protein concentrations of MDA conjugates were determined 

by Lowry protein assay (Lowryet al., 1951) and the formation 

of the MDA conjugates was monitored by visible-ultraviolet 

(VIS-UV) analysis (Lung, 1987). 
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II. Characterization of MDA conjugates 

A. VIS-UV analysis 

The absorption spectra (500 nm to 200 nm) of 1 ml 

fraction of MDA conjugates and controls (0.5 mg/ml) were 

recorded in Beckman DU-64 spectrophotometer (Beckman 

Instruments Inc.). The spectra of MDA-modified conjugates and 

corresponding control proteins were compared. 

B. Thiobarbituric acid (TBA) assay 

The amount of MDA bound to target proteins after dialysis 

was determined by TBA assay described previously (Mao et al., 

1990). Briefly, 10 ~l of MDA conjugates and corresponding 

controls (5 mg/ml) were added to 1.5 ml of 20% trichloroacetic 

acid (TCAi sigma Chemical Co.) and vortexed. Equal volume of 

0.67% thiobarbituric acid (TBAi Eastman Kodak Co., New York, 

NY) in 0.05 N NaOH was added and the mixture was incubated at 

90 0 C in a water bath for 30 min. The mixture was centrifuged 

in Sorvall RC-3 centrifuge (Sorvall Inc.) at 1,500 rpm for 10 

min and the absorbance of 1 ml supernatant fraction was 

measured at 532 nm in Beckman DU-64 spectrophotometer (Beckman 

Instruments Inc.) to determine the content of TBA reactive 

substances. A standard curve (0 - 1000 picomoles) of MDA was 

generated as a reference. Molar ratios were calculated by 

assuming total protein components of 67,000 g/mole and 68,000 
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g/mole for RSA and RHb respectively. 

C. Trinitrobenzene sulfonic acid (TNBS> assay 

This assay was performed to determine unreacted free 

amino groups in MOA-modified proteins. One ml of MOA-modified 

RSA/RHb and RSA/RHb (0.5 mg/ml) were added to equal volumes of 

4% NaHC03 , pH 8.5, and 0.1% 2,4,6-trinitrobenzene 1-sulfonic 

acid (TNBS; Sigma Chemical co.) (w/v) and incubated in 40 0 C 

water bath in the dark for 2 hours. After incubation, 1 ml of 

10% (w/v) SOS (Sigma Chemical Co.) and 1 ml of 1 N HCl were 

added (Satake et a1., 1960; Habeeb, 1966; Glazer et a1., 

1975). The absorption spectra of 1 ml of trinitrobenzoylated 

protein solution were recorded using Beckman OU-64 

spectrophotometer (Beckman Instruments Inc.). The maximal 

absorbance wavelength was determined from the spectra and the 

absorbance of trinitrobenzoylated protein solutions was 

measured at maximal absorbance wavelength. Relative binding 

of MOA (%) was calculated as follows: 

[~DA - Actrl ) / Actrl ] X 100% 

Where ~DA is the absorbance 

conjugates and ACtrl is the 

trinitrobenzoylated control. 

of trinitrobenzoylated MOA 

absorbance of corresponding 
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D. ~lectrophoretic analyses 

1. Zone electrophoresis 

Zone electrophoresis was performed on 1% agarose plates 

in barbital buffer, pH 8.6 (Helena Laboratories Inc., 

Beaumont, TX) (Lung, 1987). Dialyzed MDA conjugates and 

corresponding controls, 1 ~l each, were electrophoresed in a 

Gelman electrophoresis chamber under 15 rnA for 20 minutes at 

room temperature. Gel plates were fixed in absolute methanol, 

drained, and oven-dried at 65°C. Dried gel plates were 

stained in 0.25% Amido black for 10 minutes and destained in 

methanol:water:glacial acetic acid solution (1:1:0.1) until 

the background cleared. Plates were drained and oven-dried at 

65°C. The relative ratio of electrophoretic mobility (Rf) was 

analyzed as follows: 

Rf = [(~DA / Mctrl ] 

Where ~DA is the migration distance of MDA conjugates from 

origin and MCtrl is the migration distance of corresponding 

controls from origin. 

2. Isoelectric focusing (IEF) 

MDA conjugates and corresponding controls were analyzed 

by IEF in acrylamide gel. Thin slab gels (95 mm x 40 mm x 0.4 

mm) which were backed with GelBond PAG film (FMC BioProducts, 



53 

Rockland, ME) contained 5.3% acrylamide and 5.3% ampholine 

(Ampholine, pH 3 - 10; Pharmacia-LKB Biotechnology Inc., 

Piscataway, NJ). Upper electrofocusing wick was wetted with 

1 M H3P04 and the lower wick was wetted with 1 N NaOH before 

performing IEF (Righetti and Drysdale, 1980). IEF gels were 

prefocused for 1 hour at 200 V constant voltage using a LKB 

2103 power unit set. Samples (4 ~l) and IEF standard (Bio-Rad 

Laboratories Inc. ) were applied to gels with sample, 

applicators at the midpoint of prefocusing. After 

prefocusing, sample applicators were removed and the voltage 

was raised to 400 V for another hour focusing at 4°C. IEF 

gels were stained in destaining solution (methanol: glacial 

acetic acid: water = 5: 1: 4) containing 0.2% (w/v) coomassie 

blue R-250 (Bio-Rad Laboratories Inc.) for 1 hour and 

destained in destaining solution at room temperature until the 

background became clear. 

The isoeletric points (pIs) of MDA conjugates were 

estimated by calculating the relative mobility of unknown to 

the mobility of standard proteins from the plot generated by 

relative mobility of each standard protein band versus the pI 

of each corresponding standard. 

3. Sodium dodecylsulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

A Laemmli procedure for nonreducing and discontinuous 
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acrylamide gels was performed (Laemmli, 1970). A 3% stacking 

gel in 50 roM Tris base (Sigma Chemical Co.), pH 6.8, with a 

6%, 0.75 rom separating gel in 1.5 M Tris base (Sigma Chemical 

Co. ), pH 8.8, was used. Samples were electrophoresed under 15 

rnA in stacking gel and separated under 30 rnA in separating gel 

at room temperature. After electrophoresis, separating gels 

were stained with Coomassie blue R-250 (Bio-Rad Laboratories 

Inc.) for 30 minutes and destained with destaining solution 

(glacial acetic acid:methanol:water = 1:2:17) at room 

temperature with gentle agitation until the background was 

clear. 

III. Production and characterization of rabbit anti-MDA 

antisera 

A. Immunization 

Two male NZW rabbits (6-8 weeks, 2-3 kg, Shamrock Rabbit 

Ranch) were used for generation of anti-MDA antisera (Dresser, 

1986; Lung et al., 1990). Two control rabbits received 1 mg 

of RSA sUbcutaneously in complete Freund's adjuvant (CFA) 

(Difco Laboratories Inc., Detroit, MI) into four different 

sites and a comparable dose of MDA-modified RSA in CFA was 

injected in experimental rabbits. Subsequently, biweekly 

injections of 1 mg RSA in incomplete Freund's adjuvant (IFA; 
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Difco Laboratories Inc.) were given to control rabbits and 1 

mg of MDA-RSA in IFA was given to experimental rabbits. Sera 

were collected from whole blood obtained by ear artery 

puncture by centrifuging in a Sorvall RC-3 centrifuge (Sorvall 

Inc.) at 2000 rpm for 15 minutes, then aliquoted and stored at 

-20°C. Anti-MDA IgG activity was measured by ELISA described 

below (Engvall and Perlmann, 1971; Childs and Bardsley, 1975; 

Pesce et al., 1977; Bulter et al., 1986). 

B. ELISA 

1. Determination of optimal antigen concentration 

One hundred ~l of different amounts of MDA-RSA (prepared 

with 20 roM MDA; 2. 5 ~g/ml to 20 ~g/ml) in carbonate buffer, pH 

9.6, were coated on microtiter plates (Dynatech Laboratories 

Inc.) overnight at 4°C. Plates were washed three times with 

PBS-Tween (0.05% Tween 20, Sigma Chemical Co.), pH 8.2, at 

room temperature. One hundred ~l of rabbit antiserum (1:1000 

dilution) was added in duplicate and incubated 1 hour at room 

temperature. Plates were washed as described above and 100 ~l 

of horseradish peroxidase labeled goat anti-rabbit IgG 

(1:12,000 dilution, American Qualex Inc., La Mirada, CA) was 

added to each well. Plates were incubated for 50 minutes at 

room temperature and washed three times with PBS. One hundred 

~l of ABTS (2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonic 

acid) (Sigma Chemical Co.) citrate buffer, pH 4.2, with 0.1% 



r-... 
! 

56 

(v/v) of 30% HzOz was added to each well. The reaction was 

stopped by adding 50 ~l 5% SOS 15 minutes later. optical 

Density (00) for each well was read at 405 nm on an automatic 

microtiter plate reader (Flow Laboratories Inc., Mclean, VA). 

2. Titer 

Microtiter plates (Dynatech Laboratories Inc.) were 

coated with 100 ~l of 10 ~g/ml of MDA-RSA or control RSA in 

carbonate buffer, pH 9.6, overnight at 4°C. The plates were 

washed three times as described above. One hundred ~l of 

serially diluted rabbit sera (1:103 to 1:5X106 dilution) were 

added in duplicate and plates were incubated 1 hour at room 

temperature. Assays were performed as previously described. 

The antibody titer was defined as the reciprocal of the 

greatest serum dilution which gave 00 readings twice 

background readings determined using pre immune rabbit sera at 

equivalent dilutions. 

3. specificity 

a. cross-reactivity studies 

Several different aldehyde conjugates and corresponding 

control proteins were used for analysis of the cross 

reactivity of rabbit anti-MDA antisera. One hundred ~l of 

MDA-HSA, MDA-RSA, formaldehyde-modified human serum albumin 

(F-HSA), F-RSA, acetaldehyde-modified human serum albumin (A-
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HSA), A-RSA, glucose-modified RSA (Glc-RSA), glutaraldehyde

RSA (Glu-RSA), HSA and RSA (10 ~g/ml) in carbonate buffer were 

coated on microti ter plates and assays were performed as 

described under ELISA. 

b. Inhibition studies 

Inhibition studies were carried out to demonstrate the 

specificity of anti-MDA antisera. Different amounts of MDA

conjugates and control proteins (0 to 2 mg/ well)' were added 

to diluted serum (1: 1,000 dilution) and incubated for 60 

minutes at 37°C prior to performing an ELISA. Percentage of 

inhibition was calculated as follows: 

%1= ( (00
0 
-OD i ) / 00

0
) x 100% 

Where 000 is the 00 readings without adding inhibitors and OD i 

is 00 readings with inhibitors added. 

Inhibi tion curves were generated by plotting percent 

inhibi tion versus the amount of inhibi tor added. Fifty 

percent inhibition was determined from inhibition curve. 

c. Immunoblotting studies 

After electrophoresis in nonreducing SDS-PAGE, MDA-

modified proteins and controls were electrotransferred under 

75 rnA overnight at 4°C to nitrocellulose filters (Bio-Rad 
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Laboratories Inc.) (Towbin et al., 1979; B'~nette, 1981; Tsang 

et al., 1983). 

Filters were blocked with 1% nonfat milk/PBS blocking 

solution for 2 hours. Filters were washed three times in PBS 

for 5 minutes then incubated with diluted rabbit anti-MDA 

antiserum in blocking solution for another hour, washed again 

as described previously and incubated in the dark with 

alkaline phosphatase labeled goat anti-rabbit IgG (1:2,000 

dilution, Tago Immunologicals Inc.) for 1 hour at room 

temperature. Filters were washed again and developed with a 

BCIP/NBT substrate kit (Pierce Chemical Co.) until adequately 

developed. The staining reaction was stopped by rinsing with 

H20. All procedures were performed at room temperature with 

gentle agitation. 

IV. Preparation of anti-MDA Fab Fragments 

A. Fractionation of anti-MDA IgG 

Rabbit anti-MDA IgG was separated from whole antiserum by 

using protein A Sepharose affinity columns (Pharmacia-LKB Co.) 

(Ey et al., 1978). After adjusting the pH to 8 by addition of 

100 ~l of 1 M Tris base, 1 ml of rabbit anti-MDA antiserum was 

passed through a protein A Sepharose affinity column by 

gravity with 100 roM Tris base, pH 8. The eluant was collected 

I 

--J 



59 

by a microfractionator (model FC-80 Hi Gilson Medical 

Electronics Inc., Middleton, WI) in 1 ml aliquots and protein 

absorption monitored at 280 nm by a UV spectrophotometer 

(model PM 2DLi Carl Zeiss Inc., New York, NY). The column was 

then washed with another 10 column volumes of 10 mM Tris, pH 

8, until the protein absorption at 280 nm reached baseline 

values. IgG fractions were eluted from the column by applying 

100 roM glycine, pH 2.5, and collected for monitoring the 

protein absorption peak. The pooled IgG fractions were 

dialyzed in TBS containing 0.02% NaN3 and the IgG protein 

concentration was determined by Lowry assay (Lowry et al, 

1951). 

B. Fragmentation of anti-MDA IgG 

Immobilized Papain, 0.5 ml, (Pierce Chemical Co.) 

prewashed with digestive buffer (20 roM sodium phosphate, 20 roM 

cysteine (Sigma Chemical Co.) and 10 roM Na4EDTA), pH 6.2, was 

mixed with 5 mg of rabbit IgG purified from the protein A 

Sepharose column in 1 ml of digestive buffer and the mixture 

was incubated at 37°C in a water bath for 5 hours with 

constant gentle shaking (Mage, 1980). The reaction was 

stopped by the addition of 3 ml of 10 roM Tris HCl (Sigma 

Chemical Co.), pH 7.5, which was followed by centrifugation. 

The Fab fragments were purified by passing the papain-digested 

supernatant through a Recomb protein A affinity column (Pierce 
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Chemical Co.) which was preequilibrated with 10 mM Tris HCl, 

pH 7.5. The first eluted protein peak was collected and 

dialyzed in TBS containing 0.02% NaN3 • The protein 

concentration was determined by Lowry assay and the 

fragmentation of rabbit IgG was analyzed by a 9% nonreducing 

SDS-PAGE. 

v. preparation of alkaline phosphatase labeled rabbit anti-HDA 

IgG and pre immune rabbit IgG 

A. Labeling antibodies 

Antibodies were labeled with alkaline phosphatase 

according to the method described by Avrameas (Avrameas, 

1969). Rabbit anti-MDA IgG (1 mg) or corresponding pre immune 

IgG isolated from whole serum by Recomb protein A affinity 

columns (Pierce Chemical Co.) was mixed with 0.5 mg of bovine 

intestinal alkaline phosphatase (type VII-S; EC 3.1. 3.1. ; 

Sigma Chemical Co.) and the mixture was dialyzed with 100 mM 

Sodium phosphate (pH 6.8) containing 0.02% NaN3 at 4°C 

overnight. Alkaline phosphatase was crosslinked to rabbit 

anti-MDA IgG with 50 ~l 1% glutaraldehyde (EM grade; Sigma 

Chemical Co.) for 5 min with gentle stirring, incubated at 

room temperature for 3 ho~rs and the reaction was stopped with 

100 ~l of 1 M ethanolamine (pH 7; Sigma Chemical Co.). After 
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2 hours further incubation at room temperature, the mixture 

was dialyzed against PBS at 4°C overnight. Then the mixture 

was centrifuged at 40,000 g (Beckman TL-100 ultracentrifuge, 

Beckman Instruments Inc.) for 20 min at 4°C. The supernatant 

was stored at 4°C with 50% glycerol, 1 mM Zncl2 (Sigma 

Chemical Co.), 1 mM MgCl2 (Sigma Chemical co.), and 0.02% NaN3 • 

B. Analysis of rabbit anti-MDA IgG alkaline phosphatase 

conjugates 

The rabbit anti-MDA IgG alkaline phosphatase conjugate 

titer was determined by ELISA method and the specificity was 

confirmed by inhibition assay as mentioned above. 

VI. Measurements of plasma anti-MDA IgG and circulating immune 

complexes by ELISA 

I. ELISA for plasma anti-MDA IgG 

One hundred ~l of MDA-RSA (prepared from 20 mM MDA and 5 

mg/ml RSA) in carbonate buffer, pH 9.6, were coated on 

microti ter plates (flat-bottom Immulon 2 plates; Dynatech 

Laboratories Inc., Alexandria, VA) overnight at 4°C. Plates 

were washed three times with PBS-Tween (0.05% Tween 20, Sigma 

Chemical Co.), pH 8.2, and blocked with 1% bovine serum 

albumin (BSA) for 2 hours. After three more addition PBS-
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Tween washes, 100 1-'1 of rabbit plasma (1:30 dilution) was 

added in duplicate and incubated for 1.5 hours. Plates were 

washed again as:; described above; then 100 1-'1 of alkaline 

phosphatase labeled goat anti-rabbit IgG (1:2,000 dilution, 

human IgG absorbed, Tago immunologicals Inc.) was added to 

each well. Plates were incubated for 1 hour and washed twice 

with PBS and twice with alkaline phosphatase buffer (10 roM 

diethanolamine (Sigma Chemical Co.) containing 0.5 roM MgClz 

(Sigma Chemical Co.» , pH 9.5. One hundred 1-'1 p-nitrophenyl 

phosphate (pNPP; 1 mg/ml in alkaline phosphatase buffer; Sigma 

Chemical Co.) was added to each well for 30 minute color 

development. The reaction was then stopped by adding 50 1-'1 

per well of 3N NaOH. optical Density (00) for each well was 

read at 405 nm on an automatic microtiter plate reader (Flow 

Laboratories Inc., Mclean, VA). 

II. Sandwich ELISA for circulating immune complexes 

containing MDA and IgG 

Rabbit anti-MDA Fab fragments (10 I-'g/ml; 100 I-'l/well) 

prepared as described in materials and methods in carbonate 

buffer were coated in microtiter plates overnight at 4°C. The 

plates were washed twice with PBS and blocked with 1% BSA for 

2 hours. One hundred 1-'1 of rabbit plasma (1: 10 dilution) were 

incubated for 1.5 hours. Then plates were washed three times 

with PBS and incubated with 100 1-'1 per well of alkaline 
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phosphatase labeled Recomb protein A (1: 2,000 dilution; Pierce 

Chemical Co., Rockford, II) for 1 hour. The plates were 

washed, then developed with pNPP (Sigma Chemical Co.) and read 

as described above. 
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Changes in VIS-UV spectra (range 500 nm to 200 nm) were 

observed in protein preparations at concentration of 0.5 mg/ml 

after MDA modification. In MDA-modified RSA, an increase of 

UV absorption at 278 nm was observed. A new peak emerged at 

395 nm and a concomitant increase in absorbance was observed 

when increasing MDA concentrations for conjugate preparations 

were utilized as compared to a control RSA preparation (Fig. 

1) • 

The scanning spectra of MDA-modified RHb preparations 

showed that the peak at 406 nm in the native hemoglobin 

preparation shifted toward a longer wavelength, 410 nm, with 

a decrease of absorbance after conjugation with higher 

concentrations of MDA. Similarly, a new peak emerged at 282 

nm and a concomitant increase in absorbance at 282 nm occurred 

when increasing concentrations of MDA were used for 

preparation of conjugates preparation (Fig. 2). These 

findings provide evidence for double bond formation between 

the carbonyl groups of MDA and amino groups of proteins and 

crosslinking reaction. 



Fig. 1. VIS-UV absorption spectra of MDA-rnodified RSA and 
RSA. A: native RSA; B: MDA-RSA prepared with 2.5 roM MDA; C: 
MDA-RSA prepared with 5 roM MDA; D: MDA-RSA prepared with 10 roM 
MDA; E: MDA-RSA prepared with 20 roM MDA; F: MDA-RSA prepared 
with 50 roM MDA; G: MDA-RSA prepared with 100 roM MDA. 
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Fig. 2. VIS-UV absorption spectra of MDA-modified RHb and 
RHb. A: native RHb; B: MDA-RHb prepared with 2.5 mM MDA; 
C:MDA-RHb prepared with 5 mM MDA; D: MDA-RHb prepared with 10 
mM MDA; E: MDA-RHb prepared with 20 mM MDA; F: MDA-RHb 
prepared with 50 mM MDA; G: MDA-RHb prepared with 100 mM MDA. 
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Thiobarbituric acid (TBA) assay 

Picomoles of MDA released from MDA-modified proteins were 

measured by TBA assay. The amount of MDA molecules released 

from TCA treated MDA-modified model proteins was not 

proportional to the MDA concentration added for conjugate 

preparation over 20 roM (50 to 100 roM) (Fig. 3). A 

proportional increase of MDA released by TCA treatment was 

observed in both MDA-modified RSA and MDA-modified RHb 

prepared with MDA between 0 roM and 20 roM as shown in Fig. 3. 

In MDA-modified RSA preparations, more than 500 picomoles of 

MDA molecules were detected from MDA-modified RSA prepared 

with MDA over 10 roM. In MDA-modified RHb preparations, 388 to 

440 picomoles of MDA molecules were measured from MDA-modified 

RHb prepared with 20 roM MDA to 100 roM of MDA. These results 

show that MDA binds to RSA and RHb even after extensive 

dialysis to remove unreacted MDA. As shown in Table 1, 

approximately 0.7 mole of MDA was incorporated into 1 mole of 

RSA and 0.5 mole of MDA was incorporated into 1 mole of RHb. 

Trinitrobenzene sulfonic acid (TNBS) assay 

MDA-modified RSA preparations prepared with 50 and 100 roM 

MDA show a decrease binding of TNBS indicating the existence 

of a plateau for MDA bound to RSA. More than 90% of the free 

amino groups in RSA were blocked in MDA-modified RSA prepared 

with 100 roM MDA (Fig. 4). 



l 

Fig. 3. TBA assays for detecting MDA molecules released from 
TeA hydrolyzed MDA derivatives. Upper: MDA-modified RSA and 
RSAi Lower: MDA-modified RHb and RHb. 
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Table 1. MDA:protein molar ratios for various MDA-RSA and 
MDA-RHb preparations. 

[MDA] in mM 2.5 5 10 20 50 100 

MDA-RSA 0.36 0.51 0.71 0.79 0.73 0.72 

MDA-RHb 0.09 0.21 0.26 0.53 0.53 0.59 



L 

Fig. 4. Absorbance (Open circle) and relative percent binding 
of MDA (Closed circle) of MDA-modified RSA and MDA-modified 
RHb after reacting with TNBS. Upper: MDA-modified RSA and 
RSA; Lower: MDA-modified RHb and RHb. 
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Analogously, comparable results were obtained from MDA

modified RHb preparations which also indicated the existence 

of a plateau in Hb with respect to MDA binding. The number of 

free amino acid groups in proteins decreased after MDA bound 

to its carrier proteins. Sixty-five percent of amino acid 

groups in MDA-modified RHb preparations prepared with 100 roM 

MDA were substituted. This assay confirms that MDA may bind 

to free amino groups in RSA and RHb. 

Zone electrophoresis 

Results of zone electrophoresis of native RSA and MDA

modified RSA are shown in Fig. 5. The data illustrate that 

MDA-modified RSA preparations migrate more rapidly toward the 

anode than native RSA, suggesting an increase in the net 

negative charge of protein after MDA groups were bound to RSA. 

These results confirmed the results of the TNBS and TBA assays 

demonstrating that MDA binding can block free amino groups in 

proteins. The degree of migration appeared to be proportional 

to the concentration of MDA (2.5 roM to 20 roM) used for MDA-RSA 

preparations. A relatively slow increase of migration was 

observed in MDA-modified RSA preparations prepared with 

concentrations 20 roM MDA or greater. Similar results were 

observed from electrophoresis of RHb and MDA-modified RHb 

preparations (data not shown). Table 2 shows the Rf values of 

MDA-modified proteins and corresponding control proteins. 



Fig. 5. Zone electrophoresis of MDA-modified RSA and RSA in 
1% agarose gel. Lane 1 and 8: native RSAi Lane 2: MDA-RSA 
prepared with 100 mM MDAi Lane 3: MDA-RSA prepared with 50 roM 
MDAi Lane 4: MDA-RSA prepared with 20 mM MDAi Lane 5: MDA-RSA 
prepared with 10 mM MDA; Lane 6: MDA-RSA prepared with 5 mM 
MDAi Lane 7: MDA-RSA prepared with 2.5 mM MDA. 
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Table 2. The Rf values calculated from zone electrophoresis 
of MDA-RSA and MDA-RHb prepared with various concentrations of 
MDA. 

[MDA]mM 

MDA-RSA 

MDA-RHb 

2.5 

1.286 

1.285 

5 10 

1.571 2.0 

1.563 1.813 

20 50 100 

2.286 2.571 2.857 

2.438 2.625 2.750 
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The minimal increase of observed anodal migration indicates 

that the addition of greater than 20 roM MDA to target proteins 

probably resulted in saturation of protein amino groups. 

IEF 

The pIs of MDA-modified RSA and native RSA are shown in 

Fig. 6. The pIs of MDA-modified RSA become more acidic than 

native RSA when increased MDA concentrations were used for 

preparation of conjugates. A spectrum of pIs is observed from 

MDA-modified RSA prepared with 20 roM MDA and the pI of MDA

modified RSA prepared with 50 roM MDA and above become less 

acidic compared to MDA-modified RSA prepared with 20 roM MDA. 

These data suggest that a change in protein conformation may 

occur during the addition of increasing amounts of MDA 

molecules to the RSA. Fig. 7 demonstrates that pI of MDA

modified RHb changed markedly after adding 2.5 roM MDA to RHb. 

A concentration dependent pI change was observed on MDA

modified RHb preparations. The pI of unmodified RHb changed 

from 7 to multiple pIs with a range between 6 to 4.65 of MDA

RHb prepared with 100 roM MDA. These IEF results corroborated 

results obtained from earlier zone electrophoresis that pI of 

MDA-modified proteins became more acidic than corresponding 

native proteins due to an increase in net negative charge as 

a result of blocking amino groups in proteins. 
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Fig. 6. IEF acrylamide gel of MDA-modified RSA and RSA. Lane 
1: MDA-RSA prepared with 100 roM MDA ; Lane 2: MDA-RSA prepared 
with 50 roM MDA ; Lane 3: MDA-RSA prepared with 20 roM MDA; Lane 
4: MDA-RSA prepared with 10 roM MDA; Lane 5: MDA-RSA prepared 
with 5 roM MDA; Lane 6: MDA-RSA prepared with 2.5 roM MDA; Lane 
7: native RSA ; Lane 8: pI standards. 
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Fig. 7. IEF acrylamide gel of MDA-modified RHb and RHb. Lane 
1: MDA-RHb prepared with 100 roM MDAi Lane 2: MDA-RHb prepared 
with 50 roM MDAi Lane 3: MDA-RHb prepared with 20 roM MDAi Lane 
4: MDA-RHb prepared with 10 roM MDAi Lane 5: MDA-RHb prepared 
with 5 roM MDAi Lane 6: MDA-RHb prepared with 2.5 roM MDAi Lane 
7: native RHbi Lane 8: pI standards. 
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SOS-PAGE 

MOA-modified RSA preparations exhibited marked molecular 

heterogeneity compared to native RSA control by SOS-PAGE as 

evidenced by broadening of bands and an increase in the number 

of bands (Fig. 8). High moleoular weight aggregates (> 200 

KDa) were observed in 6% nonreducing SDS-PAGE when high 

concentrations of MDA were used for conjugate preparation. 

Smearing and fragmentation of MDA-modified RSA monomer band 

were observed in Coomassie blue stained gels. These results 

indicate that the high concentrations of MOA used for MOA

modified RSA preparations can either crosslink· the RSA 

monomers producing high molecular weight MDA-modified polymers 

or change the hydrophobicity, conformation and total net 

charge of MDA-modified RSA monomers. These alterations 

contributed to less Coomassie staining of MDA-modified 

polymers and faster migration of parts of MDA-modified RSA 

monomers. Analogously, in MDA-modified RHb preparations, 

similar high molecular weight polymers (> 94 KOa) and smearing 

of bands of MDA-modified RHb preparations prepared with high 

concentration of MOA were also observed in 12% nonreducing 

SOS-PAGE (Fig. 9). These gels show that MOA can crosslink 

proteins by binding free amino groups between and wi thin 

molecules. 



IL 

Fig. 8. A 6% nonreducing SDS-PAGE of MDA-modified RSA and 
RSA. Lane 1: molecular weight standards; Lane 2: native RSA; 
Lane 3: MDA-RSA prepared with 2.5 roM MDA; Lane 4: MDA-RSA 
prepared 5 roM MDA; Lane 5: MDA-RSA prepared with 10 roM MDA; 
Lane 6: MDA-RSA prepared with 20 roM MDA; Lane 7: MDA-RSA 
prepared with 50 roM MDA; Lane 8: MDA-RSA prepared with 100 roM 
MDA. 
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Fig. 9. A 12% nonreducing SOS-PAGE of MDA-modified RHb and 
RHb. Lane 1 and 10: molecular weight standardsi Lane 2 and 9: 
native RHbi Lane 3: MDA-RHb prepared with 100 mM MDAi Lane 4: 
MDA-RHb prepared with 50 mM MDAi Lane 5: MDA-RHb prepared with 
20 mM MDAi Lane 6: MDA-RHb prepared with 10 mM MOAi Lane 7: 
MDA-RHb prepared with 5 mM MDAi Lane 8: MOA-RHb prepared with 
2.5 mM MDA. 
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II. Characterization of rabbit anti-MDA IgG antibody 

Western blot 

80 

Immunostain intensity of MDA-modified epitopes on RHb 

detected by rabbit anti-MDA antiserum was proportional to MDA 

concentrations used for conjugate preparations (Fig. 10). 

This proportional immunostain pattern was observed with MDA

modified RHb from all hyperimmunized rabbit serum bleedings 

(1:1000 dilution) from 2nd to the 8th week whereas pre immune 

sera produced no detectable reaction with MDA-modified RHb. 

The rabbit anti-MDA antiserum did not recognize the carrier 

protein, RHb. A band around 68 KDa was identified using 

rabbit anti-MDA antiserum in MDA-RHb samples prepared with low 

MDA concentrations (2.5 roM to 5 roM) which was not shown in the 

corresponding Coomassie blue stained gel (Fig. 9). This band 

could be the MDA crosslinked a and B monomers of hemoglobin 

molecules which were not dissociated by SDS during 

electrophoresis. MDA-RHb prepared with higher concentrations 

of MDA showed more intensified antibody staining at the 

position of MDA-modified RHb monomers and high molecular 

weight of MDA-modified polymers which were not well stained by 

Coomassie blue R-250 dye. These findings demonstrate MDA 

hapten specificity of this rabbit anti-MDA antiserum. 

i 

I 

I 

I 

J 
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Fig. 10. western blot of MDA-modified RHb and RHb detected by 
rabbit anti-MDA antiserum. Lane 1: MDA-RHb prepared with 100 
roM MDAi Lane 2: MDA-RHb prepared with 50 roM MDAi Lane 3: MDA
RHb prepared with 20 roM MDAi Lane 4: MDA-RHb prepared with 10 
roM MDAi Lane 5: MDA-RHb prepared with 5 roM MDA; Lane 6: MDA
RHb prepared with 2.5 roM MDA; Lane 7: native RHb. 
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ELISA 

1. Determination of optimal antigen concentration 

The optimal antigen concentration for ELISA was obtained 

after examining different amounts of MDA-modified RSA coated 

on microtiter plates from 2 rabbit antisera hyperimmunized 

with MDA-modified RSA antigen. Fig. 11 illustrates that anti

MDA antisera activity reached a plateau at 1 ~g level of MDA

modified RSA coated on a microtiter plate. 

2. Titer of rabbit anti-MDA antisera 

Immunization of rabbits with MDA-modified RSA yielded 

high titer antisera. ELISA results (Fig. 12 and 13) indicate 

that IgG antibodies had a titer greater than 106 against MDA

modified RSA and no significant reactivity to RSA. Two weeks 

after the first immunization with MDA-modified RSA in CFA, the 

IgG antibody titer detected by ELISA was 105 • 

3. Specificity 

a. cross-reactivity studies 

Hapten specificity of rabbit anti-MDA antiserum (1:1000 

dilution) was determined by the ELISA method with different 

MDA-modified conjugates prepared with 20 mM MDA and their 

corresponding carrier proteins such as HSA, HT, RSA, HHb, RHb 

and HLDL (Fig. 14). The reactivity of rabbit anti-MDA 

polyclonal antibodies to different MDA-modified conjugates was 



1.4 

'""' 1.2 
E 
c 

If') 1.0 
0 

""" '-" 

~ 0.8 
. iii 
C 
Q) 

0.6 Cl 

'0 
U 

0.4 :p 
a. 

0 
0.2 

0.0 
0 2 4 6 

.. ~- ..... -.-.---.. ---

8 10 

--b 

12 

0-0 Rabbit # 374 

A - A Rabbit # 375 

14 16 18 20 

Antigen (,ug/ml MDA-RSA) 

83 

Fig •. l~. The optimal amount of antigen, MDA-RSA, used for 
examl.nl.ng rabbit anti-MDA IgG activity from hyperimmunized 
rabbit sera (n=2) in ELISA. 
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Fig. 12. IgG ti ters of anti -MDA antiserum obtained from 
rabbit #374 hyperimmunized with MDA-RSA biweekly. No 
reactivity to carrier protein, RSA, was detected. 
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Fig. 13. IgG titers of anti-MDA antiserum obtained from 
rabbit #375 hyperimmunized with MDA-RSA biweekly. No 
reactivity to carrier protein, RSA, was detected. 
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Fig. 14. Cross-reactivity of rabbit anti-MDA antiserum was 
demonstrated by reacting with MDA-modified proteins (for 
abbreviations see page 136). 
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as follows: MDA-RSA > MDA-HSA > MDA-RHb > MDA-HLDL > MDA-HT > 

MDA-HHb. There is no significant reactivity to carrier 

proteins, RSA, HSA, HT and HLDL, and a slight reactivity to 

RHb and HHb as shown in Fig. 14. 

Antibody binding (1: 1000 dilution) to MDA-modified RSA or 

MDA-modified Hb prepared by addition of various concentrations 

of MDA and to native control proteins is illustrated in Fig. 

15. The anti-MDA activity reached a plateau when MDA-modified 

RSA prepared with 20 roM MDA or MDA-modified RHb prepared with 

50 roM MDA were used to coat microtiter plates. 

The antibody activity (1:1000 dilution) to other 

aldehyde-modified proteins such as formaldehyde-modified 

albumin, acetaldehyde-modified albumin, glutaraldehyde-

modified albumin and glucose-modified albumin were also 

examined. Slight reactivity to acetaldehyde-modified albumin 

was observed and no significant reactivity to other aldehyde

modified albumin was detected by ELISA (Fig. 16). 

b. Inhibition ELISA 

No significant inhibition was found when anti MDA-RSA 

antiserum was pre incubated with carrier proteins, RSA or RHb, 

at 1 mg/ well in inhibition assays. Fifty percent inhibition 

was observed by adding 3 J1.g/ well of MDA-modified RSA or 

adding 260 J1.g/ well of MDA-modified RHb to anti MDA-RSA 

antiserum (Fig. 17). These findings further support the anti-
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Fig. 15. The reactivity of rabbit anti-MDA antiserum to MDA
modified proteins prepared with various concentrations of MDA. 
A: MDA-modified RSAi B: MDA-modified RHb. 
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MDA specificity of the antiserum. 

preparation of anti-MDA Fab fragments 

The elution profile of rabbit anti-MDA antiserum passed 

through a protein A Sepharose column is shown in Fig. 18. The 

anti-MDA IgG fractions stripped from the protein A Sepharose 

column were pooled and total volume of 20 ml at concentration 

of 0.5 mg/ml was recovered. Fig. 19 is the elution profile of 

rabbit anti-MOA IgG digested by immobilized papain and passed 

through a Recomb protein A column. purity of the rabbit anti

MDA Fab fragments was established by SDS-PAGE and a single 

diffuse band was shown on 9% nonreducing SOS-PAGE (Fig. 20). 

Intact molecules of IgG were not detectable by SOS-PAGE in the 

Fab preparations when compared to IgG fractions eluted from a 

protein A Sepharose column. 

preparation of rabbit anti-MOA IgG alkaline phosphatase 

labeled conjugates 

After IgG conjugation with alkaline phosphatase, a titer 

of approximate 320 for rabbit anti-MDA IgG alkaline 

phosphatase labeled conjugates was determined by a direct 

ELISA. Around 90% anti-MDA activity was blocked by 5 J1.g/ well 

MDA-RSA and 50% anti-MOA activity was inhibited at the amount 

of 0.3 J1.g/ well MDA-RSA. No inhibition was observed by 

corresponding carrier protein, RSA. The decrease in titer is 
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Fig. 18. Protein A Sepharose affinity chromatography for 
isolation of rabbit anti-MDA IgG fraction from whole 
antiserum. IgG molecules were eluted from column after 
applying 0.1 M glycine, pH 2.5. 
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Fig. 19. Recomb protein A affinity chromatography for 
separating Fab fragments and Fc fragments from supernatant of 
immobilized papain digested rabbit anti-MDA IgG molecules. 
The first peak contained Fab fragments and Fc fragments were 
eluted from column after applying 0.1 M glycine, pH 2.5. 
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Fig. 20. A 9% nonreducing SDS-PAGE for examining purity of 
Fab fragments. Lane 1: Fab fragments isolated from Recomb 
protein A column; Lane 2: rabbit anti-MDA IgG isolated from 
protein A Sepharose column; Lane 3: Bio-Rad low molecular 
standards; Lane 4: Fc fragments purified from Recomb protein 
A column. 
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secondary to dilution factors and sample loss during the 

manipulation of IgG. 

III. Animal studies 

Plasma cholesterol levels 

No significant body weight variation was observed among 

the 5 groups of animals before treatment. Fig. 21 illustrates 

the biweekly course of weight curves in all 5 groups. Rabbits 

fed with a 1% cholesterol diet responded wi th a marked 

increase in the total plasma cholesterol level compared with 

the cholesterol values of the control group and other 

experimental groups fed with a normal diet and injected with 

MDA-modified proteins. An approximate 3D-fold increase in 

total plasma cholesterol level occurred between baseline and 

8 weeks on the cholesterol diet. Baseline and final total 

plasma cholesterol values (mg/dl) are presented in Table 3. 

Plasma anti-MDA IgG 

Anti -MDA IgG autoantibodies were detected by indirect 

ELISA in all 5 groups of rabbit. No significant variation in 

amounts of plasma anti-MDA IgG were observed among all 5 

groups of animals before treatment. Table 4 shows the average 

amounts of plasma anti-MDA IgG autoantibodies and the time

course curves are presented in Fig. 22. In group A, the 
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Fig. 21. The body weight curves of all 5 groups of rabbits 
during 8 weeks treatment. Group A: control rabbits; Group B: 
1% cholesterol-fed rabbits; Group C; 1% cholesterol-fed 
rabbits + IV injections of MDA-modified RLDL; Group 0: rabbits 
fed with a normal diet + IV injections of MDA-modified RLDL; 
Group E: rabbits fed with a normal diet + IV injections of 
MDA-modified RSA. 
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Table 3. Plasma total cholesterol values (mg/dl) at baseline, 
and final bleedings from 5 groups of rabbits. 

Group Treatment Baseline 8 week 

A 55.53 ± 11.35 50.68 ± 13.91 

B 1% cholesterol 53.18 ± 12.83 1679.26 ± 351. 78 

C 1% cholesterol 45.34 ± 10.05 1759.26 ± 348.54 
+ IV MDA-RLDL 

0 IV MDA-RLDL 49.48 ± 7.03 42.88 ± 12.07 

E IV MDA-RSA 47.68 ± 7.48 41.59 ± 10.42 
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Table 4. optical densities (mean±SD) for plasma anti-MDA IgG 
autoantibodies (1:30 dilution) obtained from all 5 groups of 
rabbits during an a week time-course study. 

Group Baseline 2 Week 4 week 6 week 8 week 

A 0.631 0.478 0.399 0.351 0.308 
±0.135 ±0.105 ±0.079 ±0.047 ±0.052 

B 0.664 0.582 0.523 0.471 0.504 
±0.152 ±0.105 ±0.118 ±0.173 ±0.278 

C 0.707 0.614 0.546 0.609 0.509 
±0.138 ±0.125 ±0.083 ±0.244 ±0.175 

D 0.541 0.393 0.377 0.387 0.323 
±0.115 ±0.021 ±0.053 ±0.083 ±0.096 

E 0.634 0.532 0.513 0.622 0.517 
±0.051 ±0.055 ±0.206 ±0.492 ±0.312 
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Fig. 22. Time-course studies of plasma anti-MDA IgG 
autoantibodies at 1:30 dilution detected by ELISA. Each 
symbol represents one rabbit in each group. Group A: control 
rabbits; Group B: 1% cholesterol-fed rabbits; Group C; 1% 
cholesterol-fed rabbits + IV injections of MDA-modified RLDL; 
Group D: rabbits fed with a normal diet + IV injections of 
MDA-modified RLDL; Group E: rabbits fed with a normal diet + 
IV injections of MDA-modified RSA. 
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control group, anti-MDA IgG activity declined as animals aged 

(paired t-test; p<O.05). No significant decrease of anti-MDA 

IgG activity in group B, the cholesterol group, was detected. 

A decrease of anti-MDA IgG activity was noticed in group C and 

o (paired t-test; p<0.05) but not in group E. No anti-RSA IgG 

activity was detected in any rabbit groups (data not shown). 

The specificity of anti-MDA IgG (1:30 dilution) was 

examined by an inhibition ELISA (Fig. 23). Thirty percent of 

anti-MDA IgG activity was blocked by 13.3 ~g MDA-modified RSA 

and no inhibition was observed using this amount of RSA. 

circulating immune complexes containing MDA and IgG 

Fig. 24 illustrated time-course curves for circulating 

immune complexes containing MDA and IgG by a capture ELISA. 

No significant variation in the amounts of circulating immune 

complexes was observed among the 5 groups of animals before 

treatment. Table 5 shows the average levels of circulating 

immune complexes obtained by ELISA during the time-course 

study. An increasing trend of circulating immune complexes 

was observed in groups A, B, 0 and group E (paired t-test; 

p<0.05). In group C, increased levels of circulating immune 

complexes were detected in 3 rabbits. In group E, one of the 

rabbits responded to MDA-RSA injections but levels of 

circulating immune complexes decreased after MDA-RSA 

injections were discontinued. 
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Fig. 23. Inhibition assays of plasma anti-MDA IgG 
autoantibodies. Anti-MDA IgG autoantibodies activity (1:30 
dilution) was inhibited by 13.3 ~g MDA-modified RSA in all 5 
groups of rabbits. Group A: control rabbits; Group D: 1% 
cholesterol-fed rabbits; Group C; 1% cholesterol-fed rabbits 
+ IV injections of MDA-modified RLDL; Group D: rabbits fed 
with a normal diet + IV injections of MDA-modified RLDL; Group 
E: rabbits fed with a normal diet + IV injections of MDA
modified RSA. 
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Fig. 24. Levels of circulating immune complexes detected at 
1:10 dilution by a capture ELISA during the 2 month study. 
Each symbol represents one rabbit in each group. Group A: 
control rabbits; Group B: 1% cholesterol-fed rabbits; Group C; 
1% cholesterol-fed rabbits + IV injections of MDA-modified 
RLDL; Group 0: rabbits fed with a normal diet + IV injections 
of MDA-modified RLDL; Group E: rabbits fed with a normal diet 
+ IV injections of MDA-modified RSA. 
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Table 5. optical densities (mean±SD) for plasma circulating 
immune complexes (1:10 dilution) obtained from aIlS groups of 
rabbits during an 8 week time-course study. 

Group Baseline 2 Week 4 week 6 week 8 week 

A 0.034 0.053 0.102 0.162 0.213 
±0.017 ±0.057 ±0.073 ±0.063 ±0.078 

B 0.036 0.046 0.058 0.079 0.090 
±0.005 ±0.014 ±0.024 ±0.025 ±0.042 

C 0.034 0.072 0.177 0.172 0.202 
±0.006 ±0.049 ±0.167 ±0.167 ±0.178 

D 0.065 0.185 0.313 0.418 0.405 
±0.074 ±0.198 ±0.24 ±0.274 ±0.238 

E 0.049 0.210 0.413 0.494 0.525 
±0.019 ±0.204 ±0.532 ±0.410 ±0.279 
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Detection of plasma MDA-modified conjugates 

Western blots were utilized to detect plasma MDA-modified 

conjugates using alkaline phosphatase labeled rabbit anti-MDA 

IgG. When the final bleeding was examined, a weak band was 

detected above 200 KDa in the control group and a more intense 

band was observed in 1% cholesterol fed group at same position 

as in control group suggesting that MDA-modified conjugates 

may be presented in the circulation of normal as well as 

hyperlipidemic animals (Fig. 25). The intensity of the MDA

modified conjugate was increased in 1% cholesterol fed rabbits 

when baseline samples, 1 month samples and 2 month samples 

were compared (Fig. 26). 

Determination of atheromatous lesions 

No gross atheromatous lesions were observed after Sudan 

III stain in group A, D and E (Table 6). Sudanophilic lesions 

were observed in aortas of group Band C after Sudan III stain 

(Table 6). Lesions were located around the aortic arch, the 

intercostal ostia, the thoracic aortas, at the site of the 

mesenteric branches and the abdominal aortas. The most 

striking lesions were observed at the aortic arch. The 

tracings of aortas from group B and Group C are shown in Fig. 

27 and 28 respectively. The sudanophilic lesions from 

tracings of aortas as percent surface lesion are presented in 

Table 6. 



Fig. 25. MOA-modified conjugate detected in rabbit plasma. 
western blot analysis from plasma obtained at final bleeding. 
Twenty-five ~l of diluted samples (1:80 dilution) were run in 
a 12% SOS-PAGE, transferred to nitrocellulose paper and 
immunoblotted by alkaline phosphatase labeled rabbit anti-MOA 
IgG. Lane 1: positive control, MOA-RSA. Lane 2-4: rabbits fed 
with a control diet; Lane 5-7: rabbits fed with a 1% 
cholesterol diet. Molecular weight standards are shown. 
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Fig. 26. western blot of diluted plasma MDA-modified 
conjugate from 1% cholesterol-fed rabbits obtained at 
baseline, 1 month and 2 month. Lane 1: MDA-RSA as a positive 
control; Lane 2-4: samples obtained at baseline; Lane 5-7: 
samples obtained after 1 month treatment; Lane 8-10: samples 
obtained after 2 month treatment. 
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Table 6. Percent surface lesions calculated from aortic 
sudanophilic plaques in 5 groups of rabbits. 

Rabbit# 1 2 3 

Group A 0 0 0 

Group B 4.1 12.3 7.4 

Group C 18.8 32.2 15.1 

Group D 0 0 0 

Group E 0 0 0 

* mean±SD for group B: 15.4±16.3 
* mean±SD for group C: 21.1± 5.9 

4 5 6 

0 0 0 

20.5 2.1 45.8 

17.6 21.6 21.0 

0 0 0 

0 0 0 
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Fig. 27. The tracings of aortic sudanophilic lesion of 1% 
cholesterol-fed, group B, rabbits. Black portions represent 
the sudanophilic lesions. 
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Fig. 28. The tracings of aortic sudanophilic lesion of group 
C rabbits which fed with 1% cholesterol and injected with MDA
modified RLDL. Black portions represent the sudanophilic 
lesions. 
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Immunohistological studies 

Alkaline phosphatase labeled rabbit anti-MDA IgG was used 

to detect MDA-modified epitopes in atheromatous plaques of a 

cholesterol-fed rabbit. staining was observed at the edges 

of atheromatous plaques (Fig. 29). Intensive staining of MDA

modified epitopes can be detected by alkaline phosphatase 

labeled rabbit anti-MDA IgG (Fig. 30) indicating the 

possibility that injected MDA-modified RLDL may infiltrate 

into the intima or immune complexes may infiltrate into the 

intima. immunofluorescent staining demonstrated that C3 

complement component and IgG were also present at the 

periphery of atheromatous plaques (Fig. 31 and 32). MDA

modified epitopes could not be detected by immunostaining of 

kidney sections. 

statistical analyses 

Scattergrams presented in Fig. 33 and 34 show the linear 

regression among the levels of percent surface lesion, total 

plasma cholesterol, anti -MDA' IgG autoantibodies I and 

circulating immune complexes containing MOA and IgG obtained 

at the end of treatment. A positive association was observed 

between the 00 of anti-MOA IgG and percent surface lesion 

(r=0.9299i p=0.007) and between the 00 of anti-MDA IgG and the 

00 of circulating immune complexes (r=0.8489; p=0.033) in 

cholesterol-fed rabbits, group B. 



Fig. 29. Immunostaining of MDA-modified epitopes in aortic 
plaques of a 1% cholesterol-fed rabbit by alkaline phosphatase 
labeled rabbit anti-MDA IgG. 
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Fig. 30. MDA-modified epitopes detected by alkaline 
phosphatase labeled rabbit anti-MDA IgG in atheromatous 
lesions of a 1% cholesterol-fed and MDA-modified RLDL injected 
rabbit. 
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Fig. 31. Immunofluorescent detection of rabbit C3 complement 
component in the aorta of a rabbit fed with a 1% cholesterol 
diet for 8 weeks. 
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Fig. 32. Immunofluorescent detection of IgG by rhodamine 
labeled goat anti-rabbit IgG in the aorta of a rabbit fed with 
a 1% cholesterol diet for 8 weeks. 



!I ,It 

114 



l 

Fig. 33. scattergrams showing optical densities of anti-MDA 
IgG, circulating immune complexes (eIC) containing MDA and 
IgG, total plasma cholesterol and percent surface lesions in 
group B and group C rabbits. Open circles: 1% cholesterol-fed 
rabbits. Closed circles: 1% cholesterol-fed rabbits + IV 
injections of MDA-RLDL. 
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Fig. 34. scattergrams showing optical densities for anti-MDA 
IgG, circulating immune complexes (CIC) containing MDA and IgG 
and total plasma cholesterol in rabbits from group A, 0 and E 
rabbits. circles: control rabbits. Triangles: normal diet
fed rabbits + IV injections of MDA-RLDL. Rectangles: normal 
diet-fed rabbits + IV injections of MDA-RSA. 
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A path diagram obtained from multiple regression analysis 

is presented in Fig. 35. A strong association was found 

between the cholesterol diet and total plasma cholesterol 

levels (R2=O.9557i p<O.05). Anti-MDA IgG autoantibodies at 

the 8th week as well as cholesterol diet contributed to lesion 

formation (R2=O.7108i p<O.05). Injection of MDA-RLDL showed 

no association with lesion formation. Injection of MDA-RSA 

appeared to contribute to the formation of circulating immune 

complexes (R2=O.4768i p<O.05). 



Fig. 35. Path diagram displaying significant statistical 
relationships (p<O.05) among cholesterol diet, injection of 
MDA-RSA, anti-MDA IgG autoantibodies, circulating immune 
complexes (eIe) and aortic lesions as determined by multiple 
regression analysis. subscripts represent the weeks plasma 
samples were obtained. R2: squared multiple correlation 
coefficients which represent percent variation of dependent 
variable due to regression of various independent variables. 
Numbers represent standardized regression coefficients or path 
coefficients, i.e. the fraction of the standard deviation for 
the dependent variable (with the appropriate sign) for which 
the designated factor is directly responsible. 



Plasma 
Cholesterolo 

-0.532 

Plasma L Plasma 
• Cholestero14 ----. Cholesterols 

0.129 R2=0.959 0.491 RZ=0.956 

Aortic Lesion 

0.674 0.981

AL JO.493 

holesterol 
diet--========~------~ 

MDA-RSA 

1°·298 
0.598. 0.837 0.844 

-0.193 

0.933 

118 



119 

CHAPTER 5 

DZSCUSSZON 

Atherosclerosis occurs in humans and can be induced in 

animals by feeding high cholesterol diets (Camejo et al., 

1974; Erchow et al., 1981; McGill et al., 1986). Some 

investigators have speculated that immunologic factors may be 

invol ved in the development and progression of atherosclerosis 

(Fowler et al., 1979; Hansson et al., 1984; Pang et al., 1979; 

Palinski et al., 1989; Seifert et al., 1989; Vlaicu et al., 

1985; Zubzhitsky and Nagornev, 1972). This study was 

undertaken to evaluate the potential immunologic contribution 

of products of lipid peroxidation to development of 

atherosclerosis prospectively in a rabbit model. MDA is a 

reactive product of lipid peroxidation which is capable of 

altering self proteins to render them immunogenic (Lung et 

al., 1990). MDA-containing antigens were developed and 

characterized for use as immunological reactants in 

immunological assays and for generating specific anti-MDA 

antisera to detect MDA-modified proteins. 

Antigens, MDA-modified serum albumin and hemoglobin were 

characterized by VIS-UV spectral analysis, TBA assay, TNBS 

assay, and electrophoretic analysis. After MDA conjugation 

and extensive dialysis to remove unreacted MDA, a yellow color 
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appears in MDA-modified RSA. Development of this yellow color 

was monitored at 395 nm and an increase in absorbance at 395 

nm was observed when increasing MDA concentrations for 

conjugate preparations were utilized as compared to control 

RSA (Fig. 1). MDA can modify proteins by blocking free £

amino groups in proteins through the formation of Schiff bases 

with the conjugated 1-amino-3-iminopropene bridge (Chio and 

Tappel, 1969; Kergonou et al., 1987). The double bond 

linkages between MDA carbonyl groups and protein amino groups 

have VIS-UV absorption shown in the spectra of both MDA

modified RSA and MDA-modified RHb (Fig. 1 and 2) • 

spectrophotometric scanning of MDA-modified proteins (0.5 mg) 

for in vitro studies provides a fast and convenient method to 

monitor the formation of MDA derivatives. compounds which 

have absorption wavelengths within the same range could 

theoretically interfere with ELISA but only minor interference 

could occur when minute amount (1 ~g) of antigens were used. 

Therefore, since RHb has a maximal absorption peak of 406 nm 

it might increase background readings of antigens used in 

ELISA which reads maximal absorption at 405 nm (Fig. 2). To 

avoid such potential interference, MDA-modified RSA was used 

as the preferred antigen in ELISA for detecting anti-MDA 

antibodies. 

The colorimetric TBA assay was used to determine the 

amount of MDA bound to carrier proteins. A proportional 
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increase of TBA reactive sUbstances was detected in both TeA 

treated MDA-modified RSA and MDA-modified RHb prepared by 

reacting with MDA concentrations from 2. 5 roM to 20 roM. A 

plateau of TBA reactive substances was observed in both TeA 

treated MDA-modified RSA and MDA-modified RHb prepared by MDA 

greater than 20 roM indicating that MDA had reacted to 

derivatize all accessible binding sites in these proteins. 

Approximately 0.7 mole MDA and 0.5 mole MDA were found to 

incorporate into 1 mole of RSA and RHb respectively. 

Estimation of molar ratios may have errors by considering that 

albumin dimers existed in the albumin preparations and molar 

ratio calculation was based on monomer molecular weight. To 

determine precisely how many MDA molecules bound to RSA and 

RHb, radiolabeled MDA would need to be used for conjugation. 

After extensive dialysis, the radioactivity could be counted 

from TeA precipitated radiolabeled MDA-modified conjugates. 

The TBA assay for measuring MDA is a simple and sensitive 

chemical assay but lacks specificity (Hackett et al., 1988; 

Shepherd, 1948; Pesez and Bartos, 1974). Therefore, a more 

specific detection method for modification of proteins by MDA 

was needed. 

Unreacted amino groups in both MDA-modified RSA and MDA

modified RHb were determined by TNBS assay. The TNBS assay 

provides evidence for the presence of free amino groups. The 

addition of MDA should reduce the number of remaining free 
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amino groups in proteins. A decreased percentage of free 

amino groups in MDA-modified proteins indicates that MDA is 

bound to target proteins. After conjugation and extensive 

dialysis to remove unreacted MDA, results obtained from TNBS 

assay confirmed that MDA binds to amino groups in RSA or RHb 

(Fig. 4). 

The effects of MDA conjugation on the total net charges 

of proteins following MDA binding was examined by zone 

electrophoresis. Anodal mobility of MDA-modified RSA and MDA

modified RHb preparations relative to native RSA and RHb in 

zone electrophoresis confirmed that the binding of MDA to free 

amino groups can neutralize posi ti ve charges and increase 

total net negative charges in target proteins (Fig. 5). 

IEF was performed to examine further the charge 

differences due to MDA modification of proteins. Charge 

heterogeneity was observed in MDA-modified RHb and MDA

modified RSA suggesting that crosslinks produced by MDA are 

not uniform. The pI of MDA-modified RSA became more acidic 

than native RSA when less than 20 roM MDA was used for 

conjugate preparations. The pIs of MDA-RSA prepared with 

greater than 20 roM MDA were more basic than MDA-RSA prepared 

with 20 roM MDA (Fig. 6). The pI of MDA-modified RHb changed 

drastically after 2.5 roM MDA treatment (Fig. 7). The pI 

change in MDA-modified RSA was not prominent and this may be 

due to overloading the IEF gel which could be overcome by 
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applying lesser amounts of proteins into IEF gels. 

To examine whether MOA modification could affect the 

molecular weight of target proteins, SOS-PAGE was performed. 

SOS-PAGE results (Fig. 8 and 9) support the notion that 

intermolecular and intramolecular crosslinks can occur in MOA

modified proteins (Kergonou et al., 1987). These crosslinks 

may result from the presence of two reactive aldehyde groups 

in MOA. However, future experiment such as gel filtration 

chromatography could be performed to support the existence of 

MOA-modified monomers and polymers. The broadening and 

smearing of bands observed in SOS-PAGE may be caused by charge 

repulsion between SOS and negative charged MOA-modified 

proteins. Less Coomassie blue dye staining of MOA-modified 

proteins may be attributable to charge repulsion between 

anodic charges of Coomassie blue as well as MOA-modified 

proteins. In the future, one could use cationic staining such 

as silver staining or copper staining to overcome this 

problem. 

criteria used to select the most suitable antigens 

included: (1) that antigens used in ELISA contain maximal 

number of MOA epitopes and (2) that antigens contain both MOA

modified monomers and polymers. After characterizing MOA

modified proteins, MOA-RSA prepared with MOA at 20 mM was 

chosen as the antigen because (1) TBA assay and TNBS assay 

showed that a plateau was approached indicating maximal number 
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of MOA molecules bound to RSA. (2) SOS-PAGE showed that 20 roM 

preparation contained both monomers and polymers. MOA-RSA 

prepared with 20 roM MOA was used for assessing amounts of 

plasma anti-MOA IgG autoantibodies and for the production a 

specific rabbit anti-MOA IgG antiserum. 

Although RSA is not recognized as foreign by rabbits, 

MOA-modified RSA is immunogenic in rabbits. Immunization of 

rabbits with MOA-modified RSA generates antibodies in high 

titer (Fig. 12 and 13) and induced a MOA-specific antiserum 

for MOA-modif~ed RSA as demonstrated by cross-reactivity 

assay, inhibition assay and Western blot studies. Low 

background 00 readings (approximate 0.1) were observed with 

native HSA and RSA in the cross-reactivity assay (Fig. 14 and 

16). This reactivity could be reduced by further dilution of 

rabbit antiserum. However, these native proteins could not be 

detected by western blots (data not shown) indicating that the 

level of reacti vi ty observed in ELISA could be considered 

background levels. 

Animal studies were performed to study whether plasma 

MOA-modified proteins existed, to determine the relationship 

among plasma anti-MOA IgG, circulating immune complexes 

containing MOA and the extent of atheromatous lesion and to 

study whether immune complexes per .§g can accelerate the 

progression of atherosclerosis. 

Al though autoantibodies against MOA-modif ied LOL have 
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been identified in both rabbits and humans (Palinski et al., 

1989) and MDA-modified epitopes have been demonstrated and 

confirmed in atheromatous lesions (Haberland et al., 1988; Mao 

et al., 1990; Yla-Herttuala et al., 1989), the existence of 

plasma MDA-modified proteins is still an open question. 

In the present study, plasma MDA-modified protein was 

detected by the western blot technique using alkaline 

phosphatase labeled rabbit anti-MDA IgG fractionated from MDA

modified RSA hyper immunized antiserum. This was the first 

demonstration of MDA-modified protein in the plasma of both 

normal and hyperlipidemic rabbits (Fig. 25). Under 

cholesterol treatment, the intensi ty of this plasma MDA-

modified protein band was increased when baseline and monthly 

specimens were compared by Western blots (Fig. 26). These 

results suggest that excess MDA produced by lipid peroxidation 

per se can result in the formation of higher amounts of a 

neoantigen, MDA-modified protein conjugate. Western blots 

provide only semiquanti tati ve data. If one wished to quantify 

the amounts of plasma MDA-modified protein by Western blot 

technique, iodine-125 labeled probes could be used and the 

amounts of MDA-modified protein could be assessed by measuring 

the radioactivity from probed nitrocellulose paper. 

In the time-course study, a trend toward decreased levels 

of plasma anti-MDA IgG autoantibodies over time in group A 

rabbits was observed suggesting that this antibody might 
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decrease because MDA-modified epitopes on circulating proteins 

were continuously produced (Fig. 22). No significant decrease 

of anti-MDA IgG activity in group B, the cholesterol group, 

was detected. Injections of MDA-modified RLDL intravenously 

to rabbits in group C and 0 did not induce a significant 

increase in anti-MDA IgG antibodies (Fig. 22). This apparent 

lack of immunogenicity of MDA-modified RLDL could result from 

the rapid removal of MDA-modified RLDL from the circulation. 

No significant decrease of anti-MDA IgG activity in group E 

was observed. One rabbit in group E responded highly to 

injections of MDA-modified RSA and another rabbit in group E 

had only a minor response to injections of MDA-modified RSA. 

Variable responses in these outbred rabbits may be due to 

differences in genetic background. 

specificity of plasma IgG autoantibodies against MDA

modified conjugates was demonstrated by means of inhibition 

ELISA. Plasma anti-MDA IgG activity was significantly 

inhibited by MDA-RSA (Fig. 23) but no inhibition with RSA 

(data not shown) was observed providing evidence for hapten 

specificity of these IgG autoantibodies. 

Using anti-MDA Fab fragments derived from anti-MDA IgG 

obtained from hyperimmunized rabbits, a capture ELISA was 

developed for measuring circulating immune complexes. 

Elevated levels of circulating immune complexes were observed 

in group A, B, 0 and E rabbits (paired t-test; p<O. 05) • 
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Increased levels of circulating immune complexes containing 

MDA epitopes were observed in 3 rabbits from group C after the 

2nd injection of MDA-modified RLDL and in 5 of 6 rabbits from 

group D. Lower levels of immune complexes were found in 

cholesterol-fed rabbits compared to the control group (Fig. 

24). One possible explanation is that cholesterol treatment 

could have affect the generation of circulating immune 

complexes. On the other 'hand, cholesterol treatment might 

stimulate the production of anti-MDA autoantibodies through 

elevation of endogenous MDA-modified protein conjugates which 

could deposit in tissues or facilitate the clearance of immune 

complexes. This speculation is supported by the detection of 

higher amounts of MDA-modified protein conjugates by western 

blot techniques following cholesterol treatment (Fig. 26). 

Another possibility is that underestimation of levels of 

circulating immune complexes could occur because binding sites 

on circulating immune complex could be covered by excess anti

MDA autoantibodies in cholesterol-fed rabbits. 

Anti-MDA IgG autoantibodies were described and titered in 

both rabbits and humans as reported by Palinski et ale 

(Palinski et al., 1989) but time-course studies were not 

performed nor were circulating immune complexes described. 

One might speculate that anti-MDA IgG autoantibodies could 

serve as a protective mechanism to facilitate the elimination 

of products of lipid peroxidation from the body in a manner 
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analogous to the scavenger role which has been proposed for 

macrophages to engulf MDA-LDL and oxidized LDL (Goldstein et 

al., 1979; Fogelman et al., 1980). support for this 

explanation is provided by data obtained from low dose 

multiple IV injections of MDA-modified RSA. Higher levels of 

immune complexes were detected as early as the two weeks after 

rabbits were injected with MDA-modified RSA suggesting that 

preexisting autoantibodies can react with injected MDA

modified conjugates (Fig. 24). 

To study whether immune complexes alone will accelerate 

the progression of atherosclerosis, injections of MDA-modified 

RLDL or MDA-modified RSA were used to induce generation of 

immune complexes and the extent of atheromatous lesion was 

observed. 

Following high dietary cholesterol intake and multiple IV 

injections of MDA-modified RLDL, atheromatous lesions of 

uniform size and distribution in the thoracic aorta were found 

in group C (Fig. 28) compared to lesions of a variable 

distribution, size and extent in cholesterol-fed rabbits which 

did not receive the injections (Fig. 27). The uniform pattern 

of lesions in the thoracic aortas of group C could be the 

result of intimal infiltration with immune complexes of more 

uniform size and distribution which contain injected MDA

modified RLDL. This explanation is supported by the recent 

observation of rapid infiltration and deposition of human LDL 
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into rabbit intima within 2 hours following IV injection 

(Nievelstein et al., 1991). 

Injections of MDA-modified RSA did not augment aortic 

lesions in rabbits (Table 6) but appeared to contribute to the 

formation of circulating immune complexes (Fig. 24). This 

indicates that immune complexes were present in plasma but 

immune complexes alone were not sufficient to induce 

atheromatous lesions in rabbits fed a normal diet. 

Al though there was a trend toward higher levels of 

circulating immune complexes following injections of MDA

modified RLDL (Fig. 24), the correlation was not significant 

by multiple regression analysis. Possible explanations for 

this lack of significance may be that the amounts of MDA

modified RLDL injected into rabbits may be too small to have 

a significant effect, MDA-modified RLDL may have been quickly 

cleared through scavenger systems or immune complexes may have 

been deposited in tissues. The relationship between MDA-

modif ied RLDL inj ections and levels of circulating immune 

complexes cannot be fully elucidated because of the limited 

number of rabbits used in the present study and because the 

animals used in this study were not inbred. 

The finding of MDA-modified epitopes, complement C3 

component and IgG in atheromatous plaques by 

immunohistochemical detection suggest that there is an 

immunological contribution to the development of lesions in 
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atherosclerosis. These results confirm previous findings by 

other investigators that MDA-modified epitopes (Haberland et 

al., 1988; Palinski et al., 1989), complement C3 component and 

IgG (Fowler et al., 1979; Hansson et al., 1984; Pang et al., 

1979; Vlaicu et al., 1985) are present in atheromatous 

lesions. The origin of MDA-modified epitopes in the 

atheromatous lesions is still unclear but evidence from the 

present study suggests that the circulation may provide 

necessary immunoreactive components. 

It is possible that an MDA-modified conjugate may 

infil'trate the aorta and deposit there or may be generated 

locally by macrophages which could infiltrate into the aorta. 

No MDA-modified epitopes were detected in kidney suggesting 

that lipid peroxidation has a predilection for the aorta 

possibly because of vessel size, local factors, the size of 

immune complexes or other conditions required for clearance. 

It would be interesting to identify and characterize the MDA

modified conjugate which has been detected in the circulation 

and in tissues. However, characterization of this MDA

modified protein in the circulation is beyond the scope of the 

present study. In future studies, one could attempt to elute 

MDA-modified protein from atheromatous lesions and compare it 

to MDA-modified protein isolated from the circulation such 

experiments could lead to the characterization and 

identification of these MDA derivatives which may serve as 
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binding proteins, scavengers or antigens within the body. 

A positive linear correlation was observed in the final 

bleeding of the cholesterol treated group between anti-MDA IgG 

and the percent surface lesions (r=o.9299, p=O.007) and 

between anti-MDA IgG and circulating immune complexes 

(r=O.8489, p=O.033) (Fig. 33). This suggests that animals 

with highest levels of antibody to MDA are more prone to the 

development of atherosclerotic lesions and these antibodies 

might facilitate the development of atheromata. The finding 

that levels of antibodies to MDA correlate with circulating 

immune complexes containing MDA suggests that these antibodies 

are involved in circulating immune complex formation. 

statistically significant results from multiple regression 

analysis graphically displayed as a statistical model by means 

of path diagram can demonstrate potentially causal relations 

among variables. Cholesterol diet led to high levels of 

plasma total cholesterol and was highly associated with lesion 

formation (Fig. 35). Anti-MDA IgG contributed to atheromatous 

lesion formation (R2=O.7108i p<O.05). 

This statistical evidence suggests that there is an 

immunological component which contributes to lesion 

occurrence. However, no significant association between 

plasma cholesterol and the extent of the atheromatous lesions 

was found. This lack of correlation is the result of high 

plasma cholesterol levels in the entire cholesterol treated 
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group regardless of the percent surface lesion observed. 

Analysis with a larger number of out bred rabbits would be 

necessary before reaching firm conclusions. 

In summary: (1) MDA modification can alter 

physicochemical and immunochemical properties of proteins; 

(2) MDA-modified RSA is immunogenic in rabbits; (3) 

circulating MDA-modified protein was detected in both normal 

and cholesterol-fed rabbits and the amounts of this MDA

modified protein increased with the cholesterol treatment; (4) 

plasma anti-MDA IgG may function to eliminate lipid 

peroxidation products via immune complexes containingMDA; (5) 

a positive linear correlation was observed in the final 

bleeding of the cholesterol treated group between anti-MDA IgG 

and the percent surface lesions and between anti-MDA IgG and 

circulating immune complexes; (6) statistical analysis 

suggested that the cholesterol diet led to high levels of 

plasma total cholesterol and levels of anti-MDA IgG in the 

final bleeding appeared to correlate with lesion formation; 

(7) injections of MDA-modified proteins did not induce lesions 

in aorta and kidney in rabbits treated with a normal diet. 

The findings of this study raise important questions that 

remain unresolved such as the role of plasma MDA-modified 

protein in the body and the contribution of immune complexes 

containing MDA to the development and progression of 

atherosclerosis. In the present study, the demonstration of 
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circulating MDA-modified proteins and immune complexes 

containing MDA epitopes in both normal and cholesterol-fed 

rabbits add additional immunological evidence to the Unified 

Janus Hypothesis as described by steinberg (steinberg, 1983) 

and suggest that circulating immunologic reactants may be 

involved in the pathogenesis of atherosclerosis. 

The presently accepted theory for atherogenesis as 

postulated by steinberg (steinberg, 1983; Witztum and 

steinberg, 1991) is that oxidized LDL forms in a 

microcompartment (e.g. the intima of the aorta) which lacks 

sufficient antioxidants and thereby induces foam cell 

formation leading to the atherogenesis. An assumption behind 

the theory is that a high content of antioxidants exists in 

plasma which can prevent lipid peroxidation in the 

circulation. This explanation may be partially correct but it 

does not adequately explain the origin and location for the 

generation of oxidized LDL. 

Therefore, one could speculate that any microcompartment 

lacking sufficient antioxidants could contribute to the 

formation of oxidized LDL. The aortic intima may not be the 

only site for the production of oxidized LDL. oxidized LDL 

could also diffuse out of a possible alternate site and 

circulate toward the aorta for deposition and secondary 

attraction of monocytes to form foam cells with further 

progression toward atherosclerotic lesion formation. Al though 
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the present study does not pinpoint the site for generation of 

oxidized LDL, the results suggest that increased lipid 

peroxidation may take place in vivo and that the amount of 

MDA-modified protein increases with cholesterol treatment. 

Another possible explanation is that immune complexes 

containing MDA-modified conjugates in normal animals can 

deposi t in the intima of the aorta • Deposition of these 

complexes may induce complement activation resulting in damage 

to the intima, eventually attracting monocytes which can lead 

to foam cell formation. This hypothetical situation could 

possibly proceed throughout the life of an animal. When 

plasma cholesterol levels are high, these "natural" 

immunological phenomena may be augmented leading to increased 

atherogenesis. 

A modified theory might be proposed as follows: 

Lipid peroxidation occurring endogenously under normal 

conditions could produce MDA-modified protein conjugates which 

may be identified by anti-MDA antibody. This MDA-modified 

derivative could circulate in vivo and deposit in tissues. 

Autoantibodies against MDA can bind to MDA-modified proteins 

to form immune complexes which could be cleared from the 

circulation under normal conditions. Under high cholesterol 

situations, more lipid peroxidation could take place with the 

production of higher amounts of MDA-modified conjugate. 

Although a fraction of the MDA-modified conjugates can be 
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cleared, remaining MDA-modified conjugates may then stimulate 

anti-MDA antibody production, form immune complexes or deposit 

in tissues such as the intima of the aorta. Immune complexes 

containing MDA or MDA-modified conjugate deposited in the 

aortic intima binding to anti-MDA autoantibodies could 

potentially trigger complement activation. Activated 

complement with the release of chemotactic factors can damage 

tissue via membrane attack units or attract circulating T 

cells and monocytes which could be transformed into lipid

laden foam cells. These foam cells could secrete cytokines 

(Leaf, 1990) which could stimulate the proiiferation of smooth 

muscle cells (Warner and Libby, 1989), increase collagen and 

proteoglycan synthesis and activate T cells (Raines and Ross, 

1991). Following foam cell formation, the sequelae are fatty 

streak formation, calcification, thrombosis and eventually 

occlusion of the vessels. 

Although initiating processes for atherogenesis remain 

speculative, the finding of antibodies, immune complexes and 

MDA-modified proteins in the circulation as well as tissues 

related to lipid peroxidation products allows one to consider 

alternative immunologic mechanisms for atherogenesis and to 

design new experiments to test these hypotheses. 

I 

I 
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APPENDIX 

A.I. Abbreviations: 

ABTS: 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonic acid. 

AHSA: acetaldehyde-modified human serum albumin. 

apo A: apolipoprotein A. 

apo B: apolipoprotein B. 

apo C: apolipoprotein C. 

apo E: apolipoprotein E. 

ARSA: acetaldehyde-modified rabbit serum albumin. 

BCIP: 5-bromo-4-chloro-3'-indolylphosphate p-toluidine. 

BSA: bovine serum albumin. 

CD 4: cluster designation 4. 

CD 8: cluster designation 8. 

CFA: complete Freund's adjuvant. 

CHD: Coronary heart disease. 

CIC: circulating immune complexes. 

EGTA: ethylene glycol-bis(B-aminoethyl ether) 

N, N, N', N', tetraacetic acid. 

ELISA: enzyme-linked immunosorbent assays. 

Fab: fragments have the antigen binding site. 

Fc: fragments that crystallizes. 

FHSA: formaldehyde-modified human serum albumin. 

FRSA: formaldehyde-modified rabbit serum albumin. 

GlcRSA: glucose-modified rabbit serum albumin. 

GluRSA: glutaraldehyde-modified rabbit serum albumin. 



HDL: high density lipoproteins. 

HHb: human hemoglobin. 

HLA-DR: human leukocyte antigen-DR. 

HLDL: human low density lipoproteins. 

HSA: human serum albumin. 

HT: human transferrin. 

IDL: intermediate density lipoproteins. 

IEF: Isoelectric focusing. 

IFA: incomplete Freund's adjuvant. 

IgA: immunoglobulin A. 

IgG: immunoglobulin G. 

IL-2: interleukin-2. 

IV: intravenous. 

KDa: kilodalton. 

LCAT: lecithin cholesterol acyl transferase. 

MAC: membrane attack complex i.e. complement C5b-C9 

components. 

Mg2EDTA: ethylenediaminetetraacetic acid dimagnesium salt. 

MDA: Malondialdehyde. 

MDA-RSA: MDA-modified rabbit serum albumin. 

MDA-HSA: MDA-modified human serum albumin. 

MHC: major histocompatibility complex. 

MRFIT: Multiple Risk Factor Intervention Trial. 

Na4EDTA: ethylenediaminetetraacetic acid tetras odium salt. 

NaN3 : sodium azide. 
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NBT: nitroblue tetrazolium chloride. 

NZW: New Zealand White rabbits. 

00: optical density. 

PBS: phosphate-buffered saline. 

POGF: platelet-derived growth factors. 

pIs: isoeletric points. 

pNPP: p-nitrophenyl phosphate. 

RHb: rabbit hemoglobin. 

Rf: relative ratio of electrophoretic mobility. 

RLOL: rabbit low density lipoproteins. 

RSA: rabbit serum albumin. 

SOS-PAGE: sodium dodecylsulfate polyacrylamide gels 

electrophoresis. 

TBA: thiobarbituric acid. 

TBS: tris-buffered saline. 

TeA: trichloroacetic acid. 

TNBS: trinitrobenzene sulfonic acid. 

Tris: tris(hydroxymethyl)aminomethane. 

VLOL: very low density lipoproteins. 

VIS-UV: visible-ultraviolet. 

WHHL: Watanabe heritable hyperlipidemic rabbits. 

WHO: World Health organization. 
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