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ABSTRACT 

Malondialdehyde (MDA) is a highly reactive three carbon 

dialdehyde produced as a byproduct of polyunsaturated fatty 

acid peroxidation and arachidonic acid metabolism. MDA 

readily forms intermolecular or intramolecular cross-linkages 

with chemical groups on various molecules and alters both 

their physicochemical properties and immunogenicity. In vivo 

these changes may generate neoantigens that consequently can 

elicit an immune response involving antibody production and 

immune complex formation. 

In this study the possible role of an anti-MDA immune 

response in the pathogenesis of disease in lupus-prone MRL/lpr 

mice was investigated. 

serum albumin (MSA) 

Physicochemical alterations to mouse 

were characterized and reliable 

immunological assays were developed to measure this immune 

response. 

MDA readily bound to amino groups on MSA, formed epitopes 

in a dose-dependent manner and altered its antigenicity. The 

presence of a specific anti-MDA response in MRL/lpr was 

verified using an enzyme-linked immunosorbent assay (ELISA) 

and inhibition ELISA. The immune complex capture asssay, 

using MDA-specific polyclonal antiserum as capture antibody, 

detected significantly higher levels of MDA-containing immune 

complexes in sera of MRL/lpr mice compared to non-lupus 
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strains. A time course study showed that in comparison to 

anti-dsDNA antibodies, anti-MDA antibodies were produced 

earlier and in significantly higher levels. These antibodies 

were found predominantly in the complement-fixing IgG2a and 

IgG2b subclasses. Levels of IgG anti-MDA antibodies and MDA

containing immune complexes were highest at 4 months age. 

western blot analysis revealed the presence of a 100 

kilodalton MDA-modified protein in sera of MRLjlpr mice at 3 

and 5 months of age but not at 1 month. In sera from non

lupus r-ffiLj+ mice the level of MDA-modification of serum 

proteins was considerably lower. 

vitamin E treatment for up to 16 weeks did not 

significantly affect the anti-MD~ response, MDA-containing 

immune complex levels nor modification of serum proteins by 

MDA. Immunohistochemical studies demonstrated the presence of 

MDA-containing immune complexes, IgG and complement deposition 

in renal glomeruli. 

This is the first demonstration of circulating MDA

specific antibodies, MDA-containing immune complexes and MDA

modified serum proteins in MRL/lpr mice. This response may 

contribute to disease pathogenesis in these mice via formation 

and subsequent tissue deposition of immune complexes 

containing anti-MDA antibodies and MDA adducts. 
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CHAPTER 1 

INTRODUCTION 

1.1 Malondialdehyde 

Malondialdehyde (MDA) is a three-carbon dialdehyde which 

is widely produced by mammalian tissues as an end-product of 

polyunsaturated lipid peroxidation (Tsuchida et al., 1987) as 

well as a by-product of prostaglandin biosynthesis (Smith et 

al., 1976; Draper and Hadley, 1986; Hamberg et al., 1974). 

Under normal physiological conditions little free MDA is 

produced in vivo (Draper et al., 1986), and also due to its 

high reactivity and instability very little free MDA is 

available (Crawford et al., 1965). It has no known 

physiological function but has been implicated to play a role 

in aging, mutagenesis, carcinogenesis and radiation damage 

(Marnett et al., 1985). MDA readily reacts with many 

different functional groups of biological molecules and 

cellular compounds including the amino and sulfhydryl groups 

of proteins, phospholipids and the nitrogenous bases of 

nucleic acids (Roubal and Tappel, 1966; Reiss et al., 1972; 

Nair et al., 1986; Draper and Hadley, 1990). By forming inter 

and/or intramolecular linkages, MDA is capable of producing 

various biochemical and physicochemical changes in molecules 

containing these groups. It has been shown to react with 
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bovine serum albumin (Kikugawa et al. , 1987) , DNA, 

lipoproteins and enzymes (Chio and Tappel, 1969a). 

There is a growing interest in the study of reactions 

between MDA and biological molecules. Many of these studies 

are designed to investigate the effects of MDA binding to 

nucleic acids, enzymes and proteins. 

studies by Crawford et al. (1965) first showed that MDA 

is toxic to laboratory animals. Subsequent studies 

demonstrated the mutagenicity of MDA to bacterial (Mukai and 

Goldstein, 1976; Yonei and Furui, 1981; Basu and Marnett, 

1983), mammalian (Yau, 1979; Draper et al., 1986) and yeast 

cells (Munkres, 1979). Binding of MDA to DNA was shown to 

result in loss of template activity (Reiss et al., 1972). 

Chronic administration of MDA has also been shown to increase 

the mortality of rats and cause hyperplastic and neoplastic 

changes in liver nuclei. In vitro incubation of a murine 

L5178Y lymphoma (Yau, 1979) or rat skin fibroblast cell line 

(Draper et al., 1986) with MDA was able to induce mutations at 

a dose-dependent frequency. 

Elevated levels of plasma MDA have been reported in 

several diseases associated with changes in lipid 

peroxidation. In a recent study of 30 patients with human 

immunodeficiency virus (HIV) infection, the plasma content of 

MDA was shown to be about 30% higher than in controls, 

indicating a higher degree of basal lipid peroxidation 
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(Sonnerborg et al., 1988). Products of polyunsaturated fatty 

acid (PUFA) peroxidation are also released from membranes as 

a result of tissue injury during ischemia (White et al., 

1985). Similarly, stroke patients have also been shown to 

have increased plasma MDA levels (Santos et al., 1980). Muus 

et al. (1979) demonstrated that MDA levels were increased in 

rheumatoid arthritis patients and correlated with disease 

activity. In laboratory animals elevated serum levels of MDA 

have been observed during chronic inflammation (Bragt et al., 

1979).' In animals subjected to thermal injury of the skin, 

lipid peroxide levels were elevated at the sites of injury as 

well as in distant organs suggesting that lipid peroxides were 

released into the circulation from the site of injury possibly 

causing damage at distant sites (Nishigaki et al., 1981). 

The binding of MDA to various biological molecules has 

been shown to alter their properties. Ribonuclease was shown 

to be inactivated as a result of MDA binding (Chio and Tappel, 

1969a). Bhuyan et a-l. (1986) demonstrated increased levels of 

MDA in cataracts compared to normal lenses suggesting that MDA 

cross-linking of lenticular plasma membrane may be one 

mechanism of cataractogenesis. Modification of low density 

lipoproteins (LDL) by MDA has been suggested to play a role in 

atherosclerosis. This modification has been shown to cause 

altered uptake of LDL by human monocyte-macrophages (Fogelman 

et al., 1980) leading to the accumulation of cholesteryl ester 
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in these cells (Haberland et al., 1982). LDL recognition and 

their subsequent uptake via specific LDL receptors on 

scavenger cells was lost after 

MDA-modified LDL were taken up via the 

monocyte-macrophage 

modification by MDA. 

scavenger receptor instead of via their specific receptors 

(Haberland et al., 1982). These findings are significant due 

to the involvement of macrophages and platelets, which release 

MDA upon activation (Smith et al., 1976), in atherosclerosis 

(Fogelman et al., 1980). Further evidence of MDA involvement 

in atherosclerosis comes from findings that demonstrate the 

presence of high levels of MDA-conjugated materials in 

atherosclerotic tissues (Haberland et al., 1988) and the 

.presence of MDA-modified apolipoprotein B in human sera 

(Salmon et al., 1987). 

Studies have also shown that binding of MDA to various 

molecules alters their immunogenici ty. Monoclonal antibodies 

against MDA-modified protein or MDA-LDL were shown to be able 

of recognizing MDA-LDL but not native LDL (Gonen et al., 1987; 

Haberland, 1988). Monoclonal antibodies produced against 

rabbit atherosclerotic arterial homogenate were shown to react 

with MDA-modified LDL, another indication of the presence of 

MDA-generated epitopes on atherosclerotic tissues (Mowri et 

al., 1988). Studies by Palinski et ale (1989) showed the 

presence of antibodies against MDA-LDL in rabbit and human 

sera as well as reactivity of antibodies produced against MDA-
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lysine with oxidized LDL, indicating the presence of MDA 

adducts on oxidized LDL. Alterations in the immunogenicity 

and physicochemical properties of rabbit serum albumin also 

result from its reaction with MDA (Lung et al., 1990). 

Kergonou et al. (1988) demonstrated the presence of antibodies 

against MDA-altered lysozyme, but not against native lysozyme, 

in normal human sera. These studies thus provide evidence 

that MDA-specific antibodies can be generated by immunization 

with appropriate carrier molecules modified with MDA, or that 

these antibodies are spontaneously produced without 

immunization with MDA-c'arrier conjugates. The presence of MDA 

specific antibodies without introduction of exogenous MDA or 

MDA-modified antigens provides a strong indication that the 

immunogenici ty of endogenous molecules wi thin the host is 

altered by MDA, subsequently eliciting an immune response. 

In vivo, one mechanism of MDA generation is via the 

oxidation of phospholipids in cell membranes and subcellular 

organelles. In vitro oxidation of erythrocytes by treatment 

with oxidizing agents leads to their phagocytosis by 

autologous macrophages (Beppu et al., 1986). These studies 

provide evidence that peroxidation of membrane lipids in 

erythrocytes may be one mechanism by which these cells are 

removed from the circulation upon aging. Polymerization of 

membrane components, subsequent to peroxidation of membrane 

lipids, may result in biochemical changes that lead to aging 



21 

of erythrocytes and their eventual sequestration (Jain and 

Hochstein, 1980). Further studies indicated that accumulation 

of MDA alters the organization of phospholipids in the 

membrane bilayer of erythrocytes (Jain, 1984) . In 

irreversibly sickled cells, a greater amount of MDA has been 

found compared to normal cells, indicating that these cells 

may have previously undergone damage due to lipid peroxidation 

and accumulated MDA (Jain and Shohet, 1984). 

Lipid peroxidation in the host is influenced by many 

factors including the level of antioxidants, presence of 

chemicals that increase peroxidation and intake of dietary 

PUFA. Factors that elevate lipid peroxidation including 

antioxidant deficiency, ozone or nitrogen oxide exposures, 

hyperoxia (Draper and Hadley, 1990) and enrichment of tissues 

with PUFA (Draper et al., 1984) can increase endogenous MDA 

production. consumption of dietary supplements of cod liver 

oil, a source of PUFA, leads to increased urinary MDA 

secretion (Draper et al., 1984; Piche et al., 1988). 

Dhanakoti and Draper (1987) demonstrated that the level of MDA 

excretion in rats was elevated by an increased dietary intake 

of PUFA and by treatment with such chemicals as adriamycin and 

carbon tetrachloride, and hormones that increase lipolysis 

such as epinephrine and adrenocorticotropin. Tissues from 

animals fed a vitamin E-deficient diet were found to contain 

significantly higher levels of MDA compared to those fed a 
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vitamin E-supplemented diet (Lee and Csallany, 1987). In 

humans, treatment with theophylline, an anti-asthmatic drug, 

has been shown to increase the level of MDA-containing 

materials in the plasma (Godard et al., 1984). 

1.2 Hypothesis 

Lipid peroxidation products including MDA may play a 

contributing role in the pathogenesis of murine lUpus. In 

this model the amount of MDA produced as a result of 

arachidonic acid breakdown which occurs during inflammation 

may be beyond the capacity of normal metabolic processes. As 

such, MDA may form immunogenic conjugates with self molecules 

and elicit the production of autoantibodies and subsequently 

lead to the formation of immune::omplexes. If this is true, 

an immune response against MDA-modified self-molecules may 

represent another pathogenetic mechanism that contributes to 

murine lupus, in addition to the widely accepted phenomenon 

invol ving formation of immune complexes containing nuclear 

antigens and their subsequent tissue deposition e.g. in the 

glomeruli. 

Specific immunological assays to detect the presence of 

anti-MDA antibodies, immune complexes containing MDA-modified 

molecules in serum and tissues will be developed. These 

assays will overcome the problem of lack of specificity 

inherent in methods that are currently used to detect MDA. 
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This investigation will thus utilize reliable immunological 

assays to determine the presence of an immune response against 

MDA, and whether this response has any role in the 

pathogenesis of murine lupus. Anti-MDA antibodies and immune 

complexes containing MDA adducts will be measured to determine 

the significance of MDA and its adducts as an indicator of 

lipid peroxidative process in the development of the disease 

in this animal model. 

The following questions will be addressed: 

1. Is an immune response against MDA present in the murine 

lupus model, and if so, to what level? 

2. How does the anti-MDA response compare to the response 

against dsDNA? 

3. Does the anti-MDA response lead to the formation of 

circulating immune complexes containing MDA conjugates 

which may subsequently be deposited in tissues? 

4. Are MDA-modified proteins present in the sera of lupus 

and non-lupus mice? 

1.3 specific aims 

To address the above questions the following objectives 

will be examined in this study: 

1. Characterization of the physicochemical changes in mouse 

serum albumin (MSA) resulting from MDA binding and 
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immunological assays. 

conjugates in 
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subsequent 

2. Determination of the presence of a specific immune 

response against MDA and the time course relationship of 

this response, as well as the effects of MDA adducts on 

in vitro spleen cell lymphoproliferation. The anti-MDA 

response will be compared to the response against dsDNA. 

3. Determination of the presence of MDA containing immune 

complexes in the sera and tissues of MRL/ lpr/ lpr mice an"d 

how their levels may vary wi th the progress of the 

disease. 

4. Determination of the effects of dietary vitamin E 

supplementation on the immune response against MDA and 

progress of the disease in lupus mice. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Lipid peroxidation 

The process of lipid peroxidation proceeds via a free 

radical mechanism. In biological systems containing 

polyunsaturated fatty acids (RH), the presence of free 

radicals (R'), leads to a chain reaction involving peroxy 

radicals (ROO'), which abstract hydrogen atoms from 

oxidizable substrates. This chain reaction can be strongly 

inhibi ted by antioxidants which act by competing with the 

oxidizable substrates for peroxy radicals. The process of 

free radical-mediated lipid peroxidation is summarized below: 

1. Initiation: Production of R' 

2. Propagation: R' + O2 ... ROO' (peroxy 

radical) 

ROO' + RH ... ROOH + R' 

ROO' + RH ... ROORH' 

3. Termination: ROO' + ROO' ... inactive products 

The breakdown of peroxides produced during PUFA 

peroxidation leads to the formation of numerous products 

including MDA (Porter, 1984; Slater, 1984; Sevanian and 

Hochstein, 1985). 
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Production of·· free radicals that can initiate lipid 

peroxidation may come from various sources including reactions 

initiated by xenobiotics, respiratory burst and prostaglandin 

production (Pryor et al., 1982; Blake et al., 1987; Kappus, 

1987). Lipid peroxidation via the free radical mechanism can 

be induced by various substances such as carbon tetrachloride, 

halothane, organic hydroperoxides and iron ions, which 

represent the most important physiological catalyst of lipid 

peroxidation. stimulation of lipid peroxidation may also be 

brought about by chemicals that cause a decrease in enzymes 

involved in the detoxification of reactive oxygen metabolites 

such as heavy metals, or compounds that deplete glutathione 

such as ethanol (Pryor et al., 1976; Kappus, 1987). 

Prevention of free radical-initiated peroxidative processes is 

a major mechanism of host defense against free radical damage. 

In the.host several mechanisms serve to limit the occurrence 

of such damage. These include catalytic free radical removal 

exemplified by superoxide dismutase, and free radical 

scavenging by antioxidants such as vitamin E and glutathione 

which trap free radicals in lipid membranes and scavenge 

reactive oxygen species (Blake et al., 1987; Niki, 1987). 

In some disease states the levels of lipid peroxides and 

their breakdown products are increased, indicating an elevated 

level of lipid peroxidation or a reduced function of the 

antioxidant protective mechanism. such conditions are usually 
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evidenced by increased levels of lipid peroxides or MDA in 

serum, plasma or urine (Yagi, 1987). significantly higher 

levels of MDA and lipid peroxides have been detected in plasma 

of aged humans (Satoh, 1978; Poubelle et al., 1982), HIV 

positive patients (Sonnerborg et al., 1988), patients with 

toxemia of pregnancy (Ishihara, 1978), diabetics (Nishigaki et 

al., 1981) and patients with cerebrovascular disorders (Satoh, 

1978). However, there is currently very little evidence 

implicating the direct involvement of MDA in the pathogenesis 

of any disease. 

2.2 Systemic lupus erythematosus 

systemic lupus erythematosus (SLE) is a mUltisystem 

autoimmune disease of unknown etiology characterized by the 

production of a variety of autoantibodies, including those 

against double-stranded DNA (dsDNA) , histones, lymphocytes and 

cardiolipin (Condemi, 1987). Clinical manifestations of the 

disease are extremely varied and result from deposition of 

autoantibodies and immune complexes in tissues and cells 

(Ponticelli, 1990). These manifestations depend upon which 

organ systems are invol ved. Severe forms of the disease 

usually result from involvement of vital organs such as the 

kidneys, lungs, central nervous system (CNS) and the 

cardiovascular system. Involvement of the skin and joints 
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generally produce a milder form of the disease. The majority 

of SLE patients are women. 

SLE is associated with many immunological abnormalities 

including the presence of lupus erythematosus (LE) cells, 

antinuclear antibodies (ANA), immune complexes, 

hypocomplementemia, circulating 

autoantibodies (Condemi, 1987). 

antibodies in high titers such 

anticoagulants and other 

The presence of certain 

as those against dsDNA is 

characteristic of SLE and thus used for its diagnosis (Talal 

et al., 1977). Deposition of immune complexes at various 

tissue sites is believed to be one of the mechanisms 

responsible for tissue injury in SLE. 

Antibodies against red blood cells, neutrophils, 

plate}ets and lymphocytes may also be detected and may playa 

role in causing hemolytic anemia, leukopenia, thrombocytopenia 

as well as lymphocytopenia and may lead to the immune 

abnormalities observed in SLE (Morimoto et al., 1984; Kaplan 

et al., 1987). 

Death is usually caused by renal involvement leading to 

proliferative glomerulonephritis. In addition there may be 

CNS involvement, infections, and vascular events that lead to 

atherosclerotic coronary artery disease (Haider and Roberts, 

1981; Rubin et al., 1985; Jonsson et al., 1989; Ponticelli, 

1990). 
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2.3 Murine models of SLE 

The availability of animal models has greatly facilitated 

the study and understanding of many human ailments including 

SLE. Several murine strains spontaneously develop a disease 

that very closely mimics human lUpus. The most widely used 

murine strains for the study of lupus are the MRL/Mp-Ipr/lpr 

and New Zealand Black/White ·F1 hybrid strains. A graft

versus-host disease model of murine lupus, induced by 

introduction of immunocompetent stem cells from the 

appropriate parental strain into their Fl hybrid strain, also 

develops many of the symptoms associated with murine lUpus. 

In these murine models lethal glomerulonephritis that results 

from deposition of immune complexes in the kidneys is usually 

described as the main cause of death (Theofilopoulos and 

Dixon, 1985; Datta, 1988). 

2.4 MRL/Mp-Ipr/lpr mice 

Mice of the MRL/Mp-Ipr / Ipr (MRL/ lpr) strain spontaneously 

develop a disease that closely parallels human lupus. Various 

autoantibodies including those against ss and dsDNA, nuclear 

antigens, histones, cardiolipin and RNA are produced. MRL/lpr 

mice exhibit abnormally high spontaneous B cell activation and 

elevated serum immunoglobulin concentrations (Theofilopoulos 

and Dixon, 1985; Cohen et al., 1988; Datta, 1988; Brick et 

al., 1990). The presence of the autosomal recessive 
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lymphoproliferative (lpr) gene results in a massive lymphoid 

organ enlargement and expansion of a T cell subset that is 

responsible for the severe autoimmunity observed in this mouse 

strain. The congenic'MRL/Mp-+/+ (MRL/+) strain has an 

identical genome to the MRL/lpr mouse (less than 0.1% 

difference) but lacks the lpr gene and develops a milder form 

of the disease late in life (Datta, 1988). Transfer of the 

lpr gene into normal mouse strains results in minimal 

histopathologic manifestations of autoimmune disease 

indicating that the MRL background genes have profound effects 

on the nature and severity of the induced autoimmune response 

(Warren et al., 1984; Kelley and Roths, 1985; Theofilopoulos 

et al., 1989). 

The primary immunologic abnormality in this mouse strain 

is due to T cells. Early thymic involution is observed 

(Andrews et al., 1978) and cells from MRL/lpr mice have a 

depressed response to T cell mitogens (Simon et al., 1984). 

Autoantibodies are usually detectable in MRL/lpr mice by 

1 - 2 months age (Datta, 1988). The 50% mortality rate for 

this strain is usually about 20 weeks, death being usually 

attributed to immune complex-mediated glomerulonephritis 

(Theofilopoulos and Dixon, 1985). Deposits of IgG and DNA 

immune complexes have been demonstrated in the kidneys. 

Hypocomplementemia which progresses with disease probably 
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results from consumption of complement by immune complexes 

deposited in the kidneys and other tissues. 

2.5 The graft-versus-host disease model 

Injection of immunocompetent stem cells from one parental 

strain into Fl recipients produces a graft-versus-host disease 

(GVHD) that results from recognition of the foreign antigens 

of the other parental strain in the Fl mice by the donor 

cells. The major antigens recognized in a GVHD response in Fl 

hosts are the major histocompatibility antigens of the major 

histocompatibility complex (MHC) (Rolink et al., 1990; Hakim 

and Shearer, 1990). The outcome of this alloreaction depends 

on the histocompatibility antigens recognized by the parental 

donor T cells, and/or the function of the subsets of parental 

T cells injected (Rolink et al., 1990; Via, 1991). 

If the disparity involves both Class I and Class II MHC 

antigens, a hypoplastic GVHD syndrome results, characterized 

by hypogammaglobulinemia, thymic hypoplasia and pancytopenia. 

Both alloreactive CD4+ Class II MHC reactive parental TH cells 

and CD8+ MHC Class I reactive parental Te/8 cells are required 

for its induction. Profound immunodeficiency of all T and B 

cell functions involving a direct attack of donor cells on 

recipient lymphohematopoietic system and reconstitution of the 

host system with donor-derived cells occurs (Via et al., 1987; 

Rolink et al., 1990). 
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When the disparity involves only Class II loci a chronic 

stimulatory or autoimmune form of GVHD develops characterized 

by only a limited engraftment of donor cells within the host 

lymphohematopoietic system, polyclonal B cell activation and 

production of autoantibodies (Hakim and Shearer, 1990; 

Portanova et al., 1988; Rolink et al., 1990; Morris et al., 

1990; Via et al., 1987). The parental T cells responsible for 

this syndrome are CD4+ MHC Class II reactive alloreactive TH 

cells. This form of GVHD has many features of the autoimmune 

disease in MRL/lpr mice and human SLE (Portanova et al., 1985; 

Fast, 1990; Hakim and Shearer, 1990). 

The chronic immunostimulatory form of GVHD can also be 

elicited by injection of parental DBA/2 spleen cells into 

(C57BL/6 X DBA/2)F1 (B6D2F1 ) recipients (Portanova et al., 

1985; Appleby et al., 1989; Fast, 1990). While this is 

genetically a MHC Class I and Class II disparity type GVHD 

model the disease that develops is a stimulatory GVHD because 

DBA/2 spleens exhibit a natural deficiency in precursor 

cytotoxic T lymphocytes (pCTL) essential for the production of 

hypoplastic GVHD (Hakim and Shearer, 1990). Injection of 

spleen cells from the C57BL/6 parental strain into B6D2F1 

recipients results in a hypoplastic GVHD (Via et al., 1987; 

Fast, 1990). 
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2.6 New Zealand Black/White mice 

The New Zealand Black/White Fl (NZB/W) mice develop a 

lupus-like disease with its primary dysfunction being due to 

B cells (Izui et al., 1978; Prud'homme et al., 1983). 

Serological abnormalities that have been reported in these 

mice include the presence in high titers of antibodies against 

nuclear antigens, immune complexes and anti-erythrocyte 

antibodies (Shoenfeld and Isenberg, 1989; Brick et al., 1990). 

High levels of antibodies against dsDNA are associated with 

renal deposition of immune complexes and fatal 

glomerulonephritis (Lambert et al., 1968). 

2.7 Related previous studies 

Besides being an excellent model for the study of SLE, 

the murine lupus model also offers many avenues of research 

towards understanding the complicated processes involved in 

the immune system in general, and the autoimmune phenomenon in 

particular. Various modulatory approaches have been attempted 

in this model to alleviate the disease or delay the onset of 

its symptoms. These studies have provided invaluable clues 

towards understanding,the basis of the disease. However, the 

pathogenetic basis of human and murine lupus remains largely 

unsolved. 

Several dietary manipulations have shown that the 

progress of murine lupus may be influenced by lipid 
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peroxidative processes. In NZB mice fed a diet high in fat 

content an increased propensity to produce autoantibodies has 

been observed (Fernandes et al., 1973). NZB/W mice showed 

accelerated disease development evidenced by early appearance 

of nephritis and a shorter lifespan (Levy et al., 1982; Kelley 

and Izui, 1983). MRL/lpr mice fed a high fat diet 

demonstrated a decreased lifespan (Mark et al., 1984) and 

enhanced development of atherosclerotic and autoimmune lesions 

(Fernandes et al., 1983). 

Other investigators have shown that antioxidant therapy 

had beneficial effects in delaying development of murine 

lupus. Treatment of NZB/W mice with antioxidants starting 

shortly after weaning significantly increased their lifespan, 

suggesting that the accelerated production of autoimmune 

factors in these mice may be dependent on free radical 

mechanisms (Harman, 1980). Supplementation of NZB/W mice with 

selenium, an essential component of the glutathione 

antioxidant system, significantly improved their survival 

although it did not influence autoantibody production (O'Dell 

et al., 1988). Lipid peroxidative processes thus appear to 

have a role in the pathogenesis of murine lUpus. 
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CHAPTER 3 

METHODS AND EXPERIMENTAL DESIGN 

3.1 preparation of malondialdehyde-mouse serum albumin 

(MDA/MSA) adducts 

Free MDA was generated by acid hydrolysis of 

malonaldehyde bis (dimethyl acetal) (Aldrich Chemical Co., 

Milwaukee, WI) and then diluted in 0.1 M phosphate buffer. 

The pH of the solution was adjusted to 6.4 by adding 10 N 

NaOH. MDA solutions of different molar concentrations were 

mixed with equal volumes of 10 mg/ml mouse serum albumin (MSA) 

(Sigma Chemical co., st. Louis, MO) in 0.01 M phosphate-0.01t 

ethylenediamine tetra acetate (Na4EDTA) buffer, pH 7.4. MSA 

treated with buffer alone was used as control. The 

preparations were incubated at 37°C for 72 hr and then 

dialyzed against 2 changes of 0.01 M phosphate-0.01t Na4EDTA 

buffer, pH 7.4, at 4°C for 48 hr (Haberland et al., 1982; Lung 

et al., 1990). 

3.2 Protein assay 

Protein concentrations were determined according to the 

Lowry procedure using MSA or bovine serum albumin (BSA) as 

standards (Lowry et al., 1951). 
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3.3 Estimation of MDA in MDA/MSA adducts 

The amounts of MDA in MDA/MSA adducts were estimated as 

thiobarbituric acid reactive substances (TBARS) (Mao et al., 

1990). Twenty five IJ.g of MDA/MSA adducts were mixed with 0.75 

ml 20% trichloroacetic acid (TCA) (Aldrich) and incubated for 

10 min at room temperature (RT). After addition of 0.75 ml 

0.67% thiobarbituric acid (TBA) (Sigma) in 0.05 N NaOH, 

samples were incubated for 30 min at 90°C in a water bath and 

then centrifuged at 1500 rpm (Model HN-S Centrifuge, 

International Equipment Co., Needham Heights, MA) for 10 min. 

Absorbance of the supernatants was read at 532 nm in a Beckman 

DU-64 spectrophotometer (Beckman Instruments Inc.). A 

standard curve was obtained using MDA generated from 

malonaldehyde bis (dimethyl acetal) (Aldrich) as described 

above. 

3.4 Estimation of MDA binding by trinitrobenzene sulfonic 

acid assay 

Free amino groups on MSA that were not substituted after 

reaction with MDA were estimated by the 2,4, 6-trini trobenzene-

1-sulfonic acid (TNBS) assay (Habeeb, 1966). One half ml of 

appropriately-diluted control MSA or MDA/MSA adducts was mixed 

with 0.1% TNBS (Sigma) in equal volumes. The mixture was 

alkalized with 0.5 ml 4% NaHC03 and incubated in a 40°C water 

bath for 2 hr. After incubation, 0.5 ml of 10% sodium 
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dodecylsulfate (SDS) (Sigma) and 0.5 ml of 1 N HCl were added 

to the mixture and absorbance of the trinitrobenzoylated 

protein solution was measured at its maximum absorbance 

wavelength. Relati ve MDA binding (%) was calculated as 

follows: 

[(Am - Ac) / AcJ X 100% 

where, Am is the absorbance of MDA/MSA adducts and Ac is the 

absorbance of control MSA. 

3.5 ultraviolet-visible spectrophotometric analysis 

The absorption spectra (200 nm to 500 nm) of 0.5 ml 

samples of diluted control MSA and MDA/MSA adducts (0.5 mg/ml) 

were determined in quartz cuvettes in a Beckman DU-64 

spectrophotometer (Beckman Instruments Inc.). 

3.6 Zone electrophoresis 

Zone electrophoresis of control MSA and MDA/MSA adducts 

was performed on 1% agarose plates in barbital buffer, pH 8.6, 

(Helena Laboratories Inc., Beaumont, TX) as previously 

described (Lung et al., 1990). One ~l samples were 

electrophoresed at 15 rnA for 20 min. The gel was fixed in 

absolute methanol and air dried at RT. After staining with 

0.25% amido black, the gel was destained in destain solution 

(5 parts methanol : 5 parts water : 1 part glacial acetic 

acid) and dried at 60-70 0 C. 
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3.7 Sodium dodecylsulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

SDS-PAGE was performed according to a modified Laeromli 

procedure for nonreducing and discontinuous gels (Laemmli, 

1970). For electrophoresis of MDA/MSA adducts, a 7.0%, 0.75 

rom resolving gel in 1.5 M Tris base (Sigma) buffer, pH 8.8, 

was used with a 3% stacking gel in 0.05 M Tris base buffer, pH 

6.8 . Twenty J.1.g samples were added to each lane. After 

electrophoresis at 15 rnA in the stacking gel and 30 rnA in the 

resolving gel, gels were stained in Coomassie blue R-250 stain 

(Bio-Rad Laboratories Inc., Richmond, CA) for 10 min and then 

destained in destain solution (2 parts methanol : 1 part 

glacial acetic acid 17 parts water). Electrophoresis of 

serum samples (1:40 dilution) were performed using a 10% 

resolving and a 3% stacking gel under similar conditions. 

3.8 western blot analysis 

After electrophoresis by SDS-PAGE, proteins were 

electrotransferred at 75 rnA overnight in a Trans-Blot chamber 

(Bio-Rad) to nitrocellulose membrane (0.45 J.1.m pore size; Bio

Rad) in transfer buffer (25 roM Tris-base, 190 roM glycine and 

20% methanol) at 4°C (Towbin et al., 1979). The membrane was 

washed 4X with phosphate buffered saline (PBS; 150 roM NaCl, 

2.7 roM KC1, 9.6 roM Na2HP04' 1.5 roM KHP04 , pH 7.2) and then 

stained with Ponceau S (Helena Laboratories) diluted 1:10 in 
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water to locate lane positions and molecular weight standards. 

After washing out the stain with distilled water, the membrane 

was incubated in PBS containing 1% powdered milk (1% milk-PBS) 

with gentle shaking for 2 hr at RT to saturate non-specific 

binding sites and then washed 4X with PBS. The membrane was 

then incubated for 1 hr at RT in rabbit anti-MDA antiserum 

appropriately-diluted in 1% milk-PBS. After 4 subsequent 

washes with PBS, the membrane was incubated in horseradish 

peroxidase (HRP)-labeled, affinity-purified goat anti-rabbit 

IgG (American Qualex, La Mirada, CA) diluted 1:1000 in 1% 

milk-PBS, for 1 hr at RT and washed as described. The 

membrane was developed in 50 roM Tris buffer, pH 7.6, 

containing 1.66 roM diaminobenzidine (Sigma) and 1.0 roM NiCl2 

as described previously (Leary et al., 1983). 

3.9 Mice 

Female MRL/lpr, MRL/+, BALB/c, ICR and DBA/2 mice were 

obtained from Jackson Laboratory, Bar Harbor, ME and housed in 

University Animal Care, University of Arizona Health Sciences 

Center, under 12 hr light and dark cycle. All experiments 

were conducted subsequent to approval of the protocol by the 

Institutional Animal Care and Use Committee (IACUC) of the 

University of Arizona. 
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3.10 Dietary regimen 

One group of MRLllpr mice was fed a diet supplemented 

with 175 I.U. vitamin E (alpha tocopherol acetate; Sigma) per 

kg diet. Mice in the control group received a normal diet 

(Dyets Inc., Bethlehem, PA). Food and water were made 

available ad libitum. In another experiment, the survival of 

mice fed a vitamin E-supplemented diet was compared to that 

fed the control diet (15 mice per group). 

3.11 Serum antibodies 

Five mice per group were sacrificed every 4th week for in 

vitro studies. Animals were deprived of food overnight and 

sacrificed by ether anesthesia. Blood was obtained from the 

axillary artery and collected in heparinized vials to procure 

plasma. For collection of serum, blood was allowed to clot in 

microcentrifuge tubes at 37°C for 30 min. Serum was separated 

from clot by centrifugation. All samples were stored in 

aliquots at -70°C until used. 

3.12 Enzyme-linked immunosorbent assay (ELISA) 

Levels of antibodies against MDA, total histones, double 

stranded DNA (dsDNA) and single stranded DNA (ssDNA) in sera 

were determined by ELISA (Engvall and Perlmann, 1971). Wells 

of flat bottom Immulon II microtiter plates (Dynatech 

Laboratories Inc., Alexandria, VA) were coated overnight at 
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4°C with 100 ~l per well MSA, MDA/MSA adducts, histones (10 

~g/ml), ds or ssDNA (30 ~g/ml) (Sigma) diluted in carbonate 

buffer (150 mM Na2C03' 350 mM NaHC03 , 0.02% NaN3 , pH 9.6). 

Wells were washed 3X with PBS containing 0.05% Tween-20 

(Sigma) (PBS-Tween) prior to addition of sera diluted in PBS-

Tween. Plates were incubated for 1 hr at RT, washed with PBS

Tween 3X and HRP-Iabeled, heavy chain specific goat anti-mouse 

IgG or IgM (Tago Immunochemicals Inc., Burlingame, CA) 

secondary antibody was used to determine the relative levels 

of specific antibodies. Color was developed by adding 100 ~l 

per well substrate consisting of H20 2-activated 1 mM 2,2'

azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (Sigma) in 10 

mM citric acid solution, pH 4.2, (ABTS-citrate) and the 

absorbance was read at 405 nm in an automatic ELISA plate 

reader (Titertek Multiscan Plus, Flow Laboratories Inc., 

McLean, VA) after 15 min incubation. 

3.13 Inhibition ELISA 

Specificity of anti-MDA antibodies was verified by 

inhibition ELISA. Serum samples appropriately-diluted in PBS

Tween were incubated for 1 hr at 37°C with a range of 

different amounts of inhibitors (MSA, MDA/MSA, dsDNA, ssDNA or 

bovine gamma globulin) in PBS-Tween. Residual anti-MDA 

activity was determined by ELISA as described above. Percent 

inhibition was calculated as follows: 
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[(Au - Ai)/Aul x 100% 

where, Au is the absorbance of uninhibited and Ai is the 

absorbance of inhibited serum samples. 

3.14 Determination of IgG anti-MDA antibody subclass 

The IgG subclass of anti-MDA antibodies was determined 

using the Immunoselect mouse immunoglobulin isotyping kit 

(Gibco, Gaithersburg, MD). Wells of microtiter plates were 

coated overnight at 4°C with MDA/MSA adduct as described 

above. After 4 washes with Tris-buffered saline (TBS; 150 roM 

NaCl, 10 roM Tris base, pH 7.5) containing 0.05% Tween-20 (TBS

Tween) serum samples diluted in 1% bovine serum albumin-TBS 

(1% BSA-TBS) were added and plates were incubated at RT 1 hr. 

After 4 washes with TBS-Tween, plates were incubated for 30 

min at RT with 1% BSA-TBS to saturate non-specific binding 

sites. Rat anti-mouse IgG subclass specific antibody diluted 

in TBS containing 0.1% sodium azide was added and incubated 

for 1 hr. After 4 washes with TBS-Tween, goat anti-rat IgG 

alkaline phosphatase-labeled antibody (Sigma) diluted 1: 500 in 

TBS was added and plates were. incubated at RT for 1 hr and 

then washed 4X with TBS-Tween. The reaction was developed by 

adding substrate consisting of 10 mg p-nitrophenyl phosphate 

(PNPP) (Sigma) in 10 roM diethanolamine, pH 9.5, containing 0.5 

roM MgC12 and stopped after 30 min by addition of 3 M NaOH in 
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equal volumes. Absorbance was read at 405 nm as described 

above. 

3.15 Spleen cell culture 

Erythrocyte-free spleen cells were cultured as previously 

described (Portanova et al., 1985) in 24 well tissue culture 

plates (Costar Corp., Cambridge, MA) in RPMI-1640 medium 

(Gibco) supplemented with 25 roM HEPES buffer (Sigma), 100 

units/ml penicillin, 100 ~g/ml streptomycin, 5 X 10-5 M 2-

mercaptoethanol (Gibco) and 5% heat-inactivated fetal calf 

serum (FCS) (Gibco). Cells were cultured either in the 

absence or presence of 10 ~g/ml lipopolysaccharide (LPS) 

(Sigma) or 10 ~g/ml phytohemaglutinin (PHA) (Sigma) in a final 

volume of 1 ml containing 5 X 105 cells. Plates were 

incubated for 5 days at 37°C in a humidified incubator with 5% 

CO2 • Cell-free culture supernatants were collected by 

centrifugation and assayed for the presence of antibodies 

against MOA, dsONA, ssDNA and histones by ELISA. 

3.16 spleen cell lymphoproliferation 

Erythrocyte-free spleen cells were cultured in RPMI-1640 

medium (Gibco) supplemented with 25 roM HEPES buffer (Sigma), 

100 units/ml penicillin, 100 ~g/ml streptomycin, 5 X 10-5 M 2-

mercaptoethanol (Sigma) and 5% heat-inactivated FCS (Gibco). 

Triplicate wells of 96 well flat bottom tissue culture plates 
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(Costar) containing 5 X 105 cells each were cultured with 

either 4 ~g/ml PHA, 4 ~g/ml concanavalin A (Con A), 10 ~g/ml 

LPS (Sigma) or 10 ~g/ml MSA or MDA/MSA adducts. Mitogens and 

adducts from a single stocked preparation were used for all 

experiments. Control wells received media alone. Plates were 

incubated for 3 or 5 days at 37°C in a humidified incubator 

with 5% CO2 . Cells were pulsed with 1 ~ci tritiated thymidine 

(3H- T) (New England Nuclear, Boston, MA) for 4 hr prior to 

harvesting with an automated cell harvester. 

Lymphoproliferation was determined by measuring incorporation 

of 3H- T using a Becton-Dickinson Model LS 3801 liquid 

scintillation counter. 

3.17 Polyclonal anti-HDA antibodies 

A female New Zealand White (NZW, Shamrock Rabbit Ranch, 

Boulevard, CA) rabbit was immunized with MDA/RSA adducts by 

intramuscular injection of 1 mg antigen mixed with an equal 

volume of complete Freund's adjuvant (Difco Labs, Detroit, MI) 

and subsequently boosted with antigen mixed with incomplete 

Freund's adjuvant (Difco). After 3 boosts, the rabbit was 

sacrificed under anesthesia and bled by intracardiac puncture 

to obtain hyperimmune serum (Lung et al. 1990). Blood was 

allowed to clot at 37°C for 30 min and serum was procured as 

desribed above. 
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3.18 purification of polyclonal anti-MDA antibodies 

The IgG fraction of hyper immune rabbit anti-MDA antiserum 

was isolated using a recombinant protein A column (Pierce Co., 

Rockford, IL). After adjusting the pH to 8.0 by addition of 

1/10 volume of 1.0 M Tris, serum solution was passed through 

a washed protein A column. The column was washed with 10 

volumes of 100 roM Tris, pH 8.0, followed by 10 volumes of 10 

roM Tris, pH 8.0, and antibodies were eluted with 100 roM 

glycine, pH 3.0. Eluates were collected in 1.5 ml 

microcentrifuge tubes containing 50 ~l of 1 M Tris, pH 8.0 (Ey 

et al. , 1978) . Immunoglobulin-containing fractions, 

identified by absorbance at 280 nm, were pooled and dialyzed 

in 0.05 M Tris-saline. After determination of protein 

concentration by the Lowry protein assay (Lowry et al., 1951) 

the samples were stored at -20°C until used. 

3.19 Fractionation of anti-MDA IgG 

Immobilized papain (Pierce), prewashed with digestive 

buffer (20 roM sodium phosphate, 20 roM cysteine, 10 roM Na2EDTA) 

pH 6.2, was mixed with 5 mg of protein A-purified rabbit IgG 

in 1 ml digestive buffer. The mixture was incubated in a 37°C 

water bath for 3 hr with constant gentle shaking (Mage, 1980). 

The reaction was stopped by adding 3 ml of 10 roM Tris HCl 

(Sigma), pH 7.5, and centrifuged. The Fab fragments were 

purified by passing the papain-digested supernatant through a 
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recombinant protein A affinity column (Pierce) preequilibrated 

with 10 roM Tris HCI, pH 7.5. The first eluted protein peak, 

identified by absorbance at 280 nm, was collected and dialyzed 

in TBS containing 0.02% NaN3. The protein concentration was 

determined by the Lowry protein assay (Lowry et al., 1951). 

3.20 Immune complex capture assay 

The levels of immune complexes containing IgG anti-MDA 

antibodies and MDA adducts were measured by the immune complex 

capture assay (Salmon et al., 1987). The F ab fragment of 

anti-MDA IgG, purified as described, was diluted in carbonate 

buffer, pH 9.6, and coated onto wells of microtiter plates (50 

~l/well, 10 ~g/ml) overnight at 4°C. Plates were washed 3X 

with PBS-Tween and incubated with 1% BSA-PBS at 37°C for 30 

min to saturate non-specific binding sites. Mouse plasma 

diluted 1: 50 in PBS-Tween were added and plates were incubated 

for 1 hr at RT. After washing 3X with PBS-Tween, HRP-labeled 

rabbit anti-mouse IgG· (Accurate Chemical and Scientific 

corporation, Westbury, NY) diluted 1:1000 in 1% BSA-PBS was 

• added and the color developed after 30 min incubation and 

addition of substrate as described above. 

3.21 Renal immunohistochemical staining 

The left kidney was removed from each mouse and washed in 

saline containing 0.1% Na4EDTA. After mounting in OCT 
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compound (Miles Inc., Elkhart, IN), tissues were snap frozen 

in 2-methylbutane (Aldrich) in a jar containing liquid 

nitrogen and then stored at -70°C until sectioned. Five ~m 

sections were fixed in acetone for 5 min and then kept at -

30°C until stained. sections were washed in TBS (150 rnM NaCl, 

50 rnM Tris, pH 7.5) for 5 min and then incubated in blocking 

solution (3% BSA-TBS) in a moist chamber for 30 min at RT. 

After 3 X 5 min washing in TBS, sections were incubated in 

rabbit anti-MDA antiserum or preimmune serum (1:500 dilution 

in 3% BSA-TBS) for 30 min at RT. Slides were washed again in 

TBS (3 X 5 min) and then incubated with fluorescein 

isothiocyanate (FITC)-labeled donkey anti-rabbit IgG antibody 

(1:100 dilution in 3% BSA-TBS; Jackson IrnrnunoResearch 

Laboratories Inc., West Grove, PA). After 30 min incubation 

at RT slides were washed 3 X 5 min with TBS and then mounted 

in 1% gelvatol. For direct detection of IgG and complement 

components, sections were incubated with FITC-conjugated 

donkey anti-mouse IgG (1:100 dilution in 3% BSA-TBS; Jackson 

IrnrnunoResearch) and goat anti-rabbit C3 (1:20 dilution in 3% 

BSA-TBS; Organon Teknika, Durham, NC) respectively. Slides 

were observed under an ultraviolet microscope and 

photographed. 
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3.22 statistical analyses 

Differences between the means of two values were 

subjected to statistical analysis using a two sample t-test. 

All data were expressed as mean ± SD and all p-values were 

considered significant at p ~ 0.05. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 SDS-PAGE and western blot analysis of MDA/MSA adducts 

Fraction V MSA was observed to contain dimeric and 

trimeric forms in addition to the monomeric fraction which has 

a relative molecular weight size of 65 kD. As a result of MDA 

treatment, all these polymers and monomers produced smears 

upon electrophoresis indicating their breakdown into smaller 

fragments which were then cross-linked. This 'smearing 

effect' increased with increasing concentrations of MDA used 

for adduct preparation (Fig. 1). western blot analysis of 

these adducts detected the presence of MDA epitopes on adducts 

modif ied with 5 mM or more MDA. In these adducts, both 

polymeric and monomeric forms of MSA demonstrated the presence 

of MDA epitopes. In the polymeric forms MDA epitopes were 

detected in the smear ranging in molecular weight from 100 to 

greater than 200 kD. No reaction was detected with unmodified 

MSA or MSA modified with only 1 mM MDA (Fig. 2). Further, it 

was shown that HRP-Iabeled goat anti-rabbit IgG used for 

western blot analysis showed specific reaction with rabbit IgG 

and no reaction with either mouse serum proteins or MDA/MSA 

adduct (Fig. 3). 
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Figure 1: SDS-PAGE of MSA (Lane 2) and MSA modified with 1 roM 
(Lane 3), 5 roM (Lane 4), 10 roM (Lane 5),20 roM (Lane 6), 
50 roM (Lane 7) and 100 roM (Lane 8) MDA. Molecular weight 
standards are included (Lane 1). Each lane was loaded 
with 20 ~g protein. A 7% resolving gel was used and 
stained with Coomassie blue. 
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Figure 2: Western blot analysis of MSA (Lane 2) and MSA 
modified with 1 roM (Lane 3), 5 roM (Lane 4), 10 roM (Lane 
5), 20 roM (Lane 6), 50 roM (Lane 7) and 100 roM (Lane 8) 
MDA after resolution on a 7% gel. Molecular weight 
standards are incl~ded (Lane 1). Rabbit anti-MDA 
antiserum was used as probe. 
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Figure 3: western blot reaction between HRP-labeled goat 
anti-rabbit IgG and molecular weight standards (Lane 1) , 
protein A-purified rabbit IgG (Lane 2), mouse serum (Lane 
3), and MDA/MSA adduct (Lane 4). 
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4.2 Zone electrophoresis 

Upon electrophoresis, MDA/MSA adducts migrated further 

towards the anode than unmodified MSA in proportion to the 

concentration of MDA used in adduct preparation indicating 

greater overall net negative charge resulting from MDA binding 

(Fig. 4). 

4.3 UV/Visible scan 

A UV /visible scan of unmodified MSA revealed a major 

absorbance peak at about 220 nm and a lesser peak at about 280 

nm. MDA treatment resulted in an increase in the absorbance 

intensity of the 280 nm peak. The intensity of this peak 

increased in proportion to the amount of MDA used for adduct 

formation. Adducts of 5 roM or more MDA were visibly yellow 

and the color intensity increased with increasing MDA 

concentrations. Addition of 20 roM or more MDA produced an 

extra absorbance peak at 395 nm wavelength. The intensity of 

this peak also increased with the amount of MDA used for 

adduct preparation. In contrast, MDA treatment did not alter 

the intensity of the 220 nm peak (Fig. 5). 

4.4 Estimation of MDA bindinq by trinitrobenzene sulfonic 

acid (TNBS) assay 

The percentage amount of free amino groups on MSA that 

were not substituted after reaction with MDA was estimated by 
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Figure 4: Zone electrophoresis of 5 ~g/well MSA (Lanes 1 and 
7) and MSA modified with 5 mM (Lane 2), 10 mM (Lane 3), 
20 mM (Lane 4), 50 mM (Lane 5) or 100 mM (Lane 6) MDA. 
The direction of the anode is indicated with a positive 
sign. The gel was stained with Amido black. 
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4.000 
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Figure 5: UV/visible scan (200 - 500 nm wavelength) of MSA 
(A) and MSA modified with 0.5 roM (B), 1.0 roM (e), 5.0 roM 
(D), 10.0 roM (E), 20.0 roM (F), 50.0 roM (G) or 100.0 roM 
(H) MDA. Samples of 0.5 ml (1 mg/ml) were used. 
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Treatment of 5 mg/ml MSA with 0.5 rnM MDA 

resulted in 10.96% amino groups on MSA being occupied. In the 

0.5 - 20 rnM MDA range, there was an exponential decrease in 

the percentage amount of free amino groups on MSA as more MDA 

was added. Addition of 50 rnM MDA resulted in 87.92% amino 

groups on MSA being occupied and 100 rnM MDA produced 89.53% 

occupancy. This indicates that there is not much difference 

in the percentage amount of free amino groups available on MSA 

after treatment with 50 or 100 rnM MDA. Treatment of 5 mg/ml 

MSA with 50 rnM MDA was able to saturate about 90% of the amino 

groups on MSA and a two-fold increase in the amount of MDA 

added i.e. 100 roM, did not result in any significant increase 

in amount of amino groups occupied indicating that about 10% 

of the amino groups on MSA are not accessible for MDA binding 

(Fig. 6). 

4.5 Estimation of MDA in MDA/MSA adducts 

The amount of MDA bound to MDA/MSA adducts was estimated 

based on the amount of thiobarbituric acid reactive sUbstance 

(TBARS) released from these adducts upon acid hydrolysis. An 

exponential increase in amount of MDA bound to MSA was 

observed when MDA was added in the 0.5 - 10 roM range. 

Treatment with 0.5 rnM MDA resulted in 27.2 picomoles TBARS in 

the adduct whereas treatment with 10 rnM MDA resulted in 193.3 

picomoles TBARS being bound. There was also no significant 
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Figure 6: Relation between amount of thiobarbi turic acid 
reactive substance (T.B.A.R.Si left y-axis) and percent 
free amino groups available on MSA (right y-axis) after 
modification with different amounts of MDA. The amount 
of MDA used in adduct preparation is indicated on the x
axis. 
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difference in the amount of TBARS bound on MSA modified with 

50 and 100 roM MDA i.e. about 235 picomoles TBARS, indicating 

that treatment with 50 roM MDA resulted in close to the maximum 

amount of TBARS being bound to MSA. This is in agreement with 

the observation that there was not much difference in the 

percentage of free amino groups on MSA after treatment with 50 

or 100 roM MDA (Fig. 6). 

4.6 Determination of optimum antigen concentration for ELISA 

The optimum MDA/MSA adduct concentration for use in ELISA 

was determined using MRL/lpr sera at 1:2000 dilution. Wells 

of ELISA plates were coated with 100 ~l MSA or MDA/MSA adducts 

of different concentrations and the maximum reaction 

determined. Results show an exponential increase in 

absorbance values when 0.5 - 5 ~g/ml antigen was coated on the 

wells. The level of reaction with antigen in the 5 - 20 ~g/ml 

range was significantly higher than that with 1 ~g/ml (p = 

0.045 vs 5 ~g/ml). There was no significant difference in 

absorbance values when 5, 7.5, 10, 15 or 20 ~g/ml antigen was 

used. Also, no reaction above background values was observed 

with MSA at any antigen concentration (Fig. 7). To ensure 

that wells were fully saturated with antigen and thus prevent 

non-specific binding, all subsequent assays were performed 

using MSA or MDA/MSA adducts at 10 ~g/ml. 
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Figure 7: Determination of optimum antigen concentration for 
use in ELISAs. Wells of microtiter plate were coated 
with MSA or 100 roM MDA/MSA (100 ~l/well) and the reaction 
was detected using MRL/lpr mice sera (1:1000 dilution); 
n = 5. 
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4.7 Rabbit anti-MDA antibodies 

Immunization of a female NZW rabbit with MDA/RSA adduct 

elicited MDA-specific IgG antiserum with an ELISA titer of 

greater than 106 after 3 boosts. Reaction between this 

antiserum and RSA was not higher than background values (Fig. 

8). Isolation of the IgG fraction from this antiserum using 

a recombinant protein A affinity column produced a pure IgG 

isolate as evidenced by the presence of a sharp, single peak 

upon elution from the column (Fig. 9). 

4.8 Reaction between rabbit and mouse anti-MDA antisera with 

acrolein/albumin or glutaraldehyde/albumin adducts 

SDS-PAGE analysis of RSA modified with 5 roM acrolein or 

1.25 roM glutaraldehyde showed a 'smearing effect' similar to 

that observed resul ting from MDA treatment of MSA. 

commercially available monomeric BSA and fraction V BSA were 

observed to contain low amounts of dimeric and trimeric forms 

(Fig. lOA). In western blot analysis of these adducts using 

rabbit anti-MDA antiserum as probe, no reaction was observed 

with unmodified BSA, acrolein/RSA or glutaraldehyde/RSA 

adducts, although upon electrophoresis these adducts showed a 

similar smearing effect as that observed resulting from MDA 

treatment. A positive reaction was observed only with RSA 

modified with MDA (Fig. lOB). By ELISA, it was demonstrated 

that the reaction of both rabbit anti -MDA antiserum and 
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Figure 8: Titration of rabbit anti-MDA antiserum from the 
final bleeding against MDA/RSA or RSA. Wells of ELISA 
plates were coated with 100 JlI/well (10 p.g/ml) 20 rnM 
MDA/RSA or RSA. 
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Figure 9: Elution profile of rabbit anti-MDA antibodies 
purified using a recombinant Protein A column. 
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Figure 10: SDS-PAGE (A) and the corresponding western blot 
(8) of albumin or its adducts. A 7% resolving gel was 
used. untreated monomeric albumin (Lane 1), fraction V 
albumin (Lane 2), 20 roM MDA/MSA (Lane 3), 5 roM 
acrolein/RSA (Lane 4), 1.25 roM glutaraldehyde/RSA (Lane 
5), molecular weight standards (Lane 6). Gel A was 
stained with Coomassie blue. Rabbit anti-MDA antisera 
was used as probe for the western blot. 
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MRL/lpr sera with acrolein or glutaraldehyde adducts was not 

significantly higher than that with unmodified albumin. Both 

these sera demonstrated specific reactions with RSA or MSA 

modified with MDA (Figs. 11A and 11B). 

4.9 Reaction of mouse sera with MDA/MSA adducts of different 

MDA concentrations 

The ELISA reactions of mouse sera with adducts containing 

different amounts of MDA was determined using sera from 3 

month old MRL/lpr(1:1000 dilution) and MRL/+ (1:250 dilution) 

mice. Results show that the levels of reaction were 

proportionate to the amount of MDA on MDA/MSA adducts i.e. 

more antibodies were bound to adducts made with higher MDA 

concentrations, indicating the presence of more MDA-generated 

epitopes on the carrier MSA. No significant reaction was 

observed with adducts prepared with less than 5 mM MDA. The 

reaction with adducts modified with 5 - 50 mM MDA showed an 

exponential increase in absorbance values and reached its 

maximum with adducts of 50 and 100 mM MDA. IgM anti-MDA 

antibody levels in MRL/lpr sera were significantly lower than 

IgG anti-MDA antibodies (Fig. 12). In MRL/+ sera, the levels 

of IgM and IgG anti-MDA antibodies were not significantly 

different. A similar reaction trend was observed but the 

maximum reaction was observed with 50 mM MDA/MSA adduct. 

However, the difference in level of reaction of either MRL/lpr 
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Figure 11: ELISA reaction between rabbit anti-MDA antisera 
(Graph Ai 1:1000 dilution) or MRL/lpr sera (Graph B; 
1:1000 dilution; n = 5) with albumin or albumin modified 
with 5 roM acrolein, 1.25 roM glutaraldehyde or 20 roM MDA. 
Wells of ELISA plates were coated with 100 ~l antigen (10 
~g/ml). 
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Figure 12: ELISA reaction of IgM and IgG antibodies in 
MRL/lpr mice sera (1:1000 dilution) with MDA/MSA adducts 
prepared using different concentrations of MDA. Wells of 
ELISA plates were coated with 100 ~l/well antigen (10 
~g/ml); n = 5. 
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or MRL/+ sera with adducts of 50 and 100 mM MDA was not 

significant (Fig. 13). 

4.10 Anti-MDA antibodies in sera of MRL/lpr mice 

High levels of anti-MDA antibodies were observed in 

preliminary titration of sera from five 3 month old MRL/lpr 

mice assayed using adducts of 100 mM MDA/MSA. IgM titers vary 

between 800 - 1600 and IgG titers between 3200 - 6400 (Figs. 

14A and 14B). When levels of anti-MDA antibodies were 

compared in mice of 1 - 5 month age, IgM anti-MDA antibody 

levels were found to be higher than anti-dsDNA levels. IgM 

anti-MDA antibody levels in mice of 2 month age were 

significantly higher than levels in 1 month old mice (p = 

0.017) and remained so in mice of 3 - 5 month age. IgM anti

dsDNA antibody levels remained significantly lower than anti

MDA levels. At 1:1000 dilution, IgG anti-MDA antibodies were 

detected at an earlier age and in significantly higher levels 

than anti-dsDNA antibodies (p = 0.003 at 3 month age), 

reaching a peak level at 4 month age. In comparison, at this 

dilutio~, anti-dsDNA antibodies were detectable at 4 month age 

and remained at a similar level at 5 month age. The levels of 

IgG anti-MDA and anti-dsDNA in mice of 4 and 5 month age were 

not significantly different. No reaction with MSA above 

background values was observed (Figs. 15A and 15B). 
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Figure 13: ELISA reaction of IgM and IgG antibodies in MRL/+ 
mice sera (1:250 dilution) with MDA/MSA adducts prepared 
using different concentrations of MDA. Wells of ELISA 
plates were coated with 100 ~l/well antigen (10 ~g/ml); 
n = 5. 
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Figure 14: IgM (Graph A) and IgG (Graph B) anti-MDA ELISA 
ti ters in sera of 5 MRL/lpr mice. Wells were coated with 
100 J.Ll/well (10 J.Lg/ml) MSA (open symbols) or 100 roM 
MDA/MSA (closed symbols). 
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Figure 15: Levels of IgM (Graph Ai 1:500 serum dilution) and 
IgG (Graph Bi 1:1000 serum dilution) antibodies against 
MDA and dsDNA in sera of MRL/lpr mice of 1 - 5 month age. 
Wells of ELISA plates were coated with 100 ~l/well 100 roM 
MDA/MSA (10 ~g/ml) or dsDNA (30 ~g/ml). 
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4.11 Spleen cell cultures 

Both IgM and IgG antibodies against MDA could be detected 

in supernatants of spleen cells from 3 month old mice cultured 

in the presence or absence of mi togens , in addition to 

antibodies against ds and ssDNA. Antibodies against histones 

were not found to be higher than background values. Addition 

of mitogens (10 J1.g/ml LPS or PHA) did not significantly 

increase the levels of antibodies to these antigens over 

levels detected in supernatants of spleen cells cultured in 

media alone. IgG anti-ssDNA antibody levels were found to be 

consistently higher than anti-dsDNA antibody levels in these 

culture supernatants (Figs. 16A and 16B). 

4.12 Inhibition studies 

To verify specificity ofanti-MDA antibodies inhibition 

studies were performed using various inhibitors. Overall, 

these studies showed that anti-MDA antibodies could be 

inhibited specifically by MDA/MSA adducts but not by the 

carrier protein or an unrelated antigen (i.e. dsDNA, ssDNA, 

BGG). In inhibition assays using MDA/MSA adducts it was found 

that for the same concentration of adduct used as inhibitor, 

the adduct made with a higher MDA concentration could inhibit 

significantly more anti-MDA antibody activity than the adduct 

made with less MDA. Thus, when used at a concentration of 20 

J1.g/well, 100 roM MDA/MSA inhibited 72.46 ± 10.44% IgM anti-MDA 
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Figure 16: IgM (Graph A) and IgG (Graph B) antibodies against 
MSA, MDA/MSA, histones, ds and ssDNA in supernatants of 
MRL/lpr spleen cells cultured in the presence or absence 
of mitogens detected by ELISA. Wells of ELISA plates 
were coated with 100 ~l MSA, 100 roM MDA/MSA, histones (10 
~g/ml), ds or ssDNA (30 ~g/ml); n = 5. 
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activity whereas 20 roM MDA/MSA demonstrated only 25.06 ± 

17.43% inhibition (p = 0.002). At 10 ~g/well 100 roM MDA/MSA 

inhibited 62.10 ± 12.46% IgM anti-MDA activity whereas 20 roM 

MDA/MSA inhibited only 9.40 ± 21.79% activity (p = 0.0033). 

A similar inhibition trend was observed with IgG anti-MDA 

antibodies i.e. 82.70 ± 5.22% at 20 ~g/well 100 roM MDA/MSA vs 

55.74 ± 13.56 at 20 ~g/well 20 roM MDA/MSA (p = 0.0089). This 

again demonstrates the relation between the amount of MDA

generated epitopes on the adduct and the concentration of MDA 

used for adduct preparation. When the same inhibitor was used 

at different concentrations i.e. 10 ~g vs 20 ~g/well, the 

difference in inhibition was not significantly different 

although inhibition at 20 ~g/well was higher (Figs. 17A and 

17B). Inhibition of anti-MDA antibodies in MRL/lpr sera by 

100 roM MDA/MSA at 10 ~g/well or more inhibitor was 

significantly higher than at 1 ~g/well (p = 0.0029) and 

reached a plateau at about 40 ~g/well, at which concentration 

66.75 ± 7.88% inhibition was achieved. Fifty % inhibition was 

observed at an average inhibitor concentration of 15 ~g/well. 

Inhibition by 50 ~g/well inhibitor was not significantly 

higher than that by 40 ~g/well (Fig. 18). In both these 

assays no inhibition by MSA was observed. Further inhibition 

studies using ds and ssDNA showed a moderate amount of 

inhibition of anti-MDA antibodies by ssDNA but no significant 

inhibition by dsDNA (Fig. 19). Neither was inhibition by 
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Figure 17: Inhibition of IgM (Graph Ai 1:500 dilution) and 
IgG (Graph Bi 1:1000 dilution) anti-MDA antibodies by 
MSA, 20 roM MDA/MSA or 100 roM MDA/MSA (10 or 20 ~g/well 
inhibitor) detec:ted by ELISA. Wells of ELISA plates were 
coated with 100 roM MDA/MSA (100 ~l/well, 10 ~g/ml). 
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by ELISA. Wells of ELISA plates were coated with 100 roM 
MDA/MSA (100 J.Ll/well, 10 ~g/ml); n = 5. 
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bovine gamma globulin (BGG) or heat-aggregated BGG observed 

(Fig. 20). In these assays 100 mM MDA/MSA adduct was included 

as inhibitor to demonstrate positive inhibition. At 20 

~g/well inhibitor concentration 100 mM MDA/MSA adduct 

inhibited between 55 - 85% anti-MDA activity (Figs. 18 and 

19) • 

4.13 Correlation between levels of antibodies against MDA and 

antibodies against histones, dsDNA and ssDNA 

There is good correlation between levels of IgM and IgG 

anti-MDA antibodies with those against histones and ssDNA, 

with r values ranging between 0.632 and 0.810. The best 

correlation was observed with antibody levels against ssDNA. 

Anti-MDA antibodies was least correlated with anti-ds DNA (r 

values: 0.132 - 0.562) (Fig. 21). 

4.14 Levels of immune complexes containing HDA adducts 

Levels of immune complexes containing MDA adducts and IgG 

anti-MDA antibodies in MRL/lpr mice at 3 month age detected by 

the immune complex capture assay were significantly higher 

than those found in 3 other mouse strains of similar age. In 

BALB/c, ICR and DBA/2 mice, the levels of immune complexes 

containing MDA adducts were not significantly higher than 

background levels (Fig. 22). 
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Figure 20: Inhibition of IgG anti-MDA antibodies in sera 
(1:1000 dilution) of MRL/lpr mice by 20 ~g/well bovine 
gamma globulin or heat-aggregated bovine gamma globulin. 
Wells of ELISA plates were coated with 100 ~l/well 100 roM 
MDA/MSA (10 ~g/ml). 
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Figure 21: Correlation between levels of IgM (Graphs A, B, C; 
1:500 serum dilution» or IgG (Graphs D, E, F; 1:1000 
serum dilution) antibodies against MDA (y-axes) with 
antibodies against histones, ds and ssDNA (x-axes) in 
sera of MRL/lpr mice detected by ELISA. r values are 
shown; n = 15. 
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Figure 22: Levels of immune complexes containing IgG anti-MDA 
antibodies and MDA adducts in sera (1:50 dilution) of 
MRL/lpr, BALB/c, ICR and DBA/2 mice detected by the ELISA 
immune complex capture assay; n = 5. 
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4.15 IgG anti-MDA subclass distribution 

Anti-MDA antibodies were predominantly of the complement 

fixing IgG2a and IgG2b subclasses. The levels of IgG2a and 

IgG2b anti-MDA antibodies were highest in mice of 3 month age. 

Non-complement fixing IgG3 anti-MDA was highest at 5 month 

age. In mice of this age, IgG2a and IgG2b anti-MDA antibodies 

were detected in relatively high levels compared to other 

subclasses. IgG1 anti-MDA antibodies were not detected in 

sera of mice of 1, 3 or 5 month age (Fig. 23). 

4.16 Effects of vitamin E treatment 

4.16.1 Antibody levels 

Anti-MDA antibody levels in mice fed a vitamin E diet 

(175 I.U. alpha tocopherol acetate per kg diet) for a period 

of up to 16 wk were not significantly different than levels in 

mice fed a control diet. There was a trend towards a decrease 

in IgM anti-MDA antibodies in vitamin E fed mice beginning at 

8 wk of treatment. IgM anti-MDA levels remained relatively 

high even at 5 month age. For comparison, anti-dsDNA levels 

were also determined. In mice treated with vitamin E, a trend 

towards a decreased anti-dsDNA levels was observed although 

the difference from control mice was not significant (Fig. 

24) • 
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Figure 23: IgG subclass distribution of anti-MDA antibodies in 
sera (1:1000 dilution) of MRLjlpr mice of 1, 3 or 5 month 
age detected by ELISA. Wells of ELISA plates were coated 
with 100 ~l 100 roM MDAjMSA (10 ~gjml); n = 5. 
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Figure 24: Levels of IgM anti-MDA (Graph A) and anti-dsDNA 
(Graph B) antibodies in sera (1:500 dilution) of control 
and vitamin E-treated MRL/lpr mice detected by ELISA. 
Wells of ELISA plates were coated with 100 ~l MSA, 100 roM 
MDA/MSA (10 ~g/ml) or dsDNA (30 ~l/ml); n = 5. 
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IgG anti-MDA and anti-dsDNA antibody levels were also not 

significantly different between vitamin E-treated and non

treated mice although there was a trend towards a decrease in 

levels of anti-dsDNA after vitamin treatment for 12 - 16 wk 

(Fig. 25). 

4.16.2 spleen cell lymphoproliferation 

MSA or MDA/MSA adducts (10 J,Lg/ml) did not cause any 

significant stimulation or inhibition of MRL/lpr spleen cell 

proliferation and no significant difference in stimulation 

indices was observed between control and vitamin E-treated 

mice (Fig. 26). In contrast, LPS (10 J,Lg/ml), Con A (4 J,Lg/ml) 

or PHA (4 J,Lg/ml) caused significant mitogenesis in concurrent 

assays. However, there does not appear to be any significant 

difference in stimulation due to mitogens between control and 

vitamin E-treated mice (Fig. 27). 

MDA adducts also did not significantly affect the 

mitogenic response of spleen cells from normal MRL/+ mice, 

either alone or when co-incubated with LPS or PHA (Fig. 28). 

stimulation index values are generally lower for MRL/lpr mice. 

In MRL/+ mice, the stimulation index values for stimulation by 

LPS (10 J,Lg/ml) and PHA (4 J,Lg/ml) are 4.44 ± 0.51 and 8.21 ± 

0.94 respectively. By comparison, the values for MRL/lpr mice 

of similar age are 2.78 ± 0.92 and 4.52 ± 2.87 respectively 

(Figs. 27 and 28). 
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Figure 25: Levels of IgG anti-MDA (Graph A) and anti-dsDNA 
(Graph B) antibodies in sera (1:1000 dilution) of control 
and vitamin E-treated MRL/lpr mice detected by ELISA. 
Wells of ELISA plates were coated with 100 ~l MSA, 100 roM 
MDA/MSA (10 ~g/ml) or dsDNA (30 ~l/ml)i n = 5. 
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Figure 27: Results of mitogenesis assay of spleen cells from 
control or vitamin E-treated MRL/lpr mice stimUlated with 
10 J.Lg/ml lipopolysaccharide (Graph A) , 4 J.Lg/ml 
concanavalin A (Graph B) or 4 J.Lg/ml phytohemaglutinin 
(Graph C); n = 5. 



2.0.,.---------------...... 

i':i 1.5 
c 
~ 
z 
o 1 

~ 
~ 
::::I: 

ti 0.5 

DMSA 
~ 20 mM MDA/MSA 
~ 100 mM MDA/MSA 

A 

8.0;-----------------... 

j'j 6.0 
c 
~ 
z 
o ~.O 

~ 
~ 
::::I: 

ti 2.0 

D LPS 
~ LPS + MSA 
~ LPS + 20 mM MDA/MSA 
m! LPS + 100 mM MDA/MSA 

B 

0.04--_...l..-_L-~~--..k:(£Ll:a..-...M~L-_~ 

14.0..----------------~ 

12.0 

~ 10.0 
~ 
z 8.0 
o 
~ ...J 6.0 
~ 
::::I: ti 4.0 

2.0 

DPHA 
~ PHA+ MSA 
.~ PHA + 20 mM MDA/MSA 
~ PHA + 100 mM MDA/MSA 

c 

93 

Figure 28: Results of mitogenesis assay of spleen cells from 
normal MRL/+ mice stimulated with 10 ~g/ml MSA, 20 roM 
MDA/MSA or 100 roM MDA/MSA alone (Graph A), or in the 
presence of 10 ~g/ml LPS (Graph B) or 4 ~g/ml PHA (Graph 
C)i n = 5. 



94 

4.16.3 Immune complex levels 

Immune complexes containing MDA adducts and IgG anti-MDA 

antibodies were detected in sera of both vitamin E-treated and 

control mice. In control mice immune complex levels reached 

its maximum level after 12 wk of treatment i.e. at 4 month 

age. At this age, the level of immune complex was 

significantly higher than levels in mice of 1 or 2 month age 

i.e. 0 and 4 wk of treatment (p = 0.023 and 0.047 

respectively). However, the levels in these two groups of 

mice at each time point were not significantly different {Fig. 

29}. The level in 3 month old MRL/+ mice was significantly 

lower than levels in MRL/lpr mice of similar age {p = 0.016; 

data not shown}. There is good correlation between immune 

complex levels and levels of anti-MDA antibodies in both 

vitamin E-treated and control mice {Fig. 30}. 

4.16.4 Survival studies 

A trend towards increased survival was observed in mice 

treated with vitamin E. Death occurred earlier in control 

mice. Fifty percent mortality occurred at 16.5 wk in control 

mice and at 17.5 wk in vitamin E-treated mice. One hundred 

percent mortality was observed at 28 and 31 wk in control and 

vitamin E-treated mice respectively {Fig. 31}. 
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Figure 29: Levels of immune complexes containing IgG anti-MDA 
antibodies and MDA adducts in sera (1:50 dilution) of 
control and vitamin E-treated MRL/lpr mice detected by 
ELISA immune complex capture assay; n = 5. 
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Figure 30: Correlation between levels of immune complexes 
containing IgG anti-MDA antibodies and MDA adducts with 
levels of IgG anti-MDA antibodies in control (Graph A) 
and vitamin E-treated (Graph B) MRL/lpr mice; n = 25. 
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4.16.5 SDS-PAGE and western blot of analysis of sera 

SDS-PAGE analysis of sera from MRL/lpr mice of 1 - 5 

month age revealed no visible difference upon staining with 

Coomassie blue. Western blot analysis of sera from MRL/lpr 

mice demonstrated a 100 kD protein band modified by MDA. This 

MDA-modified protein was detectable in sera of mice at 3 and 

5 month old but not at 1 month old (Figs. 32A and 32B). Among 

mice of 3 month age, the level of MDA bound to this protein 

was not significantly different in control mice and those that 

have been treated with vitamin E for 8 wk. However, sera from 

3 month old MRL/+ mice showed a significantly lower level of 

MDA binding to the same protein (Figs. 33A and 33B). 

4.17 Renal immunohistochemistry 

Immunofluorescence staining of kidneys from 3 month old 

MRL/lpr mice revealed a linear, diffuse pattern as well as a 

granular, 'lumpy bumpy' pattern indicating the presence of 

MDA-containing immune complexes in the glomeruli (Fig. 34). 

Furthermore, deposits of IgG and C3 complement component were 

also detected. No MDA-containing immune complexes were 

detected in the liver. Pre-immune serum or secondary 

antibodies alone did not show any reaction (data not shown). 



110 
100 
90 

-1 80 :; 
70 :> 

0::: 60 :::> 
(f) 

50 I-
Z 40 w 
u 

30 0::: 
W 
Q.. 20 

10 
0 

-10 
0 4 

0-0 CONTROL 
6,-6, VIT. E TREATED 

8 12 16 20 24 28 

WEEKS OF TREATMENT 

98 

32 

Figure 31: Percentage survival of control and vitamin E-
treated MRL/lpr mice; n = 15. 
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Figure 32: SOS-PAGE (A) and the corresponding western blot 
analysis (B) of MRL/lpr sera at 5 month (Lanes 2 and 3), 
3 month (Lanes 4 and 5) and 1 month (Lanes 6 and 7) age. 
A 10% resolving gel was used. Gel A was stained with 
Coomassie blue. MOA/MSA (Lane 8) was included as a 
positive control. 
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Figure 33: SDS-PAGE (A) and the corresponding western blot 
(B) of sera from 3 month old mice. A 10% resolving gel 
was used. Gel A was stained with Coomassie blue. Rabbit 
anti-MDA antisera was used as probe for gel B. MDA/MSA 
adduct (Lane 1), sera from vitamin E-treated MRL/lpr mice 
(Lanes 2 and 3), sera from untreated MRL/lpr mice (Lanes 
4 and 5), sera from normal MRL/+ mice (Lanes 6 and 7), 
molecular weight standards (Lane 8). 
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Figure 34: Photomicrographs of immunofluorescence stained 
mouse kidney sections detected with anti-MDA (A and B), 
anti-mouse IgG (C) and anti-C3 (D) antibodies (400X). 
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Figure 34: Renal immunohistochemistry 
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CHAPTER 5 

DISCUSSION 

This study was undertaken to determine whether an immune 

response against MOA, a highly reactive product of lipid 

peroxidation, is involved in disease pathogenesis in MRLjlpr 

mice. since methods currently used for detection of MOA lack 

specificity, immunological assays were developed to quantitate 

anti-MOA antibodies and immune complexes that contain MOA 

adducts. Although the TBA assay, widely used to detect MOA, 

is very sensitive, it lacks specificity and has been shown to 

detect other substances such as lipid peroxides as well as 

bilirubin, sialic acid and sucrose (Bird et al., 1983; Gilbert 

et al., 1984; Shlafer and Shepard, 1983). 

MOA-induced physicochemical alterations of MSA were 

determined in order to characterize the antigens used in these 

assays. The immunogenicity of MOA-derivatized rabbit serum 

albumin (RSA) was reported by Lung et al. (1990). In a 

similar manner, MOAjRSA adduct was prepared for the 

production of MOA-specific polyclonal antiserum that was used 

in the immune complex capture assay and as a probe in Western 

blot assays. This antiserum had a titer greater than 106 and 

did not react with unmodified RSA (Fig. 8). 
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Characterization of the physicochemical changes to MSA 

showed that MDA readily combines with this protein in a dose

dependent manner. The TNBS assay demonstrated that MDA binds 

to amino groups, in agreement with previous findings (Tappel, 

1980) (Fig. 6). MDA treatment also caused the breakdown of 

MSA into smaller fragments that were subsequently cross

linked, as demonstrated by 'smears' when analyzed by gel 

electrophoresis. Proteins demonstrating molecular weights and 

migration patterns higher than that of native MSA provide 

evidence for cross-linkage (Fig. 1). Similar cross-linking 

reactions of MDA and fragmentation of proteins by 

hydroperoxides have been described (Beppu et al., 1986; Hunt 

et al., 1988; Nair et al., 1986). 

UVjvisible spectral analysis of MDAjMSA adducts revealed 

the emergence of 2 new absorbance peaks. The intensities of 

these peaks were proportional to the amount of MDA but reached 

a plateau at 50 to 100 roM MDA (Fig. 5). Furthermore, the 

visible intensity of the yellow color of the adducts increased 

in proportion to the concentration of MDA added. Similar 

chromophore development has been shown when MDA reacts with 

amino acids to produce the fluorescent conjugated Schiff 

bases, N,N'-disubstituted 1-amino 3-iminopropenes (Chio and 

Tappel, 1969b). Other investigators reported that formation 

of these chromophores depends upon the amount of MDA added, 

time of incubation and availability of reactive amino groups 
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(Beppu et al., 1986; Bidlack and Tappel, 1973). Results of 

the present study thus agree with these observations since 

absorbance intensities increased as MDA concentrations 

increased, other parameters being equal. 

western blot analysis using rabbit anti-MDA antiserum as 

probe confirmed the observation that MDA binding to MSA 

resulted in the formation of MDA epitopes (Fig. 2). ELISA and 

inhibi tion ELISA studies demonstrated that the number of 

epitopes on the carrier protein was proportional to the amount 

of MDA added until saturation was reached. In the present 

study saturation in the number of groups available for MDA 

binding was attained when 50 to 100 mM MDA was added to MSA as 

evidenced by the TBA and TNBS assays. The TNBS reaction 

showed that by using 50 or 100 mM MDA about 10% free amino 

groups remained on MSA, confirming results obtained using the 

TBA assay that showed similar levels of thiobarbituric acid 

reactive sUbstances (TBARS) in these adducts. 

using MRLjlpr sera with adducts prepared 

ELISA reactions 

with different 

amounts of MDA also support this conclusion since the levels 

of reaction increased with the amount of MDA in the adduct 

until the maximum level was reached with similar adducts. A 

comparable reaction trend was observed using sera from normal 

MRLj+ mice although the levels of anti-MDA antibodies were 

much lower (Fig. 13). However, ELISA reactions could only 

detect the presence of MDA epitopes in adducts prepared with 
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5.0 roM MDA or more, wherea~ the TBA reaction detected TBARS in 

adducts prepared with as little as 0.5 roM MDA. This 

demonstrates the greater sensitivity of the TBA reaction. It 

may also indicate the lack of antigenicity of adducts that 

contain very low amounts of MDA. Based on these observations 

it was concluded that MDA-generated epitopes were maximal on 

adducts prepared with 50 or 100 roM MDA, and all subsequent 

ELISA studies to detect anti-MDA antibodies utilized adducts 

prepared with 100 roM MDA to ensure that the maximum amount of 

MDA epitopes are available to detect MDA-specific antibodies. 

ELISA and western blot assays confirmed the specificity 

of anti-MDA antibodies. These antibodies did not react with 

MSA or with adducts prepared using other aldehydes with 

structural similarities to MDA. Glutaraldehyde, a 5-carbon 

dialdehyde, and acrolein, a 3-carbon monoaldehyde, also 

reacted with albumin to produce cross-linkages that resulted 

in similar 'smearing effects' as MDA when the adducts were 

analyzed by gel electrophoresis. However, subsequent analyses 

by Western blot and ELISA showed no reaction between anti-MDA 

antibodies with these adducts indicating that these antibodies 

are specific and do not bind epitopes generated by other 

aldehydes (Figs. 10 and 11). Inhibition ELISA analyses using 

MDA/MSA adducts further verified that these antibodies 

recognize specific MDA-generated epitopes on the carrier 

protein since no significant inhibition by MSA, dsDNA, ssDNA 



or bovine gamma globulin was observed. 
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Aggregated bovine 

gamma globulin was also included in inhibition assays to 

verify that these antibodies did not react non-specifically 

with aggregated proteins. Titration by ELISA showed that at 

3 months age the levels of IgM anti-MDA antibodies remained 

relatively high in comparison to IgG titers. Overall, these 

studies confirmed the presence of high levels of MDA-specific 

antibodies in sera of MRL/lpr mice. One previous study has 

reported the presence of immunoglobulins which precipitated 

MDA-modified lysozyme, but not native lysozyme, in normal 

human sera (Kergonou et al., 1988), but no report of high 

level MDA-specific antibodies in normal or diseased humans or 

animals has been documented. 

positive correlations between anti-MDA antibody levels 

with those against DNA and histones indicate that production 

of anti-MDA antibodies followed a similar course as the other 

antibodies i.e. high levels of anti-MDA antibodies coincided 

with high levels of anti-histone and anti-DNA antibodies (Fig. 

21) . A time course study of anti-MDA antibody production 

revealed that IgM as well as IgG anti-MDA antibodies were 

detected at an earlier age and in higher levels than anti

dsDNA antibodies (Fig. 15). Based on this observation, it 

would appear that if an anti-MDA response plays a role in 

disease pathogenesis in this mouse model, it precedes the role 

of an anti-dsDNA response since significant levels of IgM 
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anti-MDA, but not anti-DNA, antibodies were detected in 1 

month old mice. Previous studies have shown that anti-dsDNA 

antibodies appear relatively late in murine lupus and no 

significant levels of anti-dsDNA antibodies were detected at 

2 months age. In MRL/lpr mice anti-dsDNA antibody levels were 

highest at 4 to 5 months age and nephritis usually appears at 

3 months age (Theofilopoulos and Dixon, 1985). In the present 

study IgG anti-MDA antibody levels were also highest at 4 to 

5 months age. 

Antibodies against MDA and DNA were also detected in 

culture supernatants of spleen cells from 3 months old mice 

(Fig. 16). Addition of mitogens to the culture media did not 

significantly affect the levels of antibodies produced 

although results from mitogenesis assays showed that addition 

of similar amounts of mitogens caused significant 

lymphoproliferation. Increased lymphoproliferation thus did 

not significantly augment the production of antibodies against 

MDA or DNA which may indicate that cells invol ved in the 

production of these antibodies have already attained their 

terminal plasma cell stage and the increase in uptake of 

radiolabeled thymidine occurred as a result of proliferation 

of other cells. This might also explain why MDA/MSA adducts 

did not cause any significant proliferation of lymphocytes in 

mitogenesis assays (Figs. 26, 27 and 28). 



111 

The levels of IgM and IgG antibodies detected in spleen 

cell culture supernatants were not significantly different 

although the levels of IgG anti-MDA in sera were significantly 

higher than IgM levels. Since immune complexes containing IgM 

antibodies are more efficiently removed by the 

reticuloendothelial system than those containing IgG (Roi tt et 

al., 1985), the lower level of IgM anti-MDA antibodies in 

serum may indicate that a higher proportion of these serum 

antibodies are involved in reactions with MDA-containing 

adducts and thereby removed from the circulation. 

Immune complex 

deposition are key 

formation and subsequent glomerular 

events in disease pathogenesis and 

contribute to death in MRL/lprmice (Theofilopoulos and Dixon, 

1985) . The immune complex capture assay employed in this 

study detects circulating immune complexes that contain IgG 

anti-MDA antibodies and MDA-containing adducts since the 

capture antibody binds only MDA-containing adducts and the 

secondary antibody detects only mouse IgG within the 

complexes. This study has thus shown the presence of specific 

immune complexes containing MDA adducts in 'sera of MRL/lpr 

mice. Levels of immune complexes containing MDA adducts in 

other non-lupus strains were either very low or non-detectable 

(Fig. 22). This indicates that anti-MDA antibodies and MDA 

adducts are produced at higher levels in lupus mice, leading 

to the formation of immune complexes. Significant 
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correlations between anti-MDA antibody levels and immune 

complexes containing MDA adducts observed in this study (r = 

0.638, 0.704; p < 0.001) indicate that with increasing amounts 

of antigen produced, greater amounts can be found in immune 

complexes. A time course study of circulating immune 

complexes showed their levels increased with age although very 

little was detected at 1 month (Fig. 29). 

western blot analysis of sera from mice of different ages 

also showed that sera from 1 month old mice lack MDA-modified 

protein that could be detected in older mice (Fig. 32). Thus 

it appears that there is an association between the presence 

of MDA-modified macromolecules in the sera and the level of 

circulating immune complexes. This protein could represent an 

MDA-binding protein and may thus be involved in immune complex 

formation. It is not clear why it is preferentially modified 

by MDA. One possibility is that it serves to bind and 

transport MDA for detoxification when the latter is produced 

in high levels. This protein remains to be identified and 

characterized. 

This is the first demonstration of an MDA-modified serum 

protein in a lupus model. No previous report of MDA-

modification of serum proteins has been documented although 

Haberland et al. (1988) detected MDA-modified proteins in 

atheromatous lesions of rabbits. 
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Failure to detect MDA-containing immune complexes and 

MDA-modified macromolecules in the sera of young mice may not 

represent a lack of MDA-modified antigens in these animals 

since they could be absent from the circulation or below the 

levels of detection, but might be present on cell surfaces or 

within tissues. In non-lupus strains, immune complexes 

containing MDA adducts may still be produced as part of the 

normal repertoire of immunological events since lipid 

peroxidation is part of the normal physiological processes in 

vivo. However, the level of lipid peroxidation may be lower 

as evidenced by Western blot analysis of sera from 3 month old 

MRL/+ mice which revealed a lower degree of MDA modification 

of serum proteins. 

A lower rate of MDA formation, coupled with an efficient 

system for clearing immune complexes, could account for their 

significantly lower levels in non-lupus mice. On the other 

hand, MRL/ lpr mice have been shown to possess a defective 

mononuclear phagocytic system (Jones et al., 1985; Field et 

al., 1987) and prolonged circulation of immune complexes 

attributable to enhanced production of endogenous immune 

complexes as well as a decreased uptake by the mononuclear 

phagocyte system has been documented (Granholm et al., 1990; 

Mullins et al., 1987). As such, accumulation of immune 

complexes, including those that contain MDA adducts, would 

pose additional problems that lead eventually to deposition of 
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these complexes in tissues including the kidneys, where 

complement can be activated with ensuing tissue damage. In 

this regard, it is significant that anti-MDA antibodies were 

found to be in the complement-fixing IgG2a and IgG2b 

subclasses. Other studies have also demonstrated that kidney 

eluates from MRL/lpr mice usually contain IgG2a and IgG2b 

antibodies (Theofilopoulos and Dixon, 1985). Thus, complement 

fixation involving anti-MDA antibodies and MDA adducts may 

occur prior to that involving the anti-dsDNA response since 

anti-MDA antibodies appear earlier in these mice (Fig. 15). 

Immunofluorescence staining of renal sections revealed 

the presence of MDA-containing immune complexes in the 

glomeruli in addition to deposits of IgG and C3 complement 

component. A pattern of discontinuolis, granular ("lumpy 

bumpy") deposits in some glomeruli and a linear, diffuse 

pattern was observed in others (Fig. 34, A and B). A 

discontinuous, granular staining pattern is characteristic of 

immune complexes that are formed in the circulation and then 

deposited in the mesangial and subendothelial regions of the 

glomeruli. A linear, discontinuous staining pattern is 

usually associated with in situ immune complex formation 

(Couser and Salant, 1980; Wener and Mannik, 1986). It is thus 

evident that MDA can either form in situ immune complexes by 

directly attaching to glomeruli and then binding antibodies or 

MDA-containing antigen-antibody complexes from the circulation 
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can be deposited in the kidneys. Furthermore, MDA-containing 

immune complexes were not detected in the liver (data not 

shown) . In normal animals soluble immune complexes are 

usually removed from 

phagocytic system of 

the 

the 

circulation by the mononuclear 

liver but under conditions of 

antibody excess large immune complexes are usually formed. 

Large immune complexes which are not removed from circulation 

are normally deposited' in the kidneys (Wener and Mannik, 

1986). These complexes then activate complement and release 

chemotactic factors that attract cells such as granulocytes 

and monocytes which then release vasoactive substances that 

alter vascular permeability and allow deposition of immune 

complexes in subendothelial spaces of renal glomeruli. These 

changes also allow leakage of large molecules into the urinary 

spaces of the kidneys (Wener and Mannik, 1986). In addition 

these cells also release substances that cause tissue damage 

resulting in nephritis (Bhan et al., 1978; Schreiner et al., 

1978; Couser and Salant, 1980). 

In addition to fatal nephritis, atherosclerosis also 

occurs in MRL/lpr mice (Mark et al., 1984; Theofilopoulos and 

Dixon, 1985). MDA adducts and immune complexes may also play 

a role in development of atherosclerosis in these mice since 

studies using other animal models have established the 

involvement of MDA-altered macromolecules in atherosclerotic 

lesion formation (Haberland et al., 1988; YHi-Hertuala et al. , 
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1989). The existence of MDA epitopes in eluates from 

atherosclerotic lesions and antibodies against MDA-modified 

low density lipoproteins have been shown in studies of 

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

Deposition of MDA adducts that bind complement-fixing 

antibodies, or deposition of antigen-antibody complexes from 

the circulation into aortic lesions or kidneys would lead to 

complement activation and release of chemotactic factors which 

attract monocytes, neutrophils and lymphocytes. In the 

kidneys of MRL/lpr mice mononuclear cell infiltration is an 

important event that leads to nephritis since these cells 

release soluble factors that damage kidney tissues (Kelley et 

al., 1981; Theofilopoulos and Dixon, 1985). In 

atherosclerotic lesions of the aorta, release of chemotactic 

factors and consequent accumulation of cells could result in 

vessel occlusion and eventual death. Madaio et al. (1987) 

demonstrated that monoclonal anti-dsDNA antibodies derived 

from MRL/lpr mice bound directly to glomerular antigens and 

formed immune deposits. Anti-MDA antibodies may similarly 

bind to MDA epitopes generated in situ via autoxidation of 

tissue fatty acids in the aorta or kidneys. Thus, several 

different events may lead to the involvement of anti-MDA 

antibodies and immune complexes in local tissue- damage. 

Many investigators have attempted to define the 

specificity of autoantibodies found in human and murine lUpus. 
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Several studies have shown that anti-dsDNA antibodies cross

reacted with cardiolipin, possibly due to structural 

similarities of the phosphodiester-linked phosphate groups of 

phospholipid and nucleic acid backbone (Lafer et al., 1981). 

Monoclonal anti-dsDNA antibodies also cross-reacted with 

surface proteins found on glomeruli, lYmphocytes, erythrocytes 

and platelets (Jacob et al., 1987) or can bind directly to 

determinants on the surface of kidney tissues (Madaio et al., 

1987) • Furthermore, nephritogenic antibodies eluted from 

kidneys of MRL/lpr mice exhibited greater polyreactivity than 

serum immunoglobulin (Pankewycz et al., 1987). In the graft

versus-host model of murine lupus, antibodies that bind 

directly to the basement membrane and brush border of kidneys 

have been demonstrated and may play a role in the pathogenesis 

of nephritis (Bruijn et al., 1990). It is conceivable that 

similar events may occur involving anti-MDA antibodies, since 

the generation of MDA via lipid peroxidation is a ubiquitous 

in vivo process and anti-MDA antibodies generated against MDA 

epitopes at other sites could bind to epitopes on the kidneys 

or atheromatous lesions within the aorta. 

Anti-MDA antibodies may also bind to the surface of cells 

that have undergone peroxidative damage leading to the 

destruction of these cells via complement activation, or 

sequestration by the phagocytic mononuclear cell system. 

similarly, anti-MDA antibodies may bind to MDA epitopes on the 
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surface of platelets and induce their accumulation in vessels 

in the same manner that anti-platelet antibodies have been 

postulated to cause platelet aggregation (Kaplan et al., 

1987) . 

The question of what triggers autoantibody production in 

human and murine lupus is a subject of ongoing debate. One 

hypothesis holds that autoantibodies are produced as a result 

of spontaneous polyclonal B cell activation by endogenous or 

exogenous B cell activators (Izui et al., 1978; Klinman and 

steinberg, 1987; Theofilopoulos et al., 1989). Others believe 

that these antibodies are elicited by specific antigenic 

stimulation (Cohen et al., 1988; Hayakawa et al., 1984). In 

the case of anti-MDA antibodies, it is likely that they are 

produced in response to antigens containing MDA epitopes since 

anti-MDA antibodies appear to be part of the vast repertoire 

of antibodies in the circulation, and was demonstrated in low 

levels in sera of non-lupus MRL/+ mice. Unlike anti-dsDNA 

antibodies which are not detected in normal sera, anti-MDA 

antibodies have also been reported in rabbits (Lung, 1992) as 

well as humans (Kergonou et al., 1988). 

Antibodies against self antigens including those against 

DNA may play a scavenger role in the removal of aged tissue 

debris as hypothesized by Grabar (1983) who postulated that 

the existence of various autoantibodies in serum may be normal 

but can have pathological effects under certain circumstances 
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as when they bind to cell surface antigens or when they are 

deposi ted in the form of immune complexes in kidneys or 

capillaries. Anti-MDA antibodies may playa similar role when 

produced under normal physiological conditions. However, in 

MRL/ lpr mice these antibodies are produced in much higher 

levels. Under conditions where antigen levels are also high, 

formation of significant levels of immune complexes can 

resul t, thus leading to adverse effects. In these mice, 

higher than normal production of antibodies is not unusual and 

may be due to aberrant regulation of the immune response 

(Andrews et al., 1978). A similar dysregulation may be 

operational in the production of anti-MDA antibodies. Izui et 

al. (1978) demonstrated that lupus prone mice spontaneously 

produce more anti-hapten antibodies than normal strains. This 

is significant since MDA could indeed react with different 

molecules and form haptenic epitopes that elicit anti-MDA 

antibodies. 

Alternatively, high levels of anti -MDA antibodies may 

result from persistent antigenic stimulation, implying the 

existence of a continuous, high level lipid peroxidation 

process that consequently generates MDA-containing antigens. 

This investigation attempted to address this possibility by 

treating mice with higher than normal doses of vitamin E. If 

anti-MDA antibody production and immune complex formation was 

decreased by vitamin E treatment it could be inferred that the 
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anti-MDA response is due to stimulation by MDA epitopes and 

not due to non-specific activation. However, results obtained 

did not show a significant reduction in the production of 

anti-MDA antibodies or MDA-containing immune complexes 

indicating that MDA production was not significantly reduced 

by this treatment. This should not be interpreted as lack of 

involvement of vitamin E in inhibition of fatty acid 

peroxidation since many previous studies have established that 

high levels of anti-oxidants such as vitamin E do indeed 

affect the level of lipid peroxidation (Esterbauer et al., 

1987; Lee and Csallany, 1987; Niki, 1987). Failure of vitamin 

E supplementation to significantly affect the anti-MDA 

response in the present investigation may have been the result 

of insufficient amounts in the diet. A slight increase in the 

survival of mice in the vitamin E-treated group lends support 

to this conclusion. 

Polyarteritis, polyarthritis and a spontaneous rheumatoid 

arthritis-like disease have been documented in these animals 

(Hang et al., 1982; Koopman and Gay, 1988). Arachidonic acid 

breakdown at these inflammatory sites may continuously release 

MDA from tissues which can then form conjugates with a diverse 

array of molecules, and persistently trigger anti-MDA 

responses. There is also evidence that lipid peroxidative 

processes involving free radical mediated mechanisms may play 

a role in damage to nuclear antigens. Harman (1980) 
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demonstrated that these mechanisms may be invol ved in the 

formation of nuclear antigens implicated in immune complex 

disease in murine lUpus. This and a subsequent study by 

Hruskewcz (1988) also showed that anti-oxidants can inhibit 

DNA damage. Blount et al. (1989) showed that reactive oxygen 

species released at sites of inflammation induced antigenic 

changes that resulted in increased binding of anti-DNA 

antibodies from SLE sera to denatured DNA. These 

investigators later postulated that in SLE, anti-DNA 

antibodies are elicited against DNA altered in its 

immunogenicity by a perpetuated inflammatory response (Blount 

et al., 1991). These observations and results of the present 

study thus indicate that products of the inflammatory process 

including MDA may be directly involved in the pathogenesis of 

murine and human lupus via alteration of self antigens such as 

DNA resulting in elicitation of autoantibodies and immune 

complex formation. 

In summary, this study demonstrates that anti-MDA 

antibodies and MDA adducts may be involved in the formation of 

immune complexes that may subsequently deposit in the kidneys 

of MRL/lpr mice. The following steps that lead to a 

pathogenetic role of an anti-MDA response can be hypothesized: 

1) alteration of self antigens by MDA binding i.e. proteins 

and possibly cell membranes and DNA, 2) elicitation of 

complement activating, MDA-specific antibodies, 3) immune 
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complex formation and subsequent tissue deposition with 

complement activation. The presence of MDA-specific 

antibodies, MDA-altered self antigens in the serum, 

circulating immune complexes and renal deposits containing MDA 

adducts was demonstrated for the first time in this lupus

prone mouse model. The results also suggest in situ immune 

complex formation in renal glomeruli resulting from direct MDA 

binding. It is tempting to speculate that similar processes 

could be operational in human lUpus. Experiments using human 

subjects may lead to a better understanding of why the host 

generates an immune response against self antigens. MDA has 

the capacity to alter these antigens and elicit autoimmune 

responses. Hopefully, this study will provide an impetus to 

investigate these possibilities. 
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