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Abstract
Oxidative damage mediated by reactive oxygen species results in the generation of deleterious by-
products. The oxidation process itself and the proteins modified by these molecules are important
mediators of cell toxicity and disease pathogenesis. Aldehydic products, mainly the 4-hydroxy-2-
alkenals, form adducts with proteins and make them highly immunogenic. Proteins modified in this
manner have been shown to induce pathogenic antibodies in a variety of diseases including systemic
lupus erythematosus (SLE), alcoholic liver disease, diabetes mellitus (DM) and rheumatoid arthritis
(RA). 8-oxodeoxyguanine (oxidatively modified DNA) and low density lipoproteins (LDL) occur
in SLE, a disease in which premature atherosclerosis is a serious problem. In addition, immunization
with 4-hydroxy-2-nonenal (HNE) modified 60 kD Ro autoantigen induces an accelerated epitope
spreading in an animal model of SLE. Advanced glycation end product (AGE) pentosidine and AGE
modified IgG have been shown to correlate with RA disease activity. Oxidatively modified glutamic
acid decarboxylase is important in type 1 DM, while autoantibodies against oxidized LDL are
prevalent in Behcet’s disease. The fragmentation of scleroderma specific autoantigens occurs as a
result of oxidative modification and is thought to be responsible for the production of autoantibodies
through the release of cryptic epitopes. The administration of antioxidants is a viable untried
alternative for preventing or ameliorating autoimmune disease, particularly on account of the
overwhelming evidence for the involvement of oxidative damage in autoimmunity. However, this
should be viewed in the light of disappointing results obtained with the use of antioxidants in
cardiovascular disease.
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1. Free radicals
Reactive oxygen species (ROS) are oxygen-based molecules possessing high chemical
reactivity. These include free radicals (superoxide and hydroxyl radicals) and non-radical
species (hydrogen peroxide) which can be produced even at basal conditions by a number of
ways. Free radicals are active species containing atoms or molecules with one or more unpaired
electrons occupying an outer orbital. They can arise either by the univalent pathway of oxygen
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reduction or as a consequence of enzymic/non-enzymic reactions. The superoxide anion radical
O2 − is formed as a consequence of the one electron reduction of O2. The two electron reduction
product of O2 in the fully protonated form is hydrogen peroxide (H2O2) while the three electron
reduction product of O2 is the hydroxyl radical (OH.). A number of enzymic and non-enzymic
reactions reduce oxygen to the more reactive superoxide radical. Superoxide is also released
consequent to the in vitro oxidation of a number of compounds. H2O2 may be formed
consequent to either the divalent reduction of oxygen by the enzymes urate-, D amino acid-
and glycolate oxidases or by the univalent reduction of oxygen to superoxide and subsequent
conversion of superoxide to hydrogen peroxide by superoxide dismutase. Though hydrogen
peroxide is not a free radical by itself, it can lead to the formation of the more dangerous
hydroxyl radical via the Fenton type reaction [1,2].

2. Antioxidant defense
Enzymatic (superoxide dismutase (SOD), catalase and the peroxidases) and non-enzymatic
(ascorbic acid, reduced glutathione and vitamin E) antioxidant defense systems control ROS
production by scavenging or decreasing ROS levels, thereby maintaining an appropriate
cellular redox balance. Alterations of this normal balance resulting from elevated ROS
production and/or decreased anti-oxidant levels leads to a state of oxidative stress and thus an
enhanced susceptibility of membranes and biological molecules to react with free radicals.

SOD converts superoxide into H2O2 (which is further converted into water by catalase/
glutathione peroxidase). Four types of SOD have been identified based on their tissue
distribution. SOD1 (copper/zinc containing SOD) is found in the cytoplasm of virtually all
eukaryotic cells. SOD2 (manganese containing SOD) is located in the matrix of the
mitochondria of all aerobes. Ferrous SOD is mainly located in the cytosol of prokaryotes. SOD3
(extracellular Cu-Zn SOD) is present in mammals in extracellular fluids or is membrane
associated. Except for Photobacterium leiognathi and Caulobacter crescentus, prokaryotes do
not contain this enzyme [3].

3. Lipid peroxidation
Stress or any other factor that compromises the activity of antioxidant enzymes may trigger a
potentially dangerous pathway of peroxidative damage. Peroxidative damage brought about
by free radicals has been shown to be involved in the pathogenesis of several diseases. Increased
oxidant stress has been associated with the observed increase in lipid peroxidation in these
diseases. Lipid peroxidation has been defined as oxidative degeneration of polyunsaturated
fatty acids, set into motion by free radicals [4].

4. Phases of lipid peroxidation
Oxidation of any polyunsaturated fatty acid is a chain reaction process and can be divided into
three stages: initiation, propagation and termination (Figure 1). In the initiation phase a primary
reactive radical (x.), abstracts a hydrogen atom from a methylene group of a polyunsaturated
fatty acid to start the peroxidation. This leaves an unpaired electron on the carbon, resulting in
the formation of a conjugated diene. The carbon-centered fatty acid radicals combine with
molecular oxygen, in the propagation phase, yielding highly reactive peroxyl radicals that react
with another lipid molecule to form hydroperoxides. Peroxyl radicals are capable of producing
new fatty acid radicals, resulting in a radical chain reaction. In this reaction, the peroxyl radicals
themselves are converted to stable termination phase products, lipid hydroperoxides. The lipid
peroxidation process can result in a number of deleterious end products [3,4].

Lipid peroxidation occurs as a consequence of increased oxidative stress resulting from the
disruption of the pro-oxidant/antioxidant balance and is an important pathogenic process in
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oxygen toxicity. The effect is seen indirectly by the decrease in the levels of antioxidant
enzymes or antioxidants like ascorbic acid, reduced glutathione or vitamin E. Or, more directly,
increased amounts of conjugated dienes, isoprostanes, 4-hydroxynonenal, 4-hydroxy-2-
nonenal-modified proteins, malondialdehyde release or malondialdehyde-modified proteins
can be observed. In addition there are other markers of lipid peroxidation. These include free
radical generated prostaglandin isomers (isoprostanes), 4-hydroxy-2-nonenal (membrane lipid
peroxidation product) or 4-hydroxy 2-nonenal modified proteins, malondialdehyde (end-
product of lipid peroxidation), malondialdehyde-modified proteins, protein-bound acrolein,
free radical modified DNA, conjugate dienes (intermediate product of free radical damage)
and protein carbonylation have all served as indices of peroxidative damage. As an alternative
to these indirect methods, owing to the fact that the free radicals are paramagnetic, electron
paramagnetic resonance spectroscopy combined with spin trapping has become an important
tool to directly assess free radicals [3–5].

5. Reactive oxygen species and protein modification
The process of lipid peroxidation releases aldehydic products of lipid peroxidation (α, β-
unsaturated aldehydes), mainly the 4-hydroxy-2-alkenals, that can form adducts with free
amino groups of lysine and other amino acids. Aldehyde-modified proteins are highly
immunogenic [3–7].

4-hydroxy-2-nonenal is the most studied molecule, among the 4-hydroxy-2-alkenals. 4-
hydroxy-2-nonenal, and related compounds, possess two very reactive electrophilic sites: the
alkene bond and the aldehyde group. The alkene bond targets the three nucleophilic amino
acids cysteine, histidine and lysine via Michael-type addition. The free aldehyde in the open-
chain form of the alkenal adduct can react with a second lysine, histidine or cysteine and act
as heterobifunctional crosslinking reagents. 4-hydroxy-2-nonenal also reacts avidly with
certain antioxidants and enzyme cofactors including glutathione and lipoic acid (the cofactor
for α-ketoglutarate dehydrogenase) [8].

6. Oxidation and immune response
Rabbits and mice immunized with oxidized LDL particles (ox-LDL) develop autoantibodies
directed against epitopes in malondialdehyde and 4-hydroxy-2-nonenal modified low-density
lipoproteins (LDL). The presence of antibodies against ox-LDL or malondialdehyde-LDL in
atherosclerotic plaques and oxidation-specific antigens on surface of apoptotic cells have been
demonstrated by numerous investigators The presence of anti-oxidized LDL is associated with
more rapid progression of atherosclerosis. Antigens modified by oxidative by-products induce
immune responses in alcoholic liver disease [9,10].

The reaction of the adaptive response is enhanced by oxidative processes. Oxidation of
carbohydrates increased the antibody response to co-administered co-antigens. The use of the
Schiff base-forming agent tucaresol, in addition, during immunization with protein antigen
increased T cell dependent immune response. Direct modification of protein antigen has been
shown to be required for the enhancement of the immune response [6,9–12].

7. Oxidative modification of proteins in autoimmune disease
Several human diseases are autoimmune in nature resulting from the abrogation of self-
tolerance. Autoimmune disease may be either organ-specific or tissue specific. Organ specific
diseases include type 1 diabetes, thyroiditis, myasthenia gravis, primary biliary cirrhosis and
Goodpasture’s syndrome while systemic diseases include rheumatoid arthritis, progressive
systemic sclerosis and systemic lupus erythematosus. Nearly all these diseases are
characterized by the presence of autoantibodies. Autoantibodies have been shown to be
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typically present [13] several years prior to diagnosis of SLE and type I diabetes and serve as
markers for future disease [14]. Inflammation, infection, drugs, ROS, environmental factors
induce formation of neo-antigens. Table 1 summarizes the antigens that are oxidatively
modified in autoimmune diseases. Oxidative damage has been implicated in several
autoimmune diseases, including systemic lupus erythematosus [6,15–18].

7.1 Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is a chronic, complex inflammatory autoimmune disorder
of unknown aetiology, characterized by the presence of autoantibodies directed against a
multitude of self-antigens. The targets of these antibodies reside in the nucleus, cytoplasm or
cell membranes. SLE could be a result of interplay of genetic and environmental factors or
molecular mimicry [19].

Although there may be no active tolerance to many intracellular self-antigens, immune
tolerance to self is maintained by elimination of self reactive lymphocytes in the thymus during
the development of the immune system and by rendering the T lymphocytes that bind self
antigens anergic in the periphery. The disruption of self-tolerance, which results in the
appearance of autoreactive lymphocytes, results in autoimmunity. This autoimmune response
is generally divided into three kinds, namely B-cell dominant, T-cell dominant, and
combinational types. Autoimmune hemolytic anemia and myasthenia gravis belong to the
category of B-cell dominant autoimmune diseases while experimental autoimmune
encephalomyelitis, insulin-dependent diabetes mellitus and the collagen-induced arthritis are
T-cell dominant autoimmune diseases. SLE arises from the emergence of both autoreactive T
and B cells with an aetiology [6,20–22].

Molecular mimicry of viral or bacterial antigens with self-determinants has been touted as one
of the pathogenic mechanisms for the appearance of autoreactive cells [22]. The diversification
and amplification of autoimmunity in an individual could be explained by epitope spreading.
The concept of epitope spreading has been extended to other autoimmune diseases since it was
first described in experimental autoimmune encephalomyelitis [23]. Epitope spreading may
occur intramolecularly (within a single antigen) or intermolecularly (within different antigens)
and is defined as the progression of an autoimmune response from initial activation to a chronic
state involving increased targeting of autoantigens by T cells and antibodies. Once immune
tolerance to one component is abrogated, B- and T-cell responses can diversify to other
components of the macromolecule with the recognition of other epitopes in the intact particle
(Figure 2 and Figure 3). Several investigations based on immunization of non-autoimmune
mice with self-peptides support the view that the highly diverse B-and T-cell autoimmune
responses in SLE might originate from a single protein or even a single cryptic self epitope
without the need for foreign pathogens or molecular mimics [23–26].

Free radical or ROS mediated damage occurs in SLE and other diseases. Significantly higher
4-hydroxy-2-nonenal-modified protein levels occur in children with lupus. SOD1 activity was
decreased in lupus [3,4]. Malondialdehyde and conjugated dienes were significantly elevated
in lupus patients compared to controls. Antibodies to SOD1 were significantly increased in
SLE patients and are potentially responsible for the increased oxidative damage seen [3].
Oxidatively modified LDL's have been shown to elicit autoantibodies and oxidant stress has
been attributed to the development of anti-phospholipid antibodies. Elevated levels of anti-
oxLDL autoantibodies occur in SLE patients [27] and studies show that anti-oxLDL positively
correlate with antiphospholipid antibodies and anti- β-2-glycoprotein. Antibodies to oxLDL
that are cross-reactive with phosopholipids are thought to be due to binding to oxidized
phospholipids (75). Circulating oxLDL/β-2-glycoprotein complexes and IgG immune
complexes containing oxLDL/β-2-glycoprotein occur in SLE and/or phospholipid syndrome
[28].
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Increased levels of 8-oxo-deoxyguanine (8-oxodG) have been found in lymphocytes from
patients with SLE. An investigation of blood monocytes from patients with SLE showed an
impairment in the removal of 8-oxodG as a result of a deficient repair system [29].

Work from our laboratory showed increased oxidative damage and 4-hydroxy-2-nonenal-
modification of proteins in SLE compared to normal controls (unpublished data). Therefore,
we immunized rabbits with 4-hydroxy-2-nonenal-modified Ro 60 and unmodified Ro 60 to
test our hypothesis that immunization of animals with 4-hydroxy-2-nonenal-modified Ro
would result in accelerated epitope spreading. In both SLE and Sjogren’s syndrome, a common
target of autoantibodies is the 60 kD Ro ribonucleoprotein. This structure is made up of a 60
kD protein non-covalently associated with at least one of four short uridine rich RNAs (the hY
RNAs). These hY RNAs are also associated with the 48,000 MW La (or SSB) autoantigen.
Anti-Ro is found in 25–40% of patients with SLE, while anti-La is found in substantially fewer
patients. As hypothesized we found a rapid autoimmune response and development of lupus-
like disease in the 4-hydroxy-2-nonenal-Ro immunized group. Thus, immunization with an
oxidatively modified autoantigen accelerates the disease process in this animal model of SLE
[30,31].

Oxidative modification of 60 kD Ro might result in the formation of chemical adducts which
could serve as neo-antigens to which the immune system has probably not been exposed. The
60 kD Ro modified in this fashion might be more readily internalized, on account of its neo-
conformation, than the unmodified Ro, by antigen presenting cells, such as dendritic cells or
macrophages. These in turn present novel self-peptides to T cells, which can provide help to
autoreactive B cells to elicit intramolecular spreading. B cells specific for either the modified
or unmodified Ro could internalize the antigen, along with associated antigens, by means of
its cell surface Ig receptor. Epitopes from each of these proteins could be then presented to
naïve T cells, in the context of major histocompatibility complex Class II, resulting in a
diversification of autoreactive T cells, which assist a diversified B cell response that can
recognize separate B-cell antigenic determinants from the different antigens resulting in
autoreactivity to numerous antigens.

7.2 Rheumatoid arthritis
Rheumatoid arthritis (RA) is an autoimmune disorder characterized by synovitis, chronic
inflammation of the joints, erosion of the cartilage and bone. The exact pathogenesis in still
unknown and treatment is non-curative. The presence of shared epitope QKRAA on the HLA-
DRβ chain and the presence of rheumatoid factor (RF) have served as long-term outcome
predictors of RA [6,32].

The damage to the cartilage and bones has been associated with the action of free radicals,
proinflammatory cytokines and matrix metalloproteinases (MMPs). Inflammatory cells like
macrophages, T and B cells and neutrophils infiltrate the inflamed synovial membrane.
Reactive oxygen species such as superoxide, hydroxyl radicals, hypochlorous acid and nitric
acid (involved in acute and chronic inflammation) are generated when these cells consume
increased amounts of oxygen [33].

The rapid reaction between between superoxide and nitric oxide results in the formation of
peroxynitrite which inhibits the activity of tissue inhibitor of metalloproteinases 1 (90), leading
to elevated activities of MMP-1 (91) and MMP-3 (92). Oxidative stress, in addition, is
associated with sequential oxidation processes that generate advanced glycation end (AGE)
products that are damaging to proteins (93). Other potential contributing factors of RA, are the
presence of circulating IgM anti-IgG advanced glycation end (AGE) products [34,35].
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Advanced glycation results from non-enzymatic glycation of proteins. Oxidative stress has
been shown to cause IgG to be modified by AGE products. AGE products had been primarily
investigated in diabetes where they are implicated in tissue damage. Subsequent studies in
patients with diabetes or rheumatic diseases revealed that antibodies directed against glycated
IgG were mainly associated with RF-positive RA. Ligier et al and Lucey et al have shown IgM
antibodies against glycated IgG. Earlier studies have shown that pentosidine (an AGE
modification product which cross-links lysine and arginine) was elevated in 50% of patients
with RA and that these increased pentosidine levels correlated with clinical disease activity.
Increased oxidant stress in uncontrolled RA was reported to be responsible for the elevated
levels of serum and urinary pentosidine. Free radicals have been reported to bring about AGE
products. Oxygen free radicals have been identified in synovial fluid of 90% of patients with
RA. These species have been found to correlate with tumor necrosis factor alpha in the blood
[6,36,37].

In rheumatoid arthritis patients, the antioxidant defense system has been shown to be
compromised. Studies have shown elevated blood malondialdehyde levels RA patients and
significantly lower levels of blood concentrations of total thiols, glutathione and vitamin C
compared to controls. These studies have found a shift in the oxidant/antioxidant balance in
favor of lipid peroxidation, which could lead to the tissue damage observed in the disease. A
statistically significant increase in the concentrations of antioxidants, along with a decrease in
the concentrations of malondialdehyde was found after treatment of the disease. These results
suggest the importance of therapeutic co-administration of antioxidants along with
conventional drugs to such patients [38].

7.3 Type 1 diabetes mellitus
Type 1 diabetes mellitus is an autoimmune disease that is organ-specific with T cell mediated
destruction of β cells of the pancreatic islet cell and ROS involvement. Studies have
demonstrated that protein glycation, oxidation and nitration are elevated in cellular and
extracellular proteins in diabetes. Glycation of proteins, oxidation of proteins and nitration is
thought to contribute to vascular cell dysfunction and the development of retinopathy,
nephropathy and neuropathy (microvascular diabetic complications). The quality and
functional integrity of proteins are maintained by the cellular machinery by the degradation
and replacement of damaged proteins (oxidation and glycation are the eain types of
physiological damage). The glycated, oxidized and nitrated amino acid residues are liberated
by cellular proteolysis as free adducts and released into plasma for excretion into the urine.
Thus, the changes in plasma concentrations and excretion of glycation, oxidation and nitration
adducts may reflect damage to tissues in diabetes, yielding new markers of the damaging effects
of hyperglycemia. In a study of 21 type 1 diabetes mellitus patients and 12 control subjects,
the concentrations of protein glycation, oxidation and nitration adduct residues were found to
be increased in type 1 diabetes mellitus patients patients compared to normal controls (up to
3-fold in plasma protein and up to 1-fold in hemoglobin; except for decrease in pentosidine
and 3-nitrotyrosine residues in hemoglobin). However, the same study found that the
concentrations of protein glycation and oxidation free adducts increased up to 10-fold in plasma
while urinary excretion was found to increase up to 15-fold in diabetic patients.

Type 1 diabetes mellitus is also distinguished by the presence of a number of autoantigens.
Glutamic acid decarboxylase is one of the major, and most well characterized autoantigens.
Treatment of β cell lysates with copper sulphate and iron sulphate produces high molecular
weight complexes of glutamic acid decarboxylase independent of disulphide double bonds.
Sera from patients with type 1 diabetes mellitus bind these complexes much more strongly
than they bind the glutamic acid decarboxylase monomer. Thus, oxidative modification of
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glutamic acid decarboxylase may be important in type 1 diabetes mellitus patients pathogenesis
[6,39].

7.4 Scleroderma or systemic sclerosis
Scleroderma or systemic sclerosis is a systemic autoimmune disease that affects several organs
including skin, lung and kidneys leading to widespread tissue fibrosis as well as vasculopathy.
Patients affected with systemic sclerosis have autoantibodies that bind several autoantigens.
Addition of ferrous sulphate to HeLa cell extracts fragment specific scleroderma autoantigens
in a unique way. RNA polymerase II, topoisomerase1, upstream binding factor and the 70 kD
protein of U1 RNA are fragmented in this manner and this fragmentation was inhibited by
metal ion chelators. Some of these fragments were also generated by copper mediated
oxidation. The authors also investigated intact keratinocytes exposed to supraphysiological
concentrations of copper in which oxidation was started by hydrogen peroxide addition.
Topoisomerase was shown this way to be cleaved into the 95 kD fragment that was previously
observed with in vitro studies. The authors propose that perfusion-reperfusion injury found in
scleroderma in the presence of metal ions may produce these oxidatively modified
autoantigens. Such modified antigens might initiate the autoimmune process through cryptic
epitopes. Such a scenario, however, assumes the fact that autoantibodies arise consequent to
the pathologic process. It is now well established that autoantibodies precede disease
manifestations in many autoimmune diseases [6].

7.5 Behcet’s disease
Hulusi Behcet, a Turkish physician, first described this immunoinflammatory disease of
unknown aetiology. This systemic disease is characterized by the presence of ocular occlusive
vasculitis and thrombosis, and anterior or posterior uveitis in conjunction with oral aphthae,
genital ulceration and cutaneous lesions.

Excessive production of ROS is present in Behcet’s disease, with associated significant
increase in malondialdehyde production and decreased glutathione peroxidase activity.
Another study showed significantly elevated levels of autoantibodies against oxidized LDL
and lipid hydroperoxides in a group of patients with Behcet’s disease compared to healthy
controls. In addition this study found that erythrocyte SOD, catalase and plasma glutathione
peroxidase activities were significantly lower in Behcet’s disease patients compared to
controls. The decrease in these antioxidant enzymes would be responsible for the increased
oxidative stress occurring in Behcet’s disease, the susceptibility of LDL to oxidation and thus
may predispose these patients to atherothrombotic events [6].

8. Conclusion
The role of free radicals in the pathogenesis and development of diseases is well documented.
Generation of ROS and enzymatic and non-enzymatic control of these harmful molecules is
an ongoing process. Antibodies to antioxidant enzymes could result in the disruption in this
balance resulting in oxidative stress, which is turn leads to pathological changes. This could
lead to oxidatively modified autoantigens that serve as neo-antigens in promoting loss of
tolerance to self. Immunization with modified autoantigens has shown accelerated epitope
spreading and induction of disease. Administration of antioxidants or other dietary modulations
is not studied in autoimmune disease, but could be helpful in preventing or ameliorating disease
although results in cardiovascular disease are disappointing [40].
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Figure 1.
Lipid peroxidation (Reference # 40)
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Figure 2.
Model showing mechanisms of B and T-cell epitope spreading. Figure 2A: Antigen presenting
cells (APCs) (macrophages or dendritic cells) present novel self peptides from 60 kD Ro or
the 60 kD HNE-Ro neoantigen to T cells, which in turn provide help to autoreactive B cells.
Clonal expansion of B cells capable of binding to 60 kD Ro or 60 kD HNE Ro occurs

Kurien and Scofield Page 11

Autoimmun Rev. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
B cells internalize multiple proteins such as 60 kD Ro, HNE-modified 60 kD or SOD, present
epitopes from each protein to naïve T cells resulting in diversification of autoreactive T cells.
Finally, T cells assist a diversified B-cell response. The cascade continues, with T cells
activating additional autoreactive B cells and B cells presenting additional self epitopes, until
there is autoreactivity to numerous autoantigens.
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Table 1
Oxidatively modified antigens associated with autoimmune diseases

Oxidized antigen involved Diseases

Oxidized LDL and 8-oxodeoxyguanine SLE
HNE-modified 60 kD Ro Animal model of SLE
Oxidized LDL Atherosclerosis
IgG modified with advanced glycation end product; pentosidine Rheumatoid arthritis
Oxidatively modified glutamic acid hydroxylase Type I diabetes mellitus
Oxidized LDL Behcet’s disease
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