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Abstract

Oxidative stress (OS) plays an important role in the pathogenesis of a variety of autoimmune
diseases (ADs) and many environmental agents participate in this process. Environmental agents,
including trichloroethylene (TCE), silica, pristane, mercury, and smoke, are known to induce an
autoimmune response, potentially through OS-mediated mechanisms. Here, we focus on
unraveling the targets and signaling pathways that have been mechanistically linked with OS, as a
result of exposure to these and numerous other environmental agents, and their impact on the
immune system in triggering ADs. Antioxidants and molecular targets impeding autoimmunity by
targeting specific signaling pathways are also reviewed. The review not only provides an overview
of the current knowledge and evidence showing strong associations between environmental
exposures, OS, and ADs, but also plausible mechanisms by which OS causes autoimmunity/ADs.
We also discuss areas that require additional approaches, such as unraveling specific events/
mechanisms leading to such devastating diseases and measures to prevent or attenuate such
diseases.
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[. Introduction

Immunotoxicology is generally defined as the study of adverse effects on the immune
system resulting from exposure to environmental, occupational, and/or therapeutic agents.
Broadly, the effects of these agents could either be immunosuppression or
immunostimulation. While a number of environmental/occupational agents are known to
cause immunosuppression and have been rather well-studied, the immunostimulatory effects
of other agents are relatively less explored despite getting increased attention in recent years,
particularly their effects leading to autoimmunity and autoimmune diseases (ADs) and the
mechanisms responsible in the disease pathogenesis. Identifying specific events that trigger
loss of tolerance leading to autoimmunity is a major challenge and presents as an area of
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investigation requiring tremendous attention. Mechanisms whereby environmental exposures
may contribute to pathogenesis of ADs include epigenetic modifications, systemic
inflammation, inflammatory cytokines, and increased oxidative stress (OS). Interestingly,
increased OS is associated with several ADs and many environmental agents are known to
cause OS (1-6). However, how environmentally-induced OS (due to increased formation of
reactive oxygen and nitrogen species) influences the immune system to trigger flares of such
ADs is an area which has been gaining momentum in recent years. In this review, we mainly
focus on recent research advances with respect to the role of OS in the pathogenesis of
various ADs, and the role of environmental/occupational toxicant-induced OS in the
initiation and/or progression of ADs.

[l. Oxidative stress and autoimmune diseases

ADs such as systemic lupus erythematosus (SLE), rheumatoid arthritis, and scleroderma are
chronic and life-threatening disorders. In recent years, increasing evidence has accumulated
to suggest that free radical-mediated reactions could play a potential role in the pathogenesis
of ADs (1,6,7). Reactive oxygen species (ROS) have the potential to initiate cellular damage
to proteins, lipids, and DNA (8-10). In fact, a variety of ROS-mediated modifications of
proteins have been reported in ADs (1,7,11,12). Increased protein carbonyls and recognition
of ROS-modified human serum albumin by circulating SLE autoantibodies in SLE patients
were observed (1,13). Higher levels of anti-oxidized-catalase antibodies are reported in SLE
patients, and show strong relation with the SLE disease activity and progression (3,14),
suggesting oxidized protein may be a useful biomarker in evaluating the progression of SLE
and in elucidating the mechanisms of disease pathogenesis.

Another consequence of OS is increased lipid peroxidation, which promotes the formation
of highly reactive lipid peroxidation-derived aldehydes (LPDAS) such as malondialdehyde
(MDA) and 4-hydroxynonenal (HNE). These aldehydes can covalently bind to proteins
resulting in structural modifications that may elicit an autoimmune response and contribute
to disease pathogenesis (1,15,16). Indeed, higher levels of MDA- and HNE-modified
proteins have been observed in AD patients (1,5,17-19). Furthermore, higher levels of anti-
MDA/anti-HNE protein adduct antibodies were also observed in SLE patients and their
levels correlated with SLE disease activity (1). Interestingly, age-related increases in the
formation of MDA-/HNE-protein adducts, their corresponding antibodies, and MDA-/HNE-
specific immune complexes were also observed in MRL/Ipr mice, a widely used animal
model for SLE (20). Furthermore, HNE-mouse serum albumin adducts mimic nuclear
antigens and cause significant inhibition in ANA binding to nuclear antigens, suggesting that
LPDA-modified proteins could be an important source of autoantibodies and CICs in these
mice, and thus contribute to AD pathogenesis (20).

Several other OS-responsive mechanisms are also associated with ADs. OS can induce an
inflammatory response/AD via activation of enzyme poly (ADP-ribose) polymerase-1
(PARP-1). PARP-1 can module Th17 and Treg cells to cause an imbalance between pro-and
anti-inflammatory responses (21). Lack of nuclear factor E2-related factor 2 (Nrf2), which is
a major regulator of the antioxidant response, is associated with SLE-like AD (22-25). Also,
Nrf2 polymorphism is linked with autoimmune nephritis in SLE patients (26). In T cells
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from SLE patients and animal models of the disease, glutathione, the main intracellular
antioxidant, is depleted and serine/threonine-protein kinase mTOR undergoes redox-
dependent activation. Blocking mTOR activation in T cells could, therefore, represent an
approach for immunosuppression (6). Furthermore, depletion of glutathione could lead to a
pathogenic response and its reversal by NAC may be beneficial, as evident from studies in
mouse models and patients with SLE (6). The role of ROS-mediated inflammasome
activation in autoimmunity is yet another pathway which needs to be explored (27).

Like ROS, reactive nitrogen species (RNS) could also play a significant role in the
pathogenesis of ADs. The potential of ‘NO, generated by inducible nitric oxide synthase
(iNOS), in disease pathogenesis lies largely in the extent of its production and generation of
0,7, leading to formation of peroxynitrite (ONOQO™). ONOO™ is a potent nitrating and
oxidizing agent which can react with tyrosine residues to form nitrotyrosine (NT; 28-30). In
addition, ONOO™-mediated modifications of endogenous proteins and DNA may enhance
their immunogenicity, leading to a break in immune tolerance (28,31,32). Accumulating
evidence in murine lupus shows increasing iINOS activity with the development and
progression of ADs, and studies using competitive inhibitors suggest that iNOS could play a
pathogenic role in murine ADs (29,30,33-35). Also, the elevated presence of nitrated
proteins has been found in many diseases, including ADs (7,11,32,36). Data from human
studies also suggest that overexpression of iNOS and increased production of ONOO™ may
contribute to glomerular and vascular pathology, as well as the pathogenesis of many other
ADs (7,37,38).

lll. Environmental agents, oxidative stress, and autoimmunity

The etiology and pathogenesis of ADs are highly complex processes. Both genetic
predisposition and environmental factors such as chemicals, smoke, infection, and nutrition
are implicated in the pathogenic process (39). Environmental factors have gained much
attention in recent years for their role in triggering autoimmunity, with increasing evidence
of their influence being apparent from epidemiological and animal studies (39). These
factors, including cigarette smoking, crystalline silica, and exposures to trichloroethylene
(TCE), perchloroethylene, mercury, pesticides, and pristane are implicated in increasing the
risk for ADs (4,40-42). Such factors are considered serious threats in the etiology and
progression of ADs such as SLE, rheumatic arthritis, systemic sclerosis, and autoimmune
hepatitis. Since increased OS is associated with several ADs and many environmental agents
are known to cause OS, deciphering the intricate relationship between OS and ADs could be
critical in elucidating key pathogenic mechanisms that could lead to novel interventions for
the clinical management of ADs. Our focus, therefore, is to evaluate the impact of
environmentally-induced OS in the pathogenesis of ADs, especially SLE because it is a
relatively more extensively studied AD. Although numerous agents likely participate in the
pathogenesis of ADs, below we present the more prominent ones known to cause OS and
participate in the induction/exacerbation/progression of ADs:
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Trichloroethylene (TCE)

Silica

TCE is a widely used organic solvent which has been implicated in the development of
various ADs, such as SLE, systemic sclerosis, fasciitis, and autoimmune hepatitis both from
occupational and environmental exposures (26,43-46). Khan et al. (1995) were first to
propose and use MRL+/+ mice as an animal model to provide direct evidence of an
association between TCE exposure and autoimmunity (47). Khan et al. (2001) were also first
to propose the role of OS in TCE-mediated autoimmunity based on the novel observation of
anti-MDA antibodies in MRL +/+ mice exposed to TCE (48). Since then, a series of studies
have further strengthened the contribution of OS in TCE-mediated autoimmunity (2,34,49-
51). TCE-induced OS leads to a variety of reactive oxygen and nitrogen species (RONS)-
mediated structural modifications of the endogenous proteins, such as increased formation of
MDA- and HNA-protein adducts and carbonylation/nitration of proteins, which could
potentially lead to generation of neoantigens. After antigen processing, these neoantigens
could elicit an autoimmune response by stimulating T and/or B lymphocytes, especially Thl
and Th17 cells (50,51). Stimulation of splenic lymphocytes from TCE-treated MRL +/+
mice with MDA-adducted mouse serum albumin (MDA-MSA) or HNE-MSA resulted in
significant proliferation of CD4* T cells (50). Furthermore, splenocytes from TCE-treated
mice secreted higher levels of IL-17 and IL-21 after stimulation with MDA-MSA or HNE-
MSA adducts (51). These studies provide evidence that MDA- and or HNE-modified
proteins contribute to TCE-mediated autoimmunity via activation of Th1, Th17 cells
(50,51).

The contribution of protein oxidation (carbonylation and nitration) in the induction of TCE-
induced autoimmunity has also been explored (2,34,52). The modification of proteins may
alter immunogenicity of self-antigens (converting them to neoantigens), and may lead to an
autoimmune response by stimulating T cells (especially activation of Th1 cells; 34). TCE
treatment in iINOS-null female MRL+/+ mice still resulted in increased serum ANA and
anti-dsDNA, but the increases were less pronounced compared to that in TCE-treated MRL
+/+ mice (35), suggesting a role for nitrosative stress. These results support an association
between protein oxidation and induction/exacerbation of autoimmune responses, and present
a potential mechanism by which oxidatively modified proteins could contribute to TCE-
induced autoimmune response (2,34,35).

Among the environmental factors that contribute to the onset of such ADs as scleroderma,
rheumatoid arthritis, and SLE, silica exposure is important due to its widespread exposure
(53). Lupus-prone female NZBWF1 mice develop SLE-like disease when exposed to
crystalline silica (54). Furthermore, silica exposure resulted in increased ANA formation in
non-autoimmune mice and rats (41,55,56). The mechanisms of silica-mediated
autoimmunity are not clearly known yet. However, interaction of macrophages with silica
and asbestos causes increased ROS production. Silica can also induce transcription of pro-
inflammatory cytokines, stimulate T cell responses, decrease Treg cells, increase OS, and
induce apoptosis (40). All of these parameters could potentially contribute to an autoimmune
response.
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Smoke can play a pathogenic role in certain ADs as it may trigger development of
autoantibodies and alter pathogenic mechanisms linked to an imbalance of the immune
system. Smoke, by provoking OS, may contribute to SLE by dysregulating DNA
methylation and upregulating immune genes, thereby leading to autoreactivity. Further
support for the role of smoking in ADs is evident from studies demonstrating a higher risk
for developing SLE in current smokers compared with non-smokers and ex-smokers (57—
59).

Pristane is a mineral oil component which has been associated with rheumatoid arthritis and
SLE (60). Exposure to pristane in susceptible mouse strains causes SLE-like disease that is
characterized by increased ANA and immune complex-mediated glomerulonephritis (60). In
Balb/c mice, pristane exposure led to increased ROS formation (61). In another study,
pristane administration in C57BL/6J mice was shown to induce macrophage activation, OS
(increased lipid peroxidation and reduced glutathione levels), and skewed Th1/Th2 response,
which was attenuated by chloroquine (62). These studies provide support for a potential role
of OS in pristane-mediated autoimmunity. However, more detailed evaluations are needed to
firmly establish the role of OS in pristane-mediated ADs.

Mercury (Hg)

Hg exposure is associated with high levels of ANA and SLE (63,64), but the severity of the
disease induced by Hg exposure appears mild compared to that of idiopathic SLE (65). Hg
induces OS by depleting thiol-containing and other cellular antioxidants (66). In human T
lymphocytes, both methylmercury and inorganic Hg induce alterations in mitochondrial
function and glutathione (GSH) depletion (67), resulting in ROS generation and activation of
apoptotic signaling pathways (68).

IV. Antioxidants impede AD activity

As the role of environmental factors and OS in the pathogenesis of human ADs has become
more established, there has also been a surge to develop preventive and therapeutic
measures. Among them, N-acetylcysteine (NAC) has found prominence in both human and
experimental studies. NAC reduces SLE activity by blocking the mTOR pathway in T cells
from SLE patients. NAC also reverses expansion of CD4"CD8™ T cells, stimulates Foxp3
expression in CD4*CD25" T cells, and reduces anti-DNA antibody production (52,69,70).
Resveratrol is another powerful antioxidant, which provided protection against pristane-
induced lupus (71,72). Similarly, antroquinonol, with antioxidant activity, is known to
prevent the transformation of mild lupus nephritis into higher-grade nephritis in a murine
lupus model (73). It inhibits production of RONS and enhances Treg suppression via
increasing activation of Nrf2, a master regulator of the antioxidant response (73). Another
antioxidant, epigallactocatechin-3-gallate, which is a major bioactive polyphenol present in
green tea with free radical scavenging activity, prevents lupus nephritis development in mice
(74) by activating Nrf2 signaling, decreasing NLRP3 inflammasome activation, and
increasing systemic Treg cell activity (74). Vitamin E, quercetin, and curcumin have also
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been utilized for their anti-inflammatory role and amelioration of autoimmune responses
(75). The data from different antioxidants are promising therapeutic options, but the efficacy
of specific agents needs further evaluation.

V. Conclusions and future directions

Oxidative stress plays an important role in the pathogenesis of ADs and many environmental
agents participate in this process. Agents, including TCE, silica, pristane, mercury, and
smoke, are known to induce an autoimmune response, potentially through OS-mediated
mechanisms (Fig. 1). Unraveling the impact of OS as a result of exposure to these and
numerous other agents on the immune system in triggering flares of such ADs is an area
which deserves more attention. New detailed studies to unravel the distinct pathways by
which OS contributes to autoimmunity, especially the redox proteome, blocking/inhibiting
OS-specific signaling pathways, knocking out/down target genes, and exploring epigenetic
involvement, will also reveal critical mechanisms in OS-induced autoimmunity.
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Highlights
1. There is a clear link between oxidative stress and autoimmune diseases.
2. Many environmental agents lead to autoimmune diseases by inducing

oxidative stress.

3. Oxidative stress markers such as MDA-/HNE-adducts and oxidized/nitrated
proteins are correlated with SLE disease activity.

4, TCE-mediated autoimmunity is attenuated by both an antioxidant (NAC) and
iNOS gene knockout, further supporting the role of oxidative stress.

5. Antioxidants can attenuate SLE disease activity by down regulating NLRP3
inflammasome activation and activating Nrf2 signaling.
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Environmental agents
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Fig.1.
Plausible mechanisms of oxidative stress (OS)-induced autoimmunity/autoimmune diseases

(ADs). Environmental agents (EAs) induce excessive free radicals (ROS/RNS) that can
potentially cause damage to molecules including lipids, proteins and DNA, resulting in lipid-
derived reactive aldehydes (MAD/HNE) or ROS/RNS modified proteins and oxidative DNA
damage. The modified proteins serve as neoantigens which can activate lymphocytes and
reduce self-tolerance leading to autoimmunity. Oxidative DNA damage can lead to ADs by
directly or indirectly (PARP-1 activation) inducing apoptosis. EA-mediated OS can also
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contribute to the development of ADs through activation of NLRP3 inflammasome, NF-xB,
caspase-1, and IL-1p signaling pathways.
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