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Abstract
Systemic lupus erythematosus (SLE) is characterized by imbalance redox state and increased
apoptosis. The activation, proliferation and cell death of lymphocytes are dependent on
intracellular levels of glutathione and controlled production of reactive oxygen species (ROS).
Changes in the intracellular redox environment of cells, through oxygen-derived free radical
production known as oxidative stress, have been reported to be critical for cellular immune
dysfunction, activation of apoptotic enzymes and apoptosis. The shift in the cellular GSH-to-
GSSG redox balance in favor of the oxidized species, GSSG, constitutes an important signal that
can decide the fate of the abnormal apoptosis in the disease. The current review will focus on four
main areas: (1) general description of oxidative stress markers in SLE, (2) alteration of redox state
and complication of disease (3) role of redox mechanisms in the initiation and execution phases of
apoptosis, and (4) intracellular glutathione and its checkpoints with lymphocyte apoptosis
represent novel targets for pharmacological intervention in SLE.
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1. Introduction
Systemic lupus erythematosus is a multifactorial autoimmune disease characterized by the
presence of autoantibodies, especially against nuclear components. The assortments of
autoantibodies produced are broad and as a consequence the manifestations of the disease
are diverse [1]. Although it is believed that the etiology of SLE is multifactorial, including
genetic, hormonal and environmental triggers, the molecular mechanisms underlying this
systemic autoimmune response remain largely unknown. A key issue in the pathogenesis of
lupus is how intracellular antigens become exposed and targeted by the immune system [2].
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In this regard, excessive production of ROS, altered redox state [3] and a defect in regulation
of apoptosis [4] are considered as imperative factors involved in the production, expansion
of antibody flares and various clinical features in SLE. The depletion of intracellular
glutathione is an indicator for ROS formation and may be involved in dysregulation of
apoptosis in disease [5]. The oxidative damage mediated by ROS resulting in the defect in
control of apoptosis or programmed cell death and delayed clearance of apoptotic cells may
prolong interaction between ROS and apoptotic cell macromolecules generating neoepitopes
that subsequently broad spectrum of autoantibody formation leading to the tissue damage in
SLE [6,7]. An increase in MDA-modified proteins, anti-SOD and anti-catalase antibodies in
the sera of SLE patients support a critical role for oxidative stress in disease development.
The positive relationships between oxidative stress markers and apoptosis reinforce the
contribution of oxidative stress in the perturbation of apoptosis in SLE [8,9]. This chapter
the role of redox state in apoptosis perturbation, exploring how the imbalance in redox status
not only can directly responsible for tissue damage, but also promote development through
the imbalance of immunological tolerance and the generation of neo-antigenic determinants
from one side and of autoantibodies from the other.

2. Oxidative stress and its biomarkers for SLE
2.1. Reactive oxygen species (ROS)

A diverse number of stimuli have been shown to induce apoptosis, many of which are also
known to compromise the fine balance between intracellular oxidants and their defense
systems. Under aerobic condition, the participation of oxygen in redox reactions is
unavoidable and a variety of highly reactive chemical entities are produced. These are
commonly referred to as ROS. ROS are short-lived molecules produced by normal cellular
metabolism and aid in a multitude of physiological and pathological processes. ROS and
reactive nitrogen species (RNS) are well recognized for playing a dual role as both
deleterious and beneficial species, since they can be either harmful or beneficial to living
systems [10–12]. Beneficial effects of ROS occur at low/moderate concentrations and are
associated with cellular responses to noxia, for example in defense against infectious agents
and in cellular signaling. Another example of ROS at low/moderate concentrations is the
induction of a mitogenic response. The harmful effect of free radicals causing potential
biological damage is termed oxidative stress and nitrosative stress [13,14].This occurs when
there is an overproduction of ROS/RNS or a deficiency of enzymatic and non-enzymatic
antioxidants. Reactive intermediates are produced by reactions involving enzymes such as
nicotinamide adenine dinucleotide phosphate (NADPH) [15], nitric oxide synthase [16], or
by nonenzymatic reactions through the mitochondrial electron transport chain [17], and
reduced transition metals [18]. ROS include, superoxide anion radical (O2

−·), peroxy radical
(ROO−), hydrogen peroxide (H2O2), singlet oxygen (1O2), perhydroxyl radical (HO2

·) and
extremely reactive ·OH, Table 1.

2.2. Reactive Nitrogen species (NOS)
ROS can also interact with nitric oxide (NO), the product of NO synthases, whose
expression is usually accompanied by inflammatory lesion. These results in the conversion
of NO to various reactive nitrogen species which include nitrosonium cation (NO+), nitroxyl
anion (NO−) and peroxynitrite (ONOO·) (Table 2).

2.3. Sources of Oxygen Radicals and their scavengers
The source of oxygen radicals can be endogenous as well as exogenous. as well as
endogenous sources include non-enzymatic reactions through the mitochondrial electron
transport chain during oxidative metabolism to generate ATP [19]. It has been estimated that
3–5% of total electron flux results in the formation of ROS, which in a typical human (even
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at rest) corresponds to the production of approximately 2 kg of O2
−· per annum. Additional

sources of O2
−· generation come from nicotinamide adenine dinucleotide phosphate oxidase

(NADPH) [15], nitric oxide synthase in peroxisomes [20], neutrophils (oxidative burst) [21],
lysosome and microsomes [22,23]. Hydroxyl radical is an extremely reactive oxidant, which
are generated as a result of interaction of H2O2 with transition metal ions such as Fe2+ or
Cu2+ (Fenton reaction) and O2 (Haber-Weiss reaction) as well as from peroxynitrite which
is rapidly formed via the reaction between NO· and O2

−· Hydrogen peroxide is formed
through dismutation of O2

−· catalyzed by the enzyme superoxide dismutase, and is also
produced by several other oxidase enzymes (e.g. amino acid oxidases) (Figure 1). Likewise,
activated phagocytes are capable of generating O2

−· H2O2 and NO· species (as well as
hypochlorous acid, HOCl), all of which may contribute to tissue injury during inflammation.
In vivo, peroxynitrite is formed in macrophages, endothelial cells, platelets, leukocytes,
neurons, etc by the reaction between O2

−· and NO· [24,25]. Tissue inflammation and chronic
infection lead to the overproduction of O2

−· and NO·, which rapidly combine to yield
peroxynitrite: O2

−· + NO·→ ONO2
−·. In addition, ROS may amplify the inflammation

process by gene involved in the inflammatory response, particularly via activation of the
nuclear transcription factor NF-kβ, which in turn up regulates pro-inflammatory cytokines
and leukocyte adhesion molecules. Exogenous sources include radiation, UV light, x-rays,
gamma rays, chemicals that react to form peroxides, ozone and singlet oxygen, chemicals
that promote superoxide formation, quinones, nitroaromatics, bipyrimidiulium herbicides,
chemicals that are metabolized to radicals e.g., polyhalogenated alkanes, phenols,
aminophenols etc. [26–28].

The formation of superoxide anion radical leads to a cascade of other ROS. Superoxide
dismutate catalyzes the conversion of superoxide anion to H2O2 and oxygen. Without SOD
this reaction is spontaneous and rapid, but the SOD-catalyzed reaction is four orders of
magnitude faster. Clearly, O2

−· is more toxic than H2O2 and its rapid removal is critical.
H2O2 is reduced by three general mechanisms (Figure 2). First, it is the substrate for two
enzymes, catalase and glutathione peroxidase, which catalyze the conversion of H2O2 to
H2O + O2; this presumably is functions as a detoxification mechanism. Second, H2O2 is
converted by myeloperoxidase (MPO) in neutrophils to hypochlorous acid (HOCl). This
appears to be a mechanism for a physiological toxic agent, since HOCl is a strong oxidant
that acts as a bactericidal agent in phagocytic cells. Reaction of HOCl with H2O2 yields
singlet oxygen (1O2) and water. The biological significance of singlet oxygen is unclear.
Third, H2O2 is converted in a spontaneous reaction catalyzed by Fe2+ (Fenton reaction) to
the highly reactive ·OH. The hydroxyl radical reacts promptly with any biological molecule
like lipid, protein and DNA and cause severe consequence in the pathogenesis of SLE.

2.4. Validated Biomarkers of Oxidative stress
Oxidation and the production of free radicals are an integral part of human metabolism, and
oxidative stress is related to many diseases, including autoimmune disease like SLE. The use
of biomarkers for oxidative stress may provide further evidence of a causal relationship
between oxidative damage to macromolecules (DNA, lipids, and proteins). Biomarkers may
yield information relevant to disease outcome on three progressive levels: (i) as measurable
endpoints of damage to proteins/amino acids, oxidised lipids, oxidised DNA bases, (ii) as
functional markers of, for example, blood flow, platelet aggregation, or cognitive function,
and (iii) as endpoints related to specific disease. A valid biomarker should be:

1. a major product of oxidative modification that may be implicated directly in the
development of disease. The reactive oxygen species (or the oxidative damage it
causes) should always be demonstrable at the site of injury.

2. a stable product, not susceptible to artifactual induction or loss during storage.
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3. representative of the balance between oxidative damage generation and clearance
of ROS (i.e. the steady state, but also possibly applicable to the measurement of
cumulative oxidative damage).

4. determined by an assay that is specific, sensitive, reproducible and robust.

5. free of confounding factors from dietary intake.

6. accessible in a target tissue or a valid surrogate tissue such as a leukocyte and

7. measurable within the limits of detection of a reliable analytical procedure.

A wide variety of functional assays, both in vivo and ex vivo, include various measures of
total reactive oxygen species (ROS measured in blood components; erythrocytes,
lymphocytes, neutrophils), lipid oxidation (thiobarbituric acid-reactive substances, exhaled
pentane/ethane, low-density lipoprotein resistance to oxidation, isoprostanes), protein
oxidation (protein carbonyls) and DNA oxidation (oxidized DNA bases such as 8-OHdG,
autoantibodies to oxidized DNA, modified comet assay) Table-3. Besides these markers of
oxidative stress, the intracellular levels of glutathione are considered as a reliable and novel
marker for measuring oxidative stress due to its close association with immune regulation in
autoimmune disease.

3. Alteration of redox state and its effect on SLE pathogenic mechanism
3.1. Oxidative stress and SLE

Oxidative stress is believed to play a major role in the initiation and progression of
autoimmune disease by excessive free radical formation. An increase in ROS production or
a decrease in ROS-scavenging capacity due to exogenous stimuli or endogenous metabolic
alterations can disrupt redox homeostasis, lead to an overall increase intracellular ROS
levels, or oxidative stress [29,30]. Among the ROS, ·OH is the most potent damaging
radical, and can react with all biological macromolecules (lipids, proteins, nucleic acids and
carbohydrates). It can lead to the formation of DNA-protein cross-links, single- and double-
strand breaks, base damage, lipid peroxidation and protein fragmentation [31,32] (Figure 3).
This oxygen species may penetrate cellular membranes and react with nuclear DNA [7].
Murine models of SLE demonstrate abnormally high levels of ·NO compared with normal
mice, whereas systemic blockade of ·NO production reduces disease activity. Elevated
serum nitrate levels correlate with indices of disease activity and, along with serum titers of
anti-(ds DNA) antibodies, serve as indicators of SLE [33,34]. Excessive oxidative stress is
thought to play an important role in the pathogenesis of autoimmune diseases by enhancing
inflammation, inducing apoptotic cell death and breaking down immunological tolerance
[35,36]. Free radical production and altered redox status can modulate expression of a
variety of immune and inflammatory molecules [37] leading to inflammatory processes,
exacerbating inflammation and affecting tissue damage [38]. ROS generation also provides
oxidant for thiol oxidation or peroxynitrite formation which can be a basis for antibody
modification [39]. Convincing evidence for the association of oxidative/nitrosative stress
and SLE diseases has been shown by increased levels of validated biomarkers of oxidative
stress in the disease. Increased levels of 8-oxodG, a marker of oxidative DNA damage in the
immune complex derived DNA, have been found in lymphocytes and serum from SLE
patients, reinforcing ROS in disease etiology [40,41]. The level of protein oxidation markers
correlating with severity of disease in SLE patients further supports the role of protein
oxidation in SLE [42]. Elevated levels of F2 isoprostanes (prostaglandin-like substances
derived from lipid peroxidation) in serum and urine from SLE patients have been reported
[43]. It has been reported that ·OH, could lead to neoantigens like ·OH damaged human
serum albumin (HSA), which in turn could initiate autoimmunity in SLE. These reports
support the role of oxidative stress in the pathogenesis of SLE [44,45].
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The primary target of ROS is lipids in the cell membrane and lipid peroxidation (LPO)
impairs cell structure and function [7]. An increase in malondialdehyde (MDA), a product of
lipid peroxidation, has been reported in serum/plasma/erythrocyte [8,46–49] as well as in
lymphocytes [50] in patients with SLE. The increased level of lipid peroxidation was
positively correlated with severity of the disease and organ damage especially in nephritis
patients [50–53]. All cell types, including lymphocytes and other immune cells, have a
complex machinery of antioxidant enzymes (superoxide dismutase, catalase, glutathione
peroxidase, glutathione reductase, thioredoxin etc.) and antioxidant molecule (reduced
glutathione, vitamins) for regulating oxidant reactions in the cells prevent free radical
mediated cytotoxicity [54]. The circulating human erythrocytes are able to scavenge O2

·−

and H2O2 by SOD, CAT, and GPx-dependent mechanisms may be important in regulating
such reactions. The first line of defense against ROS is provided by SOD which catalyzes
dismutation of O2

·− into H2O2. The H2O2 is then transformed into H2O and O2 by catalase.
GPx is a selenoprotein that reduces lipidic or nonlipidic hydroperoxides as well as H2O2
utilizing glutathione [55].

Antioxidant enzymes such as SOD, CAT and GPx have been studied in serum and
erythrocytes as well as in lymphocyte in patients with SLE. Decreased activity of SOD has
been reported in the serum/plasma/erythrocyte from SLE patients [49,56]. The decreased
activity of SOD leads to excessive accumulation of O2

·− that would otherwise have been
enzymatically converted to H2O2. Increased O2

·− levels have potential to initiate the lipid
peroxidation chain reaction in patients with SLE. Increased as well as decreased activities of
CAT from erythrocytes of SLE patients have been reported by various groups [46,48,49,57].
The activity of glutathione peroxidase is controversial in SLE patients however, and most
showed decreased activity of GPx in SLE patients [46,52,57,58].

Adequate concentrations of glutathione are required for a variety of functions, including
protection of the cell from oxidative damage quenching of oxidant species, lymphocyte
activation, natural killer cell activation and lymphocyte-mediated cytotoxicity [59,60]. The
depletion of intracellular glutathione has been associated with many autoimmune
inflammatory diseases including SLE [61]. A decrease in the level of intracellular GSH
showed a correlation with the severity of disease especially with nephritis patients [48,49].
Decreased intracellular GSH may be ascribed to ROS-induced GSH oxidation or GSH
export from cells [62]. In addition to the important role of GSH in the maintenance of redox
state in the cell, GSH oxidation is a major contributor to lymphocyte apoptosis mediated by
oxidants [63].

3.2. Genetic link of oxidative stress in SLE
Associations between oxidative stress and SLE have generally been investigated by
measuring DNA damage, free radicals and anti-oxidants. Both increased ROS levels and
deceased intracellular glutathione have been previously reported in conjugation with disease
flare. However, greater insight into the relationship between oxidative stress and disease
susceptibility may be gained by studying functional polymorphisms in genes that control
levels of cellular oxidative damage. Candidate pathways include anti-oxidant and DNA
repair mechanisms which are modulated by individual genetic variation. A number of
polymorphisms in the genes coding for superoxide dismutase, catalase and glutathione
peroxidase (SOD2, CAT and GPX1, respectively) have been identified and associated with
SLE risk, however these association have been reported as ethical dependent. The Nrf2-
Keap1 pathway is important in protecting against oxidative stress and inflammation. A
significant association between the NRF2-653 G/A polymorphism and the development of
nephritis among Mexican, childhood-onset female SLE patients [64]. The CAT
polymorphism (−330CC genotype) showed a significant association with thrombocytopenia,
renal manifestations, as well as production of anti-snRNP and anti-Scl-70 antibodies in SLE
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patients [65]. A member of S-transferase superfamily, GSTM1 has been reported to be
associated with anti-RO antibodies suggesting that the dysfunction of this gene may
contribute to the anti-Ro autoantibody response or to photosensitivity [66,67]. However,
another group has reported no association of GSTM1 polymorphism with anti-Ro
autoantibodies, or clinical features in American, and Mexican-American SLE patients [68].
These reports showed that the polymorphism association of oxidative stress genes ethical
dependent and further studies should be directed at evaluating their association.

4. Redox mechanisms and their effect in initiation and execution of
apoptosis
4.1. Antioxidant defense system

The effect of ROS is limited by the presence of various regulatory systems that maintain
redox homeostasis. A relatively large number of compounds have been shown to possess
some measurement of antioxidant activities. They maintain a balance between the
production and metabolism of ROS and protect the cell from oxidative damage [29,69]. The
antioxidant enzymes include SOD, CAT and glutathione related enzymes; GPx, GR and
GST. The non-enzymatic scavengers are vitamins E, C and A and thiol containing
compounds such as glutathione [70].

4.1.1. Glutathione—Reduced glutathione (L-γ-glutamyl-L-cysteinylglycine) is the most
prevalent cellular thiol and the most abundant low molecular weight peptide present in all
cells [71] (Figure 4). The role of GSH as a reductant is extremely important in the highly
oxidizing environment of the erythrocyte. GSH levels in human tissues normally range from
0.1 to 10 mM, most concentrated in the liver (upto 10 mM), spleen, kidney, lens,
erythrocytes and leucocytes [72]. In healthy cells and tissues, more than 90% of the total
glutathione pool is in the reduced form (GSH) and less than 10% exists in the oxidized form
(GSSG). Glutathione is required for many critical cellular processes and plays a particularly
important role in the maintenance and regulation of the thiol-redox status of the cell [73].
The GSH/GSSG ratio is a useful measurement for determining oxidative stress [74] and
changes in this ratio appear to correlate with cell proliferation [75], differentiation [76] and
apoptosis [77]. This led to attention to the role of thiol status in the onset and progression of
autoimmune and inflammatory diseases, including rheumatoid arthritis [78] and, SLE [61]
as well as the effectiveness of thiol repletion therapies in the treatment of these diseases.
Cellular GSH levels affect T helper cell maturation [79], T cell proliferation [80], as well as
susceptibility to ROS secreted by inflammatory cells. Additionally, many correlations exist
between immune system dysfunction and alterations in GSH levels in the cells. It is reported
that GSH depletion in antigen presenting cells inhibits Th1-related cytokine production like
IFN-γ and IL-12 and supports the Th2- mediated humoral immune response [80].
Furthermore, when antigen presenting cells have high intracellular GSH levels they secrete
cytokines that favor the development of Th1 cells [81]. In addition, it is reported that
specific cytokines can alter GSH levels in antigen presenting cells [81]. Exposure to IFN-γ,
a Th1 cytokine, resulted in increased GSH levels, whereas exposure to IL-4, a Th2 cytokine,
resulted in decreased intracellular GSH. Because GSH has a significant impact on the
immune system’s ability to activate the appropriate Th response, altering its levels may have
significant implications in Th1/Th2-related diseases like SLE.

4.1.2. Superoxide dismutase (SOD)—Superoxide dismutase is a metalloprotein,
considered to be the first line of defense against free radicals. It catalyzes the dismutation of
superoxide radical into oxygen and hydrogen peroxide [82]. The superoxide radical, if not
scavenged effectively, may directly inactivate several enzymes like CAT and GPx which are
needed to eliminate hydrogen peroxide from intracellular medium [83]. Three forms of this
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enzyme found in human: SOD1 located in the cytoplasm, SOD2 in the mitochondria and
SOD3 is extracellular [84]. SOD1 is a dimer [82], while SOD2 and SOD3 are tetrameric
[85,86]. SOD1 and SOD3 contain copper and zinc, while SOD2 has manganese in its
reactive center. Several groups reported decreased activity of SOD and auto-antibody
against SOD in SLE patients [46,48,50]. It has been reported that antibodies to SOD are
potentially responsible for increased oxidative damage in SLE patients.

4.1.3. Catalase—Catalase is found in peroxisomes (80%) and cytosol (20%) of all aerobic
cells. It is responsible for dealing with the large amounts of hydrogen peroxide generated
within the cells. Catalase converts hydrogen peroxide to water and oxygen without the
production of free radicals [87,88]. The concentration of CAT is highest in the liver, kidney
and erythrocyte and low in connective tissues [89]. In these tissues, it is mainly particle
bound (mitochondria and peroxisomes), where it exists in soluble state in erythrocytes.
Catalase does not show significant activity under physiological conditions, due to its
relatively low affinity for hydrogen peroxide but becomes an important enzyme when the
concentration of H2O2 is raised e.g., by exposing cells to drugs and chemicals that increase
intracellular H2O2 generation [18]. In mice, CAT activity has been found to be related to the
biosynthesis of proteins involved in inflammation [90]. The CAT polymorphism (−330CC
genotype) showed a significant association with thrombocytopenia, renal manifestations, as
well as production of anti-snRNP and anti-Scl-70 antibodies in SLE patients [65]. It has
been showed that elevated levels of auto-antibodies against catalase are associated with
oxidative stress in patients with SLE [8].

4.1.4. Glutathione peroxidase—Glutathione peroxidase is a tetrameric protein (85
KDa), which has four atoms of selenium bound as selenocysteine moieties that confer
catalytic activity [91]. It has a lower Km value for H2O2 than CAT and considered more
important when low amounts of H2O2 are generated. It plays an important role in the
defense mechanism against oxidative damage in erthrocytes by catalyzing the reduction of
H2O2 and variety of lipid hydro-peroxides [92] using GSH as the reducing substrate. In SLE
patients, decreased activity of GPx [46] leads to a change in redox ratio in favor of oxidized
glutathione. Glutathione, a strong natural antioxidant molecule not only controls oxidative
stress of the cells but is also involved in regulation of apoptosis pathway [62] and cytokine
network [79] in SLE.

5. Interplay between intracellular glutathione and apoptosis: novel targets
for pharmacological intervention in SLE
5.1. Apoptosis and SLE

Apoptosis is a form of actively induced programmed cell death, with the characteristic
features of chromatin condensation, DNA fragmentation and apoptotic body formation.
Apoptotic bodies composed of numerous nucleolus bodies and organelles are normally
removed by phagocytes as soon as they are formed. Failure to remove apoptotic bodies leads
to the release of autoantigens that may cause autoimmunity [93]. Progressive studies on SLE
demonstrated that lymphocytes apoptosis might play an important role in the pathogenesis
of disease. During the process of apoptosis, release of excessive quantity of intact
nucleosomes has been suggested to be a source of nuclear antigens that drive an immune
response, inducing anti-DNA and anti-histone antibody production [93,94]. If the apoptotic
cells are not phagocytosed immediately, they undergo post-translational modification
altering antigenicity that may provide a source of nuclear antigens to drive the autoantibody
response in SLE [4]. Tolerance of self-antigens requires the deletion of autoreactive T- and
B-cells by apoptosis. Therefore defects in inducing apoptosis could lead to the persistence of
autoreactive T- or B-cells [95]. Thus, defective apoptosis leading to prolonged survival of

Shah et al. Page 7

Autoimmun Rev. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathogenic lymphocytes could be one cause of SLE [96]. This hypothesis is supported by
observations in murine lupus models of MRL/lpr mice are characterized by the presence of
lpr gene, associated with defective Fas (CD95) receptor on the surface of lymphocytes. The
interaction of Fas and Fas ligand (FasL) transduces an active signal for cellular apoptosis
[97]. Defective Fas mediated apoptosis in MRL/lpr mice results in massive
lymphoproliferation and development of a severe lupus-like disease with immune
glomerulonephritis [98]. Gld/gld mice, characterized by a mutation in the FasL gene leads to
a non-functional FasL molecule, also develop lymphoproliferation,
hypergammaglobulinaemia and immunoglobulin deposits in the kidneys [99]. The lpr/gld
gene mutations were not found in patients with lupus [100]. Despite this lack of relationship
between mutations, or deficiency, in apoptotic genes and SLE, there is agreement that
apoptosis plays an important role. This is based on observations of excessive apoptosis of T
and B lymphocytes and on defective clearance of apoptotic cells in patients with SLE
[4,101]. Furthermore, Fas mutations have been found in children presenting early signs of
autoimmunity including cutaneous vasculitis, glomerulitis, thrombocytopenia, anemia and
neutropenia with non-malignant lymphoproliferative syndrome [102,103]. In human SLE,
high levels of soluble Fas (sFas) have been measured, and in vitro and in vivo studies in
mice have shown that soluble Fas impairs apoptosis induced by Fas ligand [104]. Thus it
appears that Fas-mediated apoptosis is defective in human SLE, leads to loss of control of
autoreactive B cells by CD4+ T cells and autoantibody production. There are convincing
literatures supporting the role of T lymphocyte perturbation in SLE patients. Increased levels
of apoptotic total T lymphocytes and its subsets; CD4 and CD8 lymphocyte have been
reported by various groups in SLE patients [50,61,105,106]. Increased T-lymphocyte
apoptosis in lupus was reported to correlate with disease activity in SLE patients [107]. The
study from SLE patients showed an increase expression of Fas/Fas ligand and caspase-3
activity in T cells with a consequent increase in T lymphocyte apoptosis [50,108]. Further
study showed up-regulation of apoptosis-related protein Bcl-2 and Fas in T and B
lymphocytes of patients with juvenile-onset SLE [109]. It proposed that sFas may be a
common feature in diseases involving Fas-mediated organ damage and that it might
modulate both autoimmune response and FasL-mediated tissue damage in SLE. A recent
study on SLE patients showed increased levels of Fas/FasL in SLE patients related to
depletion of intracellular glutathione.

Taken together, apoptosis of lymphocytes may be defective in patients with SLE and Fas/
FasL-mediated signaling pathways could be crucial in the process. Altered lymphocyte
apoptosis in patients with SLE could contribute to an overload of nucleosome in circulation
that could initiate an autoimmune response that might break tolerance, resulting in the
autoimmune phenomena.

5.2. Interaction between glutathione and apoptosis
A decrease in cellular GSH concentration has long been reported to be an early event in the
apoptotic cascade induced by death receptor activation [5], mitochondrial apoptotic
signaling [110], and oxidative stress [62,111]. Convincing evidence showed that GSH
depletion during apoptosis is an indicator for ROS formation and oxidative stress and may
be tied to pathogenesis in many autoimmune diseases including SLE [50]. Changes in the
intracellular thiol-disulfide (GSH/GSSG) balance are considered major determinants in the
redox status/signaling of the cell [112]. GSH constitutes the major intracellular antioxidant
defense against RS and oxidative stress. GSH has been shown to scavenge a wide variety of
RS, including superoxide anion (O2

·−), hydroxyl radical (·OH), singlet oxygen (1O2),
protein−, and DNA radicals, by donating electrons and becoming oxidized to glutathiyl
radical (GS·). Generation of disulfide bonds between two GSH leads to further formation of
GSSG. GSH also catalytically detoxifies cells from peroxides such as hydroperoxides
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(H2O2), peroxynitrite (OONO−), and lipid peroxides (LOO·) by the action of GSH
peroxidases (GPX) and peroxiredoxins (PXR). Accumulation of GSSG on oxidative stress
has been observed to be toxic to the cell. GSSG has been shown to directly induce apoptosis
by the activation SAPK/MAPK pathway [5,113]. There are several lines of evidence linking
intracellular ROS levels and induction of apoptosis in numerous cells lines. It has been
shown that hydrogen peroxide induce apoptosis in the blastocyst and neutrophil and this is
prevented by catalase [114]. Further, ROS generated by sodium arsenite in eosinophil
induce apoptosis. Peroxynitrite has been shown to cause DNA fragmentation and apoptosis
first identified in several cell types such as thymocytes, HL-60 cells, cultured cortical
neurons, and PC12 cells. Peroxynitrite induces apoptosis in a number of cell types in culture,
including pheochromocytoma derived PC12 cells, cortical neurons, HL-60 cells and rat
thymocytes [22]. However, a few reports have shown contradictory roles including
inhibitory and stimulatory effects of ROS on apoptosis [115].

GSH depletion in response to oxidants has been widely reported, and linked to cell death
[116]. GSH is essential for cell survival as demonstrated by observations that glutamate
cysteine ligase (GCL) knockout mice die from massive apoptotic cell death [117], and that
the knockdown of GCL in distinct cell types induces time-dependent apoptosis [118,119].
GSH levels have been shown to influence caspase activity, transcription factor activation,
Bcl-2 expression and function, ceramide production, thiol-redox signaling, and
phosphatidylserine externalization. A remarkable feature of cells undergoing apoptosis is
that they rapidly and selectively release a large fraction of their intracellular GSH into the
extracellular space [120,121]. GSH peroxidase (GPX) has been shown to protect against
apoptosis induced by Fas activation [122]. Replenishing GSH pools by NAC is known to
protect against apoptosis. The apoptosis-inducing effects can be blocked by glutathione and
N-acetylcysteine [115]. Glutathione depletion has been reported to involve in extrinsic/death
receptor as well as intrinsic pathway of apoptosis.

Induction of apoptosis via the extrinsic pathway is triggered by the activation of the death
receptors Fas (CD95/Apo-1), TNF-related apoptosis-inducing ligand (TRAIL) receptors 1
and 2 (DR4/DR5), and TNF receptor 1 (TNFR1) by their respective ligands FasL, TRAIL,
and TNF-a. Activation of death receptors leads to formation of the death-inducing signaling
complex, which includes the Fas-associated death domain (FADD), initiator caspase 8 or 10,
and the cellular FADD-like interleukin-1 beta-converting enzyme (FLICE)-inhibitory
protein (FLIP) leading to the activation of initiator caspases. Activation of NF-kβ
antagonizes programmed cell death induced by TNFR1, and GSH depletion has been shown
to down-regulate TNF-induced NF-kβ activation and sensitize to apoptotic cell death [123].
GSH depletion is necessary for the formation of the apoptosome [124] and also triggers cell
death by modulation of the permeability transition pore of the mitochondria and the
activation of executioner caspases [125,126]. In addition, GSH depletion activates the
intrinsic apoptotic pathway initiator Bax and Cyt C release [127]. Released Cyt C requires
cytosolic GSH levels to be depleted for its pro-apoptotic action [128]. Depletion of
intracellular GSH also overcomes Bcl-2-mediated resistance to apoptosis [129]. The
antiapoptotic role of Bcl-2 has been linked to GSH content by several studies, where it was
reported that Bcl-2 regulates GSH content and distribution in different cellular
compartments [130,131]. A recent study suggests that Bcl-2 regulates mitochondrial GSH
content by a direct interaction of the BH3 groove with GSH [132], while the antiapoptotic
effect of Bcl-xl has also been attributed to the regulation of GSH homeostasis by preventing
GSH loss [133] Figure 5.

In SLE patients, depletion of glutathione has been associated with various immune
abnormalities including deregulation of apoptosis, abnormal cytokine and chemokine
production and various clinical features. There are several lines of evidence correlating the
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depletion of intracellular glutathione with generation of ROS/RNS and progression of
apoptosis in SLE patients [50,61,78]. It has been reported that glutathione levels were
diminished in RBC and total lymphocyte as well as lymphocyte subsets in SLE patients
[48,50,57,78]. Depletion of glutathione is correlated with severity of the disease and allied
with oxidative stress and apoptosis [50,78]. The diminished levels of glutathione in the RBC
and lymphocytes positively associated with increased levels of oxidative stress makers such
as ROS, lipid peroxidation in SLE patients [50]. A negative association of the levels of GSH
levels with apoptosis of T lymphocytes, CD4+, CD8+ T lymphocyte sub-sets and
intracellular activated caspase-3 may support the role of reduced glutathione in the alteration
of T lymphocyte apoptosis in the disease state [49,100]. These results suggest that
glutathione played a role in depletion of CD4+ T lymphocyte in SLE patients. The role of
glutathione as a therapeutic molecule to replenish depleted glutathione has been related to
reduction in autoantibody. It has been show diminished GSH/GSSG ratios in the kidneys of
8-month-old versus 4-month-old (NZB x NZW) F1 mice, and treatment with N-
acetylcysteine (NAC), a precursor of GSH and stimulator of its de novo biosynthesis,
prevented decline of GSH/GSSG ratios, reduced autoantibody production and development
of glomerulonephritis and prolonged survival of (NZB x NZW) F1 mice [134]. Intracellular
glutathione has been shown to be involved in regulating several immune mechanisms in
human body. While GSH scavenges •OH, 1O2, and NO directly, it catalytically detoxifies
hydrogen peroxides (H2O2), OONO−, and lipid peroxides by activation of glutathione
peroxidases. Perricone and his group have shown that modulation of intracellular
glutathione can inhibit complement-mediated damage in autoimmune diseases [135].
Because glutathione is the major intracellular antioxidant defense within a cell, it is
proposed that its depletion might be a prerequisite for modulating the apoptotic machinery in
autoimmune disease like SLE (Figure 6). Inhibition of GSH depletion by either high
extracellular GSH or NAC may prevent increased ROS formation and control abnormal
apoptosis as well as several other abnormal immune responses, cytokine as well as
chemokine production in SLE patients.

5.3. Antioxidants: N-acetylcysteine and cysteamine
Antioxidants might be a beneficial adjunctive therapy in the treatment of SLE. ROS, the
superoxide anion, hydroxyl radicals, and hydrogen peroxide are generated during immune
responses associated with neutrophil and macrophage activity [136]. ROS directly damage
endothelium, leading to vascular permeability and edema. Evidently, glutathione has been
involved in regulating several immune mechanisms in human body. While GSH
scavenges ·OH, 1O2, and NO directly, it catalytically detoxifies H2O2, OONO−, and lipid
peroxides by the action of glutathione peroxidases. Because glutathione is the major
intracellular antioxidant defense within a cell, it is proposed that its depletion might be a
prerequisite for modulating the apoptotic machinery in autoimmune disease like SLE.
Recent studies have shown that restoration of intracellular glutathione by supplementing
with precursor like N-acetylcysteine and cysteamine had produced beneficial effect. In a
study testing the immunomodulatory effects of the nonenzymatic antioxidants N-
acetylcysteine and cysteamine, significant benefit was observed in glomerulonephritis and
mortality in the NZB/W F1 murine model of SLE [134]. N-acetylcysteine suppressed
autoantibody formation and prolonged survival of the mice [75]. Cysteamine inhibited the
development of renal insufficiency and improved survival significantly. Prospective clinical
studies are currently ongoing to assess whether NAC treatment can reduce GSH depletion,
correct T-cell-signaling defects and provide clinical benefit to patients with SLE
(www.clinicaltrials.gov IND 101320). Another pilot study by Li et al. showed that NAC
safely improves lupus disease activity by blocking mTOR in T lymphocytes in SLE patients
[137].
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6. Conclusion
Recent studies showed a strong association between oxidative stress and apoptosis in animal
models as well as in SLE patients. Moreover the depletion of glutathione is closely related to
perturbation of apoptosis in SLE patients. However, more mechanistic studies in vitro and in
vivo are required for addressing how the interplay between glutathione and apoptosis may
lead to a break intolerance and aggressiveness of lupus disease activity. N-acetyl cysteine
has been the first phase of clinical trial for the therapeutic management of SLE patients.
Further studies should be directed to evaluate a role of the glutathione precursor; NAC in
oxidative stress, apoptosis and cultivating severity of disease, which has shown as a
promising therapy in SLE.
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Figure 1.
Endogenous sources of reactive oxygen species. Major endogenous sources of ROS
production include a variety of metallo-enzymes (such as NAD(P)H oxidase and nitric oxide
synthase), mitochondrial complexes I and III, transitional metals (Fe2+ and Cu2+).
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Figure 2.
Formation of superoxide anion radical leads to a cascade of other ROS.
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Figure 3.
Glutathione (L-γ-glutamyl-L-cysteinyl-glycine) is a linear tripeptide formed from the
aminoacids glycine, cysteine, and glutamate.
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Figure 4.
Oxidative damage of lipid, protein and DNA by reactive oxygen species. The ROS
generated in cells may cause damage to macromolecules including DNA, lipid, and protein.
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Figure 5.
Overview on the mechanisms of glutathione induced cell death. Apoptosis includes cellular
shrinking, chromatin condensation and margination at the nuclear periphery with the
eventual formation of membrane-bound apoptotic bodies that contain organelles, cytosol and
nuclear fragments and are phagocytosed without triggering inflammatory processes.
Depletion of GSH might be a prerequisite for the generation of ROS. GSH depletion and the
concomitant decrease in GSH/GSSG ratio might increase the availability of GSSG to exert
its redox signaling and modulate both intrinsic as well as extrinsic pathway of apoptosis.
GSH depletion triggers the permeability transition pore of the mitochondria, the pro-
apoptotic function of released Cyt C, the formation of the apoptosome, and the activation of
executioner caspases and lead to intrinsic apoptosis pathway. Furthermore, GSH depletion
might trigger aggregation of death receptors, activation of Fas/FasL and caspase-3.
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Figure 6.
A general schematic showing the interaction of oxidative stress and apoptosis in SLE.
Excessive oxidative stress is thought to have an important role in the pathogenesis of
autoimmune diseases by enhancing inflammation, inducing apoptotic cell death and
breaking down the immunological tolerance. The ROS generation also provides oxidant for
lipid membrane damage, protein oxidation and DNA damage. The decrease in clearance of
apoptosis provides interaction of intracellular molecules with ROS, which can be a basis for
autoantibody production in SLE. The depletion of glutathione favours this cascade.
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TABLE 1

List of important reactive oxygen intermediates and their sources and modes of action

Source Modes of action

Super oxide (SO) NADPH oxidase Oxidative stress

Xanthine oxidase Redox signaling

Complex I/complex III (mitochondria)

5-lipoxygenase

Cyclooxygenase

Uncoupled nitric oxide synthase

Hydrogen peroxide (H2O2) Peroxisomes Redox signaling

Super oxide dismutase Oxidative stress

Hydroxyl radical OH Fenton reaction Oxidative stress

Haber-Weiss reaction

Hypochlorous acid (HOCL) Myeloperoxidase (MPO) Chlorination

Oxidative stress
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TABLE 2

List of important reactive nitrogen intermediates and their sources and modes of action

Source Modes of action/effects

Nitric oxide (NO) Nitric oxide synthase Nitrosylation of metal centers

Redox signaling

Peroxynitrite (ONOO−) Reaction between NO and SO Nitration

Oxidation

Oxidative stress

Nitrogen dioxide radical (NO2·) Reaction between NO and O2 Nitration

Oxidation

Oxidative stress

Dinitrogen trioxide (N2O3) Reaction between NO and NO2 Nitrosation

Nitrosative stress
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TABLE 3

List of Oxidative stress Biomarkers and their methods of detection

Markers of Oxidative Stress Markers/probes Detection Methods

Reactive Oxygen Species 2′,7′dichlorofluorescein (DCF) Spectroflurometry, Flow cytometry

Nitric oxide 2,3-naphthotriazole (NAT) Spectroflurometry

Lipid peroxidation Malonaldehyde TBARS TBARS-spectrophotometric assay

HPLC-based TBARS assay

GC-MS

F2-isoprostanes (8-iso-PGF2) Immunoassays (ELISA, Blotting)

4-Hydroxynonenal (4-HNE) GC-MS, LC-MS

Proteins carbonyl Groups carbonyl derivatives of proline, lysine, arginine and
threonine residues

DNPH spectrophotometric assay

Immunoassays (ELISA, Blotting)

One- and two-dimensional
electrophoresis

Mass Spectroscopy

DNA Damage 8-hydroxy-2′-deoxyguanosine Immunoassays (ELISA, Blotting)

HPLC-ECD

LC-MS, GC-MS

DNA strand breaks Comet assay

Flow cytometry

Total anti-oxidant capacity 2,2′-azinobis(3-ethylbenzthiazoline-6-sulphonic acid) Spectrophotometry

Chemiluminescence assay

Anti-oxidant molecule/enzymes Spectrophotometry

Glutathione 5, 5′ dithio-bis 2-nitrobenzoic acid (DTNB) Chemiluminescence assay

Mercury orange HPLC

Flow cytometry

Superoxide dismutase Nitroblue tetrazolium (NBT) Spectrophotometry

Flow cytometry

Anti-SOD antibody

Catalase H202 Spectrophotometry

Anti-catalase antibody Flow cytometry

Glutathione Peroxidase NADPH Spectrophotometry

Glutathione Reductase Spectrophotometry

Non-enzymatic antioxidants Spectrophotometry

Vitamin C, Vitamin E, Vitamin C and
Vitamin A (carotenoids)

Chemiluminescence assay

Proteins like Albumin, Transferrin,
Cerolopasmin. Pyruvate. Ubiquinol,
Bilirubin

HPLC

Autoimmun Rev. Author manuscript; available in PMC 2014 May 01.


