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Abstract: Systemic lupus erythematosus (SLE) is a multifactorial autoimmune disease with complex pathogenesis, the treatment of
which relies exclusively on the use of immunosuppressants. Increased oxidative stress is involved in causing inflammatory and cellular
defects in the pathogenesis of SLE. Various inflammatory and cellular markers including oxidative modifications of proteins, lipids,
and DNA contribute to immune system dysregulation and trigger an aggressive autoimmune attack through molecular mechanisms like
enhanced NETosis, mTOR pathway activation, and imbalanced T-cell differentiation. Accordingly, the detection of inflammatory and
cellular markers is important for providing an accurate assessment of the extent of oxidative stress. Oxidative stress also reduces DNA
methylation, thus allowing the increased expression of affected genes. As a result, pharmacological approaches targeting oxidative
stress yield promising results in treating patients with SLE. The purpose of this review is to examine the involvement of oxidative
stress in the pathogenesis and management of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease primarily afflicting women of childbearing age. It
is characterized by a flare-up of autoantibodies, particularly against nuclear components. There is a broad spectrum of its
clinical manifestations involving multiple organ systems including the genitourinary, cardiopulmonary, neuromuscular-
psychiatric, endocrine, integumentary, and hematologic systems.'* The molecular mechanisms underlying this systemic
autoimmune response remain largely unknown, and any further advancement in therapeutic approaches requires assess-
ments in preclinical studies.

In broad terms, molecular mimicry, aberrant exposure, or alteration of endogenous antigens, in combination with
autoantibodies production, could promote the creation of pathogenic immune complexes, and thus mediate tissue damage
in SLE and other systemic autoimmune diseases.® Recently, overwhelming evidence has been discovered to demonstrate
that elevated oxidative stress correlates with autoimmune disease activity and the facilitation of tissue damage.*® The
effect of free radicals in the pathogenesis of systemic autoimmune diseases including SLE, rheumatoid arthritis (RA),
Sjogren’s syndrome (SS) and multiple sclerosis (MS) is shown in Table 1. Reactive oxygen species (ROS) are generated
by incomplete oxygen reduction during the redox process, where immoderate liberation and insufficient clearance are
found to be implicated in the development of SLE.” Oxidative stress; defined as a disequilibrium between the synthesis
and neutralization of ROS; is deemed to partially explain the abnormal exposure of endogenous antigens and the
response to cell-death signals characterizing the pathology SLE.® This review will address how oxidative stress triggers

deranged immunological aberrations and disturbed tissue functions in SLE.
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Table | Effects of Free Radicals in the Pathogenesis of Autoimmune Diseases

Autoimmune Effects of Free Radicals References
Disease
SLE ® Alter T-cell signalling and lineage specification, leading to immune cell dysfunction [3,12,29,33]
® [nteract with biomolecules, creating deleterious cascade products and self-autoantigens
® Promote both hypomethylation and the upregulation of certain immune genes
RA ® |nvolve acute and chronic inflammation, resulting in synovial joint deformity and destruction [2,4,6]
® |ead to the formation of oxidative post translational modifications, which causes the formation of neoepi-
topes and gives rise to autoantibodies.
MS ® Trigger mitochondrial abnormalities including energy failure, DNA defects, abnormal gene expression, [2,94,95]
defective enzyme activities, and impaired DNA repair activity
® Play a major role in MS demyelination and neurodegeneration and mediates neurodegeneration initiated by
microglial activation
® Engage in the initiation of inflammation in the acute phase of MS
SS ® |ead to changes in protein oxidation, myeloperoxidase activity, TNF-0, nitrotyrosine, and glutathione levels [2,93]
® Decrease expression of antioxidant activities in conjunctival epithelial cells and in parotid gland tissue
® Cause mitochondrial alterations related to the action of antimitochondrial autoantibodies, and affects
specific mitochondrial activities.

Abbreviations: SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; SS, Sjégren’s syndrome; MS, multiple sclerosis; TNF, tumor necrosis factor.

The Basic Functions of Responses to Oxidative Stress
The sources of ROS can be exogenous and endogenous to the physiological system affected. Exogenous ROS mainly
derives from external predisposing factors such as ultraviolet radiation, chemical exposure, and viral or bacterial
infection, whereas endogenous sources include excessive ROS formation in mitochondria and extra-mitochondrial
organelles like the endoplasmic reticulum. The transfer of electrons to molecular oxygen in the processes of the electron
transport chain (ETC) creates ROS during oxidative phosphorylation in the mitochondria. Nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX), nitric oxide synthase (NOS), and xanthine oxidase (XO) are the
main causes of extramitochondrial oxidative stress.” Reactive oxygen species; such as superoxide anion radical (O,™)
and hydrogen peroxide (H,O,); can interact with NO, the expression of which is regularly accompanied by pro-
inflammatory signals, thereby accounting for the emergence of reactive nitrogen species (RNS), including nitrosonium
cation (NO™), nitroxyl anion (NO "), and peroxynitrite (ONOO").'® Multiple intracellular antioxidant defense systems that
are principally dependent on antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPX), and glutathione reductase (GR) impose constraints on ROS,'" as shown in Figure 1, yet non-
enzymatic antioxidants also play a crucial role, and these include vitamin C, carotenoids, flavonoids, and glutathione.
ROS are widely acknowledged for having a dual function in various cellular processes. These short-lived molecules
also serve as lethal weapons for the host defense system at low to modest concentrations. When confronted with an
excess of ROS/RNS or a deficiency of enzymatic and non-enzymatic antioxidants, noxious effects will occur, thereby
causing oxidative damage to intracellular biomolecules including lipids, proteins, and DNA.'? Any disruption to the
oxidant/antioxidant equilibrium in autoimmune diseases by either endogenous or exogenous toxic substances incites an
aberrant innate and adaptative immune response with a continuing supply of autoantigens.'® Some translational
investigations''*'> have associated oxidative stress with the pathogenesis of SLE. High levels of oxidative and
nitrosative stress have been detected in individuals with active SLE. Increased levels of NO, malondialdehyde (MDA),
4-hydroxy-2-nonenal (HNE), anti-SOD, and anti-CAT antibodies in the serum of SLE patients as well as diminished
levels of reduced glutathione in patients with lupus nephritis (LN) were discovered to be correlated with disease activity.

Oxidative Stress Dysregulates Immune Cells in Lupus Erythematosus

The development of SLE is attributed to disorders with adaptive immunity that cause a lack of tolerance of self-antigens.
Indeed, the onset and progression of SLE require immune cells, which underscores the crucial role of autoimmune
reactivity in this disease. Ongoing studies in both human and mouse models have revealed oxidative stress to occur
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Figure | Intracellular ROS production and antioxidant defense systems. Endogenous ROS primarily derive from ETC activity in the mitochondria. The molecule O,
interacts with NO, accounting for the conversion of NO to ONOQO . Intracellular antioxidant enzymes like SOD, CAT, GPX and GR normally neutralize ROS formation and
function. The overproduction of ROS induced by external triggers such as radiation, infection, and chemical exposure, or otherwise by diminished antioxidant defences
ultimately leads to oxidative damage of all biomolecules including lipids, proteins, and DNA, thereby potentiating cell dysfunction and apoptosis.

alongside both T cell dysfunction and SLE progression, revealing that mitochondrial dysfunction in T cells involves
mitochondrial hyperpolarization (MHP), increased ROS synthesis, and high consumption of glutathione (the primary
intracellular-acting antioxidant).'®'” Oxidative stress leads to MHP as manifested by an elevated mitochondrial trans-
membrane potential and a failure to couple with sufficient ATP, resulting in obstructed electron transfer and greater
electron leakage, thus exacerbating the generation of ROS.'® The majority of lymphocytes in SLE undergo apoptosis
during the generation of naive lymphocytes, particularly in the process of positive and negative selection in the central
and peripheral lymphoid organs, which leads to lymphocytopenia in SLE. Lymphocytes from healthy subjects have been
shown to undergo apoptosis when exposed to exogenous ROS in the form of H,O, in vitro," insinuating that the
persistent elevation in mitochondrial ROS was noteworthy in the apoptosis and necrosis of SLE lymphocytes, and might
be a spur to the inflammation cascade in SLE patients.

As a ubiquitous serine/threonine kinase, the mammalian target of rapamycin (mTOR) is a pertinent regulator in the
activation, differentiation, and homeostasis of T cells.?®?! Researchers have recognized excessive levels of NO and
prolonged MHP to be fundamental upstream checkpoints of mTOR activation in T cells, which effectively promote effector
CD4" T cell activation and subsequent differentiation.”? In addition, mTOR makes up the catalytic subunit of two protein
complexes: mTOR complex 1 (mTORCI) and 2 (mTORC2).%* Previous research demonstrated that mTORC1 activity was
enhanced in lupus patients, which restrained interleukin (IL) —2 and/or T cell receptor (TCR)-induced regulatory T (Treg)
cell expansion.”* Conversely, the depletion of Treg cells; deemed as a hallmark of SLE; could be prevented by therapeutic
intervention with rapamycin,® as circulating Treg cells would decrease during SLE flares and their immune suppressive

function in lupus patients was also weakened.”® Moreover, accumulating data supports the concept that both mTORC1 and
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mTORC?2 suppress the differentiation of CD4"CD25 Foxp3" Treg cells.?” In addition, mTORC] facilitates the expansion
of pro-inflammatory lymphocyte subpopulations in T helper 1 (Th1) and T helper 17 (Th17) cells through the regulation of
hypoxia-inducible factor (HIF) —1, phosphorylation of signal transduction and transcription activator 3 (STAT3), and
nuclear translocation of the transcription factor RORyt.*® T follicular helper (Tfh) cells and Th2 cells; which drive B cell
activation and autoantibody synthesis; are favored by mTORC2.* The transcriptional regulator FOXP3 is required for
CD4'CD25" Treg cell activation. Oxidative stress can refrain DNA methyltransferase 1 (DNMT1) activity and demethylate
FOXP3 promoter, thereby inhibiting FOXP3 transcription and CD4'CD25 Treg cell differentiation. The protein IL-6 is
capable of inhibiting FOXP3 expression during Treg cell differentiation. Oxidative damage has been observed to give rise
to increased levels of IL-6. Concordantly, serum IL-6 level was doubled in lupus patients and pristane-induced lupus mouse

139 reflecting that oxidative stress might have an appreciable effect on Treg cell differentiation by regulating IL-6.

models,
Adipokines were found to have been overproduced and strongly correlated to oxidative stress in SLE patients.*'** Leptin,
an adipocyte-derived hormone, has close relevance to adipokines and has been designated as another T cell biology
integrator derived from oxidative stress.> Its signaling seeks to modulate T cell proliferation and preferential differentiation
of Thl cells over Th2 cells while restricting Treg cell expansion, as the neutralization of leptin normally helps boost TCR
and/or IL-2-induced Treg cell proliferation.

A burgeoning number of studies have demonstrated that the expansion of Th17 cells; as reflected by the production of
IL-17; was embroiled in the pathogenesis of autoimmune disorders, including SLE.** The aryl hydrocarbon receptor
(AHR) is documented to be a transcription factor manipulating Treg cell and Th17 cell differentiation and typically exists
in the cytoplasm in a complex with Hsp90.>> Augmented UV exposure, which has been the most studied among the
environmental factors in association with SLE, has been shown to directly accelerate the emergence of 6-formylindolo
[3,2-b]carbazole (FICZ); a natural high-affinity ligand of AHR; whose activation yields an exchange of Hsp90 for the
nuclear translocation component ARNT and triggers expression of the CYP1A1 gene, subsequently resulting in Th17 cell
expansion as well as IL-17, IL-21, and IL-22 production, but interfering with Treg cell development.>® As aforemen-
tioned, oxidative stress also activates mMTORCI1, which then favors Th17 cell differentiation and the generation of certain
cytokines, while its blockade by rapamycin holds potential to augment Treg cell expansion, as shown in Figure 2.

Oxidative stress 'g
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Figure 2 Oxidative stress skews the Th17/Treg cell balance. AHR normally exists in the cytoplasm with Hsp90. Oxidative stress accelerates the formation of FICZ and leads
to an exchange of Hsp90 for the nuclear translocation component ARNT, which subsequently triggers CYPIAI gene expression and encourages proinflammatory Th17 cell
expansion. Oxidative stress can elicit the activation of mTORCI, which positively facilitates Th17 cell expansion via activating STAT3, but inhibits Foxp3-mediated anti-
inflammatory Treg cells. Rapamycin, as the mTOR blockade, is supposed to be useful for regulating Th17/Treg cell balance.
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Overall, Th17/Treg cells are capable of attaining a delicate immune balance in normal circumstances, which can
otherwise be disequilibrated by the superabundance of oxidative stress. Lineage specification in T cells becomes skewed
by oxidative stress, which curtails anti-inflammatory Treg cell differentiation while extending proinflammatory Th17
cells, thereby deteriorating autoimmune derangement and resulting in tissular damage.

The oxidative metabolism of B lymphocytes in SLE is represented by heightened glycolysis and downregulation in
lipid peroxidation. The activation of B cells is contingent on the initiation of glycolysis via the B-cell receptor (BCR) and
the B cell-activating factor of the TNF family (BAFF); a cytokine aligned to SLE.*” Prolonged exposure to BAFF
stimulation comprises a cascade of aerobic glycolysis and miscellaneous metabolic pathways that are instrumental in cell
proliferation and antibody manufacturing, suggesting that severe impairments in controlling B cell metabolic reconfi-
guration may exert an influence on SLE progression.*® Glycolytic activity was found to be comparatively higher in
transgenic mice that yielded lupus-like antibodies compared to controls.*® Since SLE patients had high BAFF levels,
their glycolysis status might appear noticeably higher than the controls, which warrants more definitive investigation.
Depressed lipid oxidation in B cells of SLE patients is a potential consequence of the condition that the lupus allele
potentiates the expression of the metabolic gene encoding the protein fatty acid amide hydrolase (FAAH), whose level is
explicitly raised in plasma cells.** On top of that, as signal transducers and substance transport regions of the cell
membrane, the lipid rafts on the B cell membranes of SLE patients possess structural and distributional anomalies, and
their metabolism performs a prominent role in the regulation of BCR signaling. Dong et al*' have observed that treating
SLE patients with leflunomide was able to modify the structure and distribution of the lipid rafts on B cell membranes,
thereby aiding in the gradual decline of disease activity, ultimately suggesting that oxidative stress could interfere with
lipid metabolism in B lymphocytes to alter the pathogenesis of SLE. Apart from lymphocytes acting as the main
motivators of oxidative stress, neutrophils have also emerged in other studies to be detrimentally impaired by SLE.

As an integral component of the innate immune system in the first line of defense against invading micro-organisms,
the process of neutrophil-induced elimination of microbes occurs through multiple accesses, such as through the release
of microbicidal substances from cytoplasmic granules, phagocytosis, and the formation of neutrophil extracellular traps
(NETs) by cellular residues, nucleic acids, and nuclear proteins. This so-called NETosis; referring to the process of cell
death engendered by NETs; is distinguished from cell necrosis or apoptosis, existing as a specialized form of cell death
whose lethality hinges primarily on NOX2-dependent ROS generation via the respiratory burst, which, intriguingly,
brings about spontaneous NETosis.** Previous data* has shown that the enhancement in NET formation observed in
SLE might hold a significant position in the pathogenesis of autoimmunity. Neutrophils extrude foreign DNA into NETs,
which then excite B cells via Toll-like receptors (TLRs), while the proteins in NETs operate as auto-antigens and enable
plasmacytoid dendritic cells to release interferon (IFN)-o, which terminates autoimmunity. Further supporting evidence
has been found to show that the deficiency of Nox2 could clearly exacerbate lupus flares in MRL/lpr mice.** The
reduction of oxidative stress generation results in the inability to clear bacteria whose remaining DNA could persistently
stimulate the innate immune system and expedite the development of lupus damage by blocking NETs formation and
NETosis.*> In addition, mTOR signaling in neutrophil chemotaxis has been reported to necessitate large amounts of
ATP,* thus, it’s worth investigating whether a lack of ATP supply during the mTORC1-based activation of T cells and
neutrophils is relevant to the pathogenesis of SLE.

ROS Affect Interactions Between Biological Macromolecules
Free radicals and other reactive species can interact with all biomolecules present in patients with SLE, potentially
creating deleterious cascade products that disrupt immune regulation and trigger autoimmunity.*” Their abundance is
correlated with disease activity and their corresponding deleterious cascade is held in check only by the existence of
multiple antioxidant and repair systems as well as the replacement of damaged nucleic acids, proteins, and lipids.
Lipids are susceptible targets of oxidation. The double bonds of unsaturated fatty acids in mitochondria, lysosomes,
and cell membranes serve as the principal sites of oxidative stress, allowing for enhanced lipid peroxidation and potential
indicators for oxidative status in SLE.'* Lipid peroxidation cascades delivered a plethora of decomposition end products,
including reactive aldehydes such as MDA, MDA-modified proteins, HNE, HNE-modified proteins, and F2 isoprostane;
the levels of which, according to numerous independent investigations,*® were markedly higher in biological samples
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obtained from SLE patients. Furthermore, F2 isoprostane is generated by a free radical-mediated peroxidation of
arachidonic acid that is independent of cyclooxygenase activity. Its process of formation, distinct structural properties,
and relative chemical stability distinguish it from other radical-generated products, for which the measurement of plasma
F2 isoprostane by MS/GC is contemplated to be the most reliable indicator of oxidative stress in vivo.*’ Elevated levels
of F2 isoprostane have been attributed to tissue oxidation in SLE and therefore can be utilized as a marker to assess the
relationship between mitochondrial function and oxidative stress in fatigued patients.’® These metabolites establish
covalent bonds to proteins, thereby enhancing their immunogenicity and prompting pathogenic autoantibodies to form.
Taken together, current evidence suggests a positive correlation between elevated levels of lipid peroxidation and disease
activity in SLE patients. Identically, oxidative stress mediates autoimmune involvement in the pathogenesis of SLE
through lipid peroxidation metabolites.

In addition to the oxidative modification of lipids, oxygen radicals can alter the structure and function of proteins
using any of the following: protein-peptide chain breakage, cross-linking and polymerization, the oxidative deamination
of amino acids, attacking protein reducing groups, or causing secondary reactions with lipid peroxidation products.”'
Formed as chemically stable protein oxidation products, protein carbonyls and the protein nitrotyrosine are extensively
employed as biomarkers in SLE, with the former being more addressed these years owing to its longer circulation
durations in the blood. Protein nitrotyrosine is delivered on tyrosine residues by RNS. There have been independent
studies indicating that the levels of protein carbonyls were substantially higher in SLE patients than in controls,
exhibiting varying correlations with disease activity, whereas antioxidant enzyme activities like catalase and superoxide
dismutase were decreased.’” Levels of 3-nitrotyrosine were also documented to be increased, which has been referenced
to cardiac, renal, and arthritis progression in SLE patients.”> Antibody-based ELISA can be applied to determine
3-nitrotyrosine levels, with GC-MS and LC-MS incorporating relatively high measurement accuracy. Nonetheless,
additional efforts are still required in order to optimize the measurement of 3-nitrotyrosine, particularly at very low
concentrations, and to reassess the relevance of circulating nitrotyrosine to the cardiac and renal complications observed
in SLE patients. Moreover, high-density lipoprotein (HDL); which is prone to oxidation in patients with lupus lacks
periodic vascular protective capabilities; instead fosters a pro-inflammatory response.’* Levels of the oxidized p2GPI
antigen are proportional to the extent of antiphospholipid syndrome (APS) and thrombotic risk.”> However, the molecular
etiology by which oxidized modified proteins lead to lupus flares remains largely unknown, and as many have surmised,
might be affiliated with their heightened immunogenicity in vivo.

Similarly, ROS can destabilize DNA integrity by altering individual nucleotide bases, thereby fueling both single-
strand breaks and cross-linking events. Continuous oxidative damage to DNA is an irreplaceable contributor to the
development of age-related illnesses, and in particular, those major malignancies of the colon, breast, rectum, and
prostate.”® DNA response and repair mechanisms are purposed to identify genetic flaws and ensure appropriate DNA
replacement during the cell cycle. The cell transfers the mutant genome to its descendants in the presence of unrepaired
lesions; otherwise, it will be counteracted by either apoptosis or senescence. The synthesis of 8-hydroxydeoxyguanosine
(8-OHdG); as involved in the instance of oxidative DNA damage; is a consistent predictor of oxidative stress. This
biomarker 8-OHdG is created and amplified physiologically by chemical carcinogens, and if not adequately disposed of,
will accumulate in tissues and induce genomic instability and cellular dysfunction.’’ Levels of 8-OHdJG, which is
detectable in a variety of biological samples (serum, plasma, urine, and tissues), have been alluded to in the disease
activity of SLE patients in several studies.’®”® These denote 8-OHdG to be perceived as a sensitive predictor for
examining oxidative DNA damage in the occurrence of lupus flares. Urinary 8-OHdG measurement has already been
amply demonstrated to reflect the oxidative status of the entire body, which is negligibly affected by dietary factors.
Further scientific reports have demonstrated that 8-oxoguanine-DNA-glycosylase (OGG1) is vicariously liable for the
clean-up of 8-OHdG, with its overexpression lowering DNA lesions by 8-OHdG reparation in conditions of oxidative
stress in vitro.”® These findings suggest that OGG1 performs preventive action in inflammatory responses by reconfigur-

ing 8-OHdG levels and that its polymorphism offers genetic susceptibility to LN.
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Oxidative Stress Modulates the Transcription of Susceptibility Genes

Despite the undefined etiology of lupus, familial clustering and the identification of genetic susceptibility loci indeed
recommend a hereditary component of disease progression. DNA methylation is well accepted to be an epigenetic
mechanism regulating gene expression, hence the hypomethylation of DNA in T cells has been extensively explored and
found to engage in SLE pathogenesis.

Previous work exploiting CD4 T cells from patients with active SLE uncovered oxidative stress to be a promoter of both
hypomethylation and the upregulation of certain immune genes. The replication of DNA methylation patterns during mitosis
requires S-adenosylmethionine (SAM) and DNA methyltransferase 1 (DNMT1). Treatment of CD4" T cells with the DNMT1
inhibitor 5-azacytidine (5-azaC) provoked hypomethylation and the overexpression of immune genes such as CD11a, CD70,
KIR, and perforin, culminating in the transformation of T cells from antigen-specific “helper” cells to autoreactive cells, and
ultimately facilitating the advancement of lupus-like autoimmunity in animal models.®™®" Synthesis of ONOO™ has been
shown to bolster protein kinase C delta (PKC3) nitration while having impeded ERK-dependent activation of DNMT].%?
Further evidence has also emerged to show that CD4" T cells treated with ERK pathway inhibitors and an oxidizing agent
could hypomethylate DNA and were thus prone to cause lupus flares in murine models.®> Glutathione deficiency translated
into a limited availability of SAM, which constitutes an alternative pathway of hypomethylation as a methyl donor for DNA
methylation. From the above viewpoint, we assume that T cell DNA hypermethylation, howsoever caused, tends to promote
inflammation and give rise to the onset in SLE patients and lupus-susceptible mice.

Oxidative Stress Contributes to End-Organ Injuries in Lupus Erythematosus

Oxidative stress is associated with multiorgan involvement in SLE via stimulating undetermined immune complex
deposition in the kidney, cardiovascular system, and other organs.®* Moreover, lipid peroxidation exerts an unfavorable
impact on the progression of end-organ injuries in SLE.

LN; one of the most perplexing manifestations of SLE; is a leading cause of morbidity and mortality which occurs in
the majority of patients at some point in the course of the disease. The deposition of immune complexes in the
glomerulus and the activation of the complement system are engaged in its pathogenesis. Over time, cumulative data
have strongly implicated oxidative stress to be a valuable addition to the renal impairment of SLE.'> Two biomarkers
reflected by elevated MDA concentrations are that of diminished vitamin C levels in the plasma of LN as well as a lower
glutathione:GSSG ratio in the kidneys of female B/W mice model of SLE.®® Decades of research have unearthed that
either hydrogen peroxide or ONOO is sufficient to evoke anti-DNA antibodies and glomerulonephritis in genetically
susceptible mice.®® Patients with active LN have an imbalanced redox state, a condition that causes lipid peroxidation of
the glomerular basement membrane to alter its integrity, thereby impacting tubular function in affected patients.
Oxidative stress may potentially inflict renal damage through the production of tumor necrosis factor (TNF) by
infiltrating macrophages, excessive Th17 cell differentiation, secretion of the inflammatory cytokine IL-17, and activation
of neutrophils to form NETs. By using TNF blockade, researchers could alleviate oxidative stress and renal lesion in
NZB/NZW mice with IFNa-induced LN.®” Nestin, on the other hand, has been shown to shield podocytes from injury by
mediating severe mitochondrial division or convergence impairment, thereby resulting in impaired oxidative phosphor-
ylation and reduced mitochondrial ROS (mROS), which in turn governs the expression and phosphorylation of
nephrogenic proteins.®® There’s reason to believe that downregulated nestin expression and the consequently elevated
levels of ROS may facilitate podocyte dysfunction, which alters glomerular basement membrane permeability and causes
proteinuria in LN patients.

Since renal injury acts as a noteworthy risk factor for cardiovascular disease (CVD), oxidative stress is deemed to
underlie CVD pathogenesis. A higher risk of atherosclerosis and CVD is observed in SLE patients compared to healthy
individuals, and the disruption of lipid and lipoprotein metabolism induced by oxidative stress is of critical significance.®®
Malondialdehyde (MDA)-modified oxidized low-density lipoprotein (OxLDL), autoantibodies against endothelial cells,
and phospholipids can all contribute to endothelial damage at the onset of lupus together with NETs, either directly, or
through activation of the type I IFN pathway.®® Oxidised LDL is phagocytosed by monocytes, which then differentiate into
foam cells and release inflammatory substances, ultimately predisposing one to atherosclerosis. Neutrophil extracellular
traps, previously described as core components of neutrophils involved in oxidative stress, can damage endothelial cells,
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activate macrophages, and release myeloperoxidase; an NADPH oxidase capable of oxidizing HDL; ultimately decreasing
the levels of the antioxidant HDL.”® Furthermore, oxidative stress is an essential agent involved in anti-B2GPI antibody
formation and thrombotic events in SLE patients with APS. The OxLDL/B2GPI/anti-2GPI complex was reported to induce
macrophage differentiation into foam cells, thus furthering the development of atherosclerosis possibly via the mechanism
that HNE oxidizes the B2GPI antigen, thereby potentiating its immunogenicity and response to the increase in anti-f2GPI
antibody titers. Antiphospholipid antibodies (APLs) have been reported to cross-react with OXxLDL, thereby optimizing
their influx into macrophages and promoting the progression of atherosclerosis.”' In fact, most atherosclerosis risk factors
have been reported to augment oxidative stress and hasten disease progression. Hypertension is associated with oxidative
stress and its presence in individuals with SLE involves a dysregulated Th1/Th2 cytokine ratio, increased IL-17 production,
and enhanced insulin resistance.”” By increasing the susceptibility of tiny renal inlet arteries to angiotensin II and the
expression of sodium-chloride cotransporters, oxidative stress may intensify the renal tubular reabsorption of both water
and sodium, thereby precipitating the development of hypertension.

Likewise, the role of oxidative stress appears to underly the occurrence of cutancous disease, another recurrent
complication in patients with SLE. Ultraviolet light exposure to keratinocytes permits the liberation of autoantigenic Ro
antibodies in apoptotic blebs by evoking oxidative stress, thereby triggering a morbific autoimmune response and propelling
the development of photosensitive dermatitis.”* In relation to liver damage, and despite the fact that sub-clinical liver disease
is commonplace in SLE, dramatically high levels of liver enzymes are rarely accomplished. Oxidative stress may perform
a specific role in liver function alterations, as liver enzymes are closely interconnected to increases in serum NO metabolites
to a certain extent.”* Glutamyl transferase; a nonspecific marker of liver injury; is liable to have its expression induced by
oxidative stress, and the resultant abnormal liver enzyme profile implies a possible correlation between oxidative stress and
liver injury. This supports the hypothesis of drug-induced oxidative stress with thereafter liver injury. In conclusion, oxidative
stress contributes to specific damage of certain end-organs/systems in SLE, which is shown in Table 2.

Therapeutic Strategies Targeting Oxidative Stress Pathways
Currently approved therapies for SLE are inadequate, relying exclusively on the use of either anti-proliferative or anti-metabolite
drugs. The imbalanced redox observed in patients with active SLE as previously described signifies that the therapeutic
interventions targeting oxidative stress are those which hold high potential to be efficacious in the treatment of SLE.

Among the antioxidants, N-acetyl cysteine (NAC) has been stated to confer therapeutic benefits in SLE patients and
murine lupus. As a precursor to supplement glutathione, NAC treatment has been demonstrated to prevent the generation

Table 2 Oxidative Stress Contributes to Organ/System Specific Damage in SLE

Organ/ Specific Damage Caused by Oxidative Stress References
System
Kidney ® Anti-DNA antibodies production contributes to the deposition of immune complexes in the glomerulus [66,67]

® Lipids peroxidation of the glomerular basement membrane alters its integrity and impacts tubular function
® TNF production by infiltrating macrophages, excessive Th17 cell differentiation, secretion of the inflammatory
cytokines, and activation of neutrophils to form NETs inflict renal damage

® Podocyte dysfunction alters glomerular basement membrane permeability and causes proteinuria

Cardiovascular | ® Induces the disruption of lipid and lipoprotein metabolism [69-71]
system ® MDA-modified OxLDL, autoantibodies against endothelial cells, and phospholipids contribute to endothelial
damage

® The OxLDL/B2GPl/anti-2GPl complex induces macrophage differentiation into foam cells, furthering
atherosclerosis

® |Intensifies the renal tubular reabsorption of both water and sodium, thereby precipitating the development of
hypertension.

Skin ® Ultraviolet light exposure to keratinocytes permits the liberation of autoantigenic Ro antibodies, triggering [73]

a morbific autoimmune response and propelling the development of photosensitive dermatitis

Liver ® Plays a specific role in liver function alterations as abnormal liver enzyme profile implies a possible correlation [74]

between oxidative stress and liver injury.

Abbreviations: SLE, systemic lupus erythematosus; NETs, neutrophil extracellular traps; MDA, malondialdehyde; OxLDL, oxidized low density lipoprotein.

460 https: Journal of Inflammation Research 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yan et al

of autoantibodies, restrain LN development, and prolong survival in (NZB x NZW) F1 lupus-prone mice.”” This well-
tolerated medication could decline anti-DNA production and lupus activity via the suppression of mTOR, which was also
accompanied by increasing FoxP3 expression in CD4'CD25" T cells and reversing the expansion of CD4 CD8" T cells
in a trial of SLE.”® Consistent with these results, further scientific research has demonstrated NAC’s ability to decrease
lipid peroxidation, alleviate complications of the central nervous system (CNS), and improve endothelial function in
patients with cerebrovascular involvement.”” Moreover, improvements in the lupus condition have also been seen to
result from the action of conjugated linoleic acid (CLA) promoting glutathione synthesis and reversing oxidative stress
by the upregulation of glutamate-cysteine ligase in MRL/Ipr mice.”®”® Because mTOR is a sensor of oxidative stress in
lupus T cells, its blockade by rapamycin is promising to be a viable therapeutic option.”*?**" Rapamycin has been

acknowledged by ongoing studies’®*!

to diminish disease activity by modulating mitochondrial transmembrane potential
and Ca®" flux, thereby augmenting Treg cell expansion in lupus-prone mice and SLE patients who are either resistant or
intolerant to conventional immunosuppressants.

Former studies in both humans and mouse models of lupus have provided evidence of elevated mROS in T cells,
hinting at a plausible therapeutic strategy with respect to inhibiting mROS and oxidative stress.'® MitoQ; a mitochondria-
targeted antioxidant; has been observed to mitigate renal injury by suppressing NET formation and serum IFN-I in lupus-
prone MRL/Ipr mice without altering T cell homeostatic proliferation and the inflammatory state. Therefore, MitoQ must
be used in conjunction with traditional immunosuppression for a comprehensively effective anti-inflammatory antiox-
idant therapy.'®*** Similarly, coenzyme Q10 (CoQ10); an indispensable component of the mitochondrial respiratory
chain; has been highlighted as an antioxidant possessing properties which prevent mitochondrial dysfunction, oxidative
stress, and suppress atherosclerosis progression. These features are relevant to the pathophysiology of APS and SLE
through the mechanisms of lowered LDL oxidation levels and proinflammatory cytokine production.”’®*** From the
perspective of oxidative stress in Th17/Treg imbalance, we can deduce that the antioxidative drugs which target the
Th17/Treg balance might serve as potential remedies for SLE. Baicalin is a recognized antioxidant isolated from
a Chinese herb that has been shown to endorse Treg cell differentiation and shield MRL/lpr mice from LN, possibly
via antioxidative stress effects, according to related studies.®>® In a pristane-induced lupus mouse model, another robust
antioxidant known as resveratrol has been shown to play a protective role, probably via the inhibition of mTOR-mediated
Th17 cell expansion.®” The antioxidant and free radical scavenging compounds antroquinonol and epigallocatechin-

3-gallate have been proposed by correlational research®®%”

to prevent LN aggravation. This prophylactic effect is owed to
reduced ROS/NO generation and enhanced Treg cell suppression via activating the Nrf2 antioxidant signaling pathway.

Dietary antioxidant nutrient consumption, such as those of vitamin A, C, E, zeaxanthin, lycopene, and carotene, was
evaluated in epidemiological studies and was subsequently found to cause a reduction in the plasma levels of several oxidative
indicators while having no effect on disease activity of SLE, presumably due to their inability to mediate intracellular signaling
with respect to the immune system.”>*" A series of investigations indicated that a methyl-poor micronutrient diet synergized with
oxidative stress-related low T cell Dnmtl levels could increase the severity of lupus flares. As a result, “methylation diet”
supplementation may help to attenuate the impairment by oxidative stress.*” Melatonin supplementation was discovered to
reduce cytokine production and dampen oxidative stress without downregulating disease activity in SLE patients, probably via
affecting the NF-kp signaling pathway.'* Reputed to be effective agents against oxidative stress-induced tissular injuries,
synthetic triterpenoids are able to block selected signaling pathways like STAT-3 in immune cells and promote Nrf2 pathway
activation, thereby inhibiting oxidative stress and the formation of LN in mice.”>*> Though the precise therapeutic mechanisms
have not yet been exhaustively addressed, antioxidant drugs are well-positioned to become an auxiliary therapy for the treatment
of SLE, which are shown in Table 3. However, antioxidant therapy cannot be generalized, as the condition of patients with SLE is
extremely complex, immunosuppressant therapy must be given depending on the organs involved in most cases.

Conclusions and Prospective Views

Collectively, through molecular mechanisms like enhanced NETosis, mTOR pathway activation, imbalanced T-cell
differentiation, and altered related gene expression, oxidative stress elicited by the overproduction of ROS and
diminished antioxidants potentiates immunological derangements and expedites the onset of SLE. Various inflammatory
and cellular markers especially oxidative modifications of lipids, proteins, and DNA are intimately and proportionally
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Table 3 Antioxidant Therapeutic Strategies for SLE

Antioxidant Molecule Therapeutic Effects References
or Treatment

NAC ® Prevents autoantibody generation and reduces lupus activity by regulating the mTOR pathway in T cells [75-77]
® Reverses the expansion of CD4 CD8™ T cells and uplifts FoxP3 expression in CD4"CD25" T cells
® Decreases lipid peroxidation, improves CNS complications and endothelial function
CLA ® Enhances the expression of glutamate-cysteine ligase [78,79]
® |Increases glutathione synthesis and reverses oxidative stress-induced lupus activity
Rapamycin ® Diminishes lupus activity by blocking the mTOR pathway [76,80,81]
® Modulates mitochondrial transmembrane potential and Ca* flux
® Promotes Treg cell expansion
MitoQ ® Mitigates kidney involvement of SLE by suppressing NETs formation and serum levels of IFN-I [16,82]
CoQl0 ® Ameliorates mitochondrial dysfunction and oxidative stress [83,84]
® |owers LDL oxidation levels and proinflammatory cytokine production
® Suppresses atherosclerotic progression, which is relevant to the pathophysiology of both APS and SLE
Antroquinonol/ ® Prevents the development of LN by free radical scavenging activities [88,89]
.

Epigallocatechin-3-gallate Reduces ROS/NO generation and increases Treg cell activity via activating the Nrf2 antioxidant
signaling pathway
Synthetic triterpenoids ® Blocks pathways like STAT-3 in immune cells together with Nrf2 pathway activation, thereby [75,92]

preventing oxidative stress and the formation of LN

Abbreviations: NAC, N-acetyl cysteine; ROS, reactive oxygen species; mTOR, mammalian target of rapamycin; NETSs, neutrophil extracellular traps; CoQ10, coenzyme
QI0; CLA, conjugated linoleic acid; APS, antiphospholipid syndrome; CNS, central nervous system; Treg, regulatory T cell; IFN, interferon; LDL, low density lipoprotein;
SLE, systemic lupus erythematosus.

relevant to disease activity in patients with SLE and other autoimmune diseases. A diligent effort has been underway to
explore whether the administration of antioxidants to restore redox homeostasis attenuates the severity of the disease.
Though there has been some progress, the precise effects and underlying molecular mechanisms still require further
laboratory and clinical data to expand upon the current understanding of them.
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