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Abstract

Atherothrombosis is a recurrent complication in APS and SLE patients. Oxidative stress has been sug-

gested as a key player underlying this process. Autoantibodies have been pointed to as the main con-

tributors to abnormality in the oxidative status observed in APS and SLE patients, promoting the increased

production of oxidant species and the reduction of antioxidant molecules. This imbalance causes vascular

damage through the activation of immune cells, including monocytes, lymphocytes and neutrophils, caus-

ing the expression of pro-inflammatory and procoagulant molecules, the formation of neutrophil extracel-

lular traps and the adhesion of these cells to the endothelium; the induction of cellular apoptosis and

impaired cell clearance, which in turn enhances autoantibody neogeneration; and cytotoxicity of endothe-

lial cells. This review describes the mechanisms underlying the role of oxidative stress in the pathogenesis

of atherothrombosis associated with APS and SLE, focused on the effect of autoantibodies, the different

cell types involved and the diverse effectors, including cytokines, procoagulant proteins and their main

modulators, such as oxidant/antioxidant species and intracellular pathways in each pathology. We further

discuss new therapies aimed at restoring the oxidative stress balance and subsequently to tackle ather-

othrombosis in APS and SLE.
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Rheumatology key messages

. Oxidative stress and mitochondrial dysfunction are directly involved in the pathophysiology of atherothrombosis in
APS and SLE.

. Autoantibodies are master regulators of the oxidative status observed in APS and SLE patients.

. Adjunctive therapies that regenerate oxidative stress balance might prevent atherothrombosis in APS and SLE
patients.

Introduction

The development of atherosclerosis and cardiovascular

disease (CVD) in APS and SLE involves genetic factors

as well as other acquired and modifiable risk factors

(e.g. hypercholesterolaemia, diabetes mellitus and hyper-

tension). Inflammatory components of the immune re-

sponse, as well as autoimmune elements (e.g.

autoantibodies, autoantigens and autoreactive leuco-

cytes), seem to be involved in these processes. In add-

ition, oxidative stress as well as dyslipidaemia and various

systemic inflammation mediators, including cytokines,
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chemokines, prothrombotic molecules and adhesion re-

ceptors, among others, have been implicated in the de-

velopment of these vascular pathologies [1, 2].

APS and SLE share several clinical and molecular fea-

tures, but also have some unique distinguishing

characteristics. Thus aPLs and other autoantibodies are re-

sponsible for the development of thrombosis in APS. aPLs

promote the overexpression of tissue factor (TF), VEGF and

protease activated receptors [3�6]. At the molecular level,

aPLs induce TF and VEGF expression in monocytes and

endothelial cells (ECs) by activating—simultaneously and in-

dependently—the phosphorylation of mitogen-activated pro-

tein kinase/extracellular regulated kinase protein and the p38

mitogen-activated protein kinase-dependent nuclear trans-

location and activation of nuclear factor kB/Rel proteins [7].

aPLs are also responsible for the altered protein profile of

monocytes and related to thrombosis development, includ-

ing overexpression of annexins I and II or RhoA proteins

among others [8] (Fig. 1).

Also, aPLs promote oxidative perturbations and mito-

chondrial dysfunction [9�11], which triggers an inflamma-

tory cascade with increased expression of several

cytokines, chemokines and mediators of endothelial dys-

function [12, 13]. Furthermore, aPLs cross-react with oxi-

dized low-density lipoproteins (oxLDLs), thus accelerating

their influx into macrophages and promoting monocyte

activation and atherosclerosis development [14] (Fig. 2).

In addition to early onset atherosclerosis, patients with

SLE are at risk for vascular damage, with ineffective

mechanisms of vascular repair [15]. aPL (present in

20�50% of patients with SLE) have also been related to

increased CVD. In fact, a ‘two-hit’ hypothesis has been

proposed in which circulating autoantibodies contribute to

early EC dysfunction via interaction with b2-glycoprotein I

(GPI), although other thrombotic events are necessary to

trigger plaque and clot formation. Lupus�related factors,

such as endothelial dysfunction and inflammation, altered

function of immune cells, renal impairment and disease

activity, lupus phenotype and genetic predisposition are

equally or even more important [16]. The inflammatory

burden, along with excessive production of reactive

oxygen species (ROS) and impaired antioxidant capacity,

may further drive the disease and cardiovascular compli-

cations [17]. In fact, most atherosclerosis risk factors ac-

celerate disease progression by augmenting oxidative

stress.

In this article we will examine the status and contribu-

tion of oxidative stress in the development of athero-

thrombosis in APS and SLE patients. The relationship

among the markers of oxidant stress, clot formation

and atherosclerosis development, the underlying mechan-

isms and alternative/complementary therapeutic

approaches are considered.

Data were extracted from an extensive search in PubMed.

Several keywords differently combined were used, including

APS, SLE, oxidative stress, mitochondria, thrombosis, ather-

othrombosis and therapeutic approaches. Original papers as

well as reviews published between 1996 and 2015 were

included.

Oxidative stress in APS: role in
atherothrombosis

Oxidative stress plays a fundamental role in the pathogen-

esis of atherosclerosis. It can be defined as a biochemical

imbalance led by excessive reactive species and free rad-

icals production that promotes oxidative damage to bio-

molecules and cannot be countered by antioxidant

systems. Oxidative stress contributes to chronic inflam-

mation of tissues, plays a central role in dyslipidaemia and

atherosclerosis [18, 19] and causes immunomodulation,

thus leading to autoimmune disease development [20,

21].

Various studies have shown that oxidative stress is dir-

ectly involved in the pathophysiology of APS. aPLs seem

to play an important role in the oxidative status by indu-

cing nitric oxide (NO) and superoxide production, which

results in increased levels of plasma peroxynitrites [22].

In addition, titres of aCL antibodies have been found to

be positively correlated with plasma levels of F2-

isoprostanes, sensitive markers of in vivo lipid peroxida-

tion, indicating enhanced oxidative stress in APS [23, 24].

Functional and structural arterial abnormalities have been

associated with lower activity of paraoxonase, an antioxi-

dant enzyme linked to high-density lipoproteins (HDLs)

that prevent low-density lipoprotein (LDL) oxidation.

Moreover, in patients with aPL antibodies, HDL reduces

NO bioavailability and shows impaired anti-inflammatory

and antioxidant properties [9]. At the molecular level, it

has been found that aPLs promote permanent activation

of nuclear factor kB and subsequently of the induced NO

synthase, both responsible for the demonstrated endo-

thelial dysfunction characteristic of these patients.

Furthermore, as described above, autoimmune vascular

inflammation and oxidative stress contribute to oxLDL/

b2GPI complex formation. The demonstration of antibo-

dies to oxLDL/b2GPI complexes in APS indicates that

these complexes are immunogenic, and the coexistence

of complexes and antibodies indicates significant vascular

injury and oxidative stress, as well as an active role in

autoimmune-mediated atherothrombosis [25]. More re-

cently, new parameters related to oxidative stress in

APS were analysed, including the family of prostaglandin

2 and their isomers (isoprostanes, specifically 8-

isoprostane), which are the result of the oxidative

modification of arachidonic acid through a free rad-

ical�catalysed mechanism [26]. In that study, APS

patients showed significantly higher prostaglandin 2 and

8-isoprostane plasma levels compared with controls, spe-

cifically those patients with triple positivity for aPL (aCL:

LA, aCL and anti-b2GPI antibody), thus underlying the role

of autoimmunity in the induction of an oxidative status in

those patients (Fig. 3).

Thus aCL production has been associated with vascular

disease, plasma oxidation and endothelial activation.

However, few studies have critically analysed the precise

pathogenic role of the aCL-induced oxidative stress, in

most cases just at the plasmatic level [9, 10, 27]. In a

recent study [11] we showed an increased production of
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ROS by monocytes and neutrophils that disturbs the

redox status and in turn may influence the expression of

prothrombotic and pro-inflammatory molecules in APS.

That increase was accompanied by a significant reduction

in the capacity of cells to counteract ROS, as demon-

strated by the observed decrease in both, the intracellular

glutathione (GSH) levels and the total antioxidant capacity

of plasma in such patients. Accordingly, our data revealed

that monocytes and neutrophils of APS patients had sig-

nificant loss in mitochondrial membrane potential, indicat-

ing that a large proportion of white blood cells contained

mitochondria that have lost the capacity to function opti-

mally. Mitochondrial perturbations were related to the

autoimmune condition as well as the inflammatory and

prothrombotic status of APS patients, as suggested by

strong positive correlations with the titres of aCL of IgG

isotype, as well as by the association found between the

increased percentage of cells with depolarized mitochon-

dria and the increased occurrence of thrombotic events.

Moreover, the presence of an increased carotid intima-

media thickness in those patients was associated with

that mitochondrial alteration. Parallel in vitro studies indi-

cated that the binding of IgG-APS to the monocytes eli-

cited a redox-sensitive signalling pathway that controlled

the prothrombotic phenotype.

Similar studies have demonstrated that antibodies from

APS patients are able to upregulate the expression of Toll-

like receptors (TLRs) 7 and 8 in plasmacytoid dendritic

cells and monocytes, respectively, as well as their trans-

location from the endoplasmic reticulum to the endo-

some, sensitizing the cells to TLR7 and TLR8 ligands

[28]. These effects depend on the uptake of aPLs into

the endosome, the activation of NADPH oxidase (NOX)

and the generation of superoxide.

Role of b2GPI and its oxidized form in atherothrom-
bosis development

b2GPI is a plasma protein involved in the haemostatic

system that has been detected in carotid atherosclerotic

lesions. b2GPI is the most common target for aPLs, which

plays a key role in thrombotic events and in the incidence

of accelerated atherosclerosis in patients with APS and

SLE [29,30].

Oxidative stress plays a direct role in the structure and

function of b2GPI in patients with APS [31]. In fact, this

protein is able to incorporate free thiols on its structure,

showing its ability to participate in thiol exchange reac-

tions [32]. This process can take place on the platelet

surface and allows the interaction of b2GPI with von

Willebrand factor, which can regulate platelet adhesion

FIG. 1 Activation of tissue factor and related procoagulant proteins in APS

aPLs induce the expression of TF and VEGF and its receptor through the activation of MAPK/extracellular regulated

kinase protein and the p38 MAPK-dependent nuclear translocation and activation of nuclear factor kB (NF-kB)/Rel

proteins in the monocyte. PAR1 and PAR2 are also involved. There is a close relationship between TF and VEGF. Thus

VEGF might act as a regulatory factor in aPL-mediated monocyte activation and TF expression, thereby contributing to

the pro-inflammatory�prothrombotic phenotype of APS patients. Proteomic studies have identified some proteins sig-

nificantly deregulated in the monocytes from patients with APS and thrombosis: annexin A1 (AnxA1), annexin A2 (AnxA2),

ubiquitin Nedd8, Rho A protein, PDI and Hsp60. These proteins have been shown to be associated with the induction of a

procoagulant state, as well as autoimmune-related responses. ERK: extracellular-signal regulated kinase; MEK: mitogen-

activated protein kinase; MPAK: mitogen-activated protein kinase; PAR: protease-activated receptors; PDI: protein di-

sulphide isomerase; TF: tissue factor.
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to the endothelium [33]. Purified b2GPI is composed of

four domains (I�IV) containing two disulphide bridges

each and a fifth domain (domain V) that contains an

extra disulphide bridge linking cysteine (Cys) 288 with

Cys326. In healthy persons, the free thiol form of b2GPI

predominates in the plasma, characterised by a broken

disulphide bridge at Cys32 and Cys60 in domain I and

another at Cys288 and Cys326 in domain V. The disul-

phide bridges at these locations are broken by the oxidor-

eductase thioredoxin-1 and protein disulphide isomerase.

Under conditions of oxidative stress, disulphide bonds

form at these sites. The relative proportion of plasma

b2GPI in the oxidized vs the free thiol form was signifi-

cantly greater in patients with APS than in healthy donors

[34]. In this sense, it has been shown that free thiol�con-

taining b2GPI has a powerful effect in protecting ECs from

oxidative stress�induced cell death [35]. In addition, oxi-

dation unmasks the critical APS B cell epitope, turning it

immunogenic.

It has been further demonstrated that b2GPI can poten-

tially exist in a circular form, with domain I interacting with

domain V. In this form, the critical B cell epitope is hidden

from the immune system. On binding to an anionic

phospholipid surface through domain V, the circular

form of b2GPI opens up to a fishhook configuration,

exposing the domain I epitope and allowing domain I

anti-b2GPI autoantibodies to bind [36].

Those mechanisms could explain why pathogenic aPLs

cause APS by interacting with domain I of b2GPI, as well

as the ability of the aPL/b2GPI complex to exert patho-

genic effects on target cells.

Oxidative stress in SLE: involvement in
CVD

Excessive oxidative stress is thought to have an important

role in the pathogenesis of SLE by enhancing inflamma-

tion, inducing apoptotic cell death and breaking down the

immunological tolerance [37, 38]. Thus the oxidative

damage mediated by ROS, resulting in the defect in the

control of apoptosis and the delayed clearance of apop-

totic cells, may prolong interactions between ROS and

apoptotic cells macromolecules, generating neo-epitopes

that subsequently lead to tissue damage in SLE [39, 40].

Mitochondrial dysfunction plays a key role in the path-

ology of SLE. Thus it has been demonstrated that

T lymphocytes of patients with SLE exhibit mitochondrial

hyperpolarization, increased ROS production, diminished

intracellular GSH levels, cytoplasmic alkalinisation and

adenosine triphosphate (ATP) depletion that causes

FIG. 2 Role of aPLs in atherosclerosis

aPL antibodies can promote atherosclerosis by attracting leucocytes (i.e. monocytes and lymphocytes) to the endothelial

cells in a process mediated by adhesion molecules such as ICAM-1, VCAM-1 and E-selectin. In addition, aPL antibodies

may cross-react with oxLDLs, accelerating the influx of oxLDLs into macrophages. Circulating oxLDL/b2GPI further

allows the presentation of b2GPI epitopes to the pathogenic autoreactive T cells. Activated cells express tissue factor,

growth factors, cytoquines and metaloproteases, which thus intensify the atherosclerotic process. b2GPI: b2-glyco-

protein I; CCR2: chemokine (C-C motif) receptor 2; CD4+: cluster of differentiation 4 lymphocyte T helper cells; ICAM-1:

intercellular adhesion molecule 1; LDL: low-density lipoproteins; MCP-1: monocyte chemotactic protein 1; oxLDL: oxi-

dized low-density lipoproteins; VCAM-1: vascular cell adhesion molecule 1.
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diminished activation-induced apoptosis and sensitize

lupus T cells to necrosis [41].

The ROS generation also provides oxidants for lipid

membrane damage, protein oxidation and DNA damage

in immune cells [42]. Convincing evidence for the associ-

ation of oxidative/nitrosative stress and SLE disease has

been shown by increased levels of various biomarkers in

leucocytes and serum, including oxygen radicals (i.e. per-

oxides and hydroxyl radicals), markers of oxidative DNA

damage (i.e. 8-oxodG), markers of protein oxidation (i.e.

carbonylated proteins, 3-nitrotyrosine) and markers of

lipid peroxidation (i.e. malondialdehyde, isoprostanes).

Concomitantly, common antioxidants that have been

found to be altered in SLE include enzymes such as

superoxide dismutase (SOD), catalase (CAT), GSH-related

enzymes (GPx, GR, GST and thioredoxin reductase) and

non-enzymes such as vitamins, carotenoids, flavonoids,

GSH and other antioxidant minerals [43] (Fig. 4).

The inflammatory overload, with excessive produc-

tion of ROS and impaired antioxidant capacity [17],

leads to oxidative stress, which may further drive the

disease and cardiovascular complications in SLE pa-

tients. Some years ago, Lopez et al. [44] demonstrated

the presence of elevated levels of oxLDL along with

elevated levels of autoantibodies as risk factors for

CVD in SLE patients . To date, only one previous

study has evaluated in vivo the relationship between

oxidative stress and vascular damage in SLE patients.

In a cohort of 40 SLE patients, Yăilmaz et al. [45]

demonstrated a subclinical coronary microvascular

dysfunction in SLE patients in the absence of traditional

cardiovascular risk factors and associated with under-

lying inflammation (increased PCR levels) and –>im-

pairment of the total antioxidant capacity of plasma.

In a recent study we covered important aspects of mye-

loid cell activity in a cohort of 85 SLE patients, including

activation, inflammation and oxidative stress in mono-

cytes and neutrophils, master regulators of atherothrom-

bosis in this autoimmune disease. Changes in the

expression of a number of cytokines, chemokines, cell

surface receptors, EC regulators and markers related to

autoimmunity and oxidative status in those patients were

intimately connected and seemed to orchestrate the

mechanisms underlying AT and CVD in SLE [46].

Mitochondrial perturbations were also readily demon-

strated in our series of SLE patients. That dysfunction

was related to the inflammatory and prothrombotic

status of SLE patients, as suggested by positive correl-

ations with inflammatory markers as well as by the asso-

ciation found between the increased percentage of

monocytes with depolarized mitochondria and the occur-

rence of thrombotic events. Those results were in accord-

ance with a report showing that mitochondrial dysfunction

plays a relevant role in inducing and maintaining inflam-

mation and heart failure [47]. Moreover, this point further

supported our previous study, demonstrating the crucial

role of monocyte mitochondrial dysfunction in the devel-

opment of thrombosis in APS [11], thus extending the idea

of the key mitochondrial involvement in the pathophysi-

ology of both autoimmune diseases (Fig. 4).

FIG. 3 Oxidative stress in APS: role on atherosclerosis

aPLs induce nitric oxide (�NO) and superoxide production (�O2
�), resulting in increased levels of plasma peroxynitrites.

Titres of aCLs correlated to plasma levels of F2-isoprostanes, markers of lipid peroxidation. Arterial abnormalities have

been associated with lower activity of paraoxonase, an antioxidant enzyme linked to HDLs that prevents LDL oxidation.

aPLs further promote permanent activation of NF-kB and subsequently of the iNOS, both responsible for the endothelial

dysfunction of APS patients. Moreover, APS patients show significantly high levels of prostaglandins in plasma. iNOS:

induced nitric oxide synthase; NF-kB: nuclear factor kB; NO: nitric oxide; �NO: increased nitric oxide production; �O2
�:

increased superoxide production; oxLDL: oxidized low-density lipoproteins.
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Relationship between NETosis and oxidative stress in
atherothrombosis development in APS and SLE

Neutrophils are key players in the immune system. They

are known for their antimicrobial function and being es-

sential effectors against infections. Apart from the gener-

ation of ROS and the release of microbicidal molecules

from granules, antimicrobial activity called neutrophil

extracellular traps (NETs) has recently been described.

In this process, neutrophils extrude a meshwork of chro-

matin fibres that include histones, antimicrobial peptides

and oxidant-generating enzymes such as neutrophil elas-

tase, myeloperoxidase (MPO), NOX and NO synthase

(NOS). NETosis is a distinct method of cell death, different

from necrosis and apoptosis, in which the dissolution of

internal membranes occurs, followed by decondensation

of chromatin and the release of this chromatin and granu-

lar contents to the extracellular space [48�50]. Initially

NETosis was placed within the context of innate immune

responses to infections; however, recent evidence sug-

gests that these structures also seem to be the centre

of several pathologic states, since they can promote

tissue damage, thrombosis, atherosclerosis and

autoimmunity.

NET generation has been recognized as an important

activator of the coagulation cascade, being deeply asso-

ciated with deep vein thrombosis [51]. NETs can regulate

thrombosis through several mechanisms: (i) they interact

with platelet and red blood cells, promoting adhesion; (ii)

they aggregate effector proteins such as TF and von

Willebrand factor [52�55] and (iii) they induce vascular

damage [56, 57].

Neutrophils have recently been revealed as pro-

atherogenic cells. NETs have been detected in athero-

sclerotic lesions in both mice and humans [58].

Moreover, the oxidant activity of the enzymes of NETs

has been strongly associated with CVD [59�61]. Thus

MPO represents a major source of reactive oxidants

and its activity is linked to plaque rupture and oxidation

of high-density lipoproteins. NOX activity leads to the

production of damaging oxidative species, superoxide

anion and H2O2. Finally, NOS can generate NO, which

in turn can combine with NOX-generated superoxide

anion to produce reactive nitrogen species or be dismu-

tated into H2O2, leading to HOCl or NO2
�, which are also

potential oxidizers of HDL. In addition, other proteins

embedded in NETs, such as cathelicidins, are able to

recruit monocytes into arteries and stimulate dendritic

cells in plaque lesions, promoting generation and aggra-

vation of the atherosclerotic process [62]. Additionally, a

recent study has shown that hypercholesterolaemia, one

of the main factors inducing atherosclerosis, can gener-

ate NETs in vitro [63].

FIG. 4 Role of oxidative stress in the cardiovascular disease associated with SLE

Excessive oxidative stress has an important role in the pathogenesis of SLE by enhancing inflammation, inducing

apoptotic cell death and breaking down immunological tolerance. Thus the oxidative damage mediated by ROS, resulting

in a defect in the control of apoptosis and the delayed clearance of apoptotic cells, may prolong interactions between

ROS and apoptotic cell macromolecules, generating neo-epitopes that subsequently lead to autoantibody formation and

tissue damage in SLE. The ROS generation also provides oxidants for lipid membrane damage, protein oxidation and

DNA damage in immune cells. Oxidative stress may further drive CV complications in SLE through the activation of a

prothrombotic and pro-inflammatory status in immune cells and the promotion of vascular damage. CV: cardiovascular;

ROS: reactive oxygen species.
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NETs are closely related to autoimmunity, since they

can increase the autoantigenic burden. This is due to

the fact that most of the proteins in these structures,

including MPO and dsDNA, are potent autoantigens in

SLE [64, 65]. Thus increased plasma DNA, observed in

SLE patients, correlates with the presence of antibodies

against NET-associated proteins [66].

We and others have shown that neutrophils from SLE

patients are activated and produce higher levels of ROS

compared with healthy donors [46, 67]. The production

of ROS is considered a requirement for the production

of NETs [48, 50, 68, 69]. Several mechanisms by which

ROS induces NET formation have been described: (i)

they increase membrane permeability, leading to the

release of neutrophil elastase, which in turn degrades

the linker histone H1 and the core histones, driving

chromatin decondensation, a process that is enhanced

by MPO [70]; (ii) ROS directly promotes the morpho-

logic changes occurring in neutrophils during NETosis

[71] and (iii) ROS is able to inactivate caspases, block-

ing apoptosis and inducing autophagy instead, a pro-

cess leading to dissolution of cellular membranes [70].

The increased capacity of SLE neutrophils to form NETs

[72] as well as impairment of the capacity to degrade

these structures by nucleases may lead to NET-

associated tissue damage [73]. More recently, a new

subset of neutrophils, low-density granulocytes (LDGs),

has been described in SLE. These cells are present in

the mononuclear cell fraction, as demonstrated by immu-

nohistochemistry and microscopy of mononuclear cell

fraction preparations, as well as through the identification

of a ‘granulocyte gene signature’ found in gene expres-

sion arrays derived from lupus peripheral blood mononu-

clear cells [74, 75]. They represent an immature form of

neutrophil.

Compared with mature lupus neutrophils, activated

LDGs express increased levels of pro-inflammatory

cytokines and type I IFN. They also have an enhanced

capacity to form NETs. Although lupus neutrophils

induce high levels of cytotoxicity in ECs, LDGs have

enhanced this ability, which accelerates the EC

apoptosis, altering the balance between vascular

damage and repair, and subsequently contributing to

the development of premature atherosclerosis in SLE

patients [76, 77]. Moreover, the presence of MMP-9 in

NETs plays a relevant role in endothelial dysfunction in

SLE [78].

It has been shown that active NOS, NOX and MPO are

able to oxidize HDL, leading to the pro-atherogenic HDL

form and impairing cholesterol efflux capacity, supporting

an additional role for NET-derived lipoprotein oxidation in

SLE-associated CVD (Fig. 5) [79].

Most of the studies carried out in neutrophils in autoim-

mune diseases are focused on RA and SLE. Yet, little is

known about their pathogenic role in APS. A recent study

showed that serum and plasma from APS patients have

elevated levels of NETs, and that aPLs can induce

NETosis in neutrophils from healthy donors, promoting

thrombosis [80].

All in all, neutrophils from APS and SLE patients are

activated, producing increased levels of ROS and leading

to aberrant NET formation, which induces thrombosis,

endothelial dysfunction and vascular damage, thus lead-

ing to the development of premature atherosclerosis and

CV diseases observed in these patients.

Therapeutic options for managing
oxidative stress and associated
atherothrombosis in APS and SLE

Current therapeutic options for the treatment of APS

remain confined to long-term anticoagulation with vitamin

K antagonists, which has a number of drawbacks, includ-

ing a lack of effectiveness, an increased risk of bleeding,

abortions and recurrences.

Similarly, disease activity in SLE is inadequately con-

trolled by conventional therapies [81�84]. Several different

molecules are under investigation, including those target-

ing type 1 IFNs, T cell co-stimulation, cytokines and

plasma cells. Concomitantly, oxidative stress markers

may represent newly discovered molecular and cellular

targets for the treatment of SLE.

As more insight is gained about the pathophysiology of

these diseases and the involved receptors and intracellu-

lar pathways, targeted treatment modalities have been

proposed as possible alternatives to the current treatment

options. Thus, in the past few years, several potential new

therapeutic approaches to APS and SLE have emerged,

including combination of anti-aggregants, statins and

direct thrombin inhibitors, among others (Fig. 6).

Latest oral anticoagulants

The more recently developed oral anticoagulants include

dabigatran etexilate, a direct thrombin inhibitor, and rivar-

oxaban, apixaban and edoxaban, which are direct anti-Xa

inhibitors. Unlike warfarin, these agents do not interact

with dietary constituents and alcohol, have few reported

drug interactions and monitoring of their anticoagulant in-

tensity is not routinely required due to their predictable

anticoagulant effects.

Although many reports have detailed the antithrombotic

effects of these anticoagulants, no study has evaluated in

vivo their role in vascular oxidative stress. Only a very

recent study, performed in ApoE-deficient mice, showed

that the thrombin inhibitor dabigatran reduces vascular

oxidative stress and inflammation, improves endothelial

function and ameliorates atherogenesis in a lipid-driven

mouse model of atherosclerosis [85].

Statins

It is now widely accepted that CVD prevention by statins

is dependent not only on their lipid-lowering effects, but

also on their beneficial effects on vascular redox signalling

[86]. It has been proven that statins can inhibit endothelial

superoxide formation by preventing the isoprenylation of

p21 Rac, which is critical for the assembly of NOX after

activation of protein kinase C [87]. In addition, SOD3 ac-

tivity more than doubled and the number of functionally
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active endothelial progenitor cells increased in individuals

treated with simvastatin [88]. Moreover, statins can in-

crease the expression of endothelial nitric oxide synthase

(eNOS) by inhibition of isoprenylation of the small GTPase

RhoA [89] and statins directly activate eNOS via post-

translational mechanisms involving activation of the phos-

phatidylinositol 3-kinase/protein kinase Akt pathway [90].

Thus statin treatment improves endothelial function at

least in part by reducing oxidant stress and improving

eNOS function.

In the setting of autoimmune diseases, a recent study

by our group showed that in vivo treatment with fluvastatin

altered the expression and/or activity of various markers

related to inflammation, thrombosis and oxidative stress

in SLE patients [46]. Gene arrays allowed the identification

of previously unreported markers of oxidative stress and

mitochondrial activity altered in response to fluvastatin

treatment. Mitochondrial studies after fluvastatin treat-

ment in that cohort of SLE patients demonstrated the

presence of a larger number of low-potential mitochondria

in monocytes, with lower ROS production. These results

opened new questions regarding the processes involved

in mitochondrial mass upregulation in monocytes. Thus

we determined the expression of several genes involved

in mitochondrial biogenesis, a highly regulated process

operating through peroxisome proliferation-activated re-

ceptor coactivator 1a-dependent nuclear respiratory fac-

tors. Fluvastatin treatment of SLE patients resulted in

monocyte upregulation of all those genes related to mito-

chondrial biogenesis. Those results further supported

FIG. 5 Role of oxidative stress and NETosis in atherothrombosis in SLE

Neutrophils from SLE patients are activated and produce higher levels of ROS. In addition, a new subset of neutrophils,

present in the mononuclear cell fraction (i.e. LDGs) has been described in SLE. The production of ROS leads to NET

formation, increasing membrane permeability and leading to the release of NE, driving chromatin decondensation, a

process that is enhanced by MPO. ROS directly promotes the morphologic changes occurring in neutrophils during

NETosis and ROS is able to inactive caspases, blocking apoptosis and inducing autophagy instead, a process leading to

dissolution of cellular membranes. Aberrant NET generation induces thrombosis, endothelial dysfunction and vascular

damage, thus leading to the development of the premature atherosclerosis and CV diseases observed in SLE patients.

LDG: low-density granulocytes; MPO: myeloperoxidase; NE: neutrophil elastase; NET: neutrophil extracellular trap; NOS:

nitric oxide synthase; NOX: NADPH oxidase; RBC: red blood cells; ROS: reactive oxygen species; TF: tissue factor.
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previous studies delineating the beneficial effects of

pharmacological agents such as thiazolidinediones and

resveratrol, which stimulate mitochondrial biogenesis

and reduce mitochondrial dysfunction that is observed

in patients with type 2 diabetes [91, 92]. Thus the potential

of statins to stimulate mitochondrial biogenesis through

pharmacological interventions might show great promise

in attenuating the CV phenotype associated with SLE.

Antioxidant agents: N-acetyl cysteine and coenzyme
Q10

Among all the antioxidant treatments to restore the redox

balance, N-acetyl cysteine (NAC) has been shown to be a

promising alternate therapy in SLE patients.

Administration of NAC has shown beneficial effects in

mild SLE patients in terms of decreasing lipid peroxida-

tion, improving CNS complications [93] and endothelial

function [94, 95] in patients with cerebrovascular involve-

ment. Moreover, it has been shown that NAC treatment

controls T cell function by regulating the mammalian

target of rapamycin (mTOR) mechanism [96].

Coenzyme Q10 (CoQ10; ubiquinone) is a vital compo-

nent of the mitochondrial respiratory chain, with a crucial

role in ATP production as the coenzyme for mitochondrial

complexes I, II and III [97]. CoQ10 provides membrane-

stabilizing properties and also acts as an antioxidant with

cell-protective effects, including inhibition of LDL oxida-

tion, and thus the progression of atherosclerosis.

Furthermore, CoQ10 decreases the production of pro-

inflammatory cytokines, as well as blood viscosity,

demonstrated to be helpful in patients with heart failure

and coronary artery disease. A recent study by our group

[11] demonstrated that autoantibodies from patients with

APS can disrupt the mitochondrial function of monocytes

and neutrophils, leading to the generation of various intra-

cellular ROS and the subsequent expression of TF and

other pro-inflammatory cytokines. The inhibition of intra-

cellular ROS in monocytes using CoQ10 prevented the

upregulation of TF and VEGF/Flt-1 induced by IgG-aPL.

Recent studies suggest that changes in mitochondrial

morphology and function may affect a variety of aspects

of cardiovascular biology [98], and mitochondrial fission

inhibition has been reported to be cardioprotective [99].

Accordingly, our in vitro study demonstrated two benefi-

cial effects of CoQ10, namely, the prevention of mitochon-

drial dysfunction and oxidative stress and suppression of

the expression of prothrombotic markers relevant to the

pathophysiology of APS. A clinical trial is currently under

way in our hospital under the auspices of Kaneka

Corporation to evaluate the beneficial effects of CoQ10

supplementation in the treatment of APS patients.

Conclusions

A number of studies have shown that oxidative stress is

directly involved in the pathophysiology of atherothrom-

bosis in APS and SLE. Thus it has been demonstrated that

aCL plays a key role in the induction of oxidative stress

and mitochondrial dysfunction, and consequently in the

FIG. 6 Therapeutic options for managing oxidative stress and associated atherothrombosis in APS and SLE

Inhibition of oxidative stress involves newly discovered molecular and cellular targets for the treatment of APS and SLE.

Dabigatran (thrombin inhibitor) and statins, albeit through different molecular mechanisms, reduce vascular oxidative

stress and inflammation and improve endothelial function. The main beneficial effects of NAC and CoQ10 are the pre-

vention of mitochondrial dysfunction and oxidative stress and the suppression of the expression of prothrombotic

markers relevant to the pathophysiology of APS and SLE. AKT: protein kinase B; eNOS: endothelial nitric oxide synthase;

LDL: low-density lipoprotein; PI3K: phosphatidylinositol 3-kinase; ROS: reactive oxygen species.
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stimulation of a prothrombotic and pro-inflammatory

status in APS patients.

Yet, in the setting of SLE, a more complex mechanism

seems to be involved in atherothrombosis development.

Thus vascular complications might derive from the com-

bined effect of autoantibodies (i.e. aCL and anti-dsDNA),

dysfunctional lipids (i.e. elevated levels of oxLDL and the

presence of a pro-inflammatory form of HDL), the forma-

tion of NETs and systemic inflammation (i.e. activation of

immune cells, with the consequent production of pro-

thrombotic factors, cytokines, chemokines, etc.). In the

development of all those processes, oxidative stress

and mitochondrial dysfunction might play a key role that

needs to be analysed in more detail.

As more insight is gained about the pathophysiology of

atherothrombosis in these autoimmune diseases, targeted

treatment modalities have been proposed as possible al-

ternatives or as a complement to current treatment op-

tions. Thus, to date, the administration of adjunctive

therapies aimed at improving disease status, preventing

cardiovascular complications and further reducing the

oxidative stress imbalance, including the combination of

anti-aggregants (i.e. aspirin and dipyridamole), statins and

antioxidants (i.e. NAC and CoQ10), has produced promis-

ing results in the prevention of atherothrombosis.
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