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Antiphospholipid syndrome (APS) is considered an autoimmune, thrombo-inflammatory disease characterized by vascular

thrombosis in the setting of one or more antiphospholipid antibodies (aPLs) such as lupus anticoagulant (AL),

anticardiolipin antibodies (aCL) and anti-β2-glycoprotein1 antibodies (aβ2GPI).
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1. Introduction

In the early 1980s, the term antiphospholipid syndrome (APS) was coined to describe an autoimmune, multisystemic

disorder characterized clinically by autoantibody-induced thrombophilia . Today, APS is considered an autoimmune,

thrombo-inflammatory disease characterized by vascular thrombosis in the setting of one or more antiphospholipid

antibodies (aPLs) such as lupus anticoagulant (AL), anticardiolipin antibodies (aCL), and anti-β2-glycoprotein1 antibodies

(aβ2GPI) . Beyond thrombosis, APS regularly manifests with other morbid features including thrombocytopenia, cardiac

dysfunction , accelerated atherosclerosis, nephropathy, movement disorders, and cognitive decline . This

heterogeneous clinical presentation reflects the complex pathogenesis of APS, reinforcing the need for a deeper

knowledge of mechanisms of aPL formation and of thrombotic complications, to allow a better-tailored, integrated,

multidisciplinary approach.

It is known that the pathogenesis of APS consists of two phases: “the first hit and second hit”. According to this theory, the

“first hit” is represented by the presence of circulating aPLs that destroy the integrity of the endothelium inducing a

procoagulant phenotype. Nevertheless, aPLs alone are not enough to cause thrombosis, which takes place only in the

presence of triggering factors (the “second hit”), which is usually represented by smoking, acute infections, oxidative

stress, or inflammation .

2. Mechanisms of Atherothrombosis in APS: The Role of Oxidative Stress

The diagnosis of APS requires the concomitant presence of vascular thrombosis and/or pregnancy morbidity , in

addition to persistent positivity to at least one of the aPL among LA, aCL, and aβ2GPI. However, some patients may

present non criteria antibodies or unusual clinical manifestations . Venous thromboembolism is the most common

clinical presentation of the syndrome whereas arterial thrombosis is less frequent and mainly affects younger adults. The

clinical spectrum of arterial thrombosis may extend from asymptomatic small ischemic lesions to fully ischemic stroke .

An observational study in 1000 APS patients from 13 European countries, that were followed prospectively for 10 years,

showed that thrombotic events appeared in 16.6% during the first 5 years and 14.4% during the second 5 years. The most

common events reported were strokes, transient ischaemic attacks, deep vein thrombosis, and pulmonary embolism .

It’s now well established that oxidative stress plays a major role in atherogenesis . Oxidative stress is defined by

an imbalance between reactive oxygen species (ROS) production and impaired detoxification by antioxidant enzymatic

and nonenzymatic systems . This imbalance characterizes several cardiovascular diseases (CVD) in which ROS

are important mediators of endothelial damage leading to vascular inflammation and progression of the atherosclerotic

plaque.

Several mechanisms have been proposed as promoters of oxidative stress in APS patients (Figure 1).
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Figure 1. Schematic representation of mechanisms promoting oxidative stress in APS patients. Oxidative stress can be

favoured by (1) the increase in the mitochondrial transmembrane potential and the decrease in intracellular glutathione

contents; (2) the interactions between anticardiolipin antibodies (aCL) and the paraoxonase-1 (PON1) limiting its

antioxidant properties; (3) aCL induction of nitric oxide (NO) and superoxide (O ) production with increased levels of

peroxynitrite (ONOO ) a pro-oxidant molecule.

Gergely et al.  verified, in patients with systemic lupus erythematosus, the hypothesis that the mitochondrial

transmembrane potential and production of reactive oxygen intermediates (ROIs) mediate the imbalance of apoptosis

which may significantly contribute to inflammation. In these patients, they found that mitochondrial transmembrane

potential and ROI production were elevated compared to healthy subjects. Moreover, intracellular glutathione contents

were diminished, and H O , a precursor of ROIs, increased mitochondrial transmembrane potential and caused apoptosis

.

Another mechanism of oxidative stress can be related to the interactions between aCL antibodies and antioxidant

enzymes in plasma, such as the paraoxonase-1 (PON1), which is an antioxidant enzyme linked to HDLs that prevents

LDL oxidation. Indeed, in patients positive for aCL antibodies, the activity of PON1 was found to be dramatically

decreased . Charakida et al.  also confirmed the interactions between aCL antibodies and PON1. They showed that

women with positive aPL antibodies have functional and structural arterial abnormalities that were associated with

reduced activity of PON1. This implicates HDL and oxidative stress in the causal pathway for atherosclerosis in these

patients. Moreover, in these patients, HDL has a “proatherogenic” phenotype by reducing nitric oxide bioavailability and

impairing anti-inflammatory and antioxidant properties .

Finally, aCL seems to play an important role in promoting oxidative stress by inducing nitric oxide (NO) and superoxide

production. This reaction favours enhanced production of plasma peroxynitrite, which is a powerful pro-oxidant substance.

Indeed, in mice injected with aCL antibodies, there was an increase in serum nitrotyrosine suggesting that a permanent

pro-oxidant environment induces the activation of iNOS and results in long-term downregulation of iNOS expression and

subsequent endothelial dysfunction .

When oxidative stress is established, it contributes significantly to the pathophysiology of APS by (1) inducing protein

structural modification, and (2) interfering with nitric oxide metabolism (Figure 2).
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Figure 2. Mechanisms mediated by oxidative stress contributing to thrombotic complication in APS patients. (1) After

oxidative modification, oxLDL binds β2GPI inside the arterial wall and further increases inflammation, oxidation, and cell

activation. (2) Autoantibodies to this complex are produced resulting in circulating complexes (oxLDL/β2GPI/antibody). In

the presence of anti-oxLDL/β2GPI antibodies, the uptake of oxLDL/β2GPI complexes by macrophage is increased and

may further accelerate the development of atherosclerosis. (3) The endothelial nitric oxide synthase (eNOS) in the

endothelial cells is inactivated, reducing the nitric oxide (NO) bioavailability.

2.1. The Role of Oxidative-Mediated Modifications

Clinical and epidemiological studies suggested that the presence of anti-β2GPI antibodies confers a significant risk of

thrombosis, morbidity, and mortality in young adults . For this reason, anti-β2GPI antibodies have been widely

investigated to better understand the pathophysiology of APS and its complications.

β2GPI is a 50 kDa protein synthesized as a single polypeptide chain. It is mainly produced in the liver and may be

detected in the blood at a concentration of 200 µg/mL. . β2GPI has a role in coagulation, fibrinolysis, angiogenesis, and

apoptosis . Oxidation and nitrosylation of redox-sensitive cysteine residues are characteristic post-translational

modifications of β2GPI occurring under conditions of increased oxidative or nitrosative stress. In particular, modifications

of the sulfhydryl group (SH) alter the function of proteins containing cysteines in their catalytic domain or as interface

residues of interacting proteins. ROS readily react with cysteine residues, especially redox-active cysteines, to form

reversible or irreversible oxidized forms.

S-nitrosylation refers to a chemical reaction that occurs spontaneously or enzymatically in the presence of high NO

concentrations. As a covalent post-translational modification on the cysteine thiol residue, s-nitrosylation has emerged as

an important mechanism for functional regulation of most or all main classes of protein and intracellular processes .

These post-translational modifications directly affect the function of β2GPI and also confer an increase in the

immunogenicity of β2GPI. In particular, the oxidation of β2GPI may increase the immunogenicity of the molecule by (1)

increasing the affinity of anti-β2GPI antibodies to oxidised β2GPI; (2) causing immature monocyte-derived dendritic cells

to mature that secret interleukin (IL)-12, IL-1, IL-6, IL-8, tumour necrosis factor-α and IL-10; (3) breaking immune

tolerance .

The contribution of ROS to the development of APS has been studied in the context of lipid peroxidation and the formation

of oxidized LDL (oxLDL)/β2GPI complexes. Indeed, patients with systemic autoimmune diseases displayed increased lipid

peroxidation and oxLDL production . After oxidative modification, electrostatic forces initially mediate the bind

between oxLDL and β2GPI. After this initial interaction, more stable complexes (non-dissociable) are formed and

stabilized by covalent interactions. These complexes are both proatherogenic and immunogenic. Indeed, the binding of

β2GPI to oxLDL may occur inside the intima microenvironment of the arterial wall and further increase inflammation,
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oxidation, cell activation, and macrophage uptake of oxLDL/β2GPI complexes . Moreover, patients with SLE and APS

produce autoantibodies to this complex , and the resulting circulating immune complexes (oxLDL/β2GPI/antibody) may

further accelerate the development of atherosclerosis. This was demonstrated in vitro by the increased uptake of oxLDL/

β2GPI complexes by macrophage in the presence of anti-oxLDL/β2GPI antibodies . These results provide an

explanation for the accelerated development of atherosclerosis in autoimmune patients.

2.2. Role of Oxidative Stress in Nitric Oxide Metabolism

Among the mechanisms potentially implicated in oxidative stress-mediated atherothrombotic complications in APS, the

inactivation of endothelial nitric oxide synthase (eNOS) is one of the most studied. eNOS is the predominant NOS isoform

in the vasculature and is responsible for most of the nitric oxide (NO) produced in this tissue. NO is a short-lived gas

molecule that is responsible for different biological actions in multiple tissues and cell types and is synthesized by eNOS

to preserve vascular homeostasis . Moreover, it exerts an atheroprotective function, and it inhibits blood clots and

platelets adhesion to the endothelium .

A hypothetical connection between APS and alterations in the NO bioavailability has been evaluated in several studies

performed both in mice and humans . The evidence resulting from these studies showed a direct connection

between the altered production of NO and APS pathogenesis.

In patients with aPL, a negative correlation was found between urinary NO metabolites (NOx) and IgG anticardiolipin,

suggesting that aPL can negatively affect NO physiological activities .

In mice, the injections of polyclonal aPL and β2GPI monoclonal antibodies isolated from human patients can reduce the

plasma concentration of NO metabolites. Moreover, the injection of aPL suppressed eNOS-mediated vascular relaxation

by acetylcholine. Finally, in mice lacking eNOS, the increase in leukocyte adhesion to vascular endothelium and thrombus

formation induced by aPL was not observed .

In vitro studies carried out by Ramesh et al. showed the impact of aPL in endothelial cells. In mice, aPL produced an

increase of monocyte adhesion to endothelial cells, which is a mechanism directly related to atherosclerosis . The

same authors examined the role of β2GPI in aPL antagonism to eNOS by experiments that alternately included and

excluded β2GPI from the surface of endothelial cells. When these cells were deprived of β2GPI, aPL did not cause eNOS

inhibition, indicating that β2GPI is required for aPL full functioning .

3. Oxidative Stress in APS: Clinical and Experimental Studies

Several clinical studies evaluated oxidative stress biomarkers in APS patients (Table 1).

Table 1. Clinical, experimental, and in vitro studies describing changes of biomarkers of oxidative stress in APS patients.

HUMAN STUDIES

Author/(Year)/[Reference] Study Type (Setting) Markers of Oxidative
Stress

Main Results vs.
Controls

Lambert et al., (2000) n = 56 APS patients
n = 71 HS

PON1
MDA-LDL

↓ PON1
↑ MDA-LDL

Delgado Alves et al., (2002)
Cross-sectional study

n = 32 SLE
n = 36 with PAPS
n = 20 controls

HDL cholesterol
PON activity

TAC

↓ HDL
↑ anti-HDL antibodies

↓ PON activity
↓ TAC

Ferro et al., (2003) n = 13 APL patients
n = 11 negative APL patients Isoprostane ↑ 8-isoprostane

Matsuura et al., (2006) n = 93 APS patients
n = 161 HS oxLDL/beta2GPI ↑ oxLDL/beta2GPI

Sciascia et al., (2012) n = 45 APS patients
n = 75 HS Isoprostanes

↑ 8-isoprostane
↑ Prostaglandin E2

(PGE)

Perez-Sanchez et al., (2015) n = 126 APS patients
n = 61 HS

TAC
MnSOD
Catalase

GPx

↓ TAC
↑ MnSOD
↑ Catalase

↓ GPx
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HUMAN STUDIES

Author/(Year)/[Reference] Study Type (Setting) Markers of Oxidative
Stress

Main Results vs.
Controls

Stanisavljevic et al., (2016) Cross-sectional case–control
n = 140 APS patients

n = 40 HS

LOOH
AOPP
tSHG
PON1

↔ LOOH
↑ AOPP
↓ tSHG
↓ PON1

Lai et al., (2015) n = 12 APS patients
n = 54 HS

mitochondrial mass
O  production

mTOR and FoxP3
expression

↑ mitochondrial mass
↑ O  production

↔ mTOR expression
↓ FoxP3 expression

Ibrahim (2017) n = 75 APS patients
n = 120 HS

polymorphisms of the
PON1 ↔ PON1 polymorphisms

Nojima et al., (2020) n = 58 APS patients
n = 312 HS OSI ↑ OSI

EXPERIMENTAL STUDIES

Delgado Alves et al., (2005) mice with SCID+
aCL and anti-aβ2-GPI monoclonal

antibodies

PON activity
TAC

↓ PON activity
↓ TAC

Benhamou et al., (2015) APS mice gp91phox mRNA
GSH/GSSH ratio

↑ gp91phox mRNA
↑ left ventricular

GSH/GSSH

Ding et al., (2015) APS mice
wild-type mice p47phox

↑ p47phox mRNA
↑ p47phox

phosphorylation

IN VITRO STUDIES

Ferro et al., (2003) 

Human monocytes from (HS)
and

anti-β GP  antibodies (50, 100, 200
µg/mL)

O  production ↑ O  production

Simoncini et al., (2005) HUVEC and
IgG (IgG-APS) from 12 APS patients ROS production

↑ ROS production
MAP kinases pathway:
↑ p38 phosphorylation

↑ ATF-2

Abbreviations: healthy subjects (HS); Human umbilical vein endothelial cells (HUVEC); Mitogen-activated protein (MAP)

kinases; activating transcription factor-2 (ATF-2); Oxidized low-density lipoprotein (oxLDL); b2-glycoprotein I (2GPI);

prostaglandin E2 (PGE); Manganese-SOD, total antioxidant capacity (TAC); manganese-superoxide dismutase (MnSOD);

glutathione peroxidase (GPx); lipid hydroperoxydes (LOOH); advanced oxidation protein products (AOPP); total sulfhydryl

groups (tSHG); paraoxonase 1 activity (PON1); oxidation stress index (OSI); severe combined immunodeficiency (SCID);

anticardiolipin (aCL); Total antioxidant capacity (TAC); ↑ increase; ↓ decrease; ↔ no changes.

aPLs have been demonstrated to induce an increased expression of molecules able to produce an expanded oxidative

status in plasma, as demonstrated by high levels of prostaglandin F2-isoprostanes in APS patients. F2-isoprostanes are

arachidonic acid products formed on membrane phospholipids by the action of ROS. As F2-isoprostanes are

characterized by stability and specificity for lipid peroxidation, they represent a reliable marker for quantitative

measurement of lipid peroxidation oxidative stress in vivo and prediction of cardiovascular events . Specifically, a

study conducted on 45 APS patients found higher values of 8-isoprostanes in the APS group than in the other groups.

Moreover, APS patients with enhanced inflammation and oxidative stress recorded more thrombotic events compared to

the control group (69% vs. 6.5%). Similar results were shown by another study that investigates the relationship between

oxidative stress and monocyte tissue factor (TF) expression in a cross-sectional comparison of aPL-positive and aPL-

negative patients . In fact, in these patients, an upregulation of monocyte TF expression was associated with

thrombosis . The results showed that compared with aPL-negative subjects, in aPL-positive patients higher values of

isoprostanes and monocyte TF antigen and activity were observed .

PON1 is a hydrolytic enzyme with a wide range of substrates, and the capability to protect against lipid oxidation. There is

considerable in vitro and in vivo data that prove the beneficial effects of PON1 in several atherosclerosis-related

processes .
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In an observational study, among 56 patients with APS, 37 presented arterial thrombosis, 16 presented venous

thrombosis and all showed malondialdehyde-modified LDL (MDA-LDL) at significantly higher levels than controls.

Furthermore, basal serum of PON1 activity was dramatically decreased in a subgroup of patients in comparison with the

controls . These results suggest that PON1 abnormalities that play a role in the APS might be associated with a higher

risk of arterial thrombosis. Genetic analysis confirmed the role of PON1 in APS. In fact, PON1 L55M polymorphism

resulted in an association with APS .

Consistently with these results, a cross-sectional study showed that PON1 is reduced in 36 patients with primary APS

compared with 20 healthy subjects (HS) . Additionally, the total antioxidant capacity (TAC), which quantifies the overall

antioxidant defence of plasma, analysed in patients with primary APS did not differ significantly from levels in the control

group but correlated positively with PON activity .

Chronic, autoimmune, vascular inflammation together with decreased PON activity may contribute to oxidative stress, LDL

modification (oxLDL) and oxLDL/2GPI complex formation that reflect the oxidative stress degree. Matsuura et al. revealed

that serum levels of IgG anti-oxLDL/2GPI antibodies were significantly higher in systemic lupus erythematosus (SLE)

patients with APS compared to SLE controls without APS. In addition, high concentrations of these IgG antibodies were

observed in APS patients with a history of arterial thrombosis. Therefore, the presence of circulating oxLDL/2GPI

complexes and IgG antibodies to these complexes indicates significant vascular damage and oxidative stress as well as a

significant role in autoimmune-mediated atherothrombosis .

A cross-sectional case–control clinical study, including a total of 180 patients with primary and secondary APS and a

control group, investigated several oxidative stress markers of endothelial damage measured by flow-mediated dilation

(FMD). Biomarkers of oxidative stress, lipid hydroperoxydes (LOOH), advanced oxidation protein products (AOPP), total

sulfhydryl groups (tSHG), and PON1 activity resulted altered in APS patients .

In addition to the evidence from human models, some studies on murine models supported that enhanced oxidative stress

occurs in APS and the role of oxidant/antioxidant balance.

Severe combined immunodeficiency (SCID) mice were injected with Hybridomas producing human and murine aCL

antibodies and β2GPI monoclonal antibodies. Results showed that PON1 activity, NO levels, and expression of total

antioxidant capacity (TAC) were reduced. Conversely, peroxynitrite and superoxide concentrations in plasma were

increased. These data confirm that aCL antibodies are associated with the decreased PON activity and reduced

endothelial function that may occur in the APS .

At the molecular level, it has been demonstrated that in the liver of the APS mouse model, both mRNA and protein

expression of 47phox, a protein involved in the upregulation of nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase activity, were increased compared with the control group . As NADPH oxidase is the main source of ROS ,

the results suggest that NADPH oxidase-mediated oxidative stress leads to endothelial cell injury in APS.

The studies described so far analyse the oxidative stress at plasmatic levels. Perez-Sanchez et al. studied oxidative

stress at the cellular level by analysing biomarkers in circulating leucocytes from APS patients. Higher peroxide

production, the nuclear abundance of Nrf2, antioxidant enzymatic activity, decreased intracellular glutathione, and altered

mitochondrial membrane potential were found in monocytes and neutrophils from APS patients compared to healthy

subjects . Specifically, ROS production was markedly increased in monocytes and neutrophils of APS patients

compared with healthy donors, as was the expression of Nrf2, the main regulator of antioxidant genes. Moreover,

intracellular reduced GSH was significantly decreased in both cell types and the activities of catalase (CAT) and

glutathione peroxidase (GPx) resulted in being strongly reduced. Furthermore, a significant systemic reduction of total

antioxidant capacity (TAC) in plasma from APS patients was found compared to healthy donors and might indicate a

reduced ability to counteract ROS production and oxidative damage .

According to the results of these studies, showing that oxidative stress is directly involved in the pathophysiology of

atherothrombosis in APS, the evaluation of oxidative stress biomarkers could be used as serologic indicators to assess

the APS patient’s risk for vascular complications. Moreover, vascular, preventive strategies and more targeted therapeutic

interventions should be developed.
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