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Abstract: Systemic lupus erythematosus is a chronic connective tissue disease associated with an
increased risk of premature atherosclerosis. It is estimated that approximately 10% of SLE patients
develop significant atherosclerosis each year, which is responsible for premature cardiovascular
disease that is largely asymptomatic. This review summarizes the most recent reports from the past
few years on biomarkers of atherosclerosis in SLE, mainly focusing on immune markers. Persistent
chronic inflammation of the vascular wall is an important cause of cardiovascular disease (CVD)
events related to endothelial dysfunction, cell proliferation, impaired production and function of
nitric oxide and microangiopathic changes. Studies on pathogenic immune mediators involved in
atherosclerosis will be crucial research avenues for preventing CVD.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic connective tissue disease associated
with an increased risk of premature atherosclerosis, a 6-fold higher cardiovascular risk
and even a 10-fold higher prevalence of myocardial infarction compared to the general
population. It is estimated that approximately 10% of SLE patients develop significant
atherosclerosis each year, which is responsible for premature cardiovascular disease (CVD)
that is largely asymptomatic [1–4]. Patients with SLE are at risk for premature atheroscle-
rosis as early as in childhood and adolescence [5,6]. CVD-related complications are the
most common cause of death, with pericarditis occurring in 20–50% of patients. The
first decade after the diagnosis is associated with high progression, increased disease
activity and the further development of CVD complications. Classical CVD risk factors,
immune background and immunotherapy are responsible for the mechanisms of pro-
gressive atherosclerosis in SLE. Subclinical atherosclerosis is characterized by endothelial
dysfunction, oxidative stress-related abnormalities, increased arterial stiffness, increased
apoptosis, protease expression, chronic vasculitis and dysregulation of cytokines and
adipokines [7–11]. Persistent chronic inflammation of the vascular wall is an important
cause of CVD events related to endothelial dysfunction, cell proliferation, impaired pro-
duction and function of nitric oxide (NO) and microangiopathic changes. An additional
important factor is connected with a significantly reduced protective role of statins in SLE
compared to the general population [4,12–15].

To date, the following have been considered biomarkers of atherosclerosis: anti-
cardiolipin antibodies, antibodies to b2-glycoprotein I, dimethylarginine, resistin, leptin,
neopterin, tumor necrosis factor α (TNF-α), interleukin-1 alpha (IL-1α), vascular endothe-
lial growth factor (VEGF), myeloperoxidase (MPO), matrix metalloproteinase-9 (MMP-9),
serum amyloid A (SAA), vascular cell adhesion molecule-1 (VCAM-1), intercellular adhe-
sion molecule-1 (ICAM-1) and E-selectin. Despite many examined factors, none of them
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has gained clinical use [16–19]. CVD prophylaxis for modifiable risk factors, such as hyper-
cholesterolemia and hypertension, did not show a significant decrease in the development
of CVD in SLE [20–22].

This review summarizes the most recent reports from the past few years on biomarkers
of atherosclerosis in SLE, mainly focusing on immune markers. The paper also discusses
the immune pathogenesis of atherogenesis. References for this paper were collected from
PubMed, Clinical Key, EMBASE Platform and Web of Science. We summarized the most
important reports published in the last five years (2018–2023). In the case of an insufficient
number of papers from this period, the search was extended to 10 years (2013–2023).

2. The Pathogenesis of Atherosclerosis in SLE

The pathogenesis of atherosclerosis and the development of cardiovascular disease in
SLE is associated with the activation and progression of apoptosis, expression of extracellu-
lar matrix proteases responsible for endothelial cell (EC) degradation and the prothrombotic
effect of autoantibodies. This cascade of processes leads to the formation of atheroscle-
rotic plaque. Chronic inflammation is crucial for the progression of atherosclerosis in SLE.
Anti-endothelial cell antibodies and antiphospholipid (APL) antibodies may be related to
endothelial damage and prothrombotic effects in SLE. Impaired protective mechanisms,
such as EC repair and decreased production of protective antibodies, lead to the progression
of atherogenic processes [15,23,24].

Cytokines are an important modulator of the activation of programmed cell death.
They are also involved in atherosclerotic plaque formation and, indirectly, in its growth
via leukocyte adhesion. Type I interferon (IFN-I), mainly IFN-α and IFNβ, is connected
with atherosclerotic plaque formation in SLE via affecting neutrophil function, changing
cellular metabolism, inducing apoptosis of endothelial progenitor cells (EPCs) and circu-
lating angiogenic cells (CACs) and affecting macrophages in the atherosclerotic plaque
by enhancing foam cell formation. This process leads to endothelial dysfunction and the
impairment of dendritic cells (DCs) and T and B lymphocytes. By affecting the interleukin
1 (IL-1) pathway, IFN-α affects vascular repair dysfunction. IFN-α inhibits IL-1α, IL-1β,
interleukin 1 receptor, type I (IL1R1) and VEGF and up-regulates the IL-1 receptor antag-
onist (IL-1RA). IL-1β has a protective role, while IL-18 and IL-10 negatively affect EPCs
and CACs, whose significant dysfunction is found in SLE [25–31]. Activated ECs secrete
monocyte chemotactic protein-1 (MCP-1), which attracts monocytes to the subendothe-
lial space in which they differentiate into foam cells and phagocytize oxidized forms of
low-density lipoprotein (ox-LDL). Such foam cells can actively express protein genes of
proinflammatory factors, including TNF-α and interleukin-6 (IL-6). Leukocyte recruitment
is also stimulated by L-homocysteine, which is induced by the expression of MCP-1 and
interleukin-8 (IL-8). Endothelial damage also results from the deposition of ox-LDL, which
promotes the inflammatory response by activating ECs and secreting adhesion molecules
and chemokines, thus increasing endothelial permeability for monocytes. The resulting
foam cells from macrophages in the endothelial layer trigger the proliferation of smooth
muscle cells and lead to atherosclerotic plaque proliferation. At the same time, the reaction
between platelets and ECs occurs, which results in the stimulation of IL-8 and ICAM-1
production with endothelial dysfunction and thrombosis [13,23,32–34]. Higher plasma
VEGF levels are associated with disease progression and increased activity in SLE. VEGF
correlates with the common carotid intima-media thickness (cIMT) [23,35–38]. Fibroblast
growth factor 21 (FGF21), which is a protein secreted by the liver, plays a role in glucose
and lipid metabolism. Studies have shown changes in FGF21 levels in SLE, which was
crucial for delaying the progression of atherosclerosis.

Neutrophil extracellular traps (NETs) probably play a proatherogenic role in SLE,
which is related to prothrombotic activity and the action impairing the protective effects
of high-density lipoprotein (HDL) [39]. Activation of apoptotic receptors by their respec-
tive ligands (such as FasL, TNF-a and TRAIL) is essential for the deletion of activated T
lymphocytes and cell death. FasL/Fas signaling plays an important role in the activation
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of apoptosis. Changes in the receptors are associated with impaired lymphocyte function
and increased exposure to autoantigens, and the pathogenesis is believed to be due to
autoimmunity. In addition, disease activity in SLE is significantly associated with increased
Fas expression on the surface of T and B cells. SLE patients with CVD may have higher
levels of soluble death receptors [1,40]. A summary of the pathogenesis of atherosclerosis
in SLE is provided in Figure 1.
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Figure 1. Immune mechanisms involved in the atherogenesis in SLE. Up arrow: increased secretion;
Down arrow: decreased secretion. aPL, antiphospholipid antibody; b2GP1, Beta 2 Glycoprotein 1;
DC, dendritic cell; IFN(α, β), interferon (α, β); (ox)LDL, (oxidized) low-density lipoprotein; MCP-1,
monocyte chemotactic protein-1; piHDL, proinflammatory high-density lipoprotein; TLR4, Toll-like
receptor 4.

The levels of antibodies are different in SLE. They are also important in proatherogenic
processes. APLs were associated with Beta 2 Glycoprotein 1 (b2GP1) expression in mono-
cytes, showing a proliferative effect that significantly affected cIMT [41–43]. Anti-b2GP1 is
involved in releasing IL-1β and Th17/Th1 and activating EC via the Toll-like receptor 4
(TLR4). It also increases the expression of adhesion molecules (such as VCAM-1, ICAM-1,
selectins and integrins). IgG anti-b2GP1 antibodies recognize anti-b2GP1 complexes with
ox-LDL, which facilitates macrophage passage and foam cell formation. Anti-b2GP1 affects
T helper (Th) cells that secrete IL-17 and IFN-α in response to stimulation and formation
of local inflammation by the presence of TH17/Th1 in the atherosclerotic plaque and its
instability with the subsequent rupture. The presence of IL-23 may also stimulate Th17.
APL is most likely involved in the induction of thrombosis by inhibiting the activity of
von Willebrand factor [44–47]. Anti-dsDNA antibodies are associated with the abnormal
activation of cells involved in non-specific immunity (mainly monocytes and neutrophils).
They induce processes related to NETs, i.e., NETosis in neutrophils and apoptosis in mono-
cytes, and they also affect inflammation and activate ECs. NETosis is involved in the
production of enzymes that cause HDL oxidation by modifying the molecule to a proathero-
genic lipoprotein. Anti-dsDNA antibodies are significantly associated with endothelial
dysfunction, proatherogenic dyslipidemia and acceleration of atherosclerosis [48–50]. Anti-
endothelial cell antibodies (AECAs) are a group of antibodies against E-proteins. Their
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action is associated with the induction of the release of proinflammatory factors and adhe-
sion molecules (E-selectin, ICAM-1, VCAM-1, cytokines [IL-1, IL-6, IL-8] and chemokines
[MCP-1]) through the activation of NF-kB and vasculitis [51].

3. Biomarkers
3.1. Immune Cells

Immune cells represent an important line of research in the search for a suitable
molecule as a potential biomarker of early atherosclerosis in SLE. Of the cascade of
molecules involved in atherosclerotic plaque formation and influencing the development
of inflammation, only a few of them can be considered potential biomarkers. Activation
of NF-kB as a transcriptional regulator results in increased production of interleukin-6
(IL-6) and ICAM-1 [52]. Studies on IL-6 as a biomarker of early atherosclerosis showed
inconclusive results and its significant value was not confirmed [53,54].

Interleukin-18 (IL-18) shows atherosclerosis-promoting effects in ECs. It is increased
by IFN dysregulation. IL-18 levels are elevated in SLE and significantly correlate with EPCs
and atherosclerotic plaque thickness [55–58]. T lymphocytes are responsible for producing
proinflammatory cytokines, such as IFN-γ and IL-17, and may contribute to atheroscle-
rotic plaque formation. Additionally, regulatory T cells (Tregs) have direct atherogenic
effects [59–62]. These findings were confirmed in mouse and human models [63,64]. Over-
expression of Pbx1d in CD4+ T cells was related to the thickening of the arterial wall.
However, this was not confirmed in other clinical studies [65]. Some studies found that
interleukin-2 (IL-2) levels were lower in SLE. IL-2 therapy reduced CD4+ T-cell activity and
active inflammation [66,67]. VCAM-1 may also act as a potential biomarker [68–70]. In their
study on CXCR3+ T-follicular helper (TFH) cells isolated from Apoe mice, Ryu et al. found
higher expression of genes related to inflammatory responses and induction of IgG2c in
SLE. The atherogenic environment induced IL-27 from dendritic cells in a Toll-like receptor
4 (TLR4)-dependent manner. Blockade of IL-27 signaling reduced TFH cell responses in
atherogenic mice. In turn, atherogenic dyslipidemia augmented TFH cell responses and
subsequent IgG2c production in a TLR4 and IL-27-dependent manner [71]. Despite many
studies, interleukins do not currently have clinical applications as biomarkers due to the
complex nature of their interactions.

IFN is one of the most important cytokines in SLE. Type 1 IFN is secreted mainly
by dendritic cells and low-density granulocytes. It is associated with EC dysfunction
in SLE. IFN expression increases the activation of Toll-like receptors 7 and 9. It causes
destabilization of the atherosclerotic plaque. Activation of IFN pathways was associated
with the progression of atherosclerosis in SLE [25,68,72–75]. However, study findings
are inconclusive, and there is no clear answer as to whether IFN could be used as a
biomarker of atherosclerosis [76–78]. Soluble tumor necrosis factor-like weak inducer
of apoptosis (sTWEAK) increases IFN expression in mononuclear cells and may be a
potential biomarker for SLE with nephritis and CVD [15,79,80]. Levels of sTWEAK are also
significantly correlated with the presence of plaque in coronary arteries [81].

In a study on apolipoprotein E-deficient mice, the use of anti-TWEAK antibodies
resulted in significant inhibition of atherosclerotic plaque formation [82]. Although some
anti-TWEAK therapies are tested in animal clinical trials, none of them has found a po-
tential use in the prevention of atherosclerosis. Therefore, further studies on humans
are warranted.

NETs are chromatin fibers released from dying neutrophils by type I IFN stimulation.
Increased NETs are associated with atherosclerosis progression and EC apoptosis via MMP2
stimulation, platelet activation and serine protease release. NETs are indirectly involved in
the production of IFN, IL-1 and IL-18 by low-density granulocytes and dendritic cells. They
also enhance NETosis [37,83–85]. Hakkim et al. reported that impaired NET degradation
occurred in SLE, which is associated with the presence of antibodies against NETs and
DNase 1 endonuclease [86]. Theoretically, determining NETs may be beneficial. However,
interactions with other pathways should be considered. In addition, patients with SLE
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showed higher levels of low-density granulocytes (LDGs). This subset of neutrophils was
linked to higher levels of NETs [82].

Vascular adhesion protein-1 (VAP-1) is a proinflammatory protein in the cell membrane
that facilitates leukocyte migration after TNF-α, IFN-γ or IL-1β stimulation [87]. VAP-1
showed higher values in SLE and could be a potential marker of atherosclerosis [88]. The
positive correlation between VAP-1 and atherosclerosis was confirmed in humans [89,90]
and animal models [91,92].

Metabolites of the arachidonic acid pathway, such as leukotriene B4 (LTB4), the oxi-
dized lipids 9/13-hydroxyoctodecadienoic acid (HODE) and 5-hydroxyeicosatetraenoic
acid (5-HETE), may be potential markers of atherosclerosis. LTB4 is associated with leuko-
cyte adhesion to ECs and the release of free radicals [93–95]. 9-HODE and 13-HODE are
also involved in atherogenesis [93,96].

B2 cells may have a significant impact on the mechanism of atherosclerosis. B2 cells
exhibit atherogenic effects, while B1 cells are seen as protective. Selective inhibition of B2
with anti-B therapy appears to be a promising therapeutic strategy against the development
of atherosclerosis in SLE. The cytokine B-cell activating factor (BAFF) is responsible for B2
B-cell maturation. These cells play an antiatherogenic role in SLE. Inhibition of the BAFF-
BAFF receptor (BAFFR) on B cells and EPCs results in atherogenic effects. When the BAFF
was inhibited in macrophages, foam cell formation was reported and a proatherogenic
effect was found with coexisting lipid disorders [97–102].

BAFF is associated with subclinical atherosclerosis, and a significant correlation with
higher cIMT values was observed. Biologic drugs (anti-BAFF), such as belimumab, sig-
nificantly reduced the risk of CVD [102–104]. BAFF and a proliferation-inducing ligand
(APRIL) are involved in regulating B-lymphocyte activation, and they both play a role in
atherogenesis [105]. BAFF and APRIL levels were positively correlated with the increase in
cIMT and arterial wall thickening. According to Shater et al., APRIL could be a sensitive
potential biomarker for detecting early atherosclerosis [106,107]. Salazar-Camarena et al.
suggested a potential role of APRIL as a marker of atherosclerosis [105].

TRAIL-receptor-2 (TRAIL-R2) is significantly associated with CVD [108]. Studies con-
firmed the association between higher TRAIL-R2 levels and glucocorticosteroid treatment,
atherosclerotic calcified plaque in the carotid artery, and twice-as-high values in SLE, which
resulted in a higher risk of CVD in these patients. In SLE patients, TRAIL-R2 receptor levels
were lower in patients without CVD than in those with CVD [1,109].

Endothelial progenitor cells (EPCs) play a role in neovascularization and are responsi-
ble for normal endothelial function. EPC levels are significantly decreased in SLE. EPCs
may be a potential biomarker in patients at risk of developing CVD. Castejon et al. showed
that lower EPC levels are correlated with increased arterial stiffness and significantly in-
creased the risk of atherogenesis and CVD. Studies showed the reversibility of the decrease
in EPC levels after treatment with type 1 IFN and BAFF [110–113].

TNF-α plays a role in promoting the expression of adhesion molecules. Higher TNF
levels were found in SLE. In their immunohistochemical examination, Pomara et al. re-
vealed a positive reaction in cardiac myocytes for antibodies anti-TNF-α and interleukins
(IL-8, IL-10 and IL-15) associated with subclinical atherosclerosis and myocyte disorders.
TNF-α was positively correlated with CVD risk factors in adolescent and adult popula-
tions [114–117].

The release of proinflammatory factors via the Toll-like receptor (TLR) signaling path-
way due to overactivation of the receptor or dysregulation of endogenous inhibition of
TLR signaling can lead to chronic inflammation, autoimmunity and myocardial dysfunc-
tion. TLR2 is associated with the activation of macrophages and DCs by nucleosomes
related to high mobility group protein 1 (HMGB1). It may be involved in the formation of
autoantibodies through the activation of antigen-presenting cells (APCs) [118].

TLR2 signaling is associated with left ventricular dysfunction and activation of the
Toll interleukin 1 receptor (TIR) domain-containing adaptor protein (TIRAP) in myocar-
dial ischemia and subsequent reperfusion. TLR2 and TLR4 expression was found in
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atherosclerotic coronary artery plaque [119–121]. The increase in TLR2 expression in
CD14+ monocytes may be influenced by hypoxia [52]. Fibroblast growth factor 21 (FGF21)
may be a promising biomarker, and its decrease shows lower levels of progenitor cells in
SLE [104,122]. Its potential role was observed in mouse models [123,124]. However, further
studies on humans are warranted.

Specific soluble mediators, such as annexin A5, platelet and endothelial cell adhesion
molecule 1 (PECAM1/CD31), CD163+ macrophages and activated leukocyte cell adhesion
molecule (ALCAM/CD166), are elevated in SLE. These mediators are significantly involved
in EC dysfunction. Valer et al. demonstrated that annexin A5 levels correlated with
EC dysfunction and IMT. CD163+ macrophages are involved in atherosclerotic plaque
progression via the CD163/HIF1α/VEGF-A pathway [125–128]. However, there are no
extensive studies proving the use of annexin A5, PECAM1/CD31 or CD163+ macrophages.

β2-microglobulin (β2MG) is a plasma protein associated with atherosclerotic plaque
formation. Leffers et al. analyzed atherosclerotic plaques and coronary artery calcification
in relation to plasma β2MG levels. Calcified plaque (CP) and coronary artery calcification
were observed in 20% and 39% of patients, respectively. CP or coronary artery calcification
was associated with the highest quartile of plasma β2MG, which may be a potential
biomarker of atherosclerosis in SLE [129]. However, studies confirmed that serum β2-MG
levels were higher in SLE and were correlated with SLE disease activity. Therefore, serum
β2-MG levels may not be a biomarker of atherosclerosis in SLE [130].

Elevated levels of complement products are associated with increased disease activity,
and they play a role in endothelial damage together with immune complexes. The C3
component of complement is a biomarker routinely used in monitoring disease activity.
In addition, C3 is associated with subclinical atherosclerosis, mainly in small arteries.
In animal models, C3 was deposited in the endothelium, and by binding to elastin and
collagen fibers, it led to increased stiffness of blood vessels. A role in the pathogenesis of
CVD was associated with C4 deficiency. The levels of cell-bound complement activation
products (CB-CAPs), namely B cell C4d (BC4d) and erythrocyte C4d (EC4d), are specific to
SLE as diagnostic, monitoring and prognostic biomarkers of disease activity. In addition,
the formation of terminal complement complexes as a biomarker indicates the cascade
activation and the formation of vasculitis. C5a activates neutrophils with subsequent
activation of the extrinsic coagulation cascade [131]. Molecule pentraxin 3 (PTX3), which is
associated with complement activation in the alternative pathway and vasculitis, may also
be a biomarker [114,132–134]. PTX3, which is a marker of atherosclerosis or local vasculitis
in SLE, is secreted by dendritic cells and ECs in response to inflammation. It is associated
with VCAM-1 and vWf [79,135,136].

It should be noted that PTX3 levels are also elevated in immune-mediated inflamma-
tion and correlated with disease activity or glucocorticosteroid therapy. High PTX3 levels
may be a potential risk factor for vascular involvement in SLE patients. However, PTX3 is
not specific to proatherogenic activation only [137]. A summary of potential biomarkers of
atherosclerosis is provided in Table 1.

3.2. Inflammatory Enzymes

MMP-9 is involved in the induction of endothelial cell apoptosis. Endothelial dysfunc-
tion is correlated with MMP-2 activation by MMP-9 in NETs. Complexes with MMP-9 and
anti-MMP-9 were found in SLE. Anti-MMP-9 antibodies induced NETosis and increased
MMP-9 activity. MMP-9 antibodies may be a marker of atherogenesis [138]. However, one
study did not confirm this thesis because MMP-9 was not significantly associated with
coronary atherosclerosis after considering the Framingham risk score [16].

3.3. Antibodies

APL antibodies are divided into antiphosphatidylethanolamine (aPE) and antiphos-
phatidylserine (aPS) antibodies. The most common aPS antibodies include lupus antico-
agulant (LAC), anticardiolipin (aCL) and anti-β2-glycoprotein-1 (anti-β2GPI) antibodies.
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They show affinity for anionic membrane phospholipids and plasma proteins by bind-
ing phospholipids. The presence of APL may be associated with thrombus formation,
which can lead to thrombosis and thrombocytopenia. These antibodies are related to early
atherosclerosis and correlate significantly with cIMT in clinical studies [40,139–141]. A
summary of impact of antibodies on endothelial dysfunction and atherogenesis in SLE is
provided in Table 2.

Table 1. A summary of potential biomarkers of atherosclerosis.

Name of the Biomarkers Significant Value in Atherosclerosis Comment

IL-2 insufficient data reduced active inflammation
Il-6 not confirmed inconclusive results

IL-18 possible increased by IFN dysregulation
T lymphocytes/Tregs possible/confirmed producing proinflammatory cytokines (IFN-γ, IL-17)

Pbx1d not confirmed
VCAM-1 possible

TFH possible study on mice

IFN possible Activation of IFN pathways was associated with the
progression of atherosclerosis

sTWEAK possible increases IFN expression

NET possible released from dying neutrophils by type I IFN stimulation;
indirectly involved in the production of IFN, IL-1, IL-18

LDG possible linked to higher levels of NET
VAP-1 confirmed confirmed in humans and animal models

LTB4, HODE, 5-HETE possible further research required
BAFF possible correlation with higher cIMT
APRIL possible increase in cIMT and arterial wall thickening

TRAIL-R2 Possible Association with glucocorticosteroid treatment and
atherosclerotic calcified plaque in the carotid artery

EPC possible correlated with increased arterial stiffness
TNF-α possible positively correlated with CVD risk factors

TLR2/TLR4 possible expression was found in atherosclerotic coronary artery
plaque; influenced by hypoxia

FGF21 possible potential role was observed in mouse models; further
studies on humans are warranted

Annexin A5 possible correlated with EC dysfunction and IMT
β2MG insufficient data correlated with SLE disease activity

C3 possible associated with subclinical atherosclerosis

PTX3 confirmed elevated in immune-mediated inflammation and correlated
with disease activity or glucocorticosteroid therapy

IL-2, Interleukin-2; IL-6, Interleukin-6; IL-18, Interleukin-18; Tregs, regulatory T cells; VCAM-1, vascular cell
adhesion molecule 1; TFH, T-follicular helper; IFN, Interferon; sTWEAK, soluble tumor necrosis factor-like weak
inducer of apoptosis; LDG, low-density granulocytes; VAP-1, Vascular adhesion protein-1; LTB4, leukotriene
B4; HODE, oxidized lipids 9/13-hydroxyoctodecadienoic acid; 5-HETE, 5-hydroxyeicosatetraenoic acid; BAFF,
the cytokine B-cell activating factor; APRIL, proliferation-inducing ligand; TRAIL-R2, TRAIL-receptor-2; EPCs,
endothelial progenitor cells; TNF-α, tumor necrosis factor α; TLR, Toll-like receptor; FGF21, fibroblast growth
factor 21; β2MG, β2-microglobulin; C3, C3 component of complement; PTX3, molecule pentraxin 3.

3.4. Other Biomarkers

High-sensitivity troponin (hs-Trop) is an essential marker in acute coronary syndrome.
Patients with SLE have a high prevalence of subclinical myocardial injury, which is associ-
ated with the release of hs-Trop. Concentrations of hs-Trop in SLE are below the threshold
for acute coronary syndrome (>30 ng/L). Therefore, there are no significant associations
between hs-Trop and markers of cardiac structure. Troponin is released in patients with
active inflammation, which can lead to cell necrosis. Higher levels of hs-Trop may be
related to the presence of atherosclerotic plaque in SLE patients with an apparently low
risk of CVD [142–144].
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Table 2. Mechanism of impact of antibodies on endothelial dysfunction and atherogenesis in SLE.

Name of the Antibody Impact on Endothelial Dysfunction Atherogenic Effect

LAC + +
aCL + +

anti-β2GPI + +
Anti-dsDNA + +

AECA +
Anti-HDL +

IgM anti-OxLDL −
IgG anti-oxLDL + +

Anti Lp(a) +
Anti ApoA-I +
IgM anti-PC −

IgM anti-MDA −
Plus: positive impact, minus: negative impact. AECA, anti-endothelial cell antibodies; LAC, lupus anticoagulant;
aCL, anticardiolipin; anti-β2GPI, anti-β2-glycoprotein-1 antibodies; Anti-dsDNA, anti-double stranded DNA;
Anti-HDL, anti-high-density lipoprotein antibodies; anti-OxLDL, anti-oxidized LDL antibodies; Anti Lp(a), anti-
lipoprotein(a) antibodies; Anti Lp(a), Apolipoprotein A-I antibodies; anti-PC, anti-phosphorylcholine; anti-MDA,
anti-malondialdehyde.

The N-terminal fragment of pro-B-type natriuretic peptide (NT-proBNP) is important
in the diagnosis and risk stratification of congestive heart failure. ProBNP is released from
cardiac myocytes in response to volume and pressure overload. It includes NT-proBNP
and BNP, which is involved in increasing diuresis and natriuresis, while NT-proBNP does
not affect changes in the body. NT-proBNP and BNP in SLE may correlate with organ
dysfunction and disease duration. Goldberg et al. showed that NT-proBNP was not
associated with atherosclerosis or arterial stiffness but could be a marker of ventricular
dysfunction [145].

NO is released from endothelial cells by NO synthase inhibited by asymmetric
dimethylarginine (ADMA) and has vasodilatory effects. Decreased availability of NO
is associated with endothelial dysfunction and an early stage of the atherosclerotic process.
It also inhibits platelet and leukocyte aggregation to the endothelium and regulates vessel
blood flow. Higher levels of ADMA are reported in chronic heart failure and hypertension.
In a study by Kiani et al., levels in the highest quartile were associated with a nearly
4-fold increase in CVD risk [18]. In the CARDIAC study, ADMA levels > 1.75 µM/L were
associated with an almost 7-fold increase in CVD risk and coronary artery calcification, thus
a higher risk of coronary artery disease. [138]. In animal models, the absence of ADMA led
to the rapid development of atherosclerosis. L-arginine supplementation may reverse the
atherosclerotic process [18].

Dysfunctional proinflammatory high-density lipoprotein (piHDL) is the oxidized form
of HDL. Both piHDL and ox-LDL play an essential role in atherosclerotic plaque formation.
HDL, which is usually considered antiatherogenic, plays the opposite role in this case. The
presence of piHDL is significantly associated with atherosclerotic plaque formation and
the increase in intima-media thickness (IMT). Studies showed that piHDL was involved in
monocyte chemotaxis and secretion of MCP-1 and TNF [34,146–148].

Endocan is a marker of angiogenesis and endothelial cell activation associated with
leukocyte adhesion and migration through ECs. Higher concentrations of endocan are
found in SLE. Studies found that it was significantly associated with cIMT. It may be a
potential biomarker of early atherosclerosis [34,149,150].

Fetuin-A is a glycoprotein whose decreased levels may be involved in CVD
progression [151]. This glycoprotein is a vascular factor involved in the deposition of
hydroxyapatite in arterial walls and prevents the precipitation of calcium and phosphorus
in serum. Fetuin-A levels are inversely associated with the presence of atherosclerotic
plaque and the progression of atherosclerosis [152]. Studies found that fetuin-A levels were
decreased in SLE and inversely correlated with cIMT. Ross et al., Mosa et al. and Atta et al.
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confirmed that fetuin-A could be a potential biomarker of atherosclerosis in patients with
SLE [151–153].

4. Conclusions

The high cardiovascular risk of SLE remains a significant concern. SLE requires the
monitoring of inflammatory activity in addition to classical cardiovascular risk factors to
prevent atherogenesis. Studies on pathogenic immune mediators involved in atherosclero-
sis will be crucial research avenues for preventing CVD. Maintaining normal endothelial
function is central to the antiatherogenic mechanism. Potential immune biomarkers may
provide an appropriate direction for predicting atherogenesis and CVD risk in patients
with SLE. It should, however, be remembered that complex immune pathways pose a
significant clinical problem when a single marker is isolated. The optimal pharmacological
combination can offer encouraging effects in preventing atherosclerosis, mainly in terms of
combining immunosuppressive therapy with anti-inflammatory drugs. Targeted therapy
for inflammation may hold promise in the prevention and treatment of CVD. However,
there is still a lack of data on the effectiveness of therapy in preventing atherosclerosis in
SLE. Therefore, further studies are warranted.
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lupus erythematosus and systemic sclerosis. Przegl. Lek. 2017, 74, 179–182.

9. Jha, S.B.; Rivera, A.P.; Flores Monar, G.V.; Islam, H.; Puttagunta, S.M.; Islam, R.; Kundu, S.; Sange, I. Systemic Lupus Erythematosus
and Cardiovascular Disease. Cureus 2022, 14, e22027. [CrossRef]

https://doi.org/10.1016/j.atherosclerosis.2018.01.022
https://www.ncbi.nlm.nih.gov/pubmed/29407876
https://doi.org/10.1016/j.ejim.2022.04.001
https://www.ncbi.nlm.nih.gov/pubmed/35410814
https://doi.org/10.1007/s00281-022-00922-y
https://www.ncbi.nlm.nih.gov/pubmed/35355124
https://doi.org/10.1016/j.rdc.2014.04.003
https://www.ncbi.nlm.nih.gov/pubmed/25034157
https://doi.org/10.1136/lupus-2017-000215.127
https://doi.org/10.1177/0961203317692434
https://www.ncbi.nlm.nih.gov/pubmed/28420050
https://doi.org/10.2174/1573397115666181126105318
https://doi.org/10.7759/cureus.22027


Biomedicines 2023, 11, 2814 10 of 16

10. Henrot, P.; Foret, J.; Barnetche, T.; Lazaro, E.; Duffau, P.; Seneschal, J.; Schaeverbeke, T.; Truchetet, M.E.; Richez, C. Assessment
of Subclinical Atherosclerosis in Systemic Lupus Erythematosus: A Systematic Review and Meta-Analysis. Jt. Bone Spine 2018,
85, 155–163. [CrossRef]

11. Medeiros, P.B.S.; Salomão, R.G.; Teixeira, S.R.; Rassi, D.M.; Rodrigues, L.; Aragon, D.C.; Fassini, P.G.; Ued, F.V.; Tostes, R.C.;
Monteiro, J.P.; et al. Disease Activity Index Is Associated with Subclinical Atherosclerosis in Childhood-Onset Systemic Lupus
Erythematosus. Pediatr. Rheumatol. 2021, 19, 35. [CrossRef] [PubMed]

12. Moschetti, L.; Piantoni, S.; Vizzardi, E.; Sciatti, E.; Riccardi, M.; Franceschini, F.; Cavazzana, I. Endothelial Dysfunction in Systemic
Lupus Erythematosus and Systemic Sclerosis: A Common Trigger for Different Microvascular Diseases. Front. Med. 2022,
9, 849086. [CrossRef] [PubMed]

13. Mak, A.; Kow, N.Y.; Schwarz, H.; Gong, L.; Tay, S.H.; Ling, L.H. Endothelial Dysfunction in Systemic Lupus Erythematosus—A
Case-Control Study and an Updated Meta-Analysis and Meta-Regression. Sci. Rep. 2017, 7, 7320. [CrossRef] [PubMed]

14. Quevedo-Abeledo, J.C.; Rúa-Figueroa, Í.; Sánchez-Pérez, H.; Naranjo, A.; de Armas-Rillo, L.; Tejera-Segura, B.; Lopez-Mejías, R.;
González-Gay, M.Á.; Ferraz-Amaro, I. Comparable Effects of Traditional Cardiovascular Risk Factors on Subclinical Atherosclero-
sis in Systemic Lupus Erythematosus and Rheumatoid Arthritis. Clin. Exp. Rheumatol. 2020, 38, 917–924. [PubMed]

15. Skaggs, B.J.; Grossman, J.; Sahakian, L.; Perry, L.; FitzGerald, J.; Charles-Schoeman, C.; Gorn, A.; Taylor, M.; Moriarty, J.;
Ragavendra, N.; et al. A Panel of Biomarkers Associates With Increased Risk for Cardiovascular Events in Women With Systemic
Lupus Erythematosus. ACR Open Rheumatol. 2021, 3, 209–220. [CrossRef] [PubMed]

16. Rho, Y.H.; Chung, C.P.; Oeser, A.; Solus, J.; Raggi, P.; Gebretsadik, T.; Shintani, A.; Stein, C.M. Novel Cardiovascular Risk Factors
in Premature Coronary Atherosclerosis Associated with Systemic Lupus Erythematosus. J. Rheumatol. 2008, 35, 1789–1794.
[PubMed]

17. Nojima, J.; Masuda, Y.; Iwatani, Y.; Kuratsune, H.; Watanabe, Y.; Suehisa, E.; Takano, T.; Hidaka, Y.; Kanakura, Y. Arteriosclerosis
Obliterans Associated with Anti-Cardiolipin Antibody/B2-Glycoprotein I Antibodies as a Strong Risk Factor for Ischaemic Heart
Disease in Patients with Systemic Lupus Erythematosus. Rheumatology 2008, 47, 684–689. [CrossRef] [PubMed]

18. Kiani, A.N.; Mahoney, J.A.; Petri, M. Asymmetric Dimethylarginine Is a Marker of Poor Prognosis and Coronary Calcium in
Systemic Lupus Erythematosus. J. Rheumatol. 2007, 34, 1502–1505.

19. Elshishtawy, H.; Ibrahim, S.E.D.; Helmi, A.; Farouk, N.; Elshinnawy, M.A. Resistin in Systemic Lupus Erythematosus: Relation to
Lupus Nephritis and Premature Atherosclerosis. Egypt. Rheumatol. 2012, 34, 137–146. [CrossRef]

20. Tselios, K.; Gladman, D.D.; Su, J.; Urowitz, M.B. Does Renin-Angiotensin System Blockade Protect Lupus Nephritis Patients From
Atherosclerotic Cardiovascular Events? A Case-Control Study. Arthritis Care Res. 2016, 68, 1497–1504. [CrossRef]

21. Wigren, M.; Nilsson, J.; Kaplan, M.J. Pathogenic Immunity in Systemic Lupus Erythematosus and Atherosclerosis:)Common
Mechanisms and Possible Targets for Intervention. J. Intern. Med. 2015, 278, 494–506. [CrossRef] [PubMed]

22. Schanberg, L.E.; Sandborg, C.; Barnhart, H.X.; Ardoin, S.P.; Yow, E.; Evans, G.W.; Mieszkalski, K.L.; Ilowite, N.T.; Eberhard, A.;
Imundo, L.F.; et al. Use of Atorvastatin in Systemic Lupus Erythematosus in Children and Adolescents. Arthritis Rheum. 2012,
64, 285–296. [CrossRef] [PubMed]

23. Ferguson, L.D.; Sattar, N.; McInnes, I.B. Managing Cardiovascular Risk in Patients with Rheumatic Disease. Rheum. Dis. Clin.
North Am. 2022, 48, 429–444. [CrossRef] [PubMed]

24. Ding, X.; Xiang, W.; He, X. IFN-I Mediates Dysfunction of Endothelial Progenitor Cells in Atherosclerosis of Systemic Lupus
Erythematosus. Front. Immunol. 2020, 11, 581385. [CrossRef] [PubMed]

25. Ganguly, D. Do Type I Interferons Link Systemic Autoimmunities and Metabolic Syndrome in a Pathogenetic Continuum? Trends
Immunol. 2018, 39, 28–43. [CrossRef] [PubMed]

26. Huang, C.; Liu, L.; You, Z.; Zhao, Y.; Dong, J.; Du, Y.; Ogawa, R. Endothelial Dysfunction and Mechanobiology in Pathological
Cutaneous Scarring: Lessons Learned from Soft Tissue Fibrosis. Br. J. Dermatol. 2017, 177, 1248–1255. [CrossRef] [PubMed]

27. Liu, Y.; Kaplan, M.J. Cardiovascular Disease in Systemic Lupus Erythematosus: An Update. Curr. Opin. Rheumatol. 2018,
30, 441–448. [CrossRef] [PubMed]

28. Geng, L.; Wang, S.; Li, X.; Wang, D.; Chen, H.; Chen, J.; Sun, Y.; Chen, W.; Yao, G.; Gao, X.; et al. Association between Type I
Interferon and Depletion and Dysfunction of Endothelial Progenitor Cells in C57BL/6 Mice Deficient in Both Apolipoprotein E
and Fas Ligand. Curr. Res. Transl. Med. 2018, 66, 71–82. [CrossRef]

29. Tumurkhuu, G.; Montano, E.; Jefferies, C. Innate Immune Dysregulation in the Development of Cardiovascular Disease in Lupus.
Curr. Rheumatol. Rep. 2019, 21, 46. [CrossRef]

30. Adhya, Z.; El Anbari, M.; Anwar, S.; Mortimer, A.; Marr, N.; Karim, M.Y. Soluble TNF-R1, VEGF and Other Cytokines as Markers
of Disease Activity in Systemic Lupus Erythematosus and Lupus Nephritis. Lupus 2019, 28, 713–721. [CrossRef]

31. Gupta, S.; Kaplan, M.J. Bite of the Wolf: Innate Immune Responses Propagate Autoimmunity in Lupus. J. Clin. Investig. 2021,
131, e144918. [CrossRef]

32. Bekkering, S.; Quintin, J.; Joosten, L.A.B.; Van Der Meer, J.W.M.; Netea, M.G.; Riksen, N.P. Oxidized Low-Density Lipoprotein In-
duces Long-Term Proinflammatory Cytokine Production and Foam Cell Formation via Epigenetic Reprogramming of Monocytes.
Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1731–1738. [CrossRef] [PubMed]

33. Kapellos, T.S.; Bonaguro, L.; Gemünd, I.; Reusch, N.; Saglam, A.; Hinkley, E.R.; Schultze, J.L. Human Monocyte Subsets and
Phenotypes in Major Chronic Inflammatory Diseases. Front. Immunol. 2019, 10, 2035. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jbspin.2017.12.009
https://doi.org/10.1186/s12969-021-00513-5
https://www.ncbi.nlm.nih.gov/pubmed/33743717
https://doi.org/10.3389/fmed.2022.849086
https://www.ncbi.nlm.nih.gov/pubmed/35462989
https://doi.org/10.1038/s41598-017-07574-1
https://www.ncbi.nlm.nih.gov/pubmed/28779080
https://www.ncbi.nlm.nih.gov/pubmed/31969232
https://doi.org/10.1002/acr2.11223
https://www.ncbi.nlm.nih.gov/pubmed/33605563
https://www.ncbi.nlm.nih.gov/pubmed/18634156
https://doi.org/10.1093/rheumatology/ken124
https://www.ncbi.nlm.nih.gov/pubmed/18375400
https://doi.org/10.1016/j.ejr.2012.06.001
https://doi.org/10.1002/acr.22857
https://doi.org/10.1111/joim.12357
https://www.ncbi.nlm.nih.gov/pubmed/25720452
https://doi.org/10.1002/art.30645
https://www.ncbi.nlm.nih.gov/pubmed/22031171
https://doi.org/10.1016/j.rdc.2022.02.003
https://www.ncbi.nlm.nih.gov/pubmed/35400369
https://doi.org/10.3389/fimmu.2020.581385
https://www.ncbi.nlm.nih.gov/pubmed/33262760
https://doi.org/10.1016/j.it.2017.07.001
https://www.ncbi.nlm.nih.gov/pubmed/28826817
https://doi.org/10.1111/bjd.15576
https://www.ncbi.nlm.nih.gov/pubmed/28403507
https://doi.org/10.1097/BOR.0000000000000528
https://www.ncbi.nlm.nih.gov/pubmed/29870498
https://doi.org/10.1016/j.retram.2018.02.002
https://doi.org/10.1007/s11926-019-0842-9
https://doi.org/10.1177/0961203319845487
https://doi.org/10.1172/JCI144918
https://doi.org/10.1161/ATVBAHA.114.303887
https://www.ncbi.nlm.nih.gov/pubmed/24903093
https://doi.org/10.3389/fimmu.2019.02035
https://www.ncbi.nlm.nih.gov/pubmed/31543877


Biomedicines 2023, 11, 2814 11 of 16

34. Teixeira, V.; Tam, L.S. Novel Insights in Systemic Lupus Erythematosus and Atherosclerosis. Front. Med. 2017, 4, 262. [CrossRef]
[PubMed]

35. Zhan, H.; Li, H.; Liu, C.; Cheng, L.; Yan, S.; Li, Y. Association of Circulating Vascular Endothelial Growth Factor Levels With
Autoimmune Diseases: A Systematic Review and Meta-Analysis. Front. Immunol. 2021, 12, 674343. [CrossRef] [PubMed]

36. Oliveira, A.C.D.; Arismendi, M.I.; Machado, L.S.G.; Sato, E.I. Ramipril Improves Endothelial Function and Increases the Number
of Endothelial Progenitor Cells in Patients With Systemic Lupus Erythematosus. J. Clin. Rheumatol. Pract. reports Rheum.
Musculoskelet. Dis. 2022, 28, 349–353. [CrossRef] [PubMed]

37. Frieri, M.; Stampfl, H. Systemic Lupus Erythematosus and Atherosclerosis: Review of the Literature. Autoimmun. Rev. 2016,
15, 16–21. [CrossRef] [PubMed]

38. Gómez-Bernal, F.; Fernández-Cladera, Y.; Quevedo-Abeledo, J.C.; García-González, M.; González-Rivero, A.F.; de Vera-González,
A.; Martín-González, C.; González-Gay, M.; Ferraz-Amaro, I. Vascular Endothelial Growth Factor and Its Soluble Receptor in
Systemic Lupus Erythematosus Patients. Biomolecules 2022, 12, 1884. [CrossRef] [PubMed]

39. Huang, W.-P.; Chen, C.-Y.; Lin, T.-W.; Kuo, C.-S.; Huang, H.-L.; Huang, P.-H.; Lin, S.-J. Fibroblast Growth Factor 21 Reverses
High-Fat Diet-Induced Impairment of Vascular Function via the Anti-Oxidative Pathway in ApoE Knockout Mice. J. Cell. Mol.
Med. 2022, 26, 2451–2461. [CrossRef]

40. Guzmán-Martínez, G.; Marañón, C. Immune Mechanisms Associated with Cardiovascular Disease in Systemic Lupus Erythe-
matosus: A Path to Potential Biomarkers. Front. Immunol. 2022, 13, 974826. [CrossRef]

41. Conti, F.; Spinelli, F.R.; Alessandri, C.; Pacelli, M.; Ceccarelli, F.; Marocchi, E.; Montali, A.; Capozzi, A.; Buttari, B.; Profumo, E.;
et al. Subclinical Atherosclerosis in Systemic Lupus Erythematosus and Antiphospholipid Syndrome: Focus on B2GPI-Specific T
Cell Response. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 661–668. [CrossRef]

42. Di Minno, M.N.D.; Emmi, G.; Ambrosino, P.; Scalera, A.; Tufano, A.; Cafaro, G.; Peluso, R.; Bettiol, A.; Di Scala, G.; Silvestri, E.; et al.
Subclinical Atherosclerosis in Asymptomatic Carriers of Persistent Antiphospholipid Antibodies Positivity: A Cross-Sectional
Study. Int. J. Cardiol. 2019, 274, 1–6. [CrossRef]

43. Nived, O.; Ingvarsson, R.F.; Jöud, A.; Linge, P.; Tydén, H.; Jönsen, A.; Bengtsson, A.A. Disease Duration, Age at Diagnosis and
Organ Damage Are Important Factors for Cardiovascular Disease in SLE. Lupus Sci. Med. 2020, 7, e000398. [CrossRef] [PubMed]

44. Borghi, M.O.; Raschi, E.; Grossi, C.; Chighizola, C.B.; Meroni, P.L. Toll-like Receptor 4 and B2 Glycoprotein I Interaction on
Endothelial Cells. Lupus 2014, 23, 1302–1304. [CrossRef] [PubMed]

45. Wu, M.; Barnard, J.; Kundu, S.; Mccrae, K.R. A Novel Pathway of Cellular Activation Mediated by Antiphospholipid Antibody-
Induced Extracellular Vesicles. J. Thromb. Haemost. 2015, 13, 1928–1940. [CrossRef] [PubMed]

46. Hulstein, J.J.J.; Lenting, P.J.; De Laat, B.; Derksen, R.H.W.M.; Fijnheer, R.; De Groot, P.G. B2-Glycoprotein I Inhibits VonWillebrand
Factor-Dependent Platelet Adhesion and Aggregation. Blood 2007, 110, 1483–1491. [CrossRef] [PubMed]

47. Masson, W.; Rossi, E.; Mora-Crespo, L.M.; Cornejo-Peña, G.; Pessio, C.; Gago, M.; Alvarado, R.N.; Scolnik, M. Cardiovascular Risk
Stratification and Appropriate Use of Statins in Patients with Systemic Lupus Erythematosus According to Different Strategies.
Clin. Rheumatol. 2020, 39, 455–462. [CrossRef] [PubMed]

48. Smith, E.; Croca, S.; Waddington, K.E.; Sofat, R.; Griffin, M.; Nicolaides, A.; Isenberg, D.A.; Torra, I.P.; Rahman, A.; Jury, E.C. Cross-
Talk between INKT Cells and Monocytes Triggers an Atheroprotective Immune Response in SLE Patients with Asymptomatic
Plaque. Sci. Immunol. 2016, 1, eaah4081. [CrossRef] [PubMed]

49. Coelewij, L.; Waddington, K.E.; Robinson, G.A.; Chocano, E.; McDonnell, T.; Farinha, F.; Peng, J.; Dönnes, P.; Smith, E.; Croca, S.;
et al. Serum Metabolomic Signatures Can Predict Subclinical Atherosclerosis in Patients with Systemic Lupus Erythematosus.
Arterioscler. Thromb. Vasc. Biol. 2021, 41, 1446–1458. [CrossRef] [PubMed]

50. Patiño-Trives, A.M.; Pérez-Sánchez, C.; Pérez-Sánchez, L.; Luque-Tévar, M.; Ábalos-Aguilera, M.C.; Alcaide-Ruggiero, L.; Arias-
De la Rosa, I.; Román-Rodríguez, C.; Seguí, P.; Espinosa, M.; et al. Anti-DsDNA Antibodies Increase the Cardiovascular Risk in
Systemic Lupus Erythematosus Promoting a Distinctive Immune and Vascular Activation. Arterioscler. Thromb. Vasc. Biol. 2021,
41, 2417–2430. [CrossRef]

51. Narshi, C.B.; Giles, I.P.; Rahman, A. The Endothelium: An Interface between Autoimmunity and Atherosclerosis in Systemic
Lupus Erythematosus? Lupus 2010, 20, 5–13. [CrossRef] [PubMed]

52. Selejan, S.; Pss, J.; Walter, F.; Hohl, M.; Kaiser, R.; Kazakov, A.; Bhm, M.; Link, A. Ischaemia-Induced up-Regulation of Toll-like
Receptor 2 in Circulating Monocytes in Cardiogenic Shock. Eur. Heart J. 2012, 33, 1085–1094. [CrossRef] [PubMed]

53. Sabio, J.M.; Vargas-Hitos, J.; Zamora-Pasadas, M.; Mediavilla, J.D.; Navarrete, N.; Ramirez, Á.; Hidalgo-Tenorio, C.; Jáimez, L.;
Martín, J.; Jiménez-Alonso, J. Metabolic Syndrome Is Associated with Increased Arterial Stiffness and Biomarkers of Subclinical
Atherosclerosis in Patients with Systemic Lupus Erythematosus. J. Rheumatol. 2009, 36, 2204–2211. [CrossRef] [PubMed]

54. Rua-Figueroa, I.; Arencibia-Mireles, O.; Elvira, M.; Erausquin, C.; Ojeda, S.; Francisco, F.; Naranjo, A.; Rodríguez-Gallego, C.;
Garcia-Laorden, I.; Rodríguez-Perez, J.; et al. Factors Involved in the Progress of Preclinical Atherosclerosis Associated with
Systemic Lupus Erythematosus: A 2-Year Longitudinal Study. Ann. Rheum. Dis. 2010, 69, 1136–1139. [CrossRef] [PubMed]

55. Johnson, A.E.; Gordon, C.; Hobbs, F.D.R.; Bacon, P.A. Early Reports Undiagnosed Systemic Lupus Erythematosus Community.
Lancet 1996, 347, 367–369. [CrossRef] [PubMed]

56. Chung, C.P.; Oeser, A.; Avalos, I.; Raggi, P.; Stein, C.M. Cardiovascular Risk Scores and the Presence of Subclinical Coronary
Artery Atherosclerosis in Women with Systemic Lupus Erythematosus. Lupus 2006, 15, 562–569. [CrossRef] [PubMed]

https://doi.org/10.3389/fmed.2017.00262
https://www.ncbi.nlm.nih.gov/pubmed/29435447
https://doi.org/10.3389/fimmu.2021.674343
https://www.ncbi.nlm.nih.gov/pubmed/34122433
https://doi.org/10.1097/RHU.0000000000001869
https://www.ncbi.nlm.nih.gov/pubmed/35662232
https://doi.org/10.1016/j.autrev.2015.08.007
https://www.ncbi.nlm.nih.gov/pubmed/26299985
https://doi.org/10.3390/biom12121884
https://www.ncbi.nlm.nih.gov/pubmed/36551311
https://doi.org/10.1111/jcmm.17273
https://doi.org/10.3389/fimmu.2022.974826
https://doi.org/10.1161/ATVBAHA.113.302680
https://doi.org/10.1016/j.ijcard.2018.06.010
https://doi.org/10.1136/lupus-2020-000398
https://www.ncbi.nlm.nih.gov/pubmed/32587062
https://doi.org/10.1177/0961203314536479
https://www.ncbi.nlm.nih.gov/pubmed/25228733
https://doi.org/10.1111/jth.13072
https://www.ncbi.nlm.nih.gov/pubmed/26264622
https://doi.org/10.1182/blood-2006-10-053199
https://www.ncbi.nlm.nih.gov/pubmed/17488878
https://doi.org/10.1007/s10067-019-04856-z
https://www.ncbi.nlm.nih.gov/pubmed/31802350
https://doi.org/10.1126/sciimmunol.aah4081
https://www.ncbi.nlm.nih.gov/pubmed/28783690
https://doi.org/10.1161/ATVBAHA.120.315321
https://www.ncbi.nlm.nih.gov/pubmed/33535791
https://doi.org/10.1161/ATVBAHA.121.315928
https://doi.org/10.1177/0961203310382429
https://www.ncbi.nlm.nih.gov/pubmed/21138982
https://doi.org/10.1093/eurheartj/ehr377
https://www.ncbi.nlm.nih.gov/pubmed/21998404
https://doi.org/10.3899/jrheum.081253
https://www.ncbi.nlm.nih.gov/pubmed/19723903
https://doi.org/10.1136/ard.2008.104349
https://www.ncbi.nlm.nih.gov/pubmed/19687018
https://doi.org/10.1016/S0140-6736(96)90539-5
https://www.ncbi.nlm.nih.gov/pubmed/8598703
https://doi.org/10.1177/0961203306071870
https://www.ncbi.nlm.nih.gov/pubmed/17080910


Biomedicines 2023, 11, 2814 12 of 16

57. Rezaieyazdi, Z.; Akbarirad, M.; Saadati, N.; Salari, M.; Orang, R.; Sedighi, S.; Esmaily, H.; Azarpazhooh, M.R.; Firoozi, A.;
Akbarpour, E. Serum Interleukin-18 and Its Relationship with Subclinical Atherosclerosis in Systemic Lupus Erythematosus.
ARYA Atheroscler. 2022, 17, 1–6. [CrossRef]

58. Kahlenberg, J.M.; Thacker, S.G.; Berthier, C.C.; Cohen, C.D.; Kretzler, M.; Kaplan, M.J. Inflammasome Activation of IL-18 Results
in Endothelial Progenitor Cell Dysfunction in Systemic Lupus Erythematosus. J. Immunol. 2011, 187, 6143–6156. [CrossRef]

59. Klingenberg, R.; Gerdes, N.; Badeau, R.M.; Gisterå, A.; Strodthoff, D.; Ketelhuth, D.F.J.; Lundberg, A.M.; Rudling, M.; Nilsson,
S.K.; Olivecrona, G.; et al. Depletion of FOXP3+ Regulatory T Cells Promotes Hypercholesterolemia and Atherosclerosis. J. Clin.
Investig. 2013, 123, 1323–1334. [CrossRef]

60. De Boer, O.J.; van der Meer, J.J.; Teeling, P.; van der Loos, C.M.; van der Wal, A.C. Low Numbers of FOXP3 Positive Regulatory T
Cells Are Present in All Developmental Stages of Human Atherosclerotic Lesions. PLoS One 2007, 2, e779. [CrossRef]

61. Crispín, J.C.; Apostolidis, S.A.; Finnell, M.I.; Tsokos, G.C. Induction of PP2A Bβ, a Regulator of IL-2 Deprivation-Induced T-Cell
Apoptosis, Is Deficient in Systemic Lupus Erythematosus. Proc. Natl. Acad. Sci. USA 2011, 108, 12443–12448. [CrossRef] [PubMed]

62. Zhang, Z.; Kyttaris, V.C.; Tsokos, G.C. The Role of IL-23/IL-17 Axis in Lupus Nephritis. J. Immunol. 2009, 183, 3160–3169.
[CrossRef] [PubMed]

63. Mengya, Z.; Hanyou, M.; Dong, L.; Xiaohong, L.; Lihua, Z. Th17/Treg Imbalance Induced by Increased Incidence of Atherosclero-
sis in Patients with Systemic Lupus Erythematosus (SLE). Clin. Rheumatol. 2013, 32, 1045–1052. [CrossRef] [PubMed]

64. Wilhelm, A.J.; Rhoads, J.P.; Wade, N.S.; Major, A.S. Dysregulated CD4+ T Cells from SLE-Susceptible Mice Are Sufficient to
Accelerate Atherosclerosis in LDLr-/- Mice. Ann. Rheum. Dis. 2015, 74, 778–785. [CrossRef] [PubMed]

65. Li, W.; Elshikha, A.S.; Cornaby, C.; Teng, X.; Abboud, G.; Brown, J.; Zou, X.; Zeumer-Spataro, L.; Robusto, B.; Choi, S.C.; et al. T
Cells Expressing the Lupus Susceptibility Allele Pbx1d Enhance Autoimmunity and Atherosclerosis in Dyslipidemic Mice. JCI
Insight 2020, 5, e138274. [CrossRef] [PubMed]

66. Pan, W.; Sharabi, A.; Ferretti, A.; Zhang, Y.; Burbano, C.; Yoshida, N.; Tsokos, M.G.; Tsokos, G.C. PPP2R2D Suppresses IL-2
Production and Treg Function. JCI Insight 2020, 5, e138215. [CrossRef] [PubMed]

67. Rose, A.; Spee-Mayer, C.V.; Kloke, L.; Wu, K.; Kühl, A.; Enghard, P.; Burmester, G.R.; Riemekasten, G.; Humrich, J.Y. IL-2 Therapy
Diminishes Renal Inflammation and the Activity of Kidney-Infiltrating CD4+ T Cells in Murine Lupus Nephritis. Cells 2019,
8, 1234. [CrossRef] [PubMed]

68. Tydén, H.; Lood, C.; Gullstrand, B.; Nielsen, C.T.; Heegaard, N.H.H.; Kahn, R.; Jönsen, A.; Bengtsson, A.A. Endothelial
Dysfunction Is Associated with Activation of the Type i Interferon System and Platelets in Patients with Systemic Lupus
Erythematosus. RMD Open 2017, 3, e000508. [CrossRef]

69. Liao, J.K. Linking Endothelial Dysfunction with Endothelial Cell Activation. J. Clin. Investig. 2013, 123, 540–541. [CrossRef]
70. Parker, B.; Al-Husain, A.; Pemberton, P.; Yates, A.P.; Ho, P.; Gorodkin, R.; Teh, L.S.; Alexander, M.Y.; Bruce, I.N. Suppression

of Inflammation Reduces Endothelial Microparticles in Active Systemic Lupus Erythematosus. Ann. Rheum. Dis. 2014,
73, 1144–1150. [CrossRef]

71. Ryu, H.; Lim, H.; Choi, G.; Park, Y.J.; Cho, M.; Na, H.; Ahn, C.W.; Kim, Y.C.; Kim, W.U.; Lee, S.H.; et al. Atherogenic Dyslipidemia
Promotes Autoimmune Follicular Helper T Cell Responses via IL-27. Nat. Immunol. 2018, 19, 583–593. [CrossRef] [PubMed]

72. Kuriyama, Y.; Shimizu, A.; Kanai, S.; Oikawa, D.; Motegi, S.-I.; Tokunaga, F.; Ishikawa, O. Coordination of Retrotransposons
and Type I Interferon with Distinct Interferon Pathways in Dermatomyositis, Systemic Lupus Erythematosus and Autoimmune
Blistering Disease. Sci. Rep. 2021, 11, 23146. [CrossRef] [PubMed]

73. Avalos, A.M.; Busconi, L.; Marshak-Rothstein, A. Regulation of Autoreactive B Cell Responses to Endogenous TLR Ligands.
Autoimmunity 2010, 43, 76–83. [CrossRef] [PubMed]

74. Chen, H.J.; Tas, S.W.; de Winther, M.P.J. Type-I Interferons in Atherosclerosis. J. Exp. Med. 2020, 217, e20190459. [CrossRef]
[PubMed]

75. Somers, E.C.; Zhao, W.; Lewis, E.E.; Wang, L.; Wing, J.J.; Sundaram, B.; Kazerooni, E.A.; McCune, W.J.; Kaplan, M.J. Type I
Interferons Are Associated with Subclinical Markers of Cardiovascular Disease in a Cohort of Systemic Lupus Erythematosus
Patients. PLoS One 2012, 7, e37000. [CrossRef] [PubMed]

76. Korman, B.D.; Huang, C.C.; Skamra, C.; Wu, P.; Koessler, R.; Yao, D.; Huang, Q.Q.; Pearce, W.; Sutton-Tyrrell, K.; Kondos, G.; et al.
Inflammatory Expression Profiles in Monocyte-to-Macrophage Differentiation in Patients with Systemic Lupus Erythematosus
and Relationship with Atherosclerosis. Arthritis Res. Ther. 2014, 16, R147. [CrossRef]

77. Nassef, S.; Essam, M.; Abdelfattah, D.; Elsehemy, D.; Abouelezz, S. Evaluation of Impact of Interferon-Induced Helicase C
Domain-Containing Protein 1 Gene in Egyptian Systemic Lupus Erythematosus Patients and Its Relationship with Vascular
Manifestations of the Disease. Arch. Rheumatol. 2018, 33, 181–189. [CrossRef]

78. Kay, S.D.; Carlsen, A.L.; Voss, A.; Burton, M.; Diederichsen, A.C.P.; Poulsen, M.K.; Heegaard, N.H.H. Associations of Circulating
Cell-Free MicroRNA with Vasculopathy and Vascular Events in Systemic Lupus Erythematosus Patients. Scand. J. Rheumatol.
2019, 48, 32–41. [CrossRef]

79. Suttichet, T.B.; Kittanamongkolchai, W.; Phromjeen, C.; Anutrakulchai, S.; Panaput, T.; Ingsathit, A.; Kamanamool, N.;
Ophascharoensuk, V.; Sumethakul, V.; Avihingsanon, Y. Urine TWEAK Level as a Biomarker for Early Response to Treat-
ment in Active Lupus Nephritis: A Prospective Multicentre Study. Lupus Sci. Med. 2019, 6, e000298. [CrossRef]

80. Xue, L.; Liu, L.; Huang, J.; Wen, J.; Yang, R.; Bo, L.; Tang, M.; Zhang, Y.; Liu, Z. Tumor Necrosis Factor-Like Weak Inducer of
Apoptosis Activates Type I Interferon Signals in Lupus Nephritis. Biomed Res. Int. 2017, 2017, 4927376. [CrossRef]

https://doi.org/10.22122/arya.v17i0.2126
https://doi.org/10.4049/jimmunol.1101284
https://doi.org/10.1172/JCI63891
https://doi.org/10.1371/journal.pone.0000779
https://doi.org/10.1073/pnas.1103915108
https://www.ncbi.nlm.nih.gov/pubmed/21746932
https://doi.org/10.4049/jimmunol.0900385
https://www.ncbi.nlm.nih.gov/pubmed/19657089
https://doi.org/10.1007/s10067-013-2237-z
https://www.ncbi.nlm.nih.gov/pubmed/23526148
https://doi.org/10.1136/annrheumdis-2013-203759
https://www.ncbi.nlm.nih.gov/pubmed/24395554
https://doi.org/10.1172/jci.insight.138274
https://www.ncbi.nlm.nih.gov/pubmed/32493841
https://doi.org/10.1172/jci.insight.138215
https://www.ncbi.nlm.nih.gov/pubmed/32897879
https://doi.org/10.3390/cells8101234
https://www.ncbi.nlm.nih.gov/pubmed/31614462
https://doi.org/10.1136/rmdopen-2017-000508
https://doi.org/10.1172/JCI66843
https://doi.org/10.1136/annrheumdis-2012-203028
https://doi.org/10.1038/s41590-018-0102-6
https://www.ncbi.nlm.nih.gov/pubmed/29713015
https://doi.org/10.1038/s41598-021-02522-6
https://www.ncbi.nlm.nih.gov/pubmed/34848794
https://doi.org/10.3109/08916930903374618
https://www.ncbi.nlm.nih.gov/pubmed/20014959
https://doi.org/10.1084/jem.20190459
https://www.ncbi.nlm.nih.gov/pubmed/31821440
https://doi.org/10.1371/journal.pone.0037000
https://www.ncbi.nlm.nih.gov/pubmed/22606325
https://doi.org/10.1186/ar4609
https://doi.org/10.5606/ArchRheumatol.2018.6476
https://doi.org/10.1080/03009742.2018.1450892
https://doi.org/10.1136/lupus-2018-000298
https://doi.org/10.1155/2017/4927376


Biomedicines 2023, 11, 2814 13 of 16

81. Gungor, O.; Kircelli, F.; Asci, G.; Carrero, J.J.; Tatar, E.; Demirci, M.S.; Ozbek, S.S.; Ceylan, N.; Toz, H.; Ozkahya, M.; et al. Soluble
TWEAK Level: Is It a Marker for Cardiovascular Disease in Long-Term Hemodialysis Patients? J. Nephrol. 2013, 26, 136–143.
[CrossRef] [PubMed]

82. Méndez-Barbero, N.; Gutiérrez-Muñoz, C.; Blázquez-Serra, R.; Martín-Ventura, J.L.; Blanco-Colio, L.M. Tumor Necrosis Factor-
Like Weak Inducer of Apoptosis (TWEAK)/Fibroblast Growth Factor-Inducible 14 (Fn14) Axis in Cardiovascular Diseases:
Progress and Challenges. Cells 2020, 9, 405. [CrossRef] [PubMed]

83. Knight, J.S.; Subramanian, V.; O’Dell, A.A.; Yalavarthi, S.; Zhao, W.; Smith, C.K.; Hodgin, J.B.; Thompson, P.R.; Kaplan, M.J.
Peptidylarginine Deiminase Inhibition Disrupts NET Formation and Protects against Kidney, Skin and Vascular Disease in
Lupus-Prone MRL/Lpr Mice. Ann. Rheum. Dis. 2015, 74, 2199–2206. [CrossRef] [PubMed]

84. Pieterse, E.; Rother, N.; Garsen, M.; Hofstra, J.M.; Satchell, S.C.; Hoffmann, M.; Loeven, M.A.; Knaapen, H.K.; Van Der Heijden,
O.W.H.; Berden, J.H.M.; et al. Neutrophil Extracellular Traps Drive Endothelial-to-Mesenchymal Transition. Arterioscler. Thromb.
Vasc. Biol. 2017, 37, 1371–1379. [CrossRef] [PubMed]

85. Mozzini, C.; Garbin, U.; Fratta Pasini, A.M.; Cominacini, L. An Exploratory Look at NETosis in Atherosclerosis. Intern. Emerg.
Med. 2017, 12, 13–22. [CrossRef] [PubMed]

86. Hakkim, A.; Fürnrohr, B.G.; Amann, K.; Laube, B.; Abed, U.A.; Brinkmann, V.; Herrmann, M.; Voll, R.E.; Zychlinsky, A.
Impairment of Neutrophil Extracellular Trap Degradation Is Associated with Lupus Nephritis. Proc. Natl. Acad. Sci. USA 2010,
107, 9813–9818. [CrossRef] [PubMed]

87. Danielli, M.; Thomas, R.C.; Quinn, L.M.; Tan, B.K. Vascular Adhesion Protein-1 (VAP-1) in Vascular Inflammatory Diseases: A
Narrative Review. Vasa Eur. J. Vasc. Med. 2022, 51, 341–350. [CrossRef]

88. Liu, H.; Zhang, J.; Zhou, P.; Sun, H.; Katsarou, M.; Drakoulis, N. Exploration of Vascular Adhesion Protein-1 Expression in
Patients with Conjunctivitis Associated Systemic Lupus Erythematosus Using 2D-DIGE. Exp. Ther. Med. 2019, 18, 5072–5077.
[CrossRef]

89. Li, H.; Du, S.; Niu, P.; Gu, X.; Wang, J.; Zhao, Y. Vascular Adhesion Protein-1 (VAP-1)/Semicarbazide-Sensitive Amine Oxidase
(SSAO): A Potential Therapeutic Target for Atherosclerotic Cardiovascular Diseases. Front. Pharmacol. 2021, 12, 679707. [CrossRef]

90. Pannecoeck, R.; Serruys, D.; Benmeridja, L.; Delanghe, J.R.; van Geel, N.; Speeckaert, R.; Speeckaert, M.M. Vascular Adhesion
Protein-1: Role in Human Pathology and Application as a Biomarker. Crit. Rev. Clin. Lab. Sci. 2015, 52, 284–300. [CrossRef]

91. Silvola, J.M.U.; Virtanen, H.; Siitonen, R.; Hellberg, S.; Liljenbäck, H.; Metsälä, O.; Ståhle, M.; Saanijoki, T.; Käkelä, M.; Hakovirta,
H.; et al. Leukocyte Trafficking-Associated Vascular Adhesion Protein 1 Is Expressed and Functionally Active in Atherosclerotic
Plaques. Sci. Rep. 2016, 6, 35089. [CrossRef] [PubMed]

92. Wang, S.H.; Yu, T.Y.; Hung, C.S.; Yang, C.Y.; Lin, M.S.; Su, C.Y.; Chen, Y.L.; Kao, H.L.; Chuang, L.M.; Tsai, F.C.; et al. Inhibition of
Semicarbazide-Sensitive Amine Oxidase Reduces Atherosclerosis in Cholesterol-Fed New Zealand White Rabbits. Sci. Rep. 2018,
8, 9249. [CrossRef] [PubMed]

93. Alsalem, M.; Wong, A.; Millns, P.; Arya, P.H.; Chan, M.S.L.; Bennett, A.; Barrett, D.A.; Chapman, V.; Kendall, D.A. The
Contribution of the Endogenous TRPV1 Ligands 9-HODE and 13-HODE to Nociceptive Processing and Their Role in Peripheral
Inflammatory Pain Mechanisms. Br. J. Pharmacol. 2013, 168, 1961–1974. [CrossRef] [PubMed]

94. Surmiak, M.; Gielicz, A.; Stojkov, D.; Szatanek, R.; Wawrzycka-Adamczyk, K.; Yousefi, S.; Simon, H.U.; Sanak, M. LTB4 and
5-Oxo-ETE from Extracellular Vesicles Stimulate Neutrophils in Granulomatosis with Polyangiitis. J. Lipid Res. 2020, 61, 1–9.
[CrossRef] [PubMed]

95. Baig, S.; Vanarsa, K.; Ding, H.; Titus, A.S.C.L.S.; McMahon, M.; Mohan, C. Baseline Elevations of Leukotriene Metabolites and
Altered Plasmalogens Are Prognostic Biomarkers of Plaque Progression in Systemic Lupus Erythematosus. Front. Cardiovasc.
Med. 2022, 9, 861724. [CrossRef] [PubMed]

96. Warner, D.R.; Liu, H.; Miller, M.E.; Ramsden, C.E.; Gao, B.; Feldstein, A.E.; Schuster, S.; McClain, C.J.; Kirpich, I.A. Dietary
Linoleic Acid and Its Oxidized Metabolites Exacerbate Liver Injury Caused by Ethanol via Induction of Hepatic Proinflammatory
Response in Mice. Am. J. Pathol. 2017, 187, 2232–2245. [CrossRef] [PubMed]
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