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Abstract

Due to apolipoprotein E - knockout mouse model of athroclerosis several new questions about atherogenesis have been recently 
answered. This review mainly focuses on two types of cells: one „atypical” for atherogenesis: neutrophils and one „typical”: macro-
phages.

New studies suggest important roles for NETs (Neutrophil extracellular traps). Smooth muscle cells in plaque can recruit neutro-
phils, which undergo NETosis. NET-derived histone H4 is able to cause the lysis of smooth muscle cells. All may result in rupture of 
plaque.

Neutrophils are recruited by GM-CSF to the ischemic place and there they can develop proteolysis. It was also shown that neutro-
phil depletion can reduce the size of myocardial infarction. Neutrophils can cause the healing after myocardial infarction, They do it 
by releasing neutrophil gelatinase-associated lipocalin (NGAL). Thus neutrophil contribute to the development of M2 macrophages. 

Recent studies showed that hyperlipidemia-triggered neutrophilia may induce early stages of atherogenesis. Clinical studies have 
previously showed a correlation between neutrophil and the risk for events. Hypercholesterolemia induces G-CSF, the very important 
cytokine in granulopoiesis. G-CSF decreases bone marrow CXCL12 levels, reducing the clearance of aged neutrophils. On the other 
hand, hypercholesterolemia increases CXCL1 levels. This unables neutrophil mobilization via CXCR2. To sum up, hyperlipidemia 
disturbs cytokine system controlling neutrophil homeostasis, increasing peripheral neutrophil counts.

Atherosclerosis is characterized by an imbalance between pro-resolving and pro-inflammatory mediators, such as leukotrienes, 
leading to defective resolution of inflammation, tissue injury and damage-associated molecular pattern (DAMP)-mediated inflamma-
tion. The ratio of pro-resolving lipid mediators to leukotrienes is low in advanced vs early atherosclerotic plaques, and a low resolvin 
D1 (RvD1): leukotriene B4 ratio in saliva can predict carotid intimal thickness in humans. Similarly in mice, the advanced atheroscle-
rotic lesions are deficient in pro-resolving lipid mediators.

Since 1992 the mouse has become a new model for atherogenesis - namely apolipoprotein E - knockout (ApoE-KO) mice were 
developed. It is the only murine model that develops lesions on chow diet. It was said that apoE - knockout mice model has changed 
the face of atherogenesis [1]. 

Currently, thanks to ApoE-KO several questions about atherosclerosis was answered. Following review will mainly focus on two 
types of cells: one „atypical”: neutrophils and one „typical”: macrophages [2].
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Neutrophils

Recent studies show an increasing role for neutrophils in ath-
erogenesis [3]. High numbers of neutrophils have been found in 
human atherosclerotic plaques, often in rupture-prone lesions [4]. 
New studies suggest important roles for NETs (Neutrophil extra-
cellular traps). Smooth muscle cells in plaque can recruit neutro-
phils, which undergo NETosis. NET-derived histone H4 is able to 
cause the lysis of smooth muscle cells [5]. All may result in rupture 
of plaque.

Neutrophils are recruited by GM-CSF (released from fibro-
blasts) to the ischemic place and there they can develop proteolysis 
[6,7]. It was also shown that neutrophil depletion can reduce the 
size of myocardial infarction [8]. Neutrophils can cause the heal-
ing after myocardial infarction, They do it by releasing neutrophil 
gelatinase-associated lipocalin (NGAL). Thus neutrophil contribute 
to the development of M2 macrophages [9].

Neutrophils are among the first cells that accumulate at the site 
of endothelial injury. They promote platelet activation and throm-
bus formation [10]. NETs are prothrombotic. They contribute to 
thrombus formation in both venous as well as the arterial systems 
[11,12]. 

Recently, studies showed that hyperlipidemia-triggered neu-
trophilia may induce early stages of atherogenesis [14]. Clinical 
studies have previously showed a correlation between neutrophil 
and the risk for events [15]. Hypercholesterolemia induces G-CSF, 
the very important cytokine in granulopoiesis. G-CSF is induced by 
increased TNF and IL-17 [16,17]. G-CSF decreases bone marrow 
CXCL12 levels, reducing the clearance of aged neutrophils [18]. On 
the other hand, hypercholesterolemia increases CXCL1 levels. This 
unables neutrophil mobilization via CXCR2. To sum up, hyperlipid-
emia disturbs cytokine system controlling neutrophil homeostasis, 
increasing peripheral neutrophil counts.

It has been shown that the most of contacts between leukocytes 
and endothelial cells during atherogenesis are neutrophils. They 
interact with endothelial selectins [19]. Rotzius., et al. described 
that neutrophils adhere to arterial endothelium at early stages of 
atherogenesis [19]. In neutrophil adhesion took place P-selectin, 
jS2-integrins, as well as intracellular adhesion molecule-1. The 
decrease of atherosclerotic lesions in mice lacking P-selectin, the 
common jS2-integrin chain CD18, or its counterreceptor intracel-

lular adhesion molecule-1 [20] may be explained by reduced neu-
trophil extravasation. Leukotriene B4 is a potent chemoattractant 
for neutrophils, and deletion of receptor BLT1 reduces atheroscle-
rosis. The atherogenesis in these mice may be attributed to dimin-
ished neutrophil infiltration. It was described an important role of 
CCR1 and CCR5 in adhesion and extravasation of neutrophils. The 
use of monocytic CCR1 and CCR5 in arterial recruitment is due par-
tially to chemokines that are deposited by activated platelets [21]. 
This mechanism led us to remember the importance of platelet-
derived chemokines in neutrophil recruitment. It was found that 
CCL5 deposited by activated platelets induces neutrophil adhesion 
through engagement of CCR1 and CCR5. The contribution of CCR1 
and CCR5 to the extent of lesion formation may differ. However, we 
must keep in mind a prevailing role of CCR5 [22]. 

Neutrophils infiltrate atherosclerotic vessels during early stag-
es and are able to reduce atherosclerotic lesion only in the initial 
phase. Neutrophils can produce oxygen radicals via NADPH oxi-
dase and myeloperoxidase. Oxygen radicals have been proposed to 
be mediators involved in the oxidation by which low-density lipo-
protein is entrapped in the subendothelial space. However, at the 
same time emigrating neutrophils release granule proteins that act 
as extracellular regulators of inflammation [23]. 

Neutrophils can also play a distinctive role during destabiliza-
tion of advanced plaques. The accumulation of neutrophils in is 
associated with rupture-prone lesions [24]. Neutrophils contain 
large amounts of matrix-degrading proteases, and these proteases 
contribute to plaque rupture [25]. These actions of neutrophils are 
reduced on statin treatment [26].

Macrophages

As regards macrophages, the inflammatory response in the 
atherosclerosis is linked to a resolution phase that repairs the 
damage [27,28]. Pro-resolving mediators block inflammatory cell 
influx and promote the regress of inflammatory cells, modulate 
pro-inflammatory T cell responses and promote clearance of both 
pathogens and dead cells (efferocytosis) [29,30].

Atherosclerosis is characterized by an imbalance between pro-
resolving and pro-inflammatory mediators, such as leukotrienes, 
leading to defective resolution of inflammation, tissue injury and 
damage-associated molecular pattern (DAMP)-mediated inflam-
mation [31,32]. The ratio of pro-resolving lipid mediators to leu-
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kotrienes is low in advanced versus early atherosclerotic plaques 
[33], and a low resolvin D1 (RvD1):leukotriene B4 ratio in saliva 
can predict carotid intimal thickness in humans [34]. Similarly in 
mice, the advanced atherosclerotic lesions are deficient in pro-re-
solving lipid mediators [35].

Targeting inflammation by inhibiting pro-inflammatory cyto-
kines is a novel promising therapy [36,37].

Accumulation of lipoprotein-derived lipids in macrophages or 
dendritic cells induces activation of the inflammasome [38-40], of 
which NLRP3 [NOD-, LRR- and pyrin domain-containing protein 3] 
is the most widely studied. Inhibition of the NLRP3 inflammasome 
decreases atherogenesis in ApoE-KO mice [41,42]. OxLDL has been 
shown to activate the NLRP3 inflammasome in macrophages in 
mouse models of atherosclerosis [43,44]. 

Fatty-acid-derived bioactive lipids are named specialized 
pro-resolving mediators (SPMs), including E-series and D-series 
resolvins [45,46] (generated from the omega-3 fatty acids eicos-
apentaenoic acid (EPA), docosahexaenoic acid (DHA) and docosa-
pentaenoic acid (DPA), respectively. 

Studies in mice with targeted deletions of genes encoding the 
most specific receptors for inflammation resolution mediators 
have shown defects in inflammation resolution, which supports a 
physiological role for the endogenously generated resolution me-
diators [47].

Lipid and peptide pro-resolving mediators signal through 
specific G protein-coupled receptors, of which N-formyl peptide 
receptor 2 (ALX/FPR2) and ChemR23 have been evaluated in ex-
perimental models of atherosclerosis. ALX/FPR2 is the receptor for 
lipoxins, the DHA-derived RvD1, as well as for annexin A1, whereas 
the EPA-derived resolvins signal their pro-resolving effects through 
the ChemR23 receptor [48].

The ratio of 5-LOX generated products to SPMs, especially RvD1 
is lower in advanced vs early atherosclerotic lesions hypercholes-
terolemic mice [33]. SPMs and annexin-derived peptides promote 
M2-like macrophage polarization and pro-resolving signalling 
through ALX/FPR2 [48]. A study on genetic targeting of the murine 
ALX/FPR2 homologue in hyperlipidaemic mice showed that ALX/
FPR2 deficiency reduced atherosclerosis [45].

The inhibition of pro-resolving mediators in advanced athero-
sclerotic lesions can be reversed by exogenous administration. In-
traperitoneal injections of RvD1 to Western-diet-fed Ldlr-knockout 
mice with mid-stage atherosclerotic lesions restore RvD1 levels in 
the lesions, and induce a more stable plaque phenotype, thus sup-
pressing the progression of the mid-stage lesions to more advanced 
[33]. LXA4 administration to ApoE-KO mice reduces atherosclerot-
ic lesion size and inflammation, whereas this treatment does not 
alter the lesional phenotype of ApoE-/-Fpr2-/- mice [45]. Also, the 
increased atherosclerosis in ApoE-/-Anxa1-/- mice compared with 
ApoE-/- mice can be reduced by treatment with the annexin A1 mi-
metic peptide Ac2-26, [50].

RvE1 limits neutrophil-mediated inflammation. Therefore, 
macrophages derived from ChemR23-knockout mice have in-
creased production of pro-inflammatory cytokines and a lack of 
RvE1-induced effects compared with wild-type macrophages [51].

Exogenous administration of RvE1 reduces experimental ath-
erosclerosis. Importantly, the RvE1 precursor 18-hydroxyeicosa-
pentaenoic acid (18-HEPE) was identified as a major metabolite 
after EPA supplementation to hyperlipidemic mice [49]. It suggest 
that SPM levels might be restored by increasing substrate availabil-
ity. Interestingly, ChemR23 deficiency in ApoE-KO mice increases 
atherosclerotic lesion size [49]. 

Lipid-lowering interventions in atherosclerotic mice attenuate 
lipoprotein modification and promote a proresolving phenotype in 
lesional macrophages [51]. It has occurred that in an advanced ath-
erosclerotic plaque, an improvement in the balance of proinflam-
matory and anti-inflammatory processes allows the resolution of 
the inflammation. In humans also a dramatic reductions in plasma 
LDL-cholesterol levels lead to the regression of atherosclerotic le-
sions [52,53]. Therefore, in new treatment of atherogenesis, low-
ering LDL-cholesterol has been complemented by inhibiting IL-1β 
with a monoclonal antibody [54]. 

To sum up, SPMs suppress inflammation, but pro-resolving me-
diators promote both repair and continued pathogen clearance 
[55-58]. 

Conclusion
•	 Recent studies show an increasing role for neutrophils in ath-

erogenesis.
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•	 New data suggest important roles for NETs (Neutrophil extra-
cellular traps) in rupture of plaque.

•	 Fatty-acid-derived bioactive lipids named specialized pro-re-
solving mediators (SPMs), promote M2-like macrophage po-
larization and pro-resolving signalling in atherosclerosis.
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