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Souhrn

Pěnové buňky jsou typickými komponentami aterosklerotických plátů, v nichž aktivně participují při intra-
celulární akumulaci cholesterolu. Propuknutí a další progrese aterosklerózy jsou úzce spjaty s tvorbou pěno-
vých buněk. Tyto buňky mohou pocházet jak z cirkulujících monocytů/makrofágů, tak z rezidentních hlad-
kých svalových buněk (VSMC), které migrují do rostoucí léze. Většinou aktivované prozánětlivé makrofágy 
M1 hrají důležitou roli v aterogenezi, zatímco makrofágy M2 mají protektivní roli při stabilizaci plátů. Bude 
třeba detailněji prozkoumat molekulární mechanismy transformace VSMC směrem k pěnovým buňkám. Li-
pidové kapičky, které plní pěnové buňky, vznikají z metabolizovaných modifikovaných lipoproteinů o nízké 
hustotě (low-density lipoproteins, LDL). LDL slouží jako hlavní zdroj lipidů, které pronikají endotel jak cesta-
mi závislými na LDL receptorech a alternativními cestami řízenými ALK-1. Za patologických podmínek může 
LDL podstoupit modifikaci, jako je sialylace, oxidace, glykace nebo karbamylace, které vedou k nadměrné 
absorpci makrofágů infiltrujících subendoteliální prostor. Modifikovaný LDL je rozpoznán především jako 
scavengerové receptory, jakými jsou SR-A1, CD36, LOX-1, CD68, tato exprese je nízká za fyziologických 
podmínek a může být zesílena prostřednictvím JNK, Wnt a signalizace NF-κB. V pěnových buňkách je LDL 
tráven na mastné kyseliny a volný cholesterol. Cholesterol může být esterifikovaný a dále hydrolyzovaný pro 
eflux na málo lipidovaný ApoA-I nebo zralý HDL. V tomto přehledovém článku se věnujeme dosavadním 
základním konceptům při tvorbě pěnových buněk stejně jako rozmanitým aspektům absorpce, metabolismu 
a poruch efluxu cholesterolu při ateroskleróze.

© 2019, ČKS.

Abstract 

Foam cells are typical components of atherosclerotic plaques, where they actively participate in the intracel- 
lular cholesterol accumulation. Onset and further progression of atherosclerosis is tightly associated with 
foam cell formation. These cells can originate both from the circulating monocytes/macrophages and from 
the resident smooth muscular cells migrating to the growing lesion. Classically activated pro-inflammatory 
M1 macrophages play an important role in atherogenesis, while M2 macrophages have a protective role 
in plaque stabilization. Molecular mechanisms for VSMC transformation towards foam cells remains to be 
studied in detail. Lipid droplets filling the foam cells are generated from metabolized modified low-den-
sity lipoproteins (LDL). LDL serves as the main source or lipids, which penetrate the endothelium both via 
LDL-receptor-dependent and alternative ALK-1-regulated pathways. Under pathologic conditions, LDL can 
undergo modification, such as sialylation, oxidation, glycation or carbamylation, leading to its excessive 
uptake by macrophages infiltrating the subendothelial space. Modified LDL is recognized mainly by scaven-
ger receptors, such as SR-A1, CD36, LOX-1, CD68, those expression is low under physiological conditions and 
can be upregulated via JNK, Wnt and NF-κB signaling. In foam cells LDL is digested to fatty acids and free 
cholesterol. Cholesterol can be esterified and further hydrolyzed for efflux to poorly lipidated ApoA-I or 
mature HDL. In this review, we discuss the basic concepts in foam cell formation established so far, as well as 
different aspects of cholesterol uptake, metabolism and efflux disturbances in atherosclerosis.
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bendothelial space in the atherosclerotic lesion areas. 
One intriguing possibility is that LDL modification occurs 
as a  series of multiple steps, starting with desialylation, 
followed by changes of the particle size and density, as 
well as electric charge, and, finally, oxidation and forma-
tion of highly-atherogenic aggregates. There is currently 
enough data available to support this hypothesis.2 In any 
case, atherogenic modification has a profound influence 
on LDL particle properties, altering its recognition by the 
cellular surface receptor (LDL-R) and resulting in an alter-
native internalization way mediated by scavenger recep-
tors. Modified LDL therefore affects the arterial wall cells 
and can even have potent cytotoxic effect, as it has been 
shown for oxLDL.3 Moreover, mLDL can also trigger for-
mation of immune complexes that further enhance the 
pathologic process.4 

In this review, we will focus on various aspects of LDL 
participation in foam cell formation in atherosclerosis.

Vascular permeability and LDL trafficking  
in the arterial wall

According to the current understanding, endothelial 
dysfunction is the first step in the development of athe-
rosclerotic lesions. Local damage of the endothelium 
occurs most frequently at the sites if disturbed laminar 
flow, such as vessel bifurcations or bends. This, in turn, le-
ads to increased permeability of the endothelium, which 
facilitates LDL entry into the subendothelial space (Fig. 
1). Several risk factors for the increased vascular permea-
bility to mLDL have been identified, including dyslipide-
mia, diabetes, hypertension, obesity and smoking. mLDL 

Introduction 

Pathogenesis of atherosclerosis is complex and includes 
both changes in lipid metabolism and alterations at the 
cellular level in the affected arterial wall. This also makes 
the search for novel therapeutic approaches challenging, 
since multiple potential targets should be evaluated and 
combined in order to develop an efficient treatment. The 
inflammatory component of atherosclerosis pathogene-
sis is of key importance. Local inflammation in the vessel 
wall leads to atherosclerotic lesion development and is 
associated with formation of foam cells. These cells were 
named based on their microscopic appearance, which is 
explained by the massive lipid accumulation in the cyto-
plasm. Foam cells can derive from both monocytes-ma-
crophages recruited to the lesion site from the bloodst-
ream and from the resident vascular smooth muscle cells 
(VSMCs). Massive intracellular lipid accumulation causing 
the formation of foam cells results from the enhanced 
modified low-density lipoprotein (mLDL) uptake and the 
reduced ability of the cells to process cholesterol and 
transfer it to high-density lipoproteins (HDL). 

Under normal conditions, LDL particles function as li-
pid carriers delivering the fuel molecules to organs and 
tissues from the liver. Native (unmodified) LDL is not 
atherogenic, as defined by the inability to induce lipid 
accumulation in cultured cells.1 However, under patho-
logic conditions, LDL can be subjected to modifications, 
such as sialylation, oxidation, glycation, carbamylation, 
that make it pro-atherogenic. The exact mechanisms of 
LDL modifications remain to be studied. The first known 
atherogenically modified LDL, oxLDL, could not be found 
in vivo, although it can probably be localized to the su-

Fig. 1 – Simplified scheme of foam cells formation in the subendothelial space. LDL and mLDL 
particles penetrate the subendothelial space via several pathways. Once inside the vascular 
wall, they can be taken up by macrophages and VSMCs that acquired phagocytic phenotype. 
The large part of mLDL is internalized into the cells via scavenger receptors. Foam cells are 
responsible for the intracellular lipid storage in the growing atherosclerotic plaque.
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entry into the subendothelial space and activation of the 
endothelial cells lead to the development of local inflam-
matory process. Lipid accumulation in the arterial intima 
is known as fatty streaks – the earliest macroscopically vi-
sible stage of atherosclerosis.5 At the microscopic level, 
these lesions are characterized by the presence of aggre-
gated lipoprotein particles and cholesterol crystals in the 
affected cells, as demonstrated by 3D electron microscopy 
of human carotid atherosclerotic plaques.6

The surface of the endothelial cells is covered by gly-
cocalyx composed of glycoproteins, proteoglycans, and 
hyaluronan, which is the first barrier of the endothelial 
wall for LDL and other circulating agents.7 Regions of the 
arterial wall susceptible to atherosclerosis, such as abo-
ve-mentioned bifurcation sites, have signs of glycocalyx 
breakdown. Local inflammatory process is accompanied 
by the production of reactive oxygen/nitrogen species 
(ROS/RNS) and activation of matrix metalloproteinases 
(MMPs), heparanase and sialidases. ROS, such as super-
oxide, carbonate radical anions (CO

3
−) and the hydroxyl 

radical (OH), modify other oxygen species, DNA, lipids 
and proteins. MMP expression and activity is induced by 
ROS, cytokines, shear stress, hypoxia and hormones. MMP 
cleave the protein core of proteoglycans, thereby leading 
to destabilization of the vascular wall. Heparanase contri-
bute to glycocalyx damage via degradation of HS chains 
at sites of low sulfation causing the loss of the HS-bound 
extracellular superoxide dismutase (ecSOD), which nor-
mally protects the endothelium from excessive ROS pro-
duction. Extracellular hyaluronidases generate low mole-
cular weight HA oligosaccharides that contribute to ROS 
production and increase the glycocalyx permeability. Mo-
reover, these mediators can mutually activate each other, 
further enhancing the pathological process. ROS/RNS-ge-
nerating enzymes and sialidases decrease bioavailability 
of NO, which has protective vasodilating properties, and 
thereby support vasoconstriction.8,9   

After crossing the glycocalyx, LDL particles can further 
penetrate the endothelium via transcytosis, a  process 
combining receptor-mediated endocytosis by clathrin-co-
ated and caveolin vesicles with exocytosis. The organizati-
on and functions of caveolae are mediated by caveolin-1 
and adapter protein-cavin-1, which stabilizes caveolin-1. 
Caveolin-1 mediates endocytosis and transcytosis of LDL 
in the endothelial cells and maintains endothelial nitric 
oxide synthase (eNOS) in an inactive state. Both caveo-
lin-1 and cavin-1 down-regulation inhibits LDL uptake 
and transcytosis.10

Caveolae and clathrin-coated vesicles bind LDL mostly 
via the LDL-R, which is internalized, shuttled through the 
endothelium, and delivered at the abluminal membrane. 
LDL-R expression differs among tissues. A  recent study 
showed that it is expressed at the apical plasma membra-
ne of brain endothelial cells in mice and rats and there-
fore can potentially be used for transport of drugs across 
the blood-brain barrier. The authors showed that diffe-
rent LDL-R-binding peptides were efficient vectors with 
potential for the transendothelial transfer of different 
classes of molecules.11 Besides transcytosis, LDL can also 
cross the endothelium through the paracellular pathway.

Another way of LDL particles internalization is the LDLR-
-independent pathway, which potentially can account for 

40–50% of LDL internalization through a non-lysosomal, 
non-degradative pathway. It is enhanced in case of hy-
percholesterolemic concentrations of LDL. A recent work 
used an unbiased, genome-wide screening approach to 
demonstrate that native LDL can be directly bound by 
activin-like kinase 1 (ALK1) ectodomain with lower affi-
nity at hypercholesterolemic concentrations. In vitro data 
clearly proved that ALK1 can be considered a novel low 
affinity high-capacity receptor for LDL in endothelial cells 
mediating its uptake via an unusual endocytic pathway 
that diverts the ligand from the lysosomal degradation 
and promotes LDL transcytosis.12 Taking into considera-
tion its role in BMP signaling, it is questionable whether 
ALK1 may serve as promising therapeutic target for athe-
rosclerosis prevention. Nevertheless, this work provides 
a  good example of LDLR-independent pathway of LDL 
internalization.

Unlike native LDL, mLDL is recognized mainly by sca-
venger receptors, such as LOX-1 on endothelium. The ex-
pression of this receptor is low under physiological con-
ditions, but can be increased by oxLDL, pro-inflammatory 
cytokines, pro-oxidative and biomechanical stimuli.13 It 
has been demonstrated that LOX-1 overexpression in an 
atherosclerosis-prone background impairs the endotheli-
al function.14 Interestingly, inhibition of LOX-1 gene redu-
ces NF-κB activation and the inflammatory and hypoxia 
pathways, suggesting a mechanistic connection between 
cancer and atherosclerosis.15

It is plausible that mLDL transported by the non-selecti-
ve pathway mediated by scavenger receptors is a major 
source of lipids accumulating in the growing atheroscle-
rotic lesions. However, native LDL entering the subendo-
thelial space as a  consequence of increased endothelial 
permeability also can serve as such source, as a result of 
atherogenic modification and/or formation of complexes 
with the extracellular matrix components.16

Macrophages and VSMC are major source  
of foam cells in atherosclerosis 

According to current understanding, both macrophages 
recruited to the lesion site and resident vascular cells 
can become foam cells. It was shown that in human co-
ronary lesions the proportion of foam cells of VSMC ori-
gin is higher than 50%, which is higher than previously 
thought.17

Chronic inflammation associated with atherosclerosis is 
a subject of active research, partly because it is promising 
for identifying new therapeutic approaches.18 Inflamed 
endothelium stimulates the production of pro-inflamma-
tory cytokines, including interleukin-6 (IL-6), monocyte 
chemotactic protein 1 (MCP-1) and adhesion molecules 
intercellular adhesion molecule 1 (ICAM-1), vascular cell 
adhesion molecule 1 (VCAM-1), and E-selectin. These 
effectors recruit the monocytes penetrating into the inti-
ma and differentiating into macrophages.

Following the traditional phenotypic classification of 
macrophages, 2 types of them can be defined: classically 
activated pro-inflammatory M1 macrophages and alter-
natively activated M2 macrophages that have anti-infla-
mmatory properties and are responsible for tissue repair 
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and remodeling. More recent studies made it evident that 
macrophage differentiation is much more complex, and 
several additional subsets have been defined to date.19 
Pro-inflammatory M1 macrophages produce high levels 
of pro-inflammatory cytokines and ROS/NOS, while M2 
macrophages are associated with wound healing, tumor 
growth, helminth infections and Th2 type responses. In 
the field of atherosclerosis, it is generally accepted that 
M1 macrophages play an important role in atherogene-
sis, while M2 macrophages have a protective role in pla-
que stabilization. It was shown that M1 phenotype can 
be guided by epigenetic modifying enzyme (KDM4A [JM-
JD2A]), which acts independently of NF-κB and HIF activa-
tion, two signals critical for pro-inflammatory activation 
of macrophages.20 Shift from M1 to M2 phenotype indi-
cative of atherosclerotic plaque regression is promoted 
by various transcription factors including Maf family of 
transcription factors (MafB, which facilitates macrophage 
cholesterol efflux).21

A recent study suggested that M1/M2 polarization can 
be regulated by endothelial extracellular vesicles (EV), 
which are known to play a pivotal role in cell-to-cell co-
mmunication. EVs from KLF2-expressing endothelial cells 
suppressed monocyte activation in vitro. Furthermore, 
atherosclerotic lesions were reduced in mice that rece-
ived EVs from KLF2-transduced endothelial cells with 
a  shift from M1 to M2 macrophages due to decreased 
expression of pro-inflammatory miR-155.22 Other studies 
have demonstrated the importance of miRNA signaling in 
atherosclerosis progression. For example, miR-195 levels 
were increased in IL-10-treated human primary macro-
phages, and this miRNA decreased levels of IL-1β, IL-6 and 
TNF-α pro-inflammatory cytokines in the supernatants of 
M1-stimulated macrophages in vitro. Moreover, miR-195 
inhibited the capacity of M1 macrophages to promote 
VSMC migration to the lesion area, where they become 
lipid loaded foam cells.23 

Transformation of VSMC into foam cells remains to be 
studied in detail. Unlike skeletal or heart SMCs, VSCMs 
retain a high degree of dedifferentiation potential and 
plasticity and can be transformed from a  contractile to 
a  synthetic type. This shift is known as SMC phenotypic 
modulation or switching, typical for SMCs accumulating 
in the intima during the formation of atherosclerotic le-
sions. Under these conditions, SMCs acquire macrophage-
-like phenotype and express both α-SMA and CD68, 
which is typical for macrophages and indicates the ability 
to phagocytosis.24  

In VSMCs, oxLDL exhibits a dual biological effect: mo-
derate concentrations of mildly oxidized LDL are pro-in-
flammatory and trigger cell migration and proliferation, 
while higher concentrations induce cell growth arrest 
and apoptosis. It is likely that VSMCs are converted to ma-
crophages upon cholesterol loading by increase of KLF4 
followed by downregulation of miR-143/145/SRF/MYOCD 
complex.48 Besides, VSMCs can acquire pro-inflammatory 
cell phenotype and release inflammatory cytokines, inclu-
ding IL-1β, IL-6 and MCP-1 and express inflammatory mo-
lecules, such as ICAM-1 and VCAM-1.50–54 Moreover, they 
were shown to release related to plaque vulnerability 
MMP-9 upon loading with lipids.49 In atherosclerotic pla-
que, ICAM-1 is also upregulated on the surface of VSMCs 

and promotes adhesion to monocyte/macrophages and 
T cells.15 Recently, a  role of CXCL12/CXCR4 chemokine 
ligand/receptor axis in VSMC fate was demonstrated in 
apolipoprotein E-deficient mouse model of atherosclero-
sis. It was shown that CXCR4 deficiency favored a synthetic 
phenotype of arterial VSMCs in the lesions and impaired 
cholesterol efflux.25 The transmembrane orphan receptor 
endosialin (CD248) – a marker of activated VSMCs – may 
also display functional involvement in the pathogenesis 
of atherosclerosis by regulating the pro-inflammatory 
phenotype of VSMC in vitro and in vivo.26 

LDL uptake, metabolism and efflux in foam cells

LDL uptake
Expression of scavenger receptors regulating lipid uptake 
plays an important role in foam cell formation and the 
subsequent atherosclerotic plaque development. Both 
macrophages and VSMCs express scavenger receptors 
mediating mLDL uptake. The most studied among them 
are SR-A1, CD36, LOX-1, CD68 ncreased expression of sca-
venger receptors is generally associated with enhanced 
mLDL uptake.

Expression of scavenger receptors is dependent on va-
rious signaling pathways. For instance, JNK activation and 
corresponding upregulation of CD14 and SR-AI pathway 
mediates LPS-induced oxLDL uptake. Upon activation, 
JNK is translocated into the nucleus, where it phospho-
rylates c-Jun and triggers the target gene transcription. 
Jun and Fos are family members of the transcription fac-
tor activator protein-1 (AP1), which is critical for expre-
ssion of CD14 and SR-AI.27 It was shown that CD36 expre-
ssion is positively regulated by Wnt5a signaling both in 
human carotid atherosclerotic tissue and THP-1-derived 
macrophages.28 Inhibition of this signaling pathway pre-
vented lipid accumulation and CD36 up-regulation. Non-
-coding RNA also affects scavenger receptors expression. 
For instance, oxLDL upregulates the expression of long 
non-coding RNA MALAT1 in THP-1-derived macrophages 
through the NF-κB pathway. Under the oxLDL treatment, 
MALAT1 recruits β-catenin to binding sites on the CD36 
promoter, inducing CD36 expression.29 Liver kinase B1 
(LKB1) – a serine/threonine kinase and tumor suppressor 
– phosphorylates SR-A resulting in its lysosome degradati-
on. In macrophages exposed to oxLDL, LKB1 expression is 
downregulated favoring the expression of SRA and mLDL 
uptake.30 

Recently, a  novel link between vascular lipid uptake 
and inflammation via miRNA regulation was demonstra-
ted. It was shown that in VSMCs, anti-inflammatory IL-19 
induces the expression of miR133a, a  muscle-specific  
miRNA, which in turn reduces lipid accumulation. This 
miRNA targets and reduces mRNA of LDL-R adaptor pro-
tein 1, (LDLRAP1), an adaptor protein which functions to 
internalize the LDL-R, thereby lowering LDL uptake.31

Lipid metabolism in foam cells 
In macrophages, LDL particles are digested in the lyso-
somes by lysosomal acid lipase (LAL) to release free cho-
lesterol and fatty acids. Loss-of-function mutations in LAL 
gene are associated with Wolman disease, a  rare auto-
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somal recessive cholesterol fatty acid esters (CE) storage 
disease and accelerated atherosclerosis.32 In the endo-
plasmic reticulum (ER), free cholesterol can then be re-
-esterified to CE, which is stored in the lipid droplets of 
foam cells. CE synthesis is catalyzed by acetyl coenzyme 
A: cholesterol acyltransferase (ACAT) isoenzymes: ACAT1 
and ACAT2, encoded by the SOAT1 and SOAT2 (sterol 
O-acyltransferase) genes, respectively. Unlike ACAT1, 
which is widely expressed in different tissues, distribution 
of ACAT2 is almost exclusively restricted to the intestinal 
epithelial cells and hepatocytes. Though therapeutic tar-
geting of ACAT1 (SOAT1) seems an option, it was shown 
that inhibition of ACAT1 leads to significant accumulati-
on of cholesterol in the ER.33

Alternatively, CE can be hydrolyzed by enzymes co-
llectively named as neutral CE hydrolases (hormone-sen-
sitive lipase [HSL]; carboxylesterase 1 [CEH or CES1] and 
neutral cholesterol ester hydrolase 1 [NCEH1]) and LAL. 

Accumulation of cellular cholesterol leads to activation 
of several transcription factors, including the liver X re-
ceptors (LXRs), the retinoid x receptor (Rxr) and members 
of the peroxisome proliferator-activated receptor (PPAR) 
family, such as PPAR-α and PPAR-γ.34 Lxr and Rxr form he-
terodimers and stimulate the expression of the ATP-bin-
ding cassette subfamily A member 1 (ABCA1) and ABCG1 
that regulate free cholesterol efflux (reverse transport) to 
poorly lipidated ApoA-I  apolipoproteins and to mature 
HDL, correspondingly. Passive efflux of free cholesterol 
is also occurring via simple diffusion or SR-BI-mediated 
pathway. Reverse cholesterol transfer (RCT) is a process 
through which excess cholesterol from peripheral cells and 
tissues returns to the liver for excretion and is considered 
anti-atherosclerotic.35 Cholesterol efflux by macrophages 
is the first step of RCT that occurs in the atherosclerotic 
blood vessel wall. Therefore, its components are conside-
red promising therapeutic targets.35–37 Neutrophil elastase 
(NE) – a serine proteinase – suppresses cholesterol efflux 
in vitro and in vivo by enhancing degradation of ABCA1 
protein. Its deficiency leads to increased ABCA1 protein 
level and less lipid loading in macrophages from mice 
fed on high fat diet aortas. Therefore, inhibition of NE 
may represent a potential therapeutic approach to treat 
cardiovascular diseases.38 Proprotein convertase subtilisin/
kexin type 9 (PCSK9) inhibits ABCA1-mediated cholesterol 
efflux induced by LXR/RXR agonists in mouse peritoneal 
macrophages and in acetylated LDL-treated macrophages 
with a reduction of ABCA1 protein expression.39

In bone marrow-derived macrophages, MC1-R activa-
tion by α-melanocyte-stimulating hormone and selecti-
ve MC1-R agonists upregulates the levels of ABCA1 and 
ABCG1, enhances cholesterol efflux and reduces cell sur-
face CD36 expression. These findings were supported by 
in vivo data.40 Role of MCR-1 in prevention of atheroscle-
rosis was further supported by results of in vivo study in 
mice deficient in apolipoprotein E, carrying dysfunctional 
MC1-R and put on a high-fat diet.41

Scavenger receptor class B type I  (SR-BI) is known as 
a receptor for HDL. Loss of SR-B1 impairs the uptake of 
HDL lipids leading to inability of HDL to promote chole-
sterol efflux and prevent inflammation.42 

Using bioinformatic predictions and luciferase reporter 
assays the association between miR-24 and the SR-BI 3’ 

untranslated region (3’ UTR) was detected. miR-24 direct-
ly repressed SR-BI expression by targeting its 3’UTR.43

In human and animal cell lines, toll-like receptor 2 
(TLR2) reduced ABCA1, ABCG1 and SR-B1 expression at 
the transcriptional and translational levels in a dose-de-
pendent manner. TLR2 may be involved in the activation 
of cholesterol efflux in macrophages by regulating the 
NF-κB signaling pathway.44 

Recently it was suggested that restoration of auto-
phagy via modulation of thermosensitive cation channel 
transient receptor potential vanilloid subfamily 1 (TRPV1) 
can be a  possible approach for cell protection against 
atherosclerosis.47 It was demonstrated that coupling of 
copper sulfide (CuS) nanoparticles to antibodies targe-
ting TRPV1 act as a photothermal switch for TRPV1 sig-
naling: upon irradiation and local increases of tempera-
ture, TRPV1 channel was opened, which was followed 
by Ca2+-AMPK signaling pathway activation and ABCA1-
-dependent cholesterol efflux. These processes appeared 
to restore autophagy and impede foam cell formation in 
VSMCs treated with oxLDL in vitro and attenuate athe-
rosclerotic lesion development in ApoE−/− mice.

Foam cell lipid droplets also contain triacylglycerol 
and phosphatidylcholine which are produced in the gly-
cerolipid synthesis pathway. This pathway contributes to 
foam cell formation and includes four enzymatic steps in 
which glycerol-3-phosphate is converted into triacylglyce-
rol or phosphatidylcholine at the endoplasmic reticulum. 
Glycerolipid synthesis pathway influences mLDL-elicited 
pro-inflammatory responses. Lipin-1 is a  key regulatory 
enzyme in the glycerolipid synthetic pathway with both 
enzymatic phosphatidic acid phosphatase activity and 
transcriptional cofactor activity. It was demonstrated that 
loss of myeloid-associated lipin-1 enzymatic activity re-
sults in reduced atherosclerosis in mice fed with high-fat 
diet for 8 and 12 weeks. Lipin-1 enzymatic activity contri-
butes to foam cell formation and regulates a diacylgly-
cerol-dependent signaling cascade resulting in persistent 
AP-1 activation in response to mLDL. In turn, activation 
of AP-1 primes the macrophage to be hyperresponsive to 
lipopolysaccharide-induced TNF-α production. It was de-
monstrated that stimulation of macrophages with both 
oxLDL and acetylated LDL results in sustained phospho-
rylation of the PKCα/βII–ERK1/2–cJun pathway up to 48 
hours. It is likely that oxLDL elicits persistent diacylglyce-
rol generation that leads to AP-1 activation via a PKCα/
βII– ERK1/2–cJun signaling axis in macrophages.45

Using liposomes containing particular acyl chains 
(phosphatidylserine [PS] liposomes containing phosphati-
dylcholine and cholesterol) the effect of various acyl cha-
ins on foam cell development was examined. It was disco-
vered that unsaturated (C18:1), but not saturated (C16:0 
and C18:0), PS liposomes induced lipid droplet formation, 
indicative of foam cell phenotype. These results sugges-
ted that the acyl chain preference of macrophages could 
have some impact on their progression to foam cells.46

Conclusion

Atherosclerosis is associated with impaired cholesterol 
metabolism in foam cells: cholesterol uptake is increased 
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due to endothelial leakage and scavenger receptor upre-
gulation while cholesterol efflux is downregulated. It 
is now accepted that both VSCM and macrophages can 
be converted to foam cells under the conditions exis-
ting in atherosclerotic lesions, hence increased LDL and 
mLDL presence and local inflammation. Different signa-
ling pathways participate in foam cell formation and are 
a subject of ongoing studies. Further studies are needed 
to search for novel molecular targets for atherosclerosis 
treatment.
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