The Indonesian Biomedical Journal, Vol.4, No.2, August 2012, p.73-83

REVIEW ARTICLE

Print ISSN: 2085-3297, Online ISSN: 2355-9179

Inflammation and Atherosclerosis: Current Pathogenesis

Anna Meiliana'?* and Andi Wijaya'?

'Post Graduate Program in Clinical Biochemistry, Hasanuddin University, JI. Perintis Kemerdekaan Km.10. Makassar, Indonesia
?Prodia Clinical Laboratory, JI. Cisangkuy No.2, Bandung, Indonesia
*Correspondence: Prodia Clinical Laboratory, JI. Cisangkuy No.2, Bandung, Indonesia
e-mail: anna_m@prodia.co.id

Abstract

Abstrak

atherosclerosis is well established but the agent(s)
that incite inflammation in the artery wall remain
largely unknown.

BACKGROUND: The inflammatory nature of

CONTENT: Chronic inflammation is recognized as
a major driving force in atherogenesis. The sites of
atherosclerotic plaque development in the arterial wall are
characterized by cholesterol accumulation and infiltration
of peripheral blood monocytes, which gradually
differentiate into macrophages. Cholesterol crystals, the
common constituents of atherosclerotic lesions, induce
NLRP3 inflammasome activation and IL-13 secretion in
human macrophages, promote an inflammatory milieu
and thus drive lesion progression. Consequently, the
cholesterol crystal-induced inflammasome activation
may represent an important link between cholesterol
metabolism and inflammation in atherosclerotic lesions.

SUMMARY: The crystalline cholesterol acts as
an endogenous danger signal and its deposition in
arteries or elsewhere is an early cause rather than a late
consequence of inflammation. The cholesterol crystal-
induced inflammasome activation in macrophages
may represent an important link between cholesterol
metabolism and inflammation in atherosclerotic lesions.
This finding provides new insights into the pathogenesis

aterosklerosis merupakan hal yang sudah terbukti,
tetapi pemicu terjadinya inflamasi pada dinding
arteri masih belum jelas.

LATAR BELAKANG: Proses Inflamasi pada

ISI: Inflamasi kronik merupakan faktor pemicu
aterogenesis. Pembentukan plak pada dinding arteri
ditandai dengan adanya akumulasi kolesterol dan
infiltrasi monosit darah perifer, yang selanjutnya akan
berdiferensiasi menjadi makrofag. Kristal kolesterol,
unsur yang paling banyak ditemukan pada lesi
aterosklerosis, dapat menginduksi aktivasi inflamasom
NLRP3 dan sekresi IL-1p pada makrofag. Hal ini dapat
memicu terjadinya inflamasi sehingga memperburuk
lesi. Jadi, aktivasi inflamasom oleh kristal kolesterol
dapat dikatakan sebagai penghubung antara metabolism
kolesterol dan inflamasi pada lesi aterosklerosis.

RINGKASAN: Kristal kolesterol dapat berperan sebagai
signal berbahaya endoge, dan penumpukan Kristal
kolesterol pada dinding arteri atau dimanapun merupakan
penyebab awal, bukan konsekuensi akhir inflamasi.
Aktivasi inflamasom pada makrofag oleh kristal kolesterol
merupakan penghubung antara metabolisme kolesterol
dan inflamasi pada lesi aterosklerosis.
ini merupakan paradigma baru tentang pathogenesis
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of atherosclerosis and indicates new potential molecular
targets for the therapy of this disease.
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aterosklerosis dan memberi ide baru untuk pengembangan
target terapi molekuler pada aterosklerosis.
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Introduction

Atherosclerosis is a chronic disease of the arterial wall
and a leading cause of death and loss of productive lives
worldwide. Research into the disease has led to many
compelling hypotheses about the pathophysiology of
atherosclerotic lesion formation and of complications
such as myocardial infarction and stroke. Despite these
advances, however, we still lack definitive evidence
to show that processes such as lipoprotein oxidation,
inflammation and immunity have a crucial involvement in
human atherosclerosis (1).

The underlying pathogenesis involves an imbalanced
lipid metabolism and a maladaptive immune response
entailing a chronic inflammation of the arterial wall. The
disturbed equilibrium of lipid accumulation, immune
responses and their clearance is shaped by leukocyte
trafficking and homeostasis governed by chemokines
and their receptors. New pro and anti-inflammatory
pathways linking lipid and inflammation biology have
been discovered, and genetic profiling studies have
unveiled variations involved in human CAD. The
growing understanding of the inflammatory processes
and mediators has uncovered an intriguing diversity
of targetable mechanisms that can be exploited to
complement lipid-lowering therapies (2).

Lipids have a central role in the pathogenesis of
plaques, but the mechanistic links between lipids and
atherogenesis remain unclear. Observational data support a
strong association between plasma lipid concentration and
the risk of cardiovascular disease (3). LDL concentration
correlate with the risk of cardiovascular events in human
populations and augment individual susceptibility to
atherosclerosis and its complications. Several interventions
to lower LDL concentration by independent mechanisms
diminish the likelihood of atherosclerotic events.

But, even in patients treated with statins a considerable
residual burden of cardiovascular risk remains (4). More

than 20% of patients have a recurrent event within 30
months after acute coronary syndrome, despite a high-
dose statin treatment (5).

Consistent evidence has shown that concentrations of
high-density lipoprotein (HDL) correlate inversely with
cardiovascular risk. Numerous methods of approach to
increase HDL already exist or are still in development.
Because of the heterogeneity in HDL particles, the
complicated pathways of cholesterol flux mediated by HDL
and the association of HDL with many proteins that may
modify atherosclerosis, the steady-state concentrations of
HDL cholesterol in the blood reflect HDL function poorly.
HDL not only can mediate reverse cholesterol transport,
but it can also exert anti-inflammatory actions both in
vitro and in vive (6). HDL particles associate with dozens
of proteins, many of which have biological activities
relevant to atherogenesis (7).

A unifying view of the pathophysiology of
atherosclerosis has proposed that inflammation has a
key role in or transduces the effects of many known
risk factors for the disease (8,9). Inflammatory signaling
alters the behavior of the intrinsic cells of the artery
wall (endothelium and smooth muscle) and recruits
further inflammatory cells that interact to promote lesion
formation and complications.

The application of biomarkers of inflammatory
status such as C-reactive protein (CRP) has lent clinical
credence to this concept, but not without controversy.
The association of inflammatory biomarkers with
future risk of atherosclerotic complications does not
demonstrate causality. Although both experimental and
clinical evidence may have convinced some workers, the
intriguing question about which comes first and which
comes next regarding the causality, remains unresolved.

Polymorphonuclear leukocytes (neutrophils) have
been detected in aortic fatty-streak lesions of primates and
have been correlated with CAD incidence and severity
(10). Notably, hyperlipidemia triggers neutrophilia by
stimulating granulopoiesis and bone marrow egress,
which involves elevated CXCL] plasma concentrations,
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while the number of circulating neutrophils correlates
closely with the plaque size (11).

Foam cell formation involves phagocytosis of
matrix-retained lipoproteins and fluid-phase pinocytosis
of aggregated lipoproteins by macrophages (12),
but substantial evidence also suggests that oxidative
modification of subendothelially accumulated LDL triggers
the inflammatory process underlying atherosclerosis.

An intriguing finding is the presence of small
cholesterol crystals in human and mouse atherosclerotic
lesions. The crystals appear simultaneously with lesion
macrophages and accumulate in subendothelial and
necrotic areas and promote atherogenesis by activating the
NLRP3 inflammasome, a Pattern Recognition Receptor
(PRR) platform mediating IL~1( secretion (via caspase-1)
and neutrophil recruitment (13,14). Thus, the interference
with cholesterol crystal formation or inflammasome
activation may become an effective therapeutic strategy
for preventing atherogenesis under defined conditions.

Inflammation in Atherosclerosis

The term inflammation comes from the Latin word
inflammare, which means to set on fire, acknowledging
one of the four cardinal signs of inflammation first
recognized by Celsus almost 2000 years ago (15), which
has been memorized by many generations of medical
students ever since. Much has changed since these early
observations, yet the important themes persist. We now
recognize inflammation as a set of interrelated processes
and intersecting mechanistic pathways rather than solely
a constellation of signs and symptoms (16). In recent
years, researches have unraveled a remarkable and
complex series of molecular mechanisms constituting the
inflammatory response.

Our understanding of atherosclerosis has progressed
remarkably over the past few years. The discovery of
subsets of inflammatory and resident monocytes, M1
and M2 macrophages, NKT cells, and Tregs opened new
perspectives on the role of inflammation and immune
responses in atherosclerosis. New data suggest an
important role of chemokine and chemokine receptors in
atherosclerosis and highlight a network of cytokines that
modulate the immune response and inflammation in the
aortic wall. All phases of atherosclerosis are regulated
by inflammatory mechanisms that provide overlapping
networks of pathways involved in the regulation of
immune cell functions, activation of endothelium, and
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alteration of metabolic parameters. Increasing evidence
suggests that components of the immune system may alter
lipid metabolism and thus affect atherosclerosis in yet
another way (17).

Atherosclerosis is an inflammatory disease with a
strong involvement of innate immunity. It relies on a set of
PRRs for detection and clearance of harmful material and
included among these are Toll-like receptors (TLRs) and
cytoplasmic Nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs). These groups of receptor
recognize diverse molecular structures called pathogen-
associated molecular patterns (PAMPs), ranging from
lipids and proteins to nucleic acids that are common to
many microorganisms (18).

Tissue damage can also trigger a process of sterile
inflammation, which was originally proposed by Matzinger
(19) almost two decades ago. Her ‘danger model’ indicates
that endogenous damage-associated molecular patterns
(DAMPs) created during tissue injury can alert our body
defence toward impending dangers by activating PRRs in
the absence of pathogens. Some DAMPs are intracellular
molecules that are released into the extracellular milieu
as a result of necrosis and become danger signals that
activate immune cells and vascular endothelium. In the
context of atherosclerosis, a growing body of evidence
infers modified LDL as the primary DAMP (20).

It is clear that oxidation-modified LDL induces
inflammatory responses via activation of TLRs, but
which exact ligand drives the response and which specific
signaling mechanisms play role in the process, are yet
to be identified. NLR inflammasome-mediated innate
immune signaling may have a key role in the development
of atherosclerosis.

Studies of LDL-derived bioactive components
have shown phospholipids and cholesterol crystals as
danger signals that trigger oxidative stress, inflammatory
responses via activation of TLR, and NLRP3 inflam-
masome pathways, respectively. However, LDL particles
may also yield additional protein-based DAMPs rather
than the defined lipid derivatives, given the observation
that atherosclerosis develops strong antibody responses
against certain ApoB fragments (21). These recent
findings provide new avenues for understanding of the
etiology and therapy of atherosclerosis, which is currently
a global pandemic.

Together, these findings establish a broad implication
of inflammasome in the pathogenesis of cardiovascular
diseases. It is interesting to question whether NLRP3
inflammasome and IL-1f signaling can be translated as
targets of therapy for atherosclerosis.
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Neutrophils in Atherosclerosis

The paradigm of atherosclerosis as a chronic inflammatory
condition gained further traction as chemokines
responsible for monocyte and lymphocyte trafficking
were found to regulate atherosclerosis (8). In addition,
tantalizing indirect evidence has also emerged about
implication of neutrophils in the initiation, progression,
and complications of atherosclerosis (22).
Atherosclerosis is a chronic inflammation of the
arterial vessel wall with relatively well-defined roles
of leukocytes such as macrophages and lymphocytes.
Recent studies, however, have shown that neutrophils
infiltrate atherosclerotic lesions at various time points
(2,11,23-25) and depletion studies provide evidence for
a proatherogenic role of neutrophils (11,26). Much of the
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neutrophil-dependent proinflammatory activity can be
attributed to the release of preformed granule proteins,
which are discharged into the surroundings of activated
neutrophils (27-29).

Neutrophils contain granules with more than 300
different proteins that undergo limited exocytosis on
neutrophil extravasation (30). Some of these proteins are
able to activate and recruit immune cells and thus have
been coined alarmins (31). Cathelicidins (CRAMP in
mouse, LL37 in humans) residing in neutrophil secondary
granules were shown to potently activate and recruit
monocytes and macrophages (32,33), thus fulfilling
alarmin criteria. Expression of granule proteins such as
azurocidin, LL-37, a-defensins, and NGAL is largely
restricted to neutrophils (28). Interestingly, all of these
granule proteins were identified by immunohistochemistry
in human atherosclerotic lesions (34-37), suggesting that
these proteins might be footprints of neutrophils.
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Figure 1. The inflammatory basis of atherosclerosis (adapted with
permission from Simon DI et al, American Heart Association Inc. 2012).
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Azurocidin stimulates endothelial protein kinase
C (38), which may explain the enhanced expression of
vascular cell adhesion molecule-1 and the intercellular
adhesion molecule-1 and subsequent adhesion of
human monocytes (39). Similarly, proteinase-3 induces
expression of these 2 cell adhesion molecules resulting
in enhanced adhesion of neutrophils and monocytes
to isolated endothelial cells (40). Proteinase-3 also
stimulates endothelial expression of CCL-2 (40), thus
providing an alternative mechanism of stimulating
monocyte recruitment. Similarly, neutrophil-derived
o-defensins also enhance chemokine and cell adhesion
molecule expression (41). Furthermore, ¢-defensins
aggravate endothelial dysfunction by increased radical
production and reduction in nitric oxide availability (42).
Besides granule proteins, neutrophil-derived cytokines
were also recently found to enhance expression of cell
adhesion molecules and, consequently, promote adhesion
of monocytes (43).

Recent data from mouse models of atherosclerosis
indicate that neutrophils accumulate in large arteries soon
after the beginning of high-fat diet feeding (11,26,44).
Lesion sizes correlate positively with circulating
neutrophils counts, and depletion of neutrophils with
subsequent reduction in lesion sizes provide conclusive
evidence for the role of neutrophils at the early time points
of atherosclerosis (11).

In addition, alterations in neutrophil phenotype
and homeostasis in response to primary risk factors of
atherosclerosis in humans paralleling observations on
mouse models (45) suggest that neutrophils may also play
important role in the early phases of human atherosclerosis.

Granule proteins, however, not only are localized in
atherosclerotic lesions, but also secreted into the plasma
in neutrophil activation. Hence, several proteins typically
expressed and released by neutrophils have emerged as
possible biomarkers. MPO, for example, is abundantly
expressed in neutrophil primary granules and partially
released in neutrophil activation. Through its catalytic
activity, MPO contributes to radical formation and
subsequently promotes formation of oxidized low-density
lipoprotein (46).

Similarly, MMP-2 and MMP-9, which are abundant
in neutrophil secondary and tertiary granules, were found
to be elevated in patients with acute coronary syndrome
(47). Because neutrophils contain large amount of matrix-
degrading proteases, produce vast amounts of oxygen
species, and rapidly undergo apoptosis, it is very likely
that neutrophils promote plaque rupture or erosion (48).

Results of recent studies have suggested the existence
of neutrophil activation during atherosclerosis and
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continuous recruitment of neutrophils at various stages of
atherosclerosis; therefore laying the basis for investigating
the mechanisms by which neutrophils contribute to the
formation of atherosclerotic lesions (24).

Macrophages in Atherosclerosis

Monocytes, macrophages, and dendritic cells are key
cells in the initiation and progression of atherosclerosis.
Vascular inflammation is associated with and, in a large
part driven by, changes in the leukocyte compartment
of the vessel wall. Although the arterial wall contains a
large number of resident macrophages and some resident
dendritic cells, atherosclerosis drives a rapid influx of
inflammatory monocytes (Ly-6C* in mice) and other
monocytes (Ly-6C* in mice, also known as patrolling
monocytes). Once present in the vessel wall, Ly-6C+
monocytes differentiate to a phenotype consistent with
inflammatory macrophages and inflammatory dendritic
cells (49). The phenotype of these cells is modulated by
lipid uptake, Toll-like receptor ligands, hematopoietic
growth factors, cytokines, and chemokines. In addition to
the newly recruited macrophages, it is likely that resident
macrophages also change their phenotype. Monocyte-
derived inflammatory macrophages have a short half-life.
After undergoing apoptosis, they may be taken up by
surrounding macrophages or, if the phagocytic capacity
i1s overwhelmed, can undergo secondary necrosis, a key
event in forming the necrotic core of atherosclerotic
lesions (50).

The key early inflammatory response to retained apoB-
LPs, which may be enhanced by oxidative modification
of the LPs, is activation of overlying endothelial cells
in a manner that leads to recruitment of blood-borne
monocytes (51.52). Activated endothelial cells secrete
chemoattractants, or ‘“chemokines,” that interact with
cognate chemokine receptors on monocytes and promote
directional migration.

Driven by macrophage colony-stimulating factor
(M-CSF) and probably by other differentiation factors,
the majority of monocytes in early atherosclerotic lesions
become cells with macrophage- and/or dendritic cell-
like features (53,54). There has been great interest in
macrophage heterogeneity in atherosclerotic lesions,
particularly regarding macrophages involved in
proinflammatory processes (M1) versus those involved in
resolution and repair (M2).
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Diversity and plasticity are hallmarks of the
monocyte — macrophage system (54-60), which are
reflected in plaque formation and evolution. Different
monocyte subsets, which differentially contribute to
plaque infiltration and to atherosclerosis complications,
have been identified. Similarly, depending on different
environmental signals plaque-associated macrophages
can express polarized pro- and antiatherogenic programs
by influencing lipid metabolism, inflammatory responses,
and plaque stability. Thus, a “macrophage balance” plays
a major role in the pathogenesis of atherosclerotic plaques
and affects evolution and complications of atherosclerosis
(61).

Even at the very early stages of atherogenesis, many
macrophages and dendritic-like cells have membrane-
bound lipid droplets in the cytoplasm. These lipid-loaded
cells are called ““foam cells,” and their formation begins
when phagocytes ingest and process apoB-LPs. Early

PRO- b
IHFLAHMATGRI}_.

o~

RANTES @ | ASL
MiFP-10 &

ANTI-

Inflammation and Atherosclerosis (Meiliana A, et al.)
Indones Biomed J. 2012; 4(2): 73-83

work suggested that uptake of oxidized LDL occurs
via scavenger receptors, notably the type A scavenger
receptor (SRA) and a member of the type B family,
CD36 (62). However, recent gene-targeting studies in
apolipoprotein E (ApoE-deficient mice), indicate that
additional mechanisms of foam cell formation are also
operational in atherosclerosis (63,64). In vitro work
suggests plausible mechanisms including phagocytosis
of matrix-retained and aggregated LPs and fluid phase
pinocytosis of nonretained native LDL (65,66).

Once ingested, the cholesteryl esters of the LPs
are hydrolyzed in late endosomes to cholesterol, often
referred to as free cholesterol, and fatty acids (67,68).
Late endosomal free cholesterol is trafficked to peripheral
cellular sites by poorly understood mechanisms involving
the late endosomal proteins NPC1 and NPC2 and the lipid
lysobisphosphatidic acid. Recent work also points to a
possible role of the ABC transporter protein ABCGI in

Figure 2. Signaling pathways in macrophages of atherosclerotic lesions
(adapted with permission from Moore KJ et al, Cell Press 2011),
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this process (68). Free cholesterol released from lysosomes
and from rehydrolyzed cholesteryl ester droplets can also
traffic to the plasma membrane and thus be available for
efflux out of the cell (69,70). Cholesterol efflux is thought
to be a major process involved in plaque regression when
hypercholesterolemia is reversed.

A key component of the chronic inflammation
characteristics of the atherosclerotic plaque is a persistent
influx of mononuclear phagocytes, which are the major
leukocyte population present in atherosclerotic lesions
(71,72). Here they ingest lipoprotein particles and give
rise to foam cells and contribute to atherogenic process
by regulating lipid metabolism and orchestrating
inflammatory responses (17,73). In particular, they
contribute to evolution of the plaque by secreting
cytokines and reactive oxygen species, and play a major
role in weakening and destabilization of the fibrous cap by
releasing proteases (71).

A fascinating new area is the role of macrophage
inflammasome signaling in atherosclerosis (Figure 2).
When macrophages are exposed to crystalline material, IL-
1f and IL-18 protein maturation and secretion are effected
through an inflammasome complex involving multiple
proteins, notably NLRP3, ASC, and caspase-1 (13,14).
Cholesterol crystals have been shown to exist even in
early atherosclerotic lesions. Cholesterol crystal-induced
macrophage inflammation involves phagolysosomal
disruption, inflammasome components, and the lysosomal
proteases cathepsin B and cathepsin L (13,14).

Macrophages alter their phenotype and biological
function in response to plaque lipids through the
upregulation of specific sets of genes. Interaction of
oxidized lipids with pattern recognition receptors
and activation of the inflammasome by cholesterol
crystals drive macrophages toward an inflammatory
M1 phenotype. A new phenotype, Mox, develops when
oxidized phospholipids activate stress response genes via
Nrf2. Other lipid mediators such as nitrosylated-fatty acids
and omega-3 fatty acid-derived products polarize plaque
macrophages toward anti-inflammatory and proresolving
phenotypes (74). Subpopulations of proinflammatory and
anti-inflammatory macrophages were identified in human
lesions (75,76) and in advanced atherosclerotic lesions
of low density lipoprotein receptor (LDL-R) null mice,
where the relative abundance of macrophage phenotypes
was found to be 40% M1, 30% Mox, and 20% M2 (77).

In summary, there is substantial evidence that
plaque pathogenesis and evolution are influenced by
macrophage activation and polarization, and M1- and M2-
like macrophages coexisting in human atheromas (76).
Plaque-associated macrophages can express diverse pro-
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and antiatherogenic functions, and the balance of these
different activation profiles influences atheroma evolution
and outcome.

Endoplasmic Reticulum in
Atherosclerosis

In recent years, considerable evidence has shown that
inflammation within the cardiovascular system is linked
to endoplasmic reticulum (ER) stress and unfolded
protein response (UPR), which alters gene expression and
translational programs to overcome stressful conditions
and restore ER homeostasis (78-81). Recent evidence
suggests that ER stress is a key factor in inflammatory
response and a potential mediator of inflammation in
cardiovascular disease (82-84).

Prolonged activation of the ER stress pathway known
as the UPR can lead to cell pathology and subsequent
tissue dysfunction. There is now ample evidence that the
UPR is chronically activated in atherosclerotic lesional
cells, particularly advanced lesional macrophages and
endothelial cells. The stressors in advanced lesions that
can lead to prolonged activation of the UPR include
oxidative stress, oxysterols, and high concentrations of
intracellular cholesterol and saturated fatty acids (85). In
the macrophages, prolonged ER stress triggers apoplosis,
which in turn leads to plaque necrosis if the apoptotic cells
are not rapidly cleared. ER stress—induced endothelial
cell apoptosis may also contribute to plaque progression.
Another potentially important proatherogenic effect
of prolonged ER stress is activation of inflammatory
pathways in macrophages and, perhaps in response to
atheroprone shear stress, endothelial cells (85).

In advanced lesions, ER stress is prominent in
macrophages and can lead to inflammation and apoptosis
in these cells. When apoptotic macrophages are not
rapidly cleared by neighboring phagocytes, they become
secondarily necrotic and lead to the generation of necrotic
core, a key feature of clinically dangerous plaques. ER
stress in advanced lesions may also cause the death of
ECs, which may further amplify plaque progression and
disruption, and cell death of smooth muscle cells, which
may contribute to thinning of the protective fibrous cap
(85).

Inflammatory pathways and ER stress are integrated
also through the intracellular calcium and the generation
of ROS (79,83) Nitric oxide (NO) synthesized by
inducible NO synthase (iNOS) in inflammatory cells can
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activate ER stress signaling pathways through disturbance
of ER Ca™ homeostasis, or enhancing ROS generation,
or inhibiting protein disulfide isomerase (PDI) by NO-
induced S-nitrosylation (84). Thus, ER stress is an
important component of chronic inflammation, which
plays a critical role in the development of atherosclerosis.

NLRP3 Inflammasomes

The innate immune system relies on its capacity to rapidly
detect invading pathogenic microbes as foreign and to
eliminate them. The discovery of Toll-like receptors
(TLRs) provided a class of membrane receptors that sense
extracellular microbes and trigger antipathogen signaling
cascades. More recently, intracellular microbial sensors
have been identified, including NOD-like receptors
(NLRs). Some of the NLRs also sense nonmicrobial
danger signals and form large cytoplasmic complexes
called inflammasomes that link the sensing of microbial
products and metabolic stress to the proteolytic activation
of the proinflammatory cytokines IL-1f3 and IL-18 (86).

Matzinger (87,88) has suggested that the activation
of the innate immune system is not only based on the
recognition of PAMPs, but it also relies on the presence
of danger signals or danger-associated molecular patterns
(DAMPs) released by injured cells. These two models
seem to be completely opposed, but several recent reports
have shown activation of innate immunity by the host
molecules. Mammalian dsDNA (89,90) and uric acid
crystals (89), among others, activate an inflammatory
response.

Inflammasomes are a group of protein complexes that
recognize a diverse set of inflammation-inducing stimuli
including PAMPs and DAMPs, and control the production
of important pro-inflammatory cytokines such as IL-1f3
and IL-18 (91,92). Furthermore, they have the ability
to regulate other important aspects of inflammation and
tissue repair such as pyroptosis, a form of cell death. IL-
1f3 is one of the quintessential pro-inflammatory cytokines
that broadly affects inflammatory processes (93). Tight
control of its production is therefore required at the
transcriptional and post- translational concentrations.
IL-1P is synthesized as a pro-protein without a typical
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signal sequence that would allow its secretion, and
instead its activation and cellular release are controlled
by cysteine protease caspase-1 (94). Similarly, caspase-1
is responsible for processing and secretion of IL-1 (95)
as well as the secretion of other proteins such as IL-1a
and fibroblast growth factor-2 through an unconventional
protein secretion pathway (95). Moreover, caspase-1 is
required for pyroptosis.

Crystal deposition diseases are a group of disorders
in which inflammatory damage is elicited by exposure
to exogenous or endogenous crystalline molecules.
Examples of exogenous activators are silica and asbestos,
whose endocytosis by pulmonary macrophages results
in NLRP3 inflammasome activation involving ROS and
lysosome destabilization, leading in turn to silicosis
and asbestosis, respectively (96,97). Similarly, aberrant
formation of crystals from endogenous molecules such
as monosodium urate (MSU) and calcium phosphate may
lead to NLRP3 inflammasome activation in macrophages.
Indeed, particular accumulation of MSU has long been
noted during gout, but only recently has it been shown that
NLRP3-deficient mice feature defective MSU-induced
neutrophil infiltration and inflammation (98). On the
basis of these findings, clinical trials have been started to
block IL-1f in gout; promising early results suggest that
aberrant inflammasome activation drives inflammation in
human crystal deposition disease.

The inflammatory nature of atherosclerosis is well
established, but the biological agents that trigger artery
wall inflammation remain largely unknown. Deposition
of cholesterol crystals in arterial vessels has long been
recognized as a pathognomonic feature of atherosclerosis
and; moreover, recent evidence suggests that they are
present at early stages of atherosclerotic lesions, coinciding
with the first appearance of inflammatory cells (13).
Similar to IAPP, cholesterol crystals activate the NLRP3
inflammasome through phagolysosome destabilization in
mmLDL-primed mouse and human macrophages (13).
LDL-receptor-deficient mice (prone to atherosclerosis)
reconstituted with bone marrow deficient in NLRP3, ASC
or IL-1a/p are markedly resistant to the development of
atherosclerosis, suggesting that NLRP3 inflammasome
activation and IL-1 secretion from the haematopoietic
compartment are key events in the early stages of the
disease (13). Thus, cholesterol crystals activate the NLRP3
inflammasome in human macrophages, indicating a novel
link between cholesterol metabolism and inflammation.
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Conclusions

Currently, many thousands of papers are available in
the literature confirming the cell-based mechanisms
and in vivo processes that enhance the progression of
atherosclerosis, which constitutes the leading cause of
death in the industrialized world. Chronic inflammation
of the arterial wall is a key element in the pathogenesis
of atherosclerosis. Cholesterol crystals are a common,
yet largely unexplored element present in atherosclerotic
lesions. The cholesterol crystal-induced secretion of IL-
1 was caspase-1-dependent, suggesting the involvement
of an inflammasome-mediated pathway. Silencing of
the NLRP3 receptor, the crucial component in NLRP3
inflammasome, completely abolishes crystal-induced IL-
1P secretion, thus identifying NLRP3 inflammasome as the
cholesterol crystal-responsive element in macrophages.

On the basis of these findings, therapeutic strategies
to reduce cholesterol crystals or block the inflammasome
pathway are predicted to have clinical benefits by
decreasing the initiation or progression of atherosclerosis.
In this context these findings also indicate novel molecular
targets for the development of therapeutics to treat this
disease.
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