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Preface

The purpose of this book is to shed light on of the role of cholesterol crystals (CCs) 
in atherosclerosis and other medical conditions by providing insight into how 
microscopic and macroscopic crystals can induce injury that is critical in the devel-
opment and progression of several common diseases.

Although it is hard to conceive that micron-sized structures can lead to direct and 
potentially catastrophic injury, it is helpful to reflect that when wheat seeds stored 
below deck in closed compartments are inadvertently dampened, they can expand 
and rupture the hull of solid steel ships leading to their rapid demise.1 Similarly, 
when a bottle of water is inadvertently forgotten in the freezer, the water that is 
converted to ice crystals will shatter the glass (Fig. 1). We have started with these 
dramatic examples of various capacity because they highlight how in the same way 
the dynamic process of CC formation, growth, and aggregation in cells and tissues 
especially in tight spaces can cause consequential microscopic and macroscopic 
injury wherever free cholesterol accumulates in the body. These fundamental physi-
cal principles are essential to understanding the process of plaque rupture.

Cholesterol crystals have been detected by pathologists using standard histo-
logic techniques for over 100 years. In fact, what pathologists actually saw were not 
true crystals, but imprints of empty spaces (clefts) that formed where the crystals 
were deposited in vivo, and then etched away ex vivo by lipid-dissolving agents 
used to process tissues for histology. Most histologists and pathologists were aware 
that this phenomenon was caused by ethanol that they used as a dehydrating agent 
during tissue preparation to ensure the tissues would become sufficiently stiffened 
to be trimmed by a microtome, mounted on a slide, stained, and then examined by 
light microscopy. To our knowledge no one ever ventured to change this method of 
tissue processing to determine how CCs formed or behaved in vivo, because the 
long- standing dogma was that CCs and clefts were mere artifacts of tissue 
preparation.

1 https://www.atlasobscura.com/articles/the-ship-wrecked-by-wheat-forgotten-on-the- 
california-shores.

https://www.atlasobscura.com/articles/the-ship-wrecked-by-wheat-forgotten-on-the-california-shores
https://www.atlasobscura.com/articles/the-ship-wrecked-by-wheat-forgotten-on-the-california-shores
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Fig. 1 A bottle filled with 
water left to freeze will 
shatter the glass by 
expanding ice crystals

Two subsequent advances changed that dogma. First, the advent of scanning 
electron microscopy and confocal fluorescence microscopy made it possible to per-
form imaging without using ethanol, which allowed CCs to be directly imaged for 
the first time. Second, studies examining how CCs form and grow under different 
physiochemical conditions led to the clear understanding that as cholesterol trans-
forms from a liquid to a solid it expands just as water expands when it crystallizes 
into ice.

Thus, it was reasoned that as liquid and semi-liquid cholesterol within the con-
fined space of a lipid-rich atherosclerotic plaque transforms into CCs, they would 
expand the core and stretch its cap causing it to thin and become vulnerable to direct 
puncture and rupture or erosion that in turn would lead to athero-thrombosis. 
Moreover, CC embolization can lead to further tissue injury by microvascular 

Preface



ix

occlusion or spasm with distal ischemic injury. Furthermore, it was subsequently 
proven that when CCs are “spilled” into the atherosclerotic bed in the plaque they 
can trigger acute and chronic inflammatory injury that promotes plaque growth and 
instability. This dynamic view of CCs led to the proposition that when they form and 
aggregate in atheroma, CCs act to drive the atherosclerotic process.

Interestingly, it now understood that there are similarities between atherosclero-
sis and other crystal-induced diseases such as gout, and that just as CCs induce 
vascular injury, they may play a similar role in other conditions ranging from can-
cer, diabetic retinopathy, degenerative valve disease, infective endocarditis, and 
even preeclampsia.

With the support of many of our colleagues who have also examined the role of 
CCs and other crystalloids in a range of diseases, the idea to write a book based 
upon our collective insights has finally been crystallized in this edition, which is 
divided into several parts.

Part I provides an overview of how the role of CCs was discovered and intro-
duces the central CC paradigm. Part II describes how CCs can be imaged in vitro 
and Part III describes how they can be imaged in vivo. Part IV summarizes how 
cholesterol is trafficked in the circulation and arterial wall, and how CCs form in the 
vascular endothelium. Part V examines how CC-induced trauma leads to myocar-
dial infarction, CC embolism, and sclerosis of heart valves. Part VI covers various 
aspects of CC-induced inflammation. Part VII highlights the potential role of CCs 
and other crystalloids in several diseases, touching on the common features of gout 
and atherosclerosis, vascular calcification, diabetic retinopathy, diseases of the cen-
tral nervous system, cancer, infection, and preeclampsia. Finally, Part VIII describes 
how it may be possible to reduce the consequences of CC-induced injury by either 
inhibiting their formation, dissolve them, or dampening various aspects of crystal-
induced inflammation.

In closing, we would like to thank our colleagues who have worked to advance 
this field of research and contribute to this edition. We trust it will serve as a refer-
ence for both clinicians and basic scientists to help guide their understanding of the 
role of crystals in a range of diseases including cardiovascular disease, cancer, gout, 
infection, diabetic retinopathy, and possibly other diseases yet to be formally inves-
tigated where free cholesterol accumulates, and CCs may form.

East Lansing, MI, USA George S. Abela  
Perth, WA, Australia  Stefan Mark Nidorf  
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Atherosclerosis as a Crystalloid Disease: 
The Discovery of the Role of Cholesterol 
Crystals in the Formation and Rupture 
of Atherosclerotic Plaques

Stefan Mark Nidorf, George S. Abela, and James E. Muller

1  Historical Views of the Mechanism of Plaque Rupture

The earliest recognition of atherothrombosis as the cause of myocardial infarction 
dates back to 1912 when Herrick found a thrombus in the coronary artery at autopsy 
of a man who had died suddenly following the onset of acute chest pain [1]. Herrick 
proffered that the thrombus he observed in the coronary artery was the cause of the 
man’s death, however, as thrombi were not commonly found in coronary arteries 
during routine autopsy most of his peers disagreed, believing the thrombus had 
likely developed post-mortem [2]. Thus, for most of the last century pathologists 
continued to hold the view that myocardial infarction was caused by coronary artery 
spasm or hemorrhage into a plaque due to “spontaneous” rupture of the vasa vaso-
rum rather than atherothrombosis [3, 4].

In 1963, Paris Constantinides, a pathologist in Vancouver Canada, demonstrated 
fissures (plaque ruptures) at the site of coronary artery thrombosis in patients dying 
from myocardial infarction [5]. Subsequently Michael Davis at St. George’s 
Hospital in London, United Kingdom, demonstrated that plaque ruptures typically 
occurred at the edge of the fibrous cap [6, 7]. Notably, these and other investigators 
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a b

Fig. 1 Preliminary description of plaque rupture. (a) Occlusive thrombus over a crack (arrow) at 
the left margin of an atheroma at the junction of the atheroma capsule with the original coronary 
wall. Some bleeding has occurred through the fissure into the left part of the atheroma. Mallory 
stain. (b) Thrombus over a wide gap in the capsule of an atheroma. Thrombus has developed over 
the exposed gruel. Mallory stain. (Reproduced with permission [5])

frequently observed large quantities of cholesterol crystals (CCs) extruding from 
ruptured plaques but made little or no reference to them as they were thought to be 
inert incidental post-mortem artefacts [8, 9] (Fig. 1).

It was not until 1980 when DeWood et  al. in Seattle, Washington, USA, per-
formed coronary angiography within hours after the onset of myocardial infarction 
and confirmed that in most instances thrombotic occlusion of the infarct related 
artery was common at bypass surgery [10] that research turned in earnest towards 
understanding the causes of plaque rupture that led to atherothrombosis.

In 1989, it was hypothesized that the early morning surge in blood pressure asso-
ciated with the circadian rhythm might increase shear stress on the arterial wall 
sufficient to trigger plaque rupture [11]. However, subsequent studies using finite 
element analysis methods at Massachusetts Institute of Technology revealed that it 
would require blood pressures well beyond those attainable in humans to rupture 
plaque [12].

In 1990, James Muller, a Nobel Prize Laureate at Harvard Medical School, put 
together a team of experts in cardio-atherosclerotic disease to form the Institute for 
Prevention of Cardiovascular Disease. This group, which included Geoffrey Toffler, 
Richard Nesto, Victor Gurewich and George Abela, introduced the lexicon of the 
“Vulnerable Plaque” to define plaques most prone to rupture [13]. Based on expert 
consensus at that time, it was accepted that the plaques most likely to rupture were 
those with a lipid-rich core, a thin fibrous cap, evidence of inflammatory cells with 
lymphocytes and macrophages surrounding their edge and decreased smooth mus-
cle cell content that typically occurred in association with expansive remodeling of 
the artery [14]. However, while these characteristics appeared to define plaques 
most at risk of rupture, they did not explain how and why rupture actually occurred.

In 1993, the search for the cause of plaque rupture shifted the focus back to the 
role of vascular inflammation when Peter Libby and Zorina Galis at Harvard 

S. M. Nidorf et al.
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Medical School, Boston, Massachusetts, proposed that the release of metallopro-
teinases and other lytic enzymes from macrophages in vulnerable plaques were 
responsible for plaque rupture [15]. This was based on the earlier work of Henney 
et al. that demonstrated localization of stromelysin gene expression using in situ 
hybridization in plaques that could cause plaque remodeling [16].

However, while there was broad agreement that inflammation played a central 
role in atherosclerosis and that it could contribute to plaque rupture, the primary 
trigger for vascular inflammation remained elusive. Furthermore, it was evident that 
inflammation could not explain why in some instances the fibrous cap of a ruptured 
plaque appeared as if it had been primarily torn and fibrous cap edges tethered as by 
a sudden traumatic event [17, 18].

2  Seeing Cholesterol Crystals in Atherosclerosis 
in a New Light

In 1995 George Abela’s team moved from Harvard to Michigan State University 
where they re-instituted the modified atherosclerotic rabbit model developed by 
Paris Constatinides to explore the cause of plaque rupture and atherothrombosis. 
The model used a cholesterol rich diet to enhance the development of atheroma and 
utilized histamine to induce coronary vasospasm and Russell’s viper venom as a 
prothrombotic agent to promote atherothrombosis [19].

While working with this model it became evident that the rabbits developed cor-
neal opacities similar to arcus senilis in patients with hypercholesterolemia, and that 
CCs formed within the corneal deposits [20, 21] (Fig. 2). More importantly they 
also observed CCs perforating the internal elastic laminae of arteries associated 
with atherothrombosis at the sites of rupture of lipid-rich atherosclerotic plaques 
(Figs. 3 and 4) [22]. This was a unique observation, and while discussing how CCs 
might puncture the plaque surface with Kusai Aziz, his cardiology fellow at the 
time, Abela posed a simple question “Does cholesterol expand as it transitions from 
a liquid to a solid state in the same way as water expands as it transitions into 
solid ice?”

Abela and his team subsequently confirmed that cholesterol does indeed expand 
as it evolves into its solid crystalline form. This was demonstrated in bench studies 
in which CCs were formed by melting synthetic cholesterol powder and allowing it 
to cool to room temperature (Fig. 5) [23]. With this in vitro model, it was possible 
to observe and measure volume expansion during cholesterol crystallization in a test 
tube, and by placing a thin rabbit pericardial membrane over the mouth of the tube 
it was also possible to demonstrate the ability of growing CCs to perforate this 
fibrous tissue.

Atherosclerosis as a Crystalloid Disease: The Discovery of the Role of Cholesterol…
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a b

c

Fig. 2 Cholesterol crystal deposits in the rabbit and human corneas. (a) By confocal microscopy, 
atherosclerotic rabbit cornea with crystal cluster, (b) typical human arcus senilis, (c) crystals in 
human cornea. (Reproduced with permission [21])

Abela and his team subsequently used this model to evaluate the ability of vari-
ous pharmaceutical agents including statins, aspirin, and colchicine to impair the 
process of cholesterol crystallization [24, 25], (Chapter Agents that Affect 
Cholesterol Crystallization and Modify the Risk of Crystal Induced Traumatic and 
Inflammatory Injury).

In addition, Abela used another bench approach, dissolving cholesterol powder 
in corn oil, placing the mixture in tubes in a water bath at 37 °C and then allowing 
the crystals to form over 24–48 h, [26, 27] to evaluate various physical and environ-
mental factors that can affect crystal formation including; cholesterol concentration, 
temperature, and the degree of hydration of the cholesterol molecule, as hydrated 
cholesterol is most abundant in atherosclerotic plaques [28].

Perhaps one of the Abela’s lab most important innovations, however, was the 
discovery that it was only possible to visualize CCs in these experiments by 

S. M. Nidorf et al.
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a b

c d

Fig. 3 Cholesterol crystals protruding from intima and internal elastic lamina. (a) Scanning elec-
tron micrograph with crystal perforating the intimal surface in coronary artery of patient who died 
with acute myocardial infarction. (b) Transmission electron micrograph of crystal crossing the 
internal elastic lamina (IEL) in atherosclerotic rabbit model (black arrow). (c, d) Crystals infiltrat-
ing the IEL lamina (white arrows). (Reproduced with permission [17, 22, 33])

avoiding the use of ethanol when processing tissue (Chapter Fig 5. The Innovation 
in Tissue Preparation and Imaging Revolutionized the Understanding of the Role of 
Cholesterol Crystals in Atherosclerosis) (Fig.  5) [17, 24, 29]. This insight was 
gained after it was noted during the in vitro experiments, crystals perforating the 
membranes which were clearly visible by the naked eye before tissue preparation 
were no longer evident after using ethanol during tissue preparation for scanning 
electron microscopy. Realizing that ethanol had dissolved the CCs, they avoided 
using it during tissue processing in subsequent in vitro and ex vitro studies of the 
coronary arteries of patients who had died following acute myocardial infarction 
[17]. In each scenario avoiding ethanol during tissue preparation made it possible to 
clearly see CCs perforating pericardial tissue and the fibrous cap of ruptured 
plaques. Importantly, these later features were not present in patients with advanced 
coronary disease who died from other causes (Chapter “Role of CCs and Their 
Lipoprotein Precursors in NLRP3 and IL-1β Activation”). Thus, for the first time 
these studies confirmed that CCs were not inert or incidental post-mortem artefacts, 
but rather were capable of causing traumatic plaque injury and rupture indepen-
dent of inflammation.

Atherosclerosis as a Crystalloid Disease: The Discovery of the Role of Cholesterol…
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a

b c

Fig. 4 Cholesterol crystals stained with Bodipy. (a) Fluorescence microscopy of atherosclerotic 
rabbit aorta with crystals present in the plaque and the elastic tissue (arrow). (b, c) High magnifica-
tion of cholesterol crystal clusters from different sites. (Courtesy of GS Abela)

S. M. Nidorf et al.
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a b

c d

Fig. 5 Volume expansion of cholesterol with crystallization. (a)Test tube with melted cholesterol 
powder before and (b) after crystallization demonstrating an increase in volume above the menis-
cus level (arrows). (c) Test tube with pericardial membrane covering the mouth of the test tube and 
visible crystals perforating the membrane surface (arrows). (d) Scanning electron micrograph 
demonstrating peroration of membrane covering the test tube following crystallization. The sharp 
tips of cholesterol crystals are seen cutting through and disrupting the membrane. (Reproduced 
with permission [23, 38])

3  First Insights in the Pro-Inflammatory Potential 
of Cholesterol Crystals

In 2006 at the SCANNING conference in Washington DC, Abela presented his 
team’s work related to the potential of CCs to cause of plaque rupture [30]. During 
the presentation he suggested that CCs might be the primary trigger for 

Atherosclerosis as a Crystalloid Disease: The Discovery of the Role of Cholesterol…
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inflammation in atherosclerotic plaque by inciting the same inflammatory pathways 
as uric acid crystals in acute and chronic gout. By chance, Eicke Latz, an immunolo-
gist from Bonn, Germany, picked up on these comments and suggested that they 
explore this possibility in more detail as it was known that uric acid crystals could 
activate the NLRP3 inflammasome [31]. As a result, Abela sent Latz CCs to work 
with and in 2010, in collaboration with Eric Latz, Peter Düewell, and others they 
reported that CCs did indeed activate NLRP3 resulting in the production and release 
of IL-1β [32].

In 2014 Abela went on to demonstrate the development of CCs within athero-
sclerotic plaque in vivo using an atherosclerotic rabbit model [33]. These studies 
confirmed that CCs develop and aggregate within atherosclerotic plaque in associa-
tion with macrophage infiltration, systemic markers of inflammation including 
C-reactive protein and an elevation in metalloproteinases (Chapter “Role of CCs 
and Their Lipoprotein Precursors in NLRP3 and IL-1β Activation”).

Collectively, these new insights; that CCs can form within atherosclerotic plaque 
in-vivo and that they may cause direct injury and incite inflammation, were pro-
found. For the first time since Virchow opined about atherosclerosis, they provided 
an elegant paradigm that explained how cholesterol within atheroma could trigger 
inflammation and cause acute plaque rupture that were the hallmarks of the disease.

4  Cholesterol Crystals May Contribute to Diseases Other 
Than Atherosclerosis

Abela’s work has also provided new insights into how CCs released into the circula-
tion following spontaneous and iatrogenic plaque rupture can cause distal tissue 
injury due to ischemia (induced by vasospasm and occlusion of the distal micro- 
vasculature) and local inflammation (Fig. 6) [34–37].

In addition, he and others have found CCs to be present and may play a role in a 
wide variety of diseases including Bacterial infections; with evidence that 
Staphylococcus aureus and Pseudomonas aeruginosa may selectively attach to and 
degrade CCs (Chapter “The Interaction Between Infection, Crystals and 
Cardiovascular Disease”), Valvular heart disease; with evidence that CC may per-
forate the intimal surface of sclerotic valves (Chapter “The Role of Cholesterol 
Crystals in the Development and Progression of Degenerative Valve Disease”), 
Diabetic retinopathy; with evidence that CCs appear in the retinal pigment epithe-
lium, photoreceptors and within the neural retina (Chapter “Cholesterol Crysals in 
Cancer and Atherosclerosis”), Solid cancers; with evidence that CCs are present in 
a variety of solid cancers (Chapter “Cholesterol in the Central Nervous System in 
Health and Disease”), and in Brain injury, with evidence that CCs are found in the 
brains of patients with Alzheimer’s disease (Chapter “Cholesterol in the Central 
Nervous System in Health and Disease”).
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= Cholesterol

1) Plaque Rupture 2) Vasospasm 3) Myocardial Injury

= Calcium
   Phosphate
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Fig. 6 Schematic of multiple steps of crystal related arterial injury. (1) Plaque rupture with teth-
ered edges of torn fibrous cap; (2) Released CCs traveling downstream disrupt endothelium and 
trigger vasospasm; (3) CCs lodged in muscle induce inflammatory injury. (bar = 200 μm light 
micrograph; bar = 50 μm scanning electron micrograph). CCs cholesterol crystals. (Modified with 
permission [37])

5  A New Paradigm for the Treatment of Atherosclerosis

Appreciation of how CCs form (Chapter “Atherosclerotic Plaque Morphology and 
the Conundrum of the Vulnerable Plaque”) trigger vascular trauma and incite 
inflammation provides a useful paradigm for the development of therapies for ath-
erosclerosis. Specifically, it provides insight how the disease may be slowed by 
reducing the propensity for CCs formation; by reducing serum cholesterol and thus 
reducing cholesterol accumulation within vascular macrophages, or promoting its 
cellular efflux, by dissolving CCs, and by reducing inflammatory injury by inhibit-
ing specific interleukins or “cellular players” incited by crystals (Chapter “Agents 
that Affect Cholesterol Crystallization and Modify the Risk of Crystal Induced 
Truamatic and Inflammatory Injury”). A small group of Dr. Abela’s lab team present 
in 2009 (Fig. 7).

Atherosclerosis as a Crystalloid Disease: The Discovery of the Role of Cholesterol…
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Fig. 7 Abela laboratory 
team at Michigan State 
University in 2009. (left) 
Ruiping Huang, Phd, 
(middle) Umesh Tamhane, 
MD and (right) George 
Abela, MD, MSc, pointing 
to expanded cholesterol in 
test tube

6  Summary

In the last few decades, the search for the cause of plaque rupture has led to the 
development of an elegant thesis that the transition of cholesterol into its crystalline 
form is central to the development of atherosclerosis and plaque rupture.

The purpose of this book is to delve deeper into how these insights were gained 
due to innovations in tissue preparation and imaging; to explain the process of cho-
lesterol crystallization; to highlight how CCs ability to cause plaque trauma and 
incite inflammatory injury may contribute to a range diseases; and to demonstrate 
how “seeing atherosclerosis through a crystal lens” provides a paradigm that should 
help direct the development of treatments for one of the most common afflictions of 
humankind.
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The Cholesterol Crystal Paradigm: 
Overview of How Cholesterol Crystals 
Evolve and Induce Traumatic 
and Inflammatory Vascular Injury

Stefan Mark Nidorf and George S. Abela

1  Introduction

Cholesterol crystals (CCs) are ubiquitous in the human body. They are found in 
atheromatous plaques, the lens, in fluid filled cavities including synovial sacs and 
the pleural cavity, pericardium, and on body surfaces including the skin, periodontal 
tissue, and in the biliary and urinary tract [1–10]. Their presence speaks to either 
disordered production, uptake, handling, or clearance of free cholesterol that is 
unable to be solubilized by binding to phospholipids. While their mere presence 
may not be a harbinger of imminent danger, their propensity to form indicates the 
potential of ongoing crystal induced injury that is dependent on where they form, 
the rate at which they grow, their size, and their ability to aggregate.

It has long been understood that atherosclerosis is a disease in which there is an 
ongoing attempt to sequester cholesterol as it unrelentingly transits from the intra- 
cellular compartment in foam cells into the extra-cellular environment of the arterial 
wall. In recent times evidence has accrued to indicate that as this process occurs free 
cholesterol accumulates within endothelium, macrophages, and the plaque core and 
forms into crystals that initiate and drive the atherosclerotic process by virtue of the 
trauma they cause and the inflammatory processes they incite [11–13] (Fig. 1).

The purpose of this chapter is to provide a brief overview of the “cholesterol 
crystal paradigm” as a prelude to subsequent chapters that explain in more detail 
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Fig. 1 The “crystal cholesterol paradigm” explains how and why cholesterol crystals that form in 
the vascular bed are the nexus between cholesterol deposition and atherosclerosis. As free choles-
terol accumulates within endothelium, macrophages, and the plaque core and forms into crystals 
they initiate and drive the disease by virtue of the trauma they cause and the inflammatory pro-
cesses they incite. Factors that modify the accumulation of cholesterol in the plaque and the 
inflammatory response to cholesterol crystals can modify the natural history of the disease. 
(Reproduced with permission [44])

how the lifelong accumulation of cholesterol and formation of CCs causes trau-
matic and inflammatory injury that leads to atherosclerosis and potentially plays a 
role in the range of other diseases as well.

2  Formation of Cholesterol Crystals

No matter where they form, the process of CC formation is dependent on the pres-
ence of sufficient free cholesterol mono-hydrate molecules and is sensitive to sev-
eral factors in their local environment including the size of the free cholesterol pool, 
the amount of phospholipid, the extent of hydration of cholesterol, the presence of 
excess calcium, regional pH, and ambient temperature. In some environments such 
as bile, the rate of nucleation of cholesterol can be slowed by various glycoproteins 
[14–16].

As free cholesterol molecules dissociate from lipoproteins and phospholipid 
structures in situ they begin to spontaneously associate under favorable circum-
stances to form flexible meta-stable structures [17]. Initially the meta-stable CC 
takes the form of elongated string like filaments, and as the process continues the 
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Fig. 2 Transitional phases of meta-stable to stable CCs. (upper panel) in vitro phases of crystal 
formation are seen to form over weeks (bars = 10 μm). (lower panel) In an in vivo atherosclerotic 
rabbit model, ribbons of cholesterol crystals appear transiently to be evolving into plates (courtesy 
George Abela). The rate of change through each stage is affected by physio-chemical environmen-
tal factors. The tissues were processed for scanning electron microscopy without ethanol dehydra-
tion to avoid dissolving the CCs. Instead, tissues were dehydrated by vacuum with minimal 
shrinkage. (Reproduced with permission [19, 42])

structure begins to flatten into ribbons, which twist into helices, which then develop 
into tubules [18, 19] (Fig. 2).

Because meta-stable crystals are highly flexible and allow efficient orderly stack-
ing of a large amount of free cholesterol in a confined compartmental space they do 
not impose on their surrounds. In the presence of abundant free cholesterol, meta-
stable tubules eventually begin to expand, and as this occurs a myriad of micro-
scopic flat plate CCs begin to “shed off” its end. This process is associated with the 
release of latent elastic energy which disperses the now solid CCs into the environ-
ment [20]. These microscopic flat plate CCs then become the platforms onto which 
any additional free cholesterol in the environment may attach, causing the nascent 
CC to grow into a macroscopic structure. The rate of CC growth may be accelerated 
in the presence of calcium debris [19, 20].

The Cholesterol Crystal Paradigm: Overview of How Cholesterol Crystals Evolve…
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The transitional process described above is not unique to CC formation, as a 
variety of other elements and organic molecules also form flexible filaments and 
helices before developing into stable crystalline structures [21]. While in vivo, solid 
CCs appear as either flat plates or needle/rod shapes depending on their stage of 
development, in vitro their morphology may differ substantially depending on the 
solvents used during their preparation which affect the degree of hydration of cho-
lesterol molecules [18, 22–24].

3  Intra-Cellular Cholesterol Crystals Promote 
the Formation of Atheroma

A unique feature of cholesterol crystals is their ability to develop and grow within 
cell membranes and the intra-cellular environment which stands in contrasts with 
other elemental crystals such as uric acid. When CCs develop in the intra-cellular 
environment their growth is restrained by the limited supply of free cholesterol, 
tight control of the physiochemical environment, and the limits imposed by cellular 
membranes.

Accumulation of free cholesterol and formation of CCs within the membranes of 
vascular endothelium predisposes to endothelial dysfunction [25] (Fig. 3). Stiffening 
of the endothelial membrane and damage to the underlying basement membrane 
enhances internalization of LDLc, and increases endothelial expression of selectins 
that enhance the entry of leukocytes into the subintimal space [26]. LDLc that enters 
the vessel wall is usually rapidly cleared by macrophages, however, if the rate of 
deposition of LDLc outstrips the rate of clearance, the LDLc particles begin to 
coalesce and form into vesicles [27]. As these vesicles enlarge, they may rupture 
and re-release cholesterol into the interstitial space where it is eventually cleared by 
macrophages that store it within their lysosomes. Further promoting the accumula-
tion of cholesterol within macrophage is the degree of ACAT1 activity which affects 
reverse cholesterol transport and the release of intra-cellular lipid [28, 29].

As macrophages continue to accumulate cholesterol and store it within lyso-
somes, they transform into foam cells, and as the concentration of free cholesterol 
within the lysosomes increases, the process of cholesterol crystallization can begin. 
As CCs grow they disrupt the lysosomal membrane causing the release of cathepsin 
B, free cholesterol and CCs directly into the cytosol [30–32]. In the cytosol, CCs 
cannot be cleared, and in the presence of free cholesterol continue to grow and 
cause direct cellular trauma (Fig. 4). In addition, the surface of CCs may be recog-
nized by complosome, which akin to complement in the interstitial space, triggers 
an intra-cellular cascade that together with cathepsin B leads to the activation of the 
pyrin domain-containing 3 (NLRP3) inflammasome that converts pro-IL-1β to an 
active IL-1β which in turn activates caspase-8 that eventually leads to macrophage 
apoptosis and release of cellular contents into the interstitial space [33, 34] (Fig. 5).
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Fig. 3 The Effect of the phospholipid bilayer environment on cholesterol crystal polymorphism. 
The chemical environment of phospholipid bilayers affects the formation of cholesterol crystals, 
leading to the precipitation of different crystal morphologies. (Reproduced with permission [22])

ba

Fig. 4 Cholesterol Crystal Interaction with macrophage. (a) Volume representation of a seg-
mented cryo-soft X-ray tomograph of a helical cholesterol crystal grown by a macrophage cell in 
intimate contact with the cell membrane. Cell nucleus (blue), membranes and cholesterol crystal 
(black- grey), lipid bodies (red). (b) Rod-like cholesterol crystals after extended macrophage 
enrichment with acLDL. The 3D X-ray segmented data superimposed with the STORM signal 
(red) demonstrates crystal perforating the macrophage cell membrane. (Reproduced with permis-
sion [22, 25])
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Fig. 5 Cholesterol crystal induced inflammation and plaque disruption. Schematic illustrating the 
rupture of lysomes by crystals in foam cells releasing cholesterol crystals (CCs) into the cytosol 
triggering inflammasome formation and plaque disruption with NETS formation leading to crystal 
induced inflammation and injury

Thus, endothelial dysfunction induced by the formation of CCs within their 
membrane, in concert with on-going macrophage stimulation and apoptosis driven 
largely by intra-cellular CCs, promotes a pro-inflammatory milieu that results in the 
release and sequestration of cellular debris into the interstitial space to form nascent 
plaques. As new foam cells become sequestered in the surrounding matrix of nascent 
plaque and undergo apoptosis their contents are also released and the plaque core 
continues to evolve [35]. Thus, the iterative process of CC induced cellular injury, 
apoptosis and subsequent inflammatory injury initiates and drives the development 
of advanced atherosclerotic plaque with a lipid rich necrotic core and a fibrous cap-
sule fed by a neovascular network that develops from the vasa vasorum.

4  Extra-Cellular Cholesterol Crystals Promote Traumatic 
and Inflammatory Injury

The site in which CCs develop determines the rate at which they form, as well as 
their shape, size, and therefore their potential to cause injury. In contrast to the cel-
lular environment, CCs that develop in the plaque core may grow much larger due 
to the size of the free cholesterol pool and the lack of cellular boundaries.
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Fig. 6 Mechanical effects of cholesterol crystal growth and aggregation in the plaque core. (1) 
Increases in plaque volume and pressure thin the plaque cap leaving it more vulnerable to inflam-
matory and mechanical injury; (2) CC that penetrate the plaque cap lead to erosion and athero-
thrombosis; (3) CC that perforate the plaque corona may incite inflammation and traumatize the 
vasa vasorum leading to intra-plaque hemorrhage; and (4) Rapid CC enlargement may cause overt 
rupture of the plaque cap due to increased pressure or direct trauma that then leads to atherothrom-
bosis and CC embolization

As apoptotic cells within the plaque core begin to decompose, the increased con-
centration of free cholesterol and the change in physiochemical composition of the 
plaque core may begin to favor the formation of meta-stable CCs that may, if condi-
tions become favorable, rapidly form large solid flat plate fragments. Due to the 
acellular nature of the plaque core, these crystals cannot be cleared or incite an 
immune response. However, as they enlarge, and aggregate the increase the pressure 
and volume within the plaque begins to stretch and thin its walls, and their sharp 
leading edges may directly erode, puncture or perforate the plaque wall causing it to 
rupture (Fig. 6). Rupture of the plaque cap is consequential as it leads to athero-
thrombosis and embolization of atherosclerotic debris including CCs into the circu-
lation where they can lead to distal ischemic and inflammatory tissue injury [5, 36].

In contrast, injury to the non-cap regions of a plaque leads to the release of CCs 
into the interstitial space surrounding the plaque that can damage the vasa vasorum 
to cause intra-plaque hemorrhage [37, 38], and incite an inflammatory response 
akin to gout, associated with the activation of complement and the NLRP3 inflam-
masome, expression of several interleukins including IL-1β and IL-6, and the 
ingress and expression of neutrophils which express NETs in their effort to seques-
ter and degrade CC fragments [12, 39–41]. While most inflammatory flares induced 
by CCs settle, resulting in the sequestration of CCs and the larger lipid pool, and 
progressive sclerosis, neovascularization and calcification of the arterial wall, on 
occasions it may predispose to plaque rupture by weakening vulnerable portions of 
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Fig. 7 Cholesterol crystals from coronary artery aspirates during myocardial infarction. Crystals 
are seen attached to macrophages and appear to be degrading them (arrows) as seen by the notches 
created at the site of macrophage and crystal contact [43]

the plaque that have been stretched and thinned due to concomitant enlargement and 
aggregation of CCs in its core. Large fragments of CCs that cannot be ingested by 
leucocytes lead to a cycle of “frustrated phagocytosis” that promotes chronic inflam-
matory injury and sclerosis [42, 43] (Fig. 7).

Thus, lipid rich plaques are under the constant threat of injury; from within due 
to enlargement and aggregation of CCs, and from without due to acute inflamma-
tory flares triggered by the intermittent release of CCs from its core. Importantly, 
the intensity of the inflammatory process may be enhanced by systemic factors that 
prime circulating neutrophils, such as aging, smoking, hypertension, diabetes, obe-
sity, chronic kidney disease, and chronic gout, so that they are readily activated 
when attracted into the site of CC deposition as they course through the atheroscle-
rotic landscape via the neovascular network [44].

5  Hyperglycemia and Crystal Formation

In 1963, Wilkens and Krut postulated that cholesterol deposition in the artery may 
be caused by cholesterol crystallization, and that the process of CC formation could 
be enhanced by glucose [45]. Notably, recent evidence supports both contentions, 
which provide important insights as to why the atherosclerotic process is 
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accelerated in diabetics. First, it has been confirmed that CCs that develop in endo-
thelium damages them and the underlying basement membrane, enhancing the 
deposition of LDL and the expression of selectins that attracts circulating leuko-
cytes to the vascular bed (Chapter “Formation of CCs in Endothelial Cells”). Second 
it has been demonstrated that glucose does indeed enhance the process of CC for-
mation in vascular cell membranes in a dose-dependent manner [46]. Interestingly, 
however, while tight glycemic control in diabetics has been demonstrated to reduce 
the risk of microvascular complications of diabetes, it has been difficult to demon-
strate that it reduces the risk of macrovascular events [47]. The cause for this para-
dox is not known, but the observation suggests that tight glycemic control has a 
greater effect on the formation of CCs in endothelial membranes that drive micro-
vascular disease than it has on the physiochemistry of the plaque core that deter-
mines the development and growth of CCs that leads to plaque trauma and 
macrovascular events.

6  Clinical Implications

The “cholesterol crystal paradigm” provides an understanding how and why forma-
tion of CCs in the arterial wall causes traumatic and inflammatory injury that initi-
ates and drives the atherosclerotic process. As such it provides insights into why 
therapies that reduce the availability of free cholesterol, inhibit the formation of 
CCs, dissolve them, inhibit various aspects of crystal induced inflammation and 
control systemic cardiovascular risk factors will slow the progression of atheroscle-
rosis, and potentially impact the course of other diseases in which CCs have 
been found.
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How Innovation in Tissue Preparation 
and Imaging Revolutionized 
the Understanding of the Role 
of Cholesterol Crystals in Atherosclerosis

Stanley Flegler, Abigail Vanderberg, Melinda Frame, Carol Flegler, 
Alicia Withrow, Michael Rich, Erik Shapiro, and George S. Abela

1  Background

Tissue histology using light microscopy continues to be the mainstay for the diag-
nosis of disease pathology. The fundamentals of tissue processing were established 
over two centuries ago when alcohol was introduced as a tissue dehydrating agent 
to facilitate trimming by a microtome and then mount thin tissue cuts on glass slides 
for staining and examination by a light microscope [1]. Light microscopy tissue 
preparation involves bathing tissues in 70% ethanol with gradual transition to 100%. 
This approach has persisted into the modern era because ethanol is miscible in both 
water of the fixative and the paraffin embedding medium. Sometimes acetone is 
used instead of ethanol. Although effective in stiffening the tissue for cutting, etha-
nol dehydration also dissolves fatty elements in the tissue including cholesterol and 
limits the ability to identify cholesterol crystals (CCs) when processing 
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atherosclerotic plaques for light microscopy. As CCs dissolve during preparation, 
they leave behind empty spaces within the plaque that approximate the residual 
shape of crystals. Pathologists have referred to these tissue imprints as “cholesterol 
clefts” and understood that the clefts were the result of dissolving CCs by tissue 

a b

c d

e f

Fig. 1 Cholesterol clefts by light microscopy vs. cholesterol crystals by scanning electron micros-
copy. (a–d) Light micrographs of plaque rupture (arrows) in carotid arteries from three patients 
with neurologic symptoms (Masson’s trichrome stain; bars = 200 μm). No crystals are seen perfo-
rating the intimal surface. (e, f) Low-magnification scanning electron micrography of plaque 
obtained on endarterectomy have extensive crystal formations (*) on the entire plaque surface 
(arrow) below the thrombus (T). Higher-magnification SEM shows the extensiveness and density 
of CCs layering the intimal surface. (Reproduced with permission [7])
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preparation methods [2, 3] but they invariably dismissed their importance in the 
genesis and progression of atherosclerosis (Fig. 1a–d).

As microscopy evolved and developed to include scanning and transmission 
electron microscopy, higher tissue definition became possible [4]. However, even in 
the case of electron microscopy the same tissue dehydration approach is utilized [5]. 
Ethanol is used since it is miscible with the resin used during embedding tissue for 
transmission electron microscopy. It is also miscible with the liquid carbon dioxide 
used as the transitional fluid for critical point drying for scanning electron micros-
copy (SEM). In both techniques, graded ethyl alcohol is typically used at 25%, 
50%, and 75% for half an hour each and then 100% for 45 min [5]. As with light 
microscopy, the use of solvents dissolves CCs making them undetectable by elec-
tron microscopy. Therefore, the modification of the tissue processing technique is 
required and critical in order to detect and quantify CCs in tissues. Specifically, with 
light microscopy, since CCs that are not embedded in the tissues do not leave any 
imprints, the amount of CCs may be vastly underestimated if they are situated at and 
above the tissue surface as often occurs in ruptured plaque. In contrast, when using 
SEM without dissolving CCs the true extent and distribution of CCs become readily 
visible (Fig. 1e, f).

2  Scanning Electron Microscopy Methodology

2.1  Tissue Preparation for SEM

Scanning electron microscopy provides high resolution imaging of the tissue sur-
face by an electron beam that is discharged from an electron gun in a vacuum cham-
ber. The electron beam interacts with atoms in a conductive sample to emit secondary 
electrons that form an image [5]. For optimal image quality and resolution, samples 
must be prepared so that they are dry and conductive. Tissues are initially prepared 
by fixation in buffered 4% glutaraldehyde or buffered 10% formalin and then cut 
into 3–5 mm long segments. In order to preserve CCs it is necessary to avoid the 
standard use of ethanol for tissue dehydration; hence tissue samples are dehydrated 
using either air drying for several days or by placing tissues in a vacuum chamber 
(Speed Vac SC110, Savant Instruments Inc., Farmingdale, NY) evacuated by a 
pump (VP110, Franklin Electric, Bluffton, IN) for up to 12 hours prior to scan-
ning [6, 7].

Another technique developed in our laboratory is to air dry samples while plac-
ing a thin layer of silk material on them to absorb residual liquid and oily residues 
on the tissue so that the tissue remains stable in the in the SEM chamber. Because 
the samples are dry, critical point drying is not a necessary step in tissue processing. 
These tissue segments are then mounted on aluminum stubs and fixed with 2% 
osmium tetroxide vapor for at least 48 h. Vapor fixation in osmium tetroxide is used 
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to stabilize oil/lipids on the tissue surface that could otherwise contaminate the col-
umn of the SEM. The tissue is finally coated in a gold sputter coater or osmium 
coater (NEOC-AT osmium CVD (chemical vapor deposition); Meiwafosis Co., 
Ltd., Osaka, Japan). Tissue surfaces are then examined using a JEOL SEM (model 
JSM-6300F, JSM-6400, or JSM-6610LV, JEOL Ltd., Tokyo, Japan).

2.2  Quantification of Cholesterol Crystals

In our Lab we developed a semi-quantification method to assess the tissue content 
of CCs by SEM. This includes crystal density defined as absent (+0), scattered few 
(+1), dense in a limited area (+2), or dense and widely distributed (+3). Thus, it is 
important to also obtain a low magnification image of the entire tissue segment 
surface to detect CCs distribution for a count of the various sites with crystal pres-
ence [7, 8]. The average CC density per specimen is then calculated by adding all 
the individual densities from all the sites and divided by the number of sites in a 
specific specimen. This approach allows for both quantification of crystal density 
and the area of distribution of CCs over the entire tissue segment.

2.3  Tissue Shrinkage

Tissue shrinkage is a known occurrence during tissue processing for microscopy. 
On an average it is expected that about 15% tissue shrinkage will occur after fixa-
tion and dehydration [8–10]. However, hardened and calcific plaques may not shrink 
to the same extent as soft tissues. Using standard tissue preparation by fixation and 
dehydration, studies have found soft arterial tissues shrink 9% in the short axis and 
12% in the long axis. However, vacuum drying can result in shrinkage up to 16% in 
the short axis and 19% in the long axis [8]. Some reviewers have raised concern 
about the protocol that excludes the ethanol dehydration step claiming that air or 
vacuum drying will cause excessive shrinkage and create artifacts including the 
formation of crystals and their perforating the arterial intima seen by SEM. However, 
when the same tissues were examined without any tissue processing using either 
fluorescence, digital or cryo-transmission electron microscopy the same finding of 
CCs perforating the intima was confirmed on the same tissue specimens as noted 
with air or vacuum dried tissues by SEM (Figs. 2, and 3) [11, 12]. Moreover, other 
techniques using micro-optical coherence tomography (OCT), standard OCT in 
human coronary arteries during acute coronary syndrome, and angioscopy of spon-
taneous plaque rupture in human patients have all demonstrated the presence of CCs 
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a

c

e f g

d

b

Fig. 2 Scanning electron micrographs of human coronary artery and fluorescence microscopy of 
carotid plaque. (a–d) Scanning electron micrographs of left anterior descending coronary artery 
from patient who died of an acute myocardial infarction. Cholesterol crystals are noted perforating 
the intimal surface just below the plaque rupture site. (e–g) Low-power image of human carotid 
plaque with green fluorescence. (f, g) Higher magnification reveals selectively stained cholesterol 
crystals arising from the plaque surface seen without any tissue processing. (Reproduced with 
permission [6, 11])

emerging from atherosclerotic plaques and penetrating the intima as seen with SEM 
using air or vacuum dehydration (Fig. 4) [13–15].

Detailed evaluation of the role of ethanol on tissue preparation for SEM con-
firmed that ethanol at the sequential concentrations used (25; 50; 75; 95 and 100%) 
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a b

Fig. 3 Digital image of cholesterol crystal from a fresh colon cancer (a) with the same sample 
subsequently processed with air dehydration for scanning electron microscopy demonstrating 
almost identical crystal morphology (b). (Courtesy of GS Abela)

a

b

Fig. 4 Micro-optical 
coherence tomography of 
plaque. Evidence of 
cholesterol crystals 
perforating the fibrous cap 
and intima of human 
plaque. Micro-optical 
coherence tomography 
image of human carotid 
plaque with (a) dense 
concentration of 
cholesterol crystals 
beneath a bulging fibrous 
cap and (b) cholesterol 
crystals perforating the 
fibrous cap (arrow; nc 
necrotic core). (Courtesy 
of GJ Tearney and 
reproduced with 
permission [13])

[5] causes a dose related solubilization and dissolving of the CCs, and 100% ethanol 
essentially eliminated all CCs present in the tissue [11]. These studies were per-
formed by using mirror tissue segments of human carotid atherosclerotic plaque, 
one prepared in normal saline medium serving as control and the other matched 
tissue segment treated at various concentrations of ethanol (Fig. 5). Moreover, con-
focal microscopy with fluorescence on fresh tissues confirmed similar images 
obtained by SEM utilizing tissues that were dehydrated only by vacuum dehydra-
tion (Fig.  6) [7, 11]. All the microscopic techniques used confirm that the SEM 
modifications that were instituted with air or vacuum dehydration alleviated any 
concern that this approach of tissue preparation altered the tissues to create an arti-
fact with the CCs emerging from the tissue surface and disrupting tissues.
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a b

c d

e f

g h

i j

Fig. 5 Carotid artery and synthetic cholesterol crystals treated with and without ethanol prepara-
tion: scanning electron microscopy of adjacent human carotid plaque segments incubated with 
either saline (left column, a–i) or with ethanol (right column, b–j) at concentrations used in the 
standard ethanol dehydration protocol. Dissolving cholesterol crystals are noted with ethanol treat-
ment only. (Reproduced with permission [11])
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a b

c

e f g

d

Fig. 6 Fluorescence and scanning electron microscopy of human plaques. (a) Fluorescence 
images of CCs stained with green dye at 37 °C on human plaque surface. (c, e, f, g) Similar find-
ings with dual fluorescence staining, Bodipy for CCs, and eosin for intima demonstrate CCs 
emerging onto the intima at 37 °C.  Insert at higher crystal magnification. Selective endothelial 
stain with acetylated low-density lipoprotein, (e) red fluorescence; (f) selective CCs stain with 
Bodipy, green fluorescence; and (g) superimposed image of both red and green fluorescence shows 
CCs on the surface of the endothelium. (b, d) SEM of same plaque shows clusters of CCs at intima. 
(Reproduced with permission [7])
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2.4  Cholesterol Crystal Expansion

A benchtop study of the behavior of cholesterol demonstrates that cholesterol occu-
pies a greater volume when crystalizing from a liquid to a solid state. Cholesterol is 
known to exist in a liquid and semiliquid state in atherosclerotic plaques [16–18]. 
Once crystals form, they are no longer miscible like the liquid state and spaces 
develop between the crystals causing them to occupy a markedly larger volume than 
the space occupied by the liquid phase. In vitro studies demonstrated that when pure 
cholesterol is melted in a test tube with a heat gun and then allowed to crystalize, the 
CCs expand in volume by up to 45% of the original volume forming sharp tipped 
crystals that cut their way into fibrous tissue placed in their path at the mouth of the 
test tube [6, 19]. CCs could also be seen with the naked eye and then later confirmed 
by SEM to be perforating fibrous tissue as was subsequently seen in human arterial 
plaques that had ruptured during acute myocardial infarction (Figs. 4, 5 Chapter 
“The Role of Cholesterol Crystals in Plaque Rupture Leading to Acute Myocardial 
Infarction and Stroke”) (Fig. 7). Moreover, basic studies confirm that CCs have the 
physical structure and firmness to perforate fibrous tissues [18].

a

d e g

f

h

i

b
c

Fig. 7 Volume expansion of cholesterol during crystallization. (a, b) Melted cholesterol in a grad-
uated cylinder expands in volume above the meniscus line. (c) Volume expansion is greater with 
increasing amounts of cholesterol (1–3 g). (d) Cholesterol crystals are seen growing above the 
edge of the test tube after crystallization. (e, f) Scanning electron micrographs demonstrate sharp- 
tipped crystal geometries. (g–i) When a fibrous membrane is placed over the mouth of the test tube, 
crystals perforate the membrane as noted by scanning electron microscopy (bar 5 μm). (Reproduced 
with permission from [6, 34])
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2.5  Energy Dispersive X-Ray Spectroscopy (EDX)

EDX with SEM is very helpful in determining the composition of crystals being 
examined. This process detects X-rays emitted by the sample due to excitation of 
atoms by the incident electron beam. This interaction produces characteristic X-rays 
that reveal the elemental composition of the targeted SEM image. EDX measures 
the energy of these X-rays and utilizes the unique pattern produced by the sample to 
identify elements present and determine quantities of those elements [20].

CCs are primarily composed of carbon, hydrogen, and oxygen. Hydrogen cannot 
be detected using EDX and is therefore not included in this analysis. Calcium phos-
phate crystals, composed primarily of calcium, phosphorus, and oxygen, are also 
present in many arterial plaques. These elemental signatures found using EDX, 
along with morphology, contribute to the identification of the crystal type being 
examined. The weight percent of each element is quantified by the system [21]. It is 
important to note that some X-ray signal may be detected from tissue beneath the 
crystal (due to depth of X-ray production) so an area of tissue without crystals is 
also analyzed for comparison. In EDX spectra, contaminants often include gold and 
osmium because these are used for sample coatings (Fig. 8).

In our studies, EDX used to confirm the composition of CCs obtained from aspi-
rates from culprit coronary arteries during acute myocardial infarction demonstrated 
that all crystals with needle or plate shapes were composed of carbon and oxygen as 
would be expected for cholesterol [21]. Furthermore, aggregates of calcium phos-
phate crystals were also present in the aspirates. By SEM those were seen as white 
nodular deposits that typically form on top of CCs and EDX confirmed they were 
calcium phosphate (Fig. 8). Further confirmation that these crystals were choles-
terol was performed by using infrared spectroscopy (see section on spectroscopy).
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Fig. 8 Chemical composition of crystals aspirated from culprit coronary artery during acute myo-
cardial infarction. (a) Scanning electron micrograph of large cholesterol crystal cluster (0.187 mm2) 
composed of many layers of merged individual plate crystals. (b) Fourier transform infrared 
absorption spectrum of the aspirated human cholesterol crystals is identical to synthetic cholesterol 
crystals. (c) Scanning electron micrograph of calcium crystal deposits (white arrows) overlaying 
cholesterol crystals (red arrows). (d) Calcium and phosphorus ions are detected by energy disper-
sive X-ray spectroscopy over the clumps of white crystal, whereas no calcium or phosphate is 
detected over the surrounding cholesterol crystals (e). Al aluminum, C carbon, Ca calcium, Na 
sodium, O oxygen, P phosphorus, S sulfur, Si silicon, N nitrogen. (Reproduced with permission 
from [21])

How Innovation in Tissue Preparation and Imaging Revolutionized the Understanding…



40

3  Transmission Electron Microscopy 
with Cryo-Methodology

Cryosectioning of tissue helps to preserve CCs by avoiding the use of organic com-
pounds that dissolve CCs. Using transmission electron microscopy (TEM), the tis-
sue is fixed in buffered 4% formaldehyde and 0.1% glutaraldehyde and then 
immersed in a saturated sucrose solution overnight followed by freezing and then 
sectioning the tissue while frozen [22]. The ultrathin sections are then transferred 
from the “cold” knife, thawed, and placed on a grid for examination in a transmis-
sion electron microscope (Jeol 100CX electron microscope). These tissue sections 
are then stained with osmium tetroxide. This approach avoids the use of uranyl 
acetate which is a solvent and can dissolve CCs [8]. Although this approach does 
not result in the usual high-quality images of tissue morphology, it does provide 
clear detection of CCs and their location in the tissues (Fig. 9).

Other techniques include the use of 3-dimensional electron microscopy that has 
demonstrated the presence of CCs in close association with intracellular lipid drop-
lets and extracellular apolipoprotein B particles in human carotid plaques [23]. Both 
SEM and TEM with various combined imaging techniques including correlative 

a b

c d

Fig. 9 Transmission electron micrographs of early crystal formation. Transmission electron 
microscopy of fresh frozen arterial plaques demonstrates very small cholesterol crystals forming 
at plaque surface of an atherosclerotic rabbit model (a, b). Also, crystals are noted infiltrating the 
internal elastic lamella (c, d). (Reproduced with permission from [8])
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cathodoluminescence and cryo-soft X-ray tomography with stochastic reconstruc-
tion microscopy can help obtain high resolution (70 nm) and localize early crystal 
formation [24, 25]. These techniques have become the mainstay for the evaluation 
of CCs localization and where they appear to form and aggregate within the arterial 
wall and plaque. Electron microscopy was used to demonstrate that as LDL choles-
terol accumulates in endothelial cells where it is metabolized leads to increase the 
intracellular cholesterol burden that eventually leads to cholesterol crystal forma-
tion [26].

4  Confocal Microscopy Methodology

Confocal microscopy can be used to complement SEM and TEM for identifying 
and characterizing CCs within tissue. Fluorescence light microscopy permits the 
use of fluorescent stains to specifically label biomolecules and organelles of inter-
est, allowing the use of color for detection, identification, and localization of mul-
tiple intracellular targets. Specifically, confocal laser scanning microscopy (CLSM) 
permits the acquisition of high-contrast fluorescence images through the removal of 
out-of-focus background light by a pinhole aperture, providing high-resolution 
images even from relatively thick tissue sections [27]. In addition, CLSM method-
ologies typically require minimal sample preparation and can be used to image CCs 
in fresh unprocessed tissue, alleviating concerns that sample preparation may affect 
CC structure and identification [8].

Detection and localization of intracellular cholesterol by fluorescence micros-
copy can be performed using a variety of fluorescent molecules that can either bind 
to cholesterol directly or can closely mimic cholesterol [28]. BODIPY FL 
(Invitrogen, Waltham, MA; excitation peak 505 nm, emission peak 515 nm) is a 
relatively photostable fluorophore that emits a bright green fluorescence when 
exposed to blue excitation light. When the BODIPY moiety is bound directly to 
cholesterol, the BODIPY-cholesterol complex can be a useful cholesterol probe 
[29]. Similarly, the BODIPY FL C12 cholesteryl ester has been used to monitor 
intracellular cholesterol, including studies involving cholesterol transport and 
receptor-mediated endocytosis of lipoproteins [30]. In contrast, Filipin is a naturally 
occurring fluorescent antibiotic that binds to cholesterol that has been shown to be 
useful in detecting cholesterol [31]. Filipin fluorescence (excitation peak 360 nm, 
emission peak 480 nm) can be excited in the UV range with a blue fluorescence 
emission. Unfortunately, Filipin fluorescence is not appreciably photostable and can 
rapidly photobleach during UV excitation. Thus, when imaging Filipin care must be 
taken to attenuate light exposure in order to reduce photobleaching effects.

Multiple fluorescent stains can be used to identify the relationship of CCs to the 
arterial intima using CLSM. For endothelial staining, fresh arterial tissue is pre-
pared by incubating tissue segments for 4 h at 37 °C in Eagle minimum essential 
medium with 10 μg/mL Alexa Fluor 594 acetylated-low density lipoprotein under 
O2 and CO2 (Molecular Probes, Eugene, OR). Alexa Fluor 594 acetylated-low 
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density lipoprotein (590 nm excitation, 617 nm emission) is a red fluorescent dye 
that is specific for endothelium [7, 32]. After incubation, the tissue is washed with 
PBS and fixed with 4% glutaraldehyde. To counterstain for CCs, fixed tissue seg-
ments are placed for 3 min in a solution of cholesteryl BODIPY-C12 (Invitrogen, 
Eugene, OR) that had been dissolved in 75% ethanol at a 1/100 dilution. Following 
staining, the dual-labeled tissue segments are rapidly transferred to a slide incubator 
chamber filled with PBS, and the fluorescence images of the atherosclerotic plaque 
are acquired using a Zeiss Pascal CLSM microscope (Carl Zeiss, Inc., Jena, 
Germany). This approach does not allow enough time for the crystals to be dis-
solved by the ethanol. The cholesteryl BODIPY-C12 fluorescence is excited using 
the 488  nm Argon laser, and the green fluorescence emission collected using a 
505–530 nm band-pass filter. The Alexa Fluor 594 fluorescence is excited using the 
543 nm helium-neon laser, and the red emission is collected using a 560 nm long-
pass filter. This process allows simultaneous staining of both the endothelial cells 
red and the CCs green demonstrating a spatial relationship that shows the crystals 
perforating through the arterial intima (Fig. 6).

5  Digital Microscopy Methodology

Sample preparation is not required for imaging by a VHX-6000 digital microscope 
because digital light microscopy uses the concept of Focus Stacking (also called 
Z-stacking). It combines multiple images taken at different focus distances to give a 
resulting image with greater depth of field. Software algorithms are used to deter-
mine which of the pixels are in sharp focus and then use these to create the final 
image [33]. For the study of CCs, tissue was examined using a Keyence VHX-6000 
digital light microscope (Keyence Corp of America, Itasca, IL, USA). When using 
tissues that were fixed in formalin and air dried, CCs were visible as rectangular, 
iridescent plates on the arterial surface. These CCs were later confirmed by SEM on 
the same tissue specimen (Fig. 2).

6  Phase Contrast and Polarized Light Microscopy

Location, density, and geometries of unstained CCs, of isolated crystals as well as 
those located within cultured cells or thin tissue sections, can be viewed directly by 
several transmitted light microscopic methodologies, including bright-field 
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microscopy, phase contrast microscopy, differential interference microscopy, and 
polarized light microscopy [34].

In bright-field microscopy, image contrast is often limited by the small differ-
ences in light scatter and diffraction properties of the CCs compared to the sur-
rounding cells or tissue, limiting the usefulness of bright field microscopy in 
visualizing unstained specimens. Alternatively, both phase contrast and differential 
interference microscopy methodologies enhance contrast by taking advantage of the 
subtle differences in the thickness and refractive indices of structures within the 
specimen. In phase contrast microscopy, optics are introduced within the micro-
scope that convert differences in phase within the sample into differences of ampli-
tude that can be visualized through the oculars or recorded by a digital camera. 
Similarly, differential interference microscopy uses optics to produce shadows 
within the image resulting in a pseudo-3-dimensional appearance that can help 
resolve structures within transparent, low-contrast samples (Fig. 10).

In contrast, polarized light microscopy relies on birefringent properties produced 
by highly ordered structures, such as the ordered molecular arrays found within 
crystal structures, to create a bright image of the birefringent structure against a very 
dark background (Fig. 11) [28]. With a wavelength dependence that often results in 
highly colorized structures, polarized light microscopy provides a high-contrast 
imaging methodology that is highly selective for CC structure [34].

a b c

Fig. 10 Crystal images using various contrast microscopy. (a, b) Crystalloids are seen in athero-
sclerotic plaque using phase contrast microscopy (a) Fluorescence, (b) differential interference 
contrast, and (c) brightfield microscopic images demonstrating the typical features of rhomboid 
shaped cholesterol crystals obtained from human coronary artery during acute myocardial 
infarction
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a b c

d e

Fig. 11 Polarizing microscopy of crystals in plaque. Polarizing light microscopy of birefringent 
crystals in rabbit aorta (a, b, c) and human coronary arteries (d, e) obtained at various angles (0°, 
45° and 90°). (Reproduced with permission (d, e; [42]))

7  Infrared Spectroscopy

In other studies crystals obtained from aspirates of culprit coronary arteries during 
myocardial infarction were collected and examined using Fourier Transform 
Infrared Spectroscopy (FTIR) (Perkin Elmer Spectrum One FTIR, Waltham, 
Massachusetts) fitted with a light microscope that permitted the FITR interrogation 
of the small crystals in the aspirates [22]. The spectra of crystals were compared 
with crystals made from a commercial synthetic cholesterol source made by dis-
solving cholesterol powder in methyl alcohol and allowed to evaporate leaving 
behind CCs. Micro-FTIR spectroscopy confirmed that the plate and needle-shaped 
crystals from human coronary artery aspirates and the synthetic crystals were com-
posed of cholesterol (Fig. 8). The interferograms of aspirated crystals from patients 
were identical to those of synthetic CCs. To further confirm the chemical composi-
tion, EDX was also used to demonstrate that all crystals with needle or plate shapes 
from human coronary aspirates were composed of carbon and oxygen as would be 
expected for cholesterol.

Infrared spectroscopy is now being tested in the clinical setting using catheter- 
based technology to engage the coronary arteries during interventional procedures 
[35]. This approach has been able to detect the present of lipid deposits in the arte-
rial wall during cardiac catheterization of the coronary arteries. It is hypothesized 
that this could allow the interventional cardiologist to identify and stent sites that 
may be prone to rupture.

S. Flegler et al.



45

8  Raman Spectroscopy

Coherent anti-Stokes Raman Scattering (CARS) microscopy can be used to inter-
rogate fresh tissues by chemical imaging by molecular vibrations. It is a nonlinear 
optical microscopy with submicron resolution that does not require dye labeling for 
imaging. It is selectively effective in imaging lipids by interrogating the vibrational 
signatures of carbon-hydrogen bonds. It has been used to correlate the morphology 
and chemical composition of atherosclerotic lipids in plaques [36, 37]. Studies per-
formed by multiplex CARS on atherosclerotic arteries from ApoE −/− mice using 
spectral ranges of Raman shift from 2650 to 3050 cm−1 [36] demonstrated the pres-
ence of needle shaped CCs deep in the intima (20 μm). Moreover, when mice were 
treated with simvastatin, the crystallized lipids detected by CARS were found to be 
less solidified than those seen in the non-treated group. However, both needle 
shaped and rhomboid shaped crystals were detected by CARS.  In another study 
evaluating the use of hyperspectral CARS imaging/principal component analysis to 
image CCs in atherosclerotic arteries from LDLR−/− and ApoE−/− mice [37] a chem-
ical map used to identify CCs within macrophages confirmed that they were com-
posed of cholesterol. The three-dimensional feature of these systems has the 
potential to be applied to in vivo conditions. Since abundant CCs is a common fea-
ture of ruptured plaques, this feature may have the potential to detect plaques that 
are prone to rupture in real time during vascular intervention [38, 39].

9  Nuclear Magnetic Resonance Spectroscopy

Early studies on the development of the lipid core in atherosclerotic plaques sug-
gested that CCs were important feature in plaque evolution as evidenced by their 
presence in fatty streaks [40]. However, this was not certain as once the tissues are 
fixed and processed for light and transmission electron microscopy, CCs were dis-
solved leaving behind empty “clefts.” Furthermore, the original biochemical studies 
done on arterial tissue were destructive causing the loss of the specific localiza-
tion of CCs.

However, NMR spectroscopy is a nondestructive approach that can be used to 
identify various plaque elements. As opposed to liquid-based samples, NMR of 
solid structures requires the use of “solid state” techniques to narrow resonance 
peaks, one of which is magic angle spinning (MAS NMR). Also, contrary to more 
commonly performed hydrogen NMR, in which the signals of metabolites or other 
biological materials is dwarfed by the water signal, to specifically detect choles-
terol, it is possible to use 13C NMR, aided by signal amplification techniques such 
as cross-polarization, in which magnetization is transferred from the abundant 
hydrogen atoms to the very nonabundant 13C atoms. To detect calcium phosphate 
hydroxyapatite in situ, 31P MAS NMR is used (no need for cross polarization as 31P 
is the natural abundance isotope). By performing 13C and 31P MAS NMR it is 
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possible to obtain quantitative measures of crystalline cholesterol and calcium 
phosphate, respectively, as demonstrated in ex  vivo tissue specimens of human 
carotid plaques [41]. This method has the potential to evaluate the amount of CCs 
trapped within the phospholipid bilayers and determine the supersaturated state in 
that location and as such can help localize of the distribution of CCs in the tissue. 
However, these experiments cannot be performed in humans for several reasons, 
including resolution of the current approaches with NMR spectroscopy and the 
need to spin samples.
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Crystals in Atherosclerosis: Crystal 
Cholesterol Structures, Morphologies, 
Formation and Dissolution. What Do 
We Know?

Jenny Capua-Shenkar, Neta Varsano, Howard Kruth, and Lia Addadi

1  Introduction

Evidence for the onset of cholesterol crystallization emerges at the initial stages of 
the development of an atherosclerotic lesion [1, 2]. The early events of crystalliza-
tion are thought to be affected by the local lipid environment that is mostly com-
prised of the esterified form of cholesterol (thereafter addressed as “cholesteryl 
ester”), unesterified cholesterol (thereafter addressed as “cholesterol”), and phos-
pholipids as well as by the cellular population residing in the developing lesion [1, 
3]. As the lesion assumes further advanced forms, cholesterol concentration raises 
to super-saturation, where potential meta-stability can lead to cholesterol crystal 
nucleation and growth [1]. Further lesion advancement will lead to the development 
of an atheroma, which is characterized by an even further rise in cholesterol concen-
tration, leading to an abundance of additional cholesterol crystal nucleation events, 
and the growth and thickening of pre-existent crystals. In practice, cholesterol crys-
tals are inevitably observed in advanced atherosclerotic lesions [1, 4, 5].
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Examination of atherosclerotic lesions, of human or animal model origin, reveals 
remarkable diversity of crystalline cholesterol shapes and sizes in relation to their 
environment (Fig. 1). Crystal morphologies present in atherosclerotic lesions vary 
greatly: from slender platy morphologies seen in rabbit models, associated with 
lipid droplet surfaces (Fig. 1i) and with the outer surfaces of multi-lamellar bodies 
(Fig. 1j), to rod-like crystals extracted from human lesions (Fig. 1e), and to massive 
rhomboid or plate-like crystals, the classic crystalline cholesterol found in human 
atheromas (Fig. 1a–d, f). Not only is the morphological crystal diversity apparent in 
the diseased tissues, but also the association between the distinct crystalline mor-
phologies and different tissue components. Human and rabbit advanced lesion cores 
are associated with large (0.2–2 μm thick, and tens of μm long) plate-like choles-
terol crystals (Fig.  1d) [6, 7], whereas early stages of crystalline cholesterol are 
associated with lipid droplets, multi-lamellar bodies, and additional cellular compo-
nents in different locations [6, 8, 9]. There is also evidence of intracellular 

Fig. 1 Cholesterol crystals in atherosclerotic tissues. Images (a–f) concentrate specifically on the 
crystals, images g–j on the cellular context. (a) TEM image of human atherosclerotic lesion, cho-
lesterol crystal clefts indicated by arrows. E elastic fiber. Scale bar = 1 μm. Adapted with permis-
sion from [15]. (b) Three-dimensional representation of extracellular lipid droplets, cholesterol 
crystals, and foam cells generated from SEM images. Cholesterol crystals (yellow) seem to grow 
out from large lipid droplets (black arrowheads and inset). Large sheet-like crystals (black arrows) 
can be two dimensionally as large as foam cells. The plasma membranes of the foam cells are 
artificially colored in transparent blue or green, the nuclei in light blue, and the intracellular lipid 
droplets in vermilion or maroon. Two cholesterol crystals are surrounded by the right-hand foam 
cell (white arrow). Reproduced with permission from [7] (c) SEM image of human carotid artery 
displaying cholesterol plate-like crystals (adapted with permission from [16]. (d) Cryo-SEM 
image of a freeze-fractured atherosclerotic lesion taken from a human carotid artery, displaying a 
multitude of stacked cholesterol crystals. (e) Light microscope image of rod-like cholesterol crys-
tals isolated from a human atherosclerotic lesion. Adapted with permission from [17] (f) SEM 
image of a large rhomboid plate-like crystal isolated from human atherosclerotic lesion. (g) TEM 
image of intra-lysosomal cholesterol crystals found in a rabbit lesion ly lysosome, D lipid droplet. 
Scale bar = 1 μm. Adapted with permission from [10] (h) Thin intracellular cholesterol crystals 
(black arrows) in a single slice from cryo-focused ion beam block face serial imaging by SEM 
(cryo-FIB- SEM), taken from a rabbit atherosclerotic lesion. Note that the crystals are not mem-
brane bound. (i) Three-dimensional representation of a lipid droplet (pink) with thin cholesterol 
crystals (grey) attached and merged to its outer surfaces, taken from a rabbit atherosclerotic lesion, 
data acquired by cryo-FIB- SEM. (j) Single slice from cryo-FIB-SEM of a rabbit lesion, displaying 
a thin cholesterol crystal (arrow) attached to the outer surface of a multi- lamellar body
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cholesterol nucleation (Fig. 1h) as well as of intra-lysosomal crystals (Fig. 1g) [6, 
10]. The cholesterol molecule, from the moment it enters the diseased tissue, may 
take distinct routes [3, 11]. The intriguing shapes cholesterol crystals assume, while 
pathologically accumulating in the diseased tissue, and the interaction of these crys-
tals with distinct tissue components give rise to some interesting questions. Is there 
a relation between the different cholesterol crystal morphologies and the pathway 
followed during crystal nucleation? Do the structures of the initial crystals remain 
the same with time? How do different crystal morphologies form within the same 
region in the lesion and what story can that tell us? Do model systems display dis-
tinct crystal characteristics similar or identical to those of the actual diseased tissue? 
How can environmental characteristics affect cholesterol nucleation, growth and 
dissolution?

We realize that we are not the first to raise these questions. We also do not claim 
to have definite and profound answers to all of them. We do hope that with the 
advent of more advanced techniques, especially in electron microscopy, more infor-
mation will become accessible [12–14]. Some already available advanced tech-
niques allow us to see the crystals in the tissue and in three dimensions at relatively 

g

i j

h

Fig. 1 (continued)
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high resolution, as shown in Fig. 1b (FIB-SEM) and Fig. 1i (cryo-FIB-SEM). The 
cryo- techniques provide direct observation of the crystals in their native hydrated 
environment, as shown in Fig. 1d, h–j. These techniques avoid sample preparation 
procedures that dissolve the crystals, leaving only an imprint of the crystal location 
in the form of a void, as shown in Fig. 1a, b, g, and without extracting the crystals 
or drying them, as they are shown in Fig. 1c, e, f.

Looking for answers requires the examination of the fundamental aspects of the 
processes within the context of the subject that we are examining, cholesterol crys-
tals in atherosclerotic plaques. This we shall do in the sections below, examining 
first cholesterol the molecule and cholesterol crystal structures, followed by exami-
nation of what determines crystal morphologies, crystal nucleation and finally crys-
tal dissolution.

We note that, although calcification is a prominent characteristic of human 
advanced atherosclerotic lesions, its deposition as well as the interaction with crys-
talline cholesterol will not be covered in this chapter.

2  Why Cholesterol? Cholesterol, The Molecule 
and Its Crystals

Cholesterol is an essentially hydrophobic molecule, with a rigid steroid backbone 
consisting of four fused carbon rings, one hydrocarbon tail and one hydroxyl group, 
the only hydrophilic group in the whole molecule (Fig. 2a). As a consequence of the 
molecular structure, cholesterol is almost insoluble in water but does dissolve to a 

a b

Fig. 2 Schematic representation of the cholesterol molecule and its locations in a lipid bilayer. (a) 
The cholesterol molecule in two different orientations, face-on to the carbon rings (left) and in 
profile (center and right). The left and center representations are in the ball and stick format, with 
carbon atoms in black, oxygen in red, and hydrogen in off-white. The right-hand representation of 
the molecule in stick format will be used all along the chapter as a model to explain the processes 
involving the molecule in the crystal structures, during crystal nucleation, growth, and dissolution. 
The molecular conformation was taken, for convenience, from one of the molecules in the mono-
clinic structure. (b) Schematic representation of a lipid bilayer composed of phosphoglycerolipids 
and cholesterol molecules (arrows); above a critical concentration for cholesterol, cholesterol seg-
regates in two-dimensional crystalline domains
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certain measure inside cell membranes, where it is an essential component contrib-
uting to membrane fluidity and integrity [18–21]. The hydrophobic backbone of the 
molecule interacts with the hydrocarbon chains of membrane phospholipids, while 
the hydroxyl head interacts with water in the intracellular and extracellular medium 
(Fig. 2b). The length of the molecule is 17 Å, about the length of palmitic acid, one 
of the main components of cell membrane lipids, with which cholesterol interacts 
particularly well [22, 23]. Inside the cell membranes, cholesterol may arrange in 
bilayers, with the same arrangement as the phospholipid bilayer. When its concen-
tration in the membrane is above the solubility limit, cholesterol may separate from 
the phospholipids forming domains composed exclusively of cholesterol, from 
which crystals may nucleate [24–26] (Fig. 2b).

Two crystal structures are known to form in water-based environments, both of 
them containing one molecule of water per cholesterol molecule, i.e., forming crys-
tals with molecular content of cholesterol monohydrate. The better-known structure 
of cholesterol monohydrate, which is also the most stable structure, is the triclinic 
structure that Craven determined in 1976 (Fig. 3a) [27]. The monoclinic structure, 

a b

c d

Fig. 3 Cholesterol monohydrate crystal structures. Packing arrangement of (a) the triclinic cho-
lesterol.H2O structure. (b) The monoclinic cholesterol.H2O structure. Several crystallographic unit 
cells are represented, to make two superimposed bilayers. For convenience, we shall use the same 
structural arrangement of the monoclinic structure in (b) as a model for all the different schemes 
thereafter. Note that the fundamental bilayer arrangement is very similar in the monoclinic and 
triclinic structures. (c, d) hydrophilic layer arrangement of water and cholesterol hydroxyl moi-
eties in the triclinic structure, and the ice-like layer in the monoclinic structure, respectively. Red: 
oxygen, black: carbon, blue: hydrogen bonds between water molecules and cholesterol hydroxyl 
groups. (Figure adapted in part from [32)]
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reported by Solomonov et al. [28] in 2005 and recently refined by Shepelenko et al. 
[29] (Fig. 3b), is metastable and preferably forms in vitro from thin layers at the 
air–water interface and from saturated phospholipid bilayers (Fig. 2b). Although the 
triclinic structure is the stable structure, cholesterol monoclinic deposits form in 
gallstones and in vitro in the presence of bile acids, and have unique helical and 
tubular superstructures (Fig. 6e) [30, 31]. Cholesterol helical superstructures grow-
ing from macrophages from the J774A.1 cell line supplemented with acetylated 
LDL, are also crystalline and have the monoclinic structure (Fig. 6f) [8].

Both crystal structures, triclinic and monoclinic, consist of bilayers of choles-
terol molecules where the hydrophobic backbones interact laterally with each other 
with van der Waals forces (Fig. 3a, c), and the water molecules interact with the 
hydroxyl groups of the cholesterol molecule in a two-dimensional lattice (Fig. 3b, d). 
Within the bilayer, the molecules interact tail to tail with hydrophobic contacts 
(Fig. 3b), such that in an aqueous environment, as the intracellular environment or 
the extracellular matrix, a crystal will terminate at the surface with the hydrophilic 
side of the bilayer interacting with water. In a hydrophobic environment, such as 
might be the core of an atherosclerotic plaque, cholesterol crystals would be delim-
ited by a surface layer exposing the hydrophobic tails of the molecules (Fig. 3).

3  Cholesterol Crystal Morphologies: What Are They, What 
Do They Mean, and What Do They Show Us?

The rates of growth of a crystal in the different directions, Va, Vb, and Vc, determine 
the crystal morphology [33, 34]. If a crystal grows very fast in one direction, say 
along the crystallographic axis b, relative to its rate of growth along the a and c axes, 
the crystal will develop as a thin rod (Fig. 4 (1)). The crystal will develop as a ribbon 
if there is also a substantial difference in the rates of growth between the other two 
axes (Fig. 4 (2)). The crystal will develop as a thin plate if its rates of growth along 
two directions are comparable, and much faster than in the third direction (Fig. 4 
(3)), and will develop as a prism if the rates of growth along the three directions are 
in the same order of magnitude (Fig. 4 (4)).

The relative rates of crystal growth in the various crystallographic directions are 
determined, in turn, by the interactions between the molecules in the respective 
directions, which determine the rate at which new molecules will add up in the 
given orientations [35, 36]. In the case of cholesterol crystals, growth along the c 
axis requires the addition of new molecular layers or bilayers (Fig. 5a) [32]. The 
interactions between molecules in different layers are much weaker than the interac-
tions between molecules in the same layer, and this is true for the crystals both in 
the stable triclinic structure and in the monoclinic structures. In agreement with this, 
synthetic crystals of cholesterol monohydrate in the stable triclinic structure are 
typically thin plates, as in case (3) in Fig. 4.
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Fig. 4 Schematic representations of how crystal morphology develops depending on the relative 
rates of growth of the crystal in the different directions. Va, Vb, and Vc are the rates (V = velocity) 
of growth of the crystal along the three crystallographic axes a, b, and c, as indicated

Crystals extracted from atherosclerotic plaques (Fig. 1f) or imaged in atheroscle-
rotic plaques (Figs. 1a, b, d, and 6b), as well as crystals grown in macrophage cul-
tures (Fig.  6a) are prevalently thin plates [7, 37]. There are, however, both in 
atherosclerotic plaques (Figs. 1e and 6d) and in macrophage cultures (Fig. 6c), crys-
tals that assume the morphology of elongated ribbons or rods [17, 37]. If these 
crystals assumed the triclinic structure from their incept, it is necessary to under-
stand why and how the crystals grew predominantly in one direction, as in the 
example shown in Fig. 4(1), rather than in two directions, as justified by the internal 
bilayer structure, resulting in thin plates as in Fig. 5c. We do not have a plausible 
explanation for this instance.

There exists, however, another possibility. The helical crystals that form from 
pathological bile or in J774A.1 macrophage cultures and assume the monoclinic 
structure (Fig. 6e, f) consist of very thin ribbons wrapped up around an axis [8, 38, 
39]. If the ribbon is unwrapped, the morphology matches the model in Fig. 4(2), and 
is well justified by the crystal structure of the monoclinic polymorph.

Benedek [40] described how the diameter of the helix increases proportionally to 
the thickness of the ribbons, or in other words, how the helices open with the growth 
and thickening of the ribbons. Such process would result in a rod-like crystal with 
the monoclinic structure. X-ray diffraction measurements performed on crystals 
extracted from atherosclerotic plaques showed unambiguous presence of the tri-
clinic cholesterol monohydrate polymorph, without any trace of any other poly-
morph being present [4]. This is not surprising because the stable polymorph is the 
triclinic one and a metastable structure would inevitably transform into the more 
stable triclinic structure at some stage during the long development of the plaques. 
The rod-like morphology might in such case preserve and manifest the metastable 
morphology in which it formed. In vitro crystallizations of cholesterol from lipid 
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Fig. 5 Schematic representation of cholesterol crystal morphologies. (a) Thin cholesterol crystals 
develop easily parallel to the bilayer planes. The magnification of the boxed bilayer area shows 
how molecules added in the c direction (Vc) do not form good interactions with the existing bilayer, 
whereas multiple interactions develop when a molecule adds within the bilayer plane (Va/b). (b) 
Cholesterol crystal morphologies that develop during the growth of the monoclinic polymorph: 
thin ribbons may grow into thin hexagonal crystals, or helical crystals because Vb > Va> > Vc. (c) 
The crystal morphology of the triclinic polymorph is thin plates because Va ~ Vb> > Vc

bilayers indeed showed instances in which the monoclinic polymorph deposited as 
helices, which subsequently underwent phase transition to the triclinic phase [30, 
31, 38, 39].

Besides few thin plates and rods, the prevailing population of crystals in the ath-
erosclerotic lesions are relatively thicker plates (Fig. 1a–d, f). These crystals pre-
sumably grew in extra-cellular locations by the addition of cholesterol present in the 
environment. In addition, the cholesterol crystals tend to stick one to the other form-
ing stacks of crystals with the same orientation either because they formed from 
connected nuclei or because the stresses directionally imposed on the plaque reori-
ented them. Crystal ripening, consisting in growth of large crystals at the expense of 
smaller crystals that dissolve, is a well-known phenomenon (under the name of 
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Fig. 6 Cholesterol crystal morphologies in biological context. (a) Crystal plate grown from mac-
rophage culture (reproduced with permission from [37]). (b) 3D representation of segmented crys-
tal plates from rabbit atherosclerotic lesion. (c) Crystal needle grown from macrophage culture 
(reproduced with permission from [37]). (d) rod-shaped crystal isolated from human atheroscle-
rotic plaque. Image adapted from [32]. (e) Helical crystal grown from bile acids (reproduced with 
permission from [38]). (f) Helical crystal (black) grown in macrophage culture (nucleus = blue, 
lipid bodies = red). (Reproduced with permission from [39])

Ostwald ripening [41]) that may certainly also contribute to increase the population 
of larger crystals over long periods in the core of the lesions. Crystal ripening occurs 
because interactions with the environment at the crystal surface favor crystal dis-
solution whereas interaction between the molecular components in the bulk favor 
the crystalline phase. Because the surface-to-bulk ratio is always bigger in small 
crystals relative to larger ones, the big crystals are more stable relative to the small 
ones [42].

Specific crystal growth inhibitors may influence crystal morphology, by prefer-
entially attaching to specific crystal faces where their molecular structure provides 
favorable interactions with the surface [35]. This is well exemplified in the insert 
shown in Fig. 5a, where any alcohol, or for what that matters water itself may inhibit 
growth of the crystal along the c axis, by interacting with the cholesterol molecules 
and the water in the ab layer, thus decreasing the rate of addition of layers along c 
(Vc). This would make the cholesterol plates or ribbons even thinner. On the other 
hand, a hydrophobic molecule that interacts well with the exposed ring system of 
the cholesterol molecule could be absorbed along a or b and subsequently slow 
down the growth (Va and/or Vb) decreasing the rate of addition of further cholesterol 
molecules in these directions. The crystals in the latter case should become thicker 
plates. It is conceivable that they could grow as rods as consequence of preferential 
absorption on one of the lateral surfaces of the plate (as in Fig. 4 (2) or (1)). We 
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deem this, however, as highly improbable because the structure along the a and b 
axes of the triclinic crystals is very similar [27], and so should be the molecular 
interactions with an external inhibitor. There are also many high-energy sites in 
growing crystals, especially kink sites or sites of emerging dislocations. These sites 
favor crystal growth, but are also target of non-specific growth inhibition [43], one 
example of which are the typical notches observed in cholesterol crystals extracted 
especially from gallstones [31].

4  Crystal Nucleation

4.1  Cholesterol Crystal Formation: The Conceivable Routes, 
The Hypotheses and the Evidence

Molecules that dissolve in a native environment favorably interact with their envi-
ronment, and thus release energy. Formation of a crystal from an initially homoge-
neous solution requires prior organization of the molecules, and extraction of the 
molecules from the environment, including cutting off the associated interactions, 
which in turn requires an investment of energy. This is not favored in a solution that 
is under saturation level, where the energy associated with interaction of the mole-
cule with its environment exceeds the energy of interaction of the molecules among 
themselves. However, when appropriately oriented molecules interact with each 
other to form a crystal in a super-saturated solution, they liberate more energy than 
what they need to invest to extract the molecules from the environment, such that 
the energy balance is in the favor of crystallization. The extra-energy that is needed 
to organize an initial nucleus, thus promoting the beginning of crystallization, is the 
activation energy, which represents a substantial barrier to crystallization from 
homogeneous media [44]. External surfaces may help reduce the energy of activa-
tion by providing a template to the forming crystal, both organizing the molecules 
in a manner that is similar to their packing in the crystal, and liberating interaction 
energy. In the case of cholesterol, grazing angle X-ray diffraction experiments per-
formed on saturated phospholipid bilayers containing cholesterol showed that cho-
lesterol molecules segregate into cholesterol domains when their concentration is 
above saturation level in the lipid environment (Fig. 2b) [45]. The cholesterol mol-
ecules in the segregated domains are already organized in the correct orientation to 
form crystal bilayers that are stabilized by interactions with water, and can give rise 
to three-dimensional cholesterol crystals of the monoclinic cholesterol monohy-
drate polymorph (Fig. 5a).

In vitro experiments showed that the crystal polymorph eventually grows either 
into crystal plates of the triclinic structure (Figs. 5c and 7b) or into crystal elongated 
plates, cylinders, or helixes in the monoclinic structures (Fig. 5b), affected by the 
specific lipid components of the bilayer membrane [39]. Growth of rhomboidal 
plate crystals occurs from the plasma membrane of macrophages supplemented 
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with acetylated-LDL (Fig. 7c), whereas helical and cylindrical crystals of the mono-
clinic polymorph form from internal membranes (Fig. 6f) [8]. This type of tem-
plated nucleation is probably the mechanism responsible for the crystal nucleation 
from multilamellar bodies (Fig.  7e) that was observed in rabbit atherosclerotic 
lesions (Figs. 1j and 7d insert) [6].

Analogously, lipid droplets are delimited by a monolayer of lipid and cholesterol 
molecules that can provide a template to crystallization on their surface [47]. An 
epitaxial match exists between the cholesteryl surface of a single bilayer of the ester 
cholesteryl palmitate and a monoclinic cholesterol monohydrate crystal [29]. This 
means that a bilayer of cholesteryl palmitate or other similar cholesteryl esters, 
which are common components of atherosclerotic lesions, could nucleate choles-
terol crystals by templating. Templated nucleation is thus most probably the mecha-
nisms responsible for cholesterol crystal nucleation from lipid droplets (Fig. 7d) 
that was observed in rabbit atherosclerotic lesions (Fig. 1g, i). In agreement with 
this interpretation, crystals were observed to nucleate at the surface of lipid droplets 
close to the so-called hydrolysis pits, locations where cholesteryl ester is hydro-
lyzed to produce unesterified cholesterol (Fig.  7d) [48]. The crystals that were 
observed in rabbit atherosclerotic lesions are extremely thin plates, 20–30 nm thick. 
This morphology corresponds to triclinic cholesterol monohydrate crystals that just 
nucleated and grew rapidly in the ab plane (Figs. 5c and 6b). Such very thin crystals, 
close to the nucleation stage, were also observed in intra-cellular locations in rabbit 
lesions, although the cell viability at the time when the sample was withdrawn is 
uncertain (Fig. 1h) [6].

Fig. 7 Cholesterol crystal nucleation scenarios. (a) Schematic representation of a crystal (gray) 
nucleating at the surface of a cell membrane (green), from a domain of cholesterol molecules (red) 
that segregated inside the cholesterol-supersaturated bilayer. (b) Volume representation of a cho-
lesterol crystal nucleated on the surface of a liposome. The data presented is reconstructed from 
soft X-ray tomography of a phospholipid unilamellar vesicle with attached cholesterol crystal. (c) 
Super-resolution localization map of labelled plasma membrane crystalline cholesterol on macro-
phage cell membranes. The crystals are labeled by an antibody that recognizes cholesterol crystals 
(Reproduced with permission from [8]). Inset shows high magnification of one labelled crystal 
(reproduced with permission from [46]). (d) Schematic representation of a lipid droplet, delimited 
by a monolayer of phospholipids and unesterified cholesterol, with dedicated proteins, and con-
taining in the hydrophobic bulk neutral lipids, triglycerides and cholesteryl esters (reproduced with 
permission from [32]). Insert—cholesterol crystals nucleated on the surface of a lipid droplet 
(white arrow). Slice from a cryo-FIB-SEM set of images. The lipid droplet has a bright cavity (yel-
low arrow) consistent with what is described as a hydrolysis pit, i.e., a location where cholesteryl 
ester is hydrolyzed to produce cholesterol. (e) Schematic representation of a multilamellar body 
formed by onion-like arrangements of superimposed bilayer membranes. (Created with BioRender.
com). Insert—multilamellar body with a cholesterol crystal attached to the outer membrane 
(arrow) slice from a cryo-FIB-SEM set of images
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It is important to point out that these are not the only possible mechanisms of 
crystal nucleation and growth, as other environmental conditions can facilitate crys-
tallization, in particular in extra-cellular locations, where unesterified cholesterol 
concentration may increase after cell death and cholesteryl ester hydrolysis. There 
are, however, plenty of membranes, particles, lipid droplets, and multilamellar bod-
ies in extra-cellular locations, and most probably nucleation is induced, if not tem-
plated, by surfaces.

5  Crystal Dissolution

Similar and opposite to crystal nucleation and growth, crystal dissolution occurs 
when the environment is under-saturated with the crystal components [36]. The 
energy that is released when a molecule is detached from the crystal and interacts 
with the solvent, in this case, overcomes the energy of interaction of the molecules 
with their environment inside the crystal. Naturally, the molecules exposed at the 
crystal surface are more easily susceptible to dissolution, but there are also differ-
ences in the ease of dissolution of molecules in different positions. Thus, molecules 
exposed at steps or kinks on the crystal surface are more easily dissolved than mol-
ecules that are integral parts of a crystal layer, for the simple fact that they make less 
contact with the surrounding molecular crystal components. A molecule at a crystal 
step makes contact with only two other molecules on the two sides of the step, and 
a molecule at a crystal kink with three, instead of five contacts that a molecule 
makes when it is embedded in a crystal layer (Fig. 8a). For this reason, crystals dis-
solve more from the edges and from the corners than homogeneously from the 
surfaces, resulting in rounded corners and edges in dissolving crystals (Fig. 9a, b). 
Analogously, crystals dissolve from imperfections such as emerging screw or edge 

a b c

Fig. 8 Schematic representations of crystal dissolution sites. (a) A molecule residing in a crystal 
step site or in a crystal kink site is more prone to dissolution because it makes less contacts with 
the crystal components than a molecule residing inside the surface layer. (b) Screw dislocation. A 
molecule residing in an emerging crystal imperfection, such as a screw dislocation or an edge 
dislocation, is easier to remove because it makes less favorable contacts with the crystal compo-
nents. (c) Etch pit, the result of dissolution from emerging dislocations. The etch pit sides are 
formed by steps along preferred crystallographic directions, dissolving with relative velocities 
V3 > V2> > V1
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Fig. 9 Cholesterol crystal dissolution. (a) Scanning electron micrograph of carotid plaque from 
endarterectomy of a patient not on statins. (b) Scanning electron micrograph of carotid plaque 
from a patient on statins demonstrating dissolving crystals (images adapted with permission from 
[57]). (c, d) Cholesterol crystals dissolving in the presence of cyclodextrin. Frames from a movie 
taken during dissolution. (c) is the first frame of the movie, showing already dissolving crystals 
[50]. The rod-like crystals dissolve completely before the plates. (e–f) Scanning electron micro-
graphs of cells from the epithelial cell line A6 adhering to large cholesterol crystals and locally 
dissolving them, forming large pits (white arrows). In (f) the cell moved from the location, leaving 
traces of its activity in the form of etch pits [58]
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dislocations (Fig. 8b), simply because the molecules are easier to detach, i.e., the 
interactions that the solvent needs to overcome to detach them from the crystal are 
weaker [49]. The result of preferred dissolution from imperfections, which are very 
frequent in all crystals, is the formation of the so-called etch pits (Fig. 8c). A crystal 
that dissolves preferentially by this route will develop an irregular morphology, 
such as the morphology developed by cholesterol crystals dissolving in the presence 
of cyclodextrin (Fig. 9c, d) [50].

Cholesterol crystal dissolution can occur in several conceivable scenarios rele-
vant to atherosclerosis, each following a different sequence of events, which we 
shall examine one by one below:

5.1  Lowering Cholesterol Concentration in Blood

Cholesterol solubility in water is extremely low (<2 mg in 100 mL water [18]), but 
there are several vehicles for cholesterol in blood. The tests of cholesterol concen-
tration in blood take into account the total cholesterol, including but not limited to 
LDL and HDL with their cargo of cholesterol and cholesteryl ester. Lowering cho-
lesterol concentration in blood led to plaque regression in nonhuman studies, includ-
ing lowering the amount of crystals [1, 51–53]. The crystals in the lesion core are, 
however, difficult to dissolve, both because the crystals are in the most stable form 
of cholesterol, and because the crystals in the core are presumably more difficult to 
reach and act upon.

5.2  Increasing Cholesterol Solubility in Water

The solubility of cholesterol in ethanol at 37° is ∼32.5 mg in 100 mL of solvent 
[54], more than one order of magnitude higher relative to water. It is thus to be 
expected that cholesterol crystals will be more easily soluble in water-ethanol mix-
tures than in water. Cholesterol monohydrate crystals dissolve in 10–50% ethanol- 
containing aqueous solutions by bilayer or multilayer step retreat and by formation 
of etch pits [55]. The effect is due to the mixed hydrophobic–hydrophilic character 
of ethanol, which induces good interactions both with water and with cholesterol 
and lipid molecules. When fresh human atherosclerotic plaques were exposed to 
ethanol/water solutions, cholesterol crystals dissolved, assuming pitted and rounded 
morphology [56]. Analogously, cholesterol crystals treated with cyclodextrin solu-
tions in water dissolve forming pitted crystals with deformed morphology [50] 
(Fig.  9b). In the latter case, cholesterol solubility is increased in water because 
cyclodextrin molecules form very stable inclusion complexes with cholesterol.

Carotid plaques of patients treated with statins had cholesterol crystals showing 
clear evidence of dissolution in their irregular rounded morphologies [57] (Fig. 9b). 
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Analogously, in carotid samples treated with aspirin, “The otherwise sharp edged, 
dense rhomboid and needle shaped crystals appeared … significantly dissolving, … 
with blunted tips and altered geometry.” [16]

5.3  Cell Membrane Solubilization of Cholesterol

In a process opposite to the cholesterol crystal nucleation on cell membranes men-
tioned above (Sect. 4), cholesterol crystals can be dissolved by adhering cells, with 
the cholesterol molecules becoming internalized in the cell plasma membrane itself, 
or in other cellular organelles. We were very surprised to see pit formation in large 
cholesterol crystals on which we seeded cells from the epithelial cell line A6 [58]. 
The cell adhered to the crystals and burrowed inside the crystals, forming large and 
deep etch pits, while the cells swelled assuming an appearance similar to foam cells 
(Fig. 9e, f). It is interesting to note that the same phenomenon did not happen with 
any of other crystals. The same cells adhered to several other crystals [59], but dis-
solution of the crystals following cell adhesion was never observed. We take this 
phenomenon to indicate that cholesterol may penetrate into the phospholipid bilayer 
membrane of the cell as separate molecules or as ordered domains, and can subse-
quently become internalized in the cell as cholesterol or as cholesteryl ester (see 
Sect. 5.4).

Adams et al. reported that liposomes form at the surface of synthetic cholesterol 
crystals and crystals isolated from human atherosclerotic plaques in contact with 
HDL. Under the reported experimental conditions this process persisted until cho-
lesterol crystal dissolution [60, 61]. Although the mechanism of interaction respon-
sible for crystal dissolution is not known, it is conceivable that the process involves 
adsorption of cholesterol molecules from the crystal onto the modified HDL parti-
cles or onto the liposomal membranes formed. Synthetic HDL particles were also 
reportedly involved in lowering of cholesterol crystal burden [62]. However, con-
trasting evidence on the role of HDL in cholesterol crystal dissolution also exists 
[63, 64].

5.4  Crystal Sequestration or Phagocytosis by Macrophages 
and Esterification or Cellular Efflux of Cholesterol

There is evidence that cholesterol crystals can be sequestrated or phagocytosed by 
macrophages and subsequently dissolved, with associated esterification of the dis-
solved molecules to cholesteryl esters [65, 66]. Kruth (1995) reported sequestration 
of cholesterol crystals in surface-connected (i.e., open to the extracellular space) 
bilayer membrane-bound compartments formed in human monocyte-derived mac-
rophages differentiated with human serum. Some cholesterol redistributed from the 
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surface-connected compartments into lysosomes (where the cholesterol remained 
unesterified) and into lipid droplets (where the cholesterol was stored as cholesteryl 
ester). Other cholesterol was released from the macrophages in the form of nascent 
HDL discoidal complexes containing cholesterol, phospholipid, and apolipoprotein 
E [67, 68]. The presence of apolipoprotein E within the surface-connected compart-
ments containing the cholesterol crystals [66] suggests that the macrophage-derived 
nascent HDL solubilized the crystalline cholesterol within these compartments.

Human monocyte-derived macrophages differentiated with M-CSF and then 
enriched with cholesterol by uptake of lipoprotein- or microcrystalline-derived cho-
lesterol, shed cholesterol into the extracellular matrix [69]. The cholesterol was con-
tained within amorphous phospholipid deposits.

McConathy et al. examined cholesterol crystal uptake by a mouse macrophage 
cell line (P388Di) and observed cholesterol crystal accumulation within intracellu-
lar bilayer membrane-bound vacuoles consistent with phagocytic uptake of the 
crystals [65]. A small amount of the crystal-derived cholesterol became esterified 
within the macrophages. A similar occurrence of macrophage phagocytosing and 
dissolving cholesterol crystals have been advocated in human macrophages from 
aspirates of coronary arteries during myocardial infarction [70] (See Fig. 7, Chapter 
“The Cholesterol Crystal Paradigm: Overview of How Cholesterol Crystals Evolve 
and Induce Traumatic and Inflammatory Vascular Injury”).

The above findings suggest that macrophages can function in uptake and pro-
cessing of cholesterol crystals for either storage within the macrophage or excretion 
of crystal-derived cholesterol in a form solubilized by phospholipid.

6  Conclusions, Questions, and Suggestions

The combination of observations made on diseased tissues and model systems with 
structural and chemical knowledge on crystals may provide some insight into the 
pathways of crystal deposition during the formation of atherosclerotic lesions. The 
advanced electron microscope techniques nowadays available allow unprecedented 
observations of the tissues in conditions much closer to their original ones, relative 
to those that were previously available. Does all this information provide us with 
any additional knowledge on the pathology? Does it suggest any additional tools for 
the clinicians to tackle the disease? We shall sort out some considerations, thoughts, 
and questions below.

6.1  Cholesterol Crystal Polymorphism: Curiosity or 
Interesting Possibility?

We know that a metastable phase of cholesterol monohydrate crystals exists. We 
know that this phase forms from macrophage cell membranes and from phospho-
lipid bilayers in  vitro and is dependent on membrane composition. These same 
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crystals, with their characteristic helical morphology, form also in artificial solu-
tions containing cyclodextrin and in bile [38, 50], and subsequently transform into 
the stable triclinic crystal structure that figures conspicuously in atherosclerotic 
plaques [1, 17]. There is no direct evidence of a transient metastable phase during 
the formation of atherosclerotic lesions, although there are some observations that 
might suggest its existence. We note that a less stable phase, which formation is 
kinetically favored, may be easier to dissolve than the stable phase. In the case of 
cholesterol, this theoretical possibility is supported also by experiments, showing 
that in vitro the metastable crystals indeed dissolve faster than those of the stable 
phase (Fig. 9c, d) [50]. Whether these observations can have any practical value in 
the treatment of the pathology, we do not know.

6.2  Cholesterol Crystal Formation: The Locations. 
Intra- Cellular, Extra-Cellular or Both?

We know that cholesterol crystals can form in intra-cellular locations in forming 
rabbit lesions [6]. The observation of an intact nucleus and of a complete cell plasma 
membrane enclosing the area where nascent crystals appear, guarantees the intra- 
cellular location, and suggest that the cell is intact, although it is not possible to 
verify that the cell is viable at the time of crystal nucleation. The extremely thin 
crystal morphology, together with the absence of a lysosomal membrane envelope 
around them, support the notion that the crystals are in the first stages of formation, 
rather than undergoing dissolution, and did not undergo phagocytosis after extra- 
cellular nucleation. Murine macrophages from cultures supplemented with 
acetylated- LDL supported formation of cholesterol crystals associated with cell 
membranes, including the cell plasma membrane. Intracellular crystal growth can 
eventually lead to cell death and/or excretion in the extra-cellular space. At the same 
time, we do not exclude, and we actually consider most likely that crystal nucleation 
and growth can occur also in extra-cellular locations, supplied with cholesterol 
coming from external sources, or from cholesteryl ester hydrolysis after cell death.

6.3  Macrophage Activity: Crystal Formation, Dissolution 
or Both?

The evidence concerning macrophage activity in atherosclerotic lesions is heteroge-
neous and difficult to reconcile. Murine macrophages in cell culture and rabbit mac-
rophages in atherosclerotic lesions support intra-cellular crystal deposition. In 
contrast, human monocyte-derived macrophages were not observed to induce cho-
lesterol crystallization, even after accumulating considerable amounts of intracel-
lular cholesterol. On the other hand, both murine and human monocyte-derived 
macrophages in cell culture are active in cholesterol crystal dissolution. It is possi-
ble that different macrophage activities exist in macrophages of different origin. It 
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is also possible that macrophages activate different processes in different phases of 
lesion formation and plaque development, depending from the signals they receive 
from the environment. We do not know the answer to these questions, and we should 
wait for more information, if possible derived from the observation of human 
plaques rather than of model systems. These observations trigger, however, the 
thought that if crystal dissolution can be promoted over the crystal formation activ-
ity, potential clinical pathways could be considered.
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In Vivo Detection of Cholesterol Crystals 
in Atherosclerotic Plaque with Optical 
Coherence Tomography

Jinwei Tian, Xiang Peng, Yanwen Zhang, Zhifeng Qin, Peng Zhao, 
Yani Wang, and Bo Yu

1  Introduction

Deposition and accumulation of lipids in the arterial wall is the sine qua non of 
atherosclerotic plaque. Until recently the presence of cholesterol crystals (CCs) in 
atherosclerotic plaque had been dismissed as a post-mortem artifact and thus no 
consideration was given to their potential role in the evolution of atherosclerosis. In 
the last decade it has become increasingly clear that the development of CCs within 
the atherosclerotic bed are essential for the evolution of atherosclerotic plaques. 
Growth and aggregation of CCs within the plaque core leads to plaque trauma that 
precipitates atherothrombotic events, and their deposition in the plaque corona (the 
area surrounding the necrotic core) incites an inflammatory response that leads to 
the progressive sclerosis of the arterial wall [1–3]. Accordingly, the ability to detect 
CCs in situ in vivo provides strong support for the CC paradigm by confirming that 
they develop de novo in vivo, thus highlighting their role in the dynamics of plaque 
development, as well as plaque erosion and rupture.

Various imaging modalities have been used to assess the nature of atherosclerotic 
plaque in vivo, but to date, optical coherence tomography (OCT) is the only tech-
nique that has sufficient acuity to reliably detect CCs. This chapter focuses on the 
insights gained from OCT about the de novo appearance of CCs in stable plaques 
and highlights how their presence informs us about how atherosclerotic 
plaques evolve.
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2  Imaging the Atherosclerotic Landscape in Real Time

Since its introduction in 1959, coronary angiography has been employed in the 
diagnosis and treatment of coronary heart disease (ref). Despite its clinical utility, 
angiography only provides a 2-dimensional image of the vascular lumen with a 
resolution of >500 μm, which is insufficient to provide any specific detail about the 
character of individual atheromatous plaques which are mostly embedded well 
below the luminal surface within the arterial wall.

The first technique to obtain real-time in vivo images of atherosclerotic plaque 
was intravascular ultrasound (IVUS). Using a miniaturized ultrasound probe, IVUS 
allows the sections of coronary arteries to be analyzed using an echo signal that can 
differentiate tissues based upon their densities [4]. While IVUS has proven useful as 
an adjunct to angiography during coronary intervention, the frequency range of it 
transduces limit its axial resolution to 100–150 μm which is insufficient to visualize 
cellular structures and anything other than very large CCs within atheroscle-
rotic plaque.

In contrast to IVUS, OCT has higher resolution that employs near-infrared light 
technology and computer image processing to achieve real-time tomography that 
provides a maximum axial resolution of 10 μm which 10× greater than the resolu-
tion of IVUS [5–8]. As a result, OCT has sufficient resolution to allow for the 
in vivo identification of various plaque structures and makes it possible to; distin-
guish a lipid rich core from thickened intima; to accurately identify and measure the 
thickness of the plaque cap; to visualize microvascular channels indicative of the 
vasa vasorum; to detect and quantify macrophages in the plaque corona, and to 
identify and differentiate CCs in the plaque core from the plaque corona. OCT can 
also be used to calculate the luminal area, the degree of stenosis of an artery, and 
plaque volume. Thus, in addition to what can be learned from angiography and 
IVUS, OCT is able to characterize many of the features of atherosclerotic plaque 
described by pathologists which make it the current gold standard for detecting tis-
sue structural features in vivo [9–13] (Fig. 1).

None-the-less, OCT has limitations. While it is capable of mapping plaque fea-
tures over the proximal 8–10  cm of all three coronary vessels which covers the 
majority of culprit lesions, it can only be performed in medium size arteries with 
lumen stenosis <70% [14]. Since the penetration depth is only 2–2.5 mm it may fail 
to detect structures including CCs located deep with the plaque and may miss those 
situated below overlying structures including a calcified plaque, large lipid pool, a 
large necrotic core or a large thrombus as these structures may attenuate the depth 
of penetration of the infra-red-light source. Additional factors that specifically affect 
the ability of OCT to detect CCs are discussed below.
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Fig. 1 Representative OCT images. (a) Cholesterol crystals (white arrows) defined as linear, 
highly backscattering structures within the plaque. (b) Thin Capped Fibroatheroma (yellow 
arrows) defined as a plaque with lipid content in two quadrants and the thinnest part of fibrous cap 
<65 mm. (c) Plaque rupture (green arrow) defined as a lipid plaque with fibrous cap discontinuity 
and a clear cavity formation within the plaque. (d) Plaque erosion (blue arrowhead) defined as the 
presence of attached thrombus overlying an intact and visualized plaque, luminal surface irregular-
ity at the culprit lesion in the absence of thrombus, or attenuation of underlying plaque by throm-
bus without superficial lipid or calcification immediately proximal or distal to the site of thrombus. 
(e) Macrophages accumulation (red arrowhead) defined as signal-rich, distinct or confluent punc-
tuate regions with heterogeneous backward shadows. (f) Microchannels (blue arrow) defined as a 
black hole with a diameter of 50–300 mm within a plaque that was present on at least 3 consecutive 
frames. (g) Thrombus (red arrow) defined as a mass (diameter > 250 mm) attached to the lumen 
surface or floating within the lumen; Spotty calcification (white arrowhead) defined a calcification 
within an arc <90°. (h) Calcification (yellow arrowhead) defined as well-delineated, low backscat-
tering heterogeneous regions*. (Reproduced with permission [26])

3  Characterization of Atherosclerotic Plaques by OCT

Standard characterization of plaques by OCT typically involves the measurement of 
the lipid core arc and its length, assessment of the integrity and thickness of the 
plaque cap, assessment of the presence of macrophages, calcification, thrombus, 
microvascular channels in the plaque bed, and assessment of the presence, size and 
depth of CCs within the plaque. In the setting of an acute coronary syndrome, 
assessment can also be made of the presence and type of thrombus (white vs red) 
[15–17].
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In comparative studies, OCT can distinguish fibrous, fibrocalcific, and lipid rich 
plaques with a high sensitivity (range 0.87–0.95) and specificity (range 0.94–1.0) 
and can identify potentially vulnerable plaques using the same criteria defined by 
pathologists who characterize plaque vulnerability based upon the thickness of its 
cap (<65 μm), the size of its lipid pool, and the presence of activated macrophages 
in the plaque corona [18, 19]. Consistent with the histopathology, these features 
have been frequently observed by OCT in the atherosclerotic segment containing 
the culprit lesion in patients with ST-segment elevation myocardial infarction [20].

4  Identification of Cholesterol Crystals by OCT

Animal and autopsy studies suggest that the growth and aggregation of CCs in the 
core of lipid rich plaques can stretch, penetrate, perforate, and rupture the plaque 
cap, damage embedded portions of the plaque corona to cause intra-plaque hemor-
rhage due to direct damage to the vasa vasorum, and trigger acute and chronic 
inflammation (Chapters “The Cholesterol Crystal Paradigm: Overview of How 
Cholesterol Crystals Evolve and Induce Traumatic and Inflammatory Vascular 
Injury”, “How Innovation in Tissue Preparation and Imaging Revolutionized the 
Understanding of the Role of Cholesterol Crystals in Atherosclerosis”, and “Role of 
CCs and Their Lipoprotein Precursors in NLRP3 and IL-1β Activation”). Studies 
using angioscopy to directly harvest debris from spontaneously ruptured plaques 
confirm that CCs within atherosclerotic plaque activate innate inflammation [21]. 
Similarly, aspirates from culprit lesions in patients with acute myocardial infarction 
have been found to contain large CCs and CC aggregates in association with ele-
vated serum levels of IL-β [22].

Detecting CCs in vivo in culprit plaques with OCT provides strong support for 
the CC paradigm and has also proven useful as an independent marker of the future 
risk of plaque rupture, erosion, hemorrhage, and disease progression in a given seg-
ment of atheroma [23].

Importantly, despite its high-resolution OCT only has the ability to identify 
(large) aggregated fragments of CCs in stable atheroma and ruptured plaques. The 
criteria used by investigators to define CCs by OCT include the presence of a linear, 
high intensity signal within the plaque that has a clear border between this signal 
and adjacent low or intermediate density tissues. The linearity of the high intensity 
signal differentiates CCs from macrophages which are non-linear and lack sharp 
borders, and the presence of a border between the linear signal and low or interme-
diate intensity shadows distinguishes them from areas of calcification [17] (Fig. 1). 
In addition, investigators routinely describe the number and length of CCs, as well 
as their depth, describing them as deep, or superficial when they are seen to invade 
the plaque cap (Fig. 2).
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Fig. 2 Distribution of cholesterol crystals in atherosclerotic plaque using OCT. (a) Superficial- 
type cholesterol crystals (CCs) penetrating a fibrous cap covered with a thrombus; (b) deep type 
CCs without fibrous cap invasion. CC indicates cholesterol crystal, GW, guidewire, and Th throm-
bus. (Reproduced with permission [17])

In ex vivo studies using these criteria have demonstrated that OCT has a high 
positive predictive value for large, aggregates of CCs and a favorable inter-observer 
reproducibility, but a low sensitivity when compared with histology (Fig. 3). This is 
not surprising as OCT can only detect large CCs and may fail to detect smaller CCs 
or fragments located deep in the plaque due to limited depth of imaging, as well as 
those adjacent calcified structures or below the necrotic core. In addition, OCT is 
unable to detect meta-stable CCs which lack a reflective surface and is unable to 
detect small and unaggregated CC fragments that may otherwise be confused with 
foamy macrophages. Furthermore, the ability of OCT to detect CCs may be affected 
by CC morphology and orientation; whereas OCT may detect the surface of flat 
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Fig. 3 Comparison of OCT images with histology for cholesterol crystal assessment of a human 
coronary artery (a) and a magnified version (c). b and d, present the corresponding histological 
images. OCT shows several thin, linear regions of high-signal intensity within the superficial layer 
of a plaque (white arrows). Several clefts can be seen (yellow arrows) at the correspondence sites 
in the histological image. (Reproduced with permission [17])

plate CCs that typically measure 50–100 μm, it will not be able to resolve the thin 
edge of a CC or appreciate needle / rod shaped CCs viewed on edge or in cross- 
section that typically measure 1–5 μm.

Thus, although the absence of CCs on OCT imaging does not negate their exis-
tence in a given plaque, their presence does inform us that the physiochemistry in a 
specific plaque core is sufficient to trigger CC development and growth in vivo. 
Furthermore, the detection of large CC fragments or aggregates in a large lipid and 
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Fig. 4 A μOCT Image of a human aortic atherosclerotic plaque revealing aggregated cholesterol 
crystals. ChCs cholesterol crystals, NC necrotic core. Scale bar, 50 μm. (Reproduced with permis-
sion [20])

necrotic core provides potentially important independent prognostic information 
[18, 19]. Large CCs in the plaque corona may exert circumferential stresses on the 
plaque, which together with the increase in volume and pressure that CCs impose 
within the plaque core, increases the risk of plaque rupture [20] (Fig. 4). Moreover, 
OCT demonstrates lipid rich plaque and calcification with cholesterol crystalliza-
tion in coronary artery stenosis, leading to plaque rupture (Fig. 5).
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Fig. 5 Cholesterol crystals in plaque rupture (a) Coronary angiography prior to percutaneous 
coronary intervention. One stenosis (a–d) and another culprit lesion (e–h) were identified in the 
proximal segments of left circumflex artery (LCX) and the obtuse marginal branch (OM), respec-
tively. LAD left anterior descending artery, LM left main. (a–h) corresponds to optical coherence 
tomography images in (b). (b) Optical coherence tomography Images prior to percutaneous coro-
nary intervention. Non-culprit lesion (a–d) exhibited lipid plaque (L) or calcification (C) with 
cholesterol crystal (arrow head).Homogeneous high-intensity signal area at the surface of this 
lesion was observed. At culprit lesion (e–h), lipid plaque (L), multiple cholesterol crystals (arrow 
head), and small calcification (C) were visualized. Plaque rupture (PR) and lipid plaque (L) were 
visualized in (f). (Courtesy of the chapter authors)

5  Prevalence and Predictors of CCs in Atherosclerotic 
Plaque as Detected by OCT

OCT studies have reported the incidence of CCs in various settings. In stable (non- 
culprit) coronary plaques, CCs are more frequently found in men, in patients with 
chronic kidney disease and patients with peripheral vascular disease [24–28]. In 
addition, CCs have been associated with higher levels of glycosylated hemoglobin, 
LDL-c and apolipoprotein C3 [29, 30]. As in in vitro experiments where a drop in 
temperature of 1–2 °C has been found to be sufficient to trigger cholesterol crystal-
lization [2], CCs are also more frequently observed in patients with slightly lower 
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body temperature (36.1 °C vs. 36.4 °C), consistent with the belief that even slight 
decreases in core body temperature in vivo may be enough to trigger CC formation 
in stable plaques and predispose to plaque rupture.

6  Characteristic of CCs in Patients Presenting with Acute 
Myocardial Infarction

OCT studies have shown that a culprit (disrupted) plaque is more likely to be found 
in patients presenting with Type I myocardial infarction than Type 2 myocardial 
infarction or stable angina, and that the cap of the culprit plaque cap is eroded rather 
than ruptured in up to one third of patients presenting with an acute myocardial 
infarction [31] (Chapter “Formation of CCs in Endothelial Cells”). Consistent with 
angioscopy, using OCT has also found that in patients with coronary disease spon-
taneous asymptomatic plaque ruptures are not uncommon [21].

To determine the potential role of CCs in the evolution of plaque rupture we 
examined the appearance of non-culprit lesions in 261 patients with ST elevation 
myocardial infarction (STEMI) [23]. This revealed that non-culprit plaques with 
CCs were more likely to have other characteristics of plaque vulnerability including 
a greater lipid burden, more macrophages and spotty calcification than non-culprit 
plaque without CCs (Fig. 6). Furthermore, non-culprit lesions that contained CCs 
were also more likely to have a ruptured plaque cap, and the CCs within them were 
larger and more superficial than the CCs seen in non-ruptured plaques. Notably, 
longitudinal studies with OCT demonstrate that the vast majority (90–95%) of non- 
culprit plaques with vulnerable features including a thin cap and large lipid pool 
remain stable over 1–4 years, however, those containing CCs have a two to threefold 
higher risk of future rupture than lesions that do not contain CCs at baseline [17, 23, 
26, 32–37]. Together, these observations suggest that CCs within non-culprit 
plaques had begun to form, enlarge and aggregate prior to plaque rupture, and that 
the number, size, and position of CCs within the plaque may each inform about the 
future risk plaque rupture. Moreover, after drug intervention, the number of CCs 
and corresponding parameters also changed at non-culprit plaque, demonstrating 
the potential of CCs for treatment evaluation (Fig. 7).

We have also observed that in patients undergoing coronary stenting, target 
lesions containing CCs are more prone to irregular protrusions, no-reflow, stent 
thrombosis, and peri-procedural myocardial injury, especially when fractional flow 
reserve computed tomography is <82 μm. Similarly, other investigators have found 
that in the setting of acute myocardial infarction, CCs in the culprit lesion are asso-
ciated with an increased risk of no-reflow during angioplasty, and that the number 
of CCs within the plaque is a predictor of coronary no-reflow, independent of the 
size of the lipid arc. Finally, in keeping with the observations in non-culprit plaques, 
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Fig. 6 Morphological characteristics of non-culprit plaques with and without CCs. Quantitative 
analysis revealed that non-culprit plaques with CCs had more vulnerable characteristics than those 
without CCs, including a greater lipid burden (p < 0.001), more macrophages (p < 0.001) and 
spotty calcification (p = 0.002) and were more likely to be associated with plaque rupture. CC 
cholesterol crystal. (Adapted from Zhifeng Qin et al. [23])

it has been found that the presence of CCs in culprit lesions that are stented in the 
setting of myocardial infarction are also associated with an increased risk of cardio-
vascular events over the subsequent 12 months [38, 39].
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Fig. 7 Changes in cholesterol crystals after drug treatment. (a) Primary coronary angiography 
revealed two stenosis (a–d) and (e–h) in the right coronary artery (RCA). (a–h) corresponds to 
optical coherence tomography images were displayed on both sides. (b) Drug treatment for 
1 month, Coronary angiography was reexamined. The same location was taken, and (i–p) corre-
sponds to optical coherence tomography images were displayed on both sides. Lipid plaque (L), 
multiple cholesterol crystals (arrow head). (Courtesy of the chapter authors)

7  Conclusion

The ability of OCT to detect, locate, and quantify characteristics of CCs in vivo 
provides insight into their role in the progression of atherosclerosis, and erosion and 
rupture of the plaque cap, and provides independent prognostic information about 
the natural history of an atherosclerotic segment following myocardial infarction 
and coronary intervention.
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Detecting Cholesterol Crystals Clinically 
in Spontaneous Aortic Plaque Rupture

Kazuhisa Kodama, Chikao Yutani, Sei Komatsu, and Satoru Takahashi

1  History of Non-Obstructive General Angioscopy

Angioscopy was first performed in the USA in the 1980s [1], mainly for the coro-
nary artery. As angioscopy itself cannot be demonstrated inside the vessel wall due 
to the abundant blood flow in the vessel, the prototype system uses a balloon to 
occlude coronary blood flow upstream for observation. Angioscopy was banned by 
the Food and Drug Administration after accidents like fatal arrhythmia secondary to 
coronary ischemia due to long-term occlusion of the coronary artery. Kodama et al. 
[2] developed the non-obstructive angioscopy (NOGA) in Japan that does not 
include a balloon (Fig. 1), and the visual field is obtained by removing the erythro-
cytes using a transparent low-molecular-weight dextran sulfate L solution (dextran 
40/lactated ringer’s solution; LMDS) in front of an angioscopic fiber [3]. By dilut-
ing the blood in front of a catheter with LMDS, the vessel wall can be visualized 
clearly, creating a safer system than those preceding because the coronary artery, 
aorta, and vein are not temporarily occluded. As a result, NOGA is covered by 
Japanese medical insurance.

By applying NOGA to the coronary artery, the number of yellow plaques (or 
rather the yellow color intensity of these plaques) could be a marker of coronary 
atherosclerosis [4]. An intensive yellow color with red thrombi may indicate a vul-
nerable plaque [5]. In patients with myocardial infarction, all three major coronary 
arteries were widely diseased and had multiple yellow, but non-disrupted plaques; 
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Fig. 1 A macroscopic 
image of the angioscopic 
fiber with a diameter of 
0.75 mm and thinner than 
an 18-gauge needle

therefore, acute myocardial infarction may represent a pan-coronary process of vul-
nerable plaque development [6]. Patients with observed multiple yellow plaques per 
vessel have a higher risk of developing acute coronary syndrome (ACS) [7]. The 
healing process of yellow plaques at the lesions responsible for myocardial infarc-
tion was found to reduce the color grade and thrombogenicity by angioscopy [8]. In 
patients with coronary artery disease receiving statin treatment, serial analysis with 
angioscopy demonstrated an early loss of yellow color in plaques [9, 10]. In addi-
tion, the stabilization observed by NOGA, and regression observed by intravascular 
ultrasound of atherosclerotic plaques by statins, may differ [10]. Plaque disruption 
and healing occur not only at the culprit lesion but may also be a pan-coronary pro-
cess in patients with acute myocardial infarction [11].

The completion of neointimal coverage of stents in human coronary arteries 
requires approximately 3 months [12], and in-stent atherosclerosis, which was eval-
uated by yellow plaque at 1 year after the implantation of a drug-eluting stent, and 
the absence of statin therapy were risk factors for very late stent failure [13].

The technique for NOGA requires proficiency to obtain quality images with bet-
ter visual fields, and subsequently, a dual infusion system that infuses LMDS was 
developed to obtain a better and more effective visual field [3]. The development of 
this technique has allowed dynamic subintimal changes in coronary artery stenting 
to be detected [14]. Instant pullback, which is used in intravascular ultrasound and 
optical coherence tomography, cannot detect such subintimal blood flow. Moreover, 
new applications have opened the door to observe vessels of every size through 
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which NOGA can pass, such as the aorta [15–17], renal artery [18], pulmonary 
artery [14, 19–21], and the aortic valve [22, 23]. Angioscopy-assisted interventions 
have also been reported [20, 24], and it is hoped that NOGA will be considered for 
all fields of intervention worldwide.

2  Non-Obstructive General Angioscopy

The NOGA system comprises of a fiber, probing, and guiding catheters with a stan-
dard size of 2.5-Fr, 4.2-Fr, and 6-Fr [3] that can be flexibly changed. The single 
infusion method, in which LMDS is infused between the fiber and probing catheter, 
was used initially (Fig. 2a). After dual infusion LMDS was infused between the 
guiding and probing catheter in addition to a single infusion, the visual field was 
expanded and the application for every sized vessel was established [3] (Fig. 2b). It 
is crucial to remove the microbubbles inside the catheter using a syringe during 
assembly, as these may cause a temporal air embolism and obstruct the visual field.

a 6-Fr guiding catheter

an angioscopic fiber

a 4.2-Fr probing catheter

a c

b

d

Fig. 2 A schematic image from the top of the catheters of a coronary angioscopy using non- 
obstructive general angioscopy and experimental models of infusion. (a) Single infusion method: 
A low-molecular-weight dextran sulfate L solution was infused between the angioscopic fiber and 
4.2-Fr probing catheter. (b) Dual-infusion method: A low-molecular-weight dextran sulfate L solu-
tion was additionally infused between a 4.2-Fr probing catheter and 6-Fr guiding catheter. (c) 
Speed of low-molecular-weight dextran sulfate L solution from the top of catheters using a single 
infusion method. (d) Speed of low-molecular-weight dextran sulfate L solution from the top of 
catheters using a dual infusion method
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2.1  Non-Obstructive General Angioscopy for Coronary Artery 
(Fig. 2)

The surgeon can select an approach from either the femoral, brachial, or radial 
artery. An aspiration catheter can be used in the place of the outer probing catheter. 
The guidewire (with a set of probing catheters) is wedged into the middle of the 
coronary artery, and then removed with the inner probing catheter to insert a fiber 
catheter. Dual infusion is then initiated to improve the visual field, and the video 
footage is recorded. After angioscopy of the aorta, coronary angiography was per-
formed to check the electrocardiogram and coronary angiography without coronary 
slow flow or reflow.

2.2  Non-Obstructive General Angioscopy for the Aorta (Fig. 3)

Soft tip-type guiding catheters, such as the Heartrail-type, are recommended to pre-
vent injury to the aorta and shapes such as the Ikari (IL), extra backup (EBU), super 
power backup(SPB), and Judkins right (JR) catheters fit well to most variations of 
the aorta. Specifically, the IL3.5 catheter works well because it can wedge both 
sides of the coronary arteries [25, 26] and allows for both coronary and aortic 
angioscopies to be performed. While a guiding catheter is generally 100  cm, a 

Fig. 3 A schematic image of the trajectory of a catheter performing an aortic angioscopy with left 
brachial approach (left) and femoral approach (right)
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longer catheter with a size of 112 cm can approach longer areas of the aorta. Either 
the femoral, left brachial, or left radial approach can easily access the ascending 
aorta, aortic arch, descending aorta, abdominal aorta, and iliac arteries.

3  Detecting and Sampling Spontaneously Ruptured 
Aortic Plaques

There are various types of SRAPs in the aorta [17, 27]. Among SRAPs, puff rupture 
(Fig. 4a, b), chandelier rupture, and puff-chandelier rupture (Fig. 4c, d) are com-
mon. A puff rupture consists of white or white-yellow colored puff-like materials 
that are easily spontaneously blown out, while a chandelier rupture consists of 

a

c

b

d

Fig. 4 An angioscopic image of puff and puff-chandelier rupture and their schema. (a) Puff rup-
ture. (b) An illustration of (a). (c) Puff-chandelier rupture. (d) An illustration of (c)
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materials that glisten against the light from the tip of the fiber catheter of a non- 
obstructive general angioscope that wriggle, but do not blow out. A Puff-chandelier 
rupture is a common ruptured plaque mixed with features of a puff and chandelier 
rupture. Plaque components of puff and puff-chandelier ruptures can be sampled 
from a guiding catheter, whereby a puff-chandelier rupture consists of atheromatous 
materials (including cholesterol crystals), fibrin, calcification, and macrophages 
[16], and a puff rupture predominantly contains fibrin. Cholesterol crystals some-
times are associated with a puff rupture, although they are not visually reflected in 
the light of NOGA.

After removing the guiding catheter from the coronary artery, a fiber catheter 
with an outer probing catheter is inserted at the top of the guiding catheter (Fig. 5a). 
Dual infusion to gain the visual field is then initiated, and a set of catheters is rota-
tionally pulled back from the ascending aorta to the iliac artery. The video feed, 
along with comments, are recorded. If SRAPs are detected, a weak infusion is rec-
ommended. To sample the SRAPs, a fiber catheter with an outer probing catheter is 
removed, and the syringe is gently pulled from the guiding catheter (Fig. 5b).

a

b

Fig. 5 Sampling for spontaneously ruptured aortic plaques using a non-obstructive general angio-
scopic system. (a) Detecting spontaneously ruptured aortic plaques by non-obstructive general 
angioscopic system. (b) Both an angioscopic fiber and a 4.2-Fr probing catheter are gently 
removed, then blood is gently sampled from a 6-Fr guiding catheter
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4  Detecting Cholesterol Crystals from Human 
Blood Samples

If a blood sample with SRAPs is observed by light microscopy, a multilayer of 
erythrocytes around the cholesterol crystals (CCs) may interfere with their detection 
(Fig. 6) and therefore need to be removed by chemical or mechanical preparation 
for an effective observation. Denaturization of erythrocytes can be performed using 
solvents, although CCs are also soluble in solvents. The size of the CCs are gener-
ally 40 × 30 μm, and the diameter of a erythrocytes are approximately 5 μm. To 
mechanically sift particles of this size may be expensive, and if CCs are broken, 
their size may be similar to that of erythrocytes. Alternatively, diluting samples with 
distilled water may induce hemolysis, although the concentration of CCs would 
decrease. The melting point of the CCs is 148 °C, and heat shock may distinguish 
erythrocytes from CCs, although it is difficult to remove denatured proteins. 
Qualitative and quantitative analyses of CCs from SRAPs can be performed.

Fig. 6 Cholesterol crystals 
surrounded multi-layered 
erythrocytes
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a b

Fig. 7 Sampled spontaneously ruptured aortic plaques on a 15-cm filter paper. (a) Filter the paper 
under wet conditions. (b) Filter paper under dried conditions

4.1  Qualitative Analysis of CCs from Blood Samples

When blood sampled from SRAPs was spread onto fine-pore cellulose filter paper 
(pore size 7 μm, diameter 15 cm, spherical type No. 5A, Advantech Co., Tokyo, 
Japan; Fig. 7a), the filter paper glitters under light conditions of at least 500 lx after 
drying (Fig. 7b). The filter paper is then rinsed with 3 mL of distilled water and the 
rinsed water placed on a glass slide [28]. This sample is then observed by a polar-
ized light microscopy, and if CCs are present, the parallelepipeds reflect blue or 
orange (Fig. 8a, b). There are two kinds of CCs observed, namely free and atheroma 
that may be multilayered.

4.2  Quantitative Analysis of CCs from Blood Samples

The sampled blood is placed on a glass slide and covered with a coverslip with its 
edges sealed with resin and hardened for approximately 30 min in an ultraviolet 
light- irradiated box. If a sample is observed by polarized light microscopy, multi-
layered erythrocytes can be used to quantitatively detect and analyze the CCs. 
Specimens can be instantly frozen at −20 °C using a freezing solvent and gently 
thawed to 25 °C to destroy erythrocytes [28], and quantitative analysis of CCs and 
their approximate lengths can be measured by treating erythrocytes as size markers 
(Fig. 8c, d).
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a b

c d

Fig. 8 Examples of multi-layered cholesterol crystals in spontaneously ruptured aortic plaques 
obtained by a filter-paper rinse method (a and b) and a freeze-thaw method for sampled blood (c 
and d). Each crystal is expressed blue or orange alternatively by a polarized light microscopy 
without background (a and b) and with fewer erythrocytes compared to that of Fig. 6

5  Clinical Significance of Detecting SRAPs and Cholesterol 
Crystals: Is Aortic Plaque Really Innocent?

Cholesterol crystals perforating the cap and intimal surface are thought to be formed 
in plaques [29]. SRAPs are thought to cause organ dysfunction through ischemia 
and inflammation [30, 31] by mechanical obstruction and the NLRP3 inflamma-
some. Furthermore, the incidence of thromboembolism in the aorta is estimated to 
be up to 5%, and the limitation of the detection of large aortic plaques by CT or 
echocardiography suggests that arterial thromboembolism is mainly iatrogenic 
[32]. Large plaques, such as complex aortic plaques defined as ≥4-mm-thick, ulcer-
ated, or containing mobile thrombi, are considered a major source of stroke [33], 
and whether aortic atherosclerotic plaques are associated with potential cardiac or 
cerebrovascular events remains controversial [34].

A total of 324 consecutive patients diagnosed with or suspected of having coro-
nary artery disease were subjected to intra-aortic scans with NOGA [16]. SRAPs 
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were detected in 262 patients (80.9%). SRAPs were commonly scattered, and their 
dimensions were smaller than those previously reported. Atheromatous materials, 
including CCs (median length × width, 650 × 313 μm), fibrin, macrophages, calci-
fication, and their mixture may be blown out from SRAPs. The free form of the 
monolayer (median length × width, 40 μm × 30 μm) and multilayer CCs may scat-
ter. Interestingly, sampling CCs from SRAPs in live patients has revealed a differ-
ence between human and commercially available CCs made from animals [26], 
whereby those from humans were more diverse in size and form than experi-
mental CCs.

This might be key to determining the unknown pathogenesis of systemic organ 
dysfunction [35], such as that of the brain [36, 37], heart [38–40], kidney, peripheral 
arteries [41], and muscles [42] to cholesterol embolization syndrome [32, 43]. After 
detecting either puff or puff-chandelier rupture scattering by NOGA, there was no 
significantly high record of embolic complications [16, 17, 35, 44]. Thus, most 
SRAPs are asymptomatic, silent, and have been present for several years [45]. The 
accumulation of asymptomatic injuries caused by silent embolism may rather be 
related to aging and chronic inflammation [16, 17].

In future, a multicenter prospective study of patients with SRAPs and cerebro-
vascular events should be performed [35]. Furthermore, the free forms of CCs and 
CCs in atheromatous materials have not been distinguished from each other, and as 
the free form of CCs without atheromatous material or fibrin is responsible for 
embolism, the term ‘cholesterol embolization’ may not be appropriate [17].

6  Future Perspectives

Using CCs from live patients instead of experimental CCs, implies that concepts in 
the various fields of CC embolism and CC induced inflammation may need to be 
updated or revised. Ziltivekimab, a human monoclonal antibody directed against the 
IL-6 ligand, markedly reduces the biomarkers of inflammation and thrombosis, 
which are important in the development of atherosclerosis [46]. Analyzing SRAPs 
might reveal when anti- inflammatory drugs are effective in the aorta and coronary 
artery. Furthermore, continuous organ dysfunction can lead to aging, and the SRAPs 
detected by NOGA may contribute to clarifying the mechanism of aging [17].
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Disorders of Cholesterol Trafficking 
and the Formation of Cholesterol Crystals 
in Atherosclerotic Plaque

Sean P. Gaine, Steven R. Jones, and Peter P. Toth

1  Introduction

Atherosclerosis is a highly prevalent disease and a major cause of morbidity and 
mortality worldwide [1]. The role of cholesterol in the development of atheroscle-
rosis is one of the most intensively studied issues in the history of medicine and its 
causal role is well established [2, 3].

The pathogenesis of atherosclerosis begins early in life with the formation of 
fatty streaks, decades before it manifests as clinically overt disease [4]. Inflammation 
associated with lipid-rich atherosclerotic plaques, and crystallization of cholesterol 
within their core can lead to plaque erosion, ulceration, or rupture, causing athero-
thrombosis that in turn leads to tissue ischemia and infarction.

Cholesterol crystals (CCs) have been implicated in these processes because they 
can activate the production of pro-inflammatory mediators, increase vascular per-
meability, and cause direct trauma to cell membranes as well as the fibrous cap of 
atherosclerotic plaque [5]. The rate and extent to which CCs form is a result of a 
complex interplay of local physical factors involving cholesterol saturation, pH, and 
hydration status of the cholesterol molecule [6]. Thus, understanding how abnormal 
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cholesterol trafficked in the arterial wall can lead to accumulation of free cholesterol 
and the development of CCs is important as it provides insight into how to target 
atherogenesis in order to prevent its clinical sequelae.

2  Genetic Factors Associated with Elevated Serum Levels 
of Low-Density Lipoprotein (LDL-c)

By far the most common genetic disorders that influence the risk of developing 
atherosclerosis relate to variants of the genes responsible for the regulation of serum 
levels of LDL-c. The prototypic example is autosomal dominant familial hypercho-
lesterolemia (FH) which results in life-long elevations of LDL-c. It is estimated that 
5% of patients who have had a myocardial infarction (MI) before 60 years of age 
have heterozygous FH, and around 50% of untreated FH heterozygotes will have an 
MI by age 60 [7].

FH is most commonly associated with the loss of the function variant in the low- 
density lipoprotein receptor (LDLR) gene that leads to reduced systemic clearance 
of LDL-c [8]. Other genetic abnormalities that give rise to phenotypic FH include 
the loss-of-function variants in the genes for apoprotein B100 (apo-B) [9], and the 
LDLR adaptor protein-1 [9, 10], as can gain of function variants in the gene for 
proprotein convertase subtilisin kexin 9 (PCSK9) [11]. Conversely, loss-of-function 
variants in the PCSK9 gene has been associated with a 40% reduction in circulating 
LDL-C and significant reduction in the incidence of coronary events, even in popu-
lations with a high prevalence of non-lipid-related cardiovascular risk factors 
[12, 13].

Other proteins which regulate LDL-c have been identified including angiopoietin- 
like protein 3 (ANGPTL3), a hepatic protein which plays a key role in regulating 
circulating triglycerides and cholesterol levels through reversible inhibition of lipo-
protein lipase and endothelial lipase. Loss-of-function variants of the ANGPTL3 
gene have been identified in many persons with familial combined hypolipidemia 
[14]. Similarly, lower levels of triglycerides and LDL-c have been observed with 
loss-of-function mutations in the angiopoietin-like 4 (ANGPTL4) gene correspond-
ing to lower risk of atherosclerosis in these individuals [15].
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3  Transcytosis of LDL-c into the Arterial 
Subendothelial Space

Atherosclerosis is characterized by thickening of the intimal layer of arteries over 
the course of decades. It is generally understood that the process begins with endo-
thelial dysfunction and accumulation of LDL-C within the subendothelial space. 
The deposition of LDL-C compromises the protective endothelial monolayer [16]. 
Damage to the endothelium and basement membrane can elicit the production of 
vasoactive mediators including histamine and thrombin that can enhance endothe-
lial permeability by acting on intercellular gap junctions [17]. Similarly, shear 
stresses can promote endothelial permeability especially in the areas of low shear 
stress to enhance plaque progression [18, 19]. When the vascular endothelium is 
exposed to elevated levels of LDL-c and other atherogenic lipoproteins in addition 
to these factors, it becomes increasingly dysfunctional. This leads to reduced endo-
thelial production of nitric oxide and increased elaboration of adhesion molecules, 
including intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion mol-
ecule- 1 (VCAM-1), and selectin P, among others. These adhesion molecules pro-
mote the binding, rolling, and transmigration of circulating leukocytes including 
neutrophils, monocytes, T helper cells, and mast cells into the subendothelial space 
where they establish an inflammatory nidus [20, 21]. Concentration dependent 
uptake is one mechanism by which LDL-c accumulates in the subendothelial space 
and higher plasma circulating LDL-c levels are associated with the progression of 
atherosclerosis [2] (Fig. 1).

Cell membrane transport proteins such as LDL-R, scavenger receptor B1 (SR- 
B1), caveolin, and activin receptor-like kinase 1 (ALK-1) receptors play a signifi-
cant role in the process by assisting LDL-c transcytosis across the endothelium 
[22–24]. Under normal circumstances healthy endothelium transports many mole-
cules including lipoproteins across the cell membrane [25]. The size of circulating 
lipoprotein particles determines their ability to translocate into the subendothelial 
space. Whereas normal sized LDL-c (25–30 nm) is readily translocated, larger lipo-
proteins (>70 nm) do not translocate due to the size and volume limitations of tran-
scytotic vesicles [26]. In contrast, smaller LDL-c particles are readily translocated. 
This is important as small dense LDL-c and lipoprotein(a) (Lp(a)) have been associ-
ated with increased CC formation in atherosclerotic plaque and a significantly 
increased risk of plaque rupture as detected by optical coherence tomography dur-
ing acute coronary syndrome [27].
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Fig. 1 This figure shows processes involved in atherogenesis and plaque rupture. Top left quad-
rant shows an advanced atherosclerotic plaque with intra-plaque hemorrhage from ruptured vasa 
vasora. The sudden increase in plaque volume and cholesterol load from erythrocyte membranes 
increases intra-plaque pressure and may precipitate cholesterol crystal formation. Plaque rupture 
ensues, exposing underlying collagen and release of factors which promote platelet aggregation 
and thrombus formation. Matrix metalloproteinases (MMP) can degrade the fibrous cap resulting 
in increased susceptibility to rupture. (Figure reproduced with permission from Dr. Thomas 
Dayspring.) Centre/top right quadrant shows LDL entry into the subendothelial space via dysfunc-
tional endothelium. Fatty streak development results from the accumulation of cholesterol-rich 
foam cells. As lipid and cellular debris increases an atheromatous lesion is formed with a large 
lipid core. Macrophages are unable able to clear the lipid and cellular debris efficiently and a 
necrotic core develops. Lymphocytes are present, these may bind to cell surface adhesion mole-
cules and function as antigen presenting cells (APC) which induce inflammatory mediator produc-
tion. Bottom right quadrant shows a monocyte binding to adhesion molecules (ICAM-1, VCAM-1, 
selectin-P) expressed on dysfunctional endothelium. Chemokines promote monocyte entry through 
loosened gap junctions between cells. Within the subendothelial space it secretes inflammatory 
interleukins and cytokines. Monocytes subsequently convert to macrophages and express surface 
receptors such as CD36, scavenger receptor A (SRA), and lectin-like oxidized low-density lipopro-
tein receptor (LOX-1). These allow macrophages to scavenge oxidized low-density lipoproteins 
(LDL) and remnant lipoproteins. Intracellular cholesterol content progressively increases, and the 
macrophage becomes a lipid-laden foam cell. In order to remove cholesterol, macrophages express 
the transmembrane cholesterol transport proteins ATP-binding membrane cassette transport pro-
teins (ABC) A1 and G1 which assist with the process of efferocytosis. Bottom left quadrant shows 
LDL particles which have become oxidized by various reactive oxygen species (ROS) including 
superoxide anion, peroxynitrite, and hydrogen peroxide which are produced by MPO and lipoxy-
genases. These oxidized LDL particles (OxLDL) are scavenged by macrophages. Lipoprotein- 
associated phospholipase A2 (LpPLA2) hydrolyzes phospholipids into lecithin and a free fatty 
acid, which promote inflammation. Macrophages may store scavenged OxLDL as pools of oxys-
terol or cholesterol crystals. These cholesterol crystals form sharp-rigid edges which may promote 
inflammasome activation, cell death or pierce through the plaque cap resulting in platelet activa-
tion and thrombosis
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4  Trapping of LDL-c and Remnant Particle 
in the Subendothelial Space

Mucopolysaccharides, known as glycosaminoglycans (GAGs), and arterial proteo-
glycans composed of GAGs with a core protein, form the intercellular and extracel-
lular matrix around cells along with collagens, elastin, and proteins such as 
fibronectin, laminin, and tenascin [28]. The main GAGs are heparan sulfate (HS), 
dermatan sulfate (DS), and chondroitin sulfate (CS) which form the GAG compo-
nent of proteoglycans versican (CS-based), decorin and biglycan (DS-based), and 
perlecan (HS-based). The proteoglycans of the extracellular matrix are thought to 
play an important part in the binding and retention of LDL-C and remnant particle 
trapping within the subendothelial space [3, 29, 30].

Transgenic mice with proteoglycan-defective-binding LDL-c have been shown 
to develop significantly less atherosclerosis than their wild-type counterparts [31]. 
The composition of proteoglycans synthesized by local cells changes depending on 
a variety of factors, such as exposure to transforming growth factor-β1 (TGF-B1) 
and platelet derived growth factor (PDGF) which can enhance proteoglycan-LDL 
binding [32, 33].

5  Transport of Lipoproteins into Plaque Via the Adventitia, 
and Deposition of Cholesterol from Erythrocyte 
Membranes into the Plaque Core Following 
Plaque Hemorrhage

The adventitial layer may contribute to atherosclerosis through lipoprotein transport 
and inflammation. Advanced atherosclerotic lesions have been shown to contain 
dense predominantly B-cell adventitial infiltrates which may resemble lymphoid 
follicles [34]. The humoral response generated by these cells may contribute to 
further reactice oxygen species generation, inflammation, and oxidation of 
LDL-c [35].

Yet another mechanism by which cholesterol may become deposited into athero-
sclerotic lesions is through intraplaque hemorrhage. Increasing intimal thickness 
due to atherosclerosis may exceed the capacity of oxygen diffusion. The resultant 
cellular hypoxia triggers the activation of hypoxia-inducible factor-1 (HIF-1) path-
way which in turn increases vascular endothelial growth factor (VEGF) production, 
thereby promoting angiogenesis [36]. Growing evidence suggests that neovascular-
ization occurs early in the development of atherosclerotic plaque [37]. Neo-vascular 
networks are inherently fragile, leaky, and particularly vulnerable to damage that 
may lead to plaque hemorrhage [38]. Since the free cholesterol content of erythro-
cyte membranes is larger than any other cell type, it is thought that they may con-
tribute to the plaque’s lipid pool following (non-fatal) plaque hemorrhage thus 
forming a large the lipid pool, which is a hallmark of plaque instability [39, 40].
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6  Oxidation and Scavenging of LDL-c in the Arterial Wall

As LDL-c is deposited in the subendothelial space it can become oxidized by oxy-
gen free radicals (superoxide anion, peroxynitrite, and hydrogen peroxide) pro-
duced by smooth muscle cells, endothelial cells, or macrophages into oxidized LDL 
(ox-LDL). Some of the enzymes involved in these reactions include NAD:NADH 
oxidase, xanthine oxidase, myeloperoxidase, and a variety of lipoxygenases [41]. 
This results in changes to the protein, phospholipids, and lipids carried by the 
LDL-C particle such that it is no longer recognized by the LDL-R and there occurs 
a shift towards recognition by the scavenger family of receptors such as scavenger 
receptor-BI (SR-BI) and scavenger receptor A (SR-A) [42]. Macrophages and endo-
thelial cells express these scavenger receptors. The SR-BI receptor also regulates 
the delivery of HDL cholesterol (HDL-C) to the liver and steroidogenic tissues 
(adrenal glands, ovaries, testis, and placenta). SR-BI is highly expressed by macro-
phages and can decrease atherosclerosis by reducing foam cell formation as it is one 
of a number of cell surface translocase proteins that mediates cholesterol removal 
from macrophages [43]. The SR-A receptors are thought to play a role in the forma-
tion of foam cells by ox-LDL uptake into macrophages, a key driver of atherogen-
esis [44], however, subsequent knockout mouse models have provided discrepant 
results regarding its role in the development of atherosclerosis. The SR-A receptor 
may also be protective against MI-induced cardiomyocyte necrosis and may exhibit 
different effects at various stages of atherosclerosis [45–47] (Fig. 2).
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Fig. 2 This figure depicts the process of lipoprotein uptake by macrophages through micropino-
cytosis, phagocytosis, and via scavenger receptors (SRs) such as SR-A, CD36, SR-BI, and LOX1. 
These lipoproteins are subsequently degraded in endosomes-lysosomes. CE is converted to FC by 
lysosomal acid lipase (LAL) and distributed to various cellular compartments via Niemann–Pick 
disease, type C (NPC) proteins. FC can then be converted back to CE by acyl-CoA cholesterol 
acyltransferase (ACAT) in the endoplasmic reticulum (ER). CE can be hydrolyzed back to FC by 
cholesteryl ester hydrolase (CEH) (not pictured) before it is effluxed from the cell through the 
cholesterol exporters ATP-binding cassette, sub-family A, member 1 (ABCA1) and ATP-binding 
cassette, sub-family G, member 1 (ABCG1) to apolipoprotein A-I (ApoA-I) or high-density lipo-
protein. Excess FC not effluxed or converted to CE may accumulate and form cholesterol crystals 
or exert detrimental effects including ER stress and cell death which may promote atherogenesis 
and necrotic core expansion. (Reproduced with permission [47])
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7  Cellular Cholesterol Efflux Via Transporters

High-density lipoprotein cholesterol (HDL-c) is a key component of reverse choles-
terol transport that moves cholesterol out of cells (including foam cells in athero-
sclerotic plaque) and is excreted or delivered to hepatocytes where it is metabolized 
to bile salts via 7α-hydroxylase. Although HDL-c levels are inversely related with 
cardiovascular risk, efforts to raise HDL-c have not resulted in a reduction in cardio-
vascular risk [48, 49].

Excess free cellular cholesterol can be toxic to macrophages and adaptive mech-
anisms are present to manage intracellular free cholesterol. Free cholesterol may be 
stored as cholesterol esters in cytoplasmic inclusions by acyl-CoA:cholesterol acyl-
transferase (ACAT). In addition, nuclear transcription factors such as liver X recep-
tor (LXRs) may be upregulated in the setting of elevated intracellular cholesterol 
levels which then promote expression of key cholesterol efflux proteins including 
ATP binding membrane cassette transport proteins A1 (ABCA1) and G1 (ABCG1) 
[50]. These transporters facilitate the efflux of intracellular cholesterol to nascent 
discoidal HDL and spherical HDL, respectively. After cholesterol transfer to HDL 
particles, a variety of receptors can mediate HDL holoparticle uptake by hepato-
cytes, including SR-BI, scavenger receptor CD36, and the ecto-F1-ATPase/P2Y13R 
pathway [50–53]. In the liver, free cholesterol can then be repackaged for secretion 
in VLDL particles, converted to bile acids via 7-α-hydroxylase, or transported by 
biliary tract ABCG5 and ABCG8 proteins into bile for fecal excretion [54].

8  Polymorphisms in Macrophage Transport Proteins 
and Impairment in Reverse Cholesterol

While the role of genetic polymorphisms in LDL-R and other regulators of choles-
terol in atherosclerosis is well established, the contribution of polymorphisms in 
macrophage transport proteins is less clear.

Tangier disease, for instance, is an autosomal codominant disorder caused by 
loss-of-function mutations in the ABCA1 transport protein. Manifestations of this 
disease include hepatosplenomegaly, neuropathy, cholesterol accumulation in mac-
rophages, and extremely low levels of HDL. While these patients are at elevated risk 
for atherosclerosis with around sixfold higher incidence of coronary artery over 
30 years, the risk is not as profound as one might expect given that they have an 
almost complete absence of HDL [55].

Heterozygotic loss-of-function mutations in ABCA1 similarly have reduced 
HDL levels but the relationship with cardiovascular risk is not been consistently 
demonstrated [56, 57]. Homozygous loss-of-function ABCG1 mutations by con-
trast are not described in humans; however, knockout models in mice have been 
associated with excess cholesterol accumulation in macrophages [58]. Furthermore, 
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certain single nucleotide polymorphisms in the ABCG1 promoter region have 
indeed been associated with reduced cholesterol efflux from macrophages and 
increased incidence of atherosclerosis in humans [59]. SR-B1 polymorphisms have 
also been described which are characterized by high levels of both HDL and Lp(a); 
however, the implications these polymorphisms have for risk of developing athero-
sclerosis are not known [60].

Sitosterolemia is an autosomal recessive disease caused by mutations in ABCG5 
or ABCG8 characterized by increased intestinal absorption and decreased biliary 
excretion of cholesterol. These patients demonstrate substantial phenotypic hetero-
geneity with some developing premature coronary disease in life while others 
remain asymptomatic even in the same family of symptomatic patients [61]. 
Heterozygous carriers of loss-of-function mutations in ABCG5 have been demon-
strated to have significant increased circulating LDL levels and a twofold increase 
in risk of coronary artery disease [62].

9  Toxicity of Cholesterol and Oxysterols with Macrophages

Excess free cholesterol and oxysterols are known to be toxic to macrophages and 
are associated with macrophage apoptosis and necrosis by several mechanisms. The 
oxysterols 7β-hydroxycholesterol and keto-cholesterol contained within ox-LDL 
trigger apoptosis by inducing lysosomal destabilization and activating the caspase 
pathway [63]. One way by which free cholesterol causes toxicity in macrophages 
and other cells is through alterations in cell membrane fluidity. Excess free choles-
terol can alter the physiological membrane free cholesterol to phospholipid ratio 
which in turn may inhibit or alter the function of one or more integral membrane 
proteins important for normal cellular function [64].

Other mechanisms of cell toxicity associated with cholesterol accumulation 
include intracellular CC formation. Although mostly observed extracellularly, cho-
lesterols crystals have been visualized in foam cells from coronary atherosclerotic 
lesions [65]. These intracellular needle-shaped CCs may cause direct damage to 
cells by disrupting intracellular structure and organization (see Chapter “In Vivo 
Detection of Cholesterol Crystals in Atherosclerotic Plaque with Optical Coherence 
Tomography”). Excess cholesterol may also increase cholesterol oxidation to oxys-
terols such as 7α-hydroxycholesterol, 7β-hydroxycholesterol, 7-ketocholesterol, 
25-hydroxycholesterol, and 26-hydroxycholesterol, all of which are associated with 
cellular toxicity [66]. The oxysterols can form via both nonenzymatic and enzy-
matic (e.g., CYT P450 isozymes) means [67].

Free cholesterol accumulation can also result in mitochondrial dysfunction and 
subsequent cytochrome-c release and caspase-9 activation leading to cellular apop-
tosis [68]. In addition, cell necrosis where plasma membrane become leaky, and 
organelles swell result in cell death and leakage of cell contents into the extracel-
lular environment that can induce a strong inflammatory response. Necrotic cell 
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death is to be differentiated from apoptosis in which is a programmed form of cell 
death where cells retain intact membranes and condensed organelles and does not 
usually induce an inflammatory response unless the cells are not cleared by phago-
cytes [69].

10  Impairment of Macrophage Efferocytosis Leading 
to Formation of Fatty Streaks

Efferocytosis is the process by which phagocytes such as macrophages clear apop-
totic cells and cellular debris efficiently and without promoting inflammation. These 
functions prevent cellular necrosis by clearing apoptotic cells when the cellular and 
organelle membranes are still intact. Preventing necrosis is important as this reduces 
the risk of the release of intracellular pro-inflammatory mediators into the extracel-
lular milieu.

In addition, efferocytosis can result in the secretion of anti-inflammatory media-
tors such as transforming growth factor-β (TGF-β), IL-10, and prostaglandin E2 
(PGE2) by efferocytes to apoptotic cells [70]. The efficiency of this process is criti-
cal, and the ability of healthy phagocytes to ingest apoptotic cells is typically very 
high. Thus, while apoptosis is increased in regions of plaque, the accumulation of 
uncleared apoptotic cells, as is seen in advanced atherosclerotic lesions, primarily 
reflects the dysfunction of phagocyte efferocytosis as the process is overwhelmed 
secondary to a rate of plaque progression that exceeds the capacity of macrophages 
to control [71].

Impaired efferocytosis occurs by several mechanisms. The production of reactive 
oxygen species within plaque has been shown to impair macrophage capacity to 
phagocytose apoptotic cells [72]. Furthermore, the production of cytokines such as 
tumor necrosis-α (TNF-a) within plaque promotes upregulation of anti-phagocytic 
surface ligands such as CD47 on vascular smooth muscle and the suppression of 
pro-efferocytic ligands such as MFG-E8 (milk fat globule epidermal growth factor 
8, aka lactadherin) contribute to the defective clearance of apoptotic cells [73, 74]. 
Oxidized LDL present in plaque is also thought to contribute by competing with 
apoptotic cells for scavenger receptors and preventing recognition of pro- efferocytic 
ligands on apoptotic cells [75]. Reduced clearance of these apoptotic cells means 
that dying cells are allowed time to undergo breakdown of their cell membranes and 
promote inflammation and angiogenesis. The lack of anti-inflammatory mediator 
(TGF-B, IL-10) release from normal macrophages to apoptotic cells also contrib-
utes to this process [76] (Fig. 3).
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Fig. 3 Necrotic core formation within advanced atherosclerotic plaque. The first step is LDL entry 
through dysfunctional endothelium and entrapment within the subendothelial space. Monocytes 
enter and differentiate into macrophages which then become lipid-laden foam cells from uptake of 
surrounding lipoproteins. A cycle of inflammation and cholesterol crystal formation ensues result-
ing in macrophage apoptosis and accumulation of lipid and cellular debris. The cycle continues 
and a vulnerable plaque with a lipid-rich necrotic core is formed. (Reproduced with permis-
sion [94])

11  Expansion of the Lipid Core in Atherosclerotic Plaque 
Correlates with Inflammation 
and Architectural Instability

Culprit plaque morphology in acute coronary syndromes typically demonstrates 
evidence of plaque rupture or erosion with resultant atherothrombosis [77, 78]. 
Ruptured plaques are usually characterized by an expansive remodeling with a large 
necrotic core and thin, disrupted fibrous cap infiltrated by foamy macrophages. 
Plaque erosions, on the other hand, often show evidence of negative remodeling, 
and are rich in proteoglycans and smooth muscle cells with minimal inflammation 
[79] (Fig. 4).

Disorders of Cholesterol Trafficking and the Formation of Cholesterol Crystals…



116

Liquid Cholesterol

Systemic Trigger

Vasa
Vasorum

Rupture with Hemorrhage

Erosion

Fig. 4 Cartoon image of plaque rupture or erosion induced by cholesterol crystal formation within 
a lipid-rich plaque. Disruption of the vasa vasorum by cholesterol crystals and intra-plaque hemor-
rhage may increase intra-plaque volume and pressure. In the setting of a large necrotic core the 
fibrous cap may become torn and rupture, whereas a smaller necrotic core may result in erosion. 
(Reproduced with permission [94])

Architectural instability is an important feature of unstable plaque [80]. These 
plaques tend to have large lipid cores with increased density of macrophages and 
inflammatory mediator expression with reduced smooth muscle cells [81]. The thin 
fibrous cap seen in these lesions provides vulnerability to fissuring in response to 
stressors such as increasing cholesterol deposition and inflammatory debris deposi-
tion, coronary vasospasm or intraplaque hemorrhage. Intraplaque hemorrhage 
resulting in plaque expansion may be caused by perforation and leakage from at risk 
plaque microvessels formed by neovascularization [82]. In contrast to stable plaque, 
vulnerable plaque tends to show features such as rapid plaque progression and lumi-
nal obstruction ay angiography [83].
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12  Cholesterol Ester Accumulation and Cholesterol Crystal 
Formation in Atherosclerosis

Cholesterol crystals have long been demonstrated in advanced and ruptured athero-
sclerotic plaque [84]. The lipid in atheromatous lesions exists mainly as cholesterol 
which may be free or esterified cholesterol or phospholipid. Free cholesterol can be 
associated with phospholipid and cholesterol esters or form condensed CCs. In the 
process of fatty streak development macrophages take up more cholesterol than 
they can excrete into the extracellular milieu. Some of this cholesterol may be orga-
nized as cholesterol ester droplets within cells which can subsequently be hydro-
lyzed back into free cholesterol by cholesteryl ester hydrolase (CEH) and effluxed 
during reverse cholesterol transport [85]. The conversion of cholesterol into choles-
terol esters is a relatively rapid process and is not the rate-limiting step in the rever-
sal of atherosclerotic plaque; rather, the hydrolysis of cholesterol esters into free 
cholesterol may limit its removal [86]. Intracellular cholesterol esters are main-
tained in a dynamic equilibrium with free cholesterol by the activities of ACAT1 
and CEH. Free cholesterol released by CEH can be either re-esterified by ACAT or 
effluxed to extracellular cholesterol acceptors (Fig. 5).
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Fig. 5 Cholesterol transport within cells and extracellular space. Equilibrium between esterified 
and free cholesterol is noted with membrane transporters driving free cholesterol into the extracel-
lular space where it is taken up by high-density lipoprotein. Dying foam cells overloaded with 
esterified cholesterol and crystals release their content into the extracellular space. Free cholesterol 
build-up in the extracellular space leads to crystallization. ABCA1, ABCG1 ATP-binding cassette 
A-1, G-1, ACAT 1 acyl-coenzyme A cholesterol acyltransferase 1, HDL high-density lipoprotein, 
HIV human immunodeficiency virus, IL-1b interleukin-1b, LDL low-density lipoprotein, NLRP3 
NLRP3 inflammasome. (Reproduced with permission [87])
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Several factors trigger CC precipitation from free cholesterol in cells. Free cho-
lesterol saturation (exceeding the solubility constant of cholesterol) is an important 
factor in this process. It is recognized that a large lipid pool is an important feature 
of ruptured plaques; moreover, it has been demonstrated ex vivo that the size of the 
lipid pool is a critical factor in the rate of cholesterol crystallization. Cholesterol 
pools can form in the necrotic core, and in the membranes of endothelium and mac-
rophages where they may function as sources of free cholesterol that lead to CC 
formation [87].

In addition, disrupting normal cholesterol homeostasis by ACAT inhibition may 
result in accumulation of free cholesterol with resultant cell toxicity and cholesterol 
crystallization [64]. In the setting of heightened systemic inflammation, HDL can 
become dysfunctional [88, 89]. Under these circumstances, ABCA1 and ABCG1 
may translocate unesterified cholesterol out of macrophages without functional 
HDL to serve as an acceptor. As free cholesterol accumulates and reaches its satura-
tion point, it crystallizes [87]. In addition, CC formation may be precipitated by a 
drop in temperature, as well as shifts in local calcium concentration, pH, and hydra-
tion. Alteration in these physiochemical factors may explain the increased risk of 
plaque rupture associated with winter and acute febrile [90, 91].

13  Cholesterol Crystal Induced Traumatic Plaque Rupture

Cholesterol crystals are frequently seen in ruptured plaques. As cholesterol under-
goes transformation from a liquid to a solid crystal state it expands [92, 93]. Within 
the confined space of an atherosclerotic plaque, crystal expansion can lead to thin-
ning of the fibrous cap, and cap perforation, rupture or erosion by sharp tipped 
crystals [87, 94] (Fig. 6).

Cholesterol crystals can take different forms; primarily triclinic CCs are associ-
ated with plasma membrane and monoclinic CCs are more commonly seen in the 
intracellular environment (see Chapter “In Vivo Detection of Cholesterol Crystals in 
Atherosclerotic Plaque with Optical Coherence Tomography”) [95]. Expansion of 
CCs in the plaque core can disrupt the plaque cap resulting in exposure of serum and 
platelets to tissue factor, collagen, Ca (II), von Willebrand factor, and adenosine 
5′-diphosphate. In addition, inflammatory mediators including IL-6, CRP, and 
platelet aggregation factors such as TxA2 are released. CCs can further exacerbate 
inflammation by activating the NLRP3 inflammasome [96]. Platelet activation and 
aggregation ensues with concomitant triggering of the coagulation cascade causing 
thrombosis [97].
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Fig. 6 Image of coronary artery at plaque rupture site. (Top left) scanning electron micrograph of 
diagonal coronary artery just below plaque rupture site from a 57-year-old male patient who died 
with acute coronary syndrome. (Top right; arrow) At higher magnification extensive crystals per-
forating the intimal surface are visible. (Bottom left) SEM of carotid artery plaque from a patient 
after endarterectomy showing plaque with a thin thrombus layer. (Bottom right; arrow) At higher 
magnification many cholesterol crystals are noted over the carotid intima. (Reproduced with per-
mission [90])

14  Agents That Affect Cholesterol Crystal Formation 
and Morphology

The role of CCs in cell necrosis, plaque inflammation, erosion, and rupture, sug-
gests that therapies that prevent CC formation, alter CC morphology or dissolve 
them should reduce the progression of atherosclerosis and plaque trauma. To date, 
several medications have been demonstrated to have such actions [98] (Fig. 7).

14.1  Lipid Lowering Agents

Statins, the most prescribed class of LDL-c lowering medication, have been demon-
strated to prevent the formation of CCs and to dissolve them in both in vitro, and in 
in  vivo animal models and humans [93]. While reducing LDL-c reduces the 
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Fig. 7 Agents with known effects on cholesterol crystallization. Metformin and colchicine induce 
activation of AMPK/SIRT1 and prevent downstream expression of NLRP3 inflammasome, reac-
tive oxygen species, and related pro-inflammatory proteins. Metformin also promotes cholesterol 
efflux from cells by enhancing ABCA1 and ABCG1 expression. Statins, ezetimibe, aspirin metfor-
min, and colchicine have been shown to interact with cholesterol molecules and preventing the 
formation of crystals or alter their morphology. Statins and ezetimibe reduce the total cholesterol 
pool, the saturation of which is an important factor in cholesterol crystallization. (Reproduced with 
permission [98])

availability of free cholesterol [99, 100], statins have also been found to interfere 
with the CC lattice through hydrophobic interactions that alter CC morphology and 
thereby reduce the risk of direct CC induced plaque trauma.

14.2  Metformin

It has been shown to reduce CC formation within coronary plaques in a study per-
formed on patients with diabetes and coronary artery disease. Also, in vitro experi-
ments with metformin were effective in inhibiting crystal growth [101]. Metformin 
activates AMP-activated protein kinase (AMPK) which inhibits NLRP3 inflamma-
some activation and downstream inflammatory mediator production [102]. The 
lower prevalence of CCs in atherosclerotic plaques may relate to its ability to pro-
mote cholesterol efflux into HDL particles by enhancing expression of ABCA1 and 
ABCG1, thereby reducing intracellular cholesterol concentrations [102–104].
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14.3  Aspirin

In vitro studies have demonstrated that aspirin can reduce cholesterol crystallization 
and dissolve CCs in a dose-dependent manner. This likely relates to the fact that 
aspirin contains alcohol and lipid domains that can interact with cholesterol to 
increase its solubility when incorporated in lipid membranes [105, 106]. Although 
the cardioprotective effects of aspirin have traditionally been attributed to its anti-
platelet properties which reduces the risk of atherothrombosis following plaque ero-
sion or rupture, the effect of aspirin on CC formation provides a mechanism by 
which it may reduce the risk of plaque rupture [106].

14.4  Colchicine

Traditionally used to treat and prevent gout flares caused by the precipitation of uric 
acid crystals within joints, colchicine has recently been shown to also reduce the 
risk of myocardial infarction and ischemic stroke in patients with coronary disease 
[107]. It is well recognized that colchicine suppresses expression of the gene for 
familial Mediterranean fever (MEFV gene encodes pyrin) within macrophages and 
impairs the production and assembly of the NLRP3 inflammasome. This in turn 
reduces the production of various pro-inflammatory cytokines such as IL-1β. IL-18, 
IL-6, and CRP [108]. Colchicine also promotes signaling via AMP-activated pro-
tein kinase and the histone/protein deacetylase sirtuin1 (AMPK/SIRT1) which plays 
a key role in enhancing the expression of antioxidant enzymes such as heme oxy-
genase 1 (HO-1) as well superoxide dismutase 1 and 2 (SOD-) and (SOD-2) within 
cells (see Chapters “The Cholesterol Crystal Paradigm: Overview of How 
Cholesterol Crystals Evolve and Induce Traumatic and Inflammatory Vascular 
Injury” and “Interaction Between Crystals, Inflammation, and Cancer”). 
Interestingly, recent studies in animal models have demonstrated that colchicine 
also decreases cellular uptake of CCs and alters their morphology by blunting their 
sharp edges akin to the changes seen with statin therapy (see Chapter “The Potential 
Role of Cholesterol Crystals in Preeclampsia”). Thus colchicine likely has benefits 
in atherosclerosis beyond its inflammatory effects [98].

15  Conclusions

Atherosclerosis is a complex disease that results from abnormal cholesterol traffick-
ing in the arterial wall that leads to accumulation of free cholesterol within athero-
sclerotic plaque. As free cholesterol accumulates in intracellular and extracellular 
compartments, it predisposes to the formation of CCs that can cause direct cellular 
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and tissue trauma and promote inflammation that can lead to plaque growth fol-
lowed by erosion or rupture. Aside lipid lowering therapies, several other medica-
tions can alter CC morphology which may in part explain their ability to reduce 
cardiovascular risk.
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Formation of CCs in Endothelial Cells

Yvonne Baumer, Lola R. Ortiz-Whittingham, Andrew S. Baez, 
Tiffany M. Powell-Wiley, and William A. Boisvert

1  Endothelial Cells and Atherogenesis

Currently, cardiovascular diseases (CVD) are the leading cause of death in the 
United States (US), with an economic burden of about $219 billion in the US each 
year (www.CDC.gov) [1]. Research over the past several decades has revealed that 
atherosclerosis is a major underlying cause for CVD, and the processes initiating 
and accelerating atherogenesis are tightly linked to chronic inflammation and dys-
lipidemia [2–4]. Atherosclerosis is considered a chronic disease, develops over 
decades, and often goes undetected until a major cardiovascular event occurs. It is 
characterized by the build-up of lipids and immune cell-filled plaques within the 
tunica intima immediately beneath the endothelial lining of the vessel wall which 
was recently visualized in detail utilizing cryo-focused ion beam (FIB) scanning 
electron microscopy (SEM) [5]. Atherogenesis is a complex process and is still not 
fully understood, with scientists globally aiming to determine the underlying mech-
anisms and investigating potential treatments against atherosclerosis and CVD.

One cell type of major importance at all stages of atherogenesis—from first ini-
tiation to plaque rupture—are endothelial cells (ECs) [6–8]. The vascular endothe-
lium is the innermost layer of blood vessels, facing the bloodstream and forming the 
barrier between blood and the surrounding tissue (Fig. 1a). However, the role of 
ECs is more than just barrier formation; ECs also regulate blood pressure, 
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Fig. 1 The endothelium and cholesterol crystals. (a–g) Scanning and transmission electron 
microscopy images of Ldlr−/− mouse aortas on various stages of atherogenesis after being fed a 
high fat diet (HFD). (a) Image of the aorta surface displaying the continuous endothelial layer with 
interendothelial junction clearly visible (arrow heads). (b) Within 1 week of HFD gap formation 
(arrows) at the interendothelial junctions (arrow heads) can be seen. (c) At baseline the endothe-
lium is a continuous layer (left panel) with almost not subendothelial space (right panel; space 
between EC and E) to be detected. The TEM on the right panel also shows intact junctions between 
two adjacent ECs (arrow heads). (d) Within 1 week of HFD aorta surface displaying subendothelial 
deposition (*) covered by the endothelial layer. Crack in the aorta due to preparation allow a view 
in the subendothelial depositions which are filled with lipids and early CC (#). In TEM (right panel) 
formation of the subendothelial space between the ECs and the internal elastic lamina (E) can be 
observed. (e) Within 2 weeks of HFD the subendothelial deposits are increasing in frequency and 
size. Additionally, an increasing amount of adherent and seemingly transmigrating white blood 
cells can be seen adherent to the endothelial layer often in close proximity to areas with subendo-
thelial deposits. (f/g) Within the following weeks of HFD complex atherosclerotic plaques are 
formed with various sizes and shapes of CCs present. (h) Human aortic endothelial cells treated 
with LDL for various timepoints in vitro and examined by SEM display deposition or outlines of 
solid smooth objects from plate to needle shapes likely to represent CCs. (Samples utilized in this 
Figure were prepared as described previously by our laboratory with ethanol-based dehydration)
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coagulation, angiogenesis, and inflammation. ECs are also crucially important for 
the controlled and well-regulated transport of nutrients, hormones, proteins, and 
immune cells across the vascular beds [9, 10]. Considering that the endothelium is 
a thin monolayer of cells collectively spanning the size of 4000–7000 m2 and weigh-
ing approximately 1 kg within a human body, its proper function is vital for main-
taining cardiovascular health [11]. Endothelial dysfunction, or the loss of adequate 
EC function, is a hallmark for various diseases including CVD and CVD risk fac-
tors, such as diabetes, obesity, and hypertension [8].

In the early stages of atherogenesis a dysfunctional endothelial lining facilitates 
pathogenic steps towards atherosclerotic plaque formation. Two of the major patho-
physiological functions are described as follows: first, dysfunctional ECs display 
upregulated surface expression of various cellular adhesion molecules such as inter-
cellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 
(VCAM-1), or E-selectin. This allows for circulating immune cells to roll, adhere, 
and transmigrate through the endothelium into the subendothelial space, which can 
happen along inter-endothelial junctions and, in some cases, across the endothelial 
cell itself (transcellular migration) (Fig. 1) [12]. Second, in the very early stages of 
atherogenesis, the vascular endothelium allows for disturbed transport of contents 
from the serum—including lipoproteins such as low-density lipoproteins (LDL)—
into the subendothelial space. Since the endothelial barrier does not allow for mac-
romolecules to pass freely, transport of lipid particles involves tightly controlled 
transcytosis [13]. This process of LDL transcytosis was clearly demonstrated using 
transmission electron microscopy (TEM) in 1983 by Dr. Simionescu’s laboratory 
whose early studies demonstrated that within minutes of treating ECs with high 
concentrations of LDL particles (80–200 mg/dL), the LDL can be taken up and 
transcytosed by the ECs to the subendothelial space [14]. The process of LDL tran-
scytosis and its various facets, receptors, and organelles involved (e.g., caveolae) are 
summarized in a recent review by Zhang et al. [13] while aspects of endothelial lipid 
uptake, metabolism, as well as transcytosis have been extensively been summarized 
in a review from Dr. Goldberg’s laboratory [15]. Additionally, endothelial barrier 
disruption during atherogenesis is also characterized by the formation of intercel-
lular gaps (Fig. 1b) and transcellular pores [16] potentially allowing for deposition 
and accumulation of lipids and unesterified cholesterol [17] in an alternative sec-
ondary pathway.

In 2017, our laboratory highlighted another effect of hyperlipidemia on the endo-
thelium in the early stages of atherogenesis. By using various microscopy tech-
niques, we demonstrated that after only 1 week of high fat diet (HFD) feeding the 
so-called subendothelial space was formed and enlarged in aortas of Ldlr−/− mice. 
Within this subendothelial space, we observed the presence of lipoprotein/lipid-like 
structures as well as early cholesterol crystals (CCs) (Fig. 1d). The presence of such 
early CC deposition was corroborated by another study published in 2010 by 
Duewell et al. [18]. In support of our data Park et al. mention in their recent publica-
tion that CCs could also be detected in ECs during atherogenesis in SIV-infected 
macaques [19]. In our studies [20–23] we were able to demonstrate first CC depos-
its directly underneath the endothelial lining within only 1  week of HFD in 
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Ldlr−/− mice. Within 2 weeks of HFD we were able to detect increases in size and 
frequency of CC/lipid filled deposits as well as the subendothelial space itself 
(Fig. 1e). Furthermore, after 2 weeks of HFD adherence and potential transmigra-
tion of immune cells could be observed (Fig. 1e). With increasing period of HFD 
feeding complexity of plaque composition as well as plaque size increased and was 
always accompanied by CC presence and deposition in various regions of the ath-
erosclerotic plaque (Fig.  1f, g). This phenomenon was very recently visualized 
using cryo-FIB/SEM atherosclerotic lesions of HFD fed rabbits [5]. Additionally, 
our lab was able to demonstrate that human aortic endothelial cells (HAoECs, 
Fig.  1h) are capable of CC production and deposition upon LDL treatment [21] 
which was further exacerbated under pro-inflammatory conditions [24]. Interestingly, 
our lab was not able to demonstrate CC formation in human umbilical vein endothe-
lial cells (HUVECs), suggesting that different endothelial cell types derived from 
various vascular beds process lipids, and in particular LDL, differently [21].

The deposition and presence of CCs has widely been recognized as an important 
hallmark during atherosclerosis initiation and progression [18, 20, 23, 25–28]. 
Since about 2010, there has been a plethora of research highlighting the importance 
of CCs, which, to our knowledge, was first described in atherosclerotic plaques 
more than 100 years ago in 1909 [29]. Most studies addressing the impact of CCs in 
atherogenesis focus on macrophages, with little being known about the impact of 
CCs on EC function. Additionally, most studies investigating CCs address the 
importance of CC uptake or treatment-initiated cellular behavior rather than the 
formation of CCs within cells. Hence, in this book chapter we will highlight the 
need for further research understanding the formation of CCs in various cell types, 
aiming to identify potential common pathways of CC formation and allowing for 
the development of future innovative therapies. Furthermore, we will highlight, 
based on past literature, potential pathways of investigation from various diseases 
shown to be of importance for CC formation and presence in various cells and organs.

1.1  The Impact of Acute CC Treatment on Endothelial Cells

As mentioned above, past CC research has focused on other cell types especially 
monocyte/macrophages and has often involved the determination of pathways acti-
vated by acute CC treatment; our team and others have highlighted pathways initi-
ated by acute CC treatment in various cell types [22, 23]. However, there are very 
few publications addressing the impact of CC treatment on endothelial cells, and we 
would like to emphasize the importance of further understanding the impact of CCs 
on endothelial dysfunction in future research as a crucial step in atherogenesis. 
Several studies, including our own, have shown that ECs can uptake CCs [21, 30]. 
One of the first studies linking CC treatment with enhanced endothelial adhesion 
molecule expression was to our knowledge conducted in 2014 by Nymo et al. This 
team demonstrated that treatment of ECs with CCs induced E-selectin and ICAM-1 
expression in a dose-dependent manner [31]. Jin et  al. [30] demonstrated that 
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decreased endothelial nitric oxide (NO) levels, lower eNOS activity and expression, 
and upregulation of endothelial adhesion molecules all associated with increased 
monocyte adhesion. Interestingly, these observed effects were mitigated when 
SIRT6 (sirtuin 6) was overexpressed involving Nrf2, a molecule previously impli-
cated in CC-induced effects in macrophages [32]. In a follow-up study, the authors 
further determined that ACE2 (angiotensin-converting enzyme 2) is also heavily 
involved in CC-induced Sirt6-dependent endothelial barrier dysfunction [33]. Jin 
et al., in accordance with a previous study by Richawaram et al. [34], also found an 
increase of intercellular adhesion molecules. These molecules facilitated enhanced 
monocyte adhesion to and transmigration through the endothelium, a process of 
absolute importance for the pathogenesis of atherosclerosis. In this study, 
CC-induced upregulation of ICAM-1 and VCAM-1 was dependent on NF|B signal-
ing mediated by H2O2 production [34]. Interestingly, the authors showed that resolv-
ing D1—an agent shown to have anti-inflammatory properties—prevented 
CC-induced effect, which could provide a future therapeutic avenue [35, 36]. This 
thought, while provoking, could be plausible as resolving D1 in mice was utilized 
in a recent study to prevent doxorubicin- mediated cardiotoxicity involving several 
pathways including Nfr-2 [36], which as mentioned above was shown to be impacted 
by CCs in ECs. CCs have been found to disrupt the endothelial barrier by disrupting 
adherens junctions by phosphorylation of VE-cadherin through SHP2 signaling 
[37] and xanthine oxidase- mediated H2O2 production. Again, these effects were 
completely prevented when ECs were co-incubated with resolvin D1, further high-
lighting the potential protective effect of resolving D1 on the endothelium.

A second sirtuin (Sirt1) was implicated in the protective effects exhibited by 
colchicine on CC-induced damage to ECs. The authors of this study showed that 
colchicine decreased the amount of CC uptake by ECs, reduced intracellular ROS 
levels, and enhanced cell survival by inhibiting NLRP3 inflammasome activation 
[38]. The importance of endothelial NLRP3 inflammasome in CC-induced damage 
has been previously highlighted [39, 40].

In summary, relatively little is known about the impact of acute CC treatment on 
the endothelium and its subsequent effects on CVD development and progression, 
thus highlighting the importance of further research examining the pathways 
involved in CC-induced endothelial dysfunction and the potential of common path-
ways amongst various cell types (Fig. 2).

1.2  CC Formation by EC and the Potential Impact of Its 
Subendothelial Accumulation

CCs have been demonstrated to be generated by various cell types including endo-
thelial cells [21, 24, 41]. Besides the impact of CCs on ECs as described above, we 
have postulated that EC-derived CCs are released into the subendothelial space [20, 
24]. Once there, various migrating immune cells—especially monocytes—will 
encounter the accumulated CCs and lipoproteins and take up CCs to initiate various 
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Fig. 2 Graphical summary of processes involved the formation of cholesterol crystals and the 
effects of its presence during atherogenesis

pro-atherosclerotic pathways, as we and others have described previously [22, 23, 
27, 42–44].

We postulate an additional pathway by which CCs accumulated in the subendo-
thelial space could impact endothelial function. The maintenance of endothelial 
barrier integrity is dependent on the mechanical microenvironment and the sur-
rounding extracellular matrix stiffness [45]. To our knowledge, no study has been 
published connecting the presence of CCs with matrix stiffness and endothelial bar-
rier dysfunction. This is of key importance, as one of the major mechanisms involved 
in stiffness-related endothelial dysfunction and recovery involves the reorganization 
of the actin cytoskeleton. For example, the presence of actin stress fibers due to 
thrombin treatment in cultured ECs is the highest when cultured on high stiffness 
substrates, as mediated by Rho/Rac signaling [45]. Interestingly, in our own study, 
we showed that human aortic endothelial cells cultured on CC-coated surface dis-
played reduced barrier integrity (increased permeability) and decreased regenera-
tive potential. These changes are accompanied by increased monocyte transmigration, 
increased RhoA, and decreased Rac1 activity [21]. While we were not able to con-
nect substrate stiffness to the observed effect of CC-coated surface on EC dysfunc-
tion, we postulate that the observed effects are at least partially due to CC-induced 
changes in matrix stiffness.

Other pathways which have been associated with substrate stiffness-related EC 
dysfunction involve autophagy, a process of potential importance in CC-induced 
damage to various cell types and postulated to be impaired in the presence of CCs 
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in macrophages [46]. The importance of intact endothelial autophagy during athero-
genesis, especially in ECs, has been summarized recently by Hua et al. [47]. Hu 
et  al. published that increasing substrate stiffness in ECs reduced endothelial 
autophagy levels by altering a variety of genes associated with endothelial dysfunc-
tion [48]. Interestingly, in this study the impact of stiffness on vascular smooth 
muscle cells was the opposite when compared to the ECs, highlighting the impor-
tance of cell-specific research and the need for more endothelial-specific research as 
the impact of CCs might vary between different cell types. Additional pathways 
activated by substrate stiffness in ECs are: (1) the YAP-DII4-Notch signaling ulti-
mately determining cellular function [49] or (2) VE-cadherin specific signaling [50] 
ultimately facilitating pro-atherosclerotic processes such as neutrophil transmigra-
tion [51], endothelial cytokine and chemokine secretion [52], trans-endothelial 
migration of lymphocytes or natural killer cells [53], or proliferation of ECs [54]. 
To summarize we want to highlight the importance of future research addressing the 
potential impact of CC accumulation in the subendothelial space on ECM stiffness 
and composition, and its potential impact on the endothelial function that affect 
atherogenesis (Fig. 2).

1.3  Cellular Lipid Metabolism and Homeostasis Possibly 
Linked to CC Formation

Cellular lipid metabolism and homeostasis is a tightly regulated process that is cru-
cial for a healthy, living organism. Undoubtedly, CVD development and progres-
sion is intimately connected to both inflammation and altered lipid metabolism or 
lipid profile [2, 4, 55]. Several key enzymes involved in lipid uptake, efflux or 
homeostasis have been brought in connection with CC presence and/or formation, a 
few of which are highlighted below (Fig. 2).

Cholesterol is essential for the survival and function of all cells, as it is the basis 
for cellular as well as vesicular membranes, hormones, steroids, and bile synthesis. 
As cholesterol itself is insoluble in water, it is transported through the body as cho-
lesterol esters stored in spherical lipoprotein particles, LDL in particular. LDL is 
taken up by cells through receptor-mediated endocytosis [56] or macropinocytosis 
[57–59]. Once taken up into cells, LDL is delivered to lysosomes where cholesterol 
esters are hydrolyzed to free cholesterol, and lysosomal transmembrane proteins 
transfer the free cholesterol to the endoplasmic reticulum (ER). Two important 
enzymes located at the ER are responsible for sensing and regulating cellular levels 
of free cholesterol, namely acyl coenzyme A cholesterol acyltransferases (ACATs) 
and neutral cholesterol ester hydrolase (nCEH).

Interestingly, alterations of intracellular lipid balance by either inhibiting nCEH 
activity or ACAT1 activity in human aortic endothelial cells impacted CC shape 
after LDL treatment [21]. In ECs, treatment with LDL in the presence of a nCEH 
inhibitor increased lipid droplet formation; the presence of needle shaped elongated 
CC was also observed. On the other hand, in the presence of an ACAT1 inhibitor, 
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plate-shaped CCs were detected [26]. In both human as well as mouse atheroscle-
rotic plaques, the presence of both CC shapes has been described [60]. Utilizing 
Coherent Anti-Stokes Raman Scattering (CARS) imaging, it has been shown that 
both types of CCs have similar composition [61], which could potentially indicate 
that the origin of the observed CCs could determine CC shape rather than chemical 
composition, a notion supported by a study using cryo-TEM techniques [62].

Decreasing levels of free cholesterol within cells are controlled by nCEH, which 
hydrolyzes cholesterol esters stored in lipid droplets to unesterified cholesterol and 
unesterified fatty acid molecules. In patients with fibrosing nonalcoholic steato-
hepatitis (NASH), presence of CCs within hepatocyte lipid droplets was observed in 
almost all patients as well as in HepG2 liver cells in  vitro under hyperlipidemic 
conditions [63]. Similarly, livers of patients with cholesterol ester storage diseases 
(CESD) show the presence of CCs in lipid droplets of macrophages and foam cells 
[64, 65]. A very recent study performed in hyperlipidemic rabbits utilizing innova-
tive cryo-FIB/SEM techniques indicates that thin CCs are often found in very close 
proximity to CCs in various regions of the atherosclerotic plaque [5], further high-
lighting the potential of lipid droplets to impact CC presence in advancing athero-
sclerotic lesions.

Certainly, the process of intracellular cholesterol homeostasis involves several 
other key regulators, some of which have been connected with CC formation or 
presence. For example, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 
reductase inhibitors (statins) can reduce the presence and formation of CCs within 
the atherosclerotic plaque [66], potentially via alteration of cellular lipid metabo-
lism, anti-oxidative effects, and/or altering of cell membrane composition [67]. 
Familial hypercholesteremia (FH) is a disorder affecting lipid metabolism and often 
arises due to mutations in the LDLR gene; individuals with FH display increased 
presence of CCs in their vessel walls [68]. Additionally, a recent study investigating 
the conversion from brown to “white-like” adipose tissue, reported that a lack of 
adipose triglyceride lipase (Atgl), a key enzyme in lipolysis, resulted in deposition 
of CCs as examined by TEM [69]. While this study lacks proof of CC presence by 
polarized light microscopy, it provides evidence of a potential role of Atgl and dis-
turbed lipolysis in CC formation in adipose tissue. As the processes of lipid metabo-
lism and cellular cholesterol homeostasis are relatively well understood, it seems 
clear that alteration of each of the regulators of cholesterol homeostasis discussed 
above have the potential to impact CC formation and subsequent CC-related pathol-
ogies (Fig. 2). It is therefore crucial to further elucidate the factors and signaling 
pathways impacting CC formation.

2  Cholesterol Crystals, Lysosomes, and Lysosomal Damage

The exact underlying mechanism and the location of CC formation are not fully 
understood. Lysosomes have been postulated to be a potential place of CC forma-
tion within cells [22]. One of the first indications suggesting lysosomes as a 
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potential place for CC nucleation utilized TEM was published by Tangirala et al. 
in 1994, in which the authors observed CC in lysosomes of J477 cells loaded with 
cholesteryl oleate droplets [70]. Almost 20 years later, oxLDL-induced CC for-
mation was observed in lysosomes of macrophages in a study by Sheedy et al. 
[71]. In regard to ECs, we were able to demonstrate that increases in lysosomal 
pH were linked to increased endothelial CC formation under pro-inflammatory 
conditions [24]. Several studies ultimately linked CC formation to inefficient 
lysosomal function under hyperlipidemic conditions in various cell types. We 
have highlighted a few potentially important pathways linking lysosomal pro-
teins and CC formation/presence in a recent review [22], including lysosomal 
acid lipase (LAL, LIPA gene) [64, 72, 73] and Niemann-Pick C1 and C2 
(NPC1/2) [74].

Second, independent of CC formation, it has been shown that cholesterol 
overload impacts lysosomal function in macrophages likely due to altered pH 
[75, 76]. Third and very importantly, in vitro treatment of various cell types—
especially macrophages—with CCs demonstrated that uptake of CCs induce 
lysosomal dysfunction likely due to disruption of lysosomal membranes [77, 
78], alterations of lysosomal pH and proteolytic activity. It is clear that lyso-
somal dysfunction is linked to the presence of CCs and subsequently atherogen-
esis [78, 79].

As CC formation as well as hyperlipidemia and lipid uptake have been linked to 
lysosomal dysfunction and lysosomal damage, it is important to highlight the cel-
lular response mechanisms known to clear or repair damaged lysosomes. Damaged 
lysosomes are known to leak their contents—including protons, reactive oxygen 
species, cathepsins and many more—into the cytosol. There, these contents result in 
NLRP3 activation, an excessive inflammatory response, and ultimately cell death 
[80]. As a first line of action, cells likely attempt to repair damaged lysosome mem-
branes [81] via various mechanism and signaling molecules, including ESCRT 
(endosomal sorting complexes required for transport) [82] and enhanced activity of 
sphingolipase as well as binding to lipid bisphosphonates in a Hsp70-dependent 
manner [83, 84]. A potential for ESCRT-dependent lysosomal repair in CC treated 
cells should be explored in the future, as it could provide another avenue for thera-
peutical intervention (Fig. 2).

If a cell is unable to repair damages, a selective subprocess of autophagy called 
lysophagy will be initiated [80, 81]. The driving factor of initiation of lysophagy is 
ubiquitination of damaged lysosomes involving, among others, galectin-regulated 
pathways [81, 85, 86]. To our knowledge, it has yet to be determined if formation or 
uptake of CC results in activation of lysophagy. From our own data, one might 
speculate that this is not the case, however, more detailed studies are needed to pro-
vide clear evidence that induction of autophagy with subsequent replacement of 
lysosomes could provide a path to prevent the detrimental impact of CCs on lyso-
somes and cells.

The third path a cell might initiate if lysosomal damage is detected is the activa-
tion of lysosomal biogenesis. During lysosomal damage, mTORC1 is dissociated 
from the lysosome. Under normal circumstances, mTOR phosphorylates 
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transcription factor EB (TFEB) keeping it inactive. After dissociation, TFEB is de- 
phosphorylated and translocates to the nucleus where it will lead to induction of a 
set of genes initiating lysosome biogenesis and autophagy [87].

2.1  A Potential Role for TFEB as a Master Regulator 
of Cell- Derived CC Formation

Interestingly, it has been shown for macrophages [78] and ECs [88] as well as other 
major cell types involved in atherogenesis [89], that induction of lysosome biogen-
esis due to overexpression of TFEB inhibits atherosclerosis progression [90–92]. 
Furthermore, TFEB has gained heightened interest in CVD-related research as it 
was also demonstrated to regulate lipid homeostasis beyond lysosomal function or 
autophagy. For example, it was shown that TFEB also regulates lipolysis and lipo-
phagy, lipid oxidation, uptake, efflux, and degradation, all of which point to pre-
venting excessive lipid accumulation within cells and potentially CC formation and 
deposition (summarized in [93]).

Interestingly, regulation of TFEB activity and action has been linked to various 
signaling pathways known to be dysregulated and altered during atherogenesis, 
highlighting its potential therapeutic importance as a target to treat CVD in the 
future. For example, TFEB promoter activity is controlled by Janus kinase 2 (JAK2) 
presence, regulating nuclear localization and expression of TFEB leading to the 
inhibition of lysosomal function and autophagy. JAK2 deficiency in macrophages 
has just recently been shown to lead to defective cholesterol efflux and subsequently 
worsen atherosclerosis [94]. Taken together, a potential role for TFEB in atheroscle-
rosis could be postulated. Another important regulator of endothelial function as 
well as atherogenesis is Krüppel-like factor 2 (KLF-2). KLF-2 was shown to 
increase TFEB in endothelial cells of diabetic mice [95] and atherosclerosis 
(recently summarized in [96]). Furthermore, TFEB transcriptional activity has also 
been linked to ACAT1 by enhancement of TFEB posttranslational modification ulti-
mately affecting TFEB localization and activity [93]. Increasing levels of choles-
terol derived from LDL ultimately activates ACATs, converting free cholesterol to 
cholesterol esters, with subsequent storage within lipid droplets. The role of ACAT 
in CC formation and subsequent disease development and progression, however, 
has yet to be determined, with the literature containing conflicting results, espe-
cially for the ACAT1 isoform. Utilizing an atherosclerosis mouse model on high fat 
diet (HFD), depletion of ACAT1 induced changes in atherosclerotic plaque compo-
sition and additionally resulted in the development of skin xanthomas filled with 
CCs [97], a finding supported by another study demonstrating the presence of 
CC-filled skin xanthomas in bone marrow-specific ACAT1 knockout mice [98]. In 
contrast, in a study by Melton et al. myeloid depletion of ACAT1 decreased pres-
ence of CC in atherosclerotic lesion and reduced early as well as late-stage 
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atherosclerotic plaque size [99]. A potential downfall for either of these studies 
might be that no techniques—such as a combination of laser reflection and fluores-
cence confocal microscopy or polarized light microscopy—were used that are capa-
ble of identifying small CCs in atherosclerotic plaques [18, 21].

As mentioned above, lipid droplets have been speculated to be another place of 
origin for CC within cells. Lipophagy is the process by which lipid droplets are 
degraded utilizing a specific autophagy-related process [100, 101] and has been 
linked to metabolic disorders [102]. Interestingly, TFEB in nonalcoholic fatty liver 
disease has been connected in a recent review by Yu et al. to be beneficial in regulat-
ing lipophagy and lipolysis [103]. TFEB activation or overexpression could hence 
have therapeutical benefit on cell-derived CC formation by its impact of diminish-
ing lipid droplets as a potential source for intracellular CC formation.

TFEB has additionally been linked to the regulation of the expression of various 
lipid metabolism/homeostasis regulating receptors like ATP-binding cassette trans-
porter A1 (ABCA1) [93]. Cholesterol efflux is an active process transporting free 
cholesterol out of a cell mainly via two transporters, ABCA1 and ABCG1. Various 
diseases have been linked to dysfunctional cholesterol efflux. Psoriasis, a chronic 
inflammatory skin disease, is accompanied by increased risk for CVD [104–106]. 
Psoriasis has been demonstrated to impair macrophage cholesterol efflux upon lipid 
loading and accelerate CC formation in  vitro as well as in  vivo [107]. Also, the 
ABCA1 gene is affected in Tangier disease leading to the accumulation of choles-
terol esters within cells [108–110]. Needle-shaped birefringent CCs were shown to 
be present in foam cells of patients with Tangier disease. However, from the present 
literature, one can only speculate that deficiency in cholesterol efflux does indeed 
result in enhanced foam cell CC formation, indicating the need to further under-
stand mechanisms and pathways involved in this process.

TFEB has also been shown to impact CD36 mRNA expression [93], a receptor 
on phagocytes and ECs able to function as a scavenger receptor for lipoproteins and 
oxidized phospholipids [111]. Interestingly, CD36 has been described to be crucial 
for oxLDL-derived lysosomal CC formation in macrophages [71] and endothelial 
CD36 has recently been demonstrated to reduce atherosclerosis [112], implying its 
potential importance for the vascular endothelium.

The most well-studied signaling pathway involving CCs is the activation of the 
NLRP3 inflammasome in various cell types, particularly macrophages [18, 25, 32]. 
Very recently, in the setting of severe asthma, Theofani et al. [113] demonstrated 
that the activation of the NLRP3 inflammasome was accompanied by impaired 
autophagy which could be attenuated by TFEB activation, ultimately linking the 
two major pathways involved in CC-induced cell damage and laying important 
groundwork for a potential future therapy.

In summary, TFEB has been implicated in most major processes known to be 
important in CC formation or for CC-induced signaling. However, its role specifi-
cally in ECs is still unknown, especially in the setting of hyperlipidemia, CC forma-
tion, or CVD development and progression. It will be of crucial importance to 
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enhance our knowledge on TFEB signaling in CC-related processes to potentially 
develop new and innovative therapies.
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Atherosclerotic Plaque Morphology 
and the Conundrum of the Vulnerable 
Plaque

Stefan Mark Nidorf, Ryan Madder, Ahmed Elshafie, and George S. Abela

1  Introduction

Any theory as to why atherosclerotic plaques become vulnerable to atherothrombo-
sis must explain both the processes that occur within the plaque prior to erosion or 
rupture and provide insight as to why the incidence of atherothrombotic events is 
affected by circadian rhythm, the seasons, social upheaval, and moments of intense 
emotional stress [1, 2]. Although it is recognized that the risk of plaque rupture is 
higher in patients with more extensive coronary disease, there is no consensus as to 
why individual plaques become vulnerable to atherothrombosis at a given point 
in time.

This chapter summarizes factors that make patients vulnerable to cardiovascular 
events and provides insight into the dynamic nature of plaque vulnerability related 
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to changes in the physiochemistry of the lipid core that can lead to intermittent 
development of cholesterol crystals (CCs) that make plaques vulnerable to erosion 
and rupture that leads to atherothrombosis.

2  Historical Understanding of the Nature of Atherosclerosis

Atherosclerosis is a chronic disease that begins in early life and presents decades 
later most often as a sudden catastrophic atherothrombotic event [3]. Although con-
sidered a disease of modern times, yet it has been found in 3000-year-old Egyptian 
mummies suggests it is largely driven by genetic factors [4].

Over 600 years ago, during the Renaissance, Leonardo da Vinci (1452–1519) 
illustrated luminal narrowing of atherosclerotic vessels, and Antonio Scarpa 
(1752–1832) commented that “ulceration and rupture are likewise common in the 
arteries” [5]. It took another 500 years before the term “Atherosclerosis” was coined 
by Jean-Fredrick Lobstein to describe the disease and popularized by Felix 
Marchand in 1904 [5, 6]. In the nineteenth century Virchow opined that inflamma-
tion played a primary role in the development of atherosclerosis while Rokitansky 
postulated that thrombi on the arterial wall were the nidus for plaque [7–9]. In 1913, 
Anitschkow and Chalatov induced atherosclerosis in rabbits by feeding them pure 
cholesterol, providing the first evidence that atherosclerosis was a cholesterol- 
induced disease [10]. Thus, for over a century it has been evident that atherosclero-
sis is a “cholesterol-induced” inflammatory disease. Despite this, skepticism about 
the primary role of cholesterol in atherosclerosis persisted for decades because it 
was not possible to invariably induce the disease with cholesterol rich diets in other 
animals most especially canines [11, 12].

Over the last 50 years, increasing research based upon epidemiology, specialized 
imaging techniques as well as the improved understanding of immunology has led 
to a vastly more sophisticated understanding of atherosclerosis. This has also led to 
the development of two broad concepts, the first related to identifying patients vul-
nerable to cardiovascular events and the second related to identifying the reasons 
why individual atherosclerotic plaques become vulnerable to injury and athero-
thrombosis [13–16].

3  The Vulnerable Patient

Clinicians have always been concerned about how to accurately identify patients at 
high risk of cardiovascular events because it leads to appropriate use of diagnostic 
resources and treatments [16]. Aside identification of atherosclerosis by coronary 
imaging with CT scanning and angiography, several systemic factors have been 
associated with an increased risk of cardiovascular events.
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3.1  Serum Cholesterol, Hypertension, Smoking, Diabetes

The Framingham Study was the first to confirm that serum cholesterol, together 
with blood pressure, smoking, sex, and diabetes as well as age and family history 
were independent risk factors for cardiovascular events [17]. Even though the 
mechanistic link between these factors and atherothrombosis was not known, this 
work paved the way for the development of highly effective strategies to reduce 
cardiovascular risk.

3.2  Circadian and Seasonal Factors

Although the seemingly random occurrence of acute cardiovascular events remains 
puzzling, population studies demonstrated that the risk of atherothrombosis changes 
with circadian and seasonal rhythms, with the risk of an event peaking in the early 
morning hours especially in winter months [1, 18]. This has led to speculation that 
the risk of atherothrombosis relates to circadian and seasonal changes in blood pres-
sure, LDLc, and circulating levels and function of leukocytes and platelets.

3.3  Emotional and Physical Stress

The risk of cardiovascular events has been shown to increase following acute social 
upheaval, natural disasters, and even the final game of seasonal sports, as well as 
strenuous exercise, anger, and sexual activity [19–21]. Each of these scenarios was 
believed to cause a sudden rise in blood pressure sufficient to disrupt plaques. 
However, this explanation seems insufficient as studies using finite element analysis 
have failed to demonstrate that atherosclerotic plaques rupture when exposed to 
pressures that are physiologically attainable [22].

3.4  Systemic Inflammation

In the past few decades serum markers of inflammation including high-sensitivity 
C-reactive protein, serum amyloid A, elevated white blood cell count, and fibrino-
gen have been found to add to the assessment of cardiovascular risk over and above 
traditional risk factors even in patients with proven coronary disease [23]. This has 
strengthened the belief that systemic inflammation related to infection or chronic 
inflammatory disease may play a role in the development of plaque instability 
[24, 25].
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4  The “Vulnerable Plaque”

While it is now relatively easy to identify patients with coronary atherosclerosis 
most at risk of a cardiovascular event by simple clinical and laboratory means, iden-
tifying individual plaques at risk of atherothrombosis remains a major challenge, in 
part because plaques become unstable for seemingly disparate reasons [13] (Fig. 1).

Autopsy studies in patients who died after myocardial infarction have long 
revealed that plaque rupture is the most common cause of atherothrombosis and is 
often associated with plaques with a thin fibrous cap, a large lipid pool and inflam-
matory infiltration in its shoulder regions that were thought to have made them 
“vulnerable” to rupture. However, subsequent longitudinal studies using intravascu-
lar imaging that made it possible to identify some of these characteristics in coro-
nary artery lesions in  vivo, found that these morphologic features were poorly 
predictive of future cardiovascular events [14–16]. Thus, it has become clear that 
plaque morphology at a point in time does not provide insight into the evolving 
processes within the plaque prior to rupture that ultimately determined its fate. 
Although innovations in imaging have allowed serial non-invasive assessment of 
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Occlusive 
Thrombus

Minor
Plaque Disruption

Asymptomatic 
Unstable
Angina,

or Non-Q-MI

Fig. 1 Illustration of a hypothetical method by which daily activities may trigger coronary throm-
bosis. Three triggering mechanisms are presented: (1) physical or mental stress producing hemo-
dynamic changes leading to plaque rupture, (2) activities causing an increase in coagulability, and 
(3) stimuli leading to vasoconstriction. The scheme depicting the role of coronary thrombosis in 
unstable angina, myocardial infarction, and sudden cardiac death has been well described by 
numerous investigators. The novel portion of this figure is the additional of triggers. (Reproduced 
with permission [13])
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other features of coronary plaques including the presence of CCs and inflammation 
that identify vulnerable patients, all have had difficulty in identifying specific vul-
nerable plaques with high specificity.

5  Plaque Injuries That Lead to Atherothrombosis

5.1  Plaque Rupture

By definition rupture of the plaque cap exposes the highly thrombogenic contents of 
its core including necrotic gruel and CCs to tissue factor that attracts platelets which 
then aggregate to form a platelet rich thrombus followed by a fibrin rich thrombus 
that may occlude the artery [1, 13–15, 25–28] (Fig. 2). Although it is believed that 
thin cap fibroatheroma (<65 μm) are the precursor lesions of ruptured plaques [15, 

Aggregating
platelets

Thrombin

5-HT

TF TF
TF

CRPPDGF-BB
CD40-L

PDGF-BBoxLDL

EC

HA TNF-α TNF-α

Mφ VSMC

TF-containing
microparticles

Intima

Media

Fig. 2 Tissue factor in the atherosclerotic plaque. In the inflammatory environment of atheroscle-
rotic plaques, tissue factor (TF) is present at high levels in endothelial cells, vascular smooth 
muscle cells, macrophages/foam cells, and in the necrotic core. TF induction is exemplified by 
selected mediators in endothelial cells (EC, left panel), macrophages (Mɕ, middle panel), and 
vascular smooth muscle cells (VSMC, right panel). On plaque rupture, highly procoagulant mate-
rial including TF-containing microparticles is released into the blood, leading to rapid initiation of 
coagulation, platelet aggregation, and, ultimately, thrombus formation with vessel occlusion. 
(Reproduced with permission [28])
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29, 30] it is now understood that atherothrombosis may also occur in plaques with 
thick caps that undergo erosion [15, 16]. Furthermore, while a relatively large 
necrotic core is a common feature of ruptured plaques at post-mortem pathology, 
the detection of lipid cores in vivo has proved to be a poor predictor of future car-
diovascular events [31–36].

The cause of plaque rupture remained elusive until imaging with scanning elec-
tron microscopy in specimens untreated with ethanol revealed that CCs actually 
pierced the cap of ruptured plaques, thus providing a mechanical means for plaque 
rupture [37, 38]. While this did not explain how or why CCs developed, it was con-
firmed that CCs were more likely to develop in lipid rich plaques and the process of 
crystallization was driven by the size of the cholesterol pool, ambient temperature, 
high pH, and hydration of the cholesterol molecule [39]. Furthermore, CCs were 
found to be capable of triggering inflammation, and thus had the potential to enhance 
the risk of inflammatory injury that could lead to plaque rupture [40–42].

These late observations fit with more recent studies using intracoronary near- 
infrared spectroscopy to assess the lipid content of the plaques core in vivo which 
have confirmed that culprit plaques are typically rich in cholesterol compared to 
non-culprit plaques, and that non-culprit non-obstructive plaques with a high lipid 
content are also at higher risk of triggering future events over subsequent years [34] 
(Fig. 3). Thus, the size of the lipid core may be an important factor that determines 
the risk of developing CCs which in turn may determine their fate [35, 36].

5.2  Plaque Erosion

In up to one third of patients presenting with an acute coronary syndrome the under-
lying plaque injury relates to erosion rather than rupture of the plaque cap [43–45] 
(Fig. 4). The occurrence of plaque erosion has been well documented at autopsy and 
can now be detected in vivo with optical coherence tomography (OCT). Erosion it 
is typified by the loss of the endothelial lining without overt rupture of the cap over-
lying non-obstructive plaques with relatively small lipid cores and more fibrous 
caps that are rich in smooth muscle cells and extracellular matrix including hyal-
uronic acid and proteoglycan [43–45]. These plaques are also less likely to be infil-
trated with macrophages and T cells. Furthermore, the composition of thrombus 
associated with erosion appears richer in platelets compared to the thrombus associ-
ated with plaque rupture, possibly because it is free of debris from the lipid core 
[46, 47].

Although the exact pathophysiology of plaque erosion is uncertain, electron 
microscopic studies have revealed that in some instances CCs can pierce the plaque 
cap without causing overt rupture [48, 49]. This may be important, as CCs have the 
ability to attract and activate neutrophils and cause the expression NETs that may 
lead to erosion of the plaques surface [50]. In addition, in  vitro studies have 

S. M. Nidorf et al.



151

a

b

Fig. 3 (a) A STEMI case with a culprit lesion in the mid-left circumflex artery. OCT demonstrates 
PR characterized by a fibrous-cap disruption (arrowhead) and a cavity (asterisk) formation inside 
the plaque. IVUS reveals a cavity (star) inside the plaque. NIRS identifies a large lipid content 
(maxLCBI4mm 1/4 881) in the culprit lesion. (b) An STEMI case with a culprit lesion in the mid- 
right coronary artery. OCT demonstrates PE characterized by the presence of attached thrombus 
(arrowhead) overlying an intact fibrotic plaque. IVUS reveals the absence of plaque cavity. NIRS 
identifies a small lipid content (maxLCBI4mm 1/4 93) in the culprit lesion. Asterisks indicate 
signal attenuation behind the plaque. (Reproduced with permission [34])

demonstrated that accumulation of hyaluronic acid at the border of the plaque/
thrombus interface is a prominent feature. Although it is not known if this is a sec-
ondary phenomenon, it is notable that hyaluronic acid can bind to a variety of recep-
tors, including CD44 and hyaluronic acid-mediated motility receptors that promote 
smooth muscle cell proliferation and migration, raise inflammatory cells and trigger 
the coagulation cascade which can exacerbate erosion [51, 52]. Hyaluronic acid can 
also promote cellular stress and apoptosis, aggravating endothelial activation, and 
impairing endothelial cell adherence via the toll-like receptor 2 (TLR2) dependent 
pathway that may further promote plaque erosion [53]. Because plaque erosion 
tends to occur at vessel bifurcations, it has been postulated that local hemodynamics 
factors also contribute in some way to endothelial injury [54–56].

Atherosclerotic Plaque Morphology and the Conundrum of the Vulnerable Plaque
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Fig. 4 Histology of Plaque rupture vs. Plaque erosions. (Top left image) Histology of a cross- 
sectioned coronary artery containing a ruptured plaque with a non-occlusive platelet-rich thrombus 
superimposed. The actual defect in the fibrous cap is not seen in this section but is located nearby. 
Note the cholesterol crystals in the plaque core (Trichrome stain, rendering thrombus red, collagen 
blue, and lipid colorless). Adapted with permission from Falk E and Fuster V. Atherogenesis and 
its determinants. In: Hursts the Heart. tenth edition. Fuster V, et  al., editors. McGraw-Hill, 
2001:1065–94. (Top right image). Plaque erosion. Cross section of a coronary artery containing a 
stenotic atherosclerotic plaque with an occlusive thrombosis superimposed. The endothelium is 
missing at the plaque–thrombus interface, but the plaque surface is otherwise intact. Note the cho-
lesterol crystal crypts in the fibrous zone. (Trichrome stain, rendering thrombus red, collagen blue, 
and lipid colorless). (Courtesy of Dr. Erling Falk, Aarhus, Denmar). Cartoon of the characteristics 
of plaque rupture and plaque erosion. Pathological characteristics of plaque rupture and plaque 
erosion. Ruptured plaque (left image) is featured with a larger lipid core containing abundant mac-
rophages and T cells. Red thrombus is observed in the small lumen. Eroded plaque (right image) 
has a large lumen with white thrombus and fibrous plaque tissue characterized by little or no lipid 
deposition. In particularly, there is discontinuous endothelial cell layer in eroded plaque. Neutrophil 
extracellular traps was found at the junction of plaque tissue and thrombus in both eroded and 
ruptured plaque. (Reproduced with permission [68])

6  The Dynamic Nature of Plaque Morphology

Longitudinal studies using OCT to assess plaque morphology, and PET scanning to 
identify inflammation in the atherosclerotic arterial bed, confirm that over time most 
plaques with features thought to make them vulnerable to rupture remain stable or 
show signs of healing [16]. Thus, despite their appearance, a “picture in time” is 
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poorly predictive of future atherothrombotic events, and inflammatory activity in 
the plaque bed is more often associated with healing rather than rupture [57].

Today there is little doubt that inflammation occurs in response to vascular injury 
and is a driving force in the development and progression of atherosclerosis and 
destabilization of plaques; Histopathology and angioscopic studies confirm the 
presence of inflammatory infiltrates in the shoulders of culprit plaques and in the 
exudates of ruptured plaques [57, 58]; Studies using PET imaging suggest that 
“hot” atherosclerotic plaque identify patients at high risks of future coronary events 
[59–61] (Fig.  5). Additionally, clinical trials confirming that inhibition of the 
NLRP3 inflammasome is effective in reducing the risk of atherosclerotic events in 
patients with chronic coronary disease [62, 63]. Furthermore, the circadian and sea-
sonal variation of atherothrombosis can possibly be explained by changes in leuko-
cytes and platelet activity that occur with these rhythms [1, 2], and risk factors 
associated with atherothrombotic risk such as smoking, diabetes, chronic renal dis-
ease, gout, and ongoing inflammatory disease that can be linked to an increase in 
systemic inflammation, could plausibly affect the inflammatory milieu in the plaque 
bed as primed leukocytes transit through the vasa vasorum [64].

68Ga-DOTATATE

culprit
lesion

bystander
lesion

18F-FDG

a b c d

e f g h

Fig. 5 PET Images of the coronary arteries. X-ray angiography images from a 59-year-old man 
with ACS, showing a culprit first obtuse marginal lesion ([a] hatched oval) and non-culprit 
(bystander) right coronary artery disease ([e] circle). Identification of a culprit artery was aided by 
electrocardiographic findings of lateral T-wave inversion. Corresponding CT angiography images 
(b, f) show stented culprit lesion (*) and native bystander lesion with high-risk plaque morphology 
([inset] low attenuation, cross-section of artery with outer wall boundary marked by dotted out-
line). In both lesions, intense inflammation (arrows) detected by 68Ga-DOTATATE PET (c, g) is 
reproduced by [18F]FDG PET (d, h). (Reproduced with permission [61])
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Despite all of the data on the role of inflammation, the outstanding issue related 
to the inflammatory theory of plaque rupture is uncertainty as to the injurious trigger 
that acutely potentiates the inflammatory process in stable plaques. Thus, it is still 
not clear why the decades- long inflammatory process that generally leads to seques-
tration of extracellular deposits of cholesterol and cellular debris should appear “to 
suddenly go awry” and disrupt a stable plaque. Furthermore, the inflammatory the-
ory does not make it clear as to whether cholesterol in the plaque core is passive or 
plays a more active role in the atherosclerotic process, or how or why the lipid core 
can appear to suddenly expand, or how inflammation alone can explain the range of 
appearances of atherosclerotic plaque, or cause plaque erosion or plaque hemorrhage.

These remaining conundrums raise the possibility that while chronic inflamma-
tion in the atherosclerotic bed leads to sequestration of extracellular debris, sclero-
sis, and calcification of the arterial wall, dynamic changes in the physiochemistry of 
the lipid core that intermittently favors the formation of cholesterol crystals may be 
the trigger that changes the fate of an individual plaque.

7  The Dynamic Nature of Plaque Vulnerability

As atherosclerotic plaques evolve the nature of their core changes. As senescent 
cells become trapped in the surrounding fibrin-collogen matrix they are incorpo-
rated into the core, and as they degenerate their contents dissociate into their ele-
mental forms. Thus, the core becomes rich in both necrotic gruel and cholesterol 
that is both esterified (bound) and unesterified (free) [37, 38, 65, 66]. These changes 
also alter the physiochemical environment of the core, which may begin to favor the 
spontaneous self-assembly of free cholesterol molecules into stable crystalline 
structures.

This is illustrated in Fig. 6, which is a conceptual diagram designed to show the 
dynamic nature of plaque vulnerability [67]. Specifically, it shows how changes in 
the size of the free (unesterified) cholesterol pool, its physiochemistry, and the state 
of inflammation surrounding the core may affect the stability of a plaque. Thus, 
plaques with a small lipid pool that is none-the-less rich in free cholesterol may 
become vulnerable to erosion if the physiochemical environment favors CC forma-
tion, and may become vulnerable to rupture if in addition the surrounding inflam-
matory milieu is already primed. In contrast, plaques rich in lipid may remain stable 
if the amount of free cholesterol is limited or the physiochemical environment is not 
conducive to CC formation.

Thus, understanding how changes in the plaque core affect the development of 
CCs addresses several conundrums related to the dynamics of plaque vulnerability.

 1. It explains the disconnect between plaque morphology and the risk of athero-
thrombosis, as it explains why CCs can form and disrupt plaque independent of 
the size of the lipid pool as long as the conditions that promote CC formation are 
present.

S. M. Nidorf et al.



155

Fig. 6 The dynamic nature of plaque vulnerability. Conceptual graphic with arbitrary units dem-
onstrating that the vulnerability of a plaque to rupture or erosion varies in relation to the size of the 
pool of free cholesterol, its physiochemical environment and the inflammatory milieu surrounding 
the lipid core. The blue regions represent quiescent plaque, the green regions represent potentially 
vulnerable plaques, and the red region represent eroded and rupture plaques. Plaques with a small 
lipid pool rich in free cholesterol may become vulnerable to erosion if the physiochemical environ-
ment is sufficient to initiate CC formation, and rupture if the surrounding inflammatory milieu is 
already primed (Black line). In contrast, plaques rich in lipid may remain stable (red square) if the 
amount of free cholesterol is limited or the physiochemical environment is not conducive to CCs 
formation. Erosion can occur independent of the inflammatory milieu in the plaque bed. Rupture 
is more likely to occur if the inflammatory milieu around the lipid core is primed by prior release 
of CCs or other colloids in the plaque bed, or modified by systemic factors including diabetes, 
renal dysfunction, sepsis or smoking and affected by circadian rhythm, seasonal change and major 
societal events or disasters or acute emotional stress. (Adapted with permission [67])

 2. It highlights why thinning of the cap is not a prerequisite feature of vulnerability, 
as CCs are strong enough to pierce pericardium and can therefore readily pierce 
thick capped plaques. Furthermore, it highlights that it is likely that the cap of a 
lipid rich culprit plaque thins prior to rupture because it is stretched when CC 
form and aggregate and expand the lipid core.

 3. It explains why even lipid rich plaques that contain CCs may stabilize if CC 
growth cannot be sustained before the plaque is injured. Thus, plaque vulnerabil-
ity is dynamic and under circumstances when CCs cannot continue to grow heal-
ing around the plaque can continue unabated and maintain its stability.
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156

 4. It offers a mechanism by which plaque erosion can occur regardless of the 
inflammatory milieu of the plaque, as CCs that pierce rather than rupture the 
plaque cap can attract and activate circulating neutrophils [50].

 5. It provides a mechanism for plaque hemorrhage, as CCs released into the plaque 
bed can pierce the vasa-vasorum.

 6. It provides a mechanism by which cholesterol in the plaque core can change the 
trajectory of the inflammatory milieu in the plaque bed, as cholesterol in its crys-
talline form can incite acute destructive inflammatory injury to promote plaque 
rupture.

 7. It provides an understanding as to why the incidence of cardiovascular events 
peaks in the early hours of the night and in winter months, because a fall in core 
body temperature of a few degrees centigrade may be sufficient to trigger cho-
lesterol crystallization [37].

 8. It offers a paradigm as to how to reduce the risk of cardiovascular events, by 
either reducing CC formation, with statins, aspirin, metformin, and colchicine, 
or by dampening CC induced inflammation with canakinumab or low-dose 
colchicine.

8  Summary

The cholesterol crystal paradigm can explain the “conundrum of the vulnerable 
plaque” as it highlights how the dynamic nature of plaque vulnerability may relate 
to the changes in the physiochemistry of the lipid core that can intermittently favor 
the formation of CCs that can cause plaque trauma and alter the trajectory of the 
inflammatory milieu in the atherosclerotic bed from one that favors healing to one 
that promotes inflammatory injury.
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The Role of Cholesterol Crystals in Plaque 
Rupture Leading to Acute Myocardial 
Infarction and Stroke

George S. Abela and Kusai Aziz

1  Background

Crystals are abundant in nature. They form when matter undergoes a phase change 
from a liquid to a solid state that has a highly organized stable lattice structure with 
a geometric shape related to its specific chemical composition. Examples are con-
version of water to ice, magma to rubies, and the formation of diamonds. Crystals 
are also present though out the universe as evidence by their presence in some mete-
orites. When crystals form within the body, they are invariably associated with path-
ological states. As they form and aggregate into stones within the urinary or biliary 
track they can act as a nidus for infection or cause obstruction. Moreover, their 
presence in contact with tissues can trigger an inflammatory response.

The cardiovascular system is no exception, and a variety of crystals can form in 
the arterial wall, cardiac valves, and skeleton. The foremost example is the forma-
tion of cholesterol crystals (CCs) starting in the early atheroma and up to advanced 
atherosclerosis. Their primary process in plaque development, growth, inflamma-
tion, and rupture has only recently been recognized. Since the authors of this chap-
ter published the initial bench model demonstrating that CCs expand during 
crystallization that perforates and tears biological membranes including the arterial 
intima in 2005 and 2006 [1, 2], the role of CCs has gained increased attention and 
has led to a vast range of reports demonstrating their role in plaque rupture and other 
conditions (i.e., diabetic retinopathy, valvulopathy, cancer) [3–5]. In this chapter we 
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review the different aspects of CCs formation and their role in triggering inflamma-
tion and plaque rupture that leads to myocardial infarction and stroke. We also 
address the challenges and future research frontiers.

2  Plaque Formation and Rupture

When LDL cholesterol enters and is deposited in the arterial wall it accumulates to 
form atheromatous plaques. As plaques grow within the arterial wall the artery 
undergoes a process of positive remodeling that accommodates the plaque without 
encroaching on the arterial lumen. However, as the plaque continues to grow, the 
plaque begins to encroach on the arterial lumen to eventually impinge on the arterial 
blood flow through the vessel (Fig. 1) [6, 7]. The arterial remodeling phase is a 
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Fig. 1 Positive Remodeling of Plaque. (a) Description of positive remodeling where the plaque 
buildup is accommodated in the arterial wall. After about 40% of deposition of plaque the athero-
sclerosis begins to encroach on the arterial lumen. (b, c, d, e) These evolving lesions are the ones 
at increased risk for rupture. (f, g, h) The angiogram does not detect the presence of plaque since 
the lumen is not compromised yet the intravascular ultrasound demonstrates the presence of exten-
sive plaque. (Reproduced with permission [6, 7, 11, 17])
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relatively unstable state where tissues primarily collagen are being broken down by 
matrix metalloproteinases to accommodate the growth of the plaque in the arterial 
wall. Consequently, plaque rupture becomes more likely under those conditions and 
these lesions are the ones most frequently associated with acute cardiovascular 
events [8, 9]. However, that alone does not seem to explain the rupture process since 
the large lipid pool which is a major driver and the substrate leading to crystal for-
mation that can physically damage the surrounding tissues including the fibrous 
cap [10].

2.1  Coronary Artery Angiographic Limitations 
in the Assessment of Atheroma

Many atheromas, including those that are do not obstruct the arterial lumen may 
have a large lipid pool that has the potential of rapidly expanding to rupture the 
plaque cap due to changing local physico-chemical conditions. Little et al. observed 
by angiography that even mildly non-stenotic arterial lesions (<50% stenosis) could 
lead to arterial thrombosis at the same site causing a myocardial infarction [11]. 
Nobuyoshi et al. also reported that most myocardial infarctions occurred in coro-
nary arteries with lesions that were previously found to have mild stenosis by angi-
ography [12–15] (Fig.  2). Studies with intravascular ultrasound subsequently 
confirmed that angiography often failed to appreciate the extent of plaque buildup 
of in these non-stenotic intramural lesions that were embedded within the arterial 
wall. In the PROSPECT (Prospective Natural-History Study of Coronary 
Atherosclerosis) trial, patients who underwent percutaneous coronary intervention 
for an acute cardiovascular event had gray-scale intravascular ultrasound with 
radiofrequency assessment of the non-infract related arteries. In this study 20% of 
the subsequent coronary events proved to be related to lesions that were initially 
assessed to being mild by angiography [16].

>70% Stenosis
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<50% Stenosis
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68%

14%

Fig. 2 Pie Graph of 
Arterial Stenosis by 
Angiography and % 
Myocardial Infarction. 
Most myocardial 
infarctions occur with less 
than 50% stenosis by 
angiography. (Reproduced 
with permission [13])
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2.2  Plaque Rupture Leading to Thrombosis Is the Dominant 
Cause of Myocardial Infarction

Plaque rupture as the underlying cause for most acute myocardial infarctions was 
only recognized in the last few decades [17, 18]. These landmark reports demon-
strated by histology that plaques at sites of arterial thrombosis were frequently 
“torn” and were the nidus for thrombus formation. These observations fit well with 
angiographic studies that indicated myocardial infarctions may be related to disrup-
tion of non-occlusive intramural lesions with positive remodeling features [11, 12].

The clinical outcome following plaque rupture is also dependent on the coagula-
bility of the circulating blood, the amount of particulate material released from the 
plaque core and exposure to tissue thromboplastin [19]. Thus, not all plaque rup-
tures lead to the formation of a thrombus large enough to totally occlude the artery 
and cause a myocardial infarction. Although thrombus was often seen at the site of 
a ruptured plaque at autopsy, it was not known exactly how this thrombus formed. 
As a consequence, the development of arterial thrombosis following plaque rupture 
was only recognized as the occlusive mechanism during acute events by angio-
graphic and subsequent angioscopic studies [20, 21] (Fig. 3). In the early 1980s 
DeWood et  al. performed coronary angiography on 322 patients within 24  h of 
myocardial infarction. Total coronary occlusion was found in 110 of 126 patients 
(87%) within 4 h of symptom onset. Moreover, at bypass surgery 55 of 59 patients 
(88%) had thrombus that was retrieved by a balloon embolectomy catheter. These 
insights initiated the search for the underlying mechanism of plaque rupture and 
imaging techniques that could identify the “vulnerable plaques” prone to rupture.

a b

c

d Thrombus
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Fig. 3 Angioscopy of Arterial Stenosis. (a) Angiogram of right coronary artery with a 1-cm filling 
defect and trace amount of contrast agent crossing the obstruction (arrow). (insert) Angioscopic 
view of bulging red thrombus occluding the arterial lumen with guide wire crossing in the left 
upper quadrant. (b, c) Angioscopic images of a ruptured plaques with thrombus and (d, e) dia-
grams illustrating the angioscopic sites of ruptured plaque and thrombus. (Reproduced with per-
mission [100, 101])
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3  Morphology of the Vulnerable Plaque

The lexicon of the “vulnerable plaque” was defined by the group at the Institute for 
Prevention of Cardiovascular Disease at Harvard Medical School and became the 
buzz word for the plaque that was primed to disrupt and rupture [22]. Histopathologic 
features of the “vulnerable plaque” that ruptured were described based on a limited 
number of samples obtained at postmortem. Perhaps the most critical feature of 
ruptured plaques was the relatively large lipid pool underlying a thin fibrous cap 
[10, 23]. This lipid pool also known as the “gruel” in the older pathology literature 
is typically surrounded by an active sterile inflammation at its perimeter or shoulder. 
It is recognized that as inflammatory cells undergo apoptosis their cellular content 
is “sloughed” into the plaque core contributing to cellular debris that includes mem-
branes from degrading red blood cells extruded from vasa vasorum supplying the 
plaque [24, 25] (Fig. 4). This mix of necrotic materials within the core alters its 
physico-chemical environment and increases free cholesterol to reach a saturation 
level that leads to CCs formation and subsequent growth.

Volume Expansion of
Cholesterol with
Crystalization 

Fibrous Cap
Rupture &

Hemorrhage

Necrotic Core
with

Cholesterol

Vasa
Vasorum 

Necrotic Core
Expansion

with
Crystalization

Erosion with
Perforating Crystals 

Plaque Rupture &
Thrombosis in

Coronary Artery

Plaque Erosion in
Coronary Artery

Fig. 4 Mechanism of Plaque Hemorrhage, Rupture, and/or Erosion Induced by Cholesterol 
Crystallization with Volume Expansion of the Plaque Necrotic Core. In the case of a large necrotic 
core (top), the plaque cap is torn, leading to rupture, whereas in the case of a small necrotic core 
(bottom), it leads to erosion. Human plaques with rupture and erosion are shown with correspond-
ing scanning images. Also, trauma to the vasa vasorum caused by expanding cholesterol crystals 
within the plaque causes intra-plaque hemorrhage. (Modified with permission from [2, 30, 56])
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For many years, CCs seen within atheroma and ruptured plaques were consid-
ered to be innocent bystanders that developed postmortem rather than active partici-
pants in plaque development or rupture [26]. However, few reports suggested that 
CCs were a marker for plaque evolution from fatty streaks into lipid rich cores [27] 
and that they were present in ruptured plaques [28]. However, failure to fully appre-
ciate the potential for CCs to induce plaque trauma is understandable given the use 
of ethanol in tissue preparation that often eliminated their role and extent of their 
presence in ruptured plaques [29]. The limitation of histology is that it only provides 
a static image of the end stage of a complex physico-chemical process making it 
difficult to appreciate how the evolution of CCs in vivo might have actually led to a 
clinical event being evaluated at postmortem. However, by avoiding the use of etha-
nol in evaluating plaque rupture using scanning electron microscopy, CCs could be 
detected perforating the fibrous cap and their extensive amounts became visible 
surrounding the rupture site during acute cardiovascular events [30].

4  Understanding the Mechanism of Plaque Rupture

The search for the underlying mechanism of plaque rupture and imaging to identify 
the “vulnerable plaque” prone to rupture became the “Holy Grail” for cardiovascu-
lar medicine. Autopsy studies evaluating plaque morphology at ruptured sites 
revealed that plaques associated with acute cardiovascular events often had certain 
characteristic histologic features including a large lipid core, a thin fibrous cap, 
inflammatory cell infiltrates, and loss of myocyte content [23]. However, these his-
tologic features represent a late phase in the evolution of the plaque and do not 
provide insight into the evolutionary process occurring within the plaque that led to 
rupture.

Initial thoughts considered that plaque might relate to factors that varied with the 
circadian rhythm since most heart attacks occur in the early morning hours [31]. It 
was proposed that elevation in blood pressure at the time of awakening increased the 
strain on the arterial wall and plaque, thereby acting as a trigger for rupture but test-
ing this hypothesis using finite element analysis of arterial plaques did not support 
this theory because the level of blood pressure required to cause rupture far exceeded 
the physiologically attainable levels [10].

The search for the potential trigger of plaque rupture then shifted focus towards 
the role of inflammation [32]. Recognition of the inflammatory process in athero-
sclerosis dates back to Rudolf Virchow in 1860 who first suggested that atheroscle-
rosis was an inflammatory condition and coined the term “endarteritis deformans” 
as an indication of reactive fibrosis following injury [33]. In more recent decades, 
there has been a resurgence in the understanding of the central role of inflammation 
in atherosclerosis. Russell Ross proposed that vascular injury was the cause for 
atherosclerosis and Peter Libby focused on various cytokines as markers of inflam-
mation associated with atherosclerosis [34, 35].
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Extension of the inflammatory hypothesis suggested that inflammation mediated 
by macrophages and lymphocyte infiltration in the subintimal space associated with 
the release of metalloproteinases could erode the fibrous cap and lead to rupture [8, 
36, 37]. However, while inflammation is an integral part of plaque growth and desta-
bilization, alone it is probably not sufficient to explain most of the rupture events 
that require a force to disrupt the fibrous cap architecture. Thus, the inflammation 
theory alone does not identify the trigger for the event.

As the search for the mechanism of plaque rupture continued the potential role 
of systemic inflammation as a trigger of plaque rupture was also considered [38]. In 
fact, patient examination using intravascular ultrasound and angioscopy revealed 
that during acute cardiovascular events several arterial sites besides the culprit ves-
sel were involved with plaque rupture [39, 40]. This included not only other coro-
nary arteries but also other vascular beds such as carotid arteries that had evidence 
of concurrent plaque ruptures. This aspect made it more challenging to understand 
the rupture process as a localized event but rather a broader systemic process sug-
gesting that there may not only be a “vulnerable plaque” but a “vulnerable patient” 
as well. However, this systemic concept, however, still did not explain the mecha-
nism of plaque rupture and failed to appreciate that the evolution of atherosclerotic 
plaque in one vascular bed could also be driven simultaneously by the same (local) 
factors in other vascular beds.

5  Cholesterol Crystals as a Cause of Plaque Rupture 
and Thrombosis

Thus far, each of the models proposed to explain the rupture of a vulnerable plaque 
have not been fully supported by investigation and failed to provide a clear link 
between ongoing pathophysiologic changes in the plaque core and acute rupture. 
This includes chemical-enzymatic injury that results from inflammation [8, 36]; 
intra-plaque hemorrhage induced by leaking vasa vasorum [41]; increasing shear 
stress on the plaque cap [10, 42], and other physical factors including changes in 
ambient temperature which may affect blood pressure [43].

In 2005, we first proposed that crystallization of cholesterol with volume expan-
sion within atherosclerotic plaques is the integral link that connects all the various 
models (Fig. 4) [1, 2]. As cholesterol crystalizes from its liquid state in foamy mac-
rophages it leads to cell death that releases lytic enzymes [44, 45]. When CCs form, 
continue to grow and aggregate in the necrotic core, they expand the plaque causing 
Its fibrous cap to stretch, thin, and eventually rupture or become damaged due to the 
ability of CCs to directly perforate it by virtue of their sharp leading edges. In addi-
tion, by these same mechanisms, CCs can cut the vasa vasorum causing intra-plaque 
hemorrhage. Moreover, CCs present in the arterial lumen after rupture may injure 
platelets promoting the release their prothrombotic contents to further promote 
athero-thrombosis [46].
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5.1  Localization of Cholesterol Crystals 
in Atheromatous Plaque

CCs are a prominent component of many atherosclerotic plaques and are usually 
found in the advanced stage of cholesterol evolution within the plaque. They have 
been recognized in association with plaque lipids since the early 1900s [47]. Studies 
had also demonstrated that LDL cholesterol has a great affinity to the glycoproteins 
in the elastic tissues of the artery, leading to free cholesterol deposition and forma-
tion of CCs within the elastic lamina that in turn have the potential to destroy the 
arterial architecture (Chapter “Atherosclerosis as a Crystalloid Disease: The 
Discovery of the Role of Cholesterol Crystals in the Formation and Rupture of 
Atherosclerotic Plaques”, Figs.  3 and 4). This assessment has been made from 
microscopic observations and the accumulation of cholesterol in the glycoprotein 
within the arterial wall [48, 49]. In a similar way, CCs accumulation in tendons 
forming xanthomas and corneal arcus have also been described, in patients with 
familial hypercholesterolemia (Chapter “Atherosclerosis as a Crystalloid Disease: 
The Discovery of the Role of Cholesterol Crystals in the Formation and Rupture of 
Atherosclerotic Plaques”, Fig. 2) [50].

Cholesterol crystals can form in the lipid bilayers of endothelial cell membranes 
which act to stiffen the intima and activate surface adhesion molecules that attract 
monocytes to enter the subintimal space [51–54]. Subsequent uptake of cholesterol 
by monocytes eventually leads to their transforming into macrophages that transi-
tion further into foam cells as they continue to accumulate lipid within their lyso-
somes. CCs that form within the lysosomes can lead to lysosomal rupture that 
results in their release into the cytoplasm where they can trigger inflammatory pro-
cesses and lead to either traumatic cell death or apoptosis. This causes the release of 
cellular contents into the interstitial space or into the plaque core as described above 
(Chapters “Atherosclerotic Plaque Morphology and the Conundrum of the 
Vulnerable Plaque” and “The Role of Cholesterol Crystals in the Development and 
Progression of Degenerative Valve Disease”). Also, this contributes further to the 
amount of CCs in the lipid pool and aggravates the inflammatory response while 
releasing free cholesterol from membranes of dying cells that are very rich in cho-
lesterol [25]. Eventually, CCs begin to form and aggregate in the lipid pool of the 
plaque core due to increasing saturation of free cholesterol, pH shifts and possibly 
pressure elevation [55]. As CCs form, they occupy a greater space from the liquid 
phase that can occur relatively suddenly causing the lipid pool to expand and thin 
down the overlying fibrous cap by stretching that can lead to either rupture and/or 
erosion [30].
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6  Cholesterol Crystals Perforate the Fibrous Plaque Cap 
and Vasa Vasorum

Evidence supporting the fact that CCs perforate the fibrous cap in humans has been 
demonstrated in patients who died following acute myocardial infarction where 
CCs were found perforating the fibrous cap at the site of the ruptured plaque [56] 
(Fig. 5). Moreover, the edges of these ruptured plaques were seen to be tethered as 
if rented in a violent manner. These findings were not present in coronary arteries 
with advanced atherosclerotic plaques taken from patients who died of non-acute 
cardiovascular events. Furthermore, extensive amounts of CCs were found in the 
aspirates of the occlusive athero-thrombotic material obtained from patients during 
acute myocardial infarction [57] (Fig. 6). Also, arteries from an atherosclerotic rab-
bit model had similar findings of CCs perforating the intima as seen in the human 
coronary arteries [58]. These observations were made possible by avoiding ethanol 
as a dehydrating agent during tissue preparation for scanning electron microscopy 
[29] (Chapter “How Innovation in Tissue Preparation and Imaging Revolutionized 
the Understanding of the Role of Cholesterol Crystals in Atherosclerosis”). 
Moreover, similar findings of crystals perforating the intima above atheromatous 
plaques were observed by confocal and digital microscopy without tissue processing.

6.1  CCs Can Disrupt the Vasa Vasorum

Since intra-plaque hemorrhage is often seen especially in plaque rupture, it was 
hypothesized that trauma to the vasa vasorum an important mechanism responsible 
for plaque rupture in some circumstances [41, 59]. The blood supply to the arterial 
wall and atherosclerotic plaques is provided by small, tortuous, and often fragile 
vessels known as vasa vasorum that usually originate from the adventitial side of the 
artery. These vessels have reduced smooth muscle cells and often leak red blood 
cells into the plaque matrix [60]. Previously recognized potential sources of vasa 
vasorum injury have included the presence of oxidized iron released from red blood 
cell hemoglobin; protease activity [61] and hypoxia that may affect the release of 
vascular endothelial growth factor (VEGF) and E26 transformation-specific-1 
(Ets-1) [62]. While these factors may be important, the potential of growing CCs 
within the plaque to perforate any portion of the plaque, including the vasa vasorum 
to cause intra-plaque hemorrhage is also apparent.
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Fig. 5 Cholesterol Crystals Perforating the Fibrous Cap. (a) Scanning electron micrograph of right 
coronary artery from a 57-year-old female cut longitudinally demonstrates the site of plaque rupture 
with frayed plaque cap edges (long white arrows). Cap thickness was 131 μm (dual black arrows). 
The plaque basin (small white arrows) and arterial lumen are filled with thrombus. (b) A color-
coded image at low magnification defines the thrombus (red); ruptured plaque (blue), and sites of 
crystals perforating the intima (green-yellow). (c, d, e) Examples of CC perforating the intimal 
surface at the plaque shoulders 1 (bar = 20 μm); 2 (bar = 10 μm); 3 (bar = 10 μm) and *. (f, g, h). 
Additional examples of crystals perforating the intima without and with thrombus (f, bar = 5 μm; g, 
bar = 10 μm) and normal endothelium (h, bar = 25 μm). (Reproduced with permission [56])
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Fig. 6 Aspirated cholesterol crystals during an acute myocardial infarction. (a, b) angiograms of 
occluded left anterior descending artery before and after aspiration. (c) Gross view of aspirates (d) 
low power scanning electron micrograph of aspirate with insert demonstrating extensive choles-
terol crystals (e) Clusters of cholesterol crystals aspirated (f) macrophages attached to the crystals 
(g) macrophages engaging and breaking down the crystals with crystalline material stained in the 
macrophage cytoplasm (insert). (h) Macrophages attached to crystals and disrupting them. 
(Reproduced with permission [57])
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7  Factors That Trigger Cholesterol Crystallization 
and Increase the Risk of Plaque Rupture

Crystallization is a dynamic process. As with other forms of material crystallization, 
the process of cholesterol crystallization is dependent on several factors that affect 
the local milieu of the plaque.

7.1  Size of the Lipid Pool

Under the appropriate ambient conditions, cholesterol undergoes rapid crystalliza-
tion within a few minutes that leads to sudden expansion of the plaque’s lipid core 
resulting in a disruptive process that leads to rupture. This process is driven primar-
ily by the size of the lipid pool. A large pool would be expected to have a greater and 
more rapid volume expansion. This has been demonstrated in  vitro experiments 
where a greater amount of cholesterol placed in a test tube and dissolved or melted 
will crystallize more rapidly and expand at a greater rate (Chapter “How Innovation 
in Tissue Preparation and Imaging Revolutionized the Understanding of the Role of 
Cholesterol Crystals in Atherosclerosis”, Fig. 7) [1, 2]. Moreover, if a fibrous mem-
brane (i.e., rabbit pericardium) is placed over the mouth of the test tube during 
crystallization, the crystals will perforate and tear the membrane [1, 2]. A basic 
study that evaluated the mechanical features of CCs formed during crystallization 
revealed that CCs similar to those typically present in human plaques (cholesterol 
monohydrate) have the physical capacity to perforate fibrous membranes [63].

7.2  Physio-Chemical Factors

Cholesterol is abundant in both liquid and semi-liquid states in atherosclerotic 
plaques, [64] and CC formation is dependent on the local saturation of cholesterol, 
the ambient temperature, hydration of the cholesterol molecule, and pH [55]. 
Furthermore, a dynamic interaction between these factors is conducive for 
crystallization.

A study to evaluate the physical conditions on cholesterol crystallization was 
conducted at a controlled temperature of 37 °C to mimic stable in vivo conditions. 
The role of cholesterol saturation was then evaluated by dissolving cholesterol in a 
mixture of corn oil and water as described by Jandacek et al. [65]. The water oil 
interphase is a site for crystallization. These in vitro experiments using dissolved 
cholesterol at 37  °C demonstrated that as cholesterol saturation is increased the 
crystal volume expansion increased and crystallization occurred at a faster rate 
(Fig. 7). In separate experiments, as ambient temperature was dropped even by a 
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Fig. 7 Physical Factors Affecting Cholesterol Crystal Formation. (a) Ambient temperature drop; 
(b) increased saturation; (c) pH shift to basic; and (d) hydration of the cholesterol molecule all 
increase cholesterol crystallization. (e) Combined effects of saturation and temperature demon-
strates lower temperature and saturation is synergistic. (f) Test tubes with greater cholesterol satu-
ration have greater crystallization at 37 °C. (Modified and reproduced with permission [55])

few degrees centigrade and within normal physiological levels (36–40 °C), crystal-
lization was enhanced, and volume expansion was increased. The same effects on 
crystallization were also seen with both a rise in pH and hydration of the cholesterol 
molecule to the monohydrate moiety. More impressively, a combination of some of 
these physical factors, primarily saturation and a drop in temperature, was found to 
enhance the crystallization process in a synergistic manner.
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7.3  The Location of CCs Within the Plaque Core

There is evidence that the location of CC in the plaque core may also influence their 
effect on plaque instability and rupture. Using finite element analysis Luo et  al. 
demonstrated that circumferential stress was directly proportional to crystal growth 
and accumulation of CCs in the plaque shoulders has a great impact on the peak 
circumferential stress [66] (Fig. 8). This is also the site where ruptures tend to occur, 
and macrophages seem to aggregate [67, 68]. Moreover, Frink et al. reported that 
parallel arrangement of CCs within the plaque matrix was an index of their associa-
tion with rupture [69] (Fig. 9). A more recent study using optical coherence tomog-
raphy of plaques in all three coronary arteries during ST-elevation myocardial 
infarction demonstrated that plaques with CCs were found to have more vulnerable 
features including a larger lipid burden, more macrophages, and more spotty calci-
fication [70].

7.4  Environmental Temperature

Many reports have confirmed heart attacks and strokes cluster in the early morning 
hours [31]. Some of this effect was attributable to more “sticky” platelets in the 
early morning hours [71]. However, the model of plaque rupture by cholesterol 
crystallization may also help to explain the clustering of plaque rupture in the early 
morning hours as core temperature is usually a few degrees lower in the early morn-
ing hours. It has been shown in that even a small drop in ambient temperature can 
lead to rapid crystallization in vitro, especially in a saturated solution of cholesterol 
[55] (Fig. 7). Moreover, many heart attacks cluster in the fall season in the Northern 
Hemisphere and spring season in the Southern Hemisphere when the ambient tem-
perature drops [72]. Reports have noted similar effects on triggering cardiovascular 
events with snow shoveling [73]. It is the change in the temperature rather that the 
baseline levels that seems to be the trigger for crystallization. Therefore, it would be 
reasonable to suggest that the circadian effect noted with both early morning and 
seasonal changes may also be related to a temperature variation that influences cho-
lesterol crystallization.

G. S. Abela and K. Aziz



175

a

b
1100

1000

900

800

700

600

500

400

300
0 50

P
ea

k 
C

irc
um

fe
re

nt
ia

l S
tr

es
s 

/k
P

a

100 150 200

Expansion /�m

One Cholesterol Crystal Located at the Cap Shoulder

250 300 350 400

P = 200mmHg
P = 190mmHg
P = 170mmHg
P = 150mmHg
P = 130mmHg
P = 110mmHg
P = 90mmHg
P = 70mmHg

Fig. 8 Stress and Strain of the Artery with One Cholesterol Crystal at the Cap Shoulder. (a) Stress 
distribution of the overall coronary artery with a contour plot of the stress on the fibrous cap (yel-
low dashed box). Contour plot of the strain on the fibrous cap. The dashed line is the original 
contour before loading, and the meshed section is the deformed cap after loading (PCS: peak cir-
cumferential stress. ChC: cholesterol crystal). (b) Graphic demonstrating the effect of crystal 
expansion at the cap shoulder on peak circumferential stress with varying blood pressure.  
(P = intracoronary blood pressure). (Reproduced with permission [66])
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a b

c d

Fig. 9 Plaque rupture with parallel crystal formations. (a) Postmortem angiogram of right coro-
nary artery from with plaque rupture (arrow) from a man who died suddenly. (b) Cholesterol 
crystals noted in the fibrous cap upstream from the rupture and (c, d) at the site of plaque rupture 
with an “explosive-like” ejection of cholesterol crystals. (Modified and reproduced with permis-
sion [69])

8  Crystal Induced Inflammation

Various inflammatory cells have been found in atherosclerotic plaques, the most 
prominent are monocytes and macrophages that eventually transform into foam 
cells as described earlier. Other inflammatory cells include lymphocytes and those 
have a role in activating an inflammatory response especially in plaque erosion 
[74, 75].

George Abela suggested that CCs could be acting as a source of inflammation 
similar to uric acid crystals in gout [76, 77] and in collaboration with Eike Latz, they 
demonstrated that CCs trigger the innate immune system causing an inflammation 
via the NLRP3 inflammasome similar to what has been described for uric acid crys-
tals [5, 78–81]. This process involves the activation of caspase-1 that converts the 
stable precursor pro-IL-1β to active IL-1β and then leads to formation of IL6 that 
signals the liver to produce C-reactive protein. In fact, this inflammation by CCs can 
also be triggered via the compliment system as well [82] (Chapters “Atherosclerotic 
Plaque Morphology and the Conundrum of the Vulnerable Plaque” and “Infarction 
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Without Plaque Rupture”). In fact, a meta-analysis of patients with gout flares dem-
onstrated that this was associated with subsequent cardiovascular events, suggesting 
a potentially similar mechanism for uric acid crystals in triggering inflammation 
and possible plaque injury with rupture as with cholesterol crystals [83].

9  Cholesterol Crystals Can Cause Distal Intimal Injury

Once an atherosclerotic plaque ruptures CCs are released into the arterial circula-
tion where their sharp edges can cause direct endothelial damage. The risk of dam-
age may be exaggerated by systemic blood pressure and rapid flow that together 
force the crystals to the margins of the lumen where they can scrape the endothe-
lium and eventually become deposited [84]. Endothelial injury leading to arterial 
spasm may further promote distal ischemia [85–87] and increase the extent of end 
organ tissue injury.

In an earlier report the effect of CCs on the endothelium was tested in a dual 
vascular perfusion chamber using carotid and femoral arteries obtained from nor-
mal rabbits [84]. Vascular reactivity was monitored by an overhead digital camera 
attached to a computer system that measured vascular diameter of the arteries using 
an edge detection software. One chamber contained an artery exposed to circulating 
CCs while the second chamber had circulating microspheres in physiological nor-
mal saline solution or normal saline solution alone as controls. Arteries were pre- 
constricted with nor-epinephrine and then exposed to CCs, microspheres or 
physiologic buffered saline. Only the CCs exposed arteries remained significantly 
constricted after exposure to acetylcholine. Treatment with nitroprusside dilated all 
vessels to their original baseline demonstrating normal muscular function. Thus, 
only the arteries exposed to CCs had a significantly reduced response to acetyl cho-
line indicating a loss of normal endothelial function and remained vasoconstricted 
while the controls responded normally and remained dilated (Chapter “Omega-3 
Fatty Acids Influence Membrane Cholesterol Distribution and Crystal Formation in 
Models of Atherosclerosis”, Fig. 2).

Scanning electron microscopy has also been used to examine arteries exposed to 
circulating CCs. These studies have demonstrated that CCs can become embedded 
in the intima and cause scraping injury as evidenced by tearing of the endothelial 
lining. In these studies, atomic microscopy of the arterial surface also demonstrated 
a significant increase in the roughness index of the crystal treated arteries [84]. 
Altogether, these findings suggest that the release of CCs during plaque rupture can 
cause direct endothelial injury and induce endothelial dysfunction and arterial vaso-
spasm which together may lead to the no-reflow phenomenon often found following 
percutaneous coronary interventions and during myocardial infarction. A recent 
study in patients who had no-reflow following coronary intervention, CCs were 
found to be present in those culprit plaques by optical coherence tomography [87] 
(Chapter “In Vivo Detection of Cholesterol Crystals in Atherosclerotic Plaque with 
Optical Coherence Tomography”).
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10  Cholesterol Crystals Can Incite Inflammatory 
Muscle Injury

Release of large quantities of CCs into the arterial circulation can cause obstruction 
to the distal microvascular circulation leading to ischemic injury, and CCs that 
lodge in the tissues can trigger an inflammatory response that can cause further tis-
sue damage (Chapter “Omega-3 Fatty Acids Influence Membrane Cholesterol 
Distribution and Crystal Formation in Models of Atherosclerosis”). In a study using 
a rabbit model, as well as a case report in a human heart at postmortem, it has been 
demonstrated that the release of CCs into the distal circulation resulted in muscle 
injury due to a crystal induced inflammatory response as evidenced by the presence 
of CCs in macrophages and by loss of striations in the myocytes consistent with 
muscle death [88, 89].

11  Gender Differences in Crystallization

The model of plaque rupture by expanding CCs during the crystallization may help 
explain some of the gender differences with symptomatology noted between men 
and women during acute cardiovascular events [30]. Specifically, women often have 
more generalized malaise and protracted symptom course while men have a more 
abrupt and severe onset of symptoms [90]. As mentioned earlier the larger the lipid 
core, the more rapid and greater the volume expansion [1, 2]. Studies using mag-
netic resonance angiography have demonstrated that men typically have a larger 
lipid pool in atherosclerotic plaques than women [91, 92]. This is probably related 
to a larger arterial space that accommodates a greater build up over time in men 
while women have the protective effect of estrogens that defers this process over 
time, at least by 10 years regarding acute cardiovascular events [93]. Therefore, the 
volume expansion is greater in men than in women leading to an acute rupture ver-
sus erosion that is more often seen in women [94]. This may translate to different 
symptomatology between the sexes because if the expansion is not large enough the 
crystals do not rupture the plaque but can perforate the intimal surface causing a 
slower thrombotic process and more protracted symptomatology. Thus, this could 
also explain why women have a higher mortality given that many may go unrecog-
nized to having an acute cardiovascular event or do not seek medical attention 
(Fig. 10). Moreover, estrogens have been found to suppress cholesterol crystal vol-
ume expansion while testosterone did not [95].
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Fig. 10 Left carotid artery confirming intra-plaque hemorrhage by black-blood T1-weighted cross 
sectional images using 3D magnetization-prepared rapid acquisition gradient echo sequence, 
where the intra-plaque hemorrhage is bright. (a, b) Along the inferior aspect of the intra-plaque 
hemorrhage there is a 1 mm thick fibrous cap between the dark lumen and the bright deep intra- 
plaque hemorrhage. Superiorly there is a well-defined fibrous cap (<500 μm) between the lumen 
and lipid core. (c) Following endarterectomy, light and scanning electron microscopy demonstrate 
extensive cholesterol crystals with intra-plaque hemorrhage and thin fibrous cap. (d) Graphic dem-
onstrates that for the same degree of stenosis on magnetic resonance angiography (MRA) males 
had more complex plaques (thin fibrous caps and larger lipid cores) than females. (e) A representa-
tive case of large hemorrhagic lipid rich necrotic core with a ruptured fibrous cap obtained from a 
male patient (left). A representative case of calcified plaque from a female patient (right). Area 
with hypointensity on contrast-enhanced T1-weighted and hyperintensity on inversion recovery 
fast spoiled gradient recalled indicates a hemorrhagic lipid-rich/necrotic core (arrows). *Lumen. 
(Modified and reproduced with permission [91, 92])

12  The Future

Appreciation and understanding how CC develop and act in the different stages of 
plaque development, inflammation, rupture, and thrombus formation may lead to 
the development of new diagnostic and therapeutic targets in patients with athero-
sclerosis. One of the many challenges is that CCs are small, and the process of 
crystallization is dynamic. Thus, understanding the potential role of CCs in the 
development and disruption of atherosclerotic plaque provides a new paradigm that 
provides an explanation for both direct mechanical and inflammatory injury of ath-
erosclerotic plaque.

Currently there is no PET radioligand for imaging CCs [96], nuclear tracers spe-
cific to inflammation or other processes associated with cholesterol crystallization, 
however, radioactive labeled cholesterol has been used to track free cholesterol in 
plaque [97] and may be an approach to evaluate the crystallization process in vivo. 
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In addition, there is evidence that nano technology may also hold promise in the 
study of the evolving pathophysiology with the plaques to reduce CCs and inhibit 
inflammation [98, 99]. Therefore, further studies will likely be needed to understand 
crystal behavior in vivo under different circumstances.

13  Summary

Although CCs in atherosclerotic plaque were once viewed as inert bystanders, they 
are now recognized as central players in plaque development, growth, inflamma-
tion, and rupture. From this perspective atherosclerosis can be viewed as a disease 
driven by crystalloid formation that if left unchecked may lead to complications 
related to “death by crystallization.” Efforts to reduce the development of CC for-
mation and attenuate the inflammatory process they trigger have shown promise in 
retarding the progression of atherosclerosis, however, a significant treatment gap 
still exists and is the focus on ongoing research.
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Infarction Without Plaque Rupture

Rocco Vergallo and Filippo Crea

1  Introduction

For decades, we have known from autopsy studies that the proximate cause of most 
acute myocardial infarctions (AMIs) is an occlusive thrombosis caused by the frank 
rupture of a lipid-rich plaque, responsible for approximately two third of cases [1–
4]. Subsequent studies revealed other plaque morphologies at the basis of AMI, 
including plaque erosion and eruptive calcified nodule. Mounting evidence supports 
the concept that these morphologic substrates are separate entities, with distinct 
pathogenesis, clinical presentation, and prognosis [5–10]. Yet, when patients with 
AMI present to the emergency department, we still triage them exclusively based on 
the presence or absence of ST-segment elevation on electrocardiogram and/or on 
troponin levels, assess them using coronary angiography, and manage them almost 
invariably with percutaneous coronary intervention (PCI) [11, 12]. The advent of 
intravascular imaging, including intravascular ultrasound (IVUS) and optical coher-
ence tomography (OCT), has allowed us to fill these gaps in knowledge, providing 
new insights into the pathogenesis of AMI in vivo, and yielding a contemporary 
snapshot of the relative prevalence of these different substrates (Fig.  1) [5, 10]. 
Recent studies suggest that plaque erosion is responsible for more than one third of 
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Fig. 1 Prevalence of different culprit plaque phenotypes by intracoronary OCT. Plaque rupture 
represents the most frequent culprit plaque morphology in patients with ACS, with a prevalence 
ranging between approximately 45% to 65% based on the clinical presentation (all ACS versus 
STEMI only). Other culprit plaque morphologies, responsible for about 35% to 55% of cases, 
include plaque erosion (~30%), calcified nodule (~8%), and others (e.g., spontaneous coronary 
artery dissection, intraplaque hemorrhage, etc.). (Adapted from Jia et  al. J Am Coll Cardiol, 
2013;62:1748–1758; and Higuma et al. JACC Cardiovasc Interv 2015;8:1166–1176)

ACS cases, and its prevalence seems to be on the rise probably related to the ongo-
ing modifications of the cardiovascular risk profile of patients, as well as to the 
efficacy of the contemporary preventive measures (e.g., aggressive lipid-lowering 
therapies, anti-hypertensive treatments, etc.), which are actively altering the athero-
sclerotic disease phenotype in humans [13, 14]. Furthermore, initial clinical data 
suggest that a strategy of potent antithrombotic therapy may stabilize patients with 
plaque erosion without the need for coronary stenting [15, 16]. While the prognosis 
of patients with plaque erosion seems to be favorable, patients with AMI caused by 
a eruptive calcified nodule appears to have a worse clinical outcome, and to respond 
less favorably to PCI. Cholesterol crystals, by both exacerbating local and systemic 
inflammation associated with atherosclerosis and directly damaging or perforating 
the intimal surface of a plaque, may be a key factor not only in the pathogenesis of 
plaque rupture, but also in that of other culprit plaque morphologies [17, 18]. In this 
chapter, we will examine the pathobiology, in vivo diagnosis and clinical outcome 
of patients with AMI without plaque rupture, with particular regard to plaque ero-
sion and eruptive calcified nodule, as well as to other less frequent morphological 
substrates.
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2  Plaque Erosion

2.1  Pathobiology of Plaque Erosion

Coronary thrombosis generated by plaque rupture derives from the contact of the 
flowing blood with the highly-thrombogenic lipidic core and with tissue factor 
expressed by macrophages, a cell type that is predominant in plaques typically com-
plicated by fibrous cap disruption [19, 20]. In sharp contrast, altered endothelial 
shear stress, up-regulation of Toll-like receptor 2, platelet activation, and endothe-
lial denudation followed by luminal thrombosis seem to be the main underlying 
mechanisms in plaque erosion [19–21] (Fig. 2). Recently, mounting evidence sug-
gests the presence of an alteration of hyaluronan metabolism in patients with AMI 
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Fig. 2 Pathophysiology of plaque erosion. An overexpression of hyaluronidase 2 (HYAL 2) in 
peripheral blood mononuclear cell is observed under conditions of altered shear stress. By degrad-
ing high-molecular-weight hyaluronan into its proinflammatory 20-kDa isoform, HYAL 2 triggers 
endothelial cell activation/desquamation and neutrophil recruitment. Neutrophils, in turn, produce 
web-like structures known as neutrophil extracellular traps (NETs), which entrap platelets and 
fibrin strands, amplifying thrombus formation. In addition, polymorphonucleates (PMN) also pro-
duce myeloperoxidase (MPO), which generates hypochlorous acid exacerbating endothelial cell 
desquamation and determining apoptosis. Cholesterol crystals can produce plaque volume expan-
sion tearing the fibrous cap and perforating the intima and the endothelium, providing an addi-
tional stimulus to thrombus formation. HYAL 2, hyaluronidase 2; TLR 2, toll-like receptor 2; 
HMW-HA, high-molecular-weight hyaluronan; LMW-HA, low-molecular-weight hyaluronan; 
MPO, myeloperoxidase; PMN, polymorphonucleates; NETs, neutrophil extracellular traps. 
(Modified from Vergallo et al. Atherosclerosis 2021;318:45–51)
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caused by plaque erosion. Specifically, recent studies demonstrated that genes of 
hyaluronidase 2 (HYAL2), an enzyme degrading high-molecular-weight hyaluro-
nan into its proinflammatory 20-kDa isoform, and of a specific splicing variant of 
hyaluronan receptor (i.e., CD44v6) are significantly more expressed in patients with 
plaque erosion than in those with plaque rupture [9]. The activation of platelets by 
collagen determines their degranulation with subsequent release of preformed 
mediators, including proinflammatory cytokines (e.g., CD40L) and chemoattractant 
(e.g., RANTES) [22, 23]. Neutrophils recruited at the site of plaque erosion produce 
web-like structures known as neutrophil extracellular traps (NETs), which sustain 
and amplify thrombosis by entrapping platelets and fibrin strands. Neutrophils also 
produce myeloperoxidase (MPO), which in turn generates hypochlorous acid exac-
erbating endothelial cell desquamation and inducing apoptosis [23–26]. Plaque 
underlying endothelial erosion often contains a necrotic core, which is typically 
smaller than in plaque rupture. Several local factors can modify the physical status 
of cholesterol within the necrotic core, including a high saturation, a reduction in 
temperature, a shift to an alkaline pH and hydration of the cholesterol molecule, 
favoring its crystallization to a solid state (i.e., cholesterol crystals) [17, 18, 27]. 
This in turn produce plaque volume expansion that, in the case of plaque fissure, can 
tear the fibrous cap, determining a frank rupture in the presence of a large lipid pool 
[28, 29]. In the setting of plaque erosion the role of cholesterol crystallization is less 
well known although it might contribute to cause endothelial damage (Fig.  2) 
[17, 18].

2.2  In Vivo Diagnosis of Plaque Erosion by 
Intracoronary Imaging

The advent of intravascular OCT imaging with its unprecedented resolution 
(10–20 μm), allowed the detection of plaque microstructures including fibrous cap, 
lipid pool, cholesterol crystals, microchannels, macrophage accumulation, and 
healing tissue [5, 6, 30–33], and most importantly enabled the in vivo diagnosis of 
plaque erosion (Fig.  3) [4]. As the detection of a single endothelial layer (i.e., 
1–5 μm) is below the OCT resolution, the in vivo diagnosis of plaque erosion is a 
diagnosis of exclusion [5]. The detection of a fibrous cap without any sign of inter-
ruption (i.e., intact fibrous cap) at the culprit lesion differentiates plaque erosion 
from plaque rupture. When a plaque rupture is present, OCT typically shows a frank 
discontinuity of the fibrous cap with a communication between plaque cavity and 
lumen [5, 6]. In contrast, the absence of fibrous cap disruption at the culprit lesion 
suggests the presence of plaque erosion, in particular if white thrombus and/or irreg-
ular intimal surface are detected [5]. When erythrocyte-rich, red thrombus is 
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Fig. 3 Representative case of plaque erosion treated conservatively with medical therapy. A 
44-year-old man, active smoker, was admitted to the emergency department with a diagnosis of 
antero-lateral STEMI. Emergency coronary angiography showed a thrombotic lesion of the proxi-
mal LAD (a, b, arrows). OCT imaging disclosed the presence of plaque erosion with large throm-
bus burden (c–e, arrowheads). Thrombus aspiration was performed without stent implantation, and 
potent antithrombotic therapy with aspirin, ticagrelor, and unfractionated heparin was started. 
After 10 days of medical therapy, control coronary angiography showed a complete resolution of 
coronary thrombosis (f, g, arrows), which was confirmed by OCT imaging, which disclosed the 
presence of a fibrous plaque without any evidence of fibrous cap disruption or residual thrombus 
(h–j, arrows). Asterisks correspond to wire artifacts

present, which attenuates the OCT light generating a backward shadow, the diagno-
sis of plaque erosion becomes less definite, but still remains probable if a fibrous 
cap discontinuity is not evident [5]. OCT imaging studies showed that plaque ero-
sion has an underlying fibrous plaque phenotype in about 60% of cases, while an 
underlying lipid plaque is present in about 40% of cases [5]. However, lipid burden 
is significantly smaller in plaque erosion than in plaque rupture, and the prevalence 
of underlying thin-cap fibroatheroma (TCFA) significantly is lower. While red 
thrombus is more frequently detected over plaque rupture, white thrombus is the 
prevalent type of thrombus observed in plaque erosion [5]. A recent OCT study 
showed the presence of cholesterol crystals in about 35% of culprit plaque erosions 
(significantly more frequent than in non-culprit plaques), supporting their potential 
role in the pathogenesis of this plaque complication [34].
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2.3  Predictors of Plaque Erosion

Plaque erosion has traditionally been considered a disease of young women with 
smoking habits. This notion was ascertained from pathological studies in victims of 
sudden cardiac death (SCD) during the past decades, and thus did not reflect the 
active change in the cardiovascular risk profile and demographics of ACS patients 
of the recent years [1–3]. In a contemporary registry of 442 subjects with SCD, 
plaque erosion was more frequently observed in young victims, independent of sex 
[35], and a number of OCT investigations confirmed the preferential occurrence of 
plaque erosion in younger patients, as compared with plaque rupture [5, 36]. In a 
recent study evaluating the predictors of plaque erosion, an age < 68 years was an 
independent predictor [odds ratio (OR): 1.56; 95% confidence interval (95% CI): 
1.16–2.09] [37]. In this study, most conventional cardiovascular risk factors, such as 
diabetes mellitus, dyslipidemia, chronic kidney disease, hypertension were less fre-
quent in patients with plaque erosion than in those with plaque rupture [38]. At 
multivariate analysis, absence of diabetes [OR 1.47 (95% CI: 1.06–1.86), p = 0.02] 
and normal renal function [OR 1.97 (95% CI: 1.32–2.95) p < 0.001] were indepen-
dent predictors of plaque erosion [37]. With regard to the clinical presentations, 
OCT studies consistently showed a stronger association of plaque erosion with non- 
ST- segment elevation ACS (NSTE-ACS) than with ST-segment elevation myocar-
dial infarction (STEMI), in sharp contrast with plaque rupture [5, 6, 10].

Angiographic data suggest a less complex and less diffuse atherosclerotic pattern 
in patients with plaque erosion than in those with plaque rupture [5, 37–39]. 
Interestingly, plaque erosion has a preferential localization in the left anterior 
descending artery (LAD), mainly in the proximal and mid segments, often involv-
ing a bifurcation [37–41]. This preferential distribution may reflect a distinct local 
hemodynamic pattern, including altered endothelial shear stress, which may be 
more characteristic of a vessel with numerous side branches like LAD [42–44]. 
Recent reports suggest a potential role for high endothelial shear stress in the devel-
opment of plaque erosion by favoring endothelial damage and thrombogenicity [24, 
43, 44]. As compared with patients with plaque rupture, those with plaque erosion 
also have lower overall atherosclerotic disease burden and lower pancoronary vul-
nerability [6, 7], which may drive the favorable outcome observed in these patients 
[10]. Lesions with plaque erosion are typically associated with a “simple” A/B1 
lesion phenotype, whereas plaque rupture typically shows a “complex” B2/C lesion 
phenotype [39]. Furthermore, plaque erosion is less frequently characterized by an 
angiographic evidence of calcification and thrombus compared with plaque rupture 
[39, 41]. Of note, thrombus burden measured by dual quantitative coronary angiog-
raphy analysis has been demonstrated smaller in plaque erosion than in plaque rup-
ture [38]. When focusing on the bio-humoral profile, patients with plaque erosion 
showed a better lipid profile and lower levels of inflammatory markers than those 
with plaque rupture [5, 37, 40, 45]. Interestingly, high hemoglobin levels (i.e., 
>15 g/dL) have been found to be strongly associated with plaque erosion, being an 
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independent predictor (OR 1.48; 95% CI 1.09–2.01, p = 0.01), probably related to 
the increase in blood viscosity associated with hemoconcentration [37, 46]. Ferrante 
et  al. showed high circulating levels of neutrophil-derived myeloperoxidase in 
patients with plaque erosion, but not in those with plaque rupture [47]. HYAL2 may 
represent another potential biomarker of plaque erosion [9], as well as surrogate 
markers of NET formation, such as citrullinated histones or double-stranded DNA 
[24]. Further studies are needed to identify and validate novel biomarkers aiding a 
non-invasive point-of-care diagnosis of plaque erosion.

2.4  Treatment and Prognosis of Patients with ACS Caused by 
Plaque Erosion

Current international guidelines recommend an urgent PCI with stent implantation 
in patients with STEMI, and often an early invasive strategy with stenting also for a 
substantial proportion of NSTE-ACS cases [11, 12], and this is reflected into clini-
cal practice. Yet, as described above, the pathobiology of plaque erosion and plaque 
rupture, along with their clinical presentation, are different [5, 6, 9]. Of importance, 
these two ACS populations are also different in terms of vascular response to PCI 
[48, 49], which in turn influences long-term outcome [10]. Our group demonstrated, 
for the first time, that patients with plaque and erosion have a better clinical out-
come than those with plaque rupture, as shown by a lower incidence of the compos-
ite endpoint of cardiac death, non-fatal myocardial infarction, unstable angina, and 
target lesion revascularization [10]. A paradigm shift in the management of ACS 
focusing on antithrombotic therapies rather than PCI in patients with erosion has 
been proposed and deserves consideration, as it may avoid the risk of stent failure in 
these patients, and potentially reduce health care expenses (Fig. 3). The first system-
atic proof-of-concept study assessing the efficacy and safety of a “conservative” 
approach in patients with plaque erosion was the EROSION (Effective Anti- 
Thrombotic Therapy Without Stenting: Intravascular Optical Coherence 
Tomography-Based Management in Plaque Erosion) study [15]. This OCT study 
prospectively enrolled 60 patients with ACS due to plaque erosion with a residual 
vessel stenosis <70% and a TIMI flow grade 3 on angiography, and tested a conser-
vative strategy of potent antithrombotic therapy (i.e., aspirin, ticagrelor, and heparin 
+/− glycoprotein IIb/IIIa inhibitors) without stenting. Approximately 80% of 
patients met the primary endpoint of a  >  50% reduction of thrombus volume at 
1 month, and more than one third had no detectable thrombus [15]. Of note, most 
patients with plaque erosion managed “conservatively” did not experience major 
adverse cardiac events up to 1 year, although the study was not powered for this 
specific aim [16]. In addition to potent antithrombotic therapies, patients with 
plaque erosion and biomarkers indicating substantive NETosis or alteration of hyal-
uronan metabolism, may benefit, in the future, from treatments with 
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deoxyribonuclease, inhibitors of peptidyl arginine deiminase-4 (PAD-4), inhibitors 
of MPO, or drugs interfering with HYAL2 [9, 13, 50, 51], although these hypothe-
ses should be validated in large clinical studies.

3  Eruptive Calcified Nodule

3.1  Pathobiology of Calcified Nodule

Calcified nodules are the least frequent atherosclerotic substrate of coronary throm-
bosis in patients with AMI, accounting for approximately 5–8% of cases [3–5]. 
Calcified nodules typically occur in older patients (>60 years), often with chronic 
kidney disease, without particular between-sex differences [5]. Calcified nodules 
are predominantly observed in the proximal-mid segments of right coronary artery 
(RCA), often in the context of severely calcified and tortuous tracts [52]. Recent 
data from pathology specimens show that segments located proximal or distal to the 
culprit lesion have a greater arc and area of calcium as compared to the culprit sites 
of calcified nodules, while the area of the calcified necrotic core is larger in the 
culprit sites of calcified nodules (Fig. 4) [53]. These observations lend support to the 
hypothesis that calcified nodules represent previous regions of eccentric plaque, 

a

d

b c

Fig. 4 Representative OCT images of eruptive calcified nodule. Calcified nodules are character-
ized by superficially located large calcifications, known as “calcium sheets,” that locally protrudes 
into the lumen (a, arrow). These protruding nodules are typically located in vessels with tortuous 
segments exposed to hinge motions, where they can fracture and became eruptive calcified nodules 
with thrombus formation (b–d, arrows)
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where the necrotic core calcifies over an area without collagen, and then protrudes 
due to a lack of tensile strength [52, 53]. In contrast, adjacent areas of sheet calcium 
are composed of collagen matrix, providing greater strength. During the cardiac 
cycle, proximal to middle RCA segments have a hinge motion or excessive torsion, 
and heavily calcified coronary segments adjacent to more flexible and less calcified 
areas lead to the protrusion of calcified nodules [53, 54].

Although the etiology of plaque calcification remains debated, most data support 
the notion that progression of calcification in advanced atherosclerotic lesions devel-
ops as extension from the external border of the necrotic core involving adjacent 
smooth muscle cells and collagen-rich extracellular matrix (chapter “Calcium Crystals 
in Arterial Disease”) [55]. Of note, plaque progression occurs when necrotic core 
merges with calcification sheets extending in the longitudinal direction, eventually 
determining the development of a fibrocalcific plaque [55, 56]. Calcium fragmenta-
tion resulting in nodule formation likely elicits intraplaque hemorrhage caused by 
damage of the surrounding capillaries and arterioles, as well as the formation of clots 
involving accumulated fibrin and red blood cells [52]. Hemosiderin deposition with 
macrophage infiltration may also be observed, depending on the duration of the calci-
fied nodule. Intraplaque hemorrhage is observed in 40% of culprit calcified nodule 
lesions, highly suggestive of capillary breaks occurring during calcium fragmentation 
[55]. Although the current study cannot confirm a predisposition toward disruption of 
a thin fibrous cap, mechanical force exerted by the calcified fragments is likely the 
underlying mechanism causing the discontinuity of the overlying cap, along with the 
loss of surface endothelium and overlying platelet/fibrin thrombus [52, 56].

3.2  In Vivo Diagnosis of Calcified Nodule

Intracoronary imaging studies using IVUS or OCT provided substantial evidence 
regarding the morphologic features of calcified nodules and their prevalence in vivo. 
Three distinct types have been identified: eruptive calcified nodules, superficial cal-
cific sheet, and calcified protrusion (prevalence of 26%, 67%, and 7%, respectively). 
Eruptive calcified nodules are frequently located in the right coronary arteries, 
whereas superficial calcific sheet is most frequently found in the left anterior 
descending coronary arteries. Calcification index is greatest in eruptive calcified 
nodules, followed by superficial calcific sheet, and smallest in calcified protrusion. 
The superficial calcific sheet group seem to have the highest peak post-intervention 
creatine kinase values among the groups [4, 5, 53]. Several studies consistently 
showed that the in vivo prevalence of calcified nodules in patients with ACS is com-
parable to that observed in subjects dying from SCD, ranging between 3% and 8.0% 
[4, 5]. The majority of calcified nodules is characterized by superficially located 
large calcifications, known as “calcium sheets,” that locally protrudes into the 
lumen, and are typically characterized by negative remodeling [53]. The eruption of 
calcified nodules may cause endothelial disruption and thrombus formation. 
Intravascular imaging studies provide additional data in support of this notion by 
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showing that calcified nodules are associated with greater hinge motion on angio-
gram and are most frequently detected in the mid right coronary artery [4, 53]. 
Repeated cyclic mechanical forces acting on the coronary region exposed to hinge 
movements over a prolonged time might determine weakening of the calcified plate 
and its subsequent fracture [52]. Calcified nodules are frequently covered by fibrin, 
which is likely to derive from surrounding damaged capillaries. Local hemody-
namic factors, including high endothelial shear stress in proximity of a calcified 
nodule, may also cause local flow turbulence which in turn activates procoagulant 
factors favoring thrombosis [57]. Typically, eruptive calcified nodules have been 
associated with a higher prevalence of red rather than white thrombus both in 
pathology and in vivo studies [52]. The presence of calcified nodules has been con-
sistently associated with older age and renal dysfunction [4, 5]. Previous analyses 
from the 3-vessel Providing Regional Observations to Study Predictors of Events in 
the Coronary Tree (PROSPECT) study using virtual histology-IVUS showed a 
prevalence of calcified nodule at the non-culprit lesions of about 17% per artery 
[58]. Although the prevalence of cholesterol crystals has been shown to be higher in 
plaque rupture than in non-ruptured plaques, they can be observed in almost 30% of 
calcified nodules [4, 29].

3.3  Treatment and Prognosis of Patients with ACS Caused by 
Calcified Nodule

Patients with AMI caused by eruptive calcified nodules have an unfavorable clinical 
outcome with a risk to have a major adverse cardiovascular event about eight times 
higher than those without this culprit plaque morphology [53, 59]. Eruptive calci-
fied nodules are detected more frequently in older patients and in those with three- 
vessel disease and with greater plaque vulnerability, suggesting that they may 
represent a marker of more advanced and high-risk atherosclerotic disease [58]. The 
adoption of an intense secondary prevention with aggressive medical therapy (e.g., 
potent antithrombotic drugs, aggressive lipid-lowering therapies) to stabilize ath-
erosclerosis may be a reasonable solution in this setting [59]. In contrast, PCI of 
these lesions is often challenging as it is associated with higher risk of stent under-
expansion. Aggressive lesion preparation should be considered when treating calci-
fied nodules, particularly when they are in the context of large calcified plaques with 
a maximum calcium angle >180°, a maximum thickness >0.5  mm, and length 
>5 mm [60].
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4  Other Causes of Myocardial Infarction Without 
Plaque Rupture

4.1  Spontaneous Coronary Artery Dissection

Spontaneous coronary artery dissection (SCAD) is a less frequent cause of ACS, 
predominantly affecting young to middle-aged women, including a minority during 
or following pregnancy [61, 62]. It is characterized by the formation of a false lumen 
in the tunica media of the coronary artery wall, which can lead to an external com-
pression of the true lumen [62]. The pathophysiology of SCAD remains largely 
unknown, although an association of this morphological substrate with arteriopa-
thies, especially fibromuscular dysplasia, has been observed in previous studies. A 
couple of pathogenic hypotheses have been proposed: (1) the “inside-out” mecha-
nism proposes that a “tear” in the intimal tunica and in the endothelium favors the 
accumulation of blood into the media; (2) the “outside-in” mechanism proposes that 
a microvessel rupture occurring within the vessel wall is the “primum movens.” [62] 
Although fenestrated and nonfenestrated dissections may represents different enti-
ties, they are likely to be two expressions of the same pathological process. This 
concept is supported by the frequent observation of coronary arteries simultane-
ously affected by nonfenestrated and fenestrated dissections, separated by areas of 
structurally normal vessel (Fig. 5) [63, 64]. When a coronary dissection is nonfenes-
trated, the false lumen appears pressurized, determining an expansion of the exter-
nal elastic lamina (EEL), an increase of the false lumen volume, and a more severe 
stenosis. When the differential pressure exceeds the intimal yield stress, a disruption 
of the vessel wall separating true and false lumen occurs, with a depressurization of 
the dissection. While SCAD preferentially occurs in normal vessels, some cases 
develop in vessels with mild atherosclerosis, where cholesterol crystals may tear the 
intima and the endothelium and cause the accumulation of blood in the false 
lumen [64].

4.2  Intraplaque Hemorrhage

Intraplaque hemorrhage (IPH) is an infrequent and elusive cause of AMI, which is 
considered one of the pathological mechanisms responsible for accelerated plaque 
progression [65]. IPH typically lacks thrombus and is characterized by a layered 
pattern suggestive of previous healing episodes. At IVUS imaging, IPH can be 
observed as a deep “black” area, with sharp borders confined within the plaque. The 
surrounding plaque generally shows a bright speckling pattern with echolucent 
regions suggestive of plaque inflammation [65]. At OCT imaging, IPH is character-
ized by a distinct area of low backscattering and relatively low signal with clusters 
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Fig. 5 Representative OCT images of spontaneous coronary artery dissection (SCAD). 
Representative OCT images of SCAD in a 43-year-old woman without conventional cardiovascu-
lar risk factors presenting with a diagnosis of NSTEMI. OCT imaging showed a fenestrated type 
2A dissection, with evidence of intramural hematoma in the false lumen (a, asterisks) compressing 
the true lumen. When the differential pressure exceeded the intimal yield stress, a disruption of the 
vessel wall separating true and false lumen occurred with evidence of a large ulceration of the ves-
sel wall (b, c, arrows) allowing the hematoma to depressurize

of macrophages and cholesterol crystals appearing as bright spots [65, 66]. A lay-
ered pattern suggestive of previous plaque healing, as well as disrupted and leaking 
microchannels can be observed in the context of an IPH. It is important to notice 
that even IPH might be caused by a similar process of cholesterol crystal expansion 
that can pierce through the vasa vasorum [18, 66, 67].

5  Conclusions

Plaque rupture is still considered the leading cause of AMI. Yet, growing evidence 
indicates that other etiologies are involved in a substantial proportion of AMI (up to 
40%), including plaque erosion, calcified nodules, SCAD and IPH. While the pres-
ence of cholesterol crystals is more frequent in plaque rupture, they might play a 
pathological role also in other causes of AMI without disruption, by directly pierc-
ing or tearing the arterial intima and/or exacerbating inflammation. Plaques with 
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cholesterol crystals invading fibrous caps detected by advanced intracoronary imag-
ing techniques should be considered as a novel marker of high-risk plaques, and 
might became an important therapeutic target in patients with AMI.

Disclosures None.
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Athero-Embolism: A Manifestation 
of Atherosclerosis

Rohan M. Prasad, Adolfo Martinez Salazar, Majid Yavari, George S. Abela, 
and Christopher Hanson

1  Introduction

Although athero-embolism associated with the release of cholesterol crystals into 
the systemic circulation was first described at autopsy over 150 years ago, the first 
autopsy series to examine this issue was not reported for another 100 years [1, 2].

In 1945 Flory systematically examined the aorta and arteries of several visceral 
organs looking specifically for the evidence of cholesterol crystal (CC) emboliza-
tion in 267 patients with a mean age of 65 years who had died from myocardial 
infarction without clinical evidence of athero-embolism, and from these studies he 
made a number of important observations [3]. First, Flory confirmed that athero-
sclerotic plaque was invariably present in the aorta of patients dying of myocardial 
infarction. Second, he noted that in 57 patients, (~20%) the atherosclerotic plaques 
in the aorta appeared eroded, and some were partially covered by mural thrombus. 
Third, he found aggregates of CCs occluding medium and small arteries (measuring 
20–200 μm) in 9 patients; 2 had mild erosions in the aorta and 7 had advanced 
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atherosclerotic erosions. Thus, although the incidence of athero-emboli in this 
cohort was low (3.1%), in those with advanced aortic atherosclerosis it was much 
higher (~13%) albeit not clinically evident. Fourth, he noted the presence of foreign 
body giant cells in the intima of vessels occluded by CCs. Finally, he noted that the 
only visceral organ with anatomical changes associated with arterial occlusion were 
the kidneys, where the renal parenchyma was atrophic with depressed wedge-
shaped cortical areas consistent with ischemic injury [3].

Flory then extended his research and injected atherosclerotic plaque content that 
included CCs, fat, and blood cells directly into the ear veins of two rabbits. In one 
rabbit sacrificed at 24 h, masses of CCs, leukocytes, and red blood cells were found 
to have occluded the small arteries in the lungs. In the second rabbit sacrificed at 
7 days, many small pulmonary arteries still contained CCs, however, the leukocytes 
and other debris were no longer present, and the intima of these vessels appeared 
hyperplastic and contained foreign giant cells. Flory concluded that the CCs within 
the peripheral vessels found in patients at autopsy had not developed de novo, but 
rather had embolized from more proximal eroded atherosclerotic lesions and sum-
marized his thoughts by stating that … the mass of CCs mixed with lipid and throm-
bus material is torn loose (from eroded plaques) by the flow of blood and is carried 
into the medium-sized or small arteries where it lodges. Surrounding this embolism, 
thrombus forms and organizes and eventually recanalization of the thrombus takes 
place between the CCs [3].

Subsequent bench and in vivo reports in more recent years have confirmed each 
of his observations and have provided greater insight into the mechanism by which 
CCs contribute to ischemic and inflammatory injury following embolization 
[2, 4–6].

The aorto-iliac arteries are the most common source of CCs emboli into the 
lower limbs triggering the cholesterol crystal embolic syndrome [7]. Moreover, the 
carotid arteries are also an important origin site of CC emboli that can lead to 
impairment of the cerebral and retinal blood flow. These changes promote an isch-
emic and inflammatory processes that can lead to severe complications, including 
transient ischemic attacks, strokes, and blindness [8]. CC emboli can vary in size 
(50–200 μm) and shape allowing them to lodge into capillaries, and small arteries 
(Fig. 1).

In vivo human imaging studies in the last 5 years by Komatsu et al. using non- 
obstructive general angioscopy to “survey the atherosclerotic landscape” of the 
aorta in patients with coronary disease and have confirmed that this technique pro-
vides the most sensitive means of detecting and characterizing aortic atherosclerotic 
plaque in vivo [9]. Initially they identified and described a range of appearances of 
atherosclerotic plaque typically seen at autopsy, including the invariable finding of 
atherosclerotic lesions with features consistent with spontaneous plaque rupture 
(SRAPs). (Chapter “Detecting Cholesterol Crystals Clinically in Spontaneous 
Aortic Plaque Rupture”). Some SRAPs were clearly seen to affect the plaque cap, 
as evidenced by erosion, fissuring, rupture, and ulceration, while others that involved 
non-cap regions of the plaque were evident by discoloration of the atherosclerotic 
surface consistent with intra-mural hemorrhage. Subsequently they safely harvested 
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Fig. 1 Images of cholesterol crystal emboli. (a) Low power scanning electron micrograph of 
carotid artery plaque. (b) Surface scanning of the plaque demonstrates extensive cholesterol crys-
tals. (c) Fluorescence image of cholesterol crystals on the intimal surface of the artery using 
Bodipy stain for cholesterol crystals (Courtesy of Dr. G. Abela). (d, e) Fundoscopy of Hollenhorst 
plaques of embolized cholesterol crystals in retinal arteries (arrows, Modified from Elizabeth 
Gauger, MD and Toni Venckus, CRA, University of Iowa; http://webeye.ophth.uiowa.edu/ eyefo-
rum/atlas/pages/Hollenhorst-plaque.htm). (Reproduced with permission [4])

debris from SRAPs that extruded plaque contents and confirmed that it contained 
large CCs, necrotic gruel with calcium deposits, and cellular infiltrate that mirrored 
the contents of atherosclerotic plaque as observed by others who used confocal 
microscopy to examine fresh unprocessed debris obtained from carotid plaques 
[10, 11].
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More recently, Komatsu et al. went one step further and characterized the nature 
of the cellular infiltrate of the debris associated with the so-called puff-chandelier 
lesions (plaques with crystals on their surface that glitter with the light shining on 
them) [12]. This confirmed that aside the presence of large CCs which give the 
debris its glistening chandelier appearance, its cellular infiltrate stained positive for 
CD68, NLRP3, IL-1β, and IL-6 typically expressed by activated macrophages. In 
addition, neutrophils were identified in a significant proportion of specimens. Thus, 
these data provide strong circumstantial evidence that an innate inflammatory pro-
cess had been triggered by CCs in these ruptured plaques [13–15].

Together their observations of the atherosclerotic landscape in vivo provide sev-
eral important insights. Specifically, the finding of large CCs within the debris 
extruding from some SRAPs speaks to their central role in plaque rupture [12]. 
Second, the observation that the debris extruding from SRAPs is rich in activated 
macrophages, and in many instances neutrophils speak to the events that must have 
occurred in the atherosclerotic bed prior to plaque rupture. Third, the observation 
that SRAPs associated with extrusion of atherosclerotic debris are common through-
out the atherosclerotic landscape of the aorta in patients with coronary disease pro-
vides a plausible mechanism whereby the release of atherosclerotic debris into the 
peripheries can contribute to acute and chronic cerebral, retinal, and renal injury 
that may in some circumstances be clinically consequential over time [16–18].

2  Athero-Embolism Causes Ischemic Injury

Following plaque rupture, atherosclerotic debris including CCs, leukocytes, and 
necrotic gruel is released into the systemic circulation. While larger fragments of 
debris can lodge in small and medium size arteries to cause acute ischemia, smaller 
fragments of CC can become embedded in the intimal surface of distal vessels and 
acutely alter vasomotor tone favoring vasospasm [19–21], further promoting isch-
emic injury.

Abela and his colleagues examined these latter effects of CCs ex vivo using a 
closed dual perfusion chamber model in which rabbit arteries were placed and per-
fused using physiologic buffered saline (PBS) [19]. Studies were performed in nor-
mal arteries; arteries exposed to polystyrene microspheres and arteries exposed to 
CCs. By scanning electron microscopy, the intimal surface of arteries exposed to 
CCs were scrapped and damaged but not those exposed to PBS or microspheres. 
Using atomic force microscopy to evaluate intimal injury they demonstrated that the 
arteries exposed to CC had increased roughness due to studding of their surface 
with CCs. In addition, those arteries exposed to CCs had reduced vasoreactivity that 
favored vasospasm compared to controls and those exposed to microspheres 
(Fig. 2).
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Fig. 2 Scanning electron micrographs of arterial surface with and without crystal injury. (a, c, e) 
Scanning electron micrographs of normal arterial surface with circulating saline. (b, d, f) 
Micrographs of arterial intima with circulating cholesterol crystals demonstrating crystals embed-
ded and disrupting the intimal surface. (g) Diagram of dual perfusion chambers demonstrating the 
flow of normal saline and saline with cholesterol crystals and camera to evaluate arterial diameter 
and vasomotor activity. (h) Graphic demonstrating markedly reduced vasomotor dilatation with 
acetyl choline with cholesterol crystal exposed arteries compared to normal saline exposed arter-
ies. (Modified and reproduced with permission [19])
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3  Cholesterol Crystals in Atherosclerotic Debris Incites 
Inflammatory Injury

Within 24  h of embolization of atherosclerotic debris into the distal circulation, 
most of the cellular and necrotic debris is usually cleared, however, larger fragments 
and aggregates of CCs are difficult to dissolve and remain imbedded in the arteri-
oles and can make their way to the tissues [22, 23]. Here they trigger and immune 
response after being recognized by hMincle receptors on macrophages and by com-
plement factors C5a and C5b-9 that enhances the expression of endothelial selectins 
that in turn enhance the ingress of neutrophils and other leukocytes to the vascular 
and tissue space (Chapter “Atherosclerotic Plaque Morphology and the Conundrum 
of the Vulnerable Plaque”) [24]. Over successive days a foreign body response 
develops within the vasculature as evidenced by giant cells. In addition, CCs can 
incite an immune response in the tissues. Together these responses lead to intimal 
and tissue fibrosis [5].

Abela and his colleagues also confirmed the ability of CCs to incite tissue inflam-
mation independent of ischemic injury in animal models [5]. In their studies, PET/
CTA was used to evaluate the effect of CC emboli on muscle injury. Specifically, 
they examined the thigh muscles in rabbits after intraarterial injection with either 
CCs, polystyrene microspheres, or normal saline. After 48 h, muscle inflammation 
and injury were measured by fluorodeoxyglucose uptake using PET/CTA and cre-
atinine phosphokinase (CPK). These studies confirmed that in the absence of throm-
botic occlusion, myo-necrosis with the evidence of extensive macrophage infiltrates 
surrounding muscle, was only evident in those rabbits injected with CCs. The mac-
rophages that were examined at those sites were found to have CC particles within 
their cytoplasm (Fig. 3).
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Fig. 3 PET scanning, histology and biomarker demonstrating cholesterol crystal emboli induced 
myocyte inflammation. (a) Diagram of catheter via right femoral artery delivering cholesterol 
crystals, microspheres, and saline into the left femoral artery in a rabbit model (dotted arrow). (b) 
Computer tomography angiographic image of aorta and iliofemoral arteries. (c) PET scan of rabbit 
with ‘hot spot’ (black arrow). (d) fused PET/CTA image demonstrating the site of inflamed left 
thigh muscle (white arrow). (e) Light micrographs of thigh muscle demonstrating macrophage cell 
infiltrates. (f) brown staining with RAM 11, arrows), (g) contraction band necrosis and loss of 
nuclei (arrows, hematoxylin and eosin). (h) Control from normal paraspinous muscle. (i) 
Fluorescence microscopic images of thigh muscle demonstrate macrophages (blue nuclei) with 
free cholesterol aggregates (green fluorescence) in their cytoplasm. (j) Graphic of mean creatinine 
phosphokinase (CPK) elevation with injection of normal saline (SAL), microspheres (MS), and 
cholesterol crystals (CC) demonstrating significant increase in CPK only with CCs (ANOVA, 
*P<0.037). (Modified and reproduced with permission [5])
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4  Clinical Presentation

Spontaneous rupture of atherosclerotic plaque may occur in any vascular bed. While 
plaque rupture in small and medium size arteries typically lead to acute thrombotic 
occlusion, in some instances the thrombotic response is not occlusive, but emboliza-
tion of atherosclerotic debris may still occlude the distal microvasculature and lead 
to ischemic injury due to a no-reflow phenomenon [19, 25–27]. This has been well 
documented at angiography soon after the onset of myocardial infarction [23]. In 
fact, a recent report has associated no-reflow with the presence of CCs in the rupture 
site of the culprit artery [28]. Furthermore, in another report by Yutani et al. using 
polarizing light demonstrated the presence of CCs emboli in the micro-circulation 
at sites of small infarcts following a percutaneous coronary intervention in a patient 
who had died several days following intervention [29] (Fig. 4).

In contrast, plaque rupture in larger arteries including the aorta, carotid, iliac, and 
femoral arteries may not cause thrombotic occlusion due to the size of their lumen 
but may still declare themselves as evidenced by distal tissue injury. Small ruptures 
in the aorta that release a small volume of atherosclerotic debris may cause incon-
sequential ischemic or inflammatory injury and thus be clinically silent. In contrast, 
the release of large volumes of atherosclerotic debris from SRAPs in the ascending 
aorta and cerebral circulation may lead to cerebral and retinal ischemia, while large 
volumes of debris emanating from SRAPs in the abdominal aorta typically affect 
the kidneys and leg muscles and skin [2, 4, 17]. In these instances, the skin in the 
lower limbs typically appear mottled, with a net-like and purple discoloration 
referred to as livedo reticularis which is believed to be a manifestation of arteriolar 
vasospasm and venous dilatation. In some instances, ischemic necrosis can occur in 
the feet [30–32]. Renal injury declares as flank pain, hematuria, and a deterioration 
in renal function. Although these changes may be acute, renal dysfunction can prog-
ress over several weeks due to interstitial nephritis [33, 34] (Fig. 5).

a b c

Fig. 4 H&E-stained frozen sections of the myocardial capillaries and arterioles. (a) Free choles-
terol crystal emboli in the myocardial capillaries and arterioles shown in the frozen sections by 
using direct polarized light. (b) Free cholesterol crystal emboli in the myocardial capillary on 
H&E-stained frozen sections along the direction of polarized light adjacent to microinfarcts. (c) 
Complete occlusive free cholesterol crystal emboli are occasionally seen in the capillaries on 
H&E-stained frozen sections along the direction of polarized light adjacent to microinfarcts 
(arrow). (Modified and reproduced with permission [29])
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Fig. 5 Histology of cholesterol crystals consistent with a pseudovasculitis with giant cell reaction. 
(a) Intraglomerular renal cholesterol crystals; (b) cholesterol crystals in an arcuate artery with 
encasement of a crystal by a giant cell and pseudovasculitis inflammatory reaction (arrow); (c) 
purpuric lesion over knees; (d) skin biopsy with cholesterol crystals; blue toe (e) embolic crystals 
(f) in skin arterioles. (Modified and reproduced with permission [35])

The clinical course of the response to athero-embolism therefore depends on the 
ability of SRAPs to heal. If the SRAPs are extensive, emboli continue to shed debris 
and the clinical course may appear chronic, resulting in non-specific symptoms that 
can mimic auto-immune disease or sepsis, including fever, weight loss, myalgia 
related to myositis or rhabdomyolysis, and elevated inflammatory markers. Although 
each of these features is non-specific, the presence of livedo reticulitis, an elevation 
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in inflammatory markers and eosinophilia together with the development of renal 
impairment in a patient with known atherosclerosis helps to secure the diagnosis 
without the need for tissue biopsy [4, 36] (Fig. 5).

Thus, the clinical consequences of athero-embolism depend on the vascular bed 
in which the plaque rupture occurred, the extent of atherosclerosis in the affected 
vessel, the volume and amount of CCs released into the circulation, and the extent 
of athero-thrombotic response. Since plaque ruptures are known to be common in 
patients with coronary disease, estimates of the true incidence of spontaneous 
athero-embolism are necessarily limited. Fortunately, despite continuous athero-
embolism from SRAPs in the aorta, the incidence of fulminant clinical syndromes 
is rare, even in patients with extensive aortic atherosclerosis [37].

In contrast, iatrogenic plaque rupture and athero-embolism following intra- 
vascular diagnostic and interventional procedures including angiography, vascular 
stenting, percutaneous insertion of aortic valves, and bypass surgery are each well 
documented to be much more frequent [38]. During vascular intervention the risk of 
disturbing stable atherosclerotic plaque relates to the degree of existing disease and 
the duration of the procedure, and the consequences relate to the vascular bed at 
risk. The use of ultrasound to guide the insertion of tubing into the aorta at the time 
of heart bypass may reduce the risk of significant plaque injury and stroke, and the 
distal carriage of athero-embolic debris can be prevented with the use of protection 
devices during intra-vascular procedures [39, 40].

5  Diagnosis of Cholesterol Crystal Embolic Syndrome

Based on the presenting history and physical exam, CCE should be considered in 
patients with known atherosclerosis, who undergo a vascular intervention, and then 
develop acute skin changes, renal failure, Hollenhorst plaques, or abdominal pain 
[41, 42]. As discussed in the previous sections, depending on the source of the 
emboli and the presence of end-organ damage, the clinical presentations of each 
patient can vary, but they are typically generalized and non-specific. While CCE can 
occur spontaneously, the initial step should be determining if any recent procedures 
are the inciting event, such as renal artery percutaneous transluminal angioplasty [43].

Laboratory values can be helpful in indicating an inflammatory response, such as 
leukocytosis with eosinophilia. Fukomoto et  al. reported that eosinophil counts 
(>500/uL) were higher in patients with a CCE after a procedure compared to no 
CCE. Furthermore, elevated eosinophilia occurred more frequently when accompa-
nied by acute kidney injury (AKI) as a result of CCE [39]. Other labs representing 
inflammation are elevated C-reactive protein (CRP) and erythrocyte sedimentation 
rate. Additionally, end-organ damage can be seen in the laboratory values, such as 
anemia and thrombocytopenia [4, 25, 37]. Skin changes should be carefully noted 
and evaluated as they can be used as possible source of biopsy [44]. Patients with 
renal infarcts can present with flank pain and AKI. This can be illustrated via ele-
vated serum lactate dehydrogenase (greater than 600 IU/L) and urine analysis with 
Hansel’s stain showing proteinuria, hematuria, and eosinophiluria [45]. Limb 
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ischemia can eventually lead to muscular damage, elevated levels of creatine phos-
phokinase, and AKI [5].

Imaging modalities allow us to identify possible sources of CCE, rule out other 
differentials, and provide possible treatment modalities. As organ damage becomes 
evident imaging modalities [i.e., ultrasound, computed tomography (CT), and mag-
netic resonance imaging (MRI)] can be used to help confirm the diagnosis. With 
acute kidney injury and suspicion of renal infarction, initial ultrasound imaging of 
the bilateral kidneys and followed by CT angiogram of the renal arteries is the pre-
ferred way to diagnose distal renal artery embolism [45]. In the setting of suspected 
stroke, CT and MRI imaging of the brain is the gold standard. Additionally, imaging 
studies can be used when bowel and limb ischemia is considered [4, 37].

An important step in CCE diagnosis is evaluating the thoracic aorta for plaque 
buildup as it is a common source of CCs, especially plaques that are larger than 
4 mm, mobile, non-calcified, or lipid-laden. CT and MRI allow for comprehensive 
imaging of the aorta. Gadolinium-enhanced 3-dimensional magnetic resonance 
angiogram is useful for imaging the ascending aorta. Transesophageal echocardiog-
raphy (TEE) can evaluate the thoracic aorta and valvular lesions but it is invasive 
and cannot completely image the thoracic aorta and distal portion of the ascending 
aorta. Pervaiz et  al. compared injecting CC versus controls of microspheres and 
normal saline in 22 New Zealand white rabbits. They evaluated CC-induced inflam-
mation by F-18 fluorodeoxyglucose (FDG) positron emission tomography and 
computed tomography angiography (PET/CTA). The study suggested that PET/
CTA can detect inflammation via macrophage infiltration and necrosis without the 
obstruction of arterial flow [5] (Fig. 2).

The gold standard for diagnosis of CCE is a biopsy, where different stages of 
CCE and its associated damages can be observed. Tissues that can be considered are 
skin, kidney, muscle, bowel, and bone marrow. Skin biopsy is the safest option as it 
is minimally invasive and has a high sensitivity value of 92%. Histologically, the 
feature of CCE in skin biopsies is biconvex and needle-shaped spaces where the CC 
resides within arterioles. When prepared under liquid nitrogen, CC in the skin can 
be seen as double refraction under polarized light. In regard to kidney biopsies, 
ischemic injury, infarction, and focal and crescentic glomerulonephritis can be seen. 
The kidney damage from CCE has a patchy distribution; therefore, biopsy has a low 
sensitivity of 75% [46–48].

When CCE is considered a diagnosis, it is important to rule out the other possible 
etiologies by a thorough history and physical exam along with laboratory and imag-
ing studies. The typical workup to evaluate for thromboembolism in patients with 
stroke and infective endocarditis was described above [45]. Left atrial myxoma 
should also be ruled out by echocardiography [37]. When evaluating a patient with 
creatinine following a procedure, contrast-induced AKI should always be consid-
ered, but it can be distinguished as above. Drug-induced interstitial nephritis is also 
a possibility depending on the management the patient received prior to and after 
the procedure [37]. Furthermore, vasculitis can mimic CCE including polyarteritis 
nodosa, systemic lupus erythematosus, rheumatoid arthritis, Takayasu’s arteritis, 
and Henoch-Schonlein purpura. Therefore, a comprehensive auto-immune workup 
and biopsies would help in distinguishing these from CCE [37].
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6  Prevention and Treatment of Unstable 
Atherosclerotic Plaques

Since the consequences of plaque rupture can be severe and life threatening, patients 
with atherosclerosis should be aggressively treated with therapies with the proven 
ability to reduce the risk of plaque rupture and atherothrombosis, including anti- 
platelet therapy, lipid lowering therapies, and low dose colchicine [17]. In addition, 
for patients undergoing vascular intervention, emboli protection devices should be 
considered during the procedure whenever possible, and surface ultrasound should 
be used to assist with preparation of the ascending aorta at the time of bypass sur-
gery [37, 49].

Following plaque rupture, stenting specific lesions in medium size arteries has 
proven beneficial in patients with unstable, symptomatic coronary, and carotid dis-
ease. In contrast, in settings in which plaque rupture within the aorta has led to 
widespread athero-embolism, stenting of extensive aortic atherosclerotic plaque 
carries considerable risk and is not usually recommended unless the culprit plaque 
is believed to be infra-renal [50, 51].

No medical therapy has proven useful in reversing ischemic or inflammatory 
injury related to athero-embolism, including high dose steroids alone or with cyclo-
phosphamide. If the syndrome is short lived, supportive measures including hemo-
dialysis may be of value, however, if the syndrome is chronic or extensive, the 
prognosis is grave especially if there is mesenteric involvement leading to fulminant 
bowel ischemia or pancreatitis [52, 53].

Anticoagulation and thrombolytics have been relatively contra-indicated in 
patients with CCE [54]. The concern is related to possible worsening of the condi-
tion by greater release of CCs that were trapped in a thrombus sealing off a ruptured 
plaque or possibly bleeding into the plaque with extrusion into the circulation [55–
58]. However, it is rare to develop CCE by just anticoagulation but rather an under-
lying event such as a vascular intervention could be the trigger leading to CCs 
release [37, 59, 60]. Overall, the presence of CCE after a thrombolytic event seems 
to carry a high morbidity and mortality [61, 62].

7  Conclusion

Athero-embolism consequent to plaque rupture or direct plaque injury at the time of 
vascular intervention is a systemic manifestation of atherosclerosis which may pres-
ent in a number of ways. Spontaneous rupture of atherosclerotic plaques consis-
tently occurs once the disease is advanced. In small and medium size arteries 
ruptures typically lead to athero-thrombotic occlusion, but in some instances, 
athero-embolism in of itself contributes to ischemic injury. Following spontaneous 
rupture of plaque in larger vessels including the carotid, iliac, and femoral arteries 
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and aorta, atherosclerotic debris lodges in the distal circulation and leads to immedi-
ate ischemic injury. CCs within the debris that cannot be dissolved subsequently 
incites inflammation in the local vasculature and tissues. Most often spontaneous 
plaque ruptures in the aorta are clinically silent, however, small recurrent plaque 
ruptures lead to a chronic syndrome that may mimic a vasculitis and lead to chronic 
end-organ injury. In some instances, the extent of spontaneous plaque rupture is 
significant and leads to a fulminant syndrome affecting multiple tissues and organs 
including the skin, muscles, kidneys, and the mesenteric circulation which are more 
common in patients undergoing intra-vascular intervention. Although secondary 
prevention therapies and care at the time of vascular intervention may reduce the 
risk of plaque trauma, there is no known effective therapy for the sequelae related to 
athero-embolism.
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The Role of Cholesterol Crystals 
in the Development and Progression 
of Degenerative Valve Disease

Khalid Saeed Al-Asad, Nadine El-Ayache, Abdullah Al-Abcha, 
and George S. Abela

1  Structure of the Cardiac Skeleton and Heart Valves

The cardiac skeleton consists of four rings of dense connective tissue that surround 
the mitral and tricuspid valves and extend to the origins of the aorta and the pulmo-
nary trunk thus providing support for the heart valves and electrically isolating the 
atria and the ventricles. The surface of valve leaflets is endothelialized and normal 
endothelial function reduces the risk of valvulitis and thrombosis. The body of the 
leaflets are composed of three layers of highly organized extracellular matrix includ-
ing, a layer of fibrillar collagen that provides strength to the valvular structure; a 
middle layer that is primarily composed of proteoglycans that provides leaflet com-
pressibility; and an elastic layer that facilitates valve motion by allowing extension 
and recoil [1–3] (Fig. 1).

A variety of conditions may affect valve leaflets, however, in the western world, 
“age-related” degenerative disease is the most common form of valvular disease 
which is increasing in prevalence due to increased longevity of the general popula-
tion. This chapter examines the role of CCs in degenerative valve disease [4–6].
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Fig. 1 Cellular architecture of a normal aortic valve. (Reproduced with permission [3])

2  Pathophysiology of Degenerative Valve Disease

The process of valvular degeneration associated with fibrosis and calcification of 
the cardiac skeleton shares similarities with the atherosclerotic process. Accordingly, 
it is generally believed that shear stress and systemic pressure contribute to the ini-
tial endothelial injury to the leaflets that predisposes to the deposition of lipopro-
teins into the subendothelial space. It has become increasingly clear that the ongoing 
injury to the leaflets likely results from incessant injury induced by cholesterol crys-
tals (CCs) in the leaflets that cannot be cleared but can continue to grow and aggre-
gate [7–9] (Fig. 2). Because the architecture and fibrous nature of the leaflets stands 
in contrast to that of the arterial wall, it initially restricts the capacity for large lipid 
pools to accumulate, which may explain why degenerative valve disease develops 
more slowly than atherosclerosis.

Animal and human studies confirm that a lipid rich diet and hypercholesterol-
emia predispose to the formation of CCs in both native and prosthetic tissue heart 
valves (Fig.  3) [6, 7, 10]. Physical factors, including a few degrees centigrade 
change in temperature within physiologic limits, as well as higher pH can facilitate 
the formation of CCs [11]. In addition, CCs in the valve matrix may act as a nidus 
for the formation and deposition of calcium phosphate crystals [7, 12–14] (Fig. 4).
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Fig. 2 Inflammatory process in degenerative aortic valve disease. (top) Histology of the early 
lesion is characterized by a subendothelial accumulation of oxidized low-density lipoprotein 
(LDL), production of angiotensin (Ang) II, and inflammation with T lymphocytes and macro-
phages. Cholesterol crystals (CCs) are seen early in the lipid accumulation followed by more dense 
formations of CCs in the advanced lipid deposits with perforation of the valve surface that triggers 
an inflammatory response. Disease progression then occurs by local production of proteins, such 
as osteopontin, osteocalcin, and bone morphogenic protein 2 (BMP-2), which mediate tissue cal-
cification; activation of inflammatory signaling pathways, including tumor necrosis factor α (TNF- 
α), tumor growth factor β (TGF-β), the complement system, C-reactive protein, NLRP3 
inflammasome, and interleukin-1β. Changes in tissue matrix include the accumulation of tenascin 
C, and upregulation of matrix metalloproteinase 2 and alkaline phosphatase activity. In addition, 
leaflet fibroblasts undergo phenotypic transformation into osteoblasts, regulated by the Wnt3–
Lrp5–β catenin signaling pathway. Microscopic accumulations of extracellular calcification (Ca2+) 
are present early in the disease process, with progressive calcification and areas of frank bone 
formation in end-stage disease. (bottom) The corresponding changes in aortic-valve anatomy are 
viewed from the aortic side with the valve open in systole. (Reproduced with permission [9])

In an atherosclerotic rabbit model that evaluated the effect of a lipid rich diet on 
both atherosclerosis and aortic valve diseases, the accumulation of cholesterol in the 
aortic leaflets was associated with the formation of CCs, the evidence of CC induced 
leaflet trauma, macrophage infiltration of valvular tissues and a systematic inflam-
matory response as evidenced by an increase in C-reactive protein [7] (Fig. 5). In 
the atherosclerotic rabbit model (Group I, only fed high cholesterol diet), the amount 
of cholesterol content in the aortic valve far exceeded the amount of cholesterol in 
the other cardiac valves with the mitral following as a far second, tricuspid as third 
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Fig. 3 Hematoxylin and 
eosin stain of bioprosthetic 
leaflet demonstrating 
cholesterol crystal 
deposition as empty 
finger-like projections with 
calcification and chronic 
inflammation (original 
magnification ×40) 
(arrows). (Reproduced 
with permission [10])

and the pulmonary with the least amount as fourth (Fig. 6). These observations are 
consistent with the findings in humans that degenerative valve disease most com-
monly affects the aortic valve. In the model, the aortic valve was the most densely 
infiltrated by cholesterol and knowing that cholesterol crystals can trigger calcifica-
tion it would suggest that this could be a cause for calcification. Moreover, the right 
heart valves had the least amount of cholesterol and are known to have the least 
amount of calcification.

Thus, CCs that form within the endothelial and deeper layers of the leaflets can 
trigger traumatic and inflammatory injury that leads to progressive fibrosis and cal-
cification of the leaflets that in turn restricts their excursion and leads to progressive 
valvular dysfunction. As in other tissues, rapid formation, growth, and aggregation 
of CCs can cause traumatic injury that in the leaflets results in endothelial injury and 
damage to its fibrous layers [14–16]. Once released into the matrix of the leaflets, 
CCs that cannot be cleared predispose to chronic inflammation due to the activation 
of various cytokines and inflammation molecules including the NLRP3 inflamma-
some; the expression of interleukins including IL-1β, IL-6, IL-18; the recruitment 
and activation of leukocytes including macrophages and T-cells; frustrated phago-
cytosis; the release of lytic enzymes including super-oxide, MMP, and the expres-
sion of TNF and RANKL which promote myo-fibroblastic and osteoblastic activity 
which promotes mineralization and calcification of the leaflets [17–21] (Fig. 2).

A number of risk factors that accelerate atherosclerosis also appear to accelerate 
valvular degeneration including increasing age; hypertension; elevated LDLc and 
Lp(a); diabetes; gout; chronic kidney disease, and an elevated absolute neutrophil 
count. In addition, ACE and Chymase are known to be expressed in calcific valves 
resulting in increased production of angiotensin II and collagen within the leaflets 
[22–24].
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Fig. 4 (Top) Scanning electron micrographs of human aortic (left) and mitral (right) valves with 
cholesterol crystals that appear to be emerging from the surface of the valves. Fluorescence 
microscopy demonstrates cholesterol crystals at the valve surface in fresh unprocessed tissue 
(bodipy staining cholesterol crystals green and Ac-LDL counter-stained endothelium red). 
(Bottom) Crystallography demonstrates the presence of three calcium peaks on the aortic valve. 
(Reproduced with permission [7])
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Several genetic mutations have also been associated with valvular degeneration 
including variants of NOTCH1 and GATA-5 which have been associated with 
bicuspid aortic valves; variants of NOTCH1, RUNX2 (osteogenic transcription fac-
tor) and CACNA1C (voltage-dependent calcium channel subunit) that promote val-
vular mineralization, and a single-nucleotide polymorphism (SNP) in the LP(a) 
gene (Lipoprotein a) that has been associated with aortic stenosis likely enhances 
the uptake of cholesterol into the leaflets [21, 22].

Other distinct forms of valvular heart disease are also driven by inflammatory 
processes which typically present at a young age but may be accelerated later in life 
by the CC induced changes described above in susceptible patients [25]. In rheu-
matic fever, valvulitis that leads to sclerosis is initiated by an abnormal immune 
response after the exposure to Group A β-hemolytic streptococci (GAS). Antigen 
mimicry is the cornerstone of the pathophysiology of the disease where antibodies 
formed by the humoral and cellular immune response against GAS cross-react with 
tissue antigens in the heart, joints, and the skin resulting in inflammation, and injury 
to these tissues [26].

In autoimmune connective tissue diseases including rheumatoid arthritis, sys-
temic lupus erythematosus, and ankylosing spondylitis, valvulitis is mediated by the 
adaptive immune system but does not involve autoantibodies directly targeting car-
diac antigens [27, 28]. Rather it is caused by the deposition of autoimmune com-
plexes that interact with different adhesion molecules and receptors on the valvular 
endothelium that then initiates and propagates inflammatory injury [29, 30].

Several medications have also been associated with degenerative valve disease, 
including ergotamine, methysergide, cabergoline, pergolide, fenfluramine, dexfen-
fluramine, phentermine as well as certain recreational drugs such as MDMA 
(3,4-methylenedioxymethamphetamine or ecstasy) which act, partially or fully, to 
agonize the serotonergic 5-hydroxytryptamine 2B receptors on the valvular endo-
thelium resulting in cellular proliferation and tissue fibrosis [31, 32].
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Fig. 5 (Left) Gross valve images, scanning electron micrographs, fluorescence microscopy, and 
RAM 11 staining of atherosclerotic rabbit mitral valve demonstrating discolored and thickened 
mitral valve with cholesterol crystals perforating the valve surfaces and macrophage infiltration 
(brown color). (Right) Gross valve images, scanning electron micrographs and fluorescence 
microscopy of normal valve from non-atherosclerotic rabbit without evidence of cholesterol crys-
tals or macrophages. (Reproduced with permission [7])
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Fig. 6 Cholesterol content of rabbit aortic, mitral, tricuspid, and pulmonary valves. Group I—
High cholesterol diet only; Group II—Treatment with simvastatin and ezetimibe concurrent with 
high cholesterol diet; Group III—Treatment with simvastatin and ezetimibe initiated 6 months 
after the initiation of high cholesterol diet; Group IV—Controls.—Normal diet, and no treatment. 
(***p < 0.001; **p < 0.01; *p < 0.05). (Reproduced with permission [7])

3  The Effect of Lipid Lowering Therapy for Degenerative 
Valve Disease

Since atherosclerosis and degenerative valve disease share the same risk factors and 
have a similar pathogenesis, it might be expected that lipid lowering therapy could 
slow the progression of valvular heart disease. Disappointingly, prospective ran-
domized clinical trials using statins and a combination of statins with ezetimibe 
demonstrated that aggressive lipid lowering over several years (mean 3.5 years) had 
no effect on the progression of mild to moderate aortic stenosis [33, 34].

In keeping with these clinical observations, studies in an atherosclerotic rabbit 
model also demonstrated that lipid lowering therapy was unable to slow the degen-
erative process once CCs were evident and the sclerotic process was in progress. In 
contrast, in the same animal model in which the native valves were normal at the 
outset when lipid lowering with simvastatin and ezetimibe was started there was 
significantly less cholesterol deposition and absence of inflammatory cell infiltrate 
[7] (Fig. 6). The percent valve area of staining with RAM 11 as a marker for mac-
rophage infiltrate, the untreated atherosclerotic group had 29–36% infiltration com-
pared to 0.0–0.1% in both the normal control group and the simvastatin and 
ezetimibe combination group. Also, C-reactive protein (CRP) serum levels were 
significantly greater in rabbits fed the cholesterol enriched diet compared to the 
group that was fed the cholesterol enriched diet but also given simvastatin and ezeti-
mibe combination (10,519 ± 10,947 vs. 2720 ± 2193 ng/mL, p = 0.03).

The lack of effect by lipid lowering therapy on aortic valve disease in humans 
stands in contrast to its observed benefits in atherosclerosis. This discordance may 
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reflect the fact that cardiovascular (CV) trials have measured the effect of lipid low-
ering therapy by assessing the incidence of MACE events that relate to acute plaque 
rupture rather than an effect on the sclerotic progress. In this regard it is notable that 
statins accelerate rather than reduce the rate of coronary calcification which may 
negate their potential to slow degenerative valve disease [35]. Another reason could 
be that once cholesterol is crystalized it is difficult to mobilize by HDLc, the only 
known endogenous agent with ability to dissolve CCs [36]. Thus, if HDLc cannot 
contact the crystals because they are deeply embedded within the valve matrix, then 
it is not likely for it to be effective and similarly, statins which have also been found 
to dissolve cholesterol crystals, physical contact is critical for them to be effec-
tive [37].

No matter the reason for the lack of effect of lipid therapy on the progression of 
aortic stenosis, the observations from clinical and animal studies suggest that in 
order to slow the progression of degenerative valve disease, it may be more impor-
tant to inhibit inflammation induced by CCs. Although aggressive lipid lowering 
does not affect the degenerative process in heart valves once it is in progress, its 
ability to reduce the uptake of cholesterol and the development of CCs in normal 
heart valves raises the possibility that early initiation of lipid lowering therapy in 
patients with familial lipid disorders may delay the premature development of both 
atherosclerosis and degenerative valve disease. Thus, early and long-term use of 
statins and lipid lowering may have an impact on prevention of valve calcification 
and stenosis if started much earlier in life and prior to the development of advanced 
valve disease including mild to moderate valve stenosis.

4  CCs May Enhance the Risk of Bacterial Endocarditis

Bacterial attachment to the valves is the first step in the pathogenesis of endocarditis 
and it has been demonstrated that bacteria have a predilection for adherence to scle-
rotic heart valves (Chapter “Activation of Systemic- and Intracellular Complement 
by Cholesterol Crystals”). Microscopic studies of sclerotic valves have shown not 
only the presence of cholesterol crystals in abundance but have also shown these 
crystals to perforate the surrounding fibrous tissue making them exposed to the 
surface [7]. Furthermore, it was demonstrated that bacteria interact with these crys-
tals via certain (yet undefined) adhesions molecules and can dissolve those crystals 
to utilize cholesterol for metabolism. All these findings lead to the hypothesis that 
CCs not only increase the risk of endocarditis due to endothelial injury, but that also 
act as a nidus for bacterial adherence that can attach to and metabolize them [38].

Although lipid lowering does not appear to have a clinically meaningful effect on 
the rate of progression of aortic valve disease, there is evidence that patients taking 
statins at the time of developing endocarditis have a reduced risk of systemic embo-
lism and an improved long-term prognosis [38].

The Role of Cholesterol Crystals in the Development and Progression of Degenerative…



228

5  Summary

Cholesterol crystals that form in native and prosthetic heart valves may trigger trau-
matic and inflammatory injury that predisposes to chronic degenerative change that 
over time leads to valvular dysfunction. Furthermore, CC induced injury to the 
valve surface may predispose to endocarditis, as when exposed to the circulation 
they may act as “landing sites” for bacteria that can attach to and grow on them 
while using them as a source of cholesterol to support their own metabolism.

While lipid lowering therapy may reduce CCs formation in normal cardiac 
valves that may in turn reduce the likelihood of developing degenerative valve dis-
ease, it does not slow progression of the degenerative process once it is in progress. 
This suggests that over time, the inflammatory process induced by CCs becomes the 
main driver of valvular degeneration and raises the possibility that therapies that 
inhibit CC induced inflammation may slow the progression of degenerative valve 
disease.
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1  Introduction

Atherosclerosis is a chronic inflammatory disease where immune cells respond 
locally to accumulating lipids in the vessel wall. The resulting lesions are character-
ized by the presence of cholesterol crystals (CC) which is a hallmark of the disease. 
Deposition of CC occurs when cholesterol accumulation in the vessel wall exceeds 
the amount that macrophages can eliminate [1]. CC generation is initiated when 
oxidized low-density lipoprotein (LDL) is endocytosed by CD36 expressed on mac-
rophages and then nucleates intracellularly the crystallization of this lipid to CC [2]. 
In the Apo-E mice (which are atherosclerosis prone when exposed to a high fat, 
Western diet), small CC appear as early as 2 weeks after the start of an atherogenic 
diet [3]. CC constitute an essential danger signal that incites inflammatory responses 
by cells residing in the atherosclerotic plaque, contributing to the development and 
progression of atherosclerosis and its complications like myocardial infarction and 
ischemic stroke [4, 5].

The innate immune system uses a range of immune sensors called pattern recog-
nition receptors (PRRs), also termed pattern recognition molecules (PRMs), to initi-
ate and control inflammatory responses. PRRs detect microbial conserved 
substances, the so-called pathogen associated molecular patterns (PAMPs) and 
endogenous molecules released from cell- and tissue damage, named alarmins or 
damage-associated molecular patterns (DAMPs) [6]. Several families of PRRs have 
been identified and their subcellular localization varies and reflects their various 
biological roles. The Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) 
are located on the plasma membrane and on internal membranes (e.g., endosome, 
lysosome, or endoplasmic reticulum). The cytosol contains receptors such as the 
Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and nucleotide binding 
oligomerization domain receptors NOD-like receptors (NLRs) [7, 8]. The comple-
ment system is another pattern recognition system that operates both extracellularly 
[9] and intracellularly [10]. The sensing of PAMPs or DAMPs by PRRs leads to the 
transcription, expression, and/or cleavage-activation of pro-inflammatory cyto-
kines, chemokines, type I interferons (IFNs), or antimicrobial peptides and proteins 
that modulate inflammatory signaling [11]. Phagocytosis of CC causes lysosomal 
damage, and this is sensed by the NACHT, LRR, and PYD domains-containing 
protein 3 (NLRP3) inflammasome, leading to the release of interleukin (IL)-1β [3]. 
Also, the AIM2 inflammasome has been shown to exacerbates atherosclerosis [12]. 
IL-1β is upregulated across atherosclerotic disorders and is associated with disease 
severity and outcome [13, 14]. More recently, a large clinical trial on IL-1β inhibi-
tion by canakinumab, a monoclonal antibody against IL-1β, revealed a significant 
reduced risk of recurrent cardiovascular events, clearly underpinning the important 
role of IL-1β in atherosclerotic disorders [15]. Importantly, the detailed mechanisms 
of enhanced release of IL-1β as well as the role of CC-induced NLRP3 inflamma-
some activation in clinical atherosclerosis are still not fully understood. It is clear, 
however, that the complement system plays an important role in controlling the 
NLRP3 pathways and CC-induced inflammatory responses, including a selective 
complement C5a (C5a)-dependent release of IL-1β [16–18].

N. Niyonzima et al.



235

2  The Complement System

2.1  Canonical Functions of Plasma-Derived Complement

The complement system represents one of the oldest arms of our immune system. 
Discovered more than 100 years ago by Jules Bordet, the complement system was 
defined as a liver-derived and serum-circulating system of proteins that are special-
ized in detecting and removing microorganisms that have breached the protective 
host barriers [19]. The blood, lymph, and intestinal fluid-circulating complement 
proteins are with few exception mainly synthesized in the liver in inactive pro- 
enzyme state and the receptors and regulators are expressed on all immune cells. 
The recognition of microorganisms that have successfully passed host barriers by 
the PRR components of the complement system leads to the activation of circulat-
ing complement proteins in serine-protease cascade reactions leading to the removal 
of intruders [20–22] (Fig. 1a). There are three different complement activation path-
ways: the classical (CP), alternative (AP), and lectin (LP) pathways; all converging 
at the generation of C3- and C5-convertase complexes that cleave C3 into the ana-
phylatoxin C3a and opsonin C3b, or cleave C5 into anaphylatoxins C5a and into 
C5b [21].

The PRM C1q in the CP activates complement by recognizing molecules such as 
immunoglobulins (IgM or IgG) bound to their antigen, or pentraxins (e.g., C-reactive 
protein; CRP) as well as distinct structures on microbes or on stressed or apoptotic 
cells. C1q forms a complex with the serine proteases C1r and C1s (C1qr2s2) which 
then cleaves C4 into C4a and the opsonin C4b. The cleavage leads to covalent bind-
ing of C4b on cell surface thus mediating opsonization. Subsequently C2 binds to 
C4b deposited on cell surfaces and this leads to cleavage of C2 into the C2a and C2b 
fragments, which cumulate in the formation of the classical pathway C3 convertase: 
C4bC2b which can cleave C3 and initiate downstream complement activation 
[23, 24].

The LP shares some similarities with the CP but is initiated through mannose- 
binding lectin (MBL), ficolins (Ficolin-1 to 3), and collectins (CL-10 and CL-11) 
which recognize various carbohydrate structures [25–27]. Furthermore, the LP uses 
MBL-associated serine proteases (MASP-1 and MASP-2) while the CP uses C1r 
and C1s to exert downstream complement activation [28]. MASP-1 and -2 cleave 
C4 into C4a and C4b and C2 into C2a and C2b fragments. The C2b fragment 
remains attached to C4b fragment generating the C3 convertase C4bC2b [29].

In contrast to the CP and LP, the initial step of AP activation is mediated by the 
thioester activation within C3 by polysaccharide hydroxyl groups or water [30], 
nucleating the formation of a protease complex. C3 is inactive in its native form. C3 
molecules are spontaneously and at low levels hydrolyzed into C3 (H2O), exposing 
new binding sites. This initial AP convertase is assembled via interaction between 
C3(H2O) and Factor B to form the enzymatic complex C3 (H2O)Bb, that cleaves C3 
into C3a and C3b and generates the final AP convertase C3bBb. More C3b will bind 
to FB generating more AP convertase complex, C3bnBb, thereby amplifying 
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complement response [31]. The alternative pathway C3 convertase is stabilized by 
the only positive complement regulator, properdin (C3bnBbP) [32].

The deposition of C5b on a pathogen or target surface initiates the formation of 
the membrane attack complex (MAC) which may lead to cytolysis, but alternatively 
and probably more important to inflammation, by a sublytic attack on nucleated cell 
leading to cell activation [33]. Opsonization by C3b promotes phagocytosis of 
pathogens by immune cells [21, 22]. Cleavage products of C3 (e.g., C3a, C3b, iC3b, 
and C3dg) can relay signals that alarm cells from the innate and adaptive immunity 
through interaction with specific receptors (e.g., C3aR, CR1, CR2, CR3, CR4, and 
CRIg). The anaphylatoxins C3a and C5a stimulate their G-protein coupled recep-
tors (GPCRs) C3aR and C5aR1 and 2 expressed on innate immune cells, and this 
triggers their migration towards the site of site of infection [9].

Fig. 1 (a) Plasma- or liver derived complement. Liver-derived, serum circulating complement is 
the first line of defence against pathogens. It can be activated through three pathways: the classical 
(CP), the lectin (LP) and the alternative (AP) pathway. The formation of C3 convertases (C4bC2a 
for the CP and LP, and C3bBb for AP) leads to the generation of the opsonin C3b and the anaphyla-
toxin C3a. The C5 convertase formation (C4bC2aC3b for CP and LP, and C3bBbC3b for the AP) 
leads to C5b and anaphylatoxin C5a generation, with C5b initiating the formation of the membrane 
attack complex (MAC) which is inserted into cells infected by bacteria or virus for lysis. The sys-
tem is equiped with fluid-phase and cell-bound regulators; C1 inhibitor (C1-INH) which inhibits 
the functions of C1r, C1s and mannan-binding lectin-associated serine protease 2 (MASP2). C3b 
(and C4b) are inactivated by the serine protease complement Factor I and one of several cofactor 
proteins (CD46 and complement receptor type 1 (CR1) or fluid-phase Factor H and C4b-binding 
protein (C4BP)). Convertases are regulated through disassembly by regulators that have decay- 
accelerating activity—surface-bound CD55 and CR1 or fluid-phase Factor H and C4BP — and the 
formation of the MAC is controlled at the level of C8 and C9 by CD59 on the cell surface, and the 
soluble sC5b-9 incorporates vitronectin and clusterin to cover the lipophilc sites to keep the com-
plex soluble. (Figure created with BioRender.com) (b) Non canonical complement in T cells. 
Autocrine complement activation is triggered when activating signals (T cell receptor on antigen- 
presenting cells (not shown) initiate secretion of complement proteins C3, C5, factor B, and factor 
D located in cellular storages, leading to C3 and C5 convertase formation in the extracellular space 
as well as on the cell surface—and the generation of C3a, C3b, C5b, and C5a (1). T cell and other 
immune competent cells express intracellular complement which occurs continuously through C3 
cleavage by the protease cathepsin L. The resulting C3a fragment engages the intracellular recep-
tor C3aR, localized on the lysosomes, which sustains tonic mammalian target of rapamycin 
(mTOR) activation and T cell survival (2). Upon T cell activation, complement proteins are shut-
tled on the surface where they bind to their respective receptors on the T cell surface and signaling 
through C3aR and CD46 then drives granzyme B production in CTLs and Th1 induction in CD4+ 
T cells through reprogramming of cell metabolism with increased glycolysis, OXPHOS and sub-
sequently Th1 induction with interferon (IFN)-γ secretion. C5 is also processed intracellularly by 
a C5 convertase into C5a and C5b, and this process is increased through CD46 signaling. 
Intracellular C5a binds to the intracellular C5aR1, which triggers ROS activation and subsequent 
NLRP3 inflammasome assembly and intrinsic IL-1β secretion that sustains Th1 induction by pro-
ducing IFNγ (3). (Figure created with BioRender.com)
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C5aR1 binding to C5a leads to the activation of multiple intracellular signaling 
pathways including extracellular signal-regulated kinase (ERK) 1/2, protein kinase 
B (PKB), mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase 
(PI3K) [34, 35]. C5aR2 has both pro- and anti-inflammatory activities through the 
regulation of C5a-induced C5aR1 signaling via recruitment of β-arrestin 2 [36, 37].

Besides its key functions in combatting infections, the role of complement in 
inflammation goes beyond mere killing of invading pathogen and initiating the gen-
eral inflammatory reaction. The complement system is also central to the recogni-
tion of damage-associated molecular patterns (DAMPs) or self-altered which cause 
sterile inflammation or ultimately restoration of tissues. For example, the DAMPs 
that are released after tissue damage and consist of debris and molecules released by 
necrotic cells recruit phagocytes that can remove these noxious entities safely. 
Among such dangerous self-derived antigens sensed by complement system are 
also protein aggregates or crystalline cholesterol or monosodium uric acid [16, 38–
41]. The discovery that the complement system recognizes self-altered molecules 
with subsequent instruction of the innate immune system shows that complement 
not only works to contain tissue injury during pathogens clearing, but also actively 
contributes to tissue homeostasis during sterile inflammation.

Complement as a recognition system of both PAMPs and DAMPs has been 
shown to cross-talk intensively with the TLR system [42]. We have shown in several 
studies that a combined inhibition of complement, e.g., C3 or C5, and the TLRs, 
e.g., CD14 as a co-receptor for several of these receptors, including TLR4, TLR2, 
and others [43] was substantially more effective than the single inhibition of each of 
the systems [44]. This is in contrast to what we observed with CC, where comple-
ment was solely responsible for the secondary cytokine response [16, 18, 45]. This 
highlights complement as a key player in the innate immune response in 
atherosclerosis.

2.2  Non-Canonical Functions of Intracellular Complement

Early work on defining the role of complement in adaptive immunity challenged the 
notion that complement is solely liver and plasma derived. While plasma-derived 
complement is undoubtably crucial in the recognition of pathogens and their 
removal, initial studies using T cells and APCs demonstrated that these cells can 
secrete C3 and C5 proteins upon activation. Furthermore, autocrine generated ana-
phylatoxins C3a and C5a engage their GPCRs on T cells and APCs, C3aR, and 
C5aR1, respectively; and that autocrine engagement of the receptors modulates cel-
lular responses [46–48].

It is well acknowledged that almost all cells in the human body can produce 
complement proteins and express receptors of complement fragments [49, 50] and 
that complement synthesis occurs in almost all tissues including the kidney [51–53], 
heart [54], intestine [55–57], and brain [58]. Cleavage products of C3 (e.g., C3a, 
C3b, iC3b, and C3dg) can relay signals that alarm cells from the innate and adaptive 
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immune system through interaction with specific receptors (e.g., C3aR, CR1, CR2, 
CR3, CR4, and CRIg). In the same way, the cleavage product of C5, i.e., C5a, can 
transmit and translate signals into inflammatory responses through activation of 
C5aR1 [9]. Cellular complement production can be induced by both pro- 
inflammatory cytokines, chemokines, growth factors, and integrins [18, 59–62], and 
in turn, the increased complement production can modulate the inflammatory 
responses of immune cells [16, 63, 64]. Complement is therefore not only an impor-
tant danger sensor able to recognize harmful structures, but also a danger transmit-
ter able to translate danger signals into suitable responses by immune and other cells.

Recently, the concept that the functional outcomes of complement activation are 
dictated by its location has been extended to the cell’s interior: human CD4+ and 
CD8+ T cells express intrinsically C3 and C5 and the intracellularly generated frag-
ments C3a and C5a are needed for T cell survival and normal IFN-γ production, 
respectively [10, 65, 66] (Fig. 1b). Importantly, signaling of intracellularly gener-
ated complement proteins to their intracellular receptors have distinct outcome 
compared to the cellular responses induced by the same receptors expressed on the 
cell surface [67]. The intracellularly activated and operative complement system has 
been termed “the complosome.” It has also a rather non-canonical activity as it 
emerged as central orchestrator of key cell physiological pathways such as metabo-
lism and mitochondrial function – and it does so in cross-talk with other immune 
sensors such as the NLRP3 inflammasome [10, 67–71]. Specifically, resting human 
T cells contain intracellular stores of C3 and cathepsin L (CTSL), and C3 is continu-
ously cleaved by CTSL into biologically active C3a and C3b. This intracellularly 
generated C3a signals through the C3aR expressed on lysosomes and drives tonic 
mTOR activation required for T cell homeostatic cell survival in the periphery. T 
cell receptor (TCR) activation initiates the rapid translocation of this intracellular 
“C3 activation system” to the cell surface where C3a engages the surface expressed 
C3aR, and C3b, its receptor CD46 [10]. Signaling through C3aR and CD46 then 
drives IFN-γ secretion and granzyme B production in CD8+ cytotoxic T lympho-
cytes (CTLs) and T helper type 1 (Th1) induction in CD4+ T cells through repro-
gramming of cell metabolism [10, 65, 66, 69, 71]. Human T cells also contain an 
intracellular C5 system. In CD4+ T cells, autocrine CD46 activation upon TCR 
engagement increases intracellular C5 activation into C5a and C5b and engagement 
of intracellular C5aR1. Intracellular C5aR1 activation induces the generation of 
ROS and the formation of the canonical NLRP3 complex. Subsequent intracellular 
C5a-C5aR1-NLRP3-mediated T cell production of IL-1β sustains IFN-γ induction 
and regulates the magnitude of Th1 responses, specifically at mucosal inter-
faces [68].

Although the complosome was initially discovered in T cells, it is now clear that 
all cells so far assessed (monocytes, macrophages, B cells, myeloid cells, pancreatic 
β-cells, fibroblasts, and epithelial and endothelial cells) express cell-autonomous 
complement and that it controls important cell activities (autophagy, cell survival 
and repair, glycolysis, etc.) across these populations [17, 62, 72–75]. Furthermore, 
perturbations in the complosome are now connected with a range of hypo- or hyper-
inflammatory conditions and important human diseases [17, 62, 68, 72, 73]. Thus, 
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the complosome is of broad biological significance, and together with the liver- 
derived circulating and locally cell-produced complement arms forms a formidable 
system to mount adequate responses to extrinsic and intrinsic intruders and dangers.

3  Activation of the Complement System by 
Cholesterol Crystals

3.1  Functions of Extracellular Plasma-Derived Complement

Earlier studies in 1980s demonstrated that CC have the potential to activate comple-
ment [76–78]. These were the first indications that CC could directly activate the 
immune system. Immunization of mice with of cholesterol-containing liposomes 
and lipid A as an adjuvant led to the production of antibodies against CC [79]. It was 
also reported that patients with ulcerated atherosclerosis have IgG antibodies against 
crystalline cholesterol that could activate the CP of complement [76], demonstrat-
ing that crystalline cholesterol was an immunogen. The mechanisms of how CC 
initiate complement activation were recently clarified showing that the CP, LP and 
AP all cooperate in the recognition of CC [16, 80]. Furthermore, it was also recently 
shown that complement opsonization of CC not only induces phagocytosis but also 
rather unexpectedly, aids in priming the CC sensing cells [16]. Subsequent more 
detailed in vitro analyses then demonstrated that components of the CP bind to CC 
and trigger formation of complement sC5b-9 in plasma: IgM-mediated C1q binding 
to CC leads to complement activation [80] and this response is attenuated in 
C1-depleted serum [16]. Additionally, components of the LP recognition molecules 
such as Ficolin-2 and MBL can directly bind CC presumably through recognition of 
the hydroxyl groups on CC. The same study showed that Ficolin-2-mediated bind-
ing of MASP-2 to CC, and that this complex leads to the activation-induced deposi-
tion of C4b onto CC [80]. The importance of this initial CP and LP-mediated 
complement “seed activation” is considerable as it enables deposition of C3b on 
CC, and with this the highly effective amplification loop of the complement cas-
cade. Indeed, the high amount of the C3bBbP convertase complexes are detected in 
human serum incubated with CC [16]. Overall, CC that are opsonized with comple-
ment are more potent complement activation propagators compared to non- 
opsonized CC, suggesting that complement opsonization by C3b (via the CP or AP) 
facilitates CC-induced inflammation. This hypothesis was corroborated by the find-
ing that addition of non-cell permeable antagonist to C3 (i.e., compstatin) blocked 
uptake of CC by human monocytes in blood. These data indicated strongly that 
monocytes and granulocytes employ the integrin complement receptor 3 (CR3, 
CD11b/CD18) which binds to the opsonin iC3b for the phagocytic uptake of 
CC [16].

Upon phagocytosis of CC, monocytes respond by secreting pro-inflammatory 
cytokines like tumor necrosis factor (TNF) and IL-1β in a complement-dependent 
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manner [16]. C5a and TNF in combination act as a potent primer for CC-induced 
IL-1 β release by increasing IL1B transcripts in these disease-driving immune cells. 
By using a model consisting of human umbilical vein endothelial cells in lepirudin 
anticoagulated human whole blood we found that CC cause also the activation of 
endothelial cells: we noted a marked and complement dose-dependent increase in 
the expression of the adhesion molecules E-selectin and ICAM-1 on the surface of 
the endothelial cells [45]. The endothelial activation by CC is mediated by 
complement- dependent TNF release by whole blood monocytes which demonstrate 
the interplay between complement activation, TNF release, and endothelial cell 
activation which may occur during cardiovascular disease.

Atherosclerotic plaques contain dense amounts of CC which may be released to 
the blood and induce thrombosis during atherosclerotic plaque rupture. There is a 
close link between CC-induced activation of complement and coagulation. In fact, 
CC start a coagulation cascade through a complement-dependent expression of tis-
sue factor in monocytes [81]. This reveals an important role for CC and plasma 
complement also in thromboinflammation that occurs during plaque rupture.

3.2  Activation of Complement by CC 
in Atherosclerotic Plaques

CC are strong complement inducers, and this may represent a mechanism for 
recruiting immune cells into the atherosclerotic plaques, which leads to local inflam-
mation and progressively to chronic inflammation. Initial reports have identified 
complement components and activation products in atherosclerotic lesions [82, 83]. 
It is now acknowledged that complement is highly induced in advanced atheroscle-
rotic lesions, and studies have shown that cells in plaques express complement both 
at the mRNA and the protein level [84]. Subsequent complement activation and 
formation of C5b-9 has also been observed in human atherosclerotic lesions [85, 
86], and the level of deposition of C5b-9 correlates with the severity of the lesions 
[87]. This is emphasized by the high level of sC5b-9 in the plasma of patients with 
carotid plaques, and the prominent presence of complement components C1q, 
MBL, Ficolin-2, and C5b-9 in human carotid plaques. MBL and C5b-9 are located 
around “CC clefts” in the necrotic core of carotid plaques (Fig. 2) [18, 80].

The presence of complement proteins in advanced carotid lesions implies that 
complement activation occurs locally in the arterial wall and may be an integral part 
of the progression of atherosclerosis. For example, complement binding to CC in 
the region populated by cell debris and macrophages may promote the growth of 
lesions by attracting more immune cells to CC and, simultaneously, sustaining a 
pro-inflammatory phenotype in these cells. If indeed locally produced complement 
activation products are responsible for the inflammatory propagation of disease, it is 
not surprising that high levels of complement C3bc, C4bc, and sC5b-9 were found 
in the plasma from patients with acute coronary syndrome and with carotid plaques, 
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Fig. 2 Accumulation of C1q and TCC around cholesterol crystal clefts in human carotid plaques. 
Immunohistochemistry was performed on paraffin embedded sectioned plaques which were 
stained for haematoxylin (HES) (a), C1q (b), TCC (c) and isotype control (d) and imaged using 
EVOS FL auto microscope. One representative image from 3 plaques from 3 patients. Arrows 
indicate crystal clefts. Scale bar is 50 mm. C complement factor, TCC terminal C5b-9 complement 
complex. (From Niyonzima et al. [18])
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and that their PBMC express high levels of anaphylatoxins receptors C3aR1, 
C5aR1, and C5aR2 [18]. These studies solidified the role of CC-induced comple-
ment in atherosclerosis and provide solid grounds for the hypothesis that the ampli-
tude of local complement activation is a causal link to disease progression.

It is not only the opsonizing capacity of the complement system that can enhance 
CC-induced inflammation, but also the anaphylatoxin C5a. C5a induced by CC 
locally can recruit monocytes via engagement of their surface C5aR1 and also 
induce the upregulation of the integrin receptor CR3, which then allows phagocyto-
sis of CC; via fostering CC uptake, the surface C5aR1 also supports the production 
of pro-inflammatory cytokines by blood cells [16]. The importance of CC-C5a axis 
in the regulation of inflammation is underpinned by the fact that whole blood from 
rare patients with C5 serum deficiency [88] who suffer from recurrent Neisseria 
infections fails to produce inflammatory cytokines in response to CC.  Ex vivo 
assessment of whole blood from C5-deficient patients demonstrated that circulating 
C5 is indeed required to induce optimal IL-1β, TNF, IL-6, and IL-8 by blood mono-
cytes. Reconstitution with purified C5 resulted in a 2.5- to fivefold increase in the 
CC-induced cytokine secretion by blood monocytes. These findings were corrobo-
rated by the findings that addition of a surface antagonist to C5aR1 or an antibody 
to C5 (i.e., Eculizumab) to whole blood decreased CC-induced IL-1β and TNF by 
monocytes more than 50%, thus pointing to C5a as an important mediator of these 
responses. C5a was detected around “CC clefts” in the necrotic core of human 
carotid arteries where it colocalizes with C5aR1 [89]. Accumulation of C5a and 
C5aR1 in carotid plaques creates the environment needed for priming of plaque- 
resident immune cells, and it is thus not surprising that ex vivo exposure of human 
carotid plaques to CC is sufficient to trigger IL-1β secretion by plaque containing 
cells [18, 90].

3.3  The Complosome as a Sensor and Inducer 
of CC-Stimulated Inflammation

Plasma complement derived from the liver is considered as pro-inflammatory and 
key to the detection and removal of invading pathogens and myeloid cell uptake of 
CC. However, we have very recently shown that the myeloid cell intracellular com-
plement system also plays an important and specific part in the monocyte and mac-
rophage maladaptive responses underlying atherosclerosis [17]. Specifically, human 
monocytes in circulation express C5 can generate intracellular C5a and express the 
C5a receptors C5aR1 and C5aR2. Of note, cell-autonomous complement proteins 
are not free floating in the cytosol but are confined to subcellular compartment 
including the Golgi apparatus, the endoplasmic reticulum, endosomes, lysosomes, 

Activation of Systemic- and Intracellular Complement by Cholesterol Crystals



244

and mitochondria. While C5 colocalizes with the Golgi, processing of C5 in mono-
cytes into bioactive C5a is a post-Golgi event and is reliant on the formation of an 
intracellular AP C3/C5 convertase C3bBbC3b. These convertases form preferen-
tially (and not surprisingly) on cellular membranes, such as the inside and outside 
of the plasma membrane, the endoplasmic reticulum membrane, lysosomal mem-
branes, and the surface of mitochondria [17]. The co-localization of C5a generating 
convertase and the C5aR1 on mitochondria proved physiologically important to 
optimal IL-1β production by monocytes upon CC sensing. During sterile inflamma-
tion, internalization of CC by human monocytes or macrophages triggers increased 
transcription of the CFB and IL1B genes, intracellular cleavage of C5 into C5a and 
augmented engagement of the mitochondrial C5aR1 (mtC5aR1).

A reduction of C5 activation, for example, by addition of a FB cell permeable 
inhibitor during monocytes ex vivo stimulation, blocks monocytes release of IL-1β 
in response to CC. Importantly, the provision of serum purified C5 or C5a to such 
FB inhibitor treated monocytes does not rescue IL-1β.

CC are DAMPS that are resistant to proteases and CC remain in the tissues over 
long time. Uptake of CC by myeloid cells such as macrophages results in damaging 
the lysosomes [3]. The extent of phagocytosis defines the amplitude of damage and 
consequently inflammation [91]. The inflammatory effect of CC uptake could be 
influenced by the balance between CC accumulation versus clearance, for example, 
in early versus late phases of atherosclerosis. While early atherosclerosis may 
induce moderate NLRP3 activation combined with macrophages ability to remove 
cholesterol, chronic inflammation shifts the balance towards removal of cholesterol 
in inflamed tissues and leads to accumulation of crystalline cholesterol and chronic 
inflammation. Leakage of lysosomal enzymes to the cytosol might damage small 
organelles such as mitochondria [91]. Targeting the intracellular C5 or C5aR1 (but 
not cell surface C5aR1) using cell permeable inhibitors or specific siRNA to C5 or 
C5aR1 blocks IL-1β release from macrophages in response to CC. This is likely an 
effect of C5a ligation of C5aR1 on mitochondria which leads to ROS production 
and increased expression of messenger IL1B and consequently release of mature 
IL-1β [17].

Mice lacking LDLR or ApoE develop atherosclerotic lesions containing CC 
when fed a high fat diet [3]. By using LDL−/-C5aR1fl/fl LyzM-cre−/− (LDL-Control) 
and LDL−/-C5aR1fl/fl LyzM-cre+/− (LDL-mC5aR1−/−), which lack C5aR1 on myeloid 
cells, we confirmed the in vivo importance of the complosome C5aR1 in atheroscle-
rosis [17]. The inflammatory responses to CC are mainly mediated by myeloid cells, 
as atherosclerotic mice lacking C5aR1 on myeloid cells have significantly reduced 
IL-1β. Also, the areas of the atherosclerotic lesions in the aortic tree are significantly 
decreased in LDL-Control (25%) compared to LDL-mC5aR1−/− (10%). Quantitative 
analysis show that the arch and root lesion sizes are significantly decreased in (high 
fat diet) HFD-fed LDL-mC5aR1−/− compared to LDL-Control which demonstrate 
the effect of myeloid C5aR1 on atherogenesis in mice. Dyslipidemia is a risk factor 
for atherosclerosis development, and analysis revealed that while there was a differ-
ence in total cholesterol between the two groups, the levels of triglyceride and lipo-
protein profiles (VLDL, LDL, and HDL levels) remain unchanged after HFD 
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treatment. Additionally, analysis of bone marrow derived macrophages (BMDM) 
from C5fl/fl LyzM-cre+/− or C5aR1fl/fl LyzM-cre+/− stimulated with CC show signifi-
cant reduction in IL-1β secretion. Importantly, provision of serum purified C5 or 
C5a to BMDM culture does not rescue the secretion of IL-1β [17].

The complosome C5aR1 also exerts effects on human atherosclerotic plaques 
[17]. A cell permeable inhibitor of C5aR1, but not a cell surface inhibitor, decreases 
the spontaneous IL-1β release by cells in atherosclerotic plaques. Gene ontology 
enrichment analysis (GOEA) shows that treatment with the C5aR1 cell permeable 
inhibitor downregulates almost 453 genes, and further interrogation of the GOEA 
reveals that targeting the complosome C5aR1 in human plaques affects many key 
genes in the GO term “inflammatory response,” “TNF signaling,” and “Complement.” 
Additionally, genes involved in cholesterol metabolism and genes associated to 
lipid and atherosclerosis are downregulated in plaques when C5aR1 is inhibited. 
Genes downregulated by the treatment are mainly from CD33+ myeloid cells and 
CD14+ monocytes confirming our observation in murine macrophages. These data 
identify the complosome C5a-C5aR1 signaling as a physiological sensor of CC and 
a master regulator of atherosclerosis.

3.4  The Complosome as a Regulator of Metabolism 
in Macrophages Exposed to CC

Cellular function requires coordination between different organelles. Mitochondria, 
ER, and lysosomes are important platforms for metabolism and cell signaling. 
Mitochondria physically interact with ER through Mitofusin 2, leading to the for-
mation of mitochondria associated membranes (MAM). In inactivated form, NLRP3 
resides on Golgi, ER, and cytosol [92, 93]. Upon macrophage activation with 
NLRP3 inducers such as CC, NLRP3 and ASC colocalize with MAM where they 
detect increased mitochondrial ROS, a signal for mitochondria activation [92].

NLRP3 recognizes a range of stimuli with different structures, and it is likely 
that NLRP3 does not recognize each DAMP per se, but ratter recognizes common 
intracellular changes shared by these DAMPs. Changes in metabolic states might be 
the signal that is recognized by NLRP3 inflammasome. During infection and inflam-
mation, immune cells undergo a metabolic shift from oxidative phosphorylation 
(OXPHOS) to glycolysis to meet increased energy demand. Mitochondria con-
stantly respond to changes in energy demand to be able to maintain ATP supplies 
and at the same time control reactive oxygen species (ROS) production. Macrophage 
cellular adaptions to tissue environment are driven by specific changes in mitochon-
drial activity, ATP, and ROS production [94]. Indeed, macrophages in plaques of 
atherosclerotic patients or in the joint of gout patients have distinct metabolic signa-
tures with high glycolysis and ROS [95].

We have identified C5aR1 in all cell fractions from macrophages including the 
plasma membrane, cytosol, ER, lysosomes, and other undefined organelles and the 
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outer mitochondrial membrane (mtC5aR1) [17]. The presence of mtC5aR1 was 
confirmed both by high-resolution microscopy on purified mitochondria and on 
immune electron microscopy on human monocytes. In purified mitochondria, 
mtC5aR1 colocalizes with the outer mitochondrial membrane marker TOM20 
(Fig. 3), and exogenous stimulation of mtC5aR1 with serum C5a leads to mtROS 
production suggesting that mtC5aR1 is fully functional. Blocking mtC5aR1 using 
cell permeable or non-cell permeable receptor antagonists reduced 

a

b

Fig. 3 C5aR1 is located at the mitochondria (a) Confocal microscopy of monocytes stained for 
mitochondria and C5aR1 (b) Assessment of C5aR1 and TOM20 expression on mitochondria iso-
lated from human monocytes. (From Niyonzima et al. [17])
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mtC5aR1- induced mtROS suggesting that the response is specific to C5aR1. 
Signaling mediated by mtC5aR1 affects mitochondrial function by reducing ATP 
and cAMP (which is generated from ATP), both of which have been shown to medi-
ate NLRP3 activation in response to DAMPs including crystals [96]. This indicates 
an overall inhibitory effect of mtC5aR1 on the mitochondrial electron transport 
chain (ETC) and OXPHOS.

Assessment of mitochondrial morphology in CC sensing supports a role for the 
mtC5aR1 in directing mitochondrial dynamics [17]. While mitochondria are ran-
domly spread in resting human monocytes, CC sensing relocates mitochondria to 
the perinuclear region [17]. Treatment of cells with the C5aR1 cell permeable 
antagonist results in an increase in the mitochondrial network size, without affect-
ing branch length or size. Assessment of metabolic competence by a Seahorse ana-
lyzer revealed that CC sensing by human monocytes leads to significantly augmented 
glycolysis vs. coupled (ATP-producing) respiration which is downregulated in cells 
treated with cell permeable C5aR1 inhibitor. Similarly, ex vivo analysis of BMDM 
deficient in either C5 or C5ar1 also shows reduced mitochondrial ROS generation, 
glycolysis, and IL-1β secretion upon CC sensing. Consistent with these results, the 
depletion of intracellular ATP using 2-doxyglucose (2DG) blocks IL-1β production 
by human monocytes stimulated with CC. Briefly, the complosome C5aR1 posi-
tioning on mitochondria is a key in controlling mitochondrial integrity by modulat-
ing their dynamic and signaling which shifts ATP production via reverse electron 
chain flux towards reactive oxygen species (ROS) production and anaerobic gly-
colysis to favor IL-1β production (Fig.  4). This implies that at steady state, the 
protein levels of the complosome C5a-C5aR1 are well equilibrated, and that cleav-
age and ligand-receptor assembly is subject to additional levels of regulations at the 
transcriptional level, and fully activity requires upregulation of the sensor C5a- 
C5aR1 axis in response to CC. Thus, the C5-C5aR1 complosome acts as a unique 
danger sensor of CC suggesting a mechanistic connection between CC, mtC5aR1, 
mitochondria function, inflammasome activation, and atherosclerosis.
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Fig. 4 Mitochondrial C5aR1 contributes to IL-1β production upon CC sensing. Monocytes and 
macrophages express the C5aR1 constitutively on mitochondria (mtC5aR1), and continuously 
generate intracellular C5a via an intracellular C5 convertase. TLR4 engagement by endogenous 
danger signals (for example, modified LDLs) triggers a priming signal 1 (A) that induces 
(increased) transcription of the IL1B and CFB genes. Uptake of CC amplifies cell-intrinsic C5a 
production by augmented C5 convertase formation and triggers mtC5aR1 ligation (B). mtC5aR1 
activation, in a G protein– coupled fashion (ɑi), reduces mitochondrial ERK1/2 phosphorylation, 
ATP and cAMP formation, and OXPHOS (C) and simultaneously increases ROS production and 
glycolysis (D) via reverse electron transport and also induces detachment of HKI from mitochon-
dria. Together, these events further elevate IL1B gene transcription and also provide signal 2 (B) 
for the assembly of the NLRP3 inflammasome and processing of immature pro–IL-1β into mature 
IL-1β (E). (?) indicates hypothetical provision of C5a to mtC5aR1 via CC-induced lysosomal 
rupture. (From Niyonzima et al. [17])

4  The C5a-C5aR1 Axis of the Complosome as a Target 
for Therapy of Cardiovascular Disease

Complement has been identified as an important player in atherosclerosis [97]. The 
unexpected finding that intracellular C5a and mtC5aR1 drive sensing of CC in 
myeloid cells may explain why clinical trials aiming at reducing C5a in the plasma 
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of patients with atherosclerosis have failed [98]. The complement receptor C5aR1 
is highly expressed in symptomatic carotid plaques, and C5aR1 is more expressed 
in stable- compared to unstable plaques [17, 18], suggesting that complement stim-
ulates both the severity and the instability of lesions. The intracellular C5a-C5aR1 
axis seems to control several levels of CC-induced inflammation including detec-
tion of CC, activation of NLRP3 through metabolic reprogramming of macro-
phages, growth of lesions with increased lipid uptake, and the release of IL-1β, all 
processes known to work in concert during atherogenesis. The efficacy of inhibiting 
C5aR1  in reducing inflammatory responses indicates that both intracellular and 
plasma membrane C5aR1 may be promising targets for treatment of 
atherosclerosis.

Nevertheless, more data are needed to define the complosome as a therapeutic 
target. First, it must be clarified whether targeting of the complosome can suppress 
the growth of advanced atherosclerotic lesions, as this is the stage where most 
patients are diagnosed with cardiovascular disease. Animal models of atherosclero-
sis have shown that CC appear quite early in the disease process, and anti- 
complosome therapy might be a beneficial intervention to prevent inflammatory cell 
recruitment to the intima and the growth of lesions. Intracellular C5aR1 in myeloid 
cells plays a role in the development of atherosclerotic lesions, and deletion of 
C5aR1 led to 50% reduction in atherosclerosis in the entire aorta [17]. Second, more 
studies are needed to clarify whether inhibition of the complosome may interfere 
with macrophage functions central to lesion reduction. Lack of myeloid C5aR1 in 
male mice reduces total cholesterol suggesting that the effect of the knockout on 
atherosclerosis results in increased cholesterol clearance by macrophages. Thus, 
macrophage foam cell formation could be reduced by targeting the complosome 
C5aR1. Results from ex vivo carotid plaques showed that targeting intracellular 
C5aR1, but not cell surface C5aR1, reduces the expression of the inflammatory 
cytokine IL-1β. Moreover, gene array analysis showed that targeting the complo-
some significantly reduced general inflammation in carotid containing plaques, and 
genes involved in cholesterol metabolism were among the genes that were normal-
ized by the treatment. Altogether, targeting the complosome possesses potent lipid 
modifying effects and strong anti-inflammatory effects that might attenuate athero-
sclerosis. These data align very well with recent findings that cyclodextrin promote 
regression of atherosclerosis in part by reducing intrinsic complement activity in 
plaque- resident macrophages [99].

Long-term inhibition of the intracellular C5a-C5aR1 axis may not be an attrac-
tive strategy because of the risks associated with disabling leukocyte recruitment to 
homeostatic and inflammatory cues. Will patients treated with inhibitors of intracel-
lular complement for a long period become immunocompromised? Rather than 
thinking about life-long anti-complement therapy, perhaps we should consider if 
short term, high intensity blockage of complement activity might offer a significant 
benefit to patients undergoing acute coronary syndrome. Experimental animal mod-
els of arterial injury are needed to investigate if short-term intervention to prevent 
inflammatory cell recruitment to sites of vascular injury have beneficial effects on 
the remodeling of the vasculature, without preventing the recruitment of endothelial 
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progenitor cells. Clearly, these are critical issues that need to be addressed before 
considering the complosome as a therapeutic target in the treatment of atheroscle-
rotic disorders.
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1  NLRP3 Inflammasome Is Activated in Atherosclerosis

1.1  What Is an Inflammasome?

The term inflammasome was coined to describe a pro-inflammatory pathway that 
controls the proteolytic cleavage of precursor cytokines pro-interleukin(IL)-1β and 
pro-IL-18 into their biologically active, secreted forms [1]. The cytokine cleavage 
involves the activation of an inflammatory caspase, caspase-1, within a large cyto-
plasmic multiprotein scaffold complex that bears resemblance to the apoptosome 
complex activating apoptotic caspases [2]. Inflammasome activation can also result 
in a distinct form of pro-inflammatory cell death called pyroptosis [3] where the cell 
releases its cytoplasmic contents—along with the mature cytokines—via plasma 
membrane pores formed by another caspase-1 cleavage target, gasdermin 
D. Although inflammasome activity was first described in innate immune cells of 
the monocyte-macrophage lineage [1], it has been later demonstrated in numerous 
immune and non-immune cell types in various contexts.

The assembly of an inflammasome can be triggered by several different cytoplas-
mic pattern recognition receptors that act as sensors for pathogen-associated or 
danger-associated molecular patterns (PAMPs and DAMPs, respectively) [2]. 
Accordingly, the composition and regulation of the triggered inflammasome com-
plex varies along with the associated physiological roles that range from host 
defense, acute inflammation, and sepsis to chronic inflammatory diseases. The most 
widely studied inflammasome complex is that triggered by the NLR family pyrin 
domain containing 3 (NLRP3) receptor, in particular owing to the perplexing num-
ber of endogenous DAMPs activating this receptor to trigger sterile inflammation 
[4] (Fig. 1). These include ATP released from necrotic cells [5], extracellular matrix 
components released upon tissue injury [6, 7], pathological protein aggregates such 
as amyloid-β in Alzheimer’s disease [8] and the islet amyloid polypeptide in type II 
diabetes [9], obesity-associated danger signals such as palmitate and ceramides [10, 
11], and crystallized metabolites such as uric acid crystals in gout [12] and—our 
main focus here—CCs in atherosclerosis [13, 14]. How such diverse compounds 
can activate a single receptor is not fully understood, but it is clear that there is no 
direct interaction between the (often) extracellular stimulus and the cytoplasmic 
receptor. Instead, NLRP3 is a sensor for certain intracellular perturbations caused 
by these agents [4].

Before going further into the detailed molecular mechanisms of CC-induced 
NLRP3 inflammasome activation and contribution of lipoprotein modifications in 
CC formation (Sects. 2 and 3), we shall first summarize here what is known of the 
expression and contribution of the NLRP3 inflammasome pathway in progression 
of atherosclerosis.
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Fig. 1 NLRP3 inflammasome as a mediator of sterile inflammation. Examples of endogenous 
danger signals triggering inflammation via the NLRP3 inflammasome. See the text for further 
details. (Created with BioRender.com (2022))

1.2  NLRP3 Inflammasome in Mouse Models 
of Atherosclerosis

A comprehensive study by Duewell et  al. [13] provided compelling evidence 
towards a proatherogenic role for the Nlrp3 inflammasome. Low density lipoprotein 
receptor deficient (Ldlr−/−) mice were reconstituted with bone marrow deficient in 
Nlrp3 receptor, the inflammasome adapter molecule PYD and CARD domain con-
taining (Pycard, also known as Asc), or Il1a and Il1b. After 8 weeks on a high-fat 
diet (HFD), aortic lesion area was strikingly reduced by ~70% in all three models 
compared to mice receiving wild-type bone marrow. Significant decreases in ath-
erosclerotic lesion area were later demonstrated in apolipoprotein E deficient 
(ApoE−/−) Casp1−/− double knock-out mice [15, 16], after lentiviral silencing of 
Nlrp3 in ApoE−/− mice [17], and in Ldlr−/− mice reconstituted with Casp1/11−/− bone 
marrow [18]. Also decreased necrotic core size, decreased macrophage and lipid 
content, decreased IL-1β reactivity, and modified immune cell activation were noted 
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in the lesions in these studies. However, a study by Menu et al. crossed ApoE−/− 
mice with Nlrp3−/−, Pycard−/−, or Casp1−/− mice and found no difference in athero-
sclerotic plaque size or composition after 11 weeks of HFD [19]. Differences in the 
HFD may have played a role, the Menu et al. study using both a high cholesterol 
content of 1.25% and long diet duration of 11  weeks, combined with the more 
severe hypercholesterolemia in the ApoE−/− model compared to the Ldlr−/− model 
[20, 21]. Taken together, the majority of studies in mouse models have supported a 
proatherogenic role for the Nlrp3 inflammasome.

Further support for the proatherogenic effects of inflammasome activation comes 
from a plethora of studies exploring the effects of downstream inflammasome effec-
tor molecules in atherogenesis. Knock-out of Il1b alone (without simultaneous dis-
ruption of IL-1α signaling via the same receptor) attenuated spontaneous 
atherogenesis in ApoE−/− mice [22], albeit to a lesser degree compared to the Il1a/b 
double knock-out [13]. Targeting IL-1β with monoclonal antibodies reduced HFD- 
induced lesions in ApoE−/− mice [23]. Interleukin-1 receptor antagonist deficient 
mice displayed severe transmural arterial inflammation and lethal aneurysms [24], 
while IL-1Ra administration in ApoE−/− mice [25] or overexpression in Ldlr−/− mice 
on HFD [26] reduced the development of early atherosclerotic lesions. Genetic 
ablation of IL-18 activity in ApoE−/−mice impaired and IL-18 injections aggravated 
atherosclerotic lesion development [27–29]. Finally, a recent report using Ldlr anti-
sense oligonucleotide-induced hyperlipidemic mice showed cleaved gasdermin D 
in situ in atherosclerotic lesions and reduced lesion area in GsdmD−/− mice [30].

Beyond local inflammation in atherosclerotic plaques, Nlrp3 deficiency in Ldlr−/− 
mice was reported to block the systemic inflammation and myeloid immune cell 
hyper-reactivity induced as an early effect of HFD before significant lesion develop-
ment [31]. Furthermore, Nlrp3 inflammasome plays a role in the development of 
obesity-induced adipose tissue inflammation and insulin resistance in mouse mod-
els [11, 32], thus potentially contributing to risk factors associated with 
atherosclerosis.

1.3  NLRP3 Inflammasome in Atherosclerotic Human 
Arterial Wall

Well before the discovery of the NLRP3 inflammasome, IL-1β immunoreactivity 
was found in macrophages and endothelial cells of coronary arteries of patients with 
ischemic heart disease and shown to correlate with the severity of coronary athero-
sclerosis [33]. Similarly, IL-18 and IL-18 receptor subunits were shown to be 
expressed in situ in human atheromas, and Western blots revealed cleavage of IL-18 
and caspase-1 into their active forms in lesions but not in normal tissue [34]. Further 
reports showed immunoreactivity for the active cleaved form of caspase-1 in mac-
rophages near atherosclerotic plaque lipid cores, colocalizing with IL-1β and with 
markers of apoptosis and hypoxia [35, 36].
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The first study of NLRP3 expression in patients with coronary atherosclerosis 
showed in aortic samples strong NLRP3 staining that correlated with disease sever-
ity and several atherosclerotic risk factors [37]. Further studies showed significantly 
increased expression of NLRP3, PYCARD/ASC, caspase-1, IL-1β, and IL-18 
mRNA and protein directly in carotid artery plaque tissue from carotid endarterec-
tomy in comparison to nonatherosclerotic mesenteric or iliac arteries from a differ-
ent set of individuals [38, 39]. NLRP3 inflammasome localized primarily in plaque 
macrophages, and significantly higher NLRP3 levels were found in unstable com-
pared to stable atherosclerotic plaques [38] and in symptomatic compared to asymp-
tomatic patients [39]. We stained NLRP3 inflammasome components in paired 
early and advanced coronary artery atherosclerotic plaques from the same ten indi-
viduals to study changes in expression levels during progression of atherosclerosis 
[40]. Macrophages in early coronary lesions displayed only occasional PYCARD/
ASC and caspase-1 positivity, and very rare positivity for NLRP3. In advanced 
coronary plaques, lipid-filled foam cell macrophages strongly positive for NLRP3, 
ASC, and caspase-1 were common near necrotic lipid cores with abundant choles-
terol crystal clefts, suggesting increased inflammasome signaling during progres-
sion of atherogenesis. A quantitative PCR array further showed significant 
upregulation of CASP1, IL18, and IL1RN mRNAs in the advanced compared to 
early lesions [40]. Signs of NLRP3 inflammasome activation are detectable also 
systemically in patients with cardiovascular disease. Serum levels of IL-1β and 
IL-18 were shown to be elevated in carotid endarterectomy patients [38] and 
increased NLRP3 protein levels were found in peripheral blood monocytes from 
patients with acute coronary syndrome [41].

2  CC-Induced Activation of the NLRP3 Inflammasome

As introduced in Sect. 1, CCs activate the NLRP3 inflammasome resulting in matu-
ration and secretion of the potent pro-inflammatory cytokines IL-1β and IL-18, and 
this pathway is associated with proatherogenic effects in both mice and men. In this 
section we will focus on the more detailed mechanisms associated with NLRP3 
inflammasome activation by CCs. The emphasis will lie on studies performed in 
immune cells of the monocyte-macrophage lineage, the major cell type expressing 
NLRP3 in human atherosclerotic lesions.

2.1  Priming of the NLRP3 Inflammasome

While pro-IL-18 is expressed constitutively, pro-IL-1β is absent in resting mono-
cytes and macrophages [42]. Also the NLRP3 receptor is expressed at a limiting 
level and induction of NLRP3 expression is a prerequisite for subsequent inflamma-
some assembly [43]. CCs and other canonical inflammasome activators only trigger 
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activation of the NLRP3 receptor, not its expression nor the expression of pro-IL-1β. 
Thus, a separate priming stimulus is first required to enable sufficient amounts of 
NLRP3 receptor and pro-IL-1β to accumulate in cells before the pathway can be 
activated. Priming can be triggered by pro-inflammatory stimuli including Toll-like 
receptor (TLR) activators and inflammatory cytokines, including IL-1β itself as a 
positive feedback loop, that activate the NF-κB transcription factor [43]. The prim-
ing stimuli are typically ineffective in triggering NLRP3 inflammasome assembly 
and proteolytic cytokine maturation. Thus, two separate signals are required for full 
activation of the NLRP3 inflammasome pathway.

In the context of atherosclerosis, many different priming stimuli are likely to 
contribute. TLRs respond to both PAMPs and DAMPs, and both can be present in 
the altered tissue microenvironment of atherosclerotic plaques [44]. Potential sterile 
endogenous priming stimuli include for example many DAMPs released from dying 
cells, modified low density lipoprotein, oxidized phospholipids, complement fac-
tors, and degradation products of extracellular matrix components [44].

2.2  Activation Mechanisms of the NLRP3 
Inflammasome by CCs

CCs in atherosclerotic plaques can originate both from extracellular lipid pools and 
intracellularly within lipid-engorged cells, as discussed in detail in Sect. 3. A semi-
nal study published on CC-induced NLRP3 inflammasome activation examined 
both routes in detail [13]. Using confocal fluorescence and reflection microscopy, 
the authors first revealed that microcrystals of cholesterol are detectable within sub-
endothelial macrophages in early diet-induced atherosclerotic lesions in ApoE−/− 
mice as early as after 2 weeks of HFD. Upon continued atherogenic diet, CCs were 
detected in necrotic cores but also in subendothelial areas, both inside and outside 
cells. Abundant cholesterol microcrystals were demonstrated also in human athero-
sclerotic lesions with this technique. Further experiments in lipopolysaccharide 
(LPS) -primed cultured mouse macrophages showed robust caspase-1 activation 
and secretion of mature IL-1β in response to in vitro crystallized CCs, abolished in 
Nlrp3−/− and Pycard/Asc−/− cells. The authors also demonstrated that oxidized LDL 
(oxLDL) as a TLR ligand can induce priming of mouse macrophages and also weak 
IL-1β secretion owing to crystallization of oxLDL-derived cholesterol intracellu-
larly in lysosomes. Our own study published soon after confirmed these findings in 
LPS-primed primary human monocytes and macrophages stimulated with CCs, 
where cellular uptake of the crystals triggered IL-1β secretion in an NLRP3 receptor 
and caspase-1 dependent manner [14]. Of note, both studies showed the complete 
lack of IL-1β secretion in response to CCs alone, which thus behave as a canonical 
inflammasome activator.

For extracellularly administered crystals, cellular uptake was a prerequisite for 
IL-1β secretion, and inhibition or genetic ablation of lysosomal cathepsin B/L 
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resulted in reduced cytokine secretion [13, 14]. Lysosomal destabilization was dem-
onstrated using fluorescent markers in each study. While phagolysosomal damage 
has emerged as a widely accepted mechanism in NLRP3 inflammasome activation 
by crystalline and particulate materials, the exact details remain obscure. Lysosome- 
disrupting agents fail to activate caspase-1 while NLRP3-activating crystals/parti-
cles trigger caspase-1 activation in the absence of overt lysosome rupture in a 
process dependent on multiple lysosomal cathepsins [45, 46]. We showed an addi-
tional dependence of the CC-induced IL-1β secretion on potassium efflux [14], 
another well-established cellular stress signal proposed to convey NLRP3 receptor 
activation by many activators [47]. Again, the exact mechanisms and possible chan-
nel proteins triggering potassium efflux remain obscure for many NLRP3 activators 
[48]. However, progress has been made in understanding how the NLRP3 receptor 
might sense the drop in intracellular potassium levels, which may involve a confor-
mational change in the NLRP3 protein and NLRP3-NEK7 interaction acquired as a 
result of potassium efflux [48]. Interestingly, a Cd36-dependent mechanism was 
later defined for the oxLDL-induced intracellular cholesterol crystallization in 
mouse macrophages; cholesterol crystallization, caspase-1 activation, and IL-1β 
immunoreactivity were markedly attenuated in atherosclertic lesions of ApoE−/−/
Cd36−/− double knock-out mice, accompanied by reduced lesion size [49].

The intracellular stress signals caused by CC phagocytosis (lysosomal damage 
and potassium efflux) are sensed by the NLRP3 receptor that upon activation oligo-
merizes and recruits the adapter molecule PYCARD/ASC to form a large multimo-
lecular complex. ASC, in turn, harbors a caspase activation and recruitment domain 
(CARD) that interacts with pro-caspase-1, resulting in the autoproteolytic activation 
of caspase-1 within the complex. This generates an active inflammasome that cleaves 
its target cytokines IL-1β and IL-18 into their biologically active forms. However, 
IL-1β and IL-18 lack the signal peptide for classical secretion. Another caspase-1 
target, gasdermin D, generates pores into the plasma membrane for cytokine release, 
and can also trigger pyroptotic cell death [3, 50]. The priming and activation mecha-
nisms of the NLRP3 inflammasome by CCs are summarized in Fig. 2.

2.3  Tissue Microenvironment Modulates CC-Induced NLRP3 
Inflammasome Activation

CCs and oxLDL are prominent, lipid-derived danger signals in atherosclerotic 
plaques, yet they coexist in the lesions with several other factors associated with 
NLRP3 inflammasome priming or activation. Examples include hypoxia [36], 
extracellular acidosis [51], extracellular ATP [52], the acute phase protein serum 
amyloid A [53], activated complement [54], neutrophil-derived proteinase 3 [55], 
and products of extracellular matrix degradation [6, 7]. These may synergize with 
or exacerbate CC-induced NLRP3 activation. For example, CCs can be opsonized 
by complement, which augments their phagocytosis by monocytes and the resulting 
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Fig. 2 Activation of the NLRP3 inflammasome by cholesterol crystals. See the text for further 
details. ECM extracellular matrix, GSDMD gasdermin D, IL interleukin, LDL low density lipopro-
tein, NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells, N-GSDMD N-terminal 
fragment of gasdermin D, NLRP3 NLR family pyrin domain containing 3, TLR Toll-like receptor. 
(Created with BioRender.com; adapted from a template retrieved from BioRender.com (2022))

inflammasome activation [56], as discussed in more detail in the previous chapter. 
We explored the potential effects of acidification of plaque microenvironment, an 
independent NLRP3 inflammasome activator, on CC-induced NLRP3 
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inflammasome activation [51]. A very mildly acidic environment of pH 7.0 that 
triggered only a modest IL-1β response in macrophages substantially augmented 
the IL-1β response to CCs. Thus, local acidosis may potentiate NLRP3 inflamma-
some activation by CCs by creating a sensitizing microenvironment for macro-
phages. Another interesting example is proteinase 3 released by activated 
neutrophils, short-lived immune cells found from atherosclerotic lesions. Substantial 
amounts of pro-IL-1β can be released upon pyroptosis or necrosis of plaque cells 
into the extracellular space, where proteinase 3 is able to carry out alternative pro-
cessing of the precursor cytokine into an active form and amplify the local IL-1β 
response [55]. Chymase released during degranulation of lesional mast cells is 
another protease reported to extracellularly process pro-IL-1β [57].

3  Lipoprotein Modifications in CC Formation

Circulating low density lipoprotein (LDL) particles are retained in the arterial 
intima due to their interactions with the dense intimal extracellular matrix and mod-
ified by oxidizing agents and enzymes, such as proteases and lipases secreted by the 
local cells [58]. Such modifications induce lipoprotein aggregation, enhance lipo-
protein retention to the extracellular matrix and promote the uptake of the lipopro-
teins by macrophages, which are converted into foam cells. In the developing 
lesions, the macrophage foam cells die and form a necrotic lipid core containing the 
remains of the dead cells and the lipids they contained [59]. The fibrous cap contain-
ing collagen and other components of the extracellular matrix becomes progres-
sively thinner due to degradation and reduced synthesis of the matrix components 
[60]. A thin-cap atherosclerotic lesion usually contains numerous inflammatory 
cells, a large necrotic core and is vulnerable to rupture [61].

CCs are particularly abundant in the necrotic lipid core of advanced atheroscle-
rotic lesions, but they are seen throughout the lesion development in both experi-
mental and human atherosclerosis [13, 62–65]. The crystals are most often observed 
as empty clefts in microscopic images [66], but their presence has been verified by 
spatial lipidomic analysis of human coronary atherosclerotic lesions [67], physico-
chemical analysis [67–69], and optical coherence tomography [70, 71]. The pres-
ence of CCs in atheroclerotic plaques enhances the risk for future cardiovascular 
events [70]. As discussed in the previous section, CCs are thought to contribute to 
the inflammatory potential of the lesions. Here, we focus on the upstream events 
resulting in CC formation within atherosclerotic lesions, summarizing the mecha-
nisms of both extra- and intracellular cholesterol crystallization. We conclude the 
chapter with a brief introduction into approaches for blocking CC accumulation and 
CC-induced inflammation in atherosclerotic lesions, topics further discussed in 
Chapter “Formation of CCs in Endothelial Cells”.
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3.1  Extracellular Cholesterol Crystallization

In early atherosclerotic lesions, extracellular CCs can be derived from lipoproteins 
accumulating in the arterial wall, while in advanced atherosclerotic lesions, most of 
the extracellular CCs are likely derived from dying cells that have released their 
lipid contents. Generation of CCs from lipoproteins requires lipolysis: cholesterol 
in the lipoprotein particles is mostly esterified and, for example, each LDL particle 
contains about 3500 cholesteryl ester molecules in its core [72]. Unless the choles-
teryl esters are lipolyzed to free cholesterol and fatty acid molecules, extracellular 
accumulation of even large amounts of lipoproteins will not induce CC formation. 
Enzymes capable of cholesteryl ester hydrolysis, such as lysosomal acid lipase, are 
found extracellularly in atherosclerotic lesions [73]. Hydrolysis of cholesteryl esters 
has been shown to induce generation of CCs in  vitro. Thus, Guarino et  al. [74] 
showed that a combination of sphingomyelinase and cholesterol esterase induces 
CC nucleation from LDL. We showed that destabilization of LDL surface by oxida-
tion, proteolysis, and hydrolysis by sphingomyelinase or phospholipase A2 pro-
motes lipolysis of the core cholesteryl esters and induces formation of CCs [64, 74]. 
Such multiply modified lipoproteins are found in human atherosclerotic lesions 
[75]. Isolation and analysis of extracellular lipoproteins from advanced human ath-
erosclerotic lesions verified that they are derived from apoB-containing lipoproteins 
via lipolysis and, importantly, are connected to CCs [64]. Uptake of the isolated 
lipoproteins and CCs, as well as LDL modified in vitro by the combination of phos-
pholipase A2 and lysosomal acid lipase, induced secretion of IL-1β from 
macrophages.

3.2  Intracellular Cholesterol Crystallization

Macrophages are professional phagocytes that have the potential to take up modi-
fied LDL particles via several different mechanisms leading to foam cell formation 
[76]. A prototype of modified LDL often used in in vitro experiments is oxidized 
LDL that binds to various scavenger receptors on macrophages. Other uptake mech-
anisms include Fcγ-receptor -mediated uptake of immune complexes of antibodies 
bound to oxidized LDL and phagocytosis of aggregated LDL and CCs [14, 77, 78]. 
Very large LDL aggregates can be taken up via specific surface-connected compart-
ments to which cells can secrete lysosomal enzymes, such as lysosomal acid lipase 
[79–81]. LDL aggregates are hydrolyzed partially outside the cells after which they 
are taken up by the cells and hydrolyzed in the lysosomes. Actin polymerization and 
TLR4 activation drive the intracellular catabolism of the aggregates [79, 82].

Once lipoproteins have reached the lysosomes, their components are hydrolyzed, 
and cholesteryl ester hydrolysis results in formation of unesterified cholesterol. 
Accumulation of cholesterol in the lysosomes may lead to its crystallization. Indeed, 
CD36-mediated uptake of oxidized LDL was shown to result in the formation of 
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CCs in lysosomes [49]. As described above, this leads to lysosomal destabilization 
and activation of the NLRP3 inflammasome. Similarly, the uptake of CCs leads to 
inflammasome activation via lysosomal destabilization [49, 83].

Cholesterol can be transported from lysosomes to the cytoplasm, where it can be 
re-esterified and packaged into intracellular lipid droplets characteristic of foam 
cells [84]. Figure 3 summarizes the downstream effects of the uptake of modified 

Fig. 3 CCs are formed from modified LDL extra- and intracellularly. Uptake of modified LDL 
induces CC formation in lysosomes and uptake of both modified LDL and CCs induces foam cell 
formation. See the text for further details. (Created with BioRender.com; adapted from a template 
retrieved from BioRender.com (2022))
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LDL and CCs. Two major transport proteins responsible for the transport of choles-
terol from lysosomes to the cytoplasm are the Niemann-Pick C1 and C2 proteins 
[85]. Deficiency in these proteins leads to accumulation of cholesterol in the lyso-
somes and is linked to generation of CCs [86]. Another enzyme controlling cellular 
homeostasis is Acyl-CoA:Cholesterol Acyltransferase 1 (ACAT1) that esterifies 
cholesterol, which is then packed into cytoplasmic lipid droplets. If cholesterol re- 
esterification is not sufficient, unesterified cholesterol will accumulate in the cells. 
Indeed, inhibition of ACAT1 results in excess production of unesterified cholesterol 
[87]. Notably, a clinical trial with the ACAT inhibitor pactimibe showed unfavor-
able effects in patients with coronary disease, where the drug treatment attenuated 
the regression of atherosclerosis [88].

Most of the studies on CC formation have focused on macrophages and macro-
phage foam cells. However, recently also endothelial cells and smooth muscle cells 
have been shown to produce CCs under hyperlipidemic conditions [62, 89]. 
Interestingly, in Ldlr−/− mice, endothelial cells were shown to secrete the generated 
CCs into the subendothelial space and increase the expression of E-selectin. This 
promoted monocyte adherence and transmigration, processes important in athero-
genesis [89].

3.3  Inhibition of CC-Induced NLRP3 
Inflammasome Activation

The earliest target in blocking CC-induced NLRP3 inflammasome activation would 
be to prevent or reduce cholesterol crystallization in atherosclerotic lesions. To this 
end, high levels of high density lipoprotein (HDL) cholesterol are associated with 
reduced cardiovascular risk, and one of the anti-atherogenic functions of HDL is its 
ability to transport cholesterol from the peripheral tissues, including atherosclerotic 
lesions, to the liver for excretion. The first step of this reverse cholesterol transport 
is cholesterol efflux from cell membranes to HDL particles. Low HDL concentra-
tions and reduced expression of ABCA1/ABCG1, the two receptors involved in cho-
lesterol efflux from macrophages, have been suggested to increase inflammasome 
activation in atherosclerotic lesions [90]. In addition to directly transporting choles-
terol to HDL particles, macrophages are also able to shed excess cholesterol to the 
extracellular matrix in specific deposits [91]. Whether HDL particles are able to 
remove cholesterol from the extracellular matrix and whether these deposits could 
over time lead to generation of cholesterol crystals remains to be seen. However, 
HDL-like phospholipid nanoparticles have been shown to dissolve cholesterol crys-
tals and slow down atherosclerosis without affecting the lipid profile of ApoE−/− 
mice [92, 93]. Similarly, the treatment of ApoE−/− mice with cyclodextrin, a 
compound that increases cholesterol solubility, reduced plaque size and CC burden, 
dissolving both extra- and intracellular CCs and increasing cholesterol efflux from 
macrophages [94].
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Various factors in plaque microenvironment may modulate the NLRP3 inflam-
masome activation resulting from cholesterol crystallization. The ketone metabolite 
β-hydroxybutyrate produced during starvation or low carbohydrate diets [95] and 
dietary omega-3 fatty acids [96] suppress NLRP3 inflammasome activation in 
response to various activators (CCs not tested) in cultured monocytes and macro-
phages, and in vivo in mouse models of inflammatory diseases. In atherosclerotic 
ApoE−/− mice, β-hydroxybutyrate treatment reduced aortic plaque formation with-
out affecting blood lipid profiles [97, 98], the latter study reporting reduced levels 
of serum IL-1β.

Colchicine, a microtubule inhibitor downregulating multiple inflammatory path-
ways, was one of the first compounds shown to inhibit crystal-induced NLRP3 
inflammasome activation in the context of gout-associated pathogenic crystals [12]. 
Low-dose colchicine was later found effective in the prevention of cardiovascular 
events in two clinical trials [99, 100], as discussed in more detail in Chapter 
“Formation of CCs in Endothelial Cells”. Direct inhibition of the NLRP3 receptor 
has been achieved with two small-molecule inhibitors, MCC950 [101] and CY-09 
[102]. These compounds bind to the ATP binding site of the NLRP3 NACHT 
domain, thus locking the receptor in an inactive conformation and inhibiting inflam-
masome assembly [102–104]. MCC950 has been shown to reduce atherosclerotic 
lesion development in ApoE−/− mice [105, 106]. Several novel small-molecule com-
pounds predicted to inhibit NLRP3 are currently under study [107]. In addition to 
CC-induced NLRP3 activation in atherosclerosis, NLRP3 is activated by multiple 
different DAMPs released during myocardial ischemia reperfusion injury and pre-
clinical studies have shown beneficial effects by NLRP3 inhibitors, yet more studies 
are warranted owing to some contradicting results [108].

Finally, perhaps the most compelling evidence for the significance of the NLRP3/
IL-1β axis in human atherosclerosis comes from a large clinical trial named 
CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) involv-
ing 10,061 patients with previous myocardial infarction [109]. Treatment with the 
monoclonal IL-1β neutralizing antibody canakinumab significantly lowered the rate 
of recurrent cardiovascular events compared to placebo, providing strong evidence 
in support of the central role of inflammation in atherosclerosis and paving the way 
for further anti-inflammatory treatments.
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Molecular Pathomechanisms 
of Crystal- Induced Disorders

Chongxu Shi, Shrikant R. Mulay, Stefanie Steiger, and Hans-Joachim Anders

1  Introduction

Outer and inner surfaces of the human body are exposed to crystalline microparti-
cles from all around the environment. In particular dust, sands, and powders cause 
lung injury, corneal damage or epithelial irritation in skin wounds and intestinal 
ulcers. In addition, human metabolism involves ions forming salts and calculi, espe-
cially in excretory ducts. Indeed, kidney and biliary stone disease are highly preva-
lent. Besides, bone minerals can form extraosseous calcifications, e.g., in the 
vascular wall, and lipid particles and crystals enrich in luminal plaques of the aging 
arteries. Certain metabolites crystallize in joints and periarticular tissue arthritis and 
cause episodes of pain or chronic disability. Although, serum proteins effectively 
inhibit crystallization, crystals can occur in the circulation during malaria and upon 
rupture of large atherosclerotic plaques. Other microparticles in the human body 
originate from implants made of metal or synthetic materials can trigger local 
inflammation and foreign body responses (Fig. 1).

The biology of such “crystallopathies” is poorly explored. The traditional con-
cept was based on a macrophage-driven foreign body reaction, whereby macro-
phages are unable to clear such microparticles via phagocytosis and lysosomal 
breakdown; thus, leading to the formation of granulomas as an attempt to encap-
sulate the particle, conceptually like encapsulating the pathogen in tuberculosis 

C. Shi · S. Steiger · H.-J. Anders (*) 
Division of Nephrology, Department of Internal Medicine IV, University Hospital of LMU, 
Munich, Germany
e-mail: hjanders@med.uni-muenchen.de 

S. R. Mulay 
Division of Pharmacology, CSIR-Central Drug Research Institute, Lucknow, India

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
G. S. Abela, S. M. Nidorf (eds.), Cholesterol Crystals in Atherosclerosis and 
Other Related Diseases, Contemporary Cardiology, 
https://doi.org/10.1007/978-3-031-41192-2_16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-41192-2_16&domain=pdf
mailto:hjanders@med.uni-muenchen.de
https://doi.org/10.1007/978-3-031-41192-2_16


276

Fig. 1 Physiology and pathology of crystal-induced human diseases. Crystals that form within the 
human body or enter from the environment trigger many cellular and physiological processes. 1) 
Free cholesterol in the blood can crystalize and accumulate in arterial walls, forming atheroscle-
rotic plaques in the intima; cholesterol crystals can also directly trigger local inflammatory 
response forming blood clots. 2) Elevated uric acid levels in the blood form monosodium urate 
crystals that accumulate in the joints, causing acute gout attacks and chronic tophaceous gout. 3) 
Crystal nephropathies, crystal deposit in the tubular lumen that lead to tubular cell death, or in the 
excretory duct. 4) Exposure to environmental pollutants, such as silica, asbestos fiber, results in the 
accumulation of crystals in the lungs and triggers an inflammatory response, forming granulomas 
in the lung. (Reproduced with permission [3])

[1]. Chronic lesions as silicosis, tophaceous gout and cholesterol embolism sup-
ported this concept. However, the last two decades, an increasing number of dis-
coveries in “crystal biology” have been observed that demonstrate a more 
complex picture and can explain far more clinical phenomena [2]. For example, 
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dissecting crystallopathies into those causing (a) acute necroinflammation, (b) 
chronic inflammation and tissue remodeling, and (c) obstruction by crystalline 
masses that better cover the broad spectrum of clinical presentations by sharing 
similar or identical crystal- induced tissue responses [2]. Acute necroinflamma-
tion involves crystal-induced inflammation and cell necrosis [3], while chronic 
lesions involve granuloma formation, low-grade inflammation, and tissue fibro-
sis. Obstruction by crystalline masses involves mechanisms of crystal aggrega-
tion, adhesion, crystal growth to the size of calculi [4], and obstruction of vessels 
by thrombosis and excretory ducts by muscular spasms. In this chapter we pres-
ent some examples of paradigmatic diseases, highlighting some of the newer 
insights into crystal biology in the context of disease symptoms and consequences 
for human health.

2  Cholesterol Crystal-Related Inflammation in Vessels

2.1  Atherosclerosis

Atherosclerosis, a chronic inflammatory vascular disease, is characterized by fatty- 
fibrous material retained in the intima of an artery wall. It is the most common 
underlying cause of cardiovascular disease and associated with high morbidity and 
mortality worldwide. Atherosclerotic plaque formation is a dynamic process. Low- 
density lipoprotein cholesterol (LDL-C) accumulating in the arterial intima initi-
ates the development of atherosclerosis [5, 6]. Following that, endothelial cells 
recruit leukocytes to the site via adhesion molecules, such as vascular cell adhesion 
protein- 1 (VCAM-1), immune cell adhesion protein-1 (ICAM-1) [7, 8]. In addition 
to infiltration to the intima, leukocytes can also proliferate within the lesion [9]. 
Other factors (like semaphorins) can also promote leukocyte’s constant existence 
in the atherosclerotic plaque by lessening their efflux [10]. Meanwhile, endothelial 
cells release cytokines such as granulocyte macrophage- (GM) and macrophage 
(M)-colony stimulating factor (CSF) that trigger monocyte differentiation into 
macrophages. Lipoproteins continuously gather to the atherosclerotic plaque pro-
moting foam cell formation [10]. Monocyte-derived macrophages are considered 
as precursors of lipid-loaded foam cells in atheromata. In the arterial intima, 
trapped foam cells lose their migratory capacity and die [11]. Dead foam cells form 
a necrotic core in the advanced plaque consisting of apoptotic and necrotic cells, 
cholesterol crystals (CC), and other extracellular material. Various Toll-like recep-
tors (TLRs) recognize pathogen- and damage-associated molecular patterns 
(PAMPs, and DAMPs), such as modified LDL and its products. In atherosclerotic 
lesions, macrophages get activated by the nuclear factor-κβ (NF-κβ) signaling 
pathway. Such activated macrophages express TLR2 and TLR4 and bind LDL 
[12–14] (Fig. 2).
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Fig. 2 Pathogenesis of atherosclerosis. (a) Innate immune responses in atherosclerosis. LDL 
retention in the intima initiates atherosclerosis development, where they can undergo oxidative and 
other modifications that can render them pro-inflammatory and immunogenic. Accumulation of 
LDL leads to the upregulation of adhesion molecules on the endothelial surface and recruitment of 
monocytes to the forming lesion. In the subendothelial space, monocytes differentiate into macro-
phages in response to M-CSF and GM-CSF produced by endothelial cells. These macrophages 
express scavenger receptor can uptake lipoproteins leads to the formation of foam cells. Cholesterol 
crystals form in foam cells and activate the NLRP3 inflammasome, resulting in release of IL-1β, 
which stimulates smooth muscle cells to produce IL-6. Both IL-1β and IL-6 exert proinflammatory 
effects. T lymphocytes also enter the intima and regulate functions of the innate immune cells as 
well as the endothelial and SMCs. As the lesion advances, SMCs and macrophages can undergo 
cell death including apoptosis. The debris from dead and dying cells accumulates, forming the 
necrotic lipid-rich core of the atheroma. (b) Modified lipoproteins and cholesterol crystals induce 
NLRP3 inflammasome activation. The expression of NLRP3 components and pro-IL-1β can be 
triggered by cellular uptake of oxLDL. OxLDL uptake can lead to the formation of cholesterol 
crystals in the lysosomes, with ensuing lysosomal destabilization and release of cathepsin B from 
disrupted lysosomes. The release of unesterified cholesterol from the disrupted lysosomes causes 
an increase in the content of unesterified cholesterol in intracellular membranes and can thereby 
cause NLRP3 activation. Regardless of the activation mechanism, formation of the NLRP3 com-
plex induces autocleavage and activation of caspase 1. Active caspase 1 can then cleave pro-IL-1β 
and the constitutively expressed pro-IL-1β to mature IL-1β. LDL: lowdensity lipoprotein, M-CSF: 
macrophage-colony stimulating factor, GM-CSF: granulocyte-macrophage colony-stimulating 
factor, TLR: Toll-like receptor, oxLDL: oxidized LDL, IL: interleukin. (Reproduced with permis-
sion [15])

In addition to monocyte-derived macrophages, activated T cells are largely pres-
ent in the plaque lesions, indicating that they might be involved in the atheroscle-
rotic plaque growth and evolution [16–18]. CD4+ helper T (TH) cells are the main 
adaptive effector cells in atherosclerotic plaques [19]. TH1 cells typically secrete 
interferon γ (IFNγ) that can promote atherosclerosis via modulating monocytes 
infiltration and foam cell formation, while TH2 and regulatory T (Treg) cells coun-
terbalance the inflammatory response via secretion of anti-inflammatory cytokines, 
such as IL-5, IL-10, IL-13 [20–22]. Other studies suggested that Treg cells secrete 
transforming growth factor β (TGF-β) having a plaque-stabilizing effect via pro-
moting interstitial collagen synthesis [18, 23]. Emerging evidence indicates that 
LDL particles can activate both innate and adaptive immune responses in athero-
sclerosis. CCs formed in the early stage can activate NOD-like receptor family 
pyrin domain-containing 3 (NLRP3) to secret mature interleukin (IL)-1β triggering 
the innate immune system [24] (Fig. 2). An atherosclerotic rabbit model has con-
firmed that reducing serum cholesterol levels can significantly reduce CC content in 
the intima, plaque rupture, and thrombosis [25].

To prevent atherogenesis, a healthy lifestyle to reduce LDL-C and lipid levels is 
the ideal primary therapy (primordial prevention), which can target multiple risk 
factors and has beneficial effects at any stage of atherosclerotic disease [26, 27]. The 
lipid-lowering therapy particularly targets, primarily LDL- C, remains a vital role in 
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managing atherosclerotic disease [28, 29]. In experimental models of atherosclero-
sis, vaccination against modified LDL particles significantly prevent disease pro-
gression [30, 31].

In summary, atherosclerosis is caused by an accumulation of LDL-C in the 
intima of the arterial wall and the lipid-driven inflammatory response (particularly 
monocyte-driven macrophage) is essential for the development of atherosclerotic 
lesions. With time, the atherosclerotic plaque can become more fibrous and accu-
mulate calcium mineral.

2.2  Cholesterol Crystal Embolism

Cholesterol crystal embolism (CCE) is a unique version of arterio-arterial emboli-
zation. Autopsy studies revealed an incidence of spontaneous CCE ranging from 
1% to 3.4% [32]. Blunt trauma, catheterization, and cardiovascular surgery also 
cause traumatic plaque rupture [33, 34]. CCE is characterized by multiple microem-
boli composed of CCs and plaque debris mobilized to a variety of tissues and organs. 
Several key elements are involved in the pathophysiology of CCE. Advanced ath-
erosclerotic plaques present in the thoracic part of the aorta and other large arteries 
represent the source of CCE [35, 36]. The plaque is the main pathological manifes-
tation of atherosclerosis. Histologically, the fibrous cap of the atherosclerotic plaque 
covers a necrotic core consisting of necrotic cell debris, foam cells (macrophages), 
and various lipids (like CCs). CCE is initiated and propagated by deprivation of the 
fibrous cap. Spontaneous or mechanically induced plaque rupture dislocates CCs 
from the deposits inside the plaque [32, 37]. Many factors contribute to plaque vul-
nerability, such as adhesion molecule expression, local cytokine release, monocyte 
and macrophage activation, endothelial cell dysfunction, and the activity of proteo-
lytic enzymes [38]. Plaque rupture lodges CC material into distal small arteries as 
the third step for CCE development. Showers of CC lodge in small arteries with a 
diameter between 100 and 200 μm. In the smaller arteries, CC emboli not only 
mechanically restrict blood flow but also provoke the coagulation process by acti-
vating platelets. CC emboli can injure the vascular endothelial lining releasing tis-
sue factor and extracellular DNA, followed by platelet activation and aggregation. 
Meanwhile, activated platelets also trigger local inflammation, all together pro-
gressing to intravascular thrombus formation. Ultimately, the result is a partial or 
complete occlusion of the arterial lumen and signs of tissue ischemia [39] (Fig. 3). 
Platelets and extracellular DNA play a critical role in obstruction formation. 
Histopathological studies suggest that the NLRP3 inflammasome and neutrophils 
are additional central elements of CCE-induced acute tissue ischemic inflammation 
[39]. CCs are visible only in cryofixed biopsy specimens under polarized light. 
Within the lumen of obstructed vessels, classic ovoid, or needle-shaped clefts are 
observed in routinely processed biopsy specimens as CCs have washed away [40]. 
CCE may affect multiple organs or tissues, including the kidneys, the 
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Fig. 3 Pathophysiology of cholesterol crystal embolism (CCE). Atherosclerotic plaque in the 
proximal artery is the premise for CCE development. CCE is initiated by plaque rupture followed 
by dislocating CC into distal small arteries. In the smaller arteries, CC emboli alone do not yet 
restrict blood flow but trigger local clot formation by activating platelets. CC emboli can damage 
vascular walls releasing tissue factor and extracellular DNA, followed by platelet activation and 
aggregation. Meanwhile, activated platelets can also trigger an immune response, all together 
progress to intravascular thrombus formation. Ultimately, the result is a partial or complete occlu-
sion of the arterial lumen causing ischemic necrosis. (Reproduced with permission [15])

gastrointestinal tract, the skin, and the lower limbs. The brain is considered the most 
vulnerable site upon CCE.

Although CCE has been recognized as a separate clinical disorder for many 
years, there is still no specific therapy for this syndrome [41]. As CCE is a complica-
tion of atherosclerosis, modifications of risk factors such as tobacco use, diabetes 
mellitus, hypertension, and serum LDL levels should be undertaken. Treatment 
goals are aimed at alleviating end-organ damage and preventing further occurrence 
of CCE. Some evidence showed that statin therapy decreases the risk for CCE [42]. 
Until today, no randomized trial with statin therapy in patients with severe aortic 
plaques has been undertaken [43]. There is no direct clinical evidence for routine 
use of antiplatelet agents to prevent the recurrence of CCE, and the relationship 
between CCE and thrombolytic and anticoagulation therapy remains controversial. 
While an animal model of CCE showed that the antiplatelet agent clopidogrel as 
well as heparin or the thrombolytic agent urokinase significantly decrease 
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CCE- related arterial thrombus formation and related ischemic tissue injury in the 
acute phase [39]. Moreover, DNase I treatment improved crystal clot-related vascu-
lar obstructions via the thrombolytic effect of DNase I [39]. However, neutrophil 
depletion or necrosis inhibitor therapies only prevent end-organ damage without 
vital effects on thrombus formation. Therefore, the new therapeutic strategy for 
thrombotic patients may consider rebuilding the plasma DNase I activity.

In summary, inside the blood stream, CC induce clotting, especially upon getting 
stuck in arterial vessels where they cause endothelial injury. Not the crystals but 
only crystal clots obstruct the vasculature and cause ischemic tissue injury.

3  MSU Crystals-Related Inflammation In and Around Joints

Several crystalline arthropathies exist but due to its high prevalence, gout is a model 
for the shared pathomechanisms of crystal-induced acute necroinflammation [44]. 
Gout presents as a crescendo of inflammation and pain, which has been long attrib-
uted to the pro-inflammatory effects that monosodium urate (MSU) crystals elicit 
on mononuclear phagocytes in cell culture. In 2005, a landmark study by Martinon 
and colleagues unraveled that the NLRP3 inflammasome, a macromolecular com-
plex in the cellular cytosol, is the main caspase-1-activating enzyme that induces the 
enzymatic activation and secretion of IL-1β, a central element of crystal-induced 
tissue inflammation [45]. Indeed, specific antagonists of IL-1β entirely abrogate 
acute inflammation in patients with gouty arthritis, clearly demonstrating the central 
role of this pathomechanism [46] (Fig. 4). The same mechanism applies to acute 
and chronic inflammation induced by many other microparticles composed of crys-
tals, proteins, or synthetic materials and is, therefore, a paradigmatic example for a 
shared pathomechanism across clinically completely diverse disorders [3]. 
Discovering the NLRP3 inflammasome was only the first step in deciphering the 
pathophysiology of gout and indeed may mainly occur in macrophages and den-
dritic cells resident to the synovial joint lining and periarticular tissues [47]. 
However, the main effector cell in gout is the neutrophil that readily migrates to 
tissues, where activated resident mononuclear phagocytes sense danger by secreting 
cytokines and chemokines. When infiltrating neutrophils encounter MSU crystals, 
they undergo necroptosis, a regulated form of necrosis involving a series of specific 
kinases subsequently ending in the formation of lytic pores in the outer and inner 
membranes [48] (Fig. 4). This phenomenon is also not MSU-specific and applies to 
crystals of all types, sizes, and shapes [49]. Neutrophil necrosis releases nuclear 
chromatin similar to the release of neutrophil extracellular traps (NETs) and indeed, 
there may be overlaps between crystal-induced neutrophil necrosis and what has 
been called NETosis [50]. Such extracellular chromatin releases cytotoxic histones, 
which join lytic proteases released from neutrophil granules and cytosol altogether 
producing local tissue injury and inflammation, i.e., necroinflammation [47], during 
the crescendo of clinical symptoms in the early phase of gouty arthritis (Fig. 4).
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Fig. 4 Crystal tophus formation in the joints. Uric acid supersaturation results in MSU crystal 
formation. (a) MSU crystals have direct cytotoxic effects on resident synoviocytes such as macro-
phages and epithelial cells. When these cells undergo regulated necrosis, they release DAMPs and 
alarmins. (b) At the onset of an acute gout attack, MSU crystal cause an acute inflammatory 
response characterized by massive infiltration of immune cells, such as neutrophils, monocytes, 
and macrophages. Mononuclear phagocytes take up MSU crystals, a process that ultimately acti-
vates the NLRP3 inflammasome and IL-1β release. In particular, neutrophils can form NETs and 
undergo necrosis, release histones, MPO, cytokines, and chemokines. That contributes to the cre-
scendo of the auto-amplification loop of necroinflammation. (c) Necrotic neutrophils released pro-
inflammatory factors attracting more neutrophils and more NETs formation. The NETs neutrophils 
clump together and form aggregates NETs (aggNETs). Macrophages localize around the tophus 
attempting to clear MSU crystals and aggNETs. This can lead to foreign-body granuloma forma-
tion with tophus masses at the center, surrounded by giant cells and epithelioid cell layers. MSU: 
monosodium urate, DAMP: damage-associated molecular pattern, MPO: myeloperoxidase, NET: 
neutrophil extracellular trap, IL: interleukin

However, a number of clinical settings indicate a more complex biology of 
crystal- induced inflammation. For example, MSU crystals are found in joints also 
outside acute gout attacks in the absence of signs of inflammation. Indeed, the 
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metabolic substrate of MSU crystals, soluble uric acid was found to be a potent 
inhibitor of crystal-induced inflammation, implying that although hyperuricemia is 
a risk factor for gout, soluble uric acid also suppresses the activation of the NLRP3 
inflammasome by entering the cytosol of immune cells via the urate transporter 
SLC2A9 [51]. Furthermore, gouty arthritis usually spontaneously resolves within 
1 week or so despite MSU crystals still being present in the joint or periarticular 
tissue. There are several counter-regulatory mechanisms of innate immunity that 
can explain this phenomenon such as the formation of aggregated NETs that digest 
released pro- inflammatory mediators as well as phagocytic clearance of NETs by 
macrophages [52]. In the long run, the crystal may persist in the joint and periarticu-
lar tissues as part of aggregated NETs and dead neutrophils, i.e., gouty tophus 
(Fig. 4). Such a tophus is frequently surrounded by macrophages that compartmen-
talize the dead neutrophil-crystal mass, conceptually like an abscess membrane [53].

In summary, gout is instrumental to examine several different aspects of crystal 
biology when dissecting the different phases of the disease involving different 
immune cell subsets that deal with MSU crystals differently.

4  Silica Crystal-Related Inflammation and Granuloma 
Formation in the Lung

Acute and prolonged inhalation of occupational microparticles entering interstitial 
compartments of the lung can lead to pulmonary complications associated with 
acute and chronic toxic exposure in farmers, flour mill worker, jewelers, or coal, 
uranium and gold miners, tunnel or quarry workers, and stone dressers [54–56]. 
Although prevention efforts have been made for many decades, silicosis is a major 
cause of morbidity and mortality worldwide [57]. Microparticle-related lung dis-
ease remains a major health issue in low- and middle-income countries [58–61], but 
also in developed countries, including USA and Australia [62, 63]. Depending on 
the dose and duration of exposure, patients can present with various clinical and 
pathological forms of silicosis, including simple (nodular) or acute (silicoproteino-
sis) silicosis, and complicated or progressive chronic silicosis [64]. For example, 
acute silicosis usually results from accidental high-intensity silica exposure and 
may develop within a few weeks to less than 5 years with dyspnea, cough, fever, and 
weight loss that may progress to respiratory failure and death. In the lung, silica 
particles are engulfed by alveolar macrophages via scavenger receptors such as the 
macrophage receptor with collagenous structure [65], which causes acute inflam-
mation and cytotoxicity (Fig. 5). The inflammatory response is associated with cell 
death, autophagy, formation of NETs as well as release of reactive oxygen species 
(ROS) and pro-inflammatory cytokines such as NLRP3 inflammasome-mediated 
IL-1β and tumor necrosis factor (TNF)-α by epithelial cells and alveolar macro-
phages [49, 66–68]. This in turn provokes further recruitment of alveolar macro-
phages, a perpetual cycle known as necroinflammation leading to accelerated 
alveolitis and fibrosis [69] (Fig. 5). Dendritic cells exhibit cellular activation and 
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b

Fig. 5 Microparticle-induced granuloma formation in the lung. Microparticles (like silica) have 
direct cytotoxic effects on epithelial cells and alveolar macrophages generating ROS that disrupt 
the cell membrane and release lysosomal enzymes causing tissue damage (a). Silica activates 
transcriptional factors (NF-κβ) in macrophages that trigger inflammatory and fibrotic processes. 
The release of cytokines and chemokines recruits polymorphonuclear and mononuclear cells to 
alveolar spaces and around the silica particles, which contribute to the formation of granulomas. 
During silica-induced inflammation, epithelial cells and alveolar macrophages secrete IL-1β trig-
gering fibroblasts activation and collagen deposition. Once fibroblasts are recruited to the damage 
site, TGF-β release induces local collagen deposition. Also TNF-α release leads to fibroblast acti-
vation and proliferation. Prolonged silica exposure can eventually cause the formation of intersti-
tial silicotic nodules (b), which contain macrophages, lymphocytes, and fibroblasts with 
disorganized collagen patches. These silicotic nodules cause progressive lung fibrosis and reduc-
tion of lung volume. ROS: reactive oxygen species, IL: interleukin, TGF: transforming growth 
factor, TNF: tumor necrosis factor
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migrate from the alveoli into the lung parenchyma in mice [70]. In a mouse model, 
Treg cells can exert modulatory functions both directly by expressing cytotoxic T 
lymphocyte antigen 4 during the inflammatory phase and indirectly by secreting 
TGF-β1, osteopontin, and IL-4 during the fibrotic stage [71–74]. Data suggest a 
potential role of lung epithelial cells in vivo and in vitro dependent and independent 
of NF-Ƙβ [75]. Profibrotic mediators can also induce epithelial to mesenchymal 
transition in human bronchial epithelial cells and such effect is enhanced by IL-1β 
[76]. However, the exact roles of TGF-β1 and IL-1β in silicosis remain unknown.

Chronic silicosis has a long latency, usually over 20 years, and is associated with 
persistent inflammation and particle overload, at which alternatively activated M2 
alveolar macrophages cannot accommodate further silica particles from the lung; 
hence, leading to progressive massive fibrosis with excess collagen deposition, 
fibroblast proliferation, and crystal granuloma formation [77] (Fig. 5). Indeed, gran-
uloma formation in interstitial silicotic nodules is a form of discrete and organized 
microparticle compartmentalization due to free silica particles distributed in the 
interstitium [78, 79]. Such granulomas have a core of activated phagocytes, mainly 
pro-inflammatory M1 macrophages, and an outer aspect of anti-inflammatory and 
profibrotic immune cells (macrophages, dendritic cells, and lymphocytes), which 
promote remodeling and interstitial fibrosis of the surrounding healthy tissue. 
Histopathological images of the lung from T cell-deficient mice that were exposed 
to microparticles were described as diffuse inflammation throughout the paren-
chyma but no visible granulomas [80]. Although this finding supports the view that 
T cells may play a role in initiating granuloma formation [81], T cells and granulo-
mas may have nothing to do with the progression of lung inflammation but rather 
granulomas (M1 macrophages) simply sequester silica particles [82]. Evidence sug-
gests that granuloma formation in chronic silicosis is associated with the presence 
of anti-apoptotic factors, including soluble Fas and Fas ligand [83–85], unlike in 
acute silicosis [86].

Silicosis-related immune dysfunction has been associated with several disorders, 
including an increased risk for infections [64, 87], lung malignancy [88–90], chronic 
obstructive pulmonary disease [91], and autoimmune diseases such as rheumatoid 
arthritis, systemic lupus erythematosus and scleroderma [92]. As yet, no proven 
curative treatment for silicosis exists [59]. For managing acute silicosis, whole lung 
lavage might remove silica particles, macrophages and soluble mediators from the 
lung and relieve symptoms [93], but sustained improvement of long-term outcomes 
or mortality has not been shown in clinical trials. Several immunosuppressive and 
anti-fibrotic drugs [94–96], tyrosine kinase inhibitors, e.g., bosutinib [97], dasatinib 
[98], or cell-based therapies [99, 100] were tested to attenuate pulmonary inflamma-
tion and fibrosis in experimental silicosis, but are yet to progress to human clinical 
trials. For young patients with acute respiratory failure, lung transplantation remains 
the only option. Further efforts are needed to improve the quality of life and slow 
deterioration of silicosis.

In summary, acute silicosis is characterized by interstitial inflammation, apopto-
sis, alveolar epithelial cell hyperplasia and the development of pulmonary lesions, 
while chronic silicosis is associated with silicotic nodules and massive pulmonary 
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fibrosis. Thus, it is important to dissect the molecular mechanisms for developing 
effective therapies and for managing the various forms of silicosis differently.

5  Calcium Oxalate and MSU Crystals-Related Inflammation 
in Kidneys

During the urine formation process, most of the water is reabsorbed from the fluid 
filtered by the glomerulus. When mineral concentrations are high and the amount of 
fluid is low, this process results in supersaturation of minerals and promotes their 
crystallization within the tubular lumen, leading to the development of type II (tubu-
lar lumen) and type III (renal pelvis) crystal nephropathies [101]. Crystallization of 
minerals, proteins, and drugs contributes to kidney injury in many different ways, 
e.g., via direct or indirect cytotoxicity involving regulated necrosis of kidney cells, 
or via inducing intrarenal inflammation. An autoamplification loop between inflam-
mation and regulated necrosis further aggravates kidney injury and contributes to 
kidney dysfunction. The reaction of kidney cells to crystalline particles is usually 
driven by their size, e.g., tubular cells phagocytose crystals of <10 μm in size and 
attempt to digest them within lysosomes [102]. During this process, amorphous 
calcium crystals release calcium that induces tubular necrosis via activation of cal-
pains [103]. If the particles cannot be digested, they destabilize the lysosomal mem-
brane causing the release of lysosomal enzymes into the cytosol, which triggers 
cellular stress [104]. Such cellular stress culminates in mitochondrial dysfunction 
and ROS formation, subsequently resulting in either enhanced autophagy [19] or 
regulated necrosis via receptor-interacting protein kinase (RIPK)-3 and mixed lin-
eage kinase-like (MLKL)-mediated necroptosis [105, 106], glutathione peroxidase 
(GPX)-4-mediated ferroptosis [107], or cyclophilin (Cyp) D-mediated mitochon-
drial permeability transition-related necrosis [108]. Furthermore, crystal-induced 
tubular necrosis may cause the release of extracellular histones, a cytotoxic DAMP 
[109]. The strong basic charge of extracellular histones triggers necrosis of neigh-
boring cells that may aggravate kidney injury during crystal nephropathies [109, 
110] (Fig. 6).

Histones as well as other DAMPs and alarmins released in the extracellular com-
partment trigger inflammation in the kidneys by activating several pattern recogni-
tion receptors present on both kidney immune and parenchymal cells, and thereby, 
activate the crescendo loop of necroinflammation [110, 111]. Crystals deposited in 
kidneys can also directly induce inflammation by enhancing NLRP3 inflammasome- 
mediated IL-1β release from renal mononuclear phagocytes [112, 113]. The crystal- 
induced NLRP3 activation mainly depends on lowering the potassium concentration 
within the cytosol either by increasing the efflux or dilution, e.g., cholesterol, silica, 
and MSU crystals [114, 115]. As explained earlier, cells attempt to digest crystals in 
the lysosome, which may lead to either calcium release (if crystals are digested) or 
lysosomal destabilization (if crystals are not digested), both processes result in 
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Fig. 6 Molecular mechanisms of crystal-induced necroinflammation. Supersaturation of solutes 
in the urine leads to the deposition of crystals in the tubular lumen, which activates signaling path-
ways, resulting in tubular cell death and inflammation. Phagocytosis of crystals causes lysosomal 
destabilization and release of cathepsin B (cat-B), which cleaves RIPK1, a negative regulator of 
necroptosis. RIPK1 degradation triggers the formation of the RIPK3–MLKL necrosome complex, 
resulting in tubular cell necroptosis. Dying tubular cells release numerous DAMPs and alarmins, 
which initiate inflammation. Dendritic cells and macrophages phagocytose crystals that are present 
in the interstitial compartment. Also here, lysosomal destabilization releases cat-B and ROS, 
which activate the NLRP3 inflammasome and induce the secretion of mature IL-1β by dendritic 
cells, triggering IL-1R-dependent inflammation in the kidney. The TNFR pathway can activate 
NF-κβ, which contributes to the activation of the inflammasome. RIPK3 and MLKL can also acti-
vate the NLRP3 inflammasome. Certain pro-inflammatory cytokines such as TNF can trigger regu-
lated necrosis in kidney cells through the TNFR, leading to further DAMP release. This process 
leads to an autoamplification loop of crystal-induced necroinflammation. DAMPs such as histones 
act as a central mediator of the necroinflammation loop as they induce both Toll-like receptor-
dependent inflammation and charge-dependent cell necrosis. RIPK: receptor-interacting protein 
kinase, DAMP: damage-associated molecular pattern, ROS: reactive oxygen species, IL: interleu-
kin, TNFR: tumor necrosis factor receptor, MLKL: mixed lineage kinase domain-like protein
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activation of the NLRP3 inflammasome inside professional phagocytes but not in 
parenchymal cells [116–119]. Lysosomal destabilization releases the lytic protease 
cathepsin B into the cytosol that induces NLRP3 activation as well as degradation 
of RIPK1, an endogenous inhibitor of necroptosis, thereby inducing necroptosis and 
DAMPs release. The calcium released from digested crystals activates the calcium- 
dependent protease calpain that cleaves pro-IL-1α into mature IL-1α, which may 
contribute to intrarenal inflammation [3] (Fig. 6).

Interestingly, macrophages surrounding intrarenal crystals undergo a phenotype 
shift to pro-inflammatory M1 macrophages. These granuloma macrophages con-
tribute to renal inflammation during crystal nephropathies [120]. Furthermore, per-
sistent inflammation also contributes to the development of kidney fibrosis 
[120–122]. For example, crystal-induced NLRP3 activation augments TGF-β 
signaling- mediated kidney fibrosis in an inflammasome-independent manner [120, 
122]. Also, inflammatory TNFR signaling initiates the adhesion of crystals to the 
tubular epithelium that subsequently leads to the formation of crystal plug in tubular 
lumen resulting in obstructive nephropathy [123, 124] (Fig. 6).

In summary, crystals or crystalline particle deposition induce necroinflammation 
by activating regulated necrosis as well as inflammation within kidneys, and thereby, 
contributing to kidney injury, inflammation and fibrosis that result in a decline in 
kidney function.

6  Crystals-Related Inflammation in Excretory Ducts

Excretory ducts are prone to crystallization of minerals, since they excrete concen-
trated filtrate from body fluids that consist of various mineral ions, and thus, 
supersaturation- driven crystallization takes place. A classic example of this is the 
occurrence of stones in the urinary system (nephrolithiasis), ureter (ureterolithia-
sis), and bladder (cystolithiasis). Apart from supersaturation, several recent reports 
provide an entirely novel insight, wherein the immune system-mediated response 
has been implicated to trigger crystallization. For example, a systematic analysis of 
salivary gland stone, i.e., sialoliths revealed that smaller crystals induce NET forma-
tion, subsequently NETs surrounding the smaller crystals leading to the formation 
of aggregates that provide a niche for further mineralization. This in turn results in 
the formation of macroscopic sialoliths, which occlude the ducts of salivary glands 
[125]. A similar mechanism was also proposed for the formation of gall stones 
[126], and crystallization in pancreatic ducts (pancreatic lithiasis) [127, 128]. The 
stones formed in the ducts can cause injury mainly by blocking the lumen of the 
duct and obstructing the flow of the filtrate. This leads to inflammation as character-
ized by infiltrating leukocytes, increased cytokine production, etc. The crystal- 
induced NETs also release extracellular DAMPs that may further contribute to 
inflammation via TLR activation [129]. Furthermore, crystals induce oxidative 
stress, which contributes to injury and inflammation in the excretory ducts [130, 131].
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7  Conclusions

Crystal biology is an expanding field of shared and crystal-specific body responses 
to crystal exposure. The general conceptual umbrella is that of innate host defense 
and wound healing. However, especially microparticles corrupt some of the other-
wise highly efficient mechanisms of innate host defense, triggering acute and 
chronic tissue inflammation and tissue destruction [132]. Specific mechanisms 
relate to the atomic nature of the microparticle and the components released from 
them, e.g., calcium released from calcium phosphate particles in acidic environ-
ments or sodium released from monosodium urate crystals inside phagocytes. 
Crystal masses of non-aggregating crystals remain soft such as the gout tophus but 
aggregating crystals that grow to the size of calculi can obstruct excretory ducts and 
cause painful colic. Vascular obstructions induced by embolic CCs can trigger intra-
vascular thrombosis, ischemia, and tissue necrosis as can large luminal atheroma or 
severe vascular wall calcifications. The clinical scenarios and presentations may be 
diverse and followed in different medical disciplines but the similarities in the 
underlying fundamental biological mechanisms demand a call for interdisciplinary 
research activities. There is a huge potential to significantly improve the morbidity 
and mortality of people suffering from “crystallopathies,” therefore joining in for a 
concerted scientific effort to address the many open questions related to crystal 
nephropathies is not only needed but also promising.
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1  Overview

Cholesterol crystals commonly localize in atherosclerotic lesions where they pro-
mote inflammation and disease progression. These crystals are distributed through-
out the necrotic lipid core as well as areas associated with active macrophage 
recruitment, suggesting an early role in lesion development. Cholesterol crystal for-
mation typically begins in the cell membrane—the site where cholesterol concen-
trates while serving essential structural and functional roles. When membrane 
cholesterol levels rise above a critical point, cholesterol will self-associate into its 
own nanodomains, which disrupt membrane function and nucleate the formation of 
extracellular crystals. Membrane lipid oxidation also favors cholesterol domain and 
crystal formation, especially under conditions of hyperglycemia. In the cytosol, 
cholesterol crystals activate inflammasomes and associated pathways following 
lysosomal damage, resulting in cytokine activation and inflammatory responses. 
These crystals can undergo rapid expansion, extending into the extracellular space 
of the atherosclerotic lesion, resulting in cell death and ultimately fibrous cap dis-
ruption. Omega-3 fatty acids (n3-FAs) mitigate these effects as they readily incor-
porate into cell membranes, and influence cholesterol distribution, lipid raft 
formation, and sterol crystallization. Eicosapentaenoic acid (EPA), in particular, 
inhibits cholesterol domain formation due to its potent antioxidant and membrane 
stabilizing effects. Clinical trials have shown that EPA can reduce composite CV 
events in statin-treated, high-risk patients while reducing plaque volume and 
increasing fibrous cap thickness. Other long-chain fatty acids such as docosahexae-
noic acid (DHA) or mixed EPA/DHA formulations did not produce these benefits. 
Understanding the mechanisms by which EPA disrupts cholesterol crystal forma-
tion will provide novel insights into the cardioprotective effects of these agents and 
their role in treating CV disease.

2  Essential Role of Cholesterol in Membrane Structure 
and Cellular Function

Cellular cholesterol associates almost exclusively with membranes, where it influ-
ences phospholipid bilayer width, lipid dynamics, raft formation, and protein func-
tion [1, 2]. In the plasma membrane, cholesterol serves an integral structural role, 
providing lateral stability to various transmembrane ion channels and signal trans-
duction proteins. Due to its highly planar and rigid sterol backbone, cholesterol 
reduces acyl chain trans-gauche isomerization in neighboring phospholipids, result-
ing in a concentration-dependent increase in membrane width and density [2–4]. 
These changes in acyl chain packing constraints also influence the movement and 
activity of transmembrane proteins in a reversible manner as observed in models of 
hypercholesterolemia [5–7]. One study showed that cholesterol can modulate the 
activity of calcium-activated potassium channels, promoting a transition from open 
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to closed state as a result of increasing the lateral stress exerted on transmembrane 
helices in the membrane bilayer [8]. Cholesterol also influences other membrane 
properties, including water permeability, fluidity, intrinsic curvature, viral fusion, 
and endosome formation [9].

Plasma membrane lipid rafts, which serve as platforms for various signal trans-
duction proteins, contain 3–5 times the amount of cholesterol than other areas of the 
membrane. These rafts are also enriched in sphingolipids that have favorable inter-
actions with cholesterol due to their highly saturated hydrocarbon chains and com-
plex headgroup structures [10]. These rafts float laterally through the more fluid, 
phospholipid-enriched lipid bilayer and can cluster to form enlarged domains. 
Certain key proteins localize preferentially to lipid rafts, such as the insulin recep-
tor, which forms a functional dimer only after it is incorporated into certain lipid 
rafts [11]. Rafts also concentrate ligands and receptors necessary for a wide variety 
of cell signaling pathways, including Src-family kinase-induced phosphorylation 
cascades and glycosylphosphatidylinositol (GPI)-anchored protein-dependent 
actions [12]. Lipid rafts also sequester growth factor receptors as well as antigen 
receptors in immune cells such as T cells, B cells, mast cells, and basophils [13, 14]. 
Loss of raft integrity disrupts cytokine secretion triggered by inflammatory stimuli 
as well as B cell and T cell activation. The polyunsaturated fatty acid (PUFA) con-
tent of membrane phospholipids strongly influences cholesterol-enriched lipid rafts 
and their signaling protein [15–18].

Lipoproteins carry cholesterol through the circulation and deliver it to cells by 
receptor-mediated endocytosis [19]. Each low-density lipoprotein (LDL) particle 
contains approximately 1500 molecules of cholesteryl ester compressed into a 
hydrophobic core, surrounded by a polar phospholipid monolayer and a single apo-
lipoprotein B (ApoB) molecule. Upon endocytosis, the LDL particles combine with 
intracellular lysosomes where hydrolysis liberates cholesterol from cholesteryl 
ester for use in membrane synthesis. As excessive cholesterol is toxic, cells such as 
macrophages use acetyl-coenzyme A (CoA) cholesterol acyltransferases (ACATs) 
to convert excess cholesterol back to cholesteryl esters for storage in cytoplasmic 
inclusions [20, 21].

The enzymes responsible for cholesterol synthesis are regulated in a coordinated 
fashion based on intracellular cholesterol concentrations. If cholesterol levels in the 
cell are too high, the expression of LDL receptors as well as HMG CoA reductase, 
the rate-limiting enzyme in cholesterol biosynthesis, declines; if cholesterol levels 
are too low, the expression of these proteins are increased (Fig. 1). The transcription 
factor sterol regulatory element-binding protein-2 (SREBP-2) in the endoplasmic 
reticulum (ER) regulates membrane cholesterol levels [22]. Low intracellular cho-
lesterol concentrations below 5% of total ER lipids (molar basis) activate SREBP-2 
by several proteolytic cleavage steps in the Golgi apparats, ultimately promoting the 
transcription of genes in the nucleus that modulate cholesterol synthesis and uptake 
from external sources [23]. The transcription factor nuclear factor erythroid 2 
related factor-1 (Nrf1) is an essential regulator of cholesterol homeostasis in the ER 
[24]. Nrf1 detects changes in ER cholesterol content through a transmembrane 
binding domain that regulates its location, processing and activation.
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Fig. 1 Intracellular Cholesterol Content Depends on Tight Regulation of Sterol Regulating 
Element-Binding Protein 2 (SREBP-2). (1) When intracellular cholesterol content is sufficient to 
facilitate normal cellular function, SREBP2 is sequestered to the endoplasmic reticulum though 
binding SREBP cleavage-activating protein (SCAP). This complex remains anchored to the ER 
because SCAP binds to membrane cholesterol, which in turn causes a conformational change to 
allow SCAP to bind to insulin-induced gene 1 (INSIG). (2) When the intracellular concentration 
drops (measured by total sterol in the ER), there is insufficient cholesterol in the ER to bind SCAP 
and thus the SCAP-INSIG complex dissociates. SCAP is then open to binding COP-II proteins in 
anticipation of transport to the Golgi apparatus via COP-II vesicles. (3) In the Golgi, two sequen-
tial proteases cleave SREBP2 to liberate the basic helix-loop-helix (bHLH) domain. (4) The bHLH 
domain then travels to the nucleus where it binds the sterol regulatory element (SRE) and induces 
transcription of proteins necessary for de novo cholesterol synthesis and extracellular cholesterol 
uptake, including HMG-CoA reductase (HMG-CoA R), melovonate kinase (MVK), and the LDL 
receptor (LDLR). (5) Newly synthesized LDLR is transported to the cell membrane where is binds 
LDL particles in circulation and facilitates their endocytosis. (6) The net result of this mechanism 
is increased intracellular cholesterol, which will eventually increase the cholesterol content in the 
ER to bind SCAP and terminate this process

When cholesterol levels exceed cell requirements, it is packaged as cholesteryl 
esters in intracellular lipid droplets. Hydrolases can convert these esters back to free 
cholesterol, as needed, before incorporation into membranes. Importantly, the non- 
polar, esterified form of cholesterol cannot partition into the membrane lipid bilayer. 
As cells do not degrade cholesterol, efflux from cellular membranes is essential for 
maintaining normal sterol levels in a process called reverse cholesterol transport. 
High-density lipoprotein (HDL), which consists of the apolipoprotein A-I (ApoA-I) 
protein and a lipid core containing a higher ratio of cholesterol to triglycerides as 
compared to LDL, can serve as an acceptor for the exported cholesterol. The 
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transport of plasma membrane cholesterol to extracellular HDL particles depends 
on ATP-binding cassette (ABC) transporters or by passive diffusion across a choles-
terol gradient. Lipid rafts and caveolae can coordinate and facilitate cholesterol 
release to external lipoproteins [25]. To complete reverse cholesterol transport, 
HDL returns the sterol to the liver for excretion in the bile or to steroidogenic tissues 
that synthesize steroidal hormones [9]. In addition to hormones, metabolism of cho-
lesterol leads to essential bile acids, vitamin D, and oxysterols [26].

3  Endothelial Dysfunction Leads to LDL Retention 
and Promotes Inflammatory Changes

Impaired endothelial dysfunction can promote the entry and retention of LDL par-
ticles in the arterial intima, triggering macrophage- and T cell-mediated inflamma-
tory changes, and resulting in early plaque development [27]. LDL lipid oxidation 
results in the deamination of lysine residues on ApoB and formation of reactive 
aldehydes. Scavenger receptors on macrophages bind modified LDL, mediating 
LDL uptake and foam cell formation [28]. The foam cells trigger an inflammatory 
reaction through the release of various pro-inflammatory factors and cytokines [29, 
30]. Increased risk for acute coronary syndromes, ischemic events, and metabolic 
disorders are associated with circulating levels of oxidized forms of LDL [31–34]. 
Oxidized LDL also shifts endothelial conditions from an anti-inflammatory and 
anti-thrombotic state to pro-inflammatory environment as evidenced by increased 
production of potent vasoconstrictors, including endothelin-1, angiotensin II, 
thromboxane A2, and prostaglandin H2.

Endothelial dysfunction associated with increased levels of oxidized LDL can 
also involve reduced nitric oxide (NO) bioavailability [35–37]. As an inhibitor of 
platelet aggregation and leukocyte adhesion, NO is a key signaling molecule gener-
ated by the dimeric enzyme, NO synthase (NOS), which catalyzes the oxidation of 
l-arginine into l-citrulline. In the presence of oxidized LDL, endothelial NOS 
(eNOS) dimers become uncoupled due to an inadequate supply of co-factors such 
as tetrahydrobiopterin. Under these conditions, eNOS donates electrons to molecu-
lar oxygen to produce superoxide (O2

−) rather than NO [38, 39]. Excess levels of 
O2

− can directly facilitate an increase in oxidized LDL.
The eNOS molecule is regulated by caveolin proteins, which are palmitoylated 

transmembrane proteins with a hairpin-like structure that binds tightly to choles-
terol [40]. One of the three caveolin isoforms, caveolin-1, binds eNOS and inhibits 
its activation by competing with calcium calmodulin while also modulating various 
inflammatory responses. As a calcium regulatory protein, calmodulin is essential for 
eNOS function but also attenuates its activity following phosphorylation in endo-
thelial cells [41]. Changes in the cholesterol content of caveolae influences caveo-
lin- 1 expression and NO production in aortic endothelial cells [42]. Additionally, 
the inhibition of cholesterol synthesis with a statin has been shown to increase 
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eNOS activity by reducing caveolin-1 expression and other post-transcriptional 
mechanisms [43]. Statins also modulate eNOS and reduce inflammation through 
increased expression of Kruppel-like factor 2 (KLF2) [44, 45]. These findings sug-
gest that endothelial dysfunction associated with hypercholesterolemia can be 
reversed by inhibiting cholesterol biosynthesis and modulating eNOS function. 
EPA also contributes to caveolae-mediated improvements in NO bioavailability by 
modifying the lipid content and structural properties of caveolae, leading to caveo-
lin- 1 displacement and enhanced eNOS activity [37, 46].

4  Origins and Inflammatory Effects of Cholesterol Crystals

Cholesterol crystals comprise an abundant and pathologic component of atheroscle-
rotic plaques [47–49]. Lesions with increased levels of lipid accumulation and large 
quantities of crystals are among the most vulnerable to rupture and provoke adverse 
ischemic events [50, 51]. Nascent lesions can also contain cholesterol crystals, sug-
gesting that these structures accumulate much earlier in plaque development than 
previously thought [52–54]. Available data suggest that cholesterol crystals form in 
macrophage-derived foam cells following excessive accumulation of cholesterol 
[55, 56] as well as potentially starting as extracellular lipid in the matrix of the 
plaque [57]. Once a critical mass is reached, an intracellular nucleating event occurs, 
leading to cholesterol crystallization [58]. In mouse macrophages, inhibition of cho-
lesterol esterification by blocking ACAT leads to the rapid accumulation of free, 
monomeric cholesterol and crystal formation (Fig. 2) [55]. Exclusion of an extracel-
lular acceptor such as HDL accelerates this process [55]. Unlike membrane choles-
terol, which can be easily transferred to extracellular acceptors, cholesterol crystals 
resist removal even by phagocytotic mechanisms [59].

Disruptions in the biosynthesis, transportation and metabolism of cholesterol 
lead to various diseases such as atherosclerosis and lipid storage disorders. In lipid- 
laden, macrophage-derived foam cells, cholesterol crystals result from excessive 
sterol accumulation or disruption in the regulation of cholesterol esterification [20]. 
Under hypercholesterolemic conditions, excessive cholesterol accumulation in 
membranes of vascular smooth muscle cells and macrophages leads to the forma-
tion of cholesterol domains, a precursor to cholesterol crystals, as shown in animal 
and membrane-based models of atherosclerosis [3, 60–62]. Tulenko et al. studied 
the effects of cholesterol enrichment in aortic smooth muscle cells obtained ex vivo 
from rabbits with diet-induced atherosclerosis [3]. After exposure to a Western 
(cholesterol-enriched) diet for up to 13 weeks, the cholesterol content measured in 
aortic smooth muscle cell membranes increased substantially from a typical level of 
~30 mol% to over 50 mol% over time of exposure to diet. These membranes were 
isolated and further examined using X-ray diffraction approaches, which demon-
strated immiscible cholesterol monohydrate domains or “bilayers” with a highly 
reproducible periodicity of 34  Å. The molecular dimensions associated with the 
cholesterol bilayer phase corresponded to a tail-to-tail arrangement of cholesterol as 
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Fig. 2 ACAT inhibition increases free cholesterol content and induces membrane cholesterol 
domain formation. During atherosclerosis, LDL particles can pass through the endothelium and 
accumulate in the arterial intima. Macrophages phagocytose these LDL particles, eventually form-
ing macrophage foam cells. Cells maintain cholesterol homeostasis within the cell through ester 
hydrolase enzymes and acetyl CoA cholesterol acyltransferase (ACAT) enzymes: ester hydrolase 
enzymes remove the ester moeity from cholesterol esters (from LDL) to form free cholesterol, and 
ACAT esterifies free cholesterol. Because excess free cholesterol can be toxic, it can be stored 
intracellularly as cholesterol esters via ACAT activity or it can be effluxed from the cell via ATP 
binding cassette 1 (ABCA1) to extracellular acceptors. Accumulation of excess free cholesterol in 
the cell membrane induces the formation of cholesterol domains, which in turn form nucleation 
sites for larger extracellular cholesterol crystals. In vitro experiments have shown that inhibition of 
ACAT leads to formation of such domains and cholesterol crystals due to excessive free choles-
terol in the cell membrane

the long axis of cholesterol monohydrate was shown to be 17 Å in previous X-ray 
crystallographic analyses [63]. The formation of cholesterol domains was repro-
duced in membranes reconstituted as binary mixtures of phospholipid and choles-
terol at levels replicating disease conditions. Oxidized sterols such as 
7-ketocholesterol also produced similar membrane domains, which exhibited a 
slightly larger periodicity of 35.4 Å due to the differing chemical structure [64]. 
Oxidized sterols also form toxic extracellular crystals that trigger apoptosis with 
dimensions that differ only slightly from that of non-oxidized crystals [65].
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Cholesterol crystals also localize in murine macrophage-derived foam cells incu-
bated with an ACAT inhibitor and deprived of any extracellular acceptors of free 
cholesterol for up to 5 days [66]. X-ray diffraction approaches have shown that cell 
membranes can develop reproducible cholesterol domains after exposure to treat-
ment for only 31 h. The formation of intracellular crystals follows, as the crystals 
extend quickly into the extracellular space, increase in size and assume various 
morphologies, including plates, needles, or helices [66]. Other studies have shown 
such crystals to be cytotoxic and highly resistant to pharmacologic intervention due 
to their inert properties and stability under various experimental conditions. In the 
atheroma, the sharp tips and edges of these crystals can damage cellular compo-
nents leading to expansion of the necrotic core, damage to the fibrous cap, and 
eventual plaque rupture [67–69]. These studies indicate the importance of 
cholesterol- focused interventions for interrupting crystal formation. Therapies spe-
cifically targeted at events that trigger membrane cholesterol domain formation, 
such as oxidative stress and cholesterol enrichment, are essential for reducing car-
diovascular (CV) risk. Among the interventions that may reduce cholesterol crystal 
accumulation, administration of cyclodextrin has demonstrated some beneficial 
actions experimentally [70].

Duewell et  al. used a novel microscopic technique to demonstrate that small 
cholesterol crystals appear in early, diet-induced atherosclerotic lesions in 
atherosclerosis- prone (apolipoprotein E-deficient) mice. These crystals were found 
to cause lysosomal damage in phagocytes in vitro resulting in the activation of the 
nucleotide-binding oligomerization domain (NOD)-like receptor containing pyrin 
domain 3 (NLRP3) inflammasome (Fig. 3) [52]. This complex, which often requires 
multiple danger signals prior to activation, recruits the adapted apoptosis-associated 
speck-like protein containing a caspase recruitment domain (CARD) (ASC), which 
converts procaspase-1 into caspase-1 which converts the inactive pro- forms of 
interleukins (IL)-1β and IL-18 to their mature biologically functional forms [71, 
72]. There appear to be several mechanisms of activation for the NLRP3 inflamma-
some depending on the inflammatory stimulus. Phagocytosis of cholesterol crystals 
results in the rupture of phagolysosomes and release of their proteolytic contents—
most notably the proteases cathepsin B and L, which in turn activate the NLRP3 
inflammasome [52, 73]. In mice the lack of NLRP3- or cathepsin protease subjected 
to the same high-cholesterol diet, highly attenuates the inflammatory and athero-
sclerotic effects of these crystals [52].

Cholesterol crystals can also induce the release of neutrophil extracellular traps 
(NETs) from neutrophils in a manner dependent on reactive oxygen species (ROS). 
These structures can promote the amplification and propagation of thrombosis [74]. 
NETs in turn signal the release of IL-1β through the NLRP3 inflammasome [75]. 
NETs also bear IL-1 alpha which can activate endothelial cells [76]. NETs localize 
in atherosclerotic lesions isolated from high-fat diet-exposed, ApoE-deficient mice; 
and genetic knockout of key NET production enzymes in some studies reduces arte-
rial lesions to an extent similar to that observed in NLRP3-specific knockout strains 
[75]. This observation strengthens the connection between cholesterol crystals and 
NLRP3-dependent inflammatory signaling within the atheroma.
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Fig. 3 Assembly of the NLRP3 Inflammasome can be Initiated by Cholesterol Crystals, Resulting 
in Cytokine Release. The NOD-LLR and pyrin domain-containing protein 3 (NLRP3) inflamma-
some assembles following stimulation from multiple external signals. Among these are cholesterol 
crystals, which can degrade and rupture lysosomes as they are destined for degradation. As a result, 
proteolytic contents such as cathepsin B are released from the lysosome into the cytosol, leading 
to the NLRP3 assembly. NLRP3 recruits NIMA-related kinase 7 (NEK7), the adapted apoptosis- 
associated speck-like protein containing a caspase (ASC), and procaspase-1 which is then con-
verted into activated caspase-1. It is the activated caspase which converts pro-interleukins (IL)-1β 
and pro-IL-18 to their active functional forms for release

ROS generated from pathogen- and damage-associated molecular patterns 
(PAMPs and DAMPs, respectively) can also initiate inflammasome activation [72]. 
Microtubules play a key role in NLRP3 inflammasome activation by facilitating the 
aggregation of the various components in response to inflammatory stimuli; thus 
inhibitors of tubulin polymerization such as colchicine may offer additional anti-
inflammatory effects [77]. Indeed, the Low-Dose Colchicine (LoDoCo 1 and 2) 
trials showed significant reductions in composite cardiovascular events in patients 
with coronary disease while the Colchicine Cardiovascular Outcomes Trial 
(COLCOT) trial showed similar effects in patients with recent myocardial infarc-
tion receiving low-dose colchicine on top of statin use [78–80].
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5  Effects of Omega-3 Fatty Acids on Membrane Structure 
and Cholesterol Distribution

Omega-3 fatty acids (n3-FAs) accumulate in circulating red blood cells in propor-
tion to dietary intake [81, 82]. Following absorption in the gut, n3-FAs travel to 
tissues throughout the body in triglyceride (TG)-rich lipoproteins like VLDL or as 
free fatty acids bound to plasma albumin [82–84]. n3-FAs carried in lipoproteins are 
also typically converted into cholesteryl esters or phospholipids such as phosphati-
dylcholine and phosphatidylethanolamine [84]. Two n3-FAs, eicosapentaenoic acid 
(EPA; 20:5) and docosahexaenoic acid (DHA; 22:6) have dominated much research 
because of their putative anti-atherothrombotic and cardioprotective properties. 
Obtained from oily fish like sardines and anchovies, EPA and DHA differ in their 
chemical structure by only two carbons and one double bond. Both n3-FAs are 
incorporated into phospholipids in the ER and transported into cell membranes 
where they influence lipid dynamics and structural organization [18]. These and 
other n3-FAs also participate in intracellular signaling, facilitated by enzymes such 
as cyclooxygenases and lipoxygenases, which convert n3-FAs to various lipid 
metabolites following their release from the cell membrane by phospholipase A2. 
Several lipid metabolites, including EPA-derived resolvins and DHA-derived pro-
tectins, influence gene expression and facilitate inflammation resolution [85].

X-ray diffraction approaches have shown that EPA and DHA have distinct effects 
on membrane structure and lipid organization. EPA, in both free fatty acid and 
phospholipid- associated forms, normalizes membrane lipid structural order and 
preserves normal cholesterol distribution [18, 86]; DHA, however, reconstituted in 
similar forms, promotes membrane lipid disorder and the segregation of cholesterol 
into discrete domains [87]. Treatment with both n3-FAs resulted in little change in 
membrane structure as compared to their separate effects. These distinct biophysi-
cal effects may contribute directly to the differences observed for EPA and DHA in 
various clinical studies [88].

The disparate effects of EPA and DHA on cholesterol-dependent, membrane 
physical properties were confirmed using micropipette aspiration techniques [89]. 
This approach permits the controlled application of force to the membrane surface 
and the measurement of the apparent expansion modulus (Kapp), a surrogate for 
membrane elasticity. In membranes prepared with normal levels of cholesterol, 
DHA reduced the Kapp and promoted cholesterol domain formation. By sequestering 
cholesterol from bulk lipid, DHA reduces van der Wall interactions between choles-
terol and phospholipid acyl chain segments, effectively reducing the energy required 
to stretch the membrane. In contrast, EPA promoted a normal, homogenous distri-
bution of cholesterol in the membrane bilayer and a higher Kapp [89].

Fluorescence polarization techniques have substantiated the separate effects of 
EPA and DHA on membrane dynamics [87]. Changes in membrane fluidity were 
measured in the absence or presence of EPA and DHA by monitoring the apparent 
rotational correlation time (ARCT) of the fluorescent probe, 1,6-diphenyl-1,3,5- 
hexatriene (DPH). DHA significantly increased ARCT in a dose-dependent manner, 
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while EPA had no significant effect on ARCT values over a broad range of concen-
trations (1–10 mol%). These data indicate that DHA, unlike EPA, promotes mem-
brane cholesterol aggregation and domain formation, leading to cholesterol crystal 
formation.

6  Effects of Omega-3 Fatty Acids on Membrane Lipid 
Oxidation and Cholesterol Crystal Formation 
During Hyperglycemia

Oxidative damage to unsaturated phospholipid acyl segments leads to deleterious 
changes in membrane structure, including lipid redistribution, cholesterol domain 
formation, and changes in bilayer width [60, 90–92]. n3-FAs can mitigate the effects 
of oxidative stress by trapping and stabilizing free radicals via their acyl chain- 
associated, conjugated double bonds, which are optimally positioned to block free 
radical propagation in the membrane hydrocarbon core. EPA has very potent anti-
oxidant properties and significantly reduces lipid oxidation in cholesterol-enriched 
model membranes as well as in ApoB-containing lipoprotein particles [62, 87, 93, 
94]. TG lowering agents and other long-chain fatty acids were tested in the same 
studies and shown to be relatively ineffective. In patients with elevated TG levels, 
EPA significantly reduced circulating levels of oxidized LDL as compared to pla-
cebo alone [95]. DHA can exert some antioxidant effects, but these actions attenuate 
with time due to rapid isomerization that lead to disruption in adjacent phospholipid 
acyl chains and inefficient reduction of free radical propagation through the mem-
brane lipid bilayer [18, 93, 96–98]. The sub-nanosecond rates of isomerization have 
correlation times ranging from 80 picoseconds (ps) near the carbonyl group to a 
mere 8 ps near the terminal methyl group as determined by nuclear magnetic reso-
nance (NMR) relaxation measurements [99]. The antioxidant effects of EPA 
increase when combined with the atorvastatin active metabolite, which occupies the 
same membrane location as EPA and facilitates further resonance stabilization of 
ROS through the statin’s aromatic ring structures [60, 94, 100, 101].

The lipid membrane antioxidant effects of EPA also apply under conditions of 
hyperglycemia. High glucose levels increase ROS production and the formation of 
carbonyl species and other products of lipid degradation [62, 91]. Such effects asso-
ciate with discrete changes in lipid order and structural organization, leading to 
increased cell permeability and loss of membrane function [102, 103]. Prolonged 
exposure to glucose also promotes membrane cholesterol aggregation, domain for-
mation, and the extracellular deposition of cholesterol crystals as observed in the 
atheroma [62, 91]. The ability of glucose to promote lipid oxidation and cholesterol 
crystalline domain formation appear to be unique as it was not reproduced by other 
monosaccharides (e.g., mannose) at comparable concentrations [60, 91]. In fact, 
glucose has certain properties that make it more reactive with singlet oxygen and 
other ROS to form glucose radicals [104, 105]. By virtue of its potent free radical 
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scavenging effects, EPA can abrogate the effects of glucose-induced oxidation, 
blocking lipid peroxidation and cholesterol crystal formation in a dose-dependent 
manner [62]. The atorvastatin active metabolite also blocks lipid oxidation and cho-
lesterol crystal formation under hyperglycemic conditions [60].

7  Clinical Implications of EPA Effects 
on Cholesterol Organization

The ability of EPA to interfere with cholesterol crystal formation and its associated 
effects on inflammation and endothelial cell function may contribute to its clinical 
benefits in CV trials [106]. The Reduction of Cardiovascular Events with Icosapent 
Ethyl–Intervention Trial (REDUCE-IT) showed that administration of a highly 
purified EPA ethyl ester formulation, icosapent ethyl (IPE), at 4 g/day, significantly 
reduced risk of composite CV events by 25% in at-risk patients with elevated TG 
levels (>150 mg/dL) [107]. The risk reductions observed in the REDUCE-IT did not 
relate to TG lowering (19.7% decrease) but more likely due a combination of pleio-
tropic actions [108–110]. Serum EPA levels correlated more strongly with CV out-
comes than did other traditional biomarkers such as LDL cholesterol, HDL 
cholesterol, and high-sensitivity C-reactive protein [111]. The reductions in events 
were also independent of statin choice that included high intensity agents such as 
rosuvastatin and atorvastatin [112]. Other large CV trials and clinical imaging stud-
ies using IPE formulations have yielded results consistent with REDUCE-IT while 
also providing mechanistic insights [113–116].

By contrast, clinical studies using EPA/DHA combination therapy, in the form of 
prescription or dietary supplement products, have not demonstrated favorable CV 
outcomes [117–121]. In the Long-Term Outcomes Study to Assess Statin Residual 
Risk with Epanova in High Cardiovascular Risk Patients with Hypertriglyceridemia 
(STRENGTH) trial, free carboxylic acid formulations of EPA and DHA (4 g/day 
combined) had no significant effect on primary CV outcomes despite reducing TG 
levels by 19% as compared to placebo [122]. This was consistent with the neutral 
effects observed with other TG lowering agents, such as niacin and fenofibrate, 
when combined with statin therapy [123–126]. The Pemafibrate to Reduce 
Cardiovascular Outcomes by Reducing Triglycerides in Patients with Diabetes 
(PROMINENT) trial was conducted to test pemafibrate, a selective peroxisome 
proliferator-activated receptor alpha modulator (SPPARM-α), on CV events in 
statin-treated patients with type 2 diabetes and mild to moderate hypertriglyceride-
mia (200–499  mg/dL) [127]. Pemafibrate reduces median TG levels between 
40–50% compared with placebo in regulatory studies. Despite more potent TG low-
ering activity compared to fenofibric acid derivatives, PROMINENT recently halted 
due to futility at the recommendation of the independent data monitoring committee 
[128]. These findings indicate that TG lowering does not add incremental benefit 
over reductions in ApoB using intensive statin therapy. Mendelian randomization 
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analyses of variants that associated TG-rich lipoprotein and LDL levels with CV 
risk confirm that absolute changes in ApoB levels were the best indicator of risk 
reduction [129]. Thus, the clinical benefits with EPA may arise from its particular 
physicochemical properties, including the ability to inhibit cholesterol domain and 
crystal formation, as opposed to TG lowering actions alone [130].

Studies of plaque progression in high-risk patients with well-established coro-
nary atherosclerosis reinforce the improved CV outcomes with EPA and provide 
mechanistic insights [113–116, 131, 132]. In the Combination Therapy of 
Eicosapentaenoic Acid and Pitavastatin for Coronary Plaque Regression Evaluated 
by Integrated Backscatter Intravascular Ultrasonography (CHERRY) trial, patients 
received pitavastatin alone or pitavastatin plus IPE and followed prospectively for 
6–8 months to determine effects on coronary plaque regression and features ascribed 
to stabilization [114]. Coronary plaque volume and composition were measured 
using integrated backscatter intravascular ultrasound (IB-IVUS). Treatment with 
both IPE and pitavastatin reduced total atheroma volume, increased fibrous cap 
thickness, and reduced plaque macrophage levels as compared to pitavastatin alone. 
These changes correlated with an increase in the ratio of EPA to arachidonic acid 
(AA), a largely pro-inflammatory omega-6 fatty acid. These two fatty acids compete 
for binding at the sn-2 position of phospholipids in the cell membrane and are both 
hydrolyzed by phospholipase A2 (PLA2), which releases them back into the cytosol 
for use in numerous signaling and metabolic pathways.

As noted above, subsequent enzymatic processing of EPA produces a series of 
active metabolites known as eicosanoids, which have disparate downstream effects 
depending on their fatty acid source. For example, during inflammatory challenge, 
AA is converted by cyclooxygenase (COX) and lipoxygenase (LOX) into prosta-
glandin E2 and leukotriene B4, respectively, both of which are potent, pro- 
inflammatory signaling molecules. By contrast, EPA is acted on by COX to produce 
the anti-inflammatory signaling molecule prostacyclin and various bioactive media-
tors, including resolvin E1, which have potent pro-revolving and immunoregulatory 
effects [133, 134]. These and other studies indicate that the EPA/AA ratio plays an 
important role in maintaining inflammatory homeostasis. Clinically, the EPA/AA 
ratio is a well-established predictor of CV risk [135]. Various clinical trials, includ-
ing JELIS, MARINE, and ANCHOR, have also shown that IPE treatment increase 
the EPA/AA ratio [81, 113, 136]. Together with laboratory findings, these observa-
tions suggest that EPA facilitates coronary plaque stabilization, in part, through 
anti-inflammatory mechanisms that offset the effects of enhanced AA metabolism 
due to plaque incorporation and direct effects on dendritic cells and T-lymphocytes 
[137, 138].

A computed tomographic angiographic study assessed the effects of IPE inter-
vention on plaque evolution in statin-treated patients with coronary disease and dys-
lipidemia in the randomized, double-blind, placebo-controlled Effect of Vascepa on 
Improving Coronary Atherosclerosis in People With High Triglycerides Taking 
Statin Therapy (EVAPORATE) trial [116]. In the placebo arm, low attenuation 
plaque (LAP) volume increased 109% compared to baseline over the 18-month 
study period. In the IPE treatment arm (4  g/day), LAP volume decreased 17% 
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compared to baseline (P = 0.006) over the same time period, an effect consistent 
with overall plaque regression. LAP has particular clinical significance as LAP bur-
den strongly predicts fatal versus nonfatal myocardial infarction [139]. The effects 
observed with IPE in EVAPORATE agreed with other measurements of plaque vol-
ume, including total plaque, which fell compared to placebo (−9% vs. 11%, respec-
tively; p = 0.002) [106]. These changes in indices of plaque vulnerability did not 
associate with TG levels or other lipid changes and persisted after multivariable 
adjustment of risk factors [116]. Importantly, the HEARTS trial investigated the 
effects of an EPA/DHA mixed formulation on non-calcified plaque volume in statin- 
treated patients with established coronary artery disease [117]. The results showed 
no significant reduction in plaque volume, consistent with the lack of clinical ben-
efit observed in outcome trials. Together with CHERRY and other imaging trials, 
these data provide strong evidence that IPE treatment provides incremental benefit 
on top of statin to reduce CV events, facilitated, in part, by a reduction in plaque 
burden and vulnerability in high-risk and dyslipidemic patients.

8  Conclusion

Cholesterol crystals are early contributors to inflammation, atherogenesis, and 
eventual plaque erosion, including the rupture of the fibrous cap. These crystals 
develop through various pathways that interrupt normal cholesterol metabolism, 
including excessive accumulation of cholesterol in cell membranes as well as lipid 
oxidation associated with hyperglycemia and other risk factors. Intracellular choles-
terol crystals activate the NLRP3 inflammasome leading to the release of the active 
forms of the pro-inflammatory cytokines IL-1β and IL-18 and consequent inflam-
matory changes. Given their role in the formative stages of atherosclerosis, blocking 
the biogenesis of intravascular cholesterol crystals represents a promising area of 
therapeutic intervention. EPA holds particular promise as it stabilizes membrane 
cholesterol distribution and prevents cholesterol crystalline domain formation under 
disease-like conditions in vitro—an effect not replicated by other fatty acids or TG 
lowering agents. These basic, physicochemical properties may explain, in part, the 
significant reduction in CV events and plaque volume observed with EPA in high- 
risk CV patients.
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Uric Acid in Inflammation 
and the Pathogenesis of Atherosclerosis: 
Lessons for Cholesterol from the Land 
of Gout

Binita Shah, Gary Ho, Sonal Pruthi, Michael Toprover, 
and Michael H. Pillinger

1  Introduction

Gout is a chronic, inflammatory, crystal-driven condition and patients who suffer 
from it have increased cardiovascular risk and related comorbidities [1–3]. The 
biology and management of gout may therefore provide insights relevant to under-
standing the role that inflammation and other mechanisms play in cardiovascular 
disease (CVD) both among patients with gout and in the general population. The 
fact that both gout and CVD are driven in part by crystals [monosodium urate 
(MSU) for gout, cholesterol for CVD] underline potential similarities and lessons 
to be learned. Here, we provide an overview of gout, its mechanisms of action and 
inflammation, and possible lessons for how crystals and chronic inflammation con-
tribute to CVD.
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2  Gout and Inflammation

2.1  Overview

Gout is the most common inflammatory arthritis, affecting approximately 4% of the 
adult US population [4]. The sine qua non of gout is systemic hyperuricemia, which 
on a biochemical basis is defined as serum urate (SU) ≥6.8 mg/dL, the solubility 
point at which urate precipitates into MSU crystals at pH  7.4 [5]. Alternative, 
population- based definitions of hyperuricemia set the threshold as SU two standard 
deviations or greater above the mean, or typically as >7.0 mg dL in men and >6.0 mg/
dL in women. Epidemiologic studies establish the prevalence of hyperuricemia in 
the USA at approximately 20% of the adult population [4]; estimates around the 
world vary [6]. When individuals experience hyperuricemia for an extended time, 
they gradually accrue MSU crystals in tissues, most typically on the surface of car-
tilage. Eventually, these crystals can trigger the acute, excruciatingly painful inflam-
matory attacks known as gout flares. The biology of the gout flare is increasingly 
well understood and reviewed below; the onset of a first gout flare signals the transi-
tion from the so-called asymptomatic hyperuricemia to a diagnosis of gout. Early 
gout flares tend to occur in the first metatarsal phalangeal joint and other joints of 
the lower extremities; later attacks may occur in almost any joint and may be poly-
articular. During flares, inflammatory markers such as C-reactive protein and the 
erythrocyte sedimentation rate rise precipitously. Even without treatment, early 
gout flares typically self-resolve in a matter of weeks. It was previously thought that 
the periods between flares (intercritical periods) represented gouty quiescence; it is 
now appreciated that between flares most gout patients are subject to low, subclini-
cal levels of chronic ongoing systemic inflammation, presumed to be driven by 
low-level responses to persistent MSU crystal deposition. If not properly managed, 
flares become more frequent, and may eventually coalesce into chronic joint swell-
ing and pain. In addition to flares, poorly managed gout patients may experience the 
formation of nodule-like accretions of MSU crystals, or tophi, in and around joints 
and soft tissue structures. Tophi are complex structures that include a surrounding 
inflammatory rind composed of mixed populations of lymphocytes, macrophages 
and histiocytes, and neutrophils. Tophi also serve as reservoirs of monosodium urate 
(total body urate burden) that may resist dissolution, and/or support persistent SU 
levels even as urate lowering drugs are instituted (Fig. 1).

2.2  Mechanisms of Hyperuricemia

Hyperuricemic individuals can be broadly categorized into overproducers of urate, 
underexcreters of urate, or a combination of both. To understand hyperuricemia and 
its associated pathogenic mechanisms, it is crucial to first examine purine metabo-
lism (Fig. 2). The catabolic end-product of purine nucleic acids (e.g., adenine and 
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Fig. 1 Hyperuricemia to Gout. The progression from hyperuricemia to the various phases of gout 
is depicted from left to right. High serum urate levels under the appropriate conditions will deposit 
within tissues and joints as monosodium urate (MSU), most commonly of the surface of cartilage. 
Progression to acute gout is characterized by an acute immune response against the MSU, with 
numerous factors potentially contributing to the hyperuricemia-gout transition. Intercritical gout is 
defined as the period between gout flares, and characterized by persistence of and potential for 
accumulating of MSU deposition (depicted in yellow on the surface of the knee cartilage) with 
associated subclinical inflammation. Chronic tophaceous gout develops in the setting uncontrolled 
hyperuricemia and extensive MSU deposition. The tophus, which is the hallmark of this stage, 
houses a microenvironment that promotes the cellular secretion of pro-inflammatory cytokines and 
induces both local and systemic inflammation, as well as bone and cartilage erosion. (Created with 
BioRender)

guanine) is uric acid. Thus, the production of urate mainly stems from the degrada-
tion of exogenously consumed dietary, and/or endogenously synthesized, purine 
compounds, which occurs in all cells but is most prevalent in hepatocytes. Dietary 
sources rich in purine precursors include organ meats and other animal and seafood 
sources, and beer (owing to its high content of hops) [7]. Accelerated hepatic ATP 
(adenosine triphosphate) turnover triggered by metabolism of alcohol and/or fruc-
tose, along with increased nucleotide turnover in myeloproliferative and lymphop-
roliferative disorders, are examples of endogenous sources of urate production; a 
small minority of patients possess genetic mutations that lead to accelerated urate 
production and are considered primary overproducers. Degradation of purine mono-
nucleotides generates hypoxanthine. Xanthine oxidase catalyzes the conversion of 
hypoxanthine to xanthine, and xanthine to uric acid [8]. Evolutionarily, humans 
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Fig. 2 Purine Catabolic Pathway. Dietary and endogenously synthesized purines are sources of 
purine nucleotides and purines that feed into this metabolic pathway. The nucleotides adenosine 
triphosphate (ATP) and guanosine triphosphate (GTP) are dephosphorylated into adenosine mono-
phosphate (AMP) and guanosine monophosphate (GMP) respectively. Inosine monophosphate 
(IMP) serves as an intermediate nucleotide during the de novo purine synthesis. Nucleotides are 
metabolized into their respective nucleosides (i.e., adenosine, inosine, and guanosine), nucleo-
bases (e.g., guanine), and subsequently the urate precursors hypoxanthine and xanthine. Xanthine 
oxidase (XO) catalyzes the oxidation of hypoxanthine to xanthine, and xanthine to uric acid. 
Inhibition of xanthine oxidase has been one of the main therapeutic targets in gout to lower serum 
urate (e.g., allopurinol, febuxostat). The left side of the figure depicts how the dietary intake of 
fructose rapidly depletes ATP and contributes to an excess of purine precursors. (Created with 
BioRender)

have lost their capacity to produce a functional final enzyme, uricase, that is still 
present in other mammals, who retain the ability to convert highly insoluble uric 
acid to the readily excretable allantoin. Thus, humans have higher levels of SU than 
all other mammals. The inhibition of xanthine oxidase by allopurinol or febuxostat 
is an effective means of lowering urate, and may also reduce oxidant burden since 
urate production is accompanied by oxidant generation [7].
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Fig. 3 Urate Handling at the Proximal Tubule, Reabsorption and Secretion. This cartoon depicts 
key transporters of uric acid in the proximal tubule. URAT1 is a principal anion transporter respon-
sible for uric acid reabsorption through the apical membrane. Uric acid is exchanged with anions 
such as lactate and hydroxybutyrate via URAT1, which in pathophysiologic states of acidosis may 
lead to hyperuricemia. Low-dose aspirin and pyrazinamide are also known to contribute to hyper-
uricemia through facilitating urate/anion exchange. The medications probenecid and losartan com-
petitively inhibit URAT1, thus inducing uricosuria and lowering serum urate. AGBC2, present in 
the gut and kidneys, is an ATP-driven urate-excreting pump; reduced activity of ABCG2 leads to 
hyperuricemia. Other proximal tubule urate transporters (e.g., GLUT9, OAT1, OAT3, and OAT4) 
are recognized to facilitate urate secretion and reabsorption at the proximal tubule. (Created with 
BioRender)

Underexcretion of urate is the primary driver of hyperuricemia in up to 90% of 
hyperuricemic individuals (Fig. 3). The kidneys secrete roughly two-thirds of the 
total body urate load while the gut secretes about one-third. Urate in the kidneys is 
freely filtered by the glomerulus (with glomerular insufficiency leading to rises in 
SU levels), but only a fraction of filtered urate is excreted since most is subject to 
proximal tubule reabsorption. Well-defined transporters that regulate uric acid 
transport at the proximal tubule apical membrane include URAT1 (encoded by 
SLC22A12), a urate-anion exchanger that promotes reabsorption, and ABCG2/
BRCP (encoded by the ABCG2 gene), an ATP-driven efflux pump that promotes 
glomerulus-independent excretion. Such transporters are influenced by pathophysi-
ologic states and medications, leading to anti-uricosuric (e.g., lactic acidosis, keto-
acidosis, pyrazinamide) and pro-uricosuric effects (e.g., probenecid, lesinurad) [8].

Genome-wide association studies (GWAS) strongly support a genetic compo-
nent to hyperuricemia, with most GWAS data to date identifying genes that relate to 
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renal urate handling rather than urate generation [9]. For example, single nucleotide 
polymorphisms (SNPs) in SLC22A12, SLC2A9, and ABCG2 genes have been asso-
ciated with variance in SU levels across populations in multiple countries [10]. In 
the gut, urate excretion is less responsive to SU than in the kidneys, but in the setting 
of chronic kidney disease gut excretion may play a bigger role, with the ABCG2 
efflux pump again contributing significantly. Furthermore, the gut microbiota and 
their metabolites have been the focus of recent translational research as a contribu-
tor to SU, through intraluminal nucleotide salvage, de novo purine biosynthesis, and 
the catabolism of purine precursors [11].

2.3  Effects of Soluble Urate on Inflammation

Although many physicians think of gout as being entirely crystal-mediated, an 
extensive body of literature indicates that soluble, non-crystalline urate may have 
multiple effects both on the vasculature and on the mechanisms of inflammation and 
innate immunity. Evidence suggests that intracellular urate, whether produced 
endogenously within the cells, or taken up by cells via transporters, may have pro-
found effects. Consistent with a role for soluble urate in inflammation, asymptom-
atic hyperuricemia, even in the absence of gout, has been shown to be an independent 
risk factor for CVD, albeit at a lower level than is the case for gout [12]. Asymptomatic 
hyperuricemia in patients with established cardiac disease therefore deserves con-
sideration as a disease accelerant. Moreover, the ability of one soluble molecule 
(urate) to impact inflammation suggests the possibility that others, for example ure-
mic toxins that are often found in patients with chronic kidney disease–and, like 
urate, stimulate both oxidant effects and caspase-1 activation–could do so as well 
[13–16].

Soluble urate acts directly on vascular cells. Exposure of endothelial cells to 
soluble urate—at both supersaturated and unsaturated concentrations, and in a dose- 
dependent manner—inhibits the ability of those endothelial cells to produce nitric 
oxide and other vasodilators, potentially impairing vascular function [17]. On the 
other hand, soluble urate promotes the proliferation of vascular smooth muscle cells 
[18]. Thus, exposure of the vasculature to soluble urate may result in a “muscle 
bound” state wherein endothelial cells have less vasodilator capacity, and the vascu-
lar smooth muscle is hyperproliferative and less responsive to vasodilator signals. In 
this context, recent studies suggest that urate lowering with xanthine oxidase inhibi-
tors may restore impaired vasodilator capacity in gout patients. Specifically, patients 
with gout have impaired brachial artery endothelial responsiveness compared to 
healthy controls, but guideline-concordant treatment including allopurinol can sig-
nificantly restore responsiveness toward normal levels [19, 20]. Finally, although 
urate is biochemically an anti-oxidant, when taken up in endothelial cells via trans-
porters the evidence shows that it may drive pathways that lead to oxidative 
stress [21].
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Fig. 4 Soluble Urate-induced Trained Innate Immunity. The left portion of the figure depicts a 
non-primed peripheral blood mononuclear cell (PBMC), which will develop a self-limited inflam-
matory response during its initial exposure to monosodium urate (MSU) crystals. In the setting of 
prolonged hyperuricemia, intracellular urate induces DNA methylation changes, thus priming the 
monocyte for subsequent exposure to MSU crystals. The right portion of the figure depicts trained 
innate immunity, where the PBMC has been epigenetically modified and becomes hyperresponsive 
to MSU and/or other stimuli. Upon subsequent interactions with MSU crystals, there is a more 
robust inflammatory response characterized by enhance secretion of IL-1β and other mediators. 
(Created with BioRender)

Intriguing recent work suggests an alternative and potentially important pro- 
inflammatory effect of soluble urate on leukocytes and endothelial cells (Fig. 4). In 
studies by Joosten et al., in vitro exposure of peripheral blood mononuclear cells or 
enriched monocytes to high concentrations of soluble urate resulted in alterations in 
DNA methylation, which were also seen in patients with hyperuricemia but not 
those with normouricemia, and the genes that undergo methylation changes include 
a number relevant to inflammatory signaling. Strikingly, subsequent exposure of 
these leukocytes to MSU crystals resulted in enhanced production of IL-1ß and other 
inflammatory responses [22]. Thus, persistently high levels of SU (hyperuricemia) 
may prime leukocytes (innate immune training) for future inflammatory responses 
to crystal stimulation and may provide a model for the progression and worsening of 
gout over time. Importantly, these cells also are primed for increased inflammatory 
responses to other stimuli, suggesting a possible impact of hyperuricemia on inflam-
mation and CVD even in the absence of gout [23]. The process of epigenetic modi-
fication, while potentially reversible, creates durable changes that may be slow to 
resolve, and/or require longer management to undo [24]. The accrual of such changes 
over time suggests at least one explanation for the fact that gout severity tends to 
progress, and be harder to treat, if the disease is not adequately managed early.
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2.4  From Asymptomatic Hyperuricemia to Gout: Factors 
in Crystallization

In contrast to cholesterol, the formation of MSU into graceful, diclinic needle- 
shaped crystals typically occurs extracellularly, and involves several factors that are 
well appreciated and common to all forms of crystallization. Concentration clearly 
plays a role in crystal formation, and the risk of gout increases with higher levels of 
SU. Thus, patients with asymptomatic hyperuricemia are more likely to experience 
MSU formation and deposition, and subsequent gout, at higher levels of SU. Recent 
studies by Dalbeth et al. indicate that for patients with SU levels just above the satu-
ration point, the probability of developing gout is approximately 10% over 10 years, 
whereas for individuals with SU greater than 12  mg/dL, the probability rises to 
about 50%; still, the risk of progression to gout is never 100%, indicating that other 
factors must be involved [25]. Among these, as expected, are pH and temperature. 
As noted above, the most common first location for a gout attack is in the first meta-
tarsal phalangeal joint of the toe, which as the structure most distal from the heart in 
the circulatory system, and with a large surface-to-volume ratio, is prone to lower 
pH and cooler temperatures [5].

Most crystallization processes occur around the formation of seed crystals. In the 
case of gout, the identity of such seed crystals is not known. However, the fact that 
MSU crystals tend to form or deposit predominantly within tissues and joints sug-
gests that various tissue components, particularly when aberrantly expressed or 
exposed, may serve as nidi for crystal formation [5]. In this regard, it has long been 
recognized that gout and/or MSU deposition is more common in joints that are 
affected by osteoarthritis, particularly in the distal interphalangeal joints [26]. Some 
investigators have suggested that the decortication of osteoarthritic cartilage exposes 
the synovial fluid to deeper layers characterized by the presence of type 4 chondroi-
tin sulfate, which provide a surface that promotes MSU crystallization [27].

It is also possible that multiple crystal types may promote each other’s crystalli-
zation. In patients whose joints are aspirated during acute flares, it is not uncommon 
to find both MSU and calcium pyrophosphate crystals in the synovial fluid; whether 
one promotes the other, or vice-versa, is intriguing to consider. In the urine, where 
microcrystal formation may contribute to kidney stones, the presence of hyperurice-
mia and microscopic urinary uric acid crystals has been associated not only with 
uric acid stones, but also with calcium and struvite stones, suggesting that uric acid 
crystals may serve as nidi for other crystals. Whether similar phenomena occur in 
the vasculature, with cholesterol and/or calcium crystals promoting MSU crystalli-
zation, or vice-versa, is not known.

One of the more intriguing observations about the mechanisms of MSU crystal 
formation has come from studies suggesting that urate crystallization may be at 
least in part immune mediated. In vitro, supersaturated solutions urate at pH 7.4 
crystallize slowly, over weeks. However, when mice were repeatedly injected with 
MSU crystals, fractionation of the serum revealed an immunoglobulin-rich fraction 
that, when added in  vitro to supersaturated urate solutions, accelerated the 
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precipitation of MSU crystals [28]. In other studies, similar results were obtained in 
a rabbit model, and using an immunoglobulin fraction isolated from the synovial 
fluid of gout patients but not non-gout controls [29]. These observations suggest that 
over an extended period of exposure to MSU crystals (e.g., as in longstanding gout), 
an immune reaction to MSU crystals may develop, wherein anti-MSU crystal anti-
bodies might serve as a catalyst, or at least a stabilizer for further MSU crystalliza-
tion. Such an observation could explain, at least in part, the fact that when not 
properly treated, gout over time tends to become more severe and treatment resis-
tant, with more frequent flares and more deposition of crystals in situ. Overall, how-
ever, the process of MSU crystallization is not well understood, and aside from 
controlling SU levels, strategies for modulating the crystallization process have not 
yet been pursued, in contrast to studies intended to modulate the crystallization of 
cystine in kidney stones [30, 31]. Cholesterol crystal formation shares similar issues 
with regard to saturation, pH, and temperature and inflammatory response with 
NLRP3 [32, 33].

2.5  Biology of the Gout Flare: Triggering of the Acute 
Inflammatory Response, Role of the Inflammasome

In murine models, MSU is recognized as a danger-associated molecular signal 
(DAMP), provoking immune responses to dying (e.g., infected, cancerous) cells 
[34]. In gout, the precipitation of extracellular MSU provokes a localized, inflam-
matory response driven by the innate immune system and characterized by neutro-
phil influx and the production of pro-inflammatory cytokines, including IL-1β and 
IL-18 (Fig. 5). The inflammatory cascade within joints and potentially other tis-
sues is initiated by resident macrophages, in what is currently appreciated to be a 
two- step process. First, MSU crystals are recognized through pathogen recogni-
tion receptors (PRRs) such as toll-like receptors on the surface of resident macro-
phages (Signal 1), triggering the production of pro-IL1β and pro-IL-18. Second, 
MSU crystals are phagocytosed and subsequently escape their phagolysosomes, 
causing potassium efflux and creation of reactive oxygen species via NADPH oxi-
dase (Signal 2). These latter events trigger the assembly of the nucleotide-binding 
and oligomerization domain (NOD)-like receptor family pyrin domain containing 
3 (NLRP3) inflammasome within macrophages. Inflammasomes are multiprotein 
complexes primarily found in myeloid cells that function as intracellular sensors. 
The oligomerization of NLRP3 triggers the aggregation and cleavage of the 
enzyme pro-caspase 1 into its active form, caspase-1. Caspase-1 then cleaves pro-
IL-1β and pro-IL18, leading the cell to activate and secrete these cytokines. Under 
alternative conditions, the NLRP3 inflammasome also activates gasdermin D, 
inducing pyroptosis (inflammatory cell death) through the formation of plasma 
membrane pores, leading to cytokine and danger signal release, and cell lysis 
[35, 36].
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Fig. 5 Monosodium Urate and the Inflammasome. The top left of the figure depicts resident syno-
vial macrophage phagocytosing monosodium urate (MSU) crystals at the site of a gout flare (1). 
Under certain circumstances toll-like receptors recognize MSU crystals as a danger signal (2), 
activating the NF-kB pathway (3) and triggering the production of pro-IL-1β and pro-IL-18 (4) 
(Signal 1). Phagocytosed MSU crystals escape from their phagolysosomes, inducing potassium 
efflux, resulting in decreased intracellular potassium concentrations (5–7), as well as activating the 
NADPH oxidase and leading to the generation of reactive oxygen species (ROS) (8, 9). These trig-
ger the oligomerization of the NLRP3 inflammasome (10) (Signal 2). Caspase-1 becomes acti-
vated (11), and cleaves pro-IL-1β to active IL-1β, and pro-IL-18 into active IL-18 (12). Caspase-1 
can also cleave and activate gasdermin (GSDMD) to release its pore-forming amino-terminal 
domain (N-GSDMD) (12). (Created with BioRender)

Once generated, IL-1β acts in an autocrine and paracrine manner to amplify the 
gouty inflammatory cascade. Key actions include inducing fever, stimulating 
RANK-ligand release and bone resorption, hepatic production of acute phase reac-
tants, and activation of macrophages, neutrophils and endothelial cells to promote 
neutrophil adhesion and influx, trigger other cytokines and inflammatory mediators 
(e.g., IL-6, TNFα, prostaglandins), and drive Th17 differentiation [37, 38]. These 
observations place IL-1β front and center in the inflammatory response to 
MSU. Importantly for the current context, recent studies have similarly underlined 
the importance of IL-1β as a participant in CVD, as discussed further below and 
elsewhere in this volume.

Although MSU crystals are perhaps the most potent of crystal inflammation 
stimuli, their ability to activate the inflammasome is shared by a number of other 
crystals, including calcium pyrophosphate dihydrate [39]. These mechanisms also 
apply to cholesterol crystals [33] (which are known to be pro-inflammatory in olec-
ranon bursae, pericardial and synovial fluid of patients with rheumatoid arthritis 
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[40]), potentially identifying yet another link between the inflammatory states of 
gout and CVD. Interestingly, both gout flares and myocardial infarctions are more 
likely to occur in the morning, although gout flares peak at 2–5 AM and myocardial 
infarctions peak somewhat later [41, 42]. Despite minor timing differences, these 
observations suggest circadian commonalities in crystal formation or exposure, or 
inflammatory responses that warrant further study.

2.6  Between Flares: The Role of Articular Urate Deposition 
in Chronic Systemic Inflammation

For centuries, gout was presumed to be exclusively an intermittent disease, and that 
between attacks—in the intercritical period—the organism returned to a state of 
non-inflammatory equilibrium. Indeed, during the intercritical period MSU crystals 
can still be found, usually at lower concentrations, in the now relatively uninflamed 
joint, suggesting that other factors, possibly including protein or lipid adherence, 
may regulate the phlogistic capacity of MSU crystals. Nonetheless, recent evidence 
indicates that in addition to hyperuricemia, other active processes go on intercriti-
cally. Advanced imaging has revealed that MSU deposition persists on cartilage 
between flares—and that MSU deposition on cartilage often occurs early, in the 
setting of asymptomatic hyperuricemia. Howard et al. used musculoskeletal ultra-
sound to compare the knee and first MTP joints of patients with intercritical gout, 
asymptomatic hyperuricemia, or neither, and found that whereas 50% of gout 
patients had evidence of MSU deposition on cartilage in these structures, 29% of 
asymptomatic hyperuricemics did as well [43]. Similarly, Dalbeth et al. employed 
dual energy CT (DECT) to assess for MSU deposition in the feet of 58 subjects, 
reporting that while 79–84% of gout patients demonstrated MSU deposits, so did 
24% of asymptomatic hyperuricemics [44]. Since MSU deposition appears to cor-
relate with low-level inflammation (including the fact that patients with intercritical 
gout tend towards mildly to moderately elevated baseline inflammatory markers), 
these observations suggest that MSU on cartilage serves as an engine of “quiet” 
inflammation, and underline the fact that inflammation must be thought of as both a 
local and a systemic process. In this case, MSU on cartilage, and perhaps on other 
tissues, may generate a chronic, low-level local inflammatory state whose effects 
are felt elsewhere in the body, potentially including in the cardiovascular system.

2.7  Resolution of the Gout Flare: Lessons 
for Controlling Inflammation

The fact that gout flares can self-resolve implies that regulatory processes exist to 
hold inflammation in check and may offer insight into potential novel targets for 
chronic inflammation in both gout and CVD.  Multiple anti-inflammatory 
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molecules, including resolvins [45], have been reported to play a role in gout flare 
resolution. Interestingly, animal models suggest that some of the pro-inflammatory 
mechanism that promote gout flares may also have anti-inflammatory capacities, 
underlining the importance of context and timing in inflammatory disease. For 
example, although prostaglandins are generally thought of as pro-inflammatory lip-
ids, several, including PGD2 and PGJ2 are largely anti-inflammatory and may serve 
to turn inflammation off. Even PGE2, generally recognized as pro-inflammatory, 
has been reported in some models to play an anti-inflammatory role once the flare 
has reached its peak. One possibility is that PGE2 tends to become anti-inflamma-
tory once intracellular inflammatory pathways (such as NF-κB) are upregulated, 
providing late targets for PGE2 inhibition [46]. Bannenberg and Serhan additionally 
suggest that, once the process of inflammation has resulted in the co-localization of 
several diverse cell types (e.g., macrophages, eosinophils or neutrophils, in combi-
nation with neutrophils and platelets, and endothelial cells or platelets), these may 
exert a coordinated, transcellular metabolism to “hijack” cyclooxygenase 2 and 
allow its products to be acted on by other enzymes, to produce anti-inflammatory 
lipoxins rather than the typical PGE2 produced early in inflammation [47]. Thus, at 
least in the acute setting, the choice and timing of anti-inflammatory therapy may 
be as important as the target. Interestingly, aspirin has the capacity to trigger a simi-
lar process and generate lipoxins, suggesting a possible anti-inflammatory alterna-
tive mechanism to platelet COX-1 inhibition for its cardiovascular benefit. Another 
example of an anti-inflammatory effect of an often-pro-inflammatory process is that 
of neutrophil extracellular traps (NETs). NETs are a product of highly-stimulated 
and/or dying neutrophils and consist of extruded chromatin decorated with neutro-
phil catalytic enzymes such as elastase and myeloperoxidase. The impact of NETs 
is complex. In infection they serve to trap and degrade microorganisms, but NETs 
may also contribute to autoimmunity. For example, in systemic lupus they serve as 
autoantigens (DNA), drive cytokine production, and induce renal cell death [48]. In 
gout on the other hand, the generation of large aggregated NETs by activated neu-
trophils has been shown to promote flare abrogation, mainly through the degrada-
tion of cytokines by NET-associated serine proteases [49]. The role of NETs in 
CVD is less clear, but NETs accumulate in the vulnerable regions of human carotid 
erosion-like and rupture-prone (but not stable) plaque [50]. Although the role of 
NETs in acute myocardial infarction remains incompletely elucidated, luminal 
NETs appear to adhere to damaged endothelium, other leukocytes and platelets, 
causing endothelial dysfunction, increased inflammatory activity, and thrombus 
formation [51, 52]. Indeed, NET burden is significantly elevated in thrombi aspi-
rated from patients with AMI, and thrombus NET burden correlates with infarct 
[52]. Thus, in contrast to gout, in CVD NETs may represent a novel therapeu-
tic target.
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2.8  Tophi as a Special Case: The Effect of Massive MSU 
Deposition on Chronic Inflammation

A tophus is a collection of MSU crystals surrounded by a granuloma-like inflam-
matory response by the immune system, similar to a chronic foreign body [53]. 
Tophi are a hallmark of more advanced, chronic gout, and can be found periarticu-
larly, adjacent to tendons, in bursae (e.g., the olecranon bursa), in the pulps of the 
fingertips, in the earlobe and rarely in other locations (see below) [54]. Their mor-
phology would seem to mimic the composition of an atheromatous plaque, with 
cholesterol crystals forming within the plaque core and inflammatory cell infiltra-
tion, including macrophages and lymphocytes that may lead to plaque instabil-
ity [55].

Tophi are composed of three distinct zones [56]. In the center, a core of MSU 
crystals is interspersed sparsely with inflammatory cells. Surrounding the MSU 
core is a hypercellular corona zone, which in turn is surrounded by a fibrovascular 
zone. Both outer zones contain a variety of inflammatory cells, predominantly mac-
rophages, neutrophils, histiocytes, plasma cells, and T and B lymphocytes [57]. 
These cells release various pro-inflammatory cytokines including IL-1β, IL-6, and 
TNFα, as well as anti-inflammatory/pro-fibrotic cytokines such as transforming 
growth factor-β [57, 58]. Thus, the tophus effectively functions as a granuloma, with 
similar although non-identical clinical impact to other granulomatous diseases. 
When present adjacent to bone, tophi drive both mechanical damage and enzymatic 
erosion, leading to the classic punched-out lesions seen on X-rays of patients with 
advanced gout. In particular, elucidation of RANK-ligand by tophi activates osteo-
clasts to resorb bone matrix.

In addition to local inflammatory changes, there is evidence of increased eleva-
tion of systemic inflammation in tophaceous gout. Cavalcanti and colleagues 
found an association between the presence of tophi and serum IL-6 levels and in a 
group of gout patients, compared with control patients without gout [59]. IL-6 is a 
pro- inflammatory cytokine released by macrophages and monocytes that stimu-
lates hepatic production of acute phase reactants including C-reactive protein 
(CRP), serum amyloid A (SAA), fibrinogen, and haptoglobin [60], which in turn 
promote further systemic inflammation. (IL-6 has also been shown to have a 
potentially pro- atherogenic role in CVD [61]). In the Canakinumab Anti-
inflammatory Thrombosis Outcome Study (CANTOS) trial, risk reduction using 
canakinumab was directly related to the amount of IL-6 reduction achieved [62]. 
Another study comparing cytokine levels among gout patients found significant 
elevations in serum IL-1β, IL-6, IL-18, and IL-37 levels in gout patients with ver-
sus without tophi. These elevated cytokine levels correlated with elevations in 
CRP and ESR [63].

Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis: Lessons…



334

2.9  Beyond the Joint: MSU Is in More Places Than 
We Thought It Was

A common misconception is that MSU crystals deposit exclusively within and 
around peripheral articular joints as well as other cartilaginous and musculoskeletal 
structures [64]. In fact, multiple case reports and series indicate that the geography 
of MSU deposition varies widely. For example, increasing evidence now points to 
the deposition of MSU within the axial skeleton, including sacroiliac joints and 
along various levels of the spine. Typically, spinal MSU deposition has been discov-
ered when patients presenting with back pain or cord compression symptoms were 
incidentally found to have a compressing or erosive tophus on surgical excision or 
biopsy of a mass discovered on imaging [65]. With the increasing use of dual energy 
CT (DECT) to identify MSU deposits noninvasively, MSU appears to be deposited 
more diffusely within the spines of as many as 40% of gout patients, although the 
definitive confirmation and impact of this putative non-tophaceous MSU spinal 
depositions are still ongoing [66] .

Given the role of the kidneys in filtering urate, it is not surprising to find urate 
and/or uric acid in the kidneys, particularly in the form of uric acid kidney stones, 
which constitute 4–10% of all renal calculi. DECT has played a significant role 
in the imaging of kidney stones, given its ability to not only image the stones but 
to differentiate between calcium and uric acid containing stones with a specificity 
of 98.1% [67]. However, MSU deposition has also been documented within the 
renal parenchyma, including the medulla, the collecting ducts and the intersti-
tium [68]. For example, Ayoub et al. found that among a cohort of 7409 native 
kidney biopsies, 36 patients had medullary tophi, 35 of whom had CKD.  The 
authors postulated that based upon the location and bulk of these tophi, they may 
have played a role in the contribution of CKD by upstream damage to the neph-
rons [69].

MSU has also been found within other organ systems. Birefringent crystals were 
found in almost half of all prostate specimens resected during cancer surgery [70]. 
Cases have been reported of patients with severe tophaceous gout who developed 
symptoms of blockage or perforation of the intestines secondary to intra-intestinal 
tophi [71, 72]. MSU deposition has been found in different parts of the eye mani-
festing as scleritis, episcleritis, and uveitis [68, 73]. Urate crystals have even been 
documented within breast tissue in five published cases, initially seen on mammog-
raphy, before a biopsy of the mass revealed tophi [74].

In sum, although MSU crystals are typically found within and around joints 
where they can cause gout flares, they may deposit in virtually any organ in the 
body, where they may cause a variety of symptoms, including mechanical damage 
to surrounding tissue, and local as well as systemic inflammation. These widely 
disbursed deposits complicate the case of already sick gout patients, and contribute 
to the total body burden of urate, potentially contributing to resistance to standard 
doses of urate lowering therapy.
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3  GOUT and CVD: A Complex Relationship

Though patients with gout often have concomitant traditional cardiovascular risk 
factors (male sex, hypertension, dyslipidemia, chronic kidney disease), both hyper-
uricemia and gout are recognized as independent, non-traditional cardiovascular 
risk factors [75]. A subgroup analysis of 6912 patients from the first National Health 
and Nutrition Examination Survey showed that increasing SU level was an indepen-
dent predictor of cardiovascular mortality in both men and women [76]. A meta- 
analysis of 12 cohort studies comprised of a total of 457,915 participants without 
CVD found that SU concentrations greater than 7.0 mg/dL significantly increased 
the risk of coronary artery disease [77]. In a 12-year follow-up study of 51,297 
patients, men with history of gout had higher death from all causes, particularly 
cardiovascular death [78]. Another study reported that gout was independently asso-
ciated with increased coronary artery calcium scores and increased incidence of 
major adverse cardiovascular events [79].

3.1  Gout as a Metabolic Disease

Unpacking the independent association between gout and CVD was initially chal-
lenging, since gout is also associated with multiple other conditions that themselves 
are associated with cardiovascular risk. In general, gout patients have significantly 
higher rates of chronic kidney disease, diabetes, hypertension, hyperlipidemia, non- 
alcoholic fatty liver and obesity, all of which contribute to cardiovascular risk [80, 
81]. In fact, gout patients are at markedly increased risk for metabolic syndrome, 
confirming that these conditions form a web of associations of which gout is an 
integral strand [82]. The initial presumption that gout (and more specifically hyper-
uricemia) is a consequence of some of these other conditions (e.g., kidney disease 
leading to hyperuricemia), while broadly true, has given way to a more nuanced 
view in which hyperuricemia and/or gout may themselves predispose to some of 
these conditions, thus indirectly promoting cardiovascular risk. How these relation-
ships operate, however, remains incompletely elucidated. An evolving body of lit-
erature suggests that proper gout treatment may help ameliorate several of these 
comorbidities, suggesting that gout treatment may have indirect benefits on CVD.

One area that is increasingly being recognized is intracellular urate’s ability to 
regulate the enzyme adenosine monophosphate kinase (AMPK). In the liver, AMPK 
serves as a master down regulator of multiple metabolic-syndrome-interrelated 
pathways, inhibiting gluconeogenesis and promoting glycogenolysis, inhibiting 
lipid production and reducing the development of fatty liver. Within hepatic cells, 
urate has been shown to inhibit AMPK, thus reversing its activity and promoting 
these cardiac-related comorbidities. Moreover, in animal models the application of 
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allopurinol, which blocks intracellular production of urate, reverses the effects of 
urate and reduces adverse metabolic activities. It is likely that AMPK inhibition 
therefore provides a point of intersection between gout and cholesterol crystal depo-
sition in CVD. AMPK activity also appears to downregulate inflammation. In mac-
rophages, Wang et al. have reported that exposure to MSU crystals results in AMPK 
downregulation which mediates the inflammatory response (including inflamma-
some activation), and that these inflammatory effects can be blocked by treatment 
with an AMPK activator [83]. Strategies to maintain AMPK activation may thus 
hold promise for suppressing both gouty and other inflammation, and gout-related 
cardiovascular comorbidities.

Gout has long been associated with hypertension, and although the direction of 
causality remains somewhat murky, recent clinical evidence suggests that urate may 
adversely impact blood pressure [84, 85]. In a study of adolescents with new-onset 
essential hypertension and asymptomatic hyperuricemia, treatment with the urate 
lowering drug allopurinol reduced or normalized both systolic and diastolic blood 
pressure [86]. It has been harder to document similar findings in adults, perhaps 
because aging blood vessels may be characterized by additional disease (e.g., arte-
rial rigidity) that is not remediable to SU lowering [87]. However, in at least two 
studies with the very potent urate lowering agent pegloticase, reduction and in some 
cases normalization of blood pressure was observed [88, 89]. Consistent with these 
observations, in one study in which gout treatment resulted in improved endothelial 
function with potential implication for blood pressure, the allopurinol response was 
significantly greater in patients with fewer comorbidities [20]. Collectively, these 
data underline that early gout treatment may be an important strategy to limit CVD- 
related comorbidities.

3.2  MSU Deposition in the Vasculature

As early as 1933, reports identified MSU crystals found posthumously in the cardio-
vascular system [90]. With the advent of advanced imaging including DECT, reports 
of MSU in cardiac and vascular tissues have become more common. In one study, a 
group of cadavers were examined by DECT to identify the presence of MSU depos-
its in the thoracic aorta and coronary arteries. Subsequently, the identified tissues 
were resected, and MSU deposition was histologically confirmed by polarized 
microscopy [91]. Several other autopsies have been done that have revealed MSU 
deposition in various parts of the heart, including the myocardium [92].

Vascular MSU deposition has been identified during surgical vascular proce-
dures including carotid endarterectomies [93] and aortic aneurysm repairs [94]. In 
both cases, the MSU was found adjacent to cholesterol deposition of atherosclerotic 
plaques, themselves inflammatory lesions, as previously mentioned. It is unclear 
from these studies whether the MSU deposition is primary or secondary to the 
inflammatory atherosclerotic process, but it is possible that MSU deposition in these 
areas serves as either a nidus, or a response to a nidus of other crystals including 
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cholesterol and calcium. Most recently, plaques collected during carotid endarterec-
tomy were found to contain MSU crystals, and these were more commonly detected, 
and greater in concentration, in patients with ischemic cerebrovascular symptoms 
compared with asymptomatic disease [95]. The presence of MSU crystals in the 
carotid plaque also correlated with greater long-term risk for MACE. While further 
study is needed, these observations suggest that in some cases, the deposition and/
or formation of MSU crystals in the vasculature could directly participate in local 
inflammation and contribute to cardiovascular risk.

Consistent with the above observations, Feuchtner et al. applied DECT imaging 
to 37 gout patients, 33 hyperuricemic patients without gout, and 26 controls. MSU- 
containing plaques were found in 91.9% of gout patients, 2.9% of hyperuricemic 
patients without gout, and only 0.38% of controls (P < 0.0001) [96]. Interestingly, 
most plaques were a mixture of MSU and calcium (74.2%), with only 26.7% being 
solely MSU. Gout patients also had a higher coronary artery calcium score than the 
other two groups. Although these data are striking, one limiting factor is the accu-
racy of DECT scans in differentiating non-massive MSU (for which DECT is less 
specific than for tophi) from calcium or artifact (such as image noise in smaller pixel 
images, beam hardening, streak or motion artifacts, or dehydrated cartilage). The 
recent development of multi-energy energy photon detectors should improve the 
accuracy of detecting low concentration MSU and may permit the validation of the 
current DECT findings.

Other reports suggest that gout and/or MSU may also impact valvular structures, 
including case reports of MSU deposition involving all of the cardiac valves in 
tophaceous gout patients [68]. These cases were often discovered after the patients 
presented with valvular dysfunction and/or cardiac murmurs, indicating that the 
deposition was a pathologic rather than an incidental finding. Independent of these 
rare events of tophus formation, recent reports suggest that gout is more common 
among patients with aortic stenosis, and that patients with gout experience more 
rapid progression of aortic stenosis than those without [97, 98]. Given the associa-
tion between gout, cardiovascular risk factors and the presence of cholesterol-driven 
inflammation, there are also likely co-infiltration of cholesterol crystals in cardiac 
valves, with a larger burden observed in the aortic valve in rabbit models [99]. These 
data serve as a reminder that the vasculature consists of multiple components, all of 
which may be affected by gout and/or inflammation.

4  Lessons from Treatment: Impact of Colchicine on CVD 
in Patients with and Without Gout

Colchicine has been used for millennia to treat gout. The first reference to the thera-
peutic use of Colchicum appeared in the Egyptian Papyrus Ebers, circa 1500 BC, 
and nearly a millennium later, Aetius of Amida and Alexander of Tralles described 
its anti-inflammatory properties [100, 101]. The inflammatory pathway plays a 
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prominent role in CVD. Colchicine has long been used for pericarditis, and emerg-
ing data demonstrating value for atherosclerotic heart disease has recently led the 
FDA to approve colchicine use for the prevention of acute cardiovascular events in 
high-risk patients. The translation of colchicine to cardiac disease, in both patients 
with and without gout, underlines the insights discussed above.

4.1  Mechanisms of Action of Potential Benefit 
in the Cardiovascular Setting

Due to a deficiency of the P-glycoprotein efflux pump, colchicine concentrates in 
neutrophils, but also exerts anti-inflammatory effects on macrophages and endothe-
lia [102]. Colchicine predominantly acts by binding to soluble tubulin monomers. 
Colchicine/tubulin complexes incorporate into elongating microtubule structures, 
limiting their extension [103]. Colchicine also effects signal transduction, subcel-
lular trafficking, adhesion of leukocytes to endothelium (by altering quantitative 
L-selectin and qualitative E-selectin expression), and chemotaxis-directed migra-
tion into inflamed tissues [104, 105]. Importantly, colchicine suppresses the NLRP3 
inflammasome, decreasing production of interleukin (IL)-1β and IL-18, which in 
turn decreases IL-6 and C-reactive protein, a pathway implicated in cardiovascular 
inflammation [33, 106]. Colchicine also inhibits neutrophil release of α-defensin, a 
peptide associated with large thrombus burdens [107]. All of these actions hold 
relevance for both gout and cardiac disease. Finally, at clinically used doses, colchi-
cine does not suppress platelet-platelet aggregation but does decrease neutrophil- 
platelet aggregation, suggesting a preferential impact at the inflammatory-thrombosis 
interface [108].

4.2  Targeting IL-1β in Coronary Artery Disease

Atherosclerosis is an inflammatory disease prevalent in patients with gout, acting 
through both low-density lipoprotein (LDL)-mediated inflammation and an inde-
pendent IL-β/IL-6/CRP pathway [109, 110]. In the early stages of atherosclerosis, 
oxidized lipids promote recruitment and activation of leukocytes, uptake of lipids 
into macrophages, and subsequent conversion of macrophages into pro- inflammatory 
foam cells. As noted earlier, cholesterol crystals share with MSU the capacity to 
activate the NLRP3 inflammasome and further amplify the inflammatory process 
[33]. Multiple observational studies demonstrated an increase in cardiovascular risk 
in patients with LDL at goal but elevated CRP, and CANTOS established that spe-
cific targeting of IL-1β, using the anti-IL-1β-directed biologic canakinumab, reduces 
major adverse cardiovascular events (MACE) in high-risk patients [106, 111]. In 
CANTOS, patients in the canakinumab arm also experienced significant reductions 
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in incident gout [112]. While colchicine does not affect the LDL-mediated inflam-
matory pathway, it inhibits the IL-β/IL-6/CRP pathway by inhibiting assembly of 
the inflammasome, as well as inhibiting leukocyte activation, adhesion, and migra-
tion. Importantly, colchicine reduces CRP concentration in patients with CAD even 
in the setting of aspirin and high-intensity statin [113]. In gout patients, reduction in 
CRP is seen upon colchicine treatment initiation, with further reduction after urate 
lowering [20].

4.3  Colchicine in Coronary Artery Disease

Incident Coronary Artery Disease--Observational data suggest colchicine may 
reduce the development of new-onset CAD, at least in patients with rheumatic dis-
ease. A case-control series of patients with familial Mediterranean fever (another 
disease for which colchicine is a first-line treatment agent) suggested that long-term 
prophylactic colchicine was associated with a lower incidence of CAD compared to 
those not on colchicine therapy [114]. Similarly, a retrospective study of patients 
with gout without known CAD were followed for 96 months and showed an asso-
ciation between use of colchicine and lower rate of development of incident CAD in 
patients without chronic kidney disease [115].

Established CAD—Studies have also shown a reduction in acute cardiovascular 
events in patients at high risk for, or with known CAD, including patients with gout. 
One retrospective study in a gout cohort reported a 54% lower rate of MI in patients 
on colchicine versus those not on colchicine, while another observational study in a 
gout cohort demonstrated a 49% relative risk reduction in the composite of MI, 
stroke, or transient ischemic attack, and a 73% relative risk reduction in all-cause 
mortality compared with untreated patients [116, 117]. Beyond the gout population, 
an open-label randomized study of patients with angiographically-proven CAD on 
optimal medical therapy showed a lower composite rate of MACE at 3 years follow-
 up [118]. This was followed by the large, multicenter, placebo-controlled Low Dose 
Colchicine 2 (LoDoCo2) trial in which colchicine reduced the risk of MACE by 
31% at 29 months follow-up [119]. As-yet unpublished data from our own group, 
examining 239 gout patients with established CAD, indicated that those who used 
colchicine consistently had significantly fewer MACE events, over a 10-year obser-
vation period, compared with those who used colchicine less than 50% of the time 
(manuscript in preparation).

During and post-MI—The role and timing of colchicine in the setting of acute 
coronary syndrome is an area of ongoing investigation. Although in vivo data sug-
gested that colchicine could reduce infarct size when administered early post-MI, 
this area remains a matter of further research given paucity of data from small trials 
[120, 121].

Several relatively small, randomized studies in the setting of acute MI demon-
strated no difference in CRP concentrations, infarct size on cardiac magnetic 
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resonance imaging, and left ventricle remodeling with 30 days of low-dose colchi-
cine treatment in patients with acute MI [122, 123]. Similarly, the Colchicine in 
Patients With Acute Coronary Syndromes (COPS, n = 795), a study of low-dose 
colchicine versus placebo during index hospitalization, failed to demonstrate a dif-
ference in MACE [124]. However, the much larger, double-blind, placebo-con-
trolled, randomized Colchicine Cardiovascular Outcomes Trial (COLCOT, 
n  =  4745) trial of patients within 30  days after MI (median time for initiation 
14 days) reported a 23% reduction in MACE [125]. This reduction, unlike in the 
gout cohort studies and LoDoCo2, was driven by a reduction in stroke (not MI) and 
the “soft” endpoint of urgent coronary revascularization. The ongoing international, 
double-blind, placebo- controlled, 7000 patient colchicine and spironolactone in 
patients with MI (CLEAR, NCT03048825) trial randomizes patients with a large 
MI to therapy within 72 h of percutaneous coronary intervention and planned to 
follow-up for extended period of 5 years will hopefully provide some more clarity 
on the impact of colchicine on individual cardiovascular endpoints, optimal timing 
of starting colchicine therapy, and any potential impact on non-cardiovascular mor-
tality. Nonetheless, based on the totality of the currently available data, the 2021 
European Society of Cardiology guidelines on the prevention of CVD recommend 
colchicine be considered for the secondary prevention of CVD, especially in patients 
at higher risk of recurrent events [126]. Whether more aggressive colchicine therapy 
should be recommended for patients with gout, with or without active cardiovascu-
lar disease, remains unknown. Current recommendations for gout treatment from 
the American College of Rheumatology recommend colchicine exclusively for 
treating gout flares and/or prophylaxis against flares during initiation of urate lower-
ing therapy (a period of several months), with no consideration given for cardiovas-
cular risk [127].

5  Conclusion and Final Thoughts

Gout, the archetypal inflammatory arthritis, drives inflammation via both metabolic 
and crystal-driven pathways. Beyond arthritis, gout has implications for multiple 
other conditions, including cardiovascular disease. The mechanisms by which MSU 
crystals trigger both local and systemic inflammation, as well as the toxic and pro- 
inflammatory effects of soluble urate on the vasculature, contribute to cardiovascu-
lar disease in gout, and offer molecular and cellular clues into the mechanisms 
through which cardiovascular disease progresses even in the absence of gout. In 
particular, the manner in which MSU crystals form, and how they activate myeloid 
lineage and other inflammatory cells, may provide a window into the mechanisms 
through which cholesterol and cholesterol crystals drive similar effects. Within the 
vasculature, the ways in which these crystals interact and synergize with each other 
may promote more cardiovascular risk than either crystal alone.

B. Shah et al.



341

References

1. Yu W, Cheng JD. Uric acid and cardiovascular disease: an update from molecular mecha-
nism to clinical perspective. Front Pharmacol. 2020;11:582680. https://doi.org/10.3389/
fphar.2020.582680. Epub 2020/12/12. PubMed PMID: 33304270; PubMed Central PMCID: 
PMCPMC7701250.

2. Bardin T, Richette P.  Impact of comorbidities on gout and hyperuricaemia: an update on 
prevalence and treatment options. BMC Med. 2017;15(1):123. https://doi.org/10.1186/
s12916- 017- 0890- 9. Epub 2017/07/04. PubMed PMID: 28669352; PubMed Central PMCID: 
PMCPMC5494879.

3. Abeles AM. Hyperuricemia, gout, and cardiovascular disease: an update. Curr Rheumatol 
Rep. 2015;17(3):13. Epub 2015/03/06. PubMed PMID: 25740704. https://doi.org/10.1007/
s11926- 015- 0495- 2.

4. Chen-Xu M, Yokose C, Rai SK, Pillinger MH, Choi HK. Contemporary prevalence of gout 
and hyperuricemia in the united states and decadal trends: the National Health and Nutrition 
Examination Survey, 2007–2016. Arthritis Rheumatol (Hoboken, NJ). 2019;71(6):991–9. 
https://doi.org/10.1002/art.40807. Epub 2019/01/09. PubMed PMID: 30618180; PubMed 
Central PMCID: PMCPMC6536335.

5. Martillo MA, Nazzal L, Crittenden DB.  The crystallization of monosodium urate. Curr 
Rheumatol Rep. 2014;16(2):400. https://doi.org/10.1007/s11926- 013- 0400- 9. PubMed 
PMID: 24357445.

6. Singh G, Lingala B, Mithal A. Gout and hyperuricaemia in the USA: prevalence and trends. 
Rheumatology. 2019;58(12):2177–80. https://doi.org/10.1093/rheumatology/kez196.

7. Keenan RT.  The biology of urate. Semin Arthritis Rheum. 2020;50(3s):S2–S10. Epub 
2020/07/06. PubMed PMID: 32620198. https://doi.org/10.1016/j.semarthrit.2020.04.007.

8. Mandal AK, Mount DB.  The molecular physiology of uric acid homeostasis. Annu Rev 
Physiol. 2015;77:323–45. Epub 2014/11/26. PubMed PMID: 25422986. https://doi.
org/10.1146/annurev- physiol- 021113- 170343.

9. Krishnan E, Lessov-Schlaggar CN, Krasnow RE, Swan GE. Nature versus nurture in gout: a 
twin study. Am J Med. 2012;125(5):499–504. Epub 2012/03/01. PubMed PMID: 22365026. 
https://doi.org/10.1016/j.amjmed.2011.11.010.

10. Major TJ, Dalbeth N, Stahl EA, Merriman TR. An update on the genetics of hyperuricae-
mia and gout. Nat Rev Rheumatol. 2018;14(6):341–53. Epub 2018/05/10. PubMed PMID: 
29740155. https://doi.org/10.1038/s41584- 018- 0004- x.

11. Méndez-Salazar EO, Martínez-Nava GA. Uric acid extrarenal excretion: the gut microbiome 
as an evident yet understated factor in gout development. Rheumatol Int. 2022;42(3):403–12. 
Epub 2021/09/30. PubMed PMID: 34586473. https://doi.org/10.1007/s00296- 021- 05007- x.

12. Kuwabara M, Niwa K, Hisatome I, Nakagawa T, Roncal-Jimenez CA, Andres-Hernando A, 
et al. Asymptomatic hyperuricemia without comorbidities predicts cardiometabolic diseases: 
five-year japanese cohort study. Hypertension. 2017;69(6):1036–44. https://doi.org/10.1161/
hypertensionaha.116.08998. Epub 2017/04/12.PubMed PMID: 28396536; PubMed Central 
PMCID: PMCPMC5426964.

13. Treviño-Becerra A. Uric acid: the unknown uremic toxin. Contrib Nephrol. 2018;192:25–33. 
Epub 2018/02/03. PubMed PMID: 29393086. https://doi.org/10.1159/000484275.

14. Meijers B, Lowenstein J. The evolving view of uremic toxicity. Toxins (Basel). 2022;14(4):274. 
Epub 2022/04/22. PubMed PMID: 35448883; PubMed Central PMCID: PMCPMC9031373. 
https://doi.org/10.3390/toxins14040274.

15. Gao H, Liu S.  Role of uremic toxin indoxyl sulfate in the progression of cardiovascular 
disease. Life Sci. 2017;185:23–9. Epub 2017/07/30. PubMed PMID: 28754616. https://doi.
org/10.1016/j.lfs.2017.07.027.

Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis: Lessons…

https://doi.org/10.3389/fphar.2020.582680
https://doi.org/10.3389/fphar.2020.582680
https://doi.org/10.1186/s12916-017-0890-9
https://doi.org/10.1186/s12916-017-0890-9
https://doi.org/10.1007/s11926-015-0495-2
https://doi.org/10.1007/s11926-015-0495-2
https://doi.org/10.1002/art.40807
https://doi.org/10.1007/s11926-013-0400-9
https://doi.org/10.1093/rheumatology/kez196
https://doi.org/10.1016/j.semarthrit.2020.04.007
https://doi.org/10.1146/annurev-physiol-021113-170343
https://doi.org/10.1146/annurev-physiol-021113-170343
https://doi.org/10.1016/j.amjmed.2011.11.010
https://doi.org/10.1038/s41584-018-0004-x
https://doi.org/10.1007/s00296-021-05007-x
https://doi.org/10.1161/hypertensionaha.116.08998
https://doi.org/10.1161/hypertensionaha.116.08998
https://doi.org/10.1159/000484275
https://doi.org/10.3390/toxins14040274
https://doi.org/10.1016/j.lfs.2017.07.027
https://doi.org/10.1016/j.lfs.2017.07.027


342

16. Sun Y, Johnson C, Zhou J, Wang L, Li YF, Lu Y, et  al. Uremic toxins are conditional 
danger- or homeostasis-associated molecular patterns. Front Biosci (Landmark Ed). 
2018;23(2):348–87. https://doi.org/10.2741/4595. Epub 2017/09/21. PubMed PMID: 
28930551; PubMed Central PMCID: PMCPMC5627515.

17. Kang DH, Park SK, Lee IK, Johnson RJ. Uric acid-induced C-reactive protein expression: 
implication on cell proliferation and nitric oxide production of human vascular cells. J Am 
Soc Nephrol. 2005;16(12):3553–62. Epub 2005/10/28. PubMed PMID: 16251237. https://
doi.org/10.1681/asn.2005050572.

18. Kang DH, Han L, Ouyang X, Kahn AM, Kanellis J, Li P, et al. Uric acid causes vascular 
smooth muscle cell proliferation by entering cells via a functional urate transporter. Am J 
Nephrol. 2005;25(5):425–33. Epub 2005/08/23. PubMed PMID: 16113518. https://doi.
org/10.1159/000087713.

19. Krasnokutsky S, Romero AG, Bang D, Pike VC, Shah B, Igel TF, et al. Impaired arterial 
responsiveness in untreated gout patients compared with healthy non-gout controls: associa-
tion with serum urate and C-reactive protein. Clin Rheumatol. 2018;37(7):1903–11. https://
doi.org/10.1007/s10067- 018- 4029- y. Epub 2018/02/17. PubMed PMID: 29450849; PubMed 
Central PMCID: PMCPMC8476227.

20. Toprover M, Shah B, Oh C, Igel TF, Romero AG, Pike VC, et  al. Initiating guideline- 
concordant gout treatment improves arterial endothelial function and reduces intercriti-
cal inflammation: a prospective observational study. Arthritis Res Ther. 2020;22(1):169. 
https://doi.org/10.1186/s13075- 020- 02260- 6. Epub 2020/07/13. PubMed PMID: 32653044; 
PubMed Central PMCID: PMCPMC7353742.

21. Sautin YY, Nakagawa T, Zharikov S, Johnson RJ. Adverse effects of the classic antioxidant 
uric acid in adipocytes: NADPH oxidase-mediated oxidative/nitrosative stress. Am J Physiol 
Cell Physiol. 2007;293(2):C584–96. Epub 2007/04/13. PubMed PMID: 17428837. https://
doi.org/10.1152/ajpcell.00600.2006.

22. Badii M, Gaal OI, Cleophas MC, Klück V, Davar R, Habibi E, et al. Urate-induced epigenetic 
modifications in myeloid cells. Arthritis Res Ther. 2021;23(1):202. https://doi.org/10.1186/
s13075- 021- 02580- 1. Epub 2021/07/30. PubMed PMID: 34321071; PubMed Central 
PMCID: PMCPMC8317351.

23. Joosten LAB, Crişan TO, Bjornstad P, Johnson RJ. Asymptomatic hyperuricaemia: a silent 
activator of the innate immune system. Nat Rev Rheumatol. 2020;16(2):75–86. https://doi.
org/10.1038/s41584- 019- 0334- 3. Epub 2019/12/12. PubMed PMID: 31822862; PubMed 
Central PMCID: PMCPMC7075706.

24. Tercan H, Riksen NP, Joosten LAB, Netea MG, Bekkering S. Trained immunity: long-term 
adaptation in innate immune responses. Arterioscler Thromb Vasc Biol. 2021;41(1):55–61. 
Epub 2020/10/23. PubMed PMID: 33086868. https://doi.org/10.1161/atvbaha.120.314212.

25. Dalbeth N, Phipps-Green A, Frampton C, Neogi T, Taylor WJ, Merriman TR. Relationship 
between serum urate concentration and clinically evident incident gout: an individual partici-
pant data analysis. Ann Rheum Dis. 2018;77(7):1048–52. Epub 2018/02/22. PubMed PMID: 
29463518. https://doi.org/10.1136/annrheumdis- 2017- 212288.

26. Yokose C, Chen M, Berhanu A, Pillinger MH, Krasnokutsky S. Gout and osteoarthritis: associ-
ations, pathophysiology, and therapeutic implications. Curr Rheumatol Rep. 2016;18(10):65. 
Epub 2016/10/01. PubMed PMID: 27686950. https://doi.org/10.1007/s11926- 016- 0613- 9.

27. Neogi T, Krasnokutsky S, Pillinger MH.  Urate and osteoarthritis: evidence for a recip-
rocal relationship. Joint Bone Spine. 2019;86(5):576–82. https://doi.org/10.1016/j.
jbspin.2018.11.002. Epub 2018/11/25. PubMed PMID: 30471419; PubMed Central PMCID: 
PMCPMC6531371.

28. Kanevets U, Sharma K, Dresser K, Shi Y. A role of IgM antibodies in monosodium urate 
crystal formation and associated adjuvanticity. J Immunol. 2009;182(4):1912–8. https://doi.
org/10.4049/jimmunol.0803777. Epub 2009/02/10. PubMed PMID: 19201844; PubMed 
Central PMCID: PMCPMC2663336.

B. Shah et al.

https://doi.org/10.2741/4595
https://doi.org/10.1681/asn.2005050572
https://doi.org/10.1681/asn.2005050572
https://doi.org/10.1159/000087713
https://doi.org/10.1159/000087713
https://doi.org/10.1007/s10067-018-4029-y
https://doi.org/10.1007/s10067-018-4029-y
https://doi.org/10.1186/s13075-020-02260-6
https://doi.org/10.1152/ajpcell.00600.2006
https://doi.org/10.1152/ajpcell.00600.2006
https://doi.org/10.1186/s13075-021-02580-1
https://doi.org/10.1186/s13075-021-02580-1
https://doi.org/10.1038/s41584-019-0334-3
https://doi.org/10.1038/s41584-019-0334-3
https://doi.org/10.1161/atvbaha.120.314212
https://doi.org/10.1136/annrheumdis-2017-212288
https://doi.org/10.1007/s11926-016-0613-9
https://doi.org/10.1016/j.jbspin.2018.11.002
https://doi.org/10.1016/j.jbspin.2018.11.002
https://doi.org/10.4049/jimmunol.0803777
https://doi.org/10.4049/jimmunol.0803777


343

29. Kam M, Perl-Treves D, Caspi D, Addadi L.  Antibodies against crystals. FASEB 
J. 1992;6(8):2608–13. Epub 1992/05/01. PubMed PMID: 1592211. https://doi.org/10.1096/
fasebj.6.8.1592211.

30. Rimer JD, An Z, Zhu Z, Lee MH, Goldfarb DS, Wesson JA, et al. Crystal growth inhibi-
tors for the prevention of L-cystine kidney stones through molecular design. Science. 
2010;330(6002):337–41. https://doi.org/10.1126/science.1191968. Epub 2010/10/16. 
PubMed PMID: 20947757; PubMed Central PMCID: PMCPMC5166609.

31. Lee MH, Sahota A, Ward MD, Goldfarb DS.  Cystine growth inhibition through molecu-
lar mimicry: a new paradigm for the prevention of crystal diseases. Curr Rheumatol Rep. 
2015;17(5):33. https://doi.org/10.1007/s11926- 015- 0510- 7. Epub 2015/04/16. PubMed 
PMID: 25874348; PubMed Central PMCID: PMCPMC4518543.

32. Vedre A, Pathak DR, Crimp M, Lum C, Koochesfahani M, Abela GS.  Physical fac-
tors that trigger cholesterol crystallization leading to plaque rupture. Atherosclerosis. 
2009;203(1):89–96. Epub 2008/08/16. PubMed PMID: 18703195. https://doi.org/10.1016/j.
atherosclerosis.2008.06.027.

33. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et  al. NLRP3 
inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature. 
2010;464(7293):1357–61. https://doi.org/10.1038/nature08938. Epub 2010/04/30. PubMed 
PMID: 20428172; PubMed Central PMCID: PMCPMC2946640.

34. Rock KL, Kataoka H, Lai JJ.  Uric acid as a danger signal in gout and its comorbidities. 
Nat Rev Rheumatol. 2013;9(1):13–23. https://doi.org/10.1038/nrrheum.2012.143. Epub 
2012/09/05. PubMed PMID: 22945591; PubMed Central PMCID: PMCPMC3648987.

35. Kingsbury SR, Conaghan PG, McDermott MF. The role of the NLRP3 inflammasome in 
gout. J Inflamm Res. 2011;4:39–49. https://doi.org/10.2147/jir.S11330. Epub 2011/11/19. 
PubMed PMID: 22096368; PubMed Central PMCID: PMCPMC3218743.

36. Swanson KV, Deng M, Ting JP.  The NLRP3 inflammasome: molecular activation and 
regulation to therapeutics. Nat Rev Immunol. 2019;19(8):477–89. https://doi.org/10.1038/
s41577- 019- 0165- 0. Epub 2019/05/01. PubMed PMID: 31036962; PubMed Central PMCID: 
PMCPMC7807242.

37. Kaneko N, Kurata M, Yamamoto T, Morikawa S, Masumoto J. The role of interleukin-1 in 
general pathology. Inflamm Regen. 2019;39:12. https://doi.org/10.1186/s41232- 019- 0101- 5. 
Epub 2019/06/12. PubMed PMID: 31182982; PubMed Central PMCID: PMCPMC6551897.

38. LA Abbas DK, Pillai S. Basic immunology. 5th ed. Amsterdam: Elsevier; 2016.
39. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric acid crystals 

activate the NALP3 inflammasome. Nature. 2006;440(7081):237–41. Epub 2006/01/13. 
PubMed PMID: 16407889. https://doi.org/10.1038/nature04516.

40. Zhu J, Chu CQ.  Cholesterol crystals in rheumatoid bursal fluid. Rheumatology (Oxford). 
2022;61(5):e132. Epub 2021/07/16. PubMed PMID: 34264345. https://doi.org/10.1093/
rheumatology/keab561.

41. Choi HK, Niu J, Neogi T, Chen CA, Chaisson C, Hunter D, et al. Nocturnal risk of gout attacks. 
Arthritis Rheumatol (Hoboken, NJ). 2015;67(2):555–62. https://doi.org/10.1002/art.38917. 
Epub 2014/12/17. PubMed PMID: 25504842; PubMed Central PMCID: PMCPMC4360969.

42. Muller JE, Tofler GH, Stone PH. Circadian variation and triggers of onset of acute cardiovas-
cular disease. Circulation. 1989;79(4):733–43. Epub 1989/04/01. PubMed PMID: 2647318. 
https://doi.org/10.1161/01.cir.79.4.733.

43. Howard RG, Pillinger MH, Gyftopoulos S, Thiele RG, Swearingen CJ, Samuels 
J. Reproducibility of musculoskeletal ultrasound for determining monosodium urate depo-
sition: concordance between readers. Arthritis Care Res (Hoboken). 2011;63(10):1456–62. 
https://doi.org/10.1002/acr.20527. Epub 2011/06/28. PubMed PMID: 21702086; PubMed 
Central PMCID: PMCPMC3183112.

44. Dalbeth N, House ME, Aati O, Tan P, Franklin C, Horne A, et al. Urate crystal deposition in 
asymptomatic hyperuricaemia and symptomatic gout: a dual energy CT study. Ann Rheum 

Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis: Lessons…

https://doi.org/10.1096/fasebj.6.8.1592211
https://doi.org/10.1096/fasebj.6.8.1592211
https://doi.org/10.1126/science.1191968
https://doi.org/10.1007/s11926-015-0510-7
https://doi.org/10.1016/j.atherosclerosis.2008.06.027
https://doi.org/10.1016/j.atherosclerosis.2008.06.027
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/nrrheum.2012.143
https://doi.org/10.2147/jir.S11330
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1186/s41232-019-0101-5
https://doi.org/10.1038/nature04516
https://doi.org/10.1093/rheumatology/keab561
https://doi.org/10.1093/rheumatology/keab561
https://doi.org/10.1002/art.38917
https://doi.org/10.1161/01.cir.79.4.733
https://doi.org/10.1002/acr.20527


344

Dis. 2015;74(5):908–11. https://doi.org/10.1136/annrheumdis- 2014- 206397. PubMed 
PMID: 25637002.

45. Zaninelli TH, Fattori V, Saraiva-Santos T, Badaro-Garcia S, Staurengo-Ferrari L, Andrade 
KC, et al. RvD1 disrupts nociceptor neuron and macrophage activation and neuroimmune 
communication, reducing pain and inflammation in gouty arthritis in mice. Br J Pharmacol. 
2022;179:4500. https://doi.org/10.1111/bph.15897. Epub 2022/06/19. PubMed PMID: 
35716378.

46. Scher JU, Pillinger MH. The anti-inflammatory effects of prostaglandins. J Investig Med. 
2009;57(6):703–8. Epub 2009/02/26. PubMed PMID: 19240648. https://doi.org/10.2310/
JIM.0b013e31819aaa76.

47. Bannenberg G, Serhan CN.  Specialized pro-resolving lipid mediators in the inflamma-
tory response: an update. Biochim Biophys Acta. 2010;1801(12):1260–73. https://doi.
org/10.1016/j.bbalip.2010.08.002. Epub 2010/08/17. PubMed PMID: 20708099; PubMed 
Central PMCID: PMCPMC2994245.

48. Wang M, Ishikawa T, Lai Y, Nallapothula D, Singh RR.  Diverse roles of NETosis in 
the pathogenesis of lupus. Front Immunol. 2022;13:895216. https://doi.org/10.3389/
fimmu.2022.895216. Epub 2022/06/11. PubMed PMID: 35686129; PubMed Central 
PMCID: PMCPMC9170953.

49. Schauer C, Janko C, Munoz LE, Zhao Y, Kienhöfer D, Frey B, et al. Aggregated neutrophil 
extracellular traps limit inflammation by degrading cytokines and chemokines. Nat Med. 
2014;20(5):511–7. Epub 2014/05/03. PubMed PMID: 24784231. https://doi.org/10.1038/
nm.3547.

50. Quillard T, Araújo HA, Franck G, Shvartz E, Sukhova G, Libby P. TLR2 and neutrophils 
potentiate endothelial stress, apoptosis and detachment: implications for superficial ero-
sion. Eur Heart J. 2015;36(22):1394–404. https://doi.org/10.1093/eurheartj/ehv044. Epub 
2015/03/11. PubMed PMID: 25755115; PubMed Central PMCID: PMCPMC4458287.

51. Döring Y, Soehnlein O, Weber C.  Neutrophils cast NETs in atherosclerosis: employing 
peptidylarginine deiminase as a therapeutic target. Circ Res. 2014;114(6):931–4. Epub 
2014/03/15. PubMed PMID: 24625721. https://doi.org/10.1161/circresaha.114.303479.

52. Mangold A, Alias S, Scherz T, Hofbauer M, Jakowitsch J, Panzenböck A, et al. Coronary 
neutrophil extracellular trap burden and deoxyribonuclease activity in ST-elevation acute 
coronary syndrome are predictors of ST-segment resolution and infarct size. Circ Res. 
2015;116(7):1182–92. Epub 2014/12/31. PubMed PMID: 25547404. https://doi.org/10.1161/
circresaha.116.304944.

53. Chhana A, Dalbeth N.  The gouty tophus: a review. Curr Rheumatol Rep. 2015;17(3):19. 
https://doi.org/10.1007/s11926- 014- 0492- x. PubMed PMID: 25761926.

54. Narang RK, Dalbeth N.  Pathophysiology of gout. Semin Nephrol. 2020;40(6):550–63. 
https://doi.org/10.1016/j.semnephrol.2020.12.001.

55. Janoudi A, Shamoun FE, Kalavakunta JK, Abela GS.  Cholesterol crystal induced arterial 
inflammation and destabilization of atherosclerotic plaque. Eur Heart J. 2016;37(25):1959–67. 
Epub 2015/12/26. PubMed PMID: 26705388. https://doi.org/10.1093/eurheartj/ehv653.

56. Palmer DG, Hogg N, Denholm I, Allen CA, Highton J, Hessian PA. Comparison of pheno-
type expression by mononuclear phagocytes within subcutaneous gouty tophi and rheuma-
toid nodules. Rheumatol Int. 1987;7(5):187–93. Epub 1987/01/01. PubMed PMID: 3321380. 
https://doi.org/10.1007/bf00541376.

57. Dalbeth N, Pool B, Gamble GD, Smith T, Callon KE, McQueen FM, et al. Cellular charac-
terization of the gouty tophus: a quantitative analysis. Arthritis Rheum. 2010;62(5):1549–56. 
Epub 2010/02/05. PubMed PMID: 20131281. https://doi.org/10.1002/art.27356.

58. Lee SJ, Nam KI, Jin HM, Cho YN, Lee SE, Kim TJ, et al. Bone destruction by receptor acti-
vator of nuclear factor κB ligand-expressing T cells in chronic gouty arthritis. Arthritis Res 
Ther. 2011;13(5):R164. https://doi.org/10.1186/ar3483. Epub 2011/10/14. PubMed PMID: 
21992185; PubMed Central PMCID: PMCPMC3308097.

B. Shah et al.

https://doi.org/10.1136/annrheumdis-2014-206397
https://doi.org/10.1111/bph.15897
https://doi.org/10.2310/JIM.0b013e31819aaa76
https://doi.org/10.2310/JIM.0b013e31819aaa76
https://doi.org/10.1016/j.bbalip.2010.08.002
https://doi.org/10.1016/j.bbalip.2010.08.002
https://doi.org/10.3389/fimmu.2022.895216
https://doi.org/10.3389/fimmu.2022.895216
https://doi.org/10.1038/nm.3547
https://doi.org/10.1038/nm.3547
https://doi.org/10.1093/eurheartj/ehv044
https://doi.org/10.1161/circresaha.114.303479
https://doi.org/10.1161/circresaha.116.304944
https://doi.org/10.1161/circresaha.116.304944
https://doi.org/10.1007/s11926-014-0492-x
https://doi.org/10.1016/j.semnephrol.2020.12.001
https://doi.org/10.1093/eurheartj/ehv653
https://doi.org/10.1007/bf00541376
https://doi.org/10.1002/art.27356
https://doi.org/10.1186/ar3483


345

59. Cavalcanti NG, Marques CD, Lins ELTU, Pereira MC, Rêgo MJ, Duarte AL, et  al. 
Cytokine profile in gout: inflammation driven by IL-6 and IL-18? Immunol Investig. 
2016;45(5):383–95. Epub 2016/05/25. PubMed PMID: 27219123. https://doi.org/10.310
9/08820139.2016.1153651.

60. Heinrich PC, Castell JV, Andus T.  Interleukin-6 and the acute phase response. Biochem 
J. 1990;265(3):621–36. https://doi.org/10.1042/bj2650621. Epub 1990/02/01. PubMed 
PMID: 1689567; PubMed Central PMCID: PMCPMC1133681.

61. Ridker PM, Rane M.  Interleukin-6 signaling and anti-Interleukin-6 therapeutics in car-
diovascular disease. Circ Res. 2021;128(11):1728–46. Epub 2021/05/18. PubMed PMID: 
33998272. https://doi.org/10.1161/circresaha.121.319077.

62. Ridker PM, Libby P, MacFadyen JG, Thuren T, Ballantyne C, Fonseca F, et al. Modulation of 
the interleukin-6 signalling pathway and incidence rates of atherosclerotic events and all-cause 
mortality: analyses from the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study 
(CANTOS). Eur Heart J. 2018;39(38):3499–507. https://doi.org/10.1093/eurheartj/ehy310.

63. Ding L, Li H, Sun B, Wang T, Meng S, Huang Q, et  al. Elevated interleukin-37 associ-
ated with tophus and pro-inflammatory mediators in Chinese gout patients. Cytokine. 
2021;141:155468. Epub 2021/03/02. PubMed PMID: 33647713. https://doi.org/10.1016/j.
cyto.2021.155468.

64. Dalbeth N, Gosling AL, Gaffo A, Abhishek A.  Gout. Lancet (London, England). 
2021;397(10287):1843–55. Epub 2021/04/03. PubMed PMID: 33798500. https://doi.
org/10.1016/s0140- 6736(21)00569- 9.

65. Toprover M, Krasnokutsky S, Pillinger MH. Gout in the spine: imaging, diagnosis, and out-
comes. Curr Rheumatol Rep. 2015;17(12):70. Epub 2015/10/23. PubMed PMID: 26490179. 
https://doi.org/10.1007/s11926- 015- 0547- 7.

66. Toprover M, Mechlin M, Slobodnick A, Pike VC, Oh C, Davis C, et al. Gout and serum urate 
levels are associated with lumbar spine monosodium urate deposition and chronic low back 
pain: a dual-energy CT study [Abstract]. Arthritis Rheum. 2020;2020.

67. Spek A, Strittmatter F, Graser A, Kufer P, Stief C, Staehler M.  Dual energy can accu-
rately differentiate uric acid-containing urinary calculi from calcium stones. World J Urol. 
2016;34(9):1297–302. Epub 2016/01/11. PubMed PMID: 26749082. https://doi.org/10.1007/
s00345- 015- 1756- 4.

68. Khanna P, Johnson RJ, Marder B, LaMoreaux B, Kumar A. Systemic urate deposition: an 
unrecognized complication of gout? J Clin Med. 2020;9(10):3204. https://doi.org/10.3390/
jcm9103204. Epub 2020/10/08. PubMed PMID: 33023045; PubMed Central PMCID: 
PMCPMC7600842.

69. Ayoub I, Almaani S, Brodsky S, Nadasdy T, Prosek J, Hebert L, et  al. Revisiting medul-
lary tophi: a link between uric acid and progressive chronic kidney disease? Clin Nephrol. 
2016;85(2):109–13. Epub 2015/12/29. Epub 2020/10/08. https://doi.org/10.5414/cn108663.x.

70. Park JJ, Roudier MP, Soman D, Mokadam NA, Simkin PA. Prevalence of birefringent crys-
tals in cardiac and prostatic tissues, an observational study. BMJ Open. 2014;4(7):e005308. 
https://doi.org/10.1136/bmjopen- 2014- 005308. Epub 2014/07/18. PubMed PMID: 
25031195; PubMed Central PMCID: PMCPMC4120371.

71. Katoch P, Trier-Mørch S, Vyberg M. Small intestinal tophus mimicking tumor. Hum Pathol 
Case Rep. 2014;1(1):2–5. https://doi.org/10.1016/j.ehpc.2014.05.001.

72. Moiseev V, Shavarov A, Varshavsky V, Reshetin V.  Multiple pseudotumorous crystalline 
deposits in small intestine, mesentery and lungs in terminal heart failure patent without gouty 
arthritis. Eur J Heart Fail. 2016.

73. Sharon Y, Schlesinger N. Beyond joints: a review of ocular abnormalities in gout and hyper-
uricemia. Curr Rheumatol Rep. 2016;18(6):37. Epub 2016/05/04. PubMed PMID: 27138165. 
https://doi.org/10.1007/s11926- 016- 0586- 8.

74. Sharifabad MA, Tzeng J, Gharibshahi S. Mammary gouty tophus: a case report and review 
of the literature. Breast J. 2006;12(3):263–5. Epub 2006/05/11. PubMed PMID: 16684326. 
https://doi.org/10.1111/j.1075- 122X.2006.00252.x.

Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis: Lessons…

https://doi.org/10.3109/08820139.2016.1153651
https://doi.org/10.3109/08820139.2016.1153651
https://doi.org/10.1042/bj2650621
https://doi.org/10.1161/circresaha.121.319077
https://doi.org/10.1093/eurheartj/ehy310
https://doi.org/10.1016/j.cyto.2021.155468
https://doi.org/10.1016/j.cyto.2021.155468
https://doi.org/10.1016/s0140-6736(21)00569-9
https://doi.org/10.1016/s0140-6736(21)00569-9
https://doi.org/10.1007/s11926-015-0547-7
https://doi.org/10.1007/s00345-015-1756-4
https://doi.org/10.1007/s00345-015-1756-4
https://doi.org/10.3390/jcm9103204
https://doi.org/10.3390/jcm9103204
https://doi.org/10.5414/cn108663.x
https://doi.org/10.1136/bmjopen-2014-005308
https://doi.org/10.1016/j.ehpc.2014.05.001
https://doi.org/10.1007/s11926-016-0586-8
https://doi.org/10.1111/j.1075-122X.2006.00252.x


346

75. Disveld IJM, Fransen J, Rongen GA, Kienhorst LBE, Zoakman S, Janssens H, et al. Crystal- 
proven gout and characteristic gout severity factors are associated with cardiovascular dis-
ease. J Rheumatol. 2018;45(6):858–63. Epub 2018/04/17. PubMed PMID: 29657151. https://
doi.org/10.3899/jrheum.170555.

76. Freedman DS, Williamson DF, Gunter EW, Byers T. Relation of serum uric acid to mor-
tality and ischemic heart disease. The NHANES I Epidemiologic Follow-up Study. Am J 
Epidemiol. 1995;141(7):637–44. Epub 1995/04/01. PubMed PMID: 7702038. https://doi.
org/10.1093/oxfordjournals.aje.a117479.

77. Braga F, Pasqualetti S, Ferraro S, Panteghini M. Hyperuricemia as risk factor for coronary 
heart disease incidence and mortality in the general population: a systematic review and 
meta-analysis. Clin Chem Lab Med. 2016;54(1):7–15. Epub 2015/09/10. PubMed PMID: 
26351943. https://doi.org/10.1515/cclm- 2015- 0523.

78. Choi HK, Curhan G. Independent impact of gout on mortality and risk for coronary heart 
disease. Circulation. 2007;116(8):894–900. Epub 2007/08/19. PubMed PMID: 17698728. 
https://doi.org/10.1161/circulationaha.107.703389.

79. Christensen JL, Yu W, Tan S, Chu A, Vargas F, Assali M, et  al. Gout is associated with 
increased coronary artery calcification and adverse cardiovascular outcomes. JACC 
Cardiovasc Imaging. 2019. Epub 2019/12/23. PubMed PMID: 31864984;13:884. https://doi.
org/10.1016/j.jcmg.2019.10.019.

80. Keenan RT, O'Brien WR, Lee KH, Crittenden DB, Fisher MC, Goldfarb DS, et al. Prevalence 
of contraindications and prescription of pharmacologic therapies for gout. Am J Med. 
2011;124(2):155–63. Epub 2011/02/08. PubMed PMID: 21295195. https://doi.org/10.1016/j.
amjmed.2010.09.012.

81. Zhu Y, Pandya BJ, Choi HK. Comorbidities of gout and hyperuricemia in the US general 
population: NHANES 2007-2008. Am J Med. 2012;125(7):679–87.e1. Epub 2012/05/26. 
PubMed PMID: 22626509. https://doi.org/10.1016/j.amjmed.2011.09.033.

82. Yoo HG, Lee SI, Chae HJ, Park SJ, Lee YC, Yoo WH. Prevalence of insulin resistance and 
metabolic syndrome in patients with gouty arthritis. Rheumatol Int. 2011;31(4):485–91. 
Epub 2010/01/22. PubMed PMID: 20091036. https://doi.org/10.1007/s00296- 009- 1304- x.

83. Wang Y, Viollet B, Terkeltaub R, Liu-Bryan R.  AMP-activated protein kinase suppresses 
urate crystal-induced inflammation and transduces colchicine effects in macrophages. Ann 
Rheum Dis. 2016;75(1):286–94. https://doi.org/10.1136/annrheumdis- 2014- 206074. Epub 
2014/11/02. PubMed PMID: 25362043; PubMed Central PMCID: PMCPMC4417082.

84. Sun HL, Pei D, Lue KH, Chen YL. Uric acid levels can predict metabolic syndrome and 
hypertension in adolescents: a 10-year longitudinal study. PLoS One. 2015;10(11):e0143786. 
https://doi.org/10.1371/journal.pone.0143786. Epub 2015/12/01. PubMed PMID: 26618358; 
PubMed Central PMCID: PMCPMC4664290.

85. Grayson PC, Kim SY, LaValley M, Choi HK.  Hyperuricemia and incident hypertension: 
a systematic review and meta-analysis. Arthritis Care Res (Hoboken). 2011;63(1):102–10. 
https://doi.org/10.1002/acr.20344. Epub 2010/09/09. PubMed PMID: 20824805; PubMed 
Central PMCID: PMCPMC3016454.

86. Feig DI, Soletsky B, Johnson RJ. Effect of allopurinol on blood pressure of adolescents with 
newly diagnosed essential hypertension: a randomized trial. JAMA. 2008;300(8):924–32. 
https://doi.org/10.1001/jama.300.8.924. Epub 2008/08/30. PubMed PMID: 18728266; 
PubMed Central PMCID: PMCPMC2684336.

87. Gaffo AL, Calhoun DA, Rahn EJ, Oparil S, Li P, Dudenbostel T, et al. Effect of serum urate 
lowering with allopurinol on blood pressure in young adults: a randomized, controlled, 
crossover trial. Arthritis Rheumatol (Hoboken, NJ). 2021;73(8):1514–22. Epub 2021/03/30. 
PubMed PMID: 33779064. https://doi.org/10.1002/art.41749.

88. Johnson RJ, Choi HK, Yeo AE, Lipsky PE.  Pegloticase treatment significantly decreases 
blood pressure in patients with chronic gout. Hypertension. 2019;74(1):95–101. Epub 
2019/05/14. PubMed PMID: 31079535. https://doi.org/10.1161/hypertensionaha.119.12727.

B. Shah et al.

https://doi.org/10.3899/jrheum.170555
https://doi.org/10.3899/jrheum.170555
https://doi.org/10.1093/oxfordjournals.aje.a117479
https://doi.org/10.1093/oxfordjournals.aje.a117479
https://doi.org/10.1515/cclm-2015-0523
https://doi.org/10.1161/circulationaha.107.703389
https://doi.org/10.1016/j.jcmg.2019.10.019
https://doi.org/10.1016/j.jcmg.2019.10.019
https://doi.org/10.1016/j.amjmed.2010.09.012
https://doi.org/10.1016/j.amjmed.2010.09.012
https://doi.org/10.1016/j.amjmed.2011.09.033
https://doi.org/10.1007/s00296-009-1304-x
https://doi.org/10.1136/annrheumdis-2014-206074
https://doi.org/10.1371/journal.pone.0143786
https://doi.org/10.1002/acr.20344
https://doi.org/10.1001/jama.300.8.924
https://doi.org/10.1002/art.41749
https://doi.org/10.1161/hypertensionaha.119.12727


347

89. Abdellatif A, Zhao L, Cherny K, Marder B, Scandling J, Saag K.  POS1160  protect: 
PEGLOTICASE treatment for uncontrolled gout in kidney transplanted patients; results 
from a phase 4 trial. Ann Rheum Dis. 2022;81(Suppl 1):908–9. https://doi.org/10.1136/
annrheumdis- 2022- eular.2175.

90. Hench P, Darnall C. A clinic on acute, old-fashioned gout; with special reference to its incit-
ing factors. Med Clin North Am. 1933;16:1371–400.

91. Klauser AS, Halpern EJ, Strobl S, Gruber J, Feuchtner G, Bellmann-Weiler R, et al. Dual- 
energy computed tomography detection of cardiovascular monosodium urate deposits in 
patients with gout. JAMA Cardiol. 2019;4(10):1019–28. https://doi.org/10.1001/jamacar-
dio.2019.3201. PubMed PMID: 31509156.

92. Pund EE Jr, Hawley RL, Mc GH, Blount SG Jr. Gouty heart. N Engl J Med. 
1960;263:835–8. Epub 1960/10/27. PubMed PMID: 13738492. https://doi.org/10.1056/
nejm196010272631705.

93. Patetsios P, Song M, Shutze WP, Pappas C, Rodino W, Ramirez JA, et al. Identification of 
uric acid and xanthine oxidase in atherosclerotic plaque. Am J Cardiol. 2001;88(2):188–91, 
, a6. Epub 2001/07/13. PubMed PMID: 11448423. https://doi.org/10.1016/
s0002- 9149(01)01621- 6.

94. Patetsios P, Rodino W, Wisselink W, Bryan D, Kirwin JD, Panetta TF. Identification of uric 
acid in aortic aneurysms and atherosclerotic artery. Ann N Y Acad Sci. 1996;800:243–5. Epub 
1996/11/18. PubMed PMID: 8959001. https://doi.org/10.1111/j.1749- 6632.1996.tb33318.x.

95. Nardi V, Franchi F, Prasad M, Fatica EM, Alexander MP, Bois MC, et al. Uric acid expres-
sion in carotid atherosclerotic plaque and serum uric acid are associated with cerebrovascular 
events. Hypertension. 2022;79(8):1814–23. Epub 2022/06/04. PubMed PMID: 35656807. 
https://doi.org/10.1161/hypertensionaha.122.19247.

96. Feuchtner GM, Plank F, Beyer C, Schwabl C, Held J, Bellmann-Weiler R, et  al. 
Monosodium urate crystal deposition in coronary artery plaque by 128-slice dual-energy 
computed tomography: an ex  vivo phantom and in  vivo study. J Comput Assist Tomogr. 
2021;45(6):856–62. Epub 2021/09/02. PubMed PMID: 34469909. https://doi.org/10.1097/
rct.0000000000001222.

97. Chang K, Yokose C, Tenner C, Oh C, Donnino R, Choy-Shan A, et al. Association between 
gout and aortic stenosis. Am J Med. 2017;130(2):230.e1–8. https://doi.org/10.1016/j.
amjmed.2016.09.005. Epub 2016/10/11. PubMed PMID: 27720853; PubMed Central 
PMCID: PMCPMC5357081.

98. Adelsheimer A, Shah B, Choy-Shan A, Tenner CT, Lorin JD, Smilowitz NR, et  al. Gout 
and progression of aortic stenosis. Am J Med. 2020;133(9):1095–1100.e1. https://doi.
org/10.1016/j.amjmed.2020.01.019. Epub 2020/02/23. PubMed PMID: 32081657; PubMed 
Central PMCID: PMCPMC7429243.

99. El-Khatib LA, De Feijter-Rupp H, Janoudi A, Fry L, Kehdi M, Abela GS.  Cholesterol 
induced heart valve inflammation and injury: efficacy of cholesterol lowering treatment. Open 
Heart. 2020;7(2):e001274. https://doi.org/10.1136/openhrt- 2020- 001274. Epub 2020/08/05. 
PubMed PMID: 32747455; PubMed Central PMCID: PMCPMC7402193.

100. Dasgeb B, Kornreich D, McGuinn K, Okon L, Brownell I, Sackett DL. Colchicine: an ancient 
drug with novel applications. Br J Dermatol. 2018;178(2):350–6. https://doi.org/10.1111/
bjd.15896. Epub 2017/08/24. PubMed PMID: 28832953; PubMed Central PMCID: 
PMCPMC5812812.

101. Wallace SL.  In: Copeman, WSC, editor. A short history of the gout and the rheumatic 
diseases. Berkeley: University of California Press; 1964, 236  pp. Arthritis Rheumatism. 
1964;7(6):722–3. https://doi.org/10.1002/art.1780070613.

102. Bauriedel G, Heimerl J, Beinert T, Welsch U, Höfling B. Colchicine antagonizes the activ-
ity of human smooth muscle cells cultivated from arteriosclerotic lesions after atherectomy. 
Coron Artery Dis. 1994;5(6):531–9. Epub 1994/06/01. PubMed PMID: 7952413.

Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis: Lessons…

https://doi.org/10.1136/annrheumdis-2022-eular.2175
https://doi.org/10.1136/annrheumdis-2022-eular.2175
https://doi.org/10.1001/jamacardio.2019.3201
https://doi.org/10.1001/jamacardio.2019.3201
https://doi.org/10.1056/nejm196010272631705
https://doi.org/10.1056/nejm196010272631705
https://doi.org/10.1016/s0002-9149(01)01621-6
https://doi.org/10.1016/s0002-9149(01)01621-6
https://doi.org/10.1111/j.1749-6632.1996.tb33318.x
https://doi.org/10.1161/hypertensionaha.122.19247
https://doi.org/10.1097/rct.0000000000001222
https://doi.org/10.1097/rct.0000000000001222
https://doi.org/10.1016/j.amjmed.2016.09.005
https://doi.org/10.1016/j.amjmed.2016.09.005
https://doi.org/10.1016/j.amjmed.2020.01.019
https://doi.org/10.1016/j.amjmed.2020.01.019
https://doi.org/10.1136/openhrt-2020-001274
https://doi.org/10.1111/bjd.15896
https://doi.org/10.1111/bjd.15896
https://doi.org/10.1002/art.1780070613


348

103. Nuki G. Colchicine: its mechanism of action and efficacy in crystal-induced inflammation. 
Curr Rheumatol Rep. 2008;10(3):218–27. Epub 2008/07/22. PubMed PMID: 18638431. 
https://doi.org/10.1007/s11926- 008- 0036- 3.

104. Caner JE. Colchicine inhibition of chemotaxis. Arthritis Rheum. 1965;8(5):757–64. Epub 
1965/10/01. PubMed PMID: 5859551. https://doi.org/10.1002/art.1780080438.

105. Cronstein BN, Molad Y, Reibman J, Balakhane E, Levin RI, Weissmann G. Colchicine alters 
the quantitative and qualitative display of selectins on endothelial cells and neutrophils. J Clin 
Invest. 1995;96(2):994–1002. https://doi.org/10.1172/jci118147. Epub 1995/08/01. PubMed 
PMID: 7543498; PubMed Central PMCID: PMCPMC185287.

106. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et  al. 
Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl J 
Med. 2017;377(12):1119–31. Epub 2017/08/29. PubMed PMID: 28845751. https://doi.
org/10.1056/NEJMoa1707914.

107. Abu-Fanne R, Stepanova V, Litvinov RI, Abdeen S, Bdeir K, Higazi M, et al. Neutrophil 
α-defensins promote thrombosis in vivo by altering fibrin formation, structure, and stabil-
ity. Blood. 2019;133(5):481–93. https://doi.org/10.1182/blood- 2018- 07- 861237. Epub 
2018/11/18. PubMed PMID: 30442678; PubMed Central PMCID: PMCPMC6356988 
interests.

108. Shah B, Allen N, Harchandani B, Pillinger M, Katz S, Sedlis SP, et  al. Effect of colchi-
cine on platelet-platelet and platelet-leukocyte interactions: a pilot study in healthy sub-
jects. Inflammation. 2016;39(1):182–9. https://doi.org/10.1007/s10753- 015- 0237- 7. Epub 
2015/09/01. PubMed PMID: 26318864; PubMed Central PMCID: PMCPMC4753094.

109. Nidorf SM, Fiolet A, Abela GS.  Viewing atherosclerosis through a crystal lens: how the 
evolving structure of cholesterol crystals in atherosclerotic plaque alters its stability. J Clin 
Lipidol. 2020;14(5):619–30. Epub 2020/08/15. PubMed PMID: 32792218. https://doi.
org/10.1016/j.jacl.2020.07.003.

110. Strandberg TE, Kovanen PT.  Coronary artery disease: ‘gout’ in the artery? Eur Heart 
J. 2021;42(28):2761–4. https://doi.org/10.1093/eurheartj/ehab276. Epub 2021/05/30. 
PubMed PMID: 34050656; PubMed Central PMCID: PMCPMC8845033.

111. Ridker PM, MacFadyen JG, Everett BM, Libby P, Thuren T, Glynn RJ.  Relationship of 
C-reactive protein reduction to cardiovascular event reduction following treatment with 
canakinumab: a secondary analysis from the CANTOS randomised controlled trial. Lancet 
(London, England). 2018;391(10118):319–28. Epub 2017/11/18. PubMed PMID: 29146124. 
https://doi.org/10.1016/s0140- 6736(17)32814- 3.

112. Solomon DH, Glynn RJ, MacFadyen JG, Libby P, Thuren T, Everett BM, et al. Relationship 
of interleukin-1β blockade with incident gout and serum uric acid levels: exploratory analysis 
of a randomized controlled trial. Ann Intern Med. 2018;169(8):535–42. Epub 2018/09/23. 
PubMed PMID: 30242335. https://doi.org/10.7326/m18- 1167.

113. Nidorf M, Thompson PL.  Effect of colchicine (0.5  mg twice daily) on high-sensitivity 
C-reactive protein independent of aspirin and atorvastatin in patients with stable coro-
nary artery disease. Am J Cardiol. 2007;99(6):805–7. Epub 2007/03/14. PubMed PMID: 
17350370. https://doi.org/10.1016/j.amjcard.2006.10.039.

114. Langevitz P, Livneh A, Neumann L, Buskila D, Shemer J, Amolsky D, et  al. Prevalence 
of ischemic heart disease in patients with familial Mediterranean fever. Isr Med Assoc 
J. 2001;3(1):9–12. Epub 2001/05/10. PubMed PMID: 11344818.

115. Shah B, Toprover M, Crittenden DB, Jeurling S, Pike VC, Krasnokutsky S, et al. Colchicine 
use and incident coronary artery disease in male patients with gout. Can J Cardiol. 
2020;36(11):1722–8. https://doi.org/10.1016/j.cjca.2020.05.026. Epub 2020/05/27. PubMed 
PMID: 32454073; PubMed Central PMCID: PMCPMC8464652.

116. Crittenden DB, Lehmann RA, Schneck L, Keenan RT, Shah B, Greenberg JD, et al. Colchicine 
use is associated with decreased prevalence of myocardial infarction in patients with gout. J 
Rheumatol. 2012;39(7):1458–64. https://doi.org/10.3899/jrheum.111533. Epub 2012/06/05. 
PubMed PMID: 22660810; PubMed Central PMCID: PMCPMC3733459.

B. Shah et al.

https://doi.org/10.1007/s11926-008-0036-3
https://doi.org/10.1002/art.1780080438
https://doi.org/10.1172/jci118147
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1182/blood-2018-07-861237
https://doi.org/10.1007/s10753-015-0237-7
https://doi.org/10.1016/j.jacl.2020.07.003
https://doi.org/10.1016/j.jacl.2020.07.003
https://doi.org/10.1093/eurheartj/ehab276
https://doi.org/10.1016/s0140-6736(17)32814-3
https://doi.org/10.7326/m18-1167
https://doi.org/10.1016/j.amjcard.2006.10.039
https://doi.org/10.1016/j.cjca.2020.05.026
https://doi.org/10.3899/jrheum.111533


349

117. Solomon DH, Liu CC, Kuo IH, Zak A, Kim SC. Effects of colchicine on risk of cardio-
vascular events and mortality among patients with gout: a cohort study using electronic 
medical records linked with Medicare claims. Ann Rheum Dis. 2016;75(9):1674–9. https://
doi.org/10.1136/annrheumdis- 2015- 207984. Epub 2015/11/20. PubMed PMID: 26582823; 
PubMed Central PMCID: PMCPMC5049504.

118. Nidorf SM, Eikelboom JW, Budgeon CA, Thompson PL. Low-dose colchicine for second-
ary prevention of cardiovascular disease. J Am Coll Cardiol. 2013;61(4):404–10. Epub 
2012/12/26. PubMed PMID: 23265346. https://doi.org/10.1016/j.jacc.2012.10.027.

119. Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, et al. Colchicine 
in patients with chronic coronary disease. N Engl J Med. 2020;383(19):1838–47. Epub 
2020/09/01. PubMed PMID: 32865380. https://doi.org/10.1056/NEJMoa2021372.

120. Mastrocola R, Penna C, Tullio F, Femminò S, Nigro D, Chiazza F, et al. Pharmacological 
inhibition of NLRP3 inflammasome attenuates myocardial ischemia/reperfusion injury by 
activation of RISK and mitochondrial pathways. Oxid Med Cell Longev. 2016;2016:5271251. 
https://doi.org/10.1155/2016/5271251. Epub 2017/01/06. PubMed PMID: 28053692; 
PubMed Central PMCID: PMCPMC5178375.

121. Deftereos S, Giannopoulos G, Angelidis C, Alexopoulos N, Filippatos G, Papoutsidakis N, 
et  al. Anti-inflammatory treatment with colchicine in acute myocardial infarction: a pilot 
study. Circulation. 2015;132(15):1395–403. Epub 2015/08/13. PubMed PMID: 26265659. 
https://doi.org/10.1161/circulationaha.115.017611.

122. Hennessy T, Soh L, Bowman M, Kurup R, Schultz C, Patel S, et al. The low dose colchi-
cine after myocardial infarction (LoDoCo-MI) study: a pilot randomized placebo controlled 
trial of colchicine following acute myocardial infarction. Am Heart J. 2019;215:62–9. Epub 
2019/07/10. PubMed PMID: 26265659. https://doi.org/10.1016/j.ahj.2019.06.003.x.

123. Mewton N, Roubille F, Bresson D, Prieur C, Bouleti C, Bochaton T, et al. Effect of colchi-
cine on myocardial injury in acute myocardial infarction. Circulation. 2021;144(11):859–69. 
https://doi.org/10.1161/circulationaha.121.056177. Epub 2021/08/24. PubMed PMID: 
34420373; PubMed Central PMCID: PMCPMC8462445.

124. Tong DC, Quinn S, Nasis A, Hiew C, Roberts-Thomson P, Adams H, et al. Colchicine in 
patients with acute coronary syndrome: the Australian COPS Randomized Clinical Trial. 
Circulation. 2020;142(20):1890–900. Epub 2020/08/31. PubMed PMID: 32862667. https://
doi.org/10.1161/circulationaha.120.050771.

125. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al. Efficacy and safety 
of low-dose colchicine after myocardial infarction. N Engl J Med. 2019;381(26):2497–505. 
Epub 2019/11/17. PubMed PMID: 31733140. https://doi.org/10.1056/NEJMoa1912388.

126. Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bäck M, et  al. 2021 
ESC Guidelines on cardiovascular disease prevention in clinical practice. Eur Heart 
J. 2021;42(34):3227–337. Epub 2021/08/31. PubMed PMID: 34458905. https://doi.
org/10.1093/eurheartj/ehab484.

127. FitzGerald JD, Dalbeth N, Mikuls T, Brignardello-Petersen R, Guyatt G, Abeles AM, et al. 
2020 American College of Rheumatology Guideline for the Management of Gout. Arthritis 
Care Res (Hoboken). 2020;72(6):744–60. Epub 2020/05/12. PubMed PMID: 32391934. 
https://doi.org/10.1002/acr.24180.

Uric Acid in Inflammation and the Pathogenesis of Atherosclerosis: Lessons…

https://doi.org/10.1136/annrheumdis-2015-207984
https://doi.org/10.1136/annrheumdis-2015-207984
https://doi.org/10.1016/j.jacc.2012.10.027
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1155/2016/5271251
https://doi.org/10.1161/circulationaha.115.017611
https://doi.org/10.1016/j.ahj.2019.06.003.x
https://doi.org/10.1161/circulationaha.121.056177
https://doi.org/10.1161/circulationaha.120.050771
https://doi.org/10.1161/circulationaha.120.050771
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1093/eurheartj/ehab484
https://doi.org/10.1093/eurheartj/ehab484
https://doi.org/10.1002/acr.24180


351

Calcium Crystals in Arterial Disease

Sandeep Banga, Jagadeesh K. Kalavakunta, Oliver Abela, and On Topaz

1  Introduction

The appearance of detectable amounts of coronary artery calcium (CAC) by CT 
scanning marks an inflection point in the natural history of coronary disease as the 
risk of atherothrombotic event increases exponentially once calcification becomes 
evident in the atherosclerotic bed of the coronary vessels. CAC is associated with 
the presence of advanced atherosclerosis in coronary artery disease [1]. The calcium 
detected in the vasculature for the most part results from the development of cal-
cium phosphate (hydroxyapatite) crystals that form into larger aggregates and sheet- 
like lattices onto which free calcium continues to accrete. Calcium crystals may 
begin to form either within and adjacent to the necrotic core of atherosclerotic 
plaque or within the media of the vessel wall. Although the processes that lead to 
calcium deposition in these sites are separate and distinct, when extensive, calcifica-
tion in either site may be associated with reduced vascular compliance, impaired 
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vasomotor tone and in some circumstances a reduction in luminal diameter [2, 3]. 
However, since calcium crystals rarely develop or deposit in the media of coronary 
arteries it is self-evident that the detection of CAC is specific for atherosclerosis and 
explains why it has proven to be a strong independent marker of prognosis and pre-
dictor of future cardiac events in patients with coronary artery disease [4, 5].

This chapter summarizes how calcium crystals develop in atherosclerotic plaque 
and the media of peripheral arteries, examines how and why identification of coro-
nary calcium affects assessment of prognosis of patients with coronary disease, and 
summaries the clinical effects of efforts to modify the process of vascular 
calcification.

2  Formation of Calcium Crystals 
in the Atherosclerotic Arteries

Crystalline calcium in atherosclerotic plaque most commonly forms when free cal-
cium and phosphate molecules associate and form micro-calcific crystal deposits. 
Like the lipid in the atherosclerotic core, these elements are believed to originate 
from apoptotic smooth muscle cells and macrophage-derived matrix vesicles [6–9]. 
Whereas apoptosis of smooth muscle cells has been demonstrated to results in the 
formation of fine (small) deposits of calcium crystals, apoptosis of macrophages 
appears to lead to the formation of (larger) “punctate” deposits of calcium crystals 
(Fig. 1b, c) [10].

Microscopic calcium crystal deposits measuring 0.5–15 μm are visible at micros-
copy in atherosclerotic plaque, and are commonly seen deep in the necrotic core 
adjacent to the internal elastic lamina (Fig.  1d, e) [10]. As they aggregate, they 
become increasingly evident in the matrix surrounding the necrotic core where they 
have a speckled appearance (Fig. 1f) [10]. As these deposits grow, they develop into 
sheet-like structures (>3  mm) that appear deeper in the vessel wall adjacent to 
smooth muscle cells and within the collagenous matrix (Fig. 1g, h) [10]. Thus, the 
different patterns of calcification provide some insight into the age and potential 
stability of the plaque.

In the presence of sufficient free calcium, these calcified structures continue to 
grow. Once they enlarge >2 mm they become detectable by CT imaging, and in 
some instances, large nodular aggregates of calcium crystalline deposits may be 
visible to the naked eye (Fig. 1l).

On occasions, very large-calcified nodules form that may extend into the vessel 
lumen and limit coronary flow or cause erosion of the vascular endothelium result-
ing in atherothrombosis. In angiographic studies in patients presenting with an 
acute coronary syndrome, calcified nodules were identified and believed to be pri-
mary cause of atherothrombosis in 2% to 7% of patients [11].

The relationship between free calcium and free cholesterol in the plaque core is 
interesting. While free calcium may enhance the formation of cholesterol crystals 
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a b

c d

e f

g h

i j

Fig. 1 Various forms of arterial calcification. Non-decalcified arterial segments (a and b) and 
decalcified segments (c–j) were serially cut for microscopic assessment. (a) Pathologic intimal 
thickening (PIT) is shown characterized by lipid pool (LP) that lacks smooth muscle cells (SMCs). 
Early microcalcification (≥0.5 mm, typically <15 mm in diameter) likely results from SMC apop-
tosis and calcification is detected by von Kossa staining within the LP (high-power image of boxed 
area in the Movat pentachrome-stained image). Early necrotic core (NC) (b) not only lacks SMCs 
but also is infiltrated by macrophages which eventually undergo apoptosis and calcification, which 
is observed as punctate (≥15 μm) areas of calcification. Von Kossa staining clearly shows relatively 
larger punctate areas of calcification resulting from macrophage cell death within the NC as com-
pared to microcalcification of dying SMCs. A substantial amount of macrophage calcification can 
be observed in early NC (c), but the degree of calcification in NC is typically located close to the 
medial wall where fragmented calcifications can be seen (d). Microcalcification resulting from 
macrophage and/or SMC death can also be detected within a thin fibrous cap and has been associ-
ated with plaque rupture. Calcification generally progresses into the surrounding area of the NC 
(f), which leads to the development of sheets of calcification where both collagen matrix (g) and 
NC itself are calcified (h). Nodular calcification may occur within the plaque in the absence of 
luminal thrombus and is characterized by breaks in calcified plates with fragments of calcium 
separated by fibrin (i). Ossification may occur at the edge of an area of sheet calcification (j). 
(Reproduced with permission from Otsuka et al. [1]). Ca+2 calcium, H/E hematoxylin-eosin stain, 
Thr thrombus. (Reproduced with permission [10])
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(CCs), CCs may in turn act as a nidus for the formation of calcium crystals [12–17]. 
Thus, as the plaque matures, the necrotic core contains increasing amounts of both 
cholesterol and calcium crystals. Indeed, both are often found alongside the other in 
aspirates of ruptured atherosclerotic plaques following acute myocardial infarction 
[18] (see Chap. “Crystals in Atherosclerosis: Crystal Cholesterol Structures, 
Morphologies, Formation and Dissolution. What Do We Know?”, Fig. 8). Various 
forms of coronary artery calcification have been described (Fig. 2).

Aside from the potentially erosive effect of large-calcified nodules on the vascu-
lar endothelium, there is now increasing evidence that calcium crystals may act 
synergistically with CCs to increase the risk of plaque instability by enhancing 
innate inflammation in the atherosclerotic bed, where they activate proinflammatory 

a

b

c

Fig. 2 Calcium phosphate crystals in coronary arteries. Optical coherence tomography of calcifi-
cation in coronary arteries depicting (a) superficial, (b) deep calcification, and (c) a calcium nod-
ule. Calcium phosphate crystals are noted by scanning electron microscopy obtained from coronary 
atherosclerotic plaques. Graph of the plaque composition is illustrated by energy-dispersive X-ray 
spectroscopy (EDS). Calcium and phosphate is the predominant species. Al aluminum, C carbon, 
Ca calcium, N nitrogen, Na sodium, Mg magnesium, O oxygen, P phosphate. (Courtesy of Eric 
Schiedel, CNMT, RCIS (OCT) and Dr. George Abela (SEM and EDS))
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cytokines including interleukin 1β (IL-1β) and IL-8 that promote the recruitment of 
leukocytes into the vascular bed [19–23], and increase the expression of tumor 
necrosis factor, myeloperoxidase, and other proinflammatory factors. Thus, as the 
crystalline environment of the plaque becomes more complex, the disease pro-
gresses more rapidly, and the risk of plaque instability increases accordingly.

3  Calcification of the Vascular Media

The processes that lead to the development and growth of calcium crystals in the 
vascular media involves distinct and independent processes responsible for the for-
mation in the atherosclerotic core, as it closely resembles the processes active in 
bone [24]. Osteoblasts derived from the mesenchymal vascular smooth muscle cell 
(VSMC) precursors in the media may develop bone like structures over templates 
formed by mesenchymal cells that begin to resemble and act as chondrocytes. 
The  osteoclasts derived from hematopoietic mononuclear phagocyte progenitor 
cells in the media may resorb the mineral bone [25] (Fig. 3).
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Fig. 3 Mechanism of Osteogenesis. The major genes, growth factors, and signaling pathways 
culminating in fully mature chondrocytes, osteoblasts, and osteoclasts. Inhibitory influences are 
shown in red. Considerable ontogenetic plasticity is retained at each step but appears to diminish 
as terminally differentiated cellular phenotypes are approached. The proposed mechanism of arte-
rial calcification appears to involve many of the same components. (Reproduced with permission: 
Copyright (2003) National Academy of Sciences, U.S.A [25])
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Osteogenic transformation of VSMCs enables them to secrete an osteoid-like 
extracellular matrix that promotes the formation of calcium deposits in the media 
[26]. Various proteins involved in osteogenesis have been detected in VSMCs (and 
in some models in atherosclerotic lesions) including osteopontin, bone morphoge-
netic protein-2, matrix Gla protein (MGP), fetuin-A, osteoprotegerin, and receptor 
activator of NF-κB ligand. These proteins can have either a stimulatory or an inhibi-
tory role in the calcification process [27]. In the media therefore, calcium deposition 
is affected by factors that inhibit or enhance calcium flux at a cellular level [28]. 
Thus, mineralization is enhanced in patients with metabolic disorders including pri-
mary and secondary hyperparathyroidism as seen in chronic kidney disease and 
diabetes.

Genetic factors may also affect this process as evidence by calcification of the 
media in patients with Mönckeberg’s sclerosis, and in phenotypically distinct forms 
of genetically altered mice that form calcium deposits in the vascular media after 
administration of vitamin D1, D3, and nicotine [16], and in the vascular media of 
rats after injections of warfarin and vitamin K [17]. MGP expressed by chondro-
cytes in normal and atherosclerotic arteries can inhibit calcification in the media 
[21, 22]. In mice models the deletion of the gene encoding MGP results in extensive 
calcification of cartilage and the medial layer of arteries [23]. These findings sug-
gest that MGP may function in cartilage and healthy arteries to inhibit mineraliza-
tion [12].

4  The Effect of Magnesium and Vitamin D on Calcification 
in the Media

The process of transdifferentiation of VSMCs initiated by reduced levels of circulat-
ing inhibitors of vascular calcification, elevated levels of inorganic phosphate, and 
formation of amorphous calcium phosphate particles in the circulation; is acceler-
ated by the expression of osteogenic genes and amplified by the release of exosomes 
and apoptotic bodies from VSMCs. Intra- and extracellular magnesium and vitamin 
D may affect these processes in different ways [28] (Fig. 4).

Magnesium has been shown in some animal models to actively slow the forma-
tion of calcium crystals in the media [29–31] possibly due to its ability to form 
stronger bonds with phosphate than calcium [32], however, magnesium has several 
additional actions that may affect calcification in the media (Table 1). Notably, in 
patients on hemodialysis, magnesium has been reported to slow the rate of medial 
calcification [33].

Thus far, the data on the role of vitamin D in vascular calcification has been con-
flicting. While in vitro multiple effects of vitamin D have been found to have protec-
tive effects on medial calcification in the presence of high phosphate medium 
[34–39], the results of clinical studies have been mixed. In some studies, in patients 
with chronic kidney disease (CKD), an inverse relationship was found between 
serum vitamin D and medial as well as coronary artery calcification [40–42] whereas 
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Table 1 Role of magnesium on coronary artery calcification

 1.  Prevents the loss of calcification inhibitors (BMP-7, MGP, osteopontin) that protect against 
osteogenic conversion [28]

 2.  Stabilizing amorphous calcium phosphate (ACP) by forming stronger complexes of 
Mg+2 with Pi than Ca+2 [32]

 3.  Delays maturation of primary calciprotein particle (CPP) to secondary CPP which has been 
shown to induce in vitro calcification [33]

 4.  Prevents transcriptional changes in VSMC trans-differentiation and apoptosis [99]
 5.  Inhibits expression of genes associated with secretion of osteocalcin and alkaline 

phosphatase that promote matrix mineralization [100, 101]
 6.  Abolishes phosphate induced Wnt/β-catenin signaling, involved in osteoblast maturation 

and increases RUNX2 expression, which is osteogenic [102, 103]
 7.  Regulates miRNAs involved in vascular homeostasis [104, 105]. Modulates VSMC calcium 

handling and the activation of the Ca+2 sensing receptor (CaSR) important for MGP function 
[106]

 8.  Blocks Ca+2 channels in VSMCs thus preventing Ca+2 overload [107, 108] that leads VSMC 
death

 9.  VSMC death following blockage of Ca+2 channels leads to release of apoptotic bodies 
which provides ACP nucleation sites for matrix calcification [109–111]
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Fig. 4 Active modulation of vascular calcification by magnesium. Mg+2 inhibits vascular smooth 
muscle cell transdifferentiation. Diminished levels of circulating inhibitors of vascular calcifica-
tion, elevated levels of inorganic phosphate (Pi), and formation of amorphous Ca2 + -Pi particle 
(ACP) in the circulation initiate the transdifferentiation of vascular smooth muscle cell (VSMC). 
VSMC transdifferentiation is accelerated by the expression of osteogenic genes and amplified by 
the VSMCs through the release of exosomes and apoptotic bodies. Mg2+ potentially prevents this 
process via different pathways both on the level of initiation and acceleration of VSMC calcifica-
tion. AB apoptotic body, AT2 angiotensin type 2, ATR-1 angiotensin 2 type 1 receptor, BMP-2 bone 
morphogenetic protein 2, Cav1 channel L-Type calcium channel, CaSR calcium- sensing receptor, 
Fet. A fetuin-A, FGF23 fibroblast growth factor 23, MGP matrix Gla protein, OCN osteocalcin, 
OPG osteoprotegerin, PiT sodium-dependent inorganic phosphate transporter, PTH parathyroid 
hormone, SM22% transgelin, %-SMA %–smooth muscle actin, RUNX2 runt-related transcription 
factor 2, TRPM7 transient receptor potential melastatin 7. (Reproduced with permission [28])
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10.  Stabilizes extracellular ATP (adenosine triphosphate) from breakdown, which leads to 
hydroxyapatite formation [112]

11. Promotes whitlockite (Ca9Mg (HPO4) (PO46) formation instead of hydroxyapatite [113]
12.  Prevents intracellular Ca+2 bursts that cause apoptosis and VSMC calcification [114]. In 

VSMCs, Ca+2 channel blocking by Mg+2 has been implicated in CaSR receptor activation 
which regulates PTH secretion affecting mineral-bone hemostasis [115]

13.  Mg+2 acts as a partial agonist that activates the CaSR 2 to 3 times less potently than Ca+2 
[115–117]. Lower PTH after CaSR activation results in decreased bone turnover and 
intestinal Ca+2 absorption and promotes renal Pi reabsorption

14.  Higher Mg+2 concentrations correlate with decreased PTH levels as seen in dialysis patients 
[118]. Studies have shown that Mg+2 supplementation in VSMCs resulted in reduced Pi- and 
hydroxyapatite induced calcification through restoring CaSR mRNA and protein levels 
[119]

15.  Mg+2 did not show the effect in human calcifying vascular smooth muscle cells on cellular 
apatite architecture or whitlockite formation [120]

Table 1 (continued)

in other studies in patients with CKD, a significant positive correlation between the 
extent of vascular calcification and vitamin D levels was observed [43–46]. These 
divergent results may reflect the complex vascular-renal-endocrine-bone axis which 
is implicated in this process in CKD that affect the levels of phosphorus, calcium, 
parathormone, and other potential uremic toxins that may influence the transforma-
tion of VSMCs into osteoblast-like cells, and also reflects differences in the experi-
mental model or the dose or type of active vitamin D used [47]. Notwithstanding 
these results, there is an evidence that vitamin D may shift the immune response 
toward a Th2 profile, thus promoting an antiatherogenic immune profile [48, 49] 
(Fig. 5). Thus, the protective or harmful effect of vitamin D on vascular calcification 
in general and atherosclerosis, in particular remains controversial (Table 2).

In vitro studies of the effect of calciferol (Vitamin D3) on cholesterol crystalliza-
tion demonstrated a bimodal response that may help explain the clinical observa-
tions. Calciferol reduced cholesterol crystallization, but the effect was not linear and 
varied with the concentration of calciferol and the initial concentration of choles-
terol in solution. The results indicated that calciferol can interfere with cholesterol 
crystal formation and volume expansion but an excess of calciferol can condense 
cholesterol and promote crystal formation [50] (Fig. 6).
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Table 2 Effects of vitamin D on vascular smooth muscle cells and immune response

1.  Vitamin D has antiatherogenic effects on the vascular smooth muscle cells (VSMCs) that 
ordinarily contribute to atherosclerosis by proliferation and migration [121–123]

2.  1 alfa,25(OH)2D3 inhibits the proliferative effects of both epidermal growth factor and 
endothelin on VSMCs [124–127]

3.  Calcitriol inhibits proliferation by an acute influx of Ca2+ into the VSMCs [128]
4.  Effects of vitamin D on immune response has been seen that both innate and adaptive 

immunity1,25(OH) 2 D has been shown to shift the immune response toward a Th2 profile, 
thus, promoting an antiatherogenic immune profile [48, 129]

5.  Either a positive or an inverse relationship between vitamin D levels and vascular 
calcification has been observed [40, 130]. These contradictory data reflect the complex, 
vascular-renal-endocrine-bone axis which is implicated in this process

Fig. 5 Role of vitamin D in Atherosclerosis. Schematic representation illustrating synoptically the 
metabolism and actions of vitamin D in cells and tissues that are implicated directly and indirectly 
in the atherogenic process. EC endothelial cell, Glut-4 glucose transporter 4, HDL high-density 
lipoprotein, IL interleukin, IR insulin receptor, LDL low-density lipoprotein, M1 macrophage/
monocyte 1, M2 macrophage/monocyte 2, RAAS renin-angiotensin-aldosterone system, TGs tri-
glycerides, Th T helper, VSMC vascular smooth muscle cell. (Reproduced with permission [49])
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Fig. 6 Effect of vitamin D3 on cholesterol volume expansion during cholesterol crystallization. 
This illustrates the dual effect of vitamin D on cholesterol crystallization. Low doses inhibit while 
high doses accelerate crystallization. (Reproduced with permission [50])

5  Effects of Strategies to Reduce Coronary 
Artery Calcification

Like other crystals that deposit elsewhere in the body, once calcification appears in 
the vasculature it cannot be removed or dissolved. Despite attempts to reduce the 
rate of progressive vascular calcification in the hope that it might improve cardio-
vascular prognosis over and above current secondary prevention measures which do 
not appear to affect this process.

Chelation: Chelation therapy employs the use of disodium edetate (EDTA) in the 
expectation that it might remove heavy metals including ionized calcium from the 
vasculature. The hypothesis is that EDTA would stimulate secretion of parathyroid 
hormone by reducing serum calcium and thus enhanced bone mineralization that 
would lead to reverse calcium transport from the vasculature back to the bones [51, 
52]. In the only double blind multicenter study, the Trial to Assess Chelation 
Therapy trial (TACT) that included 1708 individuals age > 50 with known history 
of coronary artery disease that were randomized to intravenous chelation with 
EDTA or placebo, the primary composite endpoint of MACE or coronary revascu-
larization or hospitalization for angina was only mildly reduced (26% vs. 30%; 
p = 0.035) but not individually [53]. Because EDTA can cause severe hypocalcemia, 
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allergic reactions, leukopenia, thrombocytopenia, vasculitis, dermatitis, seizures, 
and even death it is not FDA approved for routine use [54–57]. Currently TACT2 is 
underway [57]. TACT2 is an NIH-sponsored, randomized, 2 × 2 factorial, double 
blind, placebo-controlled, multicenter clinical trial testing 40 weekly infusions of a 
multi-component EDTA-based chelation solution and twice daily oral, high-dose 
multivitamin and mineral supplements in patients with diabetes and a prior myocar-
dial infarction (MI). TACT2 completed enrollment of 1000 subjects in December 
2020 and is expected to report in 2024 [58].

Phosphate Binders: Two studies that employed phosphate binders to interrupt 
the formation of calcium phosphate crystals by reduced availability of phosphate 
have failed to demonstrate this strategy to be effective [59, 60].

Magnesium: Magnesium has been demonstrated to have multiple effects on cal-
cification in the vascular media (Table 1). In addition, hypomagnesemia has been 
associated with higher cardiovascular risk both in the general population and in 
patients with CKD [61, 62]. Despite this, there is currently no robust clinical trial to 
support its routine use for secondary prevention in patients with coronary disease. 
Much of the magnesium effect is also by a passive reduction in the interference of 
absorption in the gastrointestinal tract (Fig. 7) [28].

Lipid lowering agents: Numerous studies have demonstrated that effective lipid 
lowering therapy with ezetimibe, statins, and PCSK-9 inhibitors can reduce plaque 

CKD patient Calcifying artery

PiCa2

Mg2

Mg2

Mg2

Pi

Pi

Pi

Na+

ATP

HA

sCCP

pCPP

Whitlockite

NaP-2b

ACP

Intestine

Enterocyte

Excretion

Fig. 7 Passive interference by magnesium on vascular calcification. Phosphate binding and crys-
tal inhibition by Mg+2. Elevated blood Mg+2 interferes with both amorphous calcium phosphate 
(ACP) and primary calciprotein particle (CPP) maturation into hydroxyapatite (HA) crystals and 
secondary CPP (sCPP). Mg+2 promotes the formation of the more soluble and smaller whitlockite 
crystal. In the intestine, Mg+2-based inorganic phosphate (Pi) binders promote fecal Pi excretion, 
reducing Pi uptake via sodium phosphate cotransporter IIb (NaPi-2b) in enterocytes. CKD chronic 
kidney disease, pCPP primary CPP. (Reproduced with permission [28])
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Statins

HMG-CoA Cholesterol Cholesterol

HMG-CoA
reductase

Lower intracellular
cholesterol levels

Decreased intestinal
cholesterol uptake

LDL receptor
upregulation

Enhanced LDL uptake

Decreased LDL receptor
degradation

NPC1L1
PCSK9

LDL

Lysosome

Ezetimibe PCSK9 inhibitors

Fig. 8 Pharmacologic approaches to lower LDL cholesterol. Statins inhibit the rate-limiting 
enzyme of cholesterol biosynthesis, HMG-CoA reductase, leading to decreased hepatic choles-
terol production. Ezetimibe is an inhibitor of NPC1L1 which facilitates the absorption of intestinal 
cholesterol and therefore selectively decreases dietary cholesterol uptake and hepatic cholesterol 
supply. The inhibition of cholesterol synthesis or intestinal absorption both lead to an upregulation 
of the LDL receptor and subsequently, enhance LDL uptake and lower LDL cholesterol serum 
concentrations. Therapeutic inhibition of PCSK9 also leads to a higher density of LDL receptors 
on the hepatocyte surface, but not primarily through targeting cholesterol metabolism, but by 
affecting LDL receptor degradation and recycling pathways. HMG-CoA 3-hydroxy-3- 
methylglutaryl-coenzyme A, LDL low-density lipoprotein, PCSK9 proprotein convertase subtili-
sin/kexin type9, NPC1L1 Niemann-Pick C1-like protein 1. (Reproduced with permission [64])

volume and the risk of MACE events in patients with proven atherosclerosis [63, 
64] (Fig.  8). Despite these benefits, these agents are associated with accelerated 
increase in vascular calcification as assessed by CT scanning [65–67].

Interestingly, there is now some evidence that lipid lowering therapy may alter 
the morphology of calcium deposits [68]. In a study using Aged Apoe−/− mice, treat-
ment with pravastatin reduced 18F uptake in plaques, suggesting that it reduced the 
surface area of actively mineralizing calcium deposits, (albeit this decrease was not 
sustained). In addition, pravastatin increased the number of micro-calcium deposits 
(<50 μm in diameter), and the number of vascular cells positive for alkaline phos-
phatase activity compared with control mice. The amount of collagen and osteopon-
tin, used as additional osteoblastic markers, were not significantly different between 
the two groups [68].

The observation that pravastatin could change the microarchitecture of the cal-
cium deposits is of interest as speckled calcium in plaque has typically been 
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associated with an increased risk of plaque rupture. Importantly the results suggest 
that while statins may not affect total calcium scores that are predominantly affected 
by the progression of larger sheet-like calcium deposits, they may modify the mor-
phology of calcium crystals at an early phase, when calcium deposits impose their 
greatest risk to the integrity of the plaque. Thus, statins might reduce the risk of 
plaque rupture not just by virtue of their effects on cholesterol crystallization, but 
also by virtue of their ability to modify the growth and morphology of calcium 
deposits in plaque [68].

6  Detecting Coronary Calcification in vivo

Multiple imaging methods can detect vascular calcification (Table 3) [69]. Although 
computer tomography (CT) scanning is not the most sensitive means of detecting 
coronary calcification in vivo, it is the most widely accessible and most frequently 

Table 3 Current imaging techniques for vascular calcification

Technique Advantages Disadvantages Macrocalcification Microcalcification

IVUS Direct image of 
calcified plaque in 
arterial wall

Limited axial 
resolution and 
limited assessment 
of plaque 
composition and 
microcalcification

+

CACS Simple and reliable 
quantification of 
macroscopic 
calcium and 
coronary 
calcification burden

Low resolution and 
tissue contrast and 
plaque morphology

+

CCTA High spatial and 
temporal resolution 
of severity of 
coronary stenosis 
and detailed plaque 
morphology

Requires contrast 
agent. Difficult to 
identify and 
quantify calcium 
due to contrast 
agent

+

MRI Superior soft-tissue 
resolution. 
Localizes and 
detects volume of 
arterial calcification

Prolonged 
acquisition. Due to 
motion artifacts, 
cardiac 
contractions and 
respiration, 
it cannot detect 
microcalcification

+

(continued)
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Table 3 (continued)

Technique Advantages Disadvantages Macrocalcification Microcalcification

OCT High spatial 
resolution. Assesses 
fibrous cap 
thickness, 
macrophage 
infiltration and 
border of arterial 
calcification

Difficult to 
differentiate 
calcium from lipid 
pool. Limited tissue 
penetration

+

Invasive 
angiography

Superior spatial 
and temporal 
resolution

Inability to directly 
image calcification 
or the plaque

+

18F-NaF 
PET

High sensitivity. 
Able to detect 
microcalcification 
in atherosclerotic 
plaque

Low special 
resolution. Limited 
by cardiac motion 
to quantify 
coronary artery 
microcalcification

+

18F-FDG 
PET/CT

Attenuated -CT can 
visualize 
macrocalcification

Background 
myocardial uptake 
limits coronary 
artery assessment

+

CACS coronary artery calcium score, CCTA coronary computed tomographic angiography, CT 
computed tomography, FDG 2‐deoxy‐2‐fluoro‐d‐glucose, IVUS intravascular ultrasound, MRI 
magnetic resonance imaging, OCT optical coherence tomography, PET positron emission tomog-
raphy. (Modified from Wang Y et al. [69])

used in routine clinical practice. More importantly, its major advantage relates to its 
able to detect calcification in the coronary arteries at a time when the risk of plaque 
instability begins to rise, as evidenced by the relationship between quantification of 
CAC by CT scanning using the Agatston Score and estimates of cardiovascular risk 
over 10 years [70–76].

Numerous studies have confirmed that coronary calcium is rarely detected by CT 
scanning in men <40 years and women <50 years of age. Thus, CAC screening with 
CT scans in patients <40 years of age is of limited value in the absence of significant 
risk factors including a family history of premature coronary disease [77].

Furthermore, patients with a CAC score of 0 have been shown to have a benign 
prognosis over 10–12 years [70–75]. Thus, in these patients, many of whom likely 
have soft atheromatous plaques in their coronary arteries, the benefit of secondary 
prevention therapies including anti-platelet and lipid lowering agents and low-dose 
colchicine have not been demonstrated.

In contrast, patients with a CACs >100 have been demonstrated to receive a 
prognostic benefit from aspirin and lipid lowering therapy for secondary prevention 
[73, 77–79], and patients with scores >400 Agatston units who have more extensive 
coronary atherosclerosis often associated with obstructive coronary disease have 
been demonstrated to benefit from the addition of low-dose colchicine [80]. 
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Although each of these therapies has been demonstrated to improve prognosis, none 
have been demonstrated to reduce CAC scores over time. Thus, while these strate-
gies alter the risk of plaque growth and instability, they do not appear to affect the 
processes that lead to calcification in the coronary or peripheral circulations as 
assessed by CT scanning.

Contemporary guidelines now endorses CAC scoring using the Agatston method 
as an established adjunct to traditional risk factors for enhanced risk assessment to 
guide management in asymptomatic individuals [81–83].

In animal models, statins modestly accelerate calcification of plaques leading to 
more stable and lower-risk compositions. This phenomenon is also seen in human 
studies with coronary CT angiography and IVUS [84], leading to the suggestion by 
some, that statins might promote coronary calcification while at the same time slow-
ing the progression of non-calcified coronary plaque, perhaps contributing to plaque 
stabilization [85–90]. As indicated above, statins may modify the growth and mor-
phology of early microscopic calcium crystals when they present to the greatest risk 
to the plaque structure, an observation that could not be made by CT imaging.

Although the 2018 AHA/ACC Cholesterol Management Guidelines stated that 
there is no clinical utility for CAC scoring among statin users, as it does not change 
treatment strategies, there is evidence that CAC among statin users still remains 
highly predictive of cardiovascular mortality. This suggests that once the costs of 
Proprotein Convertase Subtilisin/ Kexin type 9 (PCSK-9) inhibitors lowers down, 
CAC scanning might be useful option to select patients who might receive benefits 
of lipid lowering beyond stain therapy. PCSK-9 inhibitors have shown to reduce the 
atheroma and improve clinical outcome when added to statin therapy [91–93].

7  The Challenge of Revascularization in the Presence 
of Extensive Vascular calcification

The constituents of atherosclerotic plaques carry critical impact on revasculariza-
tion attempts. Among the major intraplaque components involved in the develop-
ment of resistant plaques are the cholesterol crystals, calcifications and thrombus 
[93]. Extensive vascular calcification is not only associated with an increased risk of 
spontaneous plaque rupture but is also associated with an increased risk of proce-
dural complications during coronary stenting including dissection, perforation, and 
abrupt vessel closure, myocardial infarction, and restenosis [94–96] which arise due 
to the need to apply high levels of non-uniform force across the length of the lesion 
being manipulated. Unfortunately, the procedural risks remain high despite the use 
of devices designed to reduce the risk of under-expansion and mal positioning of 
stents, including cutting/scoring balloons, double layered high pressure non- 
compliant balloons, lasers, intravascular lithotripsy balloons, and atherectomy 
devices.
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Similarly, the presence of severe coronary calcification has been demonstrated to 
be associated with worse outcomes after coronary bypass surgery, including an 
increased risk of perioperative death, as well as MACE events in the first year fol-
lowing surgery [97, 98].

8  Summary

The appearance of calcium in atheromatous plaque in the coronary circulation by 
CT scanning is invariably due to the presence of atherosclerosis rather than calcifi-
cation in the media, which occurs via different mechanisms and is most marked in 
the peripheral vasculature.

Detection of coronary calcium by CT imaging marks an inflection point in the 
natural history of coronary artery disease, most likely because the formation of 
calcium crystals in the plaque act synergistically with cholesterol crystals to cause 
local traumatic and inflammatory injury. Although secondary prevention therapies 
reduce cardiovascular risk, they do not slow, and may even accelerate the process of 
coronary calcification as assessed by CT scanning, however, there is evidence to 
suggest that statins may modify the growth and morphology of smaller calcium 
crystal deposits in plaque that have been associated with increased cardiovascular 
risk. Thus, while there is no compelling evidence that reducing vascular calcifica-
tion impacts the natural history of patients with coronary atherosclerosis or periph-
eral vascular disease, it is possible that the assessment of total coronary calcium 
scores are too blunt to measure the benefits of therapies that can modify early for-
mation of calcium crystals in the atherosclerotic bed.
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1  Introduction

Cholesterol is an important structural component of plasma membranes and crucial 
for normal cellular and organ function. Its unique planar and rigid structure com-
prised of 27 carbon atoms determine the physicochemical properties of plasma 
membranes such as membrane fluidity, thickness, compressibility, water penetra-
tion, and intrinsic curvature [1]. In addition, cholesterol is used for the synthesis of 
oxysterols, steroid hormones, vitamin D, and bile acids and thereby regulates cel-
lular and organ function [1, 2].

Every nucleated cell in mammals can produce cholesterol via a complex cascade 
of de-novo synthesis that accounts for approximately 80% of its daily need; the 
remaining 20% is derived from diet [3, 4]. The cholesterol molecule is hydrophobic. 
After the absorption by enterocyte and esterification, dietary cholesterol is trans-
ported within the bloodstream on different apolipoprotein particles—chylomicrons, 
very low-density lipoproteins (VLDL), and low-density lipoproteins (LDL) that are 
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taken up by peripheral tissues upon binding to LDL receptors. Once lipids are uti-
lized by the tissues, protein-rich lipoprotein remnants are remodeled into high- 
density lipoproteins (HDL) that remove excess cholesterol from peripheral tissues 
by reverse cholesterol transport back to the liver.

Accordingly, tight regulation of cholesterol levels within the body is imperative 
for normal function as insufficient or excessive cholesterol levels expose the body 
to risk of pathological states, of which atherosclerosis is a prime example. Elevated 
levels of circulating LDL pose a risk of being deposited within arterial walls, where 
their uptake by macrophages leads to the formation of “foam” cells. As cholesterol 
continues to accumulate in the arterial wall it predisposes to the formation of intra- 
and extracellular cholesterol crystals (CCs) that promote the development and pro-
gression of atherosclerotic plaques and contribute to plaque instability that leads to 
acute atherosclerotic events [5, 6].

There is now increasing evidence that cholesterol may also accumulate in the 
retina and promote retinal injury as it does in the arterial wall. Herein, we summa-
rize the evidence that supports this thesis.

2  Basics of Cholesterol Delivery and Removal 
from the Retina

Retinal synthesis of cholesterol; as in other tissues, there are mechanisms in the 
retina that reduce its dependence on cholesterol in the systemic circulation and thus 
balance the input and output within the retina [7–10]. Specifically, retinal cells, like 
other cells in the body, can supply themselves with cholesterol by means of local 
synthesis, thus decreasing retinal reliance on systemic lipid supply [11, 12]. In fact, 
greater than 70% of retinal sterol are derived from de-novo synthesis, as indicated 
by studies in mice, with cholesterol biosynthesis being the most pronounced in 
Muller cells and photoreceptor inner segments [7, 13].

Systemic uptake of cholesterol by the retina: Beyond local biosynthesis, choles-
terol may be taken up from the systemic circulation through the highly specialized 
transport mechanisms found in the outer blood–retina barrier (oBRB). The oBRB is 
formed by the tight junctions between the Retinal Pigment Epithelium (RPE) and 
functions to prevent unwanted materials in the systemic circulation (the fenestrated 
choriocapillaris) from entering the retina, by allowing highly selective uptake of 
different molecules, including cholesterol [14, 15]. In addition, the retina has an 
inner blood–retina barrier (iBRB) formed by the endothelium of the inner retinal 
vasculature. Normally, cholesterol supply to the retina via the iBRB is limited, but 
in some pathologic conditions including diabetic retinopathy it may be dramatically 
increased [9, 16].

Cholesterol delivery to the retina from the systemic circulation is achieved 
through numerous receptors present on the basal surface of the RPE, including LDL 
receptors, scavenger receptors class B (SR-B) type 1, type 3 and CD36 [17, 18]. 
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Following sequestration from the circulation, the RPE is proposed to process the 
LDL and HDL and repackage the released cholesterol into HDL-like particles, 
which are secreted into the interphotoreceptor matrix via the ABCA1 transporter 
[17]. These HDL-like particles then move from the RPE to different retinal cells and 
back to the RPE, thus delivering cholesterol for utilization and removing cholesterol 
excess in the retina for subsequent transport to the systemic circulation [17].

Elimination of cholesterol from the retina: At least three different pathways 
mediate cholesterol elimination from the retina to maintain lipid homeostasis 
including photoreceptor phagocytosis, reverse cholesterol transport, and metabo-
lism of cholesterol into oxysterols. The relative contribution of each of these path-
ways to the total retinal cholesterol output is currently unknown.

While photoreceptor phagocytosis is a retina-specific pathway, the retinal path-
way of reverse cholesterol transport is like that from other tissues, in that it includes 
cholesterol efflux from different retinal cells and integration with different apolipo-
proteins that form particles, which are delivered to the systemic circulation. The 
only difference is that in order to pass the RPE during its transit from the retina to 
the choroidal circulation, the HDL-like particle cholesterol has to be re-packaged in 
the RPE into the so-called Bruch’s membrane lipoprotein particles (differ in density 
and protein composition from chylomicrons, VLDL, LDL, and HDL), which are 
secreted into the circulation [19].

The third pathway relates to the ability of the retina to metabolize cholesterol 
into more soluble oxysterols which then diffuse into the systemic circulation to 
ultimately contribute to the production of bile acids in the liver [20, 21]. Retinal 
oxysterols are generated by the cytochrome P450 enzymes 27A1 and 46A1 
(CYP27A1 and CYP46A1, respectively), which convert cholesterol into 
27- hydroxycholesterol and other C27-oxygeneated sterols (CYP27A1) and 
24-hydroxycholesterol (CYP46A1) [9, 22]. Importantly, these oxysterols are acti-
vating ligands for liver X receptors (LXR), which are transcription factors [23].

3  Cholesterol Dysregulation in Diabetic Retinopathy

Certain pathological states have been found to influence cholesterol regulation in 
the retina. Prime among these pathologies is diabetic retinopathy (DR) which results 
from progressive microvascular damage to the retina. Recently, the association 
between DR and abnormal lipid metabolism has been described, however, the 
mechanisms by which cholesterol dysregulation leads to DR is not certain.

One potential mechanism is the effect of diabetes on the downregulation of liver 
X receptors (LXRs) [24]. The role of LXRs has been well established in the regula-
tion of genes related to reverse cholesterol transport and thus cholesterol homeosta-
sis. It has also been found that LXRs influence glucose homeostasis by modulating 
insulin sensitivity amongst other tissue specific and hormonal mechanisms [25, 26]. 
It has been postulated that LXRs act to curtail gluconeogenesis while inducing 
hepatic glucokinase and GLUT4 expression in adipose; the collective effects of 
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proper LXR functioning promotes glucose uptake in the periphery. Additionally, 
LXRs indirectly regulate inflammatory responses [27–31]. In diabetes, LXRs are 
downregulated, resulting in disrupted cholesterol metabolism and amplified pro- 
inflammatory signaling. In addition, there could be diminished synthesis of oxyster-
ols by cytochrome P450 27A1 and 46A1, which further hampers LXR activity.

CYP46A1 is the principal enzyme controlling cholesterol elimination from the 
brain [32, 33]. In addition, CYP46A1, along with CYP27A1, participate in choles-
terol removal from the retina [34–36]. Importantly, as the oxysterol products of 
CYP46A1 and CYP27A1 are the ligands for LXRs, these oxysterols were shown to 
affect the expression of the LXR target gene in retinal macrophage/microglia as 
well as bone marrow-derived macrophages (to a lesser extent) [36]. The effect was 
on both genes involved in reverse cholesterol transport and inflammatory response 
as indicated by studies in macrophages from Cyp46a1−/−, Cyp27a1−/−, and 
Cyp46a1−/-Cyp27a1−/− mice [36]. Furthermore, Cyp46a1− and Cyp27a1−/− were 
shown to be expressed in human retinal endothelial cells, and the diabetic environ-
ment was found to modulate the Cyp46a1−/− and Cyp27a1 expression in bovine reti-
nal endothelial cells and the RPE.  Studies by immunohistochemistry confirmed 
CYP46A1 expression in retinal vascular endothelial cells [36].

Thus, either LXR downregulation in diabetes or reduced production of the LXR 
activating oxysterols will impair the efficiency of cholesterol removal from the ret-
ina. In diabetic animal models, activation of LXRs normalizes cholesterol efflux 
[24, 37–39].

4  The Pathogenic Role of Cholesterol Crystals 
in Diabetic Retinopathy

Both disruption of the blood–retinal barrier leads to leakage of circulating lipids 
into the retina and aberrant cholesterol retinal homeostasis contributes to choles-
terol accumulation. Over time, as elsewhere, the accumulation of sufficient free 
cholesterol may promote the formation of intra- and extracellular cholesterol crys-
tals (CCs). CCs are hyperreflective structures and are seen in numerous pathological 
ocular diseases, including diabetic retinopathy (DR) and age-related macular degen-
eration [40, 41].

Although CCs have been known to exists in vivo for over a century, sampling 
techniques used to fix tissue inadvertently hid them from direct detection [42]. 
Scanning and transmission electron microscopy used to study atherosclerosis pro-
gression requires ethanol to dehydrate free water, causing tissue specimen proteins 
to fixate [43]. Consequently, tissue morphology is altered, and CCs are readily dis-
solved, thus underestimating their presence [44]. Because of this, studies of athero-
sclerotic specimens demonstrated the presence of “clefts” or empty spaces 
occupying advanced atherosclerotic lesions and thus failed to directly visualize 
CCs. It is only when ethanol was avoided when preparing atherosclerotic specimens 
that their presence became clear [42].
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Advances in non-invasive imaging with optical coherence tomography (OCT) 
has confirmed the presence of monohydrate CCs in vivo, as a component within the 
necrotic core of atherosclerotic lesions [45, 46]. Similarly, spectral-domain OCT 
has demonstrated the presence of hyperreflective CC deposits within the retina of 
patients with diabetes, age-related macular degeneration, and Coats disease [47, 48].

The presence of CCs has now been implicated in the progression of DR [49, 50]. 
In the retina, CCs exist in two forms: monohydrate and pure. Monohydrate forms of 
CCs exhibit a flat “knife-like” shape, while pure CCs are sharper and more “needle- 
like” morphology [51]. The firm, insoluble nature of CCs makes them recognizable 
as foreign bodies. Thus, it is believed that their presence may contribute to chronic 
inflammation and cell death through various pathways [49, 52, 53].

Inflammation is a key driver of DR progression that includes the upregulation of 
cytokines, chemokines, and growth factors, all of which contribute to BRB break-
down and poor visual outcomes [54]. The innate immune system is among the vari-
ous immunologic mechanisms that react to CC deposits. NLRP3 inflammasomes 
are synthesized within macrophages in response to exposure of cholesterol aggre-
gates. Downstream, pro-inflammatory IL-1β cytokines are released [55]. IL-1β has 
been found to influence retinal damage and to be significantly elevated in patients 
with DR [55, 56]. Moreover, this pro-inflammatory mediator promotes the release 
of additional cytokines, subsequently activating microglial cells (Fig. 1). The now 
enabled microglial further stimulate a cascade of inflammation resulting in vascular 
breakdown and progression of DR [57]. CCs also initiate a robust activation of clas-
sical, alternative, and lectin complement pathways [56, 58]. These three pathways 

Fig. 1 Crystalized cholesterol in the human retinal microstructure. Cholesterol crystals in Bruch’s 
membrane in the retina with proliferative diabetic retinopathy. 10 μm thick sections of a human eye 
have been stained for nuclei (DAPI), cholesterol crystals (CC), and microglia (Iba1). * indicate 
activated micro-glia. Scale bar = 10 μm
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enable complement fragments to arrive at a common endpoint: the membrane attack 
complex (MAC); a cytotoxic pore that lyses foreign microbes. Overabundant MAC 
deposition has been demonstrated in the DR-laden retinal epithelium which may be 
contributory to apoptosis of RPE [59].

Aside from the ability to induce inflammation, it is possible, albeit not proven, 
that CC growth may trigger direct microvascular trauma, and this predispose to reti-
nal hemorrhage as has been observed with vasa vasorum in atherosclerotic plaque 
(See Fig. 4 in Chap. 16 “Molecular Pathomechanisms of Crystal-Induced 
Disorders”) [60].

Individuals with diabetes, especially those with diabetes-related microvascular 
complications including DR, typically have abnormal lipid profiles that are thought 
to contribute to the formation of CCs in the retina. Among the changes in serum 
lipids is a reduction in circulating HDL. The primary purpose of HDL is to scavenge 
free cholesterol from tissues and transport them to the liver for redistribution to 
other tissues for eventual elimination [61]. It also known that it can dissolve CCs 
[62]. This raises the intriguing possibility that reduced systemic levels of HDL, and 
possibly reduced ability to form HDL-like proteins in the retina, may diminish the 
ability to clear CCs and thus promote DR [63–65].

5  Potential Benefit of Lipid-Lowering Therapy 
in Diabetic Retinopathy

Based upon the evidence supporting the role of CCs in DR progression, attempts to 
reduce the formation of CCs to prevent the development or retard the process of DR 
has sparked interest. To date, however, evidence that this strategy may be of value 
in DR as it is in atherosclerosis [66, 67] is still sparse.

Studies that have analyzed the association between lipid-lowering therapy and 
DR are conflicting, possibly reflecting the complex nature of DR, however, interpre-
tation of these studies is also affected by their differing endpoints and their variable 
design. These issues also limit the ability to make sense of meta-analyses of these 
studies which are further limited by the variance of inclusion criteria, sample size, 
blood lipids evaluated, and severity or presence of DR [68]. Moreover, it is not clear 
that findings from basic science studies that use animal models can be translated 
into human disease. Despite these limitations, there is some evidence that lipid- 
lowering therapies may reduce the risk and consequences of DR.

6  Fibrates

Sub-studies conducted within two large, randomized control trials, including the 
Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) trial and Action 
to Control Cardiovascular Risk in Diabetes (ACCORD) Lipid Eye Trial, suggest 
that fenofibrate may improve DR-related outcomes [69, 70].
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The FIELD trial (n = 9795) was designed to evaluate the effect of fenofibrate 
200 mg once daily for 5 years compared to placebo on cardiovascular (CV) out-
comes in diabetic patients. While therapy did not reduce the risk of CV events, in a 
sub-study of 1012 patients conducted to assess the effect of therapy on retinal dis-
ease. Therapy was associated with a 31% reduction in the incidence of sight- 
threatening DR requiring laser photocoagulation. Unfortunately, retinal CT scans 
were performed in very few participants.

In the ACCORD trial (n = 1593), which examined the effect of daily simvastatin 
and fenofibrate use at a dose of 160 mg for 4 years, the need for laser therapy for DR 
was reduced compared to placebo. This endpoint was determined by a difference of 
≥3 early treatment diabetic retinopathy study (ETDRS) scale steps based on imag-
ing or need for laser therapy.

Comparable to fenofibrate, clofibrate has also been found to reduce retinal exu-
dates in patients with DR, however, albeit it was not associated with an improve-
ment in visual acuity or retinal vascular lesions [71]. Recent systemic and 
meta-analysis reviews of fibrate therapy demonstrated a 45% risk reduction in dia-
betic macular edema in 1309 participants [72]. Thus, current evidence suggests that 
fenofibrates may provide benefits in DR, independent of lipid profile, however, fur-
ther dedicated controlled trials are required to confirm these effects.

7  Omega-3 Fatty Acids Supplements, Diet and Statins

Omega-3 fatty acids found in fish and poultry meat have demonstrated efficacy in 
lowering triglycerides (TGs) [73]. To date most evidences suggest that standard 
dose therapy does not affect CV outcome, and little research has analyzed its 
effect in DR.

The Prevención con Dieta Mediterránea (PREDIMED) study (n = 3482) evalu-
ated the effect of a Mediterranean diet bolstered with extra virgin olive oil and nuts 
on CV outcomes in patients with type 2 diabetes. Although no CV benefit was 
found, in the study population who met the long chain ω-3 polyunsaturated fatty 
acids (LCω3PUFA) dietary recommendation (≥500  mg/day), there was a 48% 
reduction in the incidence of sight-threatening DR compared to control diets [74]. 
Thus, these post hoc observations support the need for clinical trials to determine 
the effect of omega-3 fatty acid supplements on diabetic retinopathy.

Several studies have explored the effects of statins on DR. Although large obser-
vational studies do not suggest that they offer a benefit, they lack the fidelity to 
answer this question. Thus, dedicated controlled trials are required to determine 
whether their pleiotropic effects that include anti-inflammatory, antioxidant, vasodi-
latory, and anti-clotting effects offer benefits in alleviating sight-threatening out-
comes in DR.
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8  Cyclodextrins

Cyclodextrins (CDs) are macrocyclic oligosaccharides that form complexes with 
crystalline cholesterol for breakdown and elimination. In nature, they are formed 
from digestion of glucose by bacteria and can also be produced by enzymatic con-
version using glucosyltransferase. The most abundant types of cyclodextrins are α-, 
β-, and γ-CDs with six, seven, and eight glucopyranose monomers, respectively.

Cyclodextrins have been found to alter various cellular functions, including lipid 
composition and removal of cellular cholesterol. In animal models intravenous 
administration of hydroxypropyl-β-cyclodextrin led to a transient decrease in 
plasma cholesterol in a dose-dependent manner. A phase  1 randomized, double- 
blind, parallel group study has been conducted in adults with Niemann-Pick Disease 
Type C1 (NPC1), a disorder of intracellular cholesterol and lipid trafficking, in 
which subjects received 2-hydroxypropyl-β-cyclodextrin (HPβCD; Trappsol® 
Cyclo™) intravenously. The study demonstrated a reduction in the synthesis of 
serum biomarkers of cholesterol. HPβCD also improved cholesterol clearance from 
the liver and improved cholesterol homeostasis. No studies have examined its 
effects on DR in humans.

In our lab we detected CCs, increased inflammation and macroglia activation in 
the retina of diabetic mice associated with an increase in leukocyte recruitment into 
the retina. In an ongoing study we employed cyclodextrins in an effort to eliminate 
CCs from the retina in this model. Interestingly, compared to untreated mice, we 
found that treatment with oral alpha-cyclodextrin for 4  months decreased both 
inflammation and leukostasis in the retina (Figs. 2 and 3), thus providing evidence 
of that the ability of cyclodextrins to dissolve retinal CCs may act to reverse 
CC-induced inflammation in diabetic retinopathy.

Thus, the identification of CCs within the retina of in diabetic with DR and dia-
betic mice offers insight into a novel (CC induced) inflammatory mechanisms that 

Fig. 2 Diabetic retina GFAP Response to ɑ-Cyclodextrin. Glial Fibrillary Acidic Protein (GFAP) 
staining in the retina of control mice, diabetic mice, and diabetic mice with the oral alpha- 
cyclodextrin treatment. Scale bar = 50 μm
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Fig. 3 ɑ-Cyclodextrin alters CD45 Expression. CD45 staining in the retina of control mice, dia-
betic mice, and diabetic mice with the oral alpha-cyclodextrin treatment. Scale bar = 50 μm

may predispose to and promote DR which in turn may aid in the development of 
therapies to prevent and treat DR and other retinal diseases in which CCs have been 
found including age-related macular degeneration.

9  Conclusion

CCs have been found in the retina of patients with DR and age-related macular 
degeneration, and there is now strong evidence in an animal model that they may 
play a role in the progression of diabetic retinopathy and possibly cause direct 
trauma that might predispose to retinal hemorrhage. This suggests that further 
efforts to develop therapies that prevent CC formation, dissolve them or to inhibit 
the inflammatory process they induce may act to alleviate their pernicious effects on 
the retina in diabetes and people suffering from age-related macular degeneration 
which together are the most common causes of blindness in the world today.
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Cholesterol in the Central Nervous System 
in Health and Disease

Ryan Skowronek

1  Introduction

Cholesterol subserves a wide array of functions within the central nervous system 
(CNS): development, regeneration, energy storage, modification of plasma mem-
brane fluidity and permeability via lipid rafts, synaptogenesis, maintenance of syn-
aptic plasticity, neurotransmitter exocytosis, neurotransmitter receptor modulation, 
axonal elongation, and dendritic differentiation [1–5]. The human brain contains 
approximately 25% of the body’s cholesterol, predominantly in myelin sheaths, as 
well as neuronal and astrocytic plasma membranes [6, 7]. However, CNS choles-
terol regulation is spatiotemporally independent of dietary uptake or hepatic synthe-
sis, as the continuous non-fenestrated vessels that comprise the blood–brain barrier 
are impermeable to the cholesterol-carrying lipoproteins of the peripheral corpus [8, 
9]. Given that cholesterol-regulated membrane proteins function optimally at cer-
tain proportions of cholesterol, tightly regulated homeostasis in CNS cholesterol 
content is vital [10]. Cells sense their respective cholesterol levels through 
membrane- bound transcription factors (sterol-regulatory element-binding proteins), 
which then regulate the transcription of genes encoding for cholesterol biosynthesis 
and lipoprotein receptors [11–14].

The metabolism of CNS cholesterol will be elucidated here, though it will be 
discussed in depth further on. Newly synthesized cholesterol is loaded onto “HDL- 
like” lipoproteins enriched with ApoE, the major cholesterol distribution molecule 
of the CNS. Lipidation and secretion of ApoE are mediated by ABC transporters. 
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(For clarity, ApoE-C will refer to the complex of ApoE-enriched lipoproteins 
loaded with cholesterol.) The ApoE-C complex binds to LDL receptors and LDL 
receptor- like proteins (LRP), among others, on glia and neurons. Once endocy-
tosed, it is processed to separate the cholesterol moiety for utilization. These liber-
ated cholesterol molecules also induce negative feedback on cholesterol 
biosynthesis via a sterol-detecting mechanism. To maintain homeostasis, excess 
cholesterol is oxidized into oxysterols, particularly 24S-hydroxycholesterol and 
27- hydroxycholesterol, which are then transported across the blood–brain barrier 
into systemic circulation.

Humans only develop high rates of cholesterol and myelin synthesis after birth 
[15]. What triggers this burst of cholesterol and myelin synthesis either in the devel-
oping fetus or in the newborn is poorly understood. During the first few weeks of 
life, myelination proceeds rapidly with correspondingly high rates of sterol accre-
tion; however, sterol accretion rate diminishes as mature brain size is achieved in the 
following weeks [16]. Brain weight begins to diminish at 20 years of age with corti-
cal cholesterol content decreasing linearly before diminishing more rapidly after 
80 years of age [17]. In fact, by 100 years of age, brain cholesterol decreases by 
20–50%, likely attributable to an age-related decrease in biosynthesis and increase 
in the excretion of cholesterol from the brain [18–21].

2  Normal CNS Cholesterol Metabolism

2.1  Synthesis

Cholesterol biosynthesis within the CNS takes place de novo within astrocytes, oli-
godendrocytes, microglia, and (to a lesser extent) neuronal perikaryon and proximal 
axons [6, 22]. In addition, synthesis seems to occur at different rates within func-
tionally different CNS regions (e.g., cerebrum, cerebellum, brainstem, spinal cord) 
to meet the respective requirements of each region [16]. Sterols are synthesized in 
either the astrocytic Bloch pathway via desmosterol precursor or the neuronal 
Kandutsch-Russell pathway, with the primary cholesterol precursors being desmo-
sterol in astrocytes and 7-dehydrocholesterol or lanosterol in neurons [23]. Brain- 
derived neurotrophic factor upregulates the neuronal pathway of cholesterol 
synthesis [23].

Sterol-regulatory element-binding proteins (SREBP)—inactive transcription 
factors anchored to the membrane of the endoplasmic reticulum—regulate choles-
terol synthesis, especially SREBP2, with the aid of the sterol-detecting SREBP 
cleavage-activating proteins (SCAP) [11, 14, 23]. In the setting of adequate choles-
terol concentration, Insulin-Induced Gene proteins (INSIG) retain the SREBP- 
SCAP complex to the endoplasmic reticulum membrane [23]. In the setting of 
cholesterol depletion, SCAP escorts SREBP to the Golgi body, where the active 
N-terminal domain of SREBP2 is released and translocated to the nucleus to bind 
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sterol-regulatory elements of genetic promoter regions encoding enzymes for cho-
lesterol biosynthesis [12, 23]. Moreover, SREBP2 downregulates low density lipo-
protein receptor-related protein-1 (LRP1) expression to allow for increased 
cholesterol circulation for cells in need [24]. The half-life of brain cholesterol has 
been reported to anywhere from 6 months to 5 years, much longer than its plasma 
half-life [1]. For intracellular storage in the form of lipid droplets, cholesterol is 
esterified by acyl-coenzyme A:cholesterol acyltransferase-1 (ACAT1) within the 
endoplasmic reticulum [25–27].

2.2  Excretion

Given the local cholesterol biosynthesis and that neither cholesterol nor ApoE can 
diffuse through the blood–brain barrier, several mechanisms exist for excretion to 
prevent CNS cholesterol overload. (1) 24-hydroxylase is a P450 enzyme—one 
exclusive to cortical pyramidal cells, cerebellar Purkinje cells, and hippocampal and 
thalamic neurons—that serves to oxidize cholesterol to 24S-hydroxycholesterol 
(24-OHC), which can then be excreted across the blood–brain barrier [21, 22]. (2) 
Another P450 enzyme expressed in both neurons and glial cells oxidizes cholesterol 
to 27-hydroxycholesterol (27-OHC); however, the majority of CNS 27-OHC is 
delivered from the peripheral circulation [5]. Both of these oxysterols influence 
cholesterol synthesis and transport from glia to neurons through their interactions 
with nuclear Liver X Receptors (LXR)—transcription factors that regulate the syn-
thesis of ApoE and ATP-binding cassette (ABC) transporters [5, 28]. ABC trans-
porter expression is also regulated by the SREBP-SCAP system [29]. (3) Besides 
enzymatic oxidation, cholesterol auto-oxidation from other compounds (e.g., lipid 
peroxidases, free radical species) can result in the creation of other various oxyster-
ols, which can diffuse bidirectionally through the blood–brain barrier [5]. (4) 
Another excretion pathway involves the ABC transporters, which load lipids onto 
vacant apolipoproteins, namely ApoE, for subsequent cholesterol efflux at the 
plasma membrane [14, 30]. This pathway is upregulated by elevated 
24- hydroxycholesterol and in the setting of demyelination or neurodegeneration 
[14, 31, 32].

2.3  Transport

Several lipoprotein receptors are expressed in the CNS, which can bind to a wide 
variety of ligands with differing specificity [14, 33]. Interactions with these ligands 
enable the lipoprotein receptors to conduct a diverse set of functions in the nervous 
system, including lipoprotein trafficking, cell migration and development, and 
maintenance of synaptic plasticity [34]. Of significance are the LDL and LRP1 
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receptors, which are primarily responsible for lipoprotein binding and cholesterol 
delivery by ApoE-C to glia and neurons [22, 35, 36]. LDL receptors are most highly 
expressed in glia, whereas LRP1 receptors are more highly expressed in neurons 
[14, 22]. In fact, LDL receptors have been shown to cluster at axonal growth cones 
during regeneration [37]. (Other receptors, including the VLDL receptor and ApoE 
receptor 2, are involved in processes such as neuronal development and intracellular 
signaling, but have little-to-no role in cholesterol transport [22]). LRP1 receptors 
appear to have the highest transport capacity for ApoE-C [38]. It has been demon-
strated that lipoprotein receptors—ergo lipoproteins and their associated cholesterol 
moieties—are necessary for proper CNS organogenesis [38]. For example, selective 
deletion of LRP1 receptors in forebrain neurons in mice has led to global defects in 
brain lipid metabolism and neurodegeneration [38]. LRP2 knockout mice develop 
holoprosencephaly with hemispheric fusion and the absence of olfactory bulbs, due 
to a reduction of sonic hedgehog expression and thereby a loss of interneurons and 
oligodendroglial cell populations [38].

ApoE coordinates the transportation of cholesterol for the growth, maintenance, 
and repair of myelin and neuronal membranes during development and after injuries 
[8, 39]. There are three common alleles of the ApoE gene (APOE)—APOE2, 
APOE3, APOE4—which allow for six genotypes. The most common genotype is 
homozygous APOE3. The presence of APOE4 is a major susceptibility risk factor 
for the development of Alzheimer Disease, which will be discussed in depth in the 
eponymous section. Astrocytes synthesize and secrete cholesterol via ABC trans-
porters onto “HDL-like” lipoprotein particles that have been enriched with ApoE [1, 
15, 22]. (ABCA1 deletion in mice reduces ApoE levels in the plasma, brain, and 
cerebrospinal fluid (CSF) by >80%; however, the importance of ABCA1 in human 
CNS lipid metabolism is not clear, as patients with mutations in both alleles in 
Tangier disease do not have CNS problems [22]. Perhaps another transporter in 
humans, such as ABCA7, assumes a similar role to murine ABCA1 [22]). These 
newly synthesized ApoE-C particles are exported via ABCG1/ABCA1 and can then 
redistribute cholesterol by binding to a variety of receptors—including the LDL 
receptor, VLDL receptor, ApoE-receptor 2, and LPR1 receptor—with subsequent 
endocytosis [30, 32, 38]. However, the conformation and lipidation status of ApoE-C 
may affect the specificity of its receptor binding [14].
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In addition to ApoE production by astrocytes, neurons contain a unique splicing 
variant of APOE mRNA that is upregulated in the setting of neurodegeneration [22, 
40]. Neuronal ApoE production is regulated to some degree by an astrocyte-secreted 
factor, as astrocyte-conditioned medium increases neuronal ApoE expression four- 
to ten-fold [40]. Therefore, the upregulation of this neuronal ApoE production may 
be due in part to astrocytosis—the abnormal proliferation of astrocytes in response 
to injury or neurodegenerative diseases [22]. (However, in Alzheimer Disease, corti-
cal astrocytic hypertrophy predominates over proliferation [41]).

Some adult neurons do not require autonomous cholesterol synthesis as they can 
import cholesterol via lipoprotein receptor-mediated endocytosis [14]. After 
ApoE-C is endocytosed by a neuron, lysosomes process the complex to free its 
cholesterol moieties [42, 43]. Once cholesterol is packaged into vesicles containing 
NPC1 (which is inactivated in Neimann-Pick Disease) and transported to the endo-
plasmic reticulum, it can be incorporated into plasma membranes and their lipid raft 
microdomains or utilized for any number of other neuronal operations, such as syn-
aptic remodeling and synaptic vesicle biogenesis [31, 44–47]. As previously men-
tioned, cholesterol elicits negative feedback on its own synthesis via the 
SREBP-SCAP complex bound to the endoplasmic reticulum. When not bound to 
cholesterol, ApoE is degraded and its level drastically decreases [28].

ApoE4 affects major pathways of neurodegeneration due to its domain interac-
tion: decreased CNS lipid transport, direct neurotoxic fragmentation within neu-
rons, and impaired synaptic turnover [22]. The ApoE4 isoform is less stable than 
that of ApoE2 and ApoE3 and assumes a pathological conformation through domain 
interaction, an intramolecular ionic interaction between arginine-61 and glutamic 
acid-255 [22]. ApoE4 exhibits lower lipid-binding capacity, lower cholesterol deliv-
ery rate, and faster degradation rate, resulting in inefficient cholesterol transporta-
tion for neuronal and synaptic maintenance [22, 40, 48]. Moreover, ApoE4 is 
degraded by a neuron-specific protease to a greater extent than other isoforms, gen-
erating neurotoxic carboxyl-terminal fragments that stimulate tau hyperphosphory-
lation and mitochondrial dysfunction (Fig. 1) [22, 40, 48].
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Fig. 1 Cholesterol metabolism and trafficking in the brain. When the SREBP-SCAP complex 
senses low intracellular cholesterol levels within astrocytes, SREBP dissociates and translocates to 
activate nuclear promoters of cholesterol biosynthesis. 24-OHC regulates ApoE production via 
nuclear LXR. ABC transporters—also regulated by LXR—enrich ApoE with cholesterol and 
package the complex onto vacant HDL-like lipoproteins. These lipoproteins can also carry extra-
cellular beta-amyloid to neurons for degradation. Once bound to a neuronal lipoprotein receptor 
(likely LDLR or LRP1), the complex is endocytosed and cholesterol is liberated within endosome- 
lysosomes. Cholesterol is then utilized for any number of cellular functions. Some of the choles-
terol is converted via 24-hydroxylase into 24-OHC for regulation of LXRs and excretion into 
peripheral circulation. APP is cleaved by secretases at lipid rafts to generate beta-amyloid. These 
newly generated beta-amyloid along with that which has been endocytosed can be degraded intra-
cellularly by neprilysin, extracellularly by IDE, or loaded onto circulating lipoproteins. 27-OHC 
can diffuse through the blood brain barrier. LRP1 and VLDLR of the BBB endothelium also clear 
beta-amyloid. (Courtesy of Ryan Skowronek)
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3  Role of Cholesterol in Neurologic Function

3.1  Membrane Expansion and Regeneration

Most biological membranes are comprised of approximately equal parts lipids and 
proteins [49]. Continuous addition of new membrane is required during axonal and 
dendritic growth and regeneration [50]. The neuronal perikaryon contains abundant 
rough endoplasmic reticulum (visualized as Nissl substance under light micros-
copy) and Golgi complexes, which together synthesize and modify lipids, proteins, 
and vesicular compartments [14, 51]. Membrane expansion is mediated by antero-
grade inter-organelle exocytosis of vesicle-bound plasmalemmal precursors from 
the perikaryon to the growth cone [14, 50]. Pfenninger outlined four different condi-
tions of neurite (e.g., axonal or dendritic) growth and plasmalemmal expansion 
in vivo: (1) during de novo outgrowth by a growth cone; (2) during the continued 
elongation of axons concomitant with growth of the animal; (3) during the forma-
tion of collateral sprouts; and (4) during the regeneration of a severed neuronal 
process [51]. When cholesterol synthesis is inhibited in neurons, axonal elongation 
is supported by lipoprotein-derived cholesterol [1–3]. Upon tethering the plasma 
membrane via soluble N-ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) complexes, plasmalemmal precursor vesicles fuse with the acceptor 
membrane, leading to the expansion of the latter [50].

3.2  Myelin

As multicellular organisms continued to enlarge throughout evolution, the necessity 
to promptly interact with the environment required faster conduction velocities 
from neurons to their ever more distant targets. This was achieved by increasing the 
thickness of the hydrophobic sheaths surrounding axons, thereby reducing capaci-
tance—the change in ion concentration required to initiate an action potential [15]. 
Myelin has interval gaps known as nodes of Ranvier that allow ionic transport along 
the axonal membrane. Saltatory conduction—this recurring process along the length 
of an axon—serves to bolster action potential propagation [34, 52].

The process of myelination is mediated in the CNS by oligodendrocytes which 
synthesize sheets of plasma membrane around multiple adjacent axons. Although 
most myelination will be completed in the peripheral nervous system (PNS) shortly 
after birth, myelination in the CNS is an ongoing process that continues throughout 
adulthood. 70% of the CNS cholesterol pool is invested in myelin [53]. Myelin is 
comprised of 70–85% lipids and 15–30% proteins, with the cholesterol, phospho-
lipid, and glycolipid ratio being 40%:40%:20%, respectively [7, 49].
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3.3  Synapses and Neurotransmission

Synapses are the connections between one neuron’s axonal process and another’s 
dendritic spine. Neurotransmitters are the molecules that communicate between the 
axon and dendrite to elicit singling cascades. They are contained within vesicles that 
must fuse with and undergo exocytosis from the presynaptic membrane into the 
synaptic cleft. These neurotransmitters can then go on to bind postsynaptic recep-
tors to generate action potentials. Neurons have an intrinsic ability to form syn-
apses, an ability which is enhanced considerably in the presence of cholesterol [1, 
4, 46]. Cholesterol is incorporated into the lipid raft microdomains of synaptic ves-
icle membranes, presynaptic active zones, postsynaptic membranes, and at the edge 
of synapses, thus permitting synaptic vesicle biogenesis, alteration of membrane 
fluidity, and assembly of the fusional SNARE machinery [1, 17, 31, 44–47, 51, 
54–58]. This allows for the signaling cascades enacted by neurotransmitter exocy-
tosis from the presynaptic membrane into the synaptic cleft and subsequent binding 
to postsynaptic receptors. Cholesterol depletion results in a loss of synapses and 
dendritic spines [1].

Another important feature of synapses is synaptic plasticity, the activity- 
dependent modification of the strength or efficacy of synaptic transmission at pre- 
existing synapses [59]. In essence, it is the strengthening of specific synaptic 
connections in response to repeated activation. Cholesterol depletion reduces plas-
ticity and its inherent function of long-term potentiation—closely linked to the stor-
age of memories in the hippocampus, which is damaged in Alzheimer Disease [31, 
38]. At the adult synapse, the glycoprotein Reelin has a key role in enhancing long- 
term potentiation, as it interacts with the both the ApoE receptor 2 and VLDL recep-
tor [38]. The maintenance of plasticity and long-term potentiation is dependent on 
the proper release of neurotransmitters.

In the presynaptic region, cholesterol induces a conformational change in the 
transmembrane domains of vesicular SNARE proteins and vesicular membrane, 
allowing for fusion with the presynaptic membrane [1, 17, 45, 58]. As individuals 
age, cholesterol content increases within the exofacial leaflets of brain synaptic 
membranes—which contain the interactive lipid rafts—reducing the membrane flu-
idity (q.v., cholesterol’s context-sensitive effects on membrane fluidity) [60]. Age- 
imposed and cholesterol context-sensitive rigidity may interfere with vesicle 
exocytosis, thus limiting synaptic transmission and thereby reducing plasticity.

Cholesterol modulates many receptors and ion functions [17]. Numerous neu-
rotransmitter receptors have been found to be associated with the lipid raft microdo-
main [17, 23]. Located on the postsynaptic membrane are LRP1 and other ApoE 
receptors [38]. Cholesterol regulates lipid rafts and thereby regulates protein func-
tion (e.g., substrate presentation), as forming or depleting these rafts moves proteins 
into or out of the raft microenvironment, modulating their activity and function 
[61, 62].
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4  Selected Neurologic Diseases Associated with Abnormal 
Cholesterol Handling and Cholesterol Crystallization

4.1  Alzheimer Disease

4.1.1  Introduction

Alzheimer Disease (AD) is the most common neurodegenerative disease in adults. 
Prevalence in the seventh decade of life is 3/1000; in the eighth, 3.2/1000; and in the 
ninth and above, 10.8/1000 [41]. The incidence of disease increases with age, with 
125 new cases per 100,000 in persons older than 60 years of age. Major risk factors 
for AD include age, the presence of APOE4 alleles, mutations in either the amyloid 
precursor protein or presenilin genes. Modifiable risk factors include smoking, 
hypercholesterolemia, diabetes, and hypertension. Alzheimer Disease falls into a 
narrow bimodal distribution based on etiology, although both groups are clinically 
and pathologically indistinguishable [63]. Early-onset disease is mediated by auto-
somal dominant inheritance patterns of mutated APP, PSEN1, or PSEN2—all of 
which are directly involved in the production of amyloid-beta (Aβ). Late-onset dis-
ease is a sporadic, ostensibly multifactorial condition. There are no preventative or 
disease-modifying therapies.

On neuropathologic examination, there is neuronal loss in the cortex, hippocam-
pus, parahippocampal gyri, subiculum, and the cholinergic nucleus basalis and 
locus coeruleus, among other locations. The remaining neurons have decreased vol-
umes and ribonucleoproteins. Hallmarks of AD include (1) extracellular plaques of 
Aβ fragments from amyloid precursor proteins, (2) intracellular ‘neurofibrillary 
tangles’ of hyperphosphorylated tau (H-tau), and (3) cerebral amyloid angiopathy 
[5, 64].

Adams and Victor’s Principles of Neurology notes that the progression of menta-
tion changes is so insidious that neither the patient nor the family can date its onset. 
However, according to neuropathologic findings, the course of the disease appears 
to have a longer asymptomatic course preceding symptom onset. In fact, in the 
inherited form, biomarkers in the spinal fluid and imaging show changes that occur 
15 years or longer before the clinical manifestations are apparent [65]. The initial 
and most prominent symptomatology is that of failures in memory—episodic (auto-
biographical) and retentive—after which further cerebral dysfunctions become evi-
dent and continue to deteriorate. Quantitatively demonstrable dysnomia, agnosia, 
and paucity of speech compromise communication and social interaction. 
Dyscalculia renders financial independence impossible. With visuospatial disorien-
tation, patients may become lost in familiar places, lose the capability to dress them-
selves, or misunderstand directions, while ideational and ideomotor apraxia strip 
them of their ability to use common objects and tools such as door locks and uten-
sils. Prosopagnosia alienates patients from their family members, alone among now 
unfamiliar faces. Overlaid may be sleep and behavioral disturbances, paranoias 
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(often regarding spousal infidelity or theft), anxieties, phobias, personality changes 
such as increased egocentrism and indifference to others’ feelings, executive dys-
function, and difficulty in locomotion that may eventually lead to a bedridden state.

4.1.2  Potential Role of CNS Amyloid Deposition in Dementia

Amyloids are misfolded protein aggregates that are found in numerous disease pro-
cesses. The generation of Aβ of AD is outlined here. The amyloid precursor protein 
(APP) undergoes sequential cleavage by secretase enzymes [38, 47]. In the perti-
nent amyloidogenic pathway, APP matures, becomes glycosylated, and is cleaved 
by beta-secretase then by gamma-secretase (encoded by PSEN1/2). Both secretases 
are transmembrane proteins that reside within lipid rafts; thus, cholesterol modu-
lates their activity both by altering lipid raft fluidity and by binding to transmem-
brane cholesterol-binding motifs [17, 47]. Once Aβ is generated, it is secreted into 
the interstitial fluid of the brain, where it can be cleared by a variety of mechanisms, 
including efflux across blood-brain barrier (BBB), cellular uptake for lysosomal 
degradation, and cleavage by Aβ-specific proteases [38]. Naturally, it follows that 
either accelerated generation or defective clearance of Aβ may cause Aβ accumula-
tion, the former seen in familial early-onset AD and the latter in sporadic late- 
onset cases.

Familial cases of dementia are due to mutations in either APP or PSEN1/2, 
resulting in accelerated Aβ generation. Mutations in APP favors beta-secretase 
(over alpha-secretase) cleavage to initiate the amyloidogenic pathway. In healthy 
brains, APP and beta-secretase are separated, but in AD the two proteins are colo-
calized within vastly enlarged endosome-lysosomes [38, 66]. Mutations in PSEN1/2 
enhance their resultant gamma-secretase activity [24, 38].

Sporadic cases of dementia do not have any inherent defect in the enzymes of Aβ 
generation; instead, these are attributable to inadequate clearance of Aβ [24]. 
Approximately 70–85% of Aβ undergoes efflux across BBB via ApoE-receptor- 
mediated transcytosis, with the rest removed through interstitial fluid bulk flow [24, 
38, 67]. In both normal aging and AD, LRP1 expression decreases in brain endothe-
lial and vascular smooth muscle cells, correlating with an increase in Aβ [24]. 
Further dysregulation results in elevated SREBP2, decreasing LRP1 expression and 
thereby Aβ clearance [24].

While Aβ plaques and H-tau neurofibrillary tangles are found in all cortical asso-
ciation areas, it is the neurofibrillary tangles and quantitative neuronal loss—not the 
amyloid plaques—that most accurately correlate with dementia severity [5]. On the 
other hand, while early tau pathology in the entorhinal and limbic system can mani-
fest without any Aβ, severe neocortical AD-like tau pathology in the form of neuro-
fibrillary tangles and neuritic plaques is not seen in the absence of Aβ, suggesting 
that Aβ is required in some capacity for clinically overt dementia [68]. In fact, 
blocking tau expression and phosphorylation completely inhibits Aβ toxicity in dif-
ferentiated neurons from rat culture [68]. Nevertheless, despite the amyloid hypoth-
esis being the predominant research focus, clinical trials aimed at reducing amyloid 
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plaques and the formation of Aβ have not been effective [22, 35, 36, 69]. Relevant 
to this book, the interplay of BBB compromise and cholesterol will be our focus here.

4.1.3  Potential Role of Blood–Brain Barrier Compromise in Dementia

The capillary (BBB) is comprised of endothelial cells connected by tight and adhe-
rens junction proteins, resulting in low paracellular and transcellular permeability, 
and its integrity is maintained by pericytes and astrocytic foot-processes [24, 70]. 
Hypercholesterolemia causes endothelial dysfunction, leading to increased produc-
tion of adhesion molecules and cytokines, reflecting an increased inflammatory 
activity of the endothelium [39]. Vascular dysfunction can also influence the amy-
loidogenic pathway to diminish clearance and increase production of Aβ [24, 67]. A 
two-hit vascular hypothesis of AD has been put forth that posits cerebrovascular 
damage (initial hit causing BBB dysfunction) may initiate the cascade of neurode-
generation (second hit) [24, 70]. Even in the normal aging brain, BBB becomes 
dysfunctional [71].

Cerebrovascular dysfunction contribute to cognitive decline and neuronal loss in 
AD, beyond the damage caused by Aβ and tau pathology [24, 70]. In a group of 
4629 patients diagnosed with AD and no evidence of mixed dementia, 80% had 
some form of vascular pathology, including the AD-hallmark cerebral amyloid 
angiopathy; moreover, those with either AD or cerebrovascular disease had a simi-
lar prevalence of vascular risk factors (e.g., coronary artery disease, hyperlipidemia, 
and diabetes mellitus) [70]. In preclinical AD, changes in vascular biomarkers pre-
cede both cognitive impairment and detectable alterations in amyloid and tau [70, 
72]. BBB breakdown evidenced by gadolinium leakage on dynamic contrast 
enhanced (DCE) MRI preceded the hippocampal atrophy of early AD [70]. 
Susceptibility-weighted imaging MRI detects hemosiderin deposits from microhe-
morrhages due to BBB breakdown. High strength 7-tesla MRI has found that 78% 
of patients with AD have microhemorrhages; however, most studies involve lower 
strength 1.5- or 3-tesla MRI, so the incidence of microhemorrhages in AD is likely 
underestimated [70]. Recently, a large cohort autopsy found that 77% of 410 AD 
subjects had grossly apparent circle of Willis atherosclerosis, which occurred more 
often than in non-AD subjects [24, 73].

Breakdown of the BBB allows the entry of neurotoxic molecules that can elicit 
inflammatory and immune responses which can initiate multiple pathways of neu-
rodegeneration [70]. ApoE4 causes BBB disruption and pericyte degeneration [74–
76]. In APOE4 carriers with normal cognition or mild cognitive impairment, DCE 
MRI demonstrated BBB leakage prior to neural tissue loss, indicating that BBB 
disruption is independent of Aβ and hyperphosphorylated tau deposition [76–78]. 
Moreover, in APOE4 carriers, a biomarker of pericyte injury is elevated in the CSF, 
again independent of pathological changes in AD [76–78]. Degenerating pericytes 
accumulate intracellular inclusions, pinocytic vesicles, and large lipid granules [24, 
79]. These microstructural changes correlate with capillary reductions, vessel dila-
tion, and vessel tortuosity [24, 79].

Cholesterol in the Central Nervous System in Health and Disease



400

ApoE4 and cholesterol crystals (CCs) activate inflammatory molecules (e.g., 
cytokine cyclophilin A, nuclear factor-kB, MMP-9) in pericytes and endothelial 
cells [71, 76, 80, 81]. ApoE2 and ApoE3 use both LRP1 and VLDLR for BBB tran-
scytosis, leading to faster Aβ efflux, whereas ApoE4 relies primarily on the less 
efficient VLDLR with slower clearance [24, 38]. Moreover, ApoE4 has the weakest 
effect on Aβ degradation via neprilysin intracellularly and insulin degrading enzyme 
extracellularly [38]. ApoE4 also upregulates expression of receptor for advanced 
glycation end (RAGE) products [76]. Contrary to the Aβ efflux of LRP1, RAGE 
causes influx of peripheral Aβ, damaging pericytes and BBB [70, 75, 76]. This BBB 
breakdown in turn reduces P-glycoprotein and LRP1 levels as well as increased 
RAGE levels, resulting in further Aβ accumulation [24, 70]. In post-mortem studies, 
an accumulation of blood-derived proteins including fibrinogen, thrombin, plas-
minogen, immunoglobulin G, and albumin were found in the hippocampus and cor-
tex of AD subjects, which was associated with pericyte degeneration [24, 79, 82]. 
The incidence of lobar microbleeds is positively associated with age, APOE4 carrier 
status, and Aβ burden, as determined by (11)C-labeled Pittsburgh Compound-B 
positron emission tomography [24].

4.1.4  Potential Role of Cholesterol, Cholesterol Crystals, and Oxysterols 
in Dementia

Endocytosis, lipoprotein signaling, and synaptic neurotransmission are all reliant on 
cholesterol homeostasis and are impaired in AD [38]. There is a causal relationship 
between hypercholesterolemia and T2DM development, oxidative stress, and insu-
lin resistance within neural tissues [28]. Cholesterol can accumulate in a variety of 
manners: accelerated synthesis (e.g., SREBP dysregulation), decreased or improper 
transportation (e.g., ApoE4’s inherent poor delivery), or impaired cellular uptake 
(e.g., dysfunctional receptors). Cholesterol-regulated protein clearance ability 
declines in normal aging [83]. Several studies have identified a link between mid- 
life—but not late-life—hypercholesterolemia and AD development, suggesting that 
this process requires long-standing cholesterol excess for disease onset [39, 84]. 
Long-term high-cholesterol diet triggered astrocytic activation in the murine hip-
pocampus, leading to increased cholesterol transport across cell membranes and 
proinflammatory cytokine IL-1B production [28, 85].

Once ApoE-C enters neurons, cholesterol and scaffolding proteins specifi-
cally traffic APP to lipid rafts, where it can be cleaved by beta- and gamma-
secretases into Aβ. Elevated membrane cholesterol increases beta-secretase 
activity, thereby promoting the amyloidogenic pathway, whereas depletion 
inhibits both beta- and gamma-secretase activity [39, 47, 86]. Excess cholesterol 
aggregation in the endosomal- lysosomal system leads to altered APP processing, 
generating Aβ; in fact, in AD, endosomes exhibit volumes up to 32-fold larger 
than average [66, 87]. When Aβ is added to neuronal cell structure, it stimulates 
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ApoE-mediated internalization of cholesterol, leading to an increase in the intra-
cellular levels of free cholesterol [39]. High level of membrane cholesterol leads 
to the incorporation of Aβ into the membranes and enhances cytosolic calcium 
which induces neuronal apoptosis [87]. Moreover, levels of free cholesterol in 
neurofibrillary tangle-bearing neurons are higher than those of adjacent tangle-
free neurons [88].

Excess cholesterol can also form proinflammatory, membrane-piercing CCs 
(Fig. 2). As lipoproteins accumulate, they may either coalesce into vesicles within 
the interstitial space due to low clearance rates or, if cleared rapidly by macro-
phages, become sequestered and induce macrophage transformation into foam cells 
[80, 86]. In the presence of excess free unesterified cholesterol (q.v., ACAT1) and 
certain physiochemical environmental factors (e.g., degree of cholesterol hydra-
tion, presence of excess calcium, regional pH), these cholesterol molecules can 
spontaneously self-assemble into CCs [80, 89–91]. This crystallization process is 
also seen in amyloid crystals [80]. CCs can lead to endothelial dysfunction and 

a b

c d

Fig. 2 Cholesterol crystal injury of blood–brain barrier and neural cells. (a, b) Light micrographs 
of cholesterol crystals piercing brain capillary endothelium (arrows). (c) Scanning electron micro-
graph of cholesterol crystals piercing through the blood–brain barrier and (d) brain tissue bearing 
multitudinous cholesterol crystals that have pierced their cellular membranes. (Courtesy of 
George Abela)
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stimulate endothelial expression of IL-1β, which may affect cholesterol hemostasis 
in the endothelium by activating SREBP2, thus further exacerbating intracellular 
cholesterol accumulation and formation of intracellular CCs [80]. Rapid transition 
of quiescent metastable CCs into flat plate crystalline structures releases latent 
elastic energy that can be forceful enough to cause the leading edge and sharp tips 
of larger extracellular CCs to pierce cellular membranes or, if in vascular plaques, 
the vaso vasorum [80, 92]. As lipoproteins continue to accumulate within lyso-
somes, flat plate CCs form within them and may become large enough to disrupt 
the lysosomal membrane, with release of CC fragments into the cytosol [80, 92]. 
Once fragments of flat plate CCs overwhelm the scavenger cells in the interstitial 
space, they may become inflammatory foci by several different mechanisms [80]. 
Hence, flat plate CCs in the interstitial space promote a persistent inflammatory 
response.

The production of Aβ seems to correlate more closely with levels of cholesterol 
esters than with cholesterol [26, 39]. According to a recent meta-analysis, both 
24-OHC and 27-OHC (among other non-enzymatically oxidized oxysterols) levels 
are elevated in the brain [5, 39, 84]. 24-OHC plasma levels are proportional to the 
degree of brain atrophy and the loss of active gray matter, while its CSF levels are 
related to the amount of Aβ and H-tau in AD subjects [93]. Although necessary for 
cholesterol homeostasis and prevention of neurodegeneration, 24-OHC has been 
demonstrated to promote inflammation, oxidative stress, Aβ production (via APP 
regulation), and neuronal death [5, 28, 47, 84, 94]. These contrasting effects of 
24-OHC are possibly attributable to concentration-dependence and its role requires 
further research (for more information, read Gamba et al., 2021) [95]. The increase 
in 27-OHC is likely due to altered permeability of the BBB due to hypercholester-
olemia and oxidative stress among other factors [5, 95]. In a positive feedback 
loops, oxidative stress and inflammation increase brain cholesterol conversion to 
27-OHC, which in turn promotes proinflammatory molecule release [5, 94]. This 
allows further 27-OHC carry additional cholesterol into the CNS, linking hypercho-
lesterolemia and AD pathogenesis. Moreover, 27-OHC upregulates RAGE in astro-
cytes and neurons [96]. Studies have demonstrated that 27-OHC disrupts synapses, 
impairs neuron morphology, and increase both Aβ and hyperphosphorylated tau 
levels (Fig. 3) [5, 97].
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Fig. 3 How disordered handling of cholesterol may affect dementia. For ease of conception, both 
familial and sporadic AD will be illustrated in this figure, with delineation in this caption. In the 
familial form, APP and PSEN1/2 mutations favor accelerated Aβ generation. APP mutations favor 
beta-secretase over alpha-secretase, while PSEN1/2 mutations enhance gamma-secretase activity. 
(1) The presence of cholesterol increases secretase activity within lipid rafts. Excess intracellular 
cholesterol alters APP processing, increasing Aβ. In the sporadic form, ApoE4 exhibits faster deg-
radation rates and lower cholesterol delivery rate than other ApoE isoforms. While other ApoE 
isoforms utilize both LRP1 and VLDLR for BBB transcytosis, ApoE4 primarily relies on the 
slower VLDLR, allowing for extracellular accumulation of Aβ. Moreover, ApoE4 induces only a 
weak effect from intracellular Neprilysin and extracellular IDE, resulting in further Aβ accumula-
tion. (2) Aging, elevated cholesterol, ApoE4, and the persistent inflammation induced by central 
insulin resistance and cholesterol crystals all cause endothelial disruption. Insulin resistance also 
reduces GLUT4 expression on cell membranes, increasing insulin which saturates and thus inhib-
its IDE, preventing degradation of both insulin and Aβ. (3) Intracellularly cholesterol accumulation 
may result from accelerated cholesterol synthesis, impaired degradation via Neprilysin, and 
Aβ-induced internalization. Cholesterol can then be incorporated into cell structure to affect 
plasma membrane rigidity or as crystals with membrane-piercing potential. (4) Extracellular accu-
mulation of cholesterol results from decreased cholesterol transport via ApoE4, impaired cellular 
uptake, reduced efflux from the CNS, increased influx from the periphery due to endothelial dis-
ruption, and impaired degradation result in extracellular accumulation. Thus, cholesterol can 
become incorporated into cell membranes or as plaques along vascular endothelium. (Courtesy of 
Ryan Skowronek)
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4.2  Ischemic and Hemorrhagic Stroke

Low total and LDL cholesterol levels are a risk factor for intracerebral hemorrhage, 
whereas high total and LDL cholesterol levels are associated with cerebral infarc-
tion [98–100]. When compared to the lowest total cholesterol quintile, the highest 
was associated with an increased risk of ischemic stroke (OR 1.6, 95% CI 1.3–2.0), 
with the strongest associations of atherothrombotic (OR 3.2) and lacunar (OR 2.4), 
which has been replicated by several studies [99, 100]. Amarenco et al. found that 
LDL was associated with lacunar stroke (OR 2.71, 95% CI 1.60–4.55), while 
Bezerra et al. observed a similar association with larger lacunar lesions (8–20 mm 
on MRI) [100–103]. Larger lesions are probably attributable to microatheromata 
and/or plaque rupture, while smaller ones are due to lipohyalinosis [100, 103]. 
Elevated HDL and triglycerides have not been associated with ischemic stroke [98, 
104]. By contrast, there is no association seen between cholesterol and embolic 
infarction [99–102, 104].

Cholesterol crystallization results in volume expansion that can tear fibrous 
membranes by sharp tipped crystals, which can break off into circulation (Chaps. 3 
& 15 “How Innovation in Tissue Preparation and Imaging Revolutionized the 
Understanding of the Role of Cholesterol Crystals in Atherosclerosis” and “Role of 
CCs and Their Lipoprotein Precursors in NLRP3 and IL-1β Activation”). Therefore, 
unstable carotid plaques causing <70% stenosis may still cause events. This is the 
pathophysiology of Hollenhorst plaques, refractile CC emboli visualized within 
retinal artery branches (Chap. 17 “Omega-3 Fatty Acids Influence Membrane 
Cholesterol Distribution and Crystal Formation in Models of Atherosclerosis”). 
Carotid atherosclerotic plaques with cholesterol crystals were more likely to have 
concomitant macrophage and calcification accumulations. Patients with CCs plaque 
experienced more cerebrovascular symptoms [105]. Abela proposed a novel method 
for identifying unstable plaques by simultaneously compressing carotid plaques 
with an ultrasound probe and detecting liberated crystals via high-intensity transient 
signals (HITS) with a transcranial Doppler aimed at the bilateral MCAs [106, 107]. 
Twenty-three patients were studied with carotid stenosis ranging approximately 
25–50%. Out of four patients with HITS in at least one MCA, three had concurrent 
neurologic symptoms. In the remaining nineteen patients, six more had neurologic 
symptoms without HITS detection. In a 2020 study, Shi et al. found that cholesterol 
crystals were significantly associated with cerebrovascular ischemic symptoms 
related to the ipsilateral internal carotid artery (Fig. 4) [105].
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Fig. 4 Simultaneous carotid duplex and transcranial Doppler. A proposed method for the detec-
tion of plaques at higher risk for embolization and stroke. When the ultrasound transducer is placed 
over the carotid artery with standard pressure, it can release cholesterol crystals from a ruptured 
plaque that then embolize to the middle cerebral artery where they can then be readily detected by 
a transcranial Doppler. (Courtesy of George Abela)

4.3  Statins in Dementia and Multiple Sclerosis

There are several proposed mechanisms of statin effects on CNS autoimmune dis-
ease based on their immunomodulatory and neuroprotective properties. These 
mechanisms include cholesterol-dependent and cholesterol-independent effects, 
including inhibition of glutamate excitotoxicity and enhancement of cerebral hemo-
dynamics [108, 109].

A recent meta-analysis found that statins are associated with decreased risk of 
developing dementia [110, 111]. With regard to vascular dementia, statins reduce 
the high levels of LDL that associated with atherothrombotic and larger lacunar 
infarctions [101]. Moreover, statins may reduce infarctions caused by extracranial 
carotid disease by limiting the formation of cholesterol crystal formation in athero-
sclerotic plaques [105]. A similar crystallization process takes place in microcapil-
laries of the brain and within neuronal cytoplasm, as shown in Figs. 2, 3 and 4. Of 
note, AD has been associated with mid-life but not late-life hypercholesterolemia, 
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suggesting that long-standing cholesterol excess allows for pathology to develop 
and then manifest later in life in the setting of increased vascular permeability and 
decreased cognitive reserve [39, 84, 111]. In AD specifically, statins reduce choles-
terol thereby reducing secretase activity and allowing for beta-amyloid clearance by 
preventing excessive beta-amyloid accumulation [112]. Patients with hypercholes-
terolemia and concomitant risk factors for AD may therefore benefit from early 
initiation of statin therapy; however, further evidence is required via randomized 
control trials.

Multiple sclerosis (MS) is an immune-mediated chronic inflammatory disease 
targeting oligodendrocytes and myelin of the CNS. Secreted molecules disrupt the 
BBB permitting T lymphocytes entry into the CNS where further activation and 
recruitment of other inflammatory cells occur. Multiple studies have shown that 
adverse outcomes in MS are associated with elevated circulating LDL and/or total 
cholesterol [113]. However, as opposed to animal studies, randomized controlled 
trials have not reproduced the beneficial effects of statins in patients with relapsing- 
remitting MS but have shown promise in secondarily progressive MS [109].
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Fig. 1 Interaction between crystals and mutagenesis and oncogenesis

1  Introduction

The development and spread of cancer involve a series of complex processes. In 
some instances, it is believed that chronic inflammation may incite increased cel-
lular turnover (mitogenesis) that in turn increases the risk of development of defects 
in DNA and DNA repair in genes (mutagenesis) that are responsible for cellular 
growth, division, and immune detection.

Some crystals have the ability to incite both a chronic immune response and have 
mutagenic effects in cells of the upper and lower airways. Separately, various crys-
tals known to develop de-novo in the tumor microenvironment (TME) have the 
potential to enhance its pro-inflammatory inflammatory milieu that may in some 
instances contribute to either tumor suppression or tumor growth and spread (Fig. 1).

Herein we examine the interplay between crystals, inflammation, and cancer to pro-
vide insight into how crystals are believed to cause cancer and promote inflammation in 
the TME. Due to some similarities in the pathophysiologic processes that drive inflam-
mation in atherosclerosis and the TME, the effect of therapies used for secondary pre-
vention of atherosclerosis for the prevention and treatment of cancer are also reviewed.

2  Environmental and Endogenous Crystals That Can 
Cause Cancer

2.1  Silica and Silica Fibers

Silica is the most abundant naturally occurring substance on earth. Crystalline silica 
is found in quartz, sand, and thus a range of building products including concrete, 
brick, and cement. It is the classic exemplar of a crystal found in the environment 
that can cause cancer.

S. M. Nidorf et al.
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Several amorphous silica particles and fibers have the potential to cause a range 
of diseases, including silicosis, an incurable form of aggressive pulmonary fibrosis 
which is one of the most common occupational diseases in the world [1]. It is also 
classified as a definite carcinogen (Group 1) by the International Agency for 
Research on Cancer (IARC). Although most commonly associated with lung can-
cer, it has also been associated with renal, stomach, and esophageal cancers [2].

Asbestos is a naturally occurring fibrous form of silica. There are six forms of 
asbestos fibers each of which can be released into the atmosphere by abrasion during 
industrial processing. Despite recognition of the dangers of asbestos as early as 1899, 
it continued to be mined and used in industry until the mid-1970s. Once inhaled 
asbestos fibers can incite pulmonary fibrosis (asbestosis) and the development of 
various cancers, including small-cell cancer of the lung, mesothelioma, and less com-
monly laryngeal and ovarian cancer. While smaller asbestos fibers (measuring up to 
5 μm) are typically associated with mesothelioma, larger fibers (measuring >10 μm) 
have been strongly associated with lung cancer [3]. Other sources of exposure to 
asbestos and silicates may come from unpurified talcum powder. This has been asso-
ciated with ovarian cancer in individuals who have used it in the genital areas [4].

The inflammatory potential of silica relates to its crystalline nature. Several crys-
talline polymorphs as well as many kinds of amorphous forms of silica exist in 
nature, each with differing surface characteristics that are thought to affect their 
biological reactivity and pathogenicity. Although the pathogenicity of silica crystals 
relates in part to their size, it is notably that when silica crystals with various char-
acteristics are exposed to macrophages and red blood cells in vitro, cellular toxicity 
and membranolysis only occurs in the presence of fractured crystals, suggesting 
that the biological activity of quartz dust requires fragmentation of the crystal struc-
ture that disorganize its surface, as may occur during industrial use [5]. Aside from 
these direct cellular effects, silica crystals and asbestos can induce IL-1β release via 
NLRP3 inflammasome activation in macrophages [6].

Numerous studies confirm that when crystalline silica is exposed to DNA strands 
in vitro, it causes strand breakage leading to chromosomal aberrations [7]. Thus, 
silica related cancers appear to arise due to direct mutagenic effects rather than 
result from mitogenicity incited by chronic inflammation [8].

2.2  Calcium Oxalate

There is strong evidence of an association between the formation of stones in the 
renal and biliary tract and cancer [9, 10]. Calcium oxalate which is commonly found 
in both renal and gall stones has been found to trigger epithelial-mesenchymal tran-
sition that may explain the association between oxalate stones and cancer in the 
urogenital and biliary tracts.

The shape of oxalate crystals as well as the shape of oxalate crystal aggregates 
are believed to affect their toxicity. In vitro experiments in renal epithelial cells 
demonstrated that a range of oxalate crystals all cause cell-membrane rupture, 
upgraded intracellular reactive oxygen, and decreased mitochondrial membrane 
potential which ultimately led to cell death [11] (Fig.  2). Crystals with a large 
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Fig. 2 Effect of crystal shape and aggregation on cell toxicity. (left) Scanning electron micrograph 
images (a–d), XRD spectra. (a) COM-HL; (b) COM-HLA; (c) COM-TL; (d) COM-TLA. Scale 
bars: 10 μm. (right) Renal epithelial cell injury is central to stone formation. Crystals shapes and 
aggregation state are important factors in cell injury. (Reproduced with permission [11])
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calcium ion-rich active face show the greatest toxicity and the largest extent of 
adhesion to cells. Furthermore, crystal aggregates with sharp edges more readily 
caused cellular injury than aggregates of blunt crystals [12]. This constant irritation 
effect by these crystals that cannot be degraded by the body’s immune system can 
lead to eventual mutagenic transformation.

In addition, in vitro studies have demonstrated that calcium oxalate crystals can 
induce morphological changes in non-cancerous renal cells from epithelial to 
fibroblast- like spindle shape due their ability to cause oxidative damage to DNA. In 
turn, this leads to an increase in the cells spindle index, an increase in mesenchymal 
markers (fibronectin and vimentin) and reduced expression of epithelial markers 
(E-cadherin and zonula occludens-1). Furthermore, calcium oxalate can downregu-
late ARID1A, a tumor suppressor gene with renal cancer, at both mRNA and protein 
levels and downregulate other renal cell tumor suppressor genes, PTEN and VHL, 
and upregulated oncogene TPX2. Finally, calcium oxalate crystals can enhance the 
ability of cells to invade, aggregate, and secrete an angiogenic factor (VEGF) [13]. 
Thus, cancers associated with calcium oxalate crystals, like silica crystals, likely 
arise due to direct crystal induced mutagenic effects rather indirect effects resulting 
from their ability to incite chronic inflammation.

2.3  Cholesterol and Uric Acid Crystals

Elevated serum levels of cholesterol and UA have both been associated with an 
increased risk of several cancers [14, 15], and both cholesterol and UA crystals can 
induce acute and chronic inflammation. However, while cholesterol crystals (CCs) 
can incite the formation of large granuloma in multiple tissues that may mimic the 
presence of cancer [16], and UA crystals can incite the formation of tophi, neither 
lesion have been demonstrated to progress to cancer.

Thus, to date the evidence suggests that the mechanism of crystal induced cancer 
relates to the ability of a crystal to directly damage DNA rather than their ability to 
incite chronic inflammation.

3  Crystals That Develop in the Tumor Microenvironment

The tumor microenvironment (TME) is highly cellular, containing cancer cells, 
fibroblasts, endothelial cells, and a range of leukocytes. Its non-cellular component 
consists of extracellular matrix that includes collagen, fibronectin, hyaluronan, and 
laminin. Over time the TME also becomes increasingly vascularized due to the 
development of a neovascular network akin to that seen in the vasa vasorum in ath-
erosclerotic arteries (Fig. 3). Tumor cells control the function of the cellular and 
non-cellular components of their environment via complex signaling networks that 
collectively promote their growth and spread [17].

Interaction Between Crystals, Inflammation, and Cancer
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Fig. 3 Neovascularization in tumors and atherosclerosis. (a, b) neovascularization in tumor and 
(c, d) vasa vasorum of human arterial plaque stained by India Ink (Barberi & Abela in Peripheral 
Vascular Disease: Basic Diagnostic & Therapeutic Approaches, Ed: Abela) Lippincott, 2004; p 28

Because neoplastic cells are by nature abnormal, the way they traffic a range of 
molecules and metabolites is inherently dysfunctional. Notably cholesterol uptake is 
often enhanced, and its removal slowed leading to intracellular accumulation of cho-
lesterol. Purines production is enhanced due to rapid tumor growth. Calcium metab-
olism becomes disordered. In addition, tumor cells often over express lytic enzymes 
such as collagenase that act to increase ability of the cancer to spread locally.

Necrosis of tumor cells due to ischemia and immune injury enriches the TME 
with cellular debris, which is similar to atherosclerosis and can lead to the formation 
of a range of organic crystals. In an environment already enriched with leukocytes, 
crystals can incite an immune response akin to that seen elsewhere in the body that 
further enhances the cellular content of the tumor and the development of its neo-
vascular network. Furthermore, sudden enlargement of the tumor may occur due to 
hemorrhage caused by direct crystal induced vascular trauma (see Chap. “Molecular 
Pathomechanisms of Crystal-Induced Disorders”).

The presence of crystals within cancers was first described more than 120 years 
ago, however, their exact nature and potential role in cancer development was 
unclear [18]. Since then, the specific nature of several crystals in solid cancers has 
been determined [19]. Like crystals that form elsewhere in the body, all have the 
potential to incite inflammation and cause local trauma, depending on their individ-
ual size and surface characteristics as well as the size and shape of their aggregates.

S. M. Nidorf et al.
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3.1  Calcium Crystals

The appearance of microcalcifications in solid organs is common with aging and 
thus, not specific for cancer. However, calcium is commonly detected in malignant 
and benign solid cancers, and in some instances, it may be the earliest and only sign 
of cancers on radiologic screening [20].

The mechanism of calcium deposition in cancers is variable. It may result from 
abnormal calcium hemostasis by the neoplastic cells or occur as a result of chronic 
inflammation as in atherosclerosis. Hydroxyapatite crystals are the most common 
form of calcium crystals found in tumors. They have been demonstrated to affect the 
development and growth of cancer cells and to increase metalloproteinase synthesis 
that may promote tumor spread [21].

Calcium oxalate has been found in several tumors including the breast, the uro-
genital, and biliary tract. In animal models it has been demonstrated to induce pro-
liferation of highly malignant and undifferentiated tumors. Interestingly oxalate 
crystals do not induce cancer when injected into subcutaneous tissues indicating 
that their mutagenic effects are dependent on their cellular environment [22].

Whitlockite (calcium phosphate conjugated with magnesium) is the least com-
mon form of calcium crystals to be identified in solid tumors. When present, it is 
thought to reflect the avidity of tumor cells for magnesium. This form of calcium 
crystal deposit has only been associated with malignant breast cancers [23].

3.2  Cholesterol Crystals

Cholesterol crystals were among the first forms of crystal to be identified in-vitro in 
tumor cultures [24]. Their presence is not unexpected as disordered cholesterol traf-
ficking is a common feature of cancer cells [25] (Fig. 4). Cancer and atherosclerosis 
share similar risk factors including aging, smoking, obesity, sedentary lifestyle, dia-
betes, and hormone use [26]. A related feature of neoplasia and atherosclerosis is 
neo-angiogenesis, a process that has been linked to cancer’s ability for local and 
remote metastasis. The formation of neo-vessels, known as vasa vasorum, inside the 
atherosclerotic plaque creates one of the main entry points for lipoproteins, erythro-
cytes, and monocytes inside the plaques which plays a very important role in plaque 
growth and destabilization associated with ACS (Fig. 3)  [27, 28, 29].
Neovascularization of both cancer tumors and atherosclerotic plaque provide nutri-
tion that enhance their growth [30]. We have recently demonstrated in cell culture 
of breast and colon cancer that cholesterol crystals (CCs) can activate vascular 
endothelial growth factor (VEGF) [31]. Thus, the presence of CCs can activate neo-
vascularization in both  cancer and atherosclerosis. Moreover, we also demonstrated 
that CCs activate CD44 and Ubiquityl-Histone H2B (Ub-H2B) in the breast cancer 
cell line. These cytokines have been previously demonstrated to enhance cancer 
proliferation and metastasis [32, 33]. Furthermore, CCs were found to puncture the 
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Fig. 4 Abnormalities in cholesterol trafficking in cancer cells. (Reproduced with permission [25])

tumor surfaces similar to their role in disrupting the fibrous cap to cause plaque 
rupture [31] (Fig. 5). Also, the sharp tipped CCs have the potential to damage the 
neovascular networks [34, 35], that may in some instances lead to entry of tumor 
cells into the circulation and enhance metastasis [36]. These findings suggest that 
CCs can play an important role by mechanical dissemination of cancer cells and 
activate inflammation similar to their effect in atherosclerosis.

Moreover, CCs content by density and distribution were significantly greater in 
the cancer compared to the normal marginal tissues. The source of the CCs is the 
free cholesterol which was also significantly greater in the cancer compared to the 
marginal tissues [37] (Fig. 5).

3.3  Urate Crystals

Uric acid is the end-product of purine metabolism in humans. Due to the high pro-
tein production in cancer cells, it is not unexpected that UA crystals are found in 
solid cancers. Although it is recognized that UA crystals can incite inflammation in 
solid cancers, in a mouse model of breast cancer, they were found to significantly 
prevent and delay the formation of cancer suggesting that UA crystals stimulate the 
release of immune mediators that dampen tumor cell activity. This is supported by 
evidence that UA crystals directly induce the expression of MHC class I-related 
chain A and B, two ligands for the immunoreceptor NKG2D, in both tumor and 
dendritic cells [38]. Whether this effect is unique to UA crystals is not clear, 
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Fig. 5 Mechanisms of Cholesterol Crystal (CCs) Induced Trauma, Inflammation, and Neo-
vascularization in Cancer and Atherosclerosis: (Top) There are substantial quantities of CCs in solid 
cancer tumors as in atherosclerosis and they were found to activate IL-1β, CD44, VB-H2B and VEGF 
that stimulate inflammation and neovascularization respectively. CCs can enhance tumor growth and 
metastasis by disruption of tissues with local spread, causing intra tumor haemorrhage with access to 
the circulation, activating cytokines and triggering inflammation, as in atherosclerosis. (Middle) 
Scanning electron microscopy of three different cancers (a, b, c) with their matched light micro-
scopic images (a’, b’, c’) confirming their diagnosis. CCs are seen perforating the tumor surface  
(a, b, c) as noted in plaque rupture (d, d’). Haemorrhage is noted surrounding the CCs and vasa 
vasorum in the atherosclerotic plaque matrix. These findings support the mechanisms proposed in the 
cartoon image above. (Bottom) Bar graphs demonstrate a significantly greater CCs density, distribu-
tion and free cholesterol in cancers (kidney, colon, lung) and in atherosclerotic plaque compared to 
their marginal tissues. Ath. = atherosclerotic plaque. (Reproduced with permission [37]) 
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however, it suggests that the resultant immune response to crystals exposed to the 
TME may depend on the phase of the tumor’s development. Notably, however, in 
animal models, UA crystals may enhance anti-tumor immunity that may prevent or 
delay the development of breast cancer. Thus, the effects of crystal induced inflam-
mation on tumor cells may relate to their phase of development.

4  The Effect of Therapies Used for 2° Prevention 
in Atherosclerosis on Cancer

Atherosclerosis and cancer are common diseases that share some common risk fac-
tors and appear to share some common pathophysiological features. This has led to 
the thesis that therapies used for the secondary prevention of atherosclerosis may 
have benefits in cancer [39] (Fig. 6).

While the same inflammatory cellular “players and processes” are active in the 
atherosclerotic bed and the TME of solid tumors, this thesis is likely an oversimplifi-
cation, because these “epiphenomenon” are a consequence to different stimuli. In 
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Fig. 6 Factors involved in the early stages and development of atherosclerosis and cancer. Among 
the important similarities found in both multifactorial diseases, the identification of changes in the 
DNA sequence in close correlation to epigenetic modifications can be transmitted across genera-
tions in relationship with key environmental factors. These external factors can by themselves start 
or potentiate anomalous processes evidenced in the long-term as oxidative stress, inflammation, 
aberrant apoptosis, uncontrolled cell proliferation and angiogenesis. (Reproduced with permis-
sion [39])
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atherosclerotic bed the inflammatory response relates to the release of cholesterol 
crystals into the vascular bed from lipid rich atherosclerotic plaques. In the TME the 
inflammatory response occurs due to the release of cellular debris including crystals 
from necrotic tumor cells, as well as response to malignant cells as they attempt to 
evade immune detection, grow, locally invade, and begin to disseminate 
systemically.

None-the-less, there is intriguing albeit conflicting, laboratory and non- 
randomized observational clinical data, which suggests that therapies used for sec-
ondary prevention of atherosclerosis may affect tumor growth and spread [40].

4.1  Lipid Lowering Therapy

Due to defects in the trafficking of cholesterol, cancer cells tend to accumulate cho-
lesterol via several mechanisms [25]. Although it is believed that excess intracellu-
lar cholesterol encourages tumor growth and spread [41], the mechanism by which 
this might occur is uncertain. It is conceivable, however, as free cholesterol accumu-
lates in cancer cells it predisposes to the formation of CCs in the same way it leads 
to the formation of CCs in macrophages in the vascular wall. Once formed, they 
would have the capacity to cause direct cellular trauma and to activate inflamma-
some which in turn could incite inflammation and promote regional inflammation, 
tumor growth and spread.

In vitro and animal studies support the thesis that lipid lowering agents can 
dampen inflammation and slow the growth of several cancers lines, including can-
cers arising from the urogenital tract (renal cell, bladder, prostate), the gut (colonic, 
pancreatic hepatocellular), breast, ovaries and melanoma [25, 41].

Despite this, clinical observations have not necessarily supported the thesis that 
lipid lowering can prevent cancer. Early epidemiological and clinical data raised 
concerns that the risk of developing cancer is inversely related to serum levels of 
LDLc [42]. These observations significantly dampened the enthusiasm for aggres-
sive lipid lowering therapy in patients with vascular disease. Subsequently, 
Mendelian randomization studies demonstrated that while low levels of LDLc were 
robustly associated with an increased risk of cancer, genetically determined low 
levels of LDLc per se were not [43]. Furthermore, post-hoc analyses of placebo- 
controlled lipid trials have tended to be reassuring as some suggested that the inci-
dence of cancer is lower in those assigned to therapy. Although this later observation 
has not been a consistent finding, it raised hope that statins, ezetimibe and PCSK9 
inhibitors may reduce mutagenesis as well as cancer growth and spread [44].

Unfortunately, no prospective placebo-controlled trials of any lipid lowering 
therapy either alone or in combination with chemotherapeutic agents have  been 
conducted to answer this question. Thus, while there is no reason to cease lipid 
lowering therapy in patients with atherosclerosis who develop cancer, there is cur-
rently no evidence that it should be employed to prevent cancer or slow its 
progression.

Interaction Between Crystals, Inflammation, and Cancer



424

4.2  Inflammation and Cancer

Although the etiology of many cancers has been linked to a chronic irritant causing 
inflammation, it appears unlikely that localized chronic crystal induced inflamma-
tion per se leads to directly to mutagenesis. Interestingly, a recent study it was dem-
onstrated that genetic alteration in hematopoietic stem cells and their monocyte 
derivatives with loss of alleles in the DNMT3, TET2 and ASXL1 genes can 
 constitute clonal hematopoiesis of intermediate potential (CHIP) that significantly 
increases the risk for both hematologic cancer and as well as atherosclerosis. These 
stem cell mutations can lead to clones of granulocytes, monocytes, and lymphocytes 
that can increase the risk of both cancer and coronary artery disease by increased 
expression of inflammation markers (i.e., IL-1β) within the plaque to cause instabil-
ity (Fig. 7) [45–49]. It is estimated that individuals with CHIP have not only a risk 
for developing a hematologic cancer but also carry a tenfold risk for having a car-
diovascular event. Moreover, in a mouse experiment, the loss of the Tet2 gene as 
part of CHIP demonstrated a significant increase in atherosclerotic plaque [49]. 
Although there appears to be a link between some pro-inflammatory pathways and 
the development of atherosclerosis and hematologic cancers this does not necessar-
ily imply causality or provide a mechanism that links crystal induced inflammation 
with mutagenesis.
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HSC
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deficient
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TET2-deficient
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Fig. 7 Inflammation in cardiovascular disease. The bone marrow is a major site of leukocyte 
production. Studies have shown that some hematopoietic clones expand through a process called 
clonal hematopoiesis that can lead to TET-2 deficient monocytes that can infiltrate atherosclerotic 
lesions, where they differentiate to IL-1β-producing macrophages. Blocking the inflammatory 
cytokine IL-1β may lower the incidence of cardiovascular events. HSC, hematopoietic stem cell; 
TET2, methylcytosine dioxygenase. (Reproduced with permission [48])
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4.3  Anti-Inflammatory Therapies

As expected, the TME is pro-inflammatory [50, 51] (Fig. 8) as the immune system 
presents a line of defense against the development and growth of cancer. As cancer 
develops, some cell lines may not be completely immunologically silent, and the 
release of debris from necrotic malignant cells will enhance the influx of pro- 
inflammatory cells.

Despite this, the evidence suggests that some pro-inflammatory mediators 
expressed as part of the immune response to cancer cells “inadvertently” promote 
tumor growth and spread by stimulating angiogenesis and weakening the supportive 
matrix within the TME.  Thus, there is now increasing enthusiasm to attempt to 
dampen specific inflammatory pathways in the hope of slowing the progression of 
cancer [50].

NFkB

COX
enzymes

ANGIOGENESIS

DNA MUTATIONS

IL-6

VEGF

STAT3

MMP

ROS

INVASION

External stimuli

IMMUNE CELL

CELL PROLIFERATION AND SURVIVAL

TUMOR CELL

Fig. 8 Inflammation and cancer. Various inflammatory and carcinogenic agents can activate the 
transcription factor NFkB. Once activated, it binds to specific DNA sequences in the nucleus and 
induces the production of pro-inflammatory cytokines and COX enzymes. Activated immune cells 
produce specific cytokines (IL-6, VEGF, etc.) and metalloproteinases (MMP-2 and MMP-9). IL-6 
and growth factors can induce STAT3 activation by leading to cell proliferation and survival while 
metalloproteases degrade the membrane basement, promoting cell invasion. Moreover, macro-
phages secrete a great amount of reactive oxygen species (ROS) and mutagenic agents against 
microbial agents that induce a persistent tissue damage and cause DNA alterations by contributing 
to tumorigenesis. (Reproduced with permission [50])
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To date, observations from non-randomized databases have provided some evi-
dence that non-specific anti-inflammatory agents including aspirin, colchicine (as 
well as NSAIDs, Allopurinol, and Diaformin) may reduce the incidence of cancer 
[50]. In addition, some bench studies indicate that these agents may slow the growth 
of some cancer cell lines, and in a post-hoc analysis of the CANTOS study it was 
suggested that blocking IL-1β may slow the progression of non-small cancer of the 
lung [51, 52].

Unfortunately, prospective studies failed to confirm the benefits of canakinumab 
in lung cancer [53]. Therefore, aside aspirin, no anti-inflammatory therapies have 
been employed for the prevention or treatment of cancer, however, recently the risk- 
benefit of low-dose aspirin for this purpose has been called into question [54]. 
Moreover, use of aspirin in the Phase III double blinded placebo control trial of 
aspirin (300 mg/day for 5 years) as adjuvant therapy for HER2 negative breast can-
cer failed to demonstrate a benefit on cancer recurrence [55].

Thus, while efforts to reduce the formation of crystals or dampen crystal induced 
inflammation may slow the process of atherosclerosis, and possibly reduce the size 
of a tumor due to a reduction in inflammatory infiltrate or prevention of hemor-
rhage, it is self-evident that only cytotoxic therapies can stop the inexorable growth 
and spread of cancer.

The observation in some studies that long term use of aspirin and statins may 
have beneficial effect on the incidence of certain cancers continues to raise interest 
[40, 37, 56]. Since these agents can dissolve CCs, this may provide a mechanism by 
which they could attenuate inflammation and reduce neogenesis in the TME thus 
delaying the onset of metastatic disease [57, 58].

5  Conclusions

Although it is believed that chronic inflammation may lead to mitogenesis that may 
then lead to mutagenesis, current evidence suggests that crystals that cause cancer 
do so due their ability to directly damage DNA or prevent strand repair.

Separately, various crystals can develop de-novo in the TME as abnormal traf-
ficking of metabolites and cellular necrosis result in accumulation and crystalliza-
tion of calcium, cholesterol, and UA acid. These crystals have the potential to cause 
cellular and tissue trauma and to enhance the inflammatory milieu of the 
TME. Although in some instances the response may dampen tumor growth, in other 
instances crystals may contribute to tumor growth, to local spread and hemorrhage 
within the TME.

Despite the similarity in some of the pathophysiologic processes involved with 
the growth of cancer and atherosclerosis, there is currently insufficient evidence to 
support the routine use of therapies proven useful for secondary prevention of ath-
erosclerosis to prevent or treat cancer.
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The Interaction Between Infection, 
Crystals, and Cardiovascular Disease

Subhashis Mitra, Stefan Mark Nidorf, Manel Boumegouas, 
and George S. Abela

1  Background

The events that trigger infection of cardiac structures are often unknown, and the 
mechanism by which infection may lead to acute cardiovascular events remains 
speculative. Sterile triggers including crystals, and infectious agents including bac-
teria and viruses, can activate an immune response. Crystals may trigger comple-
ment and activate the NLRP3 pathway, and the surface of bacteria and viruses can 
be recognized by the innate and adaptive immune system via specific ligands [1–4]. 
In this chapter we explore how crystals may play a role in bacterial endocarditis and 
develop in the intra- and extracellular space of the arterial wall with the potential to 
trigger vasculitis, atherosclerosis, and rupture of atherosclerotic plaque.
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2  Cholesterol Crystals Play a Role in Bacterial Endocarditis

Infective endocarditis (IE) is a complex process which occurs after a series of sepa-
rate events that lead to the formation of vegetation on the valvular endothelium. 
Although it is more likely to develop in patients with congenital, rheumatic degen-
erative valve disease or a history of prosthetic valve replacement, almost half of the 
patients who present with IE have no obvious predisposing cause [5, 6]. In all cases, 
however, IE is invariably initiated by injury to the valvular endothelium that predis-
poses to adhesion of bacteria to valve. Once seeded, the bacteria may colonize and 
spread beyond the leaflet surface.

2.1  Primary Endothelial Injury

The primary endothelial injury that leads to IE may rarely relate to iatrogenic trauma 
during catheterization or degeneration and erosion of synthetic surfaces on cardiac 
devices, but most often the primary cause of injury is unidentified. In this regard, 
there is evidence that cholesterol crystals (CCs) are present in abundance in degen-
erative native and bioprosthetic valves, and that they may erode or perforate the 
endothelial surface of sclerotic human heart valves [7, 8] (see Chap. “Molecular 
Pathomechanisms of Crystal-Induced Disorders”). Thus, the growth and aggrega-
tion of CCs in the subendothelial space of valve leaflets may be a primary cause for 
endothelial disruption that predisposes to IE. Furthermore, in an atherosclerotic rab-
bit model in which a cholesterol enriched diet alternating with normal chow is pro-
vided to the animal, simvastatin and ezetimibe provided protection against CC 
formation which in turn may render some protection to the endothelium of the 
valve. However, lipid lowering after the valve was infiltrated with cholesterol was 
not effective in reducing CCs buried within the valve matrix and the associated 
macrophage infiltration [7]. These findings are consistent with the human clinical 
studies that evaluated the same combination of simvastatin and ezetimibe as well as 
other statins where there was no significant benefit found on the progression of 
aortic valve stenosis [9–11]. Some studies have suggested a lower embolic rate and 
mortality in patients with IE on statins [12, 13]. Although not as effective as lipid 
lowering therapy prior to CC infiltration in the valve tissue, treatment with statins 
may still have some potential in lowering the risk of developing IE, but that has to 
be further evaluated.
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2.2  Initial (Non-Infectious) Response to Endothelial Injury 
of Valve Leaflets

No matter the cause, be it iatrogenic or crystal induced, injury to the valvular endo-
thelial injury promotes deposition of fibrin, von Willebrand Factor (VWF), and 
platelets at the site of injury. This results in the formation of a nonbacterial throm-
botic focus that may be associated with local inflammation that leaves the leaflet 
surface more susceptible to infection [6].

2.3  Bacterial Adhesion and Colonization

The bacterium inoculums necessary for the development of IE are not well defined, 
however, in experimental models IE typically only follows large inoculums ranging 
from 105 to 108 CFU/mL [14].Thus, transient low grade bacteremia that commonly 
occur after brushing teeth or with minor mucosal trauma seldom result in IE [15, 16].

Recently we observed in aspirates from culprit coronary arteries during acute 
myocardial infraction, macrophages actively engaging with and degrading CCs 
[17]. Since macrophages ingest CCs is in a manner akin to the scavenging activity 
of bacteria, we sought to evaluate whether bacteria could directly interact with CCs. 
Interestingly we were able to confirm that in vitro gram-positive and gram-negative 
bacteria do attach to CCs [18]. The observed bacterial-CC interactions raise the pos-
sibility that they may interact anywhere CCs accumulate and are exposed to specific 
bacteria. Thus, such interactions may explain how CCs act as a nidus for infection 
in the biliary tract, and how CCs that develop in degenerative valves may perforate 
the endothelium as they grow and act as landing sites for bacteria during bouts of 
bacteremia.

The ability of certain bacteria to adhere to damaged valvular endothelium, non- 
thrombotic foci and CCs, especially in the most inhospitable environments in the 
systemic circulation where high-speed flowing blood passes through the heart and 
across the valves, likely relates to their ability to rapidly form strong bonds between 
their surface and components.

Those bacterial surface components that have two adjacent IgG-like folded sub-
domains on their surface can recognize adhesive matrix molecules (MSCRAMMs) 
including integrins, cadherins or components of the extracellular matrix including 
collagen, fibronectin, laminin, elastin, and CCs [19]. The binding of MSCRAMMs 
to fibrinogen by the “dock-lock-latch” mechanism or to collagen by the “collagen 
hug” mechanism causes major conformational changes and is closely related to the 
pathogenicity of gram-positive pathogens like staphylococcus [20]. Furthermore, 
the mechanical stability of the bond increases when the extracellular matrix protein 
fibrinogen (Fn) serves as a bridging molecule between the binding of bacterial cell 
surface located Fn-binding proteins (FnBPA and FnBPB) and the α5β1 integrin in 
the host cell membrane (Fig. 1) [21].
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Fig. 1 Mechanism of FnBP-dependent cell invasion by S. aureus. The main invasion pathway of 
S. aureus involves interaction of the Fn-binding repeats of FnBPA with type I Fn modules via a 
tandem β-zipper structure. This triggers a conformational change in Fn, resulting in the exposure 
of the cryptic integrin-binding site in the tenth FnIII module, which in turn engages in a high- 
affinity interaction with the α5β1 integrin found in the membrane of mammalian cells. (Reproduced 
with permission [21])

Methicillin resistant Staphylococcus aureus (MRSA) that may cause fulminant 
IE, can adhere to endothelial cells in greater numbers in regions of (low) shear stress 
compared to static conditions [22]. This phenomenon, though not fully understood, 
may be explained by the fact that adhesins are able to form “catch-bonds” that 
strengthen under tension [23]. In fact, the bond between Staphylococcus aureus 
clumping factor B (ClfB) with the envelope protein loricrin was noted to be signifi-
cantly enhanced by mechanical force [24]. Thus, bacterial adhesion to loricrin may 
be enhanced through force induced conformational changes in the ClfB molecule 
[25] (Fig. 2).

Streptococcus species are responsible for 20% of IE worldwide, particularly in 
developing countries, where rheumatic heart disease is a common predisposing con-
dition [26]. It often presents with chronic non-specific symptoms with little or no 
acute prodrome. Oral streptococci are able to bind and activate platelets and adhere 
to host tissues. In addition, oral streptococci are able to synthesize dextran, a com-
plex bacterial derived extracellular polysaccharide that seems important for adher-
ence of bacteria to nonbacterial thrombotic endocarditis (NBTE) [27, 28].

Gram-negative bacteria rarely cause IE. Pseudomonas aeruginosa can adhere to 
canine aortic leaflets in  vitro more easily than other gram-negative pathogens 
(Escherichia coli and Klebsiella pneumoniae) that are less frequent causes of IE 
[29]. Like Staphylococcus aureus, these gram-negative organisms can express a 
variety of adhesion molecules that allows them to attach to extracellular matrix 
proteins [30].
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Fig. 2 Force-activated 
adhesion of ClfA. Under 
low mechanical tension, 
fibrinogen weakly binds to 
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subdomains enable the 
formation of a fully 
secured DLL-like 
interaction. (Reproduced 
with permission [25])

In recent years, the role of pili, non-flagellar proteinaceous filaments found on 
the surface of some gram-positive and gram-negative bacteria have been demon-
strated to affect their virulence. Specifically Type IV pili of Streptococcus sanguis, 
one of the most common species responsible for streptococcal IE, has been identi-
fied as an important virulence factor contributing to the pathogenesis of IE [31] and 
endocarditis and biofilm associated (Ebp) pilus has been found to enhance the viru-
lence of Enterococcus faecalis [32].

After the initial attachment to the cardiac valve, bacteria must be further anchored 
to the sub endothelium by additional adhesins [33] as VWF is rapidly cleaved by the 
metalloproteinase ADAMTS-13 [34]. The bacterial adhesion Clfa mediates the 
adhesion to both fibrin and soluble fibrinogen.

2.4  Factors That Sustain the Growth of Bacteria Within 
the Damaged Leaflet

In our ex  vivo experiments, we demonstrated that Staphylococcus aureus and 
Pseudomonas aeruginosa attach to CCs but not to glass shards or plastic micro-
spheres used as controls (Figs. 3, 4 and 5) [18]. Furthermore, these organisms also 
dissolved CCs, raising the intriguing possibility that the organisms could utilize 
CCs as a source of cholesterol that may helped sustain their growth and promote 
colonization.
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Fig. 4 In vitro bacterial growth. Log-transformed relative response of bacterial colony count with 
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the time effect was significant (P < 0.0001). Group effect: P = 0.514 for S. aureus, and P = 0.032 
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2.5  Resistance to Bacterial Spread in the Leaflets

Invading bacteria that become internalized within endothelial cells act to promote 
the release of pro-inflammatory cytokines including IL-6, IL-8, and monocyte che-
motactic peptides [35]. Monocytes attracted to the subendothelial microenviron-
ment cause the release of tissue thromboplastin, and if CCs are present in the 
interstitial space they could amplify the inflammatory process [36].

Once colonized, bacteria release lytic enzymes that promote their spread into the 
subendothelial space, which in some instances has already been “primed” with 
inflammatory cells by pre-existing CCs [34]. As with CC induced inflammation, 
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Fig. 5 Scanning electron micrograph of bacteria engaging cholesterol crystals. In vitro S. aureus 
incubated with cholesterol crystals (top): (a) Cholesterol crystals incubated in broth without bac-
teria as control (b) Staphylococcus bacteria engulfing and degrading crystal after 2.5 h incubation. 
(c) Staphylococcus bacteria noted engaging and punctuating the crystal surface at 1 h incubation. 
In vitro P. aeruginosa incubated with cholesterol crystals (bottom): (d) Pseudomonas bacteria seen 
engulfing and eroding crystals forming wedges into the crystal body (e) higher magnification dem-
onstrates the detail of the bacterial and the crystal erosion with loss of crystal sharp edges; (f) 
another example of eroding crystal with bacteria above and around the crystal. (Reproduced with 
permission [18])

neutrophils play a vital role in the defense against bacteria, due in large part to the 
release of neutrophil extracellular traps (NETs) that can capture, neutralize, and kill 
microbes. NETs consist of strands of DNA extruded by activated or dying neutro-
phils, and release antimicrobial components such as histones, defensins, myeloper-
oxidase, cathepsin G, neutrophil elastase, proteinase 3, calprotectin, and cathelicidins 
[37]. The role of NETs in IE, therefore, is usually beneficial in the host defense [38, 
39]. Under some circumstances, however, neutrophils are unable to clear bacteria 
entrapped in their NETS, and as these neutrophil-bacteria aggregates become 
entrapped in platelet-fibrin aggregates within the vegetation, the vegetation enlarges 
and the ongoing infection predisposes to progressive valvular injury [38, 40]. Thus, 
whether the invading bacteria spreads or are contained, largely depend on the ability 
of neutrophils to effectively ingest and neutralize them. Though the complex role 
that NETs play in IE needs further elucidation, at this point, it would be reasonable 
to hypothesize that CCs may play a role in IE by triggering the production of NETs 
as has been shown in atherosclerotic coronary disease during myocardial infarction. 
Moreover, the hypoxemia present in the vegetations could also accelerate IL-1β 
activation by cholesterol crystals [41].
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3  Relationship Between Infection and Atherosclerosis

3.1  Bacterial Infection

A number of bacteria including Chlamydia pneumoniae, Mycoplasma pneumoniae, 
Helicobacter pylori, Enterobacter hormaechei, and multiple periodontal organisms 
including Porphyromonas gingivalis, Streptococcus sanguis, and Streptococcus 
mutans have been identified by nucleic acid or antigen detection methods in human 
atherosclerotic plaque [42–45]. In addition, several of these bacteria have been 
reported to accelerate atherosclerosis in animal models. Despite this, evidence to 
support a direct causative role for bacteria in atherogenesis remains elusive as no 
viable bacteria have ever been isolated from atherosclerotic plaques, and antibiotics 
have failed to reduce the risk of recurrent athero-thrombotic events in patients with 
coronary disease [46–49].

In our ex vivo experiments we demonstrated that S. aureus is more likely to bind 
to atherosclerotic arteries compared to normal vessels, and we made similar obser-
vations in the samples of fresh human carotid plaques removed at surgery compared 
to normal carotid arteries obtained from autopsy (Fig. 6) [18]. Although bacteria are 
known to adhere to the collagen and fibronectin in tissues [30], scanning electron 
microscopy (SEM) confirmed that the bacteria in these experiments were congre-
gating around the CCs within the plaque. Moreover, most of the human plaque were 
devoid of any fibrous caps and their surfaces were lined with sheets of CCs. While 
these observations are consistent with our understanding that S. aureus can adhere 
to CCs, they are not sufficient to imply a causative link between S. aureus and 
atherosclerosis.
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Fig. 6 Ex vivo bacterial growth in human arterial plaques. (a) Graphic of bacterial counts of nor-
mal control and atherosclerotic human arterial plaques using Box-Cox transformation. P-value 
was obtained from a two-sample t-test. (b) Scanning electron micrograph of normal carotid artery 
with few bacteria attached to intimal surface; (c) atherosclerotic carotid plaque with many bacteria 
and macrophages (white arrow) attached to cholesterol crystals. (Reproduced with permis-
sion [18])
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3.2  Viral Infection

In contrast to bacterial infections, there is strong evidence that viruses may induce 
atherosclerosis in avian models [50, 51], however, the mechanism by which this 
might occur remains elusive.

Over 50 years ago, in studies on virus-induced feline urolithiasis, feline herpes-
virus was isolated that produced cytopathic effects in cell cultures [52]. When the 
herpesvirus was cultured in cells ex vivo it was observed that after 1–16 weeks the 
infected cells contained numerous round refractile cytoplasmic “vacuoles” which 
appeared to be fat globules that contained appreciable amounts of cholesterol-like 
crystals. These were not seen in non-infected cells. Overtime, intracellular and 
extracellular crystals were observed to have formed that varied in size, shape, and 
structure, some of which were birefringent in polarized light and confirmed to be 
CCs on mass spectroscopy. Although the investigators had noted that herpesvirus 
could form intra- and extracellular mineral crystals [53], they believed they had 
previously failed to identify CCs in earlier studies due to their inherently unstable 
nature with processing for electron microscopy with standard techniques that dis-
solve CCs [54].

Upon reflection, it is possible that the extra- and intracellular vacuoles described 
in these cultures were exosomes and endosomes. It is known that viruses can “sub-
vert cholesterol homeostasis” to induce host cubic membranes that form these ves-
icles to gain entry and release from host cells (Fig. 7) [55]. These structures vary in 
size, surface characteristics, and composition depending on the host. For example, 
it is known that in SARS-CoV-2, spike proteins may be incorporated into vesicle 
membrane of exosomes and thus act as decoy targets for neutralizing antibodies that 
thereby reduce their effectiveness in blocking viral entry into host cells [56, 57].

The formation of CCs within these lipid rich vesicles in the herpes virus model 
is of particular interest, as it provides a mechanism by which “viral traffic” in and 
out of host cells may “deliver” CCs into the intra- and extracellular space, thus pro-
viding a mechanism by which some viruses might promote the development and 
progression of atherosclerosis. Indeed, this possibility would support the suggestion 
that viral infections during childhood may cause the initial vascular injury that leads 
to the development of arteriosclerosis in later life [58].
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a b d e

c

Fig. 7 SARS-CoV-induced cubic membranes in Vero cells. (a) The original TEM micrograph is 
reproduced, with permission, from Fig. 3c of Goldsmith et al. [91]. The arrow points at the regular 
TRS of interest; (b) mathematical 3D simulation to describe a gyroid (G)-based minimal surface; 
(c) a corresponding computer-simulated 2D projection map (0.4 of a unit cell thickness) derived 
from the 3D model in (b); (d) the theoretical projection of a slice through a G-based morphology 
exactly matches the TRS structure in the TEM image (see boxed area), unequivocally identifying 
it as “cubic membrane structure.” Note the spherical virion particles budding off this cubic mem-
brane segment (arrowheads). Scale bar, 100  nm (reproduced, with permission, from Ref (92); 
arrows were removed from the original image); (e) illustration of cubic membrane organization in 
a virus-infected cell and its possible function as a virus factory. The characteristic interconnected 
channels of the cubic membrane (CM) provide a transport conduit between the viral replication 
complex and the cytoplasm and/or nucleus (N). The pores at the outer surface could act as regula-
tors that allow the entry of the essential virus precursors yet inhibit the entry of host defense pro-
teins. The highly curved nature of cubic membranes might support viral assembly and budding. 
ER, endoplasmic reticulum; V, virus particle. (Reproduced with permission [55])

4  Crystallization of Inert Viral Aggregates Are Associated 
with Vasculitis

Vasculitis is characterized by the presence of inflammatory leukocytes in blood ves-
sels and often associated with injury to the adjacent tissues, and is categorized by 
the size, type, and location of the affected vessels: Small vessels, (ANCA-associated 
and immunoglobulin A vasculitis; Medium vessels, (polyarteritis nodosa and 
Kawasaki disease; Large vessels (Takayasu arteritis and giant cell arteritis) [58].

Although generally classed as an “autoimmune” disease, some forms of vasculi-
tis are due to identifiable causes [59]. Type I cryoglobulinemia vasculitis has been 
associated with the formation and intra-vascular deposition of immunoglobin crys-
tals [60]. In addition, a number of studies in humans and in animal models have 
associated various viruses with vasculitis. Although direct infection of endothelial 
cells by viruses has been observed, the exact mechanism by which viruses trigger 
inflammation is poorly understood.
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In this regard, it is of interest that several viruses, including influenza, SARS- 
CoV- 2, and the encephalomyocarditis (EMC) virus, readily form crystals within 
infected cells. In studies in which newborn mice were infected with EMC, they 
rapidly developed patchy pathologic changes in the coronary arteries, veins, and 
capillaries that were not seen in shame animals. Importantly, SEM of the vascular 
lesions revealed the presence of viral crystals that were associated with phlebitis, 
capillaritis, and evidence of acute and subacute myocarditis [61]. Similar lesions in 
the endothelium and myocardium have been produced by other viruses including 
polio, Coxsackie B [62].

The SARS-CoV-2 virus uses ACE2 receptor expressed by pneumocytes in the 
epithelial alveolar lining to infect the host. However, the ACE2 receptor is also 
widely expressed on endothelium in other organs. In patients with SARS-CoV-2 
infection, evidence has been found of direct viral infection of the endothelial cell 
and diffuse endothelial inflammation [63]. Thus, SARS-CoV-2 may cause endothe-
litis in several organs as a direct consequence of viral involvement and the resulting 
inflammatory response likely explains the systemic effects of the disease.

While the exact mechanisms by which these viruses induce endothelial injury 
and subsequent vascular inflammation remains uncertain, the presence of viral crys-
tals in vascular lesions provides a mechanism by which inflammation could be trig-
gered as a direct result of viral infection in addition to the ability of CCs to form 
within cholesterol rich exosomes and endosomes during viral entry and exit to and 
from host cells. Recent studies using X-ray free-electron laser to obtain information 
about the virus in the intact environment confirm the presence of viral crystals con-
sisting of empty viral shells (procapsids) [64]. In the presence of sufficient viral 
load, it is possible, therefore, for these intracellular viral crystals (distinct from 
CCs) to enlarge and be recognized by complosome that would then trigger inflam-
masome and cell death. Thus, intra-cellular viral crystals, like intracellular CCs, 
could lead to crystal induced traumatic and inflammatory vascular injury resulting 
in vasculitis.

5  Relationship Between Infection and Acute 
Coronary Syndromes

There is good evidence that various bacterial and viral infections can increase in the 
risk of myocardial infarction (MI). The risk is more pronounced following lung 
infections, peaks at the onset of infection and returns to baseline within months fol-
lowing mild respiratory or urinary infections, but may persist for years after more 
severe infections (Fig.  8) [65]. Supporting the link between acute infection and 
plaque instability is the observation that influenza and pneumococcal vaccination 
reduces the risk of acute cardiovascular events.
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Fig. 8 Myocardial infarction following system infection. Temporal pattern of cardiovascular risk 
after the onset of acute infection. (Reproduced with permission [65])

Myocardial infarction in patients with viral illnesses including SARS-Cov-2 
need to be distinguished from other viral cause of myocardial injury related to myo-
carditis, other forms of vasculitis. Collectively these forms of myocardial injury 
may affect up to one-quarter of patients with COVID-19 and be manifest even in the 
absence of previous cardiovascular disease. Most myocardial infarction associated 
with infections are thought to related to plaque rupture, activation of systemic trig-
gers including priming of circulating leukocytes, increasing thromboxane synthesis, 
and expression of genes linked to platelet activation induced by respiratory viruses 
such as influenza and SARS-CoV-2.

In contrast to these systemic effects, the observation that CCs can form within 
lipid rich endosomes and exosomes formed when viruses enter and exit the host 
cell, together with the observation that crystals of inert viral capsules can form 
in vivo within endothelial cells, provides two plausible mechanisms by which crys-
tals could directly destabilize atherosclerotic plaque during viral infection (Fig. 9) 
[66]. A recent report demonstrated the presence of SARS-CoV-2 in coronary ves-
sels and plaque with enhanced entry into cholesterol-laden macrophages (foam 
cells) and robust secretion of pro-atherogenic cytokines in SARS-CoV-2 infected 
macrophages, providing a potential explanation   for acute cardiovascular events [67].
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from the infected host cells. This forms a viral envelope. This protects the virus from the host 
immune system but makes them vulnerable to desiccation and soaps. (Reproduced with permis-
sion [68])

6  Effect of Secondary Prevention Therapies 
for Atherosclerosis on the Clinical Outcome of Severe 
SARS-CoV-2 Infection

Statins: Cholesterol plays an important role in viral translocation/replication and 
maturation/release [68] and is required for the formation of syncytia which facilitate 
replication and evasion of the host immune response, in SARS-CoV-2 infection 
[68, 69].

The SARS-CoV-2 envelope differs from the host membrane as it is acquired at 
late stage of the virus cycle and not by coalescence of host membrane during viral 
entry. It comprises primarily of phospholipids (PLs) but also contains cholesterol 
and sphingolipids with a cholesterol/phospholipid ratio similar to that of lysosomes 
[70]. Additionally, the envelop exposes procoagulant lipids at levels exceeding 
those on activated platelets that may directly promote blood coagulation [70].
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Host cell entry of coronavirus occurs either by plasma membrane fusion or endo-
cytosis. The endocytosis-mediated process is facilitated by cholesterol rich lipid 
rafts that serve as a platform for SARS-CoV-2 virus entry [68]. The ratio of mem-
brane cholesterol to fatty acid may be important for adequate viral fusion to the host 
cell and delivery of viral genes into the cytoplasm, an essential step for coronavirus 
infection.

As cholesterol is an integral part of the SARS-CoV-2 virus envelope and essen-
tial in almost every step of its life cycle, it is tempting to postulate that a greater 
availability of abundant cholesterol might lead to enhanced production of viral par-
ticles. Moreover, greater viral particles can pack together to form crystals (Fig. 10) 
[66, 71] as when they are placed in storage, thus floating viral particles, like CCs, 
could have the mechanical ability to scrape the arterial intima and cause vascular 
spam sufficient to cause ischemic injury [71]. Although unproven, this concept does 
seem to incorporate many of the features and behavior of the COVID-19 that 

Fig. 10 COVID-19 viral crystals. (left panel) crystal formations of COVID-19 virus. (right panel) 
Cholesterol crystals scraping the endothelium when circulating in a rabbit artery causing vasomo-
tor dysfunction (see Chap. “Omega-3 Fatty Acids Influence Membrane Cholesterol Distribution 
and Crystal Formation in Models of Atherosclerosis”). (Reproduced with permission [71, 89, 90])
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involves damage to the endothelium [72]. Another line of evidence that supports 
this hypothesis is that statins, fenofibrate, and aspirin seem to provide protection 
from the more severe injury of COVID-19 [73–75] and this may be related to the 
effect of these agents on dissolving CCs and lower cholesterol levels on the part of 
statins [76, 77]. A great deal of research has focused on whether lowering choles-
terol can improve the clinical outcome of patients with the disease.

Encouragingly, it was demonstrated that atorvastatin could effectively inhibit 
late replicative cycle steps of SARS-CoV-2 in vitro [78]. Using propensity scores, a 
large retrospective study including of over 20 thousand patients in each of two 
cohorts demonstrated that prolonged statin use was significantly more effective than 
short-term use in reducing the risk of viral infection and hospitalization but not 
intubation rate [79]. In addition, observational studies suggested that obesity and 
elevated serum cholesterol levels were risk factors for more severe infection, and 
clinical reports suggested that statins may provide clinical benefit to patients who 
developed the disease [80–82]. In contrast, another study that used propensity 
scores to match patients taking statins failed to show a consistent link between 
statins the risk of death after COVID-19, and a prospective controlled trial that 
examined the effect of atorvastatin 20 mg and aggressive anti-coagulation in patients 
admitted to the intensive care unit (ICU) with severe COVID infection failed to 
show a benefit of either therapy [83].

PCSK-9 inhibitors: In concert with the effect of lipids on severity of COVID-19 
symptoms and clinical outcomes a recent double blind study of lipid lowering using 
evolocumab (140-mg subcutaneously) vs. placebo (1 mL 0.9% saline solution) in 
60 patients hospitalized with severe COVID-19 and pneumonia revealed a signifi-
cant reduction in death or need for intubation at 30 days (23.3% vs. 53.3%). Also, 
IL-6 levels were significantly reduced in the treatment group [84] (Fig. 11).

Aspirin: Although aspirin has a number of properties that potentially would 
make it useful in the treatment of SARS-CoV-2 infection, as with statin therapy, 
early evidence of benefits related to retrospective observations and were not borne 
out in several prospective placebo trials [85, 86].

Colchicine: Colchicine has been demonstrated to reduce the risk of acute cardio-
vascular events in patients with proven coronary atherosclerosis [87]. Since it acts 
to inhibit inflammasome and reduce proinflammatory cytokines that are also known 
to be activated in SARS-CoV-2, several prospective controlled studies have exam-
ined its effects in patients with COVID-19 pneumonia. In a meta-analysis of these 
trials that included 16,248 patients from eight separate trials, it was found that those 
who received colchicine had a lower risk of mortality-HR of 0.25 (95% CI: 0.09, 
0.66) and OR of 0.22 (95% CI: 0.09, 0.57) [88].

The Interaction Between Infection, Crystals, and Cardiovascular Disease



446

PCSK9 Inhibitor

Placebo

n = 16

n = 7

23.3%

53.3%

RD: –30%; 95% CI: –53.40 to –6.59

0

80%

60%

40%

20%

0%

Number at risk

PCSK9 Inhibitor

Placebo

30

30

29

27

24

19

24

15

23

14

23

14

23

14

0 5 10 15

Days

D
ea

th
 o

r 
N

ee
d

 f
o

r 
In

tu
b

at
io

n
 (

%
)

20 25 30

a

b

20

Death or Need for Intubation (%)

40 60

Fig. 11 Reduced Death or Intubation with PCSK9 in COVID-19. Death or need for intubation 
(primary endpoint) at 30  days among patients administered a proprotein convertase subtilisin/
kexin type 9 (PCSK9) inhibitor or placebo. (a) Rates of primary endpoint in the PCSK9 inhibitor 
and placebo arms. (b) Cumulative incidence curves of 30-day death or need for intubation in the 
intention-to-treat population. n number of events, RD risk difference. (Reproduced with permis-
sion [84])

7  Summary

There is increasing evidence of an interplay between infection and crystals in car-
diovascular disease. Specifically, it is evident that CCs likely play a role in bacterial 
endocarditis. In addition, some viruses may lead to the development of intracellular 
inert viral crystals and may promote the formation of CCs in endosomes and exo-
somes that together may contribute to traumatic and inflammatory injury of the 
arterial wall to cause vasculitis, atherosclerosis, and acute plaque rupture.
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1  Background

Preeclampsia is a major contributor to maternal morbidity and mortality for both 
mother and fetus. It occurs in up to 7% of pregnancies, accounts for almost 20% of 
maternal deaths in the USA and is the number one cause of premature birth. Early 
detection of preeclampsia is often elusive, but once established it is persistent and 
can be difficult to treat [1–4]. For the most part, delivery of the infant acutely 
reverses the disorder. Thus, despite the challenges of prematurity for the newborn, 
early delivery is often required to avoid the risk of life-threatening maternal events, 
including abruption of the placenta, renal failure, seizures, pulmonary edema, and 
hematological dyscrasia. Preeclampsia can also inhibit fetal growth, cause develop-
mental disabilities for the child, and confer a life-long risk of cardiovascular disease 
for both the mother and child. These later effects appear to be triggered by placental 
genes expressing that involve pathways related to poor cardiometabolic traits [5].

The pathophysiology of preeclampsia centers around placental ischemia associ-
ated with inflammation, which together damage the vascular endothelium leads to 
“atherosis” in the maternal spiral arteries which is the pathological hallmark of the 
disease [6].

Recent evidence highlighting the presence of cholesterol crystals (CCs) in the 
placenta raises the intriguing possibility that CC-induced traumatic and inflamma-
tory injury within the placenta may be the primary trigger of the pathophysiologic 
processes that lead to preeclampsia [7, 8]. Evidence that small-dense low-density 
lipoprotein (sd-LDL) levels become markedly elevated during the first trimester of 
pregnancy in women who develop preeclampsia [9] support this thesis, as sd-LDL 
is a potentially rich source of free cholesterol with high tissue accessibility that 
predisposes to CC formation . Further still, CCs associated with elevated inflamma-
tory biomarkers have been found in the decidua/placental interface in mothers who 
developed preeclampsia [10, 11]. Thus, there is evidence that CCs develop in the 
placenta and have the potential to play a role in the development and progression of 
preeclampsia [12–14].

2  A Potential Mechanism for Preeclampsia

Though the exact trigger for preeclampsia is yet to be determined, it is clear that 
both maternal factors and placental vascular dysfunction play a role in its pathogen-
esis (Fig. 1). No matter the trigger, placental ischemia is believed to be central to the 
development of preeclampsia [1, 6]. Thus, it has been associated with impaired 
placentation, incomplete spiral artery remodeling, endothelial damage, propagation 
of immune factors, and mitochondrial stress, each of which may affect the balance 
of pro- and antiangiogenic substances within the placenta. As in other organs, arte-
rial spasm induced by a range of local stimulants including CCs, can lead to regional 
ischemia in the placenta which in turn may lead to hypoxic and inflammatory 
injury [12].
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Fig. 1 Interplay between maternal, fetal factors, and decidua/placenta in preeclampsia

a b

Fig. 2 Acute atherosis in decidual spiral arteries. (a) Many lipid-laden macrophages (arrows) are 
seen in the spiral arteries. (b) Acute atherosis on oil-red O staining. Fat droplets (arrows) in the 
non-transformed spiral artery are stained red. (Reproduced with permission [6])

Elevated LDL levels are strong markers of CC formation since saturated choles-
terol levels in the tissues are a prerequisite for CC formation [15, 16]. Small-dense 
LDL and other small lipid fractions including Lp(a) pass more readily into the sub-
endothelial space and are robust markers for the propensity for CC formation in the 
vasculature and cardiac valves (see Chap. “Formation of CCs in Endothelial Cells”) 
[17]. These same highly atherogenic lipid fractions are known to become signifi-
cantly elevated during pregnancy in women who develop preeclampsia [9]. 
Moreover, arteries from the placentas in women who developed preeclampsia dis-
play pathologic features of “atherosis,” evidenced by the presence of endothelial 
fragmentation and detachment with fibrinoid necrosis, and the presence of lipid- 
laden macrophages [6] (Fig. 2). Although unproven, we suspect that the develop-
ment of high levels of sd-LDL during pregnancy predispose to the development of 
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excess amounts of CCs in the placenta that in turn predisposes to regional vaso-
spasm and inflammation that then predispose to the development and progression of 
preeclampsia.

3  Serum Lipids in Normal Pregnancy and Preeclampsia

During a normal pregnancy, triglycerides, LDL, non-HDL cholesterol, and active 
total Proprotein Convertase Subtilis Kexin 9 (PCSK9) levels all increase as the 
pregnancy progresses towards term [18, 19]. In women who develop preeclampsia 
the change in lipid profile is more marked and the profile is more atherogenic as it 
is associated with higher levels of sd-LDL [20]. Aside from promoting uptake of 
cholesterol into the vascular wall, sd-LDL also stimulates the endothelium to syn-
thesize and release thromboxane, and increases intracellular calcium in vascular 
smooth muscles, which together predispose to vasospasm in the placenta [21, 22]. 
This combined with the potential endothelial injury of spiral arteries by CCs can 
lead to further arterial spasm and tissue injury [12].

In the Reproductive Medicine FIT: PLESE study—for women undergoing diet 
and exercise prior to fertility treatment, an increase in sd-LDL became evident in 
the first trimester in women who later developed preeclampsia [9] (Fig. 3). This 
may be relevant as dysfunctional maternal endothelium can be induced by athero-
genic dyslipidemia [23]. Preeclampsia has also been associated with significant 
elevations in other LDL fractions that have an increased susceptibility to oxidation 
[24, 25].

Estimates of lipid profile during the first trimester, therefore, appear to have 
predictive value for the development of preeclampsia. El Khouly et al. reported that 
among 251 pregnant women who had a lipid analysis at 4 and 12 weeks during the 
first trimester, those who developed preeclampsia had a greater rise in TG and 
LDL, and a significant decrease in HDL compared to those who did not develop 
preeclampsia. The changes in lipid profile were especially marked in those who 
developed more severe preeclampsia [26]. In the generation R study, investigators 
found that triglycerides and remnant cholesterol were also related to preeclampsia. 
These levels were not only positively associated with blood pressure during preg-
nancy but also associated with hypertension at 6 and 9 years after pregnancy [27]. 
While the lipids measured in these studies are standard and easily obtained from 
most pathology laboratories, these measures only allow crude inference of athero-
genicity. In contrast, Ardalic et  al. measured lipid oxidative indices in high-risk 
preeclamptic women (some diabetic) and found that they also related to preeclamp-
sia. They then went on to develop a model that included this lipid index together 
with body mass index, age, and fasting glucose to improve the prediction of pre-
eclampsia [28].
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Fig. 3 Atherogenic lipid particles in preeclampsia. Graphc demonstrating that levels of very small 
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Preeclampsia (yes) vs. (no). (Reproduced with permission [9])

4  Small-Dense LDL Cholesterol, Cholesterol Crystals, 
Vascular Endothelial Damage, and Downstream 
Placental Inflammation

Abnormal lipid profiles are strongly related to endothelial dysfunction [29]. Elevated 
LDL, and sd-LDL in particular, are associated with an enhanced uptake of choles-
terol by the vascular endothelium and passage of cholesterol into the sub-intimal 
spaces of the arterial wall. Thus, they also speed the transition of resident macro-
phages that clear the cholesterol into foam cells [30–32] (see Chaps. 5 & 9 “In Vivo 
Detection of Cholesterol Crystals in Atherosclerotic Plaque with Optical Coherence 
Tomography” and “Atherosclerotic Plaque Morphology and the Conundrum of the 
Vulnerable Plaque”). In the presence of excess free cholesterol, CCs form within 
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endothelial membranes and macrophages. Crystallization of cholesterol in endothe-
lial membranes leads to endothelial dysfunction, and the deposition of CCs within 
the cytosol of macrophages can activate inflammasome, trigger complosome, and 
promote cell death. As intracellular CCs are spilt into the extracellular space their 
sharp-tipped geometry may cause direct local tissue trauma [7, 8, 33, 34]. In addi-
tion, they can trigger innate inflammation due to their ability to activate compliment 
and incite macrophages to express various interleukins, including IL-1β that leads 
to a cascade of cytokine activation via IL-6 and then C-reactive protein (CRP) by 
the liver [35].

It is also known that CCs released into the circulation from atherosclerotic plaque 
can directly injure the vascular endothelium causing vasospasm and can promote 
thrombosis [12]. Ensuing distal ischemic injury can in turn trigger local production 
of IL1- β by resident macrophages that attract and activate circulating leukocytes 
[36]. Acute inflammation acts to increase the permeability of vascular channels and 
chronic inflammation may promote the development of a neovascular network [37]. 
Moreover, once CCs are deposited in tissues, they may trigger frustrated phagocy-
tosis that leads to biochemical tissue injury related to the release of metalloprotein-
ases and other intracellular enzymes [13].

CCs have been identified in various uteroplacental tissues and uterine vessels by 
scanning electron microscopy using a modified tissue preparation protocol to pre-
serve them [10, 11, 38] (Fig.  4). In the decidua/placenta CCs usually appear as 
aggregates of flat plate rhomboids or spindle-shaped crystals. Rhomboid CCs are 
constituted from cholesterol monohydrate, whereas needle-shaped CCs are consti-
tuted from anhydrous cholesterol [8]. In preliminary work, the quantity of CCs in 
the decidua have been found to be more in women who developed preeclampsia [9].

In addition, nod-like receptor protein 3 (NLRP3) has been found to be expressed 
in the maternal decidua, in fetal trophoblasts and in maternal leukocytes. 
Furthermore, decidual tissue cultured in  vitro has been demonstrated to express 
IL-1β when exposed to CCs [11]. Further still, components of the NLRP3 inflam-
masome and the complement system are also colocalized with IL-1β in the syncy-
tiotrophoblast layer [39]. Thus, the inflammatory response to CCs in the syncytium 
of the trophoblast may be critical in the pathophysiology of preeclampsia.

Elevated syncytium expression of IL-1β and Terminal Complement Complex 
(TCC) and raised maternal serum cholesterol and uric acid are also found in pre-
eclampsia. When primed with C5a/TNF-ɑ or LPS, placental explants, and tropho-
blasts have been found to be responsive to cholesterol crystal-mediated activation of 
the NLRP3 inflammasome, resulting in the release of mature IL-1β [39]. These data 
support the suggestion that CC-mediated NLRP3 inflammasome activation leads to 
IL-1β production in the syncytium as they do in other tissues, and further support 
the thesis that CCs play a role in placental inflammation seen in preeclampsia.

Of further relevance is that atherosis is observed to be confined to non-trans-
fromed spiral arteries. Atherosis is characterized by subendothelial lipid-filled form 
cells, fibrinoid necrosis and perivascular lymphocytic infiltration [40].

Taken together, these findings suggest that components at the syncytium surface 
and in maternal blood (where atherogenic dyslipidemia can lead to CC deposition 
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a b c

Fig. 4 Cholesterol crystals in maternal decidua. Scanning electron micrographs obtained from 
various placentas demonstrating both rhomboidal and needle shaped crystals (a–c) in the decidua. 
Macrophages are noted engaging the cholesterol crystals (arrows). Light micrograph and low 
power scanning image of the placenta. (Reproduced with permission [10] and courtesy of Dr. 
George Abela)

in spiral arteries leading to hypoxia) directly influence each other and may induce 
an escalated inflammatory response if disturbed or dysregulated. Consequently, pla-
cental dysfunction and maternal response in preeclampsia must be viewed as inter-
dependent interactive processes.

Finally, it is also believed that antiangiogenic factor soluble fms-like tyrosine 
kinase1 (sFLT1) is a key factor in preeclampsia due to its ability to inhibit VEGF1 
but not VEGF2. We have demonstrated that CCs can trigger VEGF expression in 
breast and colon cancer cell lines [41] and that they can cause breast cell lines to 
express CD44 and Ub-Ubiquityl-Histone (H2b). In addition, CCs can disrupt gap 
junctions in HUVEC cells in culture [42]. Thus, it is essential to continue to inves-
tigate the effect of CCs on VEGF1 and 2, other inflammatory cytokines, as well as 
hormone production that contribute to preeclampsia.
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5  The Effect of Hormones on Cholesterol Crystallization

Estrogens lead to lower circualting LDL cholesterol whcih can be protective to the 
integrity of healthy endothelium. Progesterone opposes estrogen action, and testos-
terone has been implicated in an acceleration of cardiovascular events [43]. 
Interestingly we have found that in vitro, estrogen but not testosterone, can attenu-
ate cholesterol crystallization in a dose-dependent manner [44]. Since women with 
preeclampsia have been shown to have lower estrogen levels [45–47], these findings 
offer yet another mechanism whereby estrogen, alongside its proven ability to pro-
mote placental angiogenesis and uterine artery vasodilation during pregnancy may 
protect against preeclampsia.

6  Treatment for Preeclampsia

Since CCs in placental tissue may predispose to placental ischemia and inflamma-
tion that are both central to the development and progression of preeclampsia, it 
would appear intuitive that inhibiting their development, dissolving them or damp-
ening the inflammatory injury they promote may be of benefit in the prevention and 
treatment of preeclampsia.

Aspirin and possibly statins and metformin may reduce the risk of development 
of preeclampsia and reduce the risks of preeclampsia if given early in the course of 
pregnancy [2, 48–50]. Although the precise mechanisms by which they provide 
benefits are unclear, it is noteworthy that they have been shown to dissolve CCs 
in vitro [51–53]. Moreover, all three agents have anti-inflammatory actions that may 
contribute to their beneficial effects in preeclampsia. Aspirin can block the expres-
sion of MMP-9 by macrophages and enhance the efflux of cholesterol by promoting 
ABCA1 and SR-BI expression thus reducing potential atherogenic-like processes in 
the placenta [54–56]. A multicenter placebo-controlled trial by Rolnick DL et al. 
demonstrated that high-risk pregnant women receiving 150 mg of aspirin daily from 
11 to 14 weeks through 36 weeks of gestation were less likely to develop preeclamp-
sia compared to those taking a placebo [57]. Brownfoot FC et al. demonstrated that 
Pravastatin decreased the sFLT1 secretion of isolated cytotrophoblasts, HUVECs, 
and placental explants from patients with preeclampsia. It also increases soluble 
endoglin (sENG) secretion from HUVECs and stabilizes sENG secretion from pla-
cental explants from women with severe preterm preeclampsia. Additionally, 
pravastatin apperas to improve antiangiogenic factors (sFLT1 and sENG) through 
the cholesterol production pathway [58, 59]. The preeclamptic placenta’s quick acti-
vation and rise in endothelial nitric-oxide synthase (eNOS), which is crucial for 
controlling placental blood flow, are caused by pravastatin’s induction of placental 
microsomal arginine uptake [60].

Finally, the use of anti-inflammatory therapy to treat preeclampsia has been 
investigated, albeit only in animal models [61]. In this regard, it is notable that 
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unlike NSAIDs, both colchicine and canakinumab which inhibit crystal-induced 
inflammation have proven safe to the fetus and the mother during pregnancy when 
used in women with autoinflammatory diseases including FMF, and that it may 
reduce the incidence of pre-eclampsia in women with FMF [62, 63]. Despite this, its 
potential in preventing eclampsia or affecting its clinical course in women without 
FMF has not been explored.

7  Summary

Preeclampsia is a common and potentially devastating complication of pregnancy. 
The development of preeclampsia has been associated with rising maternal levels of 
small-dense LDL during the first trimester of pregnancy. These lipid fractions have 
the potential to be a rich source of free cholesterol in the placenta that may predis-
pose to the formation of cholesterol crystals (CCs). CCs are known to be present in 
the maternal decidual placenta, and to be associated with a pro-inflammatory state. 
Like CC found elsewhere, the formation of CCs in the placenta may promote 
inflammation and cause direct and indirect ischemic injury that may trigger and 
aggravate preeclampsia. Thus, it is possible that therapies that reduce the risk of CC 
formation, dissolve them or inhibit inflammatory pathways they promote may prove 
to be of benefit in the prevention and/or treatment of this dreaded complication of 
pregnancy.
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Agents That Affect Cholesterol 
Crystallization and Modify the Risk 
of Crystal Induced Traumatic 
and Inflammatory Injury

George S. Abela, Sandra Hammer, Xuefei Huang, Julia V. Busik, 
and Stefan Mark Nidorf

1  Introduction

The formation of cholesterol crystals (CCs) within the vascular bed is the causal 
link between cholesterol deposition and atherosclerosis. As CCs develop, enlarge, 
and aggregate within foamy macrophages and the plaque core they outgrow and 
traumatize their surrounding environment. CCs that spill into the interstitial space 
can damage the vasa-vasorum to cause intra-plaque hemorrhage and trigger an 
innate inflammatory response, and CCs that form within the plaque core can perfo-
rate or rupture its fibrous cap and lead to atherothrombosis and cholesterol embo-
lism [1–5]. While most inflammatory flares induced by CCs result in progressive 
sequestration of CCs and the larger lipid pool to cause progressive sclerosis of the 
arterial wall, on occasions an inflammatory flare may predispose to plaque rupture 
by weakening vulnerable portions of the plaque that have been stretched and thinned 
due to concomitant enlargement and aggregation of CCs in its core. Thus, in order 
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Table 1 Therapeutic targets 
of cholesterol crystals in 
atherosclerosis

Prevent cholesterol accumulation to reduce 
substrate for crystal formation

– All lipid lowering therapies
Inhibition of cholesterol crystal growth causing 
cellular, tissue injury, and plaque rupture
– Statins, aspirin, colchicine
Altering cholesterol crystal morphology to reduce 
inflammation
– Statins, aspirin
Dissolution of cholesterol crystals
– Alcohol, Cyclodextrins, HDL
Inhibition of crystal induced inflammation leading 
to sclerosis and plaque destabilization
– Canakinumab, colchicine, statins

to break the life-long iterative cycle of crystal induced traumatic and inflammatory 
injury, it is necessary to reduce the formation of CCs, alter their morphology, dis-
solve them, and inhibit the inflammatory processes they trigger.

This chapter details the range of agents that have displayed the potential to act on 
one or more of these targets, (Table 1) including some that have been proven effec-
tive for secondary prevention of atherosclerosis [6–11].

2  Agents That Inhibit Cholesterol Crystal Formation 
and Alter Their Growth and Morphology

2.1  Statins and Ezetimibe

The exact mechanism by which statins and ezetimibe provide their cardiovascular ben-
efit is not fully understood. While it is likely that any means of effectively lowering 
LDLc reduces the concentration of free cholesterol within plaque and thereby reduces 
the tendency for CCs to form in situ, there is evidence that unlike ezetimibe, statins 
also interact directly with CCs to reduce their rate of growth and to alter their morphol-
ogy which in turn reduces their potential to cause traumatic and inflammatory injury.

As outlined in Chaps. “Atherosclerosis as a Crystalloid Disease: The Discovery 
of the Role of Cholesterol Crystals in the Formation and Rupture of Atherosclerotic 
Plaques”, “The Cholesterol Crystal Paradigm: Overview of How Cholesterol 
Crystals Evolve and Induce Traumatic and Inflammatory Vascular Injury”, “How 
Innovation in Tissue Preparation and Imaging Revolutionized the Understanding of 
the Role of Cholesterol Crystals in Atherosclerosis”, “Role of CCs and Their 
Lipoprotein Precursors in NLRP3 and IL-1β Activation”, we have demonstrated 
that as CCs grow, they develop sharp tips that have the capacity to penetrate, perfo-
rate, and rupture fibrous tissue [3, 4]. When CCs were grown in test tubes covered 
with fibrous rabbit pericardium simulating the fibrous plaque cap they readily “tore 
it to shreds,” but when pravastatin was added to the test tube, the membrane remained 
intact. This effect of pravastatin was dose dependent (Figs.  1 and 2) [12]. Upon 
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Fig. 1 Effect of statin on cholesterol crystal growth and morphology. (a) Test tube with cholesterol 
(1.5 g) expands above the meniscus. (b) Adding 50 mg of pravastatin inhibits volume expansion 
completely. (c) Scanning electron micrograph of normal crystal morphology with pointed tips. (d) 
Adding statin dissolves the crystals. (e) Bar graph demonstrating a dose related effect of atorvas-
tatin, simvastatin, and pravastatin on volume expansion with crystallization. (Reproduced with 
permission [5])
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a b

c d

Fig. 2 Cholesterol crystal perforation of fibrous membrane. (a) Test tube with pure cholesterol has 
marked volume expansion beyond the rim of the tube and totally disrupts the membrane overlying 
the surface. (b) Test tube with cholesterol and pravastatin (90 mg) has minimal volume expansion. 
(c) Scanning electron micrograph of the membrane surface illustrates extensive cholesterol crys-
tals perforating the membrane with pure cholesterol. (d) Very few crystals are seen penetrating the 
membrane with cholesterol and pravastatin. (Reproduced with permission [5])

further examination it became evident that pravastatin not only inhibited the devel-
opment of CCs but also affected their morphology by blunting their characteristic 
sharp edges.

Studies in both rabbit models of atherosclerosis and in human atherosclerotic 
carotid plaques obtained at endarterectomy demonstrated that treatment with statins 
also alters the appearance of CCs in atherosclerotic plaques [13, 14] (Fig. 3), and 
that this effect, like the clinical benefits of statins, was dose dependent [12].

In other experiments in atherosclerotic rabbits fed a cholesterol enriched diet 
(1%), we found CCs protruding from the arterial wall and aortic leaflets in associa-
tion with macrophage infiltration and elevated serum markers of inflammation 
including MMP 9 and CRP [13–15]. The appearance of CCs in plaques in this 
model were strikingly similar to that seen in patients who had died soon after myo-
cardial infarction [16] (Chap. 15 “Role of CCs and Their Lipoprotein Precursors in 
NLRP3 and IL-1β Activation”), and their appearance in aortic leaflets was similar 
to human sclerotic valves obtained during valve surgery [13] (Chap. 16 “Molecular 
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a b

c d

Fig. 3 In vivo cholesterol crystals from patients untreated and treated with statins. (a) Cholesterol 
crystals as commonly seen perforating the intimal surface in human carotid plaque not taking 
statin. (b) Cholesterol crystals from patient on atorvastatin treatment before carotid endarterec-
tomy demonstrate thinning with edges that have irregular borders, and some are bent as typically 
seen with dissolving crystals. (c) Crystals from pulmonary valve from atherosclerotic rabbit (d) 
dissolving and melting crystals from mitral valve in atherosclerotic rabbit treated with simvastatin. 
(Reproduced with permission [5])

Pathomechanisms of Crystal-Induced Disorders”). In this model, simvastatin and 
ezetimibe both reduced the cholesterol content and number of CCs in the plaque 
core, reduced the concentration of macrophages surrounding the plaque core and 
reduced systemic markers of inflammation [15]. Furthermore, ruptured plaques in 
this model that contained less cholesterol and fewer CCs were found to induce less 
thrombus when exposed to pharmacological triggers [17]. Interestingly, statins and 
ezetimibe also reduced the level of cholesterol and macrophage infiltration in the 
aortic leaflets when treatment was started with the initiation of the cholesterol 
enriched diet but had no effect on these features when started after the initiation of 
the lipid rich diet.

Together these data suggest that it is the ability of effective sustained lipid lower-
ing therapy to alter the lipid milieu within atherosclerotic plaques that reduces the 
likelihood of CC formation within them, leaving them less vulnerable to CC 
induced injury.

In addition, and unlike ezetimibe, statins have additional actions that may reduce 
the injurious effects of CCs. Not only is there evidenced that they reduce the 
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expression of IL-6 and IL-18 by human retinal endothelial cells (HREC) exposed to 
CCs and prolong cell viability [18], but their ability to alter CC morphology pro-
vides a plausible mechanism by which they notably reduce the risk of cardiovascu-
lar events when used early after an acute coronary syndrome [19] or just prior to 
percutaneous coronary intervention [20] well before they could possibly decrease 
serum LDLc.

Thus, while all means of lowering LDLc may reduce the cholesterol content of 
atherosclerotic plaque and thus reduce the risk of CC formation, statins have the 
added ability to reduce CCs growth and alter their morphology that reduces their 
ability to cause traumatic and inflammatory injury. Although the mechanism by 
which statins alter interact with CCs as they develop and grow has yet to be eluci-
dated, the observations support the general principle that any agent that can inter-
fere with CC growth or can alter their morphology can potentially affect their 
ability to cause injury and thus influence the progression of atherosclerosis.

2.2  Aspirin

Aspirin has proven benefits for secondary prevention in patients with coronary dis-
ease. While the benefits are believed to relate to its anti-inflammatory and anti- 
platelet properties [21–24], we have found in both in vitro and ex vivo studies that 
aspirin also affects CC growth and morphology (Chap. 4 “Crystals in Atherosclerosis: 
Crystal Cholesterol Structures, Morphologies, Formation and Dissolution. What Do 
We Know?”).

Akin to the effects of statin, bench studies confirm that at physiologic doses used 
in humans aspirin affects CCs morphology by blunting the development of typical 
sharp edges thus reducing their ability to perforate pericardial membranes (Fig. 4). 
In addition, CCs in ex vivo studies of human atherosclerotic plaques obtained at 
atherectomy incubated with aspirin at 37 °C also appeared degraded [25] (Fig. 5). 
Additionally, studies have also demonstrated that aspirin can reduce the size of ath-
erosclerotic plaques and the extent of macrophage infiltration that surrounds them 
[26–28].

Thus, aside from its effects on cyclooxygenase-1 and platelets, aspirin, like 
statins, has the ability to affect the progression of atherosclerosis due to its ability to 
reduce the risk of CC induced traumatic and inflammatory injury by virtue of its 
effects on CC growth and morphology.
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Fig. 4 Effect of aspirin on fibrous tissue injury. (a) Tube with cholesterol crystals expanding and 
disrupting pericardium during crystallization. (b, c) Scanning electron micrographs of cholesterol 
crystals perforating the pericardial membrane during crystallization. (d) Tube with cholesterol 
crystals and aspirin (50  mg) has minimal encroachment on the pericardial membrane. (e, f) 
Scanning electron micrograph of cholesterol crystals formed in the presence of aspirin demonstrat-
ing very few crystals perforating the membrane surface. (g) Change in volume expansion (ΔVE) 
at physiologic level of aspirin demonstrates reduction of ΔVE at physiologic levels of aspirin at 
0.3 mg compared to higher dose at 3.0 mg. (Reproduced with permission [25])

a d
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Fig. 5 Effect of aspirin on cholesterol crystal morphology. (a–c) Scanning electron micrographs 
of matching segments of human carotid plaques. Low power and high power demonstrating the 
presence of sharp-edged crystals in plaque incubated in physiologic buffered saline. (d–f) Segment 
of plaque incubated physiologic buffered saline with aspirin demonstrates plaque with loss of 
sharp edges and fewer crystals perforating the intimal surface. (Reproduced with permission [25])
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3  Agents That Can Dissolve Cholesterol Crystals

Although lipid lowering drugs, aspirin, and other agents including colchicine 
(Abela: personal communication) may slow the growth of CCs and alter their mor-
phology, only a few agents are known to dissolve them.

3.1  Alcohol

As highlighted in Chaps. “Atherosclerosis as a Crystalloid Disease: The Discovery 
of the Role of Cholesterol Crystals in the Formation and Rupture of Atherosclerotic 
Plaques” and “How Innovation in Tissue Preparation and Imaging Revolutionized 
the Understanding of the Role of Cholesterol Crystals in Atherosclerosis”, it has 
long been appreciated that alcohol dissolves CCs when used as solvent in tissue 
preparation [29]. As a result, when ethanol is used in standard concentrations to 
dehydrate tissues and stiffen them in order to cut thin sections using a microtome for 
histologic examination, the existence of CCs can only be inferred by the presence of 
empty imprints, or “clefts,” in tissue or thrombus in which they had resided in situ 
[30, 31]. Thus, the long-standing method of preparing histologic specimens with 
ethanol that dissolved CCs inadvertently delayed the recognition of their potential 
role in the development of atherosclerosis and plaque rupture for well over a century.

Scanning electron microscopy confirms that pretreatment of specimens with 
ethanol not only reduces the number of CCs, but also reduces their size and blunts 
their sharp edges [16, 29]. In contrast, when ethanol is excluded from tissue prepa-
ration and tissues are dehydrated using air drying or vacuum, CCs can readily be 
seen in and around the plaque core and can also be seen directly perforating its 
fibrous cap [3, 4, 16].

Many studies have demonstrated an association between moderate ethanol con-
sumption and a reduced risk of heart attack and stroke and all-cause mortality [32, 
33]. While the reason for this relationship is unknown, it is interesting to speculate 
that perhaps some of the cardiovascular benefits of alcohol relate to its ability to 
dissolve CCs at physiological serum levels and thus reduce the risk of CC induced 
plaque rupture (Fig. 6).

3.2  Cyclodextrins

Cyclodextrins (cyclic biocompatible oligosaccharides) have been shown to seques-
ter CCs within their structure with high affinity and dissolve them. There are three 
common natural cyclodextrins, α-, β-, γ-cyclodextrin. These water-soluble com-
plexes form cone shapes, via their six, seven or eight glucose units, respectively. 
Due to their hydrophobic interior, small size, and ability to access the cell mem-
brane without internalization, low concentrations of cyclodextrins can solubilize 
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Fig. 6 Effect of ethanol on cholesterol crystals. (a, b) Scanning electron micrographs with an 
untreated cholesterol crystal cluster from human carotid plaque and (b) a dissolving crystal cluster 
with loss of architecture after exposure to ethanol (c) Bar graph illustrates the effect of ethanol 
solubility of cholesterol crystals vs. water (p < 0.05). (Reproduced with permission [29])

hydrophobic molecules such as free cholesterol without disrupting normal physio-
logical cholesterol levels [34]. Mechanistically, cyclodextrins have been shown to 
mobilize free and esterified cholesterol in human foam cells [35, 36]. This macro-
phage reprogramming and activated efflux mechanisms is believed to depend on 
Liver X Receptor transcriptional activity [37]. The ability of cyclodextrins to trap 
free cholesterol has also been used to develop a non-invasive method of imaging 
CCs in vitro and ex vivo, by capitalizing on the superparamagnetic properties of the 
iron oxide core and binding properties of β-cyclodextrin and cholesterol [38].

Oral α-cyclodextrin has been shown to inhibit the untoward effects of high cho-
lesterol in human granulocytes, monocytes, and retinal endothelial cells, including 
inhibiting complement activation, phagocytosis, cell death, and production of reac-
tive oxygen species. When administered to LDLR−/− mice fed a western diet (high 
fat/high cholesterol), it decreases the level of proatherogenic lipoproteins and 
improves plasma lipid profiles when compared to LDLR−/− mice fed only a western 
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diet [37]. Additionally, α-cyclodextrin can prevent the formation of CCs in type 2 
diabetic mouse retinas, and in this animal model α- and β-cyclodextrin can signifi-
cantly reduce atherogenesis and cause regression of established atherosclerosis 
[18, 37].

Although all three cyclodextrins are capable of dissolving CCs, α-cyclodextrin 
has been shown be the most potent, least toxic and best tolerated in humans. The 
effectiveness of oral α-cyclodextrin in preventing CC formation and CC induced 
pathology has been seen in dyslipidemic and obese populations, in whom it also 
reduces bod weight, and LDL and increases insulin sensitivity [39, 40] (Fig. 7).

The promising clinical trial results coupled with extensive preclinical studies 
demonstrate the potential clinical use of α-cyclodextrin in patients with diabetes and 
atherosclerosis. Despite these benefits, concern that it may enhance the risk of deaf-
ness have hampered its introduction but has sparked interest in determining whether 
lower doses can be used by delivering therapy directly to vulnerable, lipid rich 
plaques. Specifically, it has been suggested that it may be possible to develop a non- 
invasive method to detect the presence of CCs and target plaques that appear 
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Fig. 7 Potential anti-atherogenic mechanisms of cyclodextrins in the arterial wall. The suggested 
mechanism derived from data obtained from experiments performed in cultured cells and/or in 
experimental animals. The figure shows a schematic cross-section of an advanced atherosclerotic 
lesion, which is formed in the subendothelial intimal layer of the arterial wall. The smooth muscle 
cells at the bottom denote the medial layer of the arterial wall, which is separated from the lesion 
by an elastic layer (not shown). The potential effects of cyclodextrins on atherosclerosis progres-
sion. Cyclodextrins (1) inhibit the entry of circulating monocytes into the lesion by inhibiting their 
adhesion to the endothelium; (2) stimulate cholesterol efflux, and also interact with and contribute 
to the dissolution of cholesterol crystals; (3) decrease the susceptibility of LDL to oxidation; (4) 
inhibit cholesterol crystal-induced phagocytosis; (5) inhibit cholesterol crystal-triggered comple-
ment activation; and (6) reduce inflammation and production of reactive oxygen species in athero-
sclerotic lesions [40]
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vulnerable to rupture with lower dose of cyclodextrin. Toward this end, superpara-
magnetic iron oxide nanoparticles (SPIONs) have been synthesized and coated with 
β-cyclodextrin (β-CD) (Fig.  8a). Such β-CD-SPIONs are able to bind with CCs 
through the β-CD ligand on the nanoparticle surface. This in turn has enabled the 
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Fig. 8 Magnetic nanoparticles with conjugated β-cyclodextrin. (a) Schematic demonstration of 
the structures of β-cyclodextrin (β-CD) conjugated magnetic nanoparticles (β-CD-SPIONs) and 
the nonconjugated SPIONs. (b) Confocal microscopy images of the cholesterol crystals after incu-
bation with unconjugated SPIONs (left) and conjugated β-CD-SPIONs (right) demonstrating the 
binding of β-CD-SPIONs to the crystals. (c) T2* weighted magnetic resonance images of the 
cholesterol crystals after incubation with the nonconjugated SPIONs (left) compared to conjugated 
β-CD-SPIONs (right) confirming the binding of β-CD-SPIONs to the crystals. (Reproduced with 
permission [38])
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detection and imaging of CCs in  vitro by both fluorescence (Fig.  8b) and MRI 
(Fig. 8c), paving the way for in vivo detection of CCs in the hope of delivering suf-
ficient cyclodextrin to vulnerable plaques [38].

3.3  Biological Products

High-density lipoprotein has been demonstrated to dissolve CCs in vitro [41, 42] 
however it is unlikely to have an effect on CCs in vivo as it does not come into con-
tact with CCs embedded within atherosclerotic plaques, heart valves, and other tis-
sues (Fig. 9).

Macrophages and bacteria can both dissolve extracellular CCs in situ. In our 
studies we have seen macrophages attached to CCs in aspirates from culprit coro-
nary arteries during acute myocardial infarction (Fig. 6 in Chap. 10 “The Role of 
Cholesterol Crystals in Plaque Rupture Leading to Acute Myocardial Infarction and 
Stroke”) [43]. In these instances, fragments of CCs appeared to have been “etched 
out” by macrophages that had extended pseudo-pods onto their surface. Similarly, 
both gram positive and gram-negative bacteria have been seen to attach to the sur-
face of CCs and to dissolve them (The Interaction Between Infection, Crystals and 
Cardiovascular Disease) [44], however, as yet the biologic products responsible for 
this action has not been identified.

In contrast nor-epinephrine, epinephrine, and steroids each increase CC growth 
in a dose-dependent manner and at serum levels seen in humans during stress [45] 
thus providing a potential mechanism by which emotional and physical stress may 
predispose to CC induced plaque rupture and acute cardiovascular events (Fig. 10).
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nor-epinephrine. (b, c, d) Scanning electron micrographs of cholesterol crystals grown in saline 
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4  Agents That Can Inhibit Aspects of Crystal 
Induced Inflammation

While reducing the risk of developing CCs or altering their growth or morphology 
provide attractive approaches for prevention of atherosclerosis, therapies with these 
properties are clearly insufficient to prevent continued formation of CCs and disease 
progression. Thus, inhibiting CC induced inflammation is an essential additional 
target for the treatment of atherosclerosis [1, 2].

As highlighted throughout the textbook, CCs released into the interstitial space 
surrounding atherosclerotic plaques may trigger an iterative cycle of innate inflam-
matory injury akin to gout (Chap. 22 “Interaction Between Crystals, Inflammation, 
and Cancer”), which likely explains why only those anti-inflammatory agents that 
inhibit aspects of crystal induced inflammation have proven to be of benefit for the 
secondary prevention of coronary disease.
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Although CCs are by far the most common crystals to form within atheroscle-
rotic plaque, we and others have identified a range of other crystalloids including 
calcium phosphate and monosodium urate crystals in the plaque core (Figs. 8 and 
11 in Chap. 3 “How Innovation in Tissue Preparation and Imaging Revolutionized 
the Understanding of the Role of Cholesterol Crystals in Atherosclerosis”) that like 
CCs, develop as these elements accumulate as a result of cellular senescence and 
necrosis [43, 46–50]. Thus, in some instances crystalloids aside CCs may promote 
or amplify innate inflammation in the atherosclerotic bed. Although hyperuricemia 
and gout have been associated with an increased risk of myocardial infarction and 
cardiac death, there is as yet no conclusive evidence that reducing serum uric acid 
reduces cardiovascular risk as is the case with cholesterol, however, an ongoing 
placebo-controlled trial will address this very issue [51, 52].

4.1  Canakinumab

The CANTOS trial was the first study to confirm the benefits of targeting inflamma-
tion for secondary prevention in patients with atherosclerosis. In this study, 
canakinumab was used to target the IL-1β inflammatory pathway. Canakinumab 
had already proven to be beneficial for the prevention and treatment of acute gout 
[6]. CANTOS confirmed that canakinumab significantly reduced the risk of MACE 
events and unscheduled revascularization [7]. Despite these benefits, the Food and 
Drug Administration chose not to approve its use for secondary prevention of coro-
nary disease due to its cost and concerns about the small increased risk of life- 
threatening infection.

An early report from the CANTOS investigators raised hopes that canakinumab 
may also reduce the risk of development of, and survival with non-small cell cancer 
of the lung [7]. This is of interest, as inflammasome is believed to play a role in 
promoting metastatic disease. Although subsequent prospective trials including the 
Completely Resected Non-small Cell Lung Cancer (CANOPY-1) trial showed that 
when used in combination with pembrolizumab and other agents canakinumab did 
not improve disease free survival in these patients [53, 54], a post-hoc analysis sug-
gested that it may have had a favorable effect in patients with elevated inflammatory 
markers.

4.2  Other IL-1 Inhibitors

A variety of other IL-1 inhibitors have also been evaluated in patients with cardio-
vascular disease. Anakinra, a recombinant human interleukin-1 receptor antagonist 
that inhibits both IL-1ɑ and IL-1β as well as IL-18 has been trialed with mixed 
results, however, its short half-life make it ill-suited for long-term secondary pre-
vention. Other agents include MCC950 that targets NLRP3 inflammasome 
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assembly, and GSK1070806 a humanized antibody to IL-18 can also attenuate 
NLRP3 inflammasome activity are also being trialed, however, as with other biolog-
ics, their potential to suppress the immune system raises concern about the risk of 
infections and will require long-term safety and efficacy data to be gathered in large 
clinical trials before they could be considered for use in clinical practice [55].

4.3  Colchicine

Colchicine is one of the oldest medications in the pharmacopeia. Its therapeutic 
effects have been employed for millennia to treat and prevent gout flares. In the mid- 
to- late twentieth century its value was recognized for treatment and prevention of 
inflammatory flares and to reverse renal amyloid in patients with familial 
Mediterranean fever (FMF). More recently it has been used to treat other conditions 
including pericarditis, and Bechet’s Syndrome [56].

Colchicine’s action on such a broad range of conditions likely stems from its 
ability to dampen the innate immune response. Unlike canakinumab, colchicine 
effects relate to its ability to bind to tubulin. Colchicine is avidly taken up by leuko-
cytes and endothelium. As it accumulates in macrophages it reduces the assembly 
of inflammasome and the expression of IL-1β and the production of several other 
pro-inflammatory cytokines including IL-18; accumulation in endothelium reduces 
expression of selectins that promote ingress of circulating leukocytes; accumulation 
in neutrophils affect their ability to marginate, aggregate and express cytokines, 
release NETs, and interact with platelets. In addition, colchicine has favorable 
effects on tissue healing (Fig. 11) [57, 58].

Further still, colchicine can inhibit CC growth in  vitro (Abela, unpublished). 
Thus, unlike any other anti-inflammatory agent, its ability to concentrate within 
leukocytes imply that it can potentially block CC growth within foam cells. 
Furthermore, it may also become concentrated within the atherosclerotic bed and 
therefore be exposed to extracellular CCs when released from apoptotic leukocytes 
that become sequestered and necrose within the plaque core.

In the last decade, colchicine’s potential for the secondary prevention of athero-
sclerosis has also been confirmed. The idea to trial it for this purpose related to the 
known role that inflammation plays in the chronic and acute phase of the disease, 
and the observation that long-term use of colchicine is safe and effective for second-
ary prevention of acute inflammatory flares in patients with gout and FMF [59–61].

The first study to demonstrate the potential of low-dose (0.5 mg daily) colchicine 
in patients with coronary disease was the low-dose colchicine (LoDoCo) pilot study 
[62]. Subsequently, the much larger LoDoCo2 trial, a multi-center blinded placebo- 
controlled trial in patients who were tolerant to colchicine confirmed its benefits on 
the composite of cardiovascular death, spontaneous myocardial infarction, ischemic 
stroke, or ischemia-driven coronary revascularization [63]. In both, the benefits of 
colchicine appeared early and continued to accrue over time.
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Fig. 11 (a) Effects of colchicine in atherosclerosis. (b) Colchicine inhibits cholesterol volume 
expansion with crystallization

Consistent with these finding is the observation that colchicine has also been 
demonstrated to reduce the risk of in-stent stenosis [64], and the Colchicine 
Cardiovascular Outcomes Trial (COLCOT) trial confirmed its long-term benefits in 
patients with a recent myocardial infarction [65, 66].

Meta-analysis of four independent long-term randomized controlled trials pub-
lished to date now include a broad range of >11,000 patients with acute and chronic 
coronary disease with follow-up out to 5 years and confirm that colchicine reduces 
the risk of the individual outcomes of myocardial infarction, ischemic stroke, and 
unscheduled revascularization, and demonstrate a trend towards a reduction in car-
diovascular death [67]. In addition, these trials indicate that, when used judiciously, 
colchicine 0.5 mg daily does not increase the risk of sepsis, cancer, neutropenia, 
myotoxicity, or bleeding [68].

Together these data lay the foundation supporting the repurposing colchicine as 
the first anti-inflammatory agent that can be widely adopted for secondary preven-
tion in patients with CV disease atop of statins and anti-platelet therapy. In the next 
3–5 years, the CLEAR SYNERGY study, the CONVINCE trial (NCT02898610), 
and the COLCARDIO trial (ACTRN12616000400460) will collectively recruit 
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>9000 patients providing further insights into the efficacy, long-term safety, and 
tolerability of colchicine 0.5 mg daily in various subset of patients with cardiovas-
cular disease.

Thus, the trials of colchicine and canakinumab indicate that targeting the innate 
inflammatory axis slows the progression of atherosclerosis by limiting plaque 
growth, reducing the risk of plaque instability and the risk of in-stent stenosis, and 
that it favorably affects remodeling of atherosclerotic plaques following acute coro-
nary syndrome [69]. On the tail of these trials, the ongoing Zeus trial examining the 
cardiovascular effects and safety of ziltivekimab, a human monoclonal antibody 
directed against the IL-6 ligand will be keenly awaited [70]. Based on these clinical 
trials, the Food and Drug Administration has recently approved colchicine for sec-
ondary prevention in patients with established coronary artery disease and those at 
high risk for cardiovascular events [71].

5  Summary

Understanding the central role of cholesterol crystals in the atherosclerotic process 
provides a useful paradigm for the treatment of the disease. Therapies that inhibit 
the formation of CCs, alter their morphology, dissolve them, or inhibit the inflam-
matory processes they (and other colloids) trigger have the potential to break the 
iterative cycle of crystal induced vascular injury. Some agents with proven benefits 
in atherosclerosis including statins, aspirin and colchicine are known to act on more 
than one of these targets. Undoubtedly future research will continue to focus on the 
development of agents that act on each of these aspects of this crystal induced 
disease.
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