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Clinical Investigations

Cholesterol Crystals Cause Mechanical Damage to Biological Membranes:
A Proposed Mechanism of Plaque Rupture and Erosion Leading to

Arterial Thrombosis
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Summary

Background: Plaque rupture and/or erosion is the leading
cause of cardiovascular events; however, the process is not
well understood. Although certain morphologic character-
istics have been associated with ruptured plaques, these ob-
servations are of static histological images and not of the dy-
namics of plaque rupture. To elucidate the process of plaque
rupture, we investigated the transformation of cholesterol
from liquid to solid crystal to determine whether growing
crystals are capable of injuring the plaque cap.

Hypothesis: We hypothesized that during cholesterol crys-
tallization the spatial configuration rapidly changes, causing
forceful expansion of sharp-edged crystals that can damage
the plaque cap.

Methods: Two experiments were performed in vitro: first,
cholesterol powder was melted in graduated cylinders and al-
lowed to crystallize at room temperature. Volume changes
from liquid to solid state were measured and timed. Second,
thin biological membranes (20—40 um) were put in the path of
growing crystals to determine damage during crystallization.

Results: As cholesterol crystallized, the peak volume in-
creased rapidly by up to 45% over 3 min and sharp-tipped
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crystals cut through and tore membranes. The amount of
cholesterol and peak level of crystal growth correlated directly
(r=0.98; p<0.01), as did the amount of cholesterol and rate of
crystal growth (r=0.99; p<0.01).

Conclusions: These observations suggest that crystalliza-
tion of supersaturated cholesterol in atherosclerotic plaques
can induce cap rupture and/or erosion. This novel insight
may help in the development of therapeutic strategies that
can alter cholesterol crystallization and prevent acute cardio-
vascular events.
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Introduction

Plaque rupture and/or erosion is recognized as the primary
cause of arterial thrombosis (Fig. 1).1~* The major characteris-
tics of ruptured plaques include a large lipid pool, a thin
fibrous cap, and a low number of smooth muscle cells.’ Fur-
thermore, inflammation consisting of macrophages and lym-
phocytes is frequently present at the sites of plaque rupture,
typically at plaque edges where the fibrous cap inserts into the
arterial wall.>~® Despite the fact that these seem to be recurrent
observations on histology, they represent the endstage of the
rupture process and do not explain the sequence of events lead-
ing to plaque rupture. This study proposes a novel mechanism
based on physical alterations within the plaque that may lead
to rupture and/or erosion. These changes are related to the al-
terations in the physical state of the plaque content, primarily
cholesterol.

Cholesterol is an organic chemical that has specific crystal
characteristics. The physical state of cholesterol is influenced
by cholesterol concentration, surrounding medium, pH, tem-
perature, and pressure.’~'2 As for many chemicals, the liquid
state has a different spatial distribution than the crystalline sol-
id state, as water is an example of volume expansion after
freezing.!? Cholesterol crystals are frequently seen in athero-
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Fic. 1 Examples of ruptured human plaques from patients who had died from acute myocardial infarction. (A) A light micrograph of a typical
ruptured atherosclerotic plaque demonstrating dense cholesterol clefts representative of crystals (arrow heads) seen extruding through the torn
cap (arrows). A fresh thrombus is noted occluding the arterial lumen (hematoxylin/eosin; magnification 147X). (B) Another example of plaque
rupture from a postmortem specimen illustrating dense cholesterol crystal mass protruding into the arterial lumen and obliterating the lumen
without thrombus. The plaque cap is ruptured (arrows at frayed cap edges) with crystals at the edges and filling all the lumen spaces (hema-
toxylin/eosin; magnification 134X). Crystals are noted to be extending into the arterial lumen (insert magnification 334 X).

matous plaques and are usually present abundantly in ruptured
plaques as illustrated by the examples in Figure 1, yet their role
in plaque rupture is unknown. Since plaque rupture is a dy-
namic process, we evaluated the potential role of cholesterol
crystals in acute cardiovascular events. We hypothesized that
soft atheromatous plaque with large lipid deposits is supersat-
urated with cholesterol that can undergo physical transforma-
tion from a liquid to a solid crystal state. The growing crystals
can then expand within the confined space of the plaque and
damage the fibrous cap. This study was designed to demon-
strate that conversion of the physical state of cholesterol from
aliquid to a solid crystal state can cause extensive damage that
can rupture biological membranes.

Methods
Cholesterol Crystals

Purified cholesterol powder (5-cholesten-33-O1; 33-hy-
droxy-5-cholestene [C27H460]: molecular weight = 386.7;
95-98% pure. Sigma, St. Louis, Miss., USA) was melted in
graduated cylinders using a heating gun (HAG 1400-U, Gar-
Tec, Baden, Germany), then allowed to cool to room tempera-
ture. Volume change over time was measured by a stop watch
and images of cholesterol crystal growth obtained using a dig-
ital video camera (Digital Video Camera, Model no. GR-
DVL720U,JVC, Tokyo, Japan). The time from the earliest de-
tection of opacification in the clear liquid cholesterol to full
crystallization was recorded. Volume changes were calculated
by subtracting the initial measured meniscus level of liquid

cholesterol from the maximal peak of crystals formed. The
percent volume changes over time during crystallization were
then calculated. Four separate experiments were conducted
using different amounts of cholesterol powder chosen arbitrar-
ily (1, 1.5, 2, or 3 g), each repeated six times and averaged to
measure the crystallization parameters of cholesterol.

Membranes

Six New Zealand White rabbits and one Sprague Dawley
rat were euthanized using 1 ml of euthasol (DelMarva Labs,
Midlothia, Va., USA) intravenously and the thoracic and ab-
dominal cavities were exposed. The mesenteric membrane
and pericardium were dissected gently, removed, and placed
in normal saline solution. These tissues were chosen because
of their close similarity in composition and thickness to the fi-
brous plaque cap. Animal procedures were performed accord-
ing to Michigan State University’s Animal Care and Use
Committee-approved protocol. Cholesterol crystals were
grown in 4 ml glass test tubes with a membrane spread taut
over the tube orifice. Three 1-mm diameter capillary tubes
were cut to a height equal to that of the test tube and then
placed in the center of each tube to enhance the contact surface
area for cholesterol. This also simulated other filler materials
present in the plaque. Cholesterol powder (4 g) was placed in a
graduated cylinder, melted using the heat gun, and then poured
into the test tube, filling it to the rim. The liquefied cholesterol
was then allowed to cool to room temperature. Once the crys-
tallization started, the membrane was quickly spread taut over
the tube orifice and secured by wrapping a 4-0 silk tie around
the tube, creating a confined space. After crystallization, the
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membrane surfaces were then inspected by direct visualiza-
tion and under a dissecting microscope (Wild M7, Heerbrugg,
Switzerland) and photographed by a digital camera (EOS-
Digital Rebel, Cannon, Tokyo, Japan).

Light Microscopy

Biological membrane specimens were cut and embedded in
paraffin on edge. Serial tissue sections (7 um thick) were then
mounted on glass slides. The sections were then stained with
hematoxylin and eosin or Masson’s trichrome stains. The
membranes were examined and thickness measured using a
light microscope and a calibrated graticule eye piece (Ernst
Leitz, GmbH, Wetzlar, Germany). Phase contrast microscopy
was performed using a Microphot FX microscope (Nikon
Corp., Tokyo, Japan).

Electron Microscopy

The membrane samples were prepared for scanning elec-
tron microscopy (SEM) by fixing overnight in 4% glutaralde-
hyde (Fisher Scientific, Pittsburgh, Pa., USA) with 0.1 M
phosphate buffer (pH 7.4). Samples of 5—10-mm long tissue
segments were subjected to critical point drying in liquid
CO;, mounted on stubs, and goldcoated in a sputter coater.
The intimal surface was then examined using a JEOL SEM
(Model JSM-6300F, JEOL Ltd., Tokyo, Japan). Transmission
electron microscopy was performed after tissue selection on
1-um sections stained with toluidine blue. Thin sections were
then stained with uranyl acetate and lead citrate and examined
with a transmission electron microscope (Model JEM 100-
CX, JEOL, Japan).

Statistical Analysis

GraphPad Prism (GraphPad Software, San Diego, Calif.,
USA) was used for statistical analysis of group mean data.
Measured data were reported as mean + standard deviation
(SD). A one-way analysis of variance (ANOVA) was used for
initial analysis of the data, based on the standard presumption
that linear measures such as those collected here follow a nor-
mal distribution. Post-hoc testing was performed using a two-
tailed Tukey’s test to control error rate for multiple compar-
isons. Microsoft Excel (Microsoft Corp., Redmond, Wash.,
USA) was used to perform regression analysis between the
amount of cholesterol and crystal growth achieved and the rate
of crystal growth. In all cases a p value <0.05 was used as the
criterion of statistical significance.

Results
Cholesterol Crystallization and Volume Change

To evaluate our hypothesis, we needed to demonstrate that
cholesterol will expand after a change in its physical state from

liquid to solid. Purified cholesterol powder (C27Hs60) was
placed in 10-ml graduated cylinders, melted to a liquid using a
heat gun, and then allowed to cool to room temperature. The
crystals were then examined by light microscopy and SEM
and photographed at various magnifications.

After the cholesterol powder was melted to a liquid, the
meniscus level was registered and the cylinder was allowed to
cool down. The liquid in the cylinders became fully opacified
within 2 min and then complete crystallization growth oc-
curred after an additional 3 min. The crystal mass consistent-
ly rose above the marked liquid meniscus demonstrating
a significant volume expansion after crystallization (Fig.
2A—C). The point of maximal crystal growth constituted up to
a45% increase over the original meniscus level, resulting in
rapid volume expansion (Fig. 3A-D). There was a direct lin-
ear relationship between the amount of cholesterol and both
the extent and rate of crystal growth (r = 0.98; p<0.01,r =
0.99; p<0.01, respectively) (Fig. 3E, F). Although the per-
cent peak crystal growth change was not significantly differ-
ent among all the four weights of cholesterol tested, the level
of peak growth of crystallization was significantly greater for
3 g compared with2 g (p<0.01), 1.5 g (p<0.001),and 1.0 g
(p<0.001).

Membrane Rupture by Growing Cholesterol Crystals

To evaluate the potential damage to a biological membrane,
cholesterol crystals were grown in 4 ml glass test tubes with
the open end covered by smooth, thin, taut membranes.

The clear liquid cholesterol started to crystallize from the
bottom of the tube and then quickly opacified into a white
milky texture within 2 min of initiation. Thereafter, cholesterol
crystals developed rapidly to form large clusters that occupied
the space above the tube orifice. As the cholesterol crystal
clusters grew to occupy the space above the edge of the tube,
they pushed, distorted, and tore the membrane surface while
protruding through it (Fig. 4A, B). These findings were noted
inall 12 membrane-covered test tubes studied. Most stretching
and tearing occurred where the membrane contacted the cir-
cumferential edges of the test tube.

Viewed by light microscopy and SEM, two predominant
crystal geometries were noted: elongated sharp needle-tipped
crystals (Fig. 5A—C) and flat square or rhomboid-like crystals
(Fig. 5D). The flat crystals were present mostly at the base of
the growth, and sharp-edged crystals were usually noted at the
leading edge of the crystal growth. The elongated sharp-tipped
crystals had shafts that frequently measured 5 um in diameter
at the midsection and 0.7 um at the tip. Viewed using a bire-
fringence microscope with polarized light, the crystals ap-
peared to have a feather-like appearance with a plethora of col-
ors (Fig. SE). Using SEM, it was possible to demonstrate the
tips of sharp crystals protruding through the membrane sur-
face (Fig. 6A—F). Histology of the membrane on cross-section
revealed the membrane as homogeneous and between 20 and
40 um thick. It stained blue with trichrome, indicating a high
collagen content. Also, transmission electron microscopy of
the membranes demonstrated a predominance of collagen.
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FiG.2  Gross view of cholesterol crystal growth in a graduated cylinder demonstrating volume increase. (A) Graduated cylinder demonstrating
the meniscus level of liquid cholesterol (arrow and ink mark) with early crystallization starting at the base of the graduated cylinder, (B) after in-
termediate level of crystal growth (arrow), and (C) at final level of crystal growth achieved (arrow).
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FiG.3  Graphics of cholesterol crystal formation over time with a linear relationship between the amount of cholesterol and both extent and rate
of crystal growth. These graphics demonstrate a rapid crystal growth in 3 min for (A) 3 g, (B)2 g, (C) 1.5 g, and (D) 1 g. The maximal point of
crystal growth ranged from 35-45% for all four weights. (E) This graph demonstrates a highly correlated linear relationship between cholesterol
weight and maximal point of crystal growth (r = 0.98; p<0.01). (F) This graph demonstrates a highly correlated linear relationship between
cholesterol weight and rate of crystal growth (r=0.99; p<0.01).
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Fi6.4 Gross view of cholesterol growth beyond the tube edges and membrane distortion. (A) Test tube demonstrating marked increase in the
cholesterol volume expanding beyond the rim of the glass tube while maintaining the shape of the tube. Large sharp crystals are seen protruding
above the cholesterol column. (B) Membrane surface is irregular, demonstrating stretching and bulging of the membrane overlying the expand-
ed cholesterol crystals.

(D) E)

F1G.5 Scanning electron microscopy image of cholesterol crystals that formed after melting the powder and cooling to room temperature. The
crystals had two major types of geometry, sharp needle or jagged tipped forms (A, B, C) and flat hexagonal forms (D). Viewed by phase contrast
microscopy, it could be seen that crystals form feather-like patterns that diffract light at various wavelengths generating many colors including
red, white, blue, green, and yellow (E).
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F1G. 6  Scanning electron microscopy image (SEM) of membranes demonstrating penetration of the membrane by cholesterol crystals follow-
ing crystallization. (A, B, C) SEM demonstrating sharp tips of cholesterol crystals cutting through the membrane at the same site using three lev-
els of magnification. (D, E, F) Additional examples from other sites also demonstrating various crystal shapes protruding through the membrane.

Ruptured human plaques have been reported to have a mean
plaque cap thickness of 23 + 19 um, and plaques vulnerable
to rupture have been recognized to have a plaque cap thickness
of <65 pum. 1

Discussion

In this study, we have demonstrated that cholesterol occu-
pies more space in a solid crystal state than as a liquid. This
critical observation has many potential biological implica-
tions. Specifically, the presence of free cholesterol within a
lipid-rich atheromatous plaque provides the ideal environment
in which expansion and disruption in a confined space can lead
to plaque rupture. Although histological images of arteries at
postmortem have frequently demonstrated clusters of choles-
terol crystals at sites of plaque rupture, thus far these have not
been implicated as a major contributor to plaque rupture.!5-17
Our experiments demonstrated that the physical transforma-
tion of cholesterol from a liquid state into sharp needle-like
crystals resulted in a maximal peak growth of up to 45%.
Within the confined space of an atherosclerotic plaque and in
the presence of a thin cap, this could lead to plaque cap dam-
age including rupture and/or erosion. The exposure of plaque
content to the circulating blood elements stimulates thrombus
formation. In addition, the pattern of concentrated crystal dis-

tribution noted at the tube edges in this study coincides with
the observations that plaques also frequently rupture at the
edges.' 19 The membrane distortion, tears, and protrusion of
cholesterol crystals through the surface noted in this study
constitute evidence of damage that would be expected to cause
plaque rupture and/or erosion. In this report we demonstrate
two potentially injurious effects of cholesterol crystallization.
One effect is the force of the crystal growth leading to gross
membrane damage by distortion and tearing; this simulates
plaque rupture. The second effect is the extrusion of choles-
terol crystals through the membrane that can cause local en-
dothelial injury; this simulates plaque erosion.

Alteration in the plaque’s physical conditions may promote
cholesterol crystallization. These could include low temper-
ature and changes in pH, high transmural pressure, and
increased local tissue concentration of cholesterol. Despite
earlier investigations of physical properties of cholesterol crys-
tals, none has related crystal formation to plaque rupture and/
or erosion.?12 In fact, some have even described cholesterol
crystals to be relatively “inert”’!! Although some investiga-
tions have implicated macrophage apoptosis by cholesterol
crystals, those studies have focused primarily on intracellular
cholesterol and comparison of oxidized to nonoxidized cho-
lesterol as a cytotoxic agent.2% 2! A large lipid pool has been
considered to be a major landmark of ruptured plaque, and
cholesterol deposits are predominantly seen in extracellular
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pools.> This can constitute a critical amount of cholesterol
concentration that is needed for the supersaturation required to
initiate crystallization. However, as we have demonstrated,
once crystallization starts it proceeds rapidly and forcibly to
damage overlying membranes.

Thus far, inflammation has been considered the primary ini-
tiator of plaque disruption based on interactions between
macrophages and various collagenases that can weaken the fi-
brous cap;®® however, the exact mechanics leading to rupture
of the fibrous cap have been elusive. In this study, we provide
evidence that crystallization of cholesterol can rupture biolog-
ical membranes by stretching and tearing. This finding should
come as no surprise based on the high frequency of cholesterol
crystals seen extruding at plaque rupture sites in human patho-
logic specimens (Fig. 1). Moreover, it would be expected that
the process of cap injury will stimulate a localized inflamma-
tory response that may explain the accumulation of macro-
phages and other inflammatory cells at the edges of ruptured
plaques.’ However, the role of cholesterol crystals has been
greatly underestimated, probably because methods of tissue
processing for histology use strong solvents that can readily
dissolve and wash away the cholesterol crystals, leaving be-
hind imprints called clefts.

In addition to the human pathologic studies, various animal
models have been used to evaluate plaque rupture.?2-23 How-
ever, these studies have also been limited by tissue processing
that dissolves cholesterol crystals. Although it would be diffi-
cult to image these events because cholesterol crystals are too
small for resolution by current clinical imaging techniques, de-
tection of large lipid pools may still provide an adequate surro-
gate for potentially unstable lesions in the screening of patients
atrisk for cardiovascular events. In this study, we have demon-
strated that larger amounts of cholesterol produced greater ab-
solute volume and rate of crystal expansion, suggesting a high-
er potential for intimal damage. In a recent study, using an
atherosclerotic rabbit model of plaque disruption and throm-
bosis, we demonstrated that a greater amount of cholesterol
content in the arterial wall was associated with increased
thrombosis.?* Similarly, both clinical and postmortem studies
have demonstrated that an increased atherosclerotic plaque
load was associated with more cardiovascular events.?>26 All
these observations reinforce the concept that a large load of
cholesterol deposit in the artery contributes toward a higher
frequency and severity of acute events.

Our findings are not only unique but also consistent with the
unpredictable and usually random occurrence of plaque rup-
ture and thrombosis noted clinically; that is because the timing
of crystallization depends on many local physical factors. In
fact, the majority of myocardial infarctions occur without an
identifiable trigger.?” Furthermore, the increased incidence of
myocardial infarction in patients with high blood pressure
would suggest that elevated pressure may influence the crys-
tallization process. The use of statins has been shown not only
to lower cholesterol but also to reduce cholesterol crystal for-
mation.28 Also, our observations are consistent with some of
the pleotropic behavior of statins associated with an early re-
duction in acute cardiovascular events.

Study Limitations

Limitations of this study include the in vitro setting of the
experiments. In addition, we used melted liquid cholesterol,
while in humans there is a distribution of cholesterol in various
states including liquid, liquid crystal, and solid crystal.” The
biological membranes used in our study were not plaque caps,
but we demonstrated that they were very similar to ruptured
and vulnerable human plaque caps by their rich collagen com-
position and thickness.!* Nevertheless, the observations in our
study are compelling and suggest that the role of cholesterol as
a direct mechanical injurious agent deserves further attention.

In this study, we have also developed a simple yet effective
model to study the impact of cholesterol crystals on biological
membranes in an in vitro setting. In the absence of similar mod-
els to evaluate plaque rupture, this proposed approach allows
further studies to investigate methods for interrupting the dam-
age of biological membranes by growing cholesterol crystals.

Conclusion

We have demonstrated that an alteration in the physical
state of cholesterol from a liquid to a solid crystal state causes
damage to biological membranes and hence has a strong po-
tential to induce plaque rupture in humans. This is based on the
forceful and rapid volume expansion generated by the forma-
tion of sharp-edged crystals that can damage the plaque cap.
Other approaches will be needed to confirm these findings, but
this study opens a new venue for the evaluation of plaque rup-
ture and/or erosion that is based on mechanical damage in-
duced by the physical state changes of cholesterol within ath-
erosclerotic plaques. Also, this study provides a new approach
to target plaque rupture by methods that alter physical charac-
teristics of cholesterol crystal formation. Further understand-
ing of the mechanical forces causing plaque rupture can lead to
novel modalities of treatment to stop crystal formation and
prevent plaque rupture and cardiovascular events.
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