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than Gp I (1256±650 ng/mL and 1089±263 ng/mL vs 40 
910±39 585 ng/mL p=0.0001).

Cardiac valve inflammation (table 1): for all valves, inflam-
mation as indicated by RAM 11 staining was significantly 
reduced by simvastatin and ezetimibe treatment and was 
similar to normal control.

Microscopy
RAM 11 staining revealed a significantly greater amount 
of macrophages in the valve matrix of Gp I atheroscle-
rotic rabbits compared with normal controls (Gp IV) 
(figure 5).

Dual fluorescent imaging by CM demonstrated exten-
sive cholesterol crystals present over the intimal surface 
of the human valves similar to rabbit valves (figures 1 and 
6).

SEM, TEM and 3D Keyence of the valves demonstrated 
extensive cholesterol crystals protruding from the valve 
surfaces of both human and rabbit valves (figures 6 and 
7). Some cholesterol crystals were found buried in the 
valve tissues of normal controls while cholesterol crystals 
in the atherosclerotic-treated rabbits had more complex 

formations that protruded through the intimal surface. 
Atherosclerotic rabbits that were on simvastatin and ezeti-
mibe (Gps II and III) had evidence of dissolving crystals 
exhibited by loss of sharp edges and erosion of their 
central matrix (figure  7). However, not enough speci-
mens were available to detect significant crystal density 
differences between the groups.

DISCUSSION
Our study demonstrated that high cholesterol diet results 
in uptake of cholesterol into cardiac valves and triggers 
inflammation as evidenced by extensive macrophage infil-
tration into the valve matrix with an associated elevation 
in serum CRP levels. Moreover, the presence of choles-
terol crystals in the atherosclerotic arteries is a known 
cause of inflammation.13 18 Although occasional presence 
of cholesterol crystals in cardiac valves had been previ-
ously reported in the valve matrix using LM,19 the exten-
siveness of cholesterol crystals lining the valve surfaces 
was not previously appreciated because tissue processed 
using ethanol dehydration dissolves cholesterol crystals. 
Our data also demonstrated presence of cholesterol crys-
tals on diseased human valves as we have seen for rabbit 
valves on high cholesterol diet. By utilising SEM, TEM 
and Keyence microscopy without tissue ethanol dehydra-
tion, we were able to detect the extent of cholesterol crys-
tals on valve surfaces and their intimal damage.16 These 
findings help elucidate the underlying mechanism of 
inflammation leading to valve injury.20

Although cholesterol deposits and cholesterol crystals 
are a hallmark of atherosclerosis, we have now demon-
strated that in the presence of hypercholesterolemia, 
these are also very common features in valve tissue. In 
atherosclerosis, cholesterol crystals have been found to 
trigger an inflammatory response in the plaque as well 
as systemically.13 18 In our study, we find a similar effect 
as was evidenced by dense macrophage infiltration 

Figure 3  Cholesterol content of rabbit aortic, mitral, tricuspid and pulmonary valves. High cholesterol diet only (Gp I); 
simvastatin and ezetemide (Simva+Ezet), treatment with Simva+Ezet started concurrently with cholesterol diet (GP II); 
(Cholesterol-Simva+Ezet)–Chol+Simva+Ezet, treatment with Simva+Ezet initiated 6 months after the initiation of the cholesterol 
diet (Gp III), and normal control (Gp IV). ***p<0.001;**p<0.01; *p<0.05.

Figure 4  Valve cholesterol content in high cholesterol-fed 
atherosclerotic rabbits without simvastatin and ezetemide 
treatment (Gp I) demonstrates aortic valve to have the 
highest cholesterol content. ***p<0.001.
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demonstrated by RAM 11 staining as well as serum CRP 
elevation. In the atherosclerotic rabbit model, we had 
previously demonstrated a strong association between 
elevated serum inflammatory biomarkers and RAM 11 
with cholesterol crystal density in arterial tissues during 
atherogenesis.13 In the current study, we describe a similar 
finding with RAM 11 in valve tissue. The atherosclerotic 
rabbit model has been well established and validated 
as an effective model to study the effects of hyperlipid-
emia.21 22 Thus, the evaluation of the cardiac valves in this 
atherosclerotic model was helpful to examine the effect 
of lipid lowering with simvastatin and ezetimibe.

Another important observation from our study is that 
once the valves have been infiltrated by cholesterol and 
especially when cholesterol crystallises, it becomes very 
difficult to reverse this process. Specifically, the crystalline 
state is relatively inert and not easily degradable except 
by high-density lipoprotein cholesterol (HDLc) which 
endogenously is the only known biological molecule to 
solubilise cholesterol crystals.3 23 Especially, when choles-
terol crystals are buried deep in the tissue matrix, as has 
been demonstrated by optical coherence tomography, it 
is difficult for the HDLc to reach and mobilise the crys-
tals.24 In our study, the use of simvastatin and ezetimibe 
was not effective in lowering the amount of cholesterol in 

the valve once cholesterol had crystallised. This is consis-
tent with the findings from the Simvastatin and Ezetimibe 
in Aortic Stenosis trial where the use of simvastatin and 
ezetimibe in patients with aortic stenosis was not found to 
be effective in either preventing progression or reversing 
aortic stenosis.10–12

A noteworthy finding in our study was the presence 
of significantly higher cholesterol content of the aortic 

Table 1  Cardiac valve inflammation by percent RAM 11 area staining of macrophage content

Treatment group
Aortic
(% area)

Mitral
(% area)

Pulmonary
(% area)

Tricuspid
(% area)

Gp I: Atherosclerotic (n=5) 29.0 35.8 28.1 7.3

Gp II: Simvastatin+Ezetimibe (n=8*) 0.1 0.0 0.0 0.0

Gp IV: Normal Control (n=12) 0.1 0.0 0.0 0.0

P value 0.002 0.02 0.002 0.002

*In Gp II, not all valves were available for RAM11, two were used to measure cholesterol content.

Figure 5  (Left panel) RAM 11 stained aortic (top 200×) and 
mitral (bottom 200×) valves demonstrating heavy brown 
staining consistent with macrophage uptake (Gp I) compared 
with the normal control (right panel) aortic (top 400×) and 
mitral (bottom 200×) valves (Gp IV) (right panel).

Figure 6  (Top panel) 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.
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valve compared with other valves. Specifically, in elderly 
patients, the aortic valve is usually the most frequently 
affected by calcification and stenosis.25 It has been demon-
strated that high cholesterol saturation has been found to 
trigger cholesterol crystal formation.26 Moreover, studies 
have implicated cholesterol crystals in the initiation of 
calcification by serving as a nidus for calcium deposi-
tion.27 28 This has been demonstrated in both bench top 
studies as well as ex vivo models.28 29 Also, studies have 
demonstrated that cholesterol crystal formation contrib-
utes to both mechanical injury as well as inflammation in 
atherosclerotic plaque.13 18 30 Since the aortic valve accu-
mulates the greatest amount of cholesterol, this suggests 
that this could be a cause of its frequent calcification. 
The exposure of the aortic valve to high pressure gradi-
ents compared with other valves may be the reason for 
the greater amount of cholesterol deposition and inflam-
mation.25 31 In contradistinction, the right heart valves, 
tricuspid and pulmonary, that are exposed to low pres-
sures had the least amount of cholesterol accumulation 
and these valves have the least amount of calcification in 
humans as well.

Another implication of our findings relates to the risk 
for development of bacterial endocarditis. It has been 
previously demonstrated that various bacteria selectively 
attach to cholesterol crystals. Also, in the presence of 
human carotid arterial plaques with cholesterol crystals, 

there was enhanced bacterial growth (Staphylococcus 
aureus) when compared with normal carotid arteries.32 
The bacteria in that study were found to be degrading 
the cholesterol crystals, possibly using them as an energy 
source. Such a mechanism has been demonstrated with 
Mycobacterium tuberculosis.33

In summary, the presence of cholesterol and cholesterol 
crystal deposits in valve tissue can trigger inflammation 
which in turn can lead to valve calcification. Although 
cholesterol lowering treatment with simvastatin and 
ezetimibe significantly lowered valve cholesterol content 
when initiated as a preventive treatment, it was not 
effective when treatment was initiated after cholesterol 
deposition in the valve had occurred. This validates the 
observation made during clinical trials using this combi-
nation of lipid lowering that failed to prevent continued 
progression of aortic valve stenosis. These observations 
may be related to the difficulty for the human body to 
mobilise cholesterol crystals deposited deeply within the 
valve matrix. However, our study suggests that early treat-
ment with lipid lowering may be considered for patients 
who are at high risk for cholesterol tissue deposition (ie, 
familial hypercholesterolemia). Further clinical studies 
are needed to investigate approaches to prevent choles-
terol infiltration into cardiac valves.

Limitations
Number of valves were small in both the human and the 
rabbit groups because it was not feasible to obtain suffi-
cient valve tissue for both cholesterol content measure-
ments and histologic analysis with SEM. Also, some of the 
fluctuation in serum cholesterol levels at 3 and 6 months 
in figure 2 may be related to the cycling of the cholesterol 
enriched diet and normal chow but that did not influ-
ence the overall trends.
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Figure 7  (Top two panels) Scanning electron micrographs 
of cholesterol crystals emerging from the surface of valves 
in atherosclerotic rabbit (Gp I). Middle panel demonstrates 
a dissolving cholesterol crystal with moth eaten appearance 
from Gp II on simvastatin and ezetimibe. Macrophage 
is noted on valve next to a cholesterol crystal (arrow). 
Bottom panel demonstrates cholesterol crystals emerging 
to the surface by transmission electron and 3D Keyence 
microscopy, respectively.
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