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Raman microspectroscopy of human aortic valves:
investigation of local and global biochemical changes
associated with calcification in the aortic stenosis

Krzysztof Czamara,”” Joanna Natorska, Przemystaw Kapusta,”
Malgorzata Baranska®” and Agnieszka Kaczor®”"

Raman microimaging has been applied to study of the biochemical composition in the aortic
valves obtained from patients with calcified aortic stenosis. Aortic stenosis affects an increasing
number of elderly patients with hyperlipidemia and hypercholesterolemia. Lipids accumulation
in the tissue is associated with pathogenesis and progression of cardiac valve calcification. It is in
line with our finding that lipid deposits, predominantly made of cholesterol and its esters,
are frequently co-localized with calcium salt deposits, even at an early stage of its development.
Overall changes in the biochemical composition of the tissue upon pathology progression are less
obvious. Globally, although the cholesterol level rises, the relative lipid-to-protein content
decreases. The results broaden the knowledge about the biochemical alterations in dysfunctional

human aortic valves and may be helpful in designing of lipid lowering therapies.

Introduction

The aortic valve is a fluidic control component that maintains
directionality in the blood flow from a left ventricle to the aorta
during the cardiac cycle. It is situated in the root of aorta and in
the normal aortic valve is consisting of three cusps.'
Histologically, each cusp is well-defined with distinct tissue
layers: the fibrosa, proximal to the aorta, composed mainly of
collagen fibers, the ventricularis from the ventricular side,
containing collagen together with elastin, and the spongiosa,
a layer between the fibrosa and ventricularis, rich in
proteoglycans and  glycosaminoglycans.>*  Additionally,
the valve leaflet is covered by the layer of endothelium
functioning as a barrier between the blood and inner part of the
cusp and playing an active role in regulatory processes i.e. by
releasing nitric oxide (NO).>

The main function of the aortic valve is related to its
biomechanical properties. This flap-like structure opens and
closes about 3 billion times over a period of 70 years of human
life.> The mechanical damage in the valve tissue is the origin of
a subsequent disease outbreak. Calcific aortic valve stenosis
(AS) is a slowly progressive disease characterized by
thickening of valve cusps, fibrosis and calcification of the
tissue.”® AS is one of the most common heart valve diseases in
the Western world developing in 2-3% of the population by the
age of 65 years.” On average, 50 000 aortic valve replacements
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are performed both in Europe and the United States every
year.'” Several lines of evidence indicate that AS shares clinical
and histological similarities with the active pathobiology of
atherosclerosis.!!  Thus, risk factors involved in the
atherosclerosis development and progression, including the
elevated level of serum LDL cholesterol and lipoprotein(a),
hypertension, smoking, diabetes mellitus, and male sex could
function in AS.'*!* Nevertheless, it is thought that the most
significant factors are those connected with a high
concentration of lipids, especially hyperlipidemia and
hypercholesterolemia.’® In the first step of aortic stenosis,
endothelial injury occurs'* enabling lipids to penetrate within
the valves tissue and to accumulate in the valvular fibrosa
layer.'® Thus, the aortic valve endothelium activates and
abnormal oxidation states.'”> The low-density lipid (LDL)
cholesterol and its oxidation products can stimulate local
inflammation and accelerate cell proliferation and bone matrix
production.'® Additionally, lipid clusters may serve as niduses
for mineralization.'” This findings led to generalization that
accumulation of lipids is associated with the pathogenesis and
progression of cardiac valve calcification.'® A calcific process
of valve leaflets has also many features similar to bone
formation that is manifested among other by the expression of
osteopontin. '

Raman spectroscopy (RS) is a non-destructive and label-free
method providing fast information about the molecular
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structure of a studied sample, therefore it is increasingly used to
investigate samples of a biological origin.?'™*’ Particularly
interesting and non-trivial topic is the use of RS in the analysis
of biochemical changes of animal cells and tissues upon
progression of various pathologies.”®?

In our previous experiments we used Raman microimaging to
investigate the inorganic deposits in the tissue, describing the
chemical structure, distribution, size and shape of calcium
phosphate inclusions in stenotic aortic valves.** The aim of this
study was to determine the biochemical alterations of the tissue
in stenotic aortic valves, particularly in the vicinity of inorganic
salts.

Experimental

Sample preparation

Stenotic aortic valves were obtained from patients with severe
AS undergoing elective valve replacement surgery. Patients
gave their informed written consent and the study was approved
by the Bioethical Committee for the Jagiellonian University.
A total number of 17 stenotic and 4 control human aortic valves
were studied. Control aortic valves were obtained at autopsy
from age-matched apparently healthy subjects, without
morphological valvular or other cardiac disorders. Stenotic ones
was selected according to scoring system 0, 1, 2: no calcium
nodules, isolated calcium nodules and abundant calcification,
respectively. The cusps and/or cusps fragments with isolated
calcium nodules were subjected into the analysis.
The specimens were embedded in tissue cryopreservation
medium (Tissue Tek-O.C.T. compound, Sakura Finetek USA,
Torrance, California) and frozen. For Raman measurements, the
they were positioned in the cryostat chamber (Leica Jung CM
3000), cut into sections with a thickness of 5-8 pm and placed
on CaF, slides (25x2mm, Pike Technologies, U.S.). Sections
were taken transversely from the mid of the leaflet and from
commissural areas. Sections were fixed with ethanol/acetone
(11 samples) or air dried (10 samples including all controls).
For examination of valve biochemistry only the last ones were
chosen to avoid the influence of fixation on degradation of
proteins and lipids leaching.

Additionally, ten transverse sections (3 and 7 for control and
AS, respectively) were taken from the mid and commissural
areas of the leaflet and stored at —20°C until staining. Sudan III
(orange) was used to stain lipids within aortic valves. Sudan III
staining was performed for 10 minutes, washed out with
distilled water, and counterstained with Mayer’s hematoxyline
for 4 minutes. Sections were viewed in fluorescent microscope
(Nikon Eclipse 150, Japan). Photomicrographs were taken using
a Moticam Pro 282 camera and analyzed using image analysis
software.

Spectroscopic imaging and data analysis

Raman data were collected using a confocal Raman microscope
WITec Alpha 300 equipped with a CCD detector (Andor, DU
401-BV), a 600/mm grating, and an 100x air objective
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(Olympus MPLAN, NA=0.90). Spectra were recorded with the
air cooled solid state laser with the excitation line of 532 nm.
The measurement parameters were optimized and for all
samples the integration time of 0.3 s, the laser power of about
5 mW and spectral resolution of 3 cm” were used. Raman
spectra were acquired for areas of various sizes from
5.0x10.3 pm to maximally 13.7x21.6 pm. All spectra were
measured with the 0.12 pm step in the x/y plane resulting in the
lateral resolution of 0.36 um. Raman measurements were
performed mainly at the aortic side of the valve according to
the general knowledge about the disease progression in calcific
aortic stenosis. For each valve spectra from at least two Raman
areas were measured that resulted in a total of 39 hyperspectral
data sets.

All spectral data processing including baseline correction
(polynomial of degree 2), cosmic rays removal and Cluster
Analysis (CA, Manhattan distance), was performed using
WITec Project Plus software. The aim of CA is to group spectra
from the acquired datasets into classes, in which spectra have
the most similar spectral features.***> According to a defined
distance measure, the differences between the data within each
class are minimized and the differences between classes are
maximized. Thus, the large amount of spectra is reduced to
mean spectra of classes. Average spectra for control and
stenotic valves were processed in OPUS program.

Results and discussion

Chemical profile of stenotic and control aortic valves

Lipids

An increased lipid content in tissues and cells is in many cases
considered a condition of disease progression, for instance in
atherosclerosis, liver steatosis or diabetes.?*?°2® The local lipid
accumulation associated with calcification was noticed also in
stenotic valves. Lipid features in Raman spectra are easy to
observe due to the large Raman scattering cross-section of lipid
signals. Additionally, based on the characteristic marker bands
of different groups of lipids, various lipids can be identified.’”*
Fig. 1 shows the average Raman spectra extracted from Raman
images of the aortic valve tissue. The first one (Fig. 1A) is
a representative spectrum originating from an image with the
high concentration of lipids.

A representative lipid spectral profile in the valve tissue (A) is
manifested mostly by the bands at 1444 and 1304 cm™,
originating from the CH, scissoring and twisting modes,
respectively. A quite intense band at 1670 cm™ indicates the
presence of the C=C bonds. The unsaturation of alkyl chains is
revealed also as the features characteristic for the deformations
and stretching vibrations of the =C-H moiety that are observed
at 1271 and 3014 cm™, respectively. In the fingerprint region
also three characteristic bands of the sterol ring deformations
are observed at 428, 548 and 704 cm™', respectively.’” The band
at 1740 cm’!, related to the C=0 stretching vibrations, is also
present. Its position varies depending on the type of the lipid
and in this case is assigned to cholesteryl esters.’’” Both the
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above-mentioned bands and the overall shape of the spectrum
indicate the presence of cholesterol and its derivatives in the
tissue. In fact cholesterol and its esters are the most
predominant lipid features in the average spectra of both high-
lipid areas and also areas rich in calcium salts (B). Also the
features at 428, 548 and 704 cm’’, unique for cholesterol and its
esters, are clearly seen in the average spectra of stenotic
valves (C).
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Fig.1. The average Raman spectra of the dataset recorded from the area
of the stenotic valve with high concentration of lipids (A) or calcium
salts (B) and the spectra of stenotic (C) and control (D) valves averaged
over all measurements. Both spectral ranges were maximally extended

in the y-axis.

Fig. 1C and 1D show the comparison of the average spectra of
stenotic and healthy valves, respectively. Both were averaged
over all measurements. The average spectrum of the stenotic
valves reveals typical Raman features assigned to lipids,
proteins and calcium salts. The main spectral features with their
assignment are listed in Table 1. Apart from the presence of
calcium salts in the spectra of stenotic valves (described
below), the utmost changes are observed in the amide III
region. Two well resolved bands at 1247 and 1284 cm™ are
observed for the control valves, contrarily to the pathological
valves, where the lower-wavenumber component is dominating.
Other distinctive bands of different relative intensity in the
analyzed spectra are at 860 cm’ at 939 cm’', possibly
originating from the C-C stretching vibrations of proline
present in collagen, and at 1009 cm’, assigned to
phenylalanine.

To investigate statistically the global information about lipid
changes in the tissue upon AS development, intensity ratios of
characteristic bands due to lipids and proteins were determined
(Fig. 2). Fig. 2 presents ratios of the integral intensity of key
bands due to lipids and proteins in the analyzed samples.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Assignment of bands in the Raman spectra of human
aortic valves.

Band Assignment
WaV/ZI;EEI ber Calcium salts Lipids Proteins
3014 Vas(=C-H)*®
2830-2960 v(CH,/CH,)*
1740 v(C=0)**
1640-1680 v(C=C) Amide I*
1454, 1444 3(CH,)*
1304 Ti(CHy)™
Amide 111,
1284 o helix®
1271 3(=C-H)*
Amide 111,
1250, 1247 unordered,
B sheet®
1131 v(C-C)*
1075 vi(CO5M)*
1009 Phe?*t
vi(PO,™)
964 hydroxyapatite*’
v(C-C)
860 Prof®
holesterol®
704 cho 67:’5386r0
591 v4(POSH)Y
holesterol®
548 cho e§ €cro
532 v(S-S)*®
432 vo(POS)*
holesterol®
428 cho C§ ero

180 [l stenotic |

160 ||l healthy

1.40
1.20
1.00
0.80 1
0.60 5

0.154
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Fig. 2. The ratios of integral intensity of bands at ca. 1444 to bands in
the range of 2800-3050 cm™, 1660 to 2800-3050 cm™ and 1444 to
1660 cm™ calculated for the average spectra of stenotic (red) and
control (blue) valves (*p<0.05).

The comparison of values obtained for stenotic and healthy
valves reveals a decrease in the intensity of the band at
ca. 1444 cm’' relatively to the features at 1660 and in the 2800-
3050 cm™ range for stenotic valves. The band at 1444 cm™ is
assigned to the vibrations of methylene groups in alkyl chains
for both lipids and proteins, however, the first ones have greater
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contribution due to the considerably higher number of such
groups in the structure. Hence, the lowering of the 1;444/I5500-3050
ratio indicates the decrease of fatty acids and triacylglycerols
content in the tissue relatively to other biocomponents. Besides,
the position of this band (1444 cm™ in the control valves) in the
spectrum of the stenotic valves (Fig. 1C) is observed at the
higher wavenumber, 1454 cm™', which is more protein-like.*
The increase of the ratio of the band at 1660 to the band in the
2800-3050 cm™' range shows the relative increase of
unsaturated lipids content in stenotic valves in agreement with
the relative growth of the band at 1670 cm™ assigned to C=C
stretching vibrations.

Statistically, only the ratio 1444/1660 is significantly different
(p<0.05). Overall, the results show the global increase of
cholesterol and its esters with the simultaneous decrease of
other lipid components relatively to proteins.

Calcification
The stenotic aortic valve is characterized by the presence of
inorganic phosphate salts in the tissue. Fig. 1B shows
a representative average spectrum extracted from the dataset
with the high salt content. The fingerprint region is dominated
by the sharp and intense band at 964 cm™ originating from the
P-O stretching vibrations of the phosphate anion (v; PO,*) in
hydroxyapatite.*” The position of this band depends on the
arrangement of ions in the crystal lattice.*' It has been shown
that in the course of the disease progression the salt structure
undergoes various alterations before constituting the final stable

Journal Name

form of hydroxyapatite (Ca;o(PO4)¢(OH),).** In the spectrum of
the high salt content the hydroxyapatite in a predominant
component of deposits as demonstrated also by the position of
others bands due to the PO4>" moiety at 591 (v4) and 430 (v,)
cm™.** Additionally, during the maturation process of crystals
some inclusions of other ions i.e. carbonates may occur.*’
The substitution of the OH™ or PO,’ anions leads to A-type or
B-type carbonate, respectively.*' The position of the carbonate
feature is different for both forms. For the A-type carbonated
apatite is seen at 1103 cm™, while for the B-type it is
downshifted to 1075 em™.***° Thus, the feature at 1075 cm’™
seen in the spectrum corresponds to the B-type carbonate
substitution.

In spectrum 1C, bands originating from phosphate salts are
clearly seen and together with cholesterol are considered
spectral markers of global changes in the aortic
stenosis (Table 1).

Distribution of biomolecules in tissue

Raman imaging of the valve tissue provides an insight into the
biochemical composition and its distribution at the subcellular
level. Fig. 3 shows the reflected light images showing areas of
two representative measurements and Raman images of major
components based on the integration of the characteristic
marker bands. The analysis was focused on calcium salts and

various lipids.

Fig. 3. The representative images of the stenotic valves: the reflected light images of a valve tissue at 100x magnification (A) and Raman

distribution images of lipid components obtained by integration of suitable marker bands: cholesterol (B, 704 cm™), hydroxyapatite
(C, 965 cm™), fatty acid chains (D, 1131 cm™), esters (E, 1740 cm™) and lipids (F, 2830-2900 cm™) for stenotic valves. Yellow color denotes
a high concentration of the studied species. The respective cluster map (G, 4 or 5 classes, Manhattan distance) with differentiation into lipids

(red and violet area), calcium salts (blue) and other components of the tissue (green).

Fig. 3B-F present images showing distribution of cholesterol,
hydroxyapatite, fatty acids chains and esters integrated over the
bands at 704, 965, 1131 and 1740 cm™’, respectively. The image
in Fig. 3F was obtained by integration of the features in the
2830-2900 cm™' range, mainly related to lipid components
present in the tissue. Additionally, staining specific for lipids
revealed their abundant accumulation in the neighborhood of
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calcium deposits at the aortic side of the stenotic leaflets in
contrast to healthy ones. However, lipid deposits were also
observed in areas without visible calcification (Fig Sl1,
Supplementary Materials).

Apart from the visualization of lipids and hydroxyapatite
distribution in stenotic valves, the recorded Raman
hyperspectral data enable also discrimination between different

This journal is © The Royal Society of Chemistry 2012
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lipids. Overall, lipid composition is dominated by cholesterol
and its esters (Fig. 3B and E), with minor addition of
triacylglycerols and fatty acids (distinction between images 3D
and 3E). Moreover, cholesterol and cholesteryl esters occur as
shapeless deposits, contrarily to what was observed in arteries
in the murine model of atherosclerosis, where cholesterol exists
frequently in the form of well-shaped crystals.*®

Although distribution of phosphate salts is significantly
different than lipids, the comparison of distribution images
(3C and 3F) shows that these components are present in the
close vicinity. Statistically, in one quarter of the analyzed
images calcium salts are accompanied by lipid deposits.

The chemometric approach was applied to analyze obtained
data in details. K-means Cluster Analysis (CA) with Manhattan
distance was used to separate information about biocomponents
in the tissue. The examples of cluster images are presented in
Fig. 3G. Implementation of CA enabled to distinguish clearly

Raman Intensity

Sy
600 1000 1400 1800 2800 3200

Wavenumber /cm!

Fig. 4. Comparison of Raman spectra of lipids’ standards: A — palmitic
acid, B - tripalmitin, C - cholesterol, D — cholesteryl palmitate,
E — cholesteryl linoleate with the spectrum of lipid classes extracted
from the Cluster Analysis images averaged over all measurements (F).
Both spectral ranges were maximally extended in the y-axis.
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components of the C-H stretching vibrations band indicate
a high content of cholesterol. A quite broad band at 1738 cm™
indicates the presence of cholesterol esters, but does not
exclude the presence of triacylglycerols that exhibit two bands
at 1730 and 1745 cm™. The unsaturated lipid are also observed
due to the presence of the band at 1263 cm’', quite narrow
signal at 1670 cm™ and shoulder at ca. 3010 cm™. Overall,
Raman lipid profile is dominated by cholesterol and cholesteryl
esters with a possible minor contribution of triacylglycerols.
The comparison of spectrum of averaged lipid classes with
analytical standards shows that cholesteryl linoleate may be
an abundant lipid in the stenotic valve tissue (compare Fig. 4E
and 4F).

Additionally, in one exceptional case, Raman image shows
a deposit in the form of practically pure lipid (integration over
the band at 1300 cm™, Fig. 5).

!
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Fig. 5. Distribution images of fatty acids (A) and organic components
(B) obtained by integration of bands at ca. 1300 cm™ and in the 2830-
3040 cm’ range, respectively. The average Raman spectrum for
palmitic acid standard (C) and for fatty acid cluster in A (D).

Both spectral ranges were maximally extended in the y-axis.

areas of the high concentration of lipids (red and violet) in the
neighborhood of calcium deposits (blue). However, some weak
bands originating from lipids were still observed in the average
spectra for other clusters (data not shown). It indicates
a significant fat degeneration of the aortic valve tissue.
The average spectra of lipid classes extracted from the Cluster
Analysis images were averaged in order to obtain the
representative Raman profile of the lipid deposits. The resulting
spectrum was compared with analytical standards from various
groups of lipids (Fig. 4A-E).

The Raman spectrum of the averaged lipid class (4F) exhibits
characteristic bands at 428 and 704 cm™, assigned to the sterol

ring deformations. Additionally, the low-wavenumber

This journal is © The Royal Society of Chemistry 2012

The composition of this deposit was investigated in details by
comparing its spectrum with the spectra of analytical standards
showing that this deposit is composed of palmitate derivatives,
mostly the free acid and its glycerol ester. The accumulation of
palmitic acid may have two causes. Firstly, it is one of the most
widespread fatty acids, ubiquitous in food products. On the
other hand, palmitic acid elevates the activity of oxidized LDL
receptor-1 (LOX-1) that is responsible for the uptake of
oxidized LDLs.* Furthermore, it enhances oxidized LDL
uptake in macrophages, promoting them to foam cells
formation. This two things, accumulation of oxLDL and
alteration of macrophages are important steps initiating
atherosclerosis, as well as aortic stenosis.'*>°

J. Name., 2012, 00, 1-3 | 5
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As mentioned above, the structure of calcium deposits changes
during development of the valve pathology. Fig. 6 illustrates
distribution of cholesterol (A) and phosphate salts (B and C) in
the tissue areas with calcification at the early stages of
formation.

In contrast to the image presented in Fig. 3, here, calcium salts
occur as circular grains with different sizes. The smaller ones
(of diameter ca. 1 pm) possess significantly different Raman
profile with the most intense band at 975 cm™. The other bands
originating from inorganic salts are at 433, 591 and 1076 cm™.
In our previous work®® we assigned these bands to mixture of
B-tricalcium and octacalcium phosphates with carbonate
inclusions and classified as the medium stage of mineralization
process, while the Raman spectrum of bigger grains (> 2 pum)
corresponds to hydroxyapatite structure.

Raman Intensity

T T T T T T \
400 600 800 1000 1200 1400 1600 1800

Wavenumber /cm!

Fig. 6. Raman images of tissue components obtained by integration of
the marker bands: 705 cm™ of cholesterol (A), 966 cm™ of
hydroxyapatite (B), 975 cm™ of octacalcium phosphate (C) with the
corresponding single spectra (D, green arrows shows the voxels from
which the spectra were extracted).

Therefore, lipids, primarily cholesterol and its esters (due to
bands at 704 and 1740 cm’™, respectively, Fig. 6A), are
surrounding also very small inclusions of newly-forming
calcific deposits suggesting that cholesterol have an impact on
mineralization development, and, therefore, on progression of
the aortic stenosis.

Conclusions

As the continuation of our previous study of calcification in the
stenotic aortic valves®®, we investigated the biochemical tissue
alterations associated with the development of aortic stenosis
using Raman microimaging. The particular attention was
devoted to the areas in the vicinity of calcification. Statistically,
in one quarter of the analyzed images calcium salts were
accompanied by lipid deposits. These lipid deposits are
composed mainly of cholesterol and its unsaturated esters.
Also very small calcium salt grains, at the early stages of

6 | J. Name., 2012, 00, 1-3

mineralization, are surrounded by cholesterol, suggesting that it
has an impact on mineralization development.

Overall, the cholesterol level increases in the stenotic valves
what can be regarded as a typical hallmark of the development
of aortic stenosis next to calcification. Surprisingly, in the
average spectra of the stenotic valves, the relative lipid-to-
protein ratio decreases. It shows that although cholesterol and
its esters content increases in the stenotic valve tissue,
the decrease of other lipid components (fatty acids and
triacylglycerols) content relatively to proteins takes place.
These changes may be related with the process of collagen and
elastin  remodelling occurring during the pathology
development.®’  Overall, Raman microimaging enables
recognition and characterization of the biochemical changes
occurring in human aortic valves upon aortic stenosis progress.
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