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Abstract

In the present study, Fourier-transform infrared (FTIR) spectroscopy and Scanning Electron
Microscopy (SEM) were used to investigate the formation and development of carotid artery
atherosclerosis. The FTIR spectra showed that with the progression of atheromatic plaque
formation, the collagen changed its native structure from a-helix to random coil, amyloid, and
cross-links. The infrared spectra and SEM analysis of carotid arteries showed that higher than
65% of the atheromatic plaque in patients with stenosis consisted of calcium carbonate, which
lies inside foam cells. However, as the stenosis progresses, these deposits of calcium
phosphate become more prevalent. A thorough analysis of the SEM images highlighted that
mineral deposits preferred the carboxyl groups of amino acids. The intensity and shape
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changes in FT-IR spectra in the region of 1200-900 cm™ were related to elevated serum glucose
and uric acid levels, the formation of advanced glycation end products (AGEs), and the
involvement of free radicals during atherosclerosis.
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Atherosclerosis; oxidative stress; carotid arteries; infrared spectroscopy; scanning electron
microscopy

1. Introduction

Geriatrics (Gerontology) is the field concerning the science and medical care of old aged people.
Atherosclerosis, a degenerative disease, is the most common cause of death in the western world
among the elderly. The pathogenesis of atherosclerosis involves not only the aging process but also
other factors such as high cholesterol, diabetes, smoking, obesity, etc. [1-4]. Atherosclerosis is a
diffuse, silently evolving disease, with its focal clinical manifestations being increased morbidity and
mortality. Morbidity and mortality usually occur due to thrombotic complications due to eroded or
ruptured atherosclerotic plaques [5]. Many direct and indirect observations suggest that oxidative
stress is involved in the development of many degenerative diseases, such as Alzheimer’s Disease
(AD), Parkinson’s Disease (PD), cardiovascular disease(CD), Diabetes mellitus (DB), and cancer (CA),
which progress in a more accelerated manner with age [6-12]. The term oxidative stress was
introduced by H Sies in 1985 to characterize the imbalance of endogenous antioxidants and free
radicals (reactive oxygen species, ROS) [11]. Oxidative stress is characterized and identified mostly
from the presence of certain end-products and the involvement of oxygen molecule (O2) and its
superoxide anion (0;7) in the final steps of several free radical reactions and the electron transfer
reactions [9]. Many papers have shown that oxidative stress provokes inflammation, ischemia, and
cardiovascular disease [6-11, 13, 14]. Free radicals are continuously produced endogenously in living
cells from various metabolites and externally through exposure to cosmic rays, medical diagnostic
techniques, and xenobiotics, all leading to free radical production. Free radicals, due to the presence
of unpaired electrons, are highly reactive species and tend to give or attract electrons to pair and
stabilize them. In all cases, it is necessary to have electron transfer reactions, which activate oxygen
molecules as electron acceptors and accumulate damaged products, thereby inducing pathological
effects. On the other hand, cells need strong antioxidant compounds as well either to act as
inhibitors (scavengers) [12] or to recover damaged biological molecules. The best scientific
information about the mechanism of free radical reactions comes from studying radiation chemistry.
This is because by irradiating aqueous solutions or solid biological molecules, it is possible to
produce excessive amounts of free radicals, generate electron donors or acceptor sites, change
parameters, and identify intermediate products at the various steps of reactions.

Atherosclerosis is no longer considered to be a simple lipid accumulation disorder but rather a
pathological process characterized by the dynamic interaction of endothelial dysfunction and
repetitive cycles of smooth muscle cell healing. Epidemiological studies have shown an increased
vascular risk in individuals with elevated levels of cytokines, such as interleukin-6 and tumor necrosis
factor (TNFa) of cellular molecules, such as the intercellular adhesion molecule -1 (ICAM-1), P-
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selectin, and acute-phase proteins, such as a C-reactive protein (CRP), fibrinogen and serum amyloid
A [2, 15, 16]. In addition, the results of clinical trials show that the reduction in cardiovascular
disease risk achieved with agents that also have anti-inflammatory properties, such as statins, is
significantly greater in patients with objective evidence of inflammation [17].

Fourier-transform infrared (FT-IR) spectroscopy has gained considerable attention from the
medical community as a valuable tool in the non-destructive (non-invasive) characterization and
identification of the molecular features of complex systems, such as human tissues and body fluids.
FT-IR is a very easy, sensitive, and cost-effective tool for the early diagnosis of diseases. FT-IR spectra
are produced when infrared light falls on and interacts with human tissue or other sample types. It
depends on the vibration of atoms in the molecules or biomolecules present in proteins, membranes,
and DNA/RNA [18-20].

The FT-IR spectra provide a wealth of information not only about the changes that take place
inside the molecular structures but also about the changes happening in the environment of
biomolecules within the cell. The FT-IR spectra are very characteristic of the molecules and
structures in the specimen, in addition to the “fingerprint region” that marks the characteristic
changes induced to these biological molecules during disease progression [21-24]. Based on mid-
infrared spectra in the region spanning 4,000-400 cm™ and results from the literature on normal and
malignant tissues, it is clear that the FT-IR spectra can be used for clinical trials and in the diagnosis
of cancer and other diseases [25, 26]. Infrared spectroscopy has shown to be a very sensitive method
for evaluating secondary protein structures in human tissues [1, 5] as well as other components,
such as DNA, lipids, and phospholipids in a single spectrum [27-29]. An infrared spectroscopic
analysis provides characteristic “marker bands” of the tissue from each patient and helps in
differentiating between normal and damaged tissues, while also giving information about disease
progression. The FT-IR spectra change in correspondence with the changes in tissue, thus giving new
information simultaneously of all components of the tissue during the examination.

Although there is a growing body of scientific papers on the pathogenesis in clinical and animal
models suggesting that the pathogenesis of carotid mineralization is a multifunctional process, they
do not give any answers about the structural and conformational changes taking place at the
molecular level. In particular, there is more to be learned about the degenerative diseases
themselves.

In the present study, we used FT-IR spectroscopy [18-29] in combination with scanning electron
microscopy (SEM) [1, 21, 28] to study the mechanism of carotid artery mineralization and
atheromatic plaque formation.

2. Materials and Methods
2.1 Patients

Fifty representative specimens of human carotid arteries from patients aged 53-85 years old,
without a metabolic syndrome, who underwent carotid artery endarterectomy, were used.
Histological evaluation showed that the atheromatic plaques did not have inflammation. The
samples, immediately after removal, were fixed in formaldehyde buffer solution for four days. The
samples were then washed using distilled water and dried under vacuum conditions. This method
ensured that the infrared spectra were not influenced.

The Greek law of ethics for ex-vivo clinical research studies was followed while procuring the
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samples. The samples were taken after surgery of the patients according to Helsinki rules and the
Greek ethics for ex-vivo clinical research studies.

2.2 ATR-FT-IR Spectrometer

The FT-IR spectra were recorded using a Nicolet 6700 Thermo scientific spectrometer, equipped
with an Attenuated Total Reflection (ATR) accessory. With the ATR-FT-IR technique, the samples are
not homogenized, allowing us to obtain the spectra in different sites of the tissue (mapping) for each
patient. Each spectrum consisted of 120 co-added spectra at a spectral resolution of 4 cm™, and the
OMNIC 7.2a software was used for data analysis. Three carotid sections, each about 10 um thick,
were obtained from each artery per patient to see the changes induced due to disease. Each infrared
spectrum was compared with the corresponding infrared spectra of all other patients, taking into
account clinical data, as well as the patients’ risk factors.

2.3 Scanning Electron Microscope (SEM)

A scanning electron microscope from Fei Co, The Netherlands, was used for studying the aortic
valve surface architecture. The SEM was combined with an Energy Dispersive X-Ray (EDX) apparatus
for the analysis of the chemical elemental composition at different sites of the carotid arteries. It is
noticed that there was no coating of the samples with carbon or gold.

3. Results and Discussion
3.1 FT-IR Spectra

In order to understand the carotid artery atherosclerosis development, we obtained FT-IR spectra
from patients and compared these with the spectra for different sites of the same artery to study
spectral changes. Figure 1 shows a comparison between representative FT-IR spectra taken from
normal carotid artery tissue (a), a patient rich in lipid mineralized foam cells (b), and a patient with
minerals deposited on the artery walls (c). From the comparison between these spectra, it becomes
clear that the spectra show considerable differences in terms of band absorption, intensity, width,
and shifts in all infrared spectral regions from 4,000-400 cm™.
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Figure 1 Representative FT-IR spectra of carotid biopsies: a; Normal carotid tissue b;
Tissue with mineral deposits in the foam region, and c; Tissue with mineral deposits on
the walls of the carotid artery.
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In the infrared spectral region of 4,000-3,000 cm™, the characteristic stretching vibrational modes
of vVOH from water, alcohol, and saccharides of cells and tissues and vNH from proteins and DNA
were detected. It was observed that these band shifts to lower frequencies in the spectra were
approximately in the region from 3,000 cm™ to 3,286 cm™, while a broad shoulder was formed close
to 3,100 cm™. The shift of the absorption bands to lower frequencies suggests that the proteins
changed their conformation of the secondary structure from amide A to amide B [21, 28-30]. This
reflects the different strengths and lengths of the hydrogen bonds that hold protein strands together.
A comparison of the spectra from foam cells (Figure 1c) with those from walls of the carotid artery
(Figure 1b) showed that the intensity of stretching vibrations of the vNH bond decreased, suggesting
greater damage of proteins. The band at about 3080 cm™ was attributed to the stretching vibrations
of vCH with olefinic character [1, 5]. The intensity of this band is related to serum LDL and marks the
involvement of free radicals [1, 21].

Important changes were observed in the region 3000-2850 cm?, including the absorption bands
representing the antisymmetric and symmetric stretching vibrations of methyl (vCHs) groups and
vibrations of methylene (vCH2) groups in membranes, lipids, and phospholipids. In spectra b and c
(see Figure 1), the intensities of absorption bands for vasCH, and vsCH; in the spectra of the patients
were quite prominent, while the intensities for the bands of vasCH3 and vsCH3 decreased considerably.
This suggested that the lipophilic environment had a higher conformational order and rigidity [18-
24]. The high-intensity band seen at 1,734 cm™ was assigned to the aldehyde group vCHO resulting
from lipid and protein peroxidation. The intensity of this band was more pronounced in patients
with elevated serum LDL, oxidized collagen, and fibril formation. The aldehyde band was also
observed for atheromatic plaques in calcified coronary arteries and aortic valves [10, 28] and can be
used as a “marker band” to characterize oxidized lipids and proteins arising from oxidative stress.
This particular aldehyde band suggests that oxidative stress activates inflammation mechanisms
leading to atherosclerosis.

Another prominent region in the spectra is the region between 1,700 cm™ and 1,500 cm™2. In this
infrared spectral region, appear the Amide | and Amide Il absorption bands of proteins. Both are
assigned to the bending &-NH vibrations combined with the stretching of vC =0 carbonyl bands in
the peptide (-NHCO-) [18-29]. The typical bands for vibrational absorption of Amide | and Amide Il
are found at about 1,655 cm™ and 1,550 cm?, respectively, for the native configuration, which is the
a-helix (Fig. 1a). The intensity of these bands is directly dependent on protein concentration and
conformation. In almost all patients, these bands shift to lower frequencies, and some new bands
appear in the same region. These changes were in accordance with the clinical data and risk factors
of patients, such as high serum cholesterol, smoking, etc. Hence, the shifting of these bands to lower
frequencies indicates the change in secondary structure from a-helix to random coils and finally to
B-sheet conformers [21, 28, 29]. These results also suggested changes in the strength of hydrogen
bonds [30]. The high-intensity band at about 1,462 cm™ is attributed to the bending vibration of
methylene groups (6CH,), and the shoulder near 1,445 cm™ is assigned to the stretching vibration
of calcium carbonate (vCaCOs) [31]. The shape and intensities of bands depend on the amount of
carbonate at the site of mineral deposits in the carotid artery. Moreover, the band at 1,445 cm™ in
the spectra was found to be broader in patients in whom the SEM-EDX study showed a high
concentration of magnesium (Mg), as a result of the patient’s nutrition according to the clinical data.
Moreover, the excess Ca%* ions released as carbonates are known to activate NADPH-oxidase leading
to the development of oxidative stress [32].
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The infrared spectral region 1,300-900 cm™ is of high importance since in this region are located
the characteristic absorption bands of -C-O-C groups of sugar moieties and C-O-P groups of
phospholipids (PO’ [18-20, 33, 34]. This “fingerprint spectral region” gives information about the
glycation and phosphorylation of proteins and phospholipids. The bands at 1,169 cm™ and near
1,070 cm™ are assigned to the C-OH groups of sugars and sugar-phosphates, while the C-OH of
sugars at 1,029 cm™ is attributed to the C-O-C stretching vibrations of glycogens [33, 34]. The
intensity and shape of these bands are related to the progression of the disease, as well as to the
risk factors. This region can be characterized as the “fingerprint region” of sugar molecules. In the
spectra of patients with elevated carotid mineralization and stenosis, the intensity of these bands is
higher (see Figure 1c). This is most likely due to the glycation of collagen under oxidative stress [34].
The glycation products (AGEs) were more prevalent in patients with elevated glucose in their serum,
based on the clinical history of the patients. This is in concordance with literature data, where it is
mentioned that the formation of AGEs is induced under the conditions of aging, hyperglycemia,
dyslipidemia, and oxidative stress [35-37]. The ROS produced upon oxidative stress can react with
lipids, proteins, sugars, and DNA to initiate a series of free radical reactions, as well as Millard-like
reactions [35]. The dark yellow to brown color of carotid, which is observed in the region of foam
cells, confirms protein glycation. The production of AGEs is also confirmed from the FT-IR spectral
region of 3400-3500 cm™ (Figure 1), where the appearance of the shoulder in the spectra for foam
cells (see spectra c) derive from the stretching vibration of the hydrogen-bond vOH groups of sugar
fragments [38]. Deconvolution of the region (spectra not shown) gives bands at about 1237 cm
and 1080 cm™ of vPO,* for phospholipids and 900 cm™ and 1100 cm™ for vPO43 vibrations of
calcium phosphate absorptions, which overlap with the bands of AGEs absorptions. The formation
of calcium phosphate salts arises from the reaction between calcium cations and the negatively
charged oxygen atoms of phospholipids and ATP in the membranes [10]. The involvement of
oxidative stress in inflammation and atherosclerosis development is also confirmed from the
absorption band near 522 cm, which originates from the vibration mode of vS-S as a result of
oxidized endogenous thiols [1, 5]. Glutathione (y-glutamyl-cysteinyl-glycine) is the strongest
antioxidant agent against free radicals that induce cell damage [39], and it interacts directly with
highly reactive hydroxyl radicals, according to the following reactions [28]:

GRSH + HO - GRS + H,0 (1)
2GRS’ > GRS — SRG 2)

The above reactions show the endogenous antioxidants undergoing reduction by scavenging the
free radicals and inhibiting them from reacting with the other important biological molecules.
Furthermore, it was observed that nicotinamide adenine-dinucleotide phosphate, NADPH, which is
required to reduce the levels of oxidized glutathione decreases during metabolic diseases, aging,
and oxidative stress [39-41], like the decrease in endogenous defense molecules, such as thiols and
SOD promotes fibrosis [42].

3.2 SEM-EDX Analysis

Figure 2A illustrates the architecture of the carotid artery of a patient who was a photographer.
The architecture of the carotid is not homogenous, but it contains foam cells, fibrils, and dispersed
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mineral deposits in various sizes and morphologies. The arrow shows cross-links of damaged
proteins and fibrils.

Figure 2 A: SEM-EDX illustration of carotid artery morphology. The arrow shows fibrils
(Scale 100 um, magnitude 100x). B: SEM-EDX at the foam cell region, rich in minerals
(Scale 80 um, magnitude 350x). The number 1 in red corresponds to calcium carbonate
(CaCO03) and calcium phosphate [Caz(P0Oa4);] salts; the number 2 corresponds to a mixture
of MgCl,/MgO, and the number 3 represents silver atoms (Ag).

At a higher magnification in (see Figure 2B) SEM-EDX, the chemical elementary analysis of
minerals shows that point 1 is rich mostly in calcium carbonate and small amounts of calcium
phosphates, while point 2 is a mixture of magnesium chloride (MgCl,) and magnesium oxide (MgQO).
Iseri and French [43] explained that Mg?* ions inhibit the release of Ca?* ions from the sarcoplasmic
reticulum and block the influx of Ca* ions into the cell by inactivating the CaZ* channels in the cell
membrane to compete with Ca?* ions in finding sites on troponin C and myosin and thereby
inhibiting the ability of Ca?* cations to stimulate myocardial tension. The most important finding was
the detection at point 3 of the presence of silver atoms (Ag), which was related to the professional
environment of the patient. In other sites of the same carotid artery were also detected SiO, and
Al,Os. These observations indicate that professional and environmental conditions induce oxidative
Imagel. Figure 3 illustrates the 3D Image)J analysis of fibrils.

Figure 3 Imagel is highlighted: A: Protein mineralization with a 3D image illustrating
Imagel) way of mineral deposit formation and stenosis development in B as assigned at

Figure 2.
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As is shown in Figure 3B, the green color, which indicates a high conductivity of the tissue results
in a sequence following the mineralization. Further analysis of the green region (see Figure 3B)
shows the presence of minerals indicating atherosclerosis progression.

SEM analysis also showed that in the carotid artery, the atheromatic plaques of hyperuricaemic
patients were rich in molybdenum. From this finding, it is indicative that xanthine oxidase (XO), a
molybdenume-iron sulfur flavoprotein, could not normalize the uric acid in patients. XO also acts as
an electron donor to molecular oxygen, producing superoxide free radicals (O2) leading to
molybdenum (Mo atoms) release [23].

4. Conclusions

In this study, FT-IR spectroscopic data in combination with SEM-EDX analysis showed that calcium
carbonates are the first mineral deposits in the region of foam cells inside atheromatic plaques and
that the preferential parts are the amino acids, which contain carboxyl groups (COOH) and can form
carbonate groups with calcium. The vibrational frequencies of the infrared “marker bands” at about
3,080 cm™ and 1,732 cm™ are analogous to serum LDL of the patients resulting from the
peroxidation of lipids, phospholipids, and proteins. This suggested an altered metabolic pathway of
atherosclerosis and the influence of inflammation. The “fingerprint region” 1,200-900 cm™ of the
spectra was like a digital print, which characterizes protein glycoxidation with advanced glycation
end products (AGEs). SEM-EDX analysis revealed that the proteins lose their secondary structure
and that the mineral deposits prefer foam cells. Toxic metal ions such as Lead, Cadmium, Mercury,
as well as transition metals from the environment, could trigger oxidative stress initiation. We
conclude that FT-IR spectroscopy, in combination with SEM-EDEX analysis, can be used to
characterize the atheromatic plaque’s components by analyzing and interpreting the infrared
spectra.
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